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“On the lonization of Air for Removal of Noxious
Effluvia” (Air lonization of Indoor Environments
for Control of Volatile and Particulate Contaminants
With Nonthermal Plasmas Generated by
Dielectric-Barrier Discharge)

Stacy L. Daniels

Abstract—Recent developments in the application of con- and industrial hygiene. Each scientific discipline has coined its
trollable air ionization processes that apply dielectric-barrier own “terms of art” for the phenomena: air ionization, corona
discharge devices to generate nonthermal plasmas have led todischarge, nonthermal plasma, dielectric-barrier discharge

applications for chemical and biological decontamination in i L
indoor air environments. These include significant reductions in (DBD), etc. Reports describing gaseous ionization in outdoor

airborne microbials, neutralization of odors, and reductions of a@mbient {n ambig and indoor i camerg air environments

specific volatile organic compounds (VOCs). Removal of very are scattered throughout the literature, both in diverse fields
fine particulates (PM.) is also is enhanced by air ionization. of endeavor and across centuries of time, making evaluations
The process of air ionization involves the electronically induced and comparisons challenging. The scientific literature reads
formation of small air ions, including reactive oxygen species, j..qqq three centuries. The historical quotations cited in this

such as superoxide @-—, the diatomic oxygen radical anion, . . ) .
which react rapidly with airborne VOC and PM .. The physics paper are intended to offer appropriate perspectives on this

and chemistry of air ionization, and its utility for contributing to “0|d'yet'neW_" technology. _ o
significant improvements in indoor air quality are discussed. The physical and chemical aspects of small air ions and

Index Terms—Air ionization, dielectric-barrier discharge, radicals have b_e?n under investigation aImO_St from the d_iS-
indoor air quality (IAQ), nonthermal plasmas, particulate matter, ~covery of electricity. Plasma chemistry and discharge physics
superoxide, volatile organic compounds (VOCS). are inexorably intertwined. The health implications of air
ionization have been reviewed elsewhere [1]-[7]. Improved
diagnostics and mechanistic understandings of electrical
discharges in gases [8]-[12] have led to the development of

IR IONIZATION: Where We Are Coming From. engineered devices with highly controllable processes for the
A generation of nonthermal plasmas in the treatment of chemical

“_..(A)ir thus loaded with putrid effluvium is exceedingly[13]-[19] and biological contaminants [20]-[24]. Coupled with
noxious .."—J. Priestley, “On the Noxious Quality of thethe increased interest in controlling the potpourri of airborne
Effluvia of Putrid Marshes” Phil. Trans, vol. 64, pp. 90-95, contaminants, there has been an awakening kindled in applying
1774). this technology for improving the air quality of enclosed indoor

“| have sometimes found the noxious effluvium so vergnvironments [25]-[29]. This paper first provides a background
strong. . ., that | have hastened out to breathe a purer air."—JoB# the physics and chemistry of bipolar air ions. Specific
Read, “Experiments and Observations Made with the Doubpplications of air ionization technology for air cleaning and
of Electricity, with a View to Determine Its Real Utility, in the treatment of indoor air environments is then presented.
Investigation of the Electricity of Atmospheric Air, in Different
Degrees of Purity” Phil. Trans. Royal Soc. Londpwol. 84, Il. PHYSICS OFAIR IONS

pp. 266-274, 1794). Air lonization: What is the Physics?

Elgctrlcal phenc_)men_a oceurring n '°”'Ze?‘ gases involve “It has been ascertained, that the air of most countries, and
physicochemico-biologically reactive ions, radicals, and moleg-

I X Th h tered and %)bably of the whole world, as well as the clouds, fogs, rains,
ular species. These phenomena aré encountered and ove§iap ;e gjmost always electrified; but we are ignorant of the
among diverse fields of chemistry, physics, engineering,

. - : . N9, M&ice (role) which this electricity can have in the great labora-
teorology, climatology, medicine, microbiology, IOhySIOIogytory of nature; for surely so general and so active a power can
hardly be intended by nature, merely to intimidate mankind now

and then with thunder and lightning.”—Tiberius Cavallo, “Of
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“In this striking series of phenomena are to be found the esnds) to protonated hydrates;"HH>O)"(n < 10), while the
sential occurrences of electric arcs, sparks, lightning, aurora liie electrons quickly attach to oxygen to form the superoxide
realis and all other phenomena of electric discharge througidical anior*O,-~, which also can form hydrates. These inter-
gases.”—Karl T. Compton, “Adventures with Electricity in amediate species are collectively called “cluster ions” [35].
Partial Vacuum” Scientific Monthlyvol. 32(1), pp. 69-72, Jan., Cluster ions react further with trace volatile and particulate
1931). constituents. A single cluster ion may collide with as many as

