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ABSTRACT

During the manufacture of tltanium dloxl’e pigments
many processing steps are carrled out in solutions of
electr lytes, Adsorption of these slectirelytes strongly
affects properties of the finished pigments,

Adsorvtion ol electrolybtes waz studied on tiltanila
gamn~les propared by controlled neutraliratlion of titanium
tetrachloride solubtions with ammonium hydroxide, and one
sample of commercial sulfate process rutile titania, In
analogy to zircﬂnia~-as reported by Kraus and Phillips~~22’23
tltanla slzo beloved as a weak nulon exchinger In acld so=
lutions and as & weak gation exchan~er In basiec sclutions.
Acid or base libernted was approximately eguivalent to
iong exchanged, On the best zample the exchange capacity
was 0,8 milliequival nts per gram for sodium, 1.1 for
barium, snd 0.7 for sulfcte, These values compare with
the exchange of 1.l millinmocles of ehrom-te ions per gran
of zirconia, renorted by Zraus =nd Phillipﬂ.23

The iscotherm date were best correlated by the use of
Lanpgmuir'ts equation begsugze it postulates conditions
gnrresponding to lon exchamses i. e., monolayer adsorption

on active sites. Gilnce Freundlichi's equ-tion does not



take into aec:ount the saturatlon of adsorbent with adsorbate,
it apn»lied only at lower concentrations. The modiflied

BET equation wes good because only low relative saturations
were reschied.

Hofmélster series essentlally applied to aboud 0.3 H
solutions, At higher concentrations the ordsr chanped to
pattima’ ) 1ot )t

As 1%t i3 typleal of true lon exchange, temperature
increase (259C, to 70°2,} hed no effect on the capacity of
& lzborrtorv-prepared sarmple, 'The cespacity of the plant
titanis sample decreased with tempersturse, indleating
weaker attraction for the ions,

The few artlicles dealing with adsorption of electro-
lves on titanium dioxide disagree about the nature of this
a gorrtion: some investiisators have reported strong ade
sorption of anions with 1ittle or no adsorption of cations
(fhrtia and 6%031,3 Xargin and Tolatayae l8) while others
nave Jound the oprosite to be truc (Verkhovak1136 and
coworkers)., These & serepsncies in the literature can be
explained now on thoe beslis of amphoteric behavior of
titanla: cation exa:snge wna reported in basic solutlions

anc anion in acid ones,.

11
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INTRODUCT ION

It i o well-known frct In colloid chemistry thnti
sm2ll amounts of mrterials adsorbed on & surface afllect
profoundly the properties of that surfaea.37 Since plge
mentery titaniuwm & oxlde haz a comparatively large sur~
faoe nrea {about 9 square meters per gram) snd slnce
meny processing steps in 1ts manufsecture asre carriec out
in solutions of electrolybsg, aprreclable adsirption of
these electrolytes may tale place, These adsorbed mute-
rials, In turn, ffect dispersion and [locoulatlion of the
finished pigments in paint vehicles and thelir performence
in other products where the :1ding and wihltenlng power
of titaniuwm dloxlide is in zome wry ubilized,

It is obvious, then, tihat knowledre of interaction
between the surfnee of titanium dioxide »nd theo surrcunde
Ing electrolyte iz of value to pigment manulscturers as
well as users,

Adsorption of gases on titanium dioxide haos boen
studied quite sxtensively, yet little hns veen reported
in the literature on £he adsorptlion of electrolytes.
Parthermore, review of this literatura dl sclosed a digw
gsgreement sas to the nature of adsorption tiat takes place

on titanium dioxide. Verkhovskiizé and coworkera found
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atrong exchange adsorption of cations with no anion ade
sorption, Om the other hand, Bhatla end Ghmsh3 reported
stronger adsorpitlon of snions than eations, Simllarly,
Kargin =nd Tolstays,l® and Brusilovski and Poshvinal
found appreciable adsorptlon of anions,

An explsnation of this disagreenent suggests itselfl
from the work of Xraus ~nd Philliphszg*33 with zirconlum
dioxide, They found that zlrconivm dloxide behaved ss a
eation exchenger in basic solutions mnd as an anion ex-
changer ln acld s~lutions.

