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HIGHLIGHTS GRAPHICAL ABSTRACT

® Size-tunable monodisperse Pd nano-
crystals were prepared in a rotating
packed bed.

® They were adopted as pseudohomo-
geneous catalyst for nitrobenzene
(NB) reduction.

® 2.6nm Pd nanocrystals displayed ex-
cellent catalytic property and good
stability.

® The obtained catalytic kinetics data
confirm to the Langmuir-Hinshelwood
model well.

® DFT calculation was used to study the
adsorption of NB on the surface of

catalyst.
ARTICLE INFO ABSTRACT
Keywords: Nitrobenzene (NB) reduction is an important catalytic reaction, which is commonly performed in aqueous
Pseudohomogeneous catalyst medium mainly with heterogeneous catalysts. In this work, highly stable aqueous nanodispersions of Pd na-
Monodispersed palladium nanocrystals nocrystals with a tunable average size between 2 and 11 nm are conveniently prepared in a high-gravity rotating

High gravity
Nitrobenzene reduction
Density functional calculation

packed bed (RPB) reactor, and firstly serve as a pseudohomogeneous catalyst for NB reduction. As compared to a
conventional stirred tank reactor (STR), the product prepared in the RPB reactor has a more uniform particle
size. More importantly, the reaction time can be greatly shortened from 3min (STR) to 1s (RPB), thereby
realizing a continuous preparation. This Pd pseudohomogeneous catalyst displays a significantly size-dependent
catalytic activity and a good stability performance. Ultra-small 2.6 nm Pd nanocrystals have a reaction rate five
times as fast as 10.1 nm counterpart. The obtained kinetics data confirm to the Langmuir-Hinshelwood model
well, having a small error of < 10%. Furthermore, the adsorption behavior of NB molecules on the surface of Pd
nanocrystals was also studied with density functional theory (DFT) calculation. Since the processing capacity of
the used lab-scale RPB reached 44.2 g/h, this route may offer a general platform for mass production of
monodisperse nanocrystals as pseudohomogeneous catalyst for highly efficient catalysis.
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1. Introduction

Upon wide application of nitrobenzene (NB), a set of related en-
vironmental issues containing the contamination of soil and water re-
sources have been put forward due to its stability and toxicity, which
was even established as a carcinogen in the list of Class 2B [1]. Hence, it
is important to convert NB into less toxic compounds, thereby elim-
inating the toxic substance and synthesizing high-value chemicals such
as aniline (AB) [2-6], which is an indispensable intermediate in the
synthesis of organic pigments, pesticides, explosives, and polymers
[7-12].

The reduction of NB to AB is commonly performed in aqueous
medium mainly using metal-based heterogeneous catalysts, such as
those containing Ag, Pt Pd, Fe and Au [13-17]. Among them, Pd-based
catalyst has gained the most attention owing to its excellent catalytic
performances [18-20]. However, there are still several challenges in
the application of these heterogeneous catalysts for NB reduction.
Firstly, it is desired for catalysts to be well dispersed in an aqueous
medium, allowing enhanced complete contact between NB molecules
and catalysts, which is difficult for heterogeneous catalysts to achieve.
Secondly, the diffusion between the carrier and supported catalytic
centers leads to their relatively low utilization and activity. To resolve
these problems, it is helpful and feasible to design and develop novel
pseudohomogeneous catalysts, which can be uniformly dispersed in
solvent [21-23]. If active component such as Pd is made into ultra-
small Pd nanocrystals with good dispersity and stability in water,
pseudohomogeneous catalysis can be well achieved, thereby completely
exhibiting its excellent catalytic activity.

Rotating packed bed (RPB) is a novel process intensification appa-
ratus, which can create high gravity environment with a homogeneous
spatial distribution of concentration, temperature, and supersaturation.
This is beneficial to the homogeneous nucleation and growth of parti-
cles. Thus, it has been demonstrated as an efficient tool to prepare
nanoparticles in a simple, fast and good-handling way [24]. Numerous
metals, inorganic and organic nanoparticles have been synthesized by
using RPB reactors [25-28]. However, to our best knowledge, there is
no report on the preparation of palladium nanocrystals in RPB.