Most matter in the universe is “ionized.” In the high vacuum 000 000 000 000(10**) molecules in air at ground level during
of space, atoms and molecules are present in excited energife@rief (~ 1 min) lifetime [35]. Subsequent molecular disasso-
states and possess electrical charges. An ionized gas is cafiégons and reactions in the gas phase and on particulate sur-
a “plasma” [30]. By contrast, most matter on earth (and in tffaces complicate reaction schemes in real-world atmospheres.
earth’s atmosphere) is not ionized. A source of sufficiently higen chemistry continually changes through reactions, molecular
energy is required to induce ionization and separation of charg@arrangements, and growth of molecular ion “clusters” and ion-
Energy can be supplied by natural or artificial (anthropogenit§ally charged particulates. Protonated hydrates are about one
sources, as derived from nuclear, thermal, electrical, or chefim (0.001um) in diameter with electrical mobilities of 1-2
ical processes. These sources include: cosmic radiation; i6AY'/V-s. lon clusters are about 0.01-0.1 um, with mobilities of
izing (nuclear) radiation from earth sources, UV light, frictiona-3—1 x 10~° m*/V-s. The later are larger in size, but orders of
charging by wind, water-droplet breakup (waterfalls, showergfagnitude less electronically mobile. Fog droplets or dust par-
electrical discharge (lightning), combustion (fire, burning gdécles range up to 1@m.
jets, engines), and strong electrical fields (corona). Human condons and electrons together define overall space charge, i.e.,
tributions of air ions include the following: the total free unbalanced charge existing in the atmosphere.

busti - simul , ¢ bUnipolar positive or negative space charge densities can be
* combustion processes: simultaneous generation of b@thloq \red. Fair-weather values for air ions at sea level are

ions and particles, the latter also tend to scavenge i0n$,_3 (0o jons/cn# of both polarities. Small ions increase
e.g., smoking, candles; o o significantly during rainfall and thunderstorms due to natural
. mdpor environments: synthetic décor and artificial ventiz i ation: negative ions may increase to 14 000 iond/cm
lation deplete space charge; , , while positive ions may increase to 7 000 ionscifihe ratio
* others: transmission lines produce ion plumes; video digt ysitive to negative air ions at ground level normally is about
plays deplete local charges; , _ 1.1-1.3, decreasing to about 0.9 following certain weather
* specific devices: produce air ions for air cleaning or charg&ents smoking one cigarette can reduce air ions in a room to
neutralization. ~10—100 ions/cn?.

Engineered devices for intentional air ionization are more small ions and ion clusters have numerous opportunities for
controllable than incidental sources. Recent developmentscilision and reaction with any air impurity. As reactive oxygen
design and operation of large ion generators have led to cogprecies (ROS), they are removed through reaction with other
mercial availability of energy-efficient units. These units progo|atile constituents; as reactive charged species (RCS) they are
duce controlled outputs of specific ions on demand. The form@moved through attachment to larger particles by diffusional
tions of undesirable byproducts, such as ozone, are minimizggd field charging. The lifetimes of air ions are strongly depen-
and in some applications reduced. lon generators have been yg&t on both humidity and temperature, and on the relative con-
in a number of applications to control surface static chargesntrations of trace volatile and particulate species. Lifetimes of
Air ionizers (ion generators) are being used more extensivelyjihs are longer, the lower their concentrations, i.e., less chance
clean air in indoor environments. of hitting something. Typical lifetime of a naturally generated

lonization is the process, or result of a process, whereby small air ion in clean air is-100-1000 s.
electrically neutral atom or molecule acquires either a positive
or a negative electrical charge. lonization occurs when energy in
excess of the ionization energy is absorbed by an atom yielding
a free electron and a positive ion. A free electron can also com-Air lonization: What is the Chemistry?
bine with another atom to form a negative ion. Atmospheric ions “The influence of physical forces, of modes of aggregation
have been of scientific interest for more than a century [31]. Obnd of mass, not only on the result, but on the manner of the
servations of chemical actions in electrical discharges in gasemnsformation of one kind of matter into another kind—in brief,
go back equally far [32]. The term “air ions” refers broadly to althe conditions of chemical changeresent a problem to the
airborne “particles” that possess electrical charges whose mogkemist which only of late years has been submitted to experi-
ments are influenced by electric fields [33]. mental investigation. The difficulties besetting this line of in-

The chemical evolution of air ions, whether created naturalfjpliry are many, but the greatest of them is the difficulty of
outdoors or artificially indoors depends on the composition &hding a reaction thatis simple in kind, that takes place between
each environment and especially on the types and concenbradies which can be prepared in great purity, and that yields
tions of trace species [34]. Specific reactions depend upon #r@ducts which can be exactly measured.”—H.B. Dixon, “On
physical properties of individual atoms and molecules, e.g., iogonditions of Chemical Change in GaseFh({l. Trans. Royal
ization energy, electron affinity, proton affinity, dipole momentSoc, vol. 175, p. 617, 1884).
polarizability, and chemical reactivity. The primary positive ions Oxygen is required by most lifeforms. There is a dynamic
N3, OF, N*, and O are very rapidly converted (microsec-balance, however, between generation of any oxygen species

[ll. CHEMISTRY OF AIR IONS
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necessary for life on one hand and protection against its toxicSuperoxide is the dissociated form of a weak acid, the hy-
effects on the other [36]-[39]. Four oxidation states of molechoperoxyl radical, HQ. In aqueous systems, the relative pro-
ular dioxygen are known: [§}", wheren = 0,+1, —1,and—2, portions of these two species depend upon pH, and the appro-
respectively, for dioxygen, dioxygen cation, superoxide aniopriate equilibrium constant. Superoxide also is formed in air as
and peroxide dianion (symbolically expressed@s, 20,7, a negative ion [42]. The generation of low concentrations of hy-
30,-~, and®>05 2. In addition, “common” oxygen in aitO, is  drogen peroxide in wet air subjected to negative air ionization
in a “ground” (not energetically excited) state. It is a free “dialso has been confirmed [38], [43], [44].

