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INTRODUCT ION

It has been found that if an aqueous solutiom of a silicate
be treated with the equivalent quantity of an scid, free silicisc acid
and a salt are formed. This silicis acid is in the colloidal state,
end not in the form of a simple dissolved substance. If this system be
allowed to stand undisturbed, the silicic acid present will exhibit its
insolubility, and a gel will form soomer or lsater unless the mixture is
very dilute. The speed of gelation depends upon several factors, among
which are, excess of acid or alkali present, temperature, agitation, the
kind of acid used, and many others, all of which contribute to the final
propertiss of the gel.

Considerable investigation has been carried out regarding siliec-
16 acid gels both with respect to their preparation and their properties,
It was found thet the gel upon drying exhibited the remarkable property
of holding certain substances on its surfece. This property had beem ob~
served in many other substances, uong which was a diatomaceocus earth or
Ki.oul.gtmr‘l) f@ in marine deposits in many loocalities and eonsisting
of siliceous skeletons of diatoms, the silica of which was derived from
the water in which the diatoms lived. This earth was used as a decoloriser,
and will absord several times its weight of water.

The peculiar property exhibited by the dried siliciec escid gel
of holding foreign substances on its surface, is kmown as adsorption, s
distinguished from sdsorption. Inasmuch as this property is important
from both the sclentifis and commercial stendpoints, much research has deen
done with the view of discovering, if possible, the best method of prepar-
ing a gel which will exhibit maximum adsorption.
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Adsorption appears to be largely a physical phenomenon and
is influenced in many ways. All silioic acid gels exhibit this property
to a greater or less degree, which property varies with the method of
preparation. In view of the fact that the variations in preparation of
gols are prastically infinite, sand that even after the gel has been ob-
tained oconditions of Arying have a tremendous effect om the adsorptive
capacity, it is not surprising that many contradioctory reports have deen
published regarding silica gel.

Holmes$3) in 1918, found that by varying the oconoentration of
hydrogen and hydroxyl ion, he could oontrol the speed of gelation. In
his researches he prepared a valuable table in which he gives the conocen-
tration of a number of acids, both organic and inorganic, which .whon
mixed with equal volumes of sodium silicate solution of a given ratio
of Nay0 - 810 will produce a gel which will set in any length of time
desired,

Grah.“)

produoced a hydrosol of silicie scid by mixing together
equal volumes of ten per oent solutions of sodium silicate and hydro-
chloris acid. He then purified the hydrosol by dialysis, using his femous
hoop dislyser. Though some work had been dome before his time on this
subject, no systematis research is evident, 80 the history of silica gel
should properly date from the experiments of Graham.

Gels have been prepered at a much earlier date than thoee pre-
pared by Grahsm, though their nature was but vaguely suspected. In 1773
Baume believed that he had obtained a soluble form of siliea by treating
silicium liquor with different acids. Berszelius, in 1830, prepared gels
in several different ways, among which he evaporated a mixture of Bi.lg
and nzo, which finally set to a gel. Ebelnan, in 1845, made a gel by

hydrolysis of ethyl ortho siliecate. In 1861, Becqueral produced a gelat-
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inous silica by electrolysis of potassium silicate. Plessy, in 1865,
produced a gel using a silicate and acetic aocid. Others, including
Monier (1866) and Meunier (1891), have prepared gels of silicie acid by
various methods,

Holmes and Andor.m“) have prepared a silica gel by precipitat-
ing silica and oxides of irom together and them dissolving the iron out
of the gel by acids. They claim that this gives a very active gel due to
the effect aof the iron oxides on pore forastiom.

Patriek and MoGavack Jr.(S) after a series of experiments with
802 and silioca gel, decided that the ease with which a gas condenses, pro-
motes adsorption. At that time they held the theory that moisture content
of the gel doto:;uimd its aotivity as an adsorbent,

Beat of wetting was studied by Patrick and Grimm,(?) by twmersing
the gel in different liquids. They account for the heat liberated by a
decrease in surfece energy dus to diminution of interfacial tension de-
tween the structural water of the gel and the liguid employed for immer-
sion. :

Patrick and Davidheiser'®) investigated the sdsorptien of Mg
by siliea gel with the purpose in view of studying the nature of the small
amounts of water left in the gel after activation. They coneluded that
the water content had but little effect, as they produced a gel contain-
ing a8 low as 0.33% H,0 which was but slightly less active than those
eontaining consideradbly larger amounts,

Holmes, Kaufmenn, and Nicholas'®) studied the vibrations in
gel columns, and found that vibration frequency varies directly as the
oconoentration of silicic acid, increasing with mineral acids and decreas-
ing with organic acids,



Several authors have succeeded in obtaining orystals from both
the hydrosol and hydrogel of silisic acid. This was acoomplished at higher
temperatures howsver, and after prolonged heating. Though these orystals
have been formed at high temperatures, they would undoubtedly form at
ordinary temperatures, though very slowly. It is belisved that vein quarts
"was formed by a gradual prooess of dehydration, as a convincing part of
this proocess can be reproduced in the ladboratory. Many gems are prodbadbly
formed in the same manner, Silicic acid in a more or less hydrated fora
osours in nature as opal, chalcedon, agate, hydrophane, etc., and in the
vegetable kingdom as tabashir., Hydrophane and tabashir closely resesble
artifiocial gels, being more or less transparent, according to water coamtent.
Liesegang has shown that agate has probably been produced from a gel of
siliocic aocid into which layers of iron and other salts have penetrated.

