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Non-catalytic glycerol
dehydrogenation to
dihydroxyacetone using needle-
in-tube dielectric barrier discharge
plasma

Grittima Kongprawes®, Doonyapong Wongsawaeng’"?, Peter Hosemann?,
Kanokwan Ngaosuwan3, Worapon Kiatkittipong* & Suttichai Assabumrungrat®®

Glycerol, a by-product of biodiesel production, could be converted into various value-added products.
This work focuses on its dehydrogenation to dihydroxyacetone (DHA), which is mainly used in the
cosmetics industry. While several methods have been employed for DHA production, some necessitate
catalysts and involve harsh reaction conditions as well as long reaction times. A needle-in-tube type
dielectric barrier discharge (DBD) plasma technique for catalyst-free and environmentally-friendly
glycerol conversion into DHA via dehydrogenation process was investigated using 0.1 M glycerol
dissolved in deionized (DI) water at ambient temperature and pressure. The optimal condition was
60 W input power, 5 mm gap distance between the end of the needle and the liquid surface, and 0.5 L/
min He flow rate. The highest DHA yield of 29.3% was obtained at 3 h with a DHA selectivity of 51.6%
and glycerol conversion of 56.9%. Although the system allowed over 80% of glycerol to transform after
5 h, the DHA yield decreased after 3 h because the DHA product could further react with the reactive
species in the plasma. The catalyst-free DBD plasma technique offers a simple and environmentally
conscious method for DHA production via the dehydrogenation of glycerol.

Glycerol (C,H,O,) is a primary by-product of biodiesel production. For every 100 kg of biodiesel production,
10 kg of glycerol is generated (10 wt%). Global biodiesel production is projected to increase by 3% annually
between 2021 and 2030 to reach about 50 billion liters. Therefore, crude glycerol capacity from the process is
continuously growing to about 5 billion liters'. Crude glycerol derived from biodiesel production requires a
purification process to remove impurities such as methanol, fatty acid methyl esters, residue catalyst, and soap to
obtain purified glycerol with a glycerol content exceeding 95% 2. Purified glycerol is widely utilized in the food,
pharmaceutical, cosmetic, and energy industries>>. However, the prices remain relatively low at about US $0.11
and US $0.66 per kg of crude and purified glycerol, respectively. Therefore, various researchers have studied
glycerol valorization via catalytic and biochemical conversion, such as oxidation, hydrogenolysis, dehydration,
oligomerization, and so on®. The resulting products include glyceraldehyde, propanediol, acetol, alkane, syngas,
etc. One challenging added-value product from glycerol is dihydroxyacetone or DHA (C,H.O,).

DHA stands out as the most valuable derivative obtained from glycerol. It costs about 227 times higher
than purified glycerol®. It has been primarily used as a self-tanning ingredient in cosmetic applications. The
other applications are in the pharmaceutical, medical, and food industries”®. Generally, DHA production
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can be achieved by the oxidation of glycerol via several processes: thermocatalysis™!’, enzyme catalysis'!,

electrocatalysis'?, and photocatalysis'*'*. Among these techniques, thermocatalytic offers a high reaction rate
and can be effectively employed for high concentrations of aqueous glycerol. Still, it often relies on catalysts
derived from expensive noble metals: Pt, Pd, Au, and other alloys, as well as external heat (50-80 °C) and pressure
(about 3 to 11 bar) for the reaction to proceed®!>. An enzyme catalyst provides high selectivity, but final product
separation from the reaction mixture remains difficult®. Electrocatalysis and photocatalysis offer the advantage
of converting glycerol under milder conditions. In the case of electrocatalysis, the reaction occurs by applying
an electric potential to chemical cells, eliminating the need for noble catalysts. Therefore, the C-C bond scission
is randomly generated*. The photocatalytic process has been improved using solar energy, a sustainable energy
source. However, the process is often associated with prolonged reaction times and necessitates the use of a
catalyst®!*. Combining photocatalytic and electrocatalytic methods offers less energy consumption of the system
and avoids using costly noble catalysts. This technique has been developed and achieved a DHA selectivity of
more than 70%, as reported in the investigation of Luo et al.%. The self-powered photocatalytic system energized
by 2 V solar panels could be employed for DHA production from 0.1 M aqueous glycerol solution using Bi,O,/
TiO, as a catalyst. The reaction took place at ambient conditions for 8 h, and the DHA selectivity reached
74.8%. Nevertheless, these mentioned methods proceed in the presence of a catalyst, which typically demands
significant energy for catalyst preparation and regeneration. The photoelectrocatalytic method necessitates an
electrolyte solution, so the pH of the solution is significant for the reaction performance. Bioconversion is also
employed. The method presents a high yield of DHA production, but it requires bacteria preparation, pH control
during the reaction, and a long reaction time, which could last up to 72 h, as indicated in the study of Ripoll et
al.'®. Normally, conversion of glycerol into DHA typically requires the dissolution of glycerol in a solvent serving
as an oxidant. Common oxidant solvents include water, dimethyl sulfoxide (DMSO), and acetonitrile (CH,CN),
among others. The presence of these oxidant solvents helps reduce the viscosity of glycerol, thereby promoting
a faster reaction rate!’.

To avoid harsh operating conditions (high pressure and temperature), the implementation of non-thermal
plasma is a promising alternative technique for facilitating chemical reactions. Plasma is commonly regarded
as the fourth state of matter. Artificial plasma can be generated by applying adequate energy, surpassing the
ionization of substances, particularly gases. This process leads to the dissociation of gas molecules, forming
a plasma state comprising energetic electrons, ions, excited, and neutral species, alongside the emission of
light or photons'®. In chemical reactions, plasma has been utilized to initiate and assist the chemical catalytic
process. It is also applied to convert glycerol into gas and liquid products such as acrolein, propene, syngas,
H,, and others'*~?!. Plasma can improve the reaction performance and allow the reaction to proceed at milder
conditions. For instance, the conventional gasification of glycerol typically necessitates temperatures ranging
from 525 to 725 °C. However, by applying plasma, the temperature requirements can be substantially reduced
to a range of 220 to 290 °C, eliminating the need for external heat sources?’. Plasma has been successfully
integrated with ultraviolet (UV) irradiation in the production of ammonia from natural water, obviating the
need for a catalyst. This demonstrated the capability to generate substantial ammonia in regions exposed to
plasma and UV?*?%, Moreover, plasma has been practiced for the glycerol decomposition process to produce
diverse valuable compounds without a catalyst?>~%".

