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ABSTRACT: Highly dispersed Pt nanoparticles (~2.5 nm) on phosphorus-doped activated P
coconut shell carbon (Pt/P-ACC) were synthesized by a two-step impregnation route. Pt/P- 7'/'}«“

ACC showed a high activity, chemoselectivity, and reusability toward the hydrogenation of

%p-Aminophenal

nitrobenzene to p-aminophenol, with hydrogen as the reducing agent in sulfuric acid. The -

effects of P species on the catalyst structure, surface properties, and catalytic performance were
investigated. It was found that the Pt/P-ACC catalyst had an excellent catalytic activity due to
its smaller Pt nanoparticles and higher content of surface-active metal compared with Pt/ACC.
Besides, the experimental results and in situ infrared studies demonstrated that the interaction
effect between the Pt and P species imbued the surface of Pt with an electron-rich feature,
which decreased the adsorption of electron-rich substrates (that is, phenylhydroxylamine) and
prevented their full hydrogenation, leading to enhanced selectivity during the hydrogenation of

nitrobenzene to p-aminophenol.

1. INTRODUCTION

p-Aminophenol (PAP) is an important intermediate for the
manufacture of analgesic and antipyretic drugs such as
acetaminophen, dyestuffs, and photographic chemicals.' ™
PAP is traditionally obtained by the reduction of phenol, p-
chloronitrobenzene, or p-nitrophenol through iron—acid
multistep processes.”” However, these reduction processes
have difficulty controlling the reaction rate and produce large
amounts of metal sludge, causing poor overall yields and
serious environmental pollution. The single-step conversion of
nitrobenzene (NB) to PAP over solid metal catalysts in an acid
medium is regarded as a sustainable and efficient protocol
owing to its low cost and the high-quality product.”"" Such a
single-step reaction involves the catalytic hydrogenation of NB
to phenylhydroxylamine (PHA) and the acid-catalyzed
Bamberger rearrangement of PHA (Scheme 1). Meantime,
PHA can also be further hydrogenated to aniline (AN), which
is the main byproduct.”'’ In addition, the generated PAP
would convert to 4, 4'-diaminodiphenyl ether (DDE), which is
very difficult to separate from the PAP because of their similar
physicochemical properties.

Generally, supported precious metal catalysts, including Pt,
Pd, Au, etc., have been widely investigated for the hydro-
genation of NB to PAP in sulfuric acid, and Pt/C is considered
as the most promising catalyst owing to its high activity up to
now."'~"* However, Pt catalysts always suffer from a low
selectivity to PAP because of the significant full hydrogenation
of PHA to form AN. Therefore, developing a Pt catalyst that
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can catalyze the hydrogenation of NB to PAP with both high
activity and high selectivity for PHA is economically appealing
and challenging.

For heterogeneous metal catalysts, the metal particle size
and the support nature have been demonstrated to influence
the catalytic performance for the selective hydrogenation of
NB."*™' Generally, highly dispersed metal nanoparticles will
result in a high catalytic activity, and the electronic properties
of metal sites will affect the selectivity of the hydrogenation of
the nitro group.'”'® Recently, surface-modified activated
carbon materials, as versatile catalyst supports, have attracted
increased interest because of their low cost and excellent
chemical stability; additionally, their surface properties can be
modulated by heteroatom doping (N, P, S, etc.).'” ' The
doping of phosphorus to carbon materials can enhance the
interaction effect between metal sites and support and change
the geometrical structure.””’

In the present work, we report a facile method to prepare Pt
nanoparticles supported on phosphorus-doped activated coco-
nut shell carbon (Pt/P-ACC) through a two-step impregnation
route. The as-prepared Pt/P-ACC catalysts can be used as
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Scheme 1. Reaction Scheme for the Hydrogenation of NB to PAP
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highly efficient heterogeneous catalysts for the hydrogenation
of NB to PAP in sulfuric acid using water as the solvent. The
effects of surface P species on the catalytic activity and the PAP
selectivity were investigated. The adsorption property of PHA
on the surface of catalysts was monitored by in situ FTIR, and
possible reaction pathways were discussed further.

