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As silica gels and titania gels have been prpeared and stude
ied, it seemed logical that this investigation eculd be extended
to sirconia gels. It has been the purpose of this research to
determine the conditions necessary for the formation of zirconis
gels and to initiate the investigetion of their characteristics.

Histerieal

&mﬁmtimafsimnhgthmmmlhm.w
& sumary of the chemistry of the zirconiun compounds endountered
in this work. Foremost among these are the hydroxide aud the
oxychloride. A eomplete review can be found in Vemable's (15)
monogran or in Hellor's (£) treastise.

In the most genersl sense, the hydroxide is considered to be
& hydrated dioxide. Yhen ammonis, or an alkali hydroxide, is added
han&n&inefnaimmm%ammwgmm
precipitate is obtained. If this ds done in the cold, the pre-
eipitate is regsrded as Zr(Gi), (ortho). vhen preecipitation ve-
mm;mum.mmuwumuhmcmlg
(meta). The ortho dissovies readily in scid. The meta dise
solves slowly although eventually to the ssme degree as the orthe.
(mwmmuum_ummuu.) The hy-
Mmmxmmtmhbhmm,mnm
in concentm ted =lkell, and insoluble in solutions of alksli care
bonates. In solution and acecelersted ly heating, the orthe hy-
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droxide is thought to form the meta hydroxide.
ulsted. VanBemmelen (14) found the fresh precipitate cor-
responds to Zr0p*127Hp0 which mmm in the air gives
Br0.*6H-0. He concluded that the lydroxide behaves as a gel
up to 140°C beeause the m@miaaefwmmiwmﬁm»
ously with temperature and vapor pressure of the Sater vap-
or. Betwsen 140° smd 200°, the proportiom of HgC is con-
stant corresponding to the meta hydroxide. Above this,

. The hyéroxife is amphoterie. Sireonyl salts are formed
with strong scids end salts of the acid, Hglrla
eipitated by strong basés although the actusl existance of
this meta acid has not been confirmed.
by scids.

Zireonium oxychloride, the compound used im this in-
vestigation of zireonia gels, is a typieal salt. It is formed
by dissolving the hydroxide im dilute hydrochloriec aeid but
is only slightly soluble in concentreted hydrochlorie acid.
The hydraste containing eight molecules of water is the normal
hyérate. However msny wore basie ydrates are reported in
the literature.

Pauli (9) has investigated the hydrolysis of zirconium
oxychloride and has interpreted the results from ile point
of view of the hydre gel. (This repert influemced the pre-
peration of the standard solution used in this experimental
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work). He concluded thet simple hyérolysis in ZroCly sol~
utions is negligible. Freshly prepared solutions underge
continuous hydrolysis for three days at room temperature
after which they remsin unchanged for at least six momths,
Hydrolysis proceeds to 36 to 50%, with the solution remaine
ing perfectly clear, and does not Inerease materially with
dilution. Curves showing H* and Cl~ concentrations vs. the
conceniration of Zr0Cly are S-shaped and intersect at three
peints. AL very low and again at moderate concemtrations,
the H is greater than the ¢1~ indicating the presence of
complex anions comtaining the gireonium. The fraction of
the total chloride existing as free Cl~ varies irregularly
with the eoncentration. As the conclusions are drawn from
nluctance measurements a lerges part of the conductance
Wust be due to zirconium complexes which vary irregularly
with the concentration of ZroCl,. The following bivalent
complexes are typical of those assumed:
Cations
Iﬂ"(m}4'3’@++
[ (omy zroca zra)
Anions
[arangead ™
far (i) 010)

When the H +concentration exceeds the Cl~ , more zirconiua
existe in the anion form and vice verss.