Various types of plasma are employed in chemical reactions, including microwave, arc, dielectric barrier
(DBD), radio frequency (RF), corona, and glow discharge plasmas. Each of these plasma techniques has its
distinct generating conditions?®*. Among them, DBD is widely utilized due to its simple configuration, which
consists of two electrodes separated by an insulating material. This setup allows for the propagation of plasma
generated by an alternating current (AC) power supply throughout the electrode plates. DBD plasma can be
generated at atmospheric pressure and at or above room temperature. Catalyst-free DBD plasma has found
applications in liquid-phase reactions. For instance, it was employed in the cracking process of heavy oil to
lighter composition®®. Additionally, DBD plasma was utilized for the hydrogenation of edible oil without a
catalyst, enabling the production of margarine with a similar texture to commercial margarine without trans-
fatty acid formation due to the low operating temperature®"*2. It was applied to produce hydrogenated biodiesel,
resulting in enhanced oxidation stability*>>*.

Our previous work employed the DBD plasma reactor with a parallel-plate configuration for palm biodiesel
hydrogenation using glycerol as a hydrogen donor®*. The reaction took place at ambient temperature and
pressure without a catalyst. The findings demonstrated that hydrogen atoms could be successfully extracted
from glycerol molecules and bonded with the C=C bonds of biodiesel. Upon hydrogen extraction, the reacted
glycerol, analyzed using a nuclear magnetic resonance spectrometer (NMR), exhibited peaks corresponding to
glycerone, which were predicted to be dihydroxyacetone (DHA) and glyceric acid. This suggests that plasma
technology could be employed for the dehydrogenation of glycerol to produce DHA under ambient conditions.
In the present study, the needle-in-tube-type DBD plasma was utilized for glycerol conversion to DHA. To
reduce viscosity, glycerol was dissolved in DI water. This plasma configuration generated a single strong plasma
microfilament characterized by intense energetic electrons and reactive species. Moreover, unlike the parallel-
plate-type plasma employed in our previous investigation®, this configuration could well sustain the plasma in
the presence of water, which could evaporate and generate moisture in the system. Notably, this represents the
first and novel instance of applying the DBD plasma technique as an alternative method for the conversion of
glycerol to high-value DHA. The system is simple and operates under ambient conditions without the need for a
catalyst. This technique also offers the advantage of energy savings and environmental consciousness in catalyst
processes, including preparation, separation, and regeneration.
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Methodology

Experimental setup

The experimental setup employed a DBD plasma reactor, which consisted of a high-voltage (HV) stainless steel
needle electrode (1 mm diameter and 160 mm length) inserted into a quartz tube (10 mm outer diameter, 1 mm
wall thickness, and 110 cm length). A stainless steel plate (130 180 X 10 mm) was used as a ground electrode.
The two electrodes were connected to a high-voltage, high-frequency power supply (neon sign transformer,
Hongba brand, model HB-C10E), capable of delivering a maximum high voltage output of 10 kV and 30 mA
with a fixed frequency of 25 kHz. A mixed solution of 60 mL glycerol and DI water was contained in a 400
mL borosilicate glass reaction chamber whose bottom acted as a dielectric material to separate the two HV
electrodes and prevent arc. A magnetic stirrer was utilized throughout the reaction at 400 rpm. The input power
to the system was regulated using a variac connected to the 220 V input section of the power supply, while a plug-
in power meter recorded the consumed power during the reaction. He plasma gas was controlled and introduced
into the reactor through a mass flow controller (Unit Instruments brand, model UFC-1260 A). A condenser
was employed to condense the vapor produced by the reaction, and it also served as the gas outlet port. A
thermometer was installed to observe the temperature change during the reaction. A high-voltage probe was
connected to the needle electrode to measure the waveform of the high voltage via an oscilloscope (Tektronix
brand, model TDS 2012). A drawing of the experimental setup is illustrated in Fig. 1.

Glycerol reaction by plasma

A specific solution concentration comprising glycerol (99.5% purity from KemAus) and DI water (produced
locally in the laboratory), with a total volume of 60 mL, was admitted into the chamber. Air was purged out of
the reaction chamber by continuously feeding He gas at a flow rate of 1 L/min for 1 min. During the reaction, the
gas flow rate was adjusted to the desired value. As the bottom of the quartz tube was submerged in the solution,
He gas provided through the tube resulted in bubbles in the solution. To generate plasma, the high-voltage, high-
frequency power supply was energized. The stirring speed was set to 400 rpm to ensure effective solution mass
transfer to react with the reactive species from plasma. The reaction was allowed for 1 h for reaction parameter
optimization except in the investigation of reaction time. The parameters under investigation included input
power (20-60 W), gas gap distance (1-10 mm), plasma gas flow rate (0.1-1 L/min), glycerol concentration
(0.1-1 M), and reaction time (5-10 h). Herein, the impact of reaction temperature was excluded from the
study based on previous research findings, which revealed that operating at ambient temperature provided the
most suitable results and simplified the system®"*. Furthermore, operating at higher temperatures accelerated
water evaporation, leading to increased viscosity of the reaction mixture. Each reaction parameter underwent
duplication at least twice to ensure reproducibility.

