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Highly effective CuZngsMg,AlO, (x = 0-0.2) catalysts for the synthesis of chiral L-phenylalaninol derived
from Cu-rich hydrotalcite-like precursors were prepared by a co-precipitation method with Na,COs as the
precipitant, and their physicochemical and catalytic properties were characterized. The results show that
the presence of Mg?" ions can promote the formation of hydrotalcite-like (htl) precursors, and the Mg?*
content would affect the phase purity of the prepared htl precursors. The BET surface area, exposed cop-
per surface area and amount of acid sites of the samples decreased with the increase in the molar ratio of
Mg®*/Al®*. Also, the dense layered htl precursors are beneficial to the atomically uniform distribution of the
corresponding metal oxides in the prepared catalysts, promoting the stronger interaction between Cu® and
Al,Os after the catalysts were reduced (SMSI effect). The activity of the CuZng sMg,AlO,, catalysts is greatly
dependent on not only the metallic copper surface area, but also the SMSI effect and the acidity of the cat-
alysts. When Mg?*/A** = 0.1 (mol), a phase-pure htl precursor could be obtained, and after calcination,
the prepared CZA-0.1 catalyst exhibited very excellent catalytic performance for the hydrogenation of L-
phenylalanine methyl ester to chiral L-phenylalaninol. After 5 h of reaction at 110 °C and 4 MPa H,, 100%
conversion of L-phenylalanine methyl ester and 91.1% yield of L-phenylalaninol with an ee value of ~100%
were achieved. After recycling 13 times, the L-phenylalaninol selectivity of the CZA-0.1 catalyst only de-
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1. Introduction

Chiral amino alcohols, especially r-phenylalaninol, are an
important kind of small chiral molecules and are widely
used in pharmaceutical and materials chemistry, resolution
of racemic mixtures, asymmetric organic synthesis, etc.'™®
Hence, the manufacture of chiral amino alcohols is a subject
of considerable interest. Like most chiral amino alcohols,
t-phenylalaninol can be prepared by reducing the corresponding
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acids or esters with metal hydrides as the reducing agents, which
are reactive at low temperature, thereby guaranteeing the inte-
grity of the stereogenic center.”'> However, most of these metal
hydrides are only used in the laboratory to produce chiral amino
alcohols on a 100-150 g scale, and the high cost and large
amount of waste make this methodology less attractive for com-
mercial applications. Undoubtedly, seeking a new synthetic route
with the absence of these drawbacks seems increasingly attrac-
tive and imperative. Recently, we have developed a new and envi-
ronmentally friendly approach to synthesize r-phenylalaninol by
the catalytic hydrogenation of 1-phenylalanine methyl ester over
a Cu/ZnO/Al,O; catalyst, and 83.1% yield of r-phenylalaninol
without racemization was achieved under relatively mild reaction
conditions,">** which has - to the best of our knowledge - never
been reported. However, the L-phenylalaninol selectivity and sta-
bility can still be further improved for industrial application, and
the structure-activity relationship of the catalyst for this title
reaction is also ambiguous.

Nowadays, Cu/ZnO/Al,O; catalysts have been popularly
studied and used in many hydrogenation reactions.”>"’
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Many reports are related to empirical optimizations for the
catalyst preparation based on the given reaction, such as the
aging time, preparation methods and parameters, calcination
and reduction conditions, etc. However, general and compre-
hensive regulation has not been established for the prepara-
tion of Cu/ZnO/Al,O; catalysts because various factors have a
complex influence on the structural characteristics and physi-
cochemical properties of the obtained catalysts, and finally
affect their catalytic performance. Recently, investigations on
the structure of precipitated intermediates, namely the pre-
cursors of composite metallic oxides, have revealed that some
specific precursor phases play important roles in the catalytic
performance of Cu-based catalysts. For the Cu/ZnO/AlL,O; cat-
alysts, various individual precursor phases were reported,
such as zincian malachite,"®'® aurichalcite,®® rosasite,**
hydrotalcite-like (htl),>>* etc. This contribution focused on
the preparation of Cu/ZnO/AlL,O; by the help of the
hydrotalcite-like precursor.

It is well known that the CuZnAl htl compound is a typical
kind of layered double hydroxides (LDHs) with the general
formula [M3*,M;" (OH),[* (A")y/mH,0, where M** and M**
are the divalent and trivalent cations and A" represents the
425 In the layered structure, all the three metal species
share octahedrally coordinated sites. After calcination, the
formed homogeneous micro- and nano-structure crystallites
can highly disperse in the composite oxide catalysts and pro-
mote the interaction between the corresponding metal ox-
ides. Unfortunately, the CuM>**M** htl precursor materials
can be only obtained when the ratio of Cu/M** is <1.2°7%%
This can be attributed to the higher Jahn-Teller distortions
of MOg octahedra in the htl crystal structure as the Zn*>* ions
(d°, no Jahn-Teller distortion) are gradually substituted by
Cu*" ions (d°, Jahn-Teller distorted coordination), which can
destabilize the htl structure. To the best of our knowledge, in
the Cu/ZnO/Al,O; catalyst prepared by a co-precipitation
method with sodium carbonate as a precipitant, the optimal
and typical ratio of Cu/Zn was 2-3 with 10-20% AL'>*°
Hence, the synthesis of phase-pure Cu-rich htl materials
should be a difficult challenge.

