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A continuous-flow process at atmospheric pressure was designed for the conversion of glycerol
to solketal, an oxygenated fuel additive, through the acid-catalyzed reaction of glycerol with
acetone. Process optimization was performed by checking the influence of different variables
on the conversion and selectivity. The variables examined were: residence time (12, 24, 60 and
120 min), catalyst type (Amberlyst-15 and K-10 Montmorillonite), catalyst loading (7, 3, and
1 g), reaction temperature (50, 40 and 30 °C), molar ratio of the reactants (1:2, 1:5, 1:10, 1:15 and
1:20) and solvent used to homogenize the system (dimethylsulfoxide or dimethylformamide).
The highest conversion (92%) was observed with 7.0 g of Amberlyst-15, reaction temperature of
50 °C, molar ratio of glycerol to acetone of 1:20 and dimethylformamide as solvent. In all cases,
solketal isomers (five and six-membered ring ketals) were the only product observed. The results
of solketal formation of this study, carried out at atmospheric pressure, were similar to other
studies with pressures of up to 120 bar. The utilization of higher catalyst loading and molar ratio
of reactants compensate the use of atmospheric pressure to achieve high conversion levels and
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selectivity to the desired product.
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Introduction

Oil, natural gas and its derivatives are fuels that allow
the existence of fast and efficient means of transport, as
well as much of the industrial activities in the present days.
However, it is very likely that they will not last longer than
a few decades, because their reserves are finite, security of
supply is problematic in many countries that import them
and their use is the main source of CO,, a gas associated
with climate changes and global warming. Thus, it is
essential to search for substitutes for these fuels, especially
from renewable organic matter (biomass). In this context,
biodiesel appears as one of the most promising candidates.

Biodiesel is produced through the transesterification
of vegetable oils or animal fat with methanol, under base
catalysis conditions.' In this process, glycerol or glycerin
is formed as byproduct in approximately 10 wt.%. This
biofuel can be used pure or blended with petrodiesel and
features a number of environmental benefits. It contains no
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sulfur and aromatic molecules, presents lower emission of
carbon monoxide and particulates and its cetane number is
high, improving the engine efficiency.

In Brazil, biodiesel is presently blended with the
petrodiesel in 7 vol%. A great challenge of the Brazilian
biodiesel program is to find economical and environmentally
friend uses for the glycerol produced as byproduct. Personal
care products, soaps, pharmaceuticals and food are the
main sectors that make regular use of glycerol.? However,
they cannot absorb alone, all the glycerol produced from
the biodiesel industry. Thus, it is necessary to find new
applications for this excess of glycerin produced by the
biodiesel industry.

The use of glycerin as a raw material to produce
other chemicals is gaining interest in recent years.*’
Hydrogenolysis over metal catalysts affords 1,2- and
1,3-propanediols, which can be used in the production of
polymers.®® Dehydration over acidic catalysts produces
acrolein,'®!* an important intermediate in the synthesis of
acrylic acid and other chemicals. Synthesis gas, a mixture
of CO and H,, can be produced from glycerol aqueous
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phase reforming.'* Reaction with dimethyl carbonate can
lead to the formation of glycerol carbonate.!® Glycerol can
also be converted in ethers, acetals/ketal and esters, all of
them potential fuel additives. For instance, the reaction
of glycerol with isobutene affords tert-butyl-glycerol
ethers.!® Glycerol ethers can also be produced through
the acid-catalyzed reaction of glycerol with alcohols.!”!8
Glycerol acetals and ketals can be produced through
the acid-catalyzed reaction with aldehydes and ketones,
respectively.'®? These compounds can be used as fuel
additives.?! Acetylation of glycerol affords the acetins or
glycerol acetates.?

We have recently shown? that solketal, the ketal
produced in the reaction of glycerol with acetone,
improves the octane number and reduces gum formation
in gasolines, either with and without ethanol. Therefore, it
can be a potential oxygenated gasoline additive, reducing
gum formation and improving the octane number. In
addition, solketal is easily hydrolyzed in excess water,*
indicating that it will not contaminate water sources, as
methyl-tert-butyl ether (MTBE) does, and this has been
the main reason for this additive to be phased out, because
it shows carcinogenic properties.”

Continuing our interest on the development of
continuous-flow protocols,? we wish to report an
atmospheric pressure continuous flow study for the
production of solketal, by the acid-catalyzed ketalization
of glycerol (Scheme 1).

leterogeneous
catalyst ,I,
92% conversion

96% selectivity
50°C, 1atm

(0]
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+ \)\/OH

Acetone Solketal

Scheme 1. Continuous-flow production of solketal under atmospheric
pressure by acid catalyzed ketalization of glycerol.