Glycerol and product analysis

The feed glycerol and final products, including dihydroxyacetone (DHA) and possible by-products: hydrogen
peroxide, ethanol, propanediol, and glycolic acid, were analyzed by gas chromatography-flame ionization
detection (GC-FID). In the case of GC-FID analysis, the derivative was needed to obtain exact amounts of
DHA in the solution because it is unstable at elevated temperatures. It can be converted into several derivatives,
e.g., trimethylsilyl*®, diacetate®’, etc. Herein, it was transformed via acetylation by adding about 0.75 mL acetic
acid and using 0.2 mL n-methylimidazole as a catalyst for a 15 mL sample. The reaction was allowed for 5 min
at room temperature. To purify the sample, 1 mL of DI water was added and stirred; later, it was put in 1 mL

Condenser and
Gas outlet
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Generated plasma at the
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Fig. 1. Drawing of constructed needle-in-tube DBD plasma reactor.
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dichloromethane and dried using anhydrous Na,SO,. Additionally, glycerol, DHA glyceraldehyde, formic acid,
and lactic acid were inspected by high-performance liquid chromatography (HPLC). The GC-FID employed a
Scion 8300GC instrument with a SCION-WAXMS GC column (30 m X 250 pm X 0.25 um). The conditions were
adapted from the study conducted by Egoburo et al.*. A split ratio of 50:1 was employed for the analysis, and He
gas was utilized as the carrier gas with a constant flow mode at a rate of 2.5 mL/min. The oven temperature was
maintained at 250 °C. The initial column temperature was set at 180 °C and held for 3 min. Subsequently, it was
increased to 220 °C at a ramp rate of 40 °C/min and held for 2 min. A liquid sample volume of 1 uL was injected
for composition analysis.

A stock solution of glycerol (GLY) and DHA (98% purity from Sigma-Aldrich) at 100 g/L was prepared by
mixing GLY or DHA with DI water®®. The stock solution was stored in a glass bottle in a refrigerator at 4 °C.
To establish a calibration curve, serial dilutions of GLY or DHA in DI water, ranging from 0.1 to 50 g/L, were
measured, and the area response was recorded.

The percentage of GLY conversion, DHA vyield, and selectivity were calculated using Egs. (1), (2), and (3),
respectively. The selectivity of DHA could be calculated by the proportion of the amount of DHA to reacted
glycerol instead of to total generated products, as present in the study of Imbault et al.'3.

Mole of GLY reacted

% Conversion, (X)qry = Mol ol GLY fod < 100% (1)
. Mole of DHA
% Yield, (Y)pya = m x 100% (2)
Mole of DHA

% Selectivity, (S)pga =

3
Mole of GLY reacted x 100 3)

The high-performance liquid chromatography (HPLC, Varian ProStar) was equipped with UV visible detectors
at wave numbers of 210 nm. The HPLC condition was modified from the study of S. Liebminger*’. The sample
was filtered, and then about 20 uL was injected into the column of Rezex ROA-Organic Acid Aminex HPX-87 H
(300x 7.8 mm). The column temperature was set at 60 °C. The solution of 0.5 mM of H,SO, was used as the
mobile phase with a flow rate of 0.6 mL/min. The run time was set at 30 min. This technique was used to analyze
the other products that were not able to be detected by GC-FID. The products included glyceraldehyde (GLD),
glycolic acid (GLYCOA), and formic acid (FA).

Results and discussion

Effect of input power

The input power was investigated at 20, 40, and 60 W. The lowest power to allow plasma to occur was about 20 W,
while the high-voltage, high-frequency power supply coupled to the constructed plasma chamber consumed a
maximum power of about 60 W (variac setting at about 220 V). Other parameters remained fixed at 5 mm gap
distance, 0.5 L/min He flow rate, and 0.1 M glycerol concentration. The reaction took place for 1 h. During the
reaction, plasma self-heating caused the temperature of the solution to rise to approximately 40, 50, and 60 °C
for applying 20, 40, and 60 W, respectively. Since DHA is a high-value product from glycerol dehydrogenation, it
is the preferred product. Therefore, the DHA concentration formed in the reaction was used to find the optimal
parameter of the reaction. The findings were presented in Fig. 2, which demonstrated that higher input power
led to increased DHA and reduction of GLY. To determine the power delivered to the electrode to generate
plasma, a high-voltage probe and current monitor were connected to the system. It was found that the elevated
power input also resulted in a higher discharge voltage at the electrode as well as current: peak-to-peak voltage of
1.5,1.0,and 0.6 kVp,p and current (I__ ) of 24.4, 15.3, and 6.9 mA at 60, 40, and 20 W, respectively. The discharge
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Fig. 2. Effect of input power on DHA production (5 mm gap distance, 0.5 L/min He, 0.1 M GLY
concentration, and 1 h).
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' ms 1N €ach input power case,
V__ was orderly presented at 0.53, 0.35, and 0.21 kV. The plasma discharge power is a function of frequency as

rms

presented in Eq. (4) 4%,

voltage was calculated to determine the discharge power by converting V. LoV

t2
Pplasma = f/ |4 (t) -1 (t) dt (4)
t1

where fis the pulse repetition rate, and V(t) and I(t) are the voltage and current of the product during the plasma
time pulse duration, which is the energy consumed during one discharge period.

However, the frequency of each input power shown in the oscilloscope was not different, about 22.8 kHz.
This is because the power supply utilized in this study was a fixed-frequency type. Based on the same contact
time the actual plasma generation power was estimated from V,_and I, and the obtained plasma discharge
power was only 12.9, 5.4, and 1.5 W for 60, 40, and 20 W of input power, respectively. Therefore, the efficiency
of the power supply estimated by input power and obtained discharge power was approximately 14%. This is
because 86% was lost as heat due to a significant impedance mismatch between the power supply and the DBD
plasma chamber. Substantial DHA production of 1.9 g/L was achieved at the supplied power of 60 W with a
DHA yield of 19.0% and a GLY conversion of 29.9%. The GLY conversion using 40 and 60 W was similar, but
DHA was produced more at 60 W. This is because 60 W provided about 10 °C higher than 40 W, promoting
dehydrogenation, which is the endothermic reaction of glycerol. Additionally, the higher supplied power caused
higher temperatures, so it increased water evaporation to be in the gas phase. Both evaporated water and power
affect the plasma morphology, causing it to contain a hotter and higher number of plasma filaments*2. In the
present study, a larger plasma filament was observed to form around the end of the needle electrode, and the
plasma light was also brighter and more diffused when high plasma power was supplied, as presented in Fig. S1.
This led to higher water molecules in the gas phase and at the gas-liquid interface to be dissociated, becoming
radicals, including H, O, and OH" radicals, as well as H,0,*. It was reported that OH" has the potential to
dominate glycerol decomposition*>. Thus, this induced the dehydrogenation of glycerol reaction, facilitating the
formation of DHA.

