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a b s t r a c t 

This work demonstrates a green conversion of waste cooking oil in a continuous mode into esters, fatty acids and 

hydrocarbons within seconds via cold plasma catalytic approaches. Up to 60 wt.% gaseous hydrocarbons (C 1 –C 6 ) 

was achieved within 11 s reaction time in hydrogen environment. Products distribution and selectivity can be 

easily tuned e.g. up to 43 wt.% esters (in the presence of Ni/Al 2 O 3 in N 2 environment at 30 W) or up to 46 wt.% 

fatty acids to be obtained (BaTiO 3 packing under N 2 at 30 W). The selectivity of products is strongly influenced 

by the environment, e.g. H 2 environment promoting fatty acid methyl esters formation whereas hydrocarbons 

are dominant in N 2 environment. 
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. Introduction 

Waste cooking oil (WCO), a food waste from cooking/food process-

ng, is commonly used to produce biodiesel (fatty acid methyl esters

nown as FAME) via transesterification with alcohol i.e. methanol in

he presence of alkaline catalysts (e.g. KOH/NaOH). Due to the high

atty acids (FAs) content in WCOs resulting from the cooking process,

re-treatment steps are required prior to transesterification to minimize

oap formation, which would cause loss of product due to difficulties in

eparation. In addition, the transesterification process generates around

0 wt.% waste glycerol that need to be disposed of. Thermochemical

rocesses such as hydrotreatment and pyrolysis have been studied to

onvert WCOs into hydrocarbons and/or esters with or without cata-

ysts. Catalysts for triglyceride decomposition include zeolites [1] , alu-

ina and silicates [2] , sulphated zirconia and basic catalysts such as

odium carbonate. Typically, temperatures between > 250–400 °C are

sed to maximize liquid yields [3] . The surface area and relative abun-

ance of acid sites on the catalyst strongly affect the extent of crack-

ng/decomposition [1] . An example is the conversion of WCO using

.0–2.5 wt.% Co/Zn Al 2 O 4 nano catalyst at 450 °C, obtaining around

7 wt.% liquid (25–25% kerosene fraction) over reaction times of 10–

0mins [4] . 

However, these thermochemical methods, including hydrotreat-

ent, are prone to catalyst deactivation when WCO is used as the feed-

tock [5] , showing a noticeable drop in performance with as little as

 h of operation [ 6 , 7 ]. The reaction times of thermochemical methods

imed at producing liquid fuels are also relatively long e.g. up to 6 h

er batch to achieve optimum conversion [8] . Hydrotreatment of WCO

s generally highly selective to hydrocarbons through favouring hydro-

enation reactions ( > 80% oxygen atom removal from liquid) with a hy-
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rogen co-feed of 190 ml/min H 2 for 0.33 ml/min WCO [9] ,which is

ostly and challenging to supply with current market conditions. Cur-

ent studies of hydrotreatment of triglycerides have been scaled up to

ilot scale and produce high yields of hydrocarbons at the cost of using

arge volumes of hydrogen and a long reaction time (LHSV: 2h − 1 ). 

A potential method to mitigate the long reaction time and catalyst

ouling is the use of combination acid-base catalysts, which can pro-

uce 65–72% yield of liquid product within 10 min with SO 4 
2 − /TiO 2 -

rO 2 catalyst (Zhang et al., 2020). However, these combination cata-

ysts are considered too expensive to make this a viable method at large

cale. Cold plasma technologies, operating at atmospheric conditions,

an rapidly convert low quality feedstock/waste into high value chemi-

als within a short reaction time, i.e. within seconds [ 10 , 11 ]. Highly en-

rgetic electrons in cold plasma (average energy of 1–10 eV from an ex-

ernal source), which are much higher than energy dissociation of most

hemical bonds, collide with gas molecules to generate active species,

hich initiate reactions that could be difficult to achieve in conventional

rocesses [12] . It was reported [13] that plasma jets were used in a batch

ystem to produce up to 32% − 70% esters from pure triglycerides over

 40–100 min reaction time. However, the process was prone to fouling

hen using WCO [14] . A dielectric barrier discharge (DBD) reactor can

inimize the fouling issues due to its configuration and also provide

exibility in operation and ease of operation in continuous mode. 

Dielectric barrier discharge reactors were used for production of

iodiesel from virgin palm oil [15] and other pure triglycerides oper-

ted at temperatures of 400–500 °C [16] . These studies mainly focused

n effects of operating conditions the biofuel yield/selectivity in gas-

hase systems and provided limited view into the products and mech-

nism of the cold plasma decomposition of triglycerides. Operating at

emperatures below 350 °C results in the presence of a liquid phase in
ary 2023 
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Table 1 

Chemical composition of waste cooking oil 

and virgin rapeseed oil samples (wt.%). 

