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REMOVALOF ACID GASES AND OXIDES OF NITROGEN

FROMSPACECABIN ATMOSPHERES

By A. J. Gully, R. M. Bethea, R. R. Graham, and M. C. Meador

SUMMARY

Investigations were made on methods of removal of oxides of nitrogen and of
the acid gases sulfur dioxide, hydrogen chloride, hydrogen fluoride and chlorine
in low concentrations from air as part of the effort to develop an effective
atmospheric purification subsystem for long-term manned space missions. Methods
investigated were: (I) reaction with basic solid materials, (2) adsorption
and (3) for oxides of nitrogen, catalytic reduction of nontoxic to less toxic
gases.

Adsorption at ambient temperature of both chlorine and nitrogen dioxide on
activated carbon was found to be rapid with sulfur dioxide being adsorbed to a
lesser extent. In exploratory work, nickel oxide and copper oxide were found
to exhibit appreciable activity in the catalytic decomposition of nitrogen
dioxide. Maximum decomposition of nitrogen dioxide observed (nickel oxide
catalyst at 482°C) was 53%. Nitric oxide was the major decomposition product.

Solid-gas reaction was found to be the most generally effective method of
contaminant removal.

The solid reactants tested included sodium carbonate, sodium bicarbonate,
barium carbonate, calcium carbonate, lithium carbonate, and manganese dioxide.
Of these, lithium carbonate and manganese dioxide were the most effective by a
large margin for acid gas removal. Manganese dioxide reacts faster with sulfur
dioxide and chlorine, and lithium carbonate faster with the hydrogen halides at
the temperature of interest (340-380°C). Reaction rates increase rapidly with
temperature. The reaction between nitrogen dioxide and any solid tested was too
slow for effective removal.

A mathematical model of the solid-gas reaction system, based on the
shrinking core concept, was developed. This model served both as a basis for
experimental data interpretation and as a design tool. The model, which requires
only two experimentally determined constants for each gas-solid pair, adequately
fits the breakthrough data on all solid-gas reaction systems investigated.

On the basis of information developed in this study, it is confidently
estimated that by using a II cm reaction bed containing both manganese dioxide
and lithium carbonate, over 88% of the sulfur dioxide and over 99% of the
chlorine and hydrogen halides in the entering stream can be removed on a once-
through basis for up to 750 hours of operation.



2.0 INTRODUCTION

In a closed systemsuch as a spacecabin simulator or spacecabin, the volume
of free atmosphereper inhabitant is extremely small, resulting in large
increases in the concentration of contaminants, with addition of only relatively
small amountsof the undesired gases. Even in short periods of time, the
metabolic processes of man, the decompositionof materials and equipment, and
the manyinteractions, maycontribute sufficient quantities of toxic gases to
the systematmosphereto exceedallowable limits of concentration.

There are manypossible methodsof removal of contaminants from closed
system atmospheres, including cryogenic condensation, adsorption on high surface
area materials, chemical conversion to inert or more easily removed gases, and
adsorption with or without chemical conversion. Of these, adsorption on
activated charcoal, and chemical conversion by catalytic burning, have proved
effective in controlling contaminant concentrations in both submarine and space-
craft atmospheres. Charcoal has fairly high capacity for adsorption of many
contaminants, particularly the less volatile ones. Catalytic oxidation is
capable, from a potential standpoint, of converting carbon, hydrogen and oxygen
containing compounds to carbon dioxide and water, the atmospheric concentrations
of which must be controlled by other subsystems. The rates of carbon dioxide
and water generation in trace contamination removal is negligible in comparison
with rates of generation from metabolic and other system processes. The
additional load on the water and carbon dioxide control subsystems resulting
from catalytic oxidation of trace contaminants, therefore, is insignificant.

The problem of trace contaminant control is not completely solved, however,
by catalytic burning, charcoal adsorption, or the combination of the two. Highly
volatile materials may be adsorbed only weakly on activated carbon. Catalytic
oxidation over metal oxide catalysts has proved to be effective in the vapor
phase oxidation of many organic compounds. Certain gaseous products from the
combustion process, however, are toxic in trace concentrations. Nitrogen
compounds such as ammonia, hydrogen cyanide, indole, amines, etc., will be
oxidized in the burner. The nitrogen containing combustion products will
undoubtedly depend upon the nature of the catalyst and processing conditions in
the catalytic chamber. Nitrogen can exist in several oxidation states, such as
N2, N20, NO, N203, NO2, N204, N20 s, and NO3. It has been reported (I)* that
catalytic combustion of nitrogen compounds gives high yields of nitrous oxide
(N20). Nitrogen dioxide (NO2), and nitric oxide (NO), are other probable
products. Each of these oxides of nitrogen is toxic, affecting skin and eyes,
respiratory, digestive or nervous systems. Continuous exposure threshold limit
values for concentrations of these contaminants are 0.4, 0.4 and 0.2 ppm for
nitrous oxide, nitric oxide and nitrogen dioxide, respectively (2). Ideally, a
catalyst which is specific to reactions which yield nontoxic N2 as the reaction
product would be employed.

Numbers in parentheses refer to the list of references included at the end
of the report.



Other products of the catalytic burner are sulfur dioxide, chlorine,
hydrogenchloride, and hydrogenfluoride• The last three are probably derived
largely from halogen containing refrigerants and plastics, and could be
eliminated by prohibiting the use of such in the spacecraft system. Sulfur
dioxide, however, is formed by combustionof sulfur containing compoundssuch as
hydrogensulfide, mercaptansand organic sulfides, which are products of
metabolic processes. Sulfur dioxide is highly toxic, affecting the eyes,
respiratory, and nervous system (I). As sulfur dioxide, hydrogen halides, and
nitrogen dioxide are all acidic gases, the probability of removing them from
the atmosphere by reaction with a basic material was considered high. The term
adsorption as used in this report refers to the process of contacting a
contaminant-laden gas with a solid material in such a way as to remove the
contaminant from the gas.

2.1 Objectives

The objective of the research reported here was to develop a postcatalytic
subsystem capable of removing sulfur dioxide, the oxides of nitrogen, and
hydrogen halides from the atmospheres of spacecabin simulators. In order to
accomplish this objective, the following research and development program was
followed:

l • Screening of commercial and laboratory prepared processing agents for
the removal of acidic contaminants (SO2, NO2, HCI, HF, C12) from the
atmospheric gases.

2. Experimental determination of rates of adsorption as functions of
processing variables for the most promising agents developed in Phase I.

3. Study of the reduction of the oxides of nitrogen effected by various
catalysts and development of kinetic data on the most promising.

. Development of quantitative design relationships from which subsystems
may be confidently designed for the control of the concentration of
acid gases and the oxides of nitrogen in closed atmospheric systems.

Following discussions with the Technical Monitor for this project, (before
the subject contract was signed) step 5 in the original proposal (design,
construction, and delivery of a prototype adsorber to the Government) was
modified to substituting experimental scale-u_work required to verify the
validity of the design relationships developed for the actual construction and
delivery of a prototype adsorber.

Consideration of the overall problem of contaminant removal and the nature
of other components of the atmospheric control system of the Integrated Life
Support System (ILSS) at the Langley Research Center led to major emphasis
being placed on reactions between contaminant gases and solid basic materials.
This was felt to be the most direct route for and to hold the greatest promise
of the removal of most of the contaminants under consideration. Physical
adsorption, although probably insignificant at catalytic burner exit



temperatures, could be profitably employed at other locations within the system
where the temperatures are lower. As the activated charcoal beds in most

systems now in use may remove some of the contaminants studied, a study of
adsorption behavior was believed pertinent to any investigation concerned with

contaminant removal. Such a study was performed as part of this research.

Catalytic reduction of the oxides of nitrogen, rather than adsorption, was
believed to hold potentially greater promise for the removal of these contami-

nates. It was recognized from the outset that development of technology for
effective contaminant removal in this manner would be relatively difficult to
accomplish. Because catalyzed reductions such as these are not well understood

and since the degree of success is highly dependent on the amount of experi-

mental effort expended, the research in this portion of the project was intended
to be exploratory in nature rather than exhaustive.

2.2 Research Outline

The removal of the oxides of nitrogen and acidic gases from spacecabin
atmospheres presents two separate problems. In the original proposal it was
assumed that nitrogen dioxide would react with basic materials in much the same

manner as the other more acidic gases sulfur dioxide _nd hydrogen halides.
Experimental evidence obtained during this project, however, shows that nitrogen
dioxide is much less reactive toward basic materials than was assumed. Since

none of the three oxides of nitrogen under consideration could be efficiently
removed in the same system as the acidic gases, the next most promising method
for removal of these oxides appeared to be catalytic reduction to molecular
nitrogen.

2.2.1 Acidic Gas Adsorption. - It is highly probable that the acid gas
components of the catalytic burner effluent will consist primarily of carbon
dioxide, sulfur dioxide, nitrogen dioxide, chlorine, and hydrogen halides.

These gases must be emoved in the contaminant control system. Hydrogen halides,
if present, will react more rapidly and irreversibly with basic materials than
any other gases present. For this reason, reaction rates and the rates of

approach to equilibrium for removal of these gases by scrubbing will not be
controlling factors in the adsorber design. This being the case, it was

decided in conjunction with the Technical Monitor, that the post-burner

development work should be primarily concerned with removal of nitrogen dioxide
and sulfur dioxide. Carbon dioxide will undoubtedly be adsorbed by any fresh
basic reagent. Since it is less acidic than the other gases, it will be
displaced by them and returned to the atmospheric system.

Selection of an adsorbing medium was governed by the rates and equilibria
of adsorption of the acid gas contaminants. The search for adsorption materials
was restricted to solids since this eliminated the zero gravity separation

problem involved in gas-liquid systems. While the development of spaceworthy
liquid absorption media is believed possible, it did not appear sufficiently
promising at the time this research was initiated to warrant inclusion in this
project.

4



Screening studies of adsorbent materials, both commercial and laboratory
prepared, were made. The two best contaminant removal agents were selected on
the basis of preliminary screening tests and were then subjected to extensive
investigations of rate and capacity characteristics for design purposes. Among
the materials selected for screening were several low molecular weight carbonates
and bicarbonates. These materials were tested in various physical forms: fine
powders, granules, pellets, and sintered chunks. These materials were on
occasion supported on large-pore alumina to increase the surface area available
for mass transfer. In addition, several commercial acid gas removal agents
were evaluated.

Since adsorbent capacity can be calculated stoichiometrically, the screening
test procedure was designed to discriminate between adsorbents upon the basis of
their adsorption rates. Selection of the most promising materials for further
study was based on the residual NO2 and SO2 in the effluent stream from the
adsorber when separate air-S02 and air-N02 mixtures of standard composition were
passed over a standard mass of adsorber at a fixed temperature.

In order to develop information from which an acid gas adsorber could be
designed the factors which affect effluent concentration were investigated for
the two most effective adsorbents. The effects of the primary variables
temperature, contaminant concentration, and space velocity were determined
using a fixed bed adsorber through which the contaminant-laden air was passed.
The inlet and exit concentrations were determined by analytical methods described
in Appendix C. The raw data generated were in the form of exit concentration
versus time curves from which gas-solid diffusion coefficients and reaction
constants were calculated using techniques described in Chapter 4.0. Experi-
ments were designed to develop information from which predictions of
contaminant removal efficiency and adsorber life could be made for given
contaminant generation rates and adsorber operation conditions.

2.2.2 Removal of Oxides of Nitrogen. - Of the several oxides of nitrogen
which occur in simulated spacecabin atmospheres, the ones of greatest concern
are nitrous oxide, nitric oxide, and nitrogen dioxide. Each of these compounds
is metastable under either ambient or processing conditions. Thermodynamic
consideration of the available physical and chemical data indicates that each
oxide can be decomposed to elemental nitrogen and oxygen if an effective
catalyst can be found.

Reports in the literature have shown that nitrous oxide can be catalyt-
ically reduced at temperatures as low as 300°C (3), and one patent (4) claims
complete decomposition of pure nitrous oxide at temperatures of 490°C. The
catalysts reported for nitrous oxide decomposition are very similar to those
reported for nitrogen dioxide decomposition. Therefore, it appeared that the
most promising route to a solution of the problem of removal of the oxides of
nitrogen was to search for a decomposition catalyst for nitrogen dioxide.
Chemical analysis problems make experimental decomposition data much more
difficult to obtain for nitrous oxide than for nitrogen dioxide.

In the initial stages of the experimental work, screening tests for
nitrogen dioxide reduction were carried out using the most promising commercial



catalysts. Thesewere composedof copper and nickel oxides. The criterion
used in the screening process was conversion of nitrogen dioxide under standard
processing conditions.

2.3 Limitations and Restrictions

In order to achieve the objectives of the programsin the most efficient
manner, certain limitations were placed on the experimental program. It wasnot
feasible to duplicate the atmosphereof the ILSSwith regard to pressure; all
work wascarried out at essentially atmospheric pressure. Commercialcompressed
air, free from any measurableamountsof reactive gases, was used in this work.
Water and carbon dioxide were added in the test systemas required for operation
at 50%relative humidity at 295°Kand 0.5%carbon dioxide content.

The inlet contaminant concentrations were held below 60 ppmand above4 ppm
in all cases. Working at these levels, while one order of magnitudegreater
than anticipated in the ILSS, wasadvantageousfrom the analysis standpoint.
The contaminant levels were high enoughso that all analyses could be madein
the most accurate regions of the methodsfor the individual gases and small
absolute changesin reactive gas concentration could be more readily observed at
high levels than at low levels. It wasbelieved that concentration effects
could be confidently extrapolated into lower concentration regions.

For the sake of experimental convenience, the amountof adsorbent and/or
catalyst used was from 0.4 to 4.0 g. The reaction bed dimensionswere 1 to
5 cmlong by 0.94 cmdiameter.

Primary emphasiswasplaced on developing suitable post-burner removal
techniques for nitrogen dioxide and sulfur dioxide. This was donebecausethese
two compoundsare generally muchless reactive than chlorine and the hydrogen
halides. It seemedlogical to assumethat any material satisfactory for the
removal of nitrogen dioxide and sulfur dioxide would be more than adequate for
the removal of the other reactive gases. Oncethese methodswere proved to be
satisfactory, they were evaluated with respect to the other project gases.



3.0 SYMBOLS

b

B
X

CA

CAg

C
x

D
e

F

GM

Jd

K1

k 1

kf

k
g

MB

NA

NRE

NSc
P

PN02

r I

r

R
%T
T
t
V

W
X

Z
At
AZ

eB

ep

= stoichiometric coefficient of solid, mole solid reacted/mole gas
reacted

= constant for each contaminant gas, used in calculating calibration
curve for converting percent transmittance in ppm

= reactant A concentration, g mole/cc

= reactant A concentration in the bulk air stream, mole/cc

= contaminant concentration, moles absorbed/liter of colorimetric
reagent

= apparent diffusivity of gaseous component through the product layer,
cm2/hr

= air flow rate through reactor, g mole/hr
= molal velocity based on total reactor cross sectional area;

moles/(hr)(cm) 2
= dimensionless mass transfer number

= thermodynamic equilibrium constant = (PNo2)/(PNo)(P02)I/2

= forward rate constant for reaction I, mole/hr g cat atm

= external mass transfer coefficient, cm/hr

= forward rate constant for the solid-gas reaction, cm/hr

= equivalent weight of solid, g solid reacted/mole contaminant
removed

= moles of contaminant A

= Reynolds number

= Schmidt number

= pressure, atm
= partial pressure of NO2, atm

= local reaction rate, mole/hr/g cat
= particle radius, cm

= reaction rate, moles/particle/hr
= outer radius of solid particle
= percent transmittance
= temperature, °C or °K
= time, hr
= superficial gas velocity through the reactor cm/hr
= amount of catalyst in reactor, g

= fraction of original solid which is unreacted, (rc/R)3
= reactor length, cm; also axial position
= time increment, hr
= length increment, cm
= void fraction of packed bed

= void fraction of the solid particle



n
Pbed

Psolid

= number of solid particles per cm3
= bulk density of the packed bed, g/cc

= density of the solid, g/cc



4.0 SIMULATIONANDDESIGNOFGAS-SOLIDREACTORS

A major overall objective of the present study was to develop the data and
techniques necessary to design and predict the operating performanceof an acid
gas adsorber. In order to economizeon the amountof experimental data
necessary, it is desirable to develop mathematical expressions which showthe
quantitative relationship of the principal variables involved in the reactor
design and operation. In the following section the mathematical relationships
used to correlate the experimental data and simulate mathematically the full
scale reactor are developed.

Of the various types of gas-solid contacting arrangements, the one
considered in this study is a tubular cylinder packedwith granular solid. This
type of adsorber is inherently complexfrom a fundamental standpoint. Both the
solid and gas compositions changewith time and with position within the
reactor; thus, even at constant inlet gas composition and adsorber temperat,,re,
the systemwill reach steady state only after the adsorption capacity is
completely exhausted. A mathematical description of the systemrequires as a
minimumthe following equations:

I. A material balance accounting for contaminant addedto and removed
from the gaseousspace within the reactor.

2. A material balance accounting for contaminant addedto and removed
from the solid occupied space within the reactor.

. An expression describing the reaction rate as a function of the
independent variables contaminant concentration, time, temperature,
and physical properties of the gas and solid.

Each of these relationships is developed in the following sections. Since heat
effects are likely to be insignificant, energy balance, heat generation rate,
and heat transfer rate equations are not required.

4.1 Material Balance on the Gas Phase for a Tubular Reactor

As a starting point in the development of a mathematical description of the
contaminant removal system, a simple material balance is made on a differential
element of the reactor.

V

AZ

Using a Taylor series approximation of the differential contaminant material
balance with truncation of the higher ordered terms and assuming no axial mixing

9



or gradients in the radial direction, the following expression is obtained:

rconamnanconamna  accumuaonI [reacon]movement movement /
into - out of | I g_ with= + solid

L element element _J L phase phase

v_ : _B_ +_ (4_)aZ at

where

v = superficial gas velocity, cm/hr

CAg = reactant A concentration in the bulk air stream, mole/cc
Z = reactor length, cm

_B = void fraction of bed

t = time, hr
= number of solid particles per cc

= reaction rate, moles/particle/hr

In almost all applications the term for depletion of the contaminant in the gas
phase is very small compared to the other two terms, thus the material balance
may be simply expressed as

v _Ca-_Z+ nR = 0 (4.2)

4.2 Material Balance on the Solid Phase for Fixed Bed Reactor

Using the same approximations as for the gas phase, an unsteady state
material balance may be made on the solid reactant. For a differential element
of the bed the following expression is obtained:

 eplet°nI Ig°fs°lidrcormOvement°fm°vementIoflof solid consumed |ntaminant out

k reagent = per mole of × - elementcontaminant| | into
removed ] L element

Pbed (-_t) = bMB v _ (4.3)
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where

x = fraction of original solid unreacted
b = stoichiometric coefficient of solid, moles solid reacted/mole

gas reacted
MB = molecular weight of reactant B, g/mole

Pbed= density of bed g/cc

4.3 Developmentof Expression for the Rate of Reaction

Although a complete understanding of the reaction mechanismis not
necessary for design purposes, an understandin_ of the relative resistances of
physical diffusion (both external and internal) and of chemical reaction to the
overall reaction is important. The rates of gas-solid reactions in which one
reactant and one product are solids are particularly susceptible to diffusional
resistances. Since diffusional resistances are almost always important, the
relatively simple unreacted shrinking core model for solid-gas reactions often
gives very good results. This modelwas developedby Yagi and Kunii (5) and
has beensuccessfully applied to several gas-solid reactions (6,7). Further
discussion of this and similar techniques maybe found in References8 through
I0.

Let the reaction be represented by the equation

A(gas) + bB(solid) ÷ Products

where at least one product is a solid. In the modela spherical particle is
assumedwith the reaction zone consisting of a thin shell surrounding the
unreacted solid. (See Figure 4.1) This shell is initially the outer surface
of the solid particle. Later, as the reaction proqresses the reaction zone
movesinto the solid, and a product layer is formed. Since the quantity of
the gaseousreactant is extremely small in this study, complications arising
from the pellet being non-isothermal neednot be considered. The apparent
diffusivity of the gaseousreactant (D_) is considered constant through the
product layer. A massbalance for gaseousreactant A gives

B2CA 2 _CA_I _CADe _+ _ _pr Tr-] = _t
(4.4)

where

De = apparent diffusivity of component A through solid

CA = concentration of component A, mole/cm 3

r = radius axis, cm

_p = void fraction of the solid

B, cm2/hr
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Since the solid reactant is very slowly exhausted, then a pseudosteady state
maybe assumed,i.e., the term _. _C^/Bt maybe neglected. With this
approximation, Equation (4.4) be_ome_the Cauchydifferential equation which may
be solved by assuminga solution of the form CA = r The boundaryconditions
are

CA = CAC at r = rc

CA = CAS at r = R

where

r = radius of unreacted core
C

R = outer radius of solid particle

and the concentration profile for component
found by the solution of Equation (4.4) to be

A within the solid particle is

(4.5)

For any single pellet the rate of movement of gas A through the external
boundary layer is equal to the rate of diffusion through the product layer which
in turn is equal to the rate of reaction at the product-reactant interface. If
the gas-solid reaction rate can be described by a first order equation, the
following three differential equations result

dNA
_= - 4_R2kf(CAg - CAS) (4.6)

dNA FdCAI

dE : - 4_rc2De L_] r=r c
(4.7)

dNA
_= - 4_rc2kgCAC (4.8)

where

NA = moles of component A

kf = external mass transfer coefficient, cm/hr

kg = forward rate constant for the reaction, cm/hr
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By manipulation of Equations (4.4), (4.6), (4.7), and (4.8) the concentration
of component A at the core radius maybe expressedas a function of the bulk
concentration _.(CAg)as follows

CAg
CAC = (4.9)

kg )2 k-ff+Deelrc (I __)+ 1

Equation (4.9) conveniently shows the manner in which the three series
resistances are connected. If the external mass transfer coefficient is large
then the first term will vanish, likewise if the diffusivity through the
product layer is large then the second term is insignificant.

Assuming a homogeneous solid then the rate of reaction is related to the
rate at which the core radius changes by the expression

2 drdNA dNB Psolid 4_rc c

b _ = -_-f= MB dt

where

= solid density, g/cm 3Psolid

The reaction rate per particle, R, is obtained as a function of the series
resistances and the bulk concentration by substitution of Equation (4.9) into
(4.8)

dNA 4_rc2CAg
= (4.10)

R=_ r 2
1 rc rc 1

Fe - k
The unreacted core radius can be expressed in terms of the fraction of the
unreacted solid, x

r 3

x = (_)

4_R x 2/3
CAg

X2/3 Rx1/3
+ --

D
e

(I
1

xl/3) + F
g

(4.11)
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4.4 Numerical Solution Techniquefor Design Equations

By combining Equations (4.2) and (4.11) an equation results which can be
used to correlate experimental data and to design a contaminant removal sub-
system. As developed in the previous sections the equations are in the form of
partial differential equations which must be integrated in order to provide
design information.

The method of solution chosen for the project was to convert the differen-
tial equations into difference equations containing increments for both the
time axis and the reactor length axis. The equation for marching down the
length of the reactor at a constant value of time is given by (4.12)

CAg(t,Z + l) = CAg(t,Z) Exp F x_/3 Rxl/_ I/3 l

(I-x )+L,,
In the above equation the value for the fraction of unreacted solid is taken
from the previous iteration, i.e., x(t,Z). The equation for calculation of
x for the next time increment is given by (4.13).

(4.12)

MBVAt

x(t + I,Z) = x (t,Z) + Pbe--_dA [Cag(Z + l,t) - Cag(Z,t)]
(4.13)

The application of Equations (4.12) and (4.13) to either experimental data or to
reactor design is straightforward. The physical properties of the packed bed

(R, n, Pbed' MB) are measured directly. The value for the mass transfer

coefficient (kf) may be calculated as discussed in Section 4.5, thus only two

constants (De and kg) remain to be determined from experimental data.