Effect of gap distance

The impact of different gap distances was studied at 1, 5, and 10 mm, for the minimum distance to prevent the
end of the HV needle electrode from contacting the solution was approximately 1 mm. The largest gap distance
of 10 mm could sustain the plasma at 60 W. The reaction was conducted at 60 W, 0.5 L/min He flow rate, and
0.1 M glycerol concentration for 1 h. As demonstrated in Fig. 3, the result shows a significant difference in
DHA production based on the gap size. The 5 mm gap yielded higher DHA production (1.9 g/L) than at 1
and 10 mm, which generated DHA of 1.7 and 1.6 g/L, respectively. This is because the gap between the two
electrodes directly influences the formation of energetic electrons and reactive species in the plasma state'.
A narrower gap requires lower energy input into the system, resulting in a lower plasma density than a larger
gap***. On the other hand, a larger gap resulted in a longer traveling distance for the reactive species, increasing
the probability of recombination between electrons and positive ions before they reached and collided with the
glycerol molecules. Additionally, energetic electrons may lose their kinetic energy through collisions with other
electrons and species, affecting the DHA production to decrease. In conclusion, the most suitable gap size for
optimal DHA production of 1.9 g/L in the designed plasma reactor was 5 mm.

Effect of he gas flow rate

The plasma carrier gas flow rate was varied and it was found that the minimum value that could generate plasma
at 60 W without burning at the end of the HV needle electrode was about 0.1 L/min. Therefore, the gas flow rate
0f 0.1, 0.5, and 1 L/min was examined under fixed conditions of 60 W, 5 mm gap distance, and 0.1 M glycerol
concentration for 1 h. Figure 4 indicates that the optimal condition for DHA production of 1.9 g/L was achieved
at the flow rate of 0.5 L/min, followed by flow rates of 1 and 0.1 L/min, which resulted in the same amount of
DHA production of 0.3 g/L. The carrier gas flow rate plays a significant role in plasma reactions because it affects
filament breakdown and the charge transfer equilibrium. The study of Hoft et al.*® found that the convection
and balance of charged particles and excited species in the plasma were influenced by the plasma gas flow rate.
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Fig. 3. Effect of gas gap distance on DHA production (60 W, 0.5 L/min He, 0.1 M GLY concentration, and 1 h).

Scientific Reports |

(2024) 14:31295 | https://doi.org/10.1038/s41598-024-82691-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

120 _
525 ] 5
) - 10.0 3
g 2.0 1 i ] L 80 £
£ g
~

E 1.5 A L 6.0 E
o D
g 101 L 40 2
S S
é 0.5 4 - 2.0 5
R 0.0 00 °

0.1 0.5 1

He flow rate (L/min)

Fig. 4. Effect of He gas flow rate on DHA production (60 W, 5 mm gap distance, 0.1 M GLY concentration,
and 1 h).

8.0 = —— 40
DHA LY i ADHA yi

7‘0 | |- | ] conversion yle | | 35

6.0 - E L 30

5.0 1 F 25

4.0 - a i - 20

3.0 - - 15

2.0 - 10

10 J s

0.0 - -0
0.1 0.5 1.1

Glycerol concentration (M)

DHA concentration (g/L)

Conversion or yield (%)
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A higher gas velocity induced a larger diameter of filaments, which compost generated reactive species in the
system. The residence time of the gas in the system was inversely proportional to the flow rate. It was reported
that the diameter of the filament was greater when the residence time was shorter, corresponding to the high
gas flow rate?®. In this present work, the residence time of the gas in the reactor was 3.40, 0.68, and 0.34 min
for 0.1, 0.5, and 1.0 L/min, respectively. In addition, the peak-to-peak voltage of the different supplied gas flow
rates was determined. The findings shown in Fig. S2 were at the constant applied plasma power of 60 W, with
the peak-to-peak discharge voltage of 1.0, 1.5, and 1.84 kV for 0.1, 0.5, and 1.0 L/min gas flow rate, respectively.
The result is consistent with the findings in the study of Qiang®’. They found that the power increased when the
speed of gas flow was high when the plasma current was fixed. Hence, the voltage relatively rose as power is a
function of voltage and current for the DC power supply system utilized in their work. In our study, a higher
gas flow rate offered a higher discharge voltage. Therefore, the gas was more possibly dissociated/ionized as
the voltage trended to exceed the required gas breakdown voltage, influencing the generation of a large plasma
filament. However, the high gas flow rate (1.0 L/min) limited the time for the reaction to occur as it provided
a short contact time and possibly carried the reactive species that should have collided with the solution out
of the reactor. In comparison, the lowest flow rate (0.1 L/min) offered longer residence time but less discharge
voltage to excite He gas. Consequently, it can be concluded that the flow rate of 0.5 L/min was the most favorable
condition for DHA production in the designed plasma reactor.

Effect of glycerol concentration

The glycerol concentration was experimented with at 0.1 M because this was a concentration investigated by
other studies that used water as a solvent for glycerol conversion to DHA. Then, the glycerol concentration was
increased to 0.5 and 1.1 M, the maximum concentration applied in catalytic reaction'’ to discover the maximum
production capacity. The reaction was conducted at 60 W, 5 mm gap distance, and 0.5 L/min He for 1 h. The
result is illustrated in Fig. 5. More DHA was generated with higher glycerol concentration. There was a significant
difference in DHA production of 1.9, 2.8, and 3.8 g/L for 0.1, 0.5, and 1.1 M glycerol concentrations. On the
contrary, the conversion or yield reduced with increasing glycerol concentration. 0.1 M offered the highest yield
of 19.0%, followed by 0.5 and 1.1 M providing 5.7 and 3.9% yield, respectively. It should be noted that the DHA
productivity rate did not increase proportionally with the glycerol concentration because the kinetics of the
reaction depend on many factors, such as reaction order, viscosity of the reaction mixture, and plasma power. In
this study, the plasma power was at 60 W while varying the glycerol concentration. Additionally, the reactions
could be hindered by other limitations, such as mass transfer, where higher glycerol feed content increases
viscosity, thereby delaying electron transfer*® within the solution, as well as the ions/electrons mobility, which
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is inversely proportional to the liquid viscosity as described by Stokes’ law*® in Eq. (5) when the movement of
charged particles is defined as a sphere in the liquid.