Mg/Al hydrotalcite is a typical LDH compound and can be
synthesized easily in a wide range of compositions by the co-
precipitation method with Na,COj; as the precipitant.*® In ad-
dition, the Mg”* ions can be substituted by Cu®>" and Zn**
ions in the htl compounds because they have similar ionic ra-
dii. Herein, we tried to use the Mg>" ions as “ion inducers” to
introduce Cu** and Zn*" into the layered structure and pre-
pare phase-pure Cu-rich CuZn,;Mg,Al htl precursors, and af-
ter calcination, highly effective CuZn,;Mg,AlO), (x = 0-0.2)
catalysts for the hydrogenation of r-phenylalanine methyl es-
ter to L-phenylalaninol (eqn (1)) were prepared. The effect of
the amount of added Mg on the structural characteristics
and physicochemical properties of the CuZn,;AlO, catalyst
was studied, which showed that its catalytic performance and
usage stability were affected. Based on these research results,
the role of Mg and its hydrotalcite-like precursor in improv-
ing the catalytic performance was discussed in detail.

anion.
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CuZng 3MgyAIOy OH 4 CH.OH
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NH, H,, EtOH NH;
(1)

2. Experimental section

2.1. Catalyst preparation

The CuZn,;Mg,AlO, (x = 0, 0.05, 0.1 and 0.2) catalysts were
prepared by the co-precipitation method with Cu(NOj3),-3H,0,
Zn(NO;),-6H,0, Al(NO;);-9H,0, Mg(NO;),-6H,0 and Na,CO,
(A.R., Sinopharm Chemical Reagent Co., Ltd.), and the prepa-
ration procedures are described as follows. 1.0 M Cu(NOj3),,
1.0 M Zn(NO;),, 1.0 M AI(NO5);, 1.0 M Mg(NO;), and 0.5 M
Na,CO; aqueous solutions were prepared, respectively. The
mixed aqueous solution of Cu®>" and Zn>" nitrates and 0.5 M
Na,CO; solution were co-precipitated at 70 °C under stirring.
During the precipitation process, the flow rates of the two
solutions were adjusted to keep a constant pH value of 7.5.
Also, the mixed aqueous solution of Mg>* and AI’" nitrates
and 0.5 M Na,COj; solution were co-precipitated under the
same conditions described above. Then, the two mixed solu-
tions obtained above were mixed under the same conditions;
this synthesis solution was aged under stirring for 2 h and
cooled statically for 1 h. After filtration and washing with de-
ionized water until the filtrate was neutral, the synthesized
precursor material was dried at room temperature for 12 h,
then dried at 120 °C for 24 h, and heated to 450 °C at 5 °C
min~" and calcined at 450 °C for 4 h. The calcined sample
was pressed and crushed into small-sized particles of 0.45-
0.85 mm (20-40 mesh). The catalyst was marked as CZA-Mg,
(Mg, = 0, 0.05, 0.1 and 0.2), and the corresponding MgO con-
tent was 0, 2.1, 4.2 and 7.7 mol%.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) patterns of the catalysts
were recorded on a PANalytical X'Pert Pro MRD X-ray diffrac-
tometer (Netherlands) with CuKa radiation (4 = 0.154056 nm)
operated at 40 kV and 40 mA. The surface areas (Sggr) of the
catalysts were measured by N, adsorption at -196 °C on a
Micromeritics ASAP 2020 apparatus and calculated by the
Brunauer-Emmett-Teller (BET) method. Before testing, the
samples were degassed at 200 °C for 10 h. The transmission
electron microscopy (TEM) images of the samples were
obtained on a JEOL 2100 microscope operated at 100 kV. The
samples were suspended in ethanol and supported onto a
holey carbon film on a Cu grid. The scanning electron
microscopy (SEM) images of the samples were taken on a
Nova NanoSEM 450 scanning electron microscope operated
at 5 kV. Thermogravimetric/differential scanning calorimetry
(TG/DSC) analyses of the samples were performed on a TGA
Q5000 IR thermogravimetric analyzer at a heating rate of 10
°C min~" from 30 to 800 °C in N, or air flow (30 mL min™).
H, temperature-programmed reduction (H,-TPR) was per-
formed on a continuous-flow apparatus equipped with a thermal

This journal is © The Royal Society of Chemistry 2016
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conductivity detector (TCD). 30 mg of the catalyst was used and
pretreated at 350 °C for 1 h under a N, flow of 30 mL min™". After
being cooled to 50 °C under N,, the catalyst was flushed with
10% H,/N, at 30 mL min ' instead of pure N,, and TPR of the
sample was run from 50 to 550 °C at 5 °C min .

