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Abstract—Cellulose-derived sorbitol is emerging as a feasible and renewable feedstock for the production of
value-added chemicals. Highly active and stable catalyst is essential for sorbitol hydrogenolysis. Ordered mes-
oporous M—xNiyCeAl catalysts with different loadings of nickel and cerium species were successfully synthe-
sized via one-pot evaporation-induced self-assembly strategy (EISA) and their catalytic performance were
tested in the hydrogenolysis of sorbitol. The physical chemical properties for the catalysts were characterized
by XRD, N, physisorption, H,-TPR, H, impulse chemisorption, ICP and TEM techniques. The results
showed that the ordered mesopores with uniform pore sizes can be obtained and the Ni nanoparticles around
6 nm in size were homogeneously dispersed in the mesopore channels. A little amount of cerium species
introduced would be beneficial to their textural properties resulting in higher Ni dispersion, metal area and
smaller size of Ni nanoparticles. The M—10Ni2CeAl catalyst with Ni and Ce loading of 10.9 and 6.3 wt %
shows better catalytic performance than other catalysts, and the yield of 1,2-PG and EG can reach 56.9% at
493 K and 6 MPa pressure for 8 h after repeating reactions for 12 times without obvious deterioration of phys-
ical and chemical properties. Ordered mesoporous M—NiCeAl catalysts are active and stable in sorbitol

hydrogenolysis.
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INTRODUCTION

Nowadays, increasing environmental concerns
have spurred extensive investigation into utilization of
biomass [1—5]. Sorbitol is one of the twelve building
blocks derived from biomass, and it can be produced
from renewable cellulose by hydrolysis followed by
hydrogenation [6—8]. The catalytic hydrogenolysis of
sorbitol to value-added chemicals such as ethylene
glycol (EG) and propylene glycol (PG) has been exten-
sively investigated in the recent decades [9—11].

According to the mechanism for hydrogenolysis of
polyol proposed by Wang et al. [12] polyol is firstly
dehydrogenated to form B-hydroxyl carbonyl on metal
active sites, especially some transition metal catalysts,
such as Ru, Pt, and Ni, and then undergoes C—C bond
cleavage through retro-aldol strategy and C—O bond
cleavage by dehydration. Zhao et al. reported that car-
bon nanofiber was more suitable for supporting Ru
catalysts than activated carbon and showed higher sor-
bitol conversion and EG and PG selectivity, the cata-
lytic performance would be promoted by introduction
of small amount of alkaline substances [13]. Wang
et al. found that Ni—MgO catalysts showed higher cat-

! The article is published in the original.

alytic performance in the hydrogenolysis of sorbitol
for preparation of glycerol and glycols than Co—MgO
and Cu—MgO catalysts [14]. The reason for the differ-
ences can be ascribed to their distinct dehydrogena-
tion/hydrogenation activities. Similarly, the Ni—NaY
catalysts was more active in hydrogenolysis of sorbitol
than Ru—NaY and Pt—NayY catalysts [15]. Therefore,
Ni-based catalysts, which are cheaper than noble met-
als such as Ru and Pt and show good catalytic perfor-
mance for C—C cleavage reaction, could be regarded
as potential catalysts for industrial applications. How-
ever, it is still a challenge to prepare highly active and
stable Ni-based catalysts.

It has been demonstrated that preparation method
and catalyst support have significant impact on the
dispersion of Ni species, which would further signifi-
cantly affect the catalytic performance and stability
[16, 17]. Many carriers including metal oxide [18],
zeolite [19] and some methods such as co-precipita-
tion, impregnation and decomposition have been
adopted for elevating the physical and chemical prop-
erties and catalytic performance of Ni-based catalysts
[20]. However, agglomeration of Ni nanoparticles was
observed resulting in gradual deactivation of the cata-
lysts. It is important and crucial to carefully design and
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control the physical composition and preparation pro-
cess of the catalyst to improve its catalytic activity and
stability.