Herein, we present a high-gravity strategy to conveniently prepare
highly stable aqueous dispersions of monodispersed Pd nanocrystals
with tunable sizes of 2-11 nm and narrow PSD, which is firstly adopted
as pseudohomogeneous catalyst for NB reduction. The effects of the
nanocrystal size, concentrations of catalyst, NB and reducing agent
were explored. Furthermore, the reaction kinetics were investigated.
And density functional theory (DFT) calculation was also carried out to
better understand the adsorption behavior of NB molecules on the
surface of Pd nanocrystals in the catalytic reaction.

2. Experimental section
2.1. Chemicals

Sodium tetrachloropalladate (Na,PdCl,) and L-ascorbic acid (AA)
were purchased from Shanghai Aladdin Bio-Chem Technology Co. Poly
(vinyl pyrrolidone) (PVP, MW: 8000), acetone and ethanol were pro-
vided by Beijing Chemical Reagent Co. Nitrobenzene was obtained from
Shanghai Macklin Biochemical Technology Co. The chemical reactants
were all analytically pure and used as received. Deionized water was
prepared by a water purification system (RO-DI plus, Hitech, PRC) and
used in all experiments.

2.2. Preparation of aqueous dispersions of monodispersed Pd nanocrystals
with tunable sizes

For this reaction system, high temperature can obviously accelerate
the nucleation and reaction rates, thereby obtaining the smaller Pd
nanocrystals. There are two kinds of RPB reactors with different

Chemical Engineering Journal 382 (2020) 122883

structures in this study. One is the commonly-used typical RPB reactor
with an ultrashort residence time (< 1s), which is suitable for those
fast reaction or precipitation processes. The other is the internal cir-
culation rotating packed bed (ICRPB), which can continuously provide
a high-gravity environment for the nucleation and growth of nano-
particles during the relatively slow reaction process [29].

In a typical preparation process with a high reaction temperature of
90 °C, 1575 mg PVP and 5 mmol of AA were added to 240 mL of deio-
nized water. The resultant solution was stored in tank A. 90 mL of the
Na,PdCl, aqueous solution with a concentration of 0.032 mol/L was
prepared in tank B. The liquid streams from tank A and tank B were
pumped with respective flow rates of 533 and 200 mL/min into the
typical RPB at a rotating speed of 1500 rpm, and then sprayed through
slotted pipe distributor in the reactor. Afterwards, the mixture flowed in
the radial direction by the force of centrifugation, passed the porous
packing layer and left the reactor through the liquid outlet for collec-
tion. Finally, the product was washed with the mixed solution of
acetone and ethanol, collected by centrifugation, and then dispersed in
water to form an aqueous dispersion of Pd nanocrystals with an average
size of 2.6 nm.

For the preparation process with a lower reaction temperature of
60, 45 and 30 °C, the mixed reactant stored in tank A was firstly poured
into the ICRPB with a temperature-controlled jacket. Further, the
Na,PdCl, solution from tank B was rapidly added into the ICRPB at the
same rotating speed of 1500 rpm. The mixture was transported by the
liquid lifter to the center of the rotor, flowed radially under centrifugal
force, passed the packing, and went back to the bottom cavity of the
device under gravity. The whole process was circulated repeatedly.
After 10 min, the product was treated with the same above process,
thereby achieving the aqueous dispersions of Pd nanocrystals with
different average sizes of 4.7, 5.6 and 10.1 nm.

