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Unravelling the one-pot conversion of biomass-
derived furfural and levulinic acid to 1,4-
pentanediol catalysed by supported RANEY® Ni—Sn
alloy catalysts+
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Bimetallic Ni—Sn alloys have been recognised as promising catalysts for the transformation of furanic
compounds and their derivatives into valuable chemicals. Herein, we report the utilisation of a supported
bimetallic RANEY® nickel-tin alloy supported on aluminium hydroxide (RNi—Sn(x)/AlOH; x is Ni/Sn molar
ratio) catalysts for the one-pot conversion of biomass-derived furfural and levulinic acid to 1,4-
pentanediol (1,4-PeD). The as prepared RNi—Sn(1.4)/AlOH catalyst exhibited the highest yield of 1,4-PeD
(78%). The reduction of RNi—Sn(x)/AlIOH with H, at 673-873 K for 1.5 h resulted in the formation of Ni—
Sn alloy phases (e.g., NizSn and NizSn,) and caused the transformation of aluminium hydroxide (AlOH) to
amorphous alumina (AA). The RNi-Sn(1.4)/AA 673 K/H, catalyst contained a NizSn, alloy as the major
phase, which exhibited the best yield of 1,4-PeD from furfural (87%) at 433 K, H, 3.0 MPa for 12 h and
from levulinic acid (up to 90%) at 503 K, H, 4.0 MPa, for 12 h. Supported RANEY® Ni-Sn(1.5)/AC and
three types of supported Ni-Sn(1.5) alloy (e.g., Ni—=Sn(1.5)/AC, Ni-Sn(1.5)/c-AlOH, and Ni-Sn(1.5)/y-
AlL,O3) catalysts afforded high yields of 1,4-PeD (65-87%) both from furfural and levulinic acid under the
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Introduction

Nowadays, the development of innovative methods for the
synthesis of building blocks of polymers from biomass-based
materials to replace petroleum-based materials is an essential
topic for many research groups.' Furfural (FFald) and levulinic
acid (LA), produced from lignocellulosic biomasses, are the
most important renewable platform chemicals as they are a vital
resource for the synthesis of biogenic C5 diols, such as 1,2-
pentanediol (1,2-PeD), 1,4-pentanediol (1,4-PeD) or 1,5-
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pentanediol (1,5-PeD).>* In fact, 1,4-PeD can be used as
a building block in the production of polyesters, thermo-plastic
polyurethanes, plasticizers, and as a component of saturated
and unsaturated polyester resins and alkyd resins."** It can be
also used as an intermediate for dyes and of pharmaceuticals
and pesticides, and a precursor for the production of various
heterocyclic compounds (e.g., 1-methylpiperidine).”
Literatures show that 1,4-PeD can be synthesised from the
catalytic hydrogenation of LA, ethyl levulinate (EL) or y-valer-
olactone (GVL) both in liquid and vapor phases. Adkins and
Folkers-types of Cu-CrO; catalysts were mainly employed with
moderate yield of 1,4-PeD (83%) even under harsh reaction
conditions (523-546 K; =20 MPa).** A number attempts have
been devoted by using copper-based catalysts such as Cu/SiO,,"*
Cu/ZnO," skeletal CuAlZn,"” and Cu-Ni-Zn/H-ZSM-5 (ref. 14)
catalysts have been reported to produce high yield of 1,4-PeD
(up to 93%). The main drawbacks associated with the Cu-based
catalyst systems are due to possible leaching out metal active in
aqueous phase system which may suffer the catalyst structure,
stability, and its catalytic behaviors. On the other hand,
heterogeneous noble metal-based catalysts such as Ru-Re/AC,*
Ru-Mo0O,/AC,** Rh-Mo00,/SiO,,"” Pt-Mo/HAP,* and Au/TiO,
(ref. 19) showed great advantage to produce 1,4-PeD from
moderate to good yields (70-95%). However, the use of noble
metal-based catalysts and low substrate loading is not economic
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and less viability in the upgrading of biomass-derived platform
industry.**'*

The synthesis route of 1,4-PeD from FFald was firstly
proposed by Leuck et al.*® and followed by Schniepp et al.*** in
the presence of nickel-based catalysts, in an 1,4-dioxane/H,O
mixture solvent and the presence of a trace amounts of formic
acid or acetic acid. The highest obtained yield of 1,4-PeD from
this approached reaction pathway was reached up to 63%. Qiao
et al. reported the synthesis of 1,4-PeD from FFald in the pres-
ence of noble metal Ru-6.3FeO,/AC catalyst combined with
Amberlyst-15 and yielded 86% of 1,4-PeD.** Schlaf and co-
worker reported the catalytic conversion of FFalc and furfuryl
acetate (FFace) to 1,4-PeD and cyclopentanol (CpOH)5 using
homogeneous Ru-based catalysts. The highest yields of 1,4-PeD
(43%) and CpOH (19%) were obtained in the presence of
ruthenium-triphos complexes catalyst under severe reaction
conditions (473 K and 5.5 MPa H,).>* The yields of 1,4-PeD and
CpOH considerably increased to 68% and 35%, respectively,
when FFace was as substrate using a ruthenium-phenanthro-
line complexes catalyst under the same reaction conditions.”®
Cui et al. reported the conversion of FFald using a bifunctional
ruthenium nanoparticles supported on supported on
a sulfonated carbon layer coated SBA-15 catalyst and yielded
86% selectivity of 1,4-PeD.”” However, the presence of solid acid
catalysts with high acid density led to the formation of unde-
sired products (e.g., FFalc, LA or condensation products) and
severely caused the leaching out of active metal catalyst.

