ABSTRACT

JAMES G GARTLAND. Response of an Electronic Sensor to Binary Solvent
Mxtures in a Sinulated Charcoal Bed. (Under the Direction of DR
DAVID A FRASER)

A study was performed which evaluated the ability of a charcoa
bed breakthrough detector to be utilized under conditions where a
binary mxture of solvents was passed through a bed. A Taguchi Gas
Sensor (TGS 812) was used.

Acetone and tol uene were tested in a sinulated charcoal bed system
both singly and in binary mxtures over a range of concentrations. TGS
response to acetone was nuch greater than to toluene. In addition
acetone achi eved the charcoal service life endpoint (ie. 102 of the
chal | enge concentration) more quickly. Toluene concentrations at the
10% breakt hrough times for the acetone were insufficient to appreciably
affect sensor response. It would thus appear that this detector can be
utilized for the detection of a mxture of acetone and toluene if the
alarmsignal on the detector is preset for acetone. Sensor
sensitivities were nuch weaker than found in a previous study with the

sane sensor.
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I . 1 NTRODUCTI ON

A. GENERAL

The need for purification of air contam nated by potentially
hazar dous sol vent vapors and gases is a problemencountered both in
industry and the | aboratory setting. One of the primary methods of
purification involves the enploynent of activated carbon filter beds in
ventilation systens. Al though often an effective neasure, activated
carbon use presents an interesting risk-benefit situation. This
problemarises fromthe difficulty of determ ning the exact point where
the carbon bed reaches the end of its service life, the breakthrough
point. This point is reached when the downstream concentration is 10%
of the concentration of contam nant chall enging the carbon. \Wen the
beds are discarded before reaching this point, there is an obvious
monetary | oss fromreplacing themnore often than needed. If too nmuch
time passes before replacement, there is the nore serious probl em of
potential risk to workers or the environnent from escape of hazardous
| evel s of contam nant through the bed. Finding a good nethod for
determ ning end of service life thus becones very inportant.

Unfortunately, there are no intrinsic aspects of carbon beds that
al | ow easy service |ife determnation. The carbon does not change
color as it becomes full of adsorbed contam nants. There is no change

inairflowresistance as the bed becomes saturated. A gain in mass of
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the bed can be correlated to sone degree with the degree of saturation,
but since noisture is also adsorbed, changes in relative humdity make
even this parameter difficult to use consistently (44).

One nmethod that has found sonme success in the past was the use of
carbon tetrachloride (CCl4) as a nondestructive tracer gas. Wile CCl 4
was rel eased upstream air sanples could be renoved downstream of the
filter for gas chromatograph analysis, or test elenents (smaller nodels
of the carbon beds) could be placed downstream and renoved at intervals
to eval uate saturation (45). A recent update of this concept has been
suggest ed which woul d place a panel of carbon cartridges in a 4 by 4
matri x downstream of the carbon bed. These 16 cartridges could be
i ndividually removed over a period of tine and anal yzed to give an
approxi mation of saturation Increase over tine and thus an estinmate of
service life (44). Athough these nethods have sone useful ness, it
woul d be better to have a means of continuously nonitoring the
downst ream concentration of contam nants in order to get maxi mum
benefit out of a carbon filtration system A gas sensor would be able
to determ ne when significant |evels of contam nant are breaking
through the filter bed, thus signifying the need for replacenent.

A short discussion of carbon adsorption theory is presented in
Appendi x A.

An ideal nonitor for detecting service |ife would have to neet a
nunber of perfornmance characteristics. It should be small, rugged,

I nexpensi ve and be capabl e of continuous operation. It should actively
Indicate (usually by alarm the presence of the preset contam nant
| evel without outside intervention. It should respond reliably to

contam nant gases and vapors over a range of several orders of
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magnitude with a time resolution of a fewmnutes and be sensitive at
the toxic limts of the contamnant (29,43).

B. SERVICE LI FE MONI TORI NG METHODS

There i s probably no nonitor or sensor which neets all of the
requirements discussed previously. Acritical reviewof some of the

techni ques suggested for monitoring of breakthrough should allow a
proper choice to be made for further evaluation

1. Catalytic oxidajtion (12,27,29,42)

Gas detectors operating on the catalytic oxidation principle work
by measuring the amount of heat |iberated when an organic nolecul e
reacts exothermcally with an oxidant. Mnitors based on this
techni que have relatively poor response, especially at |ow
concentrations where they nust be zeroed every few nonents. They not
onl'y have poor response to hal ogenated hydrocarbons, but are easily
poi soned by them A relatively expensive anplifier circuit is required

for this sensor.

2i Gas chromat ography (12, 27)
Systens based on gas chromatography anal ysis have sonme very
positive qualities. They give highly accurate, continuous responses to

most gases. Unfortunately, they are often too conplicated for easy use
and require extensive training of personnel for reliable results.

Anot her maj or consideration is the high cost of such systens.
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/\ 3. Nondispersive infrared (12,27, 29)
These systens are based on the absorption of infrared radiation by
contam nants. The instrunmentation is relatively conplex. A separate
setting must usually be made for each contamnant and corrections nust

often be made for interference fromother contamnants or water vapor.

The instrunments are al so noderately expensive.

4. Utraviolet (W) ionization (27,29)

These systenms rely on high energy W radiation causing the
i oni zation of nolecules, which induces current flow between two
el ectrodes. This technique is among the better ones suggested for
br eakt hrough nonitoring. Mst of the commrercially used hydrocarhbons,
including the chlorinated ones, can be detected by W ionization
syst ens. Monitors based on these techni ques have the advantages of
being light, safe and easy to use. As with infrared systems, detectors

are noderately expensive.

5 Color-changing indicators (Detector tubes) (12,29,39)

This method relies on a change in color of a specific adsorbent
when air containing a given contamnant is passed through it. The
color change is usually the result of a reduction-oxidation reaction

The concept has been evaluated for respirator cartridge breakthrough
(29, 39).
A maj or disadvantage of detector tubes is the lack of continuous
response.  There are al so problenms occasional |y with sensitivity and
@"Nerferences.  The technique still has usefulness for spot checks to
VI obtain qualitative measures of breakthrough.
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50" 6. Piezoelectric mcrobal ances (29, 42)

This method works on the principle of a small anount of
contam nant mass altering the vibrational frequency inposed on a quartz
crystal by an applied electrical AC frequency in the range of 9 to 15
MHz. Wile these systems have the advantages of high sensitivity,
smal | size and relatively sinple electronics, there is a large problem
with interferences. The sensor can react to water and even aerosols.
Sone degree of specificity can be arranged if a given contamnant is
being sought, but this involves coating the crystal and the reactions
with these coatings are usually nonreversible.

7. Flame ionization systens (27,29)

In these nonitors, the air to be sanpled flows through a hydrogen
flame and the ions thus produced induce a flow of current proportiona
to the concentration of the contamnant to an el ectrode |ocated
adjacent to the flame. These systems are al so anong the better
breakt hrough nonitors, especially since almost all hydrocarbons may be
detected by them H gh cost is again a disadvantage.

8" Metal Hc oxi de sem cond| Jctor (M) sensors

Instruments based on the netallic oxide sem conductor sensor have

shown sonme pronise as breakthrough monitors. They were the sensor type
chosen for further research in this paper and in several studies

involving respirators (6,25), including a NNOSH (National Institute for
Cecup atlonal ;gety and Heal th) study on end-of-life monitors for

resp rators

n-the followng section, a review of the netani coxi de
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sem conductor literature is presented in order to gain a better
understanding of the theory, nmechanisms and uses of these sensors. In
addition, a review of the literature is presented pertaining to the
Taguchi Gas Sensor (TGS), which was chosen for further study in this

paper .
C. REVIEWOF MOS SENSOR LI TERATURE

i Early history

It was noticed early in the history of sem conductor devel opment
that the presence of contamnant gases could alter the conductivity of
the sem conductor. Among the first investigators to attenpt to find a
practical use for this phenomenon were Seiyama, et al, (41) in 1962. A
thin filmof zinc oxide was utilized as a gas detector in a gas
chromatograph in the place of the thermal conductivity cell usually
used. Using nitrogen as a carrier gas, this sensor was tested for
response to toluene, benzene, ethyl ether, ethyl alcohol, propane and
carbon dioxide and was found to be nuch nore sensitive than the thernal
conductivity cell.

Later work by Seiyama and Kagawa (40) involved testing of thin
filnms of several semconductor materials. \Wen tested against
hydrogen, carbon dioxide and ethanol, sensors conposed of thin films of
zinc oxide, cadmumoxide, ferric oxide and tin oxide showed better
sensitivity than other netal oxides. It is interesting to note that,
with zinc oxide, alinear relationship between detector response and

cmnawnam concentrati on vas OMX obt ained after plotting on a [og-log
US Suggesting a power relationship
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[ AN 2. Band t heory
AN To understand the response of the MJXS sensor, one nust first

consi der the sensor at the atomc |evel.

In order for the conductivity of the sem conductor to be altered
by a gaseous contam nant, an adsorption reaction Involving electron
transfer (chen sorptlon) nust occur (42). xi des of transition and
heavy nmetals such as tin are sem conductors because these netals can
exist In different oxidation states. These oxi des are
non-stol chl onetrlc. Tin oxide sem conductors are classified as n-type,
having an excess of netal lons. A deficiency of netal lons occurs In a
p-type sem conductor. Only n-type semconductors will be discussed
here unl ess ot herwi se not ed. El ectrostatic neutrality I's maintained In
n-type sem conductors by the excess netal occurring as lons of a |ower
charge than the parent metal 1lon, e.g. Sn2+in SnQy (14).  The energy
| evel s of an n-type sem conductor are depicted In Figure 1. The two
bands of allowed energy, the conduction and val ence bands, are
separated by a band gap, where only localized states can.be occupied by
el ectrons. These states Include donor |evels near the conduction band
and trap levels near the val ence band. At thermal equilibrium the
probability of occupation of these states Is given by Ferm statistics

and described by the Ferm level, as seen In Figure 1 (18).

3. Conduqtiylty and chejnl sorption

The energy bands are altered as the surface of the sem conductor
I's approached. El ectronic surface states may be caused by intrinsic
defects of the sem conductor or by adsorption of other atons or

mol ecules.  \hen the surface states accept a charge, an electrica
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fAN doubl e layer is formed of equal but opposite charge in a |ayer defined
as the space charge layer (18).

The conductivity of the sensor can be maintained, decreased or

| ncreased, depending on which type of reaction occurs at its surface.

Since physical adsorption does not involve an exchange of electrons,

any contam nant reacting only by this method will not cause a

conductivity change and will not be detected. Noble gases, which are

physi sorbed, are not detected by MOS sensors. It Is the chem sorption

reactions which lead to conductivity changes. These reactions are of

two main types. The first is depletive chemisorption, in which

el ectrons are extracted fromthe conduction band. The adsorption of

oxygen in an ionic form such as @', 0" or 0", on an n-type MXS

I nvol ves depletive chem sorption (21). Oxygen adsorption thus causes a
(:## drop in conductivity, as electrons are pulled out of the conduction

band of the MOS. This increases the negative charge at the surface and

causes the formation of a positive space charge |ayer and bending of

the conduction band away fromthe Ferm |evel as can be seen in Figure

2(a). This process continues until equilibriumis reached, where the

el ectron capture rate of the adsorbate equals the rate of emi ssion back

to the conduction band of the sem conductor (26).

The other type of chem sorption reaction causes a conductivity

I ncrease. This occurs when a reducing gas is adsorbed in the presence

of an anbi ent atnosphere containing oxygen. Exposure of the MOS to

this airtjient leads to the formation of a chem sorbed oxygen layer. The

reducing gas reacts with the oxygen layer, leading to a donation of

el ectrons into the conduction band. These donations cause an increase

AN I'noconductivity of the MOS as electron density in the bulk of the
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sem conductor is increased, ie. a negative space charge layer is forned
(26). The conduction band is bent towards the Ferm |evel during this
process, as can be seen in Figure 2(b). Since equilibriumis reached

at a point dependent on the partial pressure of the reducing gas, the
conduct ance of the sensor can be related to varying concentrations of

reduci ng contam nants (28).

A MOS response to reducing agents

Carbon monoxi de (CO can be adsorbed on a MOS surface in the form
of the positively charged ion, CO'*". This reducing formof the gas
reacts with the chem sorbed oxygen as described above with resul tant
desorption of carbon dioxide and the injection of the electrons
rel eased fromthe oxygen back into the bulk of the MXS. The resulting
Increase in conductivity reaches an equilibriumlevel as oxygen is
re-adsorbed fromthe anbient atnmosphere, thus relating conductivity to
the partial pressure of CO (14).