2. EXPERIMENTAL SECTION

2.1. Materials. The reagent-grade chemicals, such as
hexahydrate (H,PtCly-6H,0), nitric acid, phytic acid, sulfuric
acid, decyltrimethylammonium bromide (C,,TAB), dodecyl
trimethylammonium bromide (C;,TAB), cetyl trimethylam-
monium bromide (C,,TAB), sodium dodecyl benzene
sulfonate (SDBS), polyethylene-polypropylene glycol (F127),
N,N-dimethylformamide (DMF), etc.,, and commercial acti-
vated coconut shell carbon (ACC), y-alumina (y-Al,O5), silica
(Si0,), 3% Pt/C catalyst, 5% Pd/C catalyst, and 5% Ru/C
catalyst were all bought from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All supports were treated at high
temperature to remove water and impurities before use.

2.2. Preparation of the Catalyst. To remove impurities
on the surface of the ACC supports, ACC samples were
pretreated as follows: 40 g of ACC, 40 mL of nitric acid, and
400 mL of deionized water were mixed uniformly. The mixture
was stirred and refluxed at 80 °C for 8 h, washed with
deionized water to neutrality, and dried at 100 °C to obtain
ACC supports.

The phosphorus-doped active coconut carbon P-ACC was
prepared by the impregnation method. At room temperature, 5
g of treated ACC and appropriate amounts of phytic acid were
first dissolved in 30 mL of ethanol and mixed evenly. The
mixture was then stirred in a water bath pot at 30 °C for 24 h.
The mixture was then stirred at 80 °C, and the ethanol was
evaporated slowly. After drying completely, the obtained solids
were ground and mixed uniformly. The mixture was then
calcined in a high-purity N, atmosphere at 500 °C for 3 h with
a heating rate of 2 °C min~'. The calcined samples were
denoted as xP-ACC (x = 3, S, and 7), where «x represents the
mass fraction ratio of phosphorus to ACC.

The 1%Pt/xP-ACC catalyst loaded with 1 wt % Pt was
prepared by an ultrasonic-assisted impregnation strategy. The
typical preparation process is as follows. First, 4 g of the xP-
ACC powder was dispersed in 160 mL of deionized water and
treated under ultrasonic conditions for 10 min. Then, 1.033
mL of a H,PtCl;:6H,0 aqueous solution with a Pt

concentration of 0.2 mol L™ was added to the above mixed
solution, and the ultrasonic treatment was continued for 10
min. After this, the mixture was stirred and evaporated at 40
°C. Finally, the solid was directly reduced in a tubular furnace
filled with a mixed atmosphere of H,/N, (volume ratio 1:3)
and treated at 200 °C for 3 h with a heating rate of 1 °C min™".
For comparison, 1%Pt/ACC, 1%Pt/TiO,, 1%Pt/y-Al,O,, and
1%Pt/SiO, catalysts were also prepared by this method.

2.3. Characterization of the Catalyst. The N,
adsorption—desorption isotherms were recorded using a
Micromeritics ASAP 2020 Sorptometer. Samples were
degassed at 200 °C for 8 h and then analyzed at —196 °C.
The Brunauer—Emmett—Teller (BET) method was used to
calculate and measure the specific surface area of the catalyst. A
Bruker D8 Advance diffractometer using Cu K radiation (40
kV, 40 mA) was used to record X-ray diffraction (XRD)
patterns of all samples. The sample powder was installed in a
groove of the sample table, and the scanning range of the 26
angle was 10—90°. Transmission electron microscopy (TEM)
micrographs were obtained by a field emission scanning
microscope (JEOL JEM-2010F) operated at 200 kV, and the
elements were analyzed by energy-dispersive X-ray spectros-
copy (EDX). The surface properties of the catalysts were
analyzed by X-ray photoelectron spectroscopy (XPS) using an
ESCALAB 250Xi spectrometer equipped with monochromat-
ized Al Ka radiation (hv = 1486.6 eV) operated at ca. 1 X 107°
Torr. The spectra were calibrated using the binding energy of
the C 1s peak at 284.6 eV.