To the geologist a working method of duplicating many such proocesses of
nature, is of great value.

Under ordinary conditions the silicic acids are of the weakest
of inorganis acids. Orthosilicio acid readily becomes converted into its
anhydride and water, this being readily facilitated by heating. Much in-
vestigation heas boon' carried out to determine the exact composition of the
hydrated silics. Grahan'l®) found that by careful drying of the purified
hydrosol of silieclc acid in vaocuwo, and further drying over concentrated
H,80,, the resulting product had a composition corresponding to the formula
810,.H,0. This was later verified by C. Roberts(1}) in 1868, Varicus
hydrates have been obtained in different mamners, corresponding to the
formulas 2810p.8Hz0, 38102.2H0, 35i05.H0, and 48405.H,0. Carnelley and
Walker(12) found that in dehydrating a sample of carefully prepared silisic
acid gel, there was such a slight change in the rate at which water was
given off, that the belief in the existence of any definite hydrate was






not justified. They further ooncluded that silice is a polymeride with
the formula (8103)a. The value of n was found by Sabeneeff(13) to lay
between 800 and 1000, which would give the molecular weight of this oom-
pound an extremely large value. This is meaningless because of the hetero-
genity of the colloid system, which systems do not follow the laws of os-
motio pressure,

u.nor(u) believes that the hydrates of silicisc acid ars but
arbitrarily selected states in a eontinucus series bdetween the hydrosol
and the dehydrated silice, and are represented by points on a contimuwous
drying curve,

In his study of colloidal metallic oxides, Si0, received special
attention from Van Bemmelen(16), His investigations of the physical pro-
perties of silica gel included the equilibrium conditicms existing between
the weight of water held per gram of 8i0; and the vapor pressure, He ested-
l1ished a hydration-dehydration curve fram which he concluded that the hydro-
gel of silicic acid is of an unstadble composition of the general composi-
tion 810,.nH30, the value of n depending on the previous history of the gel.

The structure of silicic acid gels has been the objeot of con-
sideradle investigation for many years. Frankenheim in 1835 believed
Jellies to be aggregates of small erystals with pores betwsen thea. K. Von
Negelli in 1879 edopted a similar view that gels were composed of molecular
complexes or miocellee, with orystalline properties, separated by skins of
Hy,0 and foraing interstices in which H,0 was contained by molecular attrac-
tion. rroundlich(“) agrees olosely with this view, considering gels to
be the same as c-oll, in which solid particles are so abundantly present,
that the dispersion medium, the liquid, is reduced to very thin filas,
which, like a foam, separate the closely packed particles. Van Bemmelen
believes that the ocolloidal particles of silicic aocid arrange themselves
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with the water molecules to fora a ocell-like structure of definite comsti-
tution, and that these cells hung together at certain points to form a net-
work. Butschli held s similar view to Van Bemmelen, but in 1911 this
theory was disproved by Zsigaondy who examined with the ultrsmicroscope

a dry gel which had been treated with densol vapors. As the bensol evapor-
ated, the Tyndall cone{17) appeared, and faintly discernible submiorons,
which grew in brightness, were seen. These submiorons beocame so bright
that they illuminated their neighboring particles. This light was linear
polarised, Bachmann, in 1917, found by his vapor pressure isotheras, that
the pores of silicic acid gels have radii between 2,6 and § millimicroms,
which is about 500 times smaller than Butsochli's honeycombs. These experi-
ments oxplain Van Bemmelen's hysteresis oyole. Zsigmondy and Bachmann
favor a £ibrillar structure. McBain (1920) holds a view similar to Freund-
neh(“) and Pntriok(7) » that identieal colloidal particles are present in
the sol and gel state, which differ omly in mechanical rigidity and elas-
tioity. Braafora(18) summarises the different hypothesis concerning gel
structure held by various investigators, and classifies the different systems
under which gels fall,

_ The tendency exhibited by all solids to condense upon their sur-
faces a layer of any gas or liquid with which they may be in contact is
termed adsorption. The amount of adsorption is conditioned primarily by
the extent of surface cxpolod(“). S8ince most charcoals exhibit great
surface due to porosity, comnsiderable work has been done with this sub-
stance., In certain technical processes silica gel campetes with activated
charcoal, 80 at the present time there is a distinct difference of epinion
as to the relative merits of each as an adsorbent.

