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In this work, proton-exchanged *BEA zeolite with a high Si/Al ratio of 75 (HpB-75), was demonstrated as an
effective catalyst for the acetalization of glycerol with carbonyl compounds. This catalyst system was applicable
to various substrates and reusable for at least 4 times with slight decrease in activity. The turnover frequency,
based on acid site concentration, increased as a function of HB Si/Al ratio, indicating the importance of the
zeolite hydrophobic surface properties. The origin of the high efficiency exhibited by HfB-75 is quantitatively

discussed based on kinetic studies, hydrophobicity, and acid site concentration.

1. Introduction

Glycerol is considered as a common renewable biomass material,
which is the main by-product in natural triglyceride methanolysis for
biodiesel production [1]. Increased glycerol production, together with a
concomitant decreasing commodity price, has resulted in glycerol be-
coming a promising substrate in numerous chemical processes across a
broad range of industrial sectors, such as personal care products, soaps,
pharmaceuticals and foods. However, the glycerol demand in the
aforementioned sectors is not able to consume all the glycerol produced
from the biodiesel industries. New opportunities for the conversion of
glycerol into value-added chemicals have emerged in recent years. In
this context, catalysts play an important role in realizing the selective
transformation of glycerol. Various catalytic transformations have, hi-
therto, been developed to obtain valuable chemicals, such as acrolein,
glycidol carbonate, syngas, propanediols, and epichlorohydrin [2-10].

Among the developed catalytic processes, the condensation of
glycerol with carbonyl compounds to synthesize acetals (acetalization)
has attracted significant attention because valuable cyclic acetals for
diesel fuels and flavor compounds are obtained with the formation of
H,0 as a non-toxic co-product [11-38]. Additionally, this reaction
offers a sustainable alternative to the present acetal technology in
organic synthesis. Homogeneous acid catalysts, including p-toluene-
sulfonic acid (PTSA), HCl, H3POy,, and metal complex catalysts [11-13]
have been utilized for the acetalization of glycerol with carbonyl
compounds. However, after the reaction using these catalytic systems,

neutralization or tedious separation of homogeneous catalysts are re-
quired, which results in both environmental issues and poor techno-
economics. To circumvent these issues, various heterogeneous catalyst
systems, for example, transition metal catalysts [14-19], heteropoly
acids [20-22], transition metal-oxides or phosphates [23-26], sulfonic
acid-functionalized carbon materials [27-31], metal-organic frame-
works [32,33], and aluminosilicate zeolites [34-38] have been devel-
oped. Among them, proton-exchanged aluminosilicate zeolites are
promising materials as durable and practical heterogeneous catalysts,
owing to their all-inorganic frameworks and commercial availabilities,
as well as the absence of transition metal species [39]. For example,
Mota et al. compared the activities of several proton-exchanged zeolites
with Amberlyst-15 toward the acetalization of glycerol with acetone
and formaldehyde [34]. In their experiments, Amberlyst-15 afforded
the highest reaction yield in the presence of acetone, while higher
yields were obtained in the presence of formaldehyde using proton-
exchanged *BEA zeolite (Hf3), with a Si/Al ratio of 16, compared with
Amberlyst-15 as well as ZSM5 and Y zeolites. Dealuminated and desi-
licated Hf3s were synthesized and then applied to the acetalization of
glycerol by Venkatesha et al. [35] and Bokade et al. [36], respectively.
Both groups concluded that the enhanced catalytic performances were
as a result of the increased pore volumes by dealumination or desili-
cation. Very recently, Corma et al. demonstrated the acetalization of
glycerol with 5-(alkyloxymethyl)furfural for the one-pot synthesis of
biomass-derived surfactants using various Hf3 zeolites and observed
that the HP3 with a high Si/Al ratio of 100 exhibited high activity [37].
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The aforementioned studies demonstrate the high potential of Hf for
the acetalization of glycerol with carbonyl compounds. However,
quantitative studies, which focus on the effects of surface properties/
acidity and substrate scope for carbonyl compounds, have not been
reported, hitherto. Such studies would help elucidate zeolite catalysis
including Hp.

Our research group has previously developed efficient hetero-
geneous catalyst systems using Hf3 zeolites for ester hydrolysis [40] and
the hydration of alkynes/epoxides [41]. Furthermore, we have also
quantitatively reported how this type of catalysis is influenced by acid
site concentration and the catalyst surface hydrophobic/hydrophilic
properties based on various adsorption experiments and kinetic studies.
In this work, we investigated the glycerol acetalization efficiency of Hff
as a function of Si/Al ratio by comparing with other heterogeneous and
homogeneous catalysts, and observed that Hf3, with relatively high Si/
Al ratio of 75 (HB-75), showed the highest efficiency. The substrate
scope for carbonyl compounds and the reusability of HB-75 were also
examined. Furthermore, the effect of hydrophobicity and acid site
concentration on the acetalization efficiency is discussed to provide
insight into the high efficiency of HB-75.