Experimental
General procedure

Two catalysts were used in the experiments: Amberlyst-15,
(particle size < 300 um, Sigma-Aldrich, USA) and K-10
Montmorillonite (powder, Fluka, USA). Both were used
at the particle size provided by the suppliers. Prior to the
catalytic tests, the Amberlyst-15 was activated at 120 °C for
2 h and K-10 Montmorillonite at 150 °C for 2 h on an oven
and carefully transferred to the flow system. Amberlyst-15
is reported to have 4.7 mmol of acid sites per g, whereas
K-10 has an acidity of 0.007 mol g, determined by
adsorption/desorption of n-butylamine.?
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Solketal formation via glycerol ketalization with
acetone was studied in an Asia 110 continuous flow
system using a fixed bed of catalyst (Amberlyst-15 or
K-10 Montmorillonite). Three packed bed columns, each
with its respective volume (including the bed of catalyst),
were used. The column used with the highest catalyst
loading (7.0 g) has a volume of 12.4 mL, the one used with
3.0 g of catalyst has a volume of 5.5 mL and the column used
with 1.0 g of catalyst has 2.4 mL. The operational variables
were flow rate, temperature, catalyst loading, type of
catalyst (Amberlyst-15 and K-10), molar ratio of reactants
and solvent used to homogenize the glycerol/acetone
mixture. The solvent was used in the same molar proportion
of glycerol in the mixture. The feed containing acetone,
glycerol and the solvent (dimethyl sulfoxide, DMSO or
dimethylformamide, DMF) at room temperature was
pumped continuously at different flow rates into the reactor.
Initially, only pure acetone was pumped through the column
until the catalytic device reached the desired conditions.
The reaction was performed at proper temperature using
the heating plate device provided by the Asia system
(USA) and atmospheric pressure. Eight samples, at the
end of each space time (0.2 h) processed, were taken and
analyzed by capillary gas chromatography coupled with
a mass spectrum (Agilent 5975, USA), operating with
electron ionization (EI) at 70 eV to obtain the conversion
and selectivity. A capillary column (30 m x 0.25 mm) with
a 0.25 um of methyl-phenyl-silicone stationary phase was
used to separate the products, with helium as a carrier gas.
Aliquots (0.2 mL) were injected using a heating program
from 70 to 200 °C at 10 °Cmin™'. Table 1 shows the different
variables used in this study.

Conversion was calculated using 1,4-dioxane as internal
standard with the use of a calibration standard curve.
Conversion is defined as the amount of glycerol before
and after the reaction, divided by the amount of glycerol
before reaction.

The productivity of solketal was calculated taken the
molar ratio of glycerol to acetone, without considering
the solvent, and calculating the molar concentration of

Table 1. Different parameters used for the continuous flow process of
solketal production

Parameter

Used values

Flow rate / (mL min™')
Temperature / °C

Catalyst loading / g

Type of catalyst
Glycerol/acetone molar ratio

Solvent

0.1;0.2;0.5and 1.0
30; 40 and 50
1.0; 3.0 and 7.0
Amberlyst-15; K-10
1:2;1:5; 1:10; 1:15 and 1:20
DMSO and DMF
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glycerol in the mixture by using the density and the molar
weight. Then, the conversion was taken to calculate the
molar concentration of solketal formed, assuming the
stoichiometry of the reaction. The molar concentration
of solketal was transformed to mass concentration per
hour using the molar weight and the space time of each
experiment.

Results and Discussion

We began our studies evaluating the effect of the flow
rate on the conversion. We have used, as a first tentative
guess, the following reaction conditions: 50 °C, 7.0 g of
Amberlyst-15, glycerol/acetone molar ratio 1:2; DMSO as
solvent. The choice of this reaction condition was based on
the previous experience of our group in the related reaction
(Table 2). It can be seen that no significant change was
observed among the flow rates studied, with the glycerol
conversion being around 70%, with a selectivity of 100%
to solketal. This result shows that equilibrium is being
reached even at the highest flow rate used and the number
of acid sites was the same in all experiments.

Table 2. Effect of the flow rate on the conversion and selectivity at 50 °C,
7.0 g of Amberlyst-15, glycerol/acetone molar ratio 1:2; DMSO as solvent

entry Flow rgté / Conversion / Selectivity /
(mL min™) %* %*

1 1.0 70 >99

2 0.5 70 >99

3 0.2 70 >99

4 0.1 70 >99

*Conversion and selectivity measured by GC analysis.

