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Scheme 1. Transesterification of triglyceride to biodiesel and glycerol by-product.
Scheme 1. Transesterification of triglyceride to biodiesel and glycerol by-product.
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Solid base catalysts are an attractive alternative to alkali methoxides [10–14], offering facile
product separation and hence eliminating quenching steps, thereby reducing waste water formation
and enabling process intensification through continuous operation [15].
Layered double hydroxides (LDHs) of general formula [M2+ (1−x) M3+ x (OH)2 ][An– ]x/n ·yH2 O
(where x spans 0.2–0.4) are a class of inorganic materials comprising lamellar brucite-like layers
containing mixed M2+ and M3+ cations, separated by an interlayer of charged anions (An− ) [16,17].
The ability to vary the M2+ :M3+ ratio and hence tune their physicochemical properties, renders LDHs
valuable heterogeneous catalysts [18–21]. Most synthetic LDHs are prepared by the co-precipitation of
M2+ and M3+ salts under basic conditions, which results in the entrainment of residual alkali [22–24].
In the context of biodiesel synthesis, entrained Na+ and K+ are highly soluble in light alcohols, and their
leaching is associated with homogeneous catalysis, in addition to the saponification and emulsification
of fatty acids impurities in the oil feedstock.
To date, Mg–Al-LDHs (usually termed hydrotalcites) have proven highly active and tunable
catalysts for triglyceride transesterification, with alkali-free co-precipitation from nitrate precursors
using NH4 CO3 and NH3 OH as pH regulators reported [25,26]. Sol-gel routes to Mg–Al-LDHs from
expensive Al and Mg methoxide precursors are also known [27]. Urea hydrolysis offers an alternative
route to LDHs [28], such as [Zn0.67 Al0.33 (OH)2 ](CO3 )0.165 ·0.5H2 O, but requires post-modification with
Na2 CO3 to produce a pure LDH phase [22,29], which again risks complications from entrained alkali.
It is, therefore, surprising that the use of NH4 CO3 and NH3 OH precipitants has not been extended to
other M2+ :Al3+ combinations utilised in LDH synthesis [25].
Biodiesel production over spinel zinc aluminate (ZnAl2 O4 ) prepared by calcination of
Zn–Al-LDHs [30,31] has attracted significant attention and was commercialised as a continuous
process by IFP [32]. Recent studies suggest that alkali-precipitated Zn–Al-LDHs dehydrated by low
temperature calcination at 200 ◦ C (insufficient to form crystalline spinels) exhibit superior performance
for triglyceride transesterification, giving a stable 76% FAME yield from soybean oil for over 150 h
on-stream [33]. Although dehydrated Zn–Al-LDHs exhibit superior basicity to ZnAl2 O4 [29], they are
disordered and hence hard to reproducibly prepare, and published routes are not alkali-free [33].
Activation of LDHs usually involves calcination–reconstruction protocols to partially exchange
interlayer CO3 2− with OH− anions, thereby increasing basicity [34]. Liquid and vapour phase water
reconstruction is known to influence the structure and performance of calcined Mg–Al-LDHs, however
no such comparative studies exist for Zn–Al-LDHs for transesterification. Reconstruction of calcined
Al3+ containing LDHs depends on the dissolution of M2+ cations into the amorphous AlOx phase
formed on calcination [35]. Zn–Al-LDHs are consequently more challenging to reconstruct than
Mg–Al-LDH analogues [36] due to the different solubility products of Zn(OH)2 and Mg(OH)2 relative
to Al(OH)3 and concomitant energetics of ion dissolution-reprecipitation necessary to regenerate
the LDH. Kooli et al. [37] demonstrated some success in regenerating lamellar structured materials
following hydrothermal reconstruction of 300–400 ◦ C calcined Zn–Al mixed oxides, although this has
not been extended to alkali-free Zn–Al-LDHs or evaluated in catalytic applications.
Here the alkali-free synthesis of Zn–Al-LDHs is reported, and the impact of Zn:Al molar ratios
and calcination–reconstruction protocols on corresponding basicity and catalytic activity explored.
Hydrothermal reconstruction generates the most active catalysts for the transesterification of model
C4 –C18 triglycerides with methanol, with base site loadings and activity increasing with Zn content.
2. Results and Discussion
2.1. ZnAl-LDH Synthesis and Characterization
The successful synthesis of high surface area, alkali-free Zn–Al-LDHs with Zn:Al molar ratios
spanning 1.6–3.3 was evidenced by powder XRD, elemental analysis, N2 porosimetry, and SEM.
Diffraction patterns characteristic of the hexagonal unit cell of LDHs [38] were observed in all cases
(Figure 1), with sharp, intense reflections at 2θ = 11◦ , 23◦ , 35◦ , 39◦ , 47◦ , 60◦ , and 62◦ corresponding to
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Figure 1. Powder XRD patterns of parent Zn–Al-LDHs synthesised via an alkali-free route.
route.
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Table 1. Physicochemical properties of as-synthesised Znx Al-LDHs.
Nominal Zn:Al
Atomic Ratio

