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ABSTRACT

Sulphated Cu- trimesic acid metal organic framework (MOF) catalysts with varying amounts
of sulphate were synthesized and evaluated for glycerol acetalization to solketal under ambient
conditions. A significantly high performance was exhibited by sulphated Cu-BTC MOFs in comparison
to the parent Cu-BTC. The Cu-MOF based catalysts were analysed by XRD, BET-SA, TGA, FT-IR,
Raman spectroscopy, SEM, XPS and Ex-situ pyridine adsorbed IR studies (Py-IR) to have insight into
their properties that explain their glycerol acetalization activity. The high surface area of MOFs, role
played by Lewis acid sites on the catalyst surface may be regarded as the riders for the enhanced
formation of solketal over these catalysts. The Cu-BTC catalyst recovered after five cycles of reaction
run revealed consistent activity under similar experimental conditions.

Keywords: Cu-BTC MOF, Sulphated, Glycerol acetalization, Lewis acid sites, Ex-situ Py-IR.

INTRODUCTION

MOFs are versatile crystalline, porous
and 3-dimensional network materials of metal
clusters ligated to organic linkers. The voids in
between the metal ions and organic linkers form
pores that are responsible for high pore volume

and large surface area of MOFs. MOFs cover a
wide range of hybrid compounds with tunable
structures, unique properties due to variable metal
ions and organic ligand molecules™2. Owing to
these tunable properties they are highly potential
and provide great opportunities in applications such
as separation, sensing and catalysis®’. Recently,
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MOFs were investigated for various heterogeneous
catalytic organic transformations such oxidation,
hydrogenation and acid-base catalyzed reactions®2.
They were reported as Lewis-acid catalysts in
reactions such as acetalization of aldehydes,
Knoevenagel condensation, Friedlander synthesis
and reduction reactions'*'¢. Cu-MOFs are reported
to have good thermal stability along with reversible
adsorption-desorption properties and known to
catalyze a variety of reactions'’.

A surge in the utilization of renewable energy
sources is seen over last decades, with considerable
increase in biodiesel production owing to continuous
depletion of non-renewable conventional resources
and to environmental concerns'®'®. The biodiesel
production by the base-catalyzed transesterification
of triglycerides from vegetable oils also generates
the by-product, glycerolin 10 wt.%%. This makes the
process economically unviable with expensive large
scale purification processes involved?'?2, Thus, it is
inevitable to devise processes for the value addition
of glycerol in transforming it into useful products?2.

Several value-added chemicals such as
polymers, surfactants, bio-solvents and glycerol
derivatives can be obtained from the crude-glycerol
transformation®+2”. Compounds derived from glycerol
have been recognized to exhibit improved physico-
chemical properties when blended with diesel or
petrol with reduced particulate emissions?-32,

The products of glycerol reaction with acetic
acid or t-butanol are highly valuable compounds as
bio-additives of fuels®*%. Solketal is one other such
compound that has great potential as a fuel additive
to improve the performance of fossil-based fuels
i.e., diesel and gasoline. Its use is also reported
to have increased octane index, reduce viscosity,
improved flashpoint and also used to reduce gum
formation3237-%9,

Synthesis of Solketal via acid-catalyzed
reactions involve homogeneous catalysts that are
highly corrosive and environmentally unfriendly
processes*. These processes involve serious
drawbacks with a tedious workup and extensive
separation from products generating large amounts
of effluents and residues that have to be neutralized
before their safe disposal into the environment*'.
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Cost effective and selective solid acid
heterogeneous catalysts such as metal oxides,
sulfonic acid resins, zeolite, supported metal/metal
oxide catalysts, mesoporous silica-based catalysts
are reported as alternatives to homogenous
catalysts to circumvent their drawbacks*?#4. The
challenges faced by these systems involve active
phase leaching leading to loss of solid-supported
catalysts’ activity. However, reports on AlF,, zeolite
catalysts viz., HB, metal incorporated modified
MCM-41, SBA-15 catalysts showed significant and
stable activity*>>'.

