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Abstract

Magnesium–aluminum hydrotalcite with a Mg/Al molar ratio of 4 was synthesized by a coprecipitation method. Thermally-decomposed and
rehydrated Mg–Al hydrotalcites were used to catalyze the transesterification of tributyrin, a model triglyceride, with methanol (tributyrin:methanol
molar ratio 1:30) at 333 K to produce methyl butyrate, monobutyrin, dibutyrin, and glycerol. The pseudo first order rate constants of a three step
reaction sequence for tributyrin transesterification were determined by fitting a kinetic model to the experimental data. Although decomposed and
rehydrated Mg–Al hydrotalcite was one order of magnitude more active than decomposed Mg–Al hydrotalcite based on surface area measured by
N2 adsorption, the activity correlated well to the CO2 adsorption capacity. The most active rehydrated samples also deactivated faster, presumably
because butyric acid produced by hydrolysis of ester with adsorbed water reacted with the base sites. The areal rate and CO2 adsorption capacity
of decomposed-rehydrated Mg–Al hydrotalcite decreased as the interlayer water was removed by heating.
© 2008 Elsevier Inc. All rights reserved.

Keywords: Hydrotalcite; Biodiesel; Transesterification; Decomposition; Rehydration; Brønsted base site; Lewis base site; Interlayer water; Kinetics;
CO2 adsorption
1. Introduction

Biodiesel is an attractive biorenewable alternative to petro-
leum-based transportation fuels. Common feedstocks for the
production of biodiesel include triglycerides found in vegetable
oils and animal fats. These triglycerides can undergo catalytic
transesterification with methanol or ethanol to form monoalkyl
esters commonly known as biodiesel [1–4]. Since biodiesel
is free of sulfur and aromatic species and contributes much
less to global warming than fossil fuels, it is considered to be
an environmentally-friendly fuel alternative [1,4,5]. Moreover
biodiesel can be added to low sulfur petroleum-derived diesel
to improve its lubricity [1]. Classically, homogeneous base cata-
lysts such as alkali metal hydroxide or methoxide are often used
to catalyze the transesterification reaction for biodiesel produc-
tion, however separation of the homogeneous catalyst from the
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reaction solution is difficult [6]. Heterogeneous catalysts would
be preferred since they can be easily separated and reused.

Metals, metal oxides and zeolites have been studied for the
catalytic transesterification reactions [7–10]. In particular, Mg–
Al hydrotalcite is a potentially interesting catalyst for trans-
esterification since it is recognized as an anion exchanger, an
adsorbent and a solid base catalyst [11].

Hydrotalcite with a general formula of [Mg(1−x)Alx-
(OH)2]x+(CO3)x/2

2−·nH2O is a class of double layered an-
ionic clay having brucite-like Mg(OH)2 layers, where magne-
sium cations are octahedrally-coordinated with hydroxyl ions
and share edges to form brucite-like layers. When a magne-
sium cation is replaced by an aluminum cation, a positive
charge is generated in the layer, which is balanced by an an-
ion such as carbonate or hydroxyl located between the layers.
Water molecules can also be present in the interlayer space. De-
composition of Mg–Al hydrotalcite yields a high surface area
Mg–Al mixed oxide, which presumably exposes strong Lewis
base sites [12–14]. The basic properties of these sites depend
on the Mg–Al ratio in the precursor hydrotalcite [11,13,15].
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Interestingly, the reconstruction of decomposed Mg–Al hydro-
talcite by rehydration at room temperature has been reported to
enhance the catalytic activity [16]. During the rehydration, the
brucite-like layers are reformed and the charge-compensating
carbonate anions are replaced by hydroxyl anions, thus form-
ing Brønsted base sites. The decomposed-rehydrated Mg–Al
hydrotalcite with Brønsted base sites exhibits higher catalytic
activity than the decomposed Mg–Al hydrotalcite with Lewis
base sites for the aldol condensation of benzaldehyde with ace-
tone [16], aldol condensation of citral with ketones [17], self-
aldolization of acetone [17], Michael addition reactions [18],
and the transesterification of oleic acid methyl ester with glyc-
erol [12].