radical” having two unpaired electrons. The outermost pair of In the absence of metallic impurities, a solution of super-
electrons in oxygen have parallel spins indicating the “tripleixide in strong alkali can be kept in the refrigerator overnight.
state (the preceding superscript “3,” usually omitted for sinBy contrast, superoxide ion clusters formed in air react rapidly
plicity). Oxygen itself is a common terminal electron acceptavrith airborne particulates and volatile organic species. While
in biochemical processes. It is not particularly reactive, and lmydrogen peroxide is an oxidizing agent, the combination of hy-
itself does not cause much oxidative damage in biological sydrogen peroxide and superoxide (3) yields a much more reactive
tems. Itis a precursor, however, to other oxygen species that species, the hydroxyl radical, HQone of the strongest known

be toxic, including: superoxide anion radical, hydroxyl radicabxidants

peroxy radical, alkoxy radical, and hydrogen peroxide. Other

highly reactive molecules include atomic oxygen; QOsinglet 02-7 + H202 — Oz + HO + HO™. 3)
oxygen,'O,, and ozone, @ Some of these species are ex- o o ) ) )
tremely short-lived, while others may persist indefinitely. Identification of individual chemical species that might

Ordinary oxygen does not react well with most molecules, bECOMe involved in chemical reactions in air environments
is not trivial. Modeling of the reaction scheme may involve

it can be “activated” by the addition of energy (naturally or arti* 4
ozens of homogeneous and heterogeneous reactions among

ficially derived; electrical, thermal, photochemical, or nuclear ) i ) , S
and transformed into ROS. Transformation of neutral oxyg he aforementioned species. The formation of transient inter-

into a reactive state by addition (attachment) of a single eld@€diates adds complexity.
tron is called reduction (1). The donor molecule that gave UEH)
the electron is oxidized. The result of this monovalent reductid¥: REACTIVE OXYGEN SPECIESREACTIVE CHARGED SPECIES

of triplet oxygen is superoxide, £ Itis considered botharad-  Ajr lonization: A Chemical Perspective.

ical (-, dot sign) and an anion (chargeof) “In the case of gases, it has been known, since the time of
Priestley and Cavendish, that the spark discharge has the appar-
Oy +e— — Oy (1) ently antagonistic properties of causing decomposition in some

cases and combination in others.”- Thomas Andrews and Peter
The superoxide radical anion is quantitatively the mos3. Tait, “On the Volumetric Relations of Ozone, and the Action
important radical formed in humans: a 70-kg adult synthesizesthe Electrical Discharge on Oxygen and Other Gaskil(
at least 10 kg per year [40]. Approximately 98% of the oxygeTrans. Roy. Soc. Londpwol. 150, pp. 113—-131, 1860).
consumed by respiring mitochondria is converted to water; “From a chemical perspective, the indoor environment is a
the remaining 2% forms superoxide through side reactionsrigaction vessel with chemicals continually entering and exiting.
the respiratory chain [41]. Human cells constantly producome of these chemicals can react with one another (or them-
superoxide (and the reactive molecules derived from it) as gélves) creating reaction products that might otherwise be ab-
“antibiotic” against invading micro-organisms. The biology o&ent from the indoor setting.”—C. J. Weschler and H. C. Shields,
small air ions [1]-[3] and oxygen radicals [36]-[39] has beefPotential Reactions Among Indoor Pollutantg&tn. Environ,
reviewed. Superoxide, along with nitric monoxide radical, NOvol. 31(21), pp. 34873495, 1997).
acts as signaling molecules to regulate many cellular processe®xygen, superoxide, peroxide, and hydroxyl species are all
Under biological conditions, as described in a vast literaturROS that participate in a potpourri of oxidation-reduction reac-
it reacts with itself to produce hydrogen peroxide and oxygeions in solid, liquid, and gaseous phases [28], [45], [46]. Con-
through a reaction (2) known as “dismutation”, which can beerns for limiting excessive levels of ROB vivo to reduce
spontaneous, or catalyzed by superoxide dismutase (“SOD”adverse health effects are tempered by other concerns for in-
creasing their levels enviroto reduce adverse environmental
2057 4+ 2HT — Hy0, + Os. (2) effects. ROS are significant in the atmospheric destruction of
organics, but they also participate in the ground-level forma-
Superoxide is both an oxidant (electron acceptor) and a redtion of “smog” and the tropospheric destruction of ozong)(O
tant (electron donor). It is involved in production of the highlyThe hydroxyl radical is key to the tropospheric destruction of
reactive hydroxyl radical (HQ, catalyzed by metallic ions andvolatile organic compounds through a series of complex chem-
sunlight. Superoxide reacts with nitric monoxide radical (NOical reactions involving oxidation (abstracting electrons from
in vivoto produce peroxynitrate (OONRanother highly reac- organic compounds), which in turn can react with other organic
tive oxidizing molecule. Superoxide undergoes further redusiolecules in a chain reaction.
tion to peroxide (§?), an activated form of oxygen, usually The chemistries of ROS in the form of ions are encountered
known as “hydrogen peroxide” (D), in aqueous systems,from “inner” to “outer” space. Solid-state sensors of the $nO
necessary for health. type, commonly used to “sense” trace gases, are affected by
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chemisorption of oxygen and water vapor. At sufficiently high - oH'| |- R
operating temperature,s@rom air is adsorbed onto crystalline

surfaces having negative charges. Donor electrons in the crys-

tals are then transferred to the adsorbed@ming superoxide

radicals that react with CO, hydrocarbons, and other trace gases 0 [® 0x [P Ho: [P Ho [P Ho
or vapors. The resulting liberation of electrons decreases the U U U U
surface charge and produces an increase in conductance that

is then “sensed.” Similar chemistries are encountered in photo- L0.33v | |+0.94V] 0.8V | |+1.8V

catalytic oxidation processes [47], [48], solid-oxide fuel cells,
and various nonthermal plasma processes. Chemicalionizatilgg_,l_
nuclearionization, photoionization, and electroionization tech-
nigues are used in analytical chemistry to separate and to iden-
tify chemical spectra. Chemical-ionization mass spectroscopy 02
(CIMS) is an important tool of analytical chemistry in which /

Sequential reduction of the oxygen molecule.