After this initial assessment, the next step was
the evaluation of process stability of the packed bed
filled with Amberlyst-15 and K-10 Montmorillonite
as an alternative catalyst. Figure 1 shows that glycerol
conversion was significantly higher on Amberlyst-15 than
on K-10 Montmorillonite. In addition, this later catalyst
showed a slight decrease in conversion with increasing
process time, indicative of deactivation. Experiments at
batch reaction conditions, using a constant number of acid
sites in the medium, also indicated the higher activity of
Amberlyst-15, but the difference with respect to K-10 was
not so significant.”® Nevertheless, in the present study,
the loading of catalyst was kept constant (7.0 g of each
catalyst), instead of the amount of acid sites. Thus, since
Amberlyst-15 has more acid sites per g than K-10, the
conversion over this catalyst was significantly higher. It is
important to stress that blank reactions, with no catalyst
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in the reactor system, showed only 2% of conversion at
the base case conditions.
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Figure 1. Effect of process time on glycerol conversion (T = 50 °C, flow
rate of 1.0 mL min', glycerol/acetone (1:2), DMSO as solvent); (#)
Amberlyst-15; (A) K-10 Montmorillonite.

Evaluation of catalyst loading was also taken into
account but, at this time, we have decided to move forward
only with Amberlyst-15 which present better results than
K-10 Montmorillonite. Figure 2 shows the effect of catalyst
loading (Amberlyst-15) on the conversion. At steady state
conditions (after 30 min), the highest catalyst loading
(7.0 g) showed the highest conversion. These results may
be interpreted in terms of the number of acid sites. As the
mass of catalyst in the system increases, the number of
active sites on the catalyst does also go up, favoring the
reaction rate.
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Figure 2. Effect of catalyst (Amberlyst-15) loading on the glycerol
conversion (T =50 °C, flow rate of 1.0 mL min™!, glycerol/acetone (1:2),
DMSO as solvent); (#) 7g; (M) 3g; (A) 1g.

Temperature was also evaluated as an important variable
for process optimization and Figure 3 shows the effect of
different temperatures on the conversion of glycerol towards
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soketal over Amberlyst-15. As the experiments were carried
out at atmospheric pressure, a limit of the temperature,
slightly lower of the boiling point of acetone (56 °C), had
to be established. At 50 °C the glycerol conversion was
around 72%, but decreased as the temperature goes down.
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Figure 3. Effect of temperature on the glycerol conversion (flow rate of
1.0 mL min”, glycerol/acetone (1:2), 7.0 g of Amberlyst-15, DMSO as
solvent); (@) 50 °C; () 40 °C; (A) 30 °C.

Solvent choice is a very important task during the
development of a continuous flow protocol, since all
reagents need to be soluble in order to be able for pumping
through the packed bed reactor. Figure 4 shows the effect
of solvent (DMSO or DMF) on the glycerol conversion.
Acetone and glycerol are not completely soluble, requiring
the use of a solvent to avoid phase separation. We have
previous shown?' that DMSO can be used to dissolve
glycerol with aliphatic aldehydes. DMSO and DMF are
polar aprotic solvent widely used in chemistry. It can be
seen on Figure 4 that DMF led to slightly higher conversion
(77%) than DMSO did (72%).
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Figure 4. Effect of the solvent on the glycerol conversion (T = 50 °C,
7.0 g of Amberlyst-15, glycerol/acetone (1:2), flow rate of 1.0 mL min™);
(®) DMSO; (*<) DMF.
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The basicity of the two solvents on aqueous sulfuric acid
are similar and slightly higher than acetone.?” Therefore,
equilibrium among protonated DMF, DMSO and acetone
must occur, as well as with glycerol. Another possibility
would be the different solvation or interaction of DMF and
DMSO with the reactants, influencing the reactivity and the
energy barrier. DMF has two heteroatoms that may interact
through hydrogen bonding with two different molecules.
Scheme 2 shows possible pictures of the role of DMF
and DMSO in the nucleophilic attack of glycerol to the
protonated acetone. A DMF molecule can interact with the
protonated acetone and with the secondary hydroxyl group
of glycerol. This makes the primary hydoxyl more reactive
toward nucleophilic attack of the protonated carbonyl
group. On the other hand, with DMSO this situation
does not occur. One may infer that DMSO may help the
stabilization of the protonated acetone through hydrogen
bonding, whereas the glycerol molecule undergoes an
intramolecular hydrogen bonding between the secondary
and primary hydroxyl groups, which reduce the reactivity
toward nucleophilic attack in the carbonyl group, explaining
the lower conversion compared with DMF.
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b Y 2
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Scheme 2. Pictorial view of the role of DMF (a) and DMSO (b) in
nucleophilic attack of glycerol to protonated acetone.

Ketalization is a reversible reaction and can thus be
shifted towards products by increasing the molar ratio
of reactants or withdrawing water from the medium. We
studied the effect of glycerol to acetone molar ratio on the
conversion of the continuous flow ketalization; the results
are presented on Figure 5. As expected, the increase in the
molar ratio of reactants led to an increase in conversion,
which jumped from 72% at 1:2 glycerol/acetone molar ratio
to 87% at 1:20 glycerol/acetone molar ratio. At higher molar
ratios, the two isomers, five and six-membered ring ketals,
could be observed with the former being in 96% selectivity.

