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Volatile Organic Compounds (VOCs)

Volatile Organic Compounds (VOCs)
� Organic chemical compounds with high enough vapour pressures 

(normal conditions) to significantly vaporize and enter atmosphere
� Methane (CH4) and non-methane VOC (NMVOC), 

e.g. aldehydes, ketones, aromatic and light hydrocarbons (xylol, 
toluol), alcoholes, acetates, bencines, glykoles, …

� Also chlorinated, sulphated, …

Artificial Sources
� Agriculture, burning biomass� Agriculture, burning biomass
� Paint thinners, dry cleaning solvents
� Constituents of fuels
� Photocopiers, carpets, furnishings, ...

Role as air pollutants
� Greenhouse gases; ozone formation in lower atmosphere 
� Carcinogen
� Important odors
� Sick building syndrome
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NMVOC emission sources (Germany)

Energy industry (combustion)
Residential and comercial comb.    

Solvent and other product use Agriculture

Manufacturing industry                 
Fugitive Emissions from Fuels      

Transport           
Industrial processes (chemistry)



Classification of plasmas

“Cold” NTP Translational “Hot” NTP

Ti » Tg » 300 ... 400 K
Ti << Te < 105 K (10 eV)

Ti » Tg » Te 

Tx < 5 103 ... 104

K

Ti << Te � 104 ... 105 K
Ti » Tg � 4 103 K

Non-Thermal Plasmas (NTP) Thermal Plasmas

Nuclear Fusion• Surface Treatment
• Low Temperature 

Plasma Chemistry
• Radiation Sources

• Material processing 
(Melting, Welding, …)

• Incineration
• Chemistry: Pyrolysis
• Spraying and 

Production of 
powders



Plasma based exhaust treatment

Barrier discharge Corona discharge

Gas Gas

Grounded electrodeWire electrodeGrounded electrode

Dielectric electrode

High voltage

Ozoniser; Deodorization

Gas

Gas
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Electrostatic precipitators



Electrode

Isolator plate

Example: Stacked barrier discharge reactor

Isolator plate

S. Müller, R.-J. Zahn; Contributions to Plasma Physics 47 
(2007) 520-529
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� Low back pressure
� Large electrode surface
� Easy scalable



Gas treatment by barrier discharge 

Barrier discharge arrangement

Gasflow

1. Active Zones:
Microdischarges/Filaments

2. Passive Zones:
Breakdown
� Ionisation
� Free electrons � Radicals (O, OH, HO2)  �

Ion-molecule reactions  �
Reactions with radicals
Formation of O3

3. Aerosol formation
ns

µs

ms ... s



Microdischarges

� Electrical breakdown in several individual ionization channels: filaments
� Tiny chemical reactors, its multitude determines overall chemistry

Process key features
� Energy efficiency
� Selectivity
� By-products

Understanding
Plasma Chemistry

Control of
Processes

Single Microdischarge Approach
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Understanding  
Discharge Physics 

Single Microdischarge Approach

1 
m

m



Plasma chemistry

� Plasma chemistry based on non-thermal activation of particles via collisions
� No direct dissociation of VOC molecules 

(low density of contaminants, short duration of electron current)
� Reduction via reactions with radicals and other active species

Plasma chemistry

time 10-12 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-1 10

Plasmaphysics
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Discharge
Physics!

time 
in sEnergy 

distribution of 
electrons

Ionisation
Dissociation
Excitation

Attachment

Charge 
exchange

Ion reactions

Reactions of/with active 
species

Reactions of/with radicals

Diffusion

Heat and mass transfer

Indirect reduction
of VOCs



VOC-removal in plasma

� Saturated Hydrocarbons (e.g. alkane):
Dehydro- R-H + O � R + OH
genization R-H + OH � R + H2O R• ... organic radical

