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INTRODUCTION

The present work is a by-product of extensive
studies conducted at the INSTITUTE FOR RESEARCH for
specificity and steric factors for the detection of
ethylene glycol vapors without interferences from other
polysubstituted compounds. The preparation, stability
and perceptibie reaction characteristics of a multi-
tude of reagents is described in the text of the final
report for Exhibits A & B. The work described in this
final report (Exhibit C) gives a detailed discussion of
the physical and chemical properties of ethylene giycoi
and the silica gel adsgrbent. The mechanism, specifi-
“city, effect of flow rate, effect of gas composition, :
effgct of .dew point (hygroscopicity), storage life,
effect of temperature and methods of quantitation in
various environments is elucidated. '

The purpdse of this investigation was to establish
limits of detectability (sensitivity) and perform com-
prehensive laboratory studies on the mechanisms of

reaction of ethylene glycol.




THEORY

Experimental work perfcrmed in this iaboratory has shown
that aliphatic aldehydes as formaldehyde can be detected at
extremely low concentrations as well as be detected in a variety
of environments. Consistent with this fact is the report,
that in the gas phase, formaldehyde, unlike other low molecular
weight aliphatic aldehydes is moderately stable in the presence
of air or oxygen.

For a more thorough understanding of the detection of
formaldehyde, a comprehensive program was initiated to develop

me thods which could be used for the detection&rapid estimation.

OXIDIZING AGENT

Innumerable oxidizing agents were investigated on the
conversion of polyhydric alcohols as ethylene glycol to for-
maldehyde, however, the action of periodic acid and periodates
was found to open up a new field for the rapid specific conversion
of ethylene glycol to formaldehyde. The reaction of ethylene
glycol with periodic acid is given by the following equation:
(Ma]apraﬂe, Bull, Soc. Chem (4), 43, 683 (1918), 1511, 833 (1939)

“—.C:'—o“ FHIO, —— 4 4 NI0, + 3H.0
— ‘___ 5 b 4+ + .
0 E- on HCHO 3 L

The use of periodic acid itself is not a pre-requisite, ‘a
periodate in the presence of non-interfering acid {dilute
sulfuric acid) will have the same effect. The metaperiodates of
sodium and potassium, the dimesoperiodate of potassium also
introduces no complications..



Oxidizinﬁ;ﬁggﬁts - continued

With consideration of compounds containing‘carbon
hydrogen and oxygen, periodic acid oxidation are limited
to those which provide two hydroxyl radicals attached to two

adjacent carbons ( in the alpha portion) aldehydes as formal-
dehyde assumed to be hydrated as follows:

0] : OH

l
_.|Cl._. —_— -—-c,‘.-OH

The quantitative reaction is then represented by

T | TR .
H—C —C—H + HIO, ————+n-—-9 + ¥-C ¥ HIO,
o hooo

"It is thus possible stepwise to follow the reactions of
periodic acid, in ethylene glycol. The nature of the other
radicals attached to the carbon atom bearing hydroxyls is not
without influence on the speed of the reaction which makes
this reaction extremely valuable for the specific determination of
ethylene glycol. ' ‘



Physical Properties of Ethylene Glycol

Ethylene glycol is a colorless, practically.odorless

1iquid with a sweetish taste. It is relatively viscous

and nonvnlatile, and is completely miscible with water

and many organic liquids.

1.

K

Azeotropes - Table I for the most part is taken from
a compilation of data. It includes typical compounds
that have been investigated for possible azeotrope
formation with ethylene glycol. Water {is listed
first and then organic systems according to ascending
number of atoms in the -order C, H, Br, C1, I, N.‘and

0. A1l compounds with the same number of carbon

- atoms are placed together.

Flammability - Since flammability tests attempt to

- duplicate the conditions under which materials sus-

ceptible to combustion are stored, transported, and
handled, such values as flash point and fire point
are usually determined on the commercial product
rather than on the pure chemical. A.survey of the
available data indicates that ethylene glycol has a
flash point of 240°F. and a fire point of 250°F,

The variations in the results of several investigators
do not exceed the tolefaqce of 5°F. customary for .
these teits. The flash and fire points of”aﬁueous

solutions of ethylene glycol are shown in Table II,
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2,

Azeotropes of Ethylene Glyco)

Sy REt Hie sr

Natiie

Wity

Natromethane
‘Fetrnblocowthivirne
Avetamude

Bine2 ehlogoethyl: ether .
Glveod moninne etate

) Butunal

2 42 Mothoxyethoxy iethanol
Hron obenren
Chloribwizene
Natrobepzene

Benzene

Antlioe

Cyclohexane
Cyvelohexanol

1 Henuned

2 2-Fthosyethoxylethanol
o Natratolyene

Toluene

Benzyl sleohol

b renol
Methisteyelohesnine

w Heptane

u-Hepty) aleohol
Acotnphiecnone
bahiaRenrene

o Nviepe

Diethav] madee
Dibaty! ether

2 2 Butisyorhoxylethanol
Bis 2 o thoxsethyi) ether
Fabsd benzonte

S Phes ||oru;o'um’