Confining or embedding Ni nanoparticles in
hydrothermally stable porous supports are alternative
methods to control its particle size because it can pro-
hibit the agglomeration of Ni nanoparticles. Com-
pared to the catalysts prepared by conventional
impregnation or coprecipitation methods, ordered
mesoporous alumina supported Ni nanoparticles with
superior textural properties and thermal stability by
one-pot evaporation induced self-assembly (EISA)
method can be obtained, which is owing to the reason
that nickel species would be reduced and embedded in
the wall of mesoporous alumina resulting in smaller
size of Ni nanoparticles and their more homogeneous
dispersion. At the same time, the introduction of small
amounts of rare earth into the sol-gel process could
rationally restrain the crystal growth of nickel species
and its size would be effectively controlled during the
following calcination process with high temperature,
and the obtained samples with relatively large specific
surface area, uniform mesopore channels and large
pore volume show excellent catalytic performance in
the methane dry reforming [21—24]. Therefore, the
Ni—CeO,—Al,0O; catalysts prepared via EISA method
should have promising catalytic performance in the
hydrogenolysis of sorbitol. However, to the best of our
knowledge, there is no report in the literature for the
hydrogenolysis of sorbitol on these catalysts.

In this paper, a series of Ni—CeO,—Al,O; catalysts
with ordered mesoporous structures were successfully
synthesized in a one-pot EISA procedure. The tex-
tural and physical chemical properties of the catalysts
were carefully characterized and their catalytic activ-
ity, selectivity and stability in the hydrogenolysis of
sorbitol were also investigated.

EXPERIMENTAL
Catalyst Preparation

(EO),,(PO)4,(EQ),, triblock copolymer (Pluronic
P123, typical M, = 5800, Sigma-Aldrich), nitric acid
(HNO;, Baiyin Liangyou Chemical Reagent Co.
Ltd.), aluminum isopropoxide (CyH, AlO;, Sigma-
Aldrich), nickel nitrate hexahydrate (Ni(NO;), -
6H,0O, Shanghai NO.2 Reagent Factory, China),
cerium nitrate hexahydrate (Ce(NO;); 6H,0,
Shanghai Shanpu Chemical Co. Ltd., China) and
anhydrous ethanol (C,HsOH, Sinopharm Chemical
Reagent Co. Ltd.) employed in this study were all A.R.
grade. All the chemicals were used as received without
further purification.

Ordered mesoporous Ni—CeO,—Al,0O; samples
were synthesized via improved one-pot EISA strategy
based on previously reported in the literature [21]. Ina
typical procedure, 1.0 g of P123 was dissolved with
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20 mL of C,H;OH at 313 K, and then 1.6 mL of HNO;
and A mmol of CyH,,AlO; were added. After stirring
for 30 min, B mmol Ni(NO;), - 6H,0 and C mmol
Ce(NO;); - 6H,0 (4 + B + C =10 mmol) were intro-
duced into the above solution. The mixture was stirred
at 313 K in a beaker covered with PE film for another
6 h and then transferred to a Petri dish for evaporation
at 333 K for 96 h to fully evaporate the ethanol. The as-
prepared gel was calcined at 873 K for 6 h in air with a
ramping rate of 1.5 K/min to obtain mesoporous
NiO—-Ce0O,—Al,0; oxides. Then NiO—CeO,—Al,04
samples were reduced in H, flow at 1073 K for 2 h with
a ramping rate of 1.5 K/min to prepare Ni—CeO,—
Al,O; catalysts and denoted as M—xNiyCeAl, where x
and y stand for the molar percent of nickel species and
cerium species, respectively. Ordered mesoporous
Al,O5, Ce0,—Al,0; and Ni—Al,O; were also prepared
in the same strategy and named as M-—AlO;,
M—yCeAl, and M—xNiAl.

