
When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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Introduction

Cordierite (2Al2O3.2MgO.5SiO2) honeycomb monoliths 
(HMs) play a vital role in heterogeneous catalysis as catalyst 
carriers. HMs coated with active catalysts are generally 
employed in gas phase reactions such as, automotive 
emission control systems as a catalytic converters in diesel 
and gasoline engines, ozone abatement in aircrafts and 
selective reduction of NOx (Nijhuis et al., 2001).  But their 
role in fine chemical synthesis is very narrow.

Some of the advantages of HM-catalytic material over 
powder form of catalysts are: small amount of the active 
catalyst coated on a HM in the form of a thin layer is more 
effective and result in high surface active sites, easy 
separation and complete recovery from the reaction 
mixture, tolerate a wide range of reaction temperatures, safe 
to store, long life time and environmentally safe disposal, 

etc (Nijhuis et al., 2001). These advantages are least 
applicable when the catalysts are in powder form.

Zirconia and its cation/ anion modified forms have played 
an important role as catalysts in a wide range of organic 
transformations such as isomerization, esterification, 
transesterification, etc., leading to the formation of 
industrially important fine chemicals. Especially, 
zirconia modified with SO4

2-, Mo(VI), W(VI), V(V) etc., 
have proved to result in the formation of ‘super acid’ sites 
over zirconia (Reddy and Patil, 2009).

‘Solketal’ (1,2-isopropylidene glycerol) is a condensation 
product of glycerol and acetone.  It is used as an additive to 
reduce particulate emission and enhance cold flow properties 
of liquid transportation fuels (Pariente et al., 2008).
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Abstract 

Microwave assisted synthesis of ‘solketal’ over zirconia (ZrO2) and its modified forms 
(Mo(VI)/ZrO2, W(VI)/ZrO2 and V(V)/ZrO2) coated on honeycomb monoliths is reported.  The solid 
acids were coated on honeycomb monoliths by ‘dip and dry’ method and characterized for their 
surface acidity, crystalinity, functionality, morphology and elemental analysis by using techniques 
such as NH3-Temperature programmed desorption (NH3-TPD), powder X-ray diffraction (PXRD), 
Fourier transform-infrared spectroscopy (FTIR), Scanning electron microscopy (SEM) and 
Inductively coupled plasma-optical emission spectroscopy (ICP-OES).  The honeycomb monoliths 
coated with solid acids were employed as catalysts in the condensation of glycerol with acetone to 
synthesize solketal under microwave irradiation conditions.  The reaction conditions such as molar 
ratio of the reactants (glycerol: acetone), reaction temperature, reaction time were studied to obtain 
highest possible yield of solketal with greater selectivity.  The catalytic activity of honeycomb 
catalytic material was compared with the powder forms of the catalysts.  98% yield of solketal with 
98% selectivity was achieved over Mo(VI)/ZrO2 coated on a honeycomb monolith in a very shorter 
reaction time of 8 min at 60 oC under microwave heating.  These honeycomb catalytic material were 
found to be easily reactivable and reusable atleast for 6 reaction cycles.  Hence, honeycomb catalysts 
were found to be efficient, economical and effective in the synthesis of value added chemical such 
as solketal.  A possible mechanism for the formation of solketal is proposed.  
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When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 
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temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.
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with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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[solketal]

Yield of solketal (%)  =                                              ×  100
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[dioxane]

Fig. 1. PXRD patterns of (a) Z, (b) MZ (c) WZ and (d)
        VZ. [M = Monoclinic; T = Tetragonal].

Catalytic material  

Acid site distribution (mmol/g)

Weak  Medium Strong  Very strong TSA
Z 0.03  0.38  - - 0.41  

MZ  - 0.09  0.90  0.05  1.04  
WZ  - 0.07  0.75  0.10  0.92  
VZ - 0.10  0.78  0.07  0.95  

Table I.  Acid site distribution, TSA and % of metal in catalytic materials used in the present study



When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

Functionality by FT-IR

The FTIR spectra of the catalytic material used for the present 
work are presented in Fig. 2. The bands at ~1391 cm-1 and 
~1118 cm-1 can be due to Zr-OH bending and Zr-O-Zr 
stretching modes respectively, which confirms the formation 
of ZrO2 phases. The broad bands in all the catalyst samples at 
~3400 cm-1 and ~1646 cm-1 are due to stretching mode of -OH 

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 
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the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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Fig. 3. SEM pictures of (a) Z, (b) MZ (c) WZ and (d) VZ. [Magnification = 2000x ; Resolution = 10 µm].



