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promoted hierarchical ETS-10
solid base for glycerol transesterification

Mei Xiang and Dongfang Wu*

A transesterification reaction has been carried out over a transition metal modified hierarchical ETS-10

(METS-10) catalyst to synthesize glycerol carbonate (GC) from glycerol. The inherent Lewis basicity of

ETS-10 favors oriented conversion of glycerol, and the hierarchical structure benefits exposure of more

active sites, shortens the molecular diffusion path, suppresses the formation of coke in the micropores,

and then enhances the catalytic reactivity and stability. Furthermore, the influence of transition metals

(Fe, Co, Ni, Cu, Zn and Mn) on the basic sites of supports has been investigated in detail. It is found that

basicity change of the catalyst depends on not only the cation size, nature and composition of the

transition metal but also the zeolite structure and pore topology. Besides, the presence of a certain

amount of Ni0 species from catalyst reduction has proved to play a critical role in strengthening the

interaction of Lewis basic sites (TiO6
2�) with active glycerol hydroxyl groups. Finally, a 97.7% glycerol

conversion and 97.1% GC yield have been obtained over Ni/METS-10, of which the high catalytic

performance can be maintained after 8 runs.
1. Introduction

The surplus of glycerol from the booming biodiesel industry
(about 10 wt% of the total production) has attracted widespread
attention to take full advantage of its application potential.1–3

There have been much research focusing on the transformation
of glycerol into value-added chemicals, among which glycerol
carbonate (GC) is one of the most promising derivatives, char-
acterized by low toxicity, corrosiveness, volatility and amma-
bility, high boiling point, strong polarity, excellent water
solubility and biodegradability.4–6 As a result, GC has been made
wide use of in the food, cosmetics, textile, pharmaceuticals,
manufacturing, new energy and materials industries.7–9 Various
synthetic pathways have been reported for GC preparation from
glycerol and different sources of carbonyl functionality such as
carbon dioxide, carbon monoxide, phosgene and urea.10–14 It was
once thought to be the most ideal route to directly carbonate
glycerol with carbon dioxide. However, taking the poor produc-
tion yield and harsh reaction conditions into consideration, it
will denitively suffer from nonnegligible production costs and
commercialization limitation. Another method for GC synthesis
is to use urea as carboxylating agent with distinct advantages of
low startingmaterial cost and relatively high GC yield,5,7while the
requirement of continuously removing the evolved ammonia gas
to accelerate the reaction rate signicantly hinders its further
applications. In addition, the two undesirable side products
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isocyanic acid and biuret are troublesome. Also, using dimethyl
carbonate (DMC) or diethyl carbonate (DEC) to synthesis GC via
transesterication with glycerol is a extensively studied route,
and has proved to be much safer and greener due to the low
toxicity of rawmaterial, mild operation condition, high selectivity
and easy purication of GC.15–20 Hence, among these well-known
methods, the transesterication of glycerol with DMC/DEC for
producing GC is the most promising and suitable industrial
process, which has been gained more and more research atten-
tion with a large quantity of homogeneous and heterogeneous
base catalysts being investigated.

For transesterication reaction of glycerol, typically homo-
geneous base catalysts such as the alkali metal compounds
(KOH, K2CO3 and NaOH) have been reported with favorable
performance and some even obtained nearly complete glycerol
conversion, but the inconvenience of catalysts separation from
reaction system cannot be solved effectively.21,22 Accordingly,
heterogeneous catalysts seem to be more competitive and
desirable. Among them, alkaline earth metal oxides especially
CaO and MgO, and hydrotalcites are the most frequently used
catalysts, which all prove to be high active.23–26 Others such as
Mg/Al/Zr mixed oxide, Co3O4/ZnO, Mg–Ca, Mg–Li, LiNO3/
Mg4AlO55, Li/ZnO and ion liquids also have been explored to
efficiently transform glycerol into GC.27–31 Whereas, many of
these catalysts are still subjected to poor reusability, long
reaction time, high energy consumption and demand for more
than one solvents. Therefore, developing highly stable, reusable
and efficient heterogeneous catalysts for the selective synthesis
of GC under mild, economical and environment-friendly
conditions is of great signicance.
RSC Adv., 2018, 8, 33473–33486 | 33473
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We have reported earlier a heterogeneous ETS-10 catalyst
with intrinsic and strong Lewis basic property, which presented
a remarkably catalytic performance for the preparation of a,b-
unsaturated carbonyl compounds.32 Actually, ETS-10, a titano-
silicate molecular sieve with a 3D 12-ring structure, has attrac-
ted considerable attention owing to its distinguished potential
in adsorption, ion exchange and shape-selective catalysis.33,34

Moreover, its unique framework that comprises corner sharing
TiO6

2� octahedra and SiO4 tetrahedra as building units gives
rise peculiar properties, especially the octahedrally coordinated
titanium(IV) carrying two negative charges endows ETS-10 with
characteristic basicity.35 Hence, ETS-10, as a prospective
heterogeneous base catalyst, can be envisioned to make an
indispensable contribution for glycerol transesterication.