W ndi schmann and Mark (51) investigated the adsorption of COon a
thin filmof tin oxide (Sn02). They designed their sensor to detect CO
reproducibly inthe 1 to 100 ppmrange in the presence of an anbient
at mosphere consi sting of 10% oxygen, 3% water, 500 ppm sul fur dioxide,
150 ppmnitric oxide, 9% carbon dioxide and the bal ance, nitrogen.

Wthin a tenperature range of 200 to 500 oc, the sensor conductance (G

Increases with increasing CO partial pressure (Pco® according to the

rel ation:

G= G + (K (Pco)r 2 (7]
where Gy is the background conductance In the absence of CO and
Kis aconstant with respect to Pq
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Stetter (42) investigated the adsorption of CO on cobalt oxide
(C030%%). This is a p-type semconductor (deficiency of netal ions) as
conpared to the n-type Sn02 (excess netal ions) studied by Wndischmann
and Mark (51). At a constant tenperature, the conductivity ((T) and CO
partial pressure (Pqgo) followed the relation:

In(O/0'0) =In K+ (m(ln Pcqg) (2)
where 0*0 is the background conductance, Kis both a constant
with respect to P*o MM AMA y-intercept of a log-1o0g plot
of O/e'ovs Pco with mas the slope.

This shows a power relation between conductivity and CO parti al

pressure of the form
. : er/e-Q= (K (In Pco)"" (3)

Sei yama and Kagawa (40) studied the response of a thin film of
zinc oxide (ZnO to a variety of organic conmpounds. It was found that
the sensor sensitivity increased with the nunber of carbon atons in
normal chain compounds. Substituent effects of normal chain conpounds
havi ng the sanme nunber of carbon atons showed the follow ng order of
response sensitivity:

amne > ether > mercaptan > al cohol > ketone > al dehyde >

carboxylic acid > nitrile.
It was noted that this is the same general order for electron donating
properties of the functional groups. Greater sensitivity occurred in
conpounds with the nost nucleophilic groups. This is to be expected in
n-type MXS |ike ZnO and Sn02 where the conduction band accepts the
donated el ectrons readily. Response for aromatic conpounds was nore
conpl ex, but some correlation was found between dipole nonent and

sensitivity. This correlation of increasing polarization with
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increasing sensitivity did not hold for aromatic halides.

5" Factors affecting MXE respqgnse

Any gas which can be adsorbed and react to cause electron transfer
wi || cause a change in conductivity of a MOS. It is for this reason
that consideration nmust be given to the conbined effects of two or nore
conponents in a mxture. Wen a MS is calibrated for detection of a
specific conpound, the interference of other conpounds may fall into
one of two categories. Proportional interference occurs when every X
ppmof interference gas results in a response of Y ppmin terns of the
gas of interest. In other words, 100 ppmof gas A could show a reading
of 10 ppm of gas B when the MOS is calibrated for B. The other type of

interference is known as tolerance interference. In a response of this

type, the MOSwill not respond to the interference gas A until a

critical concentration is reached. After this critical concentration
is reached, the MOS shows a large response to gas Ain terms of gas 8
(24).

Tenperature is found to have a major effect on sensor response.
The adsorption of a gas on a given MXS is a tenperature-dependent
process. Different gases will have differing tenperatures which will
produce optimumresponse. Firth, et al, (14) found that the
conductivity change produced by a gas at a given concentration usually
increased as the tenperature of the MOS increased, passing through a
maxi num and decreasing beyond a certain tenperature. This optinmm
tenperature will vary between gases in a chemcal series, but the
shapes of the curves will be simlar (21). It is clear that by
designing the circuit associated with the MXS so that operating
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/\ tenperature can be varied, that a certain degree of specificity can be

obt ai ned.

Moi sture is another factor affecting sensor response. Although
the exact mechanismof this effect is not clear, Boyle and Jones (5)
suggested that water is adsorbed with preferential alignment of the
positive section of the dipole with the MXS surface. Electrons would
then be pulled to the MXS surface to forma negative space charge |ayer
and increase conductivity. Mrrison (28) disagreed with this concept,
stating that the reaction woul d be too endotherm c. He suggested that
the water changes the surface state energy of the oxygen through
neutralization of surface electric fields which have charged areas
attracting oxygen ions. Mre research is needed to clarify these
mechanisns. It is clear that relative humdity, being a product of
c;/f) tenperature and noisture, will have an effect on sensor response. The
basel i ne conductivity of a MOS in an anbi ent atnmosphere will increase
with Increasing relative humdity. This can cause problens, as nost
measurements utilizing MOXS sensors have the ratio of contamnant to

anbi ent response of the sensor as the factor related to concentration.

6i Techni ques to control MOS sensor sensitivity

One of the nost effective nethods for controlling MOXS sensor
sensitivity is the use of dopants or chem cal additives. Two
nmechani sms have been suggested for the actions of these dopants (52).
The first is chemcal interaction in which the dopant assists the redox

process on the surface of a Sn02 sensor. At the optinmumtenperature, a
reactant will first adsorb on the dopant particles and then mgrate to
(1P the Sn02 surface to react with the adsorbed oxygen. This
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i ncreased adsorption |eads to increased surface conductivity in the
sensor and thus a stronger response to reduci ng gases. This
interaction involves a change of oxidation state in the sem conduct or
and appears to occur in Sn02 doped with platinumor palladium The
ot her suggested mechanism electronic interaction, occurs when the
dopant interacts with the sem conductor as an el ectron donor or
acceptor. A change in the electronic state of the dopant due to
reaction with a reducing gas will thus cause an acconpanying change in
t he sem conductor surface conductivity. Electronic interactions
involve a change in the oxidation state of the dopant as conpared to
the change in the state of the sem conductor which occurs with chemca
interaction. Electronic interaction has been suggested as the
mechani smfor Sn02 with silver as the dopant.

The proper choice of dopant can help to increase specificity of
t he sensor for given conmpounds or reduce interference from other
conpounds. Nitta and Haradome (33) found that utilizing thorium
di oxi de (Th02) as a dopant of a Sn02 thick film sem conductor increased
the specificity of the sensor for carbon nonoxi de (CO over hydrogen
(H2) while also achieving a high degree of independence in the response
of the sensor to humdity. In another study, Nitta, et al, (34) found
that doping Sn02 with No, V, Ti or M again gave increased freedom from
relative humdity and tenperature effects on sensor response. Jones
(21) reported that uraniumdioxide (UR) is relatively insensitive to
nmost gases, but response is greatly increased when doped with Pt, Pd or
ea.

The physical formof the MOS can also affect sensitivity. Oyabu

conducted studies on tin oxide with Pd as the dopant. In one study.
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he used a thin filmof Sn02 (36) and the other a thick film(37). The
thin filmwas formed by vapor deposition of Sn02, while the thick film
was deposited in the formof a thin paste. In both studies, the
sensors were tested for response to ethanol, carbon nonoxide, isobutane
and hydrogen. The thin filmsensor responded only to carbon nonoxide
and ethanol, while the thick filmresponded only to hydrogen and

et hanol . Jones (21) investigated ZnOin the formof a single crystal

a polycrystalline mass and a highly sintered conpressed disc. The disc
and single crystal forms showed simlar response to carbon nonoxide,

met hane and water. The pol ycrystalline nass showed a nmuch stronger
response to methane at higher tenperatures. It was suggested that
there is a higher concentration of surface defects on these nmasses that
woul d provide sites for greater adsorption of nethane.

Pretreatnent with heated gases and use of surface state additives
are two nore nethods which have been found to affect MOS sensitivity.
Lal auze and Pijolat (23) found that pretreatment by heating a Sn02
sensor to 500 OC in a 1000 ppm sul fur dioxide-air mxture changed the
normal  Sn02 maxi num response tenperature sufficiently that a relatively
specific benzene detector could be devel oped. They suggested that a
H2S-specific detector could be devel oped using a simlar technique.
Morrison (28) investigated the use of surface state additives. This
technique involved a literature search to find a contam nant-specific
reagent. The reagent could then be coated on a MOS which woul d respond
to electronic changes resulting fromthe reaction of the reagent. A
NO2- specific sensor was devel oped by coating nickel oxide with
Sal tzmann reagent, used in colorinetric tests. A xyl ene-specific

sensor was devel oped by utilizing titanium dioxide coated with vanadi um
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pent oxi de, a catalyst for oxidation of xylene. As in the discussion of
pi ezoel ectric bal ances earlier, the coating of the sensor often |eads

to irreversible responses in the sensors using this technique.

D. REVI EW OF TAGUCH GAS SENSOR (TGS) LI TERATURE

1. I ntroduction

The Taguchi Gas Sensor (TGS) was the MOS sensor chosen for further
study In this project. The TGS nmeets a nunber of the requirenents
listed earlier for an Ideal breakthrough nonitor. It has the ability
to detect a nunmber of gases at |ow concentrations and with repeatable
responses due to reversible reactions. The TGS is designed to fit some
of the other requirements also. It is small. |nexpensive, shock and
vibration resistant and can be operated froma | ow voltage power supply
(12,13). The TGS al so suffers fromthe di sadvantages associated with
the MOXS, in particular, the sensitivity to tenperature and humdity
changes (47).

A list of sonme of the contami nants detected by the TGS can be
found in Appendi x B.

The TGS was devel oped by N. Taguchi and has been marketed by
Fi garo Engineering since 1968. Over 13 nillion TGS sensors were in use
wor | dwi de as of August, 1981 (12). There are a nunber of TGS nodel s,
varying in design features such as dopants, which have increased
selectivity for given groups of contam nants. The TGS 812 is the node

designed for best response to toxic gases. The fol |l ow ng discussions

will concern the TGS 812 unl ess ot herw se noted.
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2. TGS 812 structure

The structure of the TGS 812 gas sensor can be seen in Figure 3.

The TGS 812 is conposed of a thin [ayer of sintered Sn02 coated on a

small ceramic cylinder (4 nmmX 1 iran). A small coil of 60 micron

17

diameter chrome alloy wire is located inside the cylinder to serve as a

heater coil. It has a resistance of 38 ohnms. Two 80 micron di aneter
gold alloy wires are deposited on the ceramc along with the Sn02 to
serve as el ectrodes, allow ng neasurenent of resistance changes. The
heater and el ectrode wires are spotwel ded to pins arranged to fit a 7
pin mniature tube socket.

The sensor base and cover are conposed of nylon 66 which has a
deformation tenperature in excess of 240 oc. The sensor case has upper

and | ower openings covered with a flaneproof double [ayer of 100 nesh

stainless steel gauze. Independent tests have confirmed that this mesh

w |l prevent a spark produced inside the flanmeproof cover fromigniting
an explosive 2:1 mxture of hydrogen and oxygen. The TGS 812 also is

tested nechanically with vibration and shock tests. The paraneters for
safe operation include a maxi num power dissipation for the sensor of 15

MN a maximumcircuit voltage of 24 V and a heater voltage of 5.0 V +

0.2 V (9,11).

3. TGS 812 nechani sm of operation

The design of the TGS 812 gives it some advantages over ot her
sensor types. The symmetrical geonetry of the cylinder allows uniform
tenperature to be spread along the active sem conductor |ayer, while
al so reducing heating requirements because of a high surface-to-vol une

ratio (47). The sintering of the tin oxide powder deposited on the
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Figure 3. Structural Diagrams of the TGS 812
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ceramc allows it to have a higher sensitivity, conparable with the

sensitivity of thin filmsensors. Mrrison (28) suggested that the

contact resistance between grains of the sintered powder was the

dom nant factor in overall TGS sensor resistance. Wth non-sintered
grains, such as would be found in a conpressed pellet, electrons
flowing fromone grain to another nust first flow over a surface
potential barrier, as in Fig. 4(a). Current between grains is very
sensitive to the barrier. Sintering reduces this barrier by providing
a "neck"” or channel simlar in thickness to thinfilm ie, a few
hundred angstroms. These channels are depicted in Fig. 4(b),

Adsorption of oxygen and reduci ng gases on these necks has simlar
effects to adsorption on thin filnms. Oxygen adsorption increases the
barrier height by decreasing the width of the channel through which the

A-nk current flows and increasing sensor resistance. The adsorption of
reduci ng gases and reaction with the adsorbed oxygen decreases the
barrier height and thus decreases the sensor resistance.

