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Immobilization of triazabicyclodecene in surfactant
modified Mg/Al layered double hydroxides

Mohammad R. Islam,a Zhanhu Guo,b Dan Rutmana and Tracy J. Benson*a

In recent years, layered double hydroxides (LDHs) have received much interest as host materials for the

construction of organic–inorganic supramolecular structures by an anion exchange method. This study

demonstrates the preparation of a series of solid base catalysts through attachment of

triazabicyclodecene (TBD) to Mg/Al-LDH surfaces with different Mg/Al molar ratios (Mg/Al ¼ 3, 4 and 5).

A new three-stage approach was taken to obtain TBD-LDH materials: (i) an anionic surfactant, sodium

dodecyl sulfate (SDS) was intercalated in parent LDH replacing nitrates from interlayer via anion

exchange to widen the gallery of LDH, (ii) a silane coupling agent (3-glycidyloxypropyl) trimethoxysilane

(3GPS) was used to attach TBD with the terminal glycidyl groups, and (iii) interlayer molecules from

SDS-LDH gallery were replaced by the 3GPS moieties containing TBD. The surfactant modified Mg/Al LDH

materials showed an increase in interlayer distance (maximum 44.8 Å) as compared to unmodified Mg/Al

LDH (8.8 Å). Infrared and Raman spectroscopy results were in agreement with the proposed organic

functionalized structure. Therefore, based on these observations, a schematic representation of the TBD

functionalized LDH surface is also presented. The temperature programmed desorption (TPD) study on

the different products showed approximately 3–5 times higher basic properties than those of pristine

LDHs. Thermal decomposition was changed significantly after organic modification of LDHs. All TBD-LDHs

are found to be effective catalysts for the transesterification of canola oil with dimethyl carbonate (DMC)

for biofuel production under mild conditions (atmospheric pressure and 70 �C).
Introduction

Layered double hydroxides (LDHs), which are referred to as
hydrotalcites or anionic clays, consist of stacking of brucite-like
layers [Mg(OH)2] and exchangeable interlayer anions. Many
interesting catalysts and enzymes have been intercalated in the
galleries between the layers of LDH, mainly via electrostatic
interactions.1–3 If the interlayer surfaces of LDHs are modied
by a covalent linking agent, such as an organosilane with the
help of surfactants (such as sodium dodecylsulfate, SDS),
various unprecedented properties other than conventional
anionic guests can be obtained. In this direction, (3-glycidy-
loxypropyl) trimethoxysilane (3GPS) was graed on LDH surface
linking a guanidine organic base triazabicyclodecene (TBD) at
the terminal glycidyl groups of 3GPS. TBD has been applied as a
strong basic catalyst for a variety of reactions, includingMichael
additions, Wittig reactions, Henry reactions, and trans-
esterication reactions.4–7 It was found that the TBD containing
materials were active as catalysts for transesterication by a
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wide variety of alcohols, giving yields of 45–100%, depending on
the ester and alcohol.8 Moreover, among the base moieties,
guanidines are known to preserve their catalytic activity even
aer immobilization.9

TBD modied LDHs can be dened as “hybrid”materials or,
more especially surface-modied inorganic layered materials
that combine the advantages of homogeneous catalysis with the
best properties of heterogeneous materials through the immo-
bilization of organic active compounds on inorganic solid
supports. In our previous work, the use of homogeneous TBD
was investigated in detail to produce biofuel from canola oil and
dimethyl carbonate.10,11 In the present investigation, we mainly
report a new approach for the attachment of TBD onto the LDH
surface, characterization of this material and the behaviour of
the resulting catalysts in the transesterication of canola oil
with dimethyl carbonate for biofuel production. This particular
heterogeneous catalyst would be applicable for converting a
homogeneous biofuel catalyst into a heterogeneous one;
thereby, reducing downstream processing required of the
homogeneous catalyst process. The structure of the resulting
products was investigated using various techniques, including
X-ray diffraction (XRD), scanning electronic microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy, and
Raman spectroscopy. The thermal stability and basic properties
were also examined by thermo-gravimetric analysis (TGA)
RSC Adv., 2013, 3, 24247–24255 | 24247
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and temperature-programmed desorption (TPD) studies,
respectively.
Materials and methods
Chemicals