The constants were set at values which resulted in the best fit for one

experimental run and then using the same constants the other runs were
simulated. The value of the constants for the first data was determined by a

trial and error calculational technique. The magnitude of k determines the
initial reaction rate for a particular system while the value g of Do is related

to how well the reaction progresses as more of the solid is depleted? The
higher the value of each of these, the faster the reaction progresses. These

constants would be expected to be functions of temperature and to a lesser
degree pressure, and if the model is applicable they should be independent of
such variables as flow rate, contaminant concentration, and reactor geometry.

4.5 External Mass Transfer Coefficient Calculation

Before reaction can occur on the surface of a solid particle the gaseous

reactant must move from the bulk air stream through the air "film" surrounding

the particle. The concentration gradient established across this gas "film" can
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constitute an important resistance to the overall rate of chemical reaction
especially for relatively fast reactions such as might be expected with the
highly acidic gases and strong bases.

The method of estimating the value of the mass transfer coefficient (kf) is
based on the Chilton and Colburn (II) equation

JdGM
kf - p NSC (4.14)

and the correlation for the Jd factor is given (12) by the equation

-.51
Jd = 1.82 NRE (4.15)

where

Jd = dimensionless mass transfer number

GM = molal velocity, moles/hr cm2

NSC = Schmidt number

NRE = Reynolds number

P = pressure, atm

These general correlations have been sufficiently well established that they may
be used with confidence without experimental verification on the specific system
under study.

4.6 Summary of Design Equations

In the previous paragraphs the equations which were used for design of the
contaminant removal subsystem have been developed. These equations were
incorporated in a computer program for making the exit concentration calculations
for the experimental data and for calculating the full scale reactor performance.
The actual calculations were made using an IBM 360-40 digital computer. A print-
out of the program is included in Appendix A. A flow diagram of the program is
shown in Figure 4.2 along with the major equations used to make these calcula-
tions.
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5.0 EXPERIMENTALSYSTEM

The experimental system consisted of two distinct subsystems. The first
subsystemwas an atmospherepreparation train capable of providing a reliable
supply of synthetically prepared, polluted air of specified composition,
humidity, and pressure. The secondsubsystemconsisted of several test sections
which could be operated independently of each other. These test sections were
designed to provide kinetic and capacity data for both the adsorption studies
and the nitrogen dioxide reduction studies.

5.1 AtmospherePreparation Train

The flow diagram of the atmospherepreparation train is presented in
Figure 5.1. The breathable grade air was supplied in commercialcompressedair
cylinders (Position 1 in Figure 5.1) and wascompletely oil free. The air
contained no measurableamountsof any of the reactive gases used in this study.
The air passedthrough a standard pressure regulator, through a microfilter
(Position 2), and then through a flow regulating needle valve (Position 4).
Pressure taps were located on each side of the flow control valve (Positions 3
and 5). A Hastings massflowmeter (Position 6) was used to measurethe air
flow. After flow measurement,the dry air was then split (Position 7) into two
streams. Oneof these streams was then routed through a flow control valve
(Position 8) to a water filled, ceramic packedhumidification column (Position
9). A specified humidity was achieved in the final atmospherethrough suitable
pressure and temperature control within this column.

The original humidifier was a 65 cmlong section of 7.6 cmI.D. steel pipe
packedwith 5 mmglass Raschig rings. Air leaving the humidifier was routed
immediately to a 25 cmlong x 7.6 cm I.D. steel knock-out drumfor removal of
any entrained water. With the small humidifier water entrainment in the
humidified air wassignificant; therefore, the original humidifier was replaced
with a 150 cmlong section of 15.3 cm I.D. steel pipe packedwith 1.2 cmceramic
Berl saddles. The increase in cross sectional area in the humidifier lowered the
linear air velocity sufficiently so that water entrainment ceasedto be a
problem.

The humidair (100%relative humidity) was then combined(Position I0) with
CO2 (Position II) and mixed (Position 12) with contaminated air (Position 13).
The CO2 concentration wasadjusted to the desired level by metering in C02
through a Brooks rotameter (Position 14) and into the air stream after the
humidifier.

The other air stream was passedover a sealed Teflon tube (Position 15)
which contained the pure liquid contaminant. The contaminant diffused through
the walls of the tube into the flowing air stream. Detailed discussion of the
permeation tube contamination methodis given in Section 5.2. The stream of
contaminated air (Position 16) wasmixed with the humidair containing C02
(Position 17). The combinedair stream (Number18) then passedthrough a
manifold (Position 19) and wassplit into constant composition streams for

18
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absorption and kinetic studies. Provision was also made for the installation

of a system for forward flush (Position 20) with uncontaminated air. The

pressure control valve (Position 21) maintained a constant pressure in the

system downstream of the flow control valve (Position 4) and vented any excess
contaminated air.

The flow system described above was the result of many minor modifications
to the originally proposed system. One of the more serious problems encountered
was in the order of addition of H20 and the contaminant.

In the initial work on the addition of NO2 by the permeation tube method,

humid air was passed through the contaminant addition chamber. Upon investiga-
tion of erratic NO2 addition rates, it was noted that a liquid film had formed
on the outside of the permeation tube. It was apparent that this film was

inhibiting permeation of the NO2 and/or was absorbing NO2 as it passed through.
Efforts to correct the situation through mist eliminators ahead of the permea-

tion tube were unsuccessful. It was postulated that the film had its origin in
the reaction of water and NO2 Co form nitric acid on the surface of the tube.

This nitric acid then adsorbed water from the gas stream and continued to grow
thus causing decreases in NO2 contamination rates. The appearance of the film

and variations in contamination rates were eliminated by passing dry air
through the permeation tube chamber. The contaminated dry air was then mixed
with humid air containing C02 in suitable rate ratios to yield the desired air

composition. This air had 50% relative humidity at 22°C and contained 0.5%
C02 and the desired contaminant level.

The humidifier temperature was manually controlled and the temperature of
the bath surrounding the permeation tubes was automatically controlled. These
temperatures along with other system temperatures were measured and recorded
using a Honeywell multipoint recorder.

5.2 Permeation Tubes

The permeation tubes were used in three ways: to provide constant
contaminant concentrations for the gas, to serve as direct calibration standards
for the various colorimetric analytical determinations, and to prepare low
concentration samples for the gas chromatographic column evaluations. Because
of the importance of the permeation tubes to the overall project and the skills
required in their effective use, they are treated in considerable detail in
this section.

5.2.1 Previous Work. In 1966 O'Keeffe and Ortman (13) proposed Teflon
permeation tubes as primary standards for the preparation of standard sources of
low concentrations of certain liquefiable gases. These tubes consist of short
lengths of Teflon tubing sealed at each end. The liquefied gas is sealed into
the tube by forcing steel balls approximately 1.5 times the diameter of the
tubing into each end of the tube. The gas diffuses through the walls of the
tubing at a very slow rate which is essentially independent of wall thickness.
After initial conditioning, the permeation rate remains quite constant,
directly dependent on temperature but independent of external pressure changes.
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The rate Js easily measured gravimetrically and depends on the area available
for permeation which is a function of length and diameter of the tubing.

Scaringelli, Frey, and Saltzman (14) demonstrated exact equivalence between

weight loss and SO2 diffusion from such permeation tubes by colorimetric

techniques. Successful tests were also reported by Thomas and Amtower (15).

5.2.2 Permeation Tube Preparation. - The permeation tube technique for
contaminant addition was thought to be very promising. Teflon tubing 0.8 cm

O.D., 0.6 cm I.D. was used. Steel ball bearings approximately 0.8 cm diameter
were used to make the seals.

The first work was with NO_, which boils at 22°C, using the method of
filling the tubes proposed byO Keeffe and Ortman (13). A steel ball was placed

in each end of a 15 cm segment of tubing. The tube was then squeezed at the
ball with pliers in order to create a small filling passage past the ball.

Difficulty in venting air from the tube to allow entry of liquid NO2 was
encountered with this method. A much easier method was finally adopted

utilizing reduced temperatures to decrease the vapor pressure of the gas. An

ice bath produces a temperature well below that of the boiling point of NO2. A
ball was placed in only one end of the Teflon tube and the other end was placed
onto the tapered connector on the lecture bottle valve. The lecture bottle was

inverted and the Teflon tube placed in an ice bath. Opening the lecture bottle
valve allowed liquid NO2 to run into the cold Teflon tube. Maintaining a loose
connection between the tube and the lecture bottle allowed the liquid NO2 to
force the air out of the tube. When the immersed portion of the tube was full,

the tube was removed from the ice bath and the top sealing ball was inserted.

The first step in preparing the length of tubing for filling is to stretch
the end in which the final ball will be inserted. This enables the final seal

to be made more easily when the tubing is cold. The ball is inserted down to its
final position (an inch from the end was found adequate) and removed several
times.

A ball is then placed permanently two to three centimeters from the other
end of the tube. The stretched end is then connected to the lecture bottle and

the tube filled as described. The final ball was inserted by removing the tube

from the ice bath and using a tapered gas outlet to position the ball quickly
without significant warming of the tube. All work was performed under a fume

hood. With a minimum of practice, the method was found to be simple and fast.

Only minor modifications were found to be necessary for filling tubes with

other gases. A dry ice-acetone bath was necessary when filling S02 tubes because
of its greater vapor pressure. The end of the tube for the second ball must be
very thoroughly stretched before filling the tube, otherwise the increased

rigidity of the Teflon tube at -78°C will make the insertion of the ball very

difficult. With this one precaution, the method was found equally as simple as
working with NO2.

A dry ice-acetone bath was also used for filling tubes with Cl2. As Cl2

has a higher vapor pressure than SO2, cooling the lecture bottle to -15°C before
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filling the tube greatly facilitated transferring the liquid C12to the tube.
Hydrogenfluoride tubes were filled using the sametechnique as for NO2.

Single balls were used exclusively to seal the tubes. No problemswith
leaks or movementof the balls wasencounteredeven with the high pressures
produced by Cl2. Stretching the tube did not noticeably effect the permanence
of the seal. Oncethe tube had been filled and the seal established, however,
the ball could not be movedwithout causing leaks.

5.2.3 Determination of Permeation Rates. - Permeation tubes require at

least 24 hours to reach equilibrium after being filled. The permeation rate is
not constant during this period because of the time required for complete
saturation of the tube walls.

Permeation rates at constant temperatures for the tubes were determined

gravimetrically. The filled tubes were weighed on an analytical balance and
then placed in a section of 2.54 cm O.D. type 304 stainless steel thin wall

tubing. This permeation tube housing was fitted with air inlet and exit ports.

This test section was placed in a temperature controlled (C O.17°C) water bath.
Air was blown through the housing and over the tubes. The tubes were removed

from the housing and weighed periodically. A glass Podbielniak double pass

drying tube with a ground glass stopper held in place by removable springs was
used as a temporary holder for the permeation tubes. This allowed easy access

to the permeation tube for weighing and provides a good flow pattern over the
tube.

The weight versus time data for all permeation tubes was linear. Typical

examples for NO 2, S02, and Cl2 appear in Figure 5.2. The weight loss was
entirely due to permeation of the gas through the tube. Consequently, the tubes

were used as standards for preparing known concentrations of the gases for
subsequent analytical work with NO2, S02, Cl2, and HF.

5.3 Adsorption Bed or Catalytic Reactor

Shown in Figure 5.3 is a schematic diagram of a typical adsorption bed or
catalytic reactor and auxiliary equipment. Both types of materials were tested

in the same equipment. The prepared gas from the atmosphere preparation train

was passed through a heating coil to bring the gas to the specified temperature.
It then entered the reactor at the bottom and passed upward through the test

section. The entering gas pressure was measured using a manometer. The inlet

contaminant concentration was periodically determined from gas samples taken by
syringe. After leaving the reactor, the gas was cooled and periodically sampled
using a syringe. The air then passed through a water filled bubbler which
served to saturate the air, prevent reverse flow through the wet test meter and
to reduce corrosion on the wet test meter. Volumetric measurement of the exhaust
gas was made using the wet test meter. The reactor was heated by a suitable
constant temperature bath for all material evaluation tests. For operation in
the temperature range of 620°F to IO00°F a molten lead bath was used. Early in
the project a molten salt bath was used for operation in the range of 250°F to
600°F. The steel container for these baths was wrapped with two 800 watt beaded
electrical resistance heaters and the outside thermally insulated. Each heater
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wasequippedwith a variable voltage transformer which wasused to control the
heat input to the bath. The bath temperature wasmonitored using two stainless
steel enclosed thermocouplesand a multipoint temperature recorder.

The gas entering the reactor washeated using a I0 ft coiled section of
I/4 in. O.D. type 316 thin wall stainless steel tubing submergedin the constant
temperature bath. The reactor wasa 30 in. section of I/2 in. 0.D. type 316
stainless steel tubing with a wall thickness of 0.065 in. The test section was
placed in the bottom of the reactor and consisted of a 1 cmthickness of glass
wool, the test material, and a second1 cm thickness of glass wool.
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6.0 ANALYTICALMETHODSDEVELOPMENT

Study of the contaminant removal technique required analytical capability
for each reactive gas in the range of 1 to 50 ppm. Eachmethodhad to be
accurate, precise, simple, rapid, harmless, and inexpensive. Becauseof the
changingvalue of the effluent concentration, a methodwaspreferred which gave
essentially point values, rather than an average value over a time interval.
This section contains a brief account of the developmentof methodsthat
fulfilled those requirements for each of the five gases.

The analytical methodswhich appearedmost promising were colorimetric
analysis and gas chromatography. Experimental work was performed in both areas
concurrently. Detailed summariesof the previous work are given in AppendixB.

6.1 Colorimetric Analysis

In colorimetric analysis, air containing the contaminant is contacted with
liquid reagent to producea color changein the reagent proportional to the
concentration of the contaminant in the gas. This changecan be in the form of
color developmentor color bleaching. The color changeis measured
electronically by a spectrophotometer or colorimeter and the output of the
spectrophotometer is converted to concentration of the contaminant by a suitable
calibration curve.

The emphasisplaced on S02and NO2by the United States Public Service as
atmospheric pollutants has led to the developmentand continuous improvementof
colorimetric methodsfor analysis of these contaminants in air. Thesemethods
appearedsuitable for the initial contaminant absorption studies conductedwith
NO2and S02.

The other three gases, C12, HCl, and HF, have not beenconsidered serious
problems in air pollution. Therefore, developmentof colorimetric methodsof
analysis for these gases in air has beenslow. However,colorimetric methods
are available for the analysis of chloride and fluoride ions and for free
chlorine in water. Becauseall three gases are readily absorbed in water, it
wasbelieved that they could be absorbedfrom air by an essentially aqueous
absorbing and/or color developing reagent.

The calibration data for NO2,S02, and C12 followed Beer's law. Oneform
of that law is:

CX =
4.605 - In %T

B
X
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where

Cx = contaminant concentration moles absorbed/liter of reagent

%T = percent transmittance

Bx = constant for each gas

Plotting the log of percent transmittance versus concentration of the gas absorbed

in the reagent on semilo_ paper yields a straight line. Thus, for these three
gases, a standard least square fit could be used to determine the constants in

the equation. Tables of concentration as a function of percent transmittance
were then calculated for each gas from its corresponding equations and were used
to minimize errors inherent in reading graphs. In all cases, the calibration

equations were forced to go through zero ppm at lO0 %T for color developing reactic

6.2 Gas-Reagent Contacting Methods

In colorimetric analysis, the qas can be contacted with the reagent in two
general ways: batchwise or continuously. Batchwise analysis with bubblers was

developed first. Continuous analysis was investigated concurrently in order to
overcome the disadvantages of the bubbler technique. Eventually, sampling and

analysis using syringes supplanted both of these methods.

6.2.1 Analysis Using Bubblers. - Bubblers, which disperse the contaminated
air through a measured amount of reagent, have been widely used for atmospheric

contaminant analysis. The main advantage of the bubbler type contactor is that
a very large amount of air may be contacted with a small amount of reagent. The

sensitivity can be increased by increasing the amount of air that is sampled.
The bubblers were chosen for initial analysis because of their sensitivity and
widespread use.

Bubblers are of two types: midget impingers and fritted glass bubblers.

Midget impingers produce a fine stream of small bubbles when the gas is forced
through a very small nozzle. Fritted glass bubblers concurrently disperse a
multitude of small bubbles into the liquid. Saltzman (16) found the midget

fritted bubbler highly efficient for NO_ at concentrations below l ppm when using
lO ml of reagent. Meadows and Stalker (17) evaluated the collection efficiency
and variability of single and multiple bubblers in series, equipped in each case
with either fritted-tip or restricted-opening air aispersers. Although fritted-

tip bubblers were found to be more efficient than restricted-opening bubblers,

restricted-opening bubblers were preferable because their variability was about
half that of the fritted-tip bubblers.

In the experimental work, bubblers were found to have several disadvantages.
In order to maintain high absorption efficiency, the flow rate through the

bubbler had to be kept below 1.5 cu ft per hour. At concentrations below l ppm,

the time required to develop a color in a mid-range of the calibration might be
as long as one hour. A shorter time was desired in order to obtain more data.
At concentrations around 50 ppm, a large volume of reagent was required. If
the amount of color developing reagent was too small, the total volume of gas

required to produce a color change was so small that the errors in the
measurement of the gas volume became significant. These disadvantages could be
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partially offset by the use of various size bubblers. Three sizes were used:
I0 ml, 125 ml, and 250 ml. The 125 ml and 250 ml Pyrex bubblers used in this
study were type 125C and 250C (part No. 31760, Corning Glass Works),
respectively. The I0 ml midget Pyrex bubblers were type 5534-10 (Ace Glass,
Inc.). By interchanging the bubblers, suitably large gas volumes and short
analysis times could be achieved. The bubblers had to be manually interchanged
since the valving system available was not extensive enough to permit switching
to the appropriate size bubbler if they had been permanently mounted. This
manual interchange was inconvenient and required excessive handling of the
glassware. Because the bubblers had to be connected into the gas flow system,
the choice of location for taking a sample was limited if major rearrangement
of the system was to be avoided. The pressure drop through the 250 ml fritted
bubbler was approximately 2 psi. This caused undesirable variations in the
total system pressure. These problems encountered in use of the bubblers led
to attempts to develop a more flexible method of analysis.

6.2.2 Continuous Colorimetric Analysis. - Concurrent with the development
of the bubbler technique, attempts were made to develop a continuous analysis
system. Continuous analysis has several advantages over batch analysis in
obtaining accurate information about a non-steady state system. The contaminant
removal systems never reached steady state and it was necessary to determine
effluent concentration as a function of time for each material under test. Using
the bubbler method it was necessary to take spot samples for analysis at finite
intervals of time. Since the exact nature of the breakthrough curves was
determined only by the experimental work, bubbler analysis left undesirable gaps
in the time-concentration data. With continuous analysis, it was hoped that the
concentration of contaminant in the effluent system could be continuously
monitored and the results recorded. This would enable changes in concentration
to be detected rapidly and easily. The precision of measurement would also
probably improve.

Critical analysis of the continuous analyzer components and their functions
indicated that the two most critical components are the color measurement device
and the gas liquid contactor; consequently, development was concentrated on
these items.

A Bausch and Lomb Model 505 visible-ultraviolet spectrophotometer was
equipped with a time rate accessory for the purpose of continuous color measure-
ment. Static liquid cells were used for batch analysis and flow-through liquid
cells were used for continuous analysis. The difference in color between
exposed and unexposed reagent was determined electronically by a differential
amplifier in the spectrophotometer. The amplifier output was continuously
recorded. The grating optical system permitted a selection of various wave-
lengths for the light projected through the sample. The instrument could thus
be used for the analysis of different acidic gases.

A major criterion for successful continuous colorimetric analysis is
minimum lag. That is, the indicated concentration should not be more than, in
this case, three minutes behind the true concentration in the reactor or absorber
effluent. To achieve this, it is necessary that the gas-liquid contactor used
have high absorption efficiency and minimum reagent holdup.
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Glass contacting columns for scrubbing contaminants have been widely used.
Packed columns (18,19,20), concentric glass tubes producing an annular contacting
cavity (19,21), and other designs have been used. Atomization into a l liter

balloon flask with subsequent condensation of the dispersed liquid was used by
Schulze (22). Lyshkow (23) proposed a contactor using disks on a rotating

horizontal shaft. The lower half of these disks dipped into the reagent while
the upper half contacted the gas passing through the scrubber. High absorption

efficiency was reported.

For the continuous contact of liquid reagent with contaminated air the
contacting column first tried was of the Vigreaux design. The liquid flowed

down the column as the dispersed phase while the gas flowed up the column.
However, this column proved unsatisfactory because of insufficient contact
between gas and liquid which limited the absorption efficiency. The absorption

efficiency of the columns was evaluated by placing a fritted bubbler downstream

from the column to measure the amount of NO2 which was passed on through the
column.

Several other designs for continuous columns were also investigated. A
3/4 in. column filled with 3 mm glass beads was prepared. Channeling which

significantly reduced the contacting efficiency occurred in this column. Two
columns packed with 6 mm Raschig rings were prepared: one of these had an inside
diameter of l-3/8 in.; the other one had an inside diameter of 3/4 in. These

columns showed high absorption efficiency, but the liquid holdup was too high
for the columns to be used. Evaluation was continued on other types of small

absorption columns in an effort to find or develop one with high absorption
efficiency and low holdup. None was found after expenditure of _ reasonable

effort, and the attempt to develop an automatic continuous colorimetric analyzer
was thus terminated.

6.2.3 Analysis Using Syringes. - Syringes had been suggested for analysis
of higher concentrations (above l ppm) of atmospheric pollutants (16,24,25,26).

Sampling with 50 ml syringes proved to be very convenient when the analysis
involved direct color development with only one step. A small amount of color
developing reagent (3 or 5 ml depending on its sensitivity) was drawn into the

syringe. Then 47 to 45 ml of sample gas was drawn into the syringe. The
syringe was shaken thoroughly to promote absorption of the gas. A period for

color development followed the absorption. This period varied from _ minute
for Cl2 to 3 minutes for S02. After color development, the liquid was
expelled into a cuvette for colorimetric determination. Because of the small

volume of gas used the detection limits for the syringe method were higher than
those when using the bubblers. The method, however, was sufficiently sensitive
for this research.

The syringe technique has several important advantages. The principal one

being that analysis can be made rapidly. Even with the 3 minute color develop-

ment period for S02, samples could be taken every 5 minutes with the same
syringe. Three syringes could be easily handled at the same time. This allowed
a large number of analyses to be made over a very short period of time.

The concentration range for which the syringes were applicable could be

easily adjusted by changing the relative amounts of liquid and gas drawn into
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the syringe. Three ml was the minimumamountof liquid which could be used in
the B & L "Spectronic 20" colorimeter that wasused in this project. This
amountwas used for Cl2, SO2, HCl, and HFin order to have maximumsensitivity.
Five ml of reagent was adequatefor NO2becauseof that method's greater
sensitivity.

Arrangementfor sampling at a particular point could be madewith a minimum
of effort. The gas flow systemwas built from I/4 in. O.D. thin wall type 304
stainless steel tubing. Temporaryconnections from stainless steel to glass were
madewith short lengths of latex tubing. Samplescould easily be taken through
the tubing at the connections with a syringe. Morepermanentsampling locations
were easily installed using Swagelokstainless steel tees installed so that the
gas flowed straight through the tee. A silicone rubber gas chromatographyseptum
wasplaced in the side-arm of the tee and sealed (finger tight) betweenthe base
of the front ferrule and the nut. Sampleswere taken through the septumwith a
syringe. Flows and pressures were such that sampling with a syringe causedno
upset in the system.

The detection limit of the syringe was lowered whenmultiple gas volumes
were used with a single reagent charge. While this procedure lowered the
detection limit by almost half, the results were not sufficiently reproducible.
This technique wasdiscarded and wasnever used for the routine analysis of gas
samples.