When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 
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due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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Fig. 5. Effect of reaction time on the conversion of glycerol and
            yield of products over HM-MZ catalytic material.

Fig. 4. Effect of molar ratio of the reactants on the conversion
          of glycerol and yield of products over HM-MZ
           catalytic material.
[Reaction conditions:  Reaction time = 8 min; reaction temperature = 60 oC,
amount of catalyst = 0.02 g].

[Reaction conditions:  Molar ratio (glycerol: acetone) = 1: 6; reaction 
 temperature = 60 oC, amount of catalyst = 0.02 g].
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Table II. Catalytic activity of Z, MZ, WZ and VZ in the
                 synthesis of solketal

Catalytic 
material  glycerol (%)  

Yield of 
solketal (%)  

Yield of 
dioxane (%)

HM -Z 46 (12)  100  00  
HM -MZ 98 (18)  98  02  
HM -WZ 99 (20)  92  08  
HM -VZ 97 (17)  94  06  
Z-P 28 (08)  100  00  
MZ-P 64 (14)  98  02  
WZ-P 69 (14)  92  08  
VZ-P 66 (15)  94  06  
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When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

Solketal over zirconia based acid catalysts 54(1) 201936

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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                 glycerol with acetone

[Reaction conditions:  Molar ratio (glycerol: acetone) = 1: 6; reaction time = 8 min; reaction temperature = 60 oC, amount of catalyst = 0.02 g].

Catalytic material
 

Conversion (%) of glycerol / Reaction cycle (No.)
1  2  3  4  5  6  

HM -MZ 98  98  98  98  98  98  
MZ-P 64  61  56  52  46  41  
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When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Reena, Shamshuddin, Vasantha and D’Souza 37

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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Acid catalyzed condensation reaction of glycerol with acetone over HM-coated with Mo(VI)/ZrO2 under microwave irradiation.

Scheme 1. Catalytic synthesis of solketal via condensation of glycerol and acetone over zirconia based solid acid.
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Table IV. Comparative catalytic activity of the catalysts
         reported in the literature in the synthesis of solketal

Catalytic material  Conversion of 
glycerol (%)

Yield of 
solketal (%)

H-β  (Manjunath et al, 2015) 86  (65  min) 98  

SZ (Vasantha et al, 2018) 96  (100 min) 94 

Mordenite (Samudrala et al, 2017)  95 (15 min) 98 
Amberlyst -35 (Nanda et al, 2016)  90 (20 min) 97 

HM -MZ (present work) 98  (8 min) 98  



When added to gasoline, it decreases gum formation and 
increases octane number.  Solketal can also be used as a 
solvent and plasticizer in polymer industry and as a 
solubilising, suspending agent in pharmaceutical industries 
(Pariente et al., 2008).  Importance is given towards the 
synthesis of solketal so that glycerol which is a by-product 
during biodiesel synthesis could be converted into a 
value-added chemical, i.e., solketal.  Conventionally, it was 
being prepared using homogenous acid catalysts such as 
HCl, H2SO4 and H3PO4 (Krief et al., 1998). Keeping in 
view the disadvantages associated with homogenous and 
corrosive liquid acids, efforts have been made to replace 
them with eco-friendly heterogenous solid acids such as 
clays, zeolites, etc (Nanda et al., 2016; Priya et al., 2017; 
Manjunathan et al., 2015).  

Microwave-assisted organic transformations accelerate 
reactions from hours to minutes and minutes to seconds.   
Microwave-assisted organic transformations have advantages 
over conventional heating methods such as: provide quick 
results by drastically reducing reaction times, uniform 
heating occurs throughout the material, high efficiency of 
heating, increases product yield with high purity of the 
product by reducing undesirable side reactions and 
environmental heat is avoided (Hayes et al, 2002).  

