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Ni-based catalysts were examined in hydrogenolysis of tetrahy-
drofurfuryl alcohol, resulting in selective C�O bond breakage
into 1,5-pentanediol, along with 1,2,5-pentanetriol, which was
detected for the first time under aqueous-phase conditions.
70 % yield to tetrahydropyran was achieved using one-pot con-
version over a bifunctional Ni/HZSM-5 catalyst.

Biomass-derived furanic compounds, including furfural and 5-
hydroxymethylfurfural (HMF), which can be derived through
acid-catalyzed dehydration of pentoses and hexoses, are con-
sidered promising biorenewable platform chemicals.[1] Many
studies have been carried out on upgrading them into a wide
range of high value-added chemical intermediates and end
products using heterogeneous catalysts.[2] For instance, total
hydrogenation of furfural can produce tetrahydrofurfuryl alco-
hol (THFA) at a very high yield[3] from which various useful
chemicals, such as 1,5-pentanediol (15PDO),[4] 3,4-2H-dihydro-
pyran (DHP),[5] and 4-penten-1-ol,[6] can be obtained.

The first process for the synthesis of 15PDO starting from
THFA is composed of three main steps, including dehydration
of THFA to DHP, hydration of DHP to d-hydroxyvaleraldehyde,
followed by hydrogenation step to 15PDO, reaching on overall
yield of around 70 %.[5a] However, the disadvantage of such
a process is the existence of several separation and purification
steps in order to achieve this yield. Subsequently, recent exper-
imental studies have been performed on direct conversion of
furanics into pentanediols via a selective C�O bond hydroge-
nolysis reaction. It has been extensively reported that high ac-
tivity and selectivity can be obtained over rhodium and iridium
catalysts modified by oxophilic metals such as Re, Mo, and V
oxides in the hydrogenolysis of THFA[4] and tetrahydropyran-2-
methanol (2-THPM)[7] to their corresponding a,w-diols (namely,
15PDO and 1,6-hexanediol). 15PDO can undergo a ring-closure
pathway towards the formation of tetrahydropyran (THP)

either in the presence of strong solid acid catalysts or high-
temperature water (HTW).[8] Alternatively, THP can be produced
via hydrogenation of DHP, which can be easily derived from
dehydration of THFA.[9] THP can be used as a solvent, an inter-
mediate in organic synthesis such as glutaric acid, 1,5-dichloro-
pentane, heptanediamine, and pimelic acid.[9, 10] There is not,
however, any direct process using heterogeneous catalysts re-
ported for the synthesis of THP, particularly starting from THFA.

The catalytic conversion of furanics over noble metal cata-
lysts has been extensively studied in recent years. However, it
is of great importance to develop catalytic systems based on
non-noble metals due to the high cost and depleting resour-
ces of noble metals. Among non-noble metals, nickel-based
catalysts are widely used in hydrogenation and hydrogenolysis
reactions because of their good catalytic performance and low
cost.[11] Huber et al. screened various alumina-supported mono-
metallic catalysts including nickel, and found that only the Ni
catalyst can produce 15PDO in aqueous-phase hydrogenolysis
of THFA at temperatures above 523 K.[12] Resasco et al. also re-
ported the C�O bond cleavage of tetrahydrofuran ring over Ni
catalysts at temperatures higher than 473 K.[13] Therefore, the
selective C�O cleavage of furanic-derived compounds over Ni
catalysts is particularly encouraging and needs further investi-
gations to understand the role of Ni as well as the mechanism
of C�O bond cleavage over Ni particles. It is important to
stress that depending on the catalyst, reactant, and process
conditions, several reaction pathways can occur during C�O
hydrogenolysis and various mechanisms can be proposed.

Herein, we first investigated the role of Ni metal sites using
a Ni/SiO2 catalyst along with the synergistic effect of both
metal and acid sites on Ni/Al2O3 and Ni/HZSM-5 catalysts on
the catalytic performances during the ring opening of cyclic
ether compounds derived from furanic compounds, particular-
ly THFA, under aqueous-phase conditions. Subsequently, we
explored the reaction pathways as well as the respective reac-
tion intermediates and products in THFA hydrogenolysis over
Ni-based catalysts.