Characterization Techniques

XRD patterns of the samples were obtained on a
Bruker D8 instrument with Ni-filtered CuK, radia-
tion (A = 0.1538 nm) and operated at 30 mA and 40 kV.
The scanning angle was in the 20 ranges from 0.5° to
8° (Low-angle XRD, LXRD) and from 10° to 80°
(Wide-angle XRD, WXRD). The nitrogen physisorp-
tion isotherms and pore size distribution were mea-
sured at 77 K by using a BELSORP-MINI analyzer
with the samples being degassed at 573 K for 3 h before
analysis. The surface area was calculated by
Brunauer—Emmett—Teller (BET) method, and the
pore size distribution was obtained by using the Bar-
rett—Joyner—Halenda (BJH) adsorption model. H,-
TPR analysis was carried out over Micromeritics
Autochem II 2920. The samples were pretreated in the
Ar stream at 623 K for 2 h. The reduction temperature
was raised from 323 to 1273 K at a rate of 10 K min~!
in 10% H,/Ar flow (30 mL/min). Ni dispersion and
Ni metallic surface area were calculated through H, pulse
chemisorption test over Micromeritics Autochem 112920
instrument automatically. The as-reduced catalysts were
pretreated in Ar flow at 773 K for 2 h and then were
cooled down to 323 K in Ar flow. H, pulse chemisorption
test was carried out by pulsing a mixture of 10% H,/Ar
(30 mL/min). The nickel surface areas were calculated
from the volume of H, adsorbed assuming the stoichio-
metric ratio H,yeomeq/Nigumee = 1 and that a density of

active sites on the surface of 1.54 x 10" Ni atoms/m?.
The metal compositions of the catalysts were analyzed
by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) on a Perkin-Elmer optima 2100
DV device. TEM analysis was performed on a JEM-
2100 (JEOL) electron microscope operating at 200 kV.
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Fig. 1. Low-angle (a) and wide-angle (b) XRD patterns of as-reduced catalysts; (/—7) M—xNiyCeAl, (§) M—10Ni,CeAl—RT;

x=4(1),6(2),8(3),10(4=7),y=0(1-4),1(5),2(6),4 (7).

Catalytic Performance Test

Hydrogenolysis of sorbitol was carried out in a
100 mL stainless steel autoclave equipped with a
mechanical stirrer. In a typical experiment, 20 mL of
30 wt % sorbitol aqueous solution, 0.6 g of catalyst,
and 0.1 g of Ca(OH), were placed into the reactor. The
autoclave was sealed, purged with H, for three times,
heated up to desired temperature and pressurized to
desired pressure, and subsequently stirred at a rate of
500 rpm. After the reaction, the reactor was cooled to
room temperature and decompressed. The gas phase
products were detected on gas chromatograph (Agi-
lent 7890A) equipped with a TDX-01 packed column
and thermal conductivity detector (TCD). The liquid
phase products were detected by HPLC (Thermo
Fisher Ultimate 3000, redistilled water as flowing

(initial mmol of sorbitol) — (mmol of sorbitol left)

phase) equipped with a Hyper REZ XP Carbohydrate
Ca?* 8 um column and a refractive index detector
(RID). The major products were 1,2-PG, EG, and
glycerol. Small amounts of other by-products, namely
xylitol, erythritol, butanediol, lactic acid, ethanol,
methanol, CH, and CO, were also detected. The
products were verified using authentic samples and
quantified by an external standard method. Carbon
balance (CB) measurements including the detected
organic and inorganic carbons for all the experiments
were all over 90%. In this work, the glycols refer to the
sum of EG and 1,2-PG. In the recycling process, the
catalyst was separated with centrifugation followed by
washing with ethanol for three times and dried without
further treatment.

x100%,

Sorbitol selectivity =

initial mmol of sorbitol

(mmol of product) x (number of carbon atoms in product)

x100%,

Product selectivity =

((initial mmol of sorbitol) — (mmol of sorbitol left)) x 6
Yield of glycols = Sorbitol conversion x (EG selectivity + 1,2-PG selectivity) x100%.