€0

uion B 67{“ Rion

(5)

Where W ,,,, denotes ion mobility; eq is the electronic charge; 1 and Rion stand for liquid viscosity and the
ion fictitious radius, respectively.

The yield of DHA was not equal to the conversion of glycerol. This is because some of the reacted glycerol
molecules may undergo further interactions with reactive species, leading to the formation of other glycerol
derivative products instead of DHA. Therefore, 0.1 M was the most reasonable concentration, offering most
glycerol molecules successfully converting to DHA.

Effect of reaction time

The optimal condition obtained earlier (60 W, 5 mm gap distance, 0.5 L/min He, and 0.1 M GLY concentration)
was employed for the reaction time investigation up to 5 h. As depicted in Fig. 6 (a), the results revealed that
glycerol was continuously converted. At the same time, DHA increased with time from the beginning to 3 h
with the DHA production of 2.9 g/L, DHA yield of 29.3%, and glycerol conversion of 56.9%. While glycerol
conversion continued to rise and reached 82.8% at 5 h, DHA production exhibited a decreasing trend, with
concentrations of 2.5 g/L (25.9% DHA yield) and 2.7 g/L (28.10% DHA vyield) observed at 4 and 5 h, respectively.
This decline in DHA production might be because the reactive species in the system started to react with DHA
rather than glycerol as the glycerol content in the reactor decreased over time. Hence, the generated DHA was
transformed into other products. In the study of Walgod et al.!?, the conversion of aqueous glycerol to DHA was
conducted via catalytic oxidation under high-pressure conditions for up to 8 h. The investigation used a Pt5%-
Bil.5%/AC catalyst, and a glycerol conversion of 84% with a DHA yield of 36% was achieved at 2 h. However,
at 5 h, the yield decreased to approximately 25% at a conversion of nearly 100%. The finding in this referencing
work is similar to the present investigation in that the DHA would be less produced when the reaction time was
longer, causing the DHA yield and selectivity to decrease.

Figure 6 (b) presents the DHA and glyceraldehyde (GLD) production over 5 h of the reaction time at the
most suitable condition of 0.1 M GLY concentration. The result shows that GLD was generated less than DHA
at every point. This is because the energy required in the reaction to produce DHA was lower than that of
GLD, as explained in Sect. 3.8, plasma reaction mechanism. Additionally, it was reported that DHA has high
thermodynamic stability compared to GLD’. DHA is more inert and difficult to transform into other small
products. At 3 h of the reaction time, about 1.89 g/L of GLD was produced with a yield of 19.28%. Then, at 5 h,
it decreased to 1.46 g/L with a yield of 15%. This is because GLD could be easily activated by the reactive species
in the plasma to become other products, resulting in its lesser content in the mixed solution.

A concentration of 0.5 M was additionally investigated for up to 10 h to observe the behavior of DHA
production at higher glycerol concentrations. As demonstrated in Fig. 6 (c), the results present that at 5 h of
reaction time, the glycerol conversion and DHA yield were 47.2 and 22.7%, respectively. For 10 h, the glycerol
conversion reached 63.5%, with a DHA yield of 28.1%. The DHA was continuously produced until 10 h because
the system contained a substantial amount of unreacted glycerol. However, it was observed that the selectivity
turned to reduce from 48.0 to 44.2% at 10 h. This is consistent with the reaction behavior noticed in the 0.1 M
glycerol concentration; DHA could be activated and transformed into other products by plasma.

For 0.1 M, the most suitable reaction time to acquire the highest yield of DHA was 3 h, providing the glycerol
conversion of 56.9%, DHA vyield of 29.4%, and selectivity of 51.6%. Comparatively, at a higher concentration of
0.5 M, the DHA yield and selectivity were lower, even after a longer reaction time of 10 h. The DHA yield and
selectivity of the 0.5 M case were 28.1 and 44.2%, respectively, at a glycerol conversion of 63.5%. The productivity
rate for the case of 0.1 and 0.5 M were 0.96 and 1.37 g/Leh, respectively. However, the plasma process has
limitations of low selectivity and uncontrollability. Considering that similar products generated by glycerol
dehydrogenation initially become DHA or GLD, the repeatability in this study showed that DHA production
was significantly higher than GLD production in the case of 0.1 M. The reaction needs to be conducted for at
most 3 h under the most suitable condition to obtain mainly DHA with more than 50% selectivity.

In comparison to other studies, various methods for producing DHA from glycerol, such as photocatalytic,
electrocatalytic, photo combined with electrocatalytic, catalytic oxidation, and bioconversion, have been studied,
as demonstrated in Table 1. In terms of productivity rate under optimal conditions for each process, the plasma
technique employed in the present investigation outperforms photocatalytic approaches that utilize the TiO,
catalyst, as well as electrolytic, photoelectrolytic, and bioconversion methods. However, it is important to note
that the initial glycerol concentration influences productivity. With higher initial glycerol concentrations, DHA
can be produced at a faster rate.

Since DHA is the desired product, its selectivity should be considered. High selectivity displays a high DHA
yield and facilitates its separation from other by-products. Using a catalyst in oxidation reactions under high
pressure offers advantages such as fast reaction rates and increased selectivity. The method can be employed
for high glycerol concentrations compared to other methods, resulting in a higher productivity rate. The
plasma technique is inferior to the photocatalytic using flowers-like Bi,WO catalyst, electrocatalytic, and
photoelectrocatalytic processes. These methods rely on catalyst modifications to enhance glycerol absorption,
enabling specific reactions at the secondary hydroxyl group for efficient DHA production!®!#>. In conclusion,
the utilization of the plasma technique demonstrated a higher productivity rate and DHA selectivity compared
to the photocatalytic method employing a TiO, catalyst, although DHA selectivity was lower compared to
several other techniques listed in Table 1.
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Fig. 6. Effect of reaction time on DHA production, yield, and GLY conversion for (a) 0.1 M GLY
concentration, (b) DHA and GLD production at 0.1 M GLY concentration and (c) Effect of reaction time for
0.5 M GLY concentration (60 W, 5 mm gap distance, and 0.5 L/min He).