Recently, we reported the synthesis of 1,4-PeD from C5-
furanic compounds (FFald, FFalc, and 2-methylfuran (2-MeF)
using bulk structure Ni-Sn alloy catalysts in an ethanol/H,O
solvent mixture. The highest yield of 1,4-PeD (92%) was ob-
tained in the presence of bulk Ni-Sn(1.5) alloy at 433 K, 3.0 MPa
H,, and 12 h.>®** In the present report, we have extended the
investigation of the selective synthesis of 1,4-PeD from biomass-
derived furfural and levulinic acid using bimetallic RANEY®
nickel-tin alloy supported on aluminium hydroxide (denoted as
RNi-Sn(x)/AlOH; x is Ni/Sn molar ratio) instead of bulk Ni-Sn
alloy catalysts. The as prepared RNi-Sn(1.4)/AIOH (Sn loading
amount = 2.14 mmol) produced the highest yield of 1,4-PeD
(78%) under the optimized conditions (433 K, H, 3.0 MPa for 12
h). The obtained yield of 1,4-PeD slightly increased to 87% when
the H,-pre-reduced RNi-Sn(1.4)/AA 673 K/H, (AA = amorphous
alumina) catalyst was employed. Supported RANEY® Ni-
Sn(1.5)/AC and three types of supported Ni-Sn(1.5) alloy cata-
lysts (e.g., Ni-Sn(1.5)/AC), Ni-Sn(1.5)/c-AlOH, and Ni-Sn(1.5)/y-
Al,03) also afforded high yield of 1,4-PeD (65-87%) under the
optimized reaction conditions. The catalytic conversion of lev-
ulinic acid using the most active RNi-Sn(1.4)/AA 673 K/H,
catalyst resulted the maximum yield of 1,4-PeD (90%) at 513 K,
H, 4.0 MPa, for 12 h (Scheme 1).

Results and discussion
Catalyst characterisation

A series of RANEY® nickel-tin alloy supported on aluminium
hydroxide (denoted as RNi-Sn(x)/AlIOH, x = Ni/Sn molar ratio,
ca. 14.7; 7.9; 3.7; 3.0; 1.4; and 1.0, which corresponding to Sn
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Scheme 1 Conceivable routes for the synthesis of 1,4-PeD from (A)
furfural and (B) levulinic acid using heterogeneous bimetallic Ni-based
catalysts 2293

loading amounts of 0.26 mmol; 0.45 mmol; 0.76 mmol;
1.04 mmol; 2.14 mmol; and 3.96 mmol, respectively) were
prepared via the hydrothermal treatment of a mixture of
RANEY® nickel supported on aluminium hydroxide (RNi/
AIOH)***>** and a SnCl,-2H,0 solution in an ethanol/H,O at
423 K for 2 h and produced the as-prepared RNi-Sn(x)/AIOH.
After reduction of the as-prepared RNi-Sn(x)/AIOH with H,
gas at 673-873 K for 1.5 h, RNi-Sn(x) supported on amorphous
alumina (RNi-Sn(x)/AA) catalysts were produced. The physico-
chemical properties of RANEY® Ni, RANEY® Ni/AlOH, the as
prepared RNi-Sn(x)/AIOH and H,-reduced RNi-Sn(x)/AA cata-
lysts have been described in the previous reports.?*>3*** The
detail experiment procedures and characterisation results
(Tables S1, S2 and Fig. S1-S77) are also provided in the ESI.}

Selective synthesis of 1,4-PeD from furfural (FFald)

Screening of catalysts. In the first set experiments, the
catalytic reaction of furfural over various RANEY® nickel-based
catalysts were performed, and the results are summarised in
Table 1. Conventional RANEY® Ni (in a slurry prior to addition
to prevent oxidation or pyrophoric reaction in air) afforded 98%
yield of THFalc and 2% yield of 1,5-PeD (entry 1). By using
various supported RANEY® Ni catalysts (XRD patterns are
shown in Fig. S1, in the ESIT) also gave THFalc as the main
product and small amount of 1,2-PeD and 1,5-PeD yields
without the formation of 1,4-PeD (entries 1-6). Only RANEY®
Ni/Nb,O5 gave small amount of 1,4-PeD and 1,5-PeD with yields
of 3% and 7%, respectively (entry 7). Therefore, we concluded
that those conventional and supported RANEY® Ni-based
catalysts are unsuitable for the synthesis of 1,4-PeD from
furfural. By using the RANEY® Ni/AIOH catalyst, mixtures of
1,4-PeD (27%), 1,5-PeD (6%), THFalc (45%), and 2H2MeTHF
(10%) were obtained and others (12%) include 2-MeTHF and
a condensation product of furfuryl alcohol according to GC and
GC-MS data*® (entry 8). In separate experiment, the RANEY® Ni/
AlOH was hydrothermally treated in a Teflon-line autoclave at
423 K for 2 h (XRD patterns are shown in Fig. S2, in the ESI{)
similar to the synthetic procedure of the RNi-Sn(x)/AIOH

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of selective synthesis of 1,4-PeD from FFald over various RANEY® nickel-based catalysts®

Composition®

(mmol g ) Yield?/%
Entry Catalyst’ Ni Al Sn Conv.‘ (%) 1,4-PeD 1,2-PeD 1,5-PeD THFalc 2H2MeTHF Others®
1 RANEY® Ni (in slurry) 398 0.63 — >99 0 0 2 98 0 0
2 RANEY® Ni/AC 3.72  0.53 — >99 0 5 3 92 0 0
3 RANEY® Ni/BNT 3.87 060 — >99 0 3 7 90 0 0
4 RANEY® Ni/SMT 3.54 0.58 — >99 0 0 5 91 0 4
5 RANEY® Ni/TN 3.61 051 — >99 0 0 9 89 0 2
6 RANEY® Ni/SiO, 3.58 047 — >99 0 0 0 96 0 4
7 RANEY® Ni/Nb,O5 3.90 0.57 — >99 3 0 7 80 8 2
8 RANEY® Ni/AIOH 3.46 3.58 — >99 27 0 6 45 10 12
o RANEY® Ni/AIOH 3.46 348 — >99 25 0 5 45 11 14
10 RNi-Sn(0.26)/AIOH 3.82 3.66 0.26 >99 31 12 6 31 14 6
11% RANEY® Ni/AIOH + SnCl,-2H,0 3.46 3.80 2.35 >99 23 0 0 44 23 10
12" RANEY® Ni/AIOH + SnO 3.46 3.80 232 >99 15 0 0 59 17 9
13" RANEY® Ni-Sn(1.5)/Si0, 312 027 212 >99 13 0 0 77 2 8
14" RANEY® Ni-Sn(1.5)/AC 3.37 032 230 >99 68 0 0 23 7 2

“ Reactlon conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent, ethanol/H,0, 3.5 ml (1.5 : 2.0 volume ratio); initial H,  pressure, 3.0 MPa; 433 K,
12 h.? values in the parentheses are the Sn loading amounts. The composmons were determined by the ICP-AES analysis. ¢ Conversion of FFald was
determined by GC analysis usmg an internal standard technique. ¢ Yield of the product was determined by GC and GC-MS analyses using an
1nternal standard technique. ¢ Others include 2- methyltetrahydrofuran (2-MeTHF) and condensation product of FFalc, unless otherwise stated.