The thesls work, therefore, was deogigned to sbudy
the nuture of adsorption of electrolytes on titanium dioxide
and thereby explain the sevaprent dlsagrgements in the lie
terature, EfTects of pH, solutlon concentration, valence
of ion, sipn of charge, tempersture, snd surfsce aras were
studicd, From these effects the nature of adsorption

was inferred,



LITHRAT IRE

Adsorptlon from Aqueous Holutlons

Bhotia and Ghosh3 studied tho adsorption of ions
on freshly flocculated titenls sols, The sols ware prew
pared by careful addition oI dilute titanium tetrachloride
solution to water at 18°C. The resuliing sols contained
about 15 grams per liter titanium dioxide, These szols
could be dialyzed to a maximum pil of li,1 telore soasgulation
took place, As the adsorbste (various sodium snd potasgsium
821ts) was a‘ded, the sols gellied immediately., Alter
20 hrs, of squilibrstion with shrking, the supernctant
11ould waes annlysed and the adsorption elsculated, The
adsorption of verious anions in gram-moles per gram of ad-
gorbent decresszed In the Tllowing seque :ce: Fe(ﬁE}EB)
NO5 Y g@f;a) 01°) 5,032 ) 0r,032) Br™ ) Pe(oH)ZH) 103) orop?y
OH™, Tae magnitude of adsorption renged from 0,392 milli.
moles ver gram for ferrievanide at 00,2782 molsr equilib-
rium concentration to 0,0266 mil imoles per gram at 0.0392
molar conecentration, Anions were stronger udsorbed than
cations since thie pH of the equilibrium solutlon was found
to increase due to liberstlon of OH™ ions,

4 gimilar stidy was mide by Verkhov&kii*Béané OO
workers, Titanils gel was pripsred by dilution of titanium

tetrachloride with water followed by aging and evaporation
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until & jelly formed, Thls Jelly was washed wlith water,
dried st room temperature [or several d:iys, washed again
with congentrrted sulfuric meld, dried at 110°C, Lhrs,,
and finished in vacuo at 170-180°C., The gel was contuscted
with dilute solutions of alkell hydroxides, omonlum hydroxide,
salig, =nd acids, Adsorption was determined by titration
of hydrogen or hvdroxyl lons libersted by the exehinge.
Bages werc adsorbed strongly (up to 1.5 millimoles per
gram), cations from salt solhtlons were adsorbed somewat
less by a postulated mec anlsm of hydrolytic decompeszition,
and no adsorption of aclds was detected,

18

Kargin :nd Tolsteya studlied adsorption of zulfurilc
acld on ffaghly flooceulated titunla = iz, Thoe sols werse
epared by the adiltion of titenlium btetrachloride to hot

ator followed by dislysis to remove most HC1l, Sodium
sulf-te was added to these sols, snd ths ndsorption of
hydrolytlieally formed sulfuric scid was determined, ihen
the resldusl amount of HC1 in the a») wss low, adsorption
of HE&G& decreased linearly with pH to n zero value »%
neutrs]l pH, As more HC1 waz left In the sols, the curve
assumed an § shope,

Brusilovslkil and ?oahvina? messured the speciiic supe
frcé of titenic aeclde by the adsorption of phosphoric acid,
The adsorption Ineressed when the »E valus at precipilbation
&f titanls was higher,

Gaponl? used titanium dioxide and aluminum oxide as
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adsorbents in developing equstions Tor the simultansous

adsorption of srmonium hydroxide snd smmonium chloride,

Adgorption of Dves snd Surfactanbs

Morley and woad27 made a study of the adsornilon of
dves on tltanium dioxide. They found tist only basic
dyes were ndmorbed 1f in the preparation of titanium & oxide
the neutrslizafion of tltanlum btetrachloride was curried
over to a basic pH, and celd dyes were adsorbed whon this
neutrelization was gtopped slightly on the acid slde,
ihe sutheors thearized that thiz behavior wes due to the
formation of a basic shloride whén the tetrachloride was
not fully neutralized, and ths formation of u titanate
with epermeutrslization of titenium tetrachloride,

hwing and L1utC studied the adscrution ol dJyes on
comnercial rutile, aﬁat&ae, rrd zine oxide pigmentzs. The
egullibrium techmique using a & g. sample of & plguent
and 25 ml, ol adsorbate solution was cuploved, HNine days
were required to obltein the equilibrium, Freundlleh and
Lengmuir lsotherm equations dld not apoply., The data
could e correlated oy the BET adsorption squatlon modlifiled
to npply for solutions: eoncontration value was substituted
for pressure, and dye adsorbed per syrsm of adsorbent was
subgtituted for the wolume of pas adsorved, On the basils
of this eorrelation and the reverasinility of adsorptlon

