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I. INTRODUCTION

Hydrogen chloride gas is a2 well known toxic compound., A trace of
hydrogen chloride is found naturally as a result of volcanic activity,
However, increasing concentration of this gas in the environment
produced as a by-product of some manufacturing processesl_B is of
great concern. This concern is reflected in the various studies of
the impact of hydrogen chloride on the environment. Such studies as
the damage of hydrogen chloride to plants and animals,u'5 alr pollution
from the combustion of poly(vinyl chloride),6 end 'atmospheric reduction’
of chlorinated compounds into hydrogen chloride? are some of the many
examples.

| Another source of HCl is the combustion of the solid prcpellant
to be used in the space shuttle. The first Space Shuttle is scheduled
to be launched in late 1979. Hydrogen chloride is produced during
combustion and constitutes 21% of the exhaust product58 as shown in
Table I. A total of 212000 kg ( 233 tons) of HCl are produced in a
typical launch and about 20 tons of HCl are assumed to be in the
ground cloud. The interaction of thls hydrogen chloride with the
environment and cther exhaust products may be quite complicated, The
National Aeronautics and Space Administration {NASA) has an extensive
program designed to assess the impact of hydrogen chloride and other
exhaust products on the environment., An appreciable amount of ground
detris is swept upward ty the force exerted by the rocket exhaust
gases upon launching. Analysis of soil adjacent to the launch pad

indicates about 88% quartz composition.9 Thus the interaction of



Table I, Mass fractions of the various chemical
species constituting the exhaust gas
mixture at the nozzle exit plane of a
Solid Rocket Motor (SRM)

Exhaust Component Mass Fraction
A.1203 (1 and s)* 0.30

Co 0.23

HQA 0.21

H20 0.10
Others Balance

*Unless otherwise noted by 1 (liquid or s (solid), the species are
in the gaseous phase.



hydrogen chloride with quartz, crystalline silica, is expected and
is of interest. For example, to what extent does the ground detris
remove hydrogen chloride produced in the exhaust from the atmosphere?
The objective of this work was to characterize the interaction of
hydrogen chloride with silica, silicon dloxide and specifically, the
extent to which silica can irreversibly remove hydrogen chloride from
the atmosphere, Adsorption isotherms were measured at 30°¢C for
hydrogen chloride on silica outgassed between 100° and 400°C. Read-
sorption isotherms were also measured. The silica surface was char-
acterized further by infrared spectroscopy, electron spectroscopy for
cherical analysis (ESCA), scanning electron microscopy (SEM), and
immersicnal calorimetry. This study also included similar work on

- ground debtris samples obtained from the Kennedy Space Center.,



IXI. LITERATURE SURVEY

This section covers the literature survey related to the adsorption
of hydrogen chloride on silica. The survey will be limited to the
quartz system in most cases since there are so many different types of

silica. General references on adsorption include Gregg and Sing.lo

Flood,*t and Schulman,>%

A. 35o0lid Rocket Propellant Exhaust

The National Aeronautics and Space Administration has been involved
extensively with environmental impact studies on the solid rocket
exhaust. There is speculation that the exhaust products which pass
through the high temperature shock wave reform and might have dlfferent
effects on the environment than that of the original products.13 An
extensive literature survey on the solld propellant exhaust products
and related studles was done by Bailey.lu Bailey studied the inter-
action of two of the major exhaust products, hydrogen chloride and
alumina, By studying the adsorptlion isotherms, it was found that
although water vapor adsorption is physical and a reversible process,
hydrogen chloride adsorption is in part chemical and about 60%
irreversitle. Cofer and Pellet” have studied adsorption of hydrogen
chloride on alumina in a flow system employing the gravimetric
adsorption technique, Partial pressure of hydrogen chloride and
vwater were adjusted in nitrogen carrler gas., It was found that
about 50% of the total adsorption was the chemisorbed weight gain and

about one half of the chemisorbed weight gain was due to chloride ions.



B. Silica and Its Surface

General references on silica are provided by several an.ﬂ:!-;ors.lé"18

Sosman authored one volume on twenty-two phases on silica.l8 and a

classic monograph is available on the panysical properties of silica.17
Also, 4000 phase diagrams on silica have been compiled bty the American
Ceramic Society.19

Silica is found in nature as the crystalline verieties, non-
crystalline or amorphous, crysto crystalline, and as vitreous silica.zo :
The crystalline varieties are further classified as quartz, tridymite
and crystobalite based on their thermal stability. Each of the
crystalline varieties has o and 8 phases existing at low and nigh
temperatures, respectively, and phase transitions involve changes of
symmetry and density. The temperature dependence of the transition of
the crystalline silicas is as follows:

870°¢ 1470°¢C 1700°C
Quartz == Tridymite = Crystomalite <= Vitreous

22
The different varieties of crystalline and amorphcus silica have
very similar chemical properties except for the reactivity. General
trends of reactivity are as follows:
Quartz < Tridymite < Crystobalite < Amorphous>2
The structure of the unit cell of both o and 8 phases of quartz
is suggested to be hexagonal and composed of three atom triplets of
silica which satisfies the octet rule configuration>> as shown in
Figure 1.
It is generally accepted that the surface of silica is hydroxylated

with different types of hydroxyl groups.24'26 Davydov, et al.,
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Figure 1. Electronic Structure of the Silica Molecule



reported27 that there are three kinds of surface hydroxyl zroups on
the silica surface namely, the free hydroxyl, hkydrogen bonded hydroxyl,
and internal hydroxyl which give infrared absorption bands at 3750 cm-l.

1

3650 cm-l, and 3550 cm —, respectively. Hambeiton and Hocke:,r25 have

glven a good pictorial representation of the three types as shown in
Filgure 2,

Davydov29 indicated that upon evacuation at 400°C, only 50% of the
original hydroxyl groups remain and are all free hydroxyl groups.
However, the number of free hydroxyl groups is decreased when evacuated

above 1+00°C.30 Hair31 suggested a dehydroxylation mechanism as follows:

?H OH 0

\ A N
Si1-0-88 —m S81-0-851+H.0

2

The changes in the nature of hydroxyl groups on the silica surface upon
evacuation at various temperatures were intensively studied by Boccuzzi,
et al.32

It has been shown that free hydroxyl groups play the major role
in specific adsorption.33'3u The concentration of hydroxyl groups on
the silica surface has been studied by many authors using different
techniques including gravimetric methods,35’36 chemical reactions,37'38

deuterium exchange,27 2k, 25

and most frequently by infrared spectroscopy.
To overcome the difficulty of characterizing quartz of low surface
area, free radical spin labels were employed.39 Based on a calculation
assuming one hydroxyl group per silicon atom, quartz with density of

2.655 has a maximum of 9 hydroxyl groups per 100 82 on 1ts st.t:f:fa.ce.h'0

However, it is generally assumed that the average number of hydroxyl
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Flgure 2. Three Types of Hydroxyl Groups on the Silica

Surface,



groups on the crystalline silica surface is 4 or 5 per 100 32.41
However, the number of hydroxyl groups varies considerably with the

evacuation parameters such as time, temperature, and pressure.

3. HCl as an Adsorbate
Hydrogen chloride has not been a commonly used adsorbate., Studies
on the adsorption of hydrogen chloride on ZnO, AlPQ), and on Tio2 were

2 In all cases, the

reported at the Faraday Discussion in 1971.4
adsorption of hydrogen chloride was found to be minimal and partially
irreversible. OH concentration on TiO2 surface was reported to be
influenced by chemisorption of hydrogen chloride on TiOZ.43 Baileylu
and Pellet™® studied the adsorption of hydrogen chloride gas on alumina,
whereas Tyreeuu worked with A1293 - HClaq systenm.