/The catalyst was hydrothermally treated at 423 K for 2 h prior to catalytic reaction. ¢ The catalyst was prepared by physical mixing of RNi/AIOH
and SnCl,-2H,0 or SnO (the loading amount of Sn was 2.35 mmol to keep the Ni/Sn molar ratio of approximately 1.5).¢ * The catalysts were
obtained from the supported RANEY® Ni and ethanol solution of SnCl,-2H,O with Ni/Sn molar ratio = 1.5, hydrothermally treated at 423 K for
2 h, and reduced with H, at 673 K for 1.5 h. FFald = furfuraldehyde. PeD = pentanediol. FFalc = furfuryl alcohol. THFalc = tetrahydrofurfuryl

alcohol. 2H2MeTHF = 2-hydroxy-2-methyl tetrahydrofuran. BNT = bentonite. SMT = smectite. HT = hectorite. TN =

catalysts, then used it in conversion of FFald to 1,4-PeD. There
are no significant differences in the activity and selectivity
towards 1,4-PeD neither THFalc nor 2H2MeTHF (entries 8 and
9, Table 1). Therefore, the influence hydrothermal treatment on
the product distribution in the conversion of FFald using
RANEY® Ni/AIOH and RNi-Sn(x)/AIOH catalysts can be
negligible.

Interestingly, after a 0.26 mmol Sn was introduced to
RANEY® Ni/AIOH to form RNi-Sn(14.7)/AlOH, the yield of 1,4-
PeD slightly increased to 31%, whereas the yield of THFalc
significantly decreased to 31% (entry 10). This result suggests
that the presence of Sn in RNi-Sn(14.7)/AlIOH enhanced the
dual hydrolysis-hydrogenation reaction of FFald to produce 1,4-
PeD, whereas the hydrogenation of C=C bond in FFald to
produce THFalc diminished simultaneously.”®** Further
discussion to get the insight into the effect of Sn loading
amounts on the yield of 1,4-PeD will be discussed later in this
paper. Furthermore, to confirm the role of Sn addition, physical
mixing of RANEY® Ni/AIOH and SnCl,-2H,0 or SnO, catalysts
(the loading amount of Sn was 2.35 mmol to keep the Ni/Sn
molar ratio of approximately 1.5) were prepared and also used
for the reaction. Over RANEY® Ni/AIOH + SnCl,-2H,0, the
conversion of FFald was >99% and the products were distrib-
uted to 1,4-PeD (23%), THFalc (44%), 2H2MeTHF (23%), and
others (10%) (entry 11). These results suggest that SnCl,-2H,0
synergistically promoted the dual hydrolysis-hydrogenation
reaction of FFald to form 1,4-PeD and 2H2MeTHF. The
RANEY® Ni/AIOH + SnO, was also active for the conversion of
FFald (>99% conversion) and the products were distributed to
1,4-PeD (15%), THFalc (59%), 2H2MeTHF (17%), and others

© 2022 The Author(s). Published by the Royal Society of Chemistry

taeniolite.

(9%) (entry 12). The yields of 2H2MeTHF and others (containing
2-MeTHF and the condensation product of FFalc, unless
otherwise stated) obtained over this catalyst were smaller than
that of the RANEY® Ni/AIOH + SnCl,-2H,0O catalyst system.
These results suggested that the presence of both Sn** and SnO,
showed notable promotion effect on the 1,4-PeD formation,
which are laterally different between with and without the
addition of SnCl,-2H,0 or SnO powder. We have described the
plausible reaction pathways for the formation of 1,4-PeD from
FFald-derived molecules in our recently published works.>?*°
Note that the presence of Sn or oxidic tin (Sn**)*”*® in bimetallic
Ni-Sn alloy and autoprotolysis of ethanol/H,O solvent®***°
played prominent role during the direct conversion of FFald,
thus leading to high yield of 1,4-PeD. The effect of the second
metals rather than tin (Sn) such as iron (Fe), cobalt (Co), indium
(In), silver (Ag), zirconium (Zr), zirconium (Zr), vanadium (V),
gallium (Ga), and niobium (Nb) (denoted as the as-prepared
RNi-M/AIOH (M = Fe, Co, In, Ag, Ga, Zr, V, and Nb)) on the
yield of 1,4-PeD was also evaluated. However, the results of
catalytic reaction are unsatisfied and no 1,4-PeD yield was ob-
tained at full conversion of FFald (Table S3, in the ESI}). In
addition, only the RNi-In(x)/AIOH and RNi-Ga(x)/AIOH cata-
lysts obviously afforded high chemoselectivity toward FFalc (up
to 99%) and it was already described in the previous report.**

Effect of Sn loading amounts (Ni/Sn molar ratio). Six types of
the as prepared RNi-Sn(x)/AIOH alloy (x = Ni/Sn molar ratio; ca.
14.8;7.9; 3.7; 3.0; 1.4; and 1.0) catalysts were prepared.?®**** The
results of the catalytic conversion of FFald to 1,4-PeD using the
as prepared RNi-Sn(x)/AIOH catalysts are shown in Fig. 1.

RSC Adv, 2022,12, 241-250 | 243
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Fig. 1 Results of product distribution (yield) from the catalytic
conversion of FFald using the as prepared RANEY® Ni-Sn(x)/AlOH
with different Sn loading amounts. Reaction conditions: catalyst,
44 mg; substrate, 1.2 mmol; solvent, ethanol/H,O, 3.5 ml (1.5: 2.0
volume ratio); initial H, pressure, 3.0 MPa, 433 K, 12 h.