2. Experimental
2.1. General

Commercial compounds (Tokyo Chemical Industry or Kanto
Chemical Company) were used without further purification. GC-MS
(Shimadzu GCMS-QP2010) analyses were performed using an Ultra
ALLOY*-1 capillary column (Frontier Laboratories Ltd.) with N, and
He as the carrier gases. 'H NMR analyses were performed using a JEOL-
ECX 600 spectrometer operating at 600.17 MHz.

2.2. Catalyst preparation

HB-75 (JRC-Z-HB150, originally supplied from Clariant), H3-12.5
(JRC-Z-HB25), HMOR-45 (JRC-Z-HM90, originally supplied from
Clariant), TiO5 (JRC-TIO-4), CeO, (JRC-CEO-3), and amorphous SiO»-
Al,03 (JRC-SAL-2) were provided by the Catalysis Society of Japan. Hf3-
20 (HSZ-940HOA), HB-255 (HSZ-980HOA), HZSM5-20 (HSZ-840HOA)
and HY-50 (HSZ-385HUA) were purchased from Tosoh Co. As-synthe-
sized HB-5 (HSZ-940HOA), based on a previous report [42], was sup-
plied from UniZeo Co., Ltd. HZSM5-11 was obtained by calcination of
NH,4-ZSM5 having a Si/Al ratio of 11 (HSZ-820NHA, purchased from
Tosoh Co.), at 550 °C for 3 h. HZSM5-75 and HZSM5-150 were obtained
from N.E. CHEMCAT Co. Niobic acid (Nb,OsnH>0, HY-340) was kindly
provided by CBMM. Nb,Os5 was synthesized by calcination of the niobic
acid (500 °C for 3 h). SiO5 (Q-10) was provided by Fuji Silysia Chemical
Ltd. ZrO, and SnO, were obtained by calcination of ZrO,nH,0 and
H,SnO3 (Kojundo Chemical Laboratory Co., Ltd.), at 500 °C for 3 h.
Sulfonic acid-functionalized resin (Amberlyst-15) was commercially
purchased from Sigma-Aldrich.

2.3. Catalytic tests

For a typical catalytic reaction, glycerol (1 mmol) was subjected to
acetalization with aldehydes or ketones (1.5 mmol) in the presence of a
catalyst (25 mg) and toluene (1 mL). The reaction mixture was added to
a reaction tube (cylindrical Pyrex glass tube, 17 cm®), containing a
magnetic stirrer bar and placed in a heated reactor, at reflux conditions,
under a nitrogen atmosphere with stirring at 400 rpm. After completion
of the reaction, methanol (2 mL) was added and catalyst was removed
by filtration. The solvent was evaporated from the reaction mixture,
and the acetal/ketal product yield and glycerol conversion in the crude
mixture determined by 'H NMR analysis (JEOL-ECX 600 spectrometer
operating at 600.17 MHz, solvent CD;OD) using mesitylene as an in-
ternal standard.
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Table 1
Catalyst screening for the acetalization of glycerol (1) with 3-pentanone (2a).
OH
HO/\(\OH . \)OK/ HB-75 (25 mg) O/_g\ R
OH toluene 1mL  ~_><_~ 2
1 2a reflux, 20 h 3a
1 mmol 1.5 mmol
Entry Catalyst Yield (%)*
1 none 0
2 Hp-12.5 44
3 HB-20 48
4 HB-75 96
5 HpB-255 77
6 HZSM5-11 43
7 HZSM5-20 46
8 HZSM5-75 68
9 HZSM5-150 62
10 HY-50 58
11 HMOR-45 61
12 Al,03 48
13 Zr0, 61
14 TiO, 43
15 SnO, 67
16 Nb,Os 54
17 Nb,Os.nH,0 65
18 SiO, 16
19 CeO, 13
20 Cs2.5Ho.5PW12040 62
21 Amberlyst-15 2
22 Montmorillonite K10 56
23° H,S0, 25
24 PTSA 44
25 Sc(0Tf)3 28

