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AN INVESTIGATION OF THE REMOVAL OF
OZONE BY ACTIVATED CHARCOAL

INTRODUCTION

Background

Before long space flights and underwater habitats can progress

beyond the present experimental stage, additional research is re-

quired on trace-contaminant control. Current manned space and

underwater vehicles rely primarily on activated charcoal for con-

trolling non-biological trace contaminants. However, activated-

charcoal-filter efficiency and service-life are only approximately

known for most trace contaminants. Not more than ten trace

contaminants are presently monitored either in spacecraft or sub-

marines, and the life of the activated-charcoal beds is based

primarily on empirical data and past experiences.

In addition to removal by activated charcoal, many trace con-

taminants can be entirely eliminated by complete oxidation (57).

Ozone (03) and nascent oxygen (0), two of the more powerful oxidiz-

ing agents known to science (39), are particularly interesting for this

application since they can be produced as a secondary effect of ultra-

violet light. Ultraviolet light has been proven an effective method of

controlling biological trace contaminants and is currently being used
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in hospitals to isolate contagious diseases and prevent post-operative

infections in intense care wards (26).

Since ozone is very toxic to humans, the oxidation of trace

contaminants by nascent oxygen and ozone must be isolated from

occupied spaces. Based on its known adsorptive properties, acti-

vated charcoal appears to be a cheap and effective method of re-

moving ozone from an air stream.

Purpose

The purpose of this investigation is to summarize the available

literature concerning ozone removal by activated charcoal and to

study experimentally the factors determining the percentage of ozone

that passes through activated charcoal at normal room conditions.

Commercial equipment was used for the experimental apparatus so

that the test data would be directly applicable to present air handling

systems.
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LITERATURE REVIEW

Activated Charcoal

Activated charcoal 1 is an amorphous form of carbon composed

of small flat platelets held in an ordered configuration by covalent

bonds. The internal structure consists of a complex network of sub-

microscopic pores which are formed during the activation process

and are both regular and irregular in shape. These pores range in

size from 10 to 10, 000 I and result in an internal surface area of

1, 000 to 2, 000 meter2 /gram of activated charcoal. It is primarily

pore size, not total internal surface area, which determines the use-

ful adsorptive property of the activated charcoal (8, 16, 25). Acti-

vated cocoanut charcoal is often preferred as an adsorptive media

since the pore size can be controlled during manufacture to produce

very small capillary pores. Coal, wood and other types of activated

charcoal tend to have larger pores after activation and are generally

less effective in removing low concentrations of lower molecular

weight contaminants (6). Although activated charcoals are inter-

changeable for many applications, the manufacturers of activated

charcoals use different source materials and employ special methods

'Activated carbon and activated charcoal are practically synon-
ymous terms (6). Activated charcoal will be the term used in this
paper.
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of processing which give each brand distinctive properties (25).

The activation process consists of carbonization at 400 to

500 °C to eliminate volatile matter, followed by oxidation of the in-

ternal surface with steam, CO2' or flue gas at 800 to 1, 000 °C. Oxi-

dation develops the porosity, increases the internal surface area by

enlarging and lengthening the interior channels, and arranges the

remaining atoms in high affinity configurations (16, 25). Although it

is empirically known that 1) the chemical nature and concentration of

the oxidizing gas, 2) the temperature of the activation process, and

3) the length of activation affect the adsorbing power of the charcoal,

the activation mechanism is not completely understood and production

is still an art (25). The activation temperature also determines

whether the charcoal surface oxides are predominantly acid or basic.

Acid oxide charcoals are formed with activation temperatures below

500 °C,and basic charcoals are formed with activation temperatures

above 800 °C (25). The amount of oxygen that attaches to the surface

complex as CO2 during activation is thought to determine the surface

pH (43). This surface pH affects the adsorptive capacity of the char-

coal for acid and base contaminants. The surface pH can be changed

by subsequent heating at a different reactivation temperature. This

suggests that the surface oxides are reversible from one form to

another (25).

In the present applications of activated charcoal for
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trace-contaminant control the charcoal is usually discarded after the

adsorptive capacity decreases. This is economical due to the low

cost of the activated charcoal and relatively short missions. For

long missions with difficult logistics problems it is often desirable

to regenerate the activated charcoal in place. This can be accom-

plished by heating the charcoal in a controlled atmosphere until the

adsorbed gas and vapors are removed by desorption, displacement or

oxidation. At atmospheric pressure an inert gas, superheated

steam, or carefully controlled combustion gas is used to heat the

charcoal to about 500 oC (2). At atmospheric pressure lower tempera-

tures cannot be used for regeneration of most activated charcoals

since a reduction in adsorptive capacity occurs. This reduction is

believed to result from a decrease in height of free radicals on the

internal surfaces (5). Reactivated charcoal used for ozone removal

has a short service life when the regeneration occurs at atmospheric

pressure and temperatures of 120 to 315oC (12).

Regeneration of activated charcoal can often be accomplished

at lower temperatures (110 to 400°C) if the heating process occurs

under a high vacuum (25). This method of regeneration has been

successful in regenerating molecular-sieve zeolites used for ozone

removal (27).

The adsorptive quality of an activated charcoal is often de-

scribed by a service-time rating. This rating method was
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originally developed for evaluating gas mask adsorbents and consists

of passing a stream of dry air saturated with chloropicrin or carbon

tetrachloride under standard conditions through a ten-centimeter

layer of the activated charcoal. The time for the chloropicrin or

carbon tetrachloride to break through the charcoal is termed the

service time. Activated charcoal in use during World War I had a

service time of 35 minutes. Today 50-minute charcoals are generally

considered to be standard, and activated charcoals with 75- to 90-

minute service times are available. While service time is not con-

vertible to adsorptive capacity of the activated charcoal for other gas

contaminants, it is useful for determining the relative adsorptive

power of different activated charcoals (25).

When activated charcoal is used to adsorb contaminants from an

air stream it is essential that almost all particulate and liquid drop-

lets be removed before the air enters the charcoal (6, 58). The

particulate and droplets prevent efficient adsorption and cause

plugging of the filter. To ensure the removal of the particles over

0.5 micron either a superinterception filter or an electrostatic pre-

cipitator usually preceeds the activated-charcoal filter.

Adsorption

The term adsorption is used to describe the attraction and

adherence of gas, vapor or liquid (adsorbate) molecules on the
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surface of an adsorbent solid (58). The surface is usually defined to

include the internal pores large enough to admit molecules of the

adsorbate. Although most solids exhibit some adsorptive properties,

only solids with highly convoluted internal surfaces have enough ad-

sorptive strength and sufficiently long service times to be of any

practical use in air purification. Activated charcoal is well-suited

to air stream adsorption because it preferentially absorbs organic

gases and vapors, and the nonpolar charcoal bonds do not have an

affinity for water molecules. Most other materials with significant

adsorptive properties, such as zeolite-molecular sieves, active

earths, and metallic oxides, are polar and preferentially remove

water from the air stream. Thus these materials cannot absorb

gases from humid air efficiently (2).

Adsorption can be categorized into three types: physical,

chemical and catalytic. These three types are not mutually exclu-

sive, and often two or even three of them may be occurring simul-

taneously.

Physical adsorption is believed to result from the unbalanced

electrostatic, van der Waals, and valance forces at the surface of an

adsorbent solid. These unbalanced forces are believed to attract and

hold the adsorbate molecules on the solid surface (3, 25). In physi-

cal adsorption the attraction of the adsorbate to the adsorbent solid

does not involve chemical reactions, and the heat liberated by the
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adsorption of the gas or vapor is approximately the same as the

latent heat of condensation of the gas or vapor (2). This heat of

physical adsorption rarely exceeds twice the latent heat of condensa-

tion (22) or 10 kcalories/mole (51, 60).

Chemical adsorption, also called chemisorption, is essentially

a chemical reaction with the transfer of electrons between the ad-

sorbent solid and adsorbate. Because it is a chemical reaction,

chemisorption is confined to a single layer of atoms or molecules on

the solid surface (22, 60). The heat of chemisorption of a gas is

usually several fold greater than the latent heat of condensation (22)

and usually exceeds 20 kcalories/mole (60). Because the heat of

adsorption is higher for chemisorption than it is for physical ad-

sorption, a higher temperature is generally required to regenerate

an adsorbent solid which has chemisorbed a gas than one which has a

gas physically adsorbed (16).

Catalytic adsorption occurs when adsorbate molecules are

attracted to the adsorbent solid surface and then react with each

other. Activated charcoal catalyzes many reactions, including the

oxidation of many inorganic and organic compounds. It is believed

that this oxidation results from the presence of irreversibly adsorbed

oxygen on the charcoal surface (16). The catalytic properties of an

activated charcoal are often quite specific and are determined

primarily by the method of activation (25). It has been suggested that
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activated charcoal catalytically converts ozone to oxygen on the

carbon surface (7).

The quantity of a gas adsorbed per gram of an adsorbent solid

by the previous mechanisms is a function of the ambient pressure,

the temperature, the gas adsorbate and the solid (22). These

variables generally affect adsorption phenomena in the following

ways:

1. Adsorption increases with increasing pressure. The in-

crease is less for more adsorbable gases and more for

gases that are only partially adsorbable (25).

2. Adsorption increases with lower temperatures and de-

creases with increasing temperatures (12, 25).

3. Larger adsorbate molecules are more adsorbable than

smaller molecules except when the size of the molecule

exceeds the size of the adsorbent solid pores (25).

4. If several gases or vapors are adsorbed they are generally

adsorbed in approximately an inverse relationship to their

relative volatilities. As the adsorbent solid becomes

saturated the more volatile components may be revapor-

ized (58).

Adsorption Predictibility

"At the present time there is no adequate model of either



10

monomolecular or multimolecular adsorption" (60). However, many

theories have been developed to explain adsorption and some may be

used successfully to predict adsorption of some gases under certain

conditions. For a complete review of adsorption theory the reader

is referred to references 22 and 60. Adsorption theories discussed

in this section will include only those which are specifically appli-

cable to predicting the adsorption of ozone by activated charcoal.

Adsorption of ozone is believed to be limited by the formation of

acidic substances (14), probably carboxylic compounds (15), which

fill the pores of the charcoal. Activated charcoals with basic surface

oxides generally have a greater ozone adsorption capacity.

Physical adsorption is often described as capillary condensation

(2, 25, 58), and vapors that readily condense to a liquid are usually

more easily adsorbed than gases with low boiling points. True gases

such as H2, N2 and 02, which have critical temperatures below

-50 °C and boiling points below - 150 °C, are practically nonadsorbable

on activated charcoal at ordinary temperatures. Gases and vapors

having critical temperatures between approximately 0 °C and 150 °C

and boiling points between -100°C and 0°C have less tendency to es-

cape and are more adsorbable (2). Thus ozone with a boiling point of

-112 °C and a critical temperature of -12 °C C s predicted to be only

very slightly physically adsorbable.

Molecular weight is also used as a criterion for predicting the
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adsorptivity of a gas. Adsorptivity increases with molecular weight,

and physical adsorption is considered practical for gases with a

molecular weight above 45 (58). Another rule states that, with few

exceptions, any gas or vapor whose molecule contains less than three

atoms, not counting hydrogen atoms, is not practically adsorbable

(2). Ozone, with three atoms and a molecular weight of 48, should

be at the lower limit of physical adsorbtivity by either of these

criteria.

In 1916 Langmuir developed the first theoretical mechanism

for isothermal adsorption. His theory related the rate of adsorption

to 1) the frequency at which the adsorbate molecules strike the solid

adsorbent, 2) the number of adsorbate molecules that remain on the

surface long enough for the exchange of kinetic energy, and 3) the

fraction of the adsorbent solid not already occupied by adsorbate

molecules. The original theory was based on a mono-molecular layer

of adsorbate on the adsorbent solid and most closely resembled the

mechanism of chemical adsorption (60). Although the Langmuir

theory is claimed by one source to have "the elasticity to cover homo-

geneous and heterogeneous surfaces, chemical and physical forces,

mono- and multi-molecular layers" (25), it is stated by others that

the success of the Langmuir theory is due to two false assumptions

which partially cancel each other (60), that the theory is not applicable

to the heterogeneous surfaces found in common adsorbent solids (21),
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and that the physical adsorption represents volume-filling of the pores

and not surface-coverage as Langmuir proposed. However, based on

the assumption of a complete mono-molecular layer of adsorbate

molecules at adsorption saturation, a practical application of

Langmuir's theory is Equation 1 (51, 60).