RESULTS AND DISCUSSION
Catalyst Characterization Results

LXRD patterns of different catalysts were displayed
in Fig. 1a. All the as-reduced catalysts showed strong
diffraction peaks centered at around 0.6°—0.9°,
together with weak peaks around 1.5°, suggesting the
successful formation of ordered mesoporous struc-
ture. The ordered mesoporous frameworks were pre-
served after calcination at 873 K and reduction at 1073 K,
showing the excellent thermal stability of mesoporous
structure. The incorporation of Ni and Ce species did

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 92

not significantly affect the mesoporous structure of
the samples.

Figure 1b presented the WXRD patterns of these
catalysts. Weak diffraction peaks owing to the low
crystallinity centered at 31.9°, 37.6°, 39.5°, 45.9°,
60.9°, and 66.9° ascribing to y-Al,O5 crystal can be
observed for all the catalysts, and the intensities of
these peaks decreased with the nickel species loading
increasing. In addition, diffraction peaks centered at
44.5°, 51.8°, and 76.4° assigned to metallic Ni
(JCPDS card no. 87-0712) can be found, and these
peaks were relatively broad, implying the well disper-
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Table 1. Physical properties of as-reduced catalysts
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Sample Speprm?g7 [V, emig!| d,nm D,% |s,m?g !cat.|dni£0.2nm| Ni,wt % | Ce, wt %
M-4NiAl 202 0.48 9.2 8.2 1.2 — 4.7 0
M-6NiAl 186 0.43 9.4 7.1 1.7 5.1 6.6 0
M-8NiAl 179 0.42 9.4 5.9 2.0 6.2 9.1 0
M-10NiAl 173 0.41 9.6 5.1 2.2 7.1 11.4 0
M-10NilCeAl 196 0.44 9.8 5.7 2.4 6.3 11.1 3.2
M-10Ni2CeAl 191 0.44 10.1 6.3 2.6 6.1 10.9 6.3
M-10Ni4CeAl 184 043 10.6 6.4 2.7 6.5 10.2 12.1
M-10Ni2CeAl-RT 177 0.42 10.3 6.2 2.5 6.7 10.8 6.3

dvy; is particle size, V'is total pore volume, d is average pore diameter, D is dispersion, s is metal area.

sion and small particle size of Ni nanoparticles. Aver-
age particle sizes of metallic Ni nanoparticles in the
range of 5.1—7.1 nm seen in Table 1 were calculated by
Scherrer equation based on diffraction peaks at 51.8°
of Ni (200) plane. The low XRD reflections of metal-
lic Ni may lead to a little inaccuracy in the determina-
tion of crystalline sizes. Nevertheless, quantitative
estimation of crystallite sizes with Scherrer equation
could provide useful information for comparative pur-
poses. No diffraction peaks corresponding to cerium
species for all the catalysts, illustrating their well dis-
persion. The weight contents of Ni and Ce elements in
the samples were determined by ICP and listed in
Table 1.

Nitrogen physisorption analysis could provide
information about textural properties of porous mate-
rials. Nitrogen adsorption-desorption isotherms and
pore size distributions were displayed in Fig. 2. As
shown in Fig. 2a, all the M—xNiyCeAl catalysts pos-
sessed type IV isotherms with H1 shaped hysteresis
loops, which were significant features of ordered mes-
oporous materials with cylindrically shaped channels.
The pore size distributions of the catalysts exhibited in
Fig. 2b were narrow, confirming the uniformity of the
mesopores.