The present work is the utilization of sulphate
modified Cu-MOFs for the selective synthesis of
solketal from glycerol at ambient conditions. Variable
amounts of sulphate loaded Cu-MOF catalysts were
tested for this reaction under differential reaction
conditions to optimize the parameters in achieving
the best yield of solketal possible over these catalysts.
The catalysts were also evaluated for reusability for
about 5 cycles of reaction and found to exhibit stable
activity and consistent selectivity of the desired
product formation.

Scheme 1. Glycerol Acetalization over sulphated
Cu-BTC MOF catalysts

MATERIALS AND METHODS

Materials used

All the chemicals obtained from Sigma-
Aldrich, viz; copper nitrate hexa hydrate, trimesic acid
(BTC), dimethyl formamide (DMF), ethanol, Glycerol
(99%) and Acetone (99%) were used as purchased
in the current work.

Cu-BTC MOF and Sulphated Cu-BTC MOFs
Synthesis

Cu-BTC MOF is prepared by the mixing
of two solutions A and B with thorough mixing
on a magnetic stirrer. The solution-A is obtained
by dissolving BTC (0.0234 mol) in EtOH while
Cu(NO,),.3H,0 (0.0466 mol) in 1:1 ratio of DMF
(25 mL) and deionized water (25 mL) is taken as
solution-B. The mixture obtained thus from A and B
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is autoclaved for hydrothermal treatment at 85°C for
24 hours. Then the mother liquor obtained after
hydrothermal treatment is decanted and washed
thoroughly with DMF and ethanol. The resultant solid
is dried at 170°C in a vacuum oven for 6 h and finally
fine deep blue crystals of Cu-MOF were obtained®.

Sulphated Cu-BTC catalysts were prepared
with varying concentrations (0.1 N, 0.2 N, 0.3N, 0.5 N
and 1N) of H,SO, by impregnating required amounts
on 1 g of the parent Cu-BTC separately at 25°C with
stirring for 2 hours. The material was then washed
thoroughly using deionized water and dried in an
oven completely at 100°C for overnight®. The resultant
sulphated catalysts were labelled as 0.1S-Cu-MOF,
0.2S-Cu-MOF, 0.3S-Cu-MOF, 0.5S-Cu-MOF and
1S-Cu-MOF respectively.

Characterization of the prepared catalysts

A Rigaku miniplex diffractometer was used
for XRD analysis that was operated at 40V and
15mA with Cu-Ka. (1.5406 A) as source of radiation
recorded in the range of 26 = 5 to 80°. A Varian 660-
IR spectrometer was used for recording IR and Py-
adsorbed IR spectra. Ex-situ Py-IR adsorption studies
of the samples were done by exposure of samples
to pyridine vapours until the surface is saturated and
excess amount is flushed out in Ar at 150°C for one
hour. Later from the obtained spectra, spectrum of
the unadsorbed sample was subtracted to obtain the
signals corresponding to pyridinium ion over Bronsted
acid sites at ~1540 cm™ and at ~1450 cm" due to
coordinated pyridine over Lewis acid site. Perkin
Elmer STA 6000 was used to record thermograms
from 303 to 973 K typically by heating a sample at a
ramp of 10 Kmin='in N,. Microscopic analysis & EDS
spectra of the samples were obtained from a JEOL
JSM-6010/LA microscope. Surface areas of catalysts
were measured by recording N, sorption isotherms
on a Micrometric ASAP 2010 surface analyzer at
-196°C to fit in BET-equation. Mg K radiation was
used for XPS analysis of samples on KRATOS-AXIS
165 instrument. Raman spectra were recorded using
a 633 nm He—Ne laser source with the scattered light
analysed using HORIBA JOBIN YVON HR800, Japan.