Magnesium nitrate hexahydrate ($99%), aluminum nitrate
nonahydrate ($98%), sodium dodecyl sulfate (SDS, $98.5%),
(3-glycidyloxypropyl) trimethoxysilane (3GPS, $98%), N-cetyl-
N,N,N-trimethylammonium bromide (CTAB, $99%),
dichloromethane ($99.8%), anhydrous N,N-dimethylforma-
mide (DMF, 99.8%), sodium hydroxide ($98%), and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), dimethyl carbonate
(DMC, $99.8%), and anhydrous sodium sulfate ($99.8%)
were purchased from Sigma-Aldrich and were used
without further purication. Rened canola oil (ACH Food
Companies, Inc.,Memphis, TN) was purchased from a local
grocery store.
Fig. 1 Schematic representation of preparation procedure for TBD immobilized
Mg/Al LDHs.
Preparation of catalyst

LDH and calcined LDH. The layered double hydroxide
samples with different Mg/Al molar ratios (3, 4 and 5) were
prepared by coprecipitation method from organic precursors,
following the method described by Barriga et al.12 A solution
(200 mL) containing Mg(NO3)2$6H2O and Al(NO3)3$9H2O was
added dropwise to 50 mL of water at 70 �C, the pH being
adjusted to 10 by using aqueous NaOH (2 M). Once the addition
was complete, the mixture was stirred for 20 h at 70 �C. The
reaction mixture was purged with N2 throughout the experi-
ment to avoid carbon dioxide uptake. The products were
ltered, washed with distilled water, dried at 90 �C for 18 h and
ground to a ne powder. A fraction of the resulting material was
calcined at 500 �C for 4 h. The solids obtained aer calcinations
were noted LDH-n (n ¼ 3, 4 and 5).

Surfactant modied LDH (SDS-LDH). The surfactant
(sodium dodecyl sulfate) was intercalated to widen the inter-
layer gallery of LDH by the calcined hydrotalcite rehydratation
method, which was used in the literature for the insertion of
several types of organic molecules.13–15 An aqueous solution of
1.44 g of sodium dodecyl sulfate (SDS) in 100 mL of distilled
water was reuxed for 1 h and then cooled under nitrogen
atmosphere. A suspension of 1 g of LDH-n (n ¼ 3, 4 and 5) in
the prepared SDS solution was vigorously stirred for 24 h
under nitrogen and centrifuged. The solid was washed three
times with hot distilled water, dried at 65 �C for 24 h, and
crushed. The obtained materials were noted SDS-LDH-n (n¼ 3,
4 and 5).

TBD functionalized LDH (TBD-LDH). The anion exchange
mechanism in SDS-LDH was based on the formation of a salt
between anionic surfactant (SDS) and a cationic one (CTAB)
into an organic phase such as dichloromethane.16 Once the
hydrophobic SDS–CTAB salts were formed, they were simul-
taneously replaced by 3GPS moieties (containing TBD)
through the migration of the salts to the organic phase, and
covalent bond between 3GPS and surface of LDHs were
subsequently formed.
24248 | RSC Adv., 2013, 3, 24247–24255
SDS-LDH and CTAB were dried overnight under vacuum at
80 �C in different containers to prevent 3GPS from reacting with
water. 1.75 g of dried CTAB (0.16 M) was added in 30 mL of
anhydrous dichloromethane under N2, followed by heating at
45–50 �C until the CTAB was dissolved. In another glass vial,
10 mL of 3GPS was added dropwise under nitrogen to a solution
of TBD (0.15 g) in dry DMF (10 cm3) and was stirred for 24 h at
room temperature. The resulting mixture and the previously
prepared CTAB solution of dichloromethane were added into
the 1.3 g of SDS-LDH precursor. The mixtures were reacted for
2 days, maintaining the temperature at which the CTAB was
dissolved. The products were thoroughly washed with
dichloromethane, ltered by lter paper, and then dried at
room temperature. A simplied schematic is shown in Fig. 1
illustrating the TBD-LDH preparation procedures.