Cifford and Tuma (10) showed the electron transfer controlled by
this potential barrier to be the rate limting step in oxygen ionosorp-
tion on the TGS 812. They found the conductance (8*) of the sensor to
be determned by the surface barrier potential (eVg) at a given
tenperature (T) by the relation

e-= e-Q expC eVvg/ KT] (4)
and the barrier potential to be determ ned by the surface concentration

of ionosorbed oxygen (N') by the Schottky relation:
Ys =e(Nt) 2/ 2Ks£oNd (5)
f*"A where N is the surface density of ionosorbed oxygen, Kgfio

is the sem conductor permttivity and N* is the
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volunetric density of electron donors.
The factor before the exponent in Eq. 4 represents the bulk
i ntragranul ar conduct ance:
oO™N0O = ge-v''"b ™~nJ
where g is a geonetrical factor (0.01 cmfor the TGS), e is the
el ectronic charge, > is the electronic nmobility in the space

charge region nearest the surface and nt is the

concentration of electrons in the bul k conducti on band.
Cifford and Tuma (10) concluded that the TGS bul k conductance results
froma native non-stoichionmetric defect (an oxygen vacancy) which acts

as an el ectron donor. At steady state, this defect is in equilibrium

wi th the ambi ent oxygen pressure.

4. TGS 812 relative humdity response

Changes in relative humdity can cause changes in the background
conductivity which can make setting alarmlevels difficult. Advani and
Nanis (2) found that use of the TGS for H2S detection was limted to
relative humidity above 102 because of interference problems below this
| evel .

Rel atively little work has been done on eval uating TGS response to
wat er vapor. The manufacturer of the TGS 812 provides a rough plot of
relative humdity and tenperature dependence in a 1000 ppm i sobutane
anbi ent atnosphere (11). This plot is reproduced in Figure 5.

Cifford and Tuma (9) found that their results for response to water

vapor concentration could be fitted to the enpirical equation:

R = Rod + KhpoCH20])--3 (7)


NEATPAGEINFO:id=C4970A32-C383-4DB0-A498-5F3273382D8A


V_y

22

BN ]
| A~ J 0%
/\ l
looees a3"_< »RH: 20%
_UAA RH: 50%
~N-, RH: 65%
05 RH: 100%
-10 O 10 20 3O 40

Anbient tenperature ("C)
Figure 5. TGS 812 Relative Humdity and

Tenper at ure Response
N Te«t condition:
VC 10V AC [/ VH50VAC / R 4KQ
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| O0Qppm of | sobutane gas at different
tenperature and humdity.
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where Rg is the sensor resistance in ambient air, K'gOis a

constant with respect to water vapor concentration wth

dimensions of ppntl, [H2Q is the concentration of water

vapor in volumetric ppmand * is the power |aw exponent.
Clifford and Tuma found val ues of Ro=151 K, KHoO'O "O'g ppm+ and
7=0.55 for the single TGS 812 sensor they studied. The power |aw
exponent, fi, is the slope of the log-log curve of sensor resistance
response vs water vapor concentration.

A nunber of techniques have been suggested for correction of TGS
wat er vapor response. The technique most often used i s operation of
the sensor at high tenperatures. The heating coil in the TGS 812
serves this function. In a study by the.National Institute for
Cccupational Safety and Health (NIOSH) (29), it was suggested that a
circuit could be designed so that a reasonably constant water vapor
response coul d be subtracted electronically. This would help elimnate
fal se positives due to water vapor response, but lead to the | oss of
some sensitivity to organic vapors. Another problemwth this
technique is that it is limted to uses where water vapor concentration
does not vary considerably. Another technique that only partially
conpensates for relative humdity changes involves the use of a
thermstor. This technique, suggested by the TGS manufacturer (11),

i nvol ves the inclusion of a special tenperature-sensitive resistor in
the circuit. The resistance of this therm stor changes as the anbient
tenperature changes. Since anmbient relative humdity and air
tenperature vary in a relatively simlar fashion, the response to
relative humdity will be somewhat conpensated for as the therm stor

conpensates for seasonal tenperature changes.
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(AL 5. TGS 812 response to single contam nants

N difford

The enpirical equation for TGS response to water vapor
concentration given in Eq. 7 was just one of several devel oped by
Aifford and Tuma (9) for TGS response to single gases. They devel oped
empirical equations for response to oxygen and met hane al so, as can be
seen in Table 1. It should be noted that the power |aw exponent, *, is
the slope of the log-1og plot of sensor response versus contam nant
concentration. This slope is positive for oxygen and negative for
reduci ng gases. This corresponds to the addition and renoval of

el ectrons fromthe conduction band as described in the discussion of

MOS chem sorption. A threshold of detection can be determ ned fromthe

reciprocal of the constant, ie. [CHA3 = (Kch4)"" (9). The K val ue can

be used as a sensitivity coefficient for conparison between sensors.

and Tuma (9) used the methane response equation in Table
1 to test the tenperature dependence of the TGS response. They found
that Increasing tenmperature led to a rapid decrease in K*h", ie. rapid
sensitivity increase. They found an exponential dependence of KCH4 on

I nverse absol ute tenperature. The power |aw slope, », becomes slowy
steeper with increasing absolute tenperature, a directly proportiona
rel ati onship. This makes changes in concentration easier to detect at
high constant tenperatures. They found the anmbient air resistance, Rqg,
to have a roughly linear response to tenperature change, but only over

a narrow tenperature range.

Cifford and Tuma (9) found a different response for hydrogen:

! R = Ro(PO2M M0+ Kh2CHZ] M) (8)
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TABLE 1I.

Cifford and Tuma's Enpirical Equations for TGS 812 Single Contam nant Response

Chem cal Equati on Par aneter Val ues Measur ed

Oxygen RM»RoPQo”™ POo=1 (Air)
A5 (Pure 020

P =0.25-0.55
Methane R Rg (1+Kj,j, [CH4]-P Rq =27.4 K

KcH, =*-37 X 10-3 ppn, -|

P = 0.34 (Sin-gle sensor)
0.25-0.55 (Range of 10 sensors)

Water vapor R-Rg (| +KH20 [H203)-P "o = 151 K
}%20 = 0.0059 ppm1
P =0.55

Rq = Resistance in air
Pq = Relative partial pressure of oxygen

ACH ' ""HoO" Constants with respect to the contamnant concentration
A = Power | aw exponent
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gk The average val ue of Ko was 0.12 ppnf"* It is obvious fromthe

squaring factor In this equation that this sensor Is very hydrogen

sensitive. It Is nuch nore sensitive to hydrogen than to nethane.

6. TGS 812 general response equation for mxtures
Cifford and Tuma (9) Investigated the effects of mxtures of
several contam nants on TGS 812 response. The m xtures Investigated
(1) Carbon nonoxi de and water vapor
(2) Oxygen, water, carbon nmonoxi de and nethane
(3) Methane and hydrogen.
From these mxtures, they were able to develop an enpirical equation to

describe the general response of the TGS 812 to any conbination of

reduci ng gases:

(RIRo)"1/™ = (1 +2: K OGj]"II[@]"2) ...)I[02] (9)

where [G s the reducing gas concentration, n Is an Integer or

fractional Integer power and Kj Is the sensitivity

coefficient for contam nant j.

They state that the proper determnation of the power |aw exponent, *,
depends on neasuring sensor response to oxygen as well as to the
contamnants of interest. They al so found this exponent,”, to vary
bet ween sensors and to exhibit non-integer exponents. The physical and
chem cal processes responsible for these last two findings are to be
presented in a future paper by Gifford and Tuna.

The mat hematical description of TGS response presented In Eq. 9
ai ds I'n understanding the conpetitive and synergistic interactions
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anong gases in mxtures. It can be seen fromEg. 9 that resistance
response depends on a linear combination of individual gas terms. This
allows the effects of one gas to be masked by the conbined effects of
ot her gases, a conpetitive interaction. The synergistic interaction
occurs when one gas enhances the effect of another. This can be seen
In Eqg. 9 when the product of several gases constitutes a single termin
the sunmation portion of the equation.

Addition of gas effects in Eq. 9 can be explained by assum ng that
each termrepresents a separate reaction for renoval of adsorbed

surface oxygen (9). This can be denonstrated by the reaction

<"204H 1028 ang 0 G +02 "7 (10

VAl where 02g is gaseous oxygen, 02s " surface adsorbed oxygen,

(3

Ki and K2 are exchange rates for oxygen between gaseous

(Kj) and adsorbed (K2) states and G is a reducing gas

chemcally reacting with surface oxygen at rate Kj,

yielding a product Pj that is desorbed fromthe surface.
The reducing gas reaction rate constant, Kj, is equivalent to the
sensitivity coefficient, K, in Egq. 9. For each reducing gas, there

will be a different surface reduction equation and reaction rate, K.

Wat son and Price (48) are also anong the limted nunber of
researchers who have investigated TGS response to m xtures. They
i nvestigated the response of the TGS 812 to carbon nonoxi de (CO and
met hane (CH4)™ both singly and in equal mxtures. They found that the
m xture response was overestimated when individual responses to equa
concentrations of the two contami nants were added. They concl uded t hat

this was due to the non-linear response of the sensor

27
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("N, Limtations of TGS sensors

This discussion of TGS linitations covers TGS sensors in general
but can be applied to the TGS 812 sensor studied in this paper.
TGS sensors nust have a stabilization time after first being
energi zed. When the sensor is first turned on, its resistance in clean
- air drops rapidly and then rises less rapidly to a relatively stable
clean air value. This can trigger false alarms in instrunents
utilizing the sensor. The tine to reach the clean air value is known
as the primary transitional tinme or initial action tine (13). I|hokura
(19) described the nmechani smresponsible for this phenonenon. The
sudden heating of the sensor which occurs when it is first turned on
causes nmonentary excitation of the donor electrons leading to a rapid
increase in electron density in the conduction band. This corresponds
(M to the rapid drop in resistance. The slower increase to stabilization
corresponds to oxygen adsorption on the sensor surface. The adsorption
reaction has a higher activation energy than the electron excitation
reaction and is thus a slower process. The primary transitional time
was shown by I hokura to be related to sone extent to the amount of
doped palladium The time to stabilization is also a function of the
storage time of the unenergized sensor. CGenerally, the |onger the
storage time, the longer the initial action tinme. The TGS 812 reaches
its maximum Initial action time after 20 days storage. The norma
initial action tine for the TGS 812 is less than 2 mnutes (11). The
manuf act urer has suggested addi ng a del ayed action circuit to an
instrument utilizing the sensor so that these initial false alarns

coul d be avoi ded (13).

This initial action response is primarily a problemwhen utilizing
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jop oA the T6S in hand held instrunents which may require imediate response

A"~ as soon as they are turned on. TGS sensors have anot her response
characteristic known as the secondary transitional period. After long
storage in clean air and in sone other gases, TGS sensor resistance
increases to a maxi mum of 20% above the stable anbient air value it
will eventually reach (13). The resistance reaches its maxi num val ue
after six months. The TGS 812 will reach its final, stable anbient
val ue approximtely 3 to 6 days after switch-on (11). This secondary
transitional period neans that no calibrations should be made until the
sensor has been switched on for at |east one week if the sensor is to
be utilized as a long term breakthrough nonitor.

The TGS utilized as a breakthrough monitor for organic toxic gases
and vapors can encounter interferences froma nunber of different
/\ i norgani ¢ gases. These interferences include sul fur dioxide, hydrogen
and anmonia. In addition, interference can occur fromorganic gases
such as carbon monoxi de. Water vapor interference has been di scussed
previously. Al of these compounds can affect the ability of the

sensor to respond accurately to concentrations of a given contam nant

of interest.

8i TGS applications

The applications listed here for the TGS sensor cover a variety of
TGS nodel s. Applications involving the TGS 812 nodel studied in this
paper are specifically noted.

TGS sensors have been used in donestic gas |eak detectors
(11,12,13) and fire alarmsystens through the detection of smoldering
gases such as carbon nonoxide (12,13). They have al so been used in
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explosion limts, LEL (7,49). The TGS 813 was found to work quite well
in a prototype perneation indicator for industrial glove testing (46).