Although there have been numerous studies done on the adsorption
of various gases on silica, not much work has been done with hydrogen
chloride, Kiselev reported weak adsorption of hydrogen chloride on
silica..45 Perl studied hydrogen chloride gas on the dry aerosil plates
with IR and concluded that hydrogen chloride does not chemisord on
aerosil.ué The study of hydrogen chloride adsorption on quartz has

not been reported.

D. Surface Techniques

There 1s a recent review on the techniques used in surface
analysis.47 Although infrared spectroscopy is the most frequently
used technique because of its simplicity, ESCA, Auger-electron
spectroscopy (AES), and secondary-ion mass spectroscopy (SIMS) are

some of many developing powerful surface analytical techniques. ESCA
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is used widely since 1ts introduction by Siegbahn, et al.48 In fact,

a recent Faraday Discussion was devoted entirely to F.SCA.49 Hercules
has reported extensive work on the theory, instrumentation, and
application of BSCA.”C Fowell’' discussed quantitative analysis by
ESCA using a simple three step model for electron generation, transport
to the surface, and detection. Angular studies done with ESGA52 have
proved useful in the further characterization of surface layers.,
Nefedov and Sa.lyn53 have compared the binding energies of many conm-
pounds including sillca measured by different types of ESCA and showed
the consistency in them.

Calorimetry is another technique frequently used in surface
chemistry for the measurement of heats of wetting or heats of immersion.
Whalen reported the heats of immersion (AHH) of various types.of silica
including quartz in water.35 Heats of immersion for quartz were
different depending on the size of the particles. The larger particles
showed higher heats of immersion., Samples with a greater number of
surface hydroxyl groups had lower heats of immersion.

Tschapek, Bussetti and Ardizzi studied the interaction of

HCl(aq) and HNO ) with aerosil.54 It was found that at pH <3, the

3(aq

following reaction occured;

SiOH + HQL —> 31032'" + Q"

Heats of immersion increased with increasing acid concentration.
Samples outgassed at 800°¢ yielded a value only one half of heats of
immersion of ones outgassed at 110°C. This is consistent with the

previous report by Youngjo that almost all OH groups are removed by
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evacuation at or above 800°C so that the adsorption of acid might

1 molecule per 2 atoms of Si as folliows:

St si.

0 + HCQ — OH + Cl
s1” s17

No heats of immersion of quartz in HC].( aq) have been reported.



III. EXPERIMENTAL

This section contains a description of the materials used,
experimental procedures for various techniques, and the calculations

for the data reduction employed in this study.

A. Materials

1. Adsorbatest Nitrogen and hydrogen chloride were used as
adsorbates, Dry nitrogen from the Alrco Company was used in the surface
area measurement and anhydrous hydrogen chloride from the Matheson

Company was used for the adsorptlion isotherm study.

2., Adsorbents: The microcrystalline silica, used in the
study, was Min-U-Sil 5 produced by a proprietary process and supplied
by the Pennsylvania Glass Sand Corp. According to the manufacturer,
the average particle size is <5u. An x-ray diffraction pattern
indicated that Min-U-Sil 5 was quartz.

NASA ground samples were also used as adsorbents. NASA provided
the ground samples collected from two different locations ai the
Kennedy Space Center., Samples #2 and #4 were collected at locations
2300 ft, 73° and 9600 ft, 180° from the launch complex 40, respectively
after a launch. The samples were collected with a vacuum sweeper and
were given no other treatment. Samples labelled “pre-launch" and "post-

launch" were collected directly from the launch pad.

3. Miscellaneocus: 49.3% HF solution obtained from the Baker

Chemical and NaOH pellets from the éisher Scientific were used for the

removal of amorphous layers on the silica surface. Hellige starndard

12



13

hydrochloric acid solution (R1193c) was diluted “o 12 with deionized
water to prepare 0.1N HCl stock solution for the calorimetric studies.
Helium used for the calibtration of volumes in the adsorption study was

obtained from the Airco Company.

B, Surface Area Measurement
Surface areas, based on the BET theory described by Gregg and

10 were measured using the Micromeritics Mod2l 2100D Orr Surface

Sing,
Area and Pore Volume Analyzer. The 2g silica samples were outgassed
at 100°C and 400°C for 2 hours at about 1 x 1072 torr and the bg NASA
samples were outgassed at 100°C for 15 minutes prior to the surface
area measurement, To check the effect of the outgassing period on
the surface area, one silica sample was outgassed at 100°¢ for 15
minutes. Calibration of the volume of the pyrex sample bulbs was
done with helium and nitrogen was used as the adsorbate for the
measurement. The cross sectional area of an adsorbed nitrogen

nolecule was taken as 16.2 %2, The conputer program in Appendix I

was written by Skiles55 and used to calculate the surface areas,

C. Adsorption Isotherms

Adsorption isotherms were measured to study the uptake of hydrogen
chloride by silica outgassed at different temperatures, The apparatus
and procedure are described below.

1. Apparatus: The schematic diagram of the Pyrex vacuum system
is given in Figure 3. The system can be divided into three basic
sections: vacuum system (A), auxiliary section (B), and critical

section (C).
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The vacuum system was consisted of a mercury diffusion pump (DP)
and a mechanical pump (MPl). Typical base pressures obtained were
between 1 x 1072 and 1 x 10~ Torr. The pressure was read with a
McLeod gauge (MG).

The auxiliary section included the introduction, storage, and
remﬁval of the reactant gases from the system. Gases were introduced
through valve V8 and stored in the storage tulbs SBl, and SB2. The
pressure of the gas put into the system was measured by the manometer
(MM2). HCL was removed through KOH pellet trap (KT) by the mechanical
punp (MP2).

The adsorption measurements were made at the critical section.

It consisted of a manometer (MMLl), precalibrated doser (CD) with

6 bulbs (BL - B6), light tulb (LB), and the sample bulb (SB). The
sample buldb was either immersed in a constant temperature water bath
or surrounded by a furnace. The water bath temperature was maintained
constant by a mercury thermoregulator connected to a Fisher Model 51
Unitized Bath Control. A Hoskins Electric Furnace was used and its

temperature controlled by a powerstat.

2. Calibration of the dosers The weight of mercury in each of

the six bulbs of the doser (CD) was measured. The volume of each
tulb was determined from the measured weight and the known density

of mercury at ambient temperature.

3. Evacuation: System valves except for V3-V5, V7, V8, V15-V19

were opened, The pressure was taken with the Mcleod Gauge (MG).



16

4, Introduction and removal of gases: Valves V1 -V5, V10, V11,

V13, V16-V19 were closed and gas was introduced through V8. The
system was flushed 3 times. Pressure was measured with the manometer
(MM2), and typically about 760 torr was introduced at one time. Then
the gas was stored in one of the storage bulbs (He in SB2 and HCl in
SEl). BExcess hellum was removed directly through the diffusion pump
(DP) by opening V1. HCl was removed through the KOH trap (KT) through

V1l and V12 slowly (-1 mm Hg per second).

5. Achievement of constant volume: A constant volume was

achieved with the aid of the light (LB). One end of the circuit wire
was immersed in mercury (a), and the other end was placed at a fixed
position (b). By controlling the meniscus of the mercury (M2) with
either V16 and/or V17 to barely touch the wire tip at b, the light

btlinked, This ensured the achlievement of a constant volume,

6. Calitration of the dead volume: The system was first evacuated

as described above, The height of the mercury meniscus (M2) was
adjusted so that the light (LB) would blink. The location of the
other arm of the meniscus (ML) was read with the cathetometer
(Gaertner Scientific, precision + 0.05 mm). This 3 step procedure
will be refered as "taking a reference pressure reading® from here
on. With only valves V6, V13, and V14 opened, helium was introduced
into the system from the storage bulb., The pressure reading was
taken by adjusting the reference arm of the meniscus (M2) to position

b and taking the location of the Ml with the cathetometer. From
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here on, this process will be referred to as "taking the pressure
reading.” The meniscus of the mercury inside the doser (M3) was then
moved down with valve V18 and/or V19 to each tulb level and the corres-
ponding pressure was taken. With thls series of pressure measurements
and with the known volumes of the tulbs, the value of the dead volume

(VD) was calculated.