Nominal Zn:Al
Atomic 1.5
Ratio
2.0
3.0
4.0

1.5

a

Table
1. Physicochemical
of as-synthesised ZnxAl-LDHs.
Bulk
Composition a properties
BET b Surface
Experimental Zn:Al
Zn/wt%

Al/wt%

a
Bulk Composition
30.9
8.0

32.3
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33.5
Zn/wt%
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a

Experimental
1.6 Zn:Al
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3.3
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BET b43
Surface
63 2g−1
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Crystallite c
Size/nm
c
Crystallite
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15
Size/nm

73
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8.0
1.6
43
c
XRF; b N30.9
2 physisorption; From XRD line broadening analysis using the Scherrer equation.
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13
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32.3
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63

15

3.0

33.5

4.6

3.0

73

18

4.0

44.2

5.5
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65

13

a

XRF; b N2 physisorption; c From XRD line broadening analysis using the Scherrer equation.
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discounted due to the high (>500 C) calcination temperature required for its formation [42]. The ZnO
reflections sharpen and intensify with LDH Zn content, indicating larger ZnO nanoparticles are
extruded from the LDH platelets, whose initial sand rose structure is lost after 300 C calcination,
associated with the formation of agglomerates of 10–20 nm spherical particles (Figure S3).
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Figure 3. Powder XRD patterns of alkali-free Zn3.3–Al-LDH following 300 C calcination and
subsequent reconstruction by steam, 25 C water, or 110 C hydrothermal treatments.
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Table 2. Physicochemical properties of 300 ◦ C calcined Zn3.3 –Al-LDH materials following
reconstruction via steam, 25 ◦ C water or 110 ◦ C hydrothermal treatments.

2.2. Catalytic Activity
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Steam
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27
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1019
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are×consistent
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a

From XRD line broadening analysis using the Scherrer equation; b From relative intensity of d(003) of LDH
2θ = 11.6◦ and d(101) of ZnO at 2θ = 36◦ ; c N2 physisorption; d CO2 pulse chemisorption.