physieal blnmolecular adsorption wag postulated,
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Ormanowek131 conducted a = milar atudy with titanlum
dloxide hydrolyzed from an ilmenite sulfste soelution,
This raw materisl was driced at temperstures ranglng fron
100°%C, to-900%C¢, Five gram snmples were equilibrated with
25 ml, of organie dye solutions (1.00 or 0,005 grams per
liter concentration}., Eaquillbrium was attalned in five
minutes., Asclidle dves wers sdzmorbed 90% or better on
samples dried up to 70090, Samples dried at higher tempe-
ratures adsorbe’ only mmall amounts of acidic dyes, The
reverss wng found to be true about the basic dyss: they
were llttle sdsorbed on ssmples drled below 700%C,, but
adsorption inereased shove this drying temperature,

Adsorption of desulfonsted lisnosulfonste and sul-
fwn&téﬁ nephthalense«formaldehyde condensate surfactants
onn commerclal s~natase pigments wes roported by Br@ﬂn5
Isotherms reaching saturation &t 0,02«0.0h g, per 100ml,
adsorbate concentrstlion were obtalined, |

Hydrous titanis was found to be = good mordant adsorbing

alizarin orange, coerulein, and alixarin blue dynagza

Adsorption in Paint Systems

The adsorption of paint drisrs by titanium dioxids
pigments hasg been ol some oocern to palnt menufecturers,
Adsorption of cobalt, lerd, #nd mmnganese naphthenates
on tltanium dioxide pigment from ¢ minersl splrits solution
has been reported (00,0090 g. lead, 00,0020 g. mangenese,
and 0,00 g. cobalt per gram of tltenium éicxi&&).g



A qualitative study of the adsorptlon of ocobaltous
ion from eouenus and acetlic aecld sclulions on commerclal
titenium dioxide plgments was made by %10h0130n.30 Allw
sorpbion of simple cobaltous lons wasg found by the use of
conductometric and spectrophotometric tecnnigues, When
cobalt was coordinsted with ortho-phenantroline, however,

this adaorptlion was practically eliminated.

Adsorption of Gases

Gonsiderable work has been reported on the adsorption
of gaseg on titanium Aloxide, Since 1t ﬁees not pertain
directly to the subject metter of the thesis, thisg lltersn.
ture will not be dizcussed, Several nrtlcles, however,

are listed as raferences.lﬁl?!lgtaos31933s3h

Adsorption on Zircenium Dioxide

Adsorntion of ions on zirconium dloxide wes studied
by Krsus and Phiilipa.zB Zirconium hydroxide was prepsarsd
by the neutrslization of zirconyl chloride wiin avmonium
hydroxide snd was subsequently dried at 25-800%C, This
meoterial sdsorbed negative ions well In scid szolutions and
positive fons in basic solutions, Bxchange capacliy
up to 1. millimoles per gram of adsorbent for chromete
ion was obtalned, The authora suggest thet titanium dloxide
msy also exhibit similer properties,

Krause2 and coworkers reported recently an improve-

ment of the sapacity of girconls exchangers wien they were



prepared as zirconium tungstate polymers,

Effect of Adsorption Conditions on the Adsorptlon Capacliy

The adsorption caprclty of a maberial depends notl
only on its previocus nlstory bub alse an the adsorption
conditiong, The btemmerature ls lnown bto exert 1ilLtle or
no effeet on n true ion exchange eguilibrium because no
sovalsnt bonds are formed or brokeny the lons only novs

frowm oneg envirorment to @uather.gg

In the case of physical
adsorption inoereasing btempersture decireases the amount
adaorbad.lS#l& 5inge there 1s energy ol asctivation invelved
in the proeess of chemis rptlion, incressing temperature
increases the rate of adscrptlon,

The despendence of adsorption of electrvlytes by zire
conium dioxlde on pH was pointed out by Kraus and Fhillips,gB
as mentioned before, Sinmilerly, Kesrgin and Tal&taya‘slg
work on adsorption of sulfurie acid on floceulated titanla
spls shows a cdefinite dependsnce of adsorption on pil of
sclution,

Evidently, tils dopendence is not limited to titanium
dioxids snd zirconium dioxide since nn Irterestl g ralition-
ship was derived by Plank33 for the adsorption of zcoctate

and phosyhate lons on silica gel.