Fhisors g

Nuphthalens

Menthid,

Deey] weahol

Pmsoamy ' enrhonaete
tphenyl

Diphensd ethoe

bobe vt onbor

Nending Pt of Hthylens ’
ABralipe, Gl yenl
N ot 700 mm % by Wi

L R .

noY ateof rope
1o aseotrojpe

w:r | e
o aseui rope
104 ’ 178

184 75 %
ho aseat rope
1" k1
150 2 : 128
130.08 s¢
88 9 m
no Rsentrope
mss ou

ne aseotrope
hu aseulrope

RO ASPHt rorpe
196 0 NS
183 88 4 8
110 0 L)
1983 1 »
198 2 LV )
100 ¥ 4

m 3 K]
174 1 K
jud 63 . 52
130 145
139.6 19
193 1 5%
140 0 m
198 2 )
178 0 N)
1 - 4
198 8 h
1L [
13 0 4]
INR BA s
a0 , 67
T XN . 40

W% 66S
92 3 6L s
12 K W



Other flammability data for ethylene glycol and
its aqueous solutions have been reported. Values
ranging from 780 to 975°F, for the "apparent ignition
temperature in air" of ethylene glycol have also been
determined. The results of experiments perfdrmed by
the Bureau of Standards on the spontaneous ignition
temperatures of ethylene glycol and its aqueous
solutions are summarized in Table II ,

Several researchers have investigated the flam-
mahle characteristics of aqueous ethylene glycol solu-
tions. They‘found that inhibited ethylene glycol
solutions containing as low a concentration of water
as 40 per cent by volume (freezing point - 62°F.) did
not burn when sprayed onto wood or gasoline fires.

In fact, such solutions acted as control and extin-
guishing agents. The National Bureau of Standards
has found that inhibited ethylene glycol-water -
;olutions were nonflammable when sbrafed on a hot

engine exhaust manifold.



TABLE I1 '

L e R SoTurTone
Ethylene | . : Spontaneous
Glycol Flash Point | Fire Point| Ignition
% by wt. °f.a °f.b Temperature, °F.
100 245 250 750 1170
95 260 “ 270
90 270 280
85 _
80 : 770 1200
75
70
65
60 J 790 1230
50
40 315 1270
20 840 1350

Freezing Point - The accurate determination of the
free;ing point o7 ethylene glycol is complicated by
the high viscosity of the liquid near the freezing
temperature. This condition tends to cause 'super-
cooling of the 1iquid, making equilibrium between
liquid and solid phase difficult to attain., The
most probable value for the freezing poiﬁt is -13°C.
(+8.6°F.) which is an average of the more reliable
values given in the Iiterature

Ethylene glycol and water form a eutectic mixtura

in the range 58 to 80 per cent gTyco1 by weight;



although the exact eutectic composition and tempera-
ture have not been accurately defined. Solutions

up to 58 per cent by weight form ice crystals on
cooling to the freezing point. A nonrigid "slush"
formatién results. Solutions in the 80 to 100 per
cent glycel range form ethylene glycol crystals upon
freezing. Such solutions have a pronounced tendency
to "supercool”" or remain 1iquid at temperatures
below their true freezing point (Figure 1.)

Ethylene glycol solutions in the 0 to 58 per
cent range in general expand continuously from their
freezing points to -54°F. There is some evidence that
the more dilute solutions go through a maximum volume
and then contract a 1ittle oﬁ cooling to -54°F. |
Solutions in the 80 to 100 per cent range confract
continuously on cooling below their freezing points.

Heat of Combustion - The most reliable value reported

is 285.0 kcal./mol at constant pressure, both at

20°C. These data are based on the oxidation of the
1iquid glycol to liquid water and gaseous carbon
dioxide.

Heat ‘of éolution - Heat‘is 1iberated when ethylene

glycol and Qater are mixed. The contraction of such

- mixtures has been studied and it has been concluded

that a hydrate having the composition C,H,(OH) ,¢2H 0

was formed and a heat of 0.60 calorie 1iberated.'



]

A maximum effect was obtained by mixing 37 parts

of glycol and 63 parts of water by weight, indicating
the formation of a hydrate of composition C H,(OH)»

6H ;0.

Hygroscopicity - Although ethylene glycol is known

to be very hygroscopic, very few quantitative data

are available. It has been shown that ethylene glycol
is about one and one-half times as hygroscopic as

glycerol at room temperature and 100 per cent relative

“humidity.

Equilibrium dew points for gases in contact with
aqueous solutions of ethylene glycol have been pub-
1ished by Dow. Their results are presented graphis
cally in Figure 2 . Table Il gives the hygroscopicity
of ethylene glycol at 75°F, :

TABLE 111
Hygroscopicity of Ethylene Glycol at 75°F,

[Relative Humidity |Per Cent Water(Equili-

% brium Values)
25 10.3
30 12.3
35 15.0
40 18.0
45 21

. 50 - 26.5
55 32.0
60 | - 39.0

-§5 ) : 47.0 .
70 - s7.0 !
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Table IVcontains relative humectant values for
ethylene glycol. This is a property closely related
to hygroscopicity in that it is the 1imiting concen-
tration of water that will be absorbed 1n contact
with air of a specified temperature and relative
humidity. It also may be described as the composi-
tion of an aqueous solution that will remain in equi-
l1ibrium with air of a given temperature and relative
humidity.