Disposable, 50 ml polypropylene syringes were used throughout the project.
Each syringe was used for the analysis of only one gas. A new syringe required
preconditioning prior to use. The oil used by the manufacturer for lubricating
the plunger was removed by rinsing once with acetone, This left enough oil on
the plunger so that it was relatively easy to operate. A very high concentration
(several thousand ppm) of the gas for which a syringe would be used was then
left in the syringe overnight. Reproducible results could then be obtained.

A noticeable effect occurs when the syringes are unused for periods greater
than 1 hour. The initial results obtained after such a period indicated a lower
concentration than was actually present. If the period between samples was less
than an hour, usually only the first sample gave low results. After an overnight
period, the first three samples would sometimes be in error. This indicates a
very definite surface absorption phenomenon. After these initial samples the
results were reproducible.

The plastic syringes gave much more reproducible results than glass syringes
made by the same manufacturer. These consistently gave an indicated concentra-

tion lower than the actual concentration. They were tried for the analysis of
NO2, SO2, and Cl2. The same phenomenon occurred regardless of the amount of

pretreatment or how many samples had been taken with the glass syringes. Because
of these variations, the polypropylene syringes were selected instead of the
glass syringes for routine gas analysis by colorimetric techniques.
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6.3 Colorimetric Analysis of Nitrogen Dioxide

6.3.1 Previous Work. - Saltzman's modification (16) of the original Griess-
lllosvaycolorimetric technique (27) for the analysis of NO2 was the first such
method to receive wide acceptance. Since the original development of this method,
Saltzman and other workers have made many improvements by a series of modifica-
tions. One of the most important of these modifications was the addition of the
R-salt by Lyshkow (18) to Saltzman's reagent. This change and others made by
Lyshkow to optimize solvent identity, reagent concentrations and pH has
resulted in increased color stability and absorption efficiency and the lowering
of the color development time from 20 minutes to 1 minute. The lower detection
limit for this modified procedure is 0.01 ppm NO2 when using 1 liter gas samples.

6.3.2 Experimental Evaluation. - The first contaminant removal studies
were performed with NO2. The colorimetric analytical methods for NO2 were
evaluated during the preliminary stages of these studies. The Saltzman method
as modified by Lyshkow was selected for the analysis of NO2. The analyses were
performed in bubblers.

An analytical system using two fritted bubblers in series for absorption
of NO2 was used. Systems using one, two, and three bubblers were evaluated.
Color was consistently produced in the second bubbler indicating NO2 absorption
but no absorption could be detected in a third bubbler ,hen placed in series
with the first two bubblers.

As mentioned earlier, bubblers with three different liquid capacities were
used: 250 ml, 125 ml, and I0 ml. The selection of the particular bubbler size
required a compromise between length of sampling time and accuracy of analysis.
The following approximate guidelines were used: I0 ml bubblers were used for
NO2 concentrations between 0 and I0 ppm; 125 ml bubblers were used for NO2
concentrations from I0 to 25 ppm; and 250 ml bubblers were used for NO2
concentrations in excess of 25 ppm. The formula for the color developing reagent
was altered slightly from that proposed by Lyshkow (18). He recommended 0.25 ml
Kodak Photoflow 200 per liter as a wetting agent. This was to compensate for the
reduced foaming resulting from the substitution of tartaric acid for acetic acid.
It was found using one-fourth the prescribed amount of Photoflow provided
sufficient foaming for good gas-liquid contact but avoided excess foaming which
caused liquid carry-over.

The first calibration curves for NO2 were prepared by volumetrically
diluting standard sodium nitrite solutions and then treating these with the
color developing reagent. Saltzman (16) found empirically that 0.72 mole of
sodium nitrite produced the same color as 1 mole of NO2 absorbed in water, hence
2.03 ug of sodium nitrite was equivalent to 1 _I of NO2. Table 6.1 compares NO2
concentrations as determined by two different methods: bubbler analysis with a
calibration curve prepared with the sodium nitrite solutions and concentrations
determined from permeation tube weight loss data and gas flow rates in the
sample preparation system. The results seem to bear out the findings of Meadows
and Stalker (17) as to the variability of the fritted glass bubblers.

Two sets of analyses, as shown in Table 6.1, were made in order to estimate
experimental error. For both sets, pressures and flow rates in the sample
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Date

II-18-67

II-18-67

II-18-67

II-18-67

II-18-67

II-21-67

II-21-67

II-30-67

II-30-67

II-30-67

NO2

TABLE 6.1

CONCENTRATIONS

ANALYSIS AND

NO2 Concentration,
ppm; by Tube Weight

Loss (+ 3%)

II

II

II

II

II

55

55

55

55

55

39 20

39.20

38.90

38.90

38.90

DETERMINED BY BUBBLER

PERMEATION TUBE

NO2 Concentration
by Chemical

Analysis

14.30

12.78

13.09

12.72

13.41

40.20

37.60

40.90

41.10

39.40

Reagent
Quantity,

ml

3OO

3OO

3OO

3OO

3OO

3OO

3OO

125

6O

6O
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preparation system were held constant. The NO2 concentration in the system was
assumed constant. Both sets were made with the 250 ml bubblers. The first set

was made at a NO2 concentration of II.55 ppm determined from permeation tube

weight loss. Five replicate analyses were made during the initial testing of
the bubbler assembly. The relative error for the five was:

R. E. = standard deviation x lO0 = 5.33%
mean

The second set of analyses, also consisting of five determinations, was made at

39.02 (average) ppm NOQ after refinements in the analytical technique had been
introduced. The relative error was:

R. E. = 3.23%

The rate of color development was investigated for the NO2 reagent.
Immediately upon mixing the sodium nitrite and the color reagent, the solution

was placed in the colorimeter. The time was recorded from the point of mixing
until the reading on the colorimeter was constant. This was repeated for
various concentrations. The mean time for development was 58 seconds. The

longest time was 72 seconds and the shortest time was 46 seconds. In the
bubbler system that was used, this time was insignificant since the minimum

time required for disassembly of the system and transfer of the reagent to the
colorimeter was 2 minutes.

Syringes were adopted for analysis of NO2 during subsequent studies. The

advantages of syringes over bubblers for analysis under unsteady state conditions
have already been discussed. A color development period of l minute was adopted

as a result of color development rate studies. The relative error for analysis
of NO2 by syringe was 1.09% at 29.2 ppm. The lower detection limit for NO2 by
the syringe technique was 0.07 ppm. Beer's law is followed to 60 ppm NO2 in air.

6.3.3 Analysis of Nitric Oxide. - No satisfactory method has been developed
for the direct chemical analysis of NO. The determination of NO is usually
carried out by oxidation of the NO to NO2 followed by analysis of the NO2 with
one of the standard methods.

In this research, the NO concentration was determined by difference. The
amount of NO2 in the air stream was first determined by Lyshkow's method. The
air was then bubbled through a H2SO4-KMn04 (16,28) solution for oxidation of NO
to NO2. After this step, the air stream was again analyzed for NO2. The
difference between these two values was the amount of NO actually present.

6.3.4 Effect of Interfering Gases on the Analysis of Nitroqen Dioxide. -
A five-fold ratio of ozone to nitrogen dioxide causes a small interference, the
maximal effect occurring in 3 hours. A ten-fold ratio of sulfur dioxide produces
no effect. A thirty-fold ratio slowly bleaches the color to a slight extent.
The addition of I% acetone to the reagent before use retards the fading (16) by
forming a temporary addition product with sulfur dioxide. This permits reading
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within 4 or 5 hours (instead of the 45 minutes required without acetone)
without appreciable differences. The interference of sulfur dioxide can also be
removedby chromiumtrioxide-sulfuric acid impregnatedglass fiber paper (29).
This methodwas the most practical of several recently investigated as it is
insensitive to atmospheric humidity. It is preferred whenusing the R-salt
modified Saltzmanreagent. Onceagain, the paper is packedinto a "U" tube.

The interferences from other nitrogen oxides and other gaseswhich might be
found in polluted air is negligible.

6.4 Colorimetric Analysis of Sulfur Dioxide

6.4.1 Previous Work. - West and Gaeke (30) developed a two-step spectro-
photometric procedure for the determination of trace quantities of sulfur dioxide
in air. The sulfur dioxide was absorbed in a sodium tetrachloromercurate
solution and para-rosaniline was used for the color development reagent. The
results obtained with the original method were erratic. Several researchers
have made improvements in this method not only to increase sensitivity and
repeatability of results but also to eliminate interferences from other
atmospheric contaminants. As a result of these improvements, this method has
become one of the most accurate and reproducible methods for SO2 currently
available. However, the use of the highly poisonous tetrachloromercurate
absorbing solution is still required. Lyshkow (23) showed that water could be
used as a direct absorbing reagent for S02. To accomplish this, Lyshkow used a
rotary disc absorber for the continuous absorption of S02 in water. He then
added the para-rosaniline color developing reagent and colorimetrically deter-
mined the amount of SO2 present in the air sample. The use of the tetrachloro-
mercurate salt was thus completely eliminated. The lower detection limit for
Lyshkow's procedure was 0.01 ppm S02 with an estimated air sampling rate of I0
liters/min.

6.4.2 Experimental Evaluation. - The syringe technique was adopted for use
with the S02 analysis because it had so greatly simplified the NO2 analysis.

As the first part of the experimental work required the analysis for only
one gas at a time, the reported interferences of NO2 and C12 on the S02
analysis presented no difficulties. Work was begun with the West and Gaeke
method because of its wide acceptance. The modifications of Scaringelli et al.
(31) were incorporated into the procedure. The method involved absorbing SO2
into sodium tetrachloromercurate (II) reagent solution, transferring the
exposed reagent to a 25 ml volumetric flask, adding the color developing reagent
and diluting to volume. The tetrachloromercurate (II) solution is highly
poisonous and is rapidly absorbed through the skin. The dilution to volume step
inherently decreases the sensitivity of the method by correspondingly decreasing
the color intensity. At this stage in the experimental work, Lyshkow (23)
reported the development of a colorimetric method for S02 analysis which did not
involve mercury salts. For this reason, Lyshkow's modification of the West and
Gaeke method was selected for the determination of sulfur dioxide. The method

is applicable in the concentration range from about 0.17 to 50 ppm and is not
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subject to interference from other acidic or basic gases. The reagent and air

flow rates were not given.

Ozone and nitrogen dioxide interfere if their concentrations are equal to

or greater than that of the SO2. The interference of nitrogen dioxide can be
eliminated by the addition of sulfamic acid to the primary absorbing reagent (32).
Sulfur dioxide can be quantitatively determined by this revised method within

48 hours after collection with no SO2 loss from the sample. Sulfuric acid or
sulfates do not interfere. There is no experimental evidence to indicate that

SO 3 interferes.

At this point, it seemed that if the S02 could be satisfactorily absorbed in
water, it probably could be absorbed directly into the para-rosaniline solution,

thereby giving a one step procedure with direct color formation in the syringe.
A calibration curve was prepared using a permeation tube and careful control of

the flow rates. The data were linear on a semilogrithmic plot. The relative
error was 2.5%. Because of these results, the method was accepted and used for

all subsequent SO2 analyses.

Using 3 ml of reagent and 47 ml of gas, the method provided a lower
detection limit of 0.17 ppm. The method was better in the range of l to 33 ppm.

A concentrated para-rosaniline solution was prepared which was stable for
6 months. The working solution was prepared by dilution of the concentrated
reagent. It was found to have a shelf life limited to about 1 week. This
reagent was replaced whenever the relative analysis error showed significant
deviation from that obtained during the initial calibration and standardization
procedure.

6.5 Colorimetric Analysis of Free Chlorine

6.5.1 Previous Work. - One of the earliest colorimetric methods developed
for the analysis of free chlorine in water used ortho-tolidine as the color
developing reagent. This method and many of the methods developed since that
time were compared and evaluated by Nicolson (33) on the basis of stability of

the colored products, reproducibility, specificity for free chlorine, sensitivity,

lower limit of detection, conformity to Beer's law, accuracy, effect of
temperature, reagent stability, simplicity, and convenience. He concluded that

there is no single method available for the analysis of free chlorine in water
which is better than the ortho-tolidine method in the absence of major inter-
ferences. Andrew and Nichols (34) used the ortho-tolidine method for the

continuous analysis of free chlorine in air. The reported lower detection limit
for chlorine was O.Ol ppm when sampling at a rate of lO liters of air per minute.

6.5.2 Experimental Evaluation. - The ortho-tolidine method was selected
for primary evaluation. It offered direct, rapid color development which made

it readily adaptable for use in the syringes.

When the reagent concentration recommended by Andrew and Nichols, 0.I g
ortho-tolidine plus I00 ml concentrated HCf per liter, was exposed to 50 ppm Cl2
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in air, a color was formedwhich faded very rapidly and disappeared completely
in less than 5 minutes. Following the recommendationsof Chamberlinand
Glass (35), the amountof concentrated HCl was increased to 150 ml/liter. This
did not alleviate the fading problem.

Whena higher concentration of ortho-tolidine agent, 1.0 g/liter, was tried,
no detectable color was formedon exposure to 50 ppmC12 in air. As increasing
the reagent concentration proved ineffective, the ortho-tolidine concentration
was decreasedin several increments. The colors producedwhenusing ortho-
tolidine concentrations less than 0.I g/liter were all stable. The optimum
concentration of ortho-tolidine was found to be 0.005 g/liter. Reagentsprepared
using this concentration gave reproducible colors and were stable.

To achieve maximumsensitivity, the minimumamountof liquid, 3 ml, wasused
in the syringes to absorb free chlorine from a 47 ml gas sample (23°C, 685 mm
Hgabs). Under these conditions, the calibration curve showedthe lower
detection limit to be 0.12 ppmClz in air. The sensitivity can be increased by
increasing the gas volumeto reagent volumeratio. This would necessitate using
bubblers or continuous analysis as discussed previously.

The mannerof drawing the gas sample into the syringe affected the
reproducibility of the method. The consistency was improvedwhenthe syringe
was held aboveand nearly perpendicular to the gas sample line. In this way the
C12bubbled through the ortho-tolidine reagent in the syringe and was immediately
absorbed. Contact of the free chlorine with the syringe walls was thus
minimized. This wasnecessary as free C12is apparently preferentially absorbed
on the walls of the plastic syringe. Reproducibility wasalso enhancedby
thoroughly rinsing the syringes with fresh reagent betweeneach sample. The
relative error using the abovetechnique was 11.1%in the range of 0.5 to 50 ppm.
Glass syringes did not improve the reproducibility. In fact, the results were
significantly poorer.

6.6 Colorimetric Analysis of HydrogenChloride

6.6.1 Previous Work. - lwasaki, Utsumi, and Ozawa (36) used slightly
dissociated mercuric thiocyanate in the presence of ferric ions for the
colorimetric determination of chlorides. Changing solvents tor the color
developing reagent and optimizing other parameters led to the development of an
improved chloride ion analysis technique by lwasaki, Utsumi, Hagino, and
Ozawa (37). Andrew and Nichols (34) used a different ferric ion source in their
revised technique for the colorimetric analysis of HCI in air. The lower
detection limit of HCI in air was estimated to be 0.15 ppm when sampling at a
rate of I0 liters air per minute.

6.6.2 Experimental Evaluation. - For the evaluation of the various
colorimetric methods for HCI analysis, standard samples were prepared gravimet-
rically from reagent grade NaCI and a constant-boiling HCl-water solution. These
samples were prepared to correspond to the amount of HCl which would be absorbed
in 3 ml of reagent from a 47 ml gas sample at concentrations of 0.5 to 50 ppm by
volume HCI in air.
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The methodreported by Andrewand Nichols (34) wasevaluated first since it
was the only methodwhich had previously beenused for the analysis of HCI in air.
The methodwas found to be completely unsatisfactory whenevaluated with the
standard samplesbecauseof lack of sensitivity. This wasdue to the small
ratio of gas to liquid reagent volume attainable with the syringe technique
comparedto that of the continuous analyzer used by Andrewand Nichols.

Therevised methodof lwasaki et al. (37) was next evaluated and found to
be marginally acceptable with respect to sensitivity. The unexposedreagent had
a yellow color which deepenedto a reddish-brown on exposure to HCl. The
absorption maximumoccurred at 460 mu. The use of commercialdistilled water
containing less than 0.7 ppmtotal solids significantly reduced the color of
the unexposedreagent. The increased solubility of Hg(SCN)2in the mixed solvent
(2 volumes 1,4-dioxane plus 1 volumeethanol) used in this methodgreatly
increased the sensitivity to HCf over that of the Andrewand Nichols method.
Sensitivity was also increased by using spectrograde rather than technical grade
1,4-dioxane. Increasing the Fe÷3 concentration by one-third of the recommended
amount resulted in a further sensitivity increase of 25%.

After these improvements had been incorporated into the procedure, a
calibration curve was prepared. This curve was prepared using 2 ml mixed
reagent plus 1 ml standard solution in each cuvette. The resulting calibration
curve is shown in Figure 6.1.

For the analysis of an air stream containing HCI, 2 ml of reagent plus 1
ml of water were used to correspond to the volume of liquid used in the calibra-
tion. Because of the flat slope of the calibration curve in the region of 5 to
50 ppm HCl, the relative errors for analysis of samples in this concentration
region were quite high. At 35 ppm HCl in air, the relative error was 66% for
five determinations. In the low ppm range, 0 to 5 ppm HCI by volume,
corresponding to the absorber and reactor effluent concentrations, the relative
error was only 8%. This was determined using ten determinations at the 2 ppm
HCf in air level. It was thus felt that this method is acceptable for use with
low concentrations of HCI in air even though the precision of the method leaves
much to be desired at the higher HCI levels. The lower detection limit of this
method was found to be 0.5 ppm HCl in air.

6.7 Colorimetric Analysis of Hydrogen Fluoride

6.7.1 Previous Work. - Colorimetric methods for fluoride analysis are of
two types: those in which the reagent color is bleached by the fluoride ions
and those in which the color is developed by the fluoride ions. The bleaching
methods were the first to be developed and included the bleaching action of
fluorides on various lakes, salts, and rare earth chelates. Lacroix and
Labalade (38) proposed the bleaching action of fluoride ions on ferric
sulfosalicylate for the colorimetric analysis. Andrew and Nichols (34) used
this reagent for the continuous analysis of HF in air. Their lower detection
was estimated to be 0.05 ppm when sampling at a rate of I0 liters of air per
minute. One of the most promising color developing methods for the analysis
of fluoride ions is that of Bertolacini and Barney (39) who used strontium
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chloranilate for the analysis of fluoride ions in water. Even though color
developing methodsare preferable to bleaching reactions, this relatively
unproventechnique wasnot selected for evaluation becausethe lower detection
limit for fluoride wasonly 5 ppmin water.

6.7.2 Utilization. - The method of Andrew and Nichols (34) was selected
for use for the analysis of HF in air for several reasons: it had been
previously used for the analysis of HF in air; it had an estimated lower
detection limit of 0.05 ppm HF in air; and it involved simple inorganic chemistry.
This method was found only marginally usable in the range of 5 to 50 ppm HF in
air when using 47 ml gas samples. The bleaching was evaluated spectrophoto-
metrically at 520 mu. The precision of this method was + 1.5 %T which
corresponded to a relative analysis error of 16 to 19% depending on the concen-
tration.

Analyses were performed using 2 ml of the fluoride reagent described in
Appendix C plus 1 ml distilled water. Calibration standards were prepared using
2 ml of reagent plus 1 ml of standard NaF solution, These calibration solutions
were prepared by appropriate dilutions of a standard NaF solution. Even when
the unexposed reagent used as a blank was set at 80 %T for 0 ppm HF, the usable
colorimetric range was only 14.1%T. Thus, 47 ppm HF in air corresponded to
94.1%T.

It was necessary to prepare all reagents with commercial fluoride-free
distilled water containing less than 0.7 ppm total solids. The residual fluoride
content in laboratory distilled water rendered this colorimetric method unusable
because the blank exhibited 92 %T at the absorption maximum of 520 m_. It was
also necessary to rinse all pipets, syringes, and cuvettes five times with
fluoride-free distilled water prior to preparing any calibration standard or
taking any gas sample of HF analysis.

An attempt was made to verify the HF calibration curve by the permeation
tube technique. The effluent HF concentration from the permeation tube housing
was calculated from the air flow rate and tube weight loss data. Verification
was impossible using pure HF as most of the HF had been removed by the piping
before the exit air stream reached the sampling point.

6.8 Gas Chromatographic Analysis

Gas chromatography (GC) is the separation and quantitative analytical
measurement of components of complex samples accomplished by passing the mixtures
in the gas phase through a separation column. The components of the sample are
separated into discrete moving bands by the carrier gas flowing through the
column. As the separated components of the sample emerge from the column, they
pass into a suitable detector. The analog response produced by the detector is
in the form of an elution curve. The heights of the peaks of the elution curve
are proportional to the amount of each component present. The elapsed time
between the sample injection and the first appearance of the maximum peak height
is the retention time and is used for qualitative analysis.
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Chromatographicseparations are basedon purely physical absorption
phenomena.Colorimetric methods,however, involve physical absorption of the
contaminant followed by chemical reaction to produce the color change. The
advantageof gas chromatographicseparation and analysis over colorimetric
procedures is thus significant. Eachcompoundhas an unique retention time under
a specific set of operating conditions. Suitable selection of the columnpacking
material provides distinct, reproducible, well spacedpeaks for each component
of a mixture. No interferences betweenmixture componentsis possible as no
chemical reactions are involved in the analysis procedure. Thus gas chromato-
graphic techniques are particularly important in the analysis of gas mixtures.

The gas chromatographic developmentwork consisted initially of screening
various columnpackings suggested in the literature for the project gases. The
gasesof primary interest were NO2and SOesince these were the limiting
compoundsin the contaminant removal study. The criterion for columnevaluation
was their ability to separate S02and NO2from other atmospheric constituents
such as N2, Oe, and C02, and water and from each other.

After reviewing the current literature on the gas chromatographicseparation
of the oxides of nitrogen, sulfur dioxide, hydrogenchloride, and chlorine,
several chromatographicsystemswere selected for further evaluation. As this
work progressed discussions with other workers in this general area indicated
that porous polymeric and silaceous material should also be evaluated for the
chromatographicseparations of these reactive gases. Table 6.2 lists the
columnswhich were evaluated in this research program. In this screening work
on the chromatographicsystems all columnswere I/4 in. O.D. 22 gage type 304 or
316 stainless steel tubing except Columns12, 13, and 18 through 20 which were
I/8 in. O.D. 22 gagewall thickness type 304 or 316 stainless steel tubing. For
purposesof this screening study all columnswere evaluated using constant
samplesof sizes of 1 ml of gas. A Varian-Aerograph Model 1520-IB gas chroma-
tograph wasused throughout the screening program. The detector used in all
these evaluations wasof the hot wire thermal conductivity type.

The results of the screening studies for these chromatographic columnsare
shownin Table 6.3. Theseentries represent only the best separations which
were obtained wheneach chromatographicsystemwasevaluated qualitatively with
respect to the project gases at several different temperatures and flow rates.

Table 6.4 presents the separations obtained with these chromatographic
systemsand their corresponding operating conditions. Plus signs in the separa-
tion columnsof the table indicate that those compoundswere not separated from
each other, i.e., they appearedas a single peak. Commasin this portion of the
table indicate that those compoundswere successfully separated. As an example,
consider the entry for ColumnI0. Air, C02, and N20 appearedas a single peak
which was separated from individual peaks of NO,S02, and NO2. Fromthe data
in Table 6.4 it is seen that three systems, ColumnsII, 13, and 18 were
satisfactory for the qualitative analysis of several of the project gases.
Column18 was the best single columnfor all the project gases. Columns7 and 8
were the only ones which gave reproducible retention times and peak shapesfor
NO2. Column7 wasslightly better than Column8 with regard to peak shapes.
The lower detection limits for these columnswhenusing thermal conductivity
detectors and 1 ml gas sampleswas300 ppm.
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TABLE 6.4

SUCCESSFUL QUALITATIVE GAS CHROMATOGRAPHICSEPARATIONS

Column No.