x/m--milliimoles of adsorbate per gram of adsorbent

e-wequilibrium coneentration of sdsorbate



[H"] ~-hydrogen lon concentration

B, gw«-constants

Mot ods of Study

In general, threse methods are used for studylng ad-
gorbents and lon axshangers: equilidbration, colwm study,
end titration., Yguilibration 1s, probobly, the most comnon-
1y used nmetiod In the laboratory. It consists slioply
ol conbaeti g a known zmount of the sdgorbent wltii a known
volwme o adsorbate solubtion of & glven concentr:tion until
equilibrium ls reached, Agltation of some kind 1s usually
employed. At the end o the equilihration perlod the llquld
is avnolysed for the lons still remalining in sslubtion, =2nd
the rdsorpbtion is enlcul&taﬁ.g’g’ea’gy’ A wodiflcation
ol thls metiod was used by &reg@rlé and coworkers. Instead
of anslysing toe finel efuflibrium solution, they eluted

the lonv adsorbed on the resin anl wnalyzed the eluante,

U

In the column teghnime, = gultsble colwm 1z pucked

D

with the adsorsent, 'nd its propertiss sre studled Ly
passing adsoriete =nd elusnt solutlons through it.z%*zg
& cross bebween the colwmm technigie and the smqul-
1ibrstion tecinicue was developed by Fisher and Funintt
into a routine method o deterining the espacitles of
exchange resins, The method conslats ol placing & welghed
amount of resin into = funnel, converting 1t to tho lonie

form whose capsclity hss to be mesgured, nd then elubting
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this ion and enalysing the eluabte, Tiiz melhod was elow
borated to dif.erentiate bebwsen weak snd strong amcidie
or basic exchingera,

The characterization of a2 resin sg to its acldie or
basic strength and the deter:instion of the number of exw
change sites belonging to these types ia convenlently
done by the titration ocurve tas&niqma.lglag In this tech=
nique & seriss ol simples is equillbrated with 2 galt so=-
Jution containing =n excess of sold or bage, The equilibe
rium pil 1s measured mnd plotted =2geinst the amount of free
acld or base 2dded., The characteristlce surves obtnined
are very aimilsr to those of regulsr scld-brge titrations
and are Indlceatlive of the strength of acld or base belng

titroted.

Adsorption Isotherm Correletlions

There is a good number of wrrelations propoaed in
the literaturs for the sdsorption of gases ah solids,
Trne adsorntion phenomenn In dilute solutions, however,
are often gquite adequutely corrslated by the use of th

olnsgical Froundlich adsorption iaath&rﬁ,lS

log % S log K 4 %vleg o

¥ and n are e@matanﬁs.
According to this equition, s straight line is obtaiped
when 8 log-log plot is mede of the o ount of msterial

sdsorbed sgainst its egquilibrium corcentration in solution.
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There is one obvious wealness in the Freundlich squetlon,
As the adsorbent becomes seturated the correlation breaks down
since ¢ continues to increasse while x/m tends to level out
at some saturation valuse,
A correlation whilch takes into account the saturation
of the adsorbent as the concentration {or pressure, in the
cage of gases) of adsorbate is incrensed, was derived
by Lengmulr from eguilibrium considerations between the

adsorbent and the surrounding gas.lB

P 1 D
75 ® 5 Y

pPe~=~Zas pressure
In solutions, concentration of adsorbate is substie
tuted for pressure,

C w1 [
x/m ~ k,; tk;

Langmuir¥'s ecuatlion 1z v=2lid for the adsorption of
a monomolecular layer, which 1s btyue sbout chemisorpition,
ion exchange, nnd most physical adsorption in solutions,
Boyd end coworkers have applied this squsotion successfully
in cation exahange,LL

Brunauer, Emmett, nnd Teilerﬁ expanded Laungmuir’ts

correlation to aprly fer the adsorntion of multiple layers.

P -~ 1 d s 1 ;
(pg - pJ (x/m) © {x/m], d t %x?mfm aps

psnuconﬁansation pressure

(x/m)munadsafptian at monolayer coverage

d~-8 conagtant
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Having substituted equililbrium concentration for the
pressure term and solubility for the condensation pressure,
Bwing =nd 14ut€ usea this equotion to ecorrelete adsorpe-

tion dates of dves from aqueous solutlons on plgments,



EXPERILMUHTAL PHOOBEDURES

gample Proparation

¥ost adsornilon studies of cleetrolybes on tlbanium
dioxlde reported in the literature were carricd oubt on
titanis sol or gel samples prepered in s me lixed feshlong
1. e., none of the previcus investlgators {execept Ormanowski)
varliad tho conditlons of sample prepsratlion so as to have
samples with dilfferent surface areas or adsorption capaclities.
Grmﬁmewaki3l obtained sa-ples with varring adsorption
capacitles by drving hydrous titanla at increasingly
higher temporstures (100-900°C,}, This procedure, however,
tends to inactivate titanila zurface Iin addition teo ine
ducing particle growth,