_ Patrick was smong the first to investigate the adsorption of
gases by silice 501(6)(8) o Daniels and lwollu(zo) propose to adsord
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nitrie oxide with silica gel in the arc process for the fixetion of nitro-
gen. The Royal Dutch Shell Company of San Franoisco, California, has suo-
cessfully empleyed activated silica gel to remove sulphur compounds from

oil and to recover gasoline nporl(zl). Gasoline purified by silica gel

was found to be much superior to that prepared in the ordinary umor(zz) »
when used as a motor fuel. Ray(23) found that ordinary silioa gel only
takes up 23% of its weight of bensene. Holmes(24) states thet he pro-
duoed a very active gel by treating sodiuam silicate with nieckel chloride.
This gel, he reports, will adsord 100X of its weight of bensens. Bri;g-(zs)
prepared a g.i by a special process which at -190° C had an adsorptien
oapacity €KX grester for nitrogen then the best charcoal known. 8ilicie
00id gels have been used as e vehicle for metal catalysts. Reyerson and
Thamas'2%) prepared o gel by the Patriok method and sfter drying evacuated
it at 250° C for two hours. It was them treated with pure hydrogean. After
adsorption equilibrium had been reached, solutions of salts of the metals
to be deposited were added. Gold, silver, platinum, palladium, nickel,

and copper salts were used. Of these, palladium and nickel showed remarke
able activity as a catalyst in the hydrogen-ethylene reastiom.

The preceding brief review of the literature is not intended to
oover the entire field., The papers considered were included for the reason
that they appeared to have a direct bdearing en the property of adsorptiom.
In view of the faot that there are s0 many veriations in the preparatioan
of silioca gel which affect this property, a method embracing the most
desiradble festures of the many known methods should result in a superior
gel.

The indication of the further possibilities of specially pre-
pared siliee gels led the writer to the oomsideration of the effects of

ferrisc oxide on the adsorptive properties of silica gel. A gel which
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will hereinafter be desoridbed was prepared and its adsorptive properties
studied with an organic and an inorganic gas. Because of the fact that
three chief factors influence the adsorptive activity of a gel, these
three factors will be considered separstely as follows:

1. Method of preparation;

2. Method of purification, or removal of by-produsts;

Se Method of drying and activatiom; and, finally, test of,

4. Adsorptive capacity of the gels with carbon tetrachloride

and sammonia gases,



1. PREPARATION (F GREL.

A series of silica gels was first prepared containing verying
oconoentrations of sodium silicate and hydroshloric acid. This acid weas
chosen because of the esse with which alkalime chlorides diffuse from
gels. This was sccomplished by varying the specifio gravity of the sodium
silicate solution while keeping the quantity of ecid used fixed. The
seriees of geles was made with the view of shoosing for the following
experimental work a gel which conformed more mearly from the physiocal
standpoint to the best gels described in the literature. A commercial
water glass was used having a specific gravity of 1.,3960 and with a

¥a,0 - 810, ratio of 1 to 4.2. In the following analysis methyl orange

2
was used as an indicator.

TABLE 1
Composition of Water Glass
Sodium oxide (NagO)eececcccocceccacccseeTsT2X
8ilice (8102)eccrcscercccccesscescncsseS2e42%
MOiBtUr@ccccccccceccccccccccccccccceceeb 868

Specifio grQVity.........u...f...-....o1.896

The method of preparation of these gels was similar to that
used by 8.1%.-521) precautions being taken to be uniform in procedure,
The gel finally selected was made from the following mixture:

Water glass solution (spe gre lel)ececceco..4 parte

BC1 (.po [ 2 10057)0.0000--..0-..0.ooo.oooool part
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This mixture set to a clear gel in 6 hours, from which syneresis was com-
plete in 6 days,

A method was now developed for impregnating the gel with col-
loidal ferris oxide. Several methods were tried which were more or less
successful, but as the final gel was unsatisfactory, these were rejected
one by one., Ferric chloride solution was added directly to the water
glass, but due to the hydrogen ion fram hydrolysis the mixture set immed-
iately into a coarse streaky gel, Very dilute ferric ohloride was added
with no better result. The pure silice gel, undried, was izsersed in a
solution of ferris ehloride for several days, and then boiled to facili-
tate hydrolysis. The gel was broken into smaller pieces which were so
brittle that they easily orumbled. This was repeated with the solid gel,
using a concentrated solutiom of ferric ochloride. The immersion was
carried on for several days. By the eolor of the cross section of the
gel, it was seen that the ferric chloride solution had penetrated the gel
in a unifora mammer. The gel was then removed from the solutien and partly
dried without washing. The gel was then soaked in distilled water, end
after 24 hours the ferric ochloride was found to have completely diffused
out. This was repeated, allowing the gel to dry spontanecusly for several
days in an attempt to duplicate the method of Brtgglszs) The finsl gel
became so brittle that it could not be handled reedily without crumbling,
while a white chalky crust formed on the outside.

A ferric oxide hydrosol was then prepared by hydrolysis of the
chloride in boiling water, This was cooled and then used to dilute the
water glass. A olesr, transparent mixture resulted. The hydrochlorie
acid was then added with repid stirring, snd after a short time a olear,
reddish brown gel formed, This was allowed to dry for three days and then
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pleced in distilled water, After soaking two weeks in running water,
the gel was found to have changed color but slightly, so this method of
prepsration was decided upon.