The catalytic activities of THFA hydrogenolysis over mono-
metallic Ni catalysts and the respective support materials are
reported in Table 1. The results over the Ni/SiO2 catalyst
(entry 1) show that Ni is capable of ring opening of THFA at
the more sterically hindered secondary C�O bond, yielding
mostly 15PDO with a selectivity of about 33 % instead of
12PDO (7.5 %). Regarding product distribution, two new reac-
tion products, 1,2,5-pentanetriol (125PTO) and THP, are identi-
fied for the first time in the aqueous-phase hydrogenolysis of
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THFA. The product selectivity to 125PTO and THP over Ni/SiO2

catalyst is approximately 11 % and 7 %, respectively. Various
products including 1-pentanol, 3-hydroxytetrahydropyran (3-
HTHP), 2-methyltetrahydrofuran (2-MTHF), tetrahydrofuran
(THF), 1-butanol, and d-valerolactone (DVL) are grouped to-
gether as “others” in Table 1. On the other hand, lower conver-
sion, reaction rate, and selectivity to pentane polyols are ach-
ieved over Ni/Al2O3 (entry 2). This might be due to the forma-
tion of Ni aluminate species which are not easily reduced at
the reduction temperature of 773 K (see the Supporting Infor-
mation, Figure S1 and S3 for XRD and H2-TPR data). Further-
more, considerable amount of THF and 1-butanol (21 % com-
bined selectivity of the products reported in others) are detect-
ed over Ni/Al2O3, being produced via first C�C hydrogenolysis
of THFA side chain into THF, followed by C�O bond cleavage
of THF into 1-butanol.[12] This clearly shows that Ni/Al2O3 cata-
lyst is mostly active in the hydrogenolysis of CH2OH side-chain
group of THFA.

Interestingly, nickel supported on HZSM-5 zeolite is very
active in the scission of C�O bond, attaining a combined selec-
tivity of pentanediols and 125PTO of around 67 %. 125PTO was
the major product (with a selectivity of about 41 %), followed
by 15PDO (24 %) using only few mg of Ni/HZSM-5 catalyst
(entry 3 of Table 1). It is important to mention that a very small
amount of Ni/HZSM-5 catalyst was used to achieve a similar
conversion level, as compared to other supported Ni catalysts.
We have further explored the catalytic performance of Ni/
HZSM-5 catalyst at different conversion levels (entry 4–7) to
have better insights into the product distribution during THFA
hydrogenolysis. Employing increasing the catalyst amount,
higher THFA conversion and higher yield of THP are obtained
(see the Supporting Information, Figure S6 for more details).
Interestingly, roughly complete THFA conversion after only 4 h
is attained, resulting in the maximum THP yield of around 70 %
(entry 7). Compared to SiO2- and Al2O3-supported Ni catalysts,
considerably higher reaction rate (386.7 mmol gcat�1 min�1) is
observed on bifunctional Ni/HZSM-5 which is attributed to the
presence of strong acidic sites on the bifunctional Ni/HZSM-5
catalyst (see the Supporting Information, Figure S4 for NH3-
TPD data). Additionally, both Brønsted and Lewis acid sites

were observed on Ni/HZSM-5, whereas only Lewis acid sites
are contributing in Ni/SiO2 and Ni/Al2O3 catalysts (see the Sup-
porting Information, Figure S5 for Pyr-IR data). In contrast, at
high conversion levels, selectivity to 15PDO and 125PTO de-
creased substantially from 36.6 % to 4 % and 41.1 % to 0.2 %,
respectively. Since 3-HTHP is one of the reaction products over
Ni-based catalysts, we can conclude that 125PTO produced by
THFA ring-opening, subsequently participates in dehydration
pathway towards either 3-HTHP or starting material.[8] Further-
more, 15PDO can undergo the ring closure pathway, resulting
in the formation of THP as a main product.[8] We should stress
that this is the first time that THP is reported as a major prod-
uct by one-pot hydrogenolysis of THFA using non-noble heter-
ogeneous catalyst under aqueous-phase conditions.[5c, 14] How-
ever, further investigation is needed to determine the dominat-
ing pathways in the direct production of THP over Ni/HZSM-5
catalyst.