7. Adsorption measurement: In a sample bulb (SB), 2 g of adsor-
bent was placed and the sample was outgassed at 100°¢, 200°C, and 400°C
for 2 hours prior to the adsorption measurement. The isotherms were
taken at 30°C maintained by the water bath., The wolume of the sample
bulb was determined with helium with valve V15 closed. Helium was
introduced into the system as mentioned above. Valve V13 was closed
and the pressure reading was taken, typically about 200 Torr. Valve
V15 was then opened and helium was allowed to expand into the sample
bulb (SB). The pressure reading was taken again and then helium was
removed, The vacuum was checked again and the reference pressure
reading was taken. Valves V6 and V15 were closed and HC1 was.intro-
duced into the system through V3. (Approximately 7 Torr for each
dose.) V13 was closed and a pressure reading (Pini) was taken. V15
was then opened to start the adsorption. The system was allowed to
equililriate for an hour to reach the steady state and then the equili-
brium pressure was taken (P). Application of HCl was repeated until
the isotherm was completed. From the second dose on, the equilibrium
pressure reading was taken half an hour after the introduction of HCl.

HC1l was removed from the system as described above,
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8. Readsorption isctherm: The readsorption isotherm was taken

to study the reversibility of the adsorption process., After the
completion of the adsorption isotherm, the sample btulb was evacuated
at 30°C for overnight (about 20 hours) or at 100°C and 400°C for 2

hours. Then the adsorption isotherm was taken as before.

D. Electron Spectroscopy for Chemical Analysis (ESCA)

A DuPont 650 electron spectrometer with Mg K. radiation
(1254 eV) was used in the study to characterize the surface of the
sample. Normal operating pressure for the analyzer was atout
1 x 1077 Torr.

ESCA spectra were taken for fresh samples and samples after the
hydrogen chloride adsorption/readsorption study. Samples were removed
from the vacuum system and exposed to atmosphere before the ESCA
analysis. Samples were hand pressed onto the trass probe when possible.
When the hand-pressing technique failed, Scotch double stick adhesive
tape was used to place the sample on the probe. The probe was cleaned
with elther methanol or acetone before sample mounting. For the
angular studies, probes with take-off angles of 30°, 11°, and 6°
were used., An additional ESCA analysis was done by varying the
temperature of the sample probe from ambient (~40°) to 400°c.

Wide scan ESCA spectra of pure silica and NASA samples were
taken. For the narrow scans, the spectra of the Si 2s, C 1s, 0 1ls,
and Cl 2p photopeaks were taken, Binding energies of elements were

corrected taking the binding energy of the C ls photopeak as 284.0 eV,
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E. Calorimetry

Heats of immersion were determined in a Calvet Microcalorimeter
(MS-70). A schematic élagram of the sample cell and the sample
chamber is given in Figure 4, Calibration of the sysiem was done
by passing a measured current (I) for a known period of time (i)
through a resistor (R = 1001.0 ) in the sample cell. The output
signal from the calorimeter was amplified and integrated to give a
characteristic number of counts (C). The sensitivity of the calori-
meter (S) was determined using the equation

S = Zgﬁi (Joules/count) (1)

Four sample chambers were matched as two pairs (cells 1 and 2,
cells 3 and 4) and one cell was used as a reference while heats of
immersion were measured for the other,

Sample bulbs contalning 0.5 g of silica were outgassed at 1000,
200°, and 400°C for 2 hours and sealed under vacuum. Sealed sample
bulbs were attached to a treaker rod and were put in a sample cell
containing 2 ml of 0.1, 0.01, and 0.001 N HCL (aq). This assembly
was then placed in the calorimeter and allowed to reach the steady
state. Typically, it took about an hour to reach the steady state
which was arbitrarily defined as three consecutive 100 seconds
printouts of a constant number. When the initial steady state is
reached, the rod was pressed to btreak the fragile tip of the sample

bulb to initiate the reaction. A typical sensitivity setting of the
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calorimeter was GS X 100 or GS x 250 with a sensitivity of about

2 x lo'u and 5 x 10’4 Joule per count, respectively,

F. Scanning Electron Microscopy (SEM)/Energy Dispersive Analysis of
X-rays (EDAX)

The characteristic appearance of the particles was studied with
an Advanced Metal Research Corporation Model 900 scanning electron
microscope. The microscope operates at 20 kV and has an International
Model 707A energy dispersive analysis of x-rays (EDAX) accessory.
Silica after different treatments and the NASA samples were examined
at various magnifications. Copper conductive tape was used to place
the sample on the probe. A thin film of Au/Pd alloy was vacuum coated
on the sample to decrease the charging on the sample. EDAX was

employed for the x-ray analysis of elements with atomic number >11.

G. Infrared Spectroscopy

Infrared spectra were taken with a Perkin Elmer Model 283
spectrophotometer. The spectrum of silica before and after equilibration
with HCl was taken under ambient conditions. The sample was rubbed on
a NaCl crystal and another crystal of NaCl was used as a reference,

1

Ordinate expansion (x10) was used in the 4000-3000 cm — region.

H. Removal of the Amorphous Layer

It is generally accepted that the surface of gquartz is covered
with an amorphous 1ayer.56'58 Therefore, it was of interest to study
the interaction of HCl with a quartz surface free of an amorphous

layers. The amorphous layer was removed by HF.58'59 20 g of silica
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was placed in 100 ml of 10% HF (diluted from 49,5% HF with deionized
water) for 5 minutes. It was then washed with 200 ml of 0.1N NaOH
solution and 200 ml of delonized water, The treated silica which
will be referred to as 'Iler treated silica', was dried at about
115°C for 1 hour,

Adsorption isotherms of HCl were taken at 30°C for the Iler
treated silica out-gassed at 100°C for 2 hours. ESCA, calorimetry

and SEM/EDAX analyses were also done on the Iler treated sample.

I. Data Reduction

1. Surface area: Surface areas were calculated using the

computer program listed in Appendix I.

2. Adsorvtion isotherm: The ideal gas equatlon was used assuming
]
constant temperature.

The dead volume (VD) was calculated by the following relations:

i
Pyp X VD = Py (Ww+ I vBi) : (2)
1=]
P ) G v
Bl i=1 Bl
VD = R S (3)
VD Bl

where, Pv is the pressure of helium inside the dead volume (VD),

D
vBi is the volume of individual tulbs, and PBi is the pressure inside

the volume of VD + T V...
je1 B
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The number of HCl molecules was calculated from known pressure,
volume and temperature. The difference between the initial (before
exposure to sample) and final (after equilitration with the sample)
number of molecules present in the gas phase was considered as being
'adsorbed' on the solid surface, The relevant equations are as follows:

L) )
ini RTW-as

Px (VW + VSB)

Nein T TTERIa, (5)
P xV
s i-1 SB s
Ny “in T Yean T HOWR, T N1 (6)
where, P, , 1s the pressure in the dead volume (VD) prior to each

exposure of HCl to sample and P 1s the equillbrium pressure in the

system after the HCl exposure, VSB is the volume of the sample tulb,

W is the welght of the sample and a_ 1s the specific surface area.