Compound WCO Rapeseed oil 

Water 0.12 0.12 

Acetol 0.23 –

FA 12.43 1.27 

Glycerol 1.8 –

Fatty acid esters 12.49 –

C 14–18 Hydrocarbons 1.47 –

C 14–18 Aldehydes 0.73 –

Monoglycerides 6.4 –

Diglycerides 21.24 –

Triglycerides 43.09 98.61 
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he reactor that can be utilized to potentially tune the process to pro-

ide high selectivity to a desired product. To address this research gap,

his work focused on low temperature cold plasma conversion of triglyc-

rides and potential catalysts for optimizing reaction rates. Cold plasma

BD was used for continuous processes with and without catalysts to di-

ectly cleave the ester bonds (to produce fatty acids) or C 

–C in the glyc-

rol back bone (to generate esters and di-glycerides) or the fatty acid

hains to produce hydrocarbons without pre-treatment steps in a short

eaction time. Understanding the role of the carrier gas/environment,

n the presence of cold plasma and catalysts on the mechanism of de-

omposition of triglycerides in gas and gas-liquid phase is important to

ptimize the process to obtain a high selectivity to the desired prod-

ct(s). The findings will inform future work into a wide range of appli-

ations for this novel technique. With further work on optimizing this

ork, cold plasma can also be potentially scaled up either by directly

ncreasing reactor dimensions as long as electrode separation and power

upply are maintained or by using reactors in parallel to obtain faster

roduction with a known effective reactor sizing. 

. Materials and methods 

.1. Materials 

Waste cooking oil (WCO) was obtained from local restaurants at

ewcastle, UK, containing only trace metals (concentration below

 ppm) as shown in Table 1 . Due to exposure to high temperatures dur-

ng cooking, WCO contains a small amount of acetol (0.23 wt.%), high

atty acids (FA) (12.43 wt.%) and fatty acid esters (12.49 wt.%). WCO

ontains only 43.09 wt.% triglycerides (compared to 98.61 wt.% in vir-

in rapeseed oil) and a significant amount of di- and mono-glycerides

total: 27.64 wt.%). Fatty acid esters are known to be present in WCO

t low levels due to the induction of limited pyrolysis during cooking,

hich produces Fatty acid esters [17] . 

Two environments (H 2 and N 2 ) in cold plasma were tested. Due to

ow energy excited states (3.7 eV) [ 18 , 12 ], hydrogen radicals are ex-

ected to be abundant and induce hydrogenation reactions. The use of

 2 as a carrier gas allows simulation of carrier gases which produce hy-

rogen radicals. Notably, if the gas product stream is partially recycled,

he hydrocarbons present will provide hydrogen radicals, which the H 2 

arrier gas data would help to understand how this would affect the pro-

ess. On the other hand, N 2 can be excited to a wider range of excited

tates [19] , thereby offering a wide range of energy levels and permit-

ing a greater variety of reactions [20] . Inserting packing materials al-

ers the electric field and/or surface interactions between cold plasma

nd catalysts which in turn influences the reaction rate and product dis-

ribution [10] . In this study, the synergetic effect of parking materials

.g. BaTiO 3 and common catalysts (for cracking process (e.g. HZSM-5,

aujasite HY [ 21 , 22 ] and zirconium oxide [23] ) and for hydrogenation

Ni/Al 2 O 3 ) and cold plasma on WCO conversion was also investigated.
2 
.2. Experimental method 

The experimental set up was reported elsewhere [10] . A coaxial di-

lectric barrier discharge cold plasma reactor was used with a discharge

ap of 1.5 mm and a plasma zone of length 12 cm, providing a total

lasma volume of around 7.2 cm3 ( Fig. 1 (b)). The outer electrode was

alvanised steel wire mesh whereas the inner electrode was 1 mm thick

luminium foil inside a quartz glass cover. The liquid feedstock (WCO

r rapeseed oil) and carrier gas were co-currently fed into the reactor us-

ng a syringe pump (errors: ± 0.01 ml/min) and a Bronkhorst mass flow

ontroller (errors: ± 0.03 ml/min) which was mixed at a T-junction. 

Prior to each experiment, the reactor was continuously purged with

he selected carrier gas (H 2 or N 2 ) for 30 min to ensure the system was

ir-free (confirmed by GC analysis). As soon as the system was air-free,

 known flow rate of liquid feedstock was continuously injected and

ixed with the selected carrier gas at a T-mixer ( Fig. 1 (a)) to obtain

onsistent slug flow behaviour into the plasma zone. The outlet of the

old plasma reactor was connected with two condensers cooled at 0 °C

o collect liquid products. The gas was analysed online every 15 min

or 100 min. The liquid was collected at the end of the run for off-line

nalysis and for determining its yield. The gas yield was determined by

elative flow rates in and out of the reactor. 

The volumetric ratio of gas to liquid was varied from 20:1 to 55:1.

he results showed insignificant difference from those obtained from

he case of 40:1 ratio. Therefore, all experiments were fixed at a gas

o liquid of 40:1 (v/v) to ensure that liquid was constantly covering

he inner electrode, while preventing the reactor from flooding with

iquid [10] . Each experiment was repeated at least three times to ensure

eproducibility. 