Temperature-programmed desorption of NH; adsorbed on
the catalyst (NH;-TPD) was carried out in a conventional flow
system equipped with a thermal conductivity detector (TCD).
100 mg of the sample was used and pretreated in N, at 450 °C
for 1 h. After it was cooled to 100 °C under a N, flow, the sam-
ple adsorbed NH; at 100 °C for 1 h under 10% NH3/N, (30 mL
min™"), and N, was purged into the sample for 2 h to remove
physically adsorbed NHj;. After that, NH;-TPD experiments
were carried out at 100-800 °C in a flow of N, (30 mL min™).
The rate of heating was 5 °C min™".

The metallic copper surface area (Sg,) of the catalysts was de-
termined by using a nitrous oxide chemisorption method called
the reactive frontal chromatography (RFC) technique.*" For ex-
ample, 200 mg of the sample was reduced in 5% H,/He stream
at a heating rate of 5 °C min" to 300 °C and maintained for 1 h.
After that, the reactor was purged with pure He stream and
cooled down to 60 °C, and then N,O titration was carried out.
The surface copper atom density of 1.46 x 10" copper atoms
per m* (Cu/N,O = 2/1) was used for the calculation of the cop-
per surface area. Additionally, the dispersion of metallic copper
(Dcy) was defined as the amount of exposed copper in relation
to the total amount of copper atoms in the catalyst.

2.3. Raw material preparation

The raw material, t-phenylalanine methyl ester, was obtained
from r-phenylalaninate by the reaction shown in eqn (2).
i-Phenylalaninate was dissolved in de-ionized water, and then
the pH was adjusted to ~8 by adding sodium carbonate solu-
tion. After extraction with ethyl acetate, the extract was dried
using anhydrous magnesium sulfate for 30 min. After filtra-
tion, r-phenylalanine methyl ester was obtained by rotary
evaporation.

OCH,HCI

0 Na,CO3
_

OCH,

0 +C0, +H,0 +NaCl

NH, NH,

@)
2.4. Catalytic activity testing

The catalytic activity of the catalyst for .-phenylalanine methyl
ester (1-p) hydrogenation was tested in a 500 mL stainless
steel autoclave under stirring at a speed of 500 rpm. After
1.0 g of the catalyst (20-40 mesh) was placed into the reactor,
the reactor was flushed 4 times with 4 MPa H, to expel air
and the catalyst was reduced in 1 MPa H, at 250 °C for 4 h,
then the reactor was cooled to room temperature. 1.5 g of
L-p diluted in 150 mL of ethanol was introduced, that is, t-p/
Cat. = 1.5 (mass ratio). The typical reaction conditions were
4 MPa H, and 110 °C. After the reaction was over, the reactor
was cooled to room temperature, and then pressure was re-
leased. The catalyst was separated by centrifugation, and the

This journal is © The Royal Society of Chemistry 2016
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products were analyzed by HPLC and 'H NMR (Bruker,
AVANCE 1II 500 MHz).

HPLC (High Performance Liquid Chromatography) analy-
sis was carried out on an Agilent 1260 Infinity equipped with
an ultraviolet detector and a column (Poroshell 120 EC-C18,
50 x 4.6 mm, 2.7 um particle size). The operating conditions
of HPLC were as follows: the mobile phase was 0.05 mol L™
ammonium acetate aqueous solution (pH = 5.0) containing
5 vol% methanol, the flow rate was 0.6 mL min ", the detec-
tion wavelength was 254 nm and the column temperature
was 35 °C. Experimental errors for the conversion and selec-
tivity were within +2%. The conversion of r-phenylalanine
methyl ester (X), yield (Y) and chemoselectivity (S) to r-
phenylalaninol (r-p-ol) were calculated as follows:

X(%) = (the mass of 1-phenylalanine methyl ester converted/
total mass of L-phenylalanine methyl ester in the
feed) x 100%

¥(%) = (the mass of L-phenylalaninol formed actually/the
mass of L-phenylalaninol formed theoretically)
%X 100%

5(%) = (Y/X) x 100%

The ee value of the product was determined by HPLC
with a chiral column (CHIRALPAK ID-3, 150 x 4.6 mm, 5 pm
particle size) under the following operation conditions: the
mobile phase was a mixture solution (water/methanol = 70:
30 (v/v), 0.6 mL min~") containing 3% triethylamine, the de-
tection wavelength was 258 nm and the column temperature
was 40 °C.

2.5. The structure and ee value of the product

The "H NMR spectrum of the product i-phenylalaninol was
obtained on a Bruker AVANCE III 500. '"H NMR (CDCl,):
7.21-7.35 (5H, m, Ph-H), 3.42-3.68 (2H, m, -CH,-O-), 3.15
(1H, s, -CH-N-), 2.53-2.84 (2H, m, CH,-Ph), 1.83 (2H, b,
-NH,). In the product solution, only r-phenylalaninol could
be detected by the HPLC with a chiral column, which indi-
cates that the ee value is ~100% and the chirality of the reac-
tant can be well maintained after the reaction.

