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Hydrothermal Electrolysis of Glycerol Using a Continuous Flow Reactor
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Hydrothermal electrolysis reactions of glycerol were investigated under various operating conditions to
determine the effects of applied DC current, electrolysis time, and alkali concentration on the decomposition
mechanism of glycerol. In addition, intermediate products were identified, possible reaction schemes for both
hydrothermal electrolysis and hydrothermal degradation of glycerol based on experimental data were clarified,
and detailed product analysis was conducted using high performance liquid chromatography (HPLC), gas
chromatography with aflameionization detector (GC-FID), and gas chromatography with athermal conductivity
detector (GC-TCD). For the present study, a continuous flow reactor equipped with titanium electrodes (as
cathode and anode), an electric furnace, a heater, a pump, a heat exchanger, a back pressure regulator, and
DC supply was used. The main gaseous product was hydrogen, whereas glycoladehyde, lactic acid, and
formic acid were the main liquid products. Results indicate that greater than 92% of the glycerol could be
decomposed under optimum conditions by hydrothermal electrolysis using the continuous flow reactor.

Introduction

Most of the world's energy needs are supplied through
petrochemical sources, such as coa and natural gas. However,
these resources are finite, and their extraction and use have high
environmental impacts.> Thus, aternative sources for petroleum-
based fuels are needed. Biodiesel, an alternative diesel fuel, is
composed of monoalkyl esters and is obtained mainly from base-
catalyzed transesterification of oils or fats and is, therefore,
biodegradable and nontoxic. Biodiesel also has a high energy
yield and low emission profile and is renewable, and so, it has
minimal environmental impact.>* However, during the biodiesel
production process, alarge amount of crude glycerol, the main
byproduct, is produced along with free fatty acids, catalyst, and
alcohol (biodiesel wastewater). These products can cause serious
environmental problems. Although glycerol is an important
material in the production of some aternative fuels, such as
hydrogen,>® and many chemical intermediates,”° conversion
of glycerol present in the biodiesel wastewater into useful
components is necessary to minimize both environmental
pollution and economical losses.

In foods, glycerol is used as a humectant, solvent, and
sweetener. Additionally, it is an important component in
medical, pharmaceutical, and personal care preparations, serving
as a humectant and a component for improving smoothness and
providing lubrication.

Many studies have been conducted on the conversion of
glycerol into various compounds. Hydrogenolysis of glycerol
into ethylene glycol, propylene glycol (1,2-propanediol), and
1,3-propanediol, as well as further degradation of the glycols
has been widely studied. Catalytic hydrogenolysis of glycerol
was conducted over different types of catalysts (e.g., nickel,
palladium, copper, platinum, zirconia, and ruthenium) as a
function of different reaction parameters, such as reaction
temperature and pressure, hydrogen pressure, amount of catalyst,
and catalyst reduction temperature.'°~¢ Additionally, Maris et
al. evaluated commercial Ru/C and Pt/C catalysts as well as
bimetallic PtRu/C and AuRu/C catalysts in batchwise hydro-

* To whom correspondence should be addressed. Fax: +81-96-342-
3679. Phone: +81-96-342-3664. E-mail: mgoto@kumamoto-u.ac.jp.
" Graduate School of Science and Technology, Kumamoto University.
* Technology and Bioe ectrics Research Center, Kumamoto University.

genolysis of glycerol in agueous solution at 473 K and 40 MPa
H., both with and without added base.*"*® Results showed that
modification of the Ru surface with Pt did not alter the catalytic
activity of PtRu/C for glycerol hydrogenolysis compared to the
monometallic Ru/C.

In addition to hydrogenolysis, pyrolysis and gasification of
glycerol were also examined. In some previous studies,**?° ionic
reactions and pyrolysis of glycerol in near-critical and super-
critical water were investigated and it was found that glycerol
was decomposed into methanol, acetal dehyde, propiona dehyde,
acrolein, alyl alcohal, ethanol, formal dehyde, carbon monoxide,
carbon dioxide, and hydrogen. In many studies,?*~2® researchers
focused on the gaseous products from pyrolysis and gasification
of glycerol. Hydrogen could be generated for use as clean fuel
or as feedstock gas such as syn-gas (CO + H,) from gasification
or pyrolysis of glycerol at high temperatures and high pressures.
In these systems, char and tar formation were the most
significant technological problems. Catalyst use produced high
yields of hydrogen and decreased the amounts of char and tar.