When the plasma zone was filled with packing materials/catalysts

sing a 1 mm thickness ceramic wool as the base, the reactor volume

as reduced by around 37%. The packing material/ catalyst and ceramic

ool disrupted the flow so that turbulence was generated, ensuring that

he liquid was uniformly distributed on the material, which is desirable

ue to the dielectric effect [24] . As plasma discharges occur between

articles, an even coverage over all surfaces prevents arcing and the

ssociated wasted energy. Blank tests with ceramic wool only were also

erformed to account for these effects. 

Ni/Al 2 O 3 was synthesized from high surface area alumina (surface

rea: 180m 

2 /g particle size: 0.5 mm 99.95% purity, Alfa Aesar) and

ickel nitrate hexahydrate (99.9% purity, Sigma Aldrich) via a wet im-

regnation method proposed by others [ 25 , 26 ]. The impregnated Al 2 O 3 

as then dried then calcined at 550 °C and hydrogenated at 550 °C, as

etailed in previous work [10] . 

BaTiO 3 was purchased from Alfa Aesar at a purity of 99%, and was

creened to have a particle size range of 0.5–1 mm. HZSM-5 with a SiO 2 /

l 2 O 3 ratio of 25:1 (Clean Energy Fuels) was pre-heat treated (410m 

2 /g

urface area, 99.95% purity). Zirconium (IV) oxide (5 𝜇m powder, Sigma

ldrich) and Faujasite HY–zeolite (SiO 2 / Al 2 O 3 ratio = 3.0:1, surface

rea of 660m 

2 /g, Alpha Aesar) were converted to the 0.5–1 mm size

ange by pelletizing, crushing and screening but were not pre-treated. 

.3. Analysis 

Non-condensable gas outflowing directly from the quenching system

as analysed online using a 3 channel Varian 450- Gas Chromatogram

GC). The GC was equipped with 2 ovens, 5 columns, 1 thermal con-

uctivity detector for permanent gases and 2 flame ionisation detectors

or hydrocarbons and alcohols. One oven housed 3 columns (Hayesep T

.5 m x 15 m x1/8 ″ ultimetal, Hayesep Q 0.5 m x 1/8 “ultimetal and

olsieve 13 m X 1.5 m x1/8 ″ ultimetal) for permanent gas separation.

he second oven housed a CP-SIL 5CB FS X.25 column for hydrocar-

on analysis and a CP-WAX 52CB FS 25 m X 0.32 mm (1.2 𝜇m) column

or alcohols. The liquid yield was determined by comparing the volume

f liquid input to the reactor and the volume of liquid collected at the

utlet. 
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Fig. 1. (a) Experimental set-up for cold plasma induced decomposition of waste cooking oil at atmospheric pressure and temperature and (b) reactor design cross 

sectional diagram. 
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Liquid samples were fractionised into 3 separate phases containing

sters and glycerides, hydrocarbons/ aldehydes and fatty acids respec-

ively by solvent extraction. The compounds in individual fractions were

dentified using a Perkins-Elmer Clarus-500 with the appropriate col-

mn, then were quantified using a HP6890 GC fitted with the same col-

mn used in the GCMS. The acetonitrile soluble fraction was analysed

according to standard BS EN ISO 5508) in a HP6890 CG with a CP-

ax column to identify and quantify FAME and other fatty acid esters.

he hexane fraction was also analysed in a HP6890 GC equipped with a

P-SIL 5CB FS X.25 column to determine liquid hydrocarbon/ aldehyde

ields. The methanol soluble fraction was also analysed by HP6890 GC

ith a CP-WAX 52CB FS 25 m X 0.32 mm (1.2 𝜇m) column to detect FA

nd other polar products such as acetol. 

The conversion of any given run for both WCO and rapeseed oil feed-

tocks was defined based on the depletion of glycerides (total of mono-,

i- and triglycerides) whereas yield of product was defined as a ratio of

ass of product at the outlet to total mass of feedstock at inlet. 

. Results and discussion 

.1. Role of cold plasma in decomposition of triglycerides 

Table 2 shows that increasing the cold plasma power increased the

onversion of glycerides due to the increased concentration of excited

pecies generated at high plasma powers [27] . The conversion was

round 2 times higher in H 2 than in N 2 environment at 10 W but similar

t higher plasma powers. This is because of a bell curve shape electron

nergy distribution and how this interacts with a gas-liquid system. As

he liquid is not significantly excited by energetic electrons, initiation

eactions require excitation of carrier gas molecules through collisions

ith energetic electrons, which limits the range of energetic states possi-

le. Nitrogen has higher energy excited states than hydrogen, therefore
3 
t 10 W the concentration of excited species in the gas phase is limited

o initiate the reaction, resulting low conversion. 

The yields of fatty acids (FAs) and methane were higher in H 2 than

n N 2 environment for all tested powers. This is due to the abundant

ydrogen radicals in the H 2 environment promoting condensation re-

ctions to generate FAs and the formation of methane (CH 3 
. + H. →

H 4 ) over propagation to form longer chain hydrocarbons (CH 3 
. + CH 3 

. 