In the present article, work done on the synthesis, 
characterization and catalytic activity studies (in solketal 
synthesis) of honeycomb monoliths (HMs) coated with solid 
acids such as (ZrO2, Mo(VI)/ZrO2, W(VI)/ZrO2 and 
V(V)/ZrO2) is reported.  The solid acids were coated on HMs 
and characterized for their properties such as surface acidity, 
crystalinity, functionality, morphology and elemental 
analysis by suing suitable analytical techniques.  The 
HM-catalytic material were then analyzed for their catalytic 
activity in the microwave assisted condensation of reaction of 
glycerol with acetone to synthesize industrially important 
product i.e., solketal.  The reaction conditions were optimized 
to obtain highest possible yield of solketal with good 
selectivity. The activities of HM-catalytic material were 
compared with their powder forms.  Reactivation and 
reusability of HM-catalytic material was also studied.

Materials and methods

Cordierite honeycomb monoliths were procured from Shreya 
Ceramics, Baroda, India.  The raw materials such as zirconyl 
nitrate, ammonium molybdate, ammonium tungstate, 
ammonium metavanadate, glycerol and acetone were 
obtained from LOBA Chemie Ltd, India. 

Preparation of catalytic materials 

The bare HMs were coated with solid acids such as ZrO2, 
5%Mo(VI)/ZrO2, 5%W(VI)/ZrO2 and 5%V(V)/ZrO2 by ‘dip 
and dry’ procedure (Shyamsundar and Shamshuddin,  2018).  

Typically, zirconia (ZrO2) was coated on a HM by using a 
dilute solution prepared by using known amount of 
zirconyl nitrate and deionized water. The resulting solution 
was coated on a HM by dipping and drying in a muffle 
furnace preheated at 400 oC. The dip and dry steps were 
repeated for 6 to 8 times until ~0.02 g of the active catalyst 
(ZrO2) is coated on the HM.   

Similarly, ~0.02 g of 5%Mo(VI)/ZrO2 or 5%W(VI)/ZrO2 or 
5%V(V)/ZrO2 were coated on HMs by using dilute solutions 
consisting of known amounts of zirconyl nitrate and 
ammonium molybdate/ ammonium tungstate.

Powder forms of the catalysts (ZrO2, 5%Mo(VI)/ZrO2, 
5%W(VI)/ZrO2 and 5%V(V)/ZrO2) were also prepared by 
impregnation method.  The resulting catalytic materials were 
abbreviated as HM-Z, HM-MZ, HM-WZ and HM-VZ for 
honeycomb forms and Z-P, MZ-P, WZ-P and VZ-P for 
powder forms.

The catalytic materials (both HM coated and powder forms) 
were calcinated at 550 oC for 5 h before their characterization 
and using them as catalytic material in the synthesis of 
solketal.

Characterization of the catalytic materials

Surface acidity and acid site distribution was determined by 
NH3-TPD method by using Mayura-TPD instrument. PXRD 
patterns were obtained from Seimens-D5005 X-ray 
diffractometer with a Ni filtered Cu-Kα radiation (1.5418 Å).  
The FT-IR spectra were recorded on Nicolet instrument by 
KBr pellet technique.  The SEM images were obtained from 
JEOL JXA-8530F microscope.  ICP-OES elemental analysis 
of MZ, WZ and VZ catalyst samples was analyzed over 
Thermo-iCAP 6000 instrument.  