2.3. Catalytic nitrobenzene reduction

The reduction of NB was performed without magnetic stirring. In a
typical procedure, 3 mL of an aqueous solution consisting of 1.44 umol
NB and 198pumol NaBH, was syringed into a quartz cuvette
(4.5cm x 1.25cm X 1.25 cm) along with 15 pL of aqueous dispersion
of Pd nanocrystals (10 ppm). The absorbance spectrum of the sample in
cuvette was scanned on a UV-Vis spectrophotometer in a scanning
range of 215-380 nm at room temperature. In the catalytic reduction of
NB, the different concentrations of catalyst, NB and NaBH, were stu-
died. According to the Beer-Lambert law, the absorbance intensity of a
solution is proportional to its concentration in a certain region, there-
fore the changes in absorption intensity directly mean the reduction
process. In this reaction, the peak intensities of absorbance were noted
at 267 nm to calibrate the concentrations of NB. The catalytic perfor-
mance of Pd nanocrystals with different sizes were investigated for
comparison. Furthermore, the stability measurement was performed.
0.15 mL of an aqueous solution consisting of 1.44 umol NB was further
added after the reaction was completed. This procedure was repeated
four times.

2.4. DFT calculation

First-principle calculations based on spin polarized DFT were per-
formed using the Vienna ab initio simulation package (VASP.5.4.1)
[30]. The reparameterized Perdew-Burke-Ernzerhof (revPBE) form of
the generalized gradient approximation (GGA) was used to calculate
nonlocal gradient corrections to the correlation and exchange energies
[31,32]. The wave functions were constructed from the expansion of
plane waves with an energy cutoff of 450 eV. The electron ion inter-
actions in the core region were described by Vanderbilt ultrasoft
pseudopotentials with real space projection operators [33]. A
2 X 2 x 1 Monkhorst-Pack k-point sampling in the surface Brillouin
zone was performed for the surfaces, and a vacuum layer of 16 A was
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set to avoid interactions between the periodic slabs. For accuracy, the
density of states (DOS) was calculated at the k-point of 5 X 5 x 1.
Geometric optimization was performed using a 4-layer adsorption
model of 144 Pd atoms, with the bottom two layers being fixed.
Structural optimizations were carried out at a tight convergence of
0.01eV/A on the forces with the wave functions converged to
1 x 10~ >eV. In order to accurately describe the dispersion interactions
between the adsorbate and the surface, all calculations were performed
using the Rutgers-Chalmers van der Waals Density Functional (vdw-DF)
method [34].

2.5. Characterization

The size, morphology, and lattice structure of Pd nanocrystals were
examined using a transmission electron microscope (TEM) (H-9500,
HITACHI, Japan) operating at an accelerating voltage of 300 KV. The
crystalline structure of Pd nanocrystals was exhibited by X-ray dif-
fraction (XRD) (Bruker, Germany) equipped with CuKa radiation source
and working at 40 kV and 40 mA. The diffractograms were acquired in
the 26 range from 30° to 90° with a scanning rate of 5°/min and a step
size of 0.02°. Surface composition was performed by X-ray photoelec-
tron spectroscopy (XPS) (AXIS Supra, Shimadzu, Japan) with an Al Ka
X-ray excitation (600 w). Binding energy (BE) calibration was carried
out with amorphous C 1s signal located at 284.6 eV. Elemental analyses
were quantified by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) (ICPS-7500, Shimadzu, Japan). The optical spectra
of the sample were recorded in the range of 215-380 nm using UV-Vis
spectrophotometer (UV-2600, Shimadzu, Japan).