Pauli's (9) peper alsc included an investigation of
ZrOz sols made by dialysis of the oxyehloride. Determine
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ations of the H'and C1™ were made at different concentrate
lons. The C1™ always exceeds the H but as the dilution ine
ion of the total C1~ existing as free C1~ decressing with
imm.aing &iifauem The eonduetance is sueh that zireone
piex cations and anions must exist together althoggh
the estions are in excess. It is assumed mmum
€rs become more nearly equel upon Gilution or prolonged &
alysis and that cosgulation results when the Wiﬁ#‘# and
negative m&sﬁs are eqush

Vensble (17) investigsted the hydrolysis of zimm
oxychloride and concluded that after three or four km,
the change in conductance was so slow ss to azount to equilibee
fum, Thig collaborstes work by Ruer (15) im 1908,

In 1902, Biltz (1) reported the formation of zireonium
Ryérogels from the nitrate, the oxyehloride and the acetste.
This 1s the earliest reference to actual gel !’muea that
eould be founa.

Raer (12) investigated the dialysis of zireonyl chlor
ide. Amwammammmmmuammnﬁm
that could not be meipi&aw by silver aitrate. Further
Glalysis leads to formstion of a W The protected
Chlorine was precipitated after boiling with nitrie acid.

Prakash, (11) in India, has made zirconia gels in the
tourse of his general investigation of gels. Xe reports
obtaining the gels by addition of ¥aCAe ouly to Zr(Nog)y
Solutions. The addition of S0glons favors the formation
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of the gel but the addition of NHy wes not necessary. Thie
stetenent refers to his method of preparing gels of the hy-
érated oxides of the metals mmahamawcm
ing mechanism. A eolloidal Mmiﬁn ’Hhiﬁk is atabilim
by the aasarptim of metellic snd wdma im, is W
by the action of HaOfe on the metzl aﬂh m fmt.im of
the Mig is to reduce the hydrogen ion concentration and to
make the system lisble to coagulation Ly ,(?&ﬁg}gﬁa@a The -
latter graduslly reduces the mrgﬁ of the mmm BT
ticles and the mmmavmwa; mmmw

Prokash reports clear, hard, mmm x&.’u in the
&cid region with ZriCls and sulpho salicylie aeid end by
the dialysis of & mixture of zirconiua nitrate and potase
slum molybdate. (10) |

In general, the method used by Jacober (6) snd Godfrey
{4} for the preveration of titanium gels was adopted !’ér
thies investigetion of sirecnium MO

The experimental teehnigue sdopted called for the slow ad-
‘@ition of sodium carbonste to the zirconlum salt with eon-
stent stirring. All solutions were to be at constant temp=
erature. The basic unit was a thersostated bath, controlled
by a mercury-toluene regulator attsched to a thyratron heste
ér. Control was within .19C. From the bath, water was pusped
by a comverted automobile oll m, through the Jacket of
2 burette containing the carbomate. From this Jacket, the
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water was m to s Wm&t&;mmm

ﬁm zirconius solution during stirring, and back te the .

- primary thermostat. mmagat%‘cwmsmmm

ature sbout 23°C, the secondary thermostal could be kept

about .1°C belew the primary bath. At 09C and at 385°C,

the error was about .4°C.
m:wmmséamwa?m.mr&mmw

MmamﬁMMmWMWMWafwt

switch.

Isturslly, the Tirst problem was Lo oblain a soluble
zireoniwa salt standard from which to meke the gels. An
attespt was made to obtain a zircomste by fusion of the di-
oxide in a nickel erucible by methods outlined by Venable
and Clnrk.(16) This proved to be lumpractical.

The oxyehloride, hydroxide, sulphate and sodium salts
of gzirconium were obilained from the Titanlum Allcy Henufact-
uring Company, Niagara Falls, Vew York. Only the oxychlore
ide proved to be sufficiently soluble for the work. (The
analysis of ZroCles ZrOp=40%; Cl-22%; Fe-.00B; Ti-.00%).
The hydroxide dissolved in seid, se previously mentionsd,
to give the zirconyl salt of the seid. HNo solvent was found f
for the sodium zirconate. Thus further efforts were cone
centrated on the oxychloride.