Nini and Nfi

before and after the exposure of HCl, respectively. R is the gas

n 2T the number of gas phase molecules in the system

constant.

3. Calorimetry: Heats of immersion (A H) were calculated using

the equation,
H = 0= (7)

where S is the calorimeter sensitivity, C is the measured number of
counts, B 1s the heat evolved from the empty buld breaking, W is the

sample weight, and ag is the specific surface area,



L, ESCA: Intensities were corrected with published respective
photoionization cross sections.60 The photolonization cross sections
() used for Si 2s, 0 1s, C 1s and C1 2p are 0.855, 2.85, 1.00, and

1.564, respectively. Atomic fractions were obtained from,

I,/
b1
oy (8)
II
1=1 1
where I1 is the intensity of each significant peak in the ESCA spectrum

of the sample.



IV. RESULTS AND DISCUSSION

Part I: SILICA

A, Characterizztion
1. X-ray diffraction: The result cf an x-ray diffraction

pattern indicated that Min-U-Sil 5 is a-quartz. The x-ray spacings
for untreated silica were 4.24 and 3.34 % and for Ner treated silica

were 3.35 and 4,25 . These spacings agree with published x-ray

diffraction patterns for a-quartz.61 The 3.3% R spacing for

Min-U-Sil 5 was also otserved by Edmonds.62

2. Surface area measurements: Surface areas of silica ocutgassed

at 100°C and at 400°C for 2 hours are tabulated in Table II. The
symbol 'OGT' neans outgas temperature. '01d' and 'new’ silica batches
were dated June 1971 and March 1972, respectively. Although the
calculation of the surface areas was done by computer, a typical BET
plot for silica outgassed at 100°C for 15 minutes is shown in Figure 5.
Similar plots were obtained for other samples. |

There was no significant difference in the measured surface area
of the two batches of silica. There seemed to be 2 small increase
in surface area with higher outgassing temperature. However, it is
generally accepted that the surface area of amorphous silica shouldn't
vary in the temperature range 100°C to 400°C. Thus, all subsequent
calculations were done using 5.06 mz/g as the average value of :he

surface area of silica.

25
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Table II. Surface areas of silica outgassed at
various temperatures.

Untreated Silica Iler Treated Silica
OGT 100°C OGT 400°C OGT 100°C OGT 400°G
old 5.07 n/g 5.23 n%/g 3,06 n%/g 3.21 n%/g
5.09 5.24 2.83 3.35
2.63 3.38
3.39
New 5.01"' 5-5“’
5.05 5.29
Ave. 5.06+0.02 5.33+0.15 2.84+0,22 3.33+0,08
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The surface area of the Iler treated silica was significantly
lower then that of untreated silica., For Iler treated siiica, the
average surface area was taken as 2,84 mz/g. This observed decrease in
surface area supports the general recognition that an amorphous surface
layer is present on quartz.56-58 If the untreated surface was also
crystalline, a higher specific surface area would be expected after
etching due to a decrease 1n particle size. Again, a small increase in
surface area with higher outgassing temperature was observed.

There was no significant difference in the surface area between
samples outgaésed at 100°C for either 15 minutes or for 2 hours., The

measured surface area of silica outgassed at 100°¢ for 15 minutes was

4,94 mz/g.

3. ESCA:

a. drocarbon contamination: Hydrocarbon contamination is
often seen in ESCA studies resulting from exposure to organic compounds
prior to and during analysis. In any case, the contamination level as
monitored by the intensity of the C 1s photopeak was found to increase
with respect to time during the ESCA analysis of silica. Table III shows
the result of four series of ESCA spectra of C, Si, and O taken sequen-
tially on silica. The time span for each series was about 10 min.
Notice that the atomic fraction ratio of O to Si is greater than 2.

This was an unexpected result. Nonetheless, the value of the 0 to Si
ratio remained constant whereas the value of the C to Si ratio increased
significantly. This indicated that hydrocarbon contamination is occur-
ing during the ESCA analysis tut such contamination does not alter the

0 to Si ratio.
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The effect of temperature on the hydrocarbon level was investi-
gated also, ESCA spectra were taken on untreated silica at ambient
probe temperatures of 40°, 100°, 200°, 300°, and 400°C. The results
are tatulated in Table IV. Again relatively constant 0/Si ratio was
observed and was >2. The value of the C/Si ratio increased up to
200°C and then decreased significantly. Thus appreciable amounts of
carbon was removed at high probe temperature.

The observed consistency in 0/Si ratio for both studies indicated
that the hydrocarbon contamination was not from oxy-carbon compounds.
The results also implied that oxygen from adsorted water was not

responsivle for the observed higher values of the 0/31 ratio.

b. Silicas The wide scan (taken from 700 eV) ZSCA spectrum

of untreated silica indicated the pr®sence of mainly Si, O, C
(contamination), and trace amounts of F, N, Cu, and Na. Binding
energies and atomic fractions of each element are glven in Table V.,
Determined binding energies for Si 2p and 0 1s were very close to the
reported values for silica.53 of 102.5 and 531.7 eV, respectively.
The surface of silica is relatively clean as evidenced by the very
low concentration of trace elements.

The presence of F and Na were checked with ESCA on Iler treated
silica and no trace of Na was detected. A small trace of F was seen.
However, a trace of F was already present in untreated silica as

seen in Table V,
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Table V.,

32

ESCA analysis of silica

Element, core level B.E.(eV) A.F,
51 2s 153,2 0.129
(25°) 102.3
0 1s 532.1 0.483
C 1s 284.0 0.388
F 1s 689.8 trace ( 0.0002)
N 1s 130.0 trace
Na Auger 263.8 trace
Cu Auger 73.5 trace



B, Adsorption of HC1L

1. Isotherms: Adsorption and readsorption isotherms at 30°C
of hydrogen chloride on silica outgassed at 100°, 200°, and 400°C
are shown in Fgures 6, 7, and 8, respectively. The number of moles
of HCl adsorbed per unit area of silica surface (N°) is plotted against
the equilitrium pressure (P). The three sets of symbols represent
three separate experimental runs, For easler observation of the
outgas temperature (OGT) dependence, the above three adsorption
isotherms are superimposed in Figure 9. As it is shown, with
increasing outgas temperature, the hydrogen chloride adsorption at
low equilihrium pressure increases whereas the hydrogen chloride
adsorption decreases at higher equilibrium pressure., The observed
dependence may be an indication of changes in the nature of the
silica surface as a result of changes in the outgas temperature
indicated by Foccuzzi, et a.l.32

In all cases, readsorption was lower than the original adsorption.
This indicates that the adsoxption process is not completely reversi-
ble; in other words, the adsorbed hydrogen chloride cannot be totally
removed by evacuation at 30°C.