By using the as prepared RNi-Sn(14.7)/AIOH catalyst (Sn
loading amount = 0.26 mmol), 31% yield of 1,4-PeD was ob-
tained and accompanied by 12% 1,2-PeD, 6% 1,5-PeD, 31%
THFalc, 14% 2H2MeTHF and 6% others (mainly consist of 2-
MeTHF and condensation product of FFalc, unless otherwise
stated) (entry 11, Table 1). The yields of 1,4-PeD significantly
increased to 58% using RNi-Sn(7.9)/AlIOH catalyst, whereas
THFalc yield reduced to 23%. When the loading amount of Sn
was increased to 0.76 mmol (Ni/Sn = 3.7) and 1.04 mmol (Ni/Sn
= 3.0), the yield of 1,4-PeD remarkably increased to 63% and
66%, respectively, and this high yield was kept (78%) when the
loading amount of Sn was furtherly increased to 2.14 mmol (Ni/
Sn = 1.4). The highest yield of 1,4-PeD was obviously obtained
when the increase in loading amount of Sn reaches to Ni/Sn
molar ratio of 3.0 and 1.4, which are very good consistent
with our previous results on bulk Ni-Sn(3.0) and Ni-Sn(1.5)
catalysts.” The catalytic activity of metallic Ni in RNi-Sn(x)/
AIOH towards hydrogenation of C=0 bond rather than C=C
bond in FFald was drastically suppressed by the addition of
Sn.?® As the results, low yield of THFalc (5%) and (2%) was ob-
tained as the loading amount was increased to 1.04 mmol and
2.14 mmol respectively, then dramatically increased to 20% at
Sn loading amount of 3.96 mmol (Ni/Sn ratio = 1.0). The
dependence of 1,4-PeD yield on the Sn loading amounts was
clearly observed in Fig. 1, which seems to be a volcano-like plot
with maximum obtained 1,4-PeD yield at Sn loading amount of
2.14 mmol (Ni/Sn = 1.4). Moreover, RNi-Sn(1.0)/AIOH (Sn
loading amount = 3.96 mmol) catalyst produced 41% 1,4-PeD
accompanied by 2% 1,2-PeD, 3% 1,5-PeD, 20% THFalc, 29%
2H2MeTHF, and 5% others.

The differences in product distribution (yield) obtained from
the catalytic conversion of FFald using the as prepared RANEY®
Ni-Sn(x)/AIOH with different Sn loading amounts compared
with the supported RANEY® Ni or RANEY® Ni/AIOH catalysts
were clearly observed (Table 1 and Fig. 1). These can be roughly
attributed to the surface modified-Ni due to the presence of Sn
or the formation Ni-Sn alloy during the hydrothermal
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synthesis. The XRD patterns of the as prepared RNi-Sn(x)/AIOH
catalysts with different Sn loading amounts showed the
broadened diffraction peaks at 26 = 44.44° compared with the
conventional RANEY® Ni or RANEY® Ni/AlOH. The broadened
peaks at 26 = 44.44° can be attributed to the formation of Ni-Sn
alloys, i.e., NizSn and Ni3Sn, (Fig. S3, in the ESI{).2%*>

Effect of the temperature reduction. The effect of tempera-
ture reduction of RNi-Sn(x)/AlOH with H, on the yield of 1,4-
PeD in the one-pot conversion of FFald will be focused on the
RNi-Sn(x)/AA (x = 3.0 and 1.4; Sn loading amount of 1.04 mmol
and 2.14 mmol, respectively) catalysts. Both RNi-Sn(3.0)/AlIOH
and RNi-Sn(1.4)/AlIOH gave higher yield of 1,4-PeD and rela-
tively lower yield of THFalc than that others (Fig. 1). The cata-
Iytic results of other pre reduced RNi-Sn(x)/AA rather than the
two types shown in Fig. 2 are summarised in Table S4, in the
ESIT and the XRD patterns of pre-reduced RNi-Sn(x)/AA (x =
7.9; 3.0; 1.4; and 1.0) are shown in Fig. S4-S17, in the ESL.}

Fig. 2 shows the profiles of 1,4-PeD and THFalc yields
obtaining from the catalytic conversion of FFald using RNi-
Sn(x)/AA (x = 3.0 and 1.4) catalysts after reduction with H, at
673-873 K for 1.5 h. The yields of 1,4-PeD over pre-reduced RNi-
Sn(3.0)/AA and RNi-Sn(1.4)/AA catalysts at 673 K were 72% and
87%, respectively, which are higher than that of the as prepared
RNi-Sn(3.0)/AIOH and RNi-Sn(1.4)/AIOH catalysts. However,
the yield of 1,4-PeD slightly decreased to 67% and 81%,
respectively when the temperature of reduction was increased to
773 K and the 1,4-PeD yield reached to 61-78% after tempera-
ture reduction was 873 K (Fig. 2(a)). The yield of THFalc
increased smoothly over both RNi-Sn(3.0)/AA and RNi-Sn(1.4)/
AA catalysts after reduction with H, at 673-873 K for 1.5 h,
whereas the yield of THFalc over RNi-Sn(3.0)/AA is higher than
that of RNi-Sn(1.4)/AA catalyst (Fig. 2(b)). The differences in the
hydrogenation rate of THFalc formation between RNi-Sn(3.0)/
AA and RNi-Sn(1.4)/AA systems can be attributed to the
amount remained metallic nickel (Ni°) (or Ni/Sn molar ratio)
and major alloy phases (Fig. S5 and S6, in the ESIT).** A great
portion of NizSn, alloy phases and less extent of metallic nickel
(Ni° in the bimetallic Ni-Sn alloy catalyst has been proven by
theoretical studies or catalytic reactions to play a pivotal role for
the high chemoselectivity in the hydrogenation of unsaturated
carbonyl compound,**®  substituted aromatic  nitro
compounds,” or direct synthesis of hydroxy-ketones from
cellulose.*® These results also can be rationalised to the fact that
RNi-Sn(3.0)/AA has higher Ni/Sn molar ratio than that of RNi-
Sn(1.4)/AA, which means RNi-Sn(3.0)/AA has higher metallic Ni
(Ni concentration on the outer surface, higher activity to
hydrogenate than to hydrolyze-hydrogenate the C=C bond of
FFalc.*® Consequently, hydrogenation of C=C bond of FFalc
will take place rapidly, leading to relatively high yield of THFalc,
on the other hand yield of 1,4-PeD decreased oppositely
(Fig. 2(a)).