Recently, Cantrell et al. showed that thermally activated Mg–
Al hydrotalcites with various Mg–Al ratios are effective cat-
alysts for transesterification of tributyrin with methanol, with
catalytic activity increasing as the Mg content in the Mg–Al
hydrotalcite increased [19].

In this work, Mg–Al hydrotalcite with Mg/Al molar ratio
of 4 was prepared as the catalyst precursor. The catalytic ac-
tivity of decomposed and rehydrated Mg–Al hydrotalcites was
then tested in the transesterification of tributyrin with methanol.
The catalyst structure and CO2 adsorption capacity were evalu-
ated as a function of pretreatment temperature and then related
to the observed activity.

2. Experimental methods

2.1. Catalyst preparation

A coprecipitation method was used to synthesize Mg–Al
hydrotalcite. First, an aqueous solution (200 ml) contain-
ing 0.24 mol Mg(NO3)2·6H2O (Acros, 98%) and 0.06 mol
Al(NO3)3·9H2O (Aldrich, 98%) and another aqueous solution
(200 ml) containing 0.468 mol NaOH (Mallinckrodt, 99%) and
0.12 mol Na2CO3 (Aldrich, 99.95%) were added dropwise into
50 ml of distilled deionized (DDI) water at 338 K and stirred for
22 h at 338 K. The mixture was filtered and the recovered pre-
cipitate was washed thoroughly with DDI water (about 340 K).
The resulting hydrotalcite was dried at 338 K in air for 24 h,
ground into powder, and sieved between 0.038 and 0.075 mm
to give the catalyst precursor, denoted as HT.

The decomposed Mg–Al hydrotalcite, denoted as HT-d, was
prepared by heating HT to 723 K under 100 cm3 min−1 of flow-
ing N2 (Messer, 99.999%). The temperature was raised to 723 K
at a rate of 10 K min−1 and maintained at 723 K for 8 h be-
fore cooling to room temperature. The decomposed-rehydrated
Mg–Al hydrotalcite, denoted as HT-d-r, was prepared by flow-
ing 100 cm3 min−1 of wet N2 (2.6 vol% H2O, by bubbling
N2 through 200 ml of aqueous solution containing 9.1% NaCl)
through HT-d for 24 h at room temperature. After rehydration,
the HT-d-r sample was progressively heated to remove water
in stages. The thermal treatment occurred at 333, 373, 423, or
473 K after heating at a rate of 5 K min−1 in 100 cm3 min−1

of flowing N2 and maintaining temperature for 1 h prior to
cooling to room temperature. The HT-d-r was also decom-
posed by ramping the temperature to 723 K at 5 K min−1 in
100 cm3 min−1 of flowing N2, holding for 1 h and cooling to
room temperature. These catalysts are denoted as HT-d-r-333,
HT-d-r-373, HT-d-r-423, HT-d-r-473, and HT-d-r-723, respec-
tively.

A reference catalyst, Mg(OH)2 (Sigma–Aldrich 99.9%), was
activated by the same thermal decomposition and rehydration
procedures described above for HT-d-r. The activated Mg(OH)2
was then reheated to 373 K for 1 h in 100 cm3 min−1 of N2 to
remove the physisorbed water before the reaction test. A refer-
ence MgO catalyst was prepared by thermal decomposition of
the commercial Mg(OH)2 using the same decomposition pro-
cedure as HT-d preparation.

2.2. Catalyst characterization

The weight loading of Mg and Al, and the trace analysis
of Na were determined by ICP analysis (Galbraith Labora-
tories, Knoxville, TN). Dinitrogen adsorption isotherms were
measured at 77 K using a Micromeritics ASAP 2020 and the
surface area was calculated using the Brunauer–Emmett–Teller
(BET) method. X-ray diffraction was performed on a Scintag
XDS 2000 diffractometer using CuKα radiation. Samples were
scanned continuously over 2θ from 7◦ to 72◦ at a scan rate of
2◦ min−1.

