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A porous zirconium phosphate catalyst prepared by hydrothermal method was studied for the dehydra-
tion of sorbitol to isosorbide under water-free conditions. Various characterization techniques such as
XRD, Raman, SEM, NH3-TPD and Pyridine adsorption etc were conducted to determine the textural and
acidic properties of the catalyst so as to build the relationship between catalytic performance and catalyst
structure. In screening tests with other solid acids, the as-prepared ZrP sample exhibited the promising
catalytic behavior for isosorbide production probably assigned to its high surface area, porous structure
sosorbide
orbitol
irconium phosphate
ehydration

and the adequate Brönsted acid sites. Full sorbitol conversion with as high as 73% isosorbide selectiv-
ity could be obtained at mild conditions (210 ◦C, 2 h). Noticeably, the ZrP catalyst could be repeatedly
used without any obvious deactivation. Generally, the ZrP catalyst studied in this work possessed a great
potentiality as an efficient heterogeneous solid acid catalyst for isosorbide production to diminish the
application of homogeneous mineral acid.

© 2016 Elsevier B.V. All rights reserved.
. Introduction

Recently, great efforts have been devoted to the catalytic con-
ersion of renewable biomass and/or biomass-derived feedstocks
o fine chemicals and liquid fuels to fulfill the sustainable devel-
pment [1–5]. In particular, sorbitol, known as one of the top
welve platform chemicals, has achieved considerable attention
nd has a special application in chemicals, fuels, commodity
o partially replace conventional fossil fuels [6–9]. Meanwhile,
orbitol as an important biomass-derived material could be read-
ly produced from enormous cellulose or lignocellulose [10,11].
mong the various sorbitol-derived chemicals, isosorbide(1.4:3.6-
i-anhydrohexitol), a product of sorbitol dehydration, is regarded
s one of the most promising derivates considering its typical
pplication in the polymer and medicine field because of its rigid
olecular structure and chiral centers [12,13]. Notably, incorpora-
ion of isosorbide monomer into the poly(ethyleneterephthalate)
olymer (PET) might greatly enhance its glass transition temper-
ture. Currently, isosorbide also acted as an promising alternative

∗ Corresponding authors.
E-mail addresses: cuili@dlpu.edu.cn (L. Cui), caiwj@dlpu.edu.cn (W. Cai).

ttp://dx.doi.org/10.1016/j.apcata.2016.09.017
926-860X/© 2016 Elsevier B.V. All rights reserved.
of bisphenol A in the synthesis process of epoxy resins or polycar-
bonate to eliminate environmental pollution [14–16].

Up to date, many research has been conducted on the sorbitol
dehydration to isosorbide in order to develop an efficient catalyst
[17]. From the standpoint of environmentally-benign, Yamaguchi
et al. studied the dehydration of sorbitol in high temperature liquid
water without the addition of any acid catalysts and the maxi-
mum isosorbide yield was ca.57% at 317 ◦C for 1 h [18]. In contrast,
the results were still not satisfactory for the industrial applica-
tion due to high temperature and pressure. Similarly, Almeidat
et al. selected a molten ZnCl2 hydrate medium as both solvent
and catalyst and 100% sorbitol conversion with ca.85% selectiv-
ity of isosorbide was obtained at 200 ◦C. It is noteworthy that
this process possessed several drawbacks such as solvent recover
and remarkable salt formation [19]. Otherwise, mineral acids like
HCl and H2SO4 as homogeneous catalysts showed a satisfied per-
formance. Fleche et al. revealed that 77% isosorbide yield could
be achieved at 135 ◦C over liquid H2SO4 catalyst [20]. Moreover,
major obstacles for the process using the liquid acids were dif-
ficult separation of isosorbide from reaction system, equipment

corrosion and environmental pollution caused by any discharge of
acids. Hence, a great interest has been arisen on the development
of heterogeneous solid acid catalyst to replace conventional min-