Tt was sesumed that the hydrolysie of this compound
reached equilibriws as glscussed sbove and that such & solw
ution would constitute s suitsble standard. The first gels
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obtained were fax‘wvw the slow sdéition of sodium carbone
ate Lo the oxychloride. iowevery the hydroxide, or the zir-
conste, formed(dartgnae (8) says both precipitate together)
a2 the carbonate was added was ingoluble and redissolved in
the seid medium only after long stirring. The same precipe
itation occurred with the alkali hydroxides, the alkali
earth hydroxides and ammonium hydroxide. However, it waa
observed that the preeipitate redissclved more rapidly
when & dilute base wes added slowly. Thus, investigations
were conducted to obtain the best method of addition of
base. Attempts were made to spray the base into the salt.
This could not Le done quantitstively. Solutions of sodium
earbonste of varying concentration were ndded from a bure
etle. To redissolve the fine precipitate formed in three
minutes with a moter stirrer, the base could be no more con-
centrated thah two tenths normal. However, with such a
wesk base, the valuue reguired led to dilutions at whieh
the gel was too wesk and too long in setting.

Tt was considered desirable to add carbonste direetly
to the oxychloride solution to meke s standard mearer the
gelation peint. It zust be remsubered thet adiition of the
earbonate increases the yh rapidly while the simultaneous
hyérolysis of the salt reduces the ph slowly. The solid
carbonate must be addéd st a rate comparable to this hydrolysis
in order to keep the ph below that of gelation. If this
is not done, the mixture solidifies into a gel-precipitate
mass which must be discarded. A solution was prepared cone
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taining 385 gre of zirconium oxychloride (1.25 molar in
ZrQc) and 80.26 grs of sodiwa carbomate per liter. The

Ph of this mixture remeined at 1.85 for a perled of sixe
teen days and was considered standard. However,; o reade
ing thirty-nine dsys later geve 1.74 ss the ph. This
standsrd wae used in an attezmpt to determine the energy

of setivation. lowev:r, reproducable gels could not be
cblained as the time of get incressed daily. The results
ef work done at different tesperatures on consecutive days
m&wwﬁmwmm.m&am@mmwm
vestigation of the factors affecting the time of set under-
taken,

4 new standard containing 385 gra of sireconiun DA
Shiloride per liter and 75 gre of sodium carbonate was pre-
Pared at a ph of 1.19. Only mummtmmwﬁ in
deternining the enmergy of activation and all work was [
pleted on the saue duy. The effect of stirring on time of
8@t was considered, The nixture contained 86 e¢ of the
standard and 40 e of & 200 norasl sodiua carbonate solube
ion. Time of set was recorded by the "tilted red® method. (&)
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G4.€9C £ mine 20318
3 aine 17:00

18:00

17:48

¢ min. 16:30

l6:i4b

£8% 2 min. #1:00
86:00

3 min. 863100
4 mine 78:186

6 min. 78:18

Tiv4b

8 mia. Tordd

mmfwmmemuammmmmm
atont and averaged 2.68.

These data are plotted in figure Z. The seale is choe
sen to bring out the percent change caused Ly stirring.

From these values, the energy of activation can be cale
eulated using the relatiom |

é 1a k/dt - B/RT%
m;mefmhmmmtmwhsﬁvw
E= 2.am}wtg wtx

3/‘1‘&1!‘?1
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Doergy of Aetivation

2 28,520
3 29,220
4 | 29,170
6 29,430

The daily varistion in time of set is slown in figure
3. This is included to empbasize the necessity of making
readings on a single day and to indieate the inpossibility
of undertaking a long study of the effeet of a single factor
on the time of set of zireomia gels made by this method.
The composition of the gel is indicated above. Stirring
was three aminutes for all ssmples.

Zize of set in minutes Zize in dzys
70 0
4 A | 2
82 3

#8 these gels set, a surface crust seeus to develop.
This may be @ e result of eapillary evaporation at the surface.
As Beigmondy (7) explains, the vapor pressure is & function
ef the capillary meniscus radius. Thus it would be ressomable
to assume that this redius mey be large for sireconia gels and
the vapor pressure relatively large. It should be noted that
gels setting in corked test tubes aid mot appear %o develop
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a8 strong a surface fila. Perbaps this surfage results frem
non~un formity within the gel. In this eomnection the gel
mixture, as deserived above, was sllowed to set in an eight
ineh test tube snd the specific gr=vity of the gel deterained
at the Sop {(not including the surfoce) snd &t the bottom.