Thermogravimetric analysis (TGA) of HT and HT-d-r was
performed on a TGA 2050 Thermogravimetric Analyzer (TA
Instruments). Approximately 30 mg HT was used and the tem-
perature was first ramped to 723 K at 2 K min−1 and maintained
at 723 K for 8 h under 100 cm3 min−1 N2; then the temperature
was lowered to 298 K under 100 cm3 min−1 N2; rehydration
was performed by flowing 100 cm3 min−1 wet N2 (2.6 vol%
H2O) at 298 K for 24 h; finally, thermogravimetric analysis was
performed by ramping the temperature to 723 K at 2 K min−1

in 100 cm3 min−1 of flowing N2.
The adsorption of CO2 was performed on the TGA instru-

ment. Approximately 30 mg HT was loaded for each analysis.
The samples HT-d, HT-d-r, HT-d-r-333, HT-d-r-373, HT-d-r-
423, HT-d-r-473 and HT-d-r-723 were prepared in situ in the
TGA instrument using the same catalyst activation procedures,
except the rehydration was performed at 298 K. Before CO2 ad-
sorption, HT-d-r was purged with 100 cm3 min−1 N2 at 298 K
for 5 h to remove the physisorbed water. The CO2 adsorp-
tion was performed with 100 cm3 min−1 flowing CO2 (Messer,
99.999%) at 298 K under atmospheric pressure for 1 h. After-
wards, the sample was purged with 100 cm3 min−1 flowing N2
for 1 h to remove weakly adsorbed CO2.

2.3. Transesterification reaction

The transesterification reactions were performed at 333 K in
a 500 ml glass batch reactor equipped with a condenser to reflux
the methanol, stirred with a semicircular impeller (19×60 mm)
at 180 rpm and purged with N2 flowing at 40 cm3 min−1. For
each reaction, 136.5 g methanol (Fisher, 99.9%), 43.8 g trib-
utyrin (Acros, 98%) and 6.5 g butyl ether (Sigma–Aldrich,
99.3%) used as an internal standard were charged to the reactor.
In general, 0.25 g HT or Mg(OH)2 was pretreated and moved
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into the batch reactor without exposure to air to prevent CO2
contamination of the base sites. Liquid samples were periodi-
cally removed and filtered for analysis. Analysis was performed
on an HP 5890 Series II Gas Chromatograph equipped with
a DB1 capillary column (30 m × 0.32 mm × 0.25 µm) and a
flame ionization detector. The response factors for tributyrin,
dibutyrin, monobutyrin and methyl butyrate were determined
through multipoint calibrations of standards.

2.4. Kinetic modeling of transesterification

The transesterification of tributyrin (T) with methanol (M)
can be described in three sequential steps: (1) tributyrin reacts
with methanol to produce dibutyrin (D) and methyl butyrate
(MB); (2) dibutyrin reacts further with methanol to produce
monobutyrin (Mo) and methyl butyrate; (3) monobutyrin re-
acts with methanol to produce glycerol (G) and methyl butyrate.
These three steps can be expressed in the following three reac-
tion equations:

(1)T + M
k1−−−−→D + MB,

(2)D + M
k2−−−−→Mo + MB,

(3)Mo + M
k3−−−−→G + MB.

Although each step of the transesterification reaction is re-
versible, Diasakou et al. proposed that the reverse reactions in
excess methanol were not important and could be ignored [20].
Each step of the reaction was assumed to be first order to
each reaction component [20–23]. In this study, all the reac-
tions were carried out with a methanol:tributyrin molar ratio
of 30:1. With such a large excess of methanol, we further as-
sumed pseudo first order kinetics with respect to the butyrin
components. Our kinetic analysis also attempted to quantify
the deactivation rate. The same empirical exponential deactiva-
tion component, exp(−αt), was applied for all three reactions,
where α is deactivation parameter (min−1), and t is reaction
time (min). The normalized moles for T, D, Mo, G and MB
are defined as yi = [i]/[T]0, where i = T, D, Mo, or G, and
yMB = [MB]/[T]0/3. In these expressions, [i] is the concentra-
tion of species i (mol L−1) and [T]0 is the initial concentration
of tributyrin (mol L−1). In this way, 1 − yT will be the conver-
sion of tributyrin and yi will be the yield of species i, where
i = MB, D, Mo, or G.