Catalytic activity evaluation (in solketal synthesis)

Microwave assisted synthesis of solketal was carried out in 
Labmatrix Microwave Reactor (LM-MWS-31) via 
condensation of known quantities of glycerol (20 mmol) with 
acetone (15 mmol) by using ~0.02 g of the catalysts (either 
HM-coated or powder forms).  The reactions were carried out 
in a specially designed glass reactor (suitable for HM 
catalytic material) attached with a water cooled condenser.  
The reaction mixture was heated for a particular time and 

temperature (60 oC) and then cooled to room temperature.  
The catalytic material was separated from the reaction 
mixture and was analysed quantitatively using GC (Mayura) gas 
chromatograph fitted with TR-Wax capillary column attached to 
flame ionisation detector.  The reaction mixture was also 
qualitatively analysed with GC-MS (Varian) and two products 
were observed.  The cyclic acetal products 5-membered cyclic 
ketal (1,2-isopropylidene glycerol) commercially called as 
solketal as a major product and 6-membered cyclic ketal 
(2,2-dimethyl-1,3-dioxan-5-ol)  called dioxane as a minor 
product along with the by-product water were observed (Scheme 
1). Reactions were carried out with powder form of the catalysts 
using the similar method as described above.  For comparison 

reactions were also carried out using conventional method on a 
hot plate cum magnetic stirrer.

The yield (%) of the products (solketal or dioxane) was 
calculated by using the following formulae:

Results and discussion

Characterization of catalytic materials

Surface acidity by NH3-TPD

The acid site distribution and total surface acidity (TSA) 
values of the prepared catalytic materials are listed in Table I 
and they found to follow the order: Z < WZ < VZ < MZ.  Pure 
zirconia (Z) has lowest acidity, but upon incorporation of 
cations (Mo/W/V) strong influence on the surface acidity of 
zirconia was observed which may be through synergistic 
effect arouse because of the coordination number of the 
inserted cation maintained in the host oxide lattice i.e., 
(Mo/W/V) ions loaded in to the Zr4+ lattice, positive charge 
imbalance occurs. As a result acid sites are generated.  
Further, it is observed that pure Z has ‘weak and moderate’ 

acids sites, whereas modified forms of Z (i.e., MZ/WZ/VZ) 
have ‘moderate, strong’ and traces of ‘very strong’ acid sites 
(Reddy and Patil, 2009).

Crystalinity by PXRD

The PXRD patterns of Z, MZ, WZ and VZ (HC coated) are 
shown in Fig. 1.  Pure Z show reflection pertaining to both 
monoclinic (M) and tetragonal (T) phases.  Whereas, 
modified forms of zirconia (i.e., MZ/WZ/VZ) show 
reflections due to only tetragonal phase of zirconia.  
Transformation from monoclinic to catalytically active 
tetragonal phase in case of modified forms of zirconia can be 
attributed to the strong influence of cations (Mo/W/V) on 
zirconia (Reddy and Patil, 2009). In the PXRD patterns of 
MZ/WZ/VZ no reflections related to MoOx, WOx, VOx are 
observed indication that these cations are satisfactorily 
incorporated with zirconia.  Further, in the PXRD patterns of 
HC-catalytic material, no reflections pertaining to bare HM 
are seen indicating the effectiveness of the method followed 
to coat the catalyst on the HM.

with hydrogen bonding and vibrations of acidic –OH and 
respectively (Sohn et al., 2003). The band at ~3400 cm-1 helps 
in the generation of Bronsted acidic sites. In case of 
MZ/WZ/VZ samples the peak at ~848 cm-1 is due to M-O-M 
(M – metal ion) stretching mode of vibration for MOx (Chary 
et al., 2004). This indicates that MOx is strongly dispersed on 
the surface of ZrO2 wherein peak at ~ 1118 cm-1 (Fig. 2a) gets 
disappeared.

Morphology by SEM

SEM images of all the prepared HM-catalytic material are 
shown in Fig. 3.  The pictures show scale like images which 
indicate an almost uniform, adherent and a strong coating of 
the active catalyst on the surface of HC. This indicates that 
the method used to coat the active catalyst on a bare HC is 
suitable enough to obtain an efficient coating. 

Elemental analysis by ICP-OES

The results obtained from ICP-OES indicates that the 
modified forms of zirconia i.e. MZ, WZ & VZ consisted of 
5.02%Mo (VI), 4.98%W (VI) and 5.03%V(V) respectively.  