While the product yield in this study is relatively low when using plasma in isolation, the results highlight
the inherent potential of plasma technology as a powerful technique for chemical transformation. With further
optimization, plasma can be significantly enhanced by coupling it with complementary techniques, such as
plasma-assisted catalysis, or by integrating methods like ultrasound-assisted or microwave-assisted plasma,
paving the way for more efficient and versatile applications. For its application, the current findings from the
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Initial GLY ca. Productivity
Method (M) in solvent | Optimal condition Yo Spua (%) Xary (%) rate (g/Lh) | Refs.
Water:
. Water: 36.1 _
. 4% 103 in water - . . . Water: Y=5.3,S=14.7 o 13.8x1073 13
Photocatalysis or acetonitrile 1g/L TiO, loading at ambient condition* for 5 h Acetonitrile: Y=17.2,5=17.8 Acetonitrile: Acetonitrile:
96.8 i
12.4x10
Photocatalysis N/A in water Bi,WO catalyst at ambient condition® for 5 h gi;gf 96 - 14
. . 10 wt% Pt5%-Bil.5%/AC loading at 80 °C, 3.5 bar Y=36 10
Catalytic oxidation 1 in water for2h S~d28 84 13.6
Glycerol solution mixed with 0.5 M H,SO, using V=614
Electrocatalysis 0.1 in water PtSb/C catalyst, anode potential =0.797 V at 60 °C S . 68 90.3 0.6 12
for 10 h ~
. Bi,0,/TiO, photoanode, self-powered PEC system _
(I:)}:i(()it;)tei:)e;trocatalytlc 0.1 in water eqzuiﬁped with solar panel =2V, illumination area=7 g{:;jl/? >50% 7.8x1073 4
cm?, 0.5 M Na,SO, electrolyte, solution pH=2for 5h | >~ "™
Bioconversion 0.5 crude Agar immobilized Gox catalyst at 30 °C in shake flask | Y=87 B 06 16
glycerol in water | with 180 rpm agitation rate for 72 h S=N/A ’
. . . . Y=294 This
Plasma dehydrogenation | 0.1 in water 60 W, 5 mm gap distance, and 0.5 L/min He for 3 h S=516 56.9 1.0 work

Table 1. Performance comparison for DHA production from glycerol using various methods. *Ambient
condition =ambient temperature and pressure.

plasma technique in this study could serve as a foundation for producing other products by improving some
parts of the system. For instance, a stirring mechanism should facilitate better mass transfer, and the reactor
should include several more high-voltage electrodes. This way, plasma can be generated across almost the entire
surface of the liquid and interact more effectively with the aqueous glycerol. The technique can be the basis
for scaling up plasma applications. However, there is not much research on liquid raw materials for large-scale
plasma systems. It is mainly used for gas decomposition, e.g., benzene®!, air°>>, and so on. The plasma for
liquid treatment, like glycerol conversion into DHA, can be considered for large-scale production by conducting
in a hybrid system, which is a combination of plasma and other processes as recommended in the study of
Okubo®2. This will provide an advantage in power consumption reduction. While it is true that plasma-based
processes have not yet become mainstream in large-scale industrial applications, several pilot-scale projects
and/or industry collaborations are actively exploring its potential for selective conversion in areas such as dried
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herbs treatment®, bioactive compounds of tomato preservation®®, odors and chemical pollutants removal®®*7,
and bondability of wood improvement®®. Furthermore, as industries move toward more sustainable and energy-
efficient processes, plasma technology may become a viable alternative in certain niche applications.

The plasma had the potential to convert glycerol to DHA, but other by-products were also generated during
the reaction due to the random reaction characteristic of plasma. This inherent plasma characteristic also affects
the selectivity of DHA when different glycerol sources are utilized in the reaction. Using high-purity vs. crude
glycerol to convert into DHA could offer dissimilar results. This is because crude glycerol contains impurities
such as residue short-chain alcohol, catalyst, water, ash, and matter organic non-glycerol (MONG)* that
could be dissociated by plasma reactive species and incorporated with the glycerol molecule, resulting in other
products generated instead of DHA. This is a challenge and should be investigated in future work.

In comparison with aqueous glycerol treatment by plasma, Bang et al.** studied plasma-induced
glycerol transformation to produce formic acid. It was found that a proportion of water in aqueous glycerol
assisted in generating more formic acid and other products, including hydroxyacetone, glyceraldehyde, and
dihydroxyacetone. This is because the water contained in glycerol resulted in the production of OH* radicals,
which continued the further reaction. At a specific input energy (SIE) of 384 KkJ/L, glycerol volume fraction of
0.1, total liquid volume in a reactor of 30 mL, Ar plasma gas flow rate of 0.2 L/min, and applied peak voltage of
16 kV, the formic acid was formed at 674 ppm. The exact amount of DHA and other products was not indicated
in this study.

When SIE was defined as the plasma processing time (t_) multiplied by the power density, which was the
ratio of discharge power (P,) to the volume of aqueous glycerol (Q)**, the present investigation, under the most
suitable condition of 60 W, 60 mL, and 3 h, results in the SIE of only 0.33 kJ/L. The energy supplied to the system
was much lower than that in the previous study, so the products were still mainly DHA and GLD. This implies
that the previous study applied sufficient energy to break the glycerol molecules into a small molecule like formic
acid. At the most suitable condition presented in Table 1, DHA was formed at 2.8 g/L. Therefore, the energy
required to produce one gram of DHA in the designed system was 0.12 k]. When applying the plasma power of
60 W for 3 h, the power needed to generate 1 g of DHA was 0.35 W.

FTIR analysis

To be analyzed by FTIR, feed glycerol and reacted solution of 0.1 M glycerol after plasma reaction at 60 W, 5 mm
gap distance, and 0.5 L/min He for 3 h were oven heated at 110 °C for 8 h to facilitate the evaporation of water
from the glycerol/DHA and other high-boiling point products. After evaporation, the feed glycerol exhibited a
clear color, whereas the reacted glycerol showed a noticeable brown hue as presented in Fig. 7 (a). This color
change was primarily influenced by the presence of DHA in the mixed solution, particularly when exposed to
high temperatures®. Figure 7 (b) illustrates the obtained FTIR spectra. Pure glycerol refers to freshly sourced
glycerol directly from the bottle, while feed glycerol denotes the glycerol solution obtained after evaporation.
Both pure and feed glycerol exhibited the same functional groups. The O-H stretching vibration was observed at
awave number of 3290 cm™!, while the peaks at 2880 and 2930 cm~! corresponded to symmetric and asymmetric
stretching of C-H bonds. The C-OH in-plane bending appeared at 1413 and 1455 cm™!. The peaks at 1212 and
1332 cm™! represented CH, wagging. The stretching of the C-O bond is assigned to wave numbers 990, 1112,
and 1034 cm™!, with the final peak at 924 cm™! attributed to the stretching of C-OH bonds®!62.