TABLE IV
Relative Humectant Values of Ethylene Glycol

Air

Tempg;ature 20 30 40 50 60 70 80 90

Relative Humidity, %

Ethylene Glycol, % by wt. in water

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

85.0 85.0 71.0 60.0 45.0

93.0 85.0 71.0 62.5 47.0 30.0

92.0 85.0 73.0 63.5 48.0 38.0 30.0 20.0
92.0 85.0 75.0 64.5 53.0 40.0 32.5 20.0
92.0 86.0 77.0 68.5 57.0 45.0 33.0 20.0
92.0 87.0 80.0 71.0 61.2 48.0 35.5 20.0

92.2 88.0 81.3 72.5 61.5 50,0 37.5 23.5
92.5 88.5 81.3 73.0 63.5 5H52.5 38.5 23.5
92.5 88.0 81.5 74,0 65.0 53.0 40.0 26.0
92.5 88.0 82.0 75.0 69.5 55.0 42.5 27.0
12,5 88.0 82.0 75.5 67.0 56.5 44.0 28.0
92.4 88.0 82.5 76.0 67.5 58,0 45,0 30.0
92.3 0

88.0 32.5 76.0 69.0 59.0 46.0 30,
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Refractive Index - The determination of refractive
index affords a rapid and precise method of establish-
ing the purity of ethylene glycol. Over the temperg-
ture range 15 to 35°C., the refractive index of the
pure material varies linearly at the rate of 0.00026
per °C., the index at 20°C. being 1.4316 for a light
of wavelength 5893 K, corrésponding to the sodium D
Tine. |

The refractive index of aqueous solutions of
ethylene glycol varies linearly with composition.
This same relationship also holds for the systems
ethylene glycol-diethylene glycoi and ethylené glycol-
propylene glycol.
Solubility - Ethylene glycol 1s completely miscible
with water and the lower apiphatic alcohols, alde-
hydes, and ketones, but is practically insoluble in
hydroéarﬂons and similar compounds. Solubility data
on a number of ternary systems containing ethylene
glycol, an aromatic hydrdcarbon or hydrocarbon'deri-l
vative, and ethanol or acetone as a mutual solvent
has been reported. O0f the compounds investigated,
nitrobenzene has been shown to require the least
amount of ethanol or acetone to effect complete
so]utibn;'then,’in order, benzene, chlorobenzene,
bromobenzene, toluene, and xylene. Ethanol was

found to be a more effective mutual solveit than
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acetone,

Ethylene glycol is a satisfactorynsolvent for
many substances. Solubilities of a number of common
organic and inorganic materials are given in Table V .
Specific Heat - A tabulation of specific heat data
reported by several investigators indicates that
this property varies linearly with temperature:

x=0.538 + 0,00113¢
where x is specific heat, cal/g./°cq. and t ‘is
temperature, °c. 3
For pure ethylene glycol the specific heat at

20°C. is 0.561 calories per gram per °C. This value

1s numerically equal t¢ the specific heat at 68°F.

expressed as Btu per pound per °F,
Surface Tension - Reliable surface tension measure-
ments on ethylene glycol have been reported and

experimental data has shown that over‘the temperature

.range of 30 to 160°C., the empirical equation may be

written as follows:

~ x=50.21 - 0.089t
where x s shrface tension, dynes/cm., and t is
temperature, °C. | | | |
Therma1.Conductiv1ty - For the pure coﬁpound, the

changg in therm51 conductivity with temperature is a

linear function which may be expressed. (Figure, 3):

x=7.25 X 107" - 1.8t X 10~7
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TABLE. V

Solubility of Various Organic Solvents in Ethylene Glycol

Compound Solubility,g./100g. of

Ethylene Glycol

Acetic acid ©
Acetone -
Benzene 6.0
Bis(2-chloroethyl) ether 11.8
Carbon disulfide : slightly soluble
Carbon tetrachloride 6.6
Chlorobenzene - 6.0
Chloroform sl1ightly soluble
Dibutyl phthalate 0.5
o-Dichlorobe nzene ' - 4,7
Diethanolamine »
Ethanol : »
Ethyl ether a 8.9
Furfural - ‘ ' | b
Glyccrol : | w
Hexyl ether 0.09
Methanol ' : ©

" Monoethanolamine ©
Pentanol ®
Phenol ®
Phenyl ether o S I
Pyridine | e
Toluene | | 3.1

Xylene slightly soluble
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Vapor Pressure - An examination of the values re-

ported for the boiling point of ethylene glycol at

760 mm reveals an appreciable variation. The rate

of thermal decomposition of ethylene glycol at

various temperatures has been reported and at 164.9°C,
the rate is sufficient to increase the vapor pressure
1.3 mm/min, | |

A value of 197.6°C. has been selected as the |
most probable boiling point at 760 mm. This is the
average of the more reliable determinations reported
in the literature.