3. Results and discussion
3.1. Textural and structural properties of catalysts

The XRD patterns of the as-synthesized catalysts are shown
in Fig. 1. When the Mg>"/AI>* molar ratio was 0.1, a pure-
phase hydrotalcite-like (htl) was successfully synthesized,
which corresponds to the typical XRD pattern of the
hydrotalcite-like structure. The samples with Mg>*/Al** ratios
of 0.05 and 0.2 exhibited the htl structure along with another
phase showing four diffraction peaks at 26 = 14.5, 17.5, 31.8

Catal. Sci. Technol., 2016, 6, 3457-3467 | 3459
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Fig. 1 XRD patterns of as-synthesized CZA-Mg, catalysts with differ-
ent Mg?* contents.

and 32.7°, which are ascribed to zincian malachite.?®*? For

the CZA-0 sample without Mg>" ions, the malachite phase
with low crystallinity could be observed. Additionally, it can
be seen that the diffraction peaks of the htl phase became
stronger and sharper with increasing Mg®" amount, indicat-
ing an increase in the crystallinity of the htl phase.

To investigate the decomposition of the precursor mate-
rials during calcination, TG and DSC techniques were used,
and the results are shown in Fig. 2. In the TG curve of the
CZA-0.1 sample with hydrotalcite-like phases, there are three
major weight losses: the first weight loss at 100-200 °C can
be attributed to the elimination of physically adsorbed and
interlayer water, the second weight loss at 200-350 °C is
smaller and can be ascribed to dehydroxylation in the
hydrotalcite-like layers as well as the removal of CO, from

View Article Online
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the interlayer carbonate via decomposition,>* resulting in
the collapse of the htl crystal structure, and the third weight
loss at 600-700 °C can be assigned to decomposition of Cu
oxocarbonates formed.*>** In the DSC curve of the CZA-0.1
sample, there is a sharp endothermic peak at ~150 °C, which
involved the elimination of interlayer crystal water.>**® The
curves of the CZA-0 sample, which is presented as the mala-
chite phase with low crystallinity, are different from those of
the other three samples. In its TG curve, the first weight loss
at 100-400 °C should be attributed to the loss of physically
adsorbed water and the decomposition of amorphous Cu-
containing hydroxyl carbonates. In addition, the second
weight loss at 450-550 °C should be ascribed to the decom-
position of Cu/Zn hydroxocarbonates, which is similar to the
third weight loss of CZA-0.1. For the CZA-0.05 sample, it
contained the mixed phases of hydrotalcite-like (htl) and
zincian malachite, and its DTG and DSC curves were com-
posed of the curves of CZA-0 and CZA-0.1, but its top-
temperatures have been changed. For the CZA-0.2 sample, its
dominant phase is the CZA phase with minor zincian mala-
chite crystallites, hence its TG, DSC and DTG curves are simi-
lar to those of the CZA-0.1 sample, which are ascribed to the
decomposition of Cu/Zn hydroxocarbonates.

As shown in the XRD patterns in Fig. 3A, after the as-
prepared samples were calcined at 450 °C, similar crystal
structures were obtained for all the samples, in which CuO
was the dominant phase and no diffraction peaks of ZnO,
MgO and Al,O; could be detected, that is to say, these oxides
in the calcined catalysts are highly dispersed. Evidently, the
diffraction peaks of hydrotalcite-like (htl) phases have
disappeared in the calcined catalysts, which means that heat
treatment would destroy the htl structure. Also, with the
increase in the Mg>'/AI*" molar ratio, the CuO reflection
peaks of all the samples became weaker and broader, which
indicates a decrease in CuO crystal size and degree of

100 a-CZA-0 a-CZA-0.05 |
95
90
85 12~
QN on
> SC g
75 14 =
% TG DTG TG “
o 701 DTG g
— N
5 z
‘S a-CZA-02 o =
= 8
D
s
] TG
7 DTG DTG
654+— : : : : : : : : : : :
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature (°C)
Fig. 2 TG-DTG-DSC curves of as-synthesized CZA-Mg, samples with different Mg>* contents.
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Fig. 3 XRD patterns of the CZA-Mg, catalysts (A) calcined at 450 °C and (B) after in situ reduction.

crystallinity. Correlating the intensities of the CuO diffraction
peaks with the thickness of the layered htl platelets obtained
through the SEM images (Fig. 4), it can be found that the
larger the thickness of the htl layered precursor materials,
the lower the degree of crystallinity of the copper oxide pro-
duced. After these four catalysts were in situ reduced at 1
MPa H, and 250 °C for 4 h, the characteristic diffraction
peaks of spinel structure ZnAl,0O, (ICDD 5-669) and Cu’
phases could be observed in their XRD patterns (Fig. 3B),
while the CuO reflection peaks disappeared, which shows
that CuO is completely reduced to metallic copper and a
ZnAl,0, phase can be formed after reduction. Obviously, the
Cu’ reflection peaks become weaker and broader with the
increase in the Mg>*/AI’* molar ratio, that is, a decrease in
Cu’ crystal size and degree of crystallinity. These results sug-
gest that doping of Mg>" can decrease the crystal size and
increase the dispersion of the Cu® species with the aid of the
formation of the hydrotalcite-like (htl) precursor.