Microbial conversion is an alternative for degradation of
glycerol to various compounds. Recent studies have focused
on the production of 1,3-propanediol using microorganisms such
as Citrobacter freundii, Klebsiella pneumoniae, and Clostridium
butyricum.?”~2° Enterobacter aerogenes has also been used for
the biological production of hydrogen and ethanol from biodiesel
waste containing glycerol with ahigh yield and high production
rate.*°

Conversion of glycerol aso can be accomplished through a
steam reforming process. This technique produces several
intermediate byproducts that occur in the product stream and
affect the purity of the final hydrogen product.®*~33

In the present study, conditions under which glycerol could
be converted into valuable chemicals such as lactic acid, formic
acid, or other intermediates were investigated by hydrothermal
electrolysis with a continuous flow reactor. Additionally, the
effects of applied current were investigated by comparing the
product distribution obtained by hydrothermal electrolysis with
the product distribution from dehydrogenation. The gaseous and
liquid products and the effects of reaction time and akali
concentration on the decomposition of glycerol also were
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Figure 1. Flow reactor for hydrothermal electrolysis.

determined. Subcritical water was chosen for this method for
reasons explained previously.>*

Experimental and Analysis

Chemical Reagents. Chemicals used in the present study
included glycerol (99%), sodium hydroxide (96%), methanol
(99.7%), butyric acid (98%), glycolic acid (98%), acetic acid
(99%), acrylic acid (98%), pyruvic acid (97%), formic acid
(99%), L-lactic acid, and pL-lactic acid (85—92%) (Wako Pure
Chemicals Ind., Ltd., Osaka, Japan).

Experimental Apparatus and Procedures. Aqueous elec-
trolyte solutions were prepared by dissolving a base (NaOH)
in deionized water and adding a specified amount of glycerol.
Electrolysis was conducted using a sealed 500 mL flow reactor
made of SUS 316 stainless steel, as shown in Figures 1 and 2a.

Initially, the reactor was filled with distilled water. Next, the
system pressure was set to 10 MPa by adjusting the back-
pressure regulator. In our previous study,® we tested at which
pressure system was stabilized for the hydrothermal electrolysis
of glycerol and found that when system pressure was 10 MPa,
although current was applied, pressure did not change during
the reaction, indicating that the system was in steady-state
condition. Therefore, in this present study, we directly set the
reaction pressure to 10 MPa. After adjusting pressure, four
heaters, connected to the bottom and top of the reactor, were
set to the desired reaction temperature. After the system reached
the set temperature, the agueous electrolyte solution was fed
into the system at a flow rate of 25 mL/min. Once the reactor
was filled with the feed solution (ca. 30 min), the reaction was
initiated and allowed to proceed for 30—120 min. During the
reaction, the flow rate of the feed solution was changed,
depending on the temperature and residence time. To calculate
the flow rate, eq 1 was used, where F is flow rate (mL/min), V
is volume of the reactor (mL), 7 is residence time (s), prp iS
the density of water at the reaction temperature (kg/m®), and
pTop IS the density of water at room temperature (kg/m?). For
instance, at a residence time of 60 min, the flow rate was 7
mL/min at 220 °C and 6.3 mL/min at 280 °C.

E— \4 y Prp (1)
T Prop

For hydrothermal electrolysis experiments, constant DC
current was passed through the electrodes; no current was
applied for hydrothermal degradation runs. A specially designed
cylindrical titanium plate electrode (Akico, Japan), illustrated
in Figure 2b, was used as an anode. The reactor wall, also made
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of titanium, was used as the cathode to protect the reactor from
corrosion. The time needed for the solution to reach the bottom
of the reactor from the pump was 25 s. Therefore, the residence
time at the bottom of the reactor was assumed to be zero, and
no conversion of glycerol occurred.