Acetalization activity tests

Acetalization activity of glycerol to solketal
was tested in a liquid phase batch type reactor kept
under stirring using a magnetic stirrer at ambient
reaction conditions. The various parameters such
as catalyst amount, reactants mole ratio, time on
stream and catalyst reusability studies were studied
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to optimize the reaction conditions for obtaining best
possible yield of the desired product. Excess of
acetone taken here acts as both acetalization agent
as well as the solvent and is reported to favour the
yields of solketal by enhancing the conversion of
glycerol as it increases the polarity of the reaction
mixture*®. In this regard mole ratio variation of acetone
to glycerol is done by maintaining glycerol content
constant while varying the amount of acetone alone.
The reaction mixture was analysed from time to time
by drawing small amounts, centrifuging it to remove
the catalyst particles before injecting into a Gas
Chromatograph instrument of Varian CP-3800 make
containing a flame ionization detector and a ZBwax
capillary column. The products were established by
injecting the authentic compounds of the expected
products viz., solketal and dioxan product and by
confirmation using GC-MS analysis. The catalyst
reuse studies were done by centrifugation of reaction
mixture to remove catalyst which was then washed
thoroughly with water several times and with acetone
also. Then the catalyst was oven dried for 2-3 h at
100°C before it is used for next cycle of reaction
run. This process is repeated for 4 more times. The
equations below are used to calculate the glycerol
conversion and selectivity to solketal:

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

X-ray diffractograms of the as synthesized
Cu-BTC MOF and the sulphated Cu-BTC MOFs are
presented in Fig. 1. The parent MOF is represented
in Fig. 1a. The diffractograms indicate the formation
of crystalline Cu-BTC MOF phased in all and the
structure remained intact after sulphation also%253,
The presence of 20 values of 6.6°, 9.44°, 11.76°,
13.71°, 15.14°, 16.73°, 17.16°, 19.23°, 25.92°,
and 28.92° correspond to the miller indices (2 0 0),
(220),(222),(400),(331),(422),(551),(440),
(7 3 1) and (7 51) respectively indicate the Cu-BTC
MOF phase as per the JCPDS no. 00-062-118354.
The major peak observed at 11.76° is the most
intensive shows the high crystallinity of the MOF
material while the presence of Cu,O, CuO phases is
evidenced from the weak peaks of low intensities in
the range of 35.4° to 43.0°. Formation of these phases
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is reported due to the high temperature used in the
synthesis of Cu-BTC MOFs%2%3, A slight decrease in
the crystallinity can be noticed with increase in the
sulphate loading and the same may be established
from the decreased crystallite size of the samples with
the broadening of the peaks. The crystallite sizes of
the catalysts calculated using Scherrer equation are
displayed in Table 1 which support the decrease in
crystallite size with sulphate loading as seen from the
broadening of the peaks in diffractograms.

Fig. 1. X-ray diffraction profiles of (a) Cu-MOF, (b) 0.1S-Cu-
MOF, (c) 0.2S-Cu-MOF, (d) 0.3S-Cu-MOF, (e) 0.5S-Cu-MOF

Table 1: Physico-chemical features of Cu-MOF

catalysts
Catalyst BET-SA aCrystallite °ILewis/IBronsted
(m2g") Size (nm)

Cu-MOF 1099 13.1 0.26
0.1S Cu-MOF 892 10.2 0.52
0.2S Cu-MOF 785 8.6 0.75
0.3S Cu-MOF 705 7.8 0.93
0.5S Cu-MOF 658 4.3 1.23
1S Cu-MOF 620 34 1.36

aXRD; "Ex-situ Py-IR
BET-Surface area

The N, sorption isotherms of Cu—-BTC
exhibited type—I isotherm indicating the predominant
presence of micropores in the structure. The specific
surface area of Cu-MOF synthesized were high
as expected of the MOFs in general as seen from
Table 1. Sulphation of Cu-BTC resulted in decrease
in the surface area probably due to pore blockage by
the sulphate groups. However, surface areas of the
sulphated samples are yet quite higher compared
to the conventional metal oxide supported, zeolite
or mesoporous silica-based catalysts that makes
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MOF materials very unique and advantageous for
the synthesis of desired products via heterogenous
catalytic routes. The microporous and microcrystalline
characteristics with good pore volume of these
materials are also noteworthy in this regard.

Morphological studies
SEM/EDX

The morphological and textural features
were analysed by SEM and EDX given in Fig. 2
(a) and (b) and these images of the synthesized
cubic crystals of MOF exhibit octahedral and cubo-
octahedral particle morphology. The particles almost
retained their morphology after sulphation also
(Fig. 2c). The EDX spectrum confirms the elements
present in Cu-BTC MOF (fig. 6B), viz., Cu, C and
O while that of 0.5S-Cu-MOF being the sulphated
sample additionally indicated the presence of S in
desired proportions.