Hydrothermal activation was subsequently extended to the other 300 ◦ C calcined ZnAl-LDHs
(Figure S5), for which the extent of recovery of the LDH phase and corresponding LDH crystallite
size increase with Zn content. Zn4 Al2 (OH)10 (CO3 )·xH2 O is reportedly the most stable LDH
composition formed by hydrothermal aging of as-synthesised Znx –Al-LDHs, regardless of the initial
composition [36,40], which might suggest complete reconstruction would be favoured by Zn–Al-LDHs
with Zn:Al ratios ≤ 2:1. However in the present case, the efficiency of reconstruction from a calcined
Zn–Al-LDH increases with Zn:Al ratio (Figure S5), suggesting that reconstruction it is not limited
by the initial composition but rather by competing ZnO/ZnOH crystallisation. The basicity of the
hydrothermally reconstructed LDHs linearly increased from 0.05 mmol·g−1 for Zn1.6 Al-LDH to
0.1 mmol·g−1 for Zn3.3 Al-LDH (Table S1), evidencing their tunable base properties.
2.2. Catalytic Activity
The influence of activation protocol on the catalytic performance of Zn3.3 –Al-LDH was
subsequently evaluated for the transesterification of tributyrin with methanol (Figure S6).
hydrothermal activation afforded significantly enhanced conversion than steam or water protocols
(Figure 5). Turnover frequencies (TOFs) mirrored the trends in conversion. Since base strength was
independent of activation protocol (Figure S4), the latter observation suggests that hydrothermal
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The most active Zn3.3 –Al-LDH catalyst was selected for the transesterification of longer chain
The most active Zn3.3–Al-LDH catalyst was selected for the transesterification of longer chain
C8 –C18 TAGs (Figure S9 and Figure 6), for which 20 wt% 1-butanol was added to aid solubility, and the
C8–C18 TAGs (Figures S9 and 6), for which 20 wt% 1-butanol was added to aid solubility, and the
reaction temperature raised to 110 ◦ C to compensate for the lower activity of bulky TAGs). As a control,
reaction temperature raised to 110 C to compensate for the
lower activity of bulky TAGs). As a
transesterification of the C4 TAG was also performed at 110 ◦ C in the presence of butanol, revealing
control, transesterification of the C4 TAG was also performed at 110 C in the presence of butanol,
a 73% decrease in TOF, despite the increased reaction temperature, which may reflect competitive
revealing a 73% decrease in TOF, despite the increased reaction temperature, which may reflect
adsorption between less reactive but more strongly chemisorbed butoxide species [48] and methanol.
competitive adsorption between less reactive but more strongly chemisorbed butoxide species [48]
Zn3.3 –Al-LDH was active for transesterification of all TAGs, however conversions and TOFs fell from
and methanol. Zn3.3–Al-LDH was active for transesterification of all TAGs, however conversions and
20 to 9% and 78 to 33 h−1 respectively with
increasing fatty acid chain length, possibly reflecting poorer
TOFs fell from 20 to 9% and 78 to 33 h−1 respectively with increasing fatty acid chain length, possibly
base site accessibility for the bulkier TAGs. FAME selectivities after 24 h reaction exceeded 96% for
reflecting poorer base site accessibility for the bulkier TAGs. FAME selectivities after 24 h reaction
C4 –C8 TAGs, decreasing to 70–77% for the C12 and C18 TAGs (Table S2), suggesting that re-adsorption
exceeded 96% for C4–C8 TAGs, decreasing to 70–77% for the C12 and C18 TAGs (Table S2), suggesting
of longer chain DAG and MAG reactively-formed intermediates may also be hindered relative to
that re-adsorption of longer chain DAG and MAG reactively-formed intermediates may also be
shorter chain analogues.
hindered relative to shorter chain analogues.
Table S3 summarises the activity of representative solid base catalysts employed for the
Table S3 summarises the activity of representative solid base catalysts employed for the
transesterification C4 –C18 triglycerides and plant oils. The Zn3.3 –Al-LDH performance is comparable
transesterification C4–C18 triglycerides and plant oils. The Zn3.3–Al-LDH performance is comparable
to that of Mg2 –Al-LDH catalysts [26] for tributyrin transesterification (290 versus 329 h−−11 ), and
to that of Mg2–Al-LDH catalysts [26] for tributyrin transesterification (290 versus 329 h ), and
superior for triolein (33 versus 10.8 h−1−1 ). Benchmarking against literature Zn–Al-LDH catalysts [31]
superior for triolein (33 versus 10.8 h ). Benchmarking against literature Zn–Al-LDH catalysts [31] is
is hindered by their higher reaction temperature (200 ◦ C) and alkali precipitation synthesis route,
hindered by their higher reaction temperature (200 C) and alkali precipitation synthesis route, which
which
gives
rise to homogenous
contributions
to measured
catalytic
activity
[24].
Thepromising
most promising
gives rise
to homogenous
contributions
to measured
catalytic
activity
[24]. The
most
report
◦
report
of Zn–Al-LDH
is for soybean
oil transesterification
atwherein
140 C, 76%
wherein
76% conversion
was
of Zn–Al-LDH
is for soybean
oil transesterification
at 140 C,
conversion
was
observed
−1 [33]. In
observed
under
continuous
flow
at
a
(very
low)
weight
hourly
space
velocity
of
1
h
under continuous flow at a (very low) weight hourly space velocity of 1 h−1 [33].
In comparison, Zn3.3–
−1 at 110 ◦ C for triolein
comparison,
Zn
–Al-LDH
delivers
a
mass
normalized
productivity
of
2.9
h
3.3
−1
Al-LDH delivers a mass normalized productivity of 2.9 h at 110 C for triolein transesterification