The SEM images of the as-prepared and calcined CZA-Mg,
catalysts are given in Fig. 4. It can be seen that the structure
of the CZA-0 precursor is in the form of irregular particles.
After doping Mg>" ions, the morphology of the CZA precursor
varied. The CZA-0.05 precursor exhibited two different types
of microstructure: its major part comprised needle-like crys-
tallites and the minor portion was composed of platelet-like
crystallites. According to the research results of Behrens
et al., the needle-like crystallites can be ascribed to the
zincian malachite phases in the precursor materials.'®"?
Moreover, the appearance of platelet-like crystals indicates
the formation of layered htl phases.>*>® With the increase in
the molar ratio of Mg>/Al**, the needle-like ecrystallites
disappeared, and only well-developed and thin platelet-like
crystallites with a size of 100-200 nm were present in the
CZA-0.1 precursor, which were homogeneous and densely
stacked. When more Mg”* ions were introduced into the sam-
ple (as in CZA-0.2), some fragments formed, and the size and

This journal is © The Royal Society of Chemistry 2016
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thickness of the platelets increased markedly. It was reported
that the smaller crystal size of the htl platelets favors face-to-
face and edge-to-edge interactions between individual plate-
lets because of the higher surface energies.*’

After the CZA-Mg, precursors were calcined at 450 °C, the
CZA-0.1 and CZA-0.2 samples roughly maintained the mor-
phologies of the precursor materials, though some crystallites
have been destroyed during thermal treatment, indicating that
the layered structure has good thermal stability and particle
aggregation would not occur after the thermal treatment.

The TEM images of the catalysts with different ratios of
Mg”*/AI** are shown in Fig. 5. The CZA-0 and CZA-0.05 sam-
ples exhibit similar morphologies (approximately granular
pattern) with the crystallite size of 10-20 nm. For the CZA-0.1
sample, unlike the former two samples, some lamellar plate-
lets with a size of 50-80 nm can be observed, and a small
amount of isolated and agglomerated particles are located on
the destroyed platelets. Similarly, for the CZA-0.2 sample,
only thick platelet-like particles can be observed, and their
thickness and size are much larger than those for the CZA-
0.1 sample, which are consistent with the SEM images
presented in Fig. 4.

3.2. The reducibility of catalysts

To assess the reduction behavior of the calcined catalysts, the
H,-TPR technique was used and the results are shown in
Fig. 6. The reduction peaks of all samples are located at 150-
300 °C, which can be deconvoluted into two (o and ) peaks.
The peak positions and the relative contribution of the o
peak to the TPR pattern are summarized in Table 1. Since
ZnO, MgO and Al,O; cannot be reduced in this temperature
region,>®*1*%3% these reduction peaks are only ascribed to
the reduction of CuO species.

Vel 2 £

Fig. 5 TEM images of the CZA-Mgy calcined at 450 °C.
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Fig. 6 H,-TPR profiles of CZA-Mgj calcined at 450 °C.

In the TPR curve of the CZA-0 sample, only one reduction
peak existed at ~196 °C, suggesting that uniform particles of
CuO species are present. After doping Mg>* ions, the reduc-
tion peak of the calcined catalysts split into o and B peaks.
The low-temperature reduction peaks (o peaks) of the three
samples have similar top temperatures and should be the
reduction peaks of nanosized CuO clusters exposed on the
surface of platelets®® or the surface Cu0.’* Tan et al
reported that the strong interaction between CuO and Al,O;
could cause the H, reduction temperature of copper oxide to
be much higher than that of supported CuO. Li et al*
reported that the intergrowth mixed oxides of CuO and
v-Al,O; have strong mutual interaction, which can cause the
H, reduction temperature to be higher than that of the
mechanically mixed oxide.

Herein, the doping of Mg>" ions can promote the forma-
tion of hydrotalcite-like (htl) phases in precursor materials,
which are beneficial to the distribution of the corresponding
metal oxides at an atomic level. The highly dispersed nano-
Cu** species could incorporate into the Zn-Al-O matrix after
being calcined,’® resulting in the segregation of reducible
Cu®" before reduction from irreducible Zn>" and AI** species.
Hence, the higher temperature reduction peak (B peak)
should be attributed to the well-dispersed Cu®" cations,"®
which increased with the increase in the crystallinity of the
htl phases accompanied by a decrease in the fraction of the a
peak (Table 1). Although this strong incorporating effect re-
sults in the decline in reducibility of the Cu®" species, it can

Table 1 The top temperatures of reduction peaks and their contributions
to the TPR patterns of the calcined catalysts

Sample T, (°C) T (°C) Aul(Aq + Ap)* (%)
CZA-0 196 — 100
CZA-0.05 186 200 72.5
CZA-0.1 197 215 60.1
CZA-0.2 187 240 30.6

“ A is reduction peak area.