S _

where

VxNxCrx 10 2- 0

22, 400

S = specific surface of adsorbent solid in m2/g

(Eq. 1)

V = cc of adsorbate (STP) adsorbed per g of adsorbent solid

N = Avodagro's number = 6.02 x 1023

= surface area of the molecule in A
2

Equation 1 often yields specific surface (S) values that vary by a

factor of two or three from specific surface values calculated by

other techniques. This is believed to result from the volume-filling

of the adsorbent solid pores with a liquid-like phase rather than a

monolayer of adsorbate molecules on the adsorbent surface as assumed

by the Langmuir theory (22).

This equation can be used to predict the adsorption of ozone on

activated charcoal by assuming a typical value of S = 1500 m2/g for
0

the charcoal (3, 16), a molecular diameter of 2.18 A (41) for the

ozone molecule, and solving Equation 1 for V. With these assump-

tions activated charcoal is predicted to adsorb 1,490 cubic centimeters
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of ozone per gram at saturation. At standard conditions this equals

3.2 grams of ozone per gram of activated charcoal.

Another method of predicting physical adsorption, the potential

theory, is an energetic approach based on ideas originally proposed

by M. Polanyi (47). Potential theory suggests that the molecular

cohesive forces of the adsorbent solid extend beyond their molecular

diameters. The strength of these molecular forces (the adsorption

potential) diminishes with distance, and the captured adsorbate mole-

cultes form an atmosphere above the adsorbent solid surface which

increases in density toward the surface (25). The overlapping of the

adsorption potentials from different surfaces in small pores of an ad-

sorbent solid may be so great that even at low relative pressures the

pore is eventually filled with adsorbable molecules packed together

almost as closely as in the liquid phase (22). Potential theory can be

modified to apply to mono-, as well as multi-molecular, layers (25,

47), and it is especially appropriate for common adsorbents with re-

latively low adsorbate coverages on energetically heterogeneous ad-

sorbent surfaces (21). The Langmuir theory and others that assume

a homogeneous adsorbent surface lack an essential element since

there exists a distribution of potentials on every solid surface (60).

To predict gas contaminant adsorption in activated-charcoal

filters for space applications a parameter A was developed (see

Equation 2). This parameter allows gas contaminants to be ranked
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according to their relative adsorptivities without any knowledge of the

adsorbent solid (47). If for several adsorption conditions with vary-

ing temperatures and pressures the maximum adsorption volume (cc

of liquid adsorbate)/g of an adsorbent solid is found experimentally

and parameter A is calculated for these test conditions, a "potential

plot" (47) for the adsorbent solid can be developed by plotting log cc

of liquid/g versus parameter A (see Figure 1).

P
0

A = T log10 (Eq. 2)
Vm

where

T = adsorption temperature in °K

Vm = molar volume at the normal boiling point in cc/mole

P = pressure of adsorbent in atm

Po = vapor pressure at T in atm

Once the potential plot is established for the adsorbent solid, the

maximum adsorption volume of the adsorbate used for the potential

plot can be determined for other temperatures and pressures. The

maximum adsorption of other adsorbates in the adsorbent solid can

also be estimated at any conditions of temperature and pressure if

T, Vm, Po and P can be determined. Potential theory is regarded

as semi-empirical and assumes adsorption in a static system. How-

ever, its use is justified on the basis of its success in predicting

contaminant removal in activated-charcoal filters (47).
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Table I. Parameter A for various contaminants.

Gas

Vm
cc/mole

Po 0 298°K
atm atm Parameter A

Trichloroethylene 98. 1(a) 9.88 x 10-2(a) 2 x 10 5())
11.2

Acetone 77. 5(a) 0. 301(a) 2 x 10-4(b) 12. 2
Benzene 96. 5(a) 0.123(a) 5 x 10-6(b) 13.6
Freon 12 80. 7(a) 5. 77(a) 2. 63 x 10-5(a) 19.7
Freon 22 61. 2(a) 9. 33(a) 2. 63 x 10-5(a) 20.7
Methyl alcohol 42. 5(a) 0. 162(a) 4 x 10 5(b) 25.3
Methyl mercaptan 55. 2(a) 1.75(a) 2 x 10-6 (b) 32.1
Carbon dioxide 33.0(a) 63. 25(a) 0. 01(c) 34.3
Hydrogen sulfide 35. 0(a) 18. 14(a) 2 x 106

(b) 59.2
Formaldehyde 29. 6(a) 5. 88(a) 1 x 10-6

(b) 68.2
Ammonia 25. 0(a) 9. 9(a) 10-5 (b) 71.3
Ozone 33. 3(d) 72. (e) 5 x 10-7(f) 73.0

on monoxideCarbon 22. 1(a) 780. (a) 10-5 (b) 106. 4
Nitric oxide
Hydrogen fluoride

23. 8(a)
12. 4(a)

2170(a)
1.06(a)

5 x 10:6(b)
6 x 10 (b)

108.0
174.0

(a) Values from reference 47

(b) 20% of 1968 Threshold Limit Values arbitrarily used for ambient concentrations

(c) Maximum concentration of 1% assumed

(d) Value from reference 11

(e) Since the adsorption temperature of 298 K is above the critical temperature the vapor pressure
(Po) at 298oK

is found by extrapolating log10 vapor pressure versus the reciprocal absolute
temperature from data below the critical temperature. This extrapolation assumes a liquid-like
phase above the critical temperature and correlates better with experimental data than consider-
ing the adsorbate as a compressed gas above the critical temperature (21, 47). Antoine's
Equation and constants from reference 30 were used.

(f) Ozone concentration typical of the experimental work described later
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Table I lists the values of Vm, Po, P, and A at one atmosphere

and 298°K for gases that are plotted on the potential plot in Figure 1.

Figure 1 is based on adsorption with Pittsburgh Chemical Company

grade BPL activated charcoal (21). This is a coal-base-activated

charcoal, and the adsorption values should be conservative compared

to cocoanut-shell charcoal (6).

As shown in Figure 1, potential theory predicts that a maximum

of 7.8 x 10-8 cc of liquid-like ozone will be adsorbed per gram of

BPL activated charcoal. A liquid-like ozone phase is assumed above

the critical temperature because it correlates better with experimen-

tal data than does a gas phase (21, 47). If the density of ozone below

the boiling point of -112°C (liquid) is extrapolated to 25°C as a func-

tion of the reciprocal of absolute temperature, the maximum liquid-

like ozone adsorbed by the charcoal equals approximately 10-7 grams

per gram of charcoal.

Ozone

Ozone, a blue gas, is a powerful oxidizing agent. However, it

is stable in the absence of moisture and organic matter. In a clean,

dry glass bottle it has a half life of 15 to 100 hours (29, 33). Ozone

has a high diffusion coefficient and generally spreads throughout an

enclosure faster than the naturally convected air currents (18).

The production of ozone by 1849 A ultraviolet light (uv) is a



complicated reaction but can be simply represented by (31, 38):

02 + 0

2 0
z

+ 2 0 2 03,

18

(Eq. 3)

(Eq. 4)

When ozone is produced by irradiating dry air with ultraviolet light,

about 50% of the 1849 A radiation is adsorbed by oxygen molecules in

the first five inches from the lamp (38). The remainder is adsorbed

beyond five inches or is adsorbed and/or reflected by the surrounding

container. As the moisture content of the feed air is increased, the

ozone production from the lamp decreases due to the adsorption of the

1849 A radiation by the water vapor (18).

Ozone production by ultraviolet light does not affect the other

normal atmospheric constituents. Nitrogen (N2) is ionized only by

ultraviolet radiation below 800 A (9), and this wavelength is not trans-

mitted through either quartz or glass lamps. Nitrogen reacts with

ozone only above 295°C (24), and oxides of nitrogen are not produced

by ozone-producing lamps (18). At room temperatures there is a

negligible reaction between carbon monoxide (CO) and ozone which is

retarded by carbon dioxide (CO2) (20, 23).

The decomposition of ozone at room temperatures probably de-

pends on surface reactions (33, 39). The decomposition rate in-

creases with increasing moisture (18, 63). Elevated temperatures

also decompose ozone at an increased rate. Above 200°C ozone is
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destroyed quite rapidly (39, 61). Equation 5 can be used to determine

the thermal decomposition of ozone (12).

02
,ix-p 15, 300, Lt (Eq. 5)[0 = 4.6 x u e ( )

[
3 final 3 initial

where
O

3

= oxygen to ozone ratio by volume

T = temperature in o
K

t = time in seconds

Many solids are known to catalyze the decomposition of ozone.

Catalyst effectiveness depends on the particle size, crystal structure,

and the moisture content of the catalytic agent. Sodium hydroxide

pellets, soda lime, silver oxide, nickel oxide, and manganese dioxide

have been successfully used to decompose ozone by catalysis (33).

Ozone has a strong adsorption band at 2537 A, and this results

in rapid ozone decomposition by 2537 A radiation (33, 39). This

photolytic decomposition is of interest in air purification systems

since 2537 A radiation is an effective means of controlling biological

contaminants. (See the following section on Trace-Contaminant

Control. ) If the 1849 A radiation for ozone production comes from

the same source as the 2537 A biological control radiation, some of

the ozone will be immediately decomposed. This photolytic decompo-

sition can be used to advantage if the ozone is generated prior to the

biological control section of the air system. The 2537 A radiation will
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then aid in the ozone removal. Photolytic decomposition of ozone by

2537 A increases with the moisture content of the air stream at 20oC

(19). This increase is attributed to the participation of the hydroxyl

ion in the decomposition reaction (32, 40).

Trace-Contaminant Control

Trace contaminants are biological organisms, organic or in-

organic compounds that physiologically, chemically, or psychologi-

cally affect human beings. Trace contaminants are produced by man,

equipment operation, materials, and human and equipment malfunc-

tions. Man alone produces 399 known chemical effluents as a result

of his life processes (48). Very little is known about many of these

effluents. For example, pyridine, which is emitted through the skin

and from fecal matter, has been reported by different investigators to

have an odor threshold value ranging from 3.2 x 10-4 ppm2 to 10

ppm (57). A NASA report published in November 1968 (48) recom-

mends concentration limits for 127 contaminants already found or

anticipated in space cabins or submarines. This document states

that of these 127 compounds there is no physiological information for

21 compounds, and the safe maximum concentration limits for con-

tinuous exposure to many others are known only approximately.

2 ppm parts per million by volume
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The recirculation of the atmosphere in a closed-loop life-

support system requires an efficient method of trace contaminant

control to insure safe operation. Manned space flights of 1,000 days

duration are now planned and will require elaborate contaminant con-

trol systems. Much of the knowledge required for the design of a

satisfactory contaminant control for this length of mission is not avail-

able. The different pressures, relative humidities, radiation, and

thermal factors, plus the possible synergistic effects of stress, con-

finement, weightlessness and trace contaminants, have made mean-

ingful extrapolations from threshold limit values (TLV) 3 and 90-day

submarine exposure limits impossible (48).

Biological contaminants include bacteria, viruses, yeasts and

molds. The larger biological contaminants can be removed by filtra-

tion. Dry superinterception filters, which are 99. 97% efficient on

0.3 micron particles (DOP test), are available. This type of filter

will effectively remove bacteria which range in size from 0.3 to 30

microns diameter (52), as well as some yeasts and molds. Micro-

organisms smaller than 0.3 microns, including viruses (0. 003 to

0.05 microns) (52), are not removable by filtration. Ultraviolet light

has proven to be an effective method of deactivating these micro-

organisms. The ultraviolet light is believed to affect the nucleic acid
3 Threshold Limit Value is the maximum concentration of a

contaminant recommended by the American Conference of Govern-
mental Industrial Hygienists for a healthy adult in the working en-
vironment (eight hours/day, five days/week).
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of the organism and eventually to result in its death (53). The maxi-

mum death rate using ultraviolet light occurs between 2500 and

2650 A (31). Low-pressure mercury-vapor lamps are generally used

for biological contaminant control since they can produce as much as

90% of their radiation at 2537 A. The biological deactivation capacity

of these lamps is not affected by changes in temperatures between 5

and 37 oC (29). The relative humidity, however, must be kept below

55%, or the biological death rate decreases abruptly (29, 46). The

killing power of ultraviolet light has been found to be ten times

greater at a relative humidity of 46% than at a relative humidity of

91% (62). Ultraviolet light has limited penetrating power, and micro-

organisms encased in larger inert particles or in the "shadow" of

larger aerosols or particulate matter may not be irradiated. There-

fore, to obtain maximum biological contaminant deactivation a super-

interception filter almost always precedes ultraviolet radiation (36,

55).