Characterization. X-ray diffractograms were obtained with a
Bruker AXS D4 Endeavor diffractometer operating with a Cu Ka
radiation source ltered with a graphite monochromator (l ¼
1.5406 Å). The samples were wet ground to a ne powder (iso-
propyl alcohol from Sigma-Aldrich) and pressed into a sample
holder. The XRD scans were recorded from 0� to 40� 2q, with
0.02� step-width and with a 10 s counting time for every step-
width (increment). Experiments were run at 40 kV and 40 mA
power.

Scanning electron microscope (Hitachi S-3400N) equipped
with energy dispersive spectroscopy (EDS) was used to investi-
gate the morphology and composition of the catalysts, using an
acceleration voltage of 15 kV. The sample was spread onto a
double-side carbon tape which was xed on an aluminum tab
with a slight gold sputter coating on the particle surface pre-
venting any electron charge on the sample surface.

FTIR analyses were conducted using a Bruker Tensor 27
spectrometer using potassium bromide pellets. 4 mg from each
sample was mixed thoroughly with 200 mg of oven-dried KBr
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 The XRD patterns of (A) LDH-3, (B) SDS-LDH-3, (C) SDS-LDH-4, and (D)
SDS-LDH-5.
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powder and pressed at 110 MPa to form pellets 13 mm in
diameter. The spectra were recorded in the range of 4000–
400 cm�1 with 4 cm�1 resolution. 64 scans were collected for
each specimen.

A RamanFlex 400 spectrometer (Perkin-Elmer, Inc.) equip-
ped with a thermo-electrically cooled (�50 �C) Charge Coupled
Device (CCD) and a ber-optic probe for the excitation and
collection of the Raman spectra. The 532 nm beam of the diode
laser was used as the excitation source. The 180� scattering
geometry was employed. The laser power at the sample was
restricted to 20 mW, and the beam was focused to a 200 mm
diameter spot on the electrode. The integration time was 5 s.
Each spectrum was recorded by accumulation of 60 scans. The
Raman frequencies were calibrated using the polystyrene stan-
dard (ASTM E1840) spectrum. Spectrum Insight� soware was
used for the analysis of the samples.

The thermo-gravimetric analysis (TGA) was carried out on a
TA SDT Q600 instrument. Approximately 10 mg of each sample
was heated in an alumina crucible from room temperature to
1273 K with a heating rate of 5 K min�1 under helium gas
owing at 50 mL min�1. The weight loss of the samples was
calculated as a percentage of initial weight.

Temperature programmed desorption (TPD) was acquired
using a CatLab quadropole mass spectrometer coupled to a
furnace (Hiden Analytical, Ltd.). The density and the strength
distribution of the basic sites of the samples were determined
by CO2 probe molecules. Pure CO2 was adsorbed at room
temperature and the samples were ushed with He to remove
physi-adsorbed molecules before heating. Approximately 17 mg
of each sample was run under He at a heating rate of 10 Kmin�1

up to 923 K. The value of total amount of released CO2 was
measured from integration of the desorption prole of each
sample.

A Varian CP-3800 equipped with a FID was used for analysis
of transesterication reaction results. The GC column was a
MXT-65TG, specially tested for triglycerides and stable to
370 �C. Helium was used as the carrier gas. The GC oven
temperature was programmed at an initial temperature of
50 �C, held for 1 min, ramped to 180 �C at 15 �C min�1, ramped
to 230 �C at 7 �C min�1, then ramped again to 370 �C at
15 �C min�1, and nally, held for 11.2 min. The sample injec-
tion volume was 1 mL, and the peak identication was made
through comparing the retention times between the samples
and standard compounds.