As mentioned before, 125PTO is also detected as a reaction
product over the all-monometallic nickel catalyst.&&ok?&&

It is notable that this is the first time that 125PTO is identified
as a reaction product along with 15PDO in the hydrogenolysis
of THFA. Previous studies over noble metals (Rh- or Ir-based
catalysts) at 393 K did not report 125PTO as a reaction inter-
mediate or byproduct from THFA.[4] Besides, another study of
THFA hydrogenolysis at 523 K did not report 125PTO as one of
reaction products over alumina-supported monometallic cata-
lysts, particularly Ni.[12] However, Tomishige and co-workers re-
ported the formation of 125PTO from furfuryl alcohol by ring-
opening hydrolysis reaction and subsequent hydrogenation
over rhenium-modified Rh�Ir alloy catalyst in one-pot conver-
sion of furfural into 15PDO.[4h] Similarly, Dumesic et al. also
identified 1,2,5,6-hexanetetrol, which originated from dihydrox-
ymethylfuran via same reaction pathway.[15] However, these
studies proposed the parallel acid-catalyzed hydrolysis and
ring-opening routes, starting from unsaturated furan ring.

To have a better understanding regarding 125PTO produc-
tion, we first examined THFA hydrogenolysis in a stainless-steel
reactor in the absence of catalyst (entry 8). The results show
that the C�O cyclic ether bond of THFA is cleaved in water at
523 K, forming 125PTO as major product with a selectivity of

Table 1. C�O bond hydrogenolysis of THFA over nickel-based catalysts.[a]

Product selectivity [%]
Entry Catalyst Catalyst/ reactant/ solvent [g/g/g] THFA conversion [%] 15PDO 125PTO 12PDO THP 2-HTHP Others[a] Rate [mmol gcat�1 min�1]

1 Ni/SiO2 0.3/3/57 7.9 33.1 11.1 7.5 6.7 0 20.3 33.5
2 Ni/Al2O3 0.3/3/57 6.1 14.7 13.4 9.8 4.9 0 29.4 25.5
3 Ni/HZSM-5 0.025/3/57 7.6 24.2 41.1 1.5 11.4 0.5 12.7 386.7
4 Ni/HZSM-5 0.05/3/57 17 36.6 17.7 0.8 19.2 0.3 9.6 431.6
5 Ni/HZSM-5 0.1/3/57 42.9 23.1 6.4 0 45.5 0.1 9.7 554.3
6 Ni/HZSM-5 0.2/3/57 89.5 5.9 0.3 0 60.9 0 6.8 560.9
7 Ni/HZSM-5 0.3/3/57 96.9 4 0.2 0 70.3 0 5.5 412.5
8 – –/3/57 2.1 8.4 33.3 0 1.3 14.8 8.2 -
9 Ni/HZSM-5 0.05/60/– 9.5 5.9 0 2.1 23.2 0 8 4863.1
10 HZSM-5 0.1/3/57 28.9 27.4 11.8 0.4 10.1 7.3 10.2[b] 371.9

[a] Reaction conditions: 523 K, 34 bar H2, 4 h, 5 wt % THFA in water (60 g). [a] Others include: 1-pentanol, 3-HTHP, 2-MTHF, THF, 1-butanol, and DVL.
[b] Others plus DHP.
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33.3 %, followed by 2-HTHP (14.8 %) and 15PDO (8.4 %). Ac-
cording to a previous report, water at near-critical region (523–
623 K) has a strong tendency to ionize, and the hydronium
ions produced by the dissociation of water can be involved in
acid-catalyzed reactions.[16] Specifically, Lercher and co-workers
have reported parallel hydrogenolysis and hydrolysis pathways
in C�O bond hydrogenolysis of Lignin-derived compounds in
the presence of water at 523 K.[11c, 17] Moreover, the effect of
water in the formation of 125PTO under the solvent-free (that
is, water-free) reaction conditions was further investigated over
Ni/ HZSM-5 catalyst (entry 9). Although the catalyst to reactant
ratio was very low in the case of solvent-free reaction condi-
tion, nearly comparable conversion level (9.5 %) as the reaction
starting from 5 wt % THFA with the same catalyst amount
(entry 4, 17 %) is obtained. An extremely high reaction rate is
achieved for the solvent-free reaction, suggesting that water
has an inhibiting effect on the rate of THFA ring-opening reac-
tion. Importantly, no 125PTO was detected in the absence of
water, which proves that the third hydroxy group in the penta-
netriol compound is provided by water under aqueous-phase
reaction condition. However, it is fair to mention that some of
the reaction products obtained in the run using pure THFA
have not been identified.