under batch conditions. Alkali-free, hydrothermally activated Zn–Al-LDHs are thus promising
materials for the development of heterogeneously catalysed transesterification processes.
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3. Materials and Methods
3.1. Catalyst Synthesis
3.1. Catalyst Synthesis
Alkali-free Zn–Al-LDHs were prepared by co-precipitation, using simultaneous dropwise
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110 ◦ C under autogeneous pressure, for 12 h. Liquid water and hydrothermally reconstructed LDHs
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centrifuged, washed and dried at 80 C prior to use.
3.2. Catalyst Characterisation
3.2. Catalyst Characterisation
Zn–Al-LDHs were characterised by a powder XRD recorded on a Bruker-AXS D8 ADVANCE
Zn–Al-LDHs
were characterised
byata 40
powder
XRD
recorded
D8 ADVANCE◦
diffractometer (Coventry,
UK) operated
kV and
40 mA
using on
CuaKBruker-AXS
α radiation between 10–80 .
diffractometer (Coventry, UK) operated at 40 kV and 40 mA using Cu Kα radiation between 10–80°.
Crystallite sizes were determined by application of the Scherrer equation. XPS was performed on a
Kratos Axis HSi X-ray photoelectron spectrometer (Manchester, UK) fitted with a charge neutraliser
and magnetic focusing lens employing Al Kα monochromated radiation at 90 W. Spectral fitting was
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Crystallite sizes were determined by application of the Scherrer equation. XPS was performed on a
Kratos Axis HSi X-ray photoelectron spectrometer (Manchester, UK) fitted with a charge neutraliser
and magnetic focusing lens employing Al Kα monochromated radiation at 90 W. Spectral fitting was
performed using CasaXPS version 2.3.16, with binding energies referenced to the C 1s peak at 284.5 eV.
N2 porosimetry was undertaken on a Quantachrome Nova 4000 porosimeter (Hook, UK) on samples
degassed at 120 ◦ C for 3 h. Surface areas were calculated by the Brunauer-Emmet-Teller (BET) method
from the desorption isotherm for P/P0 < 0.2. Base site densities were determined by CO2 temperature
program desorption (CO2 -TPD) using a Quantachrome ChemBET 3000 chemisorption analyser (Hook,
UK). 50 mg of the catalyst was placed in a quartz cell, outgassed for 1 h under flowing He at 120 ◦ C,
cooled to 40 ◦ C, and then titrated with 50 µL CO2 pulses at room temperature. CO2 TPD were obtained
by heating CO2 saturated samples to 700 ◦ C at 10 ◦ C·min−1 . Thermogravimetric analysis (TGA) was
performed on a Mettler Toledo TGA/DSC2 Star system (Leicester, UK) under flowing nitrogen during
heating to 800 ◦ C at 10 ◦ C·min−1 . Scanning Electron Microscopy (SEM) was performed on a JEOL
JSM-7000F microscope (fitted with EDX) (Welwyn Garden City, UK) using a 20 kV accelerating voltage.
3.3. Catalytic Transesterification
Transesterification of tributyrin (Aldrich, 97%) with methanol (Fisher, 99.8%) was performed in a
stirred, round-bottomed flask at 65 ◦ C, using 100 mg or 50 mg of catalyst, 10 mmol of TAG, 300 mmol
of methanol (TAG: alcohol mole ratio 1:30), and 2.5 mmol of dihexyl ether (Aldrich, 97%) as an internal
standard. Comparison of hydrothermal activation protocols were performed at 65 ◦ C using 100 mg
catalyst owing to the low conversion of steam and liquid reconstructed materials, while 50 mg catalyst
was employed when comparing the hydrothermal Znx Al family to ensure kinetics were measured free
from any diffusion limitation.
Aliquots were periodically withdrawn from the reaction mixture and analysed by off-line GC
after dilution with dichloromethane using a Varian 450-GC (Crawley, UK) fitted with a Phenomenex
ZB-5HT Inferno column (15 m × 0.32 mm i.d. and 0.1 µm film thickness) capillary column. Due to
poor miscibility of longer chain C8–18 TAGs (glyceryl trioctanoate, (Sigma, >90%), glyceryl trilaurate
(Sigma, >90%) and glyceryl triolein (Alfa Aesar, 95%), 20 wt% of butanol (Sigma, >99.4%) was added