Three titanls samples were prepired by controlled
neutralizetion of squeous solution of tildtaniun tetrachloride
with & monium hydroxide, The precipltation conditions
{given in Tsble I) were varied in such a manner as to
vield titania senmples with comparatlively large surface
area (for ecsme of sdsorptlon study] and reasonable variation
of tnis erea between the samples. From the preeipitation
conditiong sasple 1 was expected to hive the lowest surface
ares and sample 2 the highest., All samples were Tinished

at the same drying temnerature (3759C.J.



Table I

Sample Prepsration Date

Semple: 1 2 3
Ti01, congentration, gpl. Ti0» 200 200 200
Volute , ml. 3500 3500 3500
NH), OH concentration, gpl. 300 100 200
Volume, ml. 2710 10130 L5580
Ad¢ition time, min, gﬁ 1 %f
Temp. at the end of add'n, °C. 83 6% L
Cure temperature, °C, 100 80 90
Cure time, min, 60 &g L5
inal NC1/T10, weight ratlo 0.6l Os 0.53
Number of Tlasks used 2 3 2
Total neutrsligzeable HC1 in the tetrachlorlide solution
3561 gpl.

It is kmown that wvariations in the precipitation as
well es drying conditions have an effect on the swrface
arer oy acktivity of titania, The pesrticular set of con-
ditions was éhasea f2r convenlence and other above-mentloned
ressons,

It was also desirable to oblain the ssme orystalline
structure s that of the well-known rutile pipment grades,
In this = nner the results of sdsorption study on the la-
boratory-prepared samples could be compared better Wwith
similar phenomena on commerclsl titanis, For the purpose
of such a comparison, commerclal pilgment grade tltanla
{(National Lend Company, Titanium Division) of rutile crys=-

talline medification without any surface treatment was
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taken as the Iourth sample,

The precipitation of titanis used in the sdsorption
study was carrisd out in five-liter threc-neclt laslis.
in agitator mode of bent glass rod (sbout 1.5 inches
radlal sweep) anc mmning =t 195 BPM wos inserted through
the middle neck, The opening was sealed with = rubber
stopper equipped with » wvaporwbight glsnd for the sgitator,
Une of the side necks held o reflux condenser, and the other
a Lhsrmometer, Titanla hydrate wos precipliisted in such
flasks ?y the controlled o2ddition at é unifaorm rate of tiw
tanium tetrachloride to ammonium hydroxide, Titanium
tetrachloride solutbtlion was added to ammonium hydroxide
rathor than ammonium hydroxids to the tetrachloride since
titanis hiydrate obteined in this wonner 1lg less gelatinous
and easler to handle thgn bhat prepared by the reversed
neutralization proecedure, The concentrations sand amounts
of resgents used, rates of addition, and suring temperatures
are shown in Table I, p. Y. Since the hydrolyais of a
single bateh gould not be earrled oubt in one Tlesk Jdue
to & l'rre recction volume, two or thres such flasks wers
employed. The oydrate gslurries thon were blended in
five-gallon botiles befors further processing,

Titanla scrple ¥o. 1 weg prepared flirst, It was
waghed by decantation; 1. e,, the hydrate was allowed fo
sottle in a Tlvewgallon bottle {r one day, supernatant

liquid was siphoned off, :nd fresh wrsh water added,
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Twe operation w8 repeated o muber of times until slow
setil ing rate Indlected low electrolyte concentration

in solution, The wasiIng wsz finlshed by deliguoring on
two 2l em, Buchner funnsls with suction,

An stiemmnt wng mode bo wash preparstions 2 nd 3 in
a simliler menner. Due to thelr {lner psorticle size, howe
ever, these samples settled wery siowly., In order to
gpead up the wnshing they were I[loeculated with samonium
hydroxide {(to glve approximstely neubtral pH) rnd were
filtered und washed on n large vacuum filter (22.5 in. x
18,5 in, ) using sbout 35 liters of deinerslized wnsh water
peyr sample.