For the present study, 0.1 M glycerol and varying concentra-
tions of NaOH (10, 25, 50, and 100 mM) were used as feed
materials. Reaction temperature and pressure were kept constant
at 280 °C and 10 MPa, respectively. Various current values (0,
0.25, and 1.0 A) were passed through the electrodes at
electrolysis times of 30, 60, 90, and 120 min.

Product Analysis. Gaseous products were added to a 1 L
gas pack along with argon gas for analysis by gas chromato-
graphy with athermal conductivity detector (GC-TCD). Liquid
products were identified and quantified by high performance
liquid chromatography (HPLC). For the conversion of glycerol
(X), eq 2 was used, where C, is the initial concentration of
glycerol and C is the concentration of remaining glycerol in
the product solution. After each experiment, C was diagnosed
by analyzing the liquid product solution by gas chromatography
with a flame ionization detector (GC-FID).

C,—C
X = x 100 2
CO

Results and Discussion

After hydrothermal electrolysis of glycerol using a continuous
flow reactor, glyceraldehyde, glycolaldehyde, glycolic acid,
lactic acid, formic acid, and acetic acid were produced as liquid
products and hydrogen gas was generated from electrolysis of
both glycerol and water separately under akaline conditions.
Typical refractiveindex (RI) and UV —vis spectra obtained from
HPLC analysis of liquid products are shown in Figure 3a,b.

Effect of Electrolysis Current. Further experiments were
performed by varying the applied current, 0 to 1 A, for residence
times of 30—120 min for 0.1 M glycerol and 50 mM NaOH at
a reaction temperature and pressure of 280 °C and 10 MPa,
respectively.

The effect of electrolysis current on the decomposition of
glycerol under akaline conditions is shown in Figure 4.
Residence time was recorded starting from 30 min because,
when samples were analyzed at 15 and 20 min, it was realized
that these residence times were too short for the complete mixing
of glycerol solution with water inside the reactor. At 0.25 A,
the conversion of glycerol increased almost linearly with
electrolysis time. When the current was increased to 1 A,
glycerol conversion reached a maximum value of 93% by 90
min. However, despite the stability of glycerol, in hydrothermal
electrolysis, it started to decompose within the first 30 min, even
when no current was applied. The reason for this was probably
the large volume of the reactor (500 mL). Complete filling of
this reactor with electrolyte solution takes about 30 min. During
this feeding step, some of the glycerol converted into organic
acids and aldehydes under high pressure (10 MPa) and high
temperature (280 °C), and therefore, in Figure 4, the conversion
of glycerol was around 48% when no current was passed through
the electrodes during 30 min.

Thus, the yields of gaseous and liquid products, shown in
Figures 5 and 6, respectively, were used to further understanding
of the effect of current on decomposition of glycerol.

The hydrogen concentration increased with electrolysis cur-
rent, as shown in Figure 5. The volume percentage of hydrogen
gas at 1 A was 53-fold greater than that generated at 0 A for
the same reaction time of 120 min. This explains the effect of
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Figure 2. (a) Flow reactor; (b) titanium plate electrode (anode).
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Figure 3. (8 RI and (b) UV —vis spectral data of glycerol after 60 min of
hydrothermal electrolysis at 280 °C and 1 A with 50 mM NaOH.

current on the production of hydrogen gas from glycerol by
hydrothermal electrolysis. Figure 5 verifies the generation of
hydrogen at 30 min into the reaction, despite the lack of
hydrogen generation at 60 to 120 min during hydrothermal
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Figure 4. Effect of applied current on the decomposition of 0.1 M glycerol
with 50 mM NaOH at 280 °C and 10 MPa.

degradation (0 A). This might be the result of the short residence
time, as explained earlier.