Several studies have been done on the use of TGS sensors with
respirators, either as breakthrough indicators or in fit testing.
Loschiavo (25) attenpted to utilize the TGS 812 in fit testing of
respirators with ethanol, but found too nuch interference fromthe
constituents of exhaled breath. The manufacturer (13) lists the
application of the TGS 109 in a breath al cohol detector, so Loschiavo's
results may be due to choosing the wong nodel. A respirator
breakt hrough indicator for organic vapor respirators was devel oped by
NI OSH (29) and eval uated in another study by Kennedy (22). The circuit
for the sensor was designed so that constant humidity readings coul d be
zeroed. The chemi cals tested in the Kennedy study were ethyl acetate,
tetrahydrofuran, acrylonitrile, methylene chloride and acetone. The
al armresponse of the indicator was inadequate because readings were
not continuous. To conserve the batteries, an eight mnute duty cycle
was designed. Measurenents were only nmade for thirty seconds out of
this eight mnutes, thus allow ng the possibility for considerable
breakt hrough before the alarmwas set off.

Bratt (6) evaluated the response of the TGS 812 to sixteen
contam nants. He devel oped a prototype respirator breakthrough
indicator and tested it against acetone. The response of the TGS 812
over a range of tenperature and humdity conditions was al so eval uated
The m ni num det ectabl e concentrations found by Bratt for the sixteen
contam nants over a small range of tenperature and humdity conditions

are reproduced in Table 2. The contam nant response, tenperature and

30
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Table 2

Bratt' 8 Mniraum Detectable Concentrations (ppin)

Tenperature (MQ'"" Cheni cal Mbisture (AX RH)*
-2 -1 +1 +2 -20 -10 +10 +20
<1 <1 <1 <1 Acet one <1 <1 <1 <1

2.2 1.1 0.8 1.6 Benzene 5 1 1.2 2.

2.7 12 <12 1.9 . put yl acetate. 5 1.2 1.3 2
<l <1 <l <1 n-butyl al cotul 1.1 <1 <1 <1

1.6 <1 <1 <1 Carbon tetrachl oride 7 <1 <1 1.7
<1.1 <1.1 <1.1 <1.1 Chl or obenzene 1.4 <1.1 <1.1 <1,
<0.9 <0.9 <0.9 <0.9 1.9 pichloroet hane 1.5 <0.9 <0.9 o.

1.2 <0.9 <0.9 <0.9 pjchloronet hane 2.6 <0.9 <0.9 1.
<1.4 <1.A <1.A <1 A Met hyl  al cohol 2 <l.4 <-4 <1.4
<t <1 <t < Met hyl acetate <1« <t <
<0.7 <0.7 <0.7 <0.7 thhY| ethy| ket one <0.7 <0.7 <0.7 <o.

<0.9 <0.9 <0.9 <0.9
Tol ugne L 1.5 <0.9 <0.9 <o0.

<1 <1 1
= =t 1,1,1 Trlchl oroet hane 1.4 <1 <1 4

o
o
A
=
N
N

ZA L1 <11 1s 1,.1,2 Trichloroethyl ene

0.9 <0.6 <0. 6 .
<0-®  Vinyl chloride 1.9 <0.6 <0.6 1

<0.A <0.4
<0.A <0.A Xyl ene <0.4 <0.4 <0.4 <0

t Reference 26"C
*Refert;nce 6(n RH


NEATPAGEINFO:id=9D30B901-FA70-4993-9DB1-E8FE8D1467B5


32

hum dity eval uations were all performed utilizing a panel of 22 sensors
in a one cubic meter chanber. Bratt's prototype indicator was utilized

in this present study.

9i Summary of MOS and T6S literature

Metal |ic oxide sem conductors (MXS) have shown sone prom se as
sensors for toxic reducing gases. The reducing gases react with an
adsor bed oxygen |ayer on the surface of the sem conductor, releasing
el ectrons to increase the conductivity (I ower the resistance) of the
MOS. This change in resistance can be nmeasured utilizing an electronic
circuit which in turn can set off a preset alarmin response to a given
cont am nant concentrati on.

The Taguchi Gas Sensor (TGS) is one of the nost common MOS
sensors. The TGS 812 nodel is designed to detect toxic reducing gases.
A nunber of studies have been done on the response of this sensor to
single contamnants. It has been found that different contam nants nay
have different response strengths. Response to hydrogen is much
stronger than to nost other contam nants such as carbon nmonoxi de

The sensor can respond to nore than one contamnant at a tine.

The response can be in part due to the presence of an interference such
as water vapor. Changes in humdity can make accurate responses to a
given contaminant difficult to measure

A response that is due to the presence of nore than one
contamnant is very likely to occur. Many chem cal exposures in air
are to chemcal mxtures rather than to a single contamnant. Wile an
I ncreasing volune of research is being done on single contam nant

responses, little work has been ained at response to mxtures.
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11. STUDY COBJECTI VE

The objective of this study was to evaluate the effect of solvent

m xtures on the ability of an organic vapor detector to be utilized as

a breakt hrough monitor for a charcoal bed. This was done by placing
the detector downstream of a charcoal bed. Conparisons could then be

ni ade between the detector response to each single solvent passed

through the bed and the response to m xtures of solvents passed through

t he bed.


NEATPAGEINFO:id=31FFB835-FE8F-4A17-A09A-8E48F8730832


I11. EXPER MENT DESCRI PTI ON

A. METHODOLOGY AND APPARATUS

An apparatus was constructed nodel ed partially on the work of
Bartosh (4) concerning binary vapor effects on respirator service life.
This apparatus had several conponents: a vapor generation system a
charcoal bed, the TGS 812 organic vapor detector and a systemfor vapor

sanpling and analysis. A diagramof this systemis givenin Figure 6

Vapor generation

The sol vent vapor was generated by passing a netered anount of air
through a Greenburg-Smth inpinger packed in ice. The ice ensured that
a nearly constant concentration was evolved by maintaining the [iquid
solvent at a constant tenperature. The air containing the vapor was
then diluted with a known volune of roomair to produce the desired
concentration which was delivered to the test chamber containing the
char coal bed

Pressure regul ated house air was passed through a needle val ve and
rotameter into a Geenburg-Smth inpinger. No attenpt was made to
purify this conpressed air, since it was assunmed that any contam nants

present woul d be insignificant when conpared with the solvents after

the large dilution with roomair. The netering of the conpressed air
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al lowed a range of vapor concentrations to be presented to the test
chanber .

A one Inch glass mxing tee was utilized to mx the vapor fromthe
Inpl nger with the roomair. The fresh air flow was measured by a
calibrated dry gas neter and was regul ated by a pinch clanmp on the
t ubi ng between the dry gas meter and the mxing tee. Separate systens
were utilized for each solvent streamwhen a mxture of two vapors was
to be tested. The separate systens were delivered through anot her
mxing tee to ensure conmplete mxing before entering the test chanber
A Teflon® 3-way stopcock placed Inmediately after each Inplnger
al | owed the excess solvent vapor to be bypassed to an exhaust hood as
needed. Breakthrough times could be determned starting fromthe tine

that the stopcock was turned from bypass to straight flow

2. Cartridge test systemw th charcoal bed sinulation

The cartridge test systemconsisted of a test chamber
differential pressure gauge and high volune suction fan with a variable
vol tage supply.

The test chant»er was an acrylic cylinder divided Into two parts by
a center plate containing a cartridge receptacle. The chanber was
approxi mately 20 cmIn diameter and 33 cmhigh with several ports with
Swagel okCS/ fittings in the sides of both the top and bottom sections.
These ports allowed attachment of a differential pressure gauge across
the two sections and attachment of a vapor sampling and anal ysis
system An entrance baffle encouraged proper mxing and distribution
of the airflow. A respirator cartridge holder was set in the mddle

of the center plate to which another cartridge hol der containing the

36
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] "k TGS sensor could be seal ed. The differential pressure gauge allowed

measur ement of the pressure drop across the cartridge and thus could be
utilized to determne the Integrity of the seals on the chanmber and the
cartridge. Airflow through the test systemwas provided by the

conbi nation of a high volune suction fan and a house vacuum |ine
attached to the downstream sanpling systemthrough a 3-way stopcock.
Fan air flow was varied by a rheostat on the suction fan and by
adjusting a pinch clanmp on the bypass flow to the fan. The house
vacuumair flow was controlled through use of a rotameter and a needle
val ve at the vacuum port.

Activated charcoal packed into an enpty respirator cartridge was
utilized to roughly sinulate a bed of activated carbon of the type
found in ventilation gas adsorber systems. A simlar procedure was

( m used by Abrans (1) in his evaluation of a recirculating fune hood. The
carbon adsorber system chosen to be nodel ed was the Charcoal Service
Corporation "Cinersorb", Mdel CSC 16-62-AP. This system contained six
carbon beds in a frame 24 Inches high, 24 Inches wi de and 16 Inches
deep with a conbined net weight of carbon of 85 | bs. Each of the six
beds was 2 Inches in depth. The activated carbon was 8 to 16 nmesh and
was made froma coconut shell base. This systemwas designed to have a
residence tinme of 0.125 seconds for contact of the airstreamwith a
single charcoal bed (8). The packing density and residence tine of the
charcoal bed were the key parameters used in sinulating this system
The packing density was defined as the ratio of the nmass of carbon to
the vol ume of carbon in a single bed. Pul mosan Safety Corporation

[ respirator cartridges were used to nodel a single bed in the system A
conparison of the adsorber bed and respirator cartridge characteristics
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used In the nodeling are presented In Table 3.

TABLE 3

Car bon Bed Adsor ber Data

Si ngl e Adsorber Bed Respirator Cartridge

Vol une (li ters) 18. 88 0. 145

Mass of carbon (gm 6.43 x 10N 49.4
Resi dence ti ne (seconds) 0. 125 0. 125

Packi ng density (gnmL) 341 341

The flow rate required through the respirator cartridge was 69.6 L/ mn.

The mass of 49.4 gmof carbon was used to produce a packing density of

The charcoal packed Into the respirator cartridges was

Fisher Scientific 6 to 14 mesh, coconut shell based activated carbon.

3. T6S 812 organi ¢ vapor detection system

The cartridge nodel described above was set Into a specially
designed respirator cartridge receptacle containing a TGS 812 sensor
This adapter was In turn set Into the receptacle in the divider of the
cartridge test system The electronic circuitry of the breakthrough
| ndi cator designed and built by Bratt (6) is shown in Figure 7. A
vernier dial on the instrunment allowed a concentration linit to be set
for instrument response in ternms of a reference voltage. The dial was
connected to a 20,000 ohm 10 turn, linear potentioneter. The vol tage
across this potentioneter was conmpared with a 10,000 ohmresistor in

series withit. On exposure to a concentration, the resistance of the
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(J™ sensor drops, causing an increase in voltage across the 10,000 ohm

resistor. An alarmsignal woul d be generated when this voltage
exceeded the pre-set voltage |evel across the potentioneter

Vol tage for the sensor apparatus was provided by a power supply
produci ng 4.98 VDC

Since the resistances of the potentioneter and 10,000 ohm resi stor

are in series, the current through each resistor nust be equal. Ohni s

Law st at es:
| — N/ =R A1)
where | is the current (anps), Vis the voltage (volts) and Ris

t he resistance (ohns).

In ternms of the indicator design, the mathematical relationship

bet ween vol tage and resistance is:
(# | m& = vA (12)
| OK-rt. Rg + 10 K~
where VioK Mis the dial setting times 0.498 (reference voltage
of 0 - 4.98 volts, indicated on a 10-turn vernier dial),
Vg is the supply voltage of 4.98 volts, | OK-A-i's the known
resistance in series with the sensor and Ry is the unknown

resistance of the sensor (Kjo.).

Substituting the dial setting (DS) for VioKvuallows an alarm
setting to be made if the sensor has been calibrated. Fromthe
calibration plot, the sensor resistance response can be determned for
a given concentration and the alarmset by the equation:

DS = 100 K~ (13)

Rs + 10 Kj u
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The dial setting at which the alarmsignals in a clean atmosphere Is

related to the initial resistance of the sensor. The resistance of the

sensor to a known concentration (Rg) can be divided by the resistance
inclean air (R') for a series of concentrations to develop a
calibration curve. In actual use as an alarmsystemfor breakthrough
one need only obtain the clean air resistance (R") and consult the

calibration plot for the chosen concentration to obtain the Ry value to
calculate the dial setting (DS) needed.

To establish a permanent record of sensor response in this study,
a strip chart recorder was connected across the sensor. Wth this
connection, the calculation of sensor resistance (R) took the form
Rs = 10 Kji . (14)
Vs/ Vm |

where VA is the voltage measured across the sensor.