This journal is © The Royal Society of Chemistry 2016
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help to increase and stabilize the Cu® dispersion by the intro-
duced strong metal-support interaction (SMSI) effect between
Cu® and Al,O; after catalyst reduction, increasing the catalytic
performance and stability of this catalyst. For the CZA-0 sam-
ple without Mg doping, the growth of metallic copper crystal-
lites during the reaction (TEM images, Fig. S37) is responsi-
ble for the deactivation behavior of the CZA-0 sample.

The BET surface areas (Sggr) of the calcined catalysts are
listed in Table 2. Some decrease in Sgpr can be observed after
adding Mg to CZA, and when Mg”"/AI>" = 0.2 (CZA-0.2), its
surface area obviously decreased from 92 m”> g™' to 58.1
m? g, The layered structure causes the metallic oxides to be
in intimate contact with each other, which will reduce the
volume of the piled pores. Also, the thicker the layered struc-
ture thickness, the more obvious this effect should be.

The accessible metallic copper surface area (Sc,) of the
calcined catalysts was determined by N,O titration after re-
duction. The effect of the Mg2+/A13'+ ratio on Sg, is similar to
that on Sggy. As shown in Table 2, the Sc, of CZA-0.2 was
only 3.2 m* g™*, and was 5.5% of its BET surface area of 58.1
m? g”'. With the decrease of the Mg amount in CZA-Mg,, the
Scu (0r Scu/Sper) was enhanced, for example, the Sc, of CZA-
0 was maximum (16.9 m”> g™') and reached 18.4% of its Sggr.
For the CZA-0.1 catalyst, its Sc, was 7.5 m*> g' which was
18.4% of its Sppr (88.8 m* g™). This is because the dense lay-
ered structure of the calcined catalysts obtained from the htl
precursor materials would make the Cu particles embed in a
compact oxide matrix to a large extent; hence, the accessible
Cu surface areas of these calcined samples are much lower
than that of the CuZn, ;AlO, catalyst.

3.3. The surface acidities of CuZn, ;Mg,AlO,, catalysts

The acidities of the CuZn,;Mg,AlO, catalysts were deter-
mined by NH;-TPD, and the results are shown in Fig. 7. As
shown in Fig. 7, the four TPD profiles have similar broad
peaks that can be deconvoluted into two (o and f) peaks; the
former was located at ~200 °C and the latter was located at
270-280 °C, which can be ascribed to the weaker and
medium-strong acidic sites, respectively. These acid sites are
related to the contribution of different metal oxides, such as
Al, O3, ZnO and CuO, in which the contribution of Al,O; prob-
ably prevails. With an increase in the amount of MgO, the
intensities of the o and P peaks gradually decreased, which
indicates the reduction of the weaker and medium-strong

Table 2 Physicochemical properties of the CZA-Mg, catalysts calcined
at 450 °C

Sample Sper (M2 g7 Scu®(M*g™Y)  SculSper (%) Dey” (%)
CZA-0 92.0 16.9 18.4 8.1
CZA-0.05 86.6 14.0 16.2 6.8
CZA-0.1 88.8 7.5 8.5 3.7
CZA-0.2 58.1 3.2 5.5 1.6

% Scu was determined by N,O adsorption. 5 Doy = exposed Cu atoms/
total Cu atoms.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 NH3-TPD profiles of CZA-Mgj calcined at 450 °C.

acid site amounts. Thus, MgO can act as an effective dopant
to adjust the amount of acidic sites over the Cu/ZnO/Al,O3
catalyst.””*® To quantify these changes, the TPD profiles were
integrated, and the results are listed in Table 3. The following
characteristics can be obtained: (1) the amounts of medium-
strong and weaker acid sites are continuously decreased with
the Mg”*/AI** ratio increasing from 0 to 0.2; (2) the strength
of the weaker acid sites is hardly affected by the ratio of
Mg”*/AI** because of the unchanged o-peak temperature; (3)
the strength of the medium-strong acid sites is reduced a lit-
tle with increasing Mg®" amount; (4) the fraction of weaker or
medium-strong acid sites to total acid sites is hardly affected
by the ratio of Mg>"/AI*"; (5) the density of the total acid sites
of the CZA-0.1 sample is the smallest.