We therefore propose that at high temperature and in the
presence of small amounts of hydronium ions, ring-opening of
tetrahydrofuran ring can occurred via a protonation step, fol-
lowed by a SN2 type reaction with water as a nucleophile
(Scheme 1). As depicted in Scheme 1, the ring-opening is ac-
companied by deprotonation from water to generate the alco-
hol OH group. The bond cleavage through SN2 type mecha-
nism usually occurs at the sterically unhindered carbon center.
In other words, the water molecule probably attacks the pri-
mary carbon, which is a less crowded site, and dissociates the
bond to form primary carbocation intermediate. Another possi-
bility is that SN2 attack can take place at the sterically hindered
side by CH2OH substituent. Importantly, the product selectivity
strongly depends on the stability of the cation intermediate
formed in the different pathways. The carbocation intermedi-
ate formed via the later bond breakage can result in a more
stable secondary carbocation intermediate. Currently, energy
barriers derived from DFT are being calculated to unravel the
most favorable route in 125PTO formation.

The impact of Ni was subsequently investigated by compar-
ing the performance of bare HZSM-5 in the conversion of
THFA under aqueous-phase conditions (entry 10). Comparing
with the blank experiment, upon addition of HZSM-5, THFA
conversion is significantly enhanced from 2.1 % to 28.9 %, sug-

gesting that higher concentration of hydronium ion can re-
markably promote ring-opening of THFA. Furthermore, the se-
lectivities towards 15PDO and 125PTO are analogous to those
in THFA hydrogenolysis over Ni/HZSM-5. Meanwhile, signifi-
cantly lower selectivity towards THP (ca. 10 % at the conversion
of ca. 30 %) is obtained over HZSM-5 as compared to that ach-
ieved over Ni/HZSM-5 catalyst (ca. 45 % at a conversion level of
ca. 40 %). Interestingly, after incorporating any metal supported
on HZSM-5 support (that is, Ni and Co; see the Supporting In-
formation, Table S2), the mass balance and sum of the prod-
ucts were remarkably improved (>85 %), as compared to the
bare HZSM-5 (ca. 60 %). This result shows the positive impact
of hydrogenation site in the vicinity of zeolite acid sites on the
reaction mechanism, inhibiting the side reaction in the forma-
tion of condensation products. Based on NH3-TPD and Py-IR re-
sults (see the Supporting Information, Figures S4 and S5 and
Table S1), after incorporation of Ni, the concentration of
Brønsted acid sites decreases significantly due to the ion ex-
change of Brønsted acid sites with Ni2 + , while the concentra-
tion of Lewis acid sites increases. This is attributed to the crea-
tion of the stronger acidic groups between NiO and HZSM-5,
resulting a strong desorption peak in the NH3-TPD profile of
Ni/HZSM-5, as compared with HZSM-5. However, according to
a previous report,[18] after catalyst reduction, the Brønsted acid
sites of Ni/HZSM-5 can be recovered (close to that of parent
HZSM-5) owing to generation of Ni0 particles from zeolite ex-
change sites. In contrast, the concentration of Lewis acid sites
decreases significantly because of reduction of Ni2 + .

Interestingly, we also detect 2-HTHP (7.3 %) and very small
amount of DHP (1.7 %) in THFA ring-opening over HZSM-5 zeo-
lite. As mentioned before, the reaction pathway of the multi-
step conversion of THFA to 15PDO has been reported via DHP
formation as a dehydration product of THFA in the first step
over acidic catalyst (Al2O3).[5] Similarly, THFA dehydration into
DHP can occur over HZSM-5, followed by further hydrolysis
step into d-hydroxyvaleraldehyde or 2-HTHP. In the meantime,
since DHP is not very stable under the reaction conditions, it
can be hydrogenated into THP over Ni catalyst.[19] Indeed, DHP
is not detected over monometallic Ni-based catalyst, particular-
ly Ni/HZSM-5. Importantly, as compared to Ni/HZSM-5, a consid-
erably higher selectivity to 2-HTHP (7.3 %) was obtained over
HZSM-5 without Ni. Therefore, the pathway through DHP and
2-HTHP might contribute to the production of 15PDO and THP
under aqueous-phase reaction conditions over Ni-based cata-
lysts, particularly Ni/ HZSM-5 catalyst.