Based on the above reaction mechanism and assumptions,
the differential equations describing the reaction system are:

(4)
dyT

dt
= −S[M]0k1yTe−αt ,

(5)
dyD

dt
= S[M]0(k1yT − k2yD)e−αt ,

(6)
dyMo

dt
= S[M]0(k2yD − k3yMo)e

−αt ,

(7)
dyG

dt
= S[M]0k3yMoe

−αt ,

(8)3
dyMB

dt
= S[M]0(k1yT + k2yD + k3yMo)e

−αt ,
Table 1
Surface area of activated HT and reference catalysts

Sample BET surface area (m2 g−1)

HT-d 265
HT-d-r 40
HT-d-r-333 41
HT-d-r-373 43
HT-d-r-423 44
HT-d-r-473 47
MgOa 22
Mg(OH)2

b 17

a MgO was prepared by decomposing the commercial Mg(OH)2 at 723 K for
8 h in 100 cm3 min−1 flowing N2.

b Mg(OH)2 was prepared by rehydrating the decomposed commercial
Mg(OH)2 at room temperature for 24 h in 100 cm3 min−1 wet N2 (2.6 vol%
H2O) flow and then heating at 373 K for 1 h in 100 cm3 min−1 flowing N2.

where k1, k2, and k3 are reaction constants normalized per
unit catalyst surface area for the three transesterification re-
action steps (mol−1 L m−2 min−1); S is total surface area
of catalyst (m2); and [M]0 is the initial concentration of
methanol (mol L−1). The MATLAB function ode45 was ap-
plied to solve the differential equations and another MAT-
LAB function lsqcurvefit was used to minimize the value of∑

i

∑
t (yi,t,cal − yi,t,exp)

2 to estimate the rate constants and de-
activation parameters, where the index i runs through T, D, Mo,
G, and MB and the index t runs through the experimental data
points. The subscripts cal and exp refer to the calculated value
and experimental value, respectively. The MATLAB function
nlparci was applied to estimate the 95% confidence intervals of
the rate constants and deactivation parameters.

3. Results and discussion

The elemental analysis and the TGA results indicated
the composition of the synthesized Mg–Al hydrotalcite was
[Mg0.795Al0.205(OH)2]0.205+(CO3)2−

0.1025·0.88H2O with a trace
amount of Na at 62 ppm. The effect of the small amount of Na
on catalysis was neglected. The Mg/Al molar ratio was close to
the nominal ratio of 4:1. The BET surface areas listed in Table 1
revealed that HT-d had a very high surface area of 265 m2 g−1

compared to the rehydrated sample, HT-d-r, 40 m2 g−1. The
surface areas of thermally treated HT-d-r at temperatures from
333 to 473 K remained relatively constant, presumably because
the layered structure remained intact at these modest tempera-
tures.

Results from thermogravimetric analysis (TGA) and differ-
ential thermogravimetric analysis (DTA) of HT are shown in
Fig. 1. The DTA curve shows two main weight loss features
from dehydration and decomposition. The loss by dehydration,
which occurs below 473 K, is attributed to the removal of inter-
layer water [24–26]. The decomposition of these layers, which
occurs above 473 K, leads to the formation of high surface
area mixed oxides. This process is the result of simultaneous
decarbonation of the interlayer carbonate anions and dehydrox-
ylation of the brucite-like layers.

Fig. 2 illustrates the TGA and DTA curves for a HT-d-r
sample. Three weight loss peaks appear on the DTA curve of
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Fig. 1. (a) Thermogravimetric analysis (TGA), (b) differential thermogravimet-
ric analysis (DTA) for HT.

Fig. 2. (a) Thermogravimetric analysis (TGA), (b) differential thermogravimet-
ric analysis (DTA) for HT-d-r.

HT-d-r. The first two peaks appearing at 313 and 363 K are at-
tributed to the removal of physisorbed water and interlayer wa-
ter, respectively. The dehydration of interlayer water happens
in a broad temperature range from 333 to 473 K. The decom-
position of the sample occurs above 473 K and is attributed to
the simultaneous dehydroxylation of the charge-balancing in-
terlayer hydroxyl anions and the brucite-like layers.