The value of the former, 1,13; the latter, 1.20.

As this surfoce crust uade the tilted ros method rathe
er difficult, Flemuing's (2) test tube method wes tried. Por
this work, It seemed best to use dry test tubes filled with

winel (Lo aveld wetting the tube and to give a aharp
menslcus) to such a helght that the weight of the liquid is supe
ported by the gel structure alone exeluding the possibility
of support by a surface fila. A helght of three inches in
& gix inch test tube was consideved satisfactory. An averw
age value of 31,550 cal/gr. mol-degree for the dnevyy of act-
ivation was obtained by this methed.

As mentionmed in the litersture, mirconium Mydroxide
dissolves in hydrochlorie acid to give zirconium oXyehiore
ide. It seemed reasonsble to sesume that gels from such a
solition would be sisiler to those from the exyehloride
sclution @irectly. After five days, 125 grs of the zirconium
lydroxide @issolved in a liter of solution eontaining 100
eCs of concentreted mmmwu scid. The solution wag

of the oxychloride. iMﬁ!‘émm&m by addition of
54.25 gr/1 of sodium earbonate to the sbove solution. The
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following samples were mm\ui@ 25 e of this &
T s m*’“m tsmed stely ac-
ter stirring.

e 19.8

v 18.0

ViI 18,0

VIII 16.0

X 1648 2 g
The gemeral phescmenon eson obaeryed | Pasran

an opslescence followed w a M égtm ﬁf .

the higher phy toaﬁaiﬁe,eww}.ﬁiﬁwﬂmm

exhibiting symerses. m strue ‘ e gels

stirring rod. M@; *W W : | |
and masber nine mmm., 'Mmmm“
mmemmwtawu WmWWmW mw
Bhile taking ph mww
ehloride electrode, “ m
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escent and set sore guickly in the region adjutent to the
electrode. This phenomenon @ investigasted further using 26
ces of the above true oxychloride standsrd end varylng amounts
of satureted potassium chioride. Forty cubie ecentimeters of
«200 normal sodium were added mt.h three sinute siirring.
ded-cg m Time of set  Log of time
T _ninutes

.78 |, 450 2.653
Jrapel VP 2.164
g2 108  2.022
e 70 1,845
ST T T
These data are shown in figures 4 wnd 6. The signife
icance of plotting log of time mmh guantity of potage
aium ehloride to show the pmmwmmhﬁwmm
sented by Freundlich, wmwmmagm& mmmm

\

B

L - T R
G oW D O
;o B R o O

ione , : "; * ; ,

The question of heat reversible ;a\'afla &8s Msmm by
Godfrey (4) was considered briefiys The results 4id mot
show & clear eunﬁmtim W tma gel heated @« abwt.

90°%C in & closed mf.m mm m m elear aalmimx a;t one

sample remained five mms in m Mtim without mqo\ e

&miui&%a!m&ﬁamtmwmmﬂm

will set at mm \WM A gel
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heving & reasonable time of wet at 80°C WEll not gel if mixed
at this tempersture and c¢ooled to 28°C. Such s sample, W}.
standing a week at 28°C, gelled a% about ﬁﬁ“ﬂ’ when heated
slowly snd Tinally melied, a8 deseribed above, at sbout
90°C. The resulting solution could mot be changeds This
does not seed to Le one of nest m&rﬂhﬂi&y.