The temperature-programmed desorption of hydrogen (H,-
TPD) was carried out on a Biode PCA-140s chemisorption
analyzer using H, as the probe molecule and a thermal
conductivity detector (TCD) as the detector. Typically, 100
mg of the sample was pretreated under an Ar flow at 200 °C
for 1 h and reduced in situ under a 10 vol % H,/Ar flow for 1
h. After it was cooled to 50 °C under an Ar flow, the treated
sample was saturated with H, and then purged by an Ar flow
for 0.5 h to remove the physically adsorbed H,. Subsequently,
the sample was heated to 500 °C at a rate of 10 °C min~"
under an Ar flow. The desorption of hydrogen was monitored
by TCD.

CO chemisorption was also performed on a Biode PCA-
140s chemisorption analyzer. Just like TPD, the catalyst was
pretreated and reduced at 200 °C. After the catalyst was cooled
to 25 °C with an Ar flow, pulses of 5 vol % CO/Ar were
injected into a quartz reactor to carry out the CO
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chemisorption analysis. The dispersion of Pt was calculated
according to a CO/Pt stoichiometric ratio of 1:1.

2.4. In Situ FTIR Experiments. In situ FTIR spectra were
recorded on an in situ FTIR spectrometer (Tensor 27, Bruker)
in the range of 2000—1200 cm™" with a resolution of 4 cm™
and 32 scans. Before the test, the in situ cell with a CaF,
window was heated to 300 °C and held for 0.5 h under vacuum
to remove impurities, then cooled to room temperature for
loading. First, 20 mg of the sample was pressed and then put
into the support plate of the in situ cell. The background
spectrum was recorded at 80 °C. Then, PHA was introduced
to the sample for adsorption under negative pressure. After the
steady state was obtained, the spectrum was collected. NB
adsorption was the same as that of PHA. After the steady state
was obtained, hydrogen was introduced, and the spectra over
time were collected.

2.5. Catalytic Reactions and Product Analyses. All
hydrogenation experiments were carried out in 2000 mL
round-bottom flasks. PAP was synthesized by the catalytic
hydrogenation of NB under sulfuric acid with hydrogen as a
hydrogen donor. In a typical experiment, 36 g of NB, an
appropriate amount of the catalyst, 0.9 g of C;,TAB, 60 mL of
concentrated H,SO,, and 400 mL of deionized water were
uniformly dispersed in the flask. The flask was transferred to a
water bath whose temperature had been set to 80 °C with an
accuracy of +1 °C. Before turning on the mechanical stirring,
the flask was flushed with N, to completely exhaust the air,
then hydrogen was continuously injected in the bubbling mode
at atmospheric pressure until the end of the reaction. After the
reaction was complete, the solution was separated from the
reaction mixture for analysis using a filter syringe.

Each reaction was repeated at least three times. The
products were analyzed by an Elite HPLC P230p liquid
chromatograph equipped with an ultraviolet detector
(UV2301I) and a high-pressure constant-flow pump (P2301I)
to determine the conversion and selectivity of the reaction.
The high-performance liquid chromatography (HPLC) anal-
ysis was performed on a 4.6 mm X 250 mm C,g column (
Sinochrom ODS-BP 5 um filler). The product and reactant
were detected by a UV detector at A, = 254 nm using
acetonitrile and deionized water (v/v, 70:30) as the mobile
phase at a column temperature of 25 °C and flow rate of 1 mL
min~! in the isocratic mode.

After the reaction, the used catalyst was filtered, washed with
DMEF and deionized water, dried at 100 °C, and directly used
for the next cycle. Due to the loss of catalyst in the recovery
process, the amount of the catalyst changed in each subsequent
cycle; however, the 1%Pt/5P-ACC/NB/sulfuric acid/
C,,TAB/deionized water ratio and the reaction conditions
were always the same as those in the first reaction.