Oxidation R + O2 � R-O-O R-O-O ...peroxy radical

Free electrons: e- + {O2, H2O, ...} � OH, M+ � HO2, O3

10 – 30 eV/OH-radical
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Further oxidation
to CO2 and H2O

Radical chain
reaction

Ra-O-O + Rb-H � RaOOH + Rb 

ROOH ... alkyl hydroperoxide

� Unsaturated Hydrocarbons (e.g. alkane):
Additionally radical addition following oxidation, 
radical chain reaction or polymerisation of hydrocarbons



Example: Formaldehyde (CH 2O)

� destruction of CH2O results dominantly from 
chemical attack by OH radicals, peroxy radicals and O-atoms

� primary end products: CO, H2O
� destruction rates typically 2-8 ppm for 1 J/l

Storch and Kushner, J. Appl. Phys. 1993
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Advantages, problems, trends

- High energy cost/molecule � high energy for high concentrations

+ Decomposition of contaminants without heating
+ Wide range of pollutants (Gases ... Particulate Matter PM)
+ Decomposition of organic PM
+ High efficiency for low contamination (e.g. deodorization)

([VOCs] << 1 g Corg/m3)

- High energy cost/molecule � high energy for high concentrations
- Uncompleted conversion and by-products � low SCO2
- Deposition of polymer films in reactors � unstable plasma source

� Indirect treatment (bypass installations)
� Hybrid methods = combination of plasma with ...

... catalysts

... scrubbing

... adsorbents
Heterogeneous reactions 

and synergies!
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Synergy between plasma and adsorber

� Zeolite adsorber; undecane C11H26 as model gas

� Removal of undecane by plasma
� by-products: CO2 and formic acid

� Longer time until break through
of adsorber with plasma on
� plasma treatment increases 

duration of adsorption

air
C11H26

Bubbler
Stack

reactor
Adsorber

bed

Slip of undecane (after adsorber bed)
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duration of adsorption

� Synergy effects:
� Activation of adsorber
� Removal of adsorbed VOCs

(“in-situ regeneration”)
� Load reduction by plasma
� Removal of 

plasma-byproducts

� Literature describes 
cycled processes:
(1) absorption w/o plasma
(2) decomposition by O2-plasma

More than 

3 hours!



Falling water reactor (Belgrade University)

Water flows up through vertical hollow cylindrical 
electrode and flows down making thin water film over 
high voltage electrode
� treatment of water (dyes)

University of Belgrade
Faculty of Physics

Page 15 V. Kovacevic, M. Kuraica; Belgrade

� treatment of water (dyes)
� treatment of gas phase combined with scrubbing

Removal of undecane (non-soluble) � scrubbing of by-product (formic acid)

w/o water

With water



Plasma driven catalysts/adsorbers

Page 16 Kim, AIST Japan

60.000 Nm3/h



State-of-the-art

� Most important application: Deodorization
(CVOC= ppt … ppb < 10 ppm)

� Gastronomy
� Food production
� Flavour processing
� Paper mills

… as oxidation stages or bypass injection 
in combination with catalysts, adsorbers or scrubbers

� Gasflows up to 100,000 Nm3/h
� Removal efficiency: 75 … 99 %
� Investment cost about 10,000 €

per 1,000 Nm3/h
� Running cost about 10 € per hour

(@ 50,000 Nm3/h)
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Chang et al; IEEE Trans. Diel. Elec. Insul. 2001



Summary

� VOCs can be decomposed in non-thermal plasmas (NTPs) via 
oxidative plasma chemistry without extensive heating .
� highly efficient for low concentration of contaminants
� effects on NOx and micro-organismn, too

� Understanding plasmas on the fundamental level of microdischarges is
one key issue for the optimization and improvement of reactor design
� gas breakdown and plasma chemistry are connected

� Non-thermal plamas are usually combinded with other processes to so-
called hybrid methods , which show synergies not well understood up
to now.
� plasma – catalyst interaction
� plasma – liquid interations
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