dx.doi.org/10.1016/j.apcata.2016.09.017
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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Fig. 1. XRD pattern of the ZrP catalyst.
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ral acids because of their environmentally friendly nature with
espect to easy separation, less corrosiveness and waste [21–23].
onsequently, several solid acid catalysts such as sulfuated copper
xide [24], supported heteropolyacid [25], zeolites [26,27], super-
ydrophobic mesoporous acid (P-SO3H) [28], Amberlyst-15 [29]
nd metal phosphates [30,31] have been selected in the catalytic
ehydration of sorbitol. Nevertheless, the process using hetero-
eneous catalysts still has not been commercialized. Most of the
tudied solid acid samples normally need higher reaction tempera-
ure and more reaction time to achieve satisfactory isosorbide yield
eading to high operation cost. Additionally, zeolite based cata-
ysts suffered from the readily deactivation because of the structure
istortion during the reaction process [32]. Some catalysts also
xhibited less stability due to serious leaching of acid sites and sev-
ral other ones were toxic like tin phosphate [33,34]. Therefore, it is
esirable to development an efficient catalyst for the dehydration
f sorbitol that could be operated at moderate conditions.

Generally, zirconium phosphate is one of the most promis-
ng solid acids for dehydration reactions. Much efforts have been
onducted on zirconium phophate, considering its several mer-
ts such as nontoxicity, thermal stability, eco-friendly, strong
cidity, recycling etc [35–37]. Moreover, many literatures have
escribed the synthesis of high-valued chemicals from biomass-
erived feedstocks over zirconium phosphate [38,39]. Meanwhile,
he incorporation of enormous nanopores in solid acid catalysts

ight remarkably improve the mass transfer of reactants and facili-
ate the exposure of acid sites leading to better catalytic behavior in
arious reactions like isomerisation, dehydration, esterification etc.
o the best of our knowledge, the application of zirconium phos-
hate with porous structure for the catalytic dehydration of sorbitol
as still been in its infancy. Rusu et al. [40] investigated the isosor-
ide production using trivalent and quadrivalent phosphate as solid
cid catalysts and the best catalytic performance was  obtained over
oron phosphate sample.

In this work, a zirconium phosphate catalyst with porous struc-
ure was successfully synthesized by a sol-gel process using P123
s a sacrifice template and elaborately investigated to design an
ffective, environmental-benign catalyst for isosorbide production.
atalytic parameters (reaction temperature, reaction time, cata-

yst amounts etc) were studied in detail and the results were
ompared to other solid acid catalyst. Additionally, a system-
tic characterization of the as-prepared catalyst (XRD, SEM, TEM,
TIR, pyridine adsorption, NH3-TPD, BET etc) were conducted to
stablish a relationship between catalyst textural properties and
atalytic behavior.

. Experimental

.1. Catalyst preparation

Zirconium phosphate catalyst was synthesized by a sol-gel self-
ssembly process [41]. Typically, aqueous H3PO4 was slowly added
nto an solution of ZrOCl2 (P/Zr = 2/1, molar ratio) under magnetic
tirring (800 rpm). Another ammonia solution was then dropped
nto the mixture until the pH value was at around 5.0. The pre-
ipitate was thoroughly filtered and washed with hot deionized
DI) water until no chloride ions were detected. Under continuous
tirring, the obtained precipitate was then added into an aqueous
olution of Pluronic P123 (PEG-PPG-PEG triblock copolymer) which
as employed as the structural directing agent. Finally, aqueous
3PO4 was dropwised under stirring and the resultant gel was

oured into a Teflon-lined stainless steel autoclave at 40 ◦C for 24 h
nd at 75 ◦C for another 24 h. After filtration and thorough wash-
ng with hot DI water, the precipitate was dried at 90 ◦C overnight
nd calcined at 450 ◦C for 6 h in static air. The as-prepared zirco-
Fig. 2. Nitrogen adsorption-desorption isotherm of the ZrP catalyst.

nium phosphate was denoted in a general form ZrP in the following
discussion.

2.2. Catalyst characterization

X-Ray diffraction patterns (XRD) were recorded in the 2� range
of 10–80◦ on a Rigaku X-3B diffractor with Cu K� radiation source
operating at 40 kV and 60 mA.

The surface area and porous structure was measured by
Nitrogen adsorption-desorption at −196 ◦C on an ASAP 2010 Micro-
metrics apparatus. Before analysis, the catalyst was outgased at
300 ◦C for 3 h under N2 flow (50 mL/min) to remove the adsorbed
impurities on the catalyst surface.

Fourier transform infrared (FT-IR) spectra was conducted on
a Digilab FTS 3100 FTIR spectrometer. Prior to measurement, the
investigated ZrP sample was dried at 100 ◦C over night and then
pressed into a wafer by diluting the catalyst with KBr (spectroscopic
grade).