The X-ray diffraction (XRD) patterns of HT, HT-d, HT-d-r,
and various thermally-treated HT-d-r samples are presented in
Fig. 3. The XRD pattern of the synthesized hydrotalcite (HT)
has the typical reflections associated with the double layered
hydroxide. After decomposition at 723 K for 8 h, the layered
structure of HT disappeared and the mixed oxide with high sur-
face area was formed. The original hydrotalcite layered struc-
ture was essentially reformed by a stream of humidified N2 over
the decomposed HT at room temperature for 24 h. However, the
crystallinity of HT-d-r decreased upon dehydration from 333 to
473 K, which is characteristic of dehydration of Mg–Al hydro-
talcite [27]. The intensity of the (003) peak at 2θ = 11.2◦ and
the (006) peak at 2θ = 22.4◦, which are associated with the in-
terlayer spacing, decreased and the peak width increased as the
treatment temperature increased. At 423 and 473 K the (006)
reflections were almost absent.

The transesterification of tributyrin with methanol over acti-
vated Mg–Al hydrotalcite catalysts was then performed. The
possible products from the three step reaction sequence are
methyl butyrate, dibutyrin, monobutyrin and glycerol. The ini-
Fig. 3. X-ray diffraction patterns of HT, HT-d, HT-d-r, HT-d-r-333, HT-d-r-373,
HT-d-r-423, and HT-d-r-473. (Q) Hydrotalcite, (F) MgO.

tial reaction rate of tributyrin over HT-d-r was proportional to
the catalyst weight loading in the range of 0.125–1.0 g. The
Weisz modulus [28], Φ = (rTρs)obsR

2/Deff[T], where rT is
the reaction rate of tributyrin (8.0 × 10−5 mol s−1 g−1), ρs is
the catalyst particle density (2 g cm−3), R is the catalyst par-
ticle radius (0.038 mm), Deff is the effective diffusion coef-
ficient (10−5 cm2 s−1), and [T] is the tributyrin concentration
(0.7 mol L−1), was used to evaluate the effect of internal diffu-
sion. The Weisz modulus Φ was estimated to be 0.3, which was
similar to the Weisz modulus Φ = 0.2 reported by Rao et al.
for the condensation of benzaldehyde with acetone over rehy-
drated hydrotalcite [16]. The Weisz modulus of 0.3 corresponds
to an effectiveness factor greater than 0.95 and thus the effects
of mass transfer were neglected in the reporting of observed
rates.

To check for leaching of catalyst into the reaction medium,
HT-d-r catalyst was removed from the reactor after 100 min of
reaction. As illustrated by the reaction profile in Fig. 4, the con-
version of tributyrin was abruptly stopped after removal of the
catalyst at 100 min. Moreover, the composition of the products
did not change after filtering. These results confirm that cataly-
sis was associated with the solid phase material.

Typical reaction profiles over HT-d, HT-d-r, HT-d-r-373, and
HT-d-r-473 are illustrated in Fig. 5. The solid curves show the
results of fitting the three step reaction sequence to the kinetic
data. The reaction rate constants and deactivation parameters
associated with those curves are listed in Table 2. The rehy-
drated sample (HT-d-r) had the highest catalytic activity on
both a weight and surface area basis, reaching over 80% tribu-
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tyrin conversion and nearly 80% yield to methyl butyrate within
400 min. The reaction rate constant (surface area basis) of the
first transesterification reaction step on HT-d-r was one order
of magnitude greater than that of HT-d. The reference MgO
catalyst should also have strong Lewis base sites like HT-d,
whereas Mg(OH)2 has the brucite layered structure without the
Brønsted base sites associated with HT-d-r. The rate constant
k1 over MgO was about 3 times greater than that over HT-d
(Table 2), probably because of the higher base site density of

Fig. 4. Leaching test of HT-d-r for transesterification of tributyrin with meth-
anol. Reaction conditions: methanol 136.5 g, tributyrin 43.0 g, 0.25 g HT, and
333 K. (E) Methyl butyrate, (1) tributyrin, (P) dibutyrin, (") monobutyrin,
(∗) glycerol (calculated by the mass balance between methyl butyrate, dibu-
tyrin, monobutyrin, and glycerol, yG = (3yMB − yD − 2yMo)/3). Curves were
drawn to guide the eye.
MgO [29]. Nevertheless, the rate constant was still significantly
lower than that associated with the rehydrated sample, HT-d-r.