Textural properties of the as-reduced M—xNiy-
CeAl catalysts were summarized in Table 1. It could be
observed that all the samples possessed relatively large
specific surface areas (173—202 m?/g), which was ben-
eficial to provide enough surface area for the disper-
sion of Ni nanoparticles. Big pore volumes up to
0.48 cm?/g and average pore size in the range of 9.2—
10.6 nm for these samples were obtained, which would
beneficial to diffusion of reactants and products, espe-
cially relatively large molecule substrates. In addition,
Ni nanoparticle sizes were located in the range of 5.1—
7.1 nm with Ni weight loading up to 11.4%, which were
relatively small for Ni-based catalysts and smaller than
the average pore sizes of the catalysts, suggesting that
the Ni nanoparticles can be dispersed in the internal
mesopore channels and would not lead to blocking of
the mesopores. Compared with M—10NiAl catalyst,
the surface areas and pore volumes for M—10NiyCeAl
samples by introduction of little cerium species were
promoted, which resulted in higher Ni dispersion and
metal area and smaller size of Ni nanoparticles, which
should be beneficial to the catalytic performance in
the hydrogenolysis of sorbitol.
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Fig. 2. (a) N, adsorption-desorption isotherms and (b) pore size distributions for as-reduced catalysts; notes see Fig. 1.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 92

No.3 2018



460

H,-TPR technique is an effective method for deter-
mining the reducibility of the catalysts, which could
provide information about the interaction between the
active metal species and their supports. H,-TPR pro-
files of the as-calcined samples were shown in Fig. 3.
All the samples prepared with EISA process exhibited
similar profiles of hydrogen reduction, showing only
one obvious reduction peak in the range from 800 to
1100 K, regardless of the contents of nickel and cerium
species. No evident reduction peak in the range of
623—723 K corresponding to dissociated or free NiO
was observed, implying that the strong interaction
between Ni nanoparticles and the ordered meso-
porous framework were formed. It can be seen that the
locations of peaks gradually migrated toward lower
temperatures at higher Ni contents, suggesting the for-
mation of weaker interaction. Compared to the
M—10NiAl sample, reduction temperature of
M—10NiyCeAl catalysts were lower, and the peaks grad-
ually migrated to lower temperatures with the increase of
Ce contents, indicating that the introduction of little Ce
species would promote reduction of Ni species, which
was consistent with previous reports [25].

Impulse chemisorption of H, at 298 K was used to
determine the nickel dispersion and metallic Ni sur-
face area on the surface of the support, and the results
for M—xNiyCeAl catalysts were given in Table 1. With
the increase of Ni content, metal area of nickel per
gram of catalyst increased, while its dispersion
decreased gradually owing to the bigger size of Ni
nanoparticles probably. However, it was evidently
found that both the dispersion and metal area of Ni
nanoparticles were improved after introduction of lit-
tle cerium, suggesting that the incorporation of cerium
species was beneficial to the dispersion of Ni nanopar-
ticles resulting in their smaller sizes.

Hydrogenolysis of Sorbitol

Hydrogenolysis of sorbitol over different catalysts
was carried out and the results were listed in Table 2. It
could be seen that no sorbitol could be transformed in
the absence of catalyst or when the M—Al,O; or M—
2CeAl was added. However, it was notable to find that
many products can be obtained over the M—NiyCeAl
catalysts, where the main products were glycerol, 1,2-
PG and EG. Other products such as erythritol, 1,2-
butanediol, xylitol, lactic acid, ethanol, methanol, 1-
propanol, 2-propanol and gaseous products of CH,
and CO, were also detected. On the basis of the results
above, it could be concluded that the Ni nanoparticles
were active catalytic sites and were essential for the
hydrogenolysis of sorbitol.

Sorbitol conversion was promoted with increasing
Ni nanoparticle loadings, and sorbitol conversion
reached up to 40.8% over the M—10NiAl catalyst.
Compared to the results of M—10NiAl catalyst, intro-
duction of a little cerium species would be beneficial to
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Fig. 3. H,-TPR profiles for as-calcined catalysts before
reduction, (/—7) see Fig. 1.

the catalytic performance, relating to improved Ni dis-
persion, metal area and smaller sizes of Ni nanoparti-
cles, the conversion of sorbitol increased with the
increasing cerium contents under identical reaction
conditions [20]. However, the selectivity to 1,2-PG
and EG decreased while more byproducts were
formed with higher loading of cerium species owing to
excessive hydrogenolysis of intermediate products.
The yield of glycols reached to maximum of 36.7%
when the M—I10Ni2CeAl as catalyst. Therefore,
M—10Ni2CeAl was used as a representative in the fol-
lowing studies.