3. Results and discussion

Fig. 1 shows the representative TEM images, HRTEM images, se-
lected area electron diffraction (SAED) images and the corresponding
particle size distributions of the aqueous dispersions of Pd nanocrystals
with different sizes prepared at different temperatures. It can be ob-
viously seen that the Pd nanocrystals are monodispersed and appear
sphere-like shape with no specific other shapes. The average diameter
of Pd nanocrystals becomes dramatically decreased from 10.1 to
2.6 nm, and the size distribution is narrower with increasing the tem-
perature from 30 to 90 °C. This is possibly because higher temperature
results in the faster rate of nucleation [35-37]. When the amount of the
precursor is equal, the size of the final products and the number of seeds
will be inversely proportional to each other. Moreover, the lattice
images of isolated Pd nanocrystals clearly show that the high crystal-
linity of the as-prepared crystals and the spacing of 0.22nm corre-
sponded to (11 1) planes of Pd structure. SAED images of 10.1 nm Pd
nanocrystals show four Debye-Scherrer rings indexed as (1 0 0), (20 0),
(220) and (311) planes of a fcc lattice. In this preparation process,
PVP acts as a capping agent, thereby preventing the aggregation and
growth of Pd nanocrystals. Furthermore, the aqueous dispersions of Pd
nanocrystals can maintain a long-term stability for over 6 months with
little precipitation.

For comparison, the aqueous dispersion of Pd nanocrystals was also
synthesized in a conventional stirred tank reactor (STR) at 90 °C. Fig. 2
exhibits the TEM images of Pd nanocrystals synthesized at different
reaction times in the STR. With the prolonged reaction time, Pd na-
nocrystals have a gradual improvement of the adhesion phenomenon
among particles, and a good dispersity after 3 min. This can be ascribed
to this fact that the incomplete micromixing state in the STR greatly
affects the nucleation of Pd nanocrystals and the adsorption of PVP
molecules on the surfaces of Pd nanocrystals. With the extension of
time, PVP molecules are further adsorbed on Pd nanocrystals, thereby
achieving enough space resistance to form well-dispersed nano-
particles. By comparison, it can be clearly seen that the product in the
RPB reactor has a more uniform particle size than that in the STR. More
importantly, the required reaction time is greatly shortened from 3 min
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Fig. 1. TEM images and corresponding particle size distributions of Pd nano-
crystals synthesized using RPB at 30 °C (a, b), 45 °C (c, d), 60 °C (e, f) and 90 °C
(g, h). The insets display the corresponding HRTEM and SAED images of in-
dividual nanoparticles.

(STR) to 1s (RPB). This can be attributed to the significant in-
tensification of micromixing and mass transfer in RPB, favoring the fast
and uniform adsorption of PVP. Scheme 1 presents the schematic dia-
gram of the preparation processes of Pd nanocrystals in RPB and STR.
Since the processing capacity of this lab-scale RPB reactor with a con-
tinuous operation can reach 44.2g/h, this preparation process is a
feasible strategy for mass production of monodisperse Pd nanocrystals.

Fig. 3 shows the XRD patterns of the as-prepared Pd nanocrystals
with different sizes. The typical diffraction peaks at around 40°, 46°,
68°, 82° and 86° correspond to the (111), (200), (220), (311) and
(22 2) planes of the cubic phase of Pd, respectively. This indicates that
Pd nanocrystals have fcc structures, which is in a good agreement with
the above SAED data. Moreover, the diffraction peaks become con-
siderably broadened with an increase in the reaction temperature, im-
plying a decrease in Pd nanocrystal size. In particular, for the 2.6 nm Pd
nanocrystals, only a broad (111) peak is obviously discernible, as
shown in curve d. This may be caused by the very small size of the
nanocrystals [38,39]. Furthermore, the diffraction peaks shift to lower
values as the nanocrystal size decreases, proving that the interatomic
distance of Pd-Pd has been expanded [40].

Fig. 4 depicts the X-ray photoelectron spectroscopy (XPS) spectra of
Pd 3d regions of Pd nanocrystals with different sizes. There are two
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Fig. 2. TEM images of Pd nanocrystals synthesized at different reaction times in the STR: (a) 1s, (b) 30s, (¢) 60s, (e) 2min, (f) 3min and (g) 5 min.
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Scheme 1. Schematic diagram of the preparation processes of Pd nanocrystals in RPB and STR.
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Fig. 3. XRD patterns of Pd nanocrystals with different sizes prepared at dif-
ferent reaction temperatures.

main peaks with binding energies at 340.3-340.7 and 335.1-335.2 eV,
corresponding to Pd 3ds,» and Pd 3ds,»,, respectively, which means the
formation of metallic Pd. In addition, two shoulders were observed for
Pd 3d regions with binding energies at 336.3-337 eV, assigned to oxi-
dized Pd species. It can be clearly seen that with the decreasing of
particle sizes, the ratio of oxidized Pd was significantly increased,
compared with the reduced Pd. This is because Pd nanocrystals with
smaller sizes are more susceptible to oxidation [41].