C 2 H 5 
. + H. or CH 3 

. + CH 3 
. → C 2 H 6 ). In contrast, the N 2 environment

ith highly energetic excited nitrogen species [20] allows more rapid

leavage of C 

–C/C = O bonds to hydrocarbons, H 2 and CO 2 as evidenced

y higher yields of CO and CO 2 ( Table 2 ). It can be concluded that H 2 

nvironment is more suitable for generating gaseous hydrocarbons from

riglyceride decomposition whereas N 2 environment promotes dehydro-

enation reactions. 

When H 2 was used as carrier gas, the yield of H 2 was the difference

n hydrogen from the gas flow rates input and output and the mass frac-

ion of hydrogen in the product gas stream. As shown in Table 2 , the

mount of hydrogen output exceeded the amount added as carrier gas

or all tested cases. This is because hydrogen radicals can act as an initia-

or for glyceride decomposition reactions, which induces reactions with-

ut being depleted [28] while other plasma initiated reactions release

ore hydrogen radicals than were consumed, such as dehydrogenation

f fatty acid chains [29] . 

Increasing power to 10 W to 30 W in H 2 environment, a reduction

n the water yield was observed due to the decomposition of H 2 O [30] ,

hich then reacts with CO/FA to form CO 2 [ 31 , 32 ] as evidenced by

 slight increase in CO 2 (0.57 wt.% at 10 W compared to 0.84 wt.%

t 30 W). The N 2 environment enhanced the dry reforming reaction

etween CO 2 and hydrocarbons to form H 2 and CO [33] evidenced by

igh CO yields (6.99 wt.% under N 2 vs 1.82 wt.% under H 2 at 50 W). 

Triglycerides decompose to diglycerides, monoglycerides and glyc-

rol along with FAs [34] via ester (C 

–O) ( Fig. 2 ), which are dominant

ue to due to the lower bond energy of the ester bond (296 KJ/mol)
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Table 2 

Cold plasma assisted decomposition of triglycerides at atmospheric conditions without catalysts at a residence time of 11 s and gas 

to liquid ratio of 40:1 (vol/vol) at atmospheric pressure (error: ± 5%). 

Carrier gas H 2 N 2 

Plasma power (W) 10 30 50 10 30 50 

Conversion of triglycerides (wt.%) 33.62 39.40 51.52 17.06 33.91 50.94 

Total gas yield (wt.%) 4.02 6.64 10.59 2.36 6.81 14.41 

CO 2 0.57 0.84 1.69 0.71 1.02 1.90 

H 2 0.83 0.99 1.47 0.92 1.46 1.89 

CO 0.53 1.71 1.82 0.23 2.76 6.99 

CH 4 1.80 2.67 4.84 0.39 1.11 1.85 

C 2 –C 6 0.29 0.43 0.77 0.12 0.46 1.80 

Water 1.86 0.15 0.15 0.16 0.09 0.20 

Acetol 0.90 0.12 0.45 0.02 0.03 0.09 

FAs 10.97 10.25 13.61 2.83 6.25 9.48 

Glycerol 0.23 0.01 0.02 – 0.01 0.01 

FAME – 0.01 0.02 – 0.01 0.02 

Other esters – 0.01 0.06 – – 0.01 

C14–18 Hydrocarbons – 0.01 0.02 – 0.01 0.02 

Monoglycerides 5.64 7.68 10.34 4.08 7.14 10.34 

Diglycerides 10.00 14.52 16.26 7.61 13.54 16.16 

Table 3 

Cold plasma initiated WCO conversion without packing materials or catalysts at a residence time of 11 s, atmospheric conditions and 

a ratio of gas to liquid of 40:1 (vol/vol) (errors: ± 3 wt.% for conversion, ± 4% for product yields). 

Carrier gas H 2 N 2 

Plasma power (W) 10 30 50 10 30 50 

Overall Glyceride Conversion (%) 2.73 7.67 30.01 − 1.46 − 6.04 − 0.75 

Total gas yield (wt.%) 4.55 5.55 17.52 3.21 4.15 4.01 

CO 2 – – – 1.58 1.93 2.13 

H 2 – – – 0.06 0.05 0.04 

CO – – – 0.99 1.59 1.28 

CH 4 4.55 5.55 13.16 0.44 0.39 0.48 

C 2 -C 6 – – 4.35 0.15 0.19 0.30 

Liquid (wt.%) 

Water 4.25 1.83 0.36 2.70 1.63 1.97 

Acetol 0.28 1.47 12.42 0.89 0.39 0.03 

FAs 12.47 7.23 4.54 5.15 5.80 10.18 

Glycerol 1.78 1.99 – – – 0.98 

FAME 2.31 4.21 4.49 3.42 4.24 2.21 

Other esters 4.12 6.23 5.35 9.47 6.29 4.82 

C 14–18 Hydrocarbons 0.93 0.98 0.84 1.69 1.23 1.88 

C 14–18 Aldehydes/ketones 0.89 0.95 0.83 1.71 1.27 2.46 

Monoglycerides 11.13 11.12 9.71 7.66 4.22 1.25 

Diglycerides 11.68 23.13 15.79 25.93 33.76 24.74 

Triglycerides 45.61 35.30 28.16 38.17 37.02 45.27 
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t  
35] , and C 

–C bond splitting ( Fig. 2 ). Splitting of the fatty acid chains

o produce short chain hydrocarbons also occurred but did not dominate

nder any carrier gas/ plasma power combination. 