A series of gels was prepared, each member of which shall be
designated as Co, C3, C2, Cg, otc., snd each oontaining a small varisble
quantity of iron with the exoeption of C, which contains no irom exocept
a treoe which was found present in the water glass. It was found that
by diluting eme part by volume of water glass with three parts by
volume of distilled water, a mixture would be obtained whiech had the
required specific gravity, namely, 1.10. The gels were obtained from
the following mixtures:-

(Co) Wator glasBececceccccccescccsccocccossesel2b 00,

Distilled waterececccccccccccccscoceceses376 60,

HCLl (8pe Gre 14067)cccccecosccccccccsesesl00 000
(1) ‘fhh gel was made in the following manner:-

376 oo of distilled water was drought to boiling., Then 0.26 co
of & highly oonocentrated solution of ferric chloride was added drop by
drop. A pure red hydrosol was obtained. This was cooled to room temper-
ature and then added to 126 co of the original water glass with oonstant
stirring, This mixture was then placed in an evaporating dish and 100 cec
of the dilute hydrochlorie acid added with vigorous stirring across the
dish. After a short time, a reddish brown gel formed,

The rest of the series was made exactly as described for (C;)
with the exoeption that different quantities of the conecentrated ferrie
chloride solution was added to the different gels. Due to the formation
of HCl during hydrolysis of the ferric chloride, each gel oonteined s

larger quantity of this seid than the one before it in the series. This
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had a notioceable effect on the speed of gelation, which varied from 6
hours in the ocsse of (C,) to 20 seconds in the cese of (C;;) The follow-
ing table will prove useful in oomparing the quantity of ferris chloride
solution added to speed of gelatiom.

TABLE 2
Volume of FeCly “Time of

Gel solution added Gelation

Co None 6 hours

¢ 0.16 oo § hours

s 0.26 " 12 minutes

C3 0.60 * 6 minutes

Cq 0.75 * 3 minutes

s 1.00 * 1 min, 50 sec.

Ce 1.26 ° 1 min, 26 sec,

Cq 1.60 " 1 min, 10 sec.

Cg 1.76 ° 1 minute

Co 2,00 * 45 seconds

10 3.00 * 30 seconds

¢ 4.00 * 20 seconds

The sbove observations were made from the time of starting
the addition of the acid to the first appearsnce of gelation. The eaocid
was sdded as rapidly as possible, sbout ten seconds bdeing teken for the
addition. A stop watch was used in all cases except (co) and (cl) which
are but epproximations, After the first sppearance of gelation, it pro-
oseded very rapidly, but a few seconds elapsing until the mixture had
campletely set to a gel. Bee figure I,
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2, PORIFICATION OF GELS.

The gels were allowed to set in the open air at room temper-
sture for four days, during which time synereses was evident. At this
time the gels showed an average moisture content between 45X and 56X,

They were then broken into small cubes approximately one inch on each
edge. These were each placed in a two liter bdeaker and covered with dis-
tilled water. The water was changed six times each day for two weeks,

et the end of which time all evidence of chleride ion had vanished accord-
ing to tests made with silver nitrate. The above method of washing was
found to be more efficient than runptng water. The latter method was
tried on several gels previous to this time, using a constant level siphon
snd drewing the liquid from the bottom of the container below the gel., 4
much longer period was found necessary for washing the gel free of chler-
ides than in the case of decantation, in which case ten days was suf-
ficient, though feur days longer was taken as an added precaution.
Jord1s(28) found, by soaking a gel of silicic acid in cold water, that
the sodium salt of the 20id used and the excess of acid diffused out of
the gel until neither was present according to tests. If the gel is
further washed in water at a temperature of 100° C, the ooﬂm salt,

from evaporation determinetions, does not diminish. This led him to
believe that a definite silicate was forming with the sodium and dis-

solving in the water.

3¢ METHOD OF DRYING AND ACTIVATION (F THE GELS.

After the gels had been washed for two weeks by the method of
decantation, they were ready for drying. At this stage the gels had be-
come somewhat lighter in color than originally and were found to have

swelled oonsideradly. The moisture content averaged 80KX. Cere was exer~
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cised in handling these gels as they were more fragile, due probably to
the large moisture content. Precautions were takem to prevent the larger
lumpe from breaking domn. These gels were then ready for the first stege
of drying. As the purpose of the experimental work was to produce an
active gel, and as the value of silica gel as an sdsorbent is due to its
enormous specific surface, all precautions are necessary to prevent in-
Juring the delicste cullular structure of the gel, which injury would
diminish the surface. Any decrease in surface would affect the gel as

an adsorbent.