Since the bifunctional Ni/HZSM-5 catalyst was the most
active Ni-based catalyst for aqueous-phase hydrogenolysis of

Scheme 1. Proposed reaction pathway of 1,2,5-pentanetriol production.
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THFA at 523 K (with the highest reaction rate of around
560 mmol gcat�1 min�1), this catalyst was further investigated.
Figure 1 shows the evolution of the reaction products formed
during THFA hydrogenolysis over Ni/HZSM-5 as a function of

the conversion level. The results show that 15PDO and 125PTO
are initially produced over Ni/HZSM-5 catalyst via hydrogenoly-
sis and hydrolysis pathways, respectively. Meanwhile, acid-cata-
lyzed dehydration routes lead to the formation of THP, even at
a very short reaction time (15 min). At longer reaction times,
higher conversion and THP yield are gradually obtained, sug-
gesting that both 125PTO and 15PDO are intermediate prod-
ucts in THP production. Moreover, Ni/HZSM-5 catalyst is not
very active for over-hydrogenolysis of 15PDO to 1-pentanol
since the selectivity toward 1-pentanol remained nearly con-
stant as a function of the conversion level. We therefore con-
clude that ring-opening of THFA initially occurs over both
nickel metal sites and HZSM-5 acidic sites, undergoing further
dehydration and ring closure over acidic sites, yielding THP.

To better understand the reaction mechanism in the forma-
tion of THP, the hydrogenolysis reaction starting from reaction
intermediates (125PTO, 15PDO, and DHP) were studied, and
the results are reported in Table 2, 3, and 4, respectively. As
shown in Table 2, 125PTO conversion can proceed in water in
the absence of catalyst, forming THFA as a main product (that
is, 55.8 % selectivity). Similarly, it has been reported that cyclo-
dehydration of polyols can proceed in the presence of high-
temperature water.[8] In the case of 125PTO dehydration,
higher yield of the five-membered cyclic ethers (that is, THFA)
than the six-membered ones (that is, 3-HTHP) can be ob-
tained.[8] The HZSM-5 support is on the one hand enhancing
the formation THP, as compared with the reaction in the ab-
sence of catalyst. On the other hand, lower 125PTO conversion
is observed, speculating that THFA, produced by dehydration
of 125PTO over either HTW or HZSM-5, can further participate
in hydrolysis pathway towards 125PTO formation. In contrast,
upon addition of Ni/SiO2 and Ni/HZSM-5 catalysts, the catalytic
activity and THFA yield are considerably enhanced. Moreover,

higher yields of THP and 15PDO are obtained over Ni/HZSM-5,
suggesting that THFA produced through ring closure of
125PTO, can be subsequently participated in THP and 15PDO
formations. Similarly, 15PDO can undergo the ring-closure
pathway, resulting in the formation of THP as a main product
(Table 3). The activity trend of 15PDO dehydration is compara-

ble with that of 125PTO dehydration. Higher THP yield (around
80 %) is achieved over HZSM-5 and bifunctional Ni/HZSM-5 cat-
alyst, as compared with the reaction over Ni/SiO2 and blank ex-
periment. As described before concerning the hydrogenolysis
of THFA, these results also suggest that ring-opening first
occur to produce pentane polyols, followed by acid-catalyzed
dehydration pathways to form THP.

To study further the route starting from dehydration path-
way, the catalytic activity of DHP in hydrogenolysis reaction
was also examined and the results are reported in Table 4. In
all experiments, roughly complete conversion is obtained, sug-
gesting that DHP is not very stable under reaction condition.
In the absence of catalyst, 15PDO is formed as a main product
with yield of 46.5 %, followed by 2-HTHP (12.3 %). According to
a previous report,[5a] 2-HTHP can be formed as a hydrolysis
product of DHP under very mild reaction conditions and in the
presence of acid (HCl). Hydrogenolysis of DHP over HZSM-5

Figure 1. C�O bond hydrogenolysis of THFA over Ni/HZSM-5 at different re-
action times. Reaction conditions: 523 K, 34 bar H2, 0.1 g catalyst, 5 wt %
THFA in water. Others include: 12PDO, 1-pentanol, 3-HTHP, 2-HTHP, 2-MTHF,
THF, 1-butanol, and DVL.