For the case of the reacted glycerol, all of the characteristic peaks observed earlier in pure and feed glycerol
were also detected. However, it was observed that the intensities of the O-H peak at 3290 cm™! in Fig. 7 (c), as
well as those of the peaks corresponding to C-O at 1112 and 900 cm™!, were lower compared to feed glycerol.
Interestingly, a new peak appeared at 1735 cm™!, indicating the presence of C=0O stretching and implying that
the reactive species successfully broke the hydrogen atom bonding with oxygen (-COH) in glycerol, forming
a ketone group (C=0). Moreover, it can be inferred that glycerol molecules did not bond with each other
to form di- or triglycerol. This conclusion is supported by the fact that the peak at 1112 cm™!, which is also
associated with C-O-C stretching, did not become stronger but turned fairly weakened after the transformation
of C-O bonds®!. This suggests that the reactive process primarily involved the modification of individual glycerol
molecules rather than polymerization into larger structures.

By-products analysis

The by-products besides DHA were inspected by GC. It was observed that glycerol exhibited a high sensitivity
when using the SCION-WAXMS column. In Fig. S3 (a), at a concentration of 3 g/L for both glycerol and DHA, it
was observed that the peak corresponding to glycerol had a significantly larger area, approximately 94.8% of the
total peak area. In contrast, the peak area attributed to DHA was only 3.8%, and the remaining 1.3% was water.
Fig. S3 (b) illustrates a comparison between the peak of feed glycerol (0.1 M) and the reacted glycerol or product
obtained from the plasma reaction under the conditions of 60 W power, a 5 mm gap distance, and a helium flow
rate of 0.5 L/min for 5 h. The green line corresponds to the feed glycerol, with the peaks at 1.18 and 4.74 min
representing water and glycerol, respectively. The pink line represents the product, showing a detected peak of
DHA at a retention time of 3.73 min with several peaks near the peak of water. The peaks at 1.18, 1.36, 1.43, 1.53,
and 1.67 min correspond to those observed by injecting 35% H,0, into the GC-FID system, but they were lower
intensity than those appearing in the product, as shown in Figs. S3 (c) - (d). This H,O, was formed by plasma
activation of water, as evidenced by the weakening of the water peak in the product.

To analyze other possible products in this reaction, the GC condition was held for 15 min instead of 6 min.
The findings revealed no significant peak after glycerol. Moreover, the standard ethanol and propanediol, the
possible by-products in this reaction, were analyzed in the same condition. Their peaks appeared at 1.17 and 2.06
and were not present in the product peaks.
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Fig. 7. (a) Evaporated feed glycerol and DHA product, (b) FTIR spectra of pure, feed, and reacted glycerol,
and (c) -OH peak obtained from FTIR.

Moreover, the observed pH of the product decreased from about 6.0 to 3.8 after 5 h of reaction time. This
might be due to the production of H,0, and other acidic substances. Pure DI water was utilized under the
optimal condition for 1 h to be a benchmark in the change of pH and the products from aqueous glycerol. No
products were detected by GC-FID, and the pH of the solution remained unchanged, implying that the reactive
species from He plasma did not affect the change in water molecules, although they might be excited, being in
the form of unstable molecules. Since the system consisted of O and H elements, they could recombine to be
stable water molecules after the reaction. Likewise, in glycerol solution, glycerol molecules could be activated by
the reactive species producing the DHA, leaving H to incorporate with each other along with electron capturing
to become H,. Additionally, the reaction could further occur to generate other acidic chemicals, such as glyceric
acid, as found by NMR analysis in our previous work®, which exhibits a much higher boiling point (predicted
to be 412.0 +30.0 °C at atmospheric pressure) than the maximum of GC column temperature to be detected.

The feed glycerol and product at 5 h of reaction time were additionally analyzed by HPLC, as presented
in supplementary Fig. S4. For the feed glycerol, there was no peak appearance because the glycerol could not
be absorbed by the UV detector®®. Accordingly, the chromatogram, the glycerol products after the reaction
for 5 h consisted of three main produce peaks detected at the peak number of 12.64, 13.43, and 14.56 min
corresponding to glyceraldehyde (GLD), glycolic acid (GLYCOA) and DHA, respectively. Additionally, formic
acid (FA) was also injected into HPLC and appeared to be absorbed at the time 14.71 min, which was close to
the DHA peak. The acid products found in HPLC analysis were related to the peak in the GC chromatogram
because their boiling point was close to that of water. The retention time for analysis was up to 30 min, and no
other peaks appeared, implying that the main product obtained in the present study was DHA. For the mass
balance of the system, feed glycerol of 9.2 g/L was converted into several products at 5 h of reaction time under
the most suitable condition. There was a remaining glycerol of 1.60 g/L. The DHA, GLD, and GLYCOA were
produced at 2.75, 1.47, and 1.37 g/L, respectively, while 0.42 g/L was others that could be light products, e.g.,
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H,, CO,. The amount of the detected products was 82.72% of the feed glycerol. In comparison to the study of
Walgode et al.!%, the conversion of 1 M aqueous glycerol via catalytic oxidation to DHA and other products using
commercial catalysts: Pt/AC and Pt-Bi/AC, the different types and amounts of catalysts affected the conversion
and selectivity of products. The mass of all products and remaining glycerol was reported, and the concentration
of products achieved 81-87% of feed at the most suitable condition for 1-2 h when Pt5%-Bil.5%/AC was
employed. Several methods for glycerol conversion provided a concentration of approximately 15-97% of the
obtained products!*>®+%>, Therefore, the concentration of generated products in this work was within this range.