4, Vapor sanpling and anal ysis system

The sanmpling systemwas designed so that it was possible to sanple
inaclosed circuit systemupstreamof the cartridge or to sanple
downstreamwith the sanmple then being exhausted.  The sol vent vapor
used to challenge the cartridge could be routed through a M RAN
infrared anal yzer and back into the chanber through a bel | ows punp.
Total air flow and mass bal ance were not affected using this method

The house vacuum system coul d be utilized to draw a sanple from
the downstream section of the cartridge chanber through a M RAN
analyzer.  The flowrate for this sanpling method was controlled
through use of a needle valve and a rotameter. A higher sanpling rate
than that used wth upstreambel | ows punps al lowed a nuch shorter neter
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\JU" response tine. A bypass was placed on this downstream sampling line so

20

(f

that constant air flow could be maintained when no downstream sanpling

was performed.

B. SOLVENTS

The sol vents chosen for use in this study were: acetone, toluene
and carbon tetrachloride. All three were ACS certified reagent grade.
Prelimnary testing of the sensor showed no detectable response to
carbon tetrachloride even with concentration increments of 100 ppm
Carbon tetrachloride has a 1984 ACGH Threshold Limt Value (TLV) of 5
ppm (3). Carbon tetrachloride was therefore elininated fromfurther
testing. Chemcal and physical data on acetone and tol uene are

presented in Table 4.

C. PROCEDURE

The fol | owing procedures were performed for acetone and tol uene:
determnation of suitable analytical wavelengths for the MRAN infrared
anal yzers, calibration of the MRAN anal yzers at the chosen
wavel engths, tests of each of the single conponents, tests of the
binary mxture, sensor response calculation and deternination of
charcoal characteristics. The TGS 812 sensor was energized in roomair
for two weeks before the first experimental run

1. Determnation of suitable analytical wavelength

Infrared analysis depends in part on the ability of different
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Tabl e 4

Sol vent Characteristics

Sol vent
Acet one Tol uene Ref er ence
For mul a CH3COCH3 « CS5H3CH3 50
Fam |y . Ket one Al kyl Benzene 31
Synonym 2- Propanone Met hyl Benzene 50
Mol ecul ar Wei ght (Sn/ nol e) 58. 08 92. 15 50
Density (g”/cnt) 0.7899 . 0.8669 50
Vaqﬂ%rfr %%%{e 210.9 » 25.6 30
Di pol e Monent (Debyes) 2.88+1% 0. 36x5% 50
Boi |l i ng Point (0OQ 56.2 110.6 50
NNie 1 = <> r CC coOoOrarr = 1Tt = ratc = AL
a 0. 034 0. 12
b 0. 0029 0. 0024
Threshold Limt Val ue, 750 100 3
1983 (ppm
Per m ssi bl e Exposure Limt 1000 200 35

(ppm
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chemcal functional groups to absorb infrared radiation at specific
characteristic wavel engths. Wen analyzing a mxture of chemcals, it
|s Important to determne separate wavel engths where maxinum absorbance
response can be determned for each component without interference from
the other component. The M RAN manufacturer, Foxboro Analytical,
publishes a |ist of wavelength settings for maxinumresponse for
contamnants listed in the 1982 Threshold Limt Val ue bookl et published
by the American Conference of Covernnental Industrial Hygienists (15).
The spectral range of the MRAN can be scanned automatically.
Scans of roomair and house supplied air were nade with readings
charted on a percent transmttance scale. These charts were conpared
with individual scans made for acetone and for tol uene at
concentrations of approximately 250 ppmeach. The wavel ength settings
suggested by Foxboro Analytical were examned on each plot to determne
|f possible Interferences existed for individual contam nant
measurenents when anal yzing the binary mxture. These contam nant
scans were acconplished by Injection of sanple aliquots into a closed
[oop systemutilizing a metal bellows punp and Teflon® tubing. The
assunption was made that Injected liquids are vaporized conpletely and
that these vapors behave as ideal gases. To deternine the volume of

Injected |iquid needed to achieve 250 ppm the ideal gas |aws were
used. The nolar volume of the test contam nant was cal cul ated fromthe

rel ationship:
MV = (RT/P)(1000) (15)
Where W is the nolar volune (cn®/mole), Ris the ideal gas
constant [(62.361 [iter-nmHy)/(g-mole-QK)], Tis the system
temperature ("K), P is the systempressure (ran Hy) and 1000
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(B ,s a conversion facto, fro. ,te.. to 03,

The volune of [iquid needed for injection was then cal culated fromthe

rel ationship:
n = (250 ppm (M) (5640)(10-3) (16)
() (W)
where n is the injection volume (mcroliters), MVis the nolecul ar

wei ght of the test contamnant (gm nole), the val ue 5640
represents the closed loop volume (cnB), 103 is the
conversion factor fromenB to mcroliters and f is the
density of the liquid solvent (gmcmt).

2. Calibration of the MRAN spectrometers
Once a wavelength free of interference between test contam nants
and atnospheric conponents was found, calibration of the MRAN for each
contamnant was begun. The MRAN calibration requires the setting of a
pat hi ength which would give an absorbance |ess than 1.0 at the maximm
test concentration. FromBeer's Law, the followng relationship
between absorbance (A) and pathiength (L) occurs:
A = CL.£== (17D
where Cis contamnant concentration (ppm and £is an extinction
constant (ppm| m?).
This equation can be rearranged to:
e — A (C LL838)
CL
By inserting the val ues obtained for the test contamnant fromthe
previously nentioned Foxboro list (15), the extinction constant can be
determned. This value is then inserted into an equation suggested by
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Rei st (38) to determne the correct pathlength required for MRAN
anal ysi s:
L = O. 3 ( 1L9)

where 0.3 is the absorbance val ue suggested by Reist (38) and C

Is the nedian of the calibration concentrations.

The M RAN pathlength was adjusted to the pathlength setting closest to

the cal cul ated val ue.

A calibration curve for each contam nant was devel oped by
successive injections into the closed |oop calibration system The
absorbance val ue produced two mnutes after each injection was
measured. These val ues were plotted against the cunul ative
concentration. The concentration increment (C) for each injection was
calculated froma rearrangenent of Eg. 16

C=(n(9 (M) (in6) (20)
(MY (5640)
The systemwas purged and several concentrations were remeasured. This

calibration procedure was fol | owed for both test contamnants and hoth
M RAN anal yzers.

3. Tests of single contaninants

In the single contamnant tests, one MRAN was utilized to nonitor
the upstream chal | enge concentration. The other M RAN nonitored
downst ream concentrations to determne breakthrough. This downstream
M RAN response al so served as the concentration conparison when
determning TGS 812 response to the contam nant. The stopcocks in the
sanpling systemwere adjusted so that a sanple was drawn out of the
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((j™ downstreamsection of the test chanber through the MRAN and then out

of the systemthrough the house vacuum The rotameter connected to the
house vacuum was set to achieve a 20 L/min flowrate to allow a fast
response time for the downstream M RAN. The residence time of 0.125
seconds given for the carbon adsorber bed was divided into the vol unme
of the respirator cartridge, 0.145 liters, to find a flowrate of 69.6
L/mn. Once this flowrate (Q was known, the approximte flowrate
(Q") required through the Geenburg-Smth inpinger could he estimted
fromthe rel ationships:
C QO =Z2G - Q (21)
and
G = {P/Pi)(106) (22)
where C* is the concentration (ppm) at flowrate Q (L/mn)
’ instreaml, Cis the concentration of vapor (ppm at total
flowrate Q (L/mn), P-f is the partial pressure of the
sol vent vapor (mmHg) and P is atnospheric pressure (mm Hg).
Fromthese two equations the flowrate, Qf, through the Inplnger can be
deri ved:
QA = (O(P)(69.6 L/ mn) (23)
(Pi)(106)
It should be noted that the solvent vapor pressure. Pi, was found for
tenperatures near 0 oc to 4 "C due to use of the Ice bath to nmaintain
I npl nger tenperature. The concentration value, C, was set to the
desired chal l enge concentration for this calculation.
The flow through the rotameter and | npinger was adjusted to the

a' Ak value of @ via a needle valve on the house air. The stopcock was
adj usted to exhaust the vapor before it reached the cartridge chanber


NEATPAGEINFO:id=18466047-169F-4897-ACF1-B8423A425A5D


Ki

during the setup procedure. The flow through the dry gas neter was
adjusted to a value of 69.6 - Q|. This was acconplished through
adj ustment of a pinch clanp on the tube between the meter and the gl ass
mxing tee and through adjusting the bypass clanp and rheostat on the
exhaust fan. During adjustments of flowrates in all experinenta
trials, a setup cartridge was utilized containing 49.40 gmof the
Fi sher activated charcoal .

After the initial flow setup, the exhaust fan was shut off. A
fresh respirator cartridge containing the pre-weighed anount of
charcoal was placed in the cartridge chanber and the chanber seal ed
Model ing clay provided a further seal around the cartridge after it was
screwed into the receptacle. The fan was turned on again and al | owed
to pull air through the cartridge for 5to 10 mnutes to establish a
basel ine reading for T6S response to uncontam nated air, R'. The flow
rate was adjusted, if necessary, during this period

After a steady baseline was established, the strip chart recorders
connected to each M RAN were turned on and the stopcock turned to route
vapor into the system The test was continued until the downstream
concentration reached hal f of the upstream challenge concentration
The breakthrough times to achieve 10% (tbio) and 50% (t550) of the
chal l enge concentration were noted. Depending on the challenge |evel
tinmes for breakthrough at the follow ng concentrations were al so noted
1, 5, 10, 25, 50, 100, 150, 200, 250 and 500 ppm These breakthrough
times were utilized later in devel oping T6S sensor response curves.

Rel ative humdity, roomtenperature and cartridge pressure drop

readi ngs were not ed.
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4. Tests of the binary m xture

For binary vapor tests, each M RAN was assigned to nonitor one of
the mxture conponents. The same M RAN was utilized for both upstream
and downstream nmonitoring of its assigned conponent.

The flow rate needed for each of the inpingers was determ ned
utilizing Eq. 23. The concentration, C, was set to the concentration
val ue desired for the component at a flowrate, Q in the mxed stream
of 69.6 L/mn. The pinch clanps on each of the dry gas neter |ines
were utilized to produce the desired ratio of concentrations in the
m xture. Adjustments were nade to provide mxtures with simlar
concentrations of each conponent at |ow, nediumand high exposure
ranges (approximately 250 ppm 500 ppmand 1000 ppm). This was
acconpl i shed by adjusting each pinch clanp to provide 34.8 - Q- L/mn,
where 34.8 L/min is half of the systemflowrate of 69.6 L/nmn. A
setup cartridge was utilized during these adjustnents. After setup
the fan was shut off, a fresh cartridge of pre-weighed charcoal was
placed in the chamber and the chanber was seal ed. The fan was turned
on again and further adjustnents to airflow were nmade as needed while
the TGS response baseline for uncontanminated air was established as in
the single contam nant test. Solvent vapors were routed to the exhaust
hood while setup procedures were followed.

Once a TGS basel i ne was established, the strip chart recorder for
each M RAN was turned on and the stopcocks for each contam nant were
turned to deliver the solvent vapors to the system

The bellows punps utilized for upstream sanpling had a much sl ower
sanpling rate than the 20 L/mn for downstreamsanpling. |f an attenpt
was made to measure upstream concentrations at the beginning of an

A9
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\J experinental run. It could be possible to mss the 10% breakthrough due

( N

to the slower sanpling rate and required purge time due to the higher
chal | enge concentration. For this reason, each M RAN was set to
noni t or downstream concentrati ons at the beginning of each run. The
run was allowed to continue until nearly 50% of the desired challenge
concentration had broken through for the conponent having the higher
charcoal retention. At this point the stopcocks were routed to allow
sanpling of the upstream chal |l enge concentrations. The flow rates were
continually nonitored to assure that the neasured chal |l enge
concentration had been maintained throughout each experinental run
Room tenperature, relative humdity and cartridge pressure drop were
not ed.

When determ ning any breakthrough tine, the assunption was nade
that there was a delay in response of either M RAN because time was
needed to fill the 5640 cn® vol une of the M RAN sanpling cell. Bartosh
(4) found that 95% of the true response was achieved by the M RAN after
51 seconds. Since this current project utilized the same sampling flow
rate of 20 L/min in a simlar dowstream sanpling system this 51

second response delay was corrected for in determning breakthrough

ti nes.

5. Sensor response cal cul ations

TGS 812 sensor response curves for each experinental run were
devel oped by noting the voltage reading measured across the sensor, VA,
at each of the corrected breakthrough times. This value was Inserted
in Eq. 14 to determne the sensor resistance, Ry, at that breakthrough

time. The fresh air resistance value, R, for each experinental
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run was determned fromthe baseline reading taken at the beginning of

that run.