Recently, the promoting effect of transition metal in
enhancing surface basic property of hydrotalcites have been
detailedly discussed and have successfully applied in GC
production from transesterication reaction by Liu et al.36

While for ETS-10, only Cs have been widely employed to inves-
tigate its inuence on the alterations of basicity,37 and there
have not been in-depth and systematic research regarding the
effects of impregnating transition metals on the basicity of ETS-
10, as well as the catalytic performance. Besides, ETS-10 with
hierarchically porous structure has not yet been studied in GC
synthesis. Herein, a series of ETS-10 catalysts were prepared and
impregnated with transition metals (Fe, Co, Ni, Cu, Zn and Mn)
for glycerol transesterication with DMC. The structure and
catalytic activity correlations of various ETS-10 catalysts were
discussed in detail. Furthermore, the kinetic investigation and
stability test were also conducted from the aspect of different
reaction conditions including reaction temperature and time,
the molar ratio of DMC to glycerol, the mass of catalyst and
metal loading.
2. Experimental methods
2.1 Chemicals

Glycerol (ACS, $99.5%) were purchased from Macklin
Biochemical Co., Ltd (Shanghai, China). Iron nitrate non-
ahydrate, cobalt nitrate hexahydrate, nickel nitrate hexahydrate,
cupric nitrate trihydrate, zinc nitrate hexahydrate and 50%
manganous nitrate solution, dimethyl carbonate (DMC), diethyl
carbonate (DEC), glycerol carbonate (GC), n-butanol, benzyl
alcohol were all analytical reagent grade and obtained from
Sinopharm Chemical Reagent Co., Ltd. Others were also of
analytical grade and used as-received without further
purication.
2.2 Catalyst preparation

ETS-10 was prepared by a molar composition of 1.0TiO2/
5.5SiO2/3.5Na2O/1.6K2O/181.0H2O. In a typical run, 16.6 mL
aqueous waterglass solution (SiO2/Na2O molar ratio: 3.55, r:
1.32 g cm�3) was mixed with 32.8 mL H2O aer stirred at room
temperature for about 0.3 h. Subsequently, 6.8 g NaCl, 1.39 g
KOH and 1.39 g KF were added under vigorous stirring. Aer
further addition of 1.3 g P25 and stirring for 2 h, the obtained
33474 | RSC Adv., 2018, 8, 33473–33486
gel was transferred into a Teon-coated stainless-steel autoclave
for crystallization at 230 �C for 72 h. The resulting product was
ltered, washed, dried at 100 �C overnight before calcined in air
at 475 �C for 5 h. The hierarchical porous ETS-10 (METS-10) was
synthesized in the same way with an additional role of cationic
copolymer COPQA (COPQA/TiO2 molar ratio: 0.0068). M1ETS-
10, M2ETS-10 and M3ETS-10 were obtained by adding
different amount of COPQA. To prepare transition metal loaded
samples, METS-10 was incipient-wetness impregnated with
corresponding metal nitrate (mmetal/mMETS-10 ¼ 0.05) and then
calcined at 475 �C aer drying treatment.
2.3 Catalyst characterization

Powder X-ray diffraction patterns (XRD) were obtained with
a Rigaku Ultima IV powder X-ray diffractometer using CuKa
radiation (l ¼ 0.1542 nm). The scan range is from 5� to 45�.
Agilent ICPOES-730 inductive coupled plasma-atomic emission
spectrometer (ICP-AES) was employed for elemental analyses.
Nitrogen physisorption was conducted at �196 �C on a Micro-
meritics ASAP 2020M apparatus. The sample was degassed for
8 h at 300 �C before measurement. Specic surface area was
calculated from the adsorption data using the Brunauer–
Emmett–Teller (BET) equation. The pore size distribution was
calculated according to the Barrett–Joyner–Halenda (BJH)
model using adsorption data. Scanning electron microscopy
(SEM) was performed using a FEI Inspect F50. Transmission
electron microscope (TEM) images were collected using a FEI
Tech 20 eld emission electron microscope with a limited line
resolution capacity of 0.14 nm, under a voltage of 200 kV. Before
characterization by the TEM technique, the sample was cut into
thin slices and dropped onto a Cu-grid coated with carbon
membrane.

The catalysts basicity was tested by temperature-
programmed desorption of carbon dioxide (CO2-TPD) on
a Micromeritics ASAP2920 instrument. A 200 mg sample placed
in a quartz tube was pretreated in hydrogen with a ow of 150
ml min�1 at 400 �C for 2 h, and then was activated in helium at
this temperature for an hour before cooled to 50 �C. Aer pulse
adsorption of CO2 for 3 h and being purged with helium ow for
1 h, the spectrum was recorded from 50 �C to 700 �C at a heating
rate of 10 �C min�1. CO chemisorption was also measured on
the same instrument with a necessary preprocess for the cata-
lyst sample in H2 at 400 �C for 2 h. Aer purged with He ow for
60 min and cooled to room temperature, the sample was
exposed to10 vol% CO–He pulse until CO adsorption saturation.
The CO uptake was measured by a TCD detector. For H2-TPR
experiments, the samples were rstly activated with nitrogen
ow for 2 h at 400 �C and analyzed in a 10% H2/Ar gas mixture
(30 cm3 min�1) from room temperature to 800 �C at a heating
rate of 15 �C min�1.

FT-IR spectra of pyrrole adsorbed on the catalyst samples
were recorded on a Thermo Fisher Nicolet50 spectrometer,
equipped with a MCT detector. Before placed into a quartz IR in
situ cell equipped with BaF2 windows, the sample was rstly
compressed into a self-supporting wafer (10–30 mg) and
suffered from a heat treatment in H2 ow at 400 �C for 2 h.
This journal is © The Royal Society of Chemistry 2018
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Subsequently, the wafer was evacuated under vacuum for 3 h
and then cooled to room temperature in He ow. Aer exposure
to pyrrole vapor for 30 min and further evacuated for 1 h, the IR
spectra were recorded.

The XPS analyses were performed under vacuum (>10�7 Pa)
on Thermo Scientic ESCALAB 250Xi spectrometer with an Al
Ka X-ray resource (hn ¼ 1486.6 eV) aer treatment with
hydrogen at 400 �C in the reaction chamber. The spectral
regions corresponding to O 1s, Si 2p, Ti 2p, Ni 2p and C 1s core
levels were recorded for each sample and referenced to C 1s
electron bond energy corresponding to graphitic carbon at
284.6 eV.