Ozone has also been used effectively for biological contaminant

control in unoccupied spaces. Less than 0.1 ppm will control surface

mold and bacteria on aging meat, and 0. 5 to 2.0 ppm prevents mold

from forming on stored eggs, cheese and apples (37). Even at 0.04

ppm, ozone in sufficiently humid atmospheres is an effective control

agent for single organisms and organisms with a minimal protective

coating (17, 18). Ozone is not considered, however, to be of practical
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use for biological trace-contaminant control in life support systems

since 1) its toxicity precludes its use in occupied spaces and 2) the

death rate of microorganisms is significant only at relative humidi-

ties much higher than normal. The killing of air-borne microorgan-

isms by ozone is nil at low relative humidities, moderate at 50%, and

very high when the relative humidity approaches 100% (18). The high-

er death rate at high relative humidities is believed to result from an

increased vulnerability of certain metabolism-controlling chemical

groups to ozone attack in the presence of water (17).

At the earth's surface the background level of ozone is usually

less than0.01ppm(39). Although it once was thought that ozone was a

normal constituent of country and polar air and was almost totally

absent in city air (63), later investigations have found substantial

amounts of ozone in metropolitan areas (1, 44). The absence of

ozone in earlier studies of city air is now attributed to errors in

measurement, specifically a negative interference by sulfur dioxide.

As a result of the lack of ozone found in urban areas in these earlier

investigations, the freshness of country air was attributed to the

presence of ozone. This assumption encouraged the development of

ozone generators for use in homes and other occupied areas to

"freshen" the air. The use of ozone generators in occupied spaces

is now discouraged due to the toxicity of ozone. Most of these early

ozone generators used an open electric arc to generate ozone. This
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method of ozone production also produces substantial oxides of nitro-

gen (50), and the irritation threshold (ppm) of the combination of

oxides of nitrogen and ozone has been found to be substantially less

than the irritation threshold of ozone alone (53).

Ozone can be detected by most normal persons between 0.010

and 0.015 ppm (29, 63), and at 0.10 ppm i(TLV) ozone is irritating

to the nose and throat of most people (63). For manned space flights

exceeding 90 days an upper ozone limit of 0.02 ppm has been recom-

mended (48).

Ozone generated by low-pressure mercury-vapor lamps is

generally the preferred production method since oxides of nitrogen

are not produced (18, 54). These lamps operate on the same princi-

ple as fluorescent lamps. The difference is that the phosphors on the

inside of a fluorescent tube convert the ultraviolet radiation to visible

light (55). Quartz is used for ozone-producing ultraviolet lamps
0

since no other common material transmits sufficient 1849 A radiation

(13, 53).

Most inorganic and non-living organic trace contaminants have

characteristic odors, and the terms odor and trace contaminant are

usually used synonomously. It should be kept in mind that trace con-

taminants may have detrimental effects below their lower odor thres-

hold levels and that some contaminants, including carbon monoxide,

are odorless.
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Many trace contaminants may be changed to less objectionable

compounds by complete oxidation. Direct flame incinerators, cata-

lytic combustion systems, or chemical oxidation can be used for con-

taminant control. Chemical oxidizing agents include ozone, nascent

oxygen, permanganates, hypochlorites and chlorine (57). Ozone and

nascent oxygen produced with ultraviolet light have been successful

in oxidizing odors in such varied applications as slaughterhouses,

hospitals, pathological and industrial laboratories, breweries, tanner-

ies, offices, canteens, kitchens, toilets, and beauty salons (33, 53,

55). Among the contaminants that have been shown to be oxidizable

by ozone are 1) food odors, including fish, onions, garlic and acro-

lin, 2) tobacco odors, 3) body odors, 4) fecal odors, including indole

and skolate, 5) phenols, 6) mercaptans, 7) sulfides, and 8) aldehydes

(37, 38). In general, unsaturated organic compounds are easily

oxidized by addition to the carbon-carbon multiple bond. Saturated

hydrocarbons are oxidized more slowly (33, 37). Reference 33 is

recommended for a more complete summary of ozone reactions.

To utilize effectively the oxidizing power of both the ozone and

the nascent oxygen it is necessary to pass the air containing the trace

contaminant through the ultraviolet beam in an unoccupied space.

This is necessary due to the microsecond life of nascent oxygen and

the desirability of using ozone concentrations (ppm) that exceed those

recommended for human exposure. The exposure of the air stream
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to the nascent oxygen is very important since the oxidizing power of

nascent oxygen is several order of magnitude higher than that of

ozone (54). Theoretically, if the rate of ozone and nascent ozone

production equals the oxidation rate, no ozone would be available to

enter an occupied space (38, 53). Since the rate of trace-contaminant

production is not currently predictable and it is not presently practi-

cal to monitor the concentrations of all possible contaminants, it is

desirable to maintain excess ultraviolet radiation capacity and there-

fore an excess of ozone to provide a safety factor against unpredict-

able increases in the contaminant concentration.
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EXPERIMENTAL INVESTIGATION

Apparatus

For the experimental investigation of ozone removal by acti-

vated charcoal, the ductwork in Figure 2 was fabricated. The duct-

work was made of 20 gauge galvanized steel sheet metal. Standard

duct construction with Pittsburgh longitudinal seams and slip drive

and flange joints was utilized. After the final in-place assembly all

joints and seams were covered with duct tape to reduce air leakage.

Air flow (cfm) 4 through the duct was continuously indicated by a

calibrated orifice at B (see Figure 3). The calibration of this orifice

is covered in the next section. An aluminum orifice 3.54 inches in

diameter was used to measure the flow from 60 to 120 cfm, and an

orifice 2.25 inches in diameter was used for measuring the air flow

from 30 to 60 cfm. Both orifices were 0.19 inch thick with a 30°

angle measured from the centerline. Chapter 5 of the ASME Power

Code (4), dealing with flow measurement, was used to determine the

placement of the static pressure tapes (one diameter upstream and

4Although metric units are used in the Literature Review sec-
tion because they are standard in scientific literature, English units
are retained in the Experimental Investigation section for those
quantities which are standard in the engineering profession. The air
measuring equipment used for this investigation was calibrated in
English units as this is standard in air system measurement.
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one-half diameter downstream), the allowable thickness of the orifice,

the orifice angle, and the minimum unobstructed duct required up-

stream (eight diameters) and downstream (six diameters) of the

orifice. The differential static pressure across the orifice was

measured with an Elison Catalog No. 9110 inclined manometer. This

manometer has a range of 0 to 1 inch of water on a 10-inch scale.

Air flow through the ductwork was controlled with a damper at point

(see Figure 3). It was possible to control the air flow with the

damper to + 0. 01 inch of water on the manometer. This was equiva-

lent to + 4%.

Ozone was generated for these tests by a Westinghouse 782VH-

29 quartz lamp between points and B on Figure 3. This lamp withA

lamp holders is 36 inches in length and uses an Advance Transformer

Company RSL-131G ballast. It is rated by Westinghouse at 10 grams

of ozone per hour and has a life of 12, 000 hours (13). Ozone was

measured downstream of the quartz lamp with a Mast Model 724-2

ozone meter. This meter senses ozone in the air sample by the

oxidation-reduction of potassium iodide in a sensing solution, as

shown in Equation 6.

03 + 2KI + H2O 02 + 12 + 2KOH (Eq. 6)

The above reaction occurs at the sensor cathodes. Hydrogen also

occurs at the cathode due to a polarization current.
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(Eq. 7)

The free iodine produced at the cathode reacts with the hydrogen,

changing the polarization current.

H2 + 12 2HI (Eq. 8)

The polarization current is used to activate either a microammeter

calibrated in ppm of ozone or a recorder. For additional information

concerning the Mast ozone meter, see references 34 and 35. A

7-1/4-inch piece of glass tubing with an inside diameter of 1/8 inch,

cleaned with dichromate sulfuric acid solution, was used for the

ozone-meter probe. For the majority of the experimental work the

ozone meter was connected to a Bausch and Lomb V.O.M. 7 paper

strip recorder. The V.O.M. ten microamp input was used for a full

recorder scale value of 0. 5 ppm of ozone. An accuracy of + 0. 01

ppm of ozone is claimed for the Mast meter below 0.5 ppm (49).

However, the ozone concentration on the downstream side of the fil-

ter was reported to + 0.001 because of the good reproducability of the

readings and the expanded recorder scale. The thousandths column

is of questionable accuracy. Upstream of the filter the ozone con-

centration was reported to the nearest 0.01 ppm.

The filters used for this investigation were 1) a Barnebey-

Cheney Model PAA panel adsorber (18 inches x 18 inches x 1-1/8
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inches) containing activated-cocoanut charcoal and rated at 100 cfm

with 0.35 inch of water pressure drop, 2) a 12 inch x 12 inch x 1-1/8

inch panel filter also containing Barnebey-Cheney activated charcoal,

and 3) an American Air Filter Company superinterceptor filter

(Astrocel A24K6T2). This filter is 12 inches x 12 inches x 5-7/8

inches and is rated at 150 cfm with a pressure drop of 1 inch of

water.

The three dry-bulb temperatures and the three wet--bulb tempera-

tures shown in Figure 3 were recorded with an Ester line Angus

E1124E Multipoint recorder. This recorder prints out the tempera-

ture at one of eight stations each 30 seconds (two stations were not

used), printing each station every four minutes. Copper-constantan-

type "T" thermocouples were used as the temperature sensors. Wet-

bulb temperatures were sensed with a thermocouple inside a small

cotton tube sewn from T-shirt material and suspended in a 50-

milliliter flask of distilled water. An accuracy of + 0.10C (0.180F)

is claimed for this type of wet-bulb sensor with an air velocity above

1.5 feet per second (10). Temperatures were reported to the nearest

even tenth of a degree Fahrenheit.

Barometric pressure was measured and recorded with a Taylor

Instrument "Weather-Hawk" aneroid barometer with an integral re-

cording pen and paper chart. Barometric pressure was reported to

0.01 inch of mercury. These values were within + 0.02 inch of
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The two orifices used to determine,air flow in the test appara-

tus ( B in Figure 3) were calibrated by using a bag which was made

from two-mil-construction-grade clear plastic and measured about

80 ft3, a water displacement meter, and a stop watch. To one

corner of the plastic bag a 12-inch-long section of four-inch-

diameter aluminum duct was attached. The test apparatus opening

(Figure 3) was sealed with a piece of plastic containing another piece

of four-inch-diameter duct. At each calibration point the thin plastic

bag that was used to seal the 80 ft3 bag duct was ripped open, and the

two pieces of four-inch-diameter duct were connected. The air

through the orifice during the calibration test came from the 80 ft 3

bag. The time for the full bag to empty was measured with the stop

watch while the pressure drop (inches of water) across the orifice

was recorded. The bag was then refilled to its former size through

the water displacement meter. The time for the bag to empty varied

from 30 to 100 seconds. This procedure worked quite well, although

an hour was usually required to refill the bag through the meter. It

was also necessary to hold the two pieces of four-inch-diameter duct

in the same position during the bag-emptying in order to prevent un-

desirable fluctuations in the pressure drop across the orifice. The
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calibration points for the two orifices are included in the Appendix.

The reduced scatter for the 2.25-inch-diameter orifice is the result

of the operator's increasing skill in joining and holding the two pieces

of four-inch-diameter duct.

The temperature recorder copper-constantan thermocouples

were checked for consistency and accuracy in an ice-filled thermos

bottle and in the test apparatus with no air flow. For both tests the

recorded temperatures varied ± 0. 2 °F or less. The recorded

temperatures with a 100 cfm air flow in the duct were also compared

with sling-psychrometer temperatures taken in the room. The wet-

bulb temperatures were within ± 0. 4 °F of the sling psychrometer

values, and the dry-bulb temperatures varied less than 0. 7 °F.