2 Yields of 3a were determined by "H NMR spectroscopy.
> 40 wt.% aqueous solution.

3. Results and discussion
3.1. Comparison of Hp zeolites with various acid catalysts

Initially, the acetalization of glycerol (1) with 3-pentanone (2a) was
investigated using a wide matrix of 24 heterogeneous and homogenous
catalyst types, by refluxing in toluene for 20 h. The results are sum-
marized in Table 1. Under these conditions, the reaction does not
proceed in the absence of any catalyst (entry 1). Among the catalysts
tested, HB-75 afforded the highest yield (96%) of the five-membered
cyclic acetal (3a) (entry 4), without the formation of the corresponding
six-membered cyclic acetal. The Si/Al ratio of Hf is observed to influ-
ence the 3a yield, which increased as a function of increased Si/Al ratio
from 12.5 to 75 (entries 2-4), while the use of Hp-255 resulted in a
lower yield compared with HB-75 (entry 5). A similar dependency on
the Si/Al ratio was observed using a series of proton-exchanged ZSM5
(HZSM5) zeolites having Si/Al ratios between 11 and 150 (entries 6-9).
HZSM5-75 exhibited a higher yield compared with the other HZSM5
catalysts (entry 8), although HZSM5-75 was inferior to HB-75. The
zeolites possessing a relatively high Si/Al ratio of 75 exhibited high
catalytic performance. The performance of HB-75 with other hetero-
geneous acid catalysts was compared, including other proton-ex-
changed zeolites (HY-50 and HMOR-45), metal oxides (Al,O3, ZrO,,
TiOs, SnO,, Nb,Os, Nb,Os5nH50, SiO,, and Ce0,), a heteropoly acid
(Cs2.5Hp sPW12040), and commercially-available solid acid catalysts
(Amberlyst-15 and Montmorillonite K10). Moderate-to-good yields
(43-67%) of 3a were obtained in the presence of Al,03, ZrO,, TiOs,
Sn0,, and Nb,Os (entries 12-16). Nb,OsnH,0, known as a water-tol-
erant solid acid [43], also exhibited an acceptable yield of 65% (entry
17). However, all 3a yields were lower when compared with the yield
for HB-75. Conversely, the yields for SiO, and CeO, were significantly
lower (entries 18 and 19). Cs, sHo 5sPW12040 and montmorillonite K10
exhibited moderate activity, forming 3a in 62% and 56% yields (entries
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20 and 22), respectively, while the use of Amberlyst-15 resulted in a
poor yield (entry 21). In the previous work [34], the authors compared
the catalytic activity between Amberlyst-15 and the Hf} with Si/Al = 16
in acetalization of glycerol with acetone (as reactant and solvent). One
of the main reasons for higher activity of HB-75 than Amberlyst-15 in
this work might be its hydrophobic nature, as discussed in 3.4 Re-
lationship between activity and hydrophobicity/acidity (vide infra).
Furthermore, typical homogeneous catalysts, such as H,SO,4, PTSA, and
Sc(OTf)3, were applied to this reaction, however, the resultant yields of
3a were low (25%, 44%, and 28%, respectively). The low activities of
homogenous acids for acetalization were reported in the previous paper
[44]. Besides, metal triflates and mineral acid (H,SO,4) are potential in
dimerization of glycerol to give the corresponding ether [45]. The low
yield of the acetalization product using homogeneous catalysts are as-
cribed to the low reactivity and formation of the dimerization product
of glycerol. From the above results, HB-75 is deemed the most effective
catalyst for the acetalization of glycerol with ketone 2a.

3.2. Optimization of reaction conditions

Using the most effective catalyst, HB-75, the optimal reaction con-
ditions were determined for the acetalization of 1 with 2a (Table 2). In
the presence of 1 (1 mmol), 2a (1 mmol), and toluene (1 mL), the use of
Hp-75 (25 mg) afforded the highest yield (entries 1-5). The influence of
ketone 2a content was studied (0.5-1.5 mmol) using HB-75 (25 mg) and
1 (1 mmol) in toluene (entries 5-8). Although the use of an equimolar
amount of 2a gave 3a in 85% yield (entry 5), 2a in slight excess
(1.25-1.5 mmol) is required to achieve > 90% yield (entries 7 and 8).
Furthermore, the influence of the solvent was examined through a
series of experiments comprising 1 (1 mmol), 2a (1.5 mmol), and HB-75
(25 mg) for 20 h (entries 8-12). The aromatic solvents, such as toluene,
o-xylene, and mesitylene, were effective (entries 8-10), with toluene
being observed to be the most efficient solvent studied (entry 8). The
use of 1,4-dioxane resulted in a significantly lower yield of 3a (entry
11). Conversely, acetalization did not proceed using H»O as a solvent
(entry 12). Furthermore, time-on-stream was also investigated, as
shown in Fig. 1. Glycerol was not observed after 10 h, while the yield of
3a reached the highest value of 96% after 20 h. Based on these results,
the optimized reaction conditions were determined as follows: 1
(1 mmol), 2a (1.5mmol), HR-75 (25mg), and toluene (1 mL) under
reflux for 20 h.

3.3. Substrate scope and reusability of HB-75
After establishing the optimized reaction conditions, the substrate

Table 2
Optimization of the acetalization reaction conditions using HB-75 catalyst.