In order to determine the most probable values
for the vipor pressure at various temperatures, all
of the data were plotted on large-scale vapor
pressure paper (log pressure vs. reciprocal of ab-
solute temperature). After discarding obviously

erroneous data, the best smooth curve was drawn

.through the remaining points so as to include a vapor

pressure of 760 mm at 197.6°C. (Figure 4.)

It has been shown by work at the Bureau of Stand-

ards that an equation of the type

b
lTog p=2a-¢c5%

(where p is vapor pressure, mm., t is temperature, °é..
and a, b, ¢ are constants) represents the relationship
between vapor pressure and temperature within the

1imits of experimental error over the range of 100 to
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1500 mm. It may be used over a much wider range
with small loss of precision. For ethylene glycol
this equation may be written:

1957
] +t

log p = 7.8808 -
The values in Table VI were calculated from this
expression,
The boiling points and vapor pressures of
aqueous solutions of ethylene glycol may be cal-

culated from the ideal-solution law:(Figure 5.)

P = xip1 + X2P2
where P = total pressure at a constant temperature
| . X3 = mol fraction of water
p, = vapor pressure of water
X, = mol fraction of ethylene glycol
p2 = vapor pressure of ethylene glycol

Boiling point values reported by the National Bureau

.0f Standards are given in Table VII. Vapor pressure.

data are presented in Table VIII,

Viscosity -.The'values in Table IX were derived from -
data published by the National Bureau of Standards
givinq the viscosity of pure ethylene glycol and its
aqueous solutions from -50 to 350°F. The experimental

points were not reported.



TABLE VI

Vapor Pressure Temperature

mm Hg : F.
100% Ethylene 0.025 50.0
Glycol 0.065 68.0
0.13, 0.23 86.0
0.28, 0.37 104.0
0.70 122.0
1.5, 2.07 140.0
.2.97 158.0
5.86 176.0
90% Ethylene 1.85 40.0
- Glycol 2.8 50.0
4.2 60.0
6.0 70.0
8.2 80.0
80% Ethylene 2.88 40.0
Glycol 4.2 50.0
6.5 60.0
9.0 70.0
12.7 80.0
70% Ethylene 3.3 40.0
Glycol 5.0 50.0

7.8 60.0 °

11.0 70.0 .
15.3 80.0
50% Ethylene 4.1 40.0
Glycol 7.0 50.0
9.8 60.0
14.0 70.0
19.0 0.0

oo



TABLE VII

Boiling Point of Aqueous Solutions of
Tthylene Glycol at One Atmosphere

Ethylene Glycol |
Boiling Point,
% by wt. | % by vol. ‘

0 0.0 212
10 9.1 . 214
20 18.4 216
25 23,2 217
30 28.0 218
35 32.8 219
40 37.8 221
45 42.8 - 223
50 47.8 228
55 52.9 227
60 58.0 . 230

70 68.4 238
80 78.9 262
85 84.1 262
90 89.4 279
95 94,7 309

100 100.0 388
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TABLE IX

Absolute Viscosity of Et#x{ene Glycol
U

and Its Aqueous 50
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TABLE X

20.

Physical Properties of Ethylene Glycol

Acid dissociation constant at 19°C.

Boiling point at 760 mm.

Coefficlent of expansion at 20°C.

Density (true) at 20°C.
Dielectric constant at 20°C.
and 150 meters

Dipole moment at 30°C.

Electrical conductivity at 25°C.

Entropy of formation at 25°C.
Fire point
Flash point

Free energy of formation at 25°C,

Freezing point

Heat of combustion at constant

pressure and 20°C.
Heat of formation at 20°C.
Heat of fusion

Heat of vaporization at 760 mm.

Molal entropy at 25°C.
Molecular refraction at 20°C.

Molecular refractivity at 20°C.

Molecular weight, 1951
Parachor

Ramsay and Shields constant
Refractive index, n, at 20°C,
Specific Gragity(apprrent)at
20/20°C.”
Specific heat at 20°C.

Surface energy at the.boiling
point (total)

- 14,49

Ky = 5.7 % 107 °
197.6°C.
0.00062/°C.

1.11336 g./ml.

38.66 esu I8

2.20 0.02 X 10 .esu

1.07 X 10" Spreciprocal
ohms (mhos)

39.9 kcal./mo1/°C.

260°F,

240°F,

-80.2 kcal./mol

-13°.

-283.3 kcal./mol
-108.1 kcal./mol
44,7 cal./g.
191 cal./g.
-105.4 kcal./°C.

24 .03

62.07 ‘

148.9 (152.2 cal- ﬁ
culated)

1.06

1.4316

1.1155
0.561 cal./g./°C.

74.52 ergs
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TABLE X (con't.)

Surface tension at 20°C. 48.4 dynes/cm.
Thermal conductivity at 20°C. 0.000690 cal.-
cm./sec./cm. 2/°C.
Vapor pressure at 20°C. 0.06 mm.
Verdet comstant at 25°C. and
5461 K 0.01456 min./
: gauss cm.