The reversitdlity of HCl adsorption was further studied by
changing the outgas temperature before readsorption and this outgas
temperature is termed the 're-outgas temperature' (ROCT). After
the completion of the initlal adsorption isotherm, the sample was
recutgassed at 100°, and at 400°C, Figure 10 shows the result of

1sotherms taken with silica originally outgassed at 100°¢C and
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reoutgassed at 300, 100°, and 400°¢, Increasing amounts of hydrogen
chloride were removed on reoutgassing at higher temperatures, In
fact, the adsorption isotherm after reoutgassing at L00%¢ is nearly
coincided with the original isctherm,

The next study involved isotherms taken with the original outgas
temperature at 400°C and the reoutgas temperatures at 30°, 10¢°, and
400°C shown in Flgure 11. Here, reoutgassing at 400°C made the overall
adsorption/readsorption process a reversible one, i.e., adsorbed
hydrogen chloride was totally removed by evacuation at %00°C. Brown
and Hall63 have used a 'comparison plot' which is an instructive way
to compare isotherms., The total amount of hydrogen chloride adsorbed
and readsorbed on silica at equal equilitrium pressures for tharee
reoutgas temperatures are plotted against each other in Figure 12,
The plots of adsorption of HCl on silica (6GT 400°C) reoutgassed at
100° and at 30°C versus on silica outgassed at 400°C indicated that
not only the amount of HCl readsorption was less than the original
HCl adsorption but also the two adsorption processes occurred on
different types of surface; the lines do not go through the origin.
However, the comparison plot (Figure 12) of adsorbed hydrogen chloride
on silica (OGT 400°C) reoutgassed at 400°C versus on silica outgassed
at 400°C is a straight line with zero intercept and a slope of 1.03.
It is thus clear that the amount of adsorbed hydrogen chloride is
the same for both adsorption and readsorption processes in this
case, Of course, the same result is seen in Figure 11 tut this
comparative plot is a convenient, alternate way of presenting the

data,
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Elank runs were made to study the adsorption of hydrecgen chloride
on the empty sample bulb and adsorption was determined to be insignifi-
cant (~2.5% of the total adsorption) at low equilitrium pressures
(<15 torx).

Adsorption isotherms of hydrogen chloride were taken at 30°C with
TIler treated silica outgassed at 100°C for 2 hours and are shown in
Figure 12. Again, evacuation at 30°C failed to remove all of the HC1
adsorbed on the silica surface, A comparison plot of the adsorption
isotherm data of Iler treated silica with that of untreated silica is
given in Migure 14, Adsorption of HCl was higher on treated silica
than on untreated silica. The higher adsorptivity of HCQ1 on Iler
treated silica might reflect changes in the surface energy after the

etching process.

2. [ESCA: ESCA analysis done on the silica after exposure to
hydrogen chloride indicated the presence of chlorine, This is
consistent with the result of the isotherm study where it was shown
that a significant quantity of HCl remained on the surface after
evacuation at 30°C (see Mgure 6), Table VI shows the binding
energies and relative atomic fractions of Si, O, and Cl present in
each silica sample, The calculation of atomic fractions is only
approximate and subject to criticism.5l The figures in square
brackets represents the number of samples employed in the averaging
process, The fact that no significant shift in the binding energies
occurred with increasing outgas temperature indicates that neither

the oxidation state nor environment of species on the surface was



43

‘8IN0Y Z I0F DopOT e PesSedIND woyLIg

Pajeax), Hoﬁ uo IDH I0J Do0f 3%® =03n.uomeacx pue uopqdiospy €1 eandig
o} d

oe 02 ol

I LI r
uoj|dsospody ) \
uoldiospy @ Qu
%\

O

\

N
g0l X W/ sajow * N

Y




N, moles/méx 10°

N

1 1 1

Figure 14,

| 2 3
NS, moles/m2x 108

Comparison Flot of Adsorption of HC1 at 30° on
Iler Treated Silica Outgassed at 1009C for 2 hours
vs on Untreated Silica Outgassed at 100°C for

2 Hours (Abcissa).
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influenced much by the outgas temperature, A relatively constant
value of 0/S1 ratio was observed and the value was again greater than
2, An additional comment should be added in regard to the values of
Si/C1 ratio. Due to relatively smail intensities of 'Cl' peak,
high standard deviation was found in the atomiec fraction of Cl.

Thus, the variation in the value of Si/Cl ratio may be a result of
such problems.

The results of the angular probe analysis are given in Table VII.
Although the elemental intensitles decreased with the decrease in
take-off angle (from 90° to 11°%), the value of the ratio of Si to
Cl or O to Cl also decreased. Thus, Cl is assumed to be present on
the surface and not distribtuted throughout the sampling region
(~100 8). Once again, the values of Si/0 ratio remained relatively
constant, An unexplained inverse trend in the Si/Cl and 0/Cl ratio
was observed with the 6° probe,

The results of ESCA analysis done on the Iler treated silica
after the reaction with hydrogen chloride are given in Table VIII,

The binding energles were not as reproducible compared to those
obtained from the untreated silica. However, the binding energies

of Si, 0, and C1 in both treated and untreated silica were approximately
the same. The value of 0/Si ratio was also reasonably close to the
value of untreated silica. A problem with intensities of 'Cl' peak was
again present in the value of Si/Cl ratio. The detection of chlorine
further supports the results of isotherm study.

The binding energy for every Cl 2p composite photopeak was

about 198.0 eV. This value compares favorable with that for chloride
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Table VIII, ESCA analysis on Iler treated silica
exposed to HCl

Elements B.E.(eV) A.F, 0/si si/cl
ca 197.1 + 0.9 0.00606 + 0.00122 2,43 H.0
0 532.8 + 1.1 0.501 + 0.182 "
Si 153.8 + 0.6 0.206 + 0.070

c 284 0.289 + 0.251
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53,64 Indeed, the binding energy of

ion in simple inorganic salts.
the same C1 photo peak obtained for the HCl/A1203 system was also

198.0 eV.65

3. SEM(EDAX: SEM photomicrographs were taken for untreated
silica befcre and after adsorption of HCl. A photomicrograph of
untreated silica is shown in FMgure 15 and shows clusters rather
than primary particles. There was no apparent difference in the SEM
photomicrograph after exposure of silica to HCl. EDAX analysis indi-
cated no trace of Cl on the surface of silica after the exposure to
HC1. This result does not contradict the results of ESCA analysis
above since SEM/EDAX is more of a tulk analysis rather than a surface
analysis technique,

SEM photomicrographs on Iler treated silica were very similar to
the ones of untreated silica, This similarity does not imply that
the two sllica samples, treated and untreated, have the primary
particles of the equal size, Rather, the difference in the sizes of
the primary particles was not detected, EDAX analysis was done on

Iler treated silica after exposure to HCl and again C1 was not detected.

4, Infrared spectroscopy: The infrared spectrum of untreated

1

silica was taken in the region between 4000 and 200 cm — and shown

in Figure 16, The spectrum matched very well with the spectrum of
quartz reported in the literature.66 The OH band (3800 - 3500 cm-l)
could not be detected due to the very low surface area of the sample.

A small OH band was observed, however, on ordinate expansion (x10)



50

Figure 15, SEM photomicrograph of Min-U-Sil 5 (x2000).
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in the 4000 - 3600 cm L reglon and the spectrum is also shown in
FMgure 16. The Si-Cl absorption band was not observed in the 640 -

1

425 cn~t and 250 - 200 cm T reglons.

5. Calorimetry: The heat of immersion of silica ilncreased with
increasing HCl concentration as shown in Table IX. This trend is

S who reported the heat

consistent with the work of Tschapek, et al,
of immersion of aerosll outgassed at 110°C in 930.001, 0.01, and 0.1 N
HCL (aq) as 15%, 158, and 171 mJ/mz, respectively. Whalen reported the
heat of immersion of quartz (<5u particles) in water as a function of
pretreatment temperature.35 The reported values for heats of immersion
of quartz outgassed at 100°, 200°, and 400°C were 330, 375, and 370
mJ/mz, respectively. These values are all lower than the ones obtalned
for 0.001 N HC1l as shown in Table IX.