For solid-state 29Si MAS NMR spectroscopy on Bruker
Advance 600 MHz spectrometer, samples were sealed in 4 mm
OD rotors aer H2 thermal treatment. A single-pulse sequence
with 1H TPPM decoupling was used to acquire 29Si NMR spectra
with a 59.67 MHz operating resonance, a p/4 pulse width (2.0
ms) and a 30 s recycle delay. Each spectrum was obtained at
ambient temperature aer 1200 scans and the chemical shis
were referenced to tetramethylsilane (diso ¼ 0 ppm) by setting
the isotropic peak of an external solid hexamethyldisiloxane
(HMDS) sample to 6.7 ppm.

2.4 Glycerol transesterication

The synthesis of glycerol carbonate from transesterication of
glycerol over series of ETS-10 solid base was performed in
a 150 ml three-neck round bottomed ask equipped with reux
condenser, magnetic stirrer and thermocouple. The heating
energy was supplied constantly from oil bath and the temper-
ature accuracy in the glass ask was monitored by an extra
thermometer. Typically, glycerol was mixed with DMC in
a certain proportion and heated to the desired temperature.
Then, the transition metal loaded catalyst that has been
reduced by hydrogen (ow rate: 150 mL min�1; purity:
$99.999%) at 400 �C for 4 h was added to the biphasic system,
followed with stirring at specied rate. The formation of GC can
be monitored roughly by system colour, and the trans-
esterication process ends up with the presence of sole phase
under assigned condition. Aer the reaction, the liquid reaction
mixture was separated from the catalyst before analysis, and the
remained catalyst was washed with methanol several times
before drying and calcination for recycle utilization.

2.5 Product analysis

Qualitative and quantitative analysis of the liquid products were
conducted with a gas chromatography equipped with a ame
ionization detector and a DB-FFAP capillary column (30 m �
0.25 mm � 0.25 mm). A 0.2 mL injection was employed and
nitrogen was used as the carrier gas. The FID was set to 270 �C
and the inlet was isothermally maintained at 250 �C with a split
ratio of 1 : 50. The oven parameters were programmed to start
by increasing the temperature from 35 �C to 60 �C at a ramp of
10 �C min�1 and was held at 60 �C for 1 min. Then, it contin-
uously went up to 230 �C at a rate of 15 �C min�1 and main-
tained at this temperature for 10 min. The conversion of
glycerol (CGL) and the yield of GC (YGC) were obtained based on
This journal is © The Royal Society of Chemistry 2018
the internal standard method with n-butanol as internal stan-
dard and calculated according to the following equations:

CGL ¼ mGL;initial �mGL;residual

mGL;initial

� 100% (1)

YGC ¼ mGC

mGL;initial

� 100% (2)

wheremGL,initial andmGL,residual are the initial and residual mass
weight of glycerol in the reaction system, respectively, and mGC

is the mass weight of obtained glycerol carbonate.
3. Result and discussion
3.1 Catalysts characterization

Fig. 1 displays the XRD patterns and N2 adsorption/desorption
isotherms with pore size distributions inset. Obviously, when
compared to ETS-10, METS-10 gives a lower XRD peak intensity,
suggesting the negative impact of introducing mesopores on
crystallinity. Likewise, series of transition metals play roles in
decreasing material crystallinity to varying extent. Combining
this result with N2 adsorption/desorption analysis data, intro-
duction of transition metal into METS-10 seems to have
signicant inuence on its BET-specic surface area, which
decreases from 325.6 and 314.3 m2 g�1 of ETS-10 and METS-10,
respectively, to the lowest 271.2 m2 g�1 of Zn/METS-10 (Table 1).

The reduced BET-specic surface area further demonstrates
that the framework integrity of ETS-10 has been threatened to
different degree by those transition metals, while pore size
distributions are surprisingly in good keep, which all center
around 16 nm and indicate not only their mesoporosity but also
the absence of severe pore blockage by metal incorporation.
And it is worth noting that both the BET-specic surface area
(298.5 m2 g�1) andmesopore volume (0.17 cm3 g�1) of Ni/METS-
10 are apparently higher than other metallic samples, which
matches well with the XRD result showing a superior intensity
of characteristic peaks for Ni/METS-10. ICP results gives the
metal contents in METS-10, from which can be seen that Fe and
Cu suffers seriously lose during the catalyst preparation
process. While for Ni-, Co-, Mn- and Zn-supported samples, the
measurable metal contents are close to theoretical values,
which can be related to their chemical activity and tendency to
form coordination compounds that strengthen their interaction
with METS-10. Besides, due to the specic cation exchange
capacity and accessibility for guest molecules of ETS-10 zeolite,
metal species are allowed to take up its exchange sites during
the impregnation process, and interact strongly with the zeolite
support. Better yet, the lowered molar ratio of Si/Ti (3.2) from
5.5 further supports this conjecture.

Fig. 2 reveals the CO2-TPD results of ETS-10 and METS-10-
based samples, and the observed CO2 desorption tempera-
tures are displayed in Table 2. As can be seen, except for the
distinct peak around 140 �C due to the interaction between the
weak basic surface hydroxyl groups in ETS-10 and CO2, there are
also several peaks with rather weak intensity assigned to
different strength of basicity. While, for METS-10, even though
the total CO2 adsorption capacity has not been largely changed,
RSC Adv., 2018, 8, 33473–33486 | 33475
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Fig. 1 (a) XRD patterns and (b) N2 adsorption/desorption isotherms and pore size distributions (inset, calculated using desorption branch) of
transition metal loaded METS-10 samples (the patterns and isotherms of transition metal loaded samples have been offset to different degree
along the vertical axis for clarity, respectively).