“reagent” ions are electronically generated to react at very low

levels with “target” molecules in very specific reactions [49]. H20. HO-

Matrix-assisted laser desorption ionization (MALDI) is another ( 3

analytical technique that involves a laser ablation technique to

fragment biological molecules. ROO- Os
Space scientists have postulated that the unusual reactivity of (l ]

the Martian soil and the absence of organic compounds are ex- O2

plained by ultraviolet radiation which causes oxidation of metal

atoms and the creation of ROS on the soil grains [50]. The threig- 2. Interconversion of oxygen species.

radical ROS most commonly formed in nonthermal plasmas

from dioxygen Q are: O~, Op-7, and Q-~. [51], [52]. Of  Many reaction schemes have been suggested, depending on
these, Q- is the least reactive, the most stable, and the maghether focus was placed upon detection of stable reaction
likely oxygen radical species to be encountered at ambient tegoducts or the more difficult detection of transient intermedi-
peratures on earth. Its chemistry involves reaction with watgfes [54]-[56]. These generally involve excitation, dissociation,
to form hydrated cluster ions [53]. Two associated species, hgnization, and electron-capture reactions. For any given ROS,
droperoxide and hydroxide, are capable of oxidizing organigere exists some confirmed or postulated reaction scheme for
molecules. Superoxide reacts with water (4) to produce oxyg@#fterconversion to any of the other species. This may take the
and perhydroxyl and hydroxyl radicals, which also can oxidiZzgrm of a series of sequential reductions (electron transfers)
organic molecules beginning with the dioxygen molecule and ending with the

- _ . water molecule [39] (Fig. 1).
202" + 2H;0 = Op + HO,-~ + HO. ) Alternatively, the interconversion of ROS can be depicted in

Superoxide may also react directly with ozone to form hy €yclic pattern [39] (Fig. 2). Similar transformations occur in
droxyl anion and hydroxyl radical (5). This is postulated as the natural environment. The key to effective air ionization is

route for Q removal tvyofold: i) maximize thg formation of those_ROS that bgnefi-
cially react to form desirable end products like carbon dioxide
202:7 + O3 + HyO — 20, + HO™ + HO'. (5) andwater and ii) minimize the formation of other ROS that ad-

versely react to form undesirable intermediate products.

A reaction scheme (6) might be postulated in which super- speciation of VOCs during air ionization, i.e., the disappear-
oxide, and other ROS generated by air ionization, depictg@ce of parent species and the formation of byproducts, other
simply as Q, initiate the oxidation of volatile organic com-than carbon dioxide and water, has been speculated upon and
pounds, and also semivolatile organic compounds associatggdeled [57]-[60]. The impact of electron-driven chemistry
with airborne particulates was the subject of a recent workshop [61]. It was stated to be

“well-known” that nonthermal, gas-phase plasmas that are elec-
C.Hy + (z + y/4)Os — 2CO, + (y/2)H20. ©®) tronically generated at ambient temperature and atmospheric

This simplistic representation is patterned after the calculleSsure can destroy low initial concentrations of VOCs. lon-
tion of the theoretical oxygen demand (ThOD) for wastewat&ation was p'a'rtlcularly applllcable to treating air containing rel-
treatment and the calculation of the oxygen required for thernfively low initial concentrations of ten common VOCs using a
combustion. A more generalized “reaction” of volatile organiacked-bed, pulse-corona reactor [62]. Destruction efficiencies
compounds (VOCs) with ROS and particulate matter ([pMWere estimated by comparing ionization energies.
with RCS might be invoked to yield terminal oxidation prod- The ionization energy (IE) is the amount of energy, expressed

ucts from the organics and a larger size distribution of the pdf.units of electron volts (eV), required to effect the removal of
ticulates that are more easily removed or tolerated an electron from a molecule or atom leading to the formation of

anion.). IE values are available for a number of chemicals [63]
VOC + PM, + ROS,RCS — CO; + H,O+ PM,,.  (7) reported by a number of private and governmental researchers



DANIELS: “ON THE IONIZATION OF AIR FOR REMOVAL OF NOXIOUS EFFLUVIA”