The Mast ozone meter factory calibration was compared with

the manual-neutral-buffered-potassium-iodide method of determining

oxidants from reference 59. The Mast meter gave pretest ozone

readings of 59 to 62% and post test ozone readings of 64 to 66% of the

manual method (see Figure 4). The manufacturer claims the ozone

meter will indicate 90% of the ozone concentration determined by

manual titration (method not stated) over the entire 0 to 1 ppm

range (49). Considerable effort was expended in trying to resolve the

difference between meter and manual-method ozone readings. 5
A

5After the difference in ozone readings between the Mast
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satisfactoryexplanation was not found. The discrepancy in ozone

concentrations does not affect the general behavior that was ob-

served, and the more conservative ozone concentrations (meter

values) are used for purposes of discussion.

Both the ozone meter and the manual method determine all oxi-

dants that oxidize the iodide ion to iodine as ozone. Therefore,

ozone meter and the manual-potassium-iodide method was found in
the pretest comparison, the Mast meter air pump calibration was
checked as recommended in reference 35 and found to be correct.
A second batch of standardizing reagent was prepared, and the
manual-potassium-iodide-ozone determination was repeated. The
second comparison resulted in ozone concentrations similar to the
first, and these points are included in the pretest data shown in
Figure 4. Prior to the second pretest comparison the meter probe
and the manual-method probe were recleaned with dichromate sul-
furic acid solution. The two probes were also aged at the sampling
rate and an ozone concentration of 0.44 ppm for six hours. The
manual-method probe differed from the meter probe in that the 1/8-
inch- inside - diameter -glass tubing was five inches longer and was
connected to the midget impinger nozzle (butt joint) inside a short
piece of tygon tubing. This difference is not believed to be significant
and should result in lower ozone concentrations for the manual
method, not the meter, due to the slightly longer manual-method
probe. Meter readings and manual-method samples were taken sim-
ultaneously at the centerline of the duct through adjoining holes. The
difference between the ozone concentrations found with the Mast
meter and the manual method could have resulted from a change in
meter calibration during shipment or from the possibility that the
neutral-buffered-potassium-iodide method was not the manual titra-
tion referred to by the Mast Development Company. Total oxidant
concentration is a function of the measurement method and is not an
absolute quantity (1). For example, between the phenophthalein
method of measuring oxidant and the potassium-iodide method of oxi-
dant determination a difference of a factor of two in the oxidant
determination is common (44). Other investigators have also found
that the manual-potassium-iodide method of oxidant determination re-
sults in higher oxidant values than the factory-calibrated Mast ozone
meter. However, the relationship between the meter and the manual-
method values was not stated (42).
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higher ozone readings result if oxidants such as nitrogen dioxide are

present. Throughout the tests, checks were made to determine if

any background oxidant was present. An 11-hour test with the Mast

meter from 2200 hours September 28 to 0900 hours September 29,

as well as spot checks at other times, did not show the other oxidants

to be present. The possibility of a negative interference from sulfur

dioxide was also investigated during the post test comparison by in-

stalling a sulfur dioxide trap of chromium-trioxide-impregnated-

glass-fiber paper (59) in the sampling train preceeding the midget

impinger. This resulted in slightly lower ozone concentrations (see

Figure 4) compared to the regular sampling train due to the increased

transit time and increased surface area preceeding the impinger. If

sulfur dioxide had been present, higher ozone concentrations would

have been reported when using the trap than when not using it.

A discrepancy was also noted in the ozone rating of the Westing-

house 782VH-29 ultraviolet lamp. This lamp is rated by the manu-

facturer at 10 grams of ozone per hour (rating conditions not stated).

The maximum ozone production during the test was Q.185 grams per

hour. A similar discrepancy is described in another Westinghouse

publication (38). In this Westinghouse experiment lamps rated at 35

grams per hour produced 3.7 grams with an air flow of 50 cfm in a

six-inch square duct. Thus the Westinghouse lamp-rating system

appears to be based on conditions other than ambient air flow inside

a metal duct. In an effort to increase the ozone production of the

ultraviolet lamp, aluminum foil was glued to the inside of the duct in
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the area of the ultraviolet lamp with the shiny side toward the lamp.

Since the duct has a reflectivity of 25% and aluminum foil has a re-

flectivity of 80% for 1850 A radiation (55), it was hoped that the foil

would increase the ozone production by reflecting back into the air

stream more of the 1850 A radiation. However, a noticeable increase

in ozone production did not result. The ultraviolet transformer cur-

rent was checked and was within 10% of the rated 1 amp. The dif-

ference between the Westinghouse rating and the actual ozone produc-

tion by the 782 VH -29 lamp appears to be the result of different

operating conditions.

Description of Tests

The experimental investigation of ozone removal by activated

charcoal was conducted in the first three tests which are summarized

in Table II. During these three tests the concentration of ozone

entering the activated charcoal filter and the detention time (td) of the

air stream (see Equation 9) in the filter were varied to determine

their effect on the percentage of ozone passing through the charcoal

filter.

% ozone through filter = f(ppm 03 into filter, td, time) (Eq. 9)

Test 1

Test 1 was conducted using a new Barnebey-Cheney PAA panel



Table II. Summary of test data.
1

Duration Reynolds Detention
Ozone produced2 Average air into duct from room

of No. in Ave vel, time in Total dur- Gram 03 Tdb Twb Spec. Relative Humidity ratio
T est Test Ave 8 x 8 duct thru filter

2
filter ing test gram

No, hr cfm Re ft/sec sec grams charcoal of of ft3 /lb
gvolume humidity grains H2O

lb dry air

1 214.5 100 15,000 0.88 0.0473 35.36 0.00914 71.5 60.9 13.58 55 63.0

2 110.5 60 9, 000 1.31 0.0297 17. 59 0.0117 71.0 60.9 13.57 57 63. 5

3 146.2 37.8 5, 700 0.81 0.0471 71.9 61.3 13.60 55 64.0
17.334 0.01104

6.0 50 7, 500 1.09 0.0356

43 2.0 60 9, 000 0.033 0. 0090 0. 375 71.6 59. 8 13. 57 50 58.0

3. 0 60 9, 000 0.033 0.0090 0.278 72.8 60.1 13. 58 49 58.0

LO 120 18, 000 0.066 0. 0045 0. 175 71.5 59.2 13. 55 48 55.0

1
Complete data in Appendix.

2
See Appendix for sample calculations.

3
High efficiency glass fiber particulate filter (20% voids assumed)

4
Total values for both conditions of T est 3.
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filter and setup I of the test apparatus (see Figure 2 and 3). The

test was conducted at the rated capacity of the filter (100 cfm) and

the maximum output of the ultraviolet lamp (0.44 ppm) for 214.5

hours. For the duration of Test 1 ozone concentrations were contin-

uously recorded downstream of the activated-charcoal filter ( 011 in

Figure 3), except for three readings a day which were taken with the

ozone meter in the air stream preceeding the charcoal filter 12 in

Figure 3). During each of the three daily readings of ozone into the

filter, the ozone meter and its recorder were checked for drift by

sampling ambient air through a filter containing manganese dioxide

which eliminated any ozone from the air stream (45). Drift never

exceeded 0.005 ppm, and the recorder was rezeroed whenever drift

occurred. The ozone concentrations into the filter reported in the

data for Test 1 (see Table A-1 in the Appendix) are five- to ten-

minute visual averages read from the ozone meter. The values of

ozone out of the filter are averages of the time period following the

time at which the value is reported. These values were taken from

the ozone strip recorder. There was no noticeable difference in

ozone concentrations between the meter and the recorder. The ozone

meter air pump was checked before and after the test and was within

the recommended + 1% variation (35).

The ozone concentration into the filter varied from 0.410 to

0.515 ppm during the test (see Figure 5). Figure 5 also shows the
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percentage of ozone that passed through the activated-charcoal filter

during the test. Detectable quantities of ozone passed through the

filter only when the concentration of ozone into the filter was above

0.45 ppm. The maximum percentage of ozone through the filter was

4. 1% (0. 02 ppm). This occurred with 0.49 ppm of ozone entering the

filter.

Temperature readings were also taken continuously during

Test 1. The temperatures reported in the Test 1 data are the values

recorded at the listed time. The pressure drop across the calibrated

orifice and the barometric pressure were taken three times each day

at the listed times.

Test 2

Because of the effective removal of ozone by the activated

charcoal during Test 1, the detention time was reduced and the con-

centration of ozone entering the filter was increased for Test 2. This

was accomplished by fabricating a 12-inch by 12-inch by 1 -1/8 -inch

filter frame and reducing the air flow in the duct to 60 cfm (see setup

II, Figure 3). Reducing the air flow increased the average ozone

concentration produced by the ultraviolet lamp to 0. 70 ppm, and re-

ducing the face area of the filter from 1.89 ft2 to 0. 76 ft2 reduced

the detention time from 0. 0473 seconds to 0. 0297 seconds. This

detention time was chosen based on the work of Richardson and

Middleton (44), who found that the effectiveness of activated charcoal
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in removing oxidants falls off rapidly below a detention time of about

0. 032 seconds. The filter frame was fabricated using sheet metal,

galvanized half-inch mesh hardware cloth and galvanized insect

screen. Construction was similar to the Barnebey-Cheney PAA

panel filter frame. The filter frame was aged for 11 hours at 60

cfm and an ozone concentration of 0. 70 ppm to minimize oxidation of

the galvanizing during the test. For Test 2 the filter frame was

filled with new Barnebey-Cheney activated charcoal from a second

PAA panel.

Most of Test 2 was conducted with an average of 0. 70 ppm of

ozone entering the filter. However, three times during the test the

concentration of ozone entering the filter was changed to 0.35 and

0. 50 ppm for an hour each. This was done to compare changes in

ozone concentration into the filter with the percentage of ozone pass-

ing through the filter. The ozone production was reduced to 0.35 and

0. 50 ppm by placing the ultraviolet lamp inside a four-inch-diameter

piece of blued stove pipe 36 inches long. This reduced the path

length of the ultraviolet light and resulted in less ozone. For 0.35

ppm of ozone it was also necessary to close part of the end of the

stove pipe with duct tape to reduce air flow. The results of these

variations in ozone concentrations are shown in Table III. From

the data in Table III it appears that the percentage of ozone through

the activated charcoal is almost independent of the entering ozone
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concentration. The data for the majority of Test 2 is presented in

Figure 6. Ozone into the filter varied from 0.65 to 0.74 ppm with

an average of 0.70 ppm. The test lasted 110.5 hours exclusive of

the periods when ozone into the filter was 0.35 or 0.50 ppm. The

percentage of ozone passing through the filter increased from 4, 6%

at the beginning of the test to 11.2% at the end of the test.

Table III. Test 2 ozone variations.

% Ozone through filter
Ozone
into

Accum.Time - Hours

filter
ppm

0 50 110

0.35 4.3 8. 6 10.8
0.50 4.2 9. 2 11.0
0.70 4.6 9. 0 11.7
Ave. 4.4 8.9 11.2

Data were recorded similarly to Test 1, except that the

temperatures were recorded only at the observation times. Due to

the small variation in temperatures during Test 1 it was felt that

continuous recording of the temperatures at the six points was un-

necessary. The ozone meter air pump was checked prior to the last

ozone variations into the filter and was found to be out of adjustment.

The air pump was recalibrated, resulting in the values shown with

black dots at 110.5 hours in Figure 6. It is suspected that this

change in air sampling volume may have affected the data back to the
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75.5 hour reading.

Test 3

For Test 3 the fabricated frame described in Test 2 was re-

filled with new Barnebey-Cheney activated charcoal and operated in

setup II (see Figure 3) for 141.75 hours with an air flow of 37.8 cfm.

The detention time with the flow of 37.8 cfm was 0.0471 seconds,

which was almost identical to the detention time of 0.0473 seconds in

Test 1. The average ozone concentration was 0.84 ppm with a range

from 0.80 to 0.90 ppm (see Figure 7). The percentage of ozone

through the filter increased from 5.2 to 12% during the test. As in

Test 2, the ozone concentration entering the filter was varied at

approximately 50-hour intervals. In addition, the air flow was

changed to 50 cfm (td = 0. 0356) at each of the different ozone con-

centrations. The test interval at each of the test conditions was re-

duced to 10 to 30 minutes due to the number of variables to be

changed and the approximate five-minute period required in Test 2

to reach a steady state of ozone through the filter. A summary of

the results of the variable changes is shown in Table IV.