Transesterication reaction. Transesterication reaction of
canola oil with DMC was conducted at 70 �C in a 500 mL stirred
jacketed reactor in a thermostated water bath using 3.0 wt% of
catalyst for 4 h. For each experiment, 100 g of canola oil was
placed in the reactor and heated to the desired reaction
temperature. To ensure water-free feed, DMC was passed
through anhydrous sodium sulfate. Then, DMC (3 times the
molar quantity of oil) was heated to the reaction temperate in a
sealed conical ask and poured into the reaction vessel, and
thereaer, the reactor was sealed. As standard compounds,
triolein and tripalmitin were used for canola oil and methyl
oleate and methyl palmitate were used for fatty acid methyl
ester (FAME) in GC-FID analysis.
This journal is ª The Royal Society of Chemistry 2013
Results and discussion
XRD analysis

The representative XRD patterns of parent LDH material with
Mg/Al molar ratio 3 : 1 (Fig. 2) is similar to published patterns.17

The basal spacing for both calcined and uncalcined LDHs, the
basal spacings were found 8.8 Å. However, intercalation of SDS
into LDH interlayer resulted in increased basal spacing, similar
to those reported previously.13,18,19 This study shows that
exchange of SDS takes place in LDHs with amolar Mg/Al ratio of
3, 4, and 5 to yield products in which the basal spacings were
about three mean values are 26.9 Å, 35.8 Å and 44.8 Å, respec-
tively. The basal spacing generally increased with increased in
Mg/Al molar ratio3 and the differences observed can be
explained by the way SDS is arranged between the layers.20 Fig. 3
shows the XRD patterns of TBD-LDH samples. A schematic
presentation of LDH, SDS-LDH and TBD-LDH as shown in Fig. 4
depicts the arrangement of nitrates, SDS and TBD in the
interlayer of LDHs. However, TBD may attach on the surface of
the LDH in similar fashion which is not shown here.

The d-spacing for all TBD-LDH catalysts reduced as
compared to SDS-LDH structures as the larger SDS molecules
are replaced by TBD moieties. Therefore the d-spacing for the
TBD-LDH-3, TBD-LDH-4, and TBD-LDH-5 were found 18.1, 20.5,
and 25.8 Å respectively.
FTIR analysis

The FTIR spectra of the resulting products are shown in Fig. 5
and 6. In the range of 400–4000 cm�1, a strong band was
observed around 3450 cm�1 for all LDH samples due to an
internal O–H bond within LDH interlayer.21 The wavenumber is
well below the average value of free hydroxyl groups (3620 cm�1)
because these –OH groups are hydrogen bonded to lattice
water.21 The broad medium intensity at 1573 was due to the
bending mode of water molecules. The interlamellar vibration
wavenumber of nitrate groups was observed at 1385 cm�1.22 The
broad and intense peaks between 650 and 1000 cm�1 can be
assigned to the liberation modes of hydroxyl and water.21 The
RSC Adv., 2013, 3, 24247–24255 | 24249
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Fig. 3 The XRD spectra of (A) TBD-LDH-3, (B) TBD-LDH-4 (C) TBD-LDH-5.

Fig. 4 Schematic representation of SDS and TBD arrangement in Mg/Al LDH
structures (not in scale).

Fig. 5 Infrared spectra of (A) LDH-3, (B) SDS, (C) SDS-LDH-3, (D) SDS-LDH-4, and
(E) SDS-LDH-5.

Fig. 6 Infrared spectra of (A) TBD, (B) TBD-LDH-3, (C) TBD-LDH-4, and (D) TBD-
LDH-5.
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chemical formula of surfactant SDS is C12H25OSO2Na, there-
fore, the FTIR spectra show signicant C–H, S–O and Na–O
vibrations of SDS. The SDS displays two prominent vibrations at
2917 and 2850 cm�1, corresponding to the asymmetric and
symmetric –CH2 stretching modes, respectively. At the same
time, the asymmetric and symmetric C–H stretching modes of
the terminal –CH3 groups appear at 2958 and 2873 cm�1,
respectively.23,24 Fig. 5(C)–(E) shows the characteristics SDS-LDH
bands.14,25