These gels were now placed in a drying dox duilt for this pur-
pose, which was 3 feet long, 18 inches wide, eand 12 inches deep. The
bottom was removed and a double thickness of cheese oloth stretched tight-
ly across the opening. A cheese cloth was also stretched across the top
of the box to keep out the greater part of the dust. Though the gels were
never exposed to a temperature higher than 36° C, they dried very rapidly.
As they dried, they decreased in sise and consequently beceme deeper in
oolor., At the end of three days, they had decressed in volume about 30X
and at the end of 5 days about 75X. The gel which oontained no iron
(Co) behaved a 1ittle differently. During washing it increased but little
in sisze, 814 not beomme fragile, and finally dried much more slowly, about
seven days being necessary to dry this gel. The final product was a olear,
hard gel which had a glassy fracture. It would easily soratch glass. The
gels containing the iron dried down to hard,brittle gels, whose color
varied from light amber to deep, reddish brown and whose moisture ocomn~
tent varied from 13X to 18X, These gels were then ready for sotivation.

By activation is meant the freeing of the surface of the ad-
sorbent of all materials not sctually part of its structure. Many ine
vestigators consider water as part of the structure of silica gel.
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Proundnoh( 16)

believes that sols and gele are very similar, the difference
being in the quantity of dispersion medium present. In the case of silica
gel, the so0lid particles are separated by an adsorded film of water,
Frankenheim, Von Nageli, Bachmann, Zsigmondsy, MoBain, and many others
favor this view, z-i.pandy(zg) by ultremioroscopic inspection found that
the lower the oconcentration of sodium silicate used in the gel prepare-
tion, the smaller were the part:lolu. Po.tr!.ok(s) found during his exper-
iments with silica gel and sulphur dioxide that there was a lower limit

of moisture content beyond which decrease in activity oocurred. Ru‘bhsw)
working with a Patrick gel, found a decrease in activity of those gels
which were activated sbove 260° C. For the above ressons it was decided
to limit the final temperature of sctivation to 260° C.

The apparstus used for this work is shown in figure 2. The gel
to be activated was placed in a large U tube o, which was in turn placed
in an old rape seed oil bath d. The fresh rape seed oil was previcusly
heated for 24 hours near its bolling point to drive off impurities. Dur-
ing this prooess it became dark brown and viscous. Upon cooling and re-
heating, it increased in temperature uniformly with no apparent vaporise-
tion. Rubber stoppers were fitted into the U tube and through these air
was admitted by moans of a hard glass lead-in tube. This was insulated
with asbestos. The “I" was equipped with a thermameter well e. The glass
lead-in tube and "T" were sealed together by tightly winding asbestos cord
aoross the junction. A sealing campound of glyocerine and litharge was
poured over this cord, and then heated with a smoky fleme. A partial
reduction of the litharge by the glyocerine occurred, and a hard, gray-
colored seal was obtained., This ocould be easily broken by pouring hot

water over the seal. The glass "I was connected to an iron tube £
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which was filled with shingle nails which acted as an air baffle. This
tube was heated by gas., Connected to this tube om the opposite end was a
U tube g filled with dehydrated CaCly, and to this was oonnected a bubbling
column filled with concentrated C.P. H3804. Air was drawm through the
systea by a sustion pump comnected to a safety trap b by tube a. This trap
was placed in the system as a precaution against dack pressure should any-
thing go wrong with the suction pmmp. After the gel to be activated was
placed in U tube o, the temperature was bronghtuptoas"chyum of
& burner pleced under d. Air was drewn through the system simultanecusly
at the same temperature as the 0il bath. The temperature was kept between
80° C and 90° C for six hours. During this time water vapor was seea to
oondense in b. The temperature was then raised to 260° C and kept at this
point for two hours. The stop coocks were then closed, thus isolating the
U tube and contents, then the system was allowed to cool. After cooling,
the gel was placed in an erlenmeyer flask which was then sealed with
ocollodion. Eeach gel was activmd in the mamner just described. The
volume of air per minute drawn through by suction was kept oconstant by
"oounting the bubbles per mimute which passed through the sto4 column h.

After activation, the gels were found to have changed their
appesrance from a shiny, reddish brom to a dull, red purple.

The moisture and iron content of each gel was now determined.
Each gel was pulveriszed by use of an agate mortar until it passed through
8 40 mesh sieve, One grem samples were used for moisture determinations.
These were placed in a platinum orucible and heated for exactly two minutes
one inch above a meker flame. This length of time was found to be suffi-
cient to remove all molsture. The gels were found to change fram a purple-
brown color to pure white during heating. Upom cooling a faint greenish
tinge was evident in the gel.
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The iron ocontent of each gel was determined by the method of
Zimmermann and Reinhardt, with the exoception that the silica was first
removed as SiF, by means of hydrofluorie scid. Teble 3 shows the mois-
ture content, and iron content as Fe,04.

TABLE 3.

&m? per  Grams Fe 0y per

Gel Gram of Gel Gream of Vel
Co 0421 | Trace
1 <0647 0025
Cz 0763 <0049
Cs 0717 0069
Ce «0662 «0071
Cs 0642 -0087
Cs «0489 <0097
Cy <0631 0106
Ce .0666 0118
Co .0660 .0128
C10 0721 0173
11 .0864 0228

The sbnormally high moisture content of C;; msy be accounted
for by the water of hydration held by the Fep0s which is additive with
the water of structure of the gel. This is undoubtedly the case with
each gol with the exception of Cg which has the lowest moisture content
of the series.