Plasma reaction mechanism

In the plasma, He gas was partially ionized, creating energetic electrons, He species including helium atoms (He),
ions (He™"), radicals (He*), and excited/ metastable helium (He"). The plasma also produced UV light and heat®.
When the plasma was generated within the quartz tube immersed in the solution, all these reactive species must
have passed through the solution before exiting the reactor. At first, the energetic electrons played a crucial role
in this reaction due to their higher mobility compared to ions and radicals, enabling them to move faster®”.
However, to sustain the plasma, metastable helium (He*) atoms and electrons initiate the Penning process by
transferring their energy to other atoms, leading to chain ionization and excitation®. Nevertheless, the electrons
initially played an important role in colliding with other molecules in gas phase; there is rapid energy depletion
of them to the surrounding liquid aqueous glycerol. The proposed mechanism of plasma reaction in the present
study is shown in Fig. 8. In this plasma system, the water partially evaporated over the solution due to the heat
released from the DBD plasma. Therefore, there were two zones where the water molecules could be broken
by the plasma reactive species as follows: (1) in the gas phase and (2) at the gas-liquid interface?>. Water could
become an unstable molecule and undergo breakage, forming H*, O°, and OH" radicals when they received
sufficient energy®. During the process, the water possibly changed to H,0, due to the combination of two OH*
radicals when they came to stable molecules”’. Among the generated radicals, the OH" radicals were essential to
initiate the glycerol decomposition®’, and accepted the hydrogen extracted from glycerol, becoming H,O. Also,
H, and H,0, could be generated when hydrogen atoms were incorporated with H* and O* radicals. The details
of He plasma formation and aqueous glycerol dissociation are described in subplementary Sect. 1, the reaction
pathway.

Plasma from He gas (He, He", He', He*, hv, heat) + ©

Water dissociation (O, ®, *OH)

Other by-products
? @ 0 ;
Hydroxypyruvic acid
fompHA | G 040)

C-C bonds scission

Glyceric acid
from GLD

Liquid products:
C2H403, C2H40, C2H40, CH202 etc.

Gaseous products:
H,, CO, CO,, C,H,, C,H, etc.

/
\.

Fig. 8. Proposed plasma mechanism of glycerol dehydrogenation.
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Glycerol consists of several types of bonds, including C-C, C-H, C-0, and O-H bonds. Among these, the
C-H bond at the secondary carbon position has the lowest energy, making it more susceptible to breaking.
Additionally, the hydroxyl group (-OH) bond is relatively weak due to its low activation energy of about 1.93-
27.02 kJ/mol’!. As a result, the reaction primarily occurs through the activation of the secondary C-H and -OH
groups, leading to the H atoms leaving — a process commonly called dehydrogenation. Two possible routes can
occur during this process. In the first route, the primary -OH group, situated at the two terminal carbons of the
glycerol molecule, becomes activated. The hydrogen atom attached to the oxygen is removed, resulting in the
formation of an alkoxide. Subsequently, the molecule adjusts to a stable -C=O group, characterized by a high
bond dissociation energy (799 kJ/mol), making breaking difficult. The dehydrogenation product of the primary
hydroxyl group is glyceraldehyde (GLD), which is formed in this reaction. In the second route, the reaction
takes place at the secondary -OH group located at the middle carbon of the glycerol molecule. Following the
similar process observed in the primary -OH reaction, the product formed is DHA. The leaving H* radicals can
bond with each other and capture electrons, producing hydrogen molecules (H,). The generated H, gas is then
carried out of the reactor with the carrier gas. Regarding the dehydrogenation process, DHA is favored over GLD
due to the lower energy barrier required for the cleavage of the secondary C-H bond in glycerol, as previously
mentioned’?. The scission of this bond occurs easily, allowing for the formation of the stable C=0 group in
DHA upon removing another hydrogen atom from the secondary hydroxyl group. After the production of GLD
and DHA, the reaction can proceed further by dehydrogenation and incorporating a water molecule to form
glyceric acid and hydroxypyruvic acid. This pathway is highly possible to occur since the system is abundant in
water. Additionally, during this process, the hydrogen atom can be eliminated simultaneously with the hydroxyl
radical, leading to the generation of acetol. The C-C cleavage can take place. However, it is reported that the
C-C bond is broken after the dehydrogenation of glycerol occurs significantly’2. In this study, the cracking
process of glycerol formed two acid products, including glycolic acid and formic acid, as presented in the HPLC
chromatogram. Furthermore, liquid products like ethanol, ethanediol, and other similar compounds can be
formed. These liquid products may undergo further decomposition into gaseous species such as H,, CO, CO,,
C_H,, and others. In the case of gaseous products formed, these gases would leave the reactor with the He carrier

2
gas during the reaction.

Conclusion

The needle-in-tube-type DBD plasma reactor was successfully utilized for glycerol conversion to DHA. The
best condition obtained in this investigation was 60 W input power, 5 mm gap distance between the end of
the needle and liquid surface, and 0.5 L/min He flow rate. The reaction occurred at ambient temperature and
atmospheric pressure in the absence of a catalyst. A glycerol concentration of 0.1 M provided the highest DHA
yield of 29.3% at 3 h. At this reaction time, the DHA selectivity and glycerol conversion were 51.6 and 56.9%,
respectively. The glycerol continuously reacted with the reactive species in the plasma and reached 82.8%
conversion after 5 h of reaction time. This presented novel plasma technique offered superior performance to
achieve DHA selectivity and productivity rate over photocatalytic reaction employing a TiO, catalyst. Therefore,
this DBD plasma technique is a promising way for glycerol valorization. The system is simple and does not
require a catalyst, offering advantages in energy saving and environmental consciousness in processes related
to a catalyst: preparation, regeneration, removal, and disposal. It has the potential for DHA production from
glycerol or crude glycerol dissolved in other solvents such as DMSO, acetonitrile, and so on. However, the
process inevitably relied upon the reactive species in the plasma state randomly reacting with glycerol molecules
dissolved in water, causing the selectivity to be relatively low. Additionally, the gaseous and liquid by-products
of plasma dehydrogenation should be further analyzed to indicate the type of chemicals, which is important
for determining the proper separation method of DHA from other products. This DBD plasma technique can
be further improved by changing the carrier gas, for different gases offer different energy of reactive species to
collide with glycerol, resulting in dehydrogenation.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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