In the range of 400–4000 cm�1, the FTIR spectra in Fig. 6
provided evidence for organo-functionalizaion of LDH surface.
In fact, FTIR is an effective tool for a semi-quantitative esti-
mation of structural information on functional groups in
complex solids. In TBD, the stretching modes of C–C and C–N
bonds mixed with the C–H bending modes of methylene
group appear in the 1400–1270 cm�1. 1500–1700 cm�1 region
represents C]N stretching modes and N–H bending modes.
Regions below 1100 cm�1 represent stretching and
24250 | RSC Adv., 2013, 3, 24247–24255
deformational skeleton modes of rings.26 In TBD-LDH
samples, characteristic peaks due to C–H stretching vibrations
appeared in the range of 2800–2950 cm�1.27 The vibration
wavenumber at about 1630 cm�1 was ascribed to asymmetric
stretching modes of C]N bond of the TBD ring.26 It should be
noted that this peak was absent in non-functionalized LDH
materials (Fig. 5(A)). The free N–H groups, absorbing at
3325 cm�1 and 3300 cm�1,28 were absent in the TBD func-
tionalized LDH samples indicating that TBD was attached
with the porous material. In the low-wavenumber region, the
vibration frequencies at about 575–520 cm�1 and 420 cm�1

which might be attributed Si–O–Al and Si–O–Mg bonds
respectively,29 resulted in organofunctionalization of modied
LDH sample by 3GPS and TBD.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 EDS analysis of the samples

Samples

Element % by massa

C N O Na Mg Al S Si Cl

SDS 59.86 — 18.13 9.22 — — 12.79 — —
LDH-3 10.94 2.26 37.25 1.50 36.22 11.82 — — —
LDH-4 12.80 7.87 40.74 1.89 29.72 6.97
LDH-5 12.01 3.28 36.44 2.53 37.71 8.03
SDS-LDH-3 60.15 1.64 18.16 0.85 5.58 1.20 12.42 — —
SDS-LDH-4 48.11 2.49 23.56 0.35 10.40 4.08 11.01 — —
SDS-LDH-5 34.97 2.32 28.73 0.08 10.06 11.84 11.94 — —
TBD-LDH-3 44.60 4.38 27.40 1.27 8.33 6.43 1.14 4.11 2.33
TBD-LDH-4 54.74 4.00 20.06 0.28 5.98 4.24 1.36 5.42 3.92
TBD-LDH-5 30.69 3.27 28.30 0.58 17.67 4.11 0.43 8.32 6.63

a Each value is an average taken over 3 different spots on the samples.
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SEM/EDS analysis

The overview of the morphological features of various LDH
samples is shown in Fig. 7. The unmodied LDH has discrete
hexagonal morphology with sharp edges and a smooth surface
which indicate the formation of well-ordered LDH. The SEM
images indicated that the SDS retention dramatically changed
the LDH particle morphology. The SDS-LDH particles are
agglomerated, the surfaces are more diffused and the edges are
not as sharp as that of unmodied LDH, suggesting that there
might be excess SDS draped over the particles on outer surfaces,
as observed in the literature.13,30,31 In the case of TBD modied
LDH (Fig. 7(E)–(G)), the particles were found to be more irreg-
ular in size due to the incorporation of the organic moieties.
Table 1 lists the energy dispersive spectroscopy (EDS) results of
various components of SDS-LDH and TBD-LDH catalysts with
Mg/Al mole ratio of 3, 4, and 5. The EDS results in TBD-LDH
show the presence of a very small amount of sulfur in TBD-LDH;
this refers tomost of the SDS anions were replaced by TBD-3GPS
moieties, and therefore do not remain on the surface.