Once the R* value and all Rs values for an experinental run had
been determ ned, a TGS 812 response curve coul d be generat ed.

For the single contam nant tests, the ratio Rs/Ra was plotted
agai nst the contam nant concentration at each defined breakthrough
point (le. 1 ppmthrough 500 ppm as well as the 10% and 50%
br eakt hr ough concentrati ons.

The procedure for mxtures assumes that each conmponent wil|
contribute to the sensor response at any given point in time. It thus
becones | nmportant to know both concentrations at any breakthrough time
of either one of the conponents. At a corrected breakthrough time for
conponent A readings were taken for the TGS 812 vol tage val ue and
concentration of conponent B. The procedure was repeated for al
desi gnated breakthrough tines for both components. The Ry and Rg
cal cul ations were perforned as In the single contam nant tests and the
ratio Rs/Ra found for all breakthrough points.

I't should be possible to visualize the response trend of the TGS
812 to the presence of a two conponent mxture utilizing a 3-

dl menslonal plot with Ry/Ra as the dependent value. In addition, the
equation devel oped to produce this plot should allow estinmates to be
made of sensor response to any concentrations of the two conmponents

wi thin the neasured range.

6. Determ nation of charcoal characteristics
The Fi sher activated carbon was eval uated to determ ne bul k

density, specific bulk volune, total void volume and solid vol une of
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% the granules utilizing nethods described by Bartosh (4).

Bul k density was determned by vibrating a pre-weighed (49.401 gm
sanpl e of the carbon in a volumetric flask to a mninmumvolume. The
charcoal mass was divided by this mninmmvolunme to obtain the bulk
density. Specific bulk volume was found by taking the reciprocal of
the bulk density. Total void volume was found by adding water to this
sane sanple to nore than cover the charcoal. The volume of water added
was noted and the flask was agitated and al |l owed to settle several
times over the course of two hours. At the end of this time, the

original charcoal volume was subtracted fromthe total volunme of the

m xture. The difference was then subtracted fromthe total amount of

wat er used and the difference divided by the mass of charcoal used to
obtain the total void volume. The total void volume was then
(' ' subtracted fromthe specific bulk volume to obtain the volune of the
solid granules.
The adsorption capacity of the charcoal at the 102 breakthrough
point was al so determned for each of the single contam nant tests. To
determ ne these capacities, the challenge concentrations had to be

converted fromppmto ng/L:

Cn, = Cp(MW MV) (24)
N where 0, ''s the concentration in ng/L, Cp is the concentration
in ppm MNis the nolecul ar weight of the test contam nant

(gm ol e) and W is the nolecul ar volume in cnft/mole.

The total flowrate in L/mn, Q for each experinental run was then
used to calculate the total challenge rate, CR, In gmhr

(A CR = (Cn,)(Q(60mLn/ hr)/(1000mg/ gn) (25)

The mass of sol vent vapor which escaped through the charcoal bed
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\JA up to the 10%breakthrough point was determned by a strip chart paper
wei ghing procedure. A solvent challenge mass in grans, Mc. was
cal cul at ed:
Msc = {CR)(tio%/{60) (26)
where tio%is the 10% breakthrough time (mn.) and 60 is a

conversion factor fromm nutes to hours.

A "standard" piece of strip chart paper was generated by tracing a
straight line for a length equivalent to one hour at the absorbance
val ue corresponding to 10% of the chal l enge concentration. This
tracing was then cut out and weighed to find a "standard" chart paper
mass, Msp. A "standard" mass, Mss. for solvent escaping through the
charcoal at 10% of the challenge rate over one hour was cal cul ated.
The chart paper for the experinental run was cut along its reading
( ¢ trace up to the 10% breakthrough point and weighed to find the

breakt hrough paper mass, Mx. The total mass, MEs» of solvent escaping
through the charcoal bed up to the 10% breakt hrough point was then

det er m ned:
"ES = (Mot) (Mss)/ (Msp) (27)

The mass of solvent adsorbed, M”*, was found by subtracting the
escaped sol vent mass, M's, fromthe sol vent chall enge mass, Myc. found
in Eq. 26.

The adsorption capacity was found by dividing the mass of sol vent

adsorbed, M, by the mass of charcoal in the respirator cartridge, M,

in each experinental run.
The experinental design allowed data to be collected regarding

rOfk carbon adsorption as well as TGS response. The breakthrough tines
measured in each single contam nant test were conpared against results
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(JP predicted by two equations described in Appendix A Eq. 29 devel oped by
Nel son and Correia (31) and Eq. 31 adapted by Abrans (1) from G ubner

and Burgess (16).
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I V. RESULTS AND DI SCUSSI ON

A. TGS 812 RESPONSE CHARACTERI ZATI ON .

The objective of this study was to characterize the response of
the TGS 812 sensor to a binary solvent mxture which had been passed
through a charcoal bed. To acconplish this, the response to each
single contam nant was first characterized. Table 5 contains the

response val ues at six selected concentrations for each single test.

1. TGS 812 single contam nant response

Acetone and tol uene were the two solvents tested in this study.
These two solvents were also evaluated for TGS 812 response in a study
by Bratt (6). Bratt designed and built the prototype breakthrough
detector utilized in this current study. It was expected that response
characteristics would be simlar in the two studies. This expectation
did not hold true.

The TGS response curves for acetone in Trials 1-4 are presented
in Figures 8 to 11. Al data points fromthese tests are plotted
together in Figure 12. The straight line in Figure 12 represents the

power function equation derived froma |east squares regression of al

data points in the acetone trials:
TGS = (1.135) Ca"°-228 (£8)
where TGS is the TGS 812 response (Rs/R) to acetone and Ca
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Tri al
Nunber

TABLE 5

TGS 812 Response (Rs/Ra) in Single Vapor Tests
Chal L.enge Concentration (ppm

(ppm J. 10 50 100 2M

119. 3 0. 944 0. 738 0.464 -

617. 2 0. 966 0. 700 0. 439 0.372 0. 269
1062. 7 0. 983 0. 899 0. 684 0. 569 0. 387
1110. 1 0. 848 0. 682 0. 450 0. 374 0. 259

90A. 1 1. 000 0. 982 0. 934 0. 824 0. 800

347.7 0. 740 0, 926 0. 946 0. 946 0. 844

263. 8 0. 629 0.712 0. 643 0. 634

1386. 6 0. 921 1. 000 0. 890 0. 882 0. 587

500

. 300

. 224

. 762

. 647
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(JIM 1s the acetone concentration (ppm.

(B

A correlation coefficient (r2) of 0.840 was obtained. It can be seen
that below 10 ppmthe relationship tended to be nore exponenti al

A plot of the results of Bratt's (6) acetone calibration tests is
presented in Figure 13, It can be seen that the response in his tests
was nuch stronger. The sensitivity to changes in concentration was
much greater also as i s evidenced by the greater slope found in the
| east squares regression of Bratt's acetone data

TGS = (0.7035) Ca"0-519 (29)

The TGS 812 response curves for toluene in Trials 5-8 are
presented in Figures 14 through 17. Al data points fromthese points
are plotted together in Figure 18. A power function equation for
tol uene response was devel oped and i s represented by the straight |ine

- in Figure 18:

' TGS = (0.879) Ct-0-020 (30)
where G is the toluene concentration (ppn.
A correlation coefficient (r2) of 0.053 was obtained. It is evident
that the toluene data does not follow a power relationship. An
exam nation of Figure 18 shows that no discernable response to tol uene
occurs bel ow 100 ppm
A plot of the results of Bratt's (6) toluene calibration test is
presented in Figure 19. As with the acetone tests, response to toluene
is much greater in Bratt's test. A least squares regression of his
data is represented by the straight line in Figure 19 and the follow ng
equati on:
TGS = (0.9018) ¢ "0-474 (31)
Conparison of Figures 18 and 19 and the slopes in Eq. 30 and Eqg.
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31 makes it evident that there has been a large loss in sensitivity to
tol uene between Bratt's study and this current study. The TGS 812
response to toluene in the current study is also nore erratic, although
a noticeable increase in sensitivity occurs above 100 ppmtol uene in

Fi gure 18.

This erratic response was al so present in the prelimnary

eval uation of carbon tetrachloride. Bratt's tests of TGS 812 response
to carbon tetrachl oride showed a very small sensitivity (shallow slope
on a response curve). The overall response sensitivity of the sensor
seens to have deteriorated since Bratt's study. It is therefore not
surprising that carbon tetrachloride response could not be detected

even at high concentrati ons.

2. TGS 812 binary nixture response

Response of the TGS 812 to binary mxtures of acetone and tol uene
was al so eval uated. Selected response values are presented in Table 6.
The TGS response val ues for the sel ected acetone concentrations are
presented in the colums on the left along with the conpl enentary
t ol uene concentration present at that same point in the test. This
sane procedure is used in presenting the toluene data in the colums on
the right along with the conplementary acetone date

Acetone data for Trial 9 is absent bel ow 450 ppm This is due to
the quick breakthrough tine of acetone. Trial 9 was the first binary
test and the procedure used was found to be inadequate. The sanpling
systemwas adjusted in this trial to nmeasure challenge concentration
first. \Wen the challenge concentration reading had stabilized the

sanpling systemwas re-adjusted to neasure breakthrough concentration.
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(" #
TABLE 6 N
TGS 812 Response (Rs/Ra) in Binary Solvent Tests
Tri al Trial Trial Trial
== ) - a O 1 1 1 ==
Acet one Tol uene Acetone Tol uene Acetone Tol uene Acetone Tol uene
Challenge

Concentration (ppm 546.10 541.50

Acet one Concentrati on

1179.00 746.80" 573.7 364.2 232.8 290.7

(ppmM (*)-— 462. 40 1.00 67.84 1.00 94.40 1.00 72.80
Tol uene Concentrati on

(ppmMm - -- 1. OO0 0 1.00 O 1.00 0 1.00
TGS Response (Rs/Ra) --- 0. 385 0. 927 0.483 0.977 0.370 1.000 O0.336
Acet one Concentrati on

(ppm —664. 00 10. 00 961.60 10.00 648.00 10.00 276.80
Tol uene Concentrati on

(ppm -— 10. 00 0. 20 10.00 O 10. 00 0 10. 00
TGS Response (Rs/ Ra) -— 0. 367 0.710 0.260 0.633 0.237 0.813 0.172

(J Sanpling systemwas set to record challenge concentration.
Was nof returned to downstreamuntil after 50% acet one

br eakt hr ough.

(Continued on next page)
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TABLE 6 (Conti nued)
TGS 812 Response (Rs/Ra) in Binary Solvent Tests

Tri al Tri al Tri al Tri al
L= ) . a O a 1 a =

Acet one Tol uene Acetone Tol uene Acetone Tol uene Acetone Tol uene

Acet one Concentrati on

(ppr.) , — 784. 80 50. 00 1600. 00 50.00 702.40 50.00 287.20
Tol uene Concentrati on

(ppm — 50. 00 0. 60 50. 00 0.7.0 50. 00 0.40 5000
TGS Response (Rs/Ra) --- 0.360 0.531 0.248 0.503 0.237  0.448 0.167
Acet one Concentrati on

(ppm 100. 00 1600.00 100.00 677.60 100.00 273.60
Tol uene Concentrati on

(ppm 1.00 100.00 1.20 100.00 1.76 100.00
TGS Response (R&ZRa) 0.449 0.248 0.359 0.232 0.286 0.171
Acet one Concentrati on

(ppm 150. 00 1566. 00 150.00 636.00 150.00
Tol uene Concentrati on

(ppm 1.92 150.00 1.36 150.00 2.20
TGS Response (Rs/Ra) 0.382 0.248 0.326 0.232 0.227
Acet one Concentrati on

(ppm _ 200. 00 200. 00 605.60 200.00
Tol uene Concentrati on

(PP-) 2.08 1.92 200.00 3.32
TGS Response (Rs/Ra) 0. 358 0.295 0.231 0. 198
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[t was discovered at this tine that the acetone reading vas already

past the 50% breakt hrough. Based on these results, all followng
binary tests were performed with the breakthrough readings measured
first as described in the procedure section of this paper.

In evaluating the TGS 812 bhinary vapor response several patterns

of results should first be discussed. As has been mentioned, the
response to acetone was stronger and nore definitive than to tol uene.
The response of the sensor to these solvents was also affected in this
study by the ability of the solvent to be adsorbed on the charcoal bed.
Acetone was |ess strongly adsorbed and was thus al ways the first
sol vent to breakthrough. This breakthrough pattern neant that it was
the affect of toluene breakthrough on the already occurring acetone
response whi ch should be Investigated.