Infrared (IR) spectra of pyridine adsorption was  also operated
on a same Digilab FTS 3100 FTIR spectrometer to explore the acid
types of ZrP catalyst. Firstly self-supported wafers of the catalysts
were placed into an IR cell and then the disk was heated at 300 ◦C for
1 h under vacuum conditions to remove adsorbed impurities over

the catalyst surface. After quenching down to room temperature, IR
spectrum was  recorded as background and pyridine vapor was then
added until equilibrium was  achieved. Subsequent evacuation was
performed at 150 ◦C under vacuum conditions followed by spectral
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Fig. 3. SEM micrographs of the ZrP catalyst.
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Fig. 4. TEM imag

cquisitions. The presented spectra was obtained by subtracting the
pectra recorded before and after pyridine adsorption. The ratio
f strong Brönsted acid sites to Lewis sites was  semi-quantified
ased on the peak areas centered at 1540 cm−1 and 1450 cm−1,
espectively [42].

Temperature-programmed desorption of ammonia (NH3-TPD)
easurement was carried out to further estimate the total acidity of

atalysts. Before adsorption, catalyst loaded in a quartz reactor was
retreated at 300 ◦C for 1 h under He flow (50 mL/min). After cool-

ng down to room temperature, NH3 adsorption was  performed by
witching He flow to a stream of 10 vol% NH3/He (50 mL/min) and
aintaining the temperature for 0.5 h. Then, the weakly adsorbed
H3 was removed under He flow (50 mL/min) for another 0.5 h.
H3-TPD was conducted under He flow (50 mL/min) by increas-

ng the temperature to 800 ◦C at a heating rate of 5 ◦C/min and the
esorbed NH3 molecules were continuously monitored using an
n-line mass spectrometry (Inficon quadrupole).

The amounts of desorbed NH3 at different temperatures were

alculated based on the relative areas of the deconvolution peaks,
s follows:

 = DTotal∗(A/ATotal) ∗ 100% (1)
the ZrP catalyst.

where DTotal (mmol/g) is the total quantity of desorbed NH3; A is
the area of a deconvolution peak and ATotal is the total areas of all
the deconvolution peaks.

The morphology of ZrP catalyst was investigated by Field-
emission scanning electron microscope (FESEM) using JEOL
JSM-6460LV. Before analysis, the powdered catalyst was supported
on stubs and coated by Au using plasma.

Transmission electron microscope (TEM) images were obtained
using JEM-2100 microscope operating at 200 kV. Prior to measure-
ment, the sample was ultrasonically suspended in ethanol. Then
a drop of the mixture was  deposited onto a thin carbon film sup-
ported on a standard copper grid and dried in air.

The actual composition of ZrP catalyst was measured using an
inductively coupled plasma atomic emission spectrometer (ICP,
PLASMA-SPEC-II).

2.3. Catalytic measurements
The catalytic activities of ZrP sample in dehydration of sorbitol
were tested in a stainless-steel batch reactor (60 mL)  without the
addition of any solvent. Particularly, a mixture of pure sorbitol
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nd catalyst was added into the autoclave and purged with N2 for
everal times to remove air. Then, the reactor was  heated under
agnetically stirring at 800 rpm. After the reaction, the reactor was

uickly quenched in an ice-water bath and a small amount of DI
ater was added. Subsequently, the mixture was filtrated and the

btained liquid product was analyzed by HPLC (Wates e2695) with
n Shodex SUGAR SC1011 column (8 × 300 mm).  The operating
emperature of column and detector was selected to be 70 ◦C and
5 ◦C, respectively. Distilled water was selected as mobile phase
0.6 mL/min). The same experimental procedures were repeated at
east two times to verify the reproducibility. The deviation of the
esults was observed below 5% ruling out the effect of the experi-

ental error.
Sorbitol conversion and isosorbide selectivity was calculated

ccording to the following equation:

sorbitol% = (moles of reacted sorbitol/mol

of initial sorbitol) ∗ 100% (2)

isosorbide% = (moles of carbon in the produced isosorbide/mol  o

carbon in the reacted sorbitol) ∗ 100%

(3

.4. Catalyst recyclability

The reusability of the ZrP catalyst was determined in order to
ssess its stability for the possible industrial application. The tests
ere conducted under the identical experimental conditions as
entioned above. After each reaction, the used catalyst was fil-

ered and thoroughly washed with hot DI water and dried at 90 ◦C
ver night. The recovered catalyst was finally calcined at 450 ◦C for

 h in static air for the next run.