Raman analysis

The Raman spectrum of nitrate in Mg/Al-LDHs was reported by
Kloprogge et al.32 They reported, the symmetric stretching mode
n1, asymmetric stretching mode n3, and asymmetric deforma-
tion mode n4 of NO3

� were observed at 1044, 1355, and
712 cm�1, respectively, where n3 mode at 1355 cm�1 was
obscured by a broad band due to the presence of CO2

3
�. Similar

to their observations, n1, n3, and n4 modes in LDH samples were
observed around 1060, 1380, and 724 cm�1, while a strong n3
mode at 1355 cm�1 was not observed due to the absence of
CO2

3
� in the interlayer as shown in Fig. 8. Table 2 shows the
Fig. 7 SEM micrographs of (A) LDH-3, (B) LDH-4, (C) LDH-5, (D) SDS-LDH-3, (E) SD

This journal is ª The Royal Society of Chemistry 2013
wavenumbers of major Raman bands for LDH, SDS, and TBD
together with their relative intensity and assignments. The
strong band at 548 cm�1 is due to stretching vibrations of Al–
O–Mg bands, whereas that at 420 cm�1 can be assigned to
vibrations of Al–O–Al bonds.33 The strongest peaks between
130 and 180 cm�1 can be resolved into two components and is
possibly due to hydrogen bonding asymmetric stretching
vibrations in both brucite-like layers and interlayer water
molecules.33 To be able to assign the absorption bands for the
SDS and TBD in the organo-hybrid LDHs, we additionally
recorded their spectra in Fig. 8.

For strong covalently bonded structures, the orders of
magnitude of Raman spectroscopic signatures are larger than
those of ionic ones.36 Therefore, in this study, Raman was
considered as a powerful characterization tool for organic
S-LDH-4, (F) SDS-LDH-5, (G) TBD-LDH-3, (H) TBD-LDH-4, and (I) TBD-LDH-5.

RSC Adv., 2013, 3, 24247–24255 | 24251
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Fig. 8 Raman spectra of (A) LDH-3, (B) SDS, and (C) TBD.

Fig. 9 Raman spectra of (A) SDS-LDH-3, (B) SDS-LDH-4, and (C) SDS-LDH-5.
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modied LDH samples. The regions examined in the Raman
spectra for the SDS-LDH samples were 900–1800 and 2800–
3000 cm�1 as shown in Fig. 9. The Raman region from 900–
1800 cm�1 contained the strongest bonds for sodium dodecyl
sulfate ions. The spectra exhibited no signal for nitrate anions
in the range of 900–1800 cm�1, all signals in SDS-LDH samples
were assumed to be due to the intercalated SDS. A comparison
of the Raman spectra for the LDH containing the SDS anions
revealed no signicant difference with those of SDS. Only those
signals below 1100 cm�1, due to symmetric stretching of S]O
bonds, exhibited a change in wavenumber. These groups are
involved in the binding of organic SDS molecules to the LDH
layers. In SDS, the sulfate group is bonded to a sodium atom,
while in the interlayer region of LDH, these groups are bonded
with aluminum atom.33 Therefore, a wavenumber change in the
signals due to the S]O bonds between the spectra of SDS and
SDS-LDHs was expected. Table 3, shows the assignments of the
major bands of SDS-LDH and TBD-LDH and, therefore,
compares with the literature results. Clearly, the spectra in the
region of 2800–3000 cm�1 contained the bands for stretching
vibrations of methylene and methyl groups in the dodecyl chain
in SDS-LDH samples. The Raman region from 600–1800 cm�1
Table 2 Intensities and assignments of major Raman bands for LDH, SDS, and TBD

LDH33,34

(cm�1)
Observed in
LDH (cm�1) Assignment

SDS31

(cm�1)
Observed in
SDS (cm�1) Assi

155 132–180 Various OH stretching 1087 1084 S]

490 420 Al–O–Al stretching 1299 1296 S]

558 548 Al–O–Mg stretching 1438 1436 CH2

712 724 NO3 asym. bending 1456 1456 CH3

1044 1060 NO3 sym. stretching 2847 2848 CH2

1355 1380 NO3 asym. stretching 2881 2872 CH3

— — — 2897 2892 CH2

— — — 2916 2900 CH2

— — — 2937 2936 CH3

— — — 2960 2960 CH3

24252 | RSC Adv., 2013, 3, 24247–24255
in Fig. 10 for TBD-LDH samples contained all the major peaks
present in TBD. In addition, some major bands were observed
at 1060, 1128, and 1296 cm�1, which represent NO3 sym.
stretching, CH aromatic in plane bending and S]O asym.
stretching, respectively, as shown in Table 3. The results indi-
cate the coexistence of nitrate and sulfate anions along with
aromatic ring containing TBD, which was supported by
elemental analysis of the samples as shown in Table 1.
TPD analysis