Fig. 5 presents the successive UV-Vis spectra of the catalytic re-
duction of NB monitored at different times. The intensity of the NB
absorbance peak at 267 nm has a rapid decline with the reaction time.
Simultaneously, there is an increased intensity of the absorption peak at
232 nm belonging to aniline (AB), indicating the generation of AB from
the NB reduction. The A, of NB has a gradual red shift to 280 nm as
catalytic reaction continued. The isosbestic point at 243 nm indicates
the formation of no by-products in the whole reaction process [42].
Since the initial concentration of NaBH, used for the reduction is > 100
times higher than the concentration of NB, it could be considered to be
constant. Accordingly, the reduction rate is only related with the con-
centration of NB, conforming to the pseudo first order kinetics. The
apparent kinetic rate constant (k,pp) is calculated from the following
equation.
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Fig. 4. XPS images of Pd nanocrystals using RPB at 30 °C (a), 45 °C (b), 60 °C (c) and 90 °C (d).
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NH }%h - =— () min nocrystals is ca. 5 and 2 times higher than those of 10.1 nm nanocrys-
4F Y £y — 2 min tals and 5.6 nm nanocrystals, respectively. Furthermore, 2.6 nm Pd
267 nm = 4 min nanocrystals still keep monodispersed and appear sphere-like shape
23 with nearly unchanged size after catalytic reaction, as shown in
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Fig. 5. UV-Vis spectra of the reduction of NB catalyzed by Pd nanocrystals
(reaction conditions: Cyg: Cngpr, = 1:137, room temperature, Cpq = 0.45 pmol/
L, size:5.6 nm).

I = 1St = %t
Ay Co (€]

where Ay and A, are the NB absorbance values at 267 nm at the be-
ginning and t time, respectively. Cy and C, are the NB concentrations
corresponding to absorbance A, and A,, respectively.

Fig. 6 shows the curves of In(A,/Ap) versus reaction time, and TEM
image of 2.6 nm Pd nanocrystals after catalytic reaction. As shown in
Fig. 6(a), there is nearly no change in the value of In(A,/Ay) without Pd
catalyst, indicating little NB is reduced. However, the value of In(A,/Ap)
almost linearly and rapidly declines, and becomes stationary as Pd
nanocrystals are introduced to this reaction system. And the smaller Pd
nanocrystals result in the faster decrease of the value of In(A,/Ao),
demonstrating the significant enhancement of NB reduction rate. Thus,
the apparent rate constant k,p, can be obtained from the linear slope.

Fig. 6(b).