Table 1 Textural parameters of the catalyst samples

Samples Metal contenta (wt%) SBET
b (m2 g�1) Smicro

c (m2 g�1) Smeso
d (m2 g�1) Vmicro

e (cm3 g�1) Vmeso
f (cm3 g�1) Pore (nm)

ETS-10 325.6 304.2 21.4 0.16 0.01 4
M1ETS-10 337.1 291.1 46.0 0.11 0.12 5
M2ETS-10 339.7 288.3 51.4 0.11 0.12 6
M3ETS-10 340.8 281.6 59.2 0.12 0.12 7
METS-10 314.3 220.4 93.9 0.13 0.15 16
Ni/METS-10 4.9 298.5 204.8 93.7 0.13 0.17 16
Co/METS-10 4.5 278.1 206.9 71.2 0.12 0.14 16
Fe/METS-10 2.8 272.9 208.8 64.1 0.15 0.09 16
Cu/METS-10 3.5 273.7 202.9 70.8 0.12 0.10 16
Zn/METS-10 4.4 271.2 204.8 66.4 0.07 0.11 16
Mn/METS-10 4.8 280.6 212.8 67.8 0.06 0.10 16

a Determined by ICP. b BET surface area. c Microporous surface area. d External surface area, obtained from t-plot method. e Microporous pore
volume, obtained from t-plot method. f Mesoporous pore volume, obtained from BJH adsorption cumulative volume of pores between 1.7 and
300 nm in diameter.
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the base strength distribution shis drastically to high
temperature that is attributed to the strong Lewis basic sites of
O2� anion, indicating the presence of more high-strength basic
sites in METS-10 than that in ETS-10. When it comes to those
metallic samples, their CO2 adsorption decreased unexpectedly,
and Ni/METS-10, in particularly, presents mainly medium-
strength basic sites with the highest CO2 adsorption capacity,
which is against previously reported conclusion that the basicity
of cation-exchanged ETS-10 is directly related to the cation
size.36,38 In fact, herein, basicity depends on not only the nature
and composition of the transition metal but also the structure
and pore topology of the zeolite. As a result, the cation size is
denitely not the only driving factor, and it is worth making
a delving into Ni/METS-10 for its distinctiveness.

Taking the unusual behaviour of Ni/METS-10 on CO2-TPD
test into consideration, the basic property was further investi-
gated by pyrrole-IR methods. For both METS-10 and Ni/METS-
10, aer treated at 400 �C in the H2 ow and vacuumed, the
33476 | RSC Adv., 2018, 8, 33473–33486
broad band around 3600 cm�1 disappeared, illustrating the
absence of interaction between OH groups and water mole-
cules. And seven other bands were detected in the high
frequency region (2700–3700 cm�1) (Fig. 3a). The coexistence of
two strong and broad bands around 3200–3400 cm�1 is taken as
the main feature of NH-stretching vibration resulting from the
interaction of pyrrole with the Lewis basic sites varied in
strength.39–41 Hence, in addition to the band at 3464 cm�1, there
is also a broad band appearing at 3345 cm�1.

Because of the composition of ETS-10 zeolite including two
kinds of alkaline cations (Na+ and K+), the appearance of this
band conrms the adsorption of pyrrole on framework oxygen
adjacent to Na+/K+. Besides, when compared to that for METS-
10, this band becomes weak aer Ni species impregnated,
which can be explained as the cation exchange has taken place
to a large extent between Na+/K+ and Ni2+ in METS-10 frame-
work. The assignment of the bands around 3127 and 3104 cm�1

for the four CH stretching modes (every band used twice) of
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06811a


Fig. 3 Pyrrole-IR spectra of METS-10 and Ni/METS-10 (a) in the high
frequency region (2700–3700 cm�1) and (b) in the ring-stretching
region (1250–1700 cm�1).

Fig. 2 CO2-TPD profiles of ETS-10, METS-10 and series of transition
metals loaded METS-10 samples.
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liquid pyrrole can also be accepted here, but slight blueshi of
the two bands occurred. The band at 3054 cm�1 close to the CH
bands is reported to be derived from the removal of the band
degeneration aer pyrrole adsorption.42,43 The two combination
bands at 2940 and 2850 cm�1 powerfully demonstrate the
existence of strong basic sites. Fig. 3b shows the IR spectra in
the region of 1250–1700 cm�1 for samples evacuated at 65 �C to
investigate the associated pyrrole ring-stretching modes. Since
the physically adsorbed pyrrole can be removed by evacuation
process, it is believed that the band around 1470 cm�1 can only
result from the presence of Lewis basic sites. What's more, to
our gratication, no Lewis/Brønsted acid sites can be found in
the samples with the absence of the band around 1490 cm�1,
indicating the distinct Lewis basicity of METS-10 and Ni/METS-
10.

As shown in Fig. 4, the SEM images of both METS-10 and Ni/
METS-10 exhibit the characteristic morphology with particle
size of 18–23 mm (Fig. 4a and b), and it is delightful that Ni
species can interact with METS-10 not so aggressively that keeps
crystal appearance relatively intact. The TEM images of the thin-
sectioned METS-10 and Ni/METS-10 samples directly evidence
Table 2 Basic properties of the catalysts samples

Samples Temperature of peak (oC)

Ni/METS-10 90 175 360 426 500
Co/METS-10 90 180 265 375 470
Fe/METS-10 80 220 322 400 440
Cu/METS-10 90 205 315 440 477
Zn/METS-10 90 160 285 426 490
Mn/METS-10 — 115 300 458 528
METS-10 90 155 278 340 450
ETS-10 — 140 267 340 484

This journal is © The Royal Society of Chemistry 2018
the existence of abundant and well dispersed hierarchical
mesopores (Fig. 4c and d). What's more, the size of these
mesopores is highly uniform and its range is consistent with
that shown by the N2 sorption (Fig. 1b). Notably, though ICP
analysis shows an 4.9 wt% content of Ni in the Ni/METS-10
sample, there are no obvious Ni phases observed in the XRD
patterns, SEM-EDS analysis and TEM images, indicating that
the Ni species could be highly dispersed in Ni/METS-10.