To eval uate the binary response, a linear regression was perforned

of the TGS response (Rg/Ra) versus the natural |ogarithns of acetone

concentration (I1nA) and toluene concentration (InT):
TGS = 0.611 - {0.043)(InA) - (0.027)(InT)  (32)

A correlation coefficient (r2) of 0.60 was obtained. This was a
slightly better fit than found for a |inear regression using In TGS
(R2=0.55). It shoul d be noted that response values which occurred
bef ore tol uene began breakthrough were not included in this regression
since In (0) is not a real number. A plot of Eq. 32 is presented in
Figure 20. Exam nation of both Figure 20 and Eg. 32 shows that acetone
has a stronger effect on response of the TGS 812 than tol uene when an
equal mxture of the two contam nants is present.

The conbi nation of the rapid breakthrough of acetone and the

rel atively poor response of the sensor to toluene makes eval uation of
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(jfI™ the binary solvent response difficult.  Examnation of Table 6 shows

(#

that the | OX breakthrough points for acetone occur in each trial at
tinmes when toluene values were very |low (less than 10 ppm.

Based on the single tests of toluene vapor, it is not expected
that these |ow tol uene val ues would affect the ability of the sensor to
set off the alarmat the pre-set 10% acet one breakt hrough. This
statement nust be tenpered by the consideration of the apparently large
drop in sensitivity found when conparing the single solvent tests
results found in this study with those of Bratt (6). It is possible
that the toluene would have had an affect on the sensor response to
acetone breakthrough if the sensor was as sensitive as in Bratt's

st udy.

3. TGS 812 fresh air resistance

Anot her factor to be consi dered when eval uating the sensor
response to contamnants is the stability of its fresh air resistance.
Exami nation of Figure 21 shows that this resistance was relatively
constant for the single solvent tests (Trials 1 - 8), but begins to
rise steeply during the binary tests. This rise suggests either a
fault in the sensor or the effect of an uncontrolled environnental
factor. Table 7 contains the fresh air resistance value, room
tenperature and relative humdity readings for each trail. Both of the
environmental factors Increased during the last three trials, but the
effect these changes woul d have are the opposite of those observed.
Exam nation of Figure 5 and Eg. 7 shows that an increase In either
factor should cause a drop in resistance rather than a rise.

There are two other possible causes for this increasing
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TABLE 7
TGS 812 Fresh Air Resistance (Ra) and Environmental Conditions
Trial Number Ra (Ki | ohns) $§;Bgrature (" Eﬁhfé;fj (1)

1 97. 097 22. 3 - -

2 95. 957 22.0 ~ 44. 0

3 63. 235 21.8 48. 5

A 91. 220 22.5 . 48. 0

5 94. 842 23.0 48.0

6 91. 633 24.0 47.0

7 83, 084 22.6 50.0

8 72. 314 22. 3 65. 0

9 64. 107 23.2 .

10 75. 862 23. 4 47. 0
11 124. 595 23.5 54. 0

12 185. 294 23.7 60. 0

>
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resistance. ne possibility is that the house air supply may have

becone contam nated with an oxidizing gas which woul d cause an increase
In the sensor resistance in a manner simlar to that described for
oxygen. The other and nmore |ikely cause for the resistance increase is
failure of the sensor. It has already been established that sensor
sensitivity has decreased to a large extent when conpared with Bratt's
study (6). The fact that the sensor resistance rose rather steadily
when environnental conditions should be causing a drop in resistance
further supports this theory.

This fresh air resistance change and the relatively poor fit
{r2te 0.60) of Eg. 32 make it difficult to provide a clear cut
concl usion based on the binary tests. It does appear that the ability
of acetone to reach breakthrough quicker and to react more strongly
with the sensor suggests that this sensor could possibly be used in
breakt hrough nonitoring for ventilation systens where these two
solvents are in use. No predictions for other solvents can be made
based on the binary test results in this study. Further research is

needed.

B. CHARCCAL BED EVALUATI ON

The Fisher activated charcoal was characterized using nethods
described by Bartosh (4). The results of these characterization
procedures are presented in Appendi x C.

The adsorption capacity at the 10% breakt hrough point was
calculated for all except the |ast of the single vapor trials. The
breakthrough curve for Trial 8 could not be weighed as required in
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these cal cul ations. The gain scale had to be reduced during this
trial, thus changing the proportionality between curve size and the
concentration of toluene present. The adsorption capacity and ot her
charcoal bed adsorption paraneters for each single solvent trial are
presented in Table 8. It is clear fromthe |ower calculated adsorption
capacities that acetone is |ess strongly adsorbed on the charcoal than
the toluene. It would be expected that acetone will thus have a
shorter time to 10% breakthrough than tol uene for the sane
concentration of each sol vent.

The actual and predicted breakthrough results are presented in
Table 9. Nelson and Correia's (31) equation, Eg. 29, consistently
overestimated tine for acetone. Equation 29 also underestimted al
the tol uene 10% breakt hrough times except for that of Trial 8, which it
overestimated by |less than 5%

Equation 31 was found to be quite accurate for prediction of 10%
breakt hrough tines as conpared to Eq. 29. This is not surprising
considering the sources of the adsorption capacity values for each
equation. Egq. 29 utilizes a theoretical adsorption capacity val ue
calcul ated froma range of solvents within a chemcal famly. Eg. 31
utilizes the estimate of adsorption capacity found in Table 8 which is

a crude value, but nore directly associated with the solvent of

i nterest.

Both acetone and tol uene 10% breakthrough times (tg) fit well to
Eg. 30 describing a power slope relation to challenge concentration (Q
(ie. te =aC"). Acetone had a power coefficient (h) of -0.515 and a

correlation coefficient (r2) of 0.998. Toluene had a power coefficient
of -0.830 and a correlation coefficient of 0.976. The 10%
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Tri al No.

1-

2-

3-

A

A

A

TABLE 8

Charcoal Bed Adsorption Paraneters for the Single Solvent Tests

c. M Ads, 1L a2 PD At m RT
119. 3 49. 403 0. 031 69. 5S 11.2 753.8 22.3
617.2 49. 400 0. 075 69. 86 11.5 755. 8 22.0

1062. 7 49. 402 0. 093 70. 17 11.6 759. 1 21.8
1110.1 49. 454 0. 098 70. 21 . 11.1 757.1 22.5
904. 1 49. 395 0. 437 69. 18 10.2 755. 2 23.0
347. 7 49. 404 0. 363 68. 08 10. 8 751. 6 24.0
263. 8 49. 405 0. 293 69. 82 11. 3 756. 6 22.6
1386. 6 49. 4072 69. 08 10.1 749. 4 22.3

Abbr evi ati ons

A = Acetone
T = Tol uene

C = Chal l enge concentration in ppm
M = 9&33 opgcharcoa |rn gm P

&5 s PSPLRF L AR eCapach Ly o n gm sol vent/gm charcoal ,
drop across charcoal .bed in nmof water.
mof “Iercury.

& Pressyre

m « nnsphere a‘qressure(,l:n

«. Roomtenperature 1n” °C
RH «s Percent relative humdity.

RH

44.

46.

4£.

48.

47.

50.

65.

£)
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TABLE 9

Singl e Vapor Breakthrough Results

Trial . JQ Eq. 29 9ev. Fg. 31.  UDev. TI0%  T50"

1-A 119.3 2A2.90 +65. Al 77.65 -8.19 8A 01 Ue. 01
2-A 617.2 80.52 +53. A2 36.01 -A 17 37.51 75.11
3-A 1062. 7 55.53%51.83 25.69 -2.26 26.75 54.91

A-A 1110.1 5A. 23 +50. 30 26.06 -3. A2 26.95 51.55
5-T 90A. 1 78.07 -20.32 91.54 -2.61 93.93 129. 05
6-T 347.7 151.27 -39.23 202.60 -3.95 210.61 248.61
7-T 263.8 175.31 -24.31 207.79 ' -4.88 217.93 274.73
8-T 1386.6 59.12 +4.72 --- --- 56.33 95.93

Abbr evi ati ons

A = Acet one
T = Tol uene

C = Challenge concentration in ppm
Eq. 29= 10% breakt hrough tinme in mn
i)redi cted by Equation 29.
Egq. 31= 10% breakt hrough time in mn
Bred| cted by Equation 31.
%ev.= Percent deviation of calculated from neasured
10% br eakt hr ough ti ne. _ . _
Tl Qb «s Measured 10% breakt hrough tine in nn.
T50% «  Measured 50% breakthrough time in mn.

00
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M breakthrough times are plotted against challenge concentration for each

solvent in Figure 22.

Typi cal breakthrough curves for acetone, toluene and a binary
mxture of themboth are presented in Figures 23, 24 and 25,
respectively. Table 10 contains the charcoal bed adsorption parameters
for the binary tests. Table 11 contains the breakthrough times for the
I ndi vi dual solvents in each binary test. An exanm nation of Table 11
and Figure 25 shows that the same general pattern was followed for
breakt hrough as with the single solvent tests. Acetone breakthrough
was much faster than that of tol uene.

Conparison of Tables 9 and 11 brings to Iight another pattern for
these binary tests. The acetone achieves 10% and 50% br eakt hrough in
nuch shorter tinme. This can al so be seen when conparing Figures 23, 24

VA and 25 since the concentration of each single solvent is simlar to the
concentration of that solvent in the binary mxture. These figures
correspond to Trials 2, 6 and 11, respectively. Conparison of the
acetone 10% breakthrough times for Trials 2 and 11 shows that the
acetone i s achieving breakthrough al nost 25%faster than woul d be
expected with a single vapor. This same pattern was noted by Bartosh

(4) in his study on binary solvent effects on respirator cartridge

br eakt hr ough.
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TABLE 10

Charcoal Bed Adsorption Paraneters for Binary Vapor Tests

Trial No. CA CT M 01 IS At m £1
9 5A6.1 5AL.5 49.401 70.42 11.2, , 759.7 23,2

10 1179.0 746. 8 49.399 70. 83 10.5 ~* 764. 8 23. 4

11 576.7 364. 2 49. 407 72.02 9.7. 756. 6 23.5

12 232. 8 290. 7 49. 401 69. 49 9.4 755. 1 23. 7

Abbr evi ati ons

CA = Chal l enge concentration of acetone in ppm
CT = Chal l enge concentration of toluene in ppm
M = Mass of charcoal in g

m
%: Total flowrate passin% t hrough the bed in L/mn.
ha

= Pressure drop across charcoal bed in nmof water,
At m = Atnospheric pressure in mmof mercury.
RT Room tenperature in *' C
RH = Percent relative humdity.

00
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TABLE 11

Bi nary Sol vent Breakthrough Results

Acet one g Tol uene
Trial No. C c.T10% T10%  T509%60% L€ T10%T10% T50%
9 546. 1 R 541.5 76. 91
10 1179.0 15. 51 25. 77 . 746. 8 55. 21
11 576.7 286.05 2847%. 43  47.:43364. 2 364.299. 9D. 93 135. 93
12 232.8 41. 97 71.99 290. 7 184" .37
Abbr evi ati ons
cC -~ Chal | enge concentration in ppm

TIO% = 10% breakthrough time in mn.
T50% = 50% breakt hrough tine in mn.

(0]¢]
00
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V. CONCLUSI ONS

The stated objective of this study was to evaluate the effect of
binary solvent mixtures on the ability of an organic vapor detector
the TGS 812, to he utilized as a breakthrough monitor for a charcoa
bed filter system

\hen consideration is given to the relatively rapid breakthrough
times and the greater sensitivity of the TGS 812 for acetone, it woul d
appear that the sensor can be used as a breakthrough detector when air
containing mxtures of acetone and tol uene nust be purified. This
statenent nust be tenpered with the fact that the sensor had shown a
large sensitivity decrease to the solvents used here when conpared with
a previous study of single solvent response with the exact sanme sensor
(6). Conparison of the single vapor tests with the binary vapor tests
showed that acetone 10% breakthrough in the binary tests occurred at
poi nts where toluene concentrations were sufficiently [owthat they
probably coul d not contribute appreciably to a change in the sensor
response. This may not hold true with new sensors working at peak
efficiencies. Time considerations did not allow further testing with
new sensors to test this idea.

The results of this study suggest that the sensor can be used as
an acetone-tol uene binary mxture breakthrough detector. Extrapolation
to other mxtures is difficult, although it is probable that this

sensor could be used in any systemwhere acetone was predicted to
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breakthrough more rapidly than the other component. Such predictions
are beyond the scope of this current project.