3.4. Catalytic performance

We have found that r-phenylalaninol (r-p-ol) selectivity is in-
dependent of r-phenylalanine methyl ester (i-p) conversion
over this CZA catalyst, and the formed r-p-ol does not un-
dergo further reactions under the conditions applied."
Hence, the 1-p-ol selectivity (or yield) at 100% conversion of
L-p is used to describe the catalytic performances of the CZA-
Mg, catalysts. The effect of the amount of Mg>* in the cata-
lyst on its r-p-ol selectivity is presented in Fig. 8, in which a
volcanic shape of the r-p-ol selectivity versus the Mg”*/AI>*
molar ratio in the catalyst could be observed and the highest
L-p-ol selectivity reached 91.2% over the CZA-0.1 catalyst.
Then, the CZA-0.1 catalyst was used as the model catalyst
to test its stability or properties for recycling usage, which
was performed by repeating the batch operation under the
optimum reaction conditions,"® and the results are shown
in Fig. 9. The results show that the catalytic activity of
the CZA-0 catalyst dramatically decreased after 7 runs, the
conversion of r-phenylalanine methyl ester was 83.7% and
the yield of L-phenylalaninol decreased to 50.7%; the presence
of Mg resulted in a great improvement of the stability of
the CZA-0.1 catalyst and after recycling 13 times, the

Catal. Sci. Technol., 2016, 6, 3457-3467 | 3463
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Table 3 The positions and areas of the NHz desorption peaks
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Total acid sites

T,
Sample (°C) (umol g™ (umol m™) o (umol g7) B (umol g™
CZA-0 200/280 13.3 0.145 4.7% (35.2%) 8.6 (64.8%)
CZA-0.05 200/276 12.0 0.138 4.4 (34.6%) 8.2 (65.4%)
CZA-0.1 200/273 10.3 0.116 3.5 (34.0%) 6.8 (66.0%)
CZA-0.2 200/270 8.7 0.150 3.2 (36.7%) 5.5 (63.3%)

“ The value in the parenthesis is a fraction of this portion of the acid sites to the total acid sites.

t-phenylalaninol selectivity of the CZA-0.1 catalyst only
decreased by 7.2%.

3.5. Discussion about the active sites on the catalyst

For a copper-based catalyst to be considered highly effective,
a large metallic copper surface area (Sc,) is generally thought
to be a prerequisite and the major goal in the catalyst
preparation.®*°*' Recently, many research studies have
demonstrated that S, is not the conclusive factor for the
high catalytic activity. For instance, Spencer et al.”” reported
that the WGS reaction over the Cu/ZnO/Al,O; catalyst was
sensitive to some parameters of the catalyst other than its Cu
surface area. Tan et al.** reported that the copper surface
area and particle size of Cu and ZnO are not the decisive fac-
tors for the catalytic activity of the Cu/ZnO-based catalyst for
glycerol hydrogenolysis. Behrens et al.>® investigated the role
of the oxide component in copper composite catalysts for
methanol synthesis and found that the methanol synthesis
rate is not only a function of the exposed Cu surface area
alone in the hydrogenation of CO,. Herein, to better disclose
the relationship between the catalytic activity and Sc,, a plot
of the 1-p-ol selectivity versus Sc, is presented in Fig. 10A. It
can be seen that no direct linear correlation between the

100 = = - ']
" '/.\
S 80
—=a— Conversion of L-p
—eo— Selectivity (or yield) of L-p-ol
70
60
50 T T T T T
0.00 0.05 0.10 0.15 0.20
Mg™" /AT (mol)

Fig. 8 The effect of Mg?" content on the performance of the
CuZno 3Mg,AlO,, catalysts at 110 °C and 4 MPa H, for 5 h (L-p/Cat. =
1.5, wt). Experimental errors of the conversion and yield are within
+2%.
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1-p-ol selectivity and Sc, can be observed for this title reac-
tion, which shows that the activity of the CuZn,;Mg,AlO,
catalysts is related not only to Sc, but also to other factors.
However, it also has to be mentioned that Sc, is still an
important parameter for the catalytic activity, considering the
fact that the CZA-0.2 sample has the smallest Sg, and
exhibits the lowest selectivity to r-p-ol.

Nowadays, it is widely accepted that Cu® is the active site
for the hydrogenation reaction, but the nature of these active
sites is still under debate. A lot of discussions about the
influence of other intrinsic factors on the catalytic activity
were reported, such as the widely studied Cu-ZnO synergy,>*~>*
the SMSI effect between Cu® and other oxides,'®”*™>° the
defects and steps of the Cu nanoparticles,”®*”°! the acidity
and basicity of the catalysts,>***°° etc.

We have found that there are some insoluble polyamides
(by-product) on the surface and inside the channels of the
CuZn, ;Al0, (CZA-0) catalyst after being used, which is an im-
portant reason for the decline of catalytic activity, as shown
in Fig. S1 and S5 as well as Tables S1 and S2.f Furthermore,
this insoluble polyamide can be formed catalytically on the
acid sites, resulting in the inaccessibility of the active cata-
Iytic sites to the reactants. The NH;-TPD results show that
the presence of MgO would reduce the amount of acid sites
of the catalyst to inhibit the formation of alkaline polyamide.
Herein, the plot of the r-p-ol selectivity versus the density of
the total acid sites was also taken and is given in Fig. 10B.
Obviously, the r-p-ol selectivity decreases linearly with the
increase in the density of the total acid sites. Hence, it can be
concluded that these weaker acid sites are another impor-
tantly contributing factor for the increase in the catalytic
activity and stability.