In order to go into the surface composition and electronic
state details of active sites on the Ni-based catalyst, XPS exper-
iment of the in situ reduced catalyst was performed. The Ni 2p
XPS spectrum of the catalyst is shown in Fig. 5 with six kinds of
characteristic peaks being observed. The binding energy (BE) of
two weak peaks at �853 and �870 eV can be attributed to Ni0

2p3/2 and 2p1/2 phases,44–46 respectively. And the peaks appear-
ing at 856.8 and 874.4 eV are�2.0 eV higher than those reported
binding energies corresponding to NiO, which can be assigned
to the presence of Ni2+ species at the zeolite exchange sites.
Herein, combining these shis with catalyst support function, it
can be inferred that there should be a signicant metal-support
interaction. In this way, the ionic nickel(II) species presenting in
the form as NiO and nickel titanates/silicates can be strongly
stabilized at the outer surface and the large cavities of the
zeolite. Except the main peaks mentioned above, the Ni 2p XPS
spectrum also exhibits two surrounding shake-up satellite
peaks centered at 862.7 and 880.6 eV, which further explains the
location of Ni2+ species at zeolite exchange sites. On the whole,
XPS results indicate that there are two different Ni species in the
Ni/METS-10 aer reduction at 673 K, and the nickel atomic
concentration calculated from their corresponding peaks
intensity is 6.8% with a mass content of 11.9 wt%.
CO2 adsorption (cm3 g�1 STP)

550 583 635 2.32
510 — 650 2.07
480 575 625 2.08
540 570 615 2.07
588 628 680 2.07
588 635 654 2.01
508 546 640 2.29
552 552 640 1.99
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Fig. 4 (a) and (b) SEM images of METS-10 and Ni/METS-10 samples, (c) and (d) TEM images (magnification power: 86000�) of the thin-
sectioned METS-10 and Ni/METS-10 sample (the light dots are mesopores).

Fig. 5 XPS spectrum of Ni 2p for Ni/METS-10 sample.
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The Ti 2p3/2 peak of the ETS-10 samples positioned around
459 eV (Fig. 6a) is related to the octahedral Ti species in the
–O–Ti–O–Ti–O– chains, while at lower BE (�457.7 eV), a small
peak was also observed for both METS-10 and Ni/METS-10,
33478 | RSC Adv., 2018, 8, 33473–33486
which is due to the existence of titanium species with
different states from the octahedral ones such as those extra-
framework TiO2.47 Besides, although the two samples share
nearly the same location of Ti 2p spectra, the full widths at half
maximum (FWHMs) appear evident inconsistent. Compared
Ni/METS-10 with METS-10, it is obvious that the principal peak
width for Ti 2p is broader, reinforcing the presence of multi-
states titanium species and defects in zeolites. What's more,
the broaden peak width can also come from the perpendicular
TiO6 octahedral linear chains being isolated and distributed
uniformly in the siliceous matrixes. The O1s binding energy
region of Ni/METS-10 and METS-10 is shown in Fig. 6b with
three types of O 1s peaks observed. Among them, the two peaks
at slightly higher BE of 532.4 and 531 eV are attributed to O in
Si–O–Si and Si–O–Ti linkages, while the last one at low BE is
owing to Ti–O–Ti bonds. For Ni/METS-10, even though the BE
of O 1s peak was almost maintained, the peak intensity was
decreased especially for those at higher BE. This is probably
due to the removal of silicon atoms, which then result in
exposure of Ti on the surface.

Fig. 7 shows the 29Si MAS NMR spectrum for Ni/METS-10
with two characteristic sharp peaks around �96.7 ppm and
�107 ppm assigned to Si (3Si, 1Ti) and Si (4Si, 0Ti), respec-
tively.48 Typically, there are two types of silicon chemical envi-
ronments derived from ve different crystallographic Si sites,
among which the Si [(OSi)3 (OTi)1] site especially exhibits four
resonance peaks in the region of �94 to �97 ppm.49–51
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 XPS spectra of (a) the Ti 2p region and (b) O 1s region for both Ni/METS-10 and METS-10 samples.
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Obviously, compared with previous work, Ni/METS-10 gives
rather different resonance pattern with only two peaks
observed, indicating the discernible distortion of silicon sites
and the presence of defects. This could be due to the incorpo-
ration of Ni species that are substituted for Si atoms at (3Si) sites
and the introduction of hierarchical pores into ETS-10
framework.

H2-TPR was employed to further study the behaviour of
surface active sites (Ni species) and their interaction with zeolite
support (Fig. 8). As can be seen, the reduction begins at 303 �C
and there are three apparent peaks centred around 555, 646 and
700 �C consisting of Ni/METS-10 TPR prole, suggesting that
the Ni2+ species have been reduced in different support posi-
tions. The most salient peak at the highest temperature with
Fig. 7 29Si NMR MAS spectrum of Ni/METS-10 sample.