3. RESULTS AND DISCUSSION

3.1. Physical and Chemical Properties of the Pt/P-
ACC Catalysts. The actual Pt loading and P contents in the
as-prepared materials were determined by ICP-AES and XPS,
and the data are summarized in Table 1. For all Pt-based
samples, the bulk Pt contents measured by ICP were all
located at 1.0 + 0.05 wt %, which was consistent with the
surface content of Pt in the 1%Pt/ACC. However, for 1%Pt/
xP-ACC the surface Pt contents on catalysts obtained by XPS
first increased and then declined with the increases content of
P and exhibited a maximum at 1%Pt/SP-ACC. This result
implied that the addition of P improved the surface

Table 1. P and Pt Contents and Physical Properties of the
Catalysts

Pt (wt %)
Pt surface particle
P (wt dispersion areas size

catalyst ~ bulk” surface” %) (%) (m? g h)° (nm)

ACC 1103

P-ACC 521 940

1%Pt/ 0.98 1.09 33 852 4.3
ACC

1%Pt/3P- 1.03 1.40 2.20 40 820 3.7
ACC

1%Pt/SP- 1.08 2.31 3.33 56 818 2.5
ACC

1%Pt/7P- 0.99 1.84 5.45 47 752 3.1
ACC

1%Pt/ 0.94 0.98 27 118 S.5
TiO,

1%Pt/y- 0.97 0.90 29 418 5.3
ALO;

1%Pt/ 1.01 0.99 21 266 6.4
Sio,

spent 1% 1.04 2.25 3.30 SS 804 2.5
Pt/5P-
ACC

“Determined by ICP. “Determined by XPS. “Determined by BET.

concentration of Pt on the 1%Pt/xP-ACC catalyst. In addition,
all the 1%Pt/xP-ACC catalysts showed a decline in their
specific surface areas compared with that of ACC because of
the incorporation of P and Pt.

Figure la presents the XRD patterns of the P-ACC, 1%Pt/
ACC, and 1%Pt/xP-ACC (x = 3, 5, 7) materials. The
characteristic peaks of graghitic carbon at ~23° and ~43° were
observed in all samples.”* "> 1%Pt/ACC showed a typical
diffraction peak at 26 of 39.8°, which is characteristic of metal
Pt. The intensity of the Pt peak gradually weakened as the
content of P increased, and no observable diffraction ascribed
to the Pt species in 1%Pt/SP-ACC and 1%Pt/7P-ACC could
be detected, indicating its good dispersion and small particle
size. TEM images in Figure 1b—e demonstrate that the
metallic nanoparticles of both 1%Pt/ACC and 1%Pt/xP-ACC
were homogeneously dispersed on the carbon support without
obvious agglomeration. However, the particle size of Pt on 1%
Pt/ACC was 4.3 nm, which is larger than those on 1%Pt/xP-
ACC and in agreement with the XRD results. This could
possibly be explained by the uniformly distributed defects in
the carbon lattice induced by P doping providing anchor sites
for the nucleation of Pt,””*® resulting in the uniform dispersion
of Pt nanoparticles. In addition, P doping introduced
negatively charged electron-rich donors on the carbon surface,
which can lead to a higher local electron density, enhance the
reduction of PtCl®>", and promote the high dispersion of Pt
nanoparticles.””>” However, the surface areas of the samples
decreased with the increased content of P (Table 1), which
was not conducive to the dispersion of metal particles.
Therefore, 1%Pt/SP-ACC with the optimum P content had
the smallest particle size of 2.5 nm. The existence state of the
Pt species on the P-ACC was further investigated by XPS
analysis. Furthermore, the EDS elemental mapping images,
which suggest the uniform distribution of the P and Pt species
of 1%Pt/SP-ACC, are shown in Figure 1f.