.2. Conversion of WCO in the presence of cold plasma 

In the N 2 environment at atmospheric temperature, the glyceride

onversion was negative ( Table 3 ). A plausible explanation is due to

he lower rate of de-esterification (decomposition) than that of esterifi-

ation [36] . This is evidenced by a sharp decrease in FA content (from

2.43 wt.% in the feedstock ( Table 1 ) to 5.80 wt.% at 30 W) and no glyc-

rol detected at 10–30 W ( Table 3 ). At 50 W, an increase in glycerol and

A yields suggests that the decomposition of glycerides dominated over

he esterification reaction. Referring decomposition of virgin rapeseed

il in a N 2 environment ( Section 3.1 ), the conversion of triglycerides

ncreased with increasing cold plasma power. 

In the H 2 environment, the conversion of glycerides was around

0% at 50 W to produce up to 17.52 wt% gaseous hydrocarbons. The

bsence of CO and CO 2 indicates that the abundant hydrogen radi-

als prevent cracking and dehydrogenation of carboxylic or alcohol

roups. A similar result was observed during hydrogenation of WCO

t 120 °C with supercritical propane (183 bar) [37] . At 10 W in the
4 
 2 environment ( Table 3 ), although the total glyceride content in the

utput remained similar to the feedstock, products were formed e.g.

AME (2.31 wt.%), other fatty acid esters (4.12 wt.%), FA (12.47 wt.%),

ethane (4.55 wt.%) and water (4.25 wt.%). This can be explained

ue to cracking reactions throughout the glyceride molecule. Gas yield

ncreased significantly (from 5.55 wt.% to 17.52 wt.%) when plasma

ower increased to 30 to 50 W. An increase in acetol yield at 50 W

lasma power (12.42 wt.% from 1.47 wt.% at 30 W) indicates extensive

e-esterification of glycerides to generate glycerol which then decom-

oses to acetol [10] . This is supported by a decrease in the total glyc-

ride content (mono-, di- and triglycerides) from 68.42 wt.% at 10 W to

3.66 wt.% at 50 W ( Table 3 ). Methane was the only hydrocarbon gen-

rated at 10–30 W under H 2 , due to the hydrogen radical concentration

romoting the termination reactions (CH 3 + H = CH 4 ). The high yields

f fatty acid esters and FA with the reduced total glyceride contents in

 2 ( Table 3 ) compared to the feedstock suggests that H 2 is effective for

ecomposition of glycerides. In contrast, N 2 preferentially deoxygenates

s evidenced by the formation of carbon oxides. 

In conventional thermal decomposition, the conversion was be-

ow 20% at a tested temperature range of 250–300 °C ( Table 4 ).

ncreasing temperatures from 250 °C to 300 °C slightly increased

he conversion of glycerides for both cases of carrier gas (H 2 and
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Fig. 2. De-esterification of glycerides. Cracking glycerides to generate FAME. 
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 2 ). The high yield of water observed for thermal decomposition

 Table 4 ) provides strong evidence of glyceride dehydration to FA and

lycerol. 

In the presence of cold plasma at 50 W, increasing the temperatures

ignificantly increased the conversion of glycerides and gaseous hydro-

arbons ( Tables 3 and 4 ). This is because the reaction now is in the gas

hase rather than at the interface gas-liquid. In the H 2 environment,

igh yields of esters, FAs and gaseous hydrocarbons (up to 58.8 wt.%

t 300 °C) but negligible acetol were observed compared to results from

he N 2 environment. This is expected as acetol formation can be pre-

ented by hydrogen radicals [38] . The N 2 environment also produced

 high yield of hydrocarbons (around 40 wt.%) in the gas phase with

redominantly FAs in the liquid phase. 
5 
.3. Effects of packing material and catalysts in the presence of cold plasma

Table 5 shows that packing BaTiO 3 in the cold plasma under H 2 pro-

otes the decomposition of triglycerides. The glyceride conversion in

he presence of Ni/ Al 2 O 3 was much lower than that in BaTiO 3 (31.05%

s 52.88% at 30 W in N 2 environment). This is because Ni/ Al 2 O 3 

avours C 

–C bond cracking reactions [25] , which reduces fatty acid

hain lengths, generating FAME (e.g. 31.3 wt.% at 30 W in N 2 ) whereas

aTiO 3 induces de-esterification to form FAs (57.85 wt.% under BaTiO 3 

s 3.73 wt.% Ni/ Al 2 O 3 at 30 W). Thermal assisted hydrodeoxygenation

f glycerides requires 380–420 °C, 10–20 bar H 2 and a catalyst (i.e. sul-

hated zirconia or HZSM-5) over hours to produce e.g. FAME alongside

arbon oxides [23] . Increasing residence time from 7 s to 11 s increased
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Table 4 

Comparison of thermal decomposition and combined heating/cold plasma of WCO at 11 second residence time and a 40:1 gas to liquid ratio (errors: 5%). 