In this catalytic reduction process, the reaction rate is affected by a
two-step mechanism: (a) adsorption of NB and NaBH, onto the catalyst
surface; and (b) interfacial electron transfer and detachment of AB
away from the surface, which helps overcoming the kinetic barrier of
electron transfer from NaBH, to NB. Therefore, the reaction conditions,
including the surface area of catalyst, the initial concentrations of NB
and NaBH,, have important effects on the value of k. Fig. 7 presents
the dependence of k., on the concentrations of Pd nanocrystals, NB
and NaBH, as well as catalytic stability property. Fig. 7(a) shows the
plot of k., as a function of catalyst dosages and sizes. The values of kapp
linearly will increase with increasing the usage amount of Pd nano-
crystals. Additionally, the slopes of the straight lines increase with
decreasing the Pd nanocrystal sizes. Increasing the catalyst dosage and
decreasing the catalyst size will lead to a faster reduction rate of ni-
trobenzene due to the increased number of the active sites and a faster
electron transfer. Fig. 7(b) and (c) display the dependence of k,p, on
Cng and Cygpn,, respectively. k,y, is markedly decreased with an in-
creasing concentration of NB. For a constant concentration of NB, kap;, is
first increased and then leveled off (10.1 and 5.6nm) or decreased
(2.6 nm) with increasing the concentration of NaBH,. Moreover, Pd
nanocrystals with smaller size are more sensitive to the variation of the
initial concentration of reactants. This characteristic dependence of k.,
corresponds to Langmuir-Hinshelwood model. Both reactants compete
for free active sites at the surface of the Pd nanoparticles, and the re-
action can occur only between species adsorbed on the surface [17].
The reduction will be slowed down considerably if most active sites are
occupied by a single reactant. Number of active sites increases with the
decrease in particle size, thereby exhibiting a high performance and
changing the sensitivity to the concentration of reactants. In Fig. 7(d),
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Fig. 6. (a) Curves of In(A,/A,) versus reaction time (reaction conditions: Cyg: Cngpr, = 1:137, room temperature, Cpq = 1.5 umol/L). (b) TEM image of 2.6 nm Pd

nanocrystals after catalytic reaction.

the stability of 2.6 nm Pd nanocrystals was investigated by adding the
fresh NB aqueous solution. The k,,, of five cycles was 0.025, 0.024,
0.022 0.020 and 0.018 s~ ' in turn. The catalytic activity of Pd nano-
crystals is slightly decreased within five experiments because of the
consumption of NaBH, and the dilution of catalysts.

The Langmuir-Hinshelwood (L-H) model is used to fit above ex-
perimental results [43].

dc
dI:B =_kapp *Cng = —KeS+0Onp 'QBH;

()
where k represents the intrinsic rate constant; S is the total surface of all
Pd nanocrystals; and Oyg and Oy, denote the surface coverages of NB

and BH,~ on Pd nanocrystals, respectively, which can be modeled in
terms of the Langmuir-Freundlich isotherm.

-C )M
o (K,C)

1+ XY o)y 3)

where K; denotes the adsorption constant of the respective component
and C; is the concentration. The exponent n is related to the

()

1.6}
< 1.2¢
£
E 0.8}
0.4}
0.0 . , \ ,
0.0 04 08 12 1.6
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—
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Table 1

kS, Knp and Kygpp, from fitting the experimental data to the L-H model shown
in Fig. 8.

kS Knp

KNaBH4 n m
(mmol/min) (L/mmol) (L/mmol)
Pd-10.1 nm 0.2 6.32 0.04 1 0.6
Pd-5.6 nm 0.4 4.38 0.03 1 0.6
Pd-2.6 nm 4 0.70 0.01 0.9 1.3

heterogeneity of the surface. With these definitions, Eq. (2) can be re-
written as [17,44].

n n—1 m m
keSeKip*Cyp ‘KBH;‘CBH;

PP+ (KnpCrp)" + (K gz *Cory )™)?

4

The parameters in the model were summarized in Table 1. Corre-

sponding to the Pd nanocrystals with three sizes, the L-H expressions
are derived as follows

®) 5

M'\\\-::;‘

0. M M M M M M
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Fig. 7. Plots of k., as a function of (a) catalyst dosage, (b) Cng, (¢) Cyapn,- (d) Stability of Pd nanocrystals.



J.-T. Du, et al.