HO/\Og\OH . \)0]\/ HB-75 (x mg) /—(\OH

o_ O
; R L VN
p mmol q mmol 3a

Entry  HPB-75 (mg) 1 (p mmol) 2a(qmmol)  Solvent Yield (%)*
1 5 1 1 toluene 42
2 10 1 1 toluene 51
3 15 1 1 toluene 73
4 20 1 1 toluene 81
5 25 1 1 toluene 85
6 25 1 0.5 toluene 41
7 25 1 1.25 toluene 91
8 25 1 1.5 toluene 96
9 25 1 1.5 o-xylene 88
10 25 1 1.5 mesitylene 83
11 25 1 1.5 1,4-dioxane 23
12 25 1 1.5 H,O 0

2 Yields of 3a were determined by *H NMR spectroscopy.
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Fig. 1. Acetalization of glycerol (1) with 3-pentanone (2a) to the corresponding
acetal (3a) as a function of time-on-stream. Reaction conditions: HB-75
(25mg), 1 (1 mmol), 2a (1.5mmol), toluene (1 mL), refluxed under a N, at-
mosphere for 0-24 h.

scope toward ketones amenable to the HP-75-catalyzed acetalization
with glycerol 1 was studied. The products 3a-3m, together with their
respective yields, are summarized in Scheme 1. Various acyclic (2a-2d)
and cyclic (2e, 2f) ketones reacted efficiently with 1 to give the cor-
responding ketals 3a-3f in 81%-96% yield. Acetophenone (2g) and its
derivatives, possessing either electron-donating (2h and 2i) or electron-
withdrawing groups (2j), were also amenable to acetalization with
glycerol. During the acetalization, the ester and methoxy moieties in
the products (3d and 3i) were retained. Furthermore, HB-75 promoted
the acetalization of ketones having a bulky naphthalene ring (2k) as
well as heterocycles (21 and 2m), affording the desired products in good
yields. Additionally, the substrate scope toward aldehydes in the pre-
sent catalyst system was also studied (Scheme 2). The reaction of for-
maldehyde (4a) with 1 efficiently occurred, giving 1,3-dioxolane-4-
methanol (5a) in 91% yield. The aldehydes incorporating furan (4b and
4c) or phenyl rings (4d, 4e) underwent acetalization with 1 to form the
corresponding products 5b-5e in 82%-93% yields. During the acet-
alization of cinnamaldehyde (4e), the olefinic moiety was tolerant.
Overall, HB-75 efficiently promoted the acetalization of various ketones
and aldehydes possessing numerous functional groups. The applic-
ability of HB-75 to the reaction of bulky substrates is ascribed to its
large pore size; the minimum cross-section diameters of products, 3d
and 3k, are 7.2A x 7.84 and 7.5A x 8.4 A, respectively, which are
comparable to the HB pore size (7.6 A x 7.3 A). All the substrates and
products can be considered to diffuse within the pores of Hp.

After the acetalization of glycerol and ketone 2a, HB-75 was easily
separated from the reaction mixture by centrifugation. The recovered
catalyst was washed with acetone, dried at 90 °C for 3 h, and then re-
used for another reaction. Although product yields decreased slightly,
Hp-75 was recyclable in at least four reuse experiments (Fig. 2). Fur-
thermore, acetalization reactions of glycerol with 2a, 2g, 4c¢, and 4d
were performed on a 5mmol scale. As summarized in Scheme 3, the
desired products (3a, 3g, 5c, and 5d) were successfully obtained in
79%-91% yield. These results demonstrate the promising potential of
HP-75 for practical applications in the acetalization of glycerol.

3.4. Relationship between activity and hydrophobicity/acidity

Previously, we determined the hydrophobicity/hydrophilicity of HB
as a function of Si/Al ratio (Si/Al = 12.5-255) by n-dodecane/H,0O
adsorption experiments and revealed that hydrophobicity mono-
tonically increases with increased Si/Al ratio (Fig. 3C) [41]. A similar
dependency of hydrophobicity on the Si/Al ratio was reported by Fu-
kuoka et al. [46] and Yokoi et al. [47]. The quantitative determination
of acid sites was also studied by NH3 adsorption experiments using IR
spectroscopy [41,48]. The acid sties in HPB (Si/Al = 12.5-255) com-
prised principally of Brgnsted acid sites, and the Brgnsted acid site
concentration decreases with increasing Si/Al ratio (Fig. 3D) [41].
Based on such adsorption experiments and kinetic studies, we further



S.S. Poly, et al.

Molecular Catalysis 479 (2019) 110608

HB-75 (25 mg)

OH Rj Ry toluene 1 mL R R
reflux, 20 h 1 2
1 2a-2m 3a-3m
1 mmol 1.5 mmol
—~ "
S —~ —~ o__0
o. O o. O O«
o. 0 . H3C></\[( CHs
HaC_><__CHy H3C><CH3 H3C></ ° o)
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d Y o) o. O
é ij HsC
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o_ 0O
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O O
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OCH3

3i, 85%
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CHj
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31, 89% 3m, 77%

Scheme 1. Acetalization of glycerol with different ketones. Ketal yields were determined by 'H NMR spectroscopy.

OH
0]
HO/\/\OH . Hp-75(25mg)
OH H toluene 1 mL H><R
1 4a-de reflux, 20 h 5a-5¢
1 mmol 1.5 mmol
—~ o
OH 0_0 d %
o__0 H ° H O
K <H 7 on L ycHs
5a, 91% 5b, 89% 5¢c, 93%

Scheme 2. Acetalization of glycerol with different aldehydes. Acetal yields
were determined by 'H NMR spectroscopy.

reported the influence of hydrophobicity/acidity on the hydration
catalysis [41].