The volume percentage of hydrogen shown in Figure 5 is
the total amount of hydrogen generated from glycerol decom-
position and water electrolysis. To clarify the percentage of
hydrogen arising from water alone, experiments using alkali
and water were conducted under similar conditions. Electrolysis
results showed that the hydrogen volume percentage from water
electrolysis was 2.63 vol % at 1 A and 280 °C for 60 min.
Therefore, as seen in Figure 5, during the 60 min electrolysis
at 1 A, 5.7 val %, which was the total hydrogen amount, is the
sum of 2.63 vol % H, from water electrolysis and 2.97 vol %
H, from the electrolysis of glycerol solution. This means that
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Figure 5. Effect of applied current on the volume percentage of hydrogen
gas at 280 °C and reaction pressure of 10 MPa.
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Figure 6. Effect of electrolysis current on the yield of liquid products at
280 °C with 50 mM NaOH: (a) 0 A, (b) 0.25 A, and (c) 1 A (symbols: <,
lactic acid; A, glycolic acid; O, formic acid; O, acetic acid; A, glyceral-
dehyde; @, glycolaldehyde).

approximately 46% of hydrogen was produced by water
electrolysis under these akaline conditions.

The effect of electrolysis current on the yield of liquid
products is shown in Figure 6. After hydrothermal electrolysis
of glycerol under akaline conditions, glyceraldehyde, glycol-
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aldehyde, glycoalic acid, lactic acid, formic acid, and acetic acid
were generated. In the hydrothermal degradation experiment
(Figure 6a), glyceraldehyde and glycola dehyde were the main
products. Among organic acids, acetic acid was generated only
under the influence of current. At 0 A, the yields of other organic
acids (glycoalic, lactic, and formic acids) also were very low.
When current was applied (Figure 6b,c), the yield of glyceral-
dehyde began to decrease as electrolysis time increased, due to
an increase in lactic acid concentration under the influence of
currents 0.25 and 1 A. The last 60 min of electrolysis, shown
in Figure 6b,c, indicates that glyceraldehyde yield was decreas-
ing while lactic acid production rate was increasing. As we
explained previously, glyceraldehyde is an important inter-
mediate product in the generation of lactic acid by hydrothermal
electrolysis under akaline conditions. Therefore, in some cases,
despite asmall change in the conversion of glycerol, lactic acid
yield continued to increase, which may be explained by the
consumption of glyceraldehyde. Lactic acid also may be formed
from glycolaldehyde with akali.®*® However, the yield of
glycolaldehyde did not decrease as much as that of glyceral-
dehyde, while lactic acid amount was increasing. Therefore,
lactic acid must have been generated by two different routes.
The selectivity of glycolic and acetic acid was generaly low
during hydrothermal electrolysis experiments. At 90 min under
acurrent of 1 A, theyield of formic acid reached its maximum
value of 15%.

Effect of NaOH Concentration. To clarify the effects of
alkali concentration, experiments were conducted under different
NaOH concentrations (10, 25, 50, and 100 mM) at 280 °C and
10 MPa by applying 0 and 1 A over 60 min. The effects of
alkali concentration on the conversion of glycerol by hydro-
thermal electrolysis and the yields of liquid products for
hydrothermal degradation (0 A) and electrolysis (1 A) are shown
in Figure 7ab, respectively.

The effect of NaOH concentration on hydrothermal elec-
trolysis is shown in Figure 7, especialy for the production of
lactic acid and formic acid. For hydrothermal degradation
(Figure 7a), organic acid yield changed slightly with increasing
alkali concentration. Acetic acid production was nearly zero in
both cases. When NaOH amount was increased from 50 to 100
mM, glycerol conversion was 76% at 0 A. Upon applying a 1
A electrolysis current and adding 100 mM NaOH, conversion
reached 90%. As shown in Figure 7b, glycolic acid and lactic
acid production increased with alkali concentration as well as
current. Although NaOH concentration has a great influence
on the decomposition of glycerol, it is necessary to keep the
alkali amount as low as possible to avoid corrosion. In
hydrothermal electrolysis systems, in addition to high pressure
and high temperature, applied current also can cause corrosion
problems. Therefore, addition of alkali was limited to 100 mM
NaOH. The experimental results indicate that the concentration
of NaOH exerts an important effect on the conversion of glycerol
into organic acids, especialy glycolic and lactic acids, which
increased almost linearly with alkali concentration during
hydrothermal electrolysis.

As shown in Figure 8, the percentage of hydrogen gas was
almost zero during hydrothermal degradation, because no current
was applied. However, it increased slightly upon increasing
NaOH concentration from 50 mM. When a 1 A electrolysis
current was applied, the yield (5.5%) of H, with 100 MM NaOH
was less than that with 50 mM (4.3%).