The XPS analysis was used to identify the surface electronic
state and the composition of the as-synthesized materials.
Figure 2a shows the Pt 4f XPS spectra of 1%Pt/ACC and 1%

https://doi.org/10.1021/acsomega.2c00093
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Figure 1. (a) XRD patterns of P-ACC, 1%Pt/ACC, and 1%Pt/xP-ACC. TEM images of (b) 1%Pt/ACC, (c) 1%Pt/3P-ACC, (d) 1%Pt/SP-ACC,
and (e) 1%Pt/7P-ACC. (f) HAADF-STEM image of 1%Pt/SP-ACC and elemental mapping images of Pt and P.
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Figure 2. (a) Pt 4f XPS spectra of the 1%Pt/ACC and 1%Pt/xP-ACC
samples. (b) P 2p XPS spectra of the P-ACC, 1%Pt/ACC, and 1%Pt/
xP-ACC samples.

Pt/xP-ACC (x = 3, S, 7). For 1%Pt/ACC, two relatively
symmetric binding energy curves with peaks at 72.0 and 75.2
eV were characteristic of Pt°>°73% which indicated the Pt
species exist dominantly in reduced forms. It is obvious that
the intensity of the Pt 4f spectrum of 1%Pt/ACC is much
lower than those of 1%Pt/xP-ACC. The intensity of the
surface Pt signal for 1%Pt/xP-ACC increased significantly and
then tended toward a steady-state value, suggested that the
concentration of surface metallic Pt species gradually increased
with the P content. TEM, XRD, and XPS results demonstrated
that the highly dispersed Pt nanoparticles with a high surface
Pt® concentration on the P-ACC support were formed, which
was the primary reason for the enhanced hydrogenation

activity of 1%Pt/xP-ACC. Furthermore, the Pt 4f spectra for
1%Pt/xP-ACC showed a negative shift when compared with
that of 1%Pt/ACC, which confirmed the strong electron
interactions between Pt and P. In the corresponding P 2p
spectra of P-ACC and 1%Pt/xP-ACC (Figure 2b), the two
main peaks with binding energies at approximately 132.9 and
133.7 eV were assigned to P—C and P—O bonds,****~*
respectively. The negative shift of the Pt 4f peak and the
positive shift of the P 2p peak of 1%Pt/xP-ACC confirmed the
interaction between Pt and P. This is attributed to the
introduction of negatively charged electron-rich donors on the
carbon surface by P doping, resulting in electron transfer from
P-ACC to Pt and a richer electron density of Pt*”***" that
influenced the catalytic selectivity of the Pt catalysts, as
discussed later.

H,-TPD was carried out to investigate the effect of P on the
adsorption behavior of hydrogen on the catalyst’s surface and
the interaction of Pt and P. As shown in Figure 3, no distinct
peak from P-ACC was observed due to the poor chemisorption
ability of hydrogen. The peak at ca. 315 °C was attributed to
chemisorbed hydrogen, and its peak areas followed the order
1%Pt/ACC < 1%Pt/3P-ACC < 1%Pt/7P-ACC < 1%Pt/SP-
ACC. This order can be ascribed to the increased amount of
exposed Pt in 1%Pt/xP-ACC from CO chemisorption (Table
1), suggesting the great capacity of the surfaces of the P-doped
catalysts to activate H, compared to those of the the undoped
P catalysts. Meanwhile, the hydrogen desorption peaks of 1%
Pt/xP-ACC showed a slight shift toward the higher temper-
ature region (322—335 °C) compared with those of the 1%Pt/
ACC, indicating the interaction between Pt and P. Moreover, a
high-temperature TPD peak (ca. 458 °C), the hydrogen

11220 https://doi.org/10.1021/acsomega.2c00093
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Figure 3. H,-TPD profiles of the 1%Pt/ACC and 1%Pt/xP-ACC
samples.

spillover,‘i’8 was noticed on the 1%Pt/xP-ACC samples, with a
maximum for 1%Pt/SP-ACC. This implied that highly
dispersed Pt was necessary to facilitate the transfer of active
hydrogen, which allowed the hydrogenation reaction to
proceed more rapidly.

