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I Introdustion

The reliquefection of the hydrogels of girconis was first
reported by Hurd, Fallon, and Robday ( 7,6). Their gels, which were
made at room temperstures and set in a few minubes, were observed
to change again, merely on standing at the same temperatures, to
wier-oloar sols. Heating suoh reliquefied gels %o 60° &, resulted
in their regelation, and upon subsequent cooling o room temperature
reliquefaction again ccourred. This heatereversible gelation cmu'
apparently be repeated indefinitely.

Other examples of this unusuel inverse effect of liquefying
on cooling are mentioned by MeBain (11) as being the gela of methyl
cellulose in water and cellulose nitrete in aloshel, It is alse
interesting to note that Hurd, Jesober and Godfvey (8,5) encountered
this z.nmm type of heat reversibility with tisania gels.

Howaver, the initial unguhuﬁ# of sirconia gels at room
temperatures seems %o be unique. The following study was msde to
provide a further desoription of this phenomenon and to attempt te
suggest the nature of it.

I Ristorical
The earliest investigations of hydrous sirconia, sols and gels,
have been swmariszed by Weiser (21). Zireconia sols of varying



purity have bean prepared by dialyzing solutions of zirconium
nitrate, siroonium exychloride, and zireonium scetate. The most
pure sols are very sensitive to small concentrations of electrelytes,
vhdoh prosipiiate siveenin. Hwever, suitebls sonsewivations of
slectrolybe or the heating of & pure sol may csuse it to set to a
typical gel, BSols and gels have been deseribed ms clear and
transparent, opalescent, or opague, depending upon their method of
preparation end thelr purity. ‘

Puuli (12) ettempted an investigation of the comstitution of
the micelles of a sircomia sol prepared from Zr0Cly, By msans of
condue tivity measurements, he postulated the presence of both
eationic and anioniec complexes of the cmiﬂm@!(mru&l'.mjﬁ
end [Zr{ OX) £15], He atbempted to show thab, when the hydrogen ion
concentration exceeded the chloride ion concentration, the anionie
complex is present in the greater smount, bub since the chleride
ion somcentration usuelly exceeds the hydrogen ion comesntration
in the typical sirconia sol, the cationie complex ordinerily
predominates.

In 1938, Thomes and Owens (16, 17) investigated the hydrosol
of 2r0Cly in erder %o include it in their genersl study of the
colloidal oxides. They have discussed their observations by



salts into the complex compound theory of eolloidal oxides.
Wadtehoad (24) Mo writton » review of 4he semplen sonpoved Wheery
of oolloidal oxides, and hes inecluded references to the hydrosel
of siroonia in his paper.

As slready nobed, Burd, Fallen and Hobdsy (7,6) made & study
of the effect of pH on the setting time of the hydrogels of
giroonia. It was during this investigation that the reliquefaction
phenomenon was first observed.

Narisic and Griest (10) received a patent on the Preparation of
sireonis gel. Dehydration of & sirconia gel produces an excellent
catalyst for the cracking of hydroecurbons. Their claims invelve
the formation of u stable hydrogel of sirconia by the addition of
smmonium carbonate to an aqueous solution of Zr(Cly, end water
washing the gel at a temperature of 60° or above teo prevent loss
of piroonie,

III Chemistry of Zircemiwm

Venable's (19) monograph on sirconium is the most comprehensive
sumsary of sirconiuws chenistry. Howsver, s greater understanding
of the mqueous chemistry of sirconium has been provided by deBoer
(2) who established the bendency of anions to become coordinately
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bound bo sirconium in the following order, ON'SF )P0, >C50, >80, >
¥ 0> 01. ‘

Connick and MeVey (1) have made an interesting study of
the extent of hydrolysis and complex formetion of sirconium in
squeous solubions. They have shown that even 4n a 2 M solution
of HC104 the average zirconium species in low conocentrations lies
botween Zr'4 and 2r(OH)*3, At nigher concentrations of sireoniwm
(or lower acidities) a polymerization cecurs indicating apprecisble
hydrolysis even in very acid solutions., They caloulated instability
constents for the various complexes which form with the fluoride
ion, the sulfete ion, the echloride iom, and the nitrate ion. The
formtion of these ions was studied under such conditions of
scidity (2 M) and sireconium concentration that polymerization and
hydrolysis were considered negligible.

They reported the following order of stability of the simple
complex fon of sirconius with anions, OEYF >80, >01 >NO5, This
was in agreement with deBoer (2). ,M also list the order of
abundance of the species of & particular type of complex ion, such
as the following, ZrF SLrfp STrFg ; 2S04 Rr (804)27%e( 804) 3.

The average species of complex ion is a function of the
concentration of the complexing snion. They found that chloride -
and nitrete ions are only slightly complexed. Among the erganie



sniong, the oxalate lon forms a very stable complex, bBut the next
three dibasic aliphatic meids show little complexing power. An
inveresting observation is that sircenium is not complexed in &
1 ¥ solubion of acefife scid.