. Results and discussion

ICP result indicated that the resulting molar ratio of P to Zr in the
s-prepared ZrP catalyst was ca.1.93, which was very close to the
toichiometry indicating no loss of the active component occurred
uring the synthesis process of the catalyst. Fig. 1 presents the XRD
atterns of the ZrP sample. Only two broad peaks in the 2� ranges
f 10–40◦ and 40–70◦ respectively were observed suggesting its
morphous structure in good agreement with the previous litera-
ure [43]. No characteristic diffraction peaks assigned to zirconium
hosphate and/or zirconia were observed.

The textual properties of the ZrP catalysts were further stud-
ed using nitrogen adsorption-desorption isotherms as presented
n Fig. 2. The specific surface area and average pore diameter was
round 148 m2/g and 3.57 nm,  respectively. Interestingly, three dif-
erent stages were observed from the isotherm curve. The first
tage was observed at p/p0 < 0.4, the second one was observed in
he region of 0.4 < p/p0 < 0.9 and the third one was  observed at
/p0 > 0.9. Notably, the N2 adsorption-desorption isotherms cor-
esponded to a type IV isotherm with a typically hysteresis loop
mplying the porous structure of the synthesized ZrP catalyst. It was
enerally accepted that the observed hysteresis loop from p/p0 = 0.4
as assigned to the capillary condensation occurring in the meso-
ores [44–46]. Additionally, the distribution of pore size calculated
y the Cranston and Inkley method (inserted in Fig. 2) also eluci-
ated a narrow pore size range centered around 3.5 nm supporting
he mesoporous nature of the ZrP sample.
Fig. 5. FT-IR spectra of the ZrP catalyst.

The microscopy of the ZrP catalyst was firstly analyzed using
SEM and the results were shown in Fig. 3. Apparently, both the
spherical particles with sizes in the range of 10–20 nm and the
worm like porous structure were observed which were highly in
line with the previous XRD result. The TEM micrograph, depicted
in Fig. 4 also revealed that the ZrP sample consisted of conglomer-
ated particles which connected each other and a clear pore channel
was observed confirming the formation of porous structure. It was
noted that an average pore size of ca.3–5 nm was  in line with the
value achieved from BET results. And it also demonstrated a short
range order of porous structure. Combining with the BET analysis,
the wormlike structure might have good interconnection to result
into the high surface area and pore volume observed.

Fig. 5 shows the FT-IR spectra of the ZrP catalyst. An intense
band in the range of 1000–1100 cm−1 was attributed to the P-O
symmetrical vibration of −PO4 group [47] and the spectral band
at ca.524 cm−1 was  assigned to the Zr O stretching vibration [48].
A slight peak at ca.748 cm−1 corresponded to the P O P vibra-
tion suggesting the formation of P O P band. Moreover, the bands
centered at ca.3439 and 1631 cm−1 were associated to the −OH
vibration and the peak located at ca.1402 cm−1 was due to bending
vibration mode of OH groups in good consistent with the previous
reports [49]. These OH groups might be the origin of the Brön-
sted acidy of ZrP catalyst. The clear peak at ca.3439 cm−1 also could
not rule out the partial contribution of the stretching vibration of
adsorbed lattice water molecules.

Briefly, the surface acidity is one of the important factors for
solid acid catalysts to catalyze dehydration reaction. It is recognized
that FT-IR spectra of pyridine adsorption is an effective technique
to determine the types of acid sites on the catalyst surface. Typ-
ically, pyridine molecules formed pyridinium ions with Brönsted
acid centers. In contrast, they were coordinated with Lewis acid
sites because of their electron-pair deficient property [50]. The
pyridine adsorption spectra of the ZrP catalyst is shown in Fig. 6
revealing the co-existence of Brönsted and Lewis acid sites. An
intense band at around 1540 cm−1, typical of pyridinium ions, con-
firmed the presence of Brönsted acid sites. Another strong peak at
ca.1446 cm−1 was  attributed to the pyridine adsorption on Lewis
sites and the peak at ca.1489 cm−1 revealed the presence of a mix-
ture of Brönsted and Lewis acid sites [51]. It was noted that the
intensity of the adsorption peaks corresponded to the quantity of
acid sites. Additionally, the ratio of Brönsted and Lewis sites was