As in Test 2, the ozone into the filter, temperatures, pressure

drop across the orifice, and the barometric pressure were taken at

the listed times. The ozone concentration of the filter is an average

for the time period following the value. The ozone meter air pump

was checked daily and found to be within the suggested range (35) for
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the entire test.

Table IV. Test 3 ozone and cfm variations.

% Ozone through the filter
Ozone
into

Accum time- Hours

filter
ppm

0 50 97 141

0.35 5.1 6.6 10.0 12.7
"c-)' O. 50 4.8 7.0 9.4 13.6
oe °
ts: 0 O. 70 6. 0 6.1 9.3 12.4

0. 84 5. 2 6. 3 9. 3 12. 0
4.1 Ave. 5.3 6.5 9.5 12.7
0
,.' 0.35 4. 6 7.1 9.2 12.9

9 i'n)
r )

O. 50 5. 5 5. 6 9.0 13.2
or

0 O. 70 5.7 6.7 10.0 15.0
Ln 6

I 1 O. 84 5.4 6.6 10.1 14. 7
4.,

-c Ave. 5.3 6.5 9.6 14.0

Test 4

For Test 4 a superinterception filter was used in setup III (see

Figure 3). Three combinations of air flow and ppm of ozone enter-

ing the filter were investigated for periods from one to three hours.

The results of the three conditions are shown in Figure 8. The

equilibrium percentage of the ozone through the superinterception

filter ranged from 81.4 to 91.2%. Due to the very high percentage of

ozone through the filter, operation at each condition was terminated

after an initial equilibrium occurred. The initial peaks in the 3. 0-

and 1. 0-hour test conditions are believed to be the result of the

residual ozone from the previous condition. The three conditions
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were tested in the alphabetical order shown in Figure 8. The ozone

concentrations out of the filter in the Test 4 data (see Appendix) are

five- to ten-minute averages read directly from the ozone meter. All

other variables were taken at the listed times.
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DISCUSSION OF TEST RESULTS

The results of the previously described experimental work will

be discussed in the following order: 1) the changes in ozone produc-

tion and decomposition, 2) the variations in dry- and wet-bulb

temperatures during Tests 1 to 3, 3) the removal of ozone by acti-

vated charcoal during Tests 1 to 3, and 4) an additional illustration

of ozone removal using a superinterception filter (Test 4).

Ozone

As mentioned in the Ozone section in the Literature Review,

when the moisture content of the feed air to an ozone-producing ultra-

violet light is increased, the ozone production decreases and the

ozone decomposition rate increases. This relationship is shown

clearly by Test 1 data in Figure 9. Lower concentrations of ozone

were recorded during the periods with the higher humidity ratios.

Therefore, when ultraviolet light lamps are used to generate ozone

in an air stream the number of lamps must be selected to provide the

desired ozone concentration at the maximum expected humidity ratio.

Without the filter media in the filter frame there was not any

measurable ozone decomposition between the two ozone measuring

points. Therefore, between these two points thermal decomposition

of the ozone was negligible, and the internal duct surface area was
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insufficient to cause any ozone decomposition. In agreement with the

experimental results, Equation 5 (see page 19) predicts negligible

thermal decomposition of ozone between the measuring points using

the test conditions.

Temperature

The average dry- and wet-bulb temperatures for Tests 1

through 3 are summarized in Table V. Both the average dry-bulb

(Tdb) and the average wet-bulb (Twb) temperatures increase in value

from the room conditions to location al (see Figure 3) for the three

tests. The energy required to raise the dry-bulb temperatures cor-

responds closely to the amount of energy used by the ultraviolet lamp

and its transformer (56 watts). The wet-bulb temperature increases

correspond to the evaporation loss from the first wet-bulb reservoir

(about 0. 5 grams H20/min). From ffj to El the average dry-bulb

temperatures decrease slightly, and average wet-bulb temperatures

increase slightly for all three tests. The increase in wet-bulb

temperature probably is the result of the evaporation of water from

the wet-bulb reservoir at [1 . The decrease in dry-bulb tempera-

ture from ra to U in all three tests is below the limit at which

temperatures could be differentiated on the recorder printout. This

slight temperature decrease masks any heating effect caused by

ozone condensation in the activated charcoal. If the entire amount of
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ozone produced (0. 1 85 grams/hr) condensed in the charcoal, a

temperature rise of about 0. 8 °F would result with an air flow of

37.8 cfm, and a rise of approximately 0.3°F would occur at 100 cfm

due to release of the heat of vaporization. Therefore, the heat re-

leased by the condensation of any ozone was less than the cooling

effect.

Table V. Temperature variations--Tests 1 through 3.

Dry bulb temps °F Wet bulb temps °F Relative
Test Room @ 1§1 @ Ell Room @ IN @ N humidity
No. air in air in Room air

@ @ 13 in %

1 71.5 72.3 72.2 60.9 61.4 61.5 55

2 71.0 72.2 72.1 60.9 61.4 61.6 57

3 71.9 74.0 73.8 61.3 61.6 61.8 55

Activated Charcoal

Consideration of the results of Tests 1 through 3 shown in

Tables III and IV and Figures 5 to 7 results in the following state-

ments:

1) Different mechanisms appear to control the removal of

ozone by activated-cocoanut charcoal at various operating conditions.

The experimental data can be grouped into two distinct cases. Case

I occurred with an ozone concentration of 0. 41 to 0. 45 ppm entering
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the charcoal filter and a detention time of 0.0473 second. The rest

of the data are grouped into Case II. The entering ozone concentra-

tions in Case II were greater than 0.45 ppm, or the detention time

was 0.0297 or 0.0356 second. The only test condition which does

not fit in the above two Cases is the condition in Test 3, at which the

entering ozone concentration was 0.35 ppm and the detention time

was 0.0471 second. However, this condition always occurred after

operation at Case II conditions. It is probable that the Case II condi-

tions caused irreversible changes in the charcoal, thus preventing

the observation of the expected Case I-type phenomena.

2) Under Case I conditions activated charcoal in a panel filter

removes ozone with close to 100% efficiency for long periods of time.

This suggests that catalytic adsorption may be the dominant ozone

removal mechanism. Supporting the catalytic mechanism is the fact

that although the filters in all of the first three tests removed about

0.010 gram of ozone per gram of charcoal, only Test 1, with Case I

conditions, removed essentially all of the ozone for the duration of

the test. Richardson and Middleton (44) also found that activated

charcoal is effective in removing low concentrations of oxidant for

long periods of time. Their work in Los Angeles showed that after

650 hours activated charcoal was removing low concentrations of

oxidant without any decrease in efficiency. The average daily oxidant

concentration for this test taken at 1100 hours was 0.12 ppm
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measured by the potassium-iodide method. As much as 75% of this

total oxidant value may have resulted from ozone (1). Fifty-minute

activated-cocoanut charcoal was used for their tests.

With Case II conditions, the removal mechanism appears to be

overwhelmed, and the percentage of the ozone through the filter in-

creases with time. With Case II conditions, from 2 to 6% of the

entering ozone passed through the filter immediately or soon after

the start of the test. The percentage passing through the filter in-

creased with time. An increase in the percentage of ozone through

the activated charcoal with time was also observed by Boberg and

Levine (12). With an entering ozone concentration of 6.0 to 7.0 ppm

and unknown detention time, 4% of the entering ozone was passing

through their activated-charcoal filter 30 minutes after the start of

their test. The percentage through the filter increased to 23% after

210 minutes.

3) The Case II data in Tables III and IV were used as input for

a step-wise multiple linear regression computer program available

at the Oregon State University Computer Center. The regression

analysis considered the percentage of ozone through the activated-

charcoal filter as a function of 1) ppm of ozone into the filter, 2)

detention time (td), 3) the accumulated hours of the filter operations

(T), and 4) the square of the accumulated hours of filter operation

(T2). The computer-fitted equation is shown in Equation 10 and
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graphically in Figure 10.

% 03 thru filter = 6. 754 - 43. 928t
d

+ 0. 0282T + 0. 000217T 2 (Eq.10)

This equation has a multiple correlation coefficient (R2) of 0.935.

The equation is based on detention times from 0.0297 to 0.0471

second and entering ozone concentrations from 0.35 to 0.84 ppm.

Extrapolation beyond these ranges will result in questionable results.

For example, the equation fails when applied to Boberg's and Levine's

work with an entering ozone concentration of 6. 0 to 7.0 ppm.

4) The analysis in 3) showed that for Case II conditions there

is not a statistically significant relationship between the concentration

of ozone into the filter (ppm) and the percentage of ozone through the

filter.

5) For Case II conditions, there is a small increase (less than

1%) in the percentage of ozone through the filter when the detention

time is reduced from 0.0471 to 0. 0293 second (see Figure 10). If

the detention time is not considered as a significant independent

variable, the equation for the percentage of ozone through the filter

becomes

% 03 through filter = 5. 072 + 0. 0290T + 0. 000207T 2 (Eq. 11)

6) The relation of the number of hours of filter operation to the

percentage of ozone through the filter also differed for Case I and



14i

13 -

12 -

11 -

10 -

9 -

8 -

7-'

6

td =

td = 0. 0356

= 0.0471

td = detention time, sec

= data point

= computer fitted curve

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Accumulative time - hours

Figure 10. Changes in the percentage of ozone thru an activated charcoal filter with time.



59

Case II. For Case II the length of filter service appears to be the

most significant variable for the conditions investigated (see state-

ment 3 and Figure 10). For Case I it is not possible, based on this

investigation, to relate the length of filter service to the percentage

of ozone passing through an activated-charcoal filter. In Test 1 the

activated-charcoal filter prevented the passage of any detectable ozone

for approximately 150 hours. If the mechanism of this ozone re-

moval is catalytic it is possible that the filter would continue to re-

move all the ozone indefinitely. On the other hand, if any physical or

chemical adsorption is occurring ozone eventually will begin to pene-

trate the filter in measureable quantities.

The maximum amount of ozone that activated charcoal will ad-

sorb also appears to depend on the entering ozone concentrations and

the detention time. It appears that the physical adsorption theories

which predict moderate adsorptivity and are based on capillary con-

densation or molecular structure are appropriate for Case II. How-

ever, it appears that the above theories are too conservative for

Case I. The only adsorptive theory that may apply to activated char-

coal under Case I conditions is that proposed by Langmuir. Although

it is less than the 3.2 grams of ozone per gram of charcoal predicted

by the Langmuir equation, experimental work in which activated char-

coal removed ozone equal to 65% of its weight at room temperature

has been reported (14). The test conditions and the removal
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efficiency were not stated. Potential theory applied to BPL charcoal

appears to be much too conservative for predicting maximum ozone

removal by activated charcoal with an entering ozone concentration

less than 1.0 ppm.

Superinterception Filter

Test 4 was conducted to study the effect of a large glass fiber

surface area on ozone removal. The openings in the glass fiber mat

of the superinterception filter are approximately the same size as
4 °the largest pores in activated charcoal (10 A). With the large sur-

face area (30 ft2) of the glass fiber mat, the detention times were

0.0090 second with a flow of 60 cfm and 0.0045 second at a 120 cfm

flow. Ozone decomposition in the filter appears to be due in part to

physical adsorption. Evidence of this comes from the influence of

previous tests on the ozone passing through the filter. The percentage

of ozone through the filter in condition B (see Figure 8) shows the re-

lease of ozone that appears to have been adsorbed during condition A,

which had a higher entering ozone concentration. Condition C with a

greater air flow (120 cfm) appears to be removing ozone adsorbed

during condition B (60 cfm) for the first 30 minutes even though 11.5

hours of no operation separated the two test conditions.

Glass fiber mat does not have the extensive internal surface

area of activated charcoal. However, it is interesting that with small
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detention times the glass filter resulted in a measurable decrease in

ozone concentration.
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APPLICATION

Oxidative destruction of trace contaminants by ozone and nas-

cent oxygen can be accomplished easily in a contaminant-control

system which utilizes both ultraviolet light and an activated-charcoal

filter. A commercial trace-contaminant-control system containing

these two control mechanisms is shown in Figure 11. It is manu-

factured by Robbins Asceptic Air Systems and uses a prefilter, a

high efficiency particulate filter, an ultraviolet-light chamber, and

an activated-charcoal filter in series to eliminate both biological and

non-biological contaminants. To incorporate oxidative contaminant

destruction in this type of system, the only change required is to in-

crease the ultraviolet chamber so that the first section can be used

to irradiate the air stream with 1850 A ultraviolet light. This sec-

tion should be large enough to retain the air for six to eight seconds

(54). The germicidal ultraviolet light (2537 I) will help decompose

any excess ozone, and the activated charcoal will efficiently remove

any remaining ozone. As shown in the section on Experimental In-

vestigation, a nominal one-inch-thick activated-cocoanut-charcoal-

panel filter will completely remove ozone concentrations below 0.45

ppm. From 0.45 to 0.84 ppm of ozone, the removal efficiency will

decrease with time.