To confirm the important of the formation of bimetallic
Ni,;Sn, alloy structure has significantly influenced on the high
yield of 1,4-PeD, two types supported RANEY® Ni-Sn(1.5)/SiO,
and RANEY® Ni-Sn(1.5)/AC catalysts were prepared (the XRD
patterns are shown in Fig. S8, in the ESIt). RANEY® Ni-Sn(1.5)/
SiO, catalyst gave only 13% yield of 1,4-PeD (entry 13, Table 1),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Yields of (a) 1,4-PeD and (b) THFalc obtained from selective conversion of FFald over RNi—Sn(3.0)/AA and RNi—Sn(1.4)/AA catalysts after
reduction with H, at 673-873 K for 1.5 h. Reaction conditions refer to the Fig. 1.

whereas RANEY® Ni-Sn(1.5)/AC afforded 68% yield of 1,4-PeD
(entry 14, Table 1) which are comparable with the bulk Ni;Sn,
alloy catalysts as described in previous report.*® The influence of
the supports used for the Ni-Sn alloy catalysts on the yield of
1,4-PeD are subsequently discussed in this paper. Moreover, the
XRD patterns of RNi-Sn(3.0)/AA confirmed the presence of
metallic Ni as Ni(111) or Ni(200) as shown in Fig. S5, in the ESL.}
The results of catalytic reaction using RNi-Sn(x)/AA (x = Ni/Sn
molar ratio; 7.9; 3.7; and 1.0) catalysts after reduction with H,
at 673-873 K for 1.5 h are summarised in Table S4, in the ESIL.{
Over RNi-Sn(7.9)/AA 673 K/H, catalyst, 26% yield of 1,4-PeD and
67% yield of THFalc were obtained, while 2H2MeTHF was only
7% (entry 1). The yield of 1,4-PeD slightly increased to 29% and
39% when H,-reduced RNi-Sn(7,9)/AA at 773 K and 873 K
catalysts were employed (Fig. $4, in the ESIT), while the yield of
THFalc remained unchanged in high yield (entries 1-3). In the
case of RNi-Sn(3.7)/AA catalysts, the yield of 1,4-PeD decreased
to (32-55%) as the temperature of reduction was increased
(entries 4-6). Moreover, pre reduced RNi-Sn(1.0)/AA at 673 K,
773 K, and 873 K catalysts (Fig. S7, in the ESI}) gave only 42%,
46%, and 49% yield of 1,4-PeD, respectively. The obtained
THFalc yield was around 22-25%, while the yield of 2H2MeTHF
was 23-26% (entries 7-9).

Supported Ni-Sn(1.5) (NizSn,) alloy catalysts. Six types of
supports (c-AlOH, y-Al,O3, AC, TiO,, ZnO, and MgO) were
employed for the preparation of the supported Ni-Sn(1.5) alloy
catalysts using a procedure similar to that used for the synthesis
of the bulk Ni-Sn phases. The physicochemical properties of the
supported Ni-Sn(1.5) alloy catalysts have been described
previously.*** For comparison, the XRD patterns are shown in
Fig. S9 and S10, in the ESIf and the screening tests using
supports other than the six types in Table 2 were also performed
and gave insufficient results (Table S5, in the ESIT). As expected,
Ni-Sn(1.5) alloy supported on TiO, and ZnO catalysts gave high
yield of FFalc (87-91%) (entries 1 and 2). These results are very
consistent with our previous works that the selectivity of sup-
ported Ni-Sn(1.5) toward FFalc were maintained even after the
reaction time was prolonged to 12 h.*"** Supported Ni-Sn(1.5)/c-

© 2022 The Author(s). Published by the Royal Society of Chemistry

AlOH, Ni-Sn(1.5)/v-Al,05 and Ni-Sn(1.5)/AC catalysts obviously
produced high yield of 1,4-PeD 87%, 83%, and 65%, respectively
(entries 3-5), which are comparable with the RANEY® Ni-Sn
alloy catalysts as discussed above. In contrast, supported Ni-
Sn(1.5)/MgO catalyst resulted 10% 1,2-PeD, 5% 1,5-PeD, 58%
THFalc, and 17% 2-MeTHF and no 1,4-PeD was observed (entry
6). A relatively high yield of 1,2-PeD as well as THFalc may be as
the result of basic MgO support as suggested by Liu et al., who
investigated the cooperative actions between Cu and basic
layered-double hydroxide Mg;AlO, ;5 during the direct conver-
sion of FFalc, resulting a high yield (~80%) of 1,2-PeD and 1,5-
PeD mixtures without the formation of 1,4-PeD.**** In addition,
a 17% yield of 2-MeTHF was obtained as a result of over
hydrogenation of 2-MeF, indicating the hydrolysis of furan ring
may be inhibited by the surface basicity of Ni-Sn(1.5)/MgO
catalyst, obviously, no 2H2MeTHF and 1,4-PeD were observed
(entry 6).

