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ABSTRACT

Hydrogen is one of chemical industry feedstock amtbmobile fuel, which is commonly
produced by electrolysis. Electrolysis, howeves saveral constraints that are primarily due to
its large energy requirement. Plasma electrolysisa ibreakthrough method that not only
improves hydrogen production but also suppresseggrconsumption. This research has been
conducted to investigate the effectiveness of péastactrolysis on hydrogen product quantity
and energy consumption by varying the voltage dgidegol concentration. The results of this
research showed that an increase in voltage ledcteased hydrogen production and energy
consumption; the addition of glycerol caused a e&®e in hydrogen production but still
resulted in an increase in energy consumption.prbeess effectiveness of plasma electrolysis
at 300V and 0.1M KOH was 8.1 times higher than é&ayaelectrolysis.
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1. INTRODUCTION

Hydrogen is an important reactant and energy cam@nufactured from a variety of energy
sources, such as hydrocarbon-based fuels, thraegmgeforming or partial oxidation. In areas
where natural gas is not available, hydrogen caprbduced from water using the process of
electrolysis. The cost of producing hydrogen byewatlectrolysis, however, is much more
expensive than the cost of the conventional prooessing hydrocarbons as feedstock because
of the high electricity requirements of water elelytsis (Holladay et al., 2009). Non-thermal
plasma electrolysis is an alternative method thatlheen developed to reduce electricity use.

Many types of non-thermal plasma-assisted reforn@aipnologies for Hydrogen production
have been implemented in recent years. The moableoéxamples are plasmatron, gliding arc,
dielectric barrier discharge (DBD), corona, micrewa and pulsed discharge. Reformed
hydrocarbons include methane, diesel, and bio#iglong the possible innovative reforming
options, plasma systems provide original respotsédsawbacks of other technologies in terms
of reactivity, compactness, and efficiency (Pesgpat al., 2007). Experiments conducted by
Chaffin et al. (2006) presented plasma electroliysen aqueous environment as a new plasma
technology for hydrogen production.
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Plasma electrolysis technology is similar to th@vamtional electrolysis process but it runs
with high voltage until plasma is formed in the attelyzed solution. The plasma produces
reactive species in large amounts, increasing waterd separation and the formation of
hydrogen by up to 8 times when compared to conweatielectrolysis (Mizuno et al., 2003).
Plasma is known more as an ionized gas flow, andisnresearch, plasma formed on the liquid
medium that had been saturated with hydrogen gasblés during the plasma electrolysis
process. Plasma formed in the negative pole (cadhochich had been placed adjacent to the
anode to reduce the electron route from positiie pmnegative pole. Hydrogen formed in the
cathode room, where hydrogen did not mix with oxygigat had formed in the anode room.
Adding several additives such as methanol and etham the electrolyte solution increased
process productivity significantly (Zong-cheng &t 2006; Zong-cheng et al., 2008; & Zong-
cheng et al., 2009).

This research describes a design-scheming of tmegbatch reactor for non-thermal plasma
electrolysis, which includes a plasma generator ihable to create up to 300 V (DC). The
reactor features a coolant and product separaggters. Use of KOH as the electrolyte solution
and glycerol as an additive are expected to inerpascess performance.

2. METHODOLOGY

There are three main components in this experimactude electrolysis reactor, coolant
system, and purification system which explainetbdsew.

2.1. Electrolysisreactor

The scheme for the reactor and experimental sé&rughe plasma electrolysis system is shown
in Figure 1. The reactor is made from transpanéet housing, with a diameter of 8 cm, height
of 25 cm, and capacity of 1000 mL. There is an oulple for Hydrogen and Oxygen, and the
thermometer and anode are positioned above, wheleathode is positioned below the anode
room. Wolfram was used to create electrode matwiiglle minimizing corrosion. The reactor
was filled with 600 ml of 0.1 M KOH solution andygkerol additive. KOH is a strong
electrolyte that is generally used in plasma ebdgtis; it is more effective in producing
hydrogen than other electrolytes (Zong-cheng et28l06). Power supply used was Matsunaga
Slide Regulator with 50 Hz frequency and maximunitage of 500 V. The AC current was
converted to a DC current by using a diode-bridgiie connecting to the electrode inside the
reactor.
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2.2. Coolant system

The KOH electrolyte solution flowed through coppesde cooler coil in the electrolyte cooler
using a peristaltic pump in closed circulation. Ttectrolyte flow rate controlled the reactor
temperature. The temperature of the reactor wastaiaed at 90C to optimize performance
(Saksono et al., 2010).