calculated according to the method described by Emeis [52]. The
result indicated that most of the acid sites (ca.62%) were Brönsted
acid sites. Meanwhile, upon further heating to 400 ◦C, only a slight
decline of the intensity of the peak at ca.1540 cm−1 was observed
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Fig. 6. Pyridine-adsorption FTIR of the ZrP catalysts.
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Fig. 8. Effect of catalyst amount on sorbitol dehydration. (Reaction tempera-
ture:190 ◦C, reaction time:1 h, sorbitol:1 g).
Fig. 7. NH3-TPD profiles of the ZrP catalyst.

ndicating the stability of Brönsted acid sites in the ZrP catalyst. In
ontrast, a remarkable decrease for the adsorption peaks located at
a.1446 cm−1 revealed the diminishment of Lewis acid sites. Dab-
awala et al. reported that the sorbitol dehydration to isosorbide
as greatly affected by catalyst acidity and types of acid sites [53].

herefore, a great number of Brönsted acid sites on the surface of
he ZrP catalyst could efficiently enable the dehydration of sorbitol
ccur.

NH3-TPD was also conducted to quantify the total acidity of
he investigated ZrP catalyst. Normally, the temperature of NH3-
esorption was associated with the acidity strength; the higher
esorption temperature corresponded to the stronger acid sites.
he amounts of the acid sites could be obtained from the quan-
ities of desorbed NH3 which was calculated based on the peak
reas of the TPD profile [54]. As shown in Fig. 7, NH3 desorption
tarted from ca.150 ◦C and rapidly increased to a maximum value
t around 196 ◦C. Additionally, a broad band at ca.330 ◦C with a
lear hump at 455 ◦C was observed and the NH3 desorption was
ot diminished until 700 ◦C. Generally, the acid sites on the cata-

yst surface was denoted as weak, medium and strong ones in the
esorption region of 150–250 ◦C, 250–400 ◦C and >400 ◦C, respec-
ively [55]. The bands appeared in the TPD profile could be further
econvoluted into several distinct peaks with various maximum

◦ ◦
rom 100 to 700 C. Apparently, the peak at 196 C supported the
resence of weak acid sites and the other two peaks at ca.302 and
20 ◦C was assigned to the existence of medium and strong acid
ites, respectively. The calculated acidity resulted in the follow-
Fig. 9. Effect of the reaction temperature on sorbitol dehydration. (Reaction
time:1 h, sorbitol:1 g, catalyst:0.1 g).

ing order: Weak (0.415 mmol/g) <Medium (0.887 mmol/g) <Strong
(1.167 mmol/g). The concentration of the medium and strong acid
sites was around 48% and the total acidity of the ZrP catalyst
was around 2.47 mmol/g, which was  comparable with the values
described in the previous literature [45].

The ZrP catalyst might be potential solid acid catalysts toward
many acid-catalyzed reactions considering their reasonable acid
properties. Therefore, the as-prepared ZrP was selected as a promis-
ing catalyst for the selective dehydration of sorbitol to isosorbide
under water free conditions in this work. The optimized reaction
conditions such as the catalyst amount, reaction temperature and
reaction time, were explored. Initially, a blank test was  conducted
and compared with the results using ZrP as catalyst to elucidate
the key role of catalyst. At 190 ◦C, sorbitol conversion of the blank
reaction was only ca.19%. along with trace amounts of targeted
isosorbide (<5%). In contrast, the presence of heterogeneous solid
acid ZrP catalyst greatly improved sorbitol conversion (from 19%
to 100%) and isosorbide selectivity (ca.56%) under the identical
reaction conditions. The results clearly revealed that ZrP catalyst
remarkably facilitated sorbitol conversion to isosorbide. Generally,
it indicated that both the porous structure of the as-prepared ZrP
catalyst and the strong acidity improved the mass transfer and pro-
vided abundant accessible active sites for the reactants leading to
the satisfactory catalytic behavior in the dehydration of sorbitol.