Fig. 2. (a) SEM image and (b) EDAX spectrum of Cu-MOF
& (c) SEM image of 0.5S-Cu-MOF
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Thermo-Gravimetric analysis

Fig. 3. TGA curve of (a) Cu-MOF, (b) 0.1S-Cu-MOF,
(c) 0.28-Cu-MOF, (d) 0.3S-Cu-MOF, (e) 0.5S-Cu-MOF
The thermal stability of parent Cu-MOF
is understood from its TGA analysis studied by
subjecting the sample to heating from 25°C to
700°C under N, flow (Fig. 3). The thermogram
clearly shows ~8% weight loss up to 110°C
from ambient temperature in first stage. This
is due to the loss of physisorbed molecules
of water and the organic solvents used in
the synthesis process. While a second stage
~20% reduction in weight from 200-350°C
is accounted to the loss of organic linker
molecules and a final weight loss of 9% above
320°C indicative of the burial of organic linkers
upon decomposition of the material®®. And
~26.5% of total weight loss is reported to a
probable phase transformation of Cu,O to CuO
which correlates to the presence of Cu,O and
CuO phases in XRD profiles. The 17.2% weight
loss recorded in this analysis is due to the
entire coordinated water molecules that is in
agreement with the 16.2% estimated weight loss
of water molecules reported®®. The sulphated
Cu-MOF showed a major weight loss of
~20 % above 110°C till 350°C. A initial
weight loss below 110°C is quiet low as the
physisorbed molecules are already lost during
the impregnation of sulphate which involves
oven drying at 100°C. The thermograms of
the sulphated Cu-MOFs resembled the parent
Cu-MOF above 320°C in the final stages of
weight loss indicating the similar behaviour
and stability of the sulphated catalysts as that
of the parent MOF.

FT-IR Spectral Results
FT-IR analysis adds up to the understanding
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of molecular characteristics of Cu-MOF with
respect to various vibrational modes of the
bonds and functional groups present in the
MOF structure. The bending and stretching
vibrational bands®® (Fig. 4) of Cu-O are
observed at 480 and 720 cm~'. The peaks
observed from 800-1150 cm-~' are due to
the various stretching vibrations of O-C=0
and C-O while the deformation modes of the
phenyl ring can be seen as less intense peaks
between 660-760 cm-'. Further, the strong
vibrational modes due to carboxylic acid group
of Cu-BTC are noticed at 1375, 1432 and 1625
cm-'. Stretching vibrations due to OSO,H- and
asymmetric stretching of the S=O were reported
to appear at 580 and 883 cm™ and, 1288 cm™’
respectively®” 8. However, with the vibrational
of the BTC being very close in the same region,
these peaks are not distinguished clearly in the
spectra of sulphated Cu-BTC MOFs.

Fig. 4. FT-IR spectra of sulphated Cu-MOF (a) 0.1S Cu-MOF,
(b) 0.2S Cu-MOF, (c) 0.3S Cu-MOF, (d) 0.5S Cu-MOF,
(e) 1S Cu-MOF and (f) Cu-MOF samples

Raman spectra
Raman spectrum gives further insights
of Cu-BTC MOF structural features (Fig. 5).
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The peaks from 200-600 cm~" are corresponding
to the vibrational bands linked to Cu(ll) ions. Those
at 200-270 cm~' are the stretching vibrational
bands of Cu—Cu and Cu-0.The‘O’in Cu-O is from
the H,O adsorbed on Cu?*ions®. A low intensity
signal observed at 450 cm~' is because of the
vibrational stretching of Cu—O. Raman bands
from 600-1200 cm~' are commonly associated
with the deformation and C-H stretching
oscillations of phenyl rings in the organic
linkers®°.