Viscosity (absolute) at 20°C. 20.93 cp.
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SUBSTRATE FOR SELECTIVE ADSORPTION

A wide variety of substrates were investigated
to observe the color and interaction between the organic
indicating reagent and oxidation product of the ethylene
glycol (formaldehyde).

Silica gel was found to be the most suitable
substrate. The granular silica gel found to be most suitable
was extremely pure silica (99.7%) with only trace amounts of
metailic impurities. The selectivity of a particular grade
of silica gel in the preferential adsorption of one com-
pound over anothe* depends upon the pore diameter mesh size
and percclation rate. Particle sizes ranging from 35 to
60 mesh were found to be suitable as a selective adsorbent
for the sulfuric acid. An excess amount of sulfuric acid
was used to insure complete surface coverage of the silica
gl surface as well as permeation into the pores.

Davison (Grace Chemical Co.) granular silica gels
(Grades 59 & 81) were used as the selective adsorbent.
These silica gels exhibited the highest adsorptive
capacity. ', B

Glass beads of different sizes was combinad with
the silica gel to reduce the "closest-close" packing
in the column thus permitting laminar flow through the
tube. Movement of the band was observed to be a function
of flow-rate. - | ‘

o

A
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Physical Properties of Silica Gel

Size and Shape - In appiications where adsorbents are
used under static equilibrium conditions, the size’
and sh;pe of particles is unimportant. However, in
dynamic operations, the kinetics of mass transfer

and considerations of pressure drop exert much more
influence. As a rule, the kinetics of a system
require small particle size for rapid transfer of an
adsorbate to the adsorbent. Optimization of this
factor cannot always be tolerated because of the
increased pressure drop resulting from small particles.
In any system, the pressure drop requirements must

be balanced against the adsérption e?ficiency of a
given size of particles. The shape of the particles
also influences mass transfer because of variations

in external particle surface per quantity of adsorb-

ent. Thus the irregular granular shape of silica gel

improves kinetics even when a large average particle
size is utilized to minimize pressure drop.

Density - Tharpart1c1e density'of an adsdrbent is

’IargeTy depenident on the volume of'pores within the

structure. As less pore vo1uﬁéris bu11t-1ntb an
adsorbent, the density Qil] increase. As pore volume
is increased, it becomes eaéier for adsorbates to
diffuse within a particle; but at the séme timé, the

skeleton of the particle becomes more delidbte;“‘



3. Strength - The physical strength of an adsorbent is

24,

partially a function of the internal pore structure.
In addition to the strength imparted by the basic
structure of the gel, most silica gels are "pre-
attrited" prior to packaging to knock off any cracked
corners which could produce dust, or fines, in normal
use. |

Silica Structure - The fact that silica gel {is an
amorphous rather than a crystalline form of silica

is also very important. Such & form will not con-

tribute to possible physiological effects.

Performance Characteristics of Silica Gel

The behavior of silica gel, in adsorbing a component or

components in a gaseous phase is dependent upon specific

physical factors. Some important parameters are presented

below:

k.

Dehydration

" When silica gel is used primarily for water and gas
adsorption, gas composition, pressure, temperature

and particle size are influential in its performance.

1. In considering gas composition the water content
s critical, since it will influence both the
amount of water which will be adserbed by the

‘gel and-the rate at which it will be adsorbed.-
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The maximum amount of water which can be adsorbed
is defined by a measurable equilibrium relation-
ship between the water in the gas phase and the
water adsorbed in the gel. This relationship at
atmospheric pressure is graphically {illustrated
in Figure 6. The directional effect of inlet
gas water content on the maximum_useful capacity
of the gel is shown by the following:

Assume two gas streams, each at the same

temperature, 80°F., and the same pressure.

Stream "A" has a water vapor partial pressure

of .20 in Hg., so the maximum water content of

gel in equilibrium would be 11.5% (from Figure

6 ). If stream "B" contains more water, say

a partial pressure of .40 in Hg., the maximum

wate} content of gel in equilibrium would be

21% (from Figure 6 ).
The rate at which the water is adsorbed will in-
fluence the time required for contact between the
gel and the gas for a given degree of déhydration.
The unsteady state conditions present in a desic-
cant bed under dynamic adsorption operation makes
accurate determination of the water transfer rate
beyond the scope of this presentation. However,
a qualitative understanding of this effect is

presented below. The rate at which silica gel
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will adsorb water vapqr from a gas in turbulent

flow as:

dw

— =< G" ap
de

when: w = water content of silica gel
G = mass velocity of the gas based on
specified area of. gel
Ap = difference between the vapor pressure
of water in the gas and in the gel
K +N = constants

From this expression 1t can be seen that the rate
of adsorption is a direct function of the vapor
pressure differential, so higher vapor pressures
of water in the gas will increase the initial rate
of adsorption. As the mass transfer zone develops
the effect of inlet water content of the gas is
masked by other factors. For practical purposes
it can be assumed that the length of this trins-
‘fer zone, or the contact time for a gas to reach
a given dryness, will increcse with inlet wat%r
contgnt. f
Polar molecules as ethylene glycol in the gas
stream also influen.e gelﬁerformance. Silica
gel will preferentially adsorb water so that
theoretically glycols will not be strongly ad-

sorbed until they pass beyond the zone of water
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adsorption. This distinction 1s not 100%

efficient, however, and some glycols and hydro-
carbons are actually adsorbed within the water
adsorption zone. As more water enters the zone
it will displace most of these adsorbed 1less
polar materials and they will move down the
column to bé adsorbed again. This displacement
slows down the rate of water adsorption and
increases the length of the water adsorption
zone. Some glycols and hydrocarbons, because

of their molecular size or type, will be more
strongly held by the silica gel and will not be
completely displaced.