Reusability test. An important parameter of heterogeneous
catalysts in term of industrial application is the stability during
reactions. We studied the catalytic reusability and deactivation
during the conversion of FFald to 1,4-PeD at a lower conversion
or at an early reaction time to get insight into the understanding
the rates and mechanisms of deactivation processes, as well as
the tolerance (sensitivity) of catalysts.* By using bulk Ni-Sn(1.5)
catalyst, 1,4-PeD was firstly observed (45%) after a reaction time
of 4 h at full conversion of FFald (100%) and yields of FFalc and
THFalc were 20% and 10%, respectively at 433 K and 3.0 MPa
H,.? Under the selected reaction conditions (433 K, H, 3.0 MPa,
4 h), the catalyst reusability tests for both RNi-Sn(3.0)/AIOH and
RNi-Sn(1.4)/AlOH can be controlled kinetically and the results
are shown in Fig. 3. The used RNi-Sn(3.0)/AIOH and RNi-
Sn(1.4)/AIOH catalysts were easily separated by either simple
centrifugation or filtration after the reaction. The recovered
RNi-Sn(3.0)/AIOH and RNi-Sn(1.4)/AlOH catalysts were washed
with absolute ethanol and dried under vacuum at room
temperature without any further thermal treatment before use
for the next reaction run.
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Table 2 Results of the selective synthesis of 1,4-PeD from FFald using various supported Ni-Sn(1.5) alloy catalysts®
vield? (%)

Entry Catalystb Conversion® (%) 1,4-PeD 1,2-PeD 1,5-PeD FFalc  THFalc 2H2MeTHF 2-MeTHF  Others®
1 Ni-Sn(1.5)/TiO, 100 0 0 0 87 12 0 1 0

2 Ni-Sn(1.5)/ZnO 100 0 0 0 91 9 0 0 0

3 Ni-Sn(1.5)/c-AIOH 100 87 3 0 0 2 8 0 0

4 Ni-Sn(1.5)/y-Al,O; 100 83 0 0 0 0 13 4 0

5 Ni-Sn(1.5)/AC 100 65 0 0 0 0 16 14 5

6 Ni-Sn(1.5)/MgO 90 0 10 5 0 58 0 17 0

¢ Reaction conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent, ethanol/H,0, 3.5 ml (1.5 : 2.0 volume ratio); initial H, pressure, 3.0 MPa, 433 K,
12 h.? Values in the parenthesis are Ni/Sn molar ratio, determined by using ICP-OES. ¢ Conversion of FFald was determined by GC analysis using an
internal standard technique. ¢ Yield of product was determined by GC and GC-MS analyses using an internal standard technique. ¢ Unknown

product may be the condensation product of FFald or FFalc according to GC and GC-MS data. /

Commercial aluminium hydroxide (consist of

bayerite and gibbsite structures). PeD = pentanediol. FFalc = furfuryl alcohol. THFalc = tetrahydrofurfuryl alcohol. 2H2MeTHF = 2-hydroxy-2-

methyl tetrahydrofuran. 2-MeTHF = 2-methyl tetrahydrofuran.

Fig. 3(a) shows the product distribution obtained from the
reusability tests of RNi-Sn(3.0)/AIOH catalyst. The yields of 1,4-
PeD and FFalc decreased smoothly after the five times of recycle
runs without any changes of FFald conversion even after the
fifth reaction run. In contrast, the yield of THFalc increased
linearly with the number of recyclability tests, suggesting the
hydrogenation rate of C=C bond of FFalc correspond to THFalc
catalyzed by metallic Ni species in RNi-Sn(3.0)/AlIOH system
increased during the recyclability tests. Moreover, the yield of
2H2MeTHF increased slowly during the recyclability test but the
number are lower than that of THFalc, suggesting the rate of
hydrogenation reaction of FFalc to THFalc higher than that of
the hydrolysis reaction as indicated by the significant increase
of THFalc yield (Fig. 3(a)).

To complete the investigation and for a comparison, the
reusability tests of RNi-Sn(1.4)/AIOH catalyst were also per-
formed and the results are shown in Fig. 3(b). The yields of 1,4-
PeD and FFalc decreased as the increase of number of recycle
runs at full conversion of FFald. The reaction rate of hydroge-
nation of FFalc over RNi-Sn(3.0)/AlOH catalyst (Fig. 3(a)) higher
than that of RNi-Sn(1.4)/AlOH catalyst (Fig. 3(b)), thus higher

yield of THFalc is obtained over RNi-Sn(3.0)/AlOH catalyst. This
is very consistent with the yield of THFalc obtained over RNi-
Sn(x)/AA catalysts as shown in Fig. 2 and Table S4, in the ESL}
The amounts of metal leaching into the reaction solution were
not analysed due to the technical issues. The XRD patterns of
recovered RNi-Sn(3.0)/AIOH and RNi-Sn(1.4)/AIOH catalysts
confirmed that there no significant change in the catalyst
structures even after the fifth reaction run (Fig. S11, in the ESIT).

Synthesis 1,4-PeD from FFald derivatives. We examined the
synthesis of 1,4-PeD from various FFald derivatives at 433 K, H,
3.0 MPa, 12 h, using the most effective RNi-Sn(1.4)/AA 673 K/H,
catalyst, and the results are summarised in Table 3. The cata-
Iytic reaction of FFald derivatives such as FFalc and 2-MeF
resulted 71% and 42%, respectively (entries 1 and 2). On the
other hand, catalytic reaction of tetrahydrofuran (THF) gave
only 24% yield of butanol at 67% conversion (entry 3). Using
THFalc as the substrate, no reaction product was observed
(entry 4) and we concluded that bimetallic RNi-Sn(1.4)/AA 673
K/H, catalyst is inactive for the hydrogenolysis of THFalc under
the current reaction conditions.

SOF 50F
(a) (b)
a0t a0} '\.\'\H 1,4-PeD
1,4-PeD FFalc
30 FFalc N 30
13 b
< 20t THFalc E 20k
~ P
| 2H2MeTHH '—}’—{H}'_"D 2H2MeTHH
D——-"’\ A
10+ 10+
THFalc
g : . : ) SH2pe0 " MSHZ%O

-
N

3 4 5 6
Reaction run

T T T T T T

1 2 3 4 5 6
Reaction run

Fig.3 Results of product distributions obtained during the reusability tests for (a) RNi—Sn(3.0)/AlOH and (b) RNi—Sn(1.4)/AlOH catalysts. Reaction
conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent, ethanol/H,O, 3.5 ml (1.5 : 2.0 volume ratio); initial H, pressure, 3.0 MPa, 433 K, 4 h.
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Table 3 Results of catalytic synthesis of 1,4-PeD from furfural deriv-
atives using RNi—Sn(1.4)/AA 673 K/H, catalyst”

Entry Substrate  Product Conv.? (%) Yield* (%)

OH Y\/\OH
0.
1 OH 100 71
-
0.
2 Y e 2
\ / OH
(0) SN ol 4
3 67 24
\W/
OH
0}
4 No product was observed 0 0

% Reaction conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent,
ethanol/H,O, 3.5 ml (1.5 : 2.0 volume ratio), 433 K, 12 h. b Conversion
and yield of the product were determined by GC analysis using an
internal standard technique. ° Yield of 1,4-PeD. ¢ Yield of butanol.