4. ADSORPTION WITH CARBON TETRACHLORIDE.

Adsorption has been defined as a loose fixation of a substance
ot an interfece.(3®)  This may be positive or negative, though the latter
is usually so small as to bo ummeasurable., Adsorption is the result of a
differential existing between the rate of condensation and evaporation at
an interface$3))  This is dus emtirely to intensity of surface forces.
Asoording to Langmuir, there are two distinct classes of adsorption, name-

ly, chemicel and physical'3!) By chemical adsorption is meant the type
exhibited by active adsorbents suech as metals, and by physiocal that showm
by inert adsorbents such as mica, silica, and charccel. He further dif-
ferentiates between the two types of adsorption as primary and secondary,
primery adsorption being dus to primary valenoe foroes while secondary
adsorption is due to secondary valenoce foroces. It follows that the latter
is the weaker of the two faroes oonsidered. Benton(32) glassifies these
two types according to temperature and pressure effects, showing that
secondary adsorption deoreases rapidly and contimuously with increasing
temperature, but ;norouu gradually with increasing pressure. Primary
adsorption, on the other hand, first inoreases and then decreases with
inoreasing temperature, but increases very rapidly with inoreasing pressure,

Rq(zs) concludes from his researches that an adsorbent has a
greater adsorptive capacity for those compounds which fall in the same
class with respect to their origin, i.e., organic or inorganiec, and will
preferentially adsoard those compounds, afterwards exhibiting great reten-
tivity when heated and evacuated,

The adsorptive capacities of this series of gels was determined
dynaaiocally, Dry air saturated with CCl, was passed over a weighed sample

of the gel until no further increase in weight was obserwved.
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The adsorption train used for this purpose is shown in figure
3¢ Air was pumped into chamber _livhioh was kept at room temperature.
This chamber provided a means for trapping any oil which might pass over
from the blower, and likewise to csomnect the system to a safety column
o through tube d. This safety coluan consisted simply of a tube dipping
into a mercury colwan. The coim could be raised or lowered at will,
thus incressing or decreasing the height of the column of mercwry. In
this aanner any deslired pressure oould be obtained, the excess of whioh
would be relieved through the safety coluan. The air passed thrﬁu;h e
into a bubdbling coluan f which was filled sbout two-thirds full of con-
oentrated C.P. H,S0,. This coluan served both as an air dryer and a means
for cheoking the manner in which the pump was funotioning. Any leak in
the system beyond this point ocould be detected by the rate at which the
air bubbled through the column. From the column f the air pessed to a
large U tube which was filled with dehydrated CaCl,. This served as an
additional dryer and likewise as a spray trap from £, In series with
this U tube was a smaller U tube h filled with glass wool which screened
out any dust particles which might be carried from g. A three way stop-
cock i was placed in the system at this point for safety purposes should
the blower fall to function properly. A mercury barameter ] was used to
measure the pressure in the system before the air passed through the ocapil-
lery 1 of the flommeter k. PFrom the flowmeter the air passed to three
flasks m filled with CCl,. These also oontained glass wool which served
as a baffle for the air., A fourth flask n was filled with glass wool to
oatch any spray which might pass fraa the CCl,. These flasks were plaoced
in a large rectangular glass battery jar o which was in turn placed in a
heavy cardboard ocontainer p. Sawdust was tightly packed around the glass
Jar to insulate it from the roam. Ioe was packed around the saturation
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train in the glass jar, and the tralin covered. The air passed from the
saturation train into a U tube r which contained a known weight of activat-
ed gel, The U tube was placed in a omstant temperature Weber electric
furnece s and the teaperature regulated to 35° C. Tube ¢ contained HpS0,
through which the air was discharged, This acted both as a sesl and a
means for detecting sny leak in the system betweem stop-cock i and tube
t. The adsorption was carried on as follows:

Each gel was ground in an agate mortar until it passed through
a forty mesh sieve., It was found in each case that 23X to 265X of the
total gel would not pass through a sixty mesh sieve, 10X to 12X would
not pass through an eighty mesh sisve, 20X to 25X would not pass through
a one hundred mesh sieve., The remainder passed a one hundred mesh sisve,

A sample of the gel was placed in U tube r which had previcus-
ly been weighed. The tube and gel was reweighed and then placed in the
furnace and oonneoted in series with the train. The gel was allowed
to stay in the furnace for 30 minutes to arrive at the same temperature
as the furnace. The stop-cock q was now opened to the air and the blower
started. The pressure was sdjusted until a differemtial of 54 oentimeters
was obtained across the flowmeter. Safety coluan ¢ was then adjusted
until air just started to bubble through the coluan., The pressure was
then readjusted until a differential of & centineters was observed across
the flowmeter. The stop-cocks of U tube r were then opened, and finally
stop-cock q was closed to the air and opened to the system. At intervals
of 15 minutes the gel was reweighed until a constant weight was obtained
over ome-half hour. At the above pressure differential 100 co. of gas
per minute passed through the gel.