From those results, a reaction pathway for the decomposition
of glycerol by continuous flow reactor hydrothermal electrolysis
under alkaline conditions can be suggested as shown in Figure
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Figure 7. Effect of alkali concentration on the conversion of 0.1 M glycerol
and the yield of liquid products at 280 °C, 10 MPa, and 60 min residence
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Figure 8. Effect of akali concentration on the volume percentage of
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Figure 9. Reaction pathway of glycerol decomposition by continuous flow
reactor hydrothermal electrolysis under alkaline conditions.

9. However, this pathway does not correspond with the actual
selectivity of electrolysis toward the oxidation of primary
alcohols. Under basic conditions, the oxidation of aldehydes
(routes aand b) is faster than the oxidation of OH groups.®® As

mentioned earlier, glyceraldehyde is an important intermediate
in the generation of lactic acid by hydrothermal electrolysis.
This also can be demonstrated by the decrease in glyceraldehyde
amount upon an increase in lactic acid yield. By applying high
current values during a long electrolysis time (longer than 90
min), route b becomes more favorable than route c. At low akali
concentrations and under no current, formic acid selectivity
among organic acids increased via route c. In excess NaOH,
the generation of lactic acid as an oxidation product from
glycerol was enhanced.

Our previous study of glycerol electrolysisin subcritical water
using a batch reactor reported that glycerol can be decomposed
into glyceraldehyde, L-lactic acid, p-lactic acid, formic acid, and
glycolic acid at 280 °C with 50 mM NaOH by applying a current
of 0—2 A.3* The advantage of a batch reactor is that a current
up to 3 A could be applied because the autoclave was purged
with argon gas before starting each experiment. Therefore,
although hydrogen gas was formed, a high electrolysis current
could be applied. However, at 2 A, the product distribution
showed wide variation because of char that formed and stuck
to the electrode, obstructing the electrolysis. With a batch
reactor, maximum glycerol conversion of 84% was achieved at
acurrent of 2 A and an electrolysis time of 90 min. Under the
same conditions, with a current no greater than 1 A, results
showed that more than 92% of glycerol can be decomposed by
hydrothermal electrolysis with the continuous flow reactor.
Lactic acid was the main product by autoclave electrolysis,
whereas formic acid and glycola dehyde yields were greater than
lactic acid yield at 1 A with a continuous flow reactor. Therefore,
if obtaining lactic acid from glycerol by hydrothermal elec-
trolysis is desirable, an autoclave should be preferred.

When hydrothermal electrolysisis compared with commercial
techniques, some important advantages of this new system draw
attention: First of all, it uses subcritical water as a reaction
medium, so there is no need to use catalyst because water itself
acts as a catalyst in the subcritical region.® Second, in the
hydrothermal electrolysis system, the generation of oxygen can
be controlled that means you do not need to add an oxidizer.
Moreover, in hydrothermal electrolysis experiments, current is
applied after necessary conditions are reached. As aresult, stable
components such as glycerol can be decomposed more easily
in comparison with commercia techniques. Finally and most
importantly, hydrothermal electrolysis is an environmentally
friendly green process.

Conclusions

From hydrothermal electrolysis of glycerol using a continuous
flow reactor under akaline conditions, hydrogen gas, glycer-
aldehyde, glycoladehyde, lactic acid, formic acid, glycolic acid,
and acetic acid were produced. Among them, glycoladehyde,
lactic acid, and formic acid were the main products. When the
current was increased to 1 A, glycerol conversion reached a
maximum value of 92% at the end of 90 min electrolysis time.
Increasing alkali amount and DC current increased the selectivity
of lactic acid and formic acid at 280 °C. During hydrothermal
degradation (O A), a negligible amount of hydrogen gas was
produced. However, under the influence of electrolysis, hydro-
gen gas generation increased with electrolysis time. Therefore,
as these results show, athough glycerol is very stable under
high-temperature and high-pressure agueous conditions, hydro-
thermal electrolysis, a“green” technology, can decompose more
than 90% of surplus glycerol into more valuable products such
as lactic acid and formic acid.
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