Thermal only Thermal + 50 W plasma 

Carrier gas H 2 N 2 H 2 N 2 

Temperature ( °C) 250 300 250 300 250 300 250 300 

Glyceride Conversion (%) 2.08 12.11 2.63 16.20 54.72 63.99 26.66 81.45 

Total gas yield (wt.%) 1.40 1.34 5.63 3.45 28.95 69.23 23.88 50.33 

CO 2 – 0.42 – 1.70 1.32 4.50 2.96 3.92 

H 2 – 0.01 – – – – 2.58 1.18 

CO – 0.32 – 0.31 2.44 5.84 8.82 5.85 

CH 4 0.84 0.08 3.38 0.36 7.68 10.52 3.93 5.60 

C 2 0.56 0.06 2.25 0.59 4.89 18.34 1.73 13.28 

C 3 – 0.26 – 0.38 9.32 21.71 3.26 14.96 

C 4 – 0.13 – 0.10 2.05 5.28 0.46 3.46 

C 5 – 0.03 – 0.01 1.13 2.74 0.12 1.95 

C 6 – 0.03 – – 0.10 0.21 0.03 0.12 

Liquid (wt.%) 

Water 15.74 22.43 13.75 25.82 0.07 0.04 0.09 0.04 

Acetol 0.54 1.36 0.77 1.88 0.46 0.17 5.72 1.94 

FAs 10.81 8.58 10.38 9.42 9.57 9.74 24.60 12.33 

Glycerol 1.86 4.04 0.47 0.13 0.33 0.01 0.19 0.03 

FAME 0.09 0.02 0.03 – 7.15 9.63 3.68 0.47 

Other esters 0.25 0.05 0.10 0.02 10.17 6.95 1.80 0.28 

C14–18 Hydrocarbons 0.02 0.01 0.01 – 0.50 0.96 0.51 0.10 

C14–18 aldehydes/ketones 0.04 0.01 0.01 – 0.51 0.97 0.47 0.06 

Monoglycerides 10.12 8.10 12.35 9.22 18.83 19.20 28.84 9.15 

Diglycerides 11.64 17.42 19.88 19.72 10.40 4.79 14.85 3.03 

Triglycerides 47.50 36.64 36.64 30.33 2.80 1.48 8.18 0.91 

Table 5 

Cold plasma initiated WCO decomposition at atmospheric temperature with packing material/catalyst at a residence time of 7 s and a 40:1 liquid to gas ratio 

(vol/vol) (errors ± 5%). 

Catalyst/packing materials BaTiO 3 BaTiO 3 BaTiO 3 Ni/Al 2 O 3 Ni/Al 2 O 3 

Carrier gas H 2 N 2 N 2 
∗ H 2 N 2 

Plasma power (W) 10 30 50 10 30 50 50 10 30 50 10 30 50 

Glyceride conversion (%) 0.34 14.68 33.17 2.53 52.88 43.77 77.9 − 1.36 − 0.66 1.41 2.35 31.05 12.33 

Total gas yield (wt.%) 11.82 13.78 16.69 3.01 4.91 6.28 10.96 1.83 3.41 4.59 4.41 5.99 9.15 

CO 2 – – – 1.96 4.09 4.70 7.58 1.75 1.64 2.20 1.24 4.24 4.40 

H 2 0.02 0.26 0.26 0.12 0.19 0.95 1.24 0.02 0.05 0.06 0.80 0.21 0.23 

CO – – – 0.60 0.34 0.18 0.58 0.07 0.99 1.33 1.17 0.74 2.68 

CH 4 11.81 12.15 14.32 0.32 0.26 0.41 1.23 – 0.44 0.59 0.90 0.53 1.40 

C 2 – 1.07 1.62 0.02 0.03 0.03 0.29 – 0.22 0.29 0.22 0.17 0.28 

C 3–5 – 0.29 0.50 – 0.01 0.01 0.04 – 0.08 0.13 0.08 0.10 0.17 

Liquid yield (wt.%) 

Water 0.15 0.15 0.10 0.24 0.15 0.13 1.48 2.19 1.17 0.13 0.16 0.13 0.14 

Acetol 0.90 0.05 0.08 – – 0.14 0.41 0.61 – – 0.91 0.42 0.76 

FAs 7.67 6.40 13.93 17.86 56.85 45.65 53.89 15.81 10.26 7.44 10.41 3.73 2.95 

Glycerol 0.05 0.16 0.18 0.12 1.12 0.24 0.83 0.16 0.83 0.03 0.71 0.05 –

FAME 2.41 6.69 6.31 2.75 1.44 0.93 1.34 2.19 4.45 6.08 6.95 31.30 22.72 

Other esters 4.77 10.58 13.51 5.46 5.30 5.79 7.72 5.42 7.57 9.98 6.83 9.05 2.19 

C 14–18 Hydrocarbons 0.88 0.93 0.97 0.80 0.63 0.53 6.92 0.05 0.67 0.78 0.31 0.29 0.03 