The filter sekes were dried overnisht at 120°%¢. in
an oven and then in rn eleetric mufile furnace zt 375°C.
for one nhoure They were finisied with a S-inech Raymond
mikrownilveriger, The plent tltanis semple wes also
grouond aimilarly,

The finished samples contained about 98 vercent T10,.
In sddition, serple Ho. 1 hed 0,38 percent of resicual
chloride {leachnble in boiling 10 percent nitric secid},
while no chloride could e detested In the other two pre-
parations, The m-tallic impurlties were determined speciro-
graphicslly, no the cpystalllne form of thie samples
wus establlished by Y~ray dlifragtion, All these data are
shown in Table 1II, p. 17.

High rubile content wss lound in sasmples 1 and 3.
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Peble 1

Sample Compositions

Plent
Sample: 1 2 3 Titanise
Wet Analyszis
7105, f 97.6  97.9 98.2 99.3
o1*, 0.38 Bot detected 0.0
A~Ray Analysls
Rutile, % 100 Lo 80 95
Spectropraphlis Analysis
310 » % - . G‘l o 0.1
”f“& 03, % - o S-S o 04 (}01& : ‘"W"’“ Q,‘ 0{}8
Nb, % wrensewim 3,01 wmmnwn 0,1
Surfsce Ares
‘8quare meters per gram 73 268 181 9

Sample 2, however, had only L0 percent rutlle, mainly,
becauze of too low euring temperature (80%C,) used st

the end of the hydrolysis reastion,

Determination of Surface Ares

Surface srea of the plant sample 18 known to be sbout:
9 mgfg. Area of lsboratory-prepared samples was determined
by comparing adsorption of water vapor with thst of a sanple
whage ~res was lmown from BiT measurements, All samples
{2~3 grams) were dried at 3009C. for one hour in a muffle

furnace, cooled to 200°C, in the furnsce and then te room
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temperature in a dealscator, The samples were exposed
to water vapor alpve 60 percent sulfuric acid (3.6 nm,
Hg water vapor pressure alt room tempsrature} =t a total

pragsure of 5 pm, Hg for 15 hrs,, and surface areas were

astimated from anmcunits of water ada)rb@d,‘

Adsorpil on Réta Determinations

Adsorption rate was briefly abudled by contacting e
titanis gavple with 0.1 ¥ HC1 ond NeDH for 5 min,, 10 min.,

and 37 hrs, Conductivity of resulting solutions was nessured,

Determination of Titretion Curves

Tho titania samples were cheracteriszed as to thelr
acidie or basic strength by the titrall on curves., The
genergl procedure outlined by Kunin snd ﬁysrazs was followed.
According to this orocedure, acid .and basme solutions of
different strength were prepsred in a ecorresponding salt
solution ané then egquilibrated with the sdsorbent, Table III
liste the solutions used in establishing the titration ocurves.

Tarle TIT
Titratlon Curve Solutions

Solution Ho: 1 2 3 A 5 6 i
0.1¥ ¥aCl, ml, ¢ 10 20 0 10 20 25
0.1¥ HC1 in

0.1¥ HaCl, ml, 25 15 5 0 0 0 0

0.1N HaOH in
0,18 WaCl, ml, 0 0 0 25 15 5 0
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The presence of a neutral salt in the solutlions is
necessary for the determination of the noture of adsopption
at neutral or nearsneutral pH valusc,

The above-listed solutions (25 ml, per sample) were
squilivrated with 5,00 g. of adsorbent., The sauple snd the
respective solutlon were placed In a 2-0unce sCTEW-CAp
jer, several of such jars were in turn set int> a larze
wide~mouth bottle in a position perpendicular to the gxis
. of the bottle, snd the bottle was rolled on s bull mill
reclk Tor 15 min, =zt 105 RPE, The equllibrsted mixtures
wors senarabted by centrifigation, 10,00 ml, of c¢lear zo-
lution wss plpetted o7f, and diluted to 100,0 ml, in a
volumetric flnsk, The egquilibrium pH was mesm red on the
wndiluted remrinder with Beclm:n modsel H2 pH meber, using
glags snd calomel slectrodss,

In addition to the wmeasurement of squillbrium pH, the
adsorption of anion snd cation was determlned by anslyzing
original md em 1librium solutions. These s>lutions were
filtered through two No. 1.2 Whatman papers, 1f any turbie

dity s8till remcined after centrifugation,

Determination of Aamérwtian Isotherms

The equilibrgbtion teehnigue used in establixﬂiﬁg the
titration curves wss 2lso employed in the determination of
adsorption isotherms at room temperature, AL clevated
teupsrature (70°C.) the sebtup had to be modified in order

to heat the samples, Titanls samples and adsorbate solutions
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were placed into b-inch best tubes, The tubes were well
stoppered, clamped in a Burrell, model BB, laboratory
shalser, lowered into & water bath {70-75°C.), and shaken
for 15 min, Bath temperature was reasched in 1«2 minutes,
The liquild from egquilibrated mixtures was decanted into
sentrifuge tubes, centrifuged in order to separate the
remszinder ol sollds, an analyged.