Heats of immersion of Iler treated silica in hydrochloric acid
solution of varying concentration are also listed in Table IX, Again,
there was a general trend of increasing heats of immersion with higher
aclid concentration. It was interesting that although the heats of
imnmersion were lower with Iler treated silica than untreated silica,
the adsorption of HCl was greater on Iler treated silica than on
untreated silica (see Figure 14),

The heat evolved due to the process of empty tuldb treaking was
measured 4 times and was found to be 96 + 24 mJ. All heats reported

in Table IX have been corrected for heat of empty tuld treaking.
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PART IT. NASA SAMPLES

A. Characterization

1. Surface area: The two ground debris samples NASA #2 and #4
had surface areas of 0.35 and 0.13 mz/g, respectively. These values
are much lower than for the model silica, Min-U-Sil 5 (particle size
< 5u ), with a surface area of 5.06 n%/g. This implies that NASA
samples are of larger particle size than silica. Indeed, the analysis
of NASA #2 sample tatulated in Table X shows that 96% of the total

sample is sand whose particle size is <50y .

2. ESCA: Wide scan ESCA spectra on NASA #2 and NASA #4 were
taken, The spectra showed the presence of a variety of elements on
the surface, Table XI shows the results of the analysis. Both
samples showed trace amounts of Cl. The binding energy of the C1
photopeak agreed with that of the chloride ion., The values of 0/Si
ratio indicatethat oxygen in the NASA samples is not just from silica
(0/si ~2) tut also from some other oxycompounds such as CaOH, A1203,
etc. It was interesting that Cu and Al were detected only in NASA
#4+, the sample collected furtherest from the launch pad.

Compared to ESCA analysis, the results of nuclear activation
analysis (NAA) shown in Table XII indicated the presence of many more
elements and in some cases, the results of the two analysis did not
agree., However, this difference may be anticipated due to the
difference in the nature of the two techniques: ESCA is a surface
technique and NAA gives a tulk analysis., An additional unexpected

NAA result was the absence of Si in the NASA samples.

Sh
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Table X. Fractionation analysis and Mineralogy of
Sand Fractlion of NASA #2

Fraction Size Range %
Orx, c Matter 0.53
Clg;ni 2 0.04
Silt 50 -2 1.01
Very Fine Sand 105 - 50 1.79
Fine Sand 250 - 105 32.86
Medium Sand 500 - 250 51.97
Coarse Sand 1000 - 500 11.03
Very Coarse Sand 1000 0.77

The most active fraction is the organic matter and clay. The clay
is composed of 2:1 interstratified minerals such as kaolinite,
gibbsite and quartz.
Mineralogy of Sand Fraction
500 - 250 Quartzs 88%
Mica: 5%

Heavy Minerals: &%

105 - 50 Quartz: 60%
Feldspar: 6%
Mica: 2%

Heavy Minerals: 32%

Heavy minerals are minerals with specific gravity greater than 2.86.
They include Eipdote, Hornblende, Zircon, Apatite, Tourmaline,
Magnetite and Ilmenite,



Table XI. Wide Scan ESCA analysis of NASA #2
and NASA #4
NASA #2 NASA #4
Elements B.E, A.F, B.E,. AR,
0 531.6 0.192 531.8 0.380
Cu 110.0 0.0114
Ca 346.7 0.0160 347.1 0.008438
c 264,0 0.728 284.0 0.529
N 398.4 0.0158 399.5 0.0115
Si 153.1 0.0358 153.1 0.0430
cl 197.6 0.0125 198.2 0.00490
Al 118.7 0.0119
0/s1 5.36 8.84
si/a 2.86 8.78
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Table XII, Neutron Activation Analyses of NASA #2

and NASA #4
Elenent Conc. in #2, ppm (g/g) Conc. in #+, rrm (&/g)

Al 1810. 17g0.
Ca 63700. 20500,
@ 86, -

Fe 1940, 1410,
K 292, 292.
Mg 1091. 489,
Na 659. 4o,
Sr 358. 146,

T4 631. 155.
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Overall, significant elemental surface heterogeneity was
observed with the NASA sanmples compared to the relatively clean
silica surface.

Samples from the launch pad itself before and after a launch
were also supplied by NASA. Wide scan ESCA analysis were done on the
pre and post launch samples and the results are tatulated in Table
XIII, A relatively low atomic fraction was observed for Si in both

samples and the two samples showed the presence of identical elements.

3. SEM/EDAX: No apparent difference was noticed between NASA
#2 and NASA #4 in the SEM photomicrographs of the two samples as
shown in Figures 17 and 18, respectively. Larger particle sizes
observed were consistent with lower surface areas when compared to
silica (Min-U-Sil). EDAX analysis indicated the presence of Si and
Ca in both NASA #2 and NASA #4, However, Al was detected only in
NASA #4 consistent with the ESCA analysis.

A careful observation of the SEM photomicrographs of the pre
and post launch samples revealed an interesting difference as shown
in Figures 19, and 20, respectively. Small and almost perfectly
spherical particles were seen only in the post launch sample (see
Figure 20). EDAX analysis of these small particles indicated high
concentrations of Al as shown in the spectrum in Figure 21, Dillard,
Seals and Wightman67 observed similar spherical particles in the
SEM/EDAX analysis of samples collected in the exhaust cloud. Again,

high aluminum concentrations were noted in the EDAX spectrum.



Table XIII, Wide Scan ESCA analysls of pre launch and post
launch samples taken from the launch pad

Pre Launch Post Launch
Elements B.E.(eV) A.F, B.E.(eV) AF,
c 284,0 0.739 284.0 0.629
si 153.2 0.0359 153.0 0.0685
0 532.0 0.174 531.3 0.224 |
c1 198.0 0.0113 200.1 0,0341
N 398.8 0.00683 399.0 0.00753
Al 119.0 0.0222 118.5 0.0268
Ca 346.8 0.00999 H47.0 0.0108
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Fi SE
gure 19, SEM photomicrograph of pre launch pad sample (x100).
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Figure 20, SEM photomicrograph of post launch pad sample (x100),
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B, Adsorption of HCL

1. Isotherms: Isotherms for hydrogen chloride adsorption on
NASA #2 and NASA #4+ at 30°C are given in Figure 22, The isothemm for
silica is also included., Hydrogen chloride adsorption per unit area
was much greater on both NASA samples than on silica. In figure 23,
the same HCl adsorption data was plotted per gram of adsorbent rather
than the area. The figure shows greater HCl adsorbance on silica than
the two NASA samples whereas the two NASA samples shows about equal
adsorbance of HCl. Combining the information from the two figures
(22 arnd 23) it is clear that the enhanced HCl adsorption is not just
due to thne surface area effect. Rather, this suggests the presence
of some minor component(s) in the NASA samples which has an affinity
for HCl. From the Langmulir isotherm, the monolayer coverage of HCL
on the NASA samples were found to be 4.74 x 107¥ &/g. Estimating
10-50 tons of ground cloud and 20 tons of HC1l in the ground cloud,
about 0.1% of the total HCl contained in the ground cloud adsorbs on
silica as a monolayer. Pellet68 has measured the neutralizing capa-
city of the same ground debris samples for HCl(aq) and found that
the aqueous suspensions of samples were slightly alkaline and
exhibited a significant capacity to neutralize HCl. A component such
as Ca (see Table XI) may be the potemtial candidate with such affinity

towards HCl since Ca(OH), has strong basicity.

2., ESCA: The results of ESCA analysis of NASA #2 and NASA #4
after the adsorption of HCl are given in Table XIV. Binding energies

are very close to the values obtained for silica. However, the
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Flgure 22, Adsorption isotherm at 30°C of HCl adsorbed on
NASA #4, NASA #2, and silica outgassed at 100°C

for 2 hours.
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measured Cl concentration was about 4 times higher for the NASA

samples after HCl exposure than for sllica. This is despite the fact
that measured S1 concentration was about one-third lower for the NASA
samples than for silica (see Table VI), This is consistent with the
result of the isotherm meesurements that HCl interacts with greater
affinity with some component in the NASA samples other than silica.