The unit shown is designed for portable operation. However,
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the same components are available for installation in a central air-

handling system. Central trace-contaminant-control systems usually

include dehumidification equipment if the humidity can be expected

to rise above 55% (46). Efficient biological-contaminant destruction

by the ultraviolet light (see Literature Review, Trace-Contaminant

Control) occurs only below humidities of 55%. Although this trace-

contaminant system is used primarily for hospital and convalescent

care, the same concepts are applicable to closed-loop breathing

systems.

The duplication of trace-contaminant destructive methods in a

system utilizing ultraviolet light, oxidative destruction, and an acti-

vated-charcoal filter is desirable since none of these methods of

contaminant control is 100% effective. Duplication increases the

system's reliability and results in the destruction of a greater variety

of trace contaminants. The successful long-mission use of nascent

oxygen and ozone to oxidize trace contaminants in a system similar

to that shown in Figure 11 is dependent upon the activated charcoal's

successfully adsorbing the non-oxidized trace contaminants with ozone

present and the successful regeneration of the activated charcoal after

ozone exposure. Additional investigation is needed in both of these

areas.
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CONCLUSION

Activated-cocoanut charcoal appears to be an effective method

of removing concentrations of ozone less than 1 ppm from an air

stream at room conditions. The ozone is removed by different

mechanisms depending upon the entering ozone concentration and the

filter detention time. With an entering ozone concentration less than

0.45 ppm and a detention time of 0. 0473 second, a catalytic adsorption

mechanism appears to be primarily responsible for the close to 100%

ozone removal. With an entering ozone concentration from 0. 50 to

1.00 ppm or a detention time from 0. 0297 to 0. 0356 second, the

catalytic ozone removal mechanism appears to be insufficient for

complete ozone removal. The small percentage of ozone that pene-

trates the charcoal filter increases with time.

The maximum amount of ozone that can be adsorbed at room

conditions by activated-cocoanut charcoal from an air stream con-

taining less than 1 ppm of ozone cannot be predicted accurately by

either Langmuir or potential adsorption theory. However, physical

adsorption theories can be used to estimate quantitatively the ozone

removal efficiency of activated charcoal with entering ozone concen-

trations above 0.45 ppm or detention times from 0.b297 to 0. 0356

second.

Incorporating oxidative contaminant destruction in a trace-

contaminant-control system utilizing ultraviolet light and activated
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charcoal appears to be feasible and desirable. The oxidative destruc-

tion of the non-biological contaminants by the ozone and nascent oxy-

gen produced with ultraviolet light results in more effective and

reliable trace-contaminant control.

Additional work is required prior to the actual use of activated

charcoal for ozone removal in trace-contaminant control to ensure

1) that ozone does not prevent the adsorption of other gas contami-

nants on the activated charcoal, 2) that charcoal used for ozone re-

moval can be regenerated, and 3) that other types of activated char-

coals have similar ozone removal properties if these charcoals are

used in trace=contaminant-control systems.



67

BIBLIOGRAPHY

1. American Association for the Advancement of Science. Air
conservation. Washington, D. C., 1965. 335p. (Publication
80)

2. American Society of Heating, Refrigerating and Air Condition-
ing Engineers. Guide and data book - applications - 1966 and
1967. New York, 1966. 1024p.

3. Handbook of fundamentals. New York, 1967.
544p.

4. American Society of Mechanical Engineers. Power code. New
York, 1959. 91p.

5. Austen, D. E. G. and D. J. E. Ingram. The correlation be-
tween adsorption and free radical concentrations in activated
carbons. Chemistry and Industry (London), Sept. 22, 1956.
p. 981-982.

6. Barnebey, H. L. Activated charcoal for air purification.
Transactions of the American Society of Heating and Air Con-
ditioning Engineers 64:481-498. 1958.

7. President, Barnebey-Cheney. Personal
communication. Columbus, Ohio. May 21, 1969.

8. Barnebey -Cheney. Activated charcoal. Columbus, Ohio,
1962. 7p.

9. Barth, C. A. and Joseph Kaplan. Chemistry of an oxygen
nitrogen atmosphere. In: The threshold of space, ed. by M.
Zelikoff. New York, Pergamon, 1957. p. 3-13.

10. Bellaire, F. R. and L. J. Anderson. Thermocouple psychro-
meter for field measurement. Bulletin of the American
Meteorological Society 32:217-220. 1951.

11. Benson, S. W. Critical densities and related properties of
liquids. Journal of Physical and Colloid Chemistry 52: 1056.
1948.

12. Boberg, J. E. and Myron Levine. Catalytic filtration of ozone



68

in air-borne application. Transactions of the American Society
of Mechanical Engineers, Journal of Engineering for Industry,
ser. B, 84:42-48. Feb. 1962.

13. Brinkley, W. J. Sales Engineer, Westinghouse Electric
Corporation. Personal communication. Bloomfield, New
Jersey. Sept. 3, 1969.

14. Bruns, Kozlova and Maksimova. Comments on ozone. Journal
of Physical Chemistry of the U.S.S.R. 6: 977. 1935. Cited in:
Thorpe's dictionary of applied chemistry. Vol. 9. 4th ed.
London, Longman's, 1949. p. 196.

15. Campagnie General des Eaux. Process and apparatus for
eliminating ozone from ozone charged air. French patent
addition 89, 645. July 21, 1967. (Abstracted in Chemical Ab-
stracts 68: 81184s. 1968)

16. Doying, E. G. Activated carbon. In: Kirk-Othmer encyclo-
pedia of chemical technology. Vol. 4. New York, Interscience,
1963. p. 149-158.

17. Elford, W. J. and Joan Van den Ende. An investigation of the
merits of ozone as an aerial disinfectant. The Journal of
Hygiene 42: 240 -265. 1942.

18. Ewell, A. W. Recent ozone investigation. Journal of Applied
Physics 17:908-911. 1946.

19. Forbes, G. S. and L. J. Heidt. The influence of water upon the
photolysis of ozone at X X 280, 254, and 110 Journal of the
American Chemical Society 56: 1671 -1675. 1934.

20. Garvin, David. The oxidation of CO in the presence of 03.
Journal of the American Chemical Society 176: 1523. 1954.

21. Grant, R. J. and Milton Manes. Correlation of some gas ad-
sorption data extending to low pressures and supercritical
temperatures. Industrial and Engineering Chemistry Funda-
mentals 3:221-224. 1964.

22. Gregg, S. J. and K. S. W. Sing. Adsorption, surface area and
porosity. London, Academic, 1967. 371p.



69

23. Hartack, P. and S. Dondes. Reaction of carbon monoxide and
ozone. Journal of Chemical Physics 26: 1734 -1737. 1957.

24. The oxidation of ozone to form nitrous oxide.
Journal of Chemical Physics 22: 758. 1954.

25. Hassler, J. W. Activated carbon. New York. Chemical,
1963. 397p.

26. Hazlett, F. B. Vice President, Robbins Asceptic Air Systems.
Personal communication. Los Angeles. June 18, 1969.

27. Jenkin, A. C., A. H. Malik and R. L. Pruett. Decomposing
ozone. U.S. patent 2, 980, 494. April 18, 1961. (Abstracted
in Chemical Abstracts 55; 25116B. 1961)

28. Keenan, J. H. and Joseph Kaye. Gas tables. New York,
Wiley, 1960. 238p.

29. Koller L. R. Ultraviolet radiation. New York, Wiley, 1952.
270p.

30. Lange, N. A. (ed.). Handbook of chemistry. 10th ed. New
York, McGraw-Hill, 1961. 1969p.

31. Luckleish, Matthew. Applications of germicidal, erythermal
and infrared energy. New York, Van Nostrand, 1946. 463p.

32. McGrath, W. D. and R. G. W. Norrish. Influence of water on
the photolytic decomposition of ozone. Nature 182: 235 -237.
1958.

33. Manley, T. C. and S. J. Niegowski. Ozone. In: Kirk-
Othmer encyclopedia of chemical technology. Vol. 14. New
York, Interscience, 1963. p. 410-432.

34. Mast, G. M. and H. E. Saunders. Research and development
of the instrumentation of ozone sensing. Transactions of the
Instrument Society of America 1:325-328. 1962.

35. Mast Development Company. Mast model 724-2 ozone meter
instruction manual. Davenport,Iowa, 1969. Various paging.

36. Meckler, Milton. A guide to selecting air sterilization equip-
ment for hospitals, laboratories, clean rooms. Air



70

Conditioning, Heating and Ventilating 62: 81-86. 1965.

37. Nagy, Rudolph. Application of ozone from sterilamp in con-
trol of mold, bacteria, and odors. In: Ozone chemistry and
technology, ed. by the staff of the American Chemical Society.
Washington, D. C., 1959. p. 57-65.

38. Industrial uses of ozone. Bloomfield, New
Jersey, Westinghouse Electric Corporation, 1962. 7p. (Re-
search memo BL-M-6-1029-6G6-6)

39. Ozone. Bloomfield, New Jersey, Westing-
house Electric Corporation, n. d. 10p.

40. Norrish, R. G. W. and R. P. Wayne. The photolysis by ultra-
violet radiation. I. The photolysis of pure, dry ozone. In:
Proceedings of the Royal Society, ser. A, 288:200-211. 1965.

41. Perry, Robert et al. (eds.). Reaction kinetics, reactor de-
sign and thermodynamics. In: Chemical engineers handbook.
New York, McGraw-Hill, 1963. p. 4-8.

42. Potter, Lewis and Spencer Duckworth. Field experience with
the Mast Ozone Recorder. Journal of the Air Pollution Control
Association 15: 207-209. 1965.

43. Puri, B. R. Surface oxidation of charcoal at ordinary tempera-
tures. In: Proceedings of the Fifth Conference on Carbon.
Vol. 1. New York, McMillan, 1962. p. 165-170.

44. Richardson, N. A. and W. C. Middleton. Evaluation of filter
for removing irritants from polluted air. Heating, Piping and
Air Conditioning 30: 147 -154. Nov. 1958.

45. Ripperton, L. A. Associate Professor of Air Hygiene, Uni-
versity of North Carolina. Personal communication. Corvallis.
August 28, 1969.

46. Robbins Aseptic-Air Systems. Aseptic-air. Los Angeles,
1968. 23p.

47. Robell, A. J., E. V. Ballou and F. G. Borgardt. Considera-
tions in atmospheric contaminant removal. 49p. (National
Aeronautic and Space Administration. N66-14625) (Micro-
fiche)



71

48. Roth, E. M., W. H. Teichner and A. 0. Mirarchi. Contami-
nant standards. In: Compendium of human responses to the
aerospace environment. Vol. III, secs. 10-16. Washington,
D. C., 1968. p. 13-1 to 13-94. (National Aeronautics and
Space Administration. Contractor Report. NASA Cr-1205
(III))

49. Shank lin, C. H. Customer Service Manager, Mast Develop-
ment Company. Personal communication. Davenport, Iowa.
May 16, 1969.

50. Skare, Invar. Generation and determination of ozone in low
concentrations. International Journal of Air and Water Pollu-
tion 9: 601-604. 1964.

51. Slabaugh, W. H. and T. D. Parsons. General chemistry.
New York, Wiley, 1966. 478p.

52. Stanford Research Institute. Characteristics of particles and
particle dispersiods. Menlo Park, California, 1961. 1p.

53. Summer, W. Odour control with ultraviolet radiation. Manu-
facturing Chemist 24: 105 -110. 1953.

54. Odour destruction. Journal of the Institution
of Heating and Ventilating Engineers 34: 229 -236. 1966.

55. Ultra-violet and infra-red engineering. New
York, Interscience, 1962. 300p.

56. Tebbens, B. D. Residual pollution products in the atmosphere.
In: Air pollution, ed. by A. C. Stern. Vol. 1. New York,
Academic, 1962. p. 23-40.