to increase oil solubility in the reaction mixture, with transesterification performed at 110 ◦ C in an
ACE™ (Vineland, NJ, USA) pressure flask modified with a dip-tube to enable aliquots to be withdrawn.
For consistency, the transesterification of the C4 TAG was also performed with addition of butanol.
Samples were diluted in dichloromethane, with analysis performed using a Varian 450-GC fitted
with a temperature-programmed on-column injector and a Phenomenex ZB-1HT Inferno wide-bore
column (15 m × 0.53 mm and 0.1 µm film thickness). Turnover Frequencies (TOFs) were calculated by
normalising initial rates derived from the linear portion of reaction profiles (<20% conversion) during
the first hour to the base site loadings obtained from CO2 chemisorption.
Leaching studies were conducted using hot filtration and recycle tests to check the catalyst stability
during tributyrin transesterification with methanol at 65 ◦ C. For hot filtration tests, the catalyst was
removed from the hot reaction after 3 h, followed by conversion and product formation for a further
24 h. Reusability of the recovered Zn3.33 –Al-LDH was also investigated following reactivation by
calcination and hydrothermal reconstruction.
4. Conclusions
Zn–Al-LDHs with Zn:Al molar ratios spanning 1.6–3.3 were successfully synthesised via an
alkali-free route using NH3 OH and NH3 CO3 . The influence of activation protocol on 300 ◦ C calcined
Zn3.33 –Al-LDH was explored, with hydrothermal reconstruction at 110 ◦ C proving most effective for
regenerating the parent LDH crystalline structure and maximizing the base site loading. All catalysts
exhibited moderate strength base sites, attributed to ZnOH in the LDH structure. Initial rates of
tributyrin transesterification with methanol (and final conversion) were directly proportional to the Zn
loading and hence base site density, suggesting that Zn–Al-LDHs possess a common base site. The
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most active Zn3.3 –Al-LDH catalyst was stable towards leaching, and effective for the transesterification
of C4 –C18 triglycerides to FAMEs, setting the scene for future evaluation against real oil feedstocks.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/12/667/s1,
Figure S1: (a) Mass loss and calorimetric measurements and (b) H2 O and CO2 evolved followed by TG–MS during
calcination of Zn3.3 –Al-LDH to 800 ◦ C; Figure S2: Diffraction patterns of Znx –Al-LDH following calcination
at 300 ◦ C; Figure S3: SEM of Zn3.3 –Al-LDH following calcination at 300 ◦ C; Figure S4: CO2 -TPD profiles of
Zn3.3 –Al-LDH synthesised via steam, water or hydrothermal activation; Figure S5: (a) Diffraction patterns
of Znx –Al-LDH (x-1.6-3.3), following hydrothermal activation; (b) % regeneration of LDH and crystallite size
following hydrothermal activation; Figure S6: Effect of different activation protocols on activity of Zn3.3 –Al-LDH
in tributyrin transesterification (a) tributyrin conversion, and (b) methyl butyrate yield; Figure S7: Effect of
hydrothermally activated Znx –Al-LDH composition on tributyrin transesterification (a) tributyrin conversion, and
(b) conversion after 24 h and TOF; Figure S8: Hot filtration leaching test for Zn3.3 –Al-LDH in the transesterification
of tributyrin with methanol at 65 ◦ C; Figure S9: Effect of TAG chain length on transesterification activity
using hydrothermal Zn3.3 Al-LDH at 110 ◦ C; Table S1: Physicochemical properties of hydrothermally activated
Znx –Al-LDH materials; Table S2: Conversion and FAME selectivity following transesterification of different
chain length TAGs over hydrothermally reconstructed Zn3.3 Al-LDH. Reaction conditions: 110 ◦ C, 300 mmol
MeOH, 10 mmol TAG, 2.5 mmol dihexyl ether internal standard, 20 wt% butanol, and 100 mg catalyst; Table S3:
Conversion and TOF data from published literature of selected base catalysed transesterification of triglycerides.
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