The sdsorption capacity of the different gels toward NH3 was
now tested. The gas was passed direotly through the fliowmeter into the






weighed gel whisch had previously reached the temperature of the furnace.
A pressure differential of 6 om. was used as defore. Table 4 shows the

results of the adsorption tests.

TABLE 4
~ Grems b‘dﬁ ads,. Tfm—ﬁ?dc. W
Gel per grem of gel per graa of gel grams CCl,
Co <0454 0387 0875
Cy 0299 0266 0946
C2 .02086 <0204 0969
Cs 0297 <0300 1014
Ce 03768 +0369 1038
Cs <0488 <0440 L1020
Cs <0509 0388 -0998
C7 -0468 0330 <0999
Cs +0402 0306 0968
C9 <0381 0280 1081
C10 0279 .0252 +1000
C11 .0238 .0216 21102

The curves shown in figure 4 furnish a means for oomparing the
weight of CCl, adsorbed by one gram of the different gels during equal
intervals of time at 36° C. They take the form of saturation curves, and
show the adsorption rate of the verious gels,
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DISCUSSIN

Prom Figure 1 and Table 2 it is seen that the relative time of
gelation for the different gels varies with the quantity of ferriec chlor-
ide added. Ferric chloride in contact with boiling water hydrolyses
very rapidly, furnishing HCl and ferric hydroxide acocording to the follow-
ing equationm:

FoCly ¢ 3 Hp0 « Fe(CH)g5 ¢+ 3 HC1
It is believed that Fe((H)s exists as a hydrated oxide Fe303.3H20, though
u1111gan(33) clainms that no definite hydrated oxide of irom exists.

It is seen that the speed of gelation changes enormously be-
tween gols Oy and Cy;. This is surprising when the relatively sasll ine-
ocrease of hydrogen ion over the original hydrogen ion concentration is
oconsidered.

The increased spesd of gelation of the gels with increase ia
ferric chloride is of interest. Following is the inocrease of speed of
gelation over the previous one in the series, with the asocending series
of ferric ohloride oconoentration:

Co - 1, ) = 135, Cp - 25, C5 - 2.4, C4 - 1.7, Cg - 1.64, Cg = 1.3,
C7 = 1.21, Cg = 1617, Cg - 1.33, C1o - 1.67, C1y ~ 1.67.
The total increase in gelation speed frem C, to C); is 1080 times,

Figure 4 is a graphic representation of the relative speed of
adsorption of the different gels at a definite temperature., These are
typical saturation curves. The following table indicates the inorease
in weight of the gels due to adsorption of the CCl, at definite intervals
of time,
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TABLE §

Total sds. per

Gel 16min, 16min, hhr. R hr. & hr. _grea of gel
Co  +0360 0080 0019  .0006 0000 0454
€,  .0266  .0026  .0016  .0004 0000 +0299
Ca 0180  .003  =----  ,0022 0000 .0208
C3  .0200  .0086  .0035 . .0007 0000 .0297
C4¢ 0510  .0060 .0050 0008 0000 .0376
Cs  .0404  .0061  .0027 L0008  00QO .0488
Cs  .0470  .0034  .00035  .0002 0000 +0609
Cy  .0380  .0060  .0020  .0008 0000 <0468
Cg <0340  .0080  .0022 ==-=- 0000 +0402
Cg  +0520  .000 .0016 .0006 0000 .0381
01  +0220  .0044 .0011  ,0004 = 0000 0279
¢y 0190 L0051  .0006 002 0000 .0238

It is of interest to note that on the average the gels adsord
approximately 81% of the total smount in the first 16 minutes,

Specifis adsorption of the different gels with CCl, end NHg
was plotted. These are shown in figure 5. The gels are represented
on the aboissa by their Fez03 ooncentratioms, With CCl, it was found
with the asoending concentrations of Fe,05 the curve reached a mini-
mum for C, (see table 3). With increasing Fey05 conoentration specific
adsorption inoreased until gel (36 was reached, and then slowly decreas-~
ed to the end of the series. The NHg curve is very similar with the
exception that naximume specific adsorption oocurs with gel Cg. The

moisture content of the gels with the asoending Fe20; conocentrations
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was also plotted on the same graph with the same scale., It is seen that
the water content reaches a maximum for gel C and a minimum for gel Cg.
Gel Co likewise appears as a minimum. As the Fey0g ooncentrations increase
from Cg, the moisture comtent greduslly inoreases. When the CCl, and mois-
ture curves are observed together, a marked relationship is readily ocbserv-
ed. The moisture curve appears to be a mirror image of the CCly eurve,
i.0., & minimum exhibited by the CCl, corresponds to a maximum on the
moisture curve. Where the slope of the CCl, curve h positive, the slope
of the moisture curve is negative, and vice versa.