Catalytic activity evaluation (in solketal synthesis)

The condensation reactions of glycerol with acetone were 
carried out over all the catalytic materials (both HM-coated as 
well as powder forms) and the results are given in Table II.  
Interestingly, a correlation between the surface acidity and 

the catalytic activity of the catalytic materials was observed.  
The catalytic activity was found to follow the order: Z < WZ 
< VZ < MZ.  This order is similar to the order of their acidity.  
When the condensation reaction was carried out in the 
absence of any catalyst, only 07% conversion of glycerol 
with 100% selectivity towards solketal was observed.

Zirconia being least acidic was less activity in the 
condensation reaction whereas MZ being highly acidic bear 
highest activity in the reaction. Even though the major 
product of the reaction is solketal, dioxane was also formed 
as the minor product.  The selectivity towards either solketal 
or dioxane was found to correlate with the acid strength of the 
catalytic material. Pure zirconia which has weak and 
moderate acid sites produced only solketal and it is 100% 
selective.  But over modified forms of zirconia (MZ/WZ/VZ), 
the conversion of glycerol as well as the yield (%) of solketal 
was high. This indicates that the formation of solketal 
requires ‘moderate and strong’ acid sites. However, over 
modified forms of zirconia (MZ/WZ/VZ), dioxane was also 
formed to a small extent (2-8%).  Formation of dioxane can 
be attributed to the presence of very strong acid sites over 
modified forms of zirconia.  Over MZ catalyst the yield of 
dioxane is least (i.e., 2%) and over WZ the yield was found to 
be 8%.  Comparatively, MZ catalyst was found to be suitable 
for the selectivity synthesis of solketal in good yields because 
it showed good conversion of glycerol (98%) with good 
selectivity (98%) towards the formation of the desired 
product i.e., solketal.  

When the reactions were carried out over powder forms, even 
though same amount of the catalyst (0.02 g) was used the 
conversion of glycerol was found to be lesser than that of 
HC-catalysts.   Moreover powder forms of the catalysts were 
found to face difficulty during separation from the reaction 
mixture.  Therefore, for further optimisation studies HM-MZ 
was selected as the catalytic material.

Further, for the purpose of comparison, reactions were also 
carried in conventional heating method and the results are shown 
in Table II (Column 2).  The conversion of glycerol was found to 
be very low when compared to microwave heating method. 
Whereas the yield of either solketal or dioxane remained almost 
the same irrespective of the heating method.

Effect of molar ratio of the reactants

The effect of molar ratio of reactants on the conversion (%) of 
glycerol and selectivity towards solketal or dioxane was 
studied by varying the molar ratio of glycerol to acetone from 
1:1 to 1:8 using HM-MZ catalytic material (Fig. 4).  An 
increase in the conversion of glycerol was observed with an 
increase in the molar ratio (glycerol: acetone) from 1:1 to 1:6 

due to an increase in the accessibility of acetone with 
glycerol. An excess of acetone used in this reaction favoured 
the forward reaction and improved the complete conversion 
of glycerol (Melero et al., 2010).  Further increase in the 
molar ratio beyond 1:6 did not result in a reasonable increase 
in the conversion of glycerol.  However, selectivity towards 
either solketal or dioxane did not affect with molar ratio.

Effect of reaction time

The reaction time of microwave irradiation was varied from 1 
min to 10 min and the results are shown in Fig. 5.  The 
conversion of glycerol increases with reaction time till 8 min 

and then levels off beyond 8 min.  A maximum conversion of 
glycerol (98%) with a yield of solketal (98%) was observed at 
a reaction time of just 8 min.  Even though the conversion of 
glycerol did not change with reaction time beyond 8 min, the 
selectivity towards solketal was found to decrease with an 
increase in the selectivity towards dioxane (4%).  It may be 
due to an internal rearrangement of 6-membered (dioxane) 
product to 5-membered (solketal).

Effect of reaction temperature

Effect of reaction temperature was studied by varying the 
temperature from 30 oC to 80 oC over HM-MZ catalytic 
material and the results are shown in Figure 6. An increase in 
the conversion of glycerol was observed with an increase in 
the reaction temperature. The conversion of glycerol 
increased till the reaction temperature of 60 oC and then levels 
off.  However, at higher reaction temperature beyond 60 oC 
the selectivity towards the desired product i.e., solketal was 
found to decrease with an increase in the selectivity towards 
dioxane.  This indicates that high reaction temperature favors 
the formation of 6 membered dioxane.