This journal is © The Royal Society of Chemistry 2018
a shoulder peak at a little bit lower temperature is possible
rooted from nickel titanates/silicates detected in XPS spectra,
such as NiSiO3, indicating the cationic Ni located on (TiO6)

2�

octahedral/SiO4 tetrahedral and their strong interaction with
METS-10 zeolite. Those smaller and broader peaks at relatively
lower temperature are very likely derived from the reduction of
Ni2O3 to the metallic Ni, which matches well with the XPS
results and more importantly, exhibits a low reducibility of the
Ni/METS-10 catalyst. To evaluate the dispersion of Ni species,
the reduced Ni/METS-10 was further studied by CO pulse
chemisorption aer acquiring the denite proportions of Ni
species by EDS technique. According to the CO chemisorption,
the active particle diameter and the metallic surface area that
are generally believed to be the essential factors in conducting
catalyst reactivity is 9.6 nm and 29.5 m2 g�1, respectively. The
Fig. 8 H2-TPR profile of Ni/METS-10 sample.
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Fig. 9 Glycerol conversion and GC selectivity on different catalysts (reaction conditions: 2.5 g glycerol, 5 g DMC, 0.1 g catalyst, 90 �C).
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dispersion of nickel species that can be inuenced by their
reduction degree and was calculated from the two parameters
above is 20.6%.
3.2 Effect of hierarchical porous structure on glycerol
transesterication

It is well known that both the acidity/basicity and porosity of
zeolite inuence greatly their catalytic performance. The former
has been widely reported that plays critical role in the intrinsic
activity and selectivity of the catalyst, while the presence of
hierarchical pores mainly devotes to promoting the accessibility
of active sites by improving the transportation of guest mole-
cules and suppressing the coke formation.52,53 As a result, series
of catalysts sharing with comparable basicity (the CO2 adsorp-
tion all around 2 cm3 g�1) but obviously different hierarchical
porous topologies were adopted to explore the relationship
between the hierarchical structure and the catalytic perfor-
mance. Fig. 9a and b present the glycerol conversion and GC
selectivity variations with the time-on-stream (TOS). It can be
seen from Fig. 9a that all the selected catalysts show their
highest catalytic activity at the beginning 3 h of the reaction and
then keep the glycerol conversion stable at a certain level aer
a marginal decrease. However, the conventional ETS-10 obvi-
ously gives the lowest glycerol conversion and suffers the most
evident and rapidest drop of product selectivity from 86.0% to
36.3%. On the contrary, the other three catalysts (M1ETS-10,
M2ETS-10 and M3ETS-10) with porous structure all deactivated
much slower than ETS-10, and their stabilities not surprisingly
follow the same order with their pore size and external surface
area. The M3ETS-10 with the widest pore size distribution of
7 nm, largest surface area of 340.8 m2 g�1 and external surface
area of 59.2 m2 g�1 displays the best performance and can keep
the catalytic activity stable as long as 24 h. For M2ETS-10 and
M1ETS-10, though in the worse case when compared with
M3ETS-10, they still perform better than ETS-10 with enhanced
glycerol conversion and GC selectivity. In fact, based on the
Kelvin equation, there can be seriously steric hindrance in the
zeolite micropores for those reactions composed by reactants
33480 | RSC Adv., 2018, 8, 33473–33486
with certain pore size, which can selectively condense in the
mesopores and external surface regions.53–55 Generally, the
introduction of hierarchical pores into zeolite catalysts is
benecial to the improvement of catalytic activity and lifetime.
According to Fig. 9b, the advantage of yielding desired product
on hierarchical ETS-10 zeolites is apparent and stands time,
which might be attributed to the high molecular transport rate
of the hierarchical pores that facilitate the effective absorption
of reactants on active sites and thus reduce the occurrences of
side reactions.
3.3 Optimisation of transesterication reaction conditions

3.3.1 Effect of impregnated metals. It has been discussed
above that series of catalysts mentioned in present work are
endowed with different chemical properties by incorporation of
various metals, especially their related basicity that is widely
deemed to be of vital importance for glycerol transesterication
reaction. However, in the present work, for Ni, Co, Zn, Cu, Fe
and Mn wet-impregnated METS-10 catalysts, their catalytic
activity in transesterication reaction varies in the order Ni/
METS-10 > Zn/METS-10 > Mn/METS-10 > Fe/METS-10 > Co/
METS-10 > Cu/METS-10, which is clearly affected by more
than basicity. Ni/METS-10 predictably performed the best in
converting glycerol to GC with the strongest basicity strength.
However, when it comes to Zn, Fe, Co and Cu impregnated
METS-10 catalysts, though they share similar CO2 adsorption
quantity, their reactivity still jagged obviously. As shown in
Fig. 10a, both glycerol conversion and GC yield of Zn/METS-10
(91% and 89.4%, respectively) approximate to that of Ni/
METS-10 (97.1% and 91.6%, respectively) and are unexpect-
edly much higher than that of other metal catalysts. Likewise,
Mn/ETS-10 is not competitive at all in basicity, but it seems
more active than Co, Fe and Cu-incorporated samples. Co/
METS-10 and Cu/METS-10 prove to be the least effective ones
with the transesterication conversion and product yield all
below 60%. These unusual phenomenon could be resulted from
the nally detected quantity and dispersion of active phase and
the damage to zeolite structure by introduction of different
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Optimization of reaction conditions for glycerol transesterification on Ni/MEST-10.
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metals with various degrees. It is worthmentioning that without
metal impregnation and structural damages the performance of
METS-10 and ETS-10 follows the general order of their basic
strength. On the basics of the CO2-TPD results, except for the
presence of weak-strength basic sites that is similar to ETS-10,
there are also appreciable quantity of medium- and high-
strength basic sites in METS-10 zeolite, which seems to make
the main contributions to the increased catalytic efficiency.
Furthermore, when compared to those metal catalysts, METS-10
and ETS-10 show evidently lower catalytic activity, indicating
This journal is © The Royal Society of Chemistry 2018
the requirement and signicance of metal participating for
facilitating the reaction. As a result, the overall GC yield
decreases in the order Ni/METS-10 (91.6%) > Zn/METS-10
(89.4%) > Mn/METS-10 (75.5%) > Fe/METS-10 (61.8%) > Co/
MET S-10 (53.9%) > Cu/METS-10 (45.3%) > METS-10 (43.6%) >
ETS-10 (39.2%). Thus, this conrms the conjecture that the
promoting effect of introducing transition metal for glycerol
conversion can be closely related to not only the inherent
properties and framework structure of support but also the
interaction of metal-support that can derive various inuence
RSC Adv., 2018, 8, 33473–33486 | 33481
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Fig. 11 The reusability of the catalyst in transesterification reaction
over Ni/METS-10 under optimized conditions (reaction conditions:
2.5 g glycerol, 5 g DMC, 0.125 g Ni/METS-10, 90 �C, 2 h).
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factors including actual metal content, dispersion and existing
state.