2.3. Purification system
Water vapour in the produced hydrogen was sepanaitda steam trapper in a two-stage
condenser. Silica gel was used as the water vagmorbent; vessel measurements were 5 cm
in diameter and 20 cm tall. The composition andfline rate of hydrogen were measured with
a GNL-400F Hydrogen Analyzer (ChangAi Electronicgedce & Technology Co. Ltd China).
The effectiveness of plasma electrolysis processhis research was measured with the
parameter of comparison of hydrogen production lasmpa electrolysis versus the Faraday
electrolysis process; it is stated as g(Hraraday electrolysis produces the maximum amount
of hydrogen conventionally. Process effectiven€qs$},), can be formulated in Equation 1, as
follows (Zong et al, 2009):

V,, 124 V, F

G(H,)= = mol.mol ™*

Q/2F 12Q (1)
Q, F, andVy;, are, respectively, the flowing electric charge f@mb), the Faraday constant,
and the volume of the Hproduct.

3. RESULTSAND DISCUSSION

This research describes plasma formation in thetrelgte solution, and the behaviour of
temperature, current, and plasma electrolysis odrdgen production. Additionally, the
influence of voltage and the glycerol additive ydrogen production, electricity consumption,
and process effectiveness of plasma electrolysiscanpared to the Faraday electrolysis
process, are discussed.

3.1. Plasma formation phenomenon

The initial stage of plasma electrolysis is thewaontional electrolysis process that is marked
with hydrogen gas formation on the cathode and emygn the anode (Figure 2a and 2b).
Figure 2a shows that only a small amount of hydnogeabbles is initially formed around the
cathode; the solution temperature is arountC4@s the temperature increases, the formation
of hydrogen bubbles increases (Figure 2b), causwmigtion conductivity to decrease and
resistance of the solution to increase (Figure Zd)e resistance of the electron current
occurring from the cathode and anode due to hyarggs in the solution causes the electron to
leap towards the anode without going through sofutdns. It is marked with the plasma flash,
as shown on Figure 2d. Plasma formation in the OKIDH solution occurs at 6@ and 200 V
(DC). In this research, the result was consistetit the experimental research of Mizuno et al.
(2003).

Figure 3 shows that during the first 220 seconlds,dnly reaction that occurs is electrolysis,
which is characterized by low production of hydnogtn this study, the temperature reached
60°C and the electric current reached 10 A. The medsalectric current increased steadily
during the electrolysis process without fluctuatiue to the electron transfer mechanism that
occurred as it progressed through the conductivatisn (electrolysis mechanism). The
subsequent formation of plasma was marked by aedserof the electric current and an
increase of Wproduction (marked by thick dashes in Figure 3).

Up to 2000 watts of electric power is needed indlextrolysis process to reduce and oxidize
water at the anode and cathode. The reductionioeaafjuations are written as follows:



Saksono et al. 11

Cathode: 2D + 2é > Hy(g) + 20H(aq) (2)
Anode: 2HO > Oy(g) + 4H'(aq) + 4€ (3)

Figure 3 shows that, when the plasma begins to,ftrenelectric current decreases dramatically
from 9.5A to an average of 3A, and the power desgedrom 1900W to 600W. Zong (2006)
identified the phenomenon of decreasing currenttaedormation of plasma at 220V in 0.02M
KOH solution. The measured current when the plafmas is fluctuating because the electron
transfer mechanism is changing as the electron sfldtarough the conductive solution
(electrolysis mechanism) and hydrogen gas ioningjtasma). The decreasing electric current
that occurs in plasma electrolysis shows that teetric power consumed is also decreasing,
because the voltage is maintained at 200V. This@inenon shows that the plasma electrolysis
process is able to run after a electrolysis proc8aturation of the solution by hydrogen gas
causes the resistance of the solution to escdlateing high-energy electrons to leap from
cathode to anode when the gas is ionized (Chaffah ,€2006).

(a) (b)
Figure 2 Formation of plasma at 0.1M of KOH solatand 200V (DC)
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When plasma electrolysis begins, the productioe cdtH, becomes high while the electric
current decreases (electric consumption decreaassghown in Figure 3. Because of the
formation of metastable species from &hd OH to radical *H and «OH, Hand Q are formed.
Hence, the total production of;khcreases. The reaction between these metastaddess can
be written as follows (Jinzhang et al., 2008):

4H'(aqg) + 46 > 4<H 4)
40H(aq) > 4+OH + 4é (5)

4H'(ag) + 40H(aqg) = 4¢H + 4.0OH (6)
2¢H + 2°H-> 2H,(Q) (7)

4+0OH > 2Hy(aq) + 20,(aq) (8)

Equations 7 and 8 show that as many as 4 moles &@bhh the existing metastable species of
*H and <OH in the solution are formed by the plasmechanism. The decrease in electric
current when the plasma is formed is caused byasing resistance in the conductive solution
with the formation of hydrogen bubbles and incregstemperature in the solution. The
electrolysis reaction in plasma electrolysis creaeneed for more electrical power than the
power needed in the general plasma process. Treectation of KOH determines the voltage
value needed to initiate plasma electrolysis. lasiregy the KOH concentration results in a
decrease of voltage needed (Saksono et al., 2Ehould be noted that glycerol is one of the
poly-alcohol (triol) molecules with an —OH functalrgroup (hydroxyl) three times more than a
water molecule. Plasma induction in hydroxyl groapselerates the release of metastable «OH;
hence, it may increase the production of hydrogen.