Effect of reactivation and reusability of the catalytic material

The MZ (both HM and powder forms) catalytic material, 
after the first reaction cycle was reactivated by washed with 
acetone and dried in a hot air oven at 120 oC for 1 h and 
calcined at 550 oC for 1 h.  Thus reactivated catalytic material 
was re-used in the next reaction cycle. Such cycles were 
conducted for up to 6 times and the results are given in Table 
III.  Interestingly, no change in the conversion of glycerol or 
selectivity towards the products was observed when the 
reactions were carried out over HM-MZ catalytic material.  
This also indicates that there is no leaching of the active 
catalyst form the HM.  But over powder form of the catalyst 
(MZ-P) a gradual decrease in the conversion of glycerol was 
observed.  This decrease can be attributed to the loss of the 
powder catalyst during separation from the reaction mixture.  
While separating the catalyst from the reaction mixture via 
filtration, some amount of the catalyst may be lost which 
sticks to the surface of the filter paper.  Further loss of the 
powder catalyst while removing from the reaction flask also 
cannot be ruled out.  This type of loss or leaching may not 
occur when used in the honeycomb coated form.  This fact 
indicates that the catalysts coated on honeycomb monoliths 
are much more economical and efficient as they can be easily 
separated from the reaction mixture without any loss of the 
catalyst, easily reactivated and effectively can be recycled 

when compared to their powder forms.  However, no change 
in the selectivity of either product (solketal or dioxane) was 
observed.

Comparison of the catalytic activity of other catalysts in the 
synthesis of solketal from the literature survey

The catalytic activity of the catalysts used for the present 
work was compared with the activity of the catalytic 
materials reported in the literature (Table IV).  The catalysts 
reported have their own merits and limitations even though 
they reflect higher conversion, as per industrial practice, more 
selectivity of the desired product also plays an important role. 
Zeolite H-β, even though showed good selectivity but 
conversion was relatively low (Manjunath et al, 2015).  

Recently, we have reported the synthesis of solketal over 
sulfated zirconia, which took longer reaction times of 100 
min (Vasantha et al., 2018).  Mordenite and Amberlyst-35 
have also been used as catalytic material (Priya et al., 2017; 
Nanda et al., 2016) and were active in the synthesis of 
solketal but showed marginal deactivation with time.  
Comparatively, the catalytic material i.e., honeycomb 
monolith coated with solid acid such as Mo(VI)/ZrO2 used in 
the present study was found to be very efficient in producing 
solketal in a very low reaction time of 8 min with low catalyst 
loading of 0.02 g.  Generally, the catalytic material coated on 
honeycomb monoliths used for the present work were less 
expensive, efficient as well as eco-friendly in nature with 
complete recovery, easily separable from the reaction 
mixture and recyclable with negligible loss of the activity.

Mechanism of formation of solketal 

The acid catalysed condensation of glycerol with acetone 
involved 3 steps (Scheme 2).  The first step is the surface 
reaction between the adsorbed acetone and glycerol over the 
acid catalyst surface (H+) to form the acetal.  The next step is 
the removal of water leading to the formation of a carbocation 
and the last step is the removal of a proton (H+) to form 
solketal (Nanda et al, 2014).

Conclusion

Condensation reaction of glycerol with acetone was 
effectively carried out over modified forms of zirconia 
coated on honeycomb monoliths via microwave 
irradiation.  The method was efficient, quick, ecofriendly 
and safe.  Industrially important organic compound 
(solketal) was synthesised in good yields with high 
selectivity over honeycomb monolith coated with 
Mo(VI)/ZrO2 catalyst in a very short time of 8 min at 60 
oC.  The honeycomb catalyst could be easily separated 
from the reaction mixture and reused which makes the 
method even more economical, ecofriendly and safe.  
Utilisation of honeycomb as catalyst carriers and 
microwave heating technique in the synthesis of organic 
fine chemicals is a very good initiative in the field of 
heterogenous catalysis. 
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