1

2

3

4

5

6

7

8

9

I0

II

12

13

14

15

16

17

18

19

2O

al

alr,

alr,

alr,

alr,

alr,

Separations

r, C02, NO2 + S02

N20 + NO2 + S02, C02

NO2, C02 + N20 + S02

NO, NO2, S02

C02 + N20 + NO2

NO2

alr + C02 + N20 + NO + HCI, NO2, Cl 2, SO2

alr + CO2 + N20 + NO + HCl, S02 + CI2, NO2

alr + NO, C02 + N20, NO2, S02

air + C02 + N20, NO, S02, NO2

air, NO, CO2, N20, NO2

alr, NO + S02, NO2

alr, N20, NO, S02, NO2

alr, S02 + NO2, N20

CO2 ÷ NO2 + S02, N20

air, NO2 + S02

air + NO2 + S02

air, C02, NO, S02, Cl2, NO2

air + C02 + N20 + NO, S02, NO2

air + NO, NO2, C02 + N2O, HCI, S02, Cl2
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As the lower detection limit using thermal conductivity detectors for most
of these reactive gases is in the vicinity of 300 to 500 ppmwhenusing a l ml
gas sample, it wasnecessary to have a muchmoresensitive detector before
quantitatively evaluating these chromatographicsystems. An electron capture
detector was procured for this purpose. Whenthe electron capture detector was
used in conjunction with Column18 for the low level analysis of S02and chlorine
in air, the lower detection limit for S02 in air whenusing a l ml gas sample
was2.2 ppm;that for chlorine was 3.3 ppm. This wassignificantly different
from the randominstrument noise level. However,these detection limits were
well abovethose of the colorimetric methodsfor S02and Cl2. Further evaluation
of this systemwith respect to NO2wasdisappointing. Under the optimumsepara-
tion conditions, the lower detection limit for NO2was200 ppmin air. Not only
was the electron capture detector not sufficiently sensitive, but it wasalso
unstable. It was very sensitive to minor variations in flow rate and temperature
which severely affected the reproducibility.

Becauseof these detector problems further developmentwork on chromato-
graphic methodswas terminated. If sufficiently low detection limits could have
beenobtained, then optimumutilization of the gas chromatographic technique
could have been achieved by standard industrial process chromatographymethods.
The gas samplewould be sent through Column7 for initial separations. The first
peak contains air, C02, N20, NO,and HCf. This composite peak is followed by
individual peaks for S02, Cl2, and NO2in that order. The first two of the last
three compoundsare not completely separated on this column. The composite peak
and the S02and Cl2 peakswould then be routed to Column18 for complete separa-
tion. Quantitative analysis would be obtained for COe,N20, NO,HCI, S02, and
Cl2 on Column18 and for NO2on Column7. It is recommendedthat this
chromatographiceffort be pursued further since it offers high promise of success
in the quantitative analysis of multi-contaminant samplescontaining air.
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7.0 EXPERIMENTALDATAFORTHEREACTIONOFACIDGASESWITHSOLIDMATERIALS

During this study experimental reaction rate data were obtained for the
reaction betweenvarious bases and the gases nitrogen dioxide, sulfur dioxide,
chlorine, hydrogen chloride, and hydrogenfluoride. Thesedata consist of exit
contaminant concentration versus time curves for a single contaminant gas with
constant temperature and flow rate. Most of the data were collected at a
temperature of 342°C (650°F) which would closely approach the minimumexpected
catalytic reactor effluent temperature. All of the reactions observedproceeded
at a higher rate as the temperature was increased.

Becauseof the problemsassociated with zero gravity gas-liquid separation,
aqueoussolutions of basic materials were not tested even though there are
several solutions which are knownto be very effective for the removal of acidic
gases from air.

7.1 Characteristics of Solid Materials

The initial screening tests were performed using powderedreagent grade
solids except in the case of the manganesedioxide. By using the readily
available powderedform of the bases it was thought that the maximumperformance
of any particular material would be measuredwith minimuminterference due to
the differences in particle size and porosity.

Lithium carbonate was shownto be one of the most reactive bases tested and
becauseof its low molecular weight would appear to be a logical choice for
inclusion in any acid gas removal system. The only physical form of Li2C03
generally available is a very fine powderwhich is obviously not suitable for
use in a closed system. Pressed pellets have also been found to be unsuitable.
A satisfactory granule wasmadeby sintering a mixture of 90%Li2CO3 and I0%
CaC03powderat ll50-1200°F for 4 to 5 hours. The sintered masswas crushed and
screened to obtain the desired particle size. The bulk density of 12-14 mesh
particles madein this mannerwasmeasuredat 0.78 g/cc.

Themanganesedioxide used in this study wasexclusively Mallinckrodt
"Multisorb" manganesedioxide gas absorbent. This material is granular with an
average particle size of approximately 0.16 cmand bulk density between0.45 g/cc
and 0.53 g/cc. A comparisonwith other grades of Mn02was not made;however,
laboratory samplesof a technical grade Mn02appearedto have a muchhigher bulk
density.

In the project proposal it was stated that several basic materials would be
supported on high surface area materials such as alumina arid shreddedasbestos.
Attempts to makethese supported reactants showedthat even using highly soluble
bases the maximumbase content obtainable wasabout 15-20%. Since experimental
evidence showedthat unsupported basic materials such as manganesedioxide and
lithium carbonate have sufficient porosity to permit an acceptable reaction
rate, it was concluded that the supported basesare non-competitive due to the
large percent of unreactive supporting material required.
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7.2 Removal of Nitrogen Dioxide Through Reaction With Solid Basic Materials

Nitrogen dioxide (NO2) is a relatively high boiling (21.I°C) oxidizing gas
which reacts with water to form nitric acid and nitric oxide (NO) according to
the stiochiometric equation:

3 NO2 + H20 -_ 2 HNO3 + NO

One of the primary assumptions made early in this study was that the acidic
nature of NO2 would permit its chemical removal through reaction with a solid
basic material such as lithium carbonate.

2 NO2 + Li2CO 3 ÷ LiNO 3 + LiNO 2 + C02

Screening tests were made to find a base which would undergo rapid reaction with
NO2 to form a solid nitrate and/or nitrite salt. Shown in Table 7.1 are the
materials screened and the conditions for the tests. Of these materials,
although several showed some initial reactivity, none removed NO2 at an appre-
ciable rate for a period longer than approximately 1 hour. All of the tests
were made with air containing approximately 0.013 mole of water per mole of dry
air. It is thought that the reactions proceed at a faster rate in humid air
than in dry air.

The conclusion drawn from these tests is that gaseous NO2 is not sufficiently
acidic to be removed efficiently through reaction with solid bases. Experience
in this work indicated that NO2 does react with many organic materials partic-
ularly in a humid atmosphere. Large losses of NO2 were noted when air containing
NO2 was passed through latex tubing or Tygon tubing. Silicone and hydrocarbon
greases also cause removal of NO2. This removal is presumed to be due to the
well known oxidizing power of NO2 in which the gas is reduced to NO.

Any NO2 produced in a spacecabin will certainly tend to react with the
hydrocarbon materials within the cabin and these will tend to reduce the ambient
concentration of this contaminant; however, a control system will probably still
be necessary. The most promising NO2 removal methods appear to be absorption on
activated carbon which is discussed in Chapter 8.0 and catalytic reduction to
nitrogen and oxygen which is discussed in Chapter 9.0.

7.3 Removal of Sulfur Dioxide Through Reaction With Solid Basic Materials

Sulfur dioxide (S02) contaminated air is a serious problem to be considered
any time a closed life support system is to be operated since sulfur dioxide is
easily produced through the combustion of sulfur containing compounds. Typical
S02 precursers produced within the life support system are hydrogen sulfide and
mercaptans. This contamiant has been detected in the atmospheres of submarines
and in life support test beds (53,54,55). Sulfur dioxide is known to react
with several solid basic materials among which are calcium carbonate, manganese
dioxide, magnesium oxide and calcium oxide. The alkali or alkaline earth oxides
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were not tested for reactivity since in the presence of carbon dioxide and high
humidity they undergo reaction to form the carbonate or bicarbonate.

Screening tests were made on the following materials in order to determine
their relative effectiveness as SO2 removing agents: manganese dioxide, lithium
carbonate, sodium carbonate, sodium bicarbonate, calcium carbonate, and barium
carbonate. Of these compounds, although each one reacted to some extent,
manganese dioxide and lithium carbonate were by far the most promising at the
conditions of the test. Shown in Table 7.2 are data on those materials which
were tested and deemed unsuitable and the conditions of the screening test. The
superiority of manganese dioxide and lithium carbonate may be seen in Figure 7.1
where the fraction of SO2 passing through the bed is plotted versus the fraction
of the solid which has been reacted for each solid. The conditions are uniform
for all of the runs on the plot except for the one run at 415°C (780°F) with
lithium carbonate. As may be noted, this higher temperature is required before
lithium carbonate becomes competitive with manganese dioxide from a reaction
rate standpoint. All of the materials used in the screening tests except MnO2
were in the form of very finely ground powder. Also of interest is the very
poor performance of CaC03 under the conditions of this test.

After manganese dioxide and lithium carbonate were singled out as being the
most promising materials more data was collected on each. These materials are
discussed separately in Section 7.3.1 and 7.3.2.

7.3.1 Sulfur Dioxide Reaction With Manganese Dioxide. - Manganese dioxide
reacts readily with trace amounts of S02 in air at a temperature of 342°C (650°F).
The reaction (which is an oxidation-reduction reaction) is given by the stoichio-
metric equation:

S02 + Mn02 ÷ MnS04

which results in the theoretical capacity of 0.736 g S02/g Mn02. The equilibrium
partial pressure of S02 in the presence of MnO2 at 342°C is equivalent to less
than 0.002 ppm; thus at this temperature there is no practical thermodynamic
limitation on the removal of S02 with Mn02. The reaction is exothermic and the
equilibrium concentration of S02 increases with increased temperature.

Shown in Table 7.3 are the conditions for eight experimental runs made
using MnO2 to remove SO2. As may be noted from the table, the principal vari-
bles were extended over a rather wide range. One run (4-25-2) was made to test
the low temperature (27°C) adsorptive capacity of Mn02. This capacity was found
to be r_, her high and thus could be of potential value. No further work was
undertake1 however since the high temperature reaction was thought to hold
greater _omise. The other seven runs were made to provide information on the
high temperature reactivity of MnO2 with SO2.

The shrinking core mathematical model developed in Chapter 4.0 was applied
to the reaction data and the best values for the two required constants were
determined. At the base temperature of 342°C (650°F) the best values for the
two constants were determined from Run 7-15-I and the values were
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TABLE 7.2

CONDITIONS FOR EXPERIMENTAL DETERMINATION OF SULFUR

DIOXIDE REMOVAL EFFICIENCY OF VARIOUS BASES

Run Number

Packing Material

Amount of Packing

Bed Diameter, cm

Bed Temperature, °C

Air Flow Rate, mole/hr

Air Pressure, atm

Contaminant

Inlet Concentration, ppm

Humidity, mole/mole

C02, mole %

Test Duration, hr

Minimum Exit

Concentration, ppm

Theoretical Capacity
g SO2/g packing

Average Bed Loading

g S02/g packing

5-10-I

NaC03
Granular

0.4000

0.94

342

6.0

0.9

S02

15

O.O144

0.5

3.6

1.3

0.602

0.0168
after

3.6 hr

5-14-I

NaHC03
Powder

O. 4000

0.94

342

6.0

0.9

S02

14

O. O144

0.5

7.8

1.7

0.762

0.0387

after
7.8 hr

5-15-I

CaC03
Powder

O.4000

0.94

342

6.0

0.9

S02

13-14

O.O144

0.5

2.0

8.1

0.64

0.0033
after

2.0 hr

5-18-I

BaC03
Powder

0.4000

0.94

342

6.0

0.9

S02

lO

0.0

0.0

2.8

5.2

0.325

0.0055

after
2.8 hr
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2
D = 140 cm /hr
e

k = 36000 cm/hr
g

Using these values the model was able to account very well for changes in inlet
concentration, air flow rate, and bed length. Shown in Figure 7.2 is the fitted
and experimental outlet concentration history for Run 7-15-I which was the data

from which the constants De and kg were determined for sulfur dioxide. The mass

velocity for this run was 8.66 mole air/hr cm2 which is about 57% of the value
of 15.66 mole air/hr cm2 (4.95 Ib/hr through a 1 in. tube) reported used in the
Langley ILSS test bed. After the constants were determined from Run 7-15-I, the
model was used to predict the outlet concentration history for the other four
runs.

Shown in Figure 7.3 is the experimental and calculated exit concentration
curves for Run 8-5-I. The operating conditions were the same for both Run 8-5-I
and 7-15-I except that for 8-5-I the flow rate was only 4.15 mole air/hr cm2 or
less than half of that for 7-15-I, and the inlet concentration was 70% higher
for 8-5-I. After 47 hours of operation the experimental and calculated removal
efficiencies were almost identical at 75% removal of the entering SO2.

Shown in Figure 7.4 are the calculated and experimental curves for Run
5-24-I. The conditions on this run are similar to those for 7-15-I except for
the lower inlet concentration and smaller bed. In order to test the capacity of
the design equations to accurately reflect the outlet contaminant concentration
for a scaled up bed length, Run 8-12-2 was made in which the bed length was
approximately 3.2 cm or about 65% greater than the base run (7-15-I). The
calculated and experimental outlet concentration curves for this run are shown
in Figure 7.5. After 85 hours of operation the model predicted that the bed
would be removing 69.5% of the inlet S02. This compares to a measured 72%
removal after 85 hours, thus the calculated value is conservative.

One run (7-11-2) was made to test the effect of humidity variation on the
reaction rate. At zero humidity the Values of the constants necessary to fit
the data were the same as for the runs at 0.013 mole H20/mole air (equivalent to
about 50% RH at 72°F). Shown in Figure 7.6 are both the calculated and experi-
mental exit curves. The calculated curve was obtained by using the same constants
as for humid air. Since the data fit was excellent, the conclusion was drawn
that the humidity level has little or no effect on the removal efficiency of Mn02
for S02.

One run (5-29-I) was made in which both the temperature and the flow rate
were changed from those of the standard run (7-15-I_ The mass flux was set at
18.2 mole air/cm 2 and the temperature was increased to 416°C (780°F). Since

both kg and De are functions of temperature they were refitted to the data for
this run and were found to be
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D = 150 cm2/hre

k = 53000cm/hr
g

Although with only two temperature levels the temperature dependencyof these
two constants cannot be determined with a high degree of confidence, rough
estimates of this dependencycan be made. The diffusivity increase appears to
be proportional to the square root of the absolute temperature, corresponding to
the theoretical temperature dependenceof Knudsendiffusion.

De = 14 TO_ (7.1)

The increase in the forward rate constant corresponds to an activation energy of
about 4700 cal/mole. The Arrhenius equation describing the temperature
dependenceof the forward rate constant is:

kg = 36000e-(4700/I'98)(I/T2 1/616) (7.2)

Shownin Figure 7.7 are the experimental exit concentration data along with the
curve calculated using De = 150 and kg 53000. The activation energy (4700/
cal/mole) of Equation (7.2) wascalculated from this value of kg and that for kg
determined from the 342°Cdata discussed previously.

The goodnessof fit of the shrinking core model, Equations (4.13) and
(4.14), to experimental results on the reaction betweensulfur dioxide and
manganesedioxide constitutes convincing evidence of the validity of the model.
Effects of changesin flow rate, time, bed length, and contaminant concentration
were accurately predicted by the model. The values of the constants De and kg
determined from experimental data at 342°Ccan be used with confidence in the
design of manganesedioxide absorption beds to operate at that temperature.
Equations (7.1) and (7.2) should be usedwith caution in predicting temperature
dependence,particularly outside the 340-400°Ctemperature range.

7.3.2 Sulfur Dioxide Reaction With Lithium Carbonate. - Lithium carbonate
reacts readily with S02 at elevated temperatures although the reaction is
considerably slower than that of S02 with Mn02. The reaction is given by the
stoichiometric equation

Li2CO 3 + SO2 + I/2 02 _ Li2S04 + CO 2

which results in the theoretical capacity of 0.864 g S02/g Li2C03. As in the

case for removal using Mn02 the thermodynamic equilibrium concentration of S02
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in the presence of C02 and lithium carbonate is very low being of the order of
I0-I° ppm at 342°C. The reaction is endothermic thus the equilibrium concentra-

tion increases with increased temperature.

Reaction rate data were obtained using the three different lithium
carbonate particle sizes of fine powder, 120 mesh sintered granules, and 12-14
mesh sintered granules. The observed reaction rates for these very different
particles sizes were approximately the same although no doubt the importance of
the various reaction resistances were quite different for each particle size.
The shrinking core model developed in Chapter 4.0 was capable of fitting the
data within any one particle size; however, the required constants for each
particle size. Shown in Table 7.4 are the constants for each particle size.

TABLE 7.4

EFFECT OF PARTICLE SIZE ON EFFECTIVE DIFFUSIVITY AND

FORWARDRATE CONSTANT FOR Li2C03- S02 REACTION

De

kg

Particle Size

320 mesh 120 mesh 12-14 mesh

0.0045 0.07 I0

200. 1700. 250O0.

Because of practical problems of excessive pressure drop and dusting with the
smaller particles, the 12-14 mesh granules are considered to be superior for
use in trace contamiant control. As may be seen the apparent diffusivity of SO2
through the product Li2S04 layer is relatively low compared to that for diffusion
through the MnS04 layer discussed in 7.2.2.

Shown in Table 7.5 are the experimental conditions for the six runs made
using Li2C03 and S02. The conditions for each of these runs were similar except
for particle size and temperature. The very small particle size was used on
early runs in order to ascertain the reaction rate in a situation where internal
diffusional resistances would be minimized.

The exit concentration history for Run 5-9-I is shown in Figure 7.8. From
these data the relatively slow reaction is seen as well as the relative
importance of internal diffusion for this reaction. The S02 removal efficiency
for this small sample decreased from an initial value of about 48% to about
13.5% after only 12% of the solid had reacted.

Shown in Figure 7.9 is the exit concentration for Run 5-27-I in which the
temperature was increased to 416°C (780°F). The much faster reaction rate as

6O



TABLE 7.5

SULFUR DIOXIDE REMOVALUSING LITHIUM CARBONATE

Run Number

Packing Material

Amount of Packing
g

Bed Diameter, cm

Bed Temperature,
°C

Air Flow Rate,
mole/hr

Air Pressure, atm

Contaminant

Inlet Concentra-
tion, ppm

Humidity, mole
H20/mole air

Carbon Dioxide,
mole %

Test Duration,
hr

Theoretical Cap.
g S02/g packing

Average Bed
Loading
g S02/g
packing

4-30-I

325
Mesh
Li2C03

,I
3. 0000

0.94

358

2.42

0.9

S02

14-15

0.0

0.0

156

0.866

5-9-I

325
Mesh
Li2C03

0.4000

0.94

342

6.0

0.9

S02

5-22-I

325
Mesh
Li2C03

O. 4O00

0.94

342

6.0

0.9

S02

5-27-I

325
Mesh
Li2C03

0.4000

0.94

416

6.0

0.9

S02

6-6-I

12-14
Mesh
Li2C03

O.4000

0.94

342

6.0

0.9

S02

14-15 I0

0.0144 0

0.5 0

11-12 8.7

0.0144 0.013

0.5 0.5

23.25

0.866

0.059
after

23.25
hr

19.8

0.866

0.0437

after
19.8

hr

42.1

0.866

0.312
after

42.1
hr

18

0.866

6-7-I

120
Mesh
Li2C03

0,4000

0.94

342

6.0

0.9

S02

8.7

0.013

0.5

18

0.866
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compared to Run 5-9-I is seen. The initial removal efficiency is 95% which is

reduced to 48% after the sample was approximately 32% reacted.

Shown in Figure 7.10 is the exit concentration curve for Run 6-6-I and
6-7-I. These runs were made using fused granules of Li2CO 3. The overall

reaction rate for each of the two different particle sizes is essentially the
same as for the very fine powder.

7.4 Removal of Chlorine Using Solid Reactants

Chlorine is a strongly oxidizing gas which reacts readily with most metals

and hydrocarbons at higher temperatures (56 p. 37). Free chlorine can be
released into the atmosphere of a spacecabin through several routes of which

two of the more probable are (a) the direct result of combustion of chlorinated
hydrocarbon compounds and (b) the oxidation of hydrogen chloride according to
the reaction

4 HCf + 02 ÷ 2 Cl2 + 2 H2O

Experimental work completed during this project showed that at 300-400°C the
reaction of chlorine with type 304 stainless steel is slow and that reaction is
very rapid with MnO2 and is somewhat slower with Li2CO 3.

In the presence of water chlorine reacts to form hydrochloric acid and

hypochlorous acid.

C12 + H20 ÷ HCI + HCIO

Thus it is highly probable that the humidity level is important for the reaction

of chlorine with basic materials since the reacting species could be the very
reactive compounds HCI and HCIO.

7.4.1 Reaction of Chlorine and Manganese Dioxide. - Manganese dioxide was
found to react to remove trace concentrations of chlorine from air. The exact

reaction for this removal is nnt known; however, due to the several oxidation

states which manganese exhibits the possible reaction products include MnCl2,
MnCl3, and/or MnCl4. Experimental evidence indicates that one mole of Mn02
reacts with approximately two moles of chlorine. For estimation purposes the

reaction equation was assumed to be

MnO 2 + 2 Cl2 ÷ Products (7.3)

Two experimental runs were made to measure the rate of the reaction between

chlorine and Mn02. The conditions for these two runs are shown in Table 7.6.
Constants for the shrinking core model were determined from these data using
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TABLE7.6

EXPERIMENTALCONDITIONSFORREACTION

OFCHLORINEANDMnO2

Packing Material

RunNumber

Amountof Packing, g

BedDiameter, cm

BedTemperature, °C

Air Flow Rate, mole/hr

Air Pressure, atm

Contaminant

Inlet Concentration, ppm

Humidity, mole/mole

Carbon Dioxide, mole %

Test Duration, hr

Mallinckrodt Mn02 12-14 Mesh

7-25-I 7-29-I

0.4023 0.4019

O. 94 O. 94

342 342

4.21 14.66

0.9 0.9

Cl2 Cl2

52 16.0

0.013 0.013

0.5 0.5

25 23
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the assumed reaction of Equation (7.3). Values for the constants at a temper-
ature of 342°C were

De = 700 cm2/hr

k = 300000 cm/hr
g

Shown in Figure 7.11 is the exit concentration history for Run 7-29-I.

7.4.2 Reaction of Chlorine and Lithium Carbonate. - Lithium carbonate
readily removes trace quantities of chlorine from air at a temperature of 342%;
probabl_according to the equation

LiC03 + C12 ÷ LiCI + LiOCI + C02

Lithium hypochlorite (LiOCI) is reported to be very stable (56 p. 526). Based
on the above reaction, lithium carbonate has a theoretical capacity for chlorine
of 0.964 g Cl2/g Li2C03. Conditions for the two experimental runs made to
measure the rate of the reaction are shown in Table 7.7. The value of the
constants in the shrinking core model for a temperature of 342°C were determined
to be

De = 50 cm2/hr

k = 20000 cm/hr
g

Shown in Figures 7.12 and 7.13 are the experimental and calculated outlet
concentration histories for the two runs.

Comparison of these data with those for the reaction of chlorine with Mn02
clearly indicates a faster rate of reaction of chlorine with manganese dioxide
than with lithium carbonate at the same conditions of temperature and flow rate.
This was also found to be true in sulfur dioxide reactions.