.9: HOEEN0Y
Rather, it seems consistent with the wewatwn of & stane
dard solution which itgelf comtains ugmm@ Thus a atw-
dard for use at I,wa%‘-.tmmww, my safely contain sore ears
bonste. This peme standard may net be desirable for work
in a higher PENEe Mrosiwm 90%C could st be investiw
gated satisfsetorily with this theruostabic arrangesent.
However, il appeared thet & gel m within this region
would set omd then welt tnstesd of remifing mrely a -
solutlon. | o

1. The daily change in the time of set and the result-
ing impossibility of undertaking extensive study of individual
faetors in relation to time of set uraimm gels made by
this method was demongtrated. This wm appear contrsyy to
the hydrelysis conclusions of P:m&.i M on cmdmm
Perhaps the equilibriun sessured is limited to ome of com=
ductence and not negessarily to one Mfmafw
lons. Sirangely &rmugh, the st.sm;ﬁ’iw showed 00 aim
of setiing. : -»g

2. The energy of setivation was éstmim as £8,200
cal/gr wol-degree at a ph of 2.68. This m is consistent
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with 21,000 reported by Godfrey (4) and 164600 reported

for silica. In fact, these valuss plotted sgainst the atomie

welghis of the elements give & reagonsbly straight line ale

though it is hard to consider this sigalficant in view of the

coaplex lons postulated in gel formation. This velue for

zirconis Goes not fall on the ewve plotted by Godfrey with

titania end silica for energy aceinst the Phe ‘ :
de Gels made from szirconium hydroxide were found to

be of poor structure. In this respecly tley appear to be

siailer to those of hydrated titanius diexide as reserted

bty Jacober.

It night be of interest to contyest the gels of xm-w
ium oxychloride with those of tha hydrexide im acid solutiom,
renemvering that ithose of the oxyehloride ave clesy or
slightly cpalescent while those of the hydroxide are opaque.
Praskesh (1¢) considers that in the Eﬁhm, the particles
exhibit two tendencies; one of hydration and one of agglome
eration. If hydratiom is predominate the gﬁ, w@#1l be clear.
If agglomerstion is predomisste the gel will be oralescent
or cpaque and of weak structure depending of Wmm dom
gree of simultsnecus hydration. so hydration during agglome
eration results in ceagulation aud srecipitation. This thee
ory agrees well with the Tesults obtained with the zirconia
gels. Consider that iln the hydrolysis of the exychloride
many sests of hydration are open as the shioride is reuoved
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and complex ml&eaias build wp m,.;iiy.‘ AB the Mrgt is
reduced by earbonste (the electrolyte), the awmm wolecules
forw the clesar gel structure. In the gase of the !vdmxi&c,
relatively few bydroxide  roupe are peplaced Ly chloride as
the hydroxide goes imto solution. Pleterislily, there are
few seats of mmtim open end large complex mm BOLle
ecules do ot form. .:hm charges are neulralized, a&m
ation is prefosinates Thus in a broed sense, the solutiom
and hydrolysls of the oxyehloride, mud the fermation of an
_ : in solubion froa the Waroxide and the zineral
agid do not lmﬂw the same products ss is generslly reporte
ed im the litersture. The oxychloride yields complex hyde
rated ions. The hydroxide yields relstively simple ionge

4. The reduction sf the time of set by sn added electro~
lyte was substsntisted. This is in agreevent with work dome
by Schalek (13) on ferric oxide sols. In his work, he found
that these sols, when electrolyte vw#a #dded, solidified
to a gel which could be liquified by shaking. The time
required for re-set afler shaking vas cherseteristic. By
plotting the log of time of re~set against ihe concertration
of eleetrolyte, be obtained & straight line aud the followe
ing relsation:

~k3lnZ =¢C
Substitution of the veloeity constant, X, which is in-
versely proportiomal to the solidifying %iue, leads to the
eguation: |



3.

~x = kee e/k,
 On the busls of the results with ferrie oxide sols,

Schalek cone luded t&t the uneomsonly preat electrolytic sene
ut.ié-ity of the solidification time a5 well ss its cusntitative
charecteristie indicates that this solidifiestion must be a
process identical with thet of nfm coagulation. The emper-
imw;mbemwﬁnmw%mmmwmm
etical formula for slow coagulstion of Freundlieh {(3) end is
sufficiently exact when limited to a moderate imterval.
Freunilieh considers the velocity constant to be preportional
to the number of active particles.

Froa the simllar effect of electrolyte upon the Lime of
set of zirconium oxyehloride gels, it would seex reasonsble
o conclude that the gelation process involves the slow co-
agulstion of highly hydrated oxychloride complex ions.
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