57. Turk, A. Measuring and controlling odors. Heating, Piping
and Air Conditioning 40: 207 -210. Jan. 1968.

58. U. S. Department of Health, Education and Welfare. Air
pollution engineering manual, ed. by J. A. Danielson.
Cincinnati, 1967. 892p.

59. Selected methods for the measurements of
air pollutants. Cincinnati, 1965. Various paging.



72

60. Vermeulen, Theodore. Adsorption. In: Kirk-Othmer
encyclopedia of chemical technology. Vol. 1. New York,
Interscience, 1963. p. 421-470.

61. Walker, J. Destruction of adventitiously produced ozone.
Journal of Scientific Instruments 43: 111. 1966.

62. Wells, W. F. and M. W. Wells. Air-borne infection. Journal
of the American Medical Association 107: 1805 -1809. 1936.

63. Witheridge, W. N. and C. P. Yaglou. Ozone in ventilation -
its possibilities and limitations. Heating, Piping and Air
Conditioning 11:648-653. Oct. 1939.



APPENDIX



0. 8

0.7 -

003

0.6 -
U

0

0

0.2 -

0.1 .

2. 25 in diameter
orifice

CO

3. 54 in diameter
orifice

O

el
4,11

0.5 0.6 0.7 0.8 0.9 1,0 1.1 1:2 1.3 1,4 1.5 1.6 1.7 1,8 1.9

Air flow ft
3
/sec

Figure A-1. Orifice calibration data.



T able A-1. Test 1 data.

Room air itto duct 4 4Temp p 3 Temp A

Date
Sept 1969

Time Accum
time

hr

AP (0
orifice
in H2O

Filter
03 in
ppm

Filter
03 out
ppm

Ozone
thru
filter

96

T dry bulb
or T wet bulb

or Rel hum.
ni

Hum. ratio
J.,iiiR

T dry bulb
°F

T wet bulb
of

T dry bulb
°F

T wet bulb
or Barometric

pressure
in Hglb dry air

13 102 5 0 0. 520 0. 48 72. 8 61.4 48 58.5 73.6 61.6 73.4 61.8 29. 771630 6.00 0, 520 0, 50 71.2 58.4 46 62.5 72.0 58.8 71.8 58.8 29. 712200 11. 53 0. 530 0. 46 7 4. 4 61.4 58 60. S 75.2 61.6 75. 2 61.8 29. 75
14 082 5 22.00 0. 510 0. 48 * - 72, 4 59, 6 57 56.0 73. 2 59. 8 73. 2 59. 8 29. 801330 27, 00 0. 530 0. 51 0.008 1.6 71.4 58.0 54 50.5 72.0 58.2 71. 8 58.4 29. 792200 35. 50 0. 500 0. 48 0, 011 2, 3 73, 4 59. 2 43 52.0 74. 2 59. 6 74. 2 59. 8 29. 75
15 0755 45.00 0. 500 0. 49 0.008 1. 6 71.4 58.0 54 50. 5 72.4 58.6 72.2 58.6 29. 711600 53.00 0. 520 O. 50 0.012 2. 4 70. 8 56.8 41 46.0 71.6 57.4 71.4 57.4 29.63221 5 59.75 0. 530 0. 49 0.020 4. 1 73, 2 58.0 39 47. 5 73. 8 58.6 73.8 58.6 29, 67
16 0800 69. SO 0, 510 O. 49 0.016 3. 3 71.2 57.8 44 50.0 72. 2 58.4 72. 2 58.4 29. 671600 77,50 0,540 0.46 0.006 1.3 70.6 60.0 53 60.0 71.4 62.6 71.4 62.8 29.612145 83. 25 O. 510 0. 45 0, 011 2. 4 72. 8 62.0 55 66.0 73.6 63.6 73.6 63.6 29. 57
17 0 935 93. 50 0. 520 0. 43 71.6 62.2 59 6 8. 5 72. 4 62.6 72. 4 62. 8 29. 521 500 100. 50 0. 530 0. 41 70.6 63. 8 69 77. 5 71, 8 64. 2 72.0 64. 2 29. 432150 107. 25 0. 510 O. 42 73, 2 65.0 65 79.0 74.0 6 5. 2 74.0 65. 3 29. 42
18 0800 117.50 0.530 0.42 70. 8 61. 4 58 66.0 71. 8 61. 8 71. 8 62.0 29. 511600 125. 50 O. 510 O. 43 70.8 62. 4 63 70.5 71.4 62.8 71.8 62. 8 2 9. 512150 131. 25 0. 530 O. 45 72. 8 63, 0 58 70, 5 73. 4 62. 6 73. 2 62. 8 29. 53
19 0815 141. 75 0, 520 0. 43 71.0 62.2 52 69.5 71.6 62.6 71.4 62.8 29. 511 445 1 48. 25 O. 530 0. 43 70. 8 62. 4 63 70.5 71, 6 62. 8 71.4 62.8 29, 532150 155. 25 O. 510 O. 43 72, 2 62.2 59 58.5 73, 0 62.2 73.0 62.8 29. 54
20 0800 165. 50 0. 510 0. 44 70.0 61.0 60 66.0 70.6 61. 4 70.6 61.6 29. 521 450 172.25 0. 530 0. 42 70.0 62.0 65 70.5 70. 8 62. 4 70.8 62.6 29 562200 179. 50 0. 520 0. 44 71.6 61. 8 59 57, 5 72.6 62.2 72. 4 62. 2 29. 61
21 0 800 189. 50 0. 510 0. 44 70.0 60.8 59 65.0 70.4 61.0 70. 4 61.2 29, 691 430 1 96. 00 0. 540 0. 44 70.0 60. 8 59 65.0 70.6 61.0 70.4 61.2 29, 682200 201. 50 0. 520 0. 44 71.4 61. 2 56 6 4. 5 72. 2 61.6 72. 2 61. 8 29, 66
22 0900 214, 50 0. 520 0. 42 69. 8 61.2 61 67.0 70.6 62.6 70.6 62, 6 29. 62
Ave - - 0. 520

0,455
71. 5 60. 9 553 63.03 72, 3 61.4 72.2 61, 5 29.66

*Ozone
concentration less than 0.005 ppm.

Weight gain by 3869 grams of activated charcoal during test was 260 grams.
2
Blank correction for filter frame and the duct between ozone measuring poirt was less than 0.005 ppm.

3
Based on average T = 71. 5°F and average Twb = 60.9°F .

4See Figure 3, page 29 in body of text .

5
The values of ozone out of the filter are averages of the time period following the value in the Time column. Values taken at 2130 to 2230 are used twice in computing the average
to compensate for the longer time period.



T able A-II. Test 2 data.

Ozone
Filter Filter thru cu3

r---1 3Accum P@ Room air into duct Temp cu Temp
BarometricDate Time Time orifice 03 in 03 out filter T dry bulb T wet bulb T dry bulb T wet bulb T dry bulb T wet bulb pressureSept 1969 hr in H2O ppmPP ppm °F °F °F °F °F °F in Hg

23 1200 + 0. 220 0. 70 0. 032 4. 6 70.2 62.2 71. 4 62.6 72. 0 62.8 29. 601300 + 0. 220 0. 35 O. 015 4. 3 69. 8 61. 8 71.2 62. 0 71.2 62. 0 29. 601435 + 0.220 0. 50 0. 021 4. 2 70.6 60. 8 72.2 61.4 71.8 61.6 29. 601700 0 0. 220 0. 71 0. 035 4. 9 70.2 59.8 71. 2 60.0 70. 8 60.2 29.612145 4.75 0. 220 0.68 0.048 7. 1 71. 8 61.4 73.2 62.0 73.0 62. 2 29. 58
24 0900 16.00 0.215 0.73 0.050 6.8 70.2 60.4 71.6 61.0 71.6

1515 22. 25 0. 220 0.74 O. 058 7. 8 70. 8 61. 6 72. 4 62.0 72. 4
2215 29.25 0. 200 0. 74 0. 057 7. 7 72.0 61. 8 73.4 62. 2 73. 4

61.2
62.2
62.4

29.69
29.61
29. 61

25 0900 40. 00 0. 245 0. 66 0. 061 9. 2 70.0 61.1 71.2 61.6 71.2 61. 8 29. 701530 46. 50 0. 225 0. 71 0. 063 8. 9 70.6 60.4 71.8 61.0 71.8 61, 2 29. 701900 50+ 0.215 0.70 0.063 9.0 71.6 61.4 73.0 61.8 73.2 62.2 29.671930 + 0, 220 0. 50 0. 046 9. 2 72. 4 61.2 73.0 62.0 73.4 62.2 29.672030 + 0. 220 0. 35 0. 030 8. 6 72. 4 60.8 73.6 62.2 73.8 62. 4 29.672130 51.00 0, 220 0. 71 0. 071 10. 0 72. 4 62.0 73.8 62.2 73. 6 62. 4 29.67
26 0930 63.00 0. 220 0. 71 0.082 11. 5 70.0 59.2 71.2 59.6 71. 2 59. 8 29. 591530 69. 00 0. 220 0. 71 0. 082 11. 5 70.4 59. 8 71.6 60.0 71.6 60.2 29. 502200 75. SO 0. 220 0. 70 0. 090 12. 9 72.2 61.2 73, 2 61. 8 73.2 61.8 29. 47
27 0845 86.25 0. 215 0. 69 0, 088 12. 8 70.0 59.8 71. 2 60.0 71.2 60.0 29. 501530 93.00 0,225 0.65 0.070 10.8 70.4 62.6 71,8 63.0 71.8 63.2 29.502200 99. 50 0, 220 0.65 0. 070 10.8 72. 4 62. 8 73.6 63. 4 73.6 63. 6 29. 54
28 0900 110.50 0.220 0.645 0.076 11.2 71.2 60.2 71.6 60.6 71.6 61.8 29.620920 + 0.220 0.50 0.055 11.0 70.6 60.2 71.8 60.6 71.8 60.8 29.621030 + 0.220 0.35 0.038 10.8 70.8 60.6 72.4 60.2 72.4 60.4 29.621130 + 0. 220 0. 68 0. 080 11. 7 70.8 60.8 72. 4 61.2 72. 4 61.2 29. 62Ave (except

+ values) = 0. 220 0.704 71.0 60.9 72.2 61.4 72. 1 61.6 29.59

1
Weight gain by 1560 grams of activated carbon was 13 grams.

2
Blank correction for filter frame and duct between ozone measuring points was less than 0. 005 ppm.

3
See Figure 3, page 29 in body of text..

4
The values of ozone out of the filter are averages of the time period following the value in the Time column. Values taken at 2130 to 2230 are used twice in computing the
average to compensate for the longer time period.

5
Meter air pump was discovered to be worn, causing low meter values. Air pump was recalibrated to eliminate error for the following readings.

6
Roorn air average relative humidity equaled 57 and the average humidity ratio equaled 63. 5 grains H20/1b dry air using ave. Tdb = 71. 0°F and ave. T = 60. 9°F.



T able A-Ill. Test 3 data.