7.5 Removal of Hydrogen Chloride

Hydrogen chloride is a primary product produced when most chlorinated
hydrocarbons are oxidized; a typical example is the combustion of methyl
chloride

CH3CI + _ 02 ÷ C02 + H20 + HCI

The hydrogen chloride produced in this manner can also be further oxidized to
chlorine at a temperature of 400-600°C in the presence of certain catalytic
materials such as manganese and copper.
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TABLE 7.7

EXPERIMENTAL CONDITIONS FOR REACTION

Packing Material

Run Number

Amount of Packing, g

Bed Diameter, cm

Bed Temperature, °C

Air Flow Rate, mole/hr

Air Pressure, atm

Contaminant

Inlet Concentration, ppm

Humidity, mole H20/mole air

Carbon Dioxide, mole %

Test Duration, hr

Theoretical Bed Capacity,
g Cl2/g Li2C03

Average Bed Loading,
g Cl2/g Li2C03

OF CHLORINE AND Li2C03

Fused Li2CO 3 12-14 Mesh

7-22-I

0.401

0.94

342

1.29

0.9

C12

See

Fig. 7.12

0.014

F

0.5

50

8-21-I

1.0

0.94

342

8.78

0.9

C12

30+I

0.014

0.5

50

0.96

0.20
after
48 hr

0.96

0.34
after
48 hr
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4 HCl + 02 ÷ 2 H20 + 2 Cl2

Hydrogen chloride is a very acidic gas and consequently reacts rapidly with

basic materials such as lithium carbonate. The stoichiometric equation for this
reaction is

Li2CO 3 + 2 HCl + 2 LiCI2 + H20 + C02

which results in a theoretical capacity for HCI of 0.99 g HCl/g Li2CO 3.

Experimentally determined reaction rates for HCI-Li2C03 indicate that the
reaction is so rapid that a principal resistance is the rate of external mass

transfer to the Li2CO 3. Thus, provided the pellet size is kept small (O.l to
0.3 cm diameter) removal of very acidic gases such as HC|, HF, SO 3, etc., should
be easily accomplished. Experimental data indicated that Li2C03 is far superior

to Mn02 for the removal of HCI. This is clearly shown in Figure 7.14 where the
exit concentration curves for the two different materials are plotted. The
conditions for these runs are listed in Table 7.8.

The quality of the HCI experimental data was relatively poor due to the

insensitivity of the analytical method for this gas. For this reason the
constants for the shrinking core model were set to values which resulted in a
conservative fit of the Li2CO 3 data. The values of the constants were thus
determined to be

kg = I00000 cmlhr

De : 400 cm2/hr

7.6 Removal of Hydrogen Fluoride

In the presence of water or humid air, hydrogen fluoride (HF) is an
extremely strong acid which readily attacks most metals and all bases. Since it

has been determined that the reaction of HCI with lithium carbonate is very
rapid at 342°C, then it would be expected that the reaction of HF would be as

fast or faster. Attempts were made to experimentally check this assumption;
however, it was found that at room temperature the reaction of HF with the

stainless steel transfer lines was fast enough to remove over 80% of the HF in
a 65 cm (25 in.) length. Because of the extreme reactivity in HF and in view
of the rapid rate of reaction of HCl it is believed that any system capable of

removing the relatively slow reacting compounds such as S02 will easily remove
HF, therefore, no further experimental work was undertaken.
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TABLE7.8

EXPERIMENTALCONDITIONSFORHYDROGENCHLORIDEREMOVAL

RunNumber

Packing Material

7-5-2

FusedLi2CO3
12-14 Mesh

Amountof Packing, g 0.400

BedDiameter, cm 0.94

BedTemperature, °C 342

Air Flow Rate, mole/hr 2.9

Air Pressure, atm 0.9

Contaminant HCI

Inlet Concentration, ppm 45 C 2

Humidity, mole H20/moleair 0.014

CarbonDioxide, mole % 0.0

Test Duration, hr 89

Theoretical Capacity,
g HCl/g packing 0.9

AverageBedLoading
g HCI/g packing 0.675

7-9-I

MalI i nckrodt
Mn02

12-14 Mesh

O.400

0.94

342

3.0

0.9

HCI

45+2
m

0.014

0.0

4.7

Nil
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8.0 ADSORPTIONOFACIDGASES

In somedesigns of a contaminant removal system, the catalytic burner and
post catalytic burner subsystemsare in series with and preceded by a rather
extensive activated carbon adsorption bed. Therefore, the amountof any
contaminant originating within the cabin which reaches the post catalytic
burner subsystemis dependenton the efficiency of the carbon bed for removal
of that contaminant. Therefore, exploration of the behavior of the acid gases
toward activated carbon was thought to be important. The work on adsorption
which was undertaken for this purpose is presented in this chapter.

8.1 Characteristics of Adsorption Data

Experimental data wasobtained on the adsorption of the gases nitrogen
dioxide, chlorine, and sulfur dioxide. The data were in the form of break-
through curves as shownin Figure 8.1

Exit Concentration

nlet Concentration/_ll ---

Mc. / i

__J''
t I t 2

Time

Figure 8.1 - A Breakthrough Curve

Of particular interest from this data is the following information:

(I) A method of estimating the time (tz) when the exit concentration
reaches the MAC level for a given bed geometry, inlet concentration,
and gas flow rate.

(2) The slope of the exit concentration curve. The steeper the slope the
faster is the rate of adsorption.

(3) The bed loading at dynamic equilibrium (t 2)
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8.2 Adsorption of Nitrogen Dioxide on Activated Carbon

Several experimental runs were made in order to explore the physical adsorp-

tion of nitrogen dioxide on activated carbon. The principal carbon used was

Witco grade 164 in 6-12 mesh size. Shown in Table 8.1 are the experimental
conditions for six of the runs made to measure NO2 adsorption rates and capacity.

The effect of humidity on the adsorption capacity may be seen in Fig-

ure 8.2. Run II-18-6 which was made using zero humidity air is compared to
Run 12-27-I in which the air contained 50% RH. The presence of the water
resulted in a three fold increase in the NO2 adsorption capacity.

Run 3-II-3 was made at a slightly higher temperature. The effect of the

increased temperature is not great; however, the capacity appears to be

decreased about 5%. Shown in Figure 8.3 are the breakthrough curves for Runs
3-II-3, 2-7-I, and 2-21-I. Comparison of the slopes of the breakthrough curves
indicates a slightly increased adsorption rate (steeper slope) for the higher

temperature run. The addition of NaHC03 to the activated carbon caused a 15%
reduction in adsorption capacity with little change in rate.

The run using a sample of coconut charcoal (2-21-I) showed very similar

adsorption capacity and rate as that of the previously tested activated carbon.

The major conclusion from this run is that the Witco activated carbon used
previously is not unique in its behavior toward nitrogen dioxide.

Analyses were made to determine the concentration of nitric oxide (NO) in
the exit gas from the activated carbon bed. Concentration levels of NO in the

exit gas from 3-II-3 ranged from 9.2 ppm to below l ppm.

Since the feed gas to the bed contains l ppm or less NO, the most probable

origin of this nitric oxide is the reaction

3 NO2 + H20 ÷ 2 HN03 + NO (8.1)

The presence of a reaction either on the surface of the carbon or within the gas
phase greatly complicates the mathematics describing the behavior of the system.

If all of the NO2 removed from the gas stream reacted according to the above
reaction then one mole of NO would be produced for each three moles of NO2
removed. After the NO is produced several things could happen, two of the more

probable are:

(1) The nitric oxide could react with oxygen to give NO2. Morrison (57)

has reported on the gas phase oxidation of NO.

(2) The nitric oxide can be adsorbed by the carbon.

Figure 8.4 shows the experimentally measured exit concentration of nitric oxide

for Run 3-II-3. Also shown in Figure 8.4 is the exit concentration of NO
assuming that all of the nitrogen dioxide removed by the bed reacts according
to reaction (8.1) and none of the NO is adsorbed or oxidized. Calculations
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basedon the work of Morrison (57) indicate that in the short residence time in
the system less than 1 ppmof NOwould be oxidized. Therefore, apparently
someof the NOis adsorbedby the carbon and then later in the cycle is replaced
thus causing the experimentally measuredNOconcentration to pass through a
maximumand then drop. It is also very probable that someof the NO2is adsorbed
without undergoing reaction to form NO.

8.3 Regeneration of Activated CarbonSaturated With Nitrogen Dioxide

In order to develop limited qualitative information on the regeneration
ability of activated carbon, regeneration of the NO2saturated carbon bed was
attempted following Run3-11-3. The first step in the regeneration was to heat
the bed to 194°F (90°C) with a very small air flow. The outlet from the bed
contained NO2 in the gross percent concentration region. The bed was flushed
with dry air for a total of 105 hours at temperatures ranging from 22 to 83°C.
The bed wasagain saturated with an air stream containing 39 ppmof NO2. At
equilibrium the bed loading wascalculated to be 0.252 g NO2/gcarbon, 70%of
the original capacity.

The information developed indicates that activated carbon can be regenerated.
Capacity of the regenerated material would be expected to be a strong function
of regeneration conditions. The use of high vacuumand higher temperatures would
almost certainly restore a higher percentage of the original adsorptive capacity.

8.4 Adsorption of Chlorine on Activated Carbon

Activated carbon effectively removedtrace quantities of chlorine from both
high and low humidity air. The conditions for the two runs madeusin_ activated
carbon are shownin Table 8.2 and the outlet concentration histories are shown
in Figure 8.5. In the run at high humidity (6-25-I) the carbon adsorbed0.28 g
of C12per g of carbon with a feed gas containing 30-32 ppmof C12. The
adsorption effectiveness of the carbon wasmuchlower whenzero humidity air was
used. Even though the flow rate was lower for Run6-21-I the exit concentration
increased faster than for Run6-25-I, thus the humidity level is an important
variable. Whenhumidified air is used the carbon surface is probably covered
with water which mayreact with chlorine according to the reactions

2 C12+ C+ 2 H20÷ 4 HCI + CO2 (8.2)

C12 + H20 _ HCI + HCIO (8.3)

In either case the highly polar HCI is probably readily adsorbed by the remain-
ing carbon.
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TABLE8.2

CHLORINEADSORPTIONONACTIVATEDCARBON

RunNumber

Packing Material

Amountof Packing, g

BedDiameter, cm

BedTemperature, °F

Air Flow Rate, mole/hr

Air Pressure, atm

Contaminant

Inlet Concentration, ppm

Humidity, mole H20/moleair

CarbonDioxide, mole %

Test Duration, hr

6-21-I

Activated
Carbon

0.400

1.27

88

1.43

0.9

C12

20+I

0.0

0.0

25

6-25-I

Activated
Carbon

0.400

I .27

88

2.22

0.9

C12

31+I

0.014

0.0

9O
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8.5 Adsorption of S02 in Activated Carbon

Activated carbon was tested using dry air contaminated with SO2 and showed
a very slow rate of adsorption at a space velocity of 1.7 (mole air)/(hr)(g

carbon) and a temperature of 30°C. At these conditions the fresh bed removed

only 14% of the incoming S02. At the extremely low space velocity of 0.12 the
carbon initially removed 85% of the S02 and was still removing 38% of the 12 ppm

inlet SO2 after 12 days of continuous operation. This small amount of data
indicates that activated carbon has a rather large capacity for SO2, but that the
slow rate of adsorption limits its usefulness for removal of this contaminant.

8.6 Summary of Acid Gas Adsorption on Activated Carbon

Activated carbon was found to readily adsorb NO2 and Cl2 when these

compounds were present as trace contaminants in air. Sulfur dioxide adsorption
rates were found to be much slower than the rates for the other two gases. The

effect of humidity was very pronounced for both NO2 and C12. In the case of NO2
the presence of a high humidity increased the carbon capacity by a factor of
three. The treatment of a carbon with sodium bicarbonate did not cause the

carbon to exhibit any appreciably different adsorption characteristics. Carbon

beds saturated with either NO2 or Cl2 were found to be relatively easy to
partially regenerate.

Coconut charcoal was found to be effective for NO2 removal as was the Witco

carbon. No difference between the two was apparent. When operated at a higher
temperature (36°C compared to 26°C) the bed capacity was reduced and a higher

adsorption rate was recorded. During the higher temperature run, NO was found
in the exit stream. This appearance of NO has been confirmed with later work
at 26°C. The presence of the NO is thought to be due to reaction with

adsorbed water to form HNO 3 and NO.

Work performed in this laboratory shows that MnO 2 is also active as a room
temperature adsorbing medium. In most cases (S02 being the exception) activated

carbon is either as effective or more effective than Mn02 for room temperature

adsorption.
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9.0 REMOVALOF THE NITROGEN OXIDES THROUGHCATALYTIC REDUCTION

Three of the oxides of nitrogen are potentially hazardous contaminants
which must be removed from a closed system such as a spacecabin. These oxides
are nitrogen dioxide (NO2), nitric oxide (NO), and nitrous oxide (N20). Of
these three, nitrogen dioxide has the lowest threshold limit value.

A simple and very desirable method of removing these materials would be the
catalytic reduction to elemental oxygen and nitrogen. If a suitable catalyst
could be found then the oxides could be removed with no consumption of a reagent.
There are several promising catalytic materials; these include nickel oxide,
copper oxide, manganese dioxide, and platinum where these materials are supported
on a high surface area material such as alumina.

Considerable work (58,59) has been undertaken on the catalytic removal of
the nitrogen oxides from gas streams under conditions of a reducinq atmosphere.
A fuel such as hydrogen, methane, or carbon monoxide is utilized to effect the
chemical reduction of the nitrogen oxides with the aid of a solid catalyst.
These studies have been oriented toward removal of these oxides from nitric acid
manufacturing plant tail gas and from internal combustion engine exhaust where
the oxides concentration is in the range of I00 ppm to 5000 ppm. Investigations
of the catalytic decomposition of pure N20 have been made. Sterbis (3) reports
that using finely ground pure nickel oxide 70% conversion of N20 to elemental
nitrogen and oxygen was achieved at temperatures as low as 300°C. One patent (4)
claims to produce a breathing quality atmosphere from a feed of pure N20 at a
temperature of 490°C. Each of these reports indicate that N20 can be decomposed
to the elements under relatively mild conditions as compared to the reported
conditions of NO2 decomposition. The dissociation of NO2 (to form N2 and 02 ) in
a nitrogen background gas over a CuO-alumina and over a CeO2-alumina catalyst
was studied by Wikstrom and Nobe (60). They also did limited work on this
reaction in the presence of air and obtained a 45% conversion of NO2 to nitrogen
and oxygen at 520°C using a CuO-alumina catalyst. At a temperature of 370°C the
conversion was about 10%. In all instances reported, the presence of oxygen
reduces considerably the activity of the catalyst for the decomposition reaction.

After a review of the literature it is evident that there has been very
little work directed toward accomplishing the catalytic reduction of the oxides
of nitrogen in the presence of excess oxygen. Since, no doubt, these decomposi-
tion reactions are complex and would thus require a large effort in order to
study each one, the work on this project was of necessity confined to the
decomposition of NO2. It is believed that a catalyst which is active toward NO2
should also be active toward the other oxides.

9.1 Thermodynamics of the Reduction of Nitrogen Oxides

The set of reactions by which the removal of the nitrogen oxides is
visualized as follows:
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NO2 _ NO+ l/2 0 2

2 NO :_ N20 + l/2 02

N20 ÷÷ N2 + ]/2 0 2

From a theoretical viewpoint, the oxides could be reduced to the thermodynamic
equilibrium concentration which, since all of the reactions are endothermic,
decreases with decreasing temperature. Shown in Figure 9.; are the equilibrium
constants for the nitrogen oxide decomposition reactions as a function of
temperature. Using the calculated equilibrium constants and an atmosphere with
an oxygen partial pressure of 0.2 atm and a nitrogen partial pressure of 0.48
atm, equilibrium concentrations of the oxides were calculated. In order to
reduce the NO2 concentration of the continuous exposure threshold limit value
of 0.2 ppm the catalyst would have to be active at a temperature of 370°C
(700°F) or less. The equilibrium concentration of NO is less than that of NO2
for temperatures below 430°C (806°F). The equilibrium concentration of N20 is
extremely low being less than I0 -s ppm at 400°C.

From the thermodynamics calculations it becomes clear that the catalytic
removal of nitrogen dioxide down to fractional ppm levels without a reducing
reactant puts rather severe activity requirements on the catalyst since it must
promote the reduction reaction at a relatively low temperature if the threshold
limit value is to be reached by catalytic reduction alone. On the other hand,
thermodynamic limitations are insignificant for nitrous oxide and are not as
severe for nitric oxide.

9.2 Correlation of Integral Type Data from a Tubular Catalytic Reactor

In trying to obtain kinetic data for the catalytic reduction of nitrogen
dioxide a major problem is accurate chemical analysis at the low concentrations
of interest in this study. Because of this difficulty experimental data must
be of the integral reactor type, that is, the reactor must be operated such
that a large fraction of the inlet contaminant is reacted. Data of this type
is somewhat more difficult to correlate than that from a differential reactor
since the contaminant concentration and hence the reaction rate vary signifi-
cantly down the length of the reactor. However, the primary goal of the work
reported here was to explore the qualitative behavior of several catalytic
materials rather than to study in detail any single material. Obviously much
more work is needed in the area.

9.3 Experimental Data for Catalytic Reduction of Nitrogen Oxides

During the course of this study reaction rate data were taken using five
different catalysts. These were as follows:

(I) Nickel oxide on Gridler T-126 alumina (laboratory preparation).
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(2) Nickel oxide on Grace silica gel (laboratory preparation).

(3) Girdler alpha alumina.

(4) Harshaw supported copper oxide Cu-0803.

(5) Harshaw supported manganese dioxide Mn-0201.

Shown in Table 9.1 are the physical properties for each of these materials.

Experimental data showed that each of these catalysts except the manganese
dioxide (No. 5) was active in promoting the reduction of NO2 with the copper
oxide being the most active and the alumina alone the least active.

Since the activity of many catalysts is sensitive to the oxidation state
of the metal and to the method of activation, a flowing air stream containing

NO2 was passed over each catalyst while the temperature was maintained at
approximately 350°C as a pretreatment. The charge was pretreated in this manner
for at least 24 hours prior to the collection of rate data.

The principal reaction observed at the lower temperatures with each of the
catalyst was the reduction to nitric oxide (NO). Further reduction to either

N20 or N2 determined by difference, was observed; however, the reaction rate
was much slower than was desired especially at the lower temperatures (370°C).

Shown in Table 9.2 are typical experimental results for the supported copper

oxide. As may be seen from the data given in Table 9.2 the reaction rate
increases rather rapidly as the temperature is increased. The conversion to NO
is in the range of 30-35% at a temperature of 432°C and space velocity of one

to two mole air/hr g cat. Further reduction to N20 and N2 was also observed.
In the one to two space velocity range 6 to 12% of the inlet NO2 was reduced
to either N20 or N2 at a temperature of 342°C.

At higher temperatures and lower values of space velocity the nickel oxide

catalysts also removed large percentages of the inlet NO2. Shown in Table 9.3
are typical experimental results from the two nickel oxide catalysts tried.

The data indicate that the nickel catalyst may promote the reduction to N2 and
N20 slightly better than does the copper, while the copper is more active at
reduction to NO.

Shown in Figure 9.2 is the natural log of the NO2 inlet to NO2 outlet ratio

versus I/T for the nickel oxide silica gel catalyst at a F/W of 1.21.

The exit concentration ratio of NO2 to NO approached the thermodynamic
equilibrium values for these oxides as may be seen in Figure 9.3. The fact that

considerable NO is present in the reactor outlet indicates that the rate of
reduction of this compound is relatively slow.

The major conclusions to be drawn from this exploratory work on nitrogen

oxides reduction in the presence of excess oxygen are:

(a) There are materials which will catalytically reduce NO2 to yield the

lower oxides and nitrogen.
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TABLE 9.2

CATALYTIC REDUCTION OF NO2 USING SUPPORTEDCOPPER OXIDE

Temp.,
oc

356

356

356

390

400

400

400

432

432

432

432

432

432

432

432

F _

W

0.9

1.12

1.56

1.05

1.05

1.72

2.39

0.91

1.52

2.13

2,0

1.36

1.05

0.81

1.71

CNO2 (inlet)

ppm

44.6

34.7

23.7

31,6

31.6

19.5

12.2

40.0

23.6

16.5

18.2

25.3

33.0

44.2

21.5

NO+N20+N2

6.7

7,5

2.9

22,7

19,0

17.0

22.1

41.5

37.3

39.4

45.0

39.5

42.5

41 .I

39.2

% Conversion to

NO

NM**

NM

NM

NM

NM

NM

NM

NM

NM

NM

33.0

30.5

36.4

34,6

31,6

N20+N2

NM

NM

NM

NM

NM

NM

NM

NM

NM

NM

12.0

9.0

6.1

6.5

7.6

*mole air/hr/g cat

**not measured
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TABLE9.3

CATALYTICREDUCTIONOFNO2 USINGSUPPORTEDNICKELOXIDE

Temp.
°C

F.,k

W
CNO2 (inlet)

ppm

For Nickel Oxide - Alumina

0.24

1.03

0.24

404

435

460

465

465

516

40

40

4O

0.24

0.24

0,24

40

40

40

NO+N20+N2

% Conversion to

NO

20

22

5O

8

NM**

NM

N20+N2

12

NM

NM

For Nickel Oxide - Silica Gel

0.31

1,21

0.31

1,21

1,21

430

437

482

482

5OO

40

40

40

4O

40

58

45

5O

27.5

21.2

53

32.3

5O

NM

17.5

28.3

II .6

5,0

33.2

21.6

15.2

NM

27.5

22.5

15.9

16.2

19.8

10.7

35.8

*mole air/hr/g cat

**not measured
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(b) For the catalyst evaluated, the equilibrium concentration of NO2 and

NO may be approached relatively easily.

(c) Analytical techniques for the convenient precise quantitative

analysis of NO and N20 are needed.

(d) Much more work is needed in order to evaluate more materials for

their catalytic activity.
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I0.0 ENGINEERING ESTIMATES OF POST CATALYTIC SUBSYSTEM PERFORMANCE

The object of this research project was to provide information from which an
improved post-catalytic contaminant removal system could be designed and informa-
tion which would predict its performance. In the previous sections the experi-
mental work for each contaminant considered has been presented. Because of
severe analytical problems, work on mixtures of these contaminants has been brief;
however, based on single contaminant information reasonably accurate predictions
can be made for the operation of the system.

Several mathematical simulations have been made to illustrate the predicted
performance of the proposed contaminant removal system. In order to make these
calculations, the various possible chemical interactions between the contaminants,
both in the gas phase and on the solid particle surface, were neglected. From
a practical standpoint the assumption of no interaction probably does not
greatly reduce the reliability of the simulation provided some reserve of basic
material is maintained. The salts formed by the acid gas reactions are very
stable so that solid phase displacement interactions probably are minor. The
apparent porosity of the manganese dioxide is very high since the solid is
reactive until it is almost depleted. Therefore, sealing off of the internal
area by any one gas appears unlikely in the case of the MnO2, The fused lithium
carbonate is much less porous and consequently more susceptible to sealing of
the pore structure.

Gas phase interaction reactions would be very slow under practical conditions
due to the extremely low concentrations plus the fact that the products of most
of the interactions which can be invisioned would be as easily removed as the
original contaminants. Possible interactions include:

S02 + C12 + 2 H20 ÷ HCI + H2S04

NO2 + SO 2 + NO + SO3

2 NO + Cl 2 ÷ 2 NOCI

I0.I Recommended Reactor Construction

The experimental data generated during this project has demonstrated that
feasible, spaceworthy materials are available which will remove the contaminants
under consideration. However, as would be expected there is no one material
which is universally superior for all the contaminants. Thus an optimal bed
composition depends on the relative amounts of the contaminants and their
generation rates. A preferred system would consist of a layer of manganese
dioxide granules for removal of sulfur dioxide and chlorine, a layer of lithium
carbonate granules for removal of strongly acidic gases such as HCl, HF, and SO3
and incorporated within the catalytic burner a supported copper oxide catalyst
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for the decomposition of nitrogen oxides. A single layer of lithium carbonate
would removethe contaminants chlorine, sulfur dioxide, hydrogenchloride, and
hydrogenfluoride although the single componentbedwould be less efficient
since the reaction rate for S02 is roughly twice or three times as fast with
MnO2 as with Li2CO3 whencomparedon a massbasis.