Chemical Engineering Journal 382 (2020) 122883

200 300
c(NaBH) 30000 0

0.6

0.6

100

200

300 0.2

0.4

2 t('j'(,\'itrobcnzcnc) ! 0.4 ¢ (NaBH,) ’ 400 ¢ (Nitrobenzene )
(Nitrobenzene )
(1)) ‘ ®
0.25 = 1.2
=020l Pd-10.1 2 Pd-5.6 o ~ 1.0t Pd-2.6
— s = 0.3} / =
E - +10% = +10% // ‘= 0.8} +10%
~ U 1O — // o,
= -10% 0.2} A 10% 0.6} -10%
20.10f g 204l
£ 2.1 # £
x 0.05¢ ¥ 0.2}
. e 0. — 00—
00(?.00 0.05 0.10 0.15 0.20 0.25 8.0 0.1 02 03 04 8.0 0.2 0.4 0.6 0.8 1.0 1.2

app, experiment

(min™)

app, experiment

(min'l)

app, experiment

(min'l)

Fig. 8. (a—c) 3D plots of k,p;, as a function of Cyp and CBH;. (d-f) Comparison of the experimental and theoretical (L-H equation) kp;, values.

Table 2

Comparison of reported catalysts for the reduction of NB.

Cyp/1mol/L Reducing agent Temperature/K Time/h Catalyst Ceenter /Mmol/L Activity®/h~? Reference
489 NaBH,4 RT 0.0333 Pd-2.6 1.54 8009 This work
489 NaBH,4 RT 0.0556 Pd-5.6 1.54 4746 This work
489 NaBH,4 RT 0.1667 Pd-10.1 1.54 1606 This work
200,000 NaBH4 RT 6 Pd-polymer 3500 9 [15]
50,000 NaBH,4 RT 3 Pd-rGO 176 95 [45]
500,000 NH,NH»H,0 353 2.5 Pd-CSs 250 800 [46]
200,000 Formic acid 333 7 Pd/NH,-UiO-66 658 43 [47]1
100,000 NH3-BH; RT 0.0833 Ag/Pd-rGO 196 6079 [48]
100,000 NaBH,4 RT 2 Ni-polymer 1860 24 [49]
100,000 NH;BH; RT 0.25 Fe4s/Pdsp TGO 923 429 [50]
100,000 NH3-BH; RT 0.0833 NizoPd7o-G 1086 1094 [51]
780,000 2-Propanol 356 7 Fe-SBA-15 2065 42 [16]

Average relative atomic mass of alloy was employed to get the concentration of active center.
3 Ceenter = catalyst dosage (mg)-the fraction of catalytic active center (%) relative atomic mass ™ '.

> Calculated by employing equation: Activity = Cyg-Conversion-Ceenger -Time

10.1 nm:
. 0.2:Cy;
PP (1 + 632Cyp + 0.14+CR ) ©)
5.6 nm:
. 0.2:CRr
PP (1 + 4.38+Cyp + 0.12:C55)? ©®
2.6 nm:
. 0.007Cxpt«Chi-
PP (1 + 0.73.CY3 + 0.0025-Chyy. )2 @

Fig. 8 displays the 3D plots of k.p, as a function of Cyp and Cpy;
obtained from the L-H model (Egs. (5)-(7)), and the experimental and
calculated values of k,pp. Despite of Pd nanocrystal size, the deviations
between the experimental and calculated values are all less than 10%,
indicating that the obtained experimental kinetics values can be fully
described by the L-H model.

Table 2 compares the activities of our pseudohomogeneous catalyst
and some reported heterogeneous catalysts for reduction of NB. In this
case, the activity is defined as the number of moles of reduced NB per

-1

mole of active components per hour for better comparison of different
reaction systems. By comparison, it can be obviously found that the
catalytic activity of 2.6nm Pd nanocrystals was 8009 molNBh ™!
(mol Pd) ™!, which is several or even hundreds of times than other
catalysts [15,16,45-51]. Such an excellent catalytic performance
should be attributed to high stability and dispersity of Pd nanocrystals
in aqueous medium. This will be very beneficial to a complete contact
between the reactant and the catalyst with scarcely any diffusion re-
sistance.