Basic promoter plays an important role in the
hydrogenolysis of sorbitol, which would accelerate C—
C bond cleavage through retro-aldol strategy [12].
Herein, effects of different basic promoters were dis-
cussed and the results were listed in Table 3. The con-
version of sorbitol increased with the basicity of the
selected four hydroxides increasing although the addi-
tion amounts of OH™ in those alkaline species were the
same. The conversion of sorbitol by the addition of
KOH or NaOH was much higher than the results by
the addition of Mg(OH), and Ca(OH),, which was
attributed to the easier solubility of KOH and NaOH
resulting in higher pH values of the solution. However,
strong basicity seem to have a negative effect on the
selectivity to the glycols by adding KOH and NaOH.
With the addition amount of OH" in the introduced
Ca(OH), increasing, the conversion of sorbitol would
be promoted. Excessive addition amount of Ca(OH),
would make a drop of glycols selectivity owing to
higher basicity. The yield of glycols was as high as
42.3% when the addition amount of Ca(OH), was
0.20 g. In addition, in order to investigate the effect of
Ca?' in the solution, the Ca(NO;), was selected as
promoter and the result was also listed in Table 3.
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Table 2. Catalytic performance of different M—xNiyCeAl catalysts for sorbitol hydrogenolysis

Sorbitol Selectivity, %
orbito
CHASSoonversion, % glycerol | 1,2-PG EG Cys’ B 1 others® oot %°
products
None 0.0 — — — — — — —
M-AL,O; 0.0 — — — — — — —
M-2CeAl 0.0 — — — — — — —
M-4NiAl 24.6 38.3 30.2 20.7 6.1 1.6 3.1 12.5
M-6NiAl 31.9 36.1 31.9 20.8 3.8 1.9 5.5 16.8
M-8NiAl 36.2 34.5 34.2 22.3 2.5 2.4 4.1 20.5
M-10NiAl 40.8 30.1 37.2 23.9 1.5 3.7 3.6 24.9
M-10NilCeAl 54.1 27.4 38.9 22.4 2.1 4.5 4.7 33.2
M-10Ni2CeAl 62.3 25.3 37.7 21.2 1.8 5.6 8.4 36.7
M-10Ni4CeAl 66.5 19.4 349 19.1 1.4 12.3 12.9 35.9

Reaction conditions: sorbitol (30 wt % aqueous solution) = 20 mL; catalyst, 0.60 g; Ca(OH), 0.10 g; 493 K; time, 8 h; P(H;), 4.0 MPa.

4 C4_5: xylitol, erythritol and 1,2-butanediol.
b Gas products: CH, and CO,.

¢ Others: lactic acid, ethanol, methanol, 1-propanol and 2-propanol.

dy

elycols: Yield of EG and 1,2-PG.

Table 3. Effect of basic promoter on the hydrogenolysis of sorbitol

Amount of OH™ | Sorbitol Selectivity, %
Amount of |, . Yglycols’
Promoter promoter, g in promoter, |conversion, | iape EG C. a gas . P
mmol % glycerol | 1, 5 |broductsb others

- 0.00 0.00 321 22.6 214 16.6 28.2 1.6 9.6 12.2
KOH 0.08 1.35 88.3 4.8 13.1 8.6 1.8 13.3 58.4 19.2
NaOH 0.05 1.35 83.6 5.1 13.9 10.8 1.6 12.3 56.3 20.6
Mg(OH), 0.08 1.35 46.8 25.6 36.2 16.4 7.7 3.5 10.6 24.6
Ca(OH), 0.10 1.35 62.3 25.3 37.7 21.2 1.8 5.6 8.4 36.7
Ca(OH), 0.20 2.70 71.6 26.6 36.5 22.6 1.3 6.8 6.2 42.3
Ca(OH), 0.40 5.40 79.3 17.4 23.1 17.9 1.2 16.1 24.3 325
Ca(NO;), 0.10 0.00 32.8 21.1 20.4 17.1 26.2 1.4 13.8 12.3

Reaction conditions: sorbitol (30 wt % aqueous solution) = 20 mL; catalyst, 0.60 g; 493 K; time, 8 h; P(H,), 4.0 MPa.