C 14–18 Aldehydes 0.86 0.91 0.96 0.82 0.64 0.51 0.82 0.05 0.44 0.53 0.24 0.28 0.02 

Monoglycerides 27.40 14.92 19.97 45.18 14.55 11.23 6.22 1.99 9.40 27.34 9.32 25.99 36.40 

Diglycerides 24.90 31.25 15.23 13.99 13.39 21.34 6.82 35.87 35.13 28.19 25.26 17.31 21.10 

Triglycerides 18.19 14.18 12.07 9.77 5.39 7.20 2.59 33.83 26.67 14.91 36.57 5.47 4.51 

∗ 11 second residence time. 

t  

i  

[

 

t  

s  

w  

t  

o

 

Y  

W  

l  

r  

c  

p  

k  

t  

[  

p  

[  

a  

e  

fi  

s  

t  
he conversion from 43.77% to 77.91% at 50 W in N 2 for BaTiO 3 . This

s due to more extensive cracking reactions at the longer residence time

39] . 

Fig. 3 shows that in H 2 environment, FA chain length was almost

he same as that in the feedstock. In contrast, the chain length decreased

ignificantly in the N 2 environment e.g. no trace of C20 without packing,

hile C18 and C20 chain lengths disappeared in the case of 50 W with

he Ni/ Al 2 O 3 catalyst due to catalytic cracking. BaTiO 3 has little effect

n chain length compared to the no packing runs. 

Table 6 below shows the results of zirconia, HZSM-5 and Faujasite

 (Y-Zeolite) catalysts on cold plasma initiated WCO decomposition.

ithout external heating, the gas yield was low for all catalysts (i.e.

ess than 25 wt.%) and the chemical composition of the liquid phase was
6 
elatively unaffected, with reduced FA/FAME yields as the only major

hange (15.74 wt.% in the feedstock to 11.14 wt.% for zirconia). The

ore size of the zeolite catalysts play an important role. Zeolites are

nown to induce cracking reactions at acidic active sites inside the ma-

erial, with less than 1% of the acid sites visible on the external surface

11] . However, the pore size of the zeolites in this study (HZSM-5 has

ores of 0.55–0.56 nm and Faujasite HY (Y-Zeolite) has 0.76 nm pores)

 40 , 41 ]) were much lower those of fatty acids (a length of > 1.97 nm)

nd triglyceride (three fatty acids bonded in parallel to a 0.29 nm diam-

ter glycerol molecule (2018)). Triglyceride molecules thus would not

t into the pores, limiting catalysed cracking reactions to external acid

ites. The results in Table 6 indicate that zirconia and zeolites promote

he decarbonylation/decarboxylation of WCO as evidenced by the high
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Fig. 3. Fatty acid chain length distribution for waste cooking oil 

and cold plasma decomposition products for various operating 

conditions. 

Table 6 

Cold plasma initiated WCO decomposition in N 2 environment at a residence time of 7 s with selected catalysts and 50 W plasma power at a gas: liquid ratio of 

40:1(vol/vol) (errors: ± 5%). 

Catalyst Zirconia Y-Zeolite HZSM-5 

External heating ( °C) N/A 300 N/A 300 N/A 

Glyceride conversion (%) 18.78 72.51 11.93 68.36 28.74 

Total gas yield (wt.%) 11.11 43.56 2.13 49.94 23.37 

CO 2 2.67 12.80 – 9.48 4.49 

H 2 1.58 0.19 0.93 0.50 2.51 

CO 5.32 13.50 – 8.96 10.30 

CH 4 1.26 7.39 1.05 2.43 4.49 

CH 2 O – 0.12 – 3.49 –

C 2 0.13 7.87 0.08 9.39 1.50 

C 3 0.13 1.53 0.07 5.62 0.08 

C 4 –C 7 0.01 0.56 0.01 3.50 0.01 

Liquid (wt.%) 

C 7 –C 9 – – – 0.1 –

Water 0.22 0.05 0.25 0.87 0.33 

Ethanal – 0.43 – 1.27 –

Propenal – 1.55 – 2.67 –

Acetol 0.08 0.12 – 0.05 0.06 

FAs 4.06 2.13 7.80 5.48 1.30 

Glycerol 0.53 0.03 1.55 0.54 0.01 

FAME 7.08 12.41 5.56 4.72 10.19 

Other fatty acid esters 8.44 15.30 8.80 7.00 3.89 

C14–18 hydrocarbons 0.94 1.16 0.67 1.15 1.59 

Monoglycerides 8.86 13.24 6.64 11.97 9.64 

Diglycerides 20.01 6.52 22.25 8.03 18.04 

Triglycerides 38.67 3.10 44.35 6.31 31.58 

y  

a  

i

 

a  

(  

o  

C  

t  

c  

h  

w  

w  

t

 

F  

w  

e  
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ields of CO 2 and CO. Hydrogen yields are also elevated when operated

t ambient temperature, while the decrease in hydrogen yields at 300 °C

s likely due to hydrogenation reactions. 