It should be noted, however, that 'Cl' was observed in NASA samples be-
before the HCl exposure. The value of Si/Cl ratio did decrease in
NASA #+. The reverse trend in the NASA #2 sample might be due to the

heterogeneity of the sample batch.



V. CONCLUSIONS

The following concluslorns were derived from a study of the

interaction of hydrogen chloride with silica (o quartz):

1.

5.

Adsorption at 30°C of HCl on microcrystalline silica
outgassed at 100°, 200°, and 400°C showed a minimal
dependence on the outgas temperature.

Adsorption of HC1 at 30°C was about 40% reversitle
when silica was reoutgassed at 30°¢. However,
adsorption was ccmpletely reversible when silica
was reoutgassed at 400°¢,

Etching the silica surface with 10% HF decreased
the surface area by 40%., Adsorption of HCl on
etched silica was still found to be only partially
reversible at 30°C.

ESCA analysis showed the presence of chloride ion
on the silica surface supporting the results of
the isotherm study. An angular probe study
revealed that the adsorbed chloride ion was
localized on the surface and did not diffuse into
the entire sampling region (-~ 100 %)

Heats of immersion of silica in aqueous HC1l solutions
increased with increasing outgas temperature and
with increasing acid concentration.

NASA ground debris samples showed much greater
adsorption of HCl than silica. ESCA analysis

further supported this with greater chloride intensities.
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Comparison of the results of SEM/EDAX analysis
of the post and pre launch pad samples showed
the presence of spherical aluminum particle only

in the post launch sample.
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APPENDIX I

Computer Program for B.E.T. Surface Area Determination



S I
10
15
=0
25
30
33
40
45
S0
59
60
63
70
75
80
85
?0
?5
100
103
110
115
120
125
130
135
140
145
150
185
160
165
170
175
180
185
190
195
200
205
210
213
220
225
230
235
240

245
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I X{(30)yY(30)sE1(30)rA(30)
DIM W(30)yF1(30)yFP2(30)
nDIM v30)
READ S
LET Il=1
READ Cl Wl W2sHLsH2yT1yX1sX2sV1vF4yAlsSl
LET W4=W1-W2
LET V(1)=0.0
LET F2¢1)=0.0
LET T5=(307.2+T1)/2
LET V2=(T1/H2)X{((V1IX(H1-H2)/307.2)-(3.63%XH2/T5))
LET I=2
READ N
READ WD) sFL1C(I) P2
IF W(IX)=1<0.0 THEN 100
LET 29=1
IF W(I)=1=0.0 THEN 110
LET Z9=1
IF W¢(I)-1x0.0 THEN 120
LET X3=0.,0
GO TO 125
LET X3=X1
GQ TO 125
LET X3=X2
LET ACI)=0,00114692%(V1+X3)/ W4
LET B=((Q.3593%U2)/(T1XWA4A) )+ (1.311L/(TIXkW4))
LET C=(0.3593%V2%A1)/{(WA4XT1)
LET POS=F2(I-1)
LET D=F1(I)-F2(I)
LET E=P2(I)-PS3
LET F=F2(I)XX2-F3XX2
LET G=A(I)XD
ILET H=RxXE
LET L1=CxF
LET LZ=G-H-D1
LET V(I)=VU{lI-1)+02
LET X(IL)=F2(1)/F4
LET YC(I)=XC(IX/(V(IX)X(1.0-X(1)))
IF N-I+1<0.0 THEN 230
Z9=1
IF N-I+1=0.,0 THEN 230
Z29=1
IF N=-I+1+0,0 THEN 220
I=I+1
60 T0 70
LET $2=0.0
LET 53=0.0
LET S4=0,0
LET 8§5=0.0



250
288
260
265
270
275
280
2838
290
295
300
305
310
315
320
323
326
327
328
329
330
331
332
333
334
335
340
343
344
345
350
351
355
360
365
370
375
380
385
1005
1006
1007
1008
1009
1010
1011
1012
9998
9999
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FOR I=2 TC N+1
LET 82=82+X(1)
LET 83=53+Y(1)
LET S4=84+X(1)XY{I)
LET S35=83+X(1)X%Xx2
NEXT I
LET IS=((S3%S5)-(S52%84) )/ ({ (NXS3)-(52%X2))
LET L=((NXS4)—(S2%53) )/ ( (NXET)~(82%XE))
LET S6=(0.2687%S1)/(L+13)
LET §7=0.0
FOR I=2 TO N+1
LET E1(D)=Y(I)-(IS+L%XX(I))
LET S§7=87+E1(I)XX2
LET 58=8QR(S7/N)
NEXT I
FRINT *SAMPLE IDENTIFICATION NO.="3C1yTAB(30) 5 "Wi="5lWl
FRINT "H1l="iHi1sTAR(15) i *X1="3 X1 TAR(I0) 7 “Wil="5U1
FRINT "W2="5W2yTAR(1S) # "H2="3H2» TAR(30D) 5 "FE="5F4
PRIMT "ALFHA=";A1ly TAB(1S) 3 "WS="3W4»TAE(30) 5 "T8="5T1
PRINT *"Vi="3V1,TAR(1S5) i *8="3iGLyTAR(30) i "B="sR
FRINT *C=*iCyTAR(1S5) 3 "VUB="7VU2
PRINT
PRINT
FRINT *WHICH X*»TAR(20)3"X*»TAR(40)7"Y"
FOR I=2 TO N+1
LET J=I+1
FRINT WD) yTARC1TS) »X(I1) s TAR(30) # Y (1)
FRINT
FRINT
NEXT I
FPRINT "SW="3;86
FRINT "STANDARD ERROR OF LEAST SQ. LINE ="i88
IF 6-11<0.0 THEN 9998
L?=1
IF 8-11=0.0 THEN 9998
LET L9=1
IF §-11>0.,0 THEN 380
LET Ii=I1+1
GO TO 30
DATA 1,91.12,58.45
DATA 1995.35+68.04
DATA 1999.73976.30
DATA 15106.12,84.,10
DATA 1,111.51991.29
DATA 1,123.15y99.42
DATA 1+144,979111.39
NATA 1+157.849123.635
STOF
ENTI



APPENDIX II

Raw Data For the Adsorption Isotherm Measurements
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Samples Min-U-Si1 5 (A)*
0GTs 100°C (2 hours)
ROGT: 30°C (overnight)

i. Sample weight: 2.0017 g

ADS**
(torr)  N(moles:M2x10%)
7-7 1.689
12.9 1.928
18.0 2.410
20.5 2,665

2. Sanple weight: 2,006 g

9.2 1.860
15.0 2,251
22,2 2.471
29.8 2,834

3. Sample weight: 2.0004 g

3.4 1.519
8.1 2,024
13.6 2.152
24,0 2.303
32.6 2.650

*A: Min-U-511 tatch dated June, 1971.
Bs Min-U-351il1 batch dated March, 1972,
**ADSs Adsorption
*#*RADS: Readsorption

RADS*H
Ns(moles'u'leos)

0.9626
1.127
1.112
1.367
1.708
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Samples Min-U-Sil 5 (A)
0GTs 200°C (2 hours)
ROGT: 30°C (overnight)

1. Sample weight: 2.0002 g

ADS RADS
s o2 §> s =246
P(toxr NZ(moles*'M” “x10 P(torr N7 (moles M “x10")
3.9 1.555 4,7 0.5386
10.4 1.816 10.9 0.6079
18.1 1.927 20.3 0.7673
26.5 2,222 26.7 1,014
37.4 2.400 32.7 1.182
2. Sample weight: 2,0038 g
0.6 1.316 L.9 0.2826
7.1 1.728 11.6 0.3834
16.6 2.105 17.9 0.6206
23.1 2.307 28.6 0.83588
32.6 2.659 37.4 1.116
3. Sample weight:s 2.0040 g
1.5 1.31% 5.7 0.5503
8.0 1.762 13.1 0.7392
14.8 2.145 22.5 0.8844
24,7 2.400 29.3 1.182
35.6 2.687
L4, Sample weight: 2.0041 g
0.9 1.381 4.5 0.7558
8.3 1.861 12.8 0.9990
15.9 2.156 20.7 1.165
24.3 2.455 27.2 1.327
33.8 2.972 35.7 1.534