During the acetalization of glycerol with ketone 2a, as shown in
Table 1, HB-75, with relatively high Si/Al ratio, is observed to be the
most effective catalyst among the Hf} zeolites having Si/Al ratios ran-
ging from 12.5 to 255 (entries 2-5). Similar phenomena were observed
in the experiments using HZSM5 having a broad range of Si/Al ratios
(entries 6-9). To elucidate the origin of the high efficiency observed for
Hp-75, the initial reaction rates (V;,;) of a series of Hf} catalysts were

100

Yield of 3a after 20 h (%)

2 3 4 5

Cycle number

Fig. 2. Catalyst reusability for the HB-75-catalyzed acetalization of glycerol (1)
with 3-pentanone (2a). Reaction conditions: HB-75 (25mg), 1 (1 mmol), 2a
(1.5 mmol), toluene (1 mL), refluxed under a N, atmosphere for 20 h.

measured at below 20% conversion. It is noted that we focused on
proton-type zeolites having mainly Brgnsted acid sites but not metal
oxides for this discussion because of difficulty in generalizing the ac-
tivity difference between proton-type zeolites and metal oxide catalysts
generally having both Brgnsted and Lewis acid sites [32,43]. The re-
action rate exhibited a volcano-type dependency on the Si/Al ratio
(Fig. 3A), with HB-75 exhibiting the highest V;,;; value (11.3 mmol
h™ g 1. Conversely, the turnover frequency value, determined
based on the Brgnsted acid site concentration [34], monotonically in-
creased with increasing Si/Al ratio (Fig. 3B), which is similar to the
dependency of hydrophobicity on the Si/Al ratio (Fig. 3C). Based on
these results obtained by kinetic studies and adsorption experiments,
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HB-75 (25 mg)

(@)
toluene 3 mL R ><R
reflux, 72 h 1 2
—~ " —~ "
O O o. O
o H
H
| /) CHzs
5c, 88% 6d, 80%

Scheme 3. 5 mmol-scale acetalization of glycerol catalyzed by Hf-75.

15 = 3
<> | (A) Reaction rate ' & | (C) Hydrophobicity
[
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{; 0.61- (D) Acid amount
P > L
S g 0.4
L
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80.2F
I L
zZ
0 L Il s I ' 0 L L L | L
0 100 200 0 100 200
Si/ Al ratio Si/ Al ratio

Fig. 3. Results of the kinetic studies and adsorption experiments. (A) Initial
reaction rate and (B) turnover frequencies (TOF), normalized to Brgnsted acid
site concentration, versus Hf3 Si/Al ratio, for the acetalization of glycerol (1)
with 3-pentanone (2a). (C) Hydrophobicity, as estimated by n-dodecane ad-
sorption [41] and (D) total HP} Bregnsted acid site concentration [41] as a
function of Si/Al ratio.

the hydrophobic nature of the HP catalysts is suggested to accelerate
the acetalization effectively. On the hydrophobic inner pore surface, the
generated H,O molecule, as a co-product, easily desorbs, thus accel-
erating the acetalization reaction. HB-75 is tailored to possess both a
suitable hydrophobic nature and a sufficient acid site concentration in
the pores, which promotes acetalization. The higher efficiency observed
for HB-75, compared with HZSM5-75, is interpreted by a difference of
pore size. The HP pore size (7.6A x 7.3A) is larger than HZSM5
(5.6 A x 5.3 A). As a consequence, the product 3a, having the minimum
cross-section diameter of 6.2A x 7.6 A (See Supporting Information),
can more effectively ingress and diffuse within the larger pores of Hf,
resulting in enhanced catalytic performance of Hp-75, compared with
HZSM5-75 [40].

4. Conclusions

HB-75 exhibited the highest catalytic performance toward acet-
alization using glycerol among 21 various types of heterogenous acid
catalysts. The present catalyst system was amenable to the acetalization
of numerous ketones and aldehydes to afford the corresponding pro-
ducts in good yields. The catalyst was also observed to be easily sepa-
rated from the catalytic process and recyclable without demonstrating a
significant loss in activity. The wide substrate scope and high recycl-
ability of HB-75 offer advantages from a practical viewpoint. The ki-
netic studies and adsorption experiments using Hf3, as a function of Si/
Al ratio, indicated that the acid sites present at the hydrophobic pore

surface promoted acetalization more efficiently. The data provide a
platform to develop further efficient acid catalysts for acetalization. The
high activity of HB-75 is realized by the tailored hydrophobic nature of
the catalyst surface, a sufficient number of accessible acid sites and in
having a larger pore size compared with HZSM5.