Gas contaminants such as CO2 have adsorption
characteristics similar to hydrocarbons as
butane. During wat;r adsorption, most of the
cozupreviouSIy adsorbed will be displiaced, but
.some are concentratsd in the adsorbed water or
hydrocarbons. In this phase they have a minimum
effect on adsorption capacity.

Alcohols behave very much 1ike water in the silica
gel. They have no lasting effect, but compete

. with the water vapor for adsorption capacity.
Certain amines have a deleterious effect on the
‘capacity and 1ife of silica gel. They are readily

adsorbed, and during regeneration are decomposed.



A 28,
The ammonia resulting from the decomposition

attacks the internal structure of the gel parti-
cles. As the internal structure deteriorates,
the pores become larger, and the surface area

is . reduced. This attack, if carried to extremes,
will reduce adsorption capacity.

The operating temperature of a silica gel column
within the range usually encountered aboard the
spacecraft has little effect on {ts performance.
In general, lower temperatures result in greater
capacity, although the increase in equilibrium
capacity at any level of relative saturation is
increased only about 5% over the temperature
range 120°F, to 70°F. Above 120°F., capacity
decreases rapidly. ’

The total pressure of a system has very little
effec; on silica gel capacity for water, providing
ii is above 100 psi.. Below thiswpressure most
gases do not have sufficient heat capacity ﬁo
dissipate the heat of adsorption. The heat of
adsorption is the sum of the heat of condensation
for the water and the heat of wetting of the
silica surface (about 325 BTU per 1b. of water).
Velocity - In the design and operation of the

ethylene glycol detection system, the velocity
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must be carefully considered.

The length of a mass transfer zone varies with
gas velocity, because contact time is a direct
function of this factor. However, the length of
zone to velocity relationship is modified by
increased mass transfer rates across the solid-
gas interface at higher velocity. Thus, the
mass transfer zone length is not directly pro-
portional to velocity. This assumes, of course,
that the minimum velocity 1s high enough to be
above the laminar range flow, but below a level
which might cause movement of the silica gel.

At very low velocity the effeéts of channelling
or wall effects may cause very poor gas distri-
bution. |

Adsorption

The general'mechanism of adsorption is analogous to ion
exchange and miscible displacement of fluids.‘in terms
of the variation of effluent concentration with time.
Severalrmechanisms are occurring simultaneously -
diffusion and dispersion through the gas phase, c¢ondens-
ation on the surface and imbibition (internal diffusion)
of the liquid from the outer surfaces of the particle into
the interstices. The .fact that these occur simultaneously

~makes it difficult to pinpoint the exact role of any one
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mechanism or to quantitatively describe the process in

academic detail. It appears that gaseous diffusion and
dispersion within the particle play a minor role and may

be ignored. ‘

The effects of surface liquid "film" aﬁd internal diffusion
on the rate of adsorption is of interest. The predomin-
ance of either can influence optimum flow rates, geometry
of packed column and particle size for a dynamic system.

At the present time, however, not enough is known about
their relative influences to make much difference. Common-
1y used techniques which assume a "film" resistance to
calculate mass transfer rates do so more out of convenience
than as a matter of fact.

In spité of the exact mechanism, a given adsorbate will
continue to cbllect on an active surface as long as free
surface is available and there is a positive concentration
driving force from gas to liquid. Adsorption can continue
to occur after all available surfaée "sites" are covered.

A concentration driving force exists even though the
surface forces have been satisfied.

The concentration of a given adsorbate follows a sequential
pattern. The leading edge of an adsorption zone moves |
‘into a portion of the column that contains none of that
parvicular adsorbate. The degree of saturation at the

inlet increases until the first layer of gel 1s saturated.
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Once this has occurred a so-called adsorption or masc
transfer zone has been formed. This zone grows in length
but rapidly stabilizes and meves through the column with
no further effective change in length. As the leading‘
edge of this front reaches the exit of the column, "break-
through" of the particular adsorbate occurs and the con-
centration in the exit gas rapidly approaches that of

the inlet.