TABLE |

CHEMICAL COMPOUNDS AMENABLE TO

TREATMENT BY AIR |ONIZATION

Chemical Formula IE, eV
1. | Phenanthrene CisH1o 7.89
2. | Pinene, o- CgHig 8.07
3. | Naphthalene C1oHs 8.14
4. | Trimethylbenzene, 1,2,4- CoH12 8.27
5. | Limonene (1-Pentene) CioH1s 8.3
6. | Xylene, p- CgH1o 8.44
7. | Styrene CsgHs 8.46
8. | Xylene, 0-, m- CsH1o 8.55
9. | Ethyl Benzene CsH1o 8.77
10. | Toluene C7Hs 8.83
11. | Cyclohexene CeH1o 8.95
12. | Chlorobenzene CgHsCl 9.07
13. | Benzene CeHe 9.24
14. | Nitric Oxide NO 9.26
15. | Tetrachloroethylene CaCly 9.33
16. | Trichloroethylene C,HCls 9.46
17. | Methyl Ethyl Ketone C3HsO 9.52
18. | Nitrogen Dioxide NO» 9.59
19. | Dichloroethylene, trans-1,2- | C,H,Cl, 9.64
20. | Octane CgH1s 9.80
21. | Cyclohexane CeH12 9.88
22. | Butyl Acetate, n- CesH1202 9.92
23. | Heptane, n- C7H16 9.93
24. | Ammonia NH3 10.07
25. | Hexane, n- CgH14q 10.13
26. | Acetaldehyde CH3CHO 10.23
27. | Methyl Acetate C3HsO2 10.25
28. | Pentane, n- CsHiz 10.28
29. | Hydrogen Sulfide H,S 10.46
30. | Ethyl Alcohol C,HsOH 10.48
31. | Ethylene CoHy 10.51
32. | Butane C4H1o 10.53
33. | Methyl Alcohol CH,O 10.84
34. | Formaldehyde CH20 10.88
35. | Trichloroethane, 1,1,1- C,H3Cl3 11.0
36. | Trichloroethane, 1,1,2- C,HsCl3 11.0
37. | Carbonyl Sulfide COSs 11.18
38. | Phosgene COCl, 11.2
39. | Halon FC 12-B CCIBrF» 11.21
40. | Methyl Chloride CH3ClI 11.26
41. | Methylene Chloride CHCl> 11.33
42. | Tetrachloromethane CCly 11.47
43. | Ethane CoHs 11.52
44. | Nitric Acid HNO3 11.95
45. | CFC-113 C,Cl3F3 11.99
46. | CFC-12 CClaF2 12.0
47. | Oxygen 0O, 12.07
48. | Methyl Cyanide CoH3N 12.20
49. | Sulfur Dioxide 0,8 12.35
50. | Sulfuric Acid H,0,S 12.40
51. | Ozone O3 12.53
52. | Methane CH4 12.61
53. | Water H,O 12.62
54. | Hydrogen Chloride HCI 12.74
55. | Nitrous Oxide N.O 12.89
56. | Hexafluoroethane C,Fe 13.6
57. | Hydrogen Cyanide HCN 13.60
58. | Carbon Dioxide CO; 13.78
59. | Carbon Monoxide CO 14.01
60. | Nitrogen Ny 15.58
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temperature, relative humidity, and oxygen content, but are sur-
prising independent of concentration, power, and airflow.

Air ionization involves reactions of electrically charged
species: 1) recombination with other air ions; 2) reaction with
gaseous molecules; 3) attachment to larger particles; and 4)
contact with surfaces. The former two processes generally
involve ROS in the removal of volatile organic compounds;
the latter two processes generally involve RCS in the removal
of particulate matter. The former includes bipolar ions, free
radicals, and radical ions; the latter includes cluster ions,
hydrated ions, and charged patrticles.

V. AIR-CLEANING TECHNOLOGIES

Air lonization: Let us Clear the Air!

“Although the electrical discharge in gases has been inves-
tigated in its various phases ever since the study of electricity
itself began, it is only in the last five or six years that our knowl-
edge of the subject has begun to take systematic and satisfactory
form.”—Earnest Merritt, On reviewing the new book by J. J.
Thomson (Lord Kelvin), “The Discharge of Electricity Through
Gases” (Charles Scribner’s Sons, New York: 1898gncevol.

9, pp. 289-291, 1899).

Air-cleaning technologies have been cataloged [25],
[65]-[67] by functionality and specificity for removal and/or
destruction of PN and/or VOCs. They include: 1) physical;
2) physicochemical; and 3) electronic processes, and various
combinations. Air-cleaning processes fall into one or more of
six overlapping classifications (Table I1). Solid media filtration
of PM,, involves physical or mechanical collection of particles
on porous granular or fibrous media. Mechanisms of removal
are impaction, settling, and diffusion. Gas-phase “filtration”
involves sorption of VOCs onto surfaces, and into pores of
solid media, with or without chemical reactions. Catalytic
oxidation includes solid media with imbedded catalysts or
photochemically active materials.

Electronic air-cleaning systems are cataloged by types of ion-
ization and modes of operation [68], [69]. They include: bipolar
air ionization, ozone generation, and electrostatic precipitation.
Air ionization forms “nonthermal” plasmas, i.e., the electron
and ion clusters are highly but uniformly energized (heated).
The bulk of the surrounding neutral gases, however, remains
at ambient temperature. Thermally speaking, the mixture is in
“nonequilibrium.” Air ionizers produce local clusters of bipolar
(%) ions. Clustered ions then electrically charge Ptflereby
facilitating their removal by filtration. Cluster ions also chemi-
cally react and destroy VOCs. This process, although similar to
many familiar oxidation processes, is more subtle and complex.
It is effected at ambient temperature without the need for solid

in the open literature to be chemically altered or destroyed bgtalysts. Microbials are inactivated, destroyed, and/or agglom-
air ionization or allied processes (Table I). As a first estimatioerated by bipolar ions.