3.2. Catalytic Performance. Figure 4a shows the NB
conversion and product selectivity versus the reaction time
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Figure 4. Effects of (a) the reaction time, (b) the surfactant, (c) the
acid concentration, and (d) the temperature on the hydrogenation of
NB to PAP using the 1%Pt/SP-ACC catalyst.

profile for the hydrogenation of NB to PAP with H, at
atmospheric pressure in a mixture of NB and a 20 wt % sulfuric
acid aqueous solution. It is clear that the selectivity to DDE
began to increase dramatically when the conversion of NB was
more than 60% because the high concentration of generated
PAP might have converted to DDE. Besides, the selectivity of
AN increased as the reaction proceeded, while the PAP
selectivity decreased slightly but it was still high than 89% with
full NB conversion. The was because the generated AN
reduced the overall acidity of the solution and thus decreased
the rate of the acid-catalyzed Bamberger rearrangement of
PHA. In addition, the effects of the surfactant, the acid
concentration, and the reaction temperature were explored,
and the results are displayed in Figure 4b—d, respectively. In

order to provide an intuitive understanding of the product
yield, all the product selectivities were obtained by prolonging
the reaction period until 100% conversion was achieved. Since
the hydrogenation of NB occurred in the organic phase while
the rearrangement of PHA occurred in an aqueous solution of
sulfuric acid, the catalytic activity and selectivity depended on
whether NB could adsorb to the catalyst surface and whether
PHA could successfully diffuse into the aqueous solution.
Figure 4b shows the influence of surfactants on the reaction
rate and the PAP selectivity. It appears that adding the cationic
surfactants (C,,TAB, C;,TAB, and C;,TAB) led to higher NB
conversions and PAP selectivities compared to adding the
anionic surfactant (SDBS) or the nonionic surfactant (F127).
Among these cationic surfactants, C,TAB with an appropriate
chain length not only increased the degree of dispersion of NB
in water but also ensured that the PHA could desorb from the
catalyst surface. Given that an acid is necessary for the
rearrangement of PHA to PAP, otherwise aniline would be the
only product, the effect of the acid concentration on the NB
conversion and the PAP selectivity was investigated, and the
results are shown in Figure 4c. A continuous increase of the
PAP selectivity from 65.8% to 90.0% with a slight decrease in
the NB conversion was achieved when the acid concentration
was increased. Considering that the PAP selectivity remained
nearly constant at a higher acid concentration, an acid
concentration of 20 wt % was chosen as the optimum for
the hydrogenation of NB. Moreover, the reaction temperature
had a significant influence on the catalytic performance, and
the results are displayed in Figure 4d. As the reaction
temperature increased from 70 to 80 °C, the NB conversion
gradually increased from 57.0% to 73.1% and the PAP
selectivity increased from 70.4% to 89.9%, respectively.
When the reaction temperature was further increased from
80 to 90 °C, the NB conversion increased continuously from
73.1% to 77.5% while the selectivity to PAP decreased from
89.9% to 82.6%, respectively. This might be because the
increased reaction temperature accelerated both the hydro-
genation of NB and the rearrangement reaction of PHA.
However, the conversion of PAP to DDE would be remarkably
increased at a higher reaction temperature (>80 °C), resulting
in a decrease in the PAP selectivity.

The catalytic performances of various catalysts for the
hydrogenation of NB to PAP are summarized in Table 2. It is
noteworthy that the support nature of the Pt catalysts strongly
influences the activity and the PAP selectivity. The blank P-
ACC support had no activity for the NB hydrogenation, and
the rate achieved on Pt/ACC was higher than those on other
Pt catalysts such as Pt/TiO,, Pt/y-ALO;, and Pt/SiO, (entries
2 and 6—8, respectively). When P species were introduced, the
Pt/xP-ACC catalysts exhibited enhanced catalytic activities
compared with that of Pt/ACC, which was due to the smaller
Pt nanoparticle size and the increased amount of exposed Pt in
Pt/xP-ACC. The NB conversion first increased and then
decreased with the increased P content and reached a
maximum of 73.1% for the Pt/5P-ACC catalyst (entries 3—
5). However, the PAP selectivity continued increased from
45.2% to 90.2% with the increasing P content and remained
nearly constant for Pt/SP-ACC and Pt/7P-ACC. These
variations of the PAP selectivity matched well with the shift
trend of the binding energy from XPS results, indicating that
the PAP selectivity is closely related to the surface electronic
structure of Pt. The excellent catalytic performances of Pt/xP-
ACC were not only significantly higher than those of
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Table 2. Hydrogenation of NB to PAP over Different Catalysts”