In this study, DFT calculations were also employed to better un-
derstand the catalytic reduction of NB over monodisperse Pd nano-
crystals at the atomic and molecular levels. Various types of reaction
sites (including steps and edges) are independent of the nanocrystal
shape due to the coordination environment [19]. In this case, terrace
sites are major reaction sites. Herein, Pd(1 1 1) and Pd(2 0 0) surfaces,
which are the thermodynamically most stable facet, were used to re-
present the terrace sites of Pd nanoparticles. Fig. 9 depicts the opti-
mized configurations of absorbed nitrobenzene on the Pd(1 1 1) and Pd
(200) surfaces. The corresponding bond lengths of N-O, Pd-H, Pd-O
and adsorption energies are listed in Table 3. It should be emphasized
that both the phenyl- and nitro-groups are likely to bind to Pd surface
free sites, so the research on the adsorption via the phenyl- and nitro-
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Fig. 9. Pd(1 1 1) surface from the (a) side view and (b) top view. (c-g) Adsorption conditions of NB on Pd(1 1 1) surface. Pd(2 0 0) surface from the (h) side view and
(i) top view. (j-n) Adsorption conditions of NB on Pd(2 0 0) surface. (o,p) Density of states (DOS) of Pd and O.

Table 3

Bond lengths (A) of N-0, Pd-H, Pd-O and corresponding adsorption energy.
Type c d e f g j k 1 m n
N-O 1.252/1.252 1.252/1.252 1.269/1.268 1.275/1.265 1.266/1.256 1.251/1.251 1.252/1.251 1.278/1.278 1.280/1.287 1.303/1.303
Pd-H 2.567 2.858/2.951 — e — 2.524 2.804/2.941 — — —
Pd-O — — 2.410/2.432 2.378/2.543 2.690/3.166 — — 2.275/2.268 2.290/2.276 2.299/2.297
Eads —0.3091 —0.3069 —0.5338 —0.5331 —-0.7737 —0.3003 —0.3080 —0.6917 —0.7242 —1.3176

groups is crucial [52]. When phenyl group is located at the Pd top site (c
and j) or bridge site (d and k), the bond length of N-O does not change
and remained 1.25 A. In contrast, if the nitro-group adsorbs at the two
neighboring Pd sites via the two O ends (e, g, | and n), the N-O bonds
will get active, and adsorption energies will become larger. Further-
more, the paralleled adsorption energies are much larger than vertical
adsorptions. Considering the steric hindrance from capping agent, we
adjusted the type (e) and (1) to suit for the realistic conditions and got
the adsorption type (f) and (m), respectively. Fig. 9(o) and (p) display
the density of states (DOS) of adsorption type (f) and (m), respectively.
The results indicate the occurrence of the adsorption of active atoms
owing to the overlap of the energy levels between Pd 4d and O 2p
orbitals.

4. Conclusions

In summary, the highly stable aqueous nanodispersions of mono-
dispersed Pd nanocrystals with tunable sizes of 2.6-10.1 nm are suc-
cessfully synthesized in a high-gravity RPB reactor. The product in the
RPB reactor has a more uniform particle size than that in a stirred tank
reactor (STR). And the reaction time is greatly decreased from 3 min
(STR) to 1 s (RPB), thereby achieving a continuous preparation. The as-
prepared Pd nanocrystals are firstly adopted as a pseudohomogeneous
catalyst for the catalytic reduction of NB in aqueous solution and ex-
hibit excellent performance. Ultra-small 2.6 nm Pd nanocrystals have a
reaction rate five times as fast as 10.1 nm counterpart. The catalytic

reduction of NB and its dependence on the concentrations of reactants
can be well described in the Langmuir-Hinshelwood model, with an
error ratio below 10%. Density functional theory (DFT) calculations
illustrate that NB prefers to adsorb on Pd(2 0 0) surface with the higher
adsorption energy. It could be envisioned that this high-gravity route
may be an effective and promising strategy for the preparation of
monodisperse nanocrystals in large scale as pseudohomogeneous cata-
lyst for highly efficient catalysis.
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