Table 2
Reaction rate constants and deactivation parameters from transesterification of
tributyrin with methanol

Catalyst k1
a (×106) k2

a (×106) k3
a (×106) αb

HT-d 2.5± 0.2 3.1 ± 0.4 – (8.6 ± 1.8) × 10−4

HT-d-r 50 ± 2 132 ± 14 120 ± 14 (3.8 ± 0.2) × 10−3

HT-d-r-333 46 ± 2 110 ± 12 110 ± 16 (2.9 ± 0.2) × 10−3

HT-d-r-373 11 ± 1 16 ± 2 – (1.7 ± 0.2) × 10−3

HT-d-r-423 1.7 ± 0.4 – – –
HT-d-r-473 0.21 ± 0.2 – – –
HT-d-r-723 1.7 ± 0.2c 2.0 ± 0.5c – (5.7 ± 2.6) × 10−4

MgOd 7.4 ± 1.5 9.2 ± 3.7 – –
Mg(OH)2

e 1.7 ± 1.7 – – –
HT-d-r-Tf 13 ± 1.6 14 ± 3 – (3.4 ± 0.6) × 10−3

HT-d-r-Mg 44 ± 3 100 ± 13 242 ± 67 (6.3 ± 0.5) × 10−3

a Reaction rate constant with 95% confidence interval (L mol−1 m−2

min−1).
b Deactivation parameter with 95% confidence interval (min−1).
c Sample treated as having same surface area as HT-d.
d MgO was prepared by decomposing the commercial Mg(OH)2 at 723 K for

8 h in 100 cm3 min−1 flowing N2.
e Mg(OH)2 was prepared by rehydrating the decomposed commercial

Mg(OH)2 at room temperature for 24 h in 100 cm3 min−1 wet N2 (2.6 vol%
H2O) flow and then heating at 373 K for 1 h in 100 cm3 min−1 flowing N2.

f Pretreatment of HT-d-r with tributyrin for 1 h at 333 K.
g Pretreatment of HT-d-r with methanol for 1 h at 333 K.
Fig. 5. Reaction profiles of transesterification of tributyrin with methanol catalyzed by 0.25 g HT activated under different conditions: (a) HT-d, (b) HT-d-r,
(c) HT-d-r-373, (d) HT-d-r-473. Reaction conditions: methanol 136.5 g, tributyrin 43.0 g, and 333 K. (E) Methyl butyrate, (1) tributyrin, (P) dibutyrin, (") monobu-
tyrin, (∗) glycerol (calculated by the mass balance between methyl butyrate, dibutyrin, monobutyrin, and glycerol, yG = (3yMB − yD − 2yMo)/3). The solid curves
represent the calculated profiles, using the parameters in Table 2.
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The catalytic activity of Mg(OH)2 was also much lower than
that of HT-d-r. From the comparison of activity between the
two reference catalysts, HT-d and HT-d-r, we conclude that the
charge-balancing hydroxyl anions, i.e., the Brønsted base sites,
are the active sites for the transesterification reaction; the hy-
droxyl groups coordinated to Mg and Al in the brucite-like
layers of HT-d-r have negligible catalytic activity compared to
the Brønsted base sites.

Removing the physisorbed molecular water of HT-d-r by
heating to 333 K for 1 h (producing HT-d-r-333) did not sig-
nificantly alter the catalytic activity. However, upon removal
of interlayer water at temperatures above 333 K, the catalytic
activity decreased substantially. Heating HT-d-r to 473 K ap-
parently removed all the interlayer water (according to TGA)
and resulted in a significant loss of Brønsted basicity, as illus-
trated by the very poor catalytic activity of this sample (Fig. 5d).
When HT-d-r was heated to the decomposition temperature of
723 K for 1 h, the mixed Mg–Al oxide exposing Lewis base
sites was recovered.