Isotherms were determined at room temperature for
gocdlum, pobtassium, 1llthiuwm, and barium in basic solutlons,
and for aluminum, chloride, and sulfate in acid solutions,
In order to somewhat bulier these solutlonsz, chloridow
hydroxide mizturss in the approximate 5:2 molar ratio
wers used {or sodlum, potassiwm, llthlum, and barium;
gsodium s@lt-seid solutlons In 1:1 molar ratlo were taken
for ehloride and sulfate; sluminum chloride alone was
used for aluwvinum, Solution analyses are siown in Talle IV,
ps 21, Isotherms were glso determined for sodhum at 70°C,

on bwo ssmples.

Analytical Methods

Adsorption was determined by snalyzing the original
and eguilibrated solutions, Sodium, pétassiuvm, 1lthiunm,
and berium were qnalyzed llame phaﬁamatricwllg. Aluminum
was preciplisted and wel vhed as aluminum 8.quinolinate.
Sulfats was also determined gravimstrically as barium sule
fate, Chloride was titrabed votentlometrically wlith sllver

nitrate using sllver snd pgloss electrio des,



Table IV

21

Composltion of Electrolyte Solutions

fon Stwedisd

H&*
%
matt
Al"* +
o1”
S0
3

Mole Praction
ef Sglt

0,801
C 717

o:

Hole Fraotlon of
Base or Acld

0,199
0,243

0,255
0,354
0.000

Qe

Equilibriwm solutions of several ilsotherms were glso

snglyzed by mecid or base titretion for hydrogen or hydpoxyl

ions libverated through lon exechange.



RESULTS

Rate Sxperiments

The few adsorption rate measuremsnts w ich were made
indlcated that squilibrium was reached within 5 min, or

less {Table V).

Table V

Adsorption Rate Measurementa

Bouilibrium Solutlon Hesistlivity, ohm-em

Time 0.1 W 0y Q.1 N NaOL
Orizinal Solution 274

5 min, 760 12000

10 min, 730 11290

37 hrs, 720 11800

Titration Curves

The tiltration curve deota are glven in Tavle VI,
p. 23, and the curves are plotted in Pig. 1, pe 24y In
addition, the dependence of sodium adsorption on pH 1is

snown graphioally in Fig. 2, p». F.



Solutlong

for Q1%
for Nat

QQ

Sample 1

Aoid
gdded
Bauil, pH

¢ for Q1™
x/m for Gl
s for Na‘t
x/m for Ha*

Sample 2

Aeld ox» bame

added™

Bgquil, pH

¢ fr 1™

x/m for Gl“
¢ for Nat

x/m for Nat

Sample 3

Aoid
added”
Equil, pH

¢ for Q1"
x/m for 31“
o for Ha*

. x/m for Nat

gﬁ bage

gr base

Plant Sample

Table VI

Titration Curve Dats

Acld or bese . ...

added”
Eq_uil » pH

¢ for CL™
x/m for “1‘
e for Hat
x/m for Na*

23

- . 2. 3k 5 6
0,202 0.161 0,120 0,102 0,101 0,100 0.0994
0,100 0,100 0,100 0,200 0,160 0,120 0.0994
0,512 0,307 0.102 0,512 Za 0,102 0.0
1.18 1.28 1,70 12,10 11.67 7.93 2,69
0.211 0, 1?2 0.131 0.125 0,130 0,123 0,11}
0,046 «0,056 »0,056-0,118 0,118 «0.118 =0,077
0,100 0.100 0,100 0,173 0.136 0,115 0,0994
0.9 0.0 0,0 0.1 0,12 0,02 0.00
1.56 2.36 é.20 11.49 110,32 9,00 7.92
0. 1g0 0.135 0.120 0, 193 0,102 0,103 0 109
0.1 0,13 0.0  0.C 0,0 0,0
0.100 0.0968 0,096° 0,117 0,103 0,099 a.gz&e
0.0 0.015 6,02 0.42 0.29 0,102 0,048
0.509 e. 06 0.102 0.509 0,306 0.102 0,0
1.27 8 L.38 12,03 11,33 9.33 7.65
0,185 o.lal 0.118 0,103 0,102 0,103 0,103
0.087 0,102 0,010 0.0 0.0 0,0 0.0
0.100 0.,0947 0.0926 Ih7 0,112 0,099 0,004l
0.0 0,02 0.9& 0,27 0.2 0,107 0.025
0.50L ©.302 0,101 0,50 0,302 0.101 0,0
1,30 1.3 1.86 12,29 12,31 11.78 6.35
0.200 0,163 0,122 0,103 0,109 0,103 0,101
v BOL dotestable wewvnwo v - -
0,100 0,0935 0.0985 ,193 0,152 0.115 0,0961
0.0 0.03 0.005 0,035 o,0h 0,025 0,017