Fig. 5. Raman spectra of (a) Cu-MOF, (b) 0.1S-Cu-MOF,
(c) 0.2S-Cu-MOF, (d) 0.3S-Cu-MOF, (e) 0.5S-Cu-MOF

Acidity Measurements from Ex-Situ Py-Adsorbed
FTIR Studies

The Bronsted (BAS) and Lewis acid
sites (LAS) present on sulphated MOF catalysts
studied are measured from Py-IR spectroscopy.
It is known that the vibrational signal at ~1560
cm is due to the coordinated pyridine over
BAS while the pyridine molecules adsorbed
on LAS appear as a peak at ~1450 cm- €9,
The spectra (Fig. 6) of the sulphated Cu-BTC
MOFs indicate higher ratio of LAS to BAS on
the catalyst surface which are much higher as
against the parent Cu-MOF catalyst®'. Though
Cu-BTC MOF possess very low Bronsted
acidity, sulphation seems to enhance both
Bronsted as well as Lewis acidity. However, the
LAS outnumber the BAS, as can be observed
from the I ./l .«0q F@tios obtained from the
Py-adsorbed IR spectra as presented in Table 1.
Synthesis of solketal from glycerol reaction is
catalyzed by acid catalyst with the involvement
of both Bronsted as well as Lewis acid sites
reported for the selective synthesis of solketal.

Enhanced acidity with increase in sulphate
loading as evidenced from the Py-IR patterns
justifies the increase in rate of formation of
solketal with sulphate content on the surface
of the catalysts.

Fig. 6. Ex-situ Py-adsorbed spectra of different
sulphated Cu-BTC (a) 0.0S, (b) 0.1S, (c) 0.2S,
(d) 0.3S, (e) 0.5S samples

XPS analysis

The wide scan spectrum of XPS analysis
of parent Cu-MOF showed (figure not given) the
peaks pertaining to C 1s, Cu 2p,,, Cu 2p,, and
O 1s at binding energies (B.E) of 284.8, 935.5,
955.3 and 533 eV respectively. The two signals
at 935.5 and 955.3 eV (Fig. 7) correspond to
the B.E of Cu 2p,, and Cu 2p,, respectively of
Cu(ll) along with their satellite peaks at ~964.5
eV and ~942 & ~945 eV respectively®2. The other
signals at ~933.5 and ~954 eV are attributed to
Cu2p,, and Cu 2p, , in Cu(l) form. These results
correlate well with the analyses from XRD and
FT-IR. The O 1s XPS signal from Fig. 7c, may
be split up to two at about 532.1 and 533.5 eV
assigned to the presence of O% in the crystalline
network®. The peak around a B.E. of 169 eV in
case of 0.1S-Cu-MOF shifted to 170.5 eV as the
loading of sulphate increased from 0.1 to 0.5.
This peak is attributed to S 2p with in S(VI) state
in the bound form®4. A shift towards higher B.E.
value with increased sulphate loading indicates
strong interaction of the sulphate with the surface
moieties of Cu-MOF. The increase in intensity of
this peak with sulphate loading is clear in the
Fig. 7(d). The C 1s peaks at 284.5, 286 and 289
eV can be ascribed to the -OH, C=0 and O=C-
OH groups respectively of the BTC linker®.
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Fig. 7. X-ray photoelectron spectra of (a) Cu 2p, (b) C 1s (c) O 1s and (d) S 2p of the sulphated Cu-BTC MOF catalysts

Glycerol acetalization activity results

Glycerol acetalization using acetone was
carried out over parent Cu-BTC MOF along with
the various amounts of sulphate loaded Cu-BTC
MOF under ambient conditions of room temperature
and atmospheric pressure. A simple test was also
conducted without using any amount of catalyst
as well, which showed no conversion of glycerol
in this blank reaction. This clearly establishes the
role of the Cu-MOF or sulphated Cu-MOF in the
acetalization of glycerol to solketal. The parent Cu-
MOF showed about 45% conversion of glycerol and
92% selectivity towards solketal formation ascribed
to the presence of LAS on the parent Cu-MOF
catalyst. The acidity of the Cu-MOF was raised
with the surface incorporation of sulphate group
that resulted in enhanced activity both in terms
of the glycerol conversion as well as selectivity to
solketal formation. There was a clear increase in the
conversion of glycerol/rate of formation of solketal up
to 0.5S loading as shown in the Fig. 8 and there after
a decrease in the conversion was observed owing
to loss of activity of the catalyst with higher sulphate
loading probably resulting in the burial of active sites
on the surface of Cu-MOF or destabilization of the

MOF structure. Hence, Cu-MOF with 0.5S loading is
chosen as the optimum catalyst for obtaining better
yields of solketal at ambient conditions of reaction.