NO, NH, NH,
H,N NH,
Catalyst
e + +
H, o
OH
NB PAP AN DDE
product selectivity” (%)
entry catalyst conversion” (%) PAP AN DDE
1 P-ACC 0
2 1%Pt/ACC 37.0 452 52.9 1.9
3 1%Pt/3P-ACC 43.2 78.5 18.5 3.0
4 1%Pt/SP-ACC 73.1 89.9 6.6 3.5
S 1%Pt/7P-ACC 64.0 90.2 6.1 3.7
6 1%Pt/TiO, 18.7 38.3 60.3 1.7
7 1%Pt/y-Al,O5 24.7 42.3 58.7 2.0
8 1%Pt/SiO, 15.1 25.4 73.5 1.1
9 3%Pt/C 34.0 31.7 67.0 1.3
10 5%Pd/C 214 22.0 77.1 0.9
11 S%Ru/C 13.0 18.4 80.8 0.8

“Reaction conditions are as follows: 292 mmol NB, [NB]/[metal] = 9512 (mol mol™"), 400 mL of deionized water, 60 mL of H,SO,, and 0.9 g of
C,TAB at 80 °C. The reducing agent was H, under atmospheric pressure. “Conversion at 2 h. “Selectivity at 100% conversion of NB.

Table 3. Comparison of Different Reported Catalysts for This Reaction

catalyst reaction conditions” 1/ Metal conversion (%) PAP selectivity (%) ref
0.5%Pt@HZSM-5 1 MPa H,, 130 °C, 3 h 253 100 75.0 39
2%Pt/ZrO, 1 MPa H,, 80 °C, 8 h 2853 86.7 88.1 40
Pt/FSAPO-5 0.9 MPa H,, 150 °C 5707 100 53.2 41
1%Au/TiO, 1 MPa H,, 100 °C, 4 h 951 78.0 81.0 12
3%Pt/C 0.1 MPa H,, 80 °C, 3 h 2987 41.0 26.0 42
0.015%Pt—Pb/MgAPO-5 0.4 MPa H, 165 °C, 2 h 4227 100 75.5 43
1%Pt/SP-ACC H,, atmospheric pressure, 80 °C, 3.5 h 9512 100 89.9 this work
“Adapted as the optimal performance was observed.
a b c
0.0051 0.01] 1351 001] ., 1351
1
1455
8 ! 8 8
< | 1%Pt/5P-ACC 1 = | =
< =~ <
£ £ ' £
2 X 2 ! 2
I
F<CD : —<ID 1 2
|
PiAce, | o A
1
: 15 min 1' :
! ' !

1800 1650 1500 1350 1800 1650 1500 1350 1800 1650 1500 1350
Wavenumbers (cm™) Wavenumbers (cm™') Wavenumbers (cm™")

Figure S. (a) FTIR spectra of adsorbed PHA species on 1%Pt/ACC and 1%Pt/SP-ACC. In situ FTIR spectra of adsorbed NB species on (b) 1%
Pt/SP-ACC and (c) 1%Pt/ACC at 80 °C as a function of time in a flow of H,.

commercial noble metals catalysts, such as Pd/C, Pt/C, and
Ru/C (entries 9—11, respectively), but also surpassed those of
various noble metal catalysts reported for the hydrogenation of
NB to PAP under similar reaction conditions (Table 3).**~*

To further explain the enhanced selectivity for the
hydrogenation of NB to PAP, the adsorption properties of
PHA on different catalyst surfaces and the hydrogenation
process of NB were investigated by in situ FTIR spectroscopy.