10.2 Calculated Performancefor a Multi-Contaminant System

Optimal size and composition of a post-catalytic acid gas removal bed
dependson the relative amountsof the contaminants initially present and on
their net rates of generation within the entire system. Given these basic
design data, the data and mathematical relationships developed in this study
makepossible the prediction of the performanceof any specific gas scrubber
using Mn02and/or Li2C03.

Since reliable data on contaminant generation rates were unavailable,
simulations of scrubber performancewere madefor three specific designs, and
operating conditions using an assumedinlet air composition. Contaminant
concentrations in the air enterin 9 the scrubber were assumedconstant at the
MAClevels reported by Robell (61). At I0 psia and 72°F the MAClevels
expressed in ppmare:

NO2 0.7 ppm

S02 0.445 ppm

C12 0.75 ppm

HCI 0.144 ppm

HF 0.142 ppm

While it is very unlikely that contaminant concentrations would continuously
run as high as MAClevels, the assumption results in conservative predictions
and makespossible reliable performancecomparisons. The three cases chosen
for simulation were selected to illuminate the performancecharacteristics of
designs believed to be reasonable.

CASEI

A mathematical simulation of the contaminant removal subsystemwasmade
using the assumedinlet air composition and the following reactor specifications:

Air Flow Rate
Temperature
Reactor Diameter
Overall Reactor Length
Mn02PackedSection
Li2C03 PackedSection
Mn02Particle Diameter

= 77.2 mole/hr (4.95 Ib/hr)
= 342oc (650°F)
= 2.54 cm (I in.)
= II cm (4.33 in.)
= 5 cm (1.97 in.)
= 6 cm (2.36 in.)
= 0.16 cm (0.063 in.)
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Li2C03 Particle Diameter
Pressure

= 0.16 cm (0.063 in.)
= 0.68 atm (lO psia)

Using the program discussed in Section 4.6 and the specifications above the
calculated contaminant removal efficiencies (percent of inlet contaminant
removed by reactor) for each compound are given in Table lO.l.

TABLE I0.I

CONTAMINANT REMOVAL EFFICIENCY FOR CASE I

Contaminant Removal, %

Time NO2 S02 CI2 HCf HF

Initial 61.0 99.8 99.9 99.9 99.9
After lO0 hr 46.0 99.5 99.9 99.9 99.9

After 200 hr 36.0 98.5 99.9 99.9 99.9
After 300 hr 30.0 97.5 99.9 99.9 99.9

After 400 hr 24.5 95.7 99.9 99.9 99.9
After 500 hr 21.0 93.7 99.9 99.9 99.9
After 600 hr 18.0 91.2 99.9 99.9 99.9

After 700 hr 16.5 88.7 99.9 99.9 99.9
After 750 hr 15.6 87.6 99.8 99.9 99.9

The concentration profiles for the two typical contaminants S02 and HCI are
shown in Figure lO.l. These profiles take the form of decaying exponentials.

The performance of a shorter bed may be roughly estimated from Figure lO.l. As
may be seen from this figure, the optimum bed construction for Case I would have

a longer section of MnO 2 and shorter section of Li2CO 3 than was assumed for the
simulation.

The progressive utilization of the solid reagents for Case I is shown in

Figure I0.2. For this case the Mn02 is used much faster than the Li2CO 3 because

of the high content of S02 and Cl2 which react very fast with Mn02. Since the
inlet HCf and HF concentrations are relatively low then the Li2CO 3 is not
appreciably depleted. Also contributing is the considerable difference in

density of the two packed sections. The MnO 2 packed density is only 0.45 g/cm 3
compared to 0.78 g/cm 3 for the sintered Li2CO 3.

CASE II

The simulation for Case II was the same as for Case I except that the

reactor was assumed to contain no Mn02. Instead a packed section of Li2CO 3 II
cm in length was assumed. The removal efficiency of this bed is shown in
Table I0.2.
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TABLE 10.2

CONTAMINANT REMOVALEFFICIENCY FOR CASE II

Contaminant Removal, %

Time NO2 S02 C12 HCL HF

Initial 61.0 99.6 99.1 99.9 99.9
After I00 hr 42.9 95.7 98.4 99.9 99.9
After 200 hr 30.0 88.5 97.1 99.9 99.9
After 300 hr 23.0 80.5 95.9 99.9 99.9
After 400 hr 18.5 73.0 94.4 99.9 99.9
After 500 hr 15.4 65.6 92.9 99.9 99.9
After 600 hr 13.0 60.2 90.9 99.9 99.9
After 700 hr 11.4 55.3 89.9 99.9 99.9
After 750 hr 10.8 53.5 88.3 99.9 99.9

This reactor is not nearly as effective for S02 and Cl 2 control as was Case I.
Since the weight of packing is greater and since the removal efficiency is
lower than for Case I the bed utilization after 750 hours of operation would be
lower as is shown in Figure 10.3.

CASE III

For Case III the reactor specifications are the same as for Case I except
that the air flow rate is increased to 154.4 mole/hr. Therefore, for this case
since the inlet concentration is the same as for Case I but the flow rate is
twice that of Case I, the amount of contaminant entering the reactor is twice
that of Case I. The removal efficiency under this condition is shown in
Table 10.3.

TABLE 10.3

CONTAMINANT REMOVAL EFFICIENCY FOR CASE III

Contaminant Removal, %

Time NO2 SO2 [;I2 HCl HF

Initial 41.3 96.4 99.9 99.9 99.9
After I00 hr 28.5 89.3 99.7 99.5 99.5

After 200 hr 13.2 80.5 99.6 99.4 99.4
After 300 hr 9.7 72.1 99.0 99.4 99.4

After 400 hr 7.6 64.6 98.0 98.6 98.6

After 500 hr 6.2 58.0 96.4 98.6 98.6
After 600 hr 5.1 51.6 94.5 98.0 98.0
After 750 hr 4.1 44.7 91.1 96.6 96.6
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The solid reactant concentrations for Case III are shown in Figure I0.4.

The three typical cases presented are intended to illustrate the performance
of two possible bed constructions. The composite construction consisting of
approximately 5 cm of Mn02 and 6 cm of Li2C03 is believed to be much preferred
over the bed containing only Li2C03. Our data indicated that even the Li2CO 3
bed would greatly out perform a CaCO3 bed for SO2 removal at the temperatures
of interest to this project.

The performance data generated through simulation show that reasonably
sized scrubbers can be designed which will be effective for a long period of
time in acid gas removal. Case I results shows that even after 750 hours
operation at MAC levels in the inlet gas, the single pass removal of the
contaminants S02, C12, HCI, and HF is good with the last three being almost
completely removed.
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II.0 CONCLUSIONS
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The reaction between the gases NO2, S02, C12, HCI, and several solid basic
materials including Li2C03, CaC03, and MnO2 have been studied and equations
developed to estimate the rate of the reactions.

At the temperatures of interest (340-380°C) the most effective solid material
tested for removal of S02 and C12 in trace quantities from air was a porous
form of MnO2.

At the temperatures of interest the most effective solid tested for removal
of HCf was Li2C03. Since HF is similar to HCl in many ways it may safely be
assumed that Li2C03 would also be very effective for removal of HF.

Nitrogen dioxide is removed at best to only a limited extent by reaction
with basic materials at temperatures of 150 ° to 480°C.

A suitable physical form of Li2C03 for use in acid gas removal subsystems may
be made by sintering a mixture of Li2CO 3, and CaCO3 reagent grade powders,
followed by crushing and screening to the desired particle size.

By using a composite bed having first a 5 cm layer of Mn02 and second a 6 cm
layer of Li2C03, over 88% of the S02 and over 99% of the C12, HCI, and HF
can be removed up to 750 hours of operation when the MAC levels of these
compounds are used as the inlet concentration to the reactor. This assumes
operation at a temperature of 340°C or higher, and an air flow rate of
15.6 g mole/hr cm2,

A convenient and relatively simple method for the correlation of experimental
data from solid-gas reactions as well as the design of solid-gas reactors is
based on the concept of a shrinking core of unreacted solid.

At the MAC level of 0.7 ppm and assuming a linear isotherm, activated carbon
at saturation will adsorb approximately 4.3% by weight of NO2 at a temper-
ature of 25°C with 50% RH and I0 psia air. With dry air this adsorption is
reduced to approximately 1.3%. Chlorine and to a lesser extent SO2 are
adsorbed by activated carbon.

Supported copper oxide and supported nickel oxide are both fairly active
catalyst for the reduction of NO2 at temperatures of 350°C or higher.
Several more materials should be screened for their catalytic activity in
the reduction of nitrogen oxides.

A limiting factor in work on the removal of trace contaminants is the
availability of reliable and sensitive methods of quantitative analysis,
particularly analysis of mixtures of contaminants.
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APPENDIX A

PROGRN.I PRI N_IOUT

C

C
C
C
C

C

C

C

PROGRAM TO CALCULATE THE {)UTLET CONCENTRATION FOR A

S{JLID-GAS REACTQR. THE PROGRAM USES A SHRINKING CORE

_()DEL AND IS FOR A DOUBLE LAYER OF SOLID ANt] FOR FIVE

C(qN TA.v INAN IS.

Tl_E C(!I)E NUMBERS FOR THE VARIGUS CONTAMINANTS ARE

NITROGEN DIOXIDE ***_******** 1
SULFUR DIOXIDE ***_**_******* 2
CHLORINE *u**************_*** 3

HYI;ROGEN CF_t. ORIDE ********_** 4
14YDROGEN FLUORIDE ******win*** 5

gkD NUMBER ONE IS MANGANESE DIUXIDE

/ILl) NUMBER TWO IS LITHIUM CARI3I_INAIE

DIMENSIQN C(5,12,20),X(I2,20),PPM{5,2OI,DE(5,3),FKGI5_

I3)sROBED(3),
IDIAP(3)_ CIN{5)tPARNUM(3)_ GM_(St3)

DIMENSION OMEG(5)_GASC(5),SNUP(5)tFKF|5,2),GASWW(5)_DI

IFF(5}
OIPENSION FJD(2)_RENUM(2)

1FE}R_AT (8F|O.O)

? FORMAT (614)
FORmAl (/26H nED TEMPERATURE (DEGK)= , F6.I,2X,24H AT

IR DENSITY {_

LOLEICC) = ,E12.4 )
4 F{)RUAT (/35H REACTOR CROSS-SECTION AREA (CM2) = ,FRO.5

1,24H GAS VEL

I[)CITY {CM/SEC) =,EIO.3)

5 FUR_AT (/22H TIME INCREMENT (HR) : _Fg.6t 24H LENGTH I

INCREmeNT (C_
I) =tF3,6)

6 FURWAT (SElbo_)
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28 F[IRWAT (/4H GAS ,14,12H CON PROFILE , 12F8.3)

29 FURMAT{12H TIME (HR) = , F6.2)

31 F{]R_AT /IBH SOLID CON PROFILE , 12F8.4)

41 FUR_4AT /-32H NUMBER OF PARTICLES/CC BED I = ,FIO.I,25H
I PARTICLES/C

IC FOR BED 2 = ,FIO.I)

43 FURMAT 14H DE (CM2/HR) = ,FIO.4,I4H FKG(Cm/HR) = , FI

I0.2,16H COMP

IOUND NUMBER , I4,3X,6H G_W = ,FIO.2)

44 FORNAT /3OH PACKING DIAMEIER BED l (CM) = ,FtO.4_30H
IPACKING DIAl,"

IET_R BED 2 (CM) = ,FlO.4)

45 FORMAT /,36H NUMBER OF INCREMENTS IN FIRST RE[) = ,14,
13X_ 37H NUMBE

IR OF INCREMENTS IN SECOND BED = , I4)

46 FCIRMAT /I].H COMPOUND = , I4_2X,21H GAS DIFF (Ct"2/SEC)
I = ,FlO.4t

13X,16H SCHMIDT NUMBER= , FIO.4)

41 F(JRNAT /IZH RENUM (i) = ,F]O.4,5X,12H RENUM {2) = ,FI

IO.4,SX,24H A

fIR VISCCSITY {POISE) = ,EI2.4)

4b FORMAF{/I_H COMPOUND NUMBER = ,14,SX..36H MASS TRANSFER
I COEFF (CM/H

IR) DED I = ,FIO.I,3X,24H MASS TRAN COEFF BED 2 = ,F]O.
It)
NGAS = 5

O_EG(1) IS THE COLLISION INTEPG,_L FOR GAS I

READ I, (OMEG(J), J=I,NGAS)
READ t, {GASC(J) , J=I,NGAS)

GASNW(1) IS THE MULECULAR WEIGIIT OF CONTAMINANT I

READ I,(GASMW(J) ,J=I,NGAS)
RUBED IS THE DENSITY OF THE BED G/CC

DIAB IS THE DIAMETER OF THE REACTCR CM

READ I,PORED(1),RORE[)(2),I)IAB,DIAP(1),I)IAP{2)

DE(5,1) IS THE DIFFUSIVITY OF GAS 5 THROUGH SOLID I
THE UNITS ON DE ARE CM2/HOUR

FKG(5,1) IS THE FORWARD RATE C(]_STANT FOR GAS 5 IN

BED I . THE UNITS ARE CM/HOUR

READ I, {DE(I,II,FKG(I,I)I I=I,NGAS)

REAC I, (OE(I,2),FKG(I,2), I=I,_GAS)

C GMW(5,1) IS THE EQ WEIGHT OF THE SOLID (G SOLID/MOLE

C GAS) FOR GAS 5 I_ BED i

REAO I, (GMW{I,I) , I=I,NGAS)

REAC I, {GMW(I,2), I=I,NGAS)

50 CONTINUE

C TIMET IS THE TOTAL NUMBER OF HOURS FOR WHUCH THE S[MU-
C LAIION IS DESIRED. TEMP IS IN DEG K. PATM IS IN ATM.

C DELT IS THE TIME INCREMENT IN HC]UR. DELZ IS LENGTH
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C

C

VE

PR

I0 X(

CA

AM

18_

INCREMENT IN CM. NZl IS MUMBER OF INCREMENTS IN BED !

READ I, TIMET,FLOWtTEMP,PATMtDELT,DELI
R_AO 2, NZltNZ2
CIN(1) IS THE INLkT CONCENTRATI{]N OF GAS t IN PD_.

R_AD I,(CIN(1),I=I,NGAS)
TIME =0.0

PRINT 5, UELT,DELZ

P!_INT 44, DIAP{I),DIAP{2}

PRINT 45, NZI,NZ2

RCGAS = PAIM/82.06/TEMP

PRINT _, TEMP,ROGAS
THE NUMBER GF PARTICLES PER CC IS BASED ON A FCC PACK

PARNU_(1) = 1.41/(DIAP(1)**3.)

PARNU_(2) = 1.4I/(OIAP(2)_*3.)

PRINT 41, PARNUM(1),PARNUM(2)
NZT = NZI + NZ2

XAREA = 3.1416 * BlAB * DIABI4.

L = FLOW / ROGAS / XAREA/ 3600°

INT 4, XAREAtVEL

I0 J=I,N/T
I,J)=I.G

LCULATION OF THE VISCOSITY OF AIR P[)ISE

U = 2.6693-I0.**{-5.)*( (29.*TEMP)**.5)I3.617/3.611/.
5

GMOLE = FLOW/XAREA/3600.

RENUM(1) = DIAP(I)*GMOLE*29./AMU

RENUM(2)= DIAP(2)*GMQLE*29./AMU

PRINT 47, RENUM(1) , RENUM|2), AMU

FJD(1) : .?251({RENUM(I)u*.41)-l.5)

F.JO(2) = .725/((RENUMI2)**.41)-I.5)

TEMP3 = TEMP*TEMP*TEMP

DO 17 J=I,NGAS

AVEMW = (1./29. + I.IGASMW(J}}

DU_ = (TEMPB*.5*AVEMW)**.5
DIFF(J) = .O02628*DUM/PATM/GASC(J)/GASC(J)/OMEG{J)

SNUM|J) = AMU/ROGAS/29./DIFF(J)
CALCULATION OF THE EXTERNAL MASS TRANSFER COEFFICIENT

FKF(J,I)=IFJD(I)_GMOLE/(SNUM(J)**.6666)/PATM)*_2.*TEMP
I*_6C0.

FKF(J,2)={FJD(2)*GMOLEI(SNUM(J)**.6666)/PATM)*B2.*TEMP
1-36C0.

PRINT 48, J,FKF(J,I},FKF(J,2)

PRINT 46, J,DIFF(J),SNUM(J)

17 CONTINUE

DO 15 L=2,NZT
D[) 15 J=I,NGAS

tb C(J,[,L) = 0.0
DE; 12 J=I,NGAS

PRINT 43, DE(J,1),FKG(J,I)

PRINT 43, DE(J,2),FKG(J,2)

12 C(J,I,I) = CIN(J)*ROGAS *

,J,GMNIJ,I}

,J, GM_(J,2)

10.**(-6.}
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20 CONIINUE
PRINT 29, TIME

PRINT 31, IX(l,J) ,J=I,NZT)
DO 26 M=ltNGAS

DO 25 L=[yNZT
PPM(M,L) = C(M,I,L)/ROGAS*}O.**6o

2b CLJNTINUE

PRINT 28, M,(PPM(MtL) ,L=I,NZT)
26 CONTINUE

DU 200 I:t,ll
DU 100 L=I,NZT
IF (L.LT.NZI} K=[

IF (L.GE.NZl) K=2

FRAC = X(I_L)
DO tO2 M=IvNGAS

C{Mt[+I,II = C(N_[_I}
DEN1 = (XII,L)**.3333)*DIAPIK}/2./DE(M,K)
DEN2 = {X(I,LI**.6666)*DIAP(K}/2./OE(_,K)

DEN3 = (X(ItL)**.6666}/FKF(M,K)
DEN4 = }./FKGIM,K}
DEN = DENI-DEN2+DEN3÷DEN6
T[}P = (I2.566*OIAP(K}*UIAP(K}_P&RNUM(K} *OELZ* X(ltL|*

L*.6666)/VEL

1/I6400.

C(M,I,I_÷I) = CIM,I,L)*E×P(-TOP/DEN)
FRAC = FRAC -[CIM,I,L}-C(M_I,L+I}}*VELIDELT*GMW_K

1,K)'3600./
IROBEDIK)/DELZ

t02 CONTINUE
XII÷I,L) = FRAC

IF (X(I+I,L).LT. 0.0)
lO0 CONTINUE

TIME = TIME + OELT

200 CONTINUE

DO 203 L=I,NZT
DO 202 _=I,NGAS
C(N,ItL) = C(M,[I,L)

202 CONTINUE

X(tyL) = X{II,L}
20_ CONTINUE

IF (TIME.LT.TIMET) GO TO 20

499 GO TO 50
500 CONTINUE

CALL EXIT
END

/*

XII+I,L) = 0.0

108



APPENDIX B

ANALYTICAL METHODS - LITERATURE REVIEW

B.I Colorimetric Analysis of Nitrogen Dioxide

A great deal of work has been done on the analysis of nitrogen dioxide at
very low concentrations because of its importance in air pollution. Most of the
work was based on adapting the Griess-lllosvay reagent (a mixture of sulfanilic
acid and alpha-naphthylamine long used for detection of nitrites) for the
quantitative determination of NO2 in air. The major problem was the difficulty
in absorbing the gas from a sufficiently large sample. Patty and Petty (24)
reported an absorption efficiency of only 5% with a midget impinger.

In 1953, Saltzman (16) reported the development of what has become known as
Saltzman's reagent. The reagent was specific for NO2 and produced a stable,
direct color which could be measured visually or spectrophotometrically. The
effect of various interfering gases was found to be slight. The fading caused
by S02 in concentrations up to ten times that of NO2 could be greatly retarded
by the addition of I% acetone to the reagent before use. With air sampled at a
rate of 0.4 liter per minute, a sensitivity of a few parts per billion was
attained with I0 minute samples. Color development required 15 minutes. The
reagent consisted of 0.5% sulfanilic acid, 0.002% N-(l-naphthyl)-ethylene diamine
dihydrochloride. This method has been widely accepted and frequently improved.

Jacobs and Hochheiser (62) developed a method for NO2 using reagents similar
to those of Saltzman. Their method was developed for use with a Wilson semi-
automatic 24-hour air sampler (63). The NO2 was absorbed in a 0.I N NaOH
solution containing 2 ml l-butanol per liter to promote foaming. Color develop-
ment was conducted manually in a second step which was external to the sampler.
The change from Saltzman's techniques was made because of interference
encountered from S02, instrument damage caused by the high acidity of the mixed
reagent and lack of stability. In the manual color development procedure, the
interfering S02 was absorbed along with other atmospheric acidic gases and was
oxidized to sulfate with hydrogen peroxide. Color development was achieved by
using a 0.002% solution of N-(l-naphthyl)-ethylene diamine dihydrochloride for
coupling and a diazotizing reagent consisting of sulfanilamide and ortho-
phosphoric acid in water. Sensitivity for NO2 was in the order of several parts
per hundred million in air.

Hochheiser and Ludmann (64) compared the Saltzman and Jacobs-Hochheiser
methods in a very thorough study presented in 1965. Nitrogen dioxide concentra-
tions were 0.01-0.18 ppm; SO2 concentrations were 0.01-0.25 ppm; and NO
concentrations were 0.01-0.26 ppm.

Saltzman (20,65) has suggested minor modifications to his original reagent
in order to decrease the cost and color development time for use in continuous
analyzers. The amount of acetic acid was reduced and the amount of N-(l-naphthyl)-
ethylene diamine dihydrochloride was increased. The resulting reagent yielded
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slightly less color than the original reagent, but color developmenttime was
decreasedto just over one minute.

Lyshkow(18) improved the rate of color developmentand sensitivity by
adding 0.05%2-naphthol-3,6 disulfonic acid disodium salt (R-salt) to Saltzman's
NO2coupling reagent. Healso optimized the concentrations of the diazotizing
and coupling reagents. Lyshkowalso found that if tartaric acid was substituted
for acetic acid as the solvent for the absorbing reagents, the absorbing
efficiency was increased and color developmentwas96%complete in one minute.

B.2 Colorimetric Analysis of Sulfur Dioxide

In 1942, Steigman (66) modified the Schiff reaction to produce a sensitive,
highly specific test for the bisulfite ion. Acid-bleached fuchsin (a mixture
of para-rosaniline and rosaniline) was reacted with formaldehydeand bisulfite
ion to form an intense violet color. This reaction wasapplied to the analysis
of air for sulfur dioxide by Uroneet al. (67). Early erratic results with
this methodwere attributed to varying impurities in different lots of the
commercialdye.

Westand Gaeke(30) suggesteda two step procedure for the determination
of trace quantities of sulfur dioxide in air. The S02wasabsorbed in 0.I N
sodiumtetrachloromercurate (II) which prevented the oxidation of S02 to SO3
by the formation of dichlorosulfitomercurate (II). The stability of this
compoundto air oxidation was reported by Ephraims(68). Westand Gaekealso
substituted para-rosaniline for the fuchsin. This increased the sensitivity of
the methodbut did not completely eliminate the irregularities in the results.
Although the Westand Gaekemethodhas beenwidely used for the determination
of atmospheric S02, the methodhas beencriticized for its lack of reproducibility
and for its relative unreliability. Interferences associated with the method
were reviewed by Thomas(69) and Mueller et al. (70). However,at that time,
no better methodwas available.

Various improvementshave beenmadein the Westand Gaekemethodto eliminate
interferences from other atmospheric contaminants. NO2interferes if present
in the air sampleat concentrations greater than that of SO2. Westand
Ordoveza(32) proposed the use of sulfamic acid in the absorbing reagent to
destroy the NO2. This might result in S02 losses during sampling and during
storage of the samplefor more than 48 hours after collection. Pate et al. (71)
recommendedadding the sulfamic acid after the collection wascomplete. They
observeda suppression of color formation with the procedure. Scaringelli
et al. (31) attributed this to the effect of sulfamic acid on pH. Careful
control of the pH between1.5 and 1.9 eliminated this problem.