 C4_5: xylitol, erythritol and 1,2-butanediol.
b Gas products: CHy and CO,.

¢ Others: lactic acid, ethanol, methanol, 1-propanol, and 2-propanol.

d Y. .

alycols: Yield of EG and 1,2-PG.

Although the hydrogenolysis of sorbitol could be pro-
moted by C—C cleavage owing to the formation of
Ca’" complexes proposed by Zhou et al. [26] no obvious
enhancement could be found in the absence of OH™.

Reaction temperature is an important factor in the
hydrogenolysis of sorbitol, which has a significant
effect on catalytic performance. As shown in Fig. 4,
the conversion of sorbitol increased rapidly with reac-
tion temperature increasing from 433 to 513 K,
whereas the total selectivity of 1,2-PG and EG

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 92

reached 56.1% at 493 K followed by a significant drop
owing to the excessive hydrogenolysis resulting in the
increase of the selectivity to gas products. Although
the yield of glycols under 513 K was slightly higher,
more gas products would be formed, whose commer-
cial value was much lower. Therefore, the appropriate
reaction temperature was 493 K.

The influence of variation in H, pressure on the
reaction was presented in Fig. 5. It could be seen that
higher H, reaction pressure had a positive effect on the
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Fig. 4. Effect of reaction temperature on the hydrogenolysis of sorbitol over M—10Ni2CeAl catalyst; (/) conversion of sorbitol
and selectivity to (2) glycerol, (3) 1,2-PG, (4) EG, (5) C4_s, (6) gas products. Reaction conditions: sorbitol (30 wt % aqueous
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Fig. 5. Effect of H, pressure on the hydrogenolysis of sorbitol over M—10Ni2CeAl catalyst. Reaction conditions: sorbitol (30 wt %
aqueous solution), 20 mL; catalyst, 0.60 g; Ca(OH),, 0.20 g; temp., 493 K; time, 8 h; (/—06) see Fig. 4.

hydrogenolysis of sorbitol because the conversion of
sorbitol increased significantly under higher H, pres-
sure. Total selectivity of 1,2-PG and EG reached to
maximum of 61.5% at 6 MPa, the sorbitol conversion
0f94.5% and yield of 1,2-PG and EG as high as 58.1%
were obtained and decreased under higher H, pressure
owing to further degradation. The selectivity to C,_s
polyols almost decreased to around 2% when the H,
pressure was higher than 4 MPa and the selectivity of
glycerol and gas products increased rapidly with the
H, pressure increasing, suggesting that the excessive
hydrogenolysis would be promoted under higher H,
pressure. The selectivity of EG and 1,2-PG was
dropped with the H, pressure increasing higher than
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6 MPa, which may be owing to further hydrogenolysis
of reaction intermediates to lighter products, resulting
in more gas components in the final product.

The influence of reaction time on the reaction were
presented in Fig. 6. With the increase of reaction time,
sorbitol conversion increased gradually until complete
hydrogenolysis after 10 h. Considerable amounts of
C,_s polyols and glycerol were obtained when the reac-
tion time was 2 h, while they gradually decreased with
reaction time increasing. The yield of 1,2-PG and EG
could reach maximum of 58.1% under the reaction
time of 8 h, with the further increase of reaction time,
it would decrease, which was attributed to their deep
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degradation resulting in the formation of more lower
products.