Ozone
Accum. G P (a) Filter Filter thru

Date Time Time orifice 03 in 03 out filter
Sept 1969 hr in 1-120 ppm ppm

Room air Temp a 3
Temp a 3

Barometric
T dry bulb T wet bulb T dry bulb T wet bulb T dry bulb T wet bulb pressure

of °F of °F of °F in Hg

29 0825 + 0. 450 0. 35 0. 018 5.1 71. 2 62. 2 72.6 62. 4 72.6 62.6 29. 620905 + 0. 700 0. 35 0. 016 4.6 71.8 62. 4 73.0 62.6 72. 8 62. 8 29. 620935 + 0.450 0. 50 0.024 4.8 71.6 62.4 73.8 63.2 73.2 63.2 29.631015 + 0. 700 0. 50 0. 027 5. 5 71.6 62. 4 73. 6 62. 8 73. 4 63. 2 29.64
1050 + 0. 450 0. 70 0. 042 6.0 71. 8 62. 8 73.6 63. 2 73. 4 63. 2 29. 651130 + 0.700 0. 70 0. 040 5.7 71.4 62.6 73. 4 62. 8 73.4 63. 2 29. 651215 + 0. 700 0. 84 0. 045 5. 4 71.8 62.6 73.4 62. 8 73. 4 63. 2 29. 671300 0 0. 450 0. 84 0. 044 5. 2 71. 8 62. 4 73.2 62. 8 73, 2 63.0 29. 672200 9. 00 0. 445 0. 83 0. 046 5. 5 72. 8 62.8 75.2 63. 2 75.0 63. 4 29. 70

30 0900 20. 00 0. 450 0. 83 0, 054 6. 5 70. 6 61. 8 72. 8 62.0 72. 8 62. 2 29. 68
1530 26. 50 0. 450 0. 80 0. 050 6. 3 71. 2 63. 8 73. 2 63. 8 73. 2 63.8 29. 682200 33. 00 0, 455 0. 85 0. 050 5.9 72.0 63.2 74. 6 63. 8 74. 2 64. 0 29, 69

Oct 1 0900 44.00 0. 450 0. 83 0.053 6. 4 71.6 62. 2 73.6 62.6 73. 4 62. 8 29. 521500 50. 00+ 0. 445 0. 84 0.053 6. 3 70. 8 62.0 73.8 62.6 72. 2 62.6 29. 50
1530 + 0. 700 0. 83 0. 055 6. 6 70.6 61.6 72. 8 62. 4 70.0 62. 4 29. 50
1615 + 0. 700 0. 70 0. 047 6. 7 71.0 61.2 72.4 61.6 72. 2 61. 6 29. 52
1705 + 0. 450 0. 70 0. 043 6.1 71.6 60.8 73.2 61. 2 72. 0 61.2 29. 55
1750 + 0. 700 0. 50 0. 028 5.6 72. 2 61.6 74. 2 62. 2 73. 8 62. 2 29. 56
1830 + 0. 450 0. 50 0.035 7.0 73.0 62. 4 74. 8 62. 8 74. 6 63. 0 29. 58
1910 + 0. 450 0. 35 0. 023 6.6 73. 4 62. 4 75. 2 62. 8 75.0 63. 0 29. 58
1940 + 0. 700 0,35 0.025 7.1 73.2 62. 4 75.0 62. 8 75.0 63.0 29. 59
2030 50.00 0. 450 0. 84 0. 062 7. 4 73. 2 62.0 75. 2 63. 0 74. 8 63. 0 29, 59

2

3

0830 62. 00 0. 450 0. 84 0. 068 8. 1 71.0 60.4 73.0 60.8 72. 8 60.8 29.69
1530 69. 00 0. 450 0. 84 0. 075 8. 9 71.2 59.6 73.0 59. 8 72. 2 60.0 29. 71
2200 75. 50 0. 445 0. 90 0. 076 8, 4 72. 4 60. 8 74. 4 61.6 74.4 61. 8 29. 80
0960 86. 50 0. 440 0. 85 0. 084 10.4 72.2 60.0 74.2 60. 4 74.2 60. 8 29. 80
1530 93. 00 0. 460 0. 80 0. 079 9. 9 70. 2 59.0 73.4 59. 6 73.0 59. 8 29. 76
1920 97.00+ 0. 450 0. 84 0. 078 9. 3 72. 4 60.6 74.6 60. 6 74.6 60. 8 29, 741940 + 0. 450 0. 70 0. 065 9. 3 72.6 60.4 74. 8 60. 8 74.8 61.0 29.74
1950 + 0. 450 0, 50 0. 047 9. 4 73.2 60.8 74.8 61. 0 74. 8 61.2 29. 742010 + 0,450 0.35 0.035 10.0 73.4 60.8 75.0 61.0 75.0 61.4 29.75
2025 + 0. 700 0. 35 0. 032 9. 2 73.4 60. 8 74.8 61.0 74.8 61.4 29. 76
2035 + 0. 700 0. 50 0. 045 9.0 73. 2 61.0 75. 2 61. 2 75. 2 61. 4 29. 762050 + 0. 700 0.70 0. 070 10.0 73.2 60. 8 75.0 61.2 75.0 61. 6 29. 76
2100 + 0. 700 0. 84 0. 085 10.1 73.4 61.0 74. 8 61. 2 74.8 61. 6 29. 76
2110 97.00 0. 450 0. 84 0. 092 11.0 73. 4 61.0 74.8 61. 2 74. 8 61. 6 29. 76

Continued on next page



T able A-III Continued.

Ozone 3Room air Temp 9)Accum. Filter Filter thru Temp 11
3

Date Time Time orifice O in 03 out filter T dry bulb T wet bulb T dry bulb T wet bulb T dry bulb T wet bulb
°F °F

Oct 1969 hr in H2O ppm ppm of oF
of °F

Barometric
pressure
in Hg

4

5

Ave (except
+ values) =

40700 107.00 0.440 0.86 0.0954 11.0 72.6 60.2 74.8 60.4
21 45 121.75 0.450 0.84 0.098 11.7 73.0 60.6 75.0 60.8

74. 6
75. 6

60.6 29. 76
61.0 29.68

0900 133.00 0. 445 0. 86 O. 101 11.7 72.4 59. 8 74.6 59.4 7 4. 0 59. 8 29.73
1530 139. 50 0. 470 0. 83 0. 103 12.4 70.4 62.6 72. 2 63.2 72.4 63.2 29. 70
1745 1 41. 75 0. 450 0.84 0. 107 12. 7 72. 6 59.8 74.6 59.8 74.6 60.0 29.68
2025 + 0. 450 0. 70 0. 095 13. 6 73.0 60.0 74.8 62. 2 74.8 62. 6 29.69
2100 + 0.450 0.50 0.062 12.4 73.4 60.2 75.0 60.6 75.0 60.8 29.70
2125 + 0. 450 0.35 0. 042 12. 0 73.6 60.4 75.2 60.6 75.2 60.8 29. 70
2200 + 0. 700 0.35 0. 045 12.9 74.0 61.0 75. 4 61.0 75.4 61.2 29. 70
2225 + 0.700 0. 50 0.066 13.2 73.8 60.6 75.4 60.8 75.4 60. 8 29. 702250 + 0.700 0.70 0.105 15.0 73.6 60.8 75.6 61.0 75.6 61.2 29.70
2320 + 0.700 0.85 0. 125 1 4. 7 73.6 60.6 75.6 60.8 75.6 61.0 29.70

0. 4504 0. 84 71.9 61. 3 74.0 61. 6 73. 8 61.8 29.69

1
Weight gain by 1573 grams of activated charcoal was 15 grams.

z
Blank correction for filter frame and duct between ozone measuring points was less than 0. 005 ppm.

3
See Figure 3, page 29 in body of text.

4
The ozone concentrations out of the filter are averages of the time period following the value in the Time column. Values at 2100 to 2230 and at 0700 on October 4 are used
twice in computing the average to compensate for the longer time period.

s
Room air average relative humidity equaled 55's, and the average humidity ratio equaled 64.0 grains H

2
0/1b dry air using ave. Tdb = 71. 9°F and ave. T

wb
61. 3°F.



Table A-IV. Test 4 data.

Ozone ... 3 3Room air Temp ,g) 0 Temp e 111Accum. L P @ Filter Filter thru BarometricDate Time Time orifice 03 in 03 out filter T dry bulb T wet bulb T dry bulb T wet bulb T dry bulb T wet bulb pressure
of of of

Oct 1 969 hr in H2O Pim, ppm ,' of of 0F in Hg

4

Ave

1520 0 0. 93 0. 86 0. 500 58. 1 71.2 59.8 72.0 60.0 72.0 60.0 29.70
1535 0.25 0. 90 0. 86 0. 631 73.4 71.2 59.6 72. 4 60.0 72.4 60.0 29. 70
1550 0.50 0.90 0.87 0.662 76.1 71.4 59.8 72.6 60.0 72.6 60.0 29.69
1620 1.00 0. 89 0. 85 0. 731 86.0 71.4 59.8 72.8 60.0 72. 8 60.0 29.69
1720 2.00 0. 89 0. 86 0. 740 86.0 72. 6 60.2 73.8 60.6 73.8 60.6 29.68

0. 90 0. 86 - - 71.6 59.8 72.7 60.1 72. 7 60.1 29.69

1915 0 0. 90 0. 44 0. 350 79.5 72.6 60.4 73.6 60.6 73.8 60.8 29.67
1930 0, 25 0. 90 0. 44 0. 405 92.0 72.8 60. 4 73.8 60.6 73.8 60.8 29.67
1945 0. 50 0. 89 0. 43 0. 392 91.2 72. 8 60.2 73. 8 60.4 73.8 60.6 2 9, 66
2015 1.00 0. 90 0. 44 0. 372 84.5 72.8 60.2 74.4 60.6 74. 4 60.6 29. 66
2115 2.00 0. 90 0. 43 0. 350 81.4 72.8 29.8 74.2 60.0 74.2 60.0 29. 66
2215 3.00 0.93 0.43 0.350 81.4 73.0 59.6 74.4 59.8 74.4 60.0 29.66Ave 0. 90 0. 44 - - 72. 8 60.1 74.0 60. 3 74. 1 60. 5 29, 66

5 0950 0 0.68 0. 39 0. 285 73. 1 72.2 58. 8 72, 6 59.2 72. 6 59. 4 29, 49
1005 0.25 0.68 0. 40 0. 370 92. 5 71.2 59, 2 71.6 59.4 71. 8 59.6 29, 48
1020 0. 50 0.68 0. 40 0. 365 91.2 71.2 59.2 72.0 59.4 72.0 59.6 29, 48
10 50 1.00 0.68 0. 40 0. 365 91.2 71.4 59.4 72. 0 59. 6 72.0 59.8 29. 47Ave 0. 68 0. 40 - - 71.5 59.2 72. 1 59. 4 72. 1 59. 6 29, 48

1

Both tests on October 4 used the 2. 25 inch diameter orifice, and the test on October 5 used the 3. 54 inch diameter orifice.
2
See Figure 3, page 29 in body of text.

3
Room air average relative humidity and average humidity ratio are:

Test Ave Rel Hum °3 Ave Hum Ratio grains H20/1b dry air

Oct. 4 1520 -1720 48 57.5
1915 -2215 44 53.0

Oct. 5 0950 -1050 48 57.5

cc



SAMPLE CALCULATIONS USING DATA FROM TEST 1

1) Reynolds Number in 8 in x 8 in Duct - Re

Re VD
p.v

V = velocity - ft/sec

100 ft 3/min 1/60 min/sec
V 3.74 ft/sec

64 in2 1/144 ft2/in2

4(Area - ft2)
D = equivalent diameter (wetted perimeter - ft) - ft

D
4 (64 in2 1/144 in2/ft2)

0.66632 in 1/12 ft/in

= fluid viscosity - lb/sec ft

= 122 x 10-7 lb/sec ft @ 71. 5°F (from reference 28)

specific volume - ft3/lb

Re (3. 74 ft/sec)(0. 666 ft)

(122 x 10-7 lb/sec ft)(13. 58 ft3 /lb)

79

Re = 15, 000

2) Average Velocity Through Filter - V f

Vf = Q/A V f = velocity through filter-ft/sec

V

Q = air through filter - ft3/sec

A = effective filter area - ft

100.0 ft 3/min 1/60 min./sec
f (16.5 in 1/12 ft/in)

V f = O. 88 ft/sec

2



3) Detention Time in Filter
60 L A Ptd

Qn

80

(from reference 44 )

td = air detention time within filter - sec

L = bed thickness - ft

A = effective area of filter - ft 2

P = bed porosity - % voids (50% used

from reference 44)

Qn = air quantity - ft3/min

(60) (1 in 1/12 ft /in) (16.5 in 1/12 ft/in)2 (.5)td
100 ft3 /min

td = 0. 0473 sec 44

4) Ozone Produced During Test

A) Total air through filter

= (100 ft3 /min)(60 min/hr)(214. 5 hr)

= 1 .287 x 106 ft3 of air

= 36.45 x 106 liters of air (since 1 ft 3 .28.32 liters)

B) Total volume of ozone generated

= (0.453 x 10-6 part ozone/million)(36. 45 x 106 liters of air)

= 16.5 liters ozone

C) Total weight of ozone generated (22.4 liters ozone = 48 grams)

(16.5 liters x 48 g)
22.4 liters

= 35.36 g ozone .4



D) Ozone per gram activated charcoal

ozone grams
initial wt of filter grams

35.36 g ozone
3869 g charcoal

= 0. 00914 g ozone/g activated Charcoal

81