Catalyst dosage is one of the key characteristics for the kinetics

of conversion and is necessary to be optimized in order to achieve a
satisfied catalytic behavior. Hence, the influence of catalyst amount
was studied by changing the catalyst loading while keeping other
experimental conditions constant and the results were shown in
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on. (Reaction temperature:210 ◦C, sorbitol:1 g, catalyst:0.1 g).
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Fig. 10. Effect of the reaction time on sorbitol dehydrati

ig. 8. According to the data, the main observed products were
sosorbide and 1,4-sorbitan while trace amount of 1,5-sorbitan
y-product was also detected. Other non-indentified compounds
ere denoted here as ‘unknown’. It was noted that complete con-

ersion of sorbitol was achieved when the catalyst dosage was
.1 g. In addition, the isosorbide selectivity progressively increased
pon raising catalyst amount up to 0.2 g and a slightly decline was
bserved with further increasing the catalyst dosage. The main rea-
on might be due to the excessive amounts of acid sites which
ere much preferred for the consequent formation of polymer

nd/or humin by-product. Yamaguchi et al. described that the self-
olymerization of isosorbide or cross-polymerization with other
y-products corresponded to the decline of isosorbide selectivity
18]. Moreover, the decrease of sorbitan selectivity indicated that
he conversion of sorbitol to isosorbide mainly consisted of two
onsecutive dehydration reactions with sorbitan as an intermediate
hich agreed well with the previous literature [56]. Considering the

perating cost, the optimum amount of the catalyst was  selected
o be 0.1 g for the later studies.

In the next step, Fig. 9 shows the effect of reaction temperature
or the catalytic dehydration of sorbitol which were investigated
n the temperature range from 180 ◦C to 230 ◦C. 100% sorbitol
onversion was observed at 190 ◦C. With respect to the product
omposition, isosorbide selectivity rapidly increased to a maximum
alue (ca. 69%) from 180 ◦C to 210 ◦C. In addition, the selectivity of
orbitan was steadily declined from 37% to 21% supporting sorbitan
as an intermediate as discussed in the previous studies [53]. Upon

urther heating to 230 ◦C, the formation of humin by-products led
o the slight decrease of isosorbide selectivity.

The tests were also carried out in the region from 0.5 to 3 h to
lucidate the influence of reaction time. The results (Fig. 10) clearly
ndicated that the reaction time possessed a considerable impact
n the sorbitol conversion and the selectivity to the targeted isosor-
ide. Only 89% sorbitol conversion with 58% selectivity of isosorbide
ere observed at the initial 0.5 h. When reaction time was fur-

her prolonged to 2 h, an obvious increase of isosorbide selectivity
73%) with full sorbitol conversion was observed. Beyond of 2 h
eaction time, a slightly decline of the isosorbide selectivity from
3% to 70% occurred. The reaction results revealed that a part of

sosorbide might be unstable on the prolonged time taking place
elf-polymerization reaction to form humins by-product. There-
ore, the optimum experimental conditions of current work might
e operated at 210 ◦C and 2 h with a mass ratio of catalyst to sorbitol
:10. Both increasing the reaction temperature and/or extending
he reaction time hardly exhibited any promoted influence on the
atalytic performance.

In order to elucidate the role of solid acid catalyst in the dehy-

ration of sorbitol, several commercially solid acid catalysts such
s Amberlyst-15, Nifon and Niobic acid were also investigated
y using the same amount of catalyst under identical conditions
or comparison purpose. Moreover, another ZrP sample was syn-
Fig. 11. Comparison of catalytic performance of ZrP sample with other solid acid cat-
alysts. (Reaction temperature:210 ◦C, reaction time:2 h, sorbitol:1 g, catalyst:0.1 g).

thesized by the conventional precipitation procedure without the
addition of P123 template. Here, the obtained reference catalyst
was denoted as ZrP-2 and also tested for reaction activity. From
the presented results (Fig. 11), it was clearly observed that the as-
prepared porous ZrP catalyst exhibited the exceptional catalytic
performance, producing isosorbide in 73% yield with 100% con-
version of sorbitol, which was  in contrast to the lower activity
of ZrP-2 sample (59% yield of isosorbide). Although Amberlyst-15
sample showed the comparative sorbitol conversion, its isosorbide
selectivity was much less than the value of ZrP sample. In addi-
tion, the concentration of sorbitan intermediates was much higher
in the case of Nafin and Niobic acid catalysts and an incomplete
sorbital conversion was observed. As described in the previous lit-
erature [21,53], the isosorbide production from sorbitol was greatly
affected by the strength of catalyst acidity and types of acid sites.
Normally, the samples containing strong Brönsted acid sites were
more efficient for isosorbide production. Therefore, more Brönsted
acids sites in ZrP catalyst compared to the other investigated cat-
alysts might be one of the reasons for its better catalytic behavior.
As presented in Fig. 6, both of the ZrP and ZrP-2 samples exhib-
ited the similar pyridine adsorption peaks. However, the peaks
corresponded to the Brönsted acids sites for the ZrP catalyst were
obviously higher than the values of the ZrP-2 sample. That means
the higher amount of Brönsted acids sites in porous ZrP catalyst. The
appearance of more sorbitan intermediate for the other ones fur-
ther supported this guess. Additionally, the special behavior of ZrP
catalyst might be also attributed to its high surface area and porous
structure, which enabled the sorbitol molecules easily approach
on acid sites due to the lack of diffusion limitation [57]. Thus, the