those chemicals with lowest IE are most amenable to treatmentt is important to distinguish the various types of electronic
by air ionization. Those withE > oxygen are most difficult. air cleaners [65], [66], [70]. Air ionizers are distinct from both
Because ionization energies and bond dissociation energies ral@gtrostatic precipitators and ozone generators. In air ioniza-
be of comparable magnitudes10 eV), kinetics govern which tion, PM, is electrically charged through direct contact with
reactions predominate. Specific energy consumption (eV/mabipolar air ions, vis-a-vis attraction of particles to electrically
ecule) (or its reciprocal, th&-value) can be used to determinecharged surfaces in the case of electrostatic precipitation. In air
relative ion efficiency [64]. Treatment efficiencies vary withionization, the primary active species are ROS other than ozone,
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TABLE I
COMPARISON OFAIR-CLEANING SYSTEMS
Technology | Bipolar Air Ozone Electrostatic | Gas-Phase Solid Media Catalytic
lonization Generation | Precipitation | Filtration Filtration Oxidation
Function Electronic Electronic Electronic Physicochemical | Physical Physicochemical
Principle DBD (Dielectric | Sparking High-voltage Sorption and Flat, pleated, | Solid catalysts with
Barrier Discharge. | wire and plate. | reaction. or HEPA or without UV.
Discharge). media.
Process (+) & (-) lon Ozone Charging of Sorption and Collection on | Catalytic oxidation.
generation. generation. | particulate reaction. porous media.
matter.
Active Reactive Ozone (O3). | Charged Sorption and High surface Reactive oxygen
Species Oxygen & particles. reaction sites. area. species.
Charged
Species.
Products COg2, H20, COgz, H0, | Larger PM, Less VOCs Less PM, Less VOCs
larger PMy O3
Byproducts | Min. byproducts, | Significant | Os, if not Spent media with | Spent filters; Exhausted or
O3 is controlled. | O3, atm. cleaned contaminants. contaminants. | fouled catalysts
reactants. regularly.
Health O3, limited by High ozone | Exposure to Breakthrough, Contaminated | Catalyst disposal
Concerns control. exposure. high voltages | spent media filter disposal. | or recovery.
and Os. disposal.
VOCs Chemical Chemical Sorption of Ad/absorption NA Chemical oxidation
oxidation oxidation VOCs on PMy
PM, Agglomeration. | Not Collection on | Collection in Impact, NA
applicable plates. media. settling, and
diffusion.
Microbials Inactivation, Inactivation. | Particle NA Particle Inactivation
destruction, removal. removal.
agglomeration.
Control lons on Continuous | Process Process design. | Process Process design
demand. generation. | design. design.

vis-a-vis nascent ozone in the case of ozone generation. Validisscharge on Oxygen and Other Gase®hi(. Trans. Roy. Soc.
sues have been raised on ozone toxicity [71], [72], the utility dfondon vol. 150, pp. 113-131, 1860).
ozone generators [73]-[76], and secondary reactions of ozond\ir ionizers create charged air molecules upon the applica-
with specific classes of indoor pollutants [77]-[79]. There argon of an energy source. By energetically either adding or re-
similarities in the physical phenomena occurring with ozonaoving an electron, air molecules are given a negative or posi-
generators and air ionizers, but there are major differencestiire charge (usually oxygen or nitrogen species, respectively).
design and operation. Conditions optimal for air ionization afehree modes of ionization have been employed: photon ion-
not optimal for ozone generation. The presence of water vappation, nuclear ionization, and electronic ionization. Photon
promotes HQ, reduces ozone, and increases oxidation of dpnization uses a low-energy X-ray energy source to displace
ganics [80], [81]. electrons from the gas molecules. Nuclear ionizers use polo-
nium-210 radiation sources that emit alpha particles which then
collide with the gas molecules and displace electrons. Molecules
that lose electrons become positive ions. Neutral gas molecules
Air lonization: How is It Done? rapidly capture these free electrons and become negative ions.
“It will be readily allowed, that an apparatus capable of rerFhese types of ion generators do not have electrodes, so deposits
dering perceptible, or, as it were, of magnifying the smallest, aage not a concern. X-ray and nuclear sources must be carefully
otherwise unobservable, degrees of natural as well as artifidiadtalled and controlled to avoid creating safety hazards.
electricity, is of great advantage to the science of electricity in Electronic ionizers, or corona-discharge ionizers, are devices
general, and especially for the investigation of atmospheric elekat historically contained electrodes configured either as sharp
tricity."—Alexander Volta, “Of the Method of Rendering Very emitter points or as flat wires. Strong electric fields interacting
Sensible the Weakest Natural or Artificial ElectricityPlfil. ~with electrons of adjacent gas molecules produce ions of the
Trans. Royal Soc. Londowol. 72, p. 237, 1782). same polarity as the applied voltage [8]. Electrode configuration
“The great importance of a machine for the purpose @ especially important in defining the character of the corona
detecting very minute quantities of electricity has occurred tnd the propensity to produce or not produce ozone [82]. lon-
many of the cultivators of this science; as by such an assist&adrs are classified according to the type of electrical current
not only many chemical combinations or solutions, but algbat is applied to the emitter electrodes: pulsed or steady-state
many yet unexplained atmospheric phenomena, may becodeeor ac. AC devices are “bipolar” ionizers in that they alter-
intelligible."—Abraham Bennet, “An Account of a Doublernately produce clouds of both negative and positive ions within
of Electricity” (Phil. Trans. Royal Soc. Londowol. 77, pp. each current cycle.
288-296, 1787). Electrical discharge devices incorporating dielectric barriers
“Before proceeding further, we must draw attention to thglaced between electrodes have been configured as cylinders,
difference of action which, in many cases, we have found fiat plates, and packed beds of granular dielectric or ferroelectric
exist between the spark, or spark discharge, and the glow,noedia. The general process is known as DBD and is an inher-
silent discharge.”—Thomas Andrews and Peter G. Tait, “On tlemtly complex stochastic process [83]-[86]. The development
Volumetric Relations of Ozone, and the Action of the Electricalf such DBD devices have been reviewed [14], [24]. Industrial