We also found that the deactivated CuZn, ;AlO, (CZA-0) cat-
alyst has a larger size of metallic copper crystallites (Fig. S2 and
S37), resulting in the decline of the catalytic activity. In this
CuZn, ;Mg,AlO, catalyst, the doping of Mg>* ions can promote
the formation of hydrotalcite-like phases in the precursor mate-
rials, which are beneficial to the atomically uniform distribu-
tion of metallic oxides in the hydrotalcite-like phases. The
higher dispersion and smaller particle size of CuO species can
be obtained after the hydrotalcite-like precursor materials were
calcined. In these prepared platelet-like particles, the nanosized
CuO species are, to a large extent, highly dispersed and embed-
ded in the compact oxide matrix (Zn, ;Mg,AlO,), which would
decrease the accessible Cu surface area. Moreover, this dense

This journal is © The Royal Society of Chemistry 2016
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microstructure is beneficial to the SMSI effect between Cu® and
the other oxides after catalyst reduction, resulting in the de-
cline of the reducibility of CuO species. On the one hand, this
SMSI effect can efficiently increase and stabilize the Cu® disper-
sion, which can prevent the agglomeration of Cu’ particles
during the reaction, to increase the catalytic activity and stabil-
ity. On the other hand, intimate interfacial contact of both cata-
lyst components would enhance the SMSI effect between Cu’
and ZnO, resulting in the migration of zinc atoms into the
copper nanoparticle surfaces to further enhance the catalytic
activity.53’56'6°

The results mentioned above show that the high efficiency
of the CuZn, ;Mg AlO,, catalyst for 1-p-ol synthesis is mainly
related to three essential factors, namely high Sc,, appropri-
ate SMSI effect and weaker acidity, and their relationship can
be described as shown in Fig. 11. The catalyst should possess
a high Sc, to expose a large number of active sites; by the
help of the appropriate SMSI effect, the Cu® dispersion and
the active sites would increase and stabilize; the catalyst's
acidity should be weaker, which is beneficial for inhibiting
the formation of the insoluble polyamide and its desorption

This journal is © The Royal Society of Chemistry 2016

from the surface. Only if all three factors take effect together
on this catalyst would the highly effective active sites be
formed for the hydrogenation of L-phenylalanine methyl ester
to 1-phenylalaninol.

Best
catalyst

Fig. 11 Relationship of the essential factors for a highly effective L-p-ol
synthesis catalyst.
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4. Conclusions

In summary, a series of CuZn,;Mg,AlO, (CZA-Mg,, x = 0-0.2)
catalysts derived from Cu-rich hydrotalcite-like compounds
were prepared by a co-precipitation method with Na,CO; as
the precipitant. The results show that the Mg”>* ion content
has a significant influence on the physicochemical and cata-
lytic properties of the CuZn, ;Mg,AlO, catalysts for the hydro-
genation of L-phenylalanine methyl ester to r-phenylalaninol.

The introduction of Mg>* ions into CZA can promote the
formation of hydrotalcite-like precursors, and the Mg”" ion
content would affect the phase purity of the hydrotalcite-like
precursors. When the molar ratio of Mg?*/AI** was 0.1, the
phase-pure hydrotalcite-like precursor of the CuZn, ;Mg +-
AlO,, (CZA-0.1) catalyst could be obtained. With an increase
in the Mg”*/AI>" molar ratio, the BET surface area and ex-
posed copper surface area of CZA-Mg, decreased, and the
amount of acid sites showed a similar change trend with
Mg”*/AP" molar ratio. The density of the total acid sites of
the CZA-0.1 sample is the smallest at only 0.116 pmol m >,

The dense layered hydrotalcite-like precursors are beneficial
to the atom-level distribution of the corresponding metal ox-
ides in the resulting CuZn, ;Mg,AlO,, catalysts, and the stronger
interaction between Cu’ and Al,O; (SMSI effect) after catalyst
reduction can increase and stabilize the Cu® dispersion,
resulting in the decrease in the CuO species reducibility.

The activity of the CuZn,;Mg.AlO, catalysts is greatly de-
pendent on not only the metallic copper surface area, but
also the SMSI effect and the acidity of the catalysts. The CZA-
0.1 catalyst with Mg”*/AI** = 0.1 (mol) was made from phase-
pure hydrotalcite-like precursors and showed the highest ac-
tivity among the CZA-Mg, catalysts. When r-phenylalanine
methyl ester was hydrogenated over this catalyst at 110 °C
and 4 MPa H,, 100% conversion of L-phenylalanine methyl es-
ter and 91.1% yield of r-phenylalaninol without racemization
were achieved. After recycling 13 times, the r-phenylalaninol
selectivity of the CZA-0.1 catalyst only decreased by 7.2%,
which shows its very high stability and good recycling utiliza-
tion properties.
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