When external heating was applied, the performance of the cat-

lysts was comparable to that of BaTiO 3 under the same conditions

300 °C with 50 W in N 2 environment). Zirconia produced high yields

f FAME (12.41 wt.%) and esters (15.30 wt.%) compared to zeolites.

O 2 (12.80 wt.%) and CO (13.50 wt.%) yields were also increased with

he external heating. Hydrocarbons generated at 50 W was greatly in-

reased by heating (17.35 wt.%). Ni/Al 2 O 3 produced higher yields of

ydrocarbons (56.11 wt.% vs 17.35 wt.%) but the average chain length
7 
as longer than that for zirconia (2.6 for Ni/Al 2 O 3 vs 1.7 for zirconia),

hich implies zirconia is more effective at inducing cracking reactions

han Ni/ Al 2 O 3 under N 2 environment cold plasma. 

The residual glyceride (mono, di and triglycerides) (67.54 wt.%) and

A (4.06 wt.%) (50 W N 2 , Table 6 ) contents after plasma treatment

ithout heating were higher for zirconia than for Ni/Al 2 O 3 catalysed

xperiments (5.91 wt.% and 3.38 wt.% respectively). This indicates that

he catalytic activity of zirconia is lower than Ni/ Al 2 O 3 . However, un-

ike Ni/ Al 2 O 3 , zirconia does not lose catalytic activity within the ob-

erved experimental time. This means that if the catalytic activity of

irconia could be improved, it may be useful for modifying process se-
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ectivities without catalyst deactivation or requiring a longer residence

ime. 

Referring to conventional catalytic decomposition where the highest

CO conversion observed (68%) with a 59 wt.% yield of FAME was

chieved with sulphated zirconia at 300 °C over 2 h, cold plasma with

 zirconia catalyst and external heating to 300 °C converted 72.51%

round 7 s ( Table 6 ) to produce 12.41 wt.% FAME, 15.30 wt.% other

sters and 17.35 wt.% hydrocarbons up to C6. 

Of the products derived from cold plasma decomposition of WCO,

cetol is commonly used as a raw material for producing chemicals for

se as lubricants and dyes [38] whereas fatty acids are used in detergents

nd monoglycerides are used in cosmetics and as preservatives [42] .

he currently methods for producing acetol are from decomposition

f glycerol and synthesis from petroleum, while fatty acids and mono-

lycerides are from de-esterification and pyrolysis/hydrotreatment of

lycerides respectively [43] . Acetol from glycerol decomposition uses

uch cheaper feedstocks and is a one step process but requires specific

atalysts and long reaction times [44] , while synthesis from petroleum

ses more costly feedstocks and requires multiple steps. In contrast, cold

lasma can produce acetol from WCO selectively in a single reactor with-

ut a catalyst and with minimal further conversion to acrolein (prope-

al) that typically occurs during thermal production. The advantage of

sing cold plasma to produce fatty acids and monoglycerides is that high

electivity to a desired product can be obtained [45] . 

. Conclusions 

Triglycerides can be decomposed at atmospheric temperature and

ressure in the presence of cold plasma without catalysts, but the yields

nd product selectivities are significantly improved by adding packing

aterials. Adding packing material such as BaTiO 3 increased the rate of

ydrolysis reactions, resulting in a 200% increase in FA yield. 

A strong synergetic effect between catalyst and cold plasma was ob-

erved. In N 2 environment Up to 40 wt.% esters (of which 31.3 wt.% was

AME) was produced from waste cooking oil at cold plasma power of

0 W and Ni/ Al 2 O 3 catalyst within 7 s at ambient conditions, compara-

le to catalytic thermal cracking at 500 °C. In the presence of BaTiO 3 cat-

lyst and 30 W plasma power, 51 wt.% fatty acid yields were achieved.

ombining external heating to 300 °C and cold plasma increased conver-

ion significantly in favour of gaseous hydrocarbons (58.8 wt.%). Zirco-

ia and zeolites promoted the decarbonylation and decarboxylation of

CO. 

H 2 environment enhanced the decomposition of glycerides, while N 2 

avoured decomposition of fatty acids and esters. The overall mechanism

nder cold plasma was similar to conventional process via radical de-

omposition of triglycerides to fatty acids, glycerol and glycerides. How-

ver, due to the high energy/ low bulk temperature environment under

old plasma, an additional pathway to generate FAME and other fatty

cid esters was observed though cracking the glycerol molecule back-

one of the glyceride molecule, which can be promoted with cracking

atalysts such as Ni/ Al 2 O 3 . 
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