VI. OPERATION OFAIR |IONIZERS
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Fig. 3. Air ionization: process schematic.

applications include: traditional ozone generation, surface treatA typical building HVAC system involves conditioning of
ment of polymer films, microchip etching, pollution control, exmakeup outside air in an air-handling unit (AHU), transport of
cimer lamps and plasma displays, and carbon-dioxide lasesgpply air to building spaces, and transport of return air back
One particularly useful configuration is a cylindrical glass tubt® the AHU, with discharge of exhaust air. A typical air ioniza-
placed between a coaxial outer electrode and a wire inner eléon system with automatic controls is designed for flexible in-
trode. Glass, being a dielectric material, acts as a barrier to #tallation, operation, and data acquisition (Fig. 3). air ionization
applied electric field. In most gases at atmospheric pressupepcess controls have multiple options: sensors for monitoring
electrical breakdown occurs in the form of microdischarges thait quality (VOCs and PM), electronic monitoring of air ions,
are filamentary and diffuse, i.e., many small discharges of veaynd ionization modules to generate ions on demand. The design
short duration, rather than a few large discharges [87], [8&]f the system is dependent upon the application (home, office,
Process control of microdischarges is important in optimizatidaboratory, public building, commercial establishment, etc.), the
[89], [90]. nature of the IAQ problem to be controlled, and the level of per-
In addition to electrode configuration and type of currenfprmance to be achieved.
formations of clustered ions and other transient chemicallLocations of air ionization units are tailored to particular res-
species are affected by the relative concentrations of positidential, commercial, industrial, or public facilities depending
and negative ions, reactive target species (either volatile yfon sources and strengths of VOCs and,PKir ionization
particulate), and relative humidity. AC ionizers have inherembodules are fitted directly into the central AHU to treat the en-
voltage swings as the electric fields being produced motiee airflow. Alternatively, the modules can be fitted into the ex-
from positive to negative maxima. Such swings may caugging ductwork downstream of the central HVAC system. Free-
more intense corona discharges that in turn can prodwstanding devices can also be located in individual room spaces
undesired byproducts unless controlled. DBD devices whitth meet immediate demands.
produce multiple “microdischarges” (i.e., a multitude of current Proper operation of an air ionization system to improve in-
filaments of short duration) have been developed that allow fdoor air quality requires optimization of up to eight process vari-
improved process control and reduced formation of undesirableles describing both the physical air handling system and the
species such as ozone. demand. A process control unit is centrally located. Inputs are
Air ion generation is measured with charged-plate monitorset manually, based on fixed situation design parameters, and
as defined in the ESD Association lonization Standard AN@utomatically, based on monitored demand parameters. Three
EOS/ESD S3.1-1991. An alternative device uses an electranual inputs include: desired ion intensity level, power ca-
static-field meter to measure static decay on glass substrapeity, and airflow area. Five electronic inputs include: airflow,
One example (lonmeter T-111, Transjonic AB, Kallerechumidity, outside air quality, return air quality, and ozone de-
Sweden) is a Langmuir-type device with resolution®20 tection. A flow sensor measures volumetric airflow (cfm), and
ions/cn?. Another example is a less expensive device (Air loa humidity sensor measures airborne water vapor. Air quality
Counter, AlphalLab, Salt Lake City, UT) is sensitive down tgensor(s) determine the relative demand for air ionization. Air
10 ions/cm with a range of 10-1 999 999 ions/énmDirect quality sensors can be placed both in the return air duct and in
monitoring of ions (or indirect monitoring of air contaminantsjhe outside air intake. Metal oxide sensors (MOSs) can be used
allows for generation on demand of sufficient ions of apprde measure total volatile organic compounds (TVOCs). Another
priate charge. air quality sensor can be used to monitor ozone, to insure that
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TABLE I
CASE HISTORIES FORAIR |ONIZATION
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TABLE IV

CASE HISTORY A: ENGINEERING CENTER

Case History Location Application Objectives Component Classes (Number) [ Without lonization, pa/m’ With lonization, pg/m®
VOCs | PM, | Odors | Smoke | Microbes
Aromatics (13) 70 37
Engineering Center Major city X Alkanes (9) 51 4-<1
Travel Center International airport | X X Iso-Alkanes (3) 4-<1 1-<1
Vintage Hotel City center X Cyclo-Alkanes (3) 8_1 4-<1
Modern Hotel International airport | X X Aicohols (8) <10 <10
Shopping Center Metropolitan center | X <
Parliament Building __| Capital city X X X E::g:‘se(sa()n = :g = 18
Re§t§urant Complex antral plaza X Chlorinated Hydrocarbons (9) |2-<1 2-<1
Individual Restaurant | City center X X T 5 321 o<1
Meat Processing Odor from waste X erpenes (5) - -
Meat/Food Storage Supermarket X X Total VOCs (59) 12 56
Anatomy Laboratory Medical school X
Pathology Laboratory | Hospital X
Soccer Stadium Major city X -
Funiture Plant Manufacturing site X pg/m?. The levels of 20 of the 59 specific VOCs were reduced
Printing Plant Small cit; X . . .
Hairdrescer Nauoﬁsyhmg X and none were increased. No new VOCs were identified as prod-
Reazerhl abdraary - Aol Handing X X ucts of incomplete ionization at the levels of detection.
Gaming/Smoke Shop | Indian Reservation