Charcoal bed breakthrough response occurred as predicted by carbon
theory. The nore volatile acetone was |ess strongly adsorbed in the
bed and thus achieved breakthrough nore rapidly in both the single and
binary tests. Both acetone and tol uene achieved good fit in the single
tests to the power relationship between 10% breakthrough tine (tg) and
chal I enge concentration (C) described by Nel'son and Correia (31):
tB = ath.

90
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VI . RECOVIVENDATI ONS

It is clear fromconparison of the results achieved here for
single vapor tests with those of Bratt (6) that the TGS 812 sensor is
capabl e of greater sensitivities than were achieved here. It is thus
clear that further testing is needed.

(ne possible study to be performed would utilize a bank of sensors
as Bratt (6) didin his calibration tests. This bank of sensors coul d
be placed in a duct system downstreamof an actual charcoal bed while
known concentrations of binary solvent mxtures are passed through the
bed. The bank of sensors would help elimnate problems such as those
encountered in this study where possible failure of a single sensor can
make results difficult to Interpret.

The electronic circuitry associated with the sensor could bhe
redesigned to allow adjustment of the heater voltage in the sensor to
achieve greater sensitivity by approaching the optimum response
tenperature of one of the solvents in a pair. Tum and Clifford (43)
have suggested using a mcroconputer systemto control a bank of
sensors in this way.

A recent study by Jonas, et al, (20) presented a new nethod for
prediction of activated carbon performance for binary vapor mxtures.
The adsorption capacity for each individual conponent can be cal cul at ed
by this method and 10% breakt hrough predictions made utilizing Eq. 31.
A procedure based on these predictions would help select further
pairings of solvents for binary testing of the sensor.
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CARBON ADSORPTI ON THEORY
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CARBON ADSORPTI ON THECRY

The breakt hrough response for a given organic vapor or gas in a
charcoal bed is dependent on the strength of adsorption of the vapor.
Adsorption is defined as a process in which a gas or liquid sorbate is
attracted to a solid surface of a sorbent and is held in a gas-solid
interface (17). These attractive forces can be categorized as either

chem cal or. physi cal

1. Chemical adsorption

(1"P Cnhemcal adsorption involves sharing of electrons between the

(9

sorbate and sorbent to forma chem cal bond. This bond formati on often
requires an activation energy input, occurring primarily at

t enperatures above 400 op. This high heat requirement means that
primarily physical adsorption should occur in this present study.

Physi cal adsorption on carbon involves relatively weak attractive
forces known as Van der Walls forces. The sorbate nust diffuse close
to the carbon granul e surface before these forces take effect. Carbon
granul e surfaces have many pores and m cropores which can extend into
the granule. Vapors which are trapped in these mcropores tend to
condense. It has been shown that a higher degree of pore filling will
occur at high concentrations of relatively nonvolatile solvents as

conpared to | ow concentrations of volatile solvents (31).
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2. Adsorption on activated carbon

Activated carbon is an electronically non-polar substance. It
wi |l adsorb nost organic gases and vapors in preference to the nore
pol ar atmospheric noisture (24).

Chenicals can be divided into three categories in regards to their
ability to be physically adsorbed on activated carbon (24). True
gases, with critical tenperatures |ess than -50 oc and boiling points
| ess than -150 ~"C, are virtually non-adsorbable at normal tenperatures.
These gases include hydrogen, nitrogen, oxygen, carbon nmonoxi de and
met hane. Low boiling vapors, having critical tenperatures between 0 "C
and 150 % and boiling points between -100 oc and 0 oc are noderately
adsor babl e. These cheni cal s include amoni a, ethyl ene, fornal dehyde,
hydrogen chl ori de and hydrogen sul fide. Heavier vapors, having boiling
points greater than 0 °C, will be readily adsorbed at nor nal
tenperatures. Chenmicals falling into this category include nost
odorous organi ¢ and inorgani c substances.

A nunmber of studies have been made on charcoal cartridges to
det ermi ne adsorption response trends. Some of the npbst extensive work
in this area has been performed by Nelson, et al (31,32). They tested
121 different solvent vapors for sorptive capacity and breakt hrough
times in several types of respirator cartridges (32). Defining service
life as the time to 10% breakthrough, it was found that the nore
vol atile the chem cal was, the shorter its service life. It was al so
found that a relative humdity greater than 65% woul d reduce the
cartridge service, especially as the challenge concentration was

reduced. It was also found that the service life was reduced 1 to 10%

for each 10 oc increase in tenperature. A predictive equation for
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% cartridge service |life was devel oped by Nelson and Correla (31). They
separated the 121 solvents tested Into ten classes Including acetates,
al cohol s, al kyl benzenes, ketones, etc. For each of these classes of
conpounds, plots were made of boiling point vs sorptlve capacity and
equations for best straight |ines devel oped:

VNAad = a +— bT ((28)
where V" I's the theoretical adsorption capacity (gmgm, TIs
the boiling point of the solvent of Interest (*"C), als
the Intercept of the line and b the sl ope.
Al of these plots were perforned for 1000 ppm of each solvent. The a
and b coefficients were selected for the solvent class of the sol vent

of Interest and utilized along with the boiling point of that sol vent

to calculate the adsorption capacity, Wa*. This capacity was used to

% cal cul ate the service life for that sol vent:
tm = (24.2)(106) (W ;) (Wari 29
((QMW&S ) (W) ( ) (29)

where tio%is the 10% breakthrough time (mn), W is the mass
of charcoal in the test cartridge (gm, Cis the challenge
concentration (ppm, MNis the nolecular weight of the
solvent (gmmle) and Qis the flowrate of the air stream
through the cartridge (L/mn).
It was al so found that for a range of concentrations of a single
solvent, the tine to a given breakthrough percent, tg, could be found
. fromthe expression:
Tt B — aacCb  330O)
where Cis the challenge concentration (ppm) and a and b are

(t™ constants for given experinental conditions.
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The average value for b at 10% breakt hrough was -0.67 over a
concentration range of 50 to 3000 ppm

Abrams (1) evaluated several predictive equations for service life
determination in his study of a recirculating fume hood. He found the

best fit to be achieved utilizing an equation he had adapted from

G ubner and Burgess (16):

Tg = {24.1) (O (A (106 31
9 = {24 1) (O (A (106) (31)

where 1% is the breakthrough time at a given breakthrough
concentration (mn), Gis the mass of charcoal adsorbent
(gm, Ais the sorptive capacity at a given percent
eo . Dbreakthrough (gngm, Wis the flowrate (L/mn), MNVis the
mol ecul ar weight (gmnole) and Cis the challenge
concentration (ppm.
G ubner and Burgess (16) based their predictive equation on the Theory
of Statistical Mnents (TSM. This theory suggests that the paraneters
affecting adsorption in a dynamc systemare randomy distributed. The
change of concentration with time at a given depth of the charcoal bed

coul d be described by a normal probability distribution curve.
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GASES DETECTED BY THE TGS
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FI GARO GAS SENSOR

Several incthodi of gas detection, bated on vtriou cheical and
physical principlesare nowavailable. Asiiort list includes:

CETKCTI ON TUBE: Bated on col our change resulting froma
cheical reaction between the gat and the tube contents. This
IS an accurate quanmanve system but each tube can only be
used once. It it Turtablc for $pMchecking but not for continuous

dctectiun.

| NHRA RED / SPECTROPHOTOVETRY / GAS CHROMATO-
CRAPI|: These systens ﬁ,row de high continuous accurate
detection but coétt arc |th, ki ng themsuitable only for
speci al ued industrial applicafions.

CATALYTI C COVBUSTI ON: One of the original and most
widely used tyuenu based on the tenperature chanFe produced
bg catal ytic comusliun on a FI atinumwre tensor. |T requires a
réUively expensive sinplilier and the sensor can be poisoned by
silicone and hal ogen gases. Sone technical know edge IS requited

for operation and naintenance and hence it is recommended.

Main com MStible and toxic gases detected by tlie TGS

ocarbons and Their derlvalivcs: Methsne/ Ethane/ Propane/
wuflc/ |'eniane/ Hexane/ Hepune/ Cctane/ Decane/ Petrol eum
tihei/ Petrol eum Benzine/ "CaioUne/ Kerosene/ Petrol eum
thal Acetylene/ bihylenc/Propyl ene/ Butadiene/ Butylenel.
enel Tol ucue/ o-Xyl'enel mX}gI ene/ Ethylene Oide
ugrniscd Wm ocartMna: Mt y|| Chlorj de Met hyl ene

|
(loryle/ _ Ethyl ~Chloride/ FEthylene Chloridel =~ Ethylidene
8w op(yef T’rvt|e cﬂor i J@n% nﬁngﬂl greinge%]wl orl Je/ Trichtoro

ene/ Methyl Borom
A Bnola:  Methanol/  Ethanol/  a-Propanol/ iso-Propanal/

for industrial rather than domcttic appUcationa.

SEM CONQUCTCR DETECTOR: I ntroduced by Fi garo
Engi neenng Inc. In 1968, the TCS gaa aensitive sem conductor
tensor |'s based on N type tintersd SnQ). When combustible or
reduci nq gates are adscrbed on the sensor surface a mrked de-
crease of electrical resistance occurs. Major features of the TCS
senior include high sensitivity <several hundreds ppmof gaa
easHY detected), |ow cost associated ci r,cumg and the abiljty'to
repeatedly detect gas without deterioration. Some of the original
tensors produced in 1968 suffered frominsufficient nechanical
strength and arge sensitivity variatioas, but thete problems have
been overcome by a continuous programe of research and
I nprovenent carried out bXaFl 9aro Engl neering Inc. Vhen used
in accordance wilti the fanufaciuter's daua mnmum sensor
life of 10 years can be expected. August 1981 more than 13
mllion TCS sensors were in use worfdw de, mainly as domestic

gpeé%ctors, making a_si gnificant contribution to improved

e

wl.., _--
n-Butanol / i so-Butsnol

Ethers: Methyl Ether/ Ethyl Ether
Ketones: Acetone/ Methyl” Ethyl Ketone )
Esters: Methyl Acetatel Ethavl Accute/ n-ProgyI Acetatel iso-
Propyl Acetatel n-Bu(yl Acetate/ i1so-Butyl Acefate ]
N,Irogen Conpounds:  Nitro Methane/ Mono Methyl Amine/
R rethylamnc/ Trinethyl Amne/ Mono Ethyl Amnel Qelhyl

I_Eg{g%rginc cy%a}ﬁeasé Amonial  Carbon Monoxi de/ Hydrogen/

BepAGIA AN fTALABA

TGS appl i cations

1. Conbustible Gas-Leak Alarm
2. <jibon Monoxide Celeclor
3. Automatic Fan Control

Tri' T

--------------- TGS features M "AiA-AM AN

Il SNt MU o<

I. Long life. Sensors in continuous use for 9 years arc still
functioning normally.

3. Hgh reliability "en when exposed to toxic gatet. ‘

3. Nodi-crease insensitivity even when stored (or a long period
whigh humdity atnosphere before use. '

4, Detects |ow concentrations of Nstural Gas, Carbon Monoxide

4, Fire Aarm(Detecting combustible gases contained in smoke)
. ﬁcohol Detector (Defector for drunken driver)
r |

|
Pol ['ution Monitor

EGE fyakATA I AL A
sars e aJulatt

and a range of toxic gases.

5. Conforms to vibration and drop test standards.

6. Large resistance chanqe at low gas concentrttions enables o
reliable [ ow cost detector to be designed.

7. No sensitivity loss even when exposed to high gas cooceoua-
tions accompani ed by reduced ongen [ evel

Gui delines for TGS users

The senior is affected to some extent by chsnges in al ma-
thnc temperature and humdity. For precise work, allown
nce nuM be nade fur these changes.

He(. 4Ufte The response of the icnsof is cxponenlul rather than

Hpgﬂu@cﬁﬁ]gﬁ' aL 1Cc'qru%lé'dt. must be designed WVQ quantitative

3. The tensor should be powered for several days to ensure it
has reached its final Stable state i.e. the conplete defector
shoul d be povered for some days before calibration is cairied

4. Astahiljzed sensor requires 1 to 2 mnutes recovery time when

(P.TIQ
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CHARCOAL CHARACTERI STI CS
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CHARCOAL CHARACTERI STI CS

Mass of carbon (gm 49. 401

Particle dianmeter range (mm 1.40 to 3.35

Bul k density (gmicnB) 0.398

Specific bulk volume (cnmt/gm 2.51

Total void volune (cnf/gnm 1.62

Solid granule volume (cnft/gm O0.89
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