The latest Wrestment of the chemistry of siroonium is found
in Sidgwiok (14). The fsobt that szirconium is s transition slement
énd may have & maximum covalency of 8 is sipnifioant to the complex
sompound theory of colleidal oxides. Although sireonium is an
amphoteric sloment, the noidity of sirconium hydroxide is very
weak, and 1% is insoluble in squeous alksli. There is reported
& vory intoresting seriss of basie sireonyl salts with the
generel formale, {2r0) (SLRC00) cand the ehelation somplexes of
girconium ares numerous.

IV Apperatus

All sirceonia gols were made im 16 X 150 mm Pyrex best bubes.
The definition of the Time of Set and the Tine of Religuefaction
required that the same sisze test tubes be used throughout.

A water bath was heated with blede heaters, snd the temperes
ture was controlled with & Cencoede Xhotingky ThermeeRegulstor.
The variation in bemperature wos within 0.2°C. The water wes kept
in motion by & stirrer stieched to a Cemce 150/60 cyele single



phase motor.

Two Beohusn pi Mebers, lodels F and He2, wore used with s
glass electrode and standard colomel eell to meke the pH
measurements., The mebters rm ehwcked fraguently with come
merelal buffer solutions, pH 2,00 and pH 7.00,

Volunme measurensnts were made with § ml pipettes, gradusted
%o tenths of a ml,

V Uxperimental Results
. Part I Prelimivary Work

A standard stock solution of inows Zr0; consentration wes
prepared by dissolving 385 gue. of solid ZroClg.8M0 in water,
filtering te remove a finely divided white residue, end diluting
to 3 liter volume. An enalysis of the solution indicated the
Zr0g concentration to be 1.1l Molar, A trece of iron was also
found to be present.

It was shown by Hobdey (6), corroborating the work of Peuld (12),
that the hydrolysis equilibrium of ZrOClp solutions was established
within three days, and that these solutions ecould be then considered
28 usuble stenderds, The pH of the standard sireonium selution
was 0,48,
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A 1,80 ¥ solution of sodhm acetnte was prepered from reagent
grade Nalpliz0p.5Hy0. The pil of this solubion was 8.11 This
solution had to be freshly prepared sbout every two months because
dmwmndnmmxmmmmm:ﬁuum
slightly more acidic.

The following procedure was used in yreparing the gels.
A measured amount of the standard pireonium solution was pipetted
into & test tube, and the tube stoppered. The sodium scebate
solubion, plus any desired diluent, was measured into another test
tibe, and stoppered. The two solubions were plasced in the bemperae
ture conitrolled wator bath for a period of twenty minutes. In
order to standardize the cenditions for gel formation, the mixing
procedure was dons with formal constanoy. The best tubes were
removed from the bath, quickly wipsd, and the sodium acetate
solubion poured inte the stundard sireoniws solution. To insure
thorough mixing, the solution was poured back inte the test tube
whish had contained the sodium acetate solution, and then bask
again into the test tube which had originslly contained the sbtanderd
sirconiun solubtion. When mixing was completed, the test tube was ‘
immedistely returned to the water bath. This whole mixing operation
took approximately 16 seconds. When measubing the time of set of
8 gol, the time required for mixing was always ineluded.
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During gelation the mixbture becomes inersasingly opsleseent
unbil finally & white opague gel is formed. The time of set was
dofined as the time imberval from the beginmning of the mixing
procedure to the point when the rigidity of the gel structure was
great enough to permit the test tube to be tipped upeide down.
Duplicnte measurements of the time of sot showed that & precision
greater than 27 was obtainable when the time of set oxcesded one
minube, This i essentially Fleming's Sest tube method (4), as
used by Hebday (6).

The religuefection of the gel is a very gradual process,
The gel firet softens, and bocomes less opague, 1. ®., light is
being transmitbed through it o & very limited extent, Then 4%
loses its rigidity, and will flew. In its initisl fluid condition,
soft fragnents of gel remsin suspended in the 1iquid, As the
prosess continues over a period of hours, these fregments are
gradually oonsumed, and an 'W‘ sol results. WPFinally, the
opalescence disappears, and the sol appears wabere-slear. That
the resulting solubtion is indeed & sol is confirmed by the
pronounced Tyndall effect which may be observed even ten months
after religuefaction

Iv order to recerd a time of reliquefaction, the gel was
defined as religuefied when it lost its rigidity, and slipped
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down the test tube when tipped upside down. This is a Aiffieuls
point to determine, but if care was taken mot S0 Jar the weak
gel, & precision of approximately 3% was sttainable.

Part II The Effect of Added Electrolytes

The following gels were made to determine whether cations
or anions were responsible for the inoresse in the rate of
gelation when electrolytes were added. MHurd, Fallom, and Hobday
(7) had reported this effect.