Acknowledgments

This study was supported financially by a series of JSPS KAKENHI
grants: 17H01341, 18K14051, 18K14057, and 19K05556 from the
Japan Society for the Promotion of Science (JSPS) and by the Japanese
Ministry of Education, Culture, Sports, Science, and Technology
(MEXT) within the projects "Integrated Research Consortium on
Chemical Sciences (IRCCS)" and "Elements Strategy Initiative to Form
Core Research Center", as well as by the JST-CREST project
JPMJCR17J3. The authors are indebted to the technical division of the
Institute for Catalysis (Hokkaido University) for manufacturing ex-
perimental equipment.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mcat.2019.110608.

References

[11 C.H. Zhou, J.N. Beltramini, Y.X. Fan, G.Q. Lu, Chemoselective catalytic conversion
of glycerol as a biorenewable source to valuable commodity chemicals, Chem. Soc.
Rev. 37 (2008) 527-549.

[2] M. Pagliaro, R. Ciriminna, H. Kimura, M. Rossi, C. Della Pina, From glycerol to
value-added products, Angew. Chem. Int. Ed. 46 (2007) 4434-4440.

[3] D. Sun, Y. Yamada, S. Sato, W. Ueda, Glycerol hydrogenolysis into useful C3 che-

micals, Appl. Catal. B Environ. 193 (2016) 75-92.

K. Tomishige, Y. Nakagawa, M. Tamura, Selective hydrogenolysis and hydrogena-

tion using metal catalysts directly modified with metal oxide species, Green Chem.

19 (2017) 2876-2924.

[5] S. Nishimura, A. Takagaki, K. Ebitani, Characterization, synthesis and catalysis of
hydrotalcite-related materials for highly efficient materials transformations, Green
Chem. 15 (2013) 2026-2042.

[6] P.D. Vaidya, A.E. Rodrigues, Glycerol reforming for hydrogen production: a review,
Chem. Eng. Technol. 32 (2009) 1463-1469.

[7] T. Mizugaki, K. Kaneda, Development of high performance heterogeneous catalysts
for selective cleavage of C—O and C—C bonds of biomass-derived oxygenates,
Chem. Rec. (2018) 1-21.

[8] B. Katryniok, H. Kimura, E. Skrzyniska, J.S. Girardon, P. Fongarland, M. Capron,
R. Ducoulombier, N. Mimura, S. Paul, F. Dumeignil, Selective catalytic oxidation of
glycerol: perspectives for high value chemicals, Green Chem. 13 (2011) 1960-1979.

[9] B. Katryniok, S. Paul, V. Belliére-Baca, P. Rey, F. Dumeignil, Glycerol dehydration
to acrolein in the context of new uses of glycerol, Green Chem. 12 (2010)
2079-2098.

[10] F. Jérmoe, Y. Pouilloux, J. Barrault, Rational design of solid catalysts for the se-
lective use of glycerol as a natural organic building block, ChemSusChem 1 (2008)
586-613.

[11] M. Rueping, V.B. Phapale, Effective synthesis of 2,5-disubstituted tetrahydrofurans

from glycerol by catalytic alkylation of ketones, Green Chem. 14 (2012) 55-57.

C. Scamardella, M.E. Cucciolito, F. Ruffo, U. Raucci, N. Rega, R. Esposito, R. Di

Guida, Iron(III) complexes for highly efficient and sustainable ketalization of

[4

[12]


https://doi.org/10.1016/j.mcat.2019.110608
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0005
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0005
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0005
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0010
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0010
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0015
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0015
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0020
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0020
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0020
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0025
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0025
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0025
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0030
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0030
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0035
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0035
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0035
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0040
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0040
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0040
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0045
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0045
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0045
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0050
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0050
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0050
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0055
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0055
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0060
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0060

S.S. Poly, et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

glycerol: a combined experimental and theoretical study, ACS Omega 4 (2019)
688-698.

C. Crotti, E. Farnetti, N. Guidolin, Alternative intermediates for glycerol valoriza-
tion: Iridium-catalyzed formation of acetals and ketals, Green Chem. 12 (2010)
2225-2231.

T. Mitsudome, T. Matsuno, S. Sueoka, T. Mizugaki, K. Jitsukawa, K. Kaneda, Highly
efficient condensation of glycerol to cyclic acetals catalyzed by titanium-exchanged
montmorillonite, Heterocycles 84 (2011) 371-376.

X. Li, L. Zheng, Z. Hou, Acetalization of glycerol with acetone over Co[II](Co
[IIT]4Al, _,)O4 derived from layered double hydroxide, Fuel 233 (2018) 565-571.
A. Feliczak-Guzik, I. Nowak, Application of glycerol to synthesis of solvo-surfactants
by using mesoporous materials containing niobium, Microporous Mesoporous
Mater. 277 (2019) 301-308.

S. Ammaji, G.S. Rao, K.V.R. Chary, Acetalization of glycerol with acetone over
various metal-modified SBA-15 catalysts, Appl. Petrochemical Res. 8 (2018)
107-118.