Considering that DMF gave slightly better results
than DMSO, we decided to run an experiment at the best
parameter conditions, which are: 7.0 g of Amberlyst-15,
1.0 mL min™' of flow rate, at 50 °C, 1:20 glycerol/acetone
molar ratio and DMEF, instead of DMSO, as solvent. Under
these conditions, the glycerol conversion was 92%, the
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Figure 5. Effect of molar ratio of glycerol to acetone on the glycerol
conversion (T =50 °C, 7.0 g of Amberlyst-15, flow rate of 1.0 mL min™;
DMSO as solvent); (®) 1:2; (x) 1:5; () 1:10; (M) 1:15; (A) 1:20.

highest observed in this study at atmospheric pressure, and
about 5 points higher than in DMSO.

In recent years, some studies of continuous reactive
distillation,? as well as continuous flow production of
solketal, from the reaction of glycerol and acetone, using
homogeneous® and heterogeneous catalysts*'-3*appeared in
the literature. Most of the heterogeneous catalysts used in
the flow production of solketal were sulfonic acid resins, but
the studies were carried out at high pressures to increase the
solubility of glycerol in acetone. This allows the reaction to
proceed more efficiently on the catalyst surface, but usually
involves higher costs for pressurizing the system. Table 3
shows a comparison of published works on the continuous
solketal formation over sulfonic acid resins at high
pressures and the present study, at atmospheric pressure. It
can be seen that at our best reaction conditions, the glycerol
conversion was similar to the reported in the literature with
similar catalysts, but using pressures in the range of 34 to
120 bar. In addition, the productivity, expressed in terms

Table 3. Comparison of studies of continuous flow glycerol formation
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of kg of solketal produced per liter and per hour, was also
calculated, taking into account the conversion, space time
and molar ratio of acetone to glycerol, as in some articles
the volume of solvent used was not clear. The use of higher
catalyst loading and molar ratio of reactants, overcome
the need for using high pressures. In one experiment,
Shirani et al.®' reported results at 1 bar, 60 °C and 1.5 g
of catalyst loading, achieving 64% conversion. This value
is even lower than our results at 50 °C and 1:2 glycerol/
acetone molar ratio. Therefore, the continuous liquid phase
production of solketal can be achieved with over 90%
conversion, by proper choice of catalyst loading and molar
ratio of reactants.

In terms of productivity, the space time has a significant
effect. Even though we have used a large excess of acetone,
our productivity in kg per liter and hour was higher than
the one calculated for the Shirani’s work. However, if we
consider our lowest glycerol to acetone molar ratio (1:2) and
the 77% conversion observed at this condition (taken form
Figure 4), we may calculate a productivity of 2.337 kg L' h’.
Thus, if one wants to upscale the process, it might be better to
use a lower acetone to glycerol molar ratio, whistle working
at reduced space time and higher catalyst loading.

Conclusions

Solketal was efficiently and continuously produced
through the reaction of glycerol with acetone using
heterogeneous catalyst. At the best reaction conditions,
1.0 mL min"' of flow rate, 7.0 g of Amberlyst-15 as catalyst,
50 °C, 1 bar, 1:20 molar ratio of glycerol to acetone and
DMEF as solvent, the conversion was 92%, with a selectivity
of 96% to the five-membered ring isomer and 4% of the
six-membered ring ketal. No other product, but the ketal
isomers, was observed at the reaction conditions used in this

Parameter Shirani* Nanda® Nanda® Present work Present work
Space time?/ h 1 0.25 0.5 0.2 0.2
Temperature / °C 20 40 25 50 50
Pressure / bar 120 ca. 41 ca. 34 ca. 1 ca. 1
Type of catalyst Purolite® PD206 Amberlyst-36 Amberlyst-36 Amberlyst-15 Amberlyst-15
Catalyst loading / g 0.77 - 2.0 7.0 7.0
Molar ratio 1:5 1:6 1:4 1:20 1:2
Solvent ethanol ethanol methanol DMF DMF
Conversion / % 95 88 94 92 71
Solketal productivity® / (kg L' h™) 0.288 0.928 0.670 0.425 2.337

“Reference 31; "reference 32; ‘reference 33; ‘space time is defined as the time required to process a volume of alimentation, corresponding to the reactor
volume; °calculated taken only the molar ratio of glycerol to acetone, conversion and space time.
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work. This result, using atmospheric pressure, is similar to
other studies of solketal formation under flow conditions,
but at significantly higher pressures of up to 120 bar, which
may impact the operational costs. The utilization of higher
catalyst loading and molar ratio of reactants compensate
the use of atmospheric pressure to achieve high conversion
levels and selectivity to the desired product. In addition,
the lower space time led to an increased productivity of
solketal, compared with other studies. The continuous
flow production of solketal may open the possibility of
producing this important derivative in high volumes and
low costs.
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