The elestrolytes were sdded to the sodium acetate solution,
The temperature, the 7rOg concentration, the sodium acebabe come
centration, and the electrolyte concentration in equivalents
were kept constent, The consentrations are based in every case
upon the todal volume af'ber mixing all components, ne allowance
being made for concentration changes dus to reactions wpon
mixing.

In order to compare resulte, s reference gel was mede
without the added electrolyte, and a retio of the times of set with
respect to this gel is tabulated in Teble Y.

A distinotion should be made at this point bebtween the sol
formed preceding the gelation, and the sbtable sol resulting frem
the reliquefuction of the gel. The transitory mature of the
"firs® sol wae reslized. The stable sol is called the "second”
sol in this paper.



Table I
Effect of Elsctrolybes

0422 M Zr0y Temperature 30°C
0,96 M Nake Te of 8, of reference gel 1.67 min.
Effect of Cationa
Fleotrolyts Electrolyte T. of 8. ' pes, Ratie ¢ pE
Cone. mings B a

KOL 0,016 1,67 1.00 4.98
KOL 0.16n 1.00 0460 48T
¥gllp 04016N 1.67 ‘1400 4,97
Jglly 016N 1.00 0480 4492
A101g 04016N no gel 0 496
Al8ly 0.6\ no gel 0 4.62

Effect of Anions

Electrolyte Cone « of Ts of 84 Ref. Ratio pH

w1 0.16¥ 1.00 0460 4.98
Ey50, 0.18N 0.74 Dsdd 499
Kgfe(CN)g  0.16N 1460 . D456 S
EFe(0n) . 0.28N 1.87 1.00 S—
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In all cages, the gels reliquefied. However, the gels which
set the fastest had the longest times of reliquefection. This
general relationship wes s lso observed by Murd, Fallon end
Hobday (7).

The flueride ion has = wnique effect, especially upon ree
liquefactions Two gels wers prepared with added sodiwm fluoride,
Table IT indicates the concentyations of the gels, their times
of set and reliqusfaction. The temperature was eontrolled at
3%, The sodium flucride wes added to the sodium mcetate solution,
Gol 8 i¢ included in this teble to facilitate comparison, Gel #4
wan made to show that an equivalent amount of sdditional acebate
ion would mot be the ‘cause of this effect.

Placing the "second” sol from Gel #2 in the 60° water bath
caused regelation, and when mmu %0 room tempersture, religues
faction umm However, 1% was no lenger rapid, as it had been
initially, snd the "second” sol retained a slight opalescence.
This "gesond" sol wes kept at room temperature {26%.), and at
the end of one month it set te & seft gel. This gel slowly bu
steadily increased in rigidity during the next three months. Its
opalescence inorsascd with time, and it sequired a yellowish browm
colors 16 chowed no signe of syneresis or religuesfaction.



Table II
Effect of Fluoride

Gel Cone Cone Ty of By
Haho NaF
1 006  0.016M +47 min
2 0.968 0.088  insbently
s Oe888 1487 min
i l.12M 2400 min

Ts

of Re
minge

8 3 &

4,92

490

6426

14



Part IIT The Effect of Added Nonwslestrolytes

In each ease the noneeloctrolybe wns added %o the sodium
acetate solutions The consentratlons of Zr0p end sodium acetate
were kept at constant welues, and the temperature employed was
20°%. The concentrations of ethyl sleoohol (96f), pyridine, snd
the higher concentration of urea wers estimmbted from specific
mﬁw and solubility data (9). Table III records the observae
tions made.

The gel made with aloohel present religquefied to a watere
clear sol, se did the gel mmde with the low comcentration of
ureans The time of reliquefuction was mmch leonger for the gel
made in the presence of aloohole. The higher soncentration of
urea, mum proventing gelation, did not prevent the mizbure
from becoming opague and very viscous. In time, the opacity of
this mixture slowly disappeared and i%s viscosity decrsased, as
though undergoing the same process that caused reliquefaction, and
a weter-clear sol resulted., However, the gel combaining pyridine
did not religquefye.

Since pyridine bhad prevented reliquefaction, its effect om
s "second” sol was studied by adding 0.5 ml of pyridine %o 4.0 ml
of the "second" sol which hed resulted from the religuefaction of
the reference gel listed in Table III. WMo apparent change ocourred.



Table IIX
.22 Zrdg
Duti6 ¥ Nade

Coue of

sloohol (98F)

il o 8

T, of 8. pH
0u7d min  B6.02
1487 nin 404
no gel 4e08
ingtantly 6.10
1,67 min 496



	Union College
	Union | Digital Works
	6-1951

	The Reliquefaction of Zirconia Gels
	Hubert Joseph Keily
	Recommended Citation


	tmp.1536866550.pdf.arPh6