As shown in Figure Sa, when PHA was adsorbed on 1%Pt/
ACC and 1%Pt/SP-ACC at 80 °C, the vibration bands at ca.
1455 cm™" corresponding to PHA could be observed on 1%Pt/
ACC."** No obvious adsorption of PHA occurred on 1%Pt/
SP-ACC, indicating that the adsorption of PHA onto 1%Pt/
SP-ACC was restrained when the P atoms were introduced.
Then, the catalyst disk was heated in a N, flow at 200 °C for
30 min, followed by the adsorption of NB at 80 °C. As shown
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in Figure Sb and ¢, the vibration bands at ca. 1527 and 1351
cm™! corresponding to the nitro group can be observed for
both 1%Pt/ACC and 1%Pt/SP-ACC (t = 0 min),*"*
respectively, suggesting that NB interacts with the catalyst
surface through the nitro group. When flowing H, (atmos-
pheric pressure) was introduced to the catalyst disk, the
reactivity of the adsorbed NB species was studied by time-
resolved in situ FTIR. Figure Sb shows that the intensity of the
band due to nitro groups on 1%Pt/SP-ACC decreased after 3
min and disappeared at t = 15 min. In contrast, the nitro
groups still existed on the 1%Pt/ACC catalyst surface after 30
min due to its comparably low activity (Figure Sc).
Additionally, as shown in Figure Sc, 1%Pt/ACC showed a
new band assignable to PHA at 1455 cm™, which appeared
and gradually decreased after 15 min. Then, new bands due to
adsorbed AN (FTIR bands at 1602 and 1500 cm™") appeared,
and their intensity increased with time.*” However, no obvious
signals for PHA and AN were observed for 1%Pt/5P-ACC
during the hydrogenation of NB. Based on the above FTIR
adsorption results, we can conclude that the adsorption
properties of PHA in the active catalytic sites can determine
the chemoselectivity during the hydrogenation of NB to PAP.

The stability and reusability of 1%Pt/SP-ACC catalyst was
investigated. After the reaction, the catalyst was recovered by
simple filtration, then washed with ethanol and dried at 100
°C. As shown in Figure 6, the catalytic activity and the PAP

M PAP B1 AN I1DDE
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Figure 6. Reusable profiles of 1%Pt/SP-ACC for the hydrogenation of
NB to PAP. Reaction conditions are as follows: 292 mmol NB, [NB]/
[metal] = 9512 (mol mol™"), 400 mL of deionized water, 60 mL of
H,SO,4, and 0.9 g of C,,TAB at 80 °C for 2 h. The reducing agent was
H, under atmospheric pressure.

selectivity were almost unchanged at ~73% and 96%,
respectively, even when the catalyst was used 10 times,
indicating its high stability. Though the corrosion of the
catalyst under such harsh condition has always been reported
in previous studies, the XRD (Figure Sla), TEM (Figure S1b),
XPS (Figure Slc and d), and ICP (Table 1) analyses revealed
that the crystalline phase, the Pt particle size, the chemical
state, even the Pt content were retained in spent 1%Pt/SP-
ACC. These results indicated that 1%Pt/SP-ACC was highly
stable and reusable for the hydrogenation of NB to PAP.

4. CONCLUSIONS

In conclusion, we have reported that highly dispersed Pt
nanoparticles supported on phosphorus-doped activated coco-
nut shell carbon are highly active and selective for the
hydrogenation of NB to PAP. The superior activity of Pt/P-

ACC can be attributed to the smaller nanoparticle size and the
higher surface active metal content compared to those of the
Pt/ACC. The interaction between the Pt and P species made
the surface of Pt highly electron-rich, which decreased the
adsorption of phenylhydroxylamine and prevented its full
hydrogenation, leading to the enhanced PAP selectivity.
Moreover, Pt/P-ACC is highly stable and can be reused for
the hydrogenation of NB to PAP in sulfuric acid without a
decrease in the catalytic efficiency.
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