Table 2. C�O bond hydrogenolysis of 125PTO over nickel-based catalyst-
s.[a]

Catalyst Reactant Conversion
[%]

Product selectivity [%]

THFA 3-HTHP 15PDO THP Others[b]

–

125PTO

32.8 55.8 3.1 5.6 3.2 4.4
HZSM-5 22.8 37 3.5 11.5 17.9 13.1[c]

Ni/SiO2 62.6 41.9 2.5 5.9 2.3 8.2[d]

Ni/HZSM-5 >99.9 40.4 2.1 7.1 21.7 3.9

[a] Reaction conditions: 523 K, 34 bar H2, 4 h, 1 wt % reactant in water,
10Ni/SiO2 (0.3 g), 10Ni/HZSM-5 (0.1 g), [b] Others including: 1-pentanol, 2-
MTHF, THF, and 1-butanol. [c] Others plus 2-HTHP. [d] Others plus 12PDO.

Table 3. C�O bond hydrogenolysis of 15PDO over nickel-based catalyst-
s.[a]

Catalyst Reactant Conversion [%] Product selectivity [%]
THP 1-pentanol

–

15PDO

7.7 44.6 9.3
HZSM-5 97 81.3 0.2
Ni/SiO2 14.5 54.8 7.7
Ni/HZSM-5 94.9 83.6 2

[a] Reaction conditions: 523 K, 34 bar H2, 4 h, 1 wt % reactant in water,
10Ni/SiO2 (0.3 g), 10Ni/HZSM-5 (0.1 g).
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also shows similar trend with poorer yields, which might be at-
tributed to an enhancement on polymerization reactions over
acid sites of HZSM-5.[5a] Over Ni/SiO2 catalyst and in the ab-
sence of strong acid sites, THP is formed as a main product
(with the yield of 54.5 %), suggesting that Ni directly hydrogen-
ates C=C double bond of DHP without participating in the
ring-opening pathway. Furthermore, a combined yield of
15PDO and THP of around 65 % is attained over Ni/HZSM-5
after 4 h. To further understand the ring-opening pathway over
Ni/HZSM-5, the DHP hydrogenolysis reaction was examined at
a shorter reaction time (1 h), indicating that DHP is completely
converted after 1 h and the combined selectivity of 15PDO
and THP is roughly similar to the one obtained at longer reac-
tion time. These results suggest that DHP is rapidly participat-
ed in parallel hydrolysis and ring-opening reactions over Ni/
HZSM-5 to 2-HTHP (that is, stable hemiacetal of d-hydroxyva-
leraldehyde), followed by formation of 15PDO from which THP
can be formed through ring-closure pathway.

As discussed above, the catalytic hydrogenolysis of THFA in
aqueous-phase is a complex process, including ring-opening of
the cyclic ether bond, hydrogenation, dehydration, ring clo-
sure, and hydrolysis steps. Moreover, in this study we have in-
vestigated the role of different active sites involved in the reac-
tion, including Ni metal sites, HZSM-5 acid sites, and the bi-
functional acid-metal sites of Ni/HZSM-5 catalysts. Based on
the experimental results, the overall reaction pathway of the
conversion of THFA in aqueous-phase at high temperature
(523 K) is proposed in Scheme 2. As shown in Scheme 2 a,
direct THFA hydrogenolysis can initially occur via different
pathways, mainly involving cleavage of two cyclic C�O ether
bonds, forming 15PDO and 12PDO. The C�O bond cleavage of
the less sterically hindered side of THFA molecule into 12PDO
is not favorable over Ni-based catalysts. Additionally, 125PTO
as a new ring-opening product is formed by an acid-catalyzed
hydrolysis pathway. Determining the energy barriers of the in-
dividual pathways can elucidate which breakage of C�O cyclic
bond is favored over Ni catalysts in the presence of acid sites.
15PDO can further undergo dehydration over acid sites, result-
ing in the THP formation as the main product over Ni/HZSM-5
catalyst. Similarly, dehydration of 125PTO can lead to reverse

reaction path into THFA as well as 3-HTHP product. Finally,
over-hydrogenolysis of the resulting C5 polyols can also take
place, although it is not as favorable as the ring-closure path-
way over Ni catalysts. Besides, the THFA hydrogenolysis is also
accompanied with several side reactions, resulting in the for-
mation of a small amount of 2-MTHF and THF. In the mean-
time, the indirect hydrogenolysis pathway, starting with a dehy-
dration step (Scheme 2 b), takes place to produce DHP and 2-
HTHP as intermediates in the production of 15PDO and THP.
DVL can also be formed via dehydrogenation of 2-HTHP, which
was detected in small amounts over Ni catalysts.