Selective synthesis of 1,4-PeD from levulinic acid (LA)

The synthesis of GVL and 1,4-PeD from levulinic acid (LA) in the
presence of the most effective RNi-Sn(1.4)/AA 673 K/H, catalyst
was examined at temperature range of 473-523 K. We have re-
ported that the hydrogenation of LA to GVL effectively occurred
in the presence of Ni-Sn alloy catalysts at temperature 393-453
K (100% conversion and >99% yield of GVL) without the
formation of 1,4-PeD even after the reaction time was extended
to 12 h (Table 3, entry 1).>*** We then performed the catalytic
hydrogenation of LA at temperature range of 473-523 K, H,
4.0 MPa, for 6 h to evaluate the effect of reaction temperature on
the formation of 1,4-PeD and the results are shown in Fig. 4. At
473 K, LA was converted completely to GVL and no 1,4-PeD was
observed. When the reaction temperature increased to 483 K,

| " =
100
%24 E
:
;\?80 g N
S 8
—_ (o
260 °
A0
3 s
c <
240
]
>
c
S20

473 483 493 503 513 523
Reaction temperature (K)

Fig. 4 Results of LA hydrogenation to GVL, 1,4-PeD, and 2-MeTHF
using RNi—Sn(1.4)/AA 673 K/H, catalyst. Reaction conditions: catalyst,
44 mg; substrate, 1.2 mmol; solvent, H,O, H, 4.0 MPa, 6 h.
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the major product was GVL (96% yield) and accompanied by
a small amount of 1,4-PeD (4%). The yield of 1,4-PeD remark-
ably increased to 36% at the reaction temperature of 493 K then
gradually increased and reached the maximum yield of 71% as
reaction temperature was increased up to 513-523 K. The
increase of reaction temperature not only increased the yield of
1,4-PeD but also promoted the further reaction of GVL to form
2-MeTHF, thus the obtained yield of 2-MeTHF was 20% at 523
K. The high stability of ring structure in GVL indeed inhibits
some hydrogenation catalysts;** therefore, the yield of 1,4-PeD
depends on the activity of catalysts as well as some strict reac-
tion conditions. Previous reports have indicated that the
hydrogenations of levulinic acid, ethyl levulinate and GVL using
typical Cu-based catalysts required high reaction temperature
(523-546 K) and high H, pressure (20 MPa) to produce 1,4-PeD
(up to 83%).%*°

The catalytic reactions of levulinic acid in the presence of
various bimetallic RANEY® Ni-based catalysts were carried out
at 503 K, H, 4.0 MPa for 3 h and the results are summarized in
Table 4. By using RANEY® Ni-Sn(1.4)/AA, supported Ni-Sn(1.5)/
v-Al,O; and RANEY® Ni-Sn(1.4)/AC catalysts, the yields of 1,4-
PeD were 90%, 82% and 68% at >99% conversion of LA after
12 h, respectively (entries 1-3). In contrast to the bimetallic Ni-
Sn catalysts, various second metals such as titanium (Ti), zinc
(Zn), cobalt (Co), iron (Fe), copper (Cu), and indium (In) were
also prepared and employed for the reaction and the results are
also summarized in Table 3, entries 4-9. However, only
RANEY® Ni-Zn(1.5)/AA, RANEY® Ni-Fe(1.5)/AA, RANEY® Ni-
Cu(1.5)/AA catalyst gave 1,4-PeD with yield of 12%, 11%, and
9%, respectively (entries 3-6). On the other hand, RANEY® Ni-
Ti(1.5)/AA, RANEY® Ni-Co(1.5)/AA, RANEY® Ni-In(1.5)/AA
catalysts gave only GVL under the same reaction conditions.

Furthermore, the catalytic performance of RNi-Sn(1.4)/AA
673 K/H, catalyst on the conversion LA, ethyl levulinate (EL)
and GVL was evaluated at short reaction time (1 h) and the
results are summarized in Table 5.

Table 4 Results of catalytic synthesis of 1,4-PeD from levulinic acid
using various bimetallic RANEY® Ni-based catalysts®

Yield” (%)

Entry Catalyst Conv.” (%) 1,4PeD GVL Others
1¢ RANEY® Ni-Sn(1.4)/AA  >99 90 4 6
2¢ Ni-Sn(1.5)/y-Al,0, >99 82 18 0
3 RANEY® Ni-Sn(1.4)/AC  >99 68 32 0
4 RANEY® Ni-Zn(1.5)/AA  >99 12 83 5
5 RANEY® Ni-Fe(1.5)/AA  >99 11 80 9
6 RANEY® Ni-Cu(1.5)/AA  >99 9 88 3
7 RANEY® Ni-Ti(1.5)/AA 99 Trace 96 3
8 RANEY® Ni-Co(1.5)/AA  >99 Trace 99 0
9 RANEY® Ni-In(1.5)/AA  >99 Trace 98 2

¢ Reaction conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent,
H,O0, H, 4.0 MPa, 503 K, 3 h. ? Conversion and yield of the product
were determined by GC analysis using an internal standard
technique. ¢ Others are included 2-methyl tetrahydrofuran (2-MeTHF)
and 2-pentanol (2-PeOH) according to GC-MS data. ¢ The reaction
time was 12 h.
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Table 5 Results of catalytic synthesis of 1,4-PeD from levulinic, ethyl
levulinate (EL), and GVL using RNi-Sn(1.4)/AA 673 K/H, catalyst”

Entry Substrate Product Conv.? (%) Yield” (%)

>99 9(90)°
(0]
(o] Y\/\OH
2 NOCZHs OH 98 27(71)0
(o)
o 0. Y\/\OH )
3 \V‘\_7/ o 29 22(7)

% Reaction conditions: catalyst, 44 mg; substrate, 1.2 mmol; solvent,
H,O0, H, 4.0 MPa, 503 K, 1 h. ? Conversion and yield of the product
were determined by GC analysis using an internal standard
technique. ¢ The value in the parenthesis is the yield of GVL. ¢ The
value in the parenthesis is the yield of 2-MeTHF.