Chemical Properties

Silica gel is an extremely pure form of silicon dioxide
(99.7+% Sioz). It is manufactured under carefully con-
trolled conditions from squuricﬁacid and sodium silicate.
The fact that silica gel is the result of controlled
reaction between other manufactured chemicals frees it
from any deviation which might be introduced by naturally
occurring raw materials,

Silica (silicon dioxide) is an extremely inert material.
Only strong alkalies or hydrofluoric acid react with it
to any appreciable extent. It is insoluble 1in al]ycommoh
solvents. A typical analysis of silica gel is given as
follows (Tab]é XI): |



TABLE XI

Properties of Silica Gel

Silica as S10,
Iron as Fe;0;3
Aluminum as Al1,03
Titanium as Ti0,
Calcium as Ca
Sodium as Na,0
Zirconium as Zr,0
Pore Volume
Average Pore Diameter
Surface Area
Total Volatile at 1750°F
‘Specific Heat
True Density of
Silica (no porosity)
Particle Density
"Bulk Density
Thermal Conductivity
Reactivation Temperature
Range

99.84%

.01%

07%

.04%

01%

.02%

.01%

0.43 cc./gm.
227Angstroms
750-800 sq. meters/gm.
5.0 to 6.5%

0.22 BTU/1b./°F.

137 1bs./cu. ft.
75 1bs./cu, ft.
45 1bs./cu. ft.

1 BTU/sq.ft./hr./F./in.

250-600°F

32.
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REAGENTS FGR_FORMALDEHYDE DETECTION

Concentrated sulfuric acid containing formaldehyde
readily reacts with aromatic hydrocarbons, particularly, with
hydroxyl substituted benzene functional groups. These reactions
may be conducted at room temperature or on gentle warming.
Ordinarily, red, violet or green colorations or precipitation
occurs if formaldehyde is added to solutions as suspensions of
the organic compounds. The addition of concentrated sulfuric
acid greatly enhances the speed of reactions. The preclse
composition of the reaction product 1s not known:

The concentrated sulfuric acid which is both an oxidant
and dehydrant probably brings about first a condensation of
the aromatic compounds with formaldehyde, and then oxidizes the
resulting di-aryilmethylene compound to colored P-quinoidal
products For example, catechol may undergo the following reactions:

;(Ao_®+cuo-—>uo@—c3_ fHO’
oS 1,50, = Hod DB e (S0 2,04 50,

H

In accord with this explanation (LeRosen Anal. Chem. 24
(1952), 132%) which can apply to various derivatives of benzene,
the color reaction occurs with only those aromatic compounds which
possess a free para position as a para hydroxyl group in order that
an oxidation to colored p-quinoidal compounds can ensue through
the action of the concentrated sulfuric acid. Certain benzene
substituted compounds which are sterically hindered may not
react as readily to form colored quinoidal products. However,
certain ethers, such as a dimethyl ether derivativé of catechol
readily form & colored rmmplex w1thout any hlndrance of reaction
whatsoever
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PROPOSED GLYCOL DETECPION SYSTEM

The proposed glycol .detection system is
shown on the accompanying flow diagram. The ethylene
glycol vapor comes in contact with a strong oxidizing
agent as periodic acid and is oxidized to formaldehyde.
The formaldehyde vapor reacts with an organic reagent
such as a substituted catechol to form a colored
methylene substitution compound. This colored complex
is selectively adsorbed on a silica gel substrate
which has been treated with sulfuric acid. The color
‘reaction is enhanced and catalyzed by the polar acidic
character (hydrosuifate) of the silica gel and the rate
of reaction determined by the intensity of the color band
developed or possibly by frontal analysis (1.e, movement
of band as a function of time). The concentration of ethylene
glycol may therefore be quantitated rapidly and precisely.

(Figure 7)
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SPECIFICITY

The color reaction between formaldehyde and a dialkyl ether
of catechol was observed to be unaffected by the various reagents
listed below:

1) Aldehydes, C, to C5
2) Ketones - Methyl Ethyl Ketone & Methyl Isobutyl
Ketone _

3) ' Alcohols, C, to Cg

4) Ammonia

5) Benzene

6) Acrolein

7) Acids, C, to Cg

8) Chlorobenzene

9) Cyclohexanol

10) p-dioxane

11) Ethyl Acetate |
12) Mercaptans: Ethyl, Methyl and Propyl Mercaptan
13) Freon 1]

14) Hydrogen Chloride

15) Hydrogen Sulfide

16) Dichloromethane

17) Phenol B

18) Hydrocarbons, C’ to C,
19) Toluene '

20) : Propylene

21) Trichloroethylene
22) Xylene |

This technique has been thoroughly evaluated for all of
~the compounds listed and has .been found-to be specific for ”
ethylere glycol. No interferences have been observed experimentally.