A.M. Fonseca, C. Ferreira, E. Rombi, A. Araujo, M.G. Cutrufello, V. Calvino-Casilda,
M.A. Baifiares, I.C. Neves, Y zeolite-supported niobium pentoxide catalysts for the
glycerol acetalization reaction, Microporous Mesoporous Mater. 271 (2018)
243-251.

B. Mallesham, P. Sudarsanam, G. Raju, B.M. Reddy, Design of highly efficient Mo
and W-promoted SnO, solid acids for heterogeneous catalysis: acetalization of bio-
glycerol, Green Chem. 15 (2013) 478-489.

L. Chen, B. Nohair, S. Kaliaguine, Applied Catalysis A: general Glycerol acetaliza-
tion with formaldehyde using water-tolerant solid acids, Appl. Catal. A Gen. 509
(2016) 143-152.

L. Chen, B. Nohair, D. Zhao, S. Kaliaguine, Highly efficient glycerol acetalization
over supported heteropoly acid catalysts, ChemCatChem 10 (2018) 1918-1925.

L. Chen, B. Nohair, D. Zhao, S. Kaliaguine, Glycerol acetalization with for-
maldehyde using heteropolyacid salts supported on mesostructured silica, Appl.
Catal. A Gen. 549 (2018) 207-215.

G.S. Nair, E. Adrijanto, A. Alsalme, 1.V. Kozhevnikov, D.J. Cooke, D.R. Brown,
N.R. Shiju, Glycerol utilization: solvent-free acetalisation over niobia catalysts,
Catal. Sci. Technol. 2 (2012) 1173-1179.

P.S. Reddy, P. Sudarsanam, B. Mallesham, G. Raju, B.M. Reddy, Acetalisation of
glycerol with acetone over zirconia and promoted zirconia catalysts under mild
reaction conditions, J. Ind. Eng. Chem. 17 (2011) 377-381.

A.C. Oliveira, J.V.C. do Carmo, A.L.G. Pinheiro, E. Rodriguez-Castell6n,

D.C. Carvalho, R. Lang, L. Otubo, S. Tehuacanero-Cuapa, Bio-additive fuels from
glycerol acetalization over metals-containing vanadium oxide nanotubes (MeVO,-
NT in which, me = Ni, Co, or Pt), Fuel Process. Technol. 184 (2018) 45-56.

S. Kanai, I. Nagahara, Y. Kita, K. Kamata, M. Hara, A bifunctional cerium phosphate
catalyst for chemoselective acetalization, Chem. Sci. 8 (2017) 3146-3153.

R.P.V. Faria, C.S.M. Pereira, V.M.T.M. Silva, J.M. Loureiro, A.E. Rodrigues, Glycerol
valorization as biofuel: thermodynamic and kinetic study of the acetalization of
glycerol with acetaldehyde, Ind. Eng. Chem. Res. 52 (2013) 1538-1547.

L.J. Konwar, A. Samikannu, P. Maki-Arvela, D. Bostrom, J.P. Mikkola,
Lignosulfonate-based macro/mesoporous solid protonic acids for acetalization of
glycerol to bio-additives, Appl. Catal. B Environ. 220 (2018) 314-323.

N. Oger, Y.F. Lin, E. Le Grognec, F. Rataboul, F.X. Felpin, Graphene-promoted
acetalisation of glycerol under acid-free conditions, Green Chem. 18 (2016)
1531-1537.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

Molecular Catalysis 479 (2019) 110608

M.B. Giiemez, P.L. Arias, J.F. Cambra, I. Garcia, I. Agirre, V.L. Barrio, J. Requies,
Glycerol acetals, kinetic study of the reaction between glycerol and formaldehyde,
Biomass Bioenergy 35 (2011) 3636-3642.

J. Deutsch, A. Martin, H. Lieske, Investigations on heterogeneously catalysed con-
densations of glycerol to cyclic acetals, J. Catal. 245 (2007) 428-435.

L. Li, T.I. Koranyi, B.F. Sels, P.P. Pescarmona, Highly-efficient conversion of gly-
cerol to solketal over heterogeneous Lewis acid catalysts, Green Chem. 14 (2012)
1611-1619.

V.R. Bakuru, S.R. Churipard, S.P. Maradur, S.B. Kalidindi, Exploring the Brgnsted
acidity of UiO-66 (Zr, Ce, Hf) metal-organic frameworks for efficient solketal
synthesis from glycerol acetalization, Dalton Trans. 48 (2019) 843-847.

C.X.A. Da Silva, V.L.C. Gonalves, C.J.A. Mota, Water-tolerant zeolite catalyst for the
acetalisation of glycerol, Green Chem. 11 (2009) 38-41.

N.J. Venkatesha, Y.S. Bhat, B.S. Jai Prakash, Dealuminated BEA zeolite for selective
synthesis of five-membered cyclic acetal from glycerol under ambient conditions,
RSC Adv. 6 (2016) 18824-18833.