Scaringelli et al. (31) recommendeda 20 minute delay period after
absorbing S02 in the tetrachloromercurate (II) solution to allow any ozone to
decomposein the water of the reagent solution. Ozonedid not affect the
dichlorosulfitomercurate (II) complexbut would interfere with the reaction if
color developing reagents were added.
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Zurlo and Griffini (72) reported that the ions of heavymetals (especially
iron) interfered with the S02determinations. They recommendedthe use of
ethylene diamine tetracetic acid to complexthese heavymetals. Scaringelli
et al. (31) verified these findings.

Westand Gaeke(30) reported the color produced to be independent of
temperature in the range of II to 30°C. Scaringelli et al. (31) noticed slight
fading above35°C.

A great deal of difficulty in using this methodhas been causedby the use
of impure para-rosaniline hydrochloride according to Pate et al. (73). These
authors recommenda spectral assay of the dye before use. All lots of dye that
did not exhibit maximumabsorbanceat 540 mpwere to be rejected. Several
researchers recommendeda commercial brand specially selected for the analysis
of S02 (Fisher Scientific Company,catalog No. P-389). Scaringelli et al. (31)
purified the dye by a four step extraction process from an HCI solution with
l-butanol. Lyshkow(23) used the commercial dye dissolved in a I:I solution of
HCl and water without further purification. He found that any pre-solution of
the dye with water, organics or lower concentration acid solutions altered the
sensitivity of the mixed reagent and greatly increased the absorbanceof the
blank.

Scaringelli et al. (31) published an exhaustive study of the Westand Gaeke
methodfor S02. The pH value and other parameters for reagent color stability
for the methodwere optimized and the para-rosaniline dye was purified. Inter-
fering effects of the oxides of nitrogen were minimized. Greater sensitivity
and reproducibility and adherenceto Beer's law throughout a greater concentra-
tion range than with the original Westand Gaekemethodwere achieved. This
methodis the most accurate and reproducible methodfor S02nowavailable.
However, the use of the poisonous tetrachloromercurate (II) is still required.

Lyshkow(23) showedthat water could be used as an absorbing reagent for
S02 thereby eliminating the sodiumtetrachloromercurate (II) of the Westand
Gaekemethod. Sulfur dioxide is rapidly oxidized in the presenceof oxygenand
high humidity. It must be absorbed rapidly to avoid this. Lyshkowused a
rotary disk absorber for this purpose. The SO2 was first absorbed in water.
The para-rosaniline was then added. Themixed solution waspassed through a
time delay coil to allow sufficient color developmentbefore reading in a
colorimeter.

Stephensand Lindstrom (74) have also developeda technique which does not
involve the use of any mercury salts. In their procedure, the gas samplesare
passedthrough a solut_ of ferric alum and l,lO-phenanthroline. The S02
present reduces the FeT to Fe++ Causing the formation of the orange colored
tris (l,lO-phenanthroline) iron (II) complexwhich is read at 510 mu. In this
method, it is necessary to maskthe green-orange color of the excess hydrolized
Fe+++ with ammoniumbifluoride in order to obtain a colorless blank. The
absorbanceof the blank is 0.027 which corresponds to an S02concentration of
7 ul S02per I00 ml or 70 ppmwhensampling at the rate of 2 liter/min
air at 50°C. As the lower detection limit for S02by this procedure is greater
than the upper operating concentration for this project, the technique was not
selected for use.
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B.3 Colorimetric Analysis of Free Chlorine

Becauseof the wide use of free chlorine as a disinfectant, manymethods
have been developed for its analysis. The ortho-tolidine methodwas amongthe
first to be developed. This methodreceived wide acceptancebecauseof its
simplicity and accuracy.

A very thorough study of the ortho-tolidine methodfor the analysis of free
C12in water wasconductedby Chamberlinand Glass (35) in 1943. They investi-
gated the effect of ortho-tolidine concentration, final reagent acidity, the
methodof adding the ortho-tolidine, and the preparation of the ortho-tolidine
reagent itself. Their improvementsin the existing ortho-tolidine method
provided more rapid color formation, increased color stability, and less inter-
ference due to iron and nitrites. In their method, the developedcolor obeys
Beer's law up to 1.5 ppmin water and deviates from it at a uniform rate from
1.5 to I0.0 ppm.

Manyother methodswere developed for the analysis of free chlorine in
water. All of the important methodsavailable in 1964were evaluated and
comparedby Nicolson (33). A preliminary study wasmadeof all the methods
reported in the literature. Any methodthat obviously had serious disadvantages
wasexcluded from further study. The morepromising ones were examinedin
greater detail. The criteria for comparisonwere: stability of the colored
products, reproducibility, specificity for free chlorine, sensitivity, lower
limit of detection, conformanceto Beer's law, accuracy, effect of temperature,
reagent stability, simplicity, and convenience. Twelvemethodswere evaluated.
Nine of these were colorimetric, including ortho-tolidine; three were titrimetric.

The advantagesof the ortho-tolidine methodlisted by Nicolson were: a 5
minute color developmenttime with a low decomposition rate; highly reproducible
results; good sensitivity for free chlorine; acceptable reagent stability;
simplicity and convenience. Somedisadvantages of the methodwere that the
results were temperature dependentand that Beer's law wasnot followed
throughout the useful range. Themain disadvantage of the ortho-tolidine method
is that it is not specific for free chlorine. Themethodcannot distinguish
betweenhypochlorite ion, hypochlorous acid, ammonia-chlorinecomplexes,and
molecular chlorine. Fortunately, in the present research program, neither
ammonianor any of those various forms of dissolved chlorine were involved. The
methodis not affected by the presence of chloride ions.

Andrewand Nichols (34) proposedusing ortho-tolidine for the continuous
analysis of free chlorine in air. They modified a commercialS02meter designed
by Cumminsand Redfearn (75) for this purpose. The ortho-tolidine flowed through
the meter at 3 ml/min. Air flowed through the meter at I0 liters/min. The lower
detection limit was reported to be 0.01 ppmby volume.

B.4 Colorimetric Analysis of HydrogenChloride

For manyyears, the Mohrand Volhard titrimetric methodswere the primary
methodsfor analysis of chloride ion in water. They are difficult to use and
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are relatively insensitive. Although other methods have been developed over the
years, none has proven entirely satisfactory for low chloride ion concentrations

in water. In 1952, lwasaki, Utsumi, and Ozawa (36) proposed the analysis of
Cl- using slightly dissociating mercuric thiocyanate and ferric ion based mainly
on the following reactions:

2 Cl- + Hg(SCN) 2 _ HgCI2 + 2 SCN-

4 Cl- + Hg(SCN) 2 % HgCl4-- + 2 SCN-

SCN- + Fe+++ _ Fe(SCN)++

The orange color of the ferric thiocyanate formed was determined colorimetri-

cally. As the mercuric thiocyanate has very limited solubility in water,
substitution of 95% ethyl alcohol gave a slight increase in sensitivity. Ferric
ammonium sulfate dodecahydrate (ferric alum) was dissolved in 6 N nitric

acid. The lower detectable concentration was 0.05 ppm Cl- in water but best
results were obtained in the range of O.l to 20 ppm. Interfering substances in

the method were bromide, iodide, cyanide, thiosulfate, and nitrite ions. The
calibration curve did not follow Beer's law.

Swain (76) reviewed the various methods for analysis of chloride ion in
water available in 1956. He found the method of lwasaki et al. to be the most

promising. After a careful investigation he found that B_r_ law was obeyed
for Cl concentrations less than lO ppm. He found the absorption maximum to be
at 470 m_ versus 460 m_ reported by lwasaki et al.

lwasaki et al. (37) improved the previous method by dissolving the

mercuric (II) thiocyanate in a mixed solvent consisting of 1,4-dioxane and ethyl
alcohol. The calibration curves were found to conform to Beer's law at

concentrations up to 50 ppm chloride with the improved method.

West and Coll (77) recommended the analysis of chloride by complexing with
ferric perchlorate. The yellow color of the complex was then read spectrophoto-

metrically. The lower detection limit was a few ppm Cl-. Interference by
nitrate, iodide, phosphate, and fluoride ions was negligible. Sulfate ion, if
present in an amount greater in weight than six times that of the chloride ion

was found to exert a noticeable influence. The interference caused by mercury
(II) is excessive so it must be completely eliminated from the sample and
reagents.

Bergmann and Sanik (78) analyzed for chlorine in naphthas after conversion
to the chlorine to chlorides. The chloride ion was then analyzed in aqueous

solution. They tried nephelometry, amperometry, differential potentiometry,
mercuric nitrate titration, and a microdiffusion colorimetric method. Each
method was investigated for the determination of less than lO0 ppm of chloride

ion in liquid solution. Accuracy of these methods was poor, particularly below
50 ppm, because the total amount of chloride ion present approached the

sensitivity limits of the procedures. The authors also evaluated the first
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method of lwasaki et al. (36).
ppm of chloride ion in water.
in the range of 1 to I00 ppm.

They found the lower detection limit to be 0.5
The standard deviation of the method was 0.5 ppm

Bertolacini and Barney (39) proposed colorimetric determination of chloride
in water by reaction with mercuric (II) chloranilate to liberate the reddish-
purple acid chloranilate ion. The color was then read spectrophotometrically.
The lower detection limit was 0.05 ppm chloride ion in water. The precision and
accuracy were both within about I% absolute. The analysis time was 30 min.
The chloranilate and ferric thiocyanate colorimetric methods were found to be
essentially equivalent in accuracy, precision, ease of operation, and freedom
from interferences.

Hoffman (79) used mercurimetry to determine microgram quantities of bromide,
iodide, and chloride. The method utilized the fact that a mercuric nitrate
solution which contained these ions gave a weaker coloration with diphenyl-
carbazone than a solution which was free of them. The method required precise
control of pH. The method allowed analysis of Cl- in the presence of Br- and
I-. The lower detection limit was 2 ug + 0.5 _g.

Andrew and Nichols (34) used a reagent consisting of I00 ml 1.4% ferric
perchlorate and 50 ml 0.07% mercuric thiocyanate in water diluted to 500 ml for
analysis of chloride ion in air in the form of HCI. The chloride was absorbed
directly into the reagent in an automatic analyzer. The liquid reagent flow
was 3 ml/min and the air rate was I0 liters/min. A direct color was formed
which was read spectrophotometrically. The lower limit of detectability was
estimated to be 0.15 ppm.

B.5 Colorimetric Analysis of Hydrogen Fluoride

Spectrophotometric methods are widely used for the analysis of fluorides
both in air and water. The colorimetric method generally depends upon the
reaction of fluoride ions with a metal-dye complex. The metal of the complex
is from the group Th, Zr, La, Ce, Y, Bi, Fe, and AI. All are capable
of forming insoluble or only slightly ionized fluorides. A few of the commonly
used dyes are alizarin red S, eriochrome cyanine R, PAN, SPADNS, arsenazo,
ferron, and xylenol orange. Some of these dyes also function as acid-base
indicators and require close control of pH for accurate fluoride determination.

Colorimetric methods for fluoride analysis are divided into two types:
color bleaching and color developing. The bleaching methods were the first to
be developed. These include the bleaching action of fluoride on zirconium
alizarin lake; ferric sulfosalicylate; sodium 2-(p-sulfophenylazo)-l,8-
dihydroxynaphthalene-3,6-disulfonate-zirconium lake (SPADNS); zirconium-
eriochrome cyanine-R; and 8-hydroxy-7-ido-5- quinoline-sulfonic acid complex
(ferron). The reagents which develop a color on exposure to fluoride ions
include lanthanum, thorium and strontiumchloranilates; the zirconium salt of
p-dimethylazobenzene arsonic acid; and lanthanum, praseodymium, and cerium
chelates of alizarin complexone.
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Oneof the first important bleaching methodsfor the analysis of fluoride
ions involved the formation of zirconium-alizarin lake. Workon the reaction
was begunin the twenties by DeBoer(80). Subsequentmodifications to improve
the methodfor analysis of fluorides (81,82) in water included those of
Thompsonand Taylor (83), Sanchis (84), Scott (81,82), and Megregianand
Maier (85). The resulting methodhas beenwidely accepted for the analysis of
fluoride ion in water.

Lacroix and Labalade_8) proposed the bleaching action of fluoride ions on
ferric sulfosalicylate fur colorimetric analysis. Andrewand Nichols (34) used
this reagent for the continuous analysis of fluorides, specifically HF, in air.
Their lower limit of detection was estimated to be 0.05 ppm.

Megregian(86) proposed a colorimetric analysis involving the bleaching
action of fluoride ions on zirconium-eriochrome cyanine R. Adamsand Koppe(87)
used this procedure for the continuous analysis of HF in air. The methodwas
applicable in the range of 0.4 to 35 ppm. Adams,Koppe, and Matzek (88)
modified this methodto removethe interferences of aluminumand sulfate ions.

Bellack and Schouboe(89) proposedthe use of sodium2-(p-sulfophenylazo)-
1,8-dihydroxynaphthalene-3,6-disulfonate-zirconium lake as a substitute for the
alizarin-zirconium lake for the analysis of fluoride ions in water. The method
was recommendedfor its speedand relative insensitivity to interferences.

Adams(90) described a continuous atmospheric HFanalyzer which used the
bleaching action of fluoride ions on the iron-ferron (8-hydroxy-7-iodo-5-
quinoline-sulfonic acid) complex. The range of analysis was0.112 ppmto 224
ppm.

Color developing methodsfor the analysis of fluoride ions were developed
later. Semiquantitative results were achieved by Harrold and Hurlbut (91)
using a paper treated with the zirconium salt of p-dimethylazobenzenearsonic
acid to yield a pink color. Various metal chloranilates have been proposed
as color developinq reagents for halogen ions. Bertolacini and Barney (39) used
strontium chloranilate for the analysis of fluoride ions in water. The absorption
wasmeasuredin the ultraviolet region at 332 m_. Although color development
methodsare preferable to bleaching reactions, the method was not selected for
further evaluation because the lower detection limit was 5 ppm in water.

Belcher and West (92) compared the cerium (III), lanthanum, and praseodymium
chelates of alizarin complexone as reagents for the spectrophotometric deter-
mination of fluoride ions in water. The lanthanum reagent was the most sensitive.
The absorption maximum occurred at 281 m_. The lower detection limit was
approximately 1 ppm. A semiautomatic method for the determination of fluorine
after conversion to fluoride using lanthanum alizarin complexone was reported
by Weinstein et al. (92). The lower detection limit was 0.04 ppm fluoride ion
in water.
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B.6 Previous GasChromatographicResearch

Outlined briefly below are the results of previous investigations for
specific reactive gases.

B.6.1 Methods for Oxides of Nitrogen. - Morrison, Rinker, and Corcoran (40)

used lO wt% SF-96 methyl silicone oil on 20-80 mesh Fluoropak 80 in columns
3/32 in. I.D. × 15 ft long for the separation of NO2 in air. Nitrogen carrier
gas was used at lO ml/min. Scavenger gas for the electron capture detector was

also N2 and was used at 85 ml/min. The column was operated at 22°C. Sharp peaks
with only slight tailing were obtained for samples containing 18.3 ppm NO2 in a
I/2 ml air sample. The estimated lower detection limit for NO2 is l ppm.

Smith and Clark (94) investigated five different columns for the separation

of N20, NO, NO2, NH 3, 02, N2, and CO2. Activated coconut charcoal, 60-120 mesh,

washed with O.l N sulfuric acid was the only column which provided satisfactory
separations of C02 and N20. This separation was accomplished in a 9 in. column

with a helium flow rate of I04 ml/min. Type 5A molecular sieve, 32-80 mesh, was
used for the separation of NO and NO2 in a 4 ft column with a helium flow rate
of lO0 ml/min. NH3 was satisfactorily analyzed by a C22 firebrick column, 60-80
mesh, (washed with l N NaOH) containing 33% polyethylene glycol 600. This

separation was done in a 40 in. column with a He flow rate of ll2 ml/min. These
authors were able to obtain complete separations of this complex mixture of

gases by using these three columns in a multiple column system with suitable
valving arrangement.

Bethea and Adams (95) used a 20 ft. column filled with 65-80 mesh activated

charcoal impregnated with 2 g of squalane per lO0 g of the activated charcoal
at 22°C and 66 ml He/min for the separation of NO and NO2 in concentrations of
2 to 12 mole percent. Nitrogen was not separated from NO2. This column was
also suitable for the analysis of CO and formaldehyde.

Dietz (96) used a 6 ft. column filled with Type 5A molecular sieve for the

programmed temperature separation of N, NO, and N20. The initial column
temperature of 60°C was maintained for 4 min, after which the temperature was

increased to 250°C at a rate of 30°C/min. The upper temperature limit was

maintained for 8 min to insure the elution of C02 in the sample. Helium flow
was 25 ml/min at 40 psig. This column had a reported lower detection limit
using 5 cc samples of 12 ppm NO, 6 ppm CO, 25 ppm N20, and 4 ppm C02.

Trowell (97) developed a three column system for the separation of H2,

02, N2, NO, CO, N2O, CO2, H20, and NO2. Column l was a l ft length of I/8 in.
O.D. tubing packed with 0.5% Carbowax 1500 on 60-80 mesh silanized glass beads.

It was operated at 70°C and 30 ml He/min for the separation of CO and C02.
Column 2 was 20 ft long packed with 40% dimethyl sulfoxide on 60-80 mesh Gas

Chrom RZ. This column was operated at 25°C for the separation of N20 only.
H2, 02, N2, NO, and CO were separated on Column 3 consisting of 8 ft of 30-60
mesh type 13X molecular sieve. This column was activated at 250°C for 5 min

with a helium purge. After all these compounds had been eluted from the
system, the initial sample trap was raised from -78°C to +70°C for the release

of H20 and NO2 which were then analyzed on Column I. The carrier gas flow rate
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through this system was 75 ml He/min for Column 1 and 30 ml He/min for Columns
2 and 3. This method was considered too complicated for use in this research.
It could probably be improved by the use of cryogenic temperature programming
rather than step function programming.

Sakaida et al. (98) used a 8 ft column packed with the 48-60 mesh fraction
of Davison No. 912 silica gel at 28 to 31°C with helium carrier rates of 40-50
ml/min for the separation of NO and N2. Even though this column was pretreated
with NO and NO2, NO2 was not analyzed. The peak shapes for both N2 and NO were
such that this column was believed unsatisfactory for use in this research
project.

Phillips and Coyne (99) separated NO and NO2 in a variety of nitrogen
compounds containing organic on a 6 ft column packed with 25% dinonyl phthalate
on Chromosorb B at llO°C and a hydrogen flow rate of 60 ml/min. Their analyses
were confirmed by mass spectroscopy. The NO was quantitatively scrubbed out of
the sample gas by acidified ferrous sulfate. It was determined by difference
from samples taken before and after the scrubber.

Borland and Schall (I00) developed an involved procedure for the analysis
of N2, 02, NO, N20, and NO2 using a column packed with grade F-20 alumina which
had been activated by heating in an inert atmosphere at 750°F for 4 hours.
Their procedure involved the separation of 02 and N2 at -78°C, NO and NO2 at
room temperature, and N20 at IO0°C. Other workers have not been able to
duplicate these results.

Greene and Pust (I01) used a I0 ft type 5A molecular sieve column (20-40
mesh) for the determination of NO and NO2. This column was not activated prior
to use. The He carrier gas flow rate was 60 ml/min; the column temperature was
23°C. While NO is directly eluted from this column it was necessary to convert
all NO2 to NO by reaction with H20 on the column packing.

Morrison and Corcoran (102) used a 20 ft I/8 in. O.D. column packed with
10% methyl silicone oil SF-96 on 40-80 mesh Fluoropak 80 at 22°C for the
separation of NO2 from NO, N2, and 02 appearing as a single peak. The lower
detection limit appeared to be approximately 3 ppm NO2 when using 0.5 ml samples.
Argon was used at I0 ml/min as the carrier and also as the scavenger gas for the
electron capture detector.

Kipping and Jeffery (103) used a 5 ft type 5A molecular sieve column at
lO0°C for the determination of NO in air. An argon ionization detector was used.
Sample sizes ranged from 0.01 to 0.I _I. They noted that the retention time of
NO was dependent on the absolute amount of NO present.

Beskova et al. (104) separated N20, NO, NO2, and C02 in mixtures of light
hydrocarbons at various temperatures on a 0.5 m long by 4 cm diameter column
packed with different active solids. The lower detection limit for H20 was

reported to be lO ppm.

Marvillet and Tranchant (105) used a 5 m long by 4 mm I.Do precolumn at
20°C filled with silica gel impregnated with 10% triethanol amine followed by a
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4 m long by 4 mmI.D. columnfilled with activated type 5Amolecular sieve at
IO°C for the separation of 02, N2, NO,CO,N20, and CO2. Both packings were
0.125 to 0.160 mmdiameter. Heliumwas used as the carrier gas at 30 ml/min.

Smith, Swinehart, and Lesnini (106) used a I0 ft columnhalf filled with
Davisongrade 12 silica gel (28-200 mesh) followed by 8 in. of iodine pentoxide
powderthen I/2 in. of metallic silver powderand then filled with additional
silica gel for the separation of COfrom C02and N20appearing as a single
peak. NO2does not pass through this columnat I15°C and 30 ml He/min.

B.6.2 Methods for SOp. - Hodges, Pickren, and Matson (107) developed a
system for the analysis of SO2 (and other acidic gases not related to this
research) which had a lower detection limit of 200 ppm when using a thermal
conductivity detector. This column was a I/4 in. O.D. by 8 in. long aluminum
tube packed with 80-100 mesh Davison grade 08 silica gel. The helium carrier
was supplied at a flow rate of 40 ml/min and was at an inlet pressure of 80
psig. As the electron capture detector is three to five orders of magnitude
more sensitive than thermal conductivity (depending, of course, on the specific
sample involved), this method is definitely worth further investigation.

Robbins, Bethea, and Wheelock (48) separated C02, H2S, and S02 in 15 min
at 60°C and a He flow rate of 40 ml/min using a 20 ft column packed with 10%
dibutyl sebacate on 20-80 mesh Fluoropak. Further work on this system showed
that NH3 could also be separated from these compounds and from air. This column
was used daily for over 15 months for the routine analytical separation of the
gases produced in the reductive decomposition of gypsum. The lower detection
limits for all of these gases was approximately 0.2% in air when using a thermal
conductivity detector.

B.6.3 Combined Methods for S02, NO, and NO2. Beuerman and Meloan (108)
used a I/4 in. by 20 ft long column packed with 30 wt% dinonylphthalate on the
40-60 mesh fraction of Chromosorb P. Column temperature was 90-95°C. Helium
carrier was used at a flow rate of 45 ml/min. The analysis requires only 9 min.
A relative error of less than I% can be expected. This procedure will be tested
for the separation of the other acid gases of interest.

Hollis and Hayes (49) have found that NO, N20, C02, H2S, HCN, and S02 can
be easily separated (in that elution order) on 0.I0 in. I.D. by 6 ft, long
stainless steel columns filled with the 100-200 micron range of any untreated
Porapak available at that time operated at 26 or 65°C. Helium carrier is used
at 30 ml/min. Of all the Porapak materials tested, Porapak Q gave superior
results. It was necessary to condition the Porapak columns in an inert
atmosphere at 20-30°C higher than the intended operating temperature for 24 hours
prior to use. This ensured that any volatile and/or unpolymerized material in
the Porapak would be driven off prior to use for analytical work.

Wilhite and Hollis (52) investigated several Porapak columns for the analysis
of NO, C02, N20, H2S, C02, NH3, HCHO, NO2, and S02. The best separations were
obtained using a 8 ft Porapak Q column in series with an 8 ft Porapak R column.
Both columns were 0.I in. I.D. Both Porapaks were 50-80 mesh. The flow rate
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washeld constant at 40 ml He/min. Thesecolumnswere programmedfrom 25 to
150°Cat 12°C/min. Samplesize was 0.I ml.