Fig. 8. Effect of sulphate loading on the acetalization
activity of Cu-MOF

This catalyst is chosen to study the effect
of glycerol:acetone molar ratio, time on stream and
catalyst amount on the glycerol acetalization activity
of the catalyst. The results are presented in figures
9a, b and c.

These results indicated (Fig. 9a) a
glycerol:acetone of 1:10 (mole ratio) to show highest
conversion of glycerol and hence higher yield of
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solketal among the various other ratios studied.
Solketal formation from acetalization of glycerol
produces water as a by-product that creates a
thermodynamic and a kinetic barrier for obtaining
higher conversion of glycerol. The best measure to
break this barrier is by taking excess acetone that
can shift the equilibrium towards formation of solketal
as the glycerol acetalization equilibrium constant
is low*. Further it was also reported that acetone
apart from being the acetalizing agent, can be an
entrainer for the system as well. Hence, optimum
glycerol: acetone molar ratio of 1:10 was taken to
achieve maximum yield of solketal. The conversion
of glycerol increased till 4 wt.% of catalyst taken
(Fig. 9b) and above that there was no significant raise
in the conversion levels. However, the selectivity to
solketal enhanced with increased amount of catalyst
taken which may be credited to the availability of
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greater no. of acid sites for the catalytic process. The
other product which was obtained is identified as
the 6-membered ring product i.e., the acetal that is
possible through a side reaction in the acetalization
process®. Therefore 3wt.% of catalyst is taken as
optimum catalyst amount to obtain increased yields
of solketal. The time on stream studies depicted in Fig.
9c indicate a steady state conversion obtained after
180 minute of the reaction time over all the catalysts
studied. The rate of solketal formation was hence with
calculated at 180 minute of conversion of glycerol at
ambient conditions of reaction. A maximum rate of
solketal formation of 29 mmol g_' h™ was observed
over 0.5S loaded Cu-MOF catalyst which is nearly 3
times higher when compared that over Cu-MOF which
obviously establishes the role of Lewis acid sites
that were enhanced with sulphation over Cu-MOF
observed from the ex-situ Py-adsorbed IR studies.

Fig. 9. Effect of (a) Gly: Ace mole ratio (b) Catalyst amount glycerol acetalization over 0.5S-Cu-MOF
and (c) Time on stream activity of 0.1 to 0.5 S-Cu-MOF catalysts

Reusability studies

The reusability studies (Fig. 10) carried
out for 5 cycles of reaction run over the best
catalyst in the study i.e., 0.5S-Cu-MOF indicate
the stable activity of the catalyst even after 5
times of use in the reaction with a very small
detriment in the conversion of glycerol. The

characterization studies viz., XRD, SEM-EDAX
and CHNS analysis (Fig. 11, 12 and Table 2)
clearly depict the catalyst to be stable after 5
cycles of reaction run, structure remaining intact
and the sulphur content is also not varied much
as established from EDAX and CHNS analyses
for both fresh and the used catalyst.
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Fig. 10. Reusability of 0.5S Cu-MOF catalyst

Fig. 11. XRD patterns of fresh and used
(after 5 cycles of reaction run) 0.5S-Cu-MOF

Fig. 12. SEM image of the used 0.5S Cu-MOF catalyst
Table 2: CHNS Analysis of Cu-MOF catalysts

Catalyst  Sulphur(%) Carbon(%) Hydrogen(%) Nitrogen(%)

Cu-MOF 0 30.96 4.55 3.63
0.1S Cu-MOF  1.06 29.28 3.603 1.93
0.2S Cu-MOF  1.98 30.27 3.018 2.49
0.3S Cu-MOF  4.62 27.83 3.672 1.32
0.5S Cu-MOF  6.54 27.13 3.922 1.75
0.5S Cu-MOF  6.23 28.47 3.52 1.68

(used)

Though there was always diverse
discussion on the competitive/combined role
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played by the two types of acid sites i.e. Lewis
and Bronsted, with some authors in support
of the dominant role of Bronsted sites® and
some others have reported the Lewis sites
being crucial in defining the yields of solketal
formation®” 44, Our previous studies on the
solketal formation from glycerol to over sulphate
modified I-MCM 414 Zr-MCM 41%° and Ti-
MCM 414 clearly established that though both
Bronsted and Lewis acid sites are necessary
for the solketal formation, sulphation resulted
in a greater increase of Lewis acid sites as
established from ex-situ Py-IR studies. A similar
observation was also made in the glycerol
acetalization over acidic zeolites studied*.