S.K. Sonar, A.S. Shinde, A. Asok, P.S. Niphadkar, S. Mayadevi, P.N. Joshi,

V.V. Bokade, Solvent free acetalization of glycerol with formaldehyde over hier-
archical zeolite of BEA topology, Environ. Prog. Sustain. Energy 37 (2018)
797-807.

A. Garcia-Ortiz, K.S. Arias, M.J. Climent, A. Corma, S. Iborra, One-pot synthesis of
biomass-derived surfactants by reacting hydroxymethylfurfural, glycerol, and fatty
alcohols on solid acid catalysts, ChemSusChem 11 (2018) 2870-2880.

K.S. Arias, A. Garcia-Ortiz, M.J. Climent, A. Corma, S. Iborra, Mutual valorization of
5-Hydroxymethylfurfural and glycerol into valuable diol monomers with solid acid
catalysts, ACS Sustain. Chem. Eng. 6 (2018) 4239-4245.

A.W. Chester, E.G. Derouane, Zeolite Characterization and Catalysis: a Tutorial,
Springer-Verlag New York Inc., New York, 2010.

S.M.A.H. Siddiki, T. Toyao, K. Kon, A.S. Touchy, K. Shimizu, Catalytic hydrolysis of
hydrophobic esters on/in water by high-silica large pore zeolites, J. Catal. 344
(2016) 741-748.

S.S. Poly, S.M.A.H. Siddiki, A.S. Touchy, S. Yasumura, T. Toyao, Z. Maeno,

K. Shimizu, High-silica Hp zeolites for catalytic hydration of hydrophobic epoxides
and alkynes in water, J. Catal. 368 (2018) 145-154.

Y. Kamimura, W. Chaikittisilp, K. Itabashi, A. Shimojima, T. Okubo, Critical factors
in the seed-assisted synthesis of zeolite beta and “green beta” from OSDA-free Na " -
aluminosilicate gels, Chem. — An Asian J. 5 (2010) 2182-2191.

Y. Baba, S. Hayashi, J.N. Kondo, M. Hara, M. Kitano, R. Noma, K. Nakajima,
Nb,OsnH,0 as a heterogeneous catalyst with water-tolerant Lewis acid sites, J. Am.
Chem. Soc. 133 (2011) 4224-4227.

B. Wang, Y. Shen, J. Sun, F. Xu, R. Sun, Conversion of platform chemical glycerol to
cyclic acetals promoted by acidic ionic liquids, RSC Adv. 4 (2014) 18917-18923.
F. Liu, K. De Oliveira Vigier, M. Pera-Titus, Y. Pouilloux, J.M. Clacens, F. Decampo,
F. Jéréme, Catalytic etherification of glycerol with short chain alkyl alcohols in the
presence of Lewis acids, Green Chem. 15 (2013) 901-909.

H. Yokoyama, H. Kobayashi, J.Y. Hasegawa, A. Fukuoka, Selective dehydration of
mannitol to isomannide over HP zeolite, ACS Catal. 7 (2017) 4828-4834.

R. Otomo, T. Yokoi, T. Tatsumi, Synthesis of isosorbide from sorbitol in water over
high-silica aluminosilicate zeolites, Appl. Catal. A Gen. 505 (2015) 28-35.

N. Katada, H. Tamagawa, M. Niwa, Quantitative analysis of acidic OH groups in
zeolite by ammonia IRMS-TPD and DFT: Application to BEA, Catal. Today 226
(2014) 37-46.


http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0060
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0060
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0065
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0065
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0065
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0070
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0070
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0070
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0075
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0075
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0080
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0080
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0080
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0085
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0085
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0085
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0090
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0090
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0090
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0090
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0095
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0095
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0095
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0100
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0100
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0100
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0105
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0105
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0110
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0110
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0110
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0115
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0115
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0115
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0120
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0120
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0120
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0125
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0125
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0125
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0125
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0130
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0130
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0135
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0135
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0135
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0140
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0140
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0140
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0145
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0145
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0145
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0150
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0150
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0150
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0155
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0155
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0160
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0160
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0160
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0165
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0165
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0165
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0170
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0170
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0175
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0175
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0175
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0180
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0180
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0180
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0180
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0185
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0185
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0185
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0190
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0190
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0190
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0195
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0195
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0200
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0200
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0200
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0205
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0205
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0205
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0210
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0210
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0210
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0215
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0215
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0215
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0220
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0220
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0225
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0225
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0225
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0230
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0230
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0235
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0235
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0240
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0240
http://refhub.elsevier.com/S2468-8231(19)30458-4/sbref0240

	Acetalization of glycerol with ketones and aldehydes catalyzed by high silica Hβ zeolite
	Introduction
	Experimental
	General
	Catalyst preparation
	Catalytic tests

	Results and discussion
	Comparison of Hβ zeolites with various acid catalysts
	Optimization of reaction conditions
	Substrate scope and reusability of Hβ-75
	Relationship between activity and hydrophobicity/acidity

	Conclusions
	Acknowledgments
	Supplementary data
	References