Endurance Testing

The catalytic stability is very important for the
application of a catalyst, so the stability of the M—
NiCeAl catalysts was studied in the hydrogenolysis of
sorbitol with M—10Ni2CeAl as a representative, and
the results were shown in Fig. 7. It could be seen that
the catalytic performance maintained steady during
12 runs and the yield of 1,2-PG and EG could main-
tain to 56.9% after the catalyst being used for 12 cycles,
indicating that the as-prepared catalyst had a stable
catalytic performance even though it was conducted in
the rigorous hydrothermal reaction conditions.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 92

The physical chemical properties of reused
M—10Ni2CeAl catalyst after 12 runs denoted as
M—10Ni2CeAl—RT were also investigated by different
techniques and compared with the results of
M—10Ni2CeAl before recycling tests. The XRD dif-
fraction results (see Fig. 1) showed that the peak inten-
sity of Ni nanoparticles slightly increased, and its par-
ticle size increased from 6.1 to 6.7 nm based on the
Scherer equation. Dispersion measurement revealed
the negligible sintering of the Ni nanoparticles, and
the ICP results showed that mass fractions of Ni and
Ce almost did not change (see Table 1), suggesting no
obvious leaching occurred under the condition of
alkaline hydrothermal reaction conditions. N, adsorp-
tion-desorption tests (see Fig. 2) showed that the meso-
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Fig. 8. TEM images and Ni particle size (d) distribution for (a) M—10Ni2CeAl and (b) M—10Ni2CeAl—RT catalysts, fis frequency.
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Fig. 9. Possible reaction pathway for the hydrogenolysis of sorbitol over M—NiCeAl catalyst.

porous structure could be maintained and their tex-
tural parameters were kept well.

Figure 8 was the TEM images for M—10Ni2CeAl
and M—10Ni2CeAl—RT catalysts, and it could be
seen that the size distribution of Ni nanoparticles did
not change significantly and the mesoporous structure
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was still maintained, which was coincident with the
results of N, physisorption. Based on the analysis
above, it could be concluded that the as-prepared
M—10Ni2CeAl catalyst owned excellent hydrothermal
stability and showed good reusability in the hydroge-
nolysis of sorbitol.
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Reaction Mechanism and Reaction Pathway

Based on the analysis above and polyol hydrogeno-
lysis reaction mechanism proposed by Wang et al. [12]
detailed possible reaction pathway for the hydrogeno-
lysis of sorbitol was proposed and shown in Fig. 9.
Aldehydes or ketones were firstly formed by dehydro-
genation of sorbitol adsorbed on the Ni nanoparticles,
and then followed by C—C bond cleavage in the pres-
ence of OH™ to obtain various intermediates, which
could be hydrogenated or dehydroxylated to form
products such as 1,2-PG and EG. Simultaneously,
they would be transformed to lower products by fur-
ther hydrogenolysis.

CONCLUSIONS

Ordered mesoporous M—NiCeAl catalysts were
designed and prepared by one-pot EISA method and
investigated in the hydrogenolysis of sorbitol. The as-
prepared samples with narrow pore sizes around
10 nm provided relatively large specific surface areas to
homogeneously disperse and embed Ni nanoparticles
with sizes about 6 nm into the mesopore channels
according to XRD, H, impulse chemisorption and
TEM results, which would be restrained from sinter-
ing and beneficial to the access of sorbitol to active
metal sites. Meanwhile, introduction of little cerium
species would make the samples easier reduced and
lead to improved Ni dispersion, which would be ben-
eficial to its catalytic performance in the hydrogenoly-
sis of sorbitol. The basicity and amount of different
basic promoters would significantly affect the catalytic
performance, yield of 1,2-PG and EG was the highest
when the addition amount of Ca(OH), was 0.20 g. The
reaction conditions were optimized and the yield to
1,2-PG and EG reached 58.1% over M—10Ni2CeAl
catalyst at 493 K under 6 MPa after reaction for 8 h,
whose catalytic stability could be kept well after
repeated reactions for 12 times in the rigorous hydro-
thermal reaction conditions. The possible reaction
pathway was also proposed. The research results can
provide a valuable reference for preparation of cata-
lysts with good catalytic performance and stability for
the hydrogenolysis of sorbitol.
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