Room air temperature ranged from 23Gto 24.2°C during
the periods of test. The relative humidity ranged from 36.7%
any ozone present in the outside air or incidentally formed &t 46.8%. The average concentration of carbon dioxide in an
low levels, is below recommended the ASHRAE limit (50 ppb)kight-hour period without ionization was 542 ppmv compared
A third type of air quality sensor can be used to measure relatieea range of averages from 518 to 795 ppmv during three 8-h
levels of certain size fractions of particulate matter (MBig- periods with ionization. This slight increase in carbon dioxide
nals from the sensors can be logged by a personal computecancentration was attributed to an increase in recirculated air
transmitted by modem to an internet data center. Performararel not to ionization products.
of the system can be visually displayed on a series of real-timelndoor levels of 0zone were measured continuously in this fa-
plots and stored for archival retrieval or real-time viewing usingjlity during operational periods with and without air ionization.
a standard web browser. The arithmetic average over a one-month operation without air
ionization was 0.7 ppbv, with a maximum of 5.8 ppbv. This can
be compared to a regulatory 8-h National Ambient Air Quality
Air lonization: Zapping the Stuff in Air. Standard (NAAQS.) of 8.0 pp.b\{. The grithmetic average over a
u : one-month operation with air ionization was 6.6 ppbv, with a
The molecular changes produced by the electric current, or

discharge, in certain compound bodies through which itis tranrg_axmum of 14.4 ppbv. Background levels in outside air were

. . . : not measured directly, but were calculated to be in the range of
mitted, furnish some of the most interesting examples of the Y 9

tion of a decomposing force that have been discovered in lai Cgr_zo ppbV.

times."—Thomas Andrews and Peter G. Tait, “On the \olu-
metric Relations of Ozone, and the Action of the Electrical Dis-
charge on Oxygen and Other GaseFhil. Trans. Roy. Soc. Air lonization; Where We're Going To. .
London vol. 150, pp. 113-131, 1860). “Chagrined a little that we have been hitherto able to pro-
Air ionization has a long history in varied applications. Aiduce nothing in this way of use to mankind; and the hot weather
ionization is applied for air cleaning where increasingly moreoming on, when electrical experiments are not so agreeable,
stringent controls are demanded. volatile organic compouriti$s proposed to put an end to them for this season.”—Ben);.
(VOCs), e.g., odors, are oxidized by ROS. PM.g., environ- Franklin, Esq., Letter IV, to Peter Collinson, F.R.S., “Farther Ex-
mental tobacco smoke (ETS), pollen, and dust, are agglomperiments and Observations in Electricity” (1751; reprinted in
ated by RCS). Microbials are inactivated, destroyed, and/or &giencevol. 123(3185), pp. 47-50, 13 Jan., 1956).
glomerated. Less energy is required since less outside makeufNo matter how sophisticated we believe we have become,
air is used. Typical air ionization systems have been installedthrere is much we do not know and considerably more we do
domestic and office locations, as well as in institutional, cormot understand.”—Dr. Stephen M. Kinne, “A Public Health Ap-
mercial, and industrial locations (Table IlI). proach to Evaluating The Significance of Air lons” (MS Thesis,
One such air ionization system was installed in a large edniversity of Texas, Houston, [May 1997]).
gineering center (Siemens AG, Berlin, Germany) with several Air ionization, although historically well documented and
hundred workers in a multifloor office facility. Reductions in 53echnologically well advanced, is just now entering the field of
specific VOCs representing nine classes of VOCs were quariteatment of specific VOCs and BNh indoor air environments.
tated (Table IV). Specific VOCs were analyzed by GC/MS frorfthese applications are occurring in diverse areas, ranging from
samples collected on sorbent tubes during representative peritsremoval of airborne contaminants in manufacturing oper-
of operation with and without ionization. Although 28 of the 5&tions involving sensitive materials, to the destruction of spe-
VOCs were initially above detectable limits, none were founcific hazardous air contaminants in severely contaminated envi-
to be above detectable limits with air ionization. The TVOC raonments such as vehicular exhausts. Related technologies in-
duction of 50% was encouraging given the very low total inelude oxidation in pulsed-corona reactors and other nonthermal
tial level of 112ug/m? and the target performance level of 30(lasma devices. The benefits of air cleaning by air ionization

VII. A PPLICATIONS

VIIl. CONCLUSION
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are multiple: destruction, transformation, and removal of potenfi7]
tially hazardous VOCs and PNlelimination of odors; inactiva-
tion of microbials; extended and improved performance of conm]
ventional technologies (filtration and adsorption); low energy
costs; minimal deposition of PMon surfaces; less hazardous
reactants and byproducts; and the potential for possible asso¢i®!
ated health benefits.

Air lonization: Recollections of the Past.

“We now know that every drop of rain falling on the ground [21]
or in the sea, and every drop of fresh water spray of a breaking
wave, falling on a fresh water lake, sends negative eIectricitYZZ]
from the water surface to the air.”—Lord Kelvin, “On the Elec-
trification of Air" (Sciencevol. 1(22), pp. 589-596, May 31,
1895).

“That slow chemical action accompanies various types o 23]
electrical discharge in many gases has been long known.”—S.C.
Lind, “The Theory of Chemical Action in Electrical Discharge”
(Sciencevol. 67(1745), pp. 565-569, June 8, 1928).

(20]

[24]
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