3.2. Hydrogen production

Figure 4 shows that increased electric voltagelt®sn increased production of hydrogen.

Higher electric voltage causes the energy thabigained in the electron rise; hence, escalated
levels of leaping electrons are noted. Formed pdasracomes bigger and brighter. The

increasing amount of plasma drives the formatiothefradical species of *H and *OH, leading

to the formation of hydrogen and oxygen gas, asvehm Equations 7 and 8. Hydrogen

production decreases as the concentration of giyoereases (Figure 4).
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The decrease in production of hydrogen with thatemtdof glycerol, as shown in Figure 4, can
be caused by the oxidation of glycerol on the antbtdtleugh a series of reactions to form
glyceric acid (Equations 9 and 10), which is diffico oxidize (Stehring et al., 2009).

HO CH

OH
OH 5 O h_om + H + e (9)
(Glycerol) (Glyceraldehyde)
OH
OH Dﬁ)\/DH
NN + W >  OH + 2+ 28 (10)
(Glyceraldehyde) (Glyceric acid)

The oxidation of Glyceraldehyde during the alkalip@ution electrolysis process can also
produce lactic acid (Equation 11), which is markad yellowish changes in the solution
(Yuksel et al., 2009).

O o

H OH
O A oH > o + HO > & +AH + 46 (1)
(Glyceraldehide) (pyruvaldehyde) (Lactic acid)

The yellow colour of the solution produced by tleadtion deepened as glycerol concentration
and the electrolysis process period increased.ekpected decomposition of glycerol into the
OH radical group during plasma electrolysis traregpiwith difficulty due to the lengthy
oxidation process and large amount of electricatrgy required The glycerol oxidation
process, shown in Equations 11, caused the hydrggems consumed in solution that can lead
to reduce hydrogen product.

3.3. Energy consumption

Figure 5 shows that the energy consumption needletittin 1 mmol K (Wr) decreased with
increasing electric voltage. Increasing voltage wagiificant on the increasing amount of
formed plasma, therefore, hydrogen production emed and Wr decreased. The addition of
glycerol 1% vol in 0.1M KOH solution caused an i&se in Wr of about 15%, while the
addition of glycerol 3% caused an increase of ugQ@6% in Wr. The data showed that the
increase of Wr due to the addition of glycerol wast only caused by a decline in, H
production, but also because increasing power waded. The average electric power required
for non-glycerol, 1% and 3% glycerol solution, am&oltage of 150 volts, was 846, 1104, and
1320 W, respectively. The increase in power consiomgshowed that the electrons generated
from the electrical current were consumed by oxahabf glycerol, as shown in Equations 9,
10, and 11.

3.4. Energy consumption

Figure 6 shows that the value of process effecassG(H)] increases as electric voltage
increases. The high value of GjHeflects high hydrogen production. The highedti{p{alue,
8.1, was obtained by a non-glycerol solution at\8Ghd 0.1M KOH concentration. The
plasma electrolysis reaction under the conditiost®ah above produced hydrogen at a rate 8.1
times higher than the Faraday electrolysis process.
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The addition of glycerol to the KOH electrolyte sidbn decreased process effectiveness, as
shown in Figure 6, because of the decrease in ggdrproduction and the increase in electrical
energy consumption, which has been explained pusiyoin this paper. The addition of
additives from alcohol groups, which can more gafsitilitate the formation of OH radicals,
such as methanol and ethanol, is an attractivenalige method to research towards improving
the effectiveness of plasma electrolysis.
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Figure 5 Effect of voltage and glycerol on W solution of 0.1M KOH at 96C
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4. CONCLUSION

The plasma electrolysis process is able to rumr aftelectrolysis process because the solution
saturated by hydrogen gas causes resistance abthigon to become higher. It forces high-
energy electrons to leap from cathode to anodeigtiraonized gas media; therefore, the plasma
electrolysis phenomenon occurs. Increasing voleage solution concentration drive a larger
formation of plasma, thus increasing hydrogen pectida and process effectiveness. Further,
the additon of glycerol to the KOH solution causedecrease in hydrogen production and an
increase in electricity power consumption.
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