The catalyst exhibiting the highest reaction rate constants
also contained the most adsorbed water and deactivated faster
(Table 2). The relatively low deactivation rate of HT-d and
HT-d-r-723 might be due to the retained organic compounds
on these materials [12]. It should be mentioned that ignoring
the effect of the reverse reactions at high conversion can re-
sult in a higher fitted deactivation parameter. However, butyric
acid from the hydrolysis of ester in the presence of adsorbed
water would also poison the base sites on the catalysts. The
same deactivation mechanism has been pointed out by Corma
et al. [12]. Similarly, Shibasaki-Kitakawa et al. indicated that
the deactivation of anion-exchange resin (PA306s) for transes-
terification of triolein with ethanol was due to a direct exchange
of hydroxyl with oleate [30]. To test for deactivation in our sys-
tem, the HT-d-r catalyst was stirred with tributyrin for 1 h at
333 K, denoted as HT-d-r-T, before adding methanol to per-
form the reaction. For comparison HT-d-r catalyst was stirred
with methanol for 1 h at 333 K, denoted as HT-d-r-M, before
adding tributyrin to perform the reaction. The reaction rate con-
stants and deactivation parameters for HT-d-r-T and HT-d-r-M
are listed in Table 2. The tributyrin pretreatment of HT-d-r sig-
nificantly decreased its activity. The reaction rate constant k1
decreased by a factor of 4 and k2 decreased by a factor of 10 as
a result of tributyrin pretreatment whereas the catalytic activity
of HT-d-r pretreated with methanol did not change significantly.
Apparently, hydrolysis of the ester led to catalyst deactivation.
However, the presence of water on the sample also appeared to
be crucial for high catalytic activity.

Researchers have proposed that only a small number of
Brønsted base sites located at the edges of the hydrotalcite
platelets are the active base sites for catalysis [17,31–35]. In
many of these studies, adsorption of CO2 at low pressure was
used to count the base sites located on the crystallite edges.
In our work, we adsorbed CO2 at atmospheric pressure in the
TGA. The amount of adsorbed CO2 normalized by catalyst sur-
face area is plotted versus treatment temperature in Fig. 6. From
the CO2 uptake over HT-d-r sample and assuming one CO2
molecule adsorbed on one base site, we calculate that 41% of
Fig. 6. CO2 adsorption capacity (measured at atmospheric pressure of CO2) and
transesterification reaction rate constant k1 of HT-d-r during thermal treatment
at temperature ranging from 298 to 723 K.

the charge-balancing hydroxyl groups reacted with CO2, which
is much higher than the uptakes reported by others using ad-
sorption of CO2 at low pressure (∼mbar) [17,31–35]. In fact,
Abello et al. titrated 30% of the base sites only when the sur-
face area of a rehydrated sample was about 270 m2 g−1, which
far exceeds the surface area of our rehydrated materials [17].
Based on the surface area of the HT-d-r sample, we estimate
that less than 10% of the hydroxyl groups were present on the
external catalyst surface. Evidently, exposure of the sample to
CO2 at atmospheric pressure allowed for hydroxyl groups on
the external surfaces as well as many located between the lay-
ers to be titrated.

The corresponding reaction rate constant k1 for various tem-
perature treatments is also plotted in Fig. 6. The CO2 adsorp-
tion capacity and reaction rate constant k1 for the samples are
well correlated. At temperatures below 473 K, HT-d-r under-
goes a dehydration process without significantly decreasing the
surface area (Table 1). However, the CO2 adsorption capac-
ity decreased significantly upon heating, reaching a minimum
at 423 K, and then increased slightly when heated to 473 K.
This slight increase was likely the result of the partial decom-
position of the hydroxyl groups in the brucite-like layers. The
in situ DRIFTS study by Yang et al. shows that the hydroxyl
groups bonded to Al cations in the layers begin disappearing at
463 K in the case of Mg–Al–CO3 hydrotalcite [36]. Moreover,
the Mg and Al K-edge XAFS study by van Bokhoven et al.
indicates that the dehydroxylation of Mg–Al hydrotalcite com-
mences between 425 and 473 K [37]. The HT-d-r sample with
hydroxyl as the interlayer anion is probably less stable than a
hydrotalcite sample with carbonate as the interlayer anion since
hydrotalcites containing less basic anions are proposed to be
more thermally stable [38]. The partial decomposition of the
brucite-like layers could lead to the formation of weak Lewis
base sites associated with Al–O groups on the surface. Ther-
mal treatment up to 473 K decreased the observed catalytic
activity for transesterification. The loss of active Brønsted base
sites could result from the increasing interaction between the
interlayer hydroxyl anions and the brucite-like layer as the in-
terlayer water is gradually removed. Based on the powder XRD
and 27Al MAS-NMR experiments performed on Mg–Al hydro-
talcite (Mg/Al = 2.0) sample heated to 473 K, Bellotto et al.
propose that Al atoms diffuse out of the octahedral sites of the
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Table 3
Turnover frequency of transesterification of tributyrin with methanol based on
CO2 uptake