The glycerol acetalization reaction is
reported to follow a bimolecular Langmuir-
Hinshelwood mechanism®. The primary step
involves the protonation of carbonyl group
forming a carbenium ion of short time span over
a BAS while a LAS can activate the carbonyl
group forming a carbenium ion. The hemiacetal
intermediate formed from the carbenium ion by
nucleophilic attack of the -OH, if further attacked
by either the terminal hydroxyl group or the
hydroxyl attached to secondary carbon results
in either a desired 5-membered ring product,
solketal or an undesired 6-membered ring acetal
product®”. The same has been depicted in the
Scheme 2 given below over sulphate modified
Cu-MOF catalysts. Our previous studies also
support that the primary step requires a
Bronsted site for the formation of carbenium ion
and there after Lewis acid sites are responsible
for the hemiacetal formation and cyclization
through a dehydration step to form selectively
the 5-membered cyclic product solketal which
is a kinetically favoured product over the six
membered cyclic acetal®®. In this study also,
Lewis acid sites seem to dominate in devising
the selectivity of the product supported by
the previous studies. Synergistic effect of the
structural features with tunable properties of
MOF on its glycerol acetalization activity further
makes these materials stand out as unique,
highly potential, stable and selective catalysts
for the synthesis of solketal from glycerol.
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Scheme 2. Probable mechanism of glycerol acetalization over sulphated Cu-MOF

CONCLUSION

Cu-BTC MOF was synthesized by a
simple solvo-thermal method and modified
to enhance its acidity by sulphation using
sulphuric acid through impregnation. A series
of sulphated Cu-BTC MOF catalysts were
prepared by variable amounts of sulphate
loading taken ranging from 0.1-1 S. These
series of sulphated Cu-MOF catalysts along
with the parent Cu-BTC MOF were thoroughly
characterized by different techniques viz., XRD,
TGA, BET-surface area, FT-IR, Raman, SEM-
EDAX, XPS and Ex-situ Py-IR. The analyses
clearly indicated the established crystalline
Cu-MOF structure remaining intact after
sulphonation and the characteristic morphology
of cubic and cubo-octahedral particles of
Cu-MOF were noticed from SEM followed by
EDAX analysis showing the desired elemental
composition of Cu, O, C and S. The FT-IR and
Raman studies showed the characteristics
vibrational modes corresponding to the
hydroxyl, carboxylate groups along with the
Cu-O modes and stretching modes of vibrations
of sulphate group. BET-surface resulted in a
high surface and pore volume of the parent
Cu-MOF while sulphation reducing the surface
area owing to the closure of the pores and

voids present in the structure of MOF. The XPS
studies showed the presence of Cu in Cu(l)
and Cu(ll) forms with high surface sulphur
present on the catalyst. Further, the C 1s
spectra clearly established the presence of
carboxylate linkers. The activity studies showed
the beneficial role of sulphation in escalating
the yields of the desired product, solketal
through acetalization of glycerol that was
achieved at ambient conditions of temperature
and pressure. The other reaction parameters
such as glycerol: acetone mole ratio, catalyst
loading and time on stream studies to achieve
optimum conversion of glycerol and higher
selectivity of solketal were also established.
The catalysts were found to be stable enough
after 5 cycles of reaction runs without much loss
in the activity. The characterization studies of
XRD, SEM-EDAX and CHNS analysis supported
these findings in establishing the stability of
the catalysts. Enhanced acidity on the result
of sulphation over Cu-MOF probably is the key
factor observed over the sulphated Cu-MOF
catalysts. MOFs with their high surface area,
stability and vast tunability character place
them ahead of their counterparts. It can be
suggested from these studies that sulphated
Cu-MOFs can be highly promising catalysts for
the valorization of bio-glycerol to solketal.
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