Fig. 11 shows a graph of the TPD proles of the six LDH
samples. The mass spectrometer signals had been obtained
with approximately 17 mg of each sample and were compiled
for ease of comparison. The calculated numbers of basic sites
are given in Table 4. In LDH samples, the total number of basic
sites can be attributed to the number of Al3+ ions present in the
hydrotalcite, which is proportional to that of the compensating
anions (OH�). Among the parent LDHs, LDH-3 shows the
samples

gnment
Guanidine35

(cm�1)
Observed in
TBD (cm�1) Assignment

O sym. stretching 660 636 NH out of plane
bending + NH2 wagging

O asym. stretching 763 708 NH out of plane
bending

scissoring 806 846 NH out of plane
bending + NH2 wagging

asym. bending 908 868 C–N stretching
sym. stretching 1072 1000 NH in plane bending +

NH2 rocking
sym. stretching 1163 1198 NH in plane bending +

NH2 rocking
asym. stretching 1413 1454 C–N stretching + NH in

plane bending
asym. stretching 1698 1776 NH2 scissoring
asym. stretching — — —
asym. stretching — — —

This journal is ª The Royal Society of Chemistry 2013
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Table 3 Intensities and assignments of the major Raman bands for SDS-LDH and TBD-LDH samples

SDS-LDH33

(cm�1)
Observed in
SDS-LDH (cm�1) Assignment

Observed in
TBD-LDH (cm�1) Assignment

1084 1084 S]O sym. stretching 636 NH out of plane bending + NH2 wagging
1297 1296 S]O asym. stretching 708 NH out of plane bending
1436 1440 CH2 scissoring 846 NH out of plane bending + NH2 wagging
1458 1458 CH3 asym. bending 1060 NO3 sym. stretching
2847 2848 CH2 sym. stretching 1128 CH aromatic in plane bending
2882 2872 CH3 sym. stretching 1198 NH in plane bending + NH2 rocking
2899 2904 CH2 asym. stretching 1296 S]O asym. stretching
2917 2920 CH2 asym. stretching 1454 C–N stretching + NH in plane bending
2937 2936 CH3 asym. stretching 1776 NH2 scissoring
2960 2960 CH3 asym. stretching — —

Fig. 10 Raman spectra of (A) TBD, (B) TBD-LDH-3, (C) TBD-LDH-4 and (D) TBD-
LDH-5.

Table 4 Basic properties of different LDH samples as determined by titration
with CO2 probe molecule

Catalyst sample Inorganic anion
Basic sites density
(mmol CO2 g

�1)
Weight
loss (%)

LDH-3 NO3
� 1.78 24.53

LDH-4 NO3
� 1.42 17.75

LDH-5 NO3
� 1.16 23.44

TBD-LDH-3 3GPS$TBD 9.20 57.88
TBD-LDH-4 3GPS$TBD 6.98 60.48
TBD-LDH-5 3GPS$TBD 5.59 59.38
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highest amount of CO2 adsorption and total amount adsorbed
was 1.78 mmol g�1. In TBD modied LDH samples, the pres-
ence of the three peaks suggests the existence of TBD and OH�

groups with different strength. Generally, the peak observed at
higher temperatures can be ascribed to the presence of strong
Fig. 11 Profile of temperature programmed desorption (TPD) of CO2 for catalyst
samples.