Catalyst Obs. TOFa (s−1) TOFk1
b (s−1)

HT-d 0.065 0.051
HT-d-r 0.057 0.081
HT-d-r-333 0.074 0.12
HT-d-r-373 0.15 0.12
HT-d-r-423 0.032 0.031
HT-d-r-473 0.0037 0.0031
HT-d-r-723 0.018 0.027

a Based on initial conversion of tributyrin, normalized by CO2 uptake.
b Based on the rate constant k1 in Table 2, normalized by CO2 uptake.

brucite-like layers and coordinate tetrahedrally to both the layer
and the interlayer oxygens [39]. The in situ DRIFTS study by
Yang et al. also indicates an increasing interaction between in-
terlayer carbonate anion and the Mg–Al hydrotalcite layer dur-
ing interlayer water removal [36]. As HT-d-r was decomposed
between 473 and 723 K, the CO2 adsorption capacity remained
fairly constant as shown in Fig. 6, and was similar to the CO2
adsorption capacity of HT-d (2.2 × 10−6 mol m−2).

Based on CO2 uptake, the turnover frequencies (TOF) of
transesterification of tributyrin with methanol over activated
HT were calculated and listed in Table 3. The observed TOF
values (obs. TOF) based on initial rate of consumption of trib-
utyrin are similar to those derived from the fitted values of k1
(TOFk1). The TOF values of HT-d-r sample and its thermally-
treated samples up to 373 K remained relatively constant and
then decreased significantly when heated to 473 K, probably
due to the loss of the Brønsted base sites upon heating and for-
mation of weak Lewis base sites upon partially decomposition
of the layered structure. There is no significant difference be-
tween TOF values of the Brønsted base sites of HT-d-r sample
and that of the Lewis base sites of HT-d sample. If the Brøn-
sted base sites located on the crystallite edges are the active
sites for the rehydrated sample, then the true turnover frequen-
cies of the Brønsted base catalysts are much greater than the
values reported here. However it has been observed that the
transesterification of 5-carboxyfluorescein with 1-butanol over
[Li+–Al3+] layered double hydroxide catalyst occurs on the
basal planes of the crystal surface without the preference for
crystal edges [40]. Moreover, we cannot exclude the possibility
that hydroxyl groups in the rehydrated layers are participating
in the observed catalysis. The presence of water in the interlayer
regions may allow methanol to penetrate into the interlayer re-
gions or may increase the mobility of the interlayer hydroxyl
groups.

4. Conclusions

A hydrotalcite material with a Mg/Al molar ratio of 4 was
successfully synthesized by a coprecipitation method. The hy-
drotalcite sample that was decomposed by a thermal treatment
at 723 K could be reconstructed by vapor phase rehydration,
and the crystallinity of the rehydrated sample decreased dur-
ing additional thermal treatments at temperatures below 473 K.
The fitted reaction rate constants for the transesterification of
tributyrin with excess methanol quantitatively described the
catalytic activity of the activated Mg–Al hydrotalcite. The
decomposed-rehydrated sample, having Brønsted base sites re-
siding on and between the brucite-like layers was an order of
magnitude more active on a surface area basis than a decom-
posed sample which exposed Lewis base sites. However, the
TOF values of the HT-d-r and HT-d samples do not show a
significant difference when normalized by the CO2 adsorption
capacity. Heating a rehydrated sample to 473 K caused a loss
in both activity and CO2 adsorption capacity, thus suggesting
water management on HT-d-r is crucial for effective catalysis.
Brønsted base sites were active in the presence of water, but
high levels of hydration caused rapid deactivation of the cata-
lyst, presumably by ester hydrolysis to butyric acid that reacted
with the base sites.
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