From the immr of behavior of silioca gel when heated, it appears
that the view of Preundlich(1®), Patriox(8)(7)(8) os others regarding the
structure is correct. It is p::obo.blo that the particles which make wp
the gel are of the same size as those 'hi.oh'nh up the sol. In the case
of gelation, the continuous phase has decressed greatly in volume and the
oolloidal particles are more closely packed, Slow drying allows these
particles to pack thoiaolvu in a normal manner with a maximm number of
pores of uniform size. The c0lloid particles (8103) are surrounded by
a fila of water which allows limited motion to the mass. Thias film of
water, whish constitutes the continuous phase, preserves the gel struc-
ture and oonsequently preserves the number and size of pores. The number
of pores undoubtedly does not change during preliminary drying smd sctiva-
tion, though it is very probable that their sise does change. As the
" moisture escapes, the particles settle together, thus decreasing the
volume of the inter-space and comsequently the pore sise. These inter-
apmn' between particles constitute the pores. After activation, it is
believed that the remaining water is adsorbed om the particles., If this
is removed by heating, the moisture is replaced by air dudbles whioh give
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a ohalky appearance to the gel. Upon still further heating, these air
bubbles dissppear and the pores become unifermly £illed with air. The

goi then becaomes glassy, transparent again. Any remaining water is strong-
ly adsorbed and the gel irreversible and inactive at this point. It was
believed that if it were possible to uniforaly f£ill these pores with col~
loidal particles of very small dimension, such as Fe05, the mmber of pores
would be increased and a still greater surface would be presented. Together
with this it was believed that Fe30y would exhibit a powerful adsorption
for gases which would penstrate into the pores.

It will be recalled that during astivation of these gels a
change in color from reddish brown to purplish was cbserved as the mois-
ture content decreased. When further heated -- during moisture contenmt
determinations -~ the gels becams pure white. Upon cooling, a yellowish
green tint was observed, which was due to the irom present, probadbly as a
mixture of ferrous and ferrie sillcate, Upem addition of water no change
took place, which showmd the change to be irrmui.blo. The ;hmgo from
red-brown to purple-brown during activation was undoubtedly due to a change
of water of hydration, a different hydrate being formed,

Due to the inoreasing Fe,03 comtent of the gel series, they were
expected t0 show brittleness after sctivation in direet proportion to their
iron oconcentration. This was expected on the basis of the outoome of Pells
ad rirth'l(“) researches. This brittleness did not materialise, however,
The fact that the gels were highly colored after sctivation was sufficient
to indicate the colleidal nature of the Fey0; present, at least to some
extent. Undoubtedly some agglomerstion hed taken place during the gel
oontraction, which may have resulted in the formation of a different hydrate,
thus changing the ocolor of the gel.
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From figure 6 it is seen that maximum adsorption occurs at
ninimum moisture content, and minimum edsorption at maximum moisture con-
tent, If the weight of water per gram of gel be added to the weight of
CCl, adsorbed per gram of gel (see table 4), it is seen that the sums are
nearly constant. The average of these sums is practically identicel with
the swm obtained froa Ace. This leads to the opinion that the iron con-
tent hed nothing whatever to do with the activity of the gel., The mois-
ture content does, however. This may be explained by assuming a maximum
sdsorption capacity of the original silica gel (C,). By varyiag the
water content of water by hydrstion of Fe,05, and water of structure,
‘part of the adsorption cspacity was satisfied. Upon addition of CCl,
the remaining capacity was satisfied, and the series of gels exhidit very-
ing degrees of adsorptive ocapacity due entirely to the difference in mois-
ture oontent.

The lns curve is very similer to the CCl, curve, though from the
researches of Patrick and Davidhohor(e) it was expected that the adsorp-
tive capacity of the gel would vary directly with the moisture comtent.
The results do not show this, however, which is an indication that the

total water present is not free to take up the NHg.
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CONCLUSIONS

1, Colloidal hydrated ferric oxide was highly protected by the
sodium silicate when the 20id was added, This was evidenced by the char-
acteristic red color of the gel after setting. Upon washing this gel,
the color remained,

2. During activation, the red-browm color of the gel changed
to red-purple., This was due to 1loss of water of hydration of the ferrie
axide, a different hydrated oxide being formed.

3. The specifio adsorption curves for both CCl, and NHy showed
meximm adsorption with minimum moisture content, and minimum sdsorption
with naximm moisture oontent. The adsorptive capacities of the gels
therefore vary inversely with their moisture content.

4. The specific adsorption curves show maxima end minima regard-
less of the iron concentration of the gel. The irom content therefore
has no effect on the adsorptive capacity of the gel.

5. The structural water of the gel and the total water are not
the same, nor do they exhibit the same effects on adsorption. This is
shown by the behavior of NHg with C, in oontrast with the rest of the
series. According to Patriock end Davidheiser, the adsarptive capacity
for NHg should vary directly with moisture content. This is not true far
the series of gels used in these experiments,

6, The water held by the Fe,05 is water of hydration and does

not give the same effect as the water of structure of the gels,
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