West (109) used a four columnsystem for the separation of 02, N2, NO,N20,
S02, and H2Sin steam. Twoof the columnswere 5%Carbowax1500on 110-120mesh
Teflon 6, both 2 ft long, but operating at different temperatures. A 3 in.
columncontaining 4%2,5-hexandione wasused to separate H2Sand N20. The solid
support for this columnwas activated charcoal. 02, N2, and NOwere separated
on a 4 ft columnpackedwith 30-60 type 5A molecular sieves. The last three of
these columnsoperated at 25°C, the first one at 160°C. The carrier gas flow
rate was constant throughout at 50 ml He/mino The lower detection limits for
this system ranged from 0.6%S02 to 3%H2S.

B.6.4 Methods for C12, HCl, and HF. - Ellis and Iveson (II0) used a I/4
in. I.D. by 4.5 ft monel column packed with I0 g KeI-F No. I0 oil per I00 g of
30-60 mesh Fluoropak at 48°C and an argon carrier rate of 16.5 ml/min for the
separation of HF and C12. These separations were improved by Ellis, Forrest,
and Allen (III) by increasing the column length to 11.5 ft. They reported
satisfactory analyses of 30 _I (at S.T.P.) of Cl 2 and HF. The detector used
was a Martin gas density balance.

Cieplinski (45) found that 3 x 10-12 g/Cl2 would be detected in a 50 _I
air sample when using a 1 m column packed with 20 wt% silicone fluid DC-200 on
60-80 mesh Chromosorb W at 50°C. The carrier gas was I% CH_+in argon. An
electron capture detector was used.

Isbell (41) achieved the separation of C12 and NO in less than 1 min on a
I/4 in. O.D. by 8 ft long column packed with 25 wt% triacetin on 30-60 Chromosorb
P at 75°C with a helium carrier rate of 108 ml/min. A thermal conductivity
detector was used.

Priestley et al. (42) used a 4.7 mm I.D. by 2 m long aluminum column packed
with 30 wt% didecyl phthalate on 100-200 mesh GC-22 Super Support at 50°C with
a nitrogen carrier rate of 50 ml/min. The potential supplied to the electron
capture detector was 90 for the analysis of phosgene in the 1 ppb to ppm regio,!.
This column should be satisfactory for C12, HF, and HCI.

Ellis and Forrest (112) used an II ft 6 in. column packed with 50 wt% KeI-F
grade I0 oil on 30-60 mesh polytetrafluoroethylene powder for the quantitative
separation of CIF, HF, CI03F, C12, CI02F, and ClF 3. The argon carrier gas flow
rate was 27.5 ml/min. The separation was accomplished at 48°C. A Martin gas
density balance was used as a detector.

Million, Weber, and Kuehn (113) used a 5 ft by I/2 in. O.D. column with 20%
KeI-F No. I0 oil on 40-50 mesh KeI-F powder at 60°C for the quantitative
separation of F2, HF, C12, ClF3, and Freon-ll4. Air was used as the carrier gas
at a rate of 24 ml/min. The lower detection limits were 0.2 to 0.5 micromole of
each individual gas when using a sampling chamber with a volume of 31.1 ml. A
gas density balance was used as a detector.
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Obermiller and Charlier (114) achieved quantitative separation of a mixture
of H2S,HCl, and H20at 90°C using a 5%Carbowax20Mon a Fluoropak 80 column.
The lower detection limit for HCIwas0.1%whenusing 1 ml samples. The helium
carrier gas rate was33 ml/min. It was necessary to precondition this column
with 5 ml HCl prior to the analysis of any samples. If this was not done, the
HCI results were invariably low.

Rochefort (115) developeda precolumnsystem for use with the columns
described by Ellis et al. (104,107,108) for the indirect analysis of HFand F_.
The precolumnretains or destroys those compoundsand the chromatographcolumn
separated their remaining derivatives. The lower detection limit for these
compoundswas reported to be I00 ppmF2 in air.

Hamlinet al. (116) used a 14 ft columnpackedwith 16.7%KeI-F 40 oil
supported on KeI-F 300 low density molding powder (178-211microns) at 90°Cfor
the separation of C12 and HF in the presenceof other reactive inorganic
fluorides. The nitrogen carrier gas was supplied at a rate of I0 ml/min for this
on-line process analyzer.

Horton (117) used a I/4 in. O.D. by 0.6 m columnfilled with 20-35 mesh
silica gel operated at 90°Cat a helium flow of 500 ml/min for the analysis of
C12downto 5000 ppmin less than 1 min.

B.6.5 Combined Methods for NO2 and C12. - Huillet and Urone (44) made a
comprehensive survey of amount and type of liquid phases, type solid support,
and operating conditions of the analysis of C12, NOCI, N02CI, and NO2. Their
results showed that Halocarbon 11-14 columns, I/4 in. O.D. by 12 ft long were
best suited for the separation of these gases. The column packings (equally
effective) were 30 wt% Halocarbon 11-14 on 40-60 mesh acid washed, DMCS treated
Chromosorb P or I0 wt% Halocarbon 11-14 on 60-80 mesh acid washed, DMCS treated
Chromosorb W. Both columns were operated at -IO°C. Helium carrier was used at
50 ml/min with high nickel alloy thermal conductivity filaments. All columns
were prepared in nickel, inconel, or stainless steel tubing. Using these
columns, C12 and NO2 are easily separated by 3-4 min out of an 8 min analysis
time. C12 shows neither leading nor tailing. NO2 exhibits severe leading but
no tailing. These systems will be examined for use with HCl, HF, NO, and S02.

Evrard et al. (118) separated C02, CO, NO2, N2, 02, H2, and C12 on a silica
gel column using argon as a carrier gas and a polarized diode detector. The
analyses were free from memory effects. The calibration curves were approximately
linear. Flow rates varied from 50 to 200 ml/min.

B.6.6 Combined Methods for C12, HCI, NOCI, HCN, SO2, and H2S. - Talbot and
Thomas (119) separated NOCl and HCI using a 12 ft Celite 545 column packed with
50 wt% dimethyl phthalate. The carrier gas used in these kinetic studies was
hydrogen. The column temperature and carrier gas flow rate were not given.

Engelbrecht et al. (120) used a 4 m activated silica gel column treated
with 30% Halocarbon oil for the separation of NO, HCI, C02, H2S, C12, and S02.
The hydrogen carrier gas flow rate was 150 ml/min. The column was operated at
30°C.
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Runge(43) used a column7 mmI.D. by 9 m long packedwith one part Arochlor
1232per 20 parts by weight of 20-60 meshHaloport F at 22°C, and 200 ml H2/min
for the separation of C02, HCI, C12, and S02 (amongother acidic gases) in less
than 5 min. The results of his work are definitely worthy of investigating
further.

Araki et al. (121) obtained well separated symmetric peaks for C12, Br2,
NOCl, HCN,SO_,and H2S. Theyalso achieved separations of HCI and HBr for
which tailing increased in the presence of significant amountsof H20or NH3.
The columnused was 7 m long packedwith 50%No. 3 Daifuloil on 30-60 mesh
Polifulon powder.

Jones (122) used two PorapakQ columnsfor the separation of H2, 02, N2,
CO,C02, H2S,NH3,and H20. Oneof these columnswas4 ft long, the other 6
ft. The 6 ft columnwas used at -78°C for the separation of N2, 02, and CO.
The 4 ft columnwasused for the separation of all other componentsin the
sampleat room temperature. The flow rate through both columns was I00 ml/min.
The carrier gas used was a mixture of 8.5% hydrogen and 91.5% helium. When
using I0 ml gas samples, the lower detection limit for all compounds of the
sample was 0.1%.
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APPENDIXC

ANALYTICALPROCEDURES

C.I Determination of Nitrogen Dioxide and Nitric Oxide in the Atmosphereby the
Lyshkow-ModifiedSaltzmanMethod

This methodis intended for the manualdetermination of nitrogen dioxide in
the atmospherein the range of 1 to about 50 ppm. Sampling is conducted in 50
ml syringes. The methodis also applicable to the determination of nitric
oxide after it is converted to an equivalent amountof nitrogen dioxide. The
nitrogen dioxide is absorbed in modified Griess-Saltzman reagent. A stable
pink color is producedwithin I-2 min which maybe read visually or in an
appropriate instrument. Only slight interfering effects occur from other gases.

Reagents

All reagents are madefrom analytical grade chemicals in nitrite-free water
prepared, if necessary, by redistilling distilled water in an all-glass still
after adding a crystal each of potassium permanganateand of barium hydroxide.
They are stable for several months if kept well-stoppered in amberbottles in
the refrigerator. The absorbing reagent should be allowed to warmto room
temperature before use.

Absorbin_ Reagent. - 0.050 g N(l-napthyl) ethylene-diamine dihydrochloride
0.050 g 2-naphthol 3,6-disulfonic acid disodium salt
1.500 g sulfanilamide

15.0 g tartaric acid
0.25 ml Kodak Photoflow (as a wetting agent)

deionized water to make one liter

Standard Sodium Nitrite Solution (0.004406 9/liter). - One ml of this
solution diluted to 25 ml produces a color equivalent to 5 ppm as measured by a
syringe using 45 ml of gas. Prepare fresh just before use by dilution from a
stronger solution containing 0.4406 g/liter reagent grade granular solid. The
stock solution should be stable for 90 days if kept under refrigeration.

Apparatus

Syringes. - 50 ml disposable polypropylene with Luer-lok tip (Becton,
Dickinson, and Company, No. 850L/S) fitted with 22 gage 1 I/2 in. stainless steel
Luer-lok needles with polypropylene hubs (Becton, Dickinson and Company, No. I000).

Spectrophotometer or Colorimeter. - A laboratory instrument with a wave-
length adjustment and 1 cm diameter stoppered tubes or cuvettes.
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Analytical Procedure for Nitrogen Dioxide

Samplin 9 Procedure. - Draw exactly 5 ml of absorbing reagent into the
syringe. Draw a 45 ml air sample through it at the rate of 2 ml per sec (or
less) and then shake gently for 1 min for full color development. If the sample
air temperature and pressure deviate greatly from 25°C and 760 mm Hg, measure
and record the values.

Determination. - After collection or absorption of the sample, a direct red-
violet color appears. Color development is complete within I-2 min at room
temperature. Transfer the sample to stoppered cuvettes and read in a spectro-
photometer at 550 mu using unexposed reagent as the I00 %T reference. Colors
may be preserved, if well stoppered, with only 3 to 4% loss in absorbance per
day. If strong oxidizing or reducing gases are present in the sample in
concentrations considerably exceeding that of the nitrogen dioxide, the colors
should be determined as soon as possible to minimize any loss.

Analytical Procedure for Nitric Oxide

A stack of 25 sheets of 7 cm diameter paper is impregnated with 24 ml of
2.5,% Na2Cr207, 2.5% H2SOL_, and dried in a vacuum oven at 160°F, or on a hot
plate at 200°F. Discard top and bottom sheets and store the remainder in a
closed bottle. Cut one sheet of the impregnated glass fiber paper into I/4 in.
wide strips and pack loosely into a 17 mm O.D. glass U tube. Conversion
efficiency is 95-100%. The useful life of the paper is limited, and it
deteriorates rapidly when exposed to reagent vapors downstream from a bubbler.
Hence, a different sampling train, comprised of a rotameter, paper, fritted
absorber, and pump is used. The sample is passed through the paper which
oxidizes the NO to NO2. A separate analysis of the latter gas must be made and
deducted to give the concentration of nitric oxide.

Calibration Using Permeation Tubes. - Prepare a permeation tube as described
in Section 5.2.2. The tube requires 24 hours to achieve a constant permeation
rate. Place the tube in an appropriate holder such as a Podbielniak double pass
drying tube in a constant temperature bath. Determine the permeation rate by
periodically removing and weighing the tube over at least a 24 hour period. Set
the flow rate of the diluent gas to achieve the desired concentration with the
known permeation rate. For example, if the desired concentration was I0 ppm,
and the permeation rate was 2.5 x I0 -s moles/hr, the needed molal flow rate
would be:

F = (2.5 × I0 -s moles contaminant/hr) (106 ) = 2.5 moles diluent/hr
I0 ppm

Various concentrations covering the range of interest should be obtained.

Make three analyses at each concentration using the syringe technique.
Expel the liquid into a 1 cm cuvette and read the transmittance in a colorimeter.
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Chemical Standardization. - Add graduated amounts (I ml, 2 ml, 3 ml, etc.)
of the standard sodium nitrite solution up to I0 ml (measured accurately in a
graduated pipet or small buret) to a series of 25 ml volumetric flasks, and
dilute to marks with absorbing reatent. Mix, allow I-2 min for complete color
development, and read the colors. The 1 ml standard is equivalent to 5 ppm as
measured with a syringe using 5 ml reagent and 45 ml gas sample.

Calculations

For convenience, standard conditions are taken as 760 mm of mercury and
25°C, thus only slight correction by means of the perfect gas equation are
necessary.

If the concentration of NO2 in air was 5 ppm and 45 ml air were drawn into

a syringe, then (5 moles N02/IO s moles air)(45 ml air)(l mole air/24,470 ml/
mole air) = 9.195 x 10-9 moles NO2 were drawn into the syringe. This entire
amount will be absorbed into the 5 ml of liquid in the syringe to produce a NO2
equivalent concentration of

9.195 × 10-9 moles NO2

0.005 liter
= 1.839 × 10-6 moles/liter

Saltzman found empirically that 0.72 mole of sodium nitrite produces the same
color as 1 mole of nitrogen dioxide. To produce an equivalent concentration in
a 2 ml volumetric flask using 1 ml of standard NAN02 solution, the required
concentration of the standard NAN02 solution would be:

(0.025 liter)(l.839 x I0 -G mole/liter) 0- 6
(0.001 liter)(O.72) - 6.3854 × 1 moles NaNO2/liter

or

(6.3854 × I0 -G moles NaNO2/liter)(69.00 g NaNO2/mole NAN02) = 0.00406 g/liter
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C.2 Determination of Sulfur Dioxide by the LyshkowModified Westand GaekeMethod

This methodis intended for the manualdetermination of sulfur dioxide in
the atmospherein the range of 0.17 to about 50 ppm. Sulfur dioxide in the air
sample is absorbedinto the para-rosaniline solution. A direct red-purple color
is producedby the formation of para-rosaniline methyl sulfonic acid and is
determined spectrophotometrically.

Reagents

All chemicals used must be ACSanalytical-reagent grade prepared in nitrite
and sulfite free water.

Para-rosaniline Hydrochloride. - (A) Concentrated reagent: 640 ml of
I:I HCI/H20. 0.800 g para-rosaniline dihydrochloride (Fisher P-389). Allow to
stand with periodic mixing for 1 hour and filter through Eaton-Dikeman filter
paper grade 512 or equivalent. (B) Dilute reagent: 32 ml concentrated reagent.
Dilute to 900 ml. Add I.I ml formaldehyde (37% ACS). Dilute to 1 liter. Mix
thoroughly and allow to stand for 12 hours prior to use.

The concentrated reagent should be stable for at least 6 months. The
dilute reagent should be prepared fresh weekly.

Standard Sulfite Solution, 0.02323 g/liter. - One ml of this solution
diluted to 25 ml produces a color equivalent to 5 ppm as measured by a syringe
using 47 ml of gas. Prepare fresh just before use by dilution from a stronger
solution (which should be kept in the refrigerator) containing 2.323 g sodium
metabisulfite (assay 65.5% as S02) in 1.0 liter of water. The dilute solution
should be standardized by titration with standard 0.01N iodine using starch as
the indicator.

Apparatus

The apparatus is identical to that used for the analysis of NO2.

Analytical Procedure

Draw exactly 3 ml of absorbing reagent into the syringe. Draw in a 47 ml
air sample at the rate of 2 ml per sec (or less) and then shake gently for 3
minutes for full color development. Transfer the sample to a stoppered 1 cm
cuvette and read the percent transmittance at 560 mu with respect to unexposed
reagent as I00 %T. The exposed reagent should be read within an hour.

Preparation of Calibration Curve

Calibration Using Permeation Tubes. - Prepare a S02 permeation tube as
described in Section 5.2.2. The calibration is conducted in the same way as that
for NO2.
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Chemical Standardization. - Carefully pipette graduated amounts (I ml, 2
ml, 3 ml, etc.) of the standard sodium metabisulfite solution up to I0 ml into
a series of 25 ml volumetric flasks, and dilute to marks with the dilute para-
rosaniline solution. Mix, allow 3 min for complete color development and read
the colors. The 1 ml standard is equivalent to 5 ppm in a 47 ml air syringe
sample when using 3 ml dilute reagent for SO_ absorption.
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C.3 Determination of Chlorine in Air by the Ortho-Tolidine Method

Reagents

All reagents are prepared from analytical reagent grade chemicals in
demineralized deionized water. Reagents should be refrigerated in amber, UV

absorbing glass bottles. The reagents should be allowed to warm to room

temperature prior to use.

Concentrated O-Tolidine Reaqent. - Weigh out l.O g ortho-tolidine, transfer
to a 6 in. mortar or evaporating dish. Add 5 ml dilute hydrochloric acid

(previously prepared by adding 150 ml of concentrated HCI to 400 ml of distilled
water). Grind sufficiently to achieve a very smooth, thin paste. Add 150 to

200 ml of distilled water. The ortho-tolidine goes into solution immediately if

ground sufficiently. Transfer to a l liter volumetric flask. Add 200 ml
distilled water. Add the balance of dilute acid prepared above. Dilute to
mark with distilled water.

This solution should be stored in amber bottles, should not be kept longer

than 6 months, should not be subjected to high temperatures and should not be

allowed to stand in direct sunlight.

Apparatus

The apparatus is identical to that used for the analysis of NO2.

Analytical Procedure

Draw exactly 3 ml of the ortho-tolidine testing reagent into the syringe.

Draw in exactly 47 ml of gas at a rate of 2 ml/sec (or less). Shake gently for
l min for full color development. Be sure to hold the syringe perpendicular to

the sampling point so that the gas will bubble through the reagent. In this
way, the majority of the Cl2 will be immediately absorbed and losses due to

absorption of Cl2 on the syringe walls will be minimized.

After collection of the sample, a yellow green color appears. Color

development is complete within I-2 min. Transfer the sample to a l cm cuvette
and read in a spectrophotometer at 450 mu, using unexposed reagent as the lO0 %T
reference. The color of the exposed reagent is stable for 2 hours.

Calibration

Calibration Usin 9 Permeation Tubes. - Prepare a chlorine permeation tube
as described in Section 5.2.2. The calibration is then conducted as described
for NO2 in Section C.I.

Note: There is no good chemical method of standardization for free chlorine.
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C.4 Determination of HCI in Air by the Modified lwasaki, Utsumi, Hagino and
Ozawa Method

Reagents

All reagents are made from analytical grade chemicals in distilled water
which is free from all interfering ions. Specifically, fluoride and chloride
ions must be excluded. Reagents should be stored in UV-light absorbing amber
glass bottles in a refrigerator. Reagents should be warmed to room temperature
prior to use.

Reagent A. - Dissolve 144.981 g of FeNH4(SO4)2.12H20 in 1 liter of 6N HN03.

Reagent B. - Dissolve O.lO0 g of Hg(SCN)2 in I00 ml solvent.

Solvent. - Mix 200 ml spectrograde Ip4-dioxane and I00 ml absolute (100%)
ethanol.

Chloride Test Reagent. - Mix 20 ml Reagent A and 30 ml Reagent B just prior
to use. Use 2 ml of this mixed reagent plus 1 ml distilled water for each CI-
determination. This reagent has a shelf life at room temperature of 2 months.

Standard Cl- Solution, 2.401 × 10-4 M. - Dissolve 0.1403 g of NaCI in I00
ml of CI- and F- free water. Dilute I0 ml of this solution to 1 liter to
achieve the final concentration.

Analytical Procedure

Samplin 9 Procedure. - Draw exactly 3 ml of absorbing reagent into the
syringe. Draw a 47 ml air sample through it at the rate of 2 ml per sec (or
less) then shake gently for 2 min for full color development. If the sample air
temperature and pressure deviate greatly from 25°C and 760 mm Hg, measure and
record the values.

The reagent changes from straw yellow to reddish brown on exposure to HCI.
Color development is complete within I-2 min. Transfer the sample to a 1 cm
cuvette and read spectrometrically at 460 mu after zeroing the unit at I00 %T
using unexposed reagent as a blank. The developed color is stable for 30-40 min.

Calibration

To ten 25 ml volumetric flasks add graduated amounts (I ml, 2 ml, ..., I0
ml) of the 2.401 × 10-4 M NaCl solution. Dilute each to the mark with Cl- and
F- free distilled water. Add 1 ml of each calibration solution to 2 ml of the
mixed chloride test reagent for each calibration point. Points should be
determined in triplicate. The first point will be equivalent to 5 ppm HCI in
air as measured with a 47 ml syringe air sample. The last point will be
equivalent to 50 ppm.
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C.5 Determination of HFin Air by the Lacroix and LabaladeMethod

Reagents

All reagents are madefrom analytical grade chemicals in distilled water
which is free from all interfering ions. Specifically, fluoride and chloride
ions must be excluded. Reagentsshould be stored in UV-light absorbing amber
glass bottles in a refrigerator. Reagentsshould be warmedto roomtemperature
prior to use. As this methodinvolves a bleaching reaction, the water must be
free from any dissolved chlorine, chlorides, sulfites, and nitrites.

Ferric Sulfosalicylate. - Add 40 ml of 0.954 wt percent sulfosalicylic and
6.85 ml of l N sodium hydroxide to lO0 ml of 7.5 × lO-3 M ferric nitrate.
Dilute to 250 ml with sodium monochloroacetate buffer (pH = 2.9). Then 50 ml of

the ferric sulfosalicylate solution are mixed with 50 ml of the buffer solution
and diluted to l liter with distilled water. This reagent is specific for HF

and other ionic fluorides.

Buffer Solution. - Mix 18.9 g of monochloroacetic acid and lO0 ml of l N

sodium hydroxide. Dilute to l liter with distilled water. Adjust pH to 2.9.

Standard F-Solution, 2.401 x lO-4 M. - Dissolve 0.I008 g of NaF in lO0 ml
distilled water. Dilute lO ml of this solution to l liter to achieve the final

concentration.

Apparatus

The apparatus is identical to that used for the analysis of NO2.

Analytical Procedure

Sampling Procedure. - Draw exactly 3 ml of absorbing reagent into the syringe.
Draw a 47 ml air sample through it at the rate of 2 ml per sec (or less) and then

shake gently for 2 min for full color development. If the sample air temperature
and pressure deviate greatly from 25°C and 760 mm Hg, measure and record the
values.

When exposed to HF in air, the reagent bleaches from a bright pink to almost
colorless at the F- concentration increases. Bleaching is complete within l min.

Transfer the sample to a l cm cuvette and read spectrophotometrically at 520 mu.
The instrument is zeroed with unexposed reagent at 80 %T representing 0 ppm HF.

As this is a bleaching reaction, the percent transmittance rises as the ppm
increases, i.e., 47 ppm HF in air gives 94.1%T. The reagent should be read
within 30 min after exposure.

Calibration

Prepare a HF permeation tube as described in Section 5.2.2.
is then conducted in the same manner as for NO2.

The calibration
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Calibration With Standard NaF. - To ten 25 ml volumetric flasks add
graduated amounts (I ml, 2 ml, ..., I0 ml) of the 2.401 × 10-4 M NaF solution.
Dilute each to the mark with CI- and F- free distilled water. Add 1 ml of each
calibration solution to 2 ml of the mixed fluoride test reagent for each
calibration point. Points should be determined in triplicate. The first point
will be equivalent to 5 ppm HF in air as measured with a 47 ml syringe air
sample. The last point will be equivalent to 50 ppm.
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