This journal is ª The Royal Society of Chemistry 2013
basic sites in the samples. Among the TBD modied LDHs,
TBD-LDH-3 shows highest amount of CO2 adsorption and total
amount adsorbed was 9.20 mmol g�1. The differences in
basicity can be attributed to the existence of abundant irregu-
larities or linear defects in the TBD-LDH catalysts, leading to a
higher number of exposed OH� sites.
TGA analysis

The thermal decomposition prole of parent LDH-3 in Fig. 12
shows three main events. The rst one corresponds to the
removal of water up to 190 �C, the second one corresponds to
the dehydroxylation of the matrix up to 300 �C, and a third event
to denitrogenation up to 675 �C. These observations are similar
to those found in literature.37,38 Similar to LDH-3, the decrease
of interlayer water content and dehydroxylation are shown in
TG curve of TBD-LDH samples. During dehydroxylation, the
combustion of alkyl chain and amine group of TBDmight occur
simultaneously. With further increase in temperature from
280 �C to 420 �C, another quick mass loss was noticed in the TG
curve, corresponding to the loss of remaining –OH, C–H, and
NH2. Total mass loss in TBD modied LDH samples was
approximately 60%, which was much higher than the parent
LDH materials due to the organic decomposition. In TBD-LDH
samples, no nitrate loss was observed as these anions were
previously replaced by SDS.
Catalytic activity of TBD-LDH in the transesterication of
canola oil

The catalytic transesterication of canola oil/triglycerides (TG)
with dimethyl carbonate (DMC) was investigated using
RSC Adv., 2013, 3, 24247–24255 | 24253
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Fig. 12 DTA-TGA profiles for samples (A) LDH-3, (B) TBD-LDH-3, (C) TBD-LDH-4, and (D) TBD-LDH-5.
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TBD-LDHs and pristine LDHs with varied Mg/Al mole ratios.
Fig. 13 shows the conversion of canola oil and production of
FAME, fatty acid glycerol carbonate (FAGC) and Glycerol dicar-
bonate (GDC) according to these 2 reaction schemes: (a) TG +
DMC/ 2FAME + FAGC, and (b) FAGC + DMC/ FAME + GDC.

Among the LDH samples, LDH-3 showed maximum 48.9%
conversion of TG in 4 h. Meanwhile, among TBD-LDH samples,
TBD-LDH-4 showed the maximum 86.7% conversion of TG with
Fig. 13 Canola oil conversion and products distribution following trans-
esterification with DMC using (A) LDH-3, (B) LDH-4, (C) LDH-5, (D) TBD-LDH-3, (E)
TBD-LDH-4, and (F) TBD-LDH-5.

24254 | RSC Adv., 2013, 3, 24247–24255
the same reaction conditions and time as shown in Fig. 13(A).
The TBD-LDH-4 yields 54.6, 32.4, and 0.9 wt% of FAME, FAGC
and GDC, respectively, at the end of 4 h reaction as shown in
Fig. 13(B–D). However, this catalyst gives most of the oil
conversion in rst 2 h. The improved catalytic activities of the
TBD-LDHs expected to correlate with an increase of the basicity
and availability of the strong basic sites such as TBD into the
interlayers as well as on surface of the materials.
Summary and conclusion

In this present work, we introduced a convenient approach to
develop a heterogeneous catalyst by immobilizing tri-
azabycyclodecene with a glycidylpropyl group covalently
anchored onto Mg/Al layered double hydroxides (LDHs) surface
by successive coprecipitation and ion-exchangemethod. As TBD
has a wide range of applications in various organic reactions
requiring a basic catalyst, converting homogeneous TBD into
heterogeneous TBD can be a better option. Prior to TBD
immobilization, a surfactant (sodium dodecylsulfate, SDS) was
utilized to increase the interlayer distance of the starting LDH
materials to create space for TBD. XRD results showed a 5 fold
increase in interlayer distance in SDS-LDH-5 as compared to
LDH-3. FTIR and Raman spectra conrmed the possible inter-
actions among SDS, TBD, and LDH. TGA proved a lower thermal
stability of TBDmodied LDH due to the organic degradation. A
signicant increase in the number of basic sites were conrmed
by TPD than those of pristine LDH. All TBD-LDH materials are
found more effective and superior to the traditional LDH cata-
lysts for the transesterication of canola oil with dimethyl
carbonate.
This journal is ª The Royal Society of Chemistry 2013
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