The recycling performances of the representative Ni/HZSM-5
catalyst for THFA hydrogenolysis are shown in the Supporting
Information, Figure S7. Compared with the fresh Ni/HZSM-5
catalyst, the THFA conversion decreased from around 97 % to
around 78 % in the second run, and dropped to approximately
30 % in the third recycle run. To understand the loss of activity
during the three recycling runs, we investigated catalyst physi-
cal changes including Ni crystallite size between the fresh and
used catalysts. The characterization of Ni particles by XRD
method (calculated by fitting of Rietveld refinement of the
XRD data; Supporting Information, Figure S2 and Table S1) pro-
vides the domain size of around 20 nm for the fresh Ni/HZSM-
5 catalyst. However, the Ni crystallite size of spent catalyst de-
termined by XRD method is much larger (around 50 nm), as
compared to the fresh catalyst. This result shows a significant
overgrowth of Ni crystallites size after hydrogenolysis reaction,
resulting in rapid deactivation of Ni/HZSM-5 catalyst.[18] The
crystallite size of HZSM-5 remained roughly constant at 50 nm,
indicating the preservation of the zeolite structure in the spent
Ni/HZSM-5 catalyst after hydrothermal condition.

Additionally, Ni and Al losses by leaching at hydrothermal
condition were evaluated after three recycling runs (Support-
ing Information, Table S3). Compared to the original loading,
Ni weight loss from Ni/HZSM-5 catalyst is around 4–5 wt % at
different recycling runs, indicating weak interaction between
Ni and HZSM-5 support. In contrast, Al leaching is almost negli-

Table 4. C�O bond hydrogenolysis of DHP over nickel-based catalysts.[a]

Catalyst Reactant Conversion [%] Product selectivity [%]
15PDO 2-HTHP THP

–

DHP

>99.9 46.5 12.3 3.8
HZSM-5 >99.9 32.4 9.2 2.0
Ni/SiO2 >99.9 1.4 0 54.5
Ni/HZSM-5 >99.9 17.9 0 47
Ni/HZSM-5[b] >99.9 36.3 0 29.5

[a] Reaction conditions: 523 K, 34 bar H2, 4 h, 1 wt % reactant in water,
10Ni/SiO2 (0.3 g), 10Ni/HZSM-5 (0.1 g) [b] 1 h reaction time.

Scheme 2. Overall reaction pathway for the a) direct and b) indirect C�O hy-
drogenolysis of THFA under aqueous-phase conditions at 523 K.
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gible under the present reaction condition. The presence of
active soluble species in the reaction medium was investigated
in THFA hydrogenolysis by using the liquid phase after con-
tacting with Ni/HZSM-5 catalyst (without substrate) for 4 h at
the same reaction condition.[20] The result showed that the
leached species did not have any significant impact on activity
of Ni/HZSM-5 catalyst.

In summary, in this study, we focused on understanding the
reaction mechanism of THFA hydrogenolysis as well as identi-
fying reaction intermediates and products over Ni-based cata-
lysts in the presence of high-temperature water (523 K). The re-
sults over Ni metallic sites show that Ni efficiently promotes
THFA hydrogenolysis at the more sterically hindered secondary
C�O bond, yielding mostly 15PDO instead of 12PDO. Further-
more, THFA hydrogenolysis can proceed in parallel through
protonation and SN2-type reaction with water (solvent), yield-
ing 1,2,5-pentanetriol as new reaction intermediate of THFA
conversion under aqueous-phase condition. Moreover, ring-
opening of THFA can occur over both nickel metallic sites and
HZSM-5 acid sites, followed by ring closure to yield tetrahydro-
pyran over acid sites in a single step, resulting in up to around
70 % yield. Different reaction mechanisms such as direct and
indirect pathways are contributing in the ring-opening of THFA
to produce 15PDO and THP.

Experimental Section

Catalyst preparation

Silica (Kanto), alumina (Merck), and NH4-ZSM-5 with a Si/Al ratio of
80 (Zeolyst) were used as support materials. The ammonium form
of ZSM-5 was calcined in air at 773 K for 4 h prior to use. The sup-
ported nickel catalysts were prepared by incipient wetness impreg-
nation method using an aqueous solution of nickel nitrate hexahy-
drate (Alfa Aesar). The Ni loading was 10 wt.%. After impregnation,
the catalysts were dried (383 K), calcined in air (773 K), reduced in
flowing H2 (773 K), and then passivated with flowing 1 %O2 in N2

(298 K) before exposing to air.