3.3.2 Effect of metal loadings. An appropriate metal
loading is of vital importance for metal dispersion and then play
a crucial role in reaction activity. Therefore, based on the
comparison among series of metal catalysts for glycerol trans-
esterication above, Ni/MEST-10 is chosen in this section to
explore the optimal metal content required here. It can be seen
from Fig. 10b that increasing metal loading can effectively
improve catalytic activity and the maximum GC yield (91.6%)
can be obtained by participation of 5 wt% Ni. It seems that
continuous increasing the metal loading may not necessarily
motivate the reaction, which led to 1.7% and 3% lower GC yield
at 7.5 wt% and 10 wt% of Ni, respectively. This can be attributed
to that though low Ni loadings benet its dispersion that is also
possible to be further decreased by the low reduction degree
Fig. 12 (a) XRD patterns, (b) FT-TR spectra of fresh and used Ni/METS-1

33482 | RSC Adv., 2018, 8, 33473–33486
caused by the strong interaction of Ni species and zeolite, it
cannot offer enough surface active sites. In contrast, the surface
active sites can be increased by higher Ni loadings. However,
excessive Ni contents inevitably encourage the serious aggre-
gation of Ni particles and lead to structural damage of zeolite,
thus go against the glycerol transesterication reaction.

3.3.3 Effect of reaction temperature. The inuence of
reaction temperature on the conversion and product distribu-
tion was explored and shown in Fig. 10c. It can be found that an
increase in the reaction temperature from 70 �C to 120 �C
results in an overall improvement of the conversion of glycerol
from 49.6% to 98.1% and of the yield towards GC from 39.2% to
82.6%, suggesting the positive role of higher temperature in
promoting the transesterication reaction. However, the
optimal condition is at 90 �C that is the boiling temperature of
DMC yielding 91.6% GC. Aer that, the reaction activity
declined but maintained at a steady level. This corresponds to
Arrhenius equation that increasing reaction temperature can
improve the miscibility of the multiphase reaction system and
collision rate between the reactants, and thus facilitate the
reaction rate, which could benet product yield.

3.3.4 Effect of reaction time. Reactions were also per-
formed as a function of time over Ni/HMETS-10. As presented in
Fig. 10d, both the glycerol conversion and GC yield are maxi-
mized when the reaction time is extended to 2 h, with 97.7%
glycerol conversion and 97.1% GC yield obtained. It has been
reported previously that for glycerol, the reactivity of both the
rst and second OH group is faster than the third one, which
requires more reaction time tomake sure the full access of these
OH groups to DMCmolecules and facilitate the formation of the
thermodynamically stable cyclic carbonate.56 Consequently,
here in this work, longer reaction time allows the biphasic
system of glycerol and DMC to mix well and to contact with
active sites more thoroughly, thus, leading to a more complete
transesterication reaction. Whereas, further prolonging the
time to 4.5 h seems to do nothing positive for catalytic perfor-
mance but keeps the GC yield above 85% all the time, sug-
gesting that reaction time does not takes a pivotal position in
0 samples.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Possible reaction pathway for the glycerol transesterification reaction.
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yielding GC in a wide range of 1.5–4.5 h. Besides, the unap-
parent product concentration change also illustrates an
approximate equilibrium for the reaction. Herein, it is better to
operate the catalytic system for 2 h from a comprehensive
consideration.

3.3.5 Effect of DMC/glycerol molar ratio. Since the
concentration of substrates is important and can be used to
effectively manipulate the reaction rate, the impact that various
ratios of DMC to glycerol play on GC yield is investigated in this
work. According to the stoichiometric calculations, the molar
ratio of DMC/glycerol required during the transesterication
process is exactly 1 : 1, but as a matter of fact, considering the
biphasic system resulted from the hydrophilic glycerol and
hydrophobic DMC, excessive amount of DMC is always applied
to increase the contact between glycerol and DMC, drive
forward the reaction equilibrium and prevent the reversibility of
the reaction. Besides, given the inuence of different catalysts
and reaction conditions that bring diverse interaction of glyc-
erol and active sites, the DMC/glycerol ratio oen varies in
a wide range. Herein, from Fig. 10e it can be seen that when the
reaction was performed at 90 �C for 2 h, both the optimal
glycerol conversion and GC yield can be preserved by increasing
the DMC/glycerol molar ratio to 2 : 1. Aer that, the reactivity
gradually decreased with the DMC contents further increased,
which can be owing to the counterproductive behaviour from
overmany DMC that not only diluting the reaction but also
encouraging the occurrence of possible side reactions. More-
over, adding too many DMC does not stand the economic point
of view. As a result, the molar ratio of DMC/glycerol is better to
be xed at 2 : 1 in the following experiments.
This journal is © The Royal Society of Chemistry 2018
3.3.6 Effect of catalyst/glycerol mass ratio. The amount of
catalyst is considered to be closely related to the active sites
indispensable for remarkably catalytic performance. And in
general, more addition of catalyst means that more active sites
is available for reactants adsorption. Fig. 10f shows an expected
tendency of GC yield change, which climbs up to peak value of
97.1% at a 5 wt% mass ratio of catalyst/glycerol. Then, it fell
below 90% with the catalyst/glycerol mass ratio further
increased to 10 wt%, and it continues downwards to 82.1%
nally at the mass ratio of 20 wt%. This could be due to that
being access to more and more necessary active sites greatly
accelerates the glycerolysis rate and facilitates the correspond-
ing intermediate formation, thus, benets the combination of
the original two immiscible reactants and leads to the forma-
tion of GC.While, though the presence of toomany basic sites is
benecial to promoting the reaction rate, it foster the side
reaction at the same time that leads to the formation of unde-
sired products and in turn reduction of GC yield. What's more,
an excess of catalyst loading also possibly causes mass transfer
limitation from the reactants to the catalytic active sites and
particle agglomeration, which goes against yielding GC. Hence,
a 5 wt% catalyst/glycerol mass ratio is adopted in the present
work to satisfy the active sites need for glycerol
transesterication.
3.4 Stability and reusability of catalyst