Y
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Effect of Flow Rate

Table XJl shows the ef%ect of flow rate on ethylene
glycol reaction time at various temperatures. Flew
rates in the range of 20 to 85 standard cc per minute
-{cem) give sensibly constant values, whereas flow
rates of the order of 10 ccm generally require longer
times for the reaction to occur. A possible explanation
of the longer response time is the non-equilibrium
condition at this lower flow rate.‘ Figure 8 graph-
ically shows the effect of flow rate at the various
temperatures.' “

TABLE- XII

Effect of Flow Rate on Reaction Time
at Various Temperatures

Glycol Flow Rate - 80 ccm
Air-Water Flow Rate - 30 ccm

Tempgrature | ' Mixed Flow Rate

F. 16.1 cem 22.5 ccm 57.3 cem 85.1 com
100 7 8 8 8

95 14 14 15 13
90 18 20 16 16
85 22 22 21 21
80 29 26 26 27
75 35 30 32 33
70 45 -39 39 41
65 - 50 44 45 46
60 50 - 54 51 " 51
55 62 58 55 57
50 69 ' 64 - . 60 60
45 67 61 61 63

40" 69 67 67 - 60
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Ethylene Glycol-Water Dew Points

Table Xl gives the dew point of varying ratios: of
ethylene glycol-water mixtures in the temperature range
of 40 to 80°F. The concentration of sthylene glycol was
observed to be independent ofithe water vapor or humidity

content over the ranges of dew points investigated.

Effeét of Oxygen on Ethylene
Glycol Determination

An experiment was performed at ambient conditions of
temperature (75°F.) and a reduced pressure of 250 mm.
Pure oxygen was allowed to flow over water and glycol at
flow rutes of 30 and 80 ccm respectively. The combined
flow rate was adjusted to be 57.3 ccm and the glycol
concentration measured by means of the glycol defection
‘tube and polarographically. The response time of the
tube was observed to be 30 seconds and the concentration
calculatéd fo be exactly 1.0 ppm. This is in excellent
agreement with the results obtained using air and nitrogen.
Pure oxygen at reduced pressures, therefore, does not

alter the response to the glycol detection tubes.

Storage Life |
Thirty glycol detection tubes were sealed in po1y-
ethylene and their response times measured over a period
of 3 months. The response time was not observed to
deviate more than 10 per cent over this extended period.
The glycoleubes are therefore stable to peribds in

excess of 3 months..



TABLE XIII
Composition Water Bath
Temperature,°F. Dew Point,°F.
99% Ethylene 4G -23
G‘yCOI 50 "‘8
“ 60 -1
70 - 8 or -7

80 -1

90% Ethylene 40 12
Glycol 50 20

60 28

70 35

" 80 - &4
80% Ethylene 40 22
élycol 50 31

60 40

70 49

80 58

70% Ethylene 40 27
60 44

70 : 537

80 62
60% Ethylene 40 31
Glycol 50 40

60 49

70 58

80 67

50% Ethylene 40 35
* 60 54

70 64

80 73

38.
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Sensitivity

The sensitivity of the detector tube was established
b} taking an aliquot sample of the ethylene glycol and
affecting a priori oxidation to formaldehyde (see Fig. 9,
schematic of Glycol Apparatus). The oxidatfon of the
ethylene glycol proceeds according to the following
equation:

CHOH CHZ0H + HIO, = HCHO + HIO, + H,0

The formaldehyde.contenf thierefore gives a measure of the
ethylene glycol concentration. Figure 8 gives a plot
of the current as a function of response time (dark 1ine).
A plot is given on the same graﬁh of the current versus
the temperature of the glycol and water bath {dotted line).
The current is empirically related to the concentration

according to the following expression:

* P\ /1
1 = nFACD _;l‘-t-

= current, microamperes

= number electrons

= Faradays

area of electrode surface (cm?2)
= concentration (moles/11iter)

= diffusion coefficient (cm?/sec.)
= constant

= time, seconds

o a4 T O > M S =
"

A calibration curve of a‘pure formaldchyde standard is

given in Figure 10.



40.

Ethylene glycol was determined to concentration levels
as low as 0.) ppm. At ambient conditions of temperature
(75°F.), the ethylene glycol concentration was observed to
be 0.99 ppm at a glycol flow rate of 80 ccm, air-water
flow rate of 30 ccm, and a mixed flow rate (glycol-water
vapor) of 57.3 ccm. An average response time for the
reaction to occur on the substrate was of the order of
30 seconds. Excellent agreement was obtained on several
consecutive runs. A.typical polarogram is shown in

Figure 11,
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Future Work

Optimization of glycol detector tube

1) .

2)
3)
4)

5)

6)

Seal between reagent - study boundary
effect

Particle size of reagents and adsorbents
Geometry of tube

Frontal analysis of chromatographic

band

Rate of movement of band as function

of flow rate

Method of quantitatjon. e.g., use of
calibrated syringe to displace knoﬁn

amount of air at a specified rate

Fabrication of tubes - Prepare 25 tubes ‘

and air displacement apparatus for evalua-

tion in environméntal chambers
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" CONCLUSIONS

Ethylene glycol is readily oxilized by periodic
acid to formaldehyde. Formaldehyde may be specifically
determined without any interferences by its reaction with a
substituted catechol compound. The color development is
enhanced by an acid precursor which is adsorbed into a
specially purified grade of silica gel. Quantitation of
the amount of ethylene glycol is made by rapidity of
of color development as well as rate of movement of the
color band. The proposed system is specific for ethylene
glycol and the catechol dimethy! ether gives a well de-
fined lavender band which is extremely sensitive to
ethylene glycol.

Institute for Research
1714 Rice Boulevard
Houston, Texas 77005

August 1, 1969
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