100 @@ 0000
L]

- @ - Conversion
—{FaevL
—A—1,4PeD

Conversion and yield (%)

Reaction time (h)

Fig. 5 Kinetic profiles of hydrogenation of levulinic acid to GVL, 1,4-
PeD, and 2-MeTHF using RNi-Sn(1.4)/AA catalyst. GVL = vy-valer-
olactone, 1,4-PeD = 1,4-pentanediol, 2-MeTHF = 2-methyltetrahy-
drofuran. Reaction conditions: catalyst, 44 mg; LA, 1.2 mmol; solvent,
H,O, 503 K, H, 4.0 MPa.

Hy
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(LA) (4-HPA) GV el

2-Methyltetrahydrofuran
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Scheme 2 Possible reaction pathways for the formations of y-valer-
olactone (GVL) and 1,4-pentanediol (1,4-PeD) and 2-methyl tetrahy-
drofuran (2-MeTHF) from levulinic acid (LA) and over RNi—-Sn(1.4)/AA
catalysts.

At a >99% conversion of LA, 9% yield 1,4-PeD and 90% yield
GVL were obtained at a reaction time of 1 h (entry 1). Ethyl
levulinate (EL) afforded a notable yield of 1,4-PeD (27%) under
the same reaction conditions (entry 2). The rate reaction of 1,4-
PeD formation from levulinic acid and ethyl levulinate changed
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in the following order: ethyl levulinate (EL) > levulinic acid (LA).
In addition, the conversion of GVL was only 29% to give 22%
yield of 1,4-PeD under the same reaction conditions (entry 3),
indicating that the ring opening reaction of GVL occurred slowly
under current reaction conditions. Alternatively, it was sug-
gested that the partial hydrogenation of LA easily occurred on
the surface of metal catalyst in aqueous media under hydrogen
atmosphere and produced 4-hydroxypentanoic acid (4-HPA),
which can be quickly equilibrated to form GVL,* then trans-
formed into 1,4-PeD.*® Therefore, the formation of 1,4-PeD
might be thoroughly generated from 4-HPA or GVL. Bert F. Sels
and co-workers have reported that the ring opening of GVL is
thermodynamically disfavored under hydrothermal conditions
at 543 K using Pt catalyst.””

To evaluate the possible reaction pathways of LA trans-
formation to GVL and 1,4-PeD, the kinetic reactions were per-
formed at 503 K, H, 4.0 MPa for 1-12 h using RNi-Sn(1.4)/AA
673 K/H, catalyst and the results are shown in Fig. 5. As ex-
pected, the hydrogenation of LA to GVL took place rapidly at
early reaction time (1 h) with >99% conversion and gave 90%
yield of GVL and small amount of 1,4-PeD (9%). These results
are very good agreement with previously reported work that the
first step reaction is lactonization of LA to GVL in the presence
of Ni-Sn alloy catalyst in water.** After reaction time of 2 h, the
yield of 1,4-PeD slightly increased to 13%, whereas the yield of
GVL went to 85%. Further extent of reaction time up to 12 h, the
yield of 1,4-PeD increased smoothly to reach the maximum yield
of 90%, while the yield of GVL decreased to reach nearly zero at
the extent of reaction time of 12 h. On the other hand, the yield
of 2-MeTHF obviously remained unchanged, suggesting that
the hydrodeoxygenation reaction of GVL is inhibited using RNi-
Sn(1.4)/AA 673 K/H, catalyst under these reaction conditions
(entry 3, Table 5 and Fig. 4 and 5). These results suggest that the
formation of GVL and 1,4-PeD from LA may thoroughly follow
the proposed reaction pathways (Scheme 2).

Conclusions

We described the selective synthesis of 1,4-PeD from biomass-
derived furfural and levulinic acid using bimetallic RANEY®
nickel-tin alloy supported on aluminium hydroxide (RNi-Sn(x)/
AlOH; x = Ni/Sn molar ratio; 14.7; 7.9; 3.7; 3.0; 1.4; and 1.0)
catalysts. The as prepared RNi-Sn(1.4)/AIOH catalysts gave the
highest yield of 1,4-PeD (78%). After reduction with H, at 673-
873 K for 1.5 h, RNi-Sn(1.4)/AA 673 K/H, catalysts gave
a significant enhancement of 1,4-PeD yield (up to 87%) at 433 K,
H, 3.0 MPa for 12 h. Supported RANEY® Ni-Sn(1.5)/AC, Ni-
Sn(1.5)/AC, Ni-Sn(1.5)/c-AlOH, and Ni-Sn(1.5)/v-Al,O; catalysts
also gave yield of 1,4-PeD (65-87%) under the optimised reac-
tion conditions. The high yield of 1,4-PeD over RNi-Sn(1.4)/AA
catalyst can be rationalised due to the well-dispersed NizSn,
species on amorphous alumina (AA), relatively low extent of
metallic nickel (Ni%). These properties preferentially catalysed
the dual hydrolysis-hydrogenation of furfural or the selective
transformation of levulinic acid into 1,4-PeD. In addition, the as
prepared RNi-Sn(3.0)/AIOH and RNi-Sn(1.4)/AIOH catalysts
were reusable and stable for at least five consecutive reaction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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runs in the catalytic conversion of FFald to 1,4-PeD. The cata-
lytic conversion of levulinic acid using the best catalysts (e.g.,
RNi-Sn(1.4)/AA 673 K/H,, Ni-Sn(1.5)/y-Al,O;, and RANEY® Ni-
Sn(1.4)/AC) resulted the maximum yield of 1,4-PeD (up to 90%)
at 503 K, H, 4.0 MPa, for 12 h.
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