Taking the signicance of separating the product and reusing the
catalyst for industrial applications into account, recycling
experiments were carried out to test the stability and reusability
RSC Adv., 2018, 8, 33473–33486 | 33483
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of catalyst. The catalyst was separated by ltration aer each
reaction, and then dried at 100 �C overnight, followed by calci-
nation at 475 �C in air for 4 h to remove the deposited carbon.
The catalytic reaction was tested again with the reduced catalyst.
At least 8 experimental runs were performed and the results are
shown in Fig. 11. It seems that both the glycerol and GC yield did
not suffer much from the experimental runs with just slight drop
to 89.4% and 82.4%, respectively, suggesting the retention of
excellent catalytic performance. The XRD, FT-IR, and inductively
coupled plasma (ICP) experiments were carried out to explore the
inuence of recycling test on the catalyst. As shown in Fig. 12a,
the XRD peak intensity of the used catalyst is obviously lower
than that of the fresh catalyst, while both catalysts share similar
FT-IR spectra (Fig. 12b), which could be interpreted as the
formation of surface carbon deposition and occurrence of small
structural changes but not serious enough to destroy the frame-
work architectures of catalyst completely. Furthermore, accord-
ing to the ICP analysis, a certain amount of Ni species leaching
(0.9, 1.6 and 1.6% for the rst, fourth and seventh runs, respec-
tively) should be mainly responsible for the decreased catalytic
performance. Thus, it is desirable in the future study to focus on
stabilization of the catalyst through immobilization of active
metal species.
3.5 Mechanism investigation

The synthesis process of GC by glycerol transesterication over
reduced Ni/METS-10 was investigated according to the base
catalytic principle and the synergistic effects of active metal
(Scheme 1). Notably, the catalyst used in this study must be
reduced before experiments, otherwise, its catalytic activity is
almost as low as those catalysts without metal species intro-
duced. In other words, it emphasizes the critical role of Ni0

species. Based on the results of H2-TPR and XPS, there is
a certain amount of elemental nickel aer catalyst reduction,
which has been widely reported being greatly competitive and
potential for hydrogenation/hydrogenolysis process. It is
deduced that the presence of Ni0 species here could accelerate
the interaction of Lewis basic sites (TiO6

2�) with active glycerol
hydroxyl groups, and thus facilitate the deprotonation of the
more reactive primary hydroxyl group to form the glyceroxide
anion. In this course, Ni0 species appear to be a pulling force
driving the acidic hydrogen proton on primary alcohol to tend
towards TiO6

2�. Meanwhile, the carbonyl carbon of DMC is
activated by TiO6

1– H and attacked by the oxygen of primary
alcohol, leading to the elimination of methoxy group on DMC in
the form of methanol. And then, it will continuously suffer
attack of the oxygen from the secondary alcohol, with which the
formed unstable intermediate species will be fast transformed
into the desired product GC by intramolecular cyclisation
process. Similarly, another methanol molecular is produced
during this step.

Given the declined conversion and GC yield that can be
resulted from raising reaction temperature, prolonging reaction
time, excessive addition of DMC and catalyst, it is possible to
incur the side reaction in taking place. For example, further
carbonylation and decarboxylation under the action of
33484 | RSC Adv., 2018, 8, 33473–33486
superabundant basic sites will result in the formation of
undesired products glycerol dicarbonate (GDC) and glycidol
(GD).
4. Conclusions

In conclusion, series of ETS-10 zeolite catalysts were used to
investigate the detailed process of GC formation from glycerol
transesterication. For all the tested catalysts, the introduction
of hierarchically porous structure into zeolite ETS-10 presented
obvious advantage in exposing more basic sites, and avoiding
the porous blockage and structural damage by metal incorpo-
ration as much as possible. Furthermore, among different
transition metals (Fe, Co, Ni, Cu, Zn, and Mn), Ni was found to
be the most suitable for being loaded on METS-10, which led to
an enhanced catalyst basicity without serious loss of zeolite
crystallinity. More importantly, Ni0 species from the necessary
operation of catalyst reduction were turned out to be vital for
accelerating the access of reactants to the Lewis basic sites
(TiO6

2�). As a result, the reduced Ni/METS-10 with the exact
metal content, the best metal dispersion, the relatively inte-
grated catalyst structure and the strongest Lewis basic strength
proved to be the most reactive in catalytic conversion glycerol
transesterication, resulting in a 97.7% glycerol conversion and
97.1% GC yield under mild condition. The last but not least, Ni/
METS-10 can maintain the catalytic performance aer being
recycled at least 8 times, indicating its excellent stability and
reusability.
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