Catalyst characterizations

The Brunauer–Emmett–Teller (BET) surface areas of the catalysts
were determined through nitrogen adsorption at 77 K using a Mi-
cromeritics ASAP-2020 adsorption apparatus. Prior to the measure-
ments, the samples were degassed in vacuum at 473 K overnight.

The final loading of Ni was determined by X-ray Fluorescence (XRF)
measurements using a spectrometer (S4 Explorer, Bruker AXS).

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Advance diffractometer using filtered CuKa radiation (l=
1.5406 �) produced by an X-ray source and operated at 35 kV and
40 mA. The diffraction patterns were taken in the Bragg angle (2q)
range from 208 to 808. The XRD data were evaluated with the
whole pattern fitting according to the Rietveld method (TOPAS
software).

H2-temperature-programed reduction (H2-TPR) measurement for
the fresh catalyst was performed on TPD/R/O 1100 system (Thermo
Scientific) equipped with a thermal conductivity detector (TCD).
Prior to TPR measurement, 50 mg of catalyst was outgassed in Ar
at 473 K for 1 h to remove impurities and then cooled down to

room temperature. 5 % H2/N2 gas was passed through the catalyst
bed (50 mL min�1), while the temperature of the furnace was in-
creased from 323 to 1173 K at a heating rate of 10 K min�1.

NH3-temperature programed desorption (NH3-TPD) was also con-
ducted on TPD/R/O 1100 instrument. About 100 mg of catalyst was
loaded into the quartz tube, outgassed in Ar at 473 K for 1 h, and
then cooled down to room temperature. The catalyst was exposed
to NH3 (50 mL min�1) for 1 h, and subsequently the sample was
flushed with He for 1 h to remove physisorbed molecules. For the
TPD measurement, the catalyst was heated up in flowing He
(50 mL min�1) from 303 to 973 K with a temperature ramp rate of
10 K min�1 to desorb ammonia.

The IR spectra of chemisorbed pyridine (Pyr-IR) were recorded
using a Fourier transform infrared spectrometer (BIO-RAD Excalibur
series FTS 3000). The sample was prepared as a self-supporting
wafer and outgassed in vacuum at 573 K for 1 h, and cooled to
room temperature, followed by exposure of the sample to pyridine
vapor. The IR spectra of chemisorbed pyridine were recorded sub-
sequently in the spectral range of 400–4000 cm�1 at a resolution of
4 cm�1. 128 scans were recorded for each spectrum. The desorp-
tion of pyridine was carried out through heating the wafer from
room temperature to 373 K, 473 K and 573 K and held at each tem-
perature for half an hour.

Catalytic measurements

All hydrogenolysis experiments of THFA were carried out in
a 100 mL stainless-steel autoclave reactor (Parr instrument). For
each reaction, THFA (5 wt %), water, and the appropriate amount
of catalyst were loaded into the reactor. The reactor was sealed,
purged three times with hydrogen, and then pressurized to 34 bar
with H2. The reactor was then heated to the required temperature,
using a stirring rate of 500 rpm. Once the reaction time was com-
pleted, the reactor was cooled to room temperature. The liquid
products were collected and transferred to vials and the catalyst
was separated by centrifugation and filtration.

Analytical methods

Quantitative analysis of liquid products were performed using gas
chromatograph (Agilent, 6890 N) equipped with a HP-1 and CP-
Wax 57 CB columns and a flame ionization detector (FID). Identifi-
cation of products was performed using a gas chromatograph–
mass spectrometer (Agilent 6890 N, GC-MS) equipped with a HP-
1MS capillary column, and matched to at least 95 % similarity with
purchased compounds, references from the NIST MS library, or pre-
vious reports. Additionally, liquid chromatography/ time-of-flight
mass spectrometry (LC/TOF-MS) studies were also carried out by
using reversed-phase Rezex ROA-Organic Acid H+ (8 %) column
and Milli-Q water with formic acid&&ok?&& as the organic
modifier with the gradient program. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) was used to detect the
presence of Ni and Al in reaction solutions.
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