Sample:

0GT: 400°C (2 hours)

Min-U-Sil 5 (A)
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ROGT: 30°C (overnight)
1., Sample weight: 2.0010 g
P(torr Ns(moles‘M'2x106)
1.5 1.746
6.6 1.925
14.8 2.111
23.4 2.246
35.5 2.319
2. Sample weight: 2.0000 g
1.4 1.789
7.7 2,044
14,2 2,281
22.9 2.412
31.6 2,584
3. Sample weight: 2,0020 g
0.7 1.718
9'3 20081
16.0 2.285
23.7 2,372
31.8 2.602
L, Sample weight: 2.0024 g
0.3 1.553
6.8 1.710
4.4 1.940
24,2 2.103
31'9 20283

RADS
P(torr) Ns(ggles-m-leoé)
5.7 0.4552
13.0 0.6234
21,2 0.7036
30.4 0.8174
41,5 0.9204
5.6 OQSM
13.0 0.6673
20.6 0.7762
36.2 1.092
5.2 0.2671
12,7 0..3699
19.7 0.5281
2.3 0.6222
36.2 1.172
3.6 0.4192
10.7 0.4984
18.5 0.6071
26.5 0.7358
#.2 0.8297
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Sample: Min-U-Sil 5 (A)
0GTs 100°C (2 hours)

ROGT: 100°C (2 hours)

1. Sample weight: 2.0049 &

ADS RADS
P(torr Ns(mg;gg-n‘leqf) P(toxr) Ns(moles-n‘2x106)
0.7 1.174 1.312
6.9 1.962 1.533
13.6 2.491 1.770
22.8 2,915 1.921
29‘4 30335 2-1?0
2. Sample weight: 2.0027
0.9 1.532 1.253
6.9 2,028 1.424
11.7 2.313 1.625
16.6 2.677 1.812
22.8 3.115 2.085
Sample: Min-U-Sil 5 (A)
0GT: 100°C (2 hours)
ROGT: 400°C (2 hours)
1. Sanmple weight: 2,0041
1.7 1.682 1,744
7.3 2.087 1.988
13.3 2,483 2.224
18.6 2.806 2.406
4.3 3.119 2.562



Sample: Iler treated Min-U-Sil (B)
0GT: 100°C (2 hours)
ROGT: 30°C (overmight)

1. Sample weight: 2.0035 g

ADS ‘ RADS
P(torr) Ns(moles-n'leoél P(torr ngmoles-n'leos)

2.2 1,604 5.5 0.4686

9.9 1.879 12.6 0.5962
18.4 2.129 21,9 0.7522
25.1 2.493 29.5 1,041
31.9 2,772 7.4 1.229

2. Sample weight: 2.0026 g

2.7 1.651 4,7 0.458%

9.7 1.981 - 12,2 0.5717
17.3 2.265 18.7 0.7498
25.9 2.597 27.1 0.8543
33.7 2,968 3.8 1.019
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Sample: Min-U-Sil 5 (B)
OGT: 400°C (2 hours)
ROGT: 400°C (2 hours)

1. Sample weight: 2.0002 g

AS RADS
P(*orr Ns(mo;gs-n'leoél P(torr Ns(moleS°M-2x106)
0.9 1.466 0.1 1.358
8.7 1.689 6.5 1.690
16.3 1.907 13.6 1.839
24,2 2,038 19.9 1.988
33.5 2,103 27.9 2,089

2. Sample weight: 2.0036 g

2.7 1.474 0.9 1.613
9.8 1.628 8.7 1.777
16.5 1,748 15.6 1.947
25.1 1.872 23.6 2.053
32.9 1.994 30.4 2.273
3. Sample weight: 2,0000 g
1.1 1.478 1.3 1.636
9.9 1,661 10.6 1.822
16,9 1.843 17.5 1.946
26.1 1.931 25.0 2.069
3.0 2,026 33.2 2.101
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Samples Min-U-Sil 5 (A)
0CT: 400°C (2 hours)
ROGT: 100°C (2 hours)

1. Sample weight: 2,0006 g

AZS RADS
P(torr ¥5(moles-M"2x10°) P(torr) N3(moles-M %x10%)
0.9 1.511 4,5 0.7325
7.9 2,154 11.5 0.8523
15.0 2,287 20.2 0.9741
22.8 2.4% 26,4 1.047
29.6 2.63% 32.8 1.191

Sampie: Min-U-Sil 5 (B)
ocr: 100°C (2 hours)

1. Sample weight: 2.0033 g

3¢5 1,245
10.9 1.530
18.9 1,856
26.7 2,137

2. Sample weight: 2,0059 g

1.1 1,072
5.6 1."’04
12,1 1.606
18,1 1.872

4.8 2,141



87

Sample: NASA #2 Sample: NASA #4
OGT: 100°C (2 hours) 0GTs 100°C (2 hours)
Weight: 2.0049 g Weight: 2.0080 g
s -2 .45 s -2_..5
P(torr) N°(moles:M “x10”) P(torr) N~ (moles.M “x10)
2.1 1.323 2.7 3.670
7.4 1.670 8.6 4.862
13.7 2.092 15.1 5.702
19.4 2,367 22.0 6.592
28.0 2.697 30.1 7.882
Sample: Empty sample bulbd
oGT: 100°C (2 hours)
P(torr N°(moles x loél P(torr) N°(moles x 106)
7.3 - 6.8 0.0072
15.4 0.02309 15.1 0.0045
22.4 0.5580 23.4 1,228
29.0 1.211 31.2 . 2.208
35.6 1.434 38.4 3.938
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ADSORPTION OF HYDROGEN CHLORIDE ON
MICROCRYSTALLINE SILICA

by
Yoonok Kang

{ ABSTRACT)

The National Aeronautics and Space Administration's Space Shuttle
employs a solid rocket propellant, Combustion of the solid propellant
produces hydrogen chloride as one of the major products. In this
thesis, the hydrogen chloride/silica system was investigated. Silica
was chosen as a model compound to represent ground debris transported
into the exhaust cloud as a result of convection. The silica adsorbent
was characterized by x-ray diffraction, infrared spectroscopy, and
surface area. '

Interaction of hydrogen chloride with silica (a-quartz) was
studied by various techniques including adsorption/readsorption iso-
therms, ESCA, and calorimetry. Adsorption of hydrogen chloride at
30°C was found to be dependent on the outgas temperatures and reversi-
bility was dependent on the reoutgas temperatures. ESCA analysis on
silica after exposure to HCl indicated the presence of chloride ion.
Angular probe studies showed that the chloride ion resides on the
surface of silica rather than in the btulk of the sampling region.
Calorimetric work was perfommed to measure heats of immersion of silica
outgassed at various temperatures in different concentration of hydro-

chloric acid. Heats of immersion were found to increase with increasing



outgas temperature and concentration of acid. Similar investigation

of the hydrogen chloride/silica system was then extended to ground
detris samples from the Kennedy Space Center., These samples were
characterized by SEM/EDAX. The amount of HCl adsorption per unit

area was more than three times greater than on pure silica., Apparently,
HCl has a greater affinity towards some component of the ground debris

other than silica.
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