screening tests with various solid acid catalysts clearly indicated
that the porous ZrP catalyst in this work possessed pretty potential
in dehydration sorbitol to isosorbide.
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ig. 12. Recyclability test of the ZrP catalyst for sorbitol dehydration reaction. (Reac-
ion  temperature:210 ◦C, reaction time:2 h, sorbitol:1 g, catalyst:0.1 g).

Catalyst recyclability is of great importance from the standpoint
f the industrial operation. Therefore, the reusability of the ZrP cat-
lyst has been tested at 210 ◦C for 2 h with 0.1 g of catalyst and
he results are showed in Fig. 12. Sorbitol conversion was observed
till 100% up to the fifth run. With respect to isosorbide selectiv-
ty, only a slight decline (from 73% to 68%) occurred up to fifth test
ndicating the reusability of the catalyst. Additionally, ICP analysis
evealed that no obvious leaching of Zr and/or P occurred after the
epeated cycles. Another main reason for the catalyst deactivation
as that impurities (like polymer or humins) deposited on the cat-

lyst surface might occupy a part of surface acid sites leading to the
ecline of catalytic reactivity. Based on this hypothesis, ZrP cata-

yst after the first run was directly used for the next test without
he calcination treatment. As shown in Fig. 12, catalyst afforded a
ecrease selectivity (64%) of isosorbide and an incomplete sorbitol
onversion (92%). Simultaneously, no obvious Zr or P was detected
y ICP analysis in the solution with catalyst separated after reac-
ion. In contrast, the coke deposition was clear from TG analysis (not
hown) and as high as 13% weight loss except water occurred. The
esults revealed that the deposition of the carbonaceous impurities
n the catalyst surface might be the main cause of the deactivation.
he observed slight decrease (from 73% to 68%) was probably due to
he residual humin by-product that could not be burned at 450 ◦C.
G result revealed that ca.1.6% weight loss from 450 ◦C to 800 ◦C
as observed. However, the calcination process regenerated the
ost activity of catalyst. Therefore, ZrP sample could be repeatedly

sed as solid acid without obvious loss of the activity.
In summary, all of the above results revealed that the ZrP cata-

yst presented great potentiality in sobitol conversion to isosorbide
ith high conversion, selectivity and stability, which was  impor-

ant for the wide application of ZrP catalyst in biomass conversion.
his promising catalytic performance was mainly attributed to its
igh acidity because of the incorporation of zirconium and phos-
horus on the pore surface and the high external surface area which
xposed a great quantity of active acid sites at the surface of the
atalyst as described by the previous literature [46].

. Conclusions

This work mainly investigated the catalytic dehydration of
orbitol to isosorbide over a porous ZrP catalyst under water
ree conditions. It was proposed that the isosorbide yield greatly

ffected by natures of acid sites and porous structure of the cata-
yst. A great number of Brönsted acid sites on the catalyst surface

as more favorable for isosorbide formation compared to Lewis
nes. Meanwhile, the porous structure of the catalyst promoted the

[
[
[
[
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accessibility of reactant molecules to acid sites. Therefore, a maxi-
mum  yield of isosorbide as high as 73% could be achieved under an
optimum condition of 210 ◦C and 2 h. Otherwise, ZrP was an recy-
clable catalyst without clear deactivation during five consecutive
tests. The positive result in this work may  shed light on the devel-
opment of efficient catalysts for biomass conversion achieving the
goal of synthesis of high-valued chemicals from renewable biomass
and/or biomass-derived feedstocks.
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