# Milliequivalents per grag of Ti0p¢ soid in solutlions

1, 2, and 3, base in I,

5, and

Far the definitions of symbols see Nomenclature, p. 55.
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Adsorption lsotherma

Adsorption isotherms for cations were determined in
basic solutions bessuse thsey were sdaorbed mmuch strongsr at
higher p»H wsliues. Adsorntion of snlons was studlied Jor the
g-me reagon 10 acid solutlions, Adsorpitlon of eluminum,
nowever, had to be studlied in an acld zolutlon gince glue
minate rather than trivelent aluminum lon exists In basie
solutions. Data are agiven in Tables VII through XIII,
pp, 2f~38, and plotted in FPigureas 3 through 12, pp. 3h-
ha.

Typieal Langmuir adsorption isotherms wers obiained
Tor 811 lons studied, The modifled BET equstion alse
apnlied falrly well, Only the pattern of chloride sdsorpe
tion was not quite elear due to low amounts adso-bed ¢nd
some scatter of dota, Froundliich's egquation spplied quite
well for cations in basic solutions up to the point of ad-
sortent saturation, For sulfste Freundlloh plot was curved
due to thr gradual saturation of adsorbent, The capacl-
ty was reached guilckly with: aluminum and chloride lons,

Resgldusl HC1 on s mple 1 obseured the determinution
of echloride adsorption on this semple, Similerly, po-
taassium adsorption could not be determined on the plent
titania s:mple bscause of interference of potassium in
the s'mple,whlch Is cormonly introduced as a caleination
eorbrol agamt,g
Liberatlon of hydrogen or hydroxyl ion by the exchange

was determined in potasssium, 1ithium, chloride, and sule
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fate i therm experlments. This liberatlen was found
%o bs closely equivalent to ihe respective lon sadsorbed
(Tables VIII, IX, XII, and XIIX),

Elavaiing the temperature to 70°C, did not affsct
the adsorption of sodium on & lrboratory~-prepared sauple
(Tavle VII snd FPigzure 3}. It was dacreased somewhai on
the pl-nt sam le.

Tne eflect ol charge =nd hydrated lonic radlus for
several catlons is 1llustroted in Pigure 13, p. LP. lof~
meister series wus followed up to avout 0,3 ¥ concentratlon.
At higher concentratinns the order of decreasing ndeorption
W Baf*}ﬂa*)Li*)K*.

Adsorption on lszboratory samples was found bo be
approximately proportional to their surfaces (Flmure 1,
pe U8, and Tables VII, X, XI, and XIII). Adsorption on
rlont sesmple, however, dld not fit into this natterh.

It was somewhort higher per unit area,



Table VIX

Sodium Igsotherm Data

Baqull,
%o &, 2E_ x/m
Room Temperature
@&mpla 1 v
0.01000 a 01 2.7 o
0.1000 2 80 8,9 010
002}.00 5 12;9 sQ??
1.000 0 939 12,0 .31
L. L00 1ﬁ36 12,0 .2
2.00 1.97 12.0 .2
Sample 2
0.01000 0.0037h 8.6  .0320
0.1000 ogeésg 9.3 159
0,100 0.327 11.l .Bg
14,000 0.851 11.9 ,762
1.400 1 12.0 L82
2,00 1.83 11.9 .87
Sample 3
0,01000 0,00503 8,5  ,0253
0.,1000 0.0712 9.8 1.8
01100 0.345 11.8 .2
1.000 0,900 12,0 510
1.500 1.27 12,1 .6
2.00 1,90 11.9 .§1
Plant Semnle
0.01000 0.00810 9.5 1%6
0,1000 0,0870 11.8
o.gee §a323 12,1
1,000 5 12.0 .13
1.4heo 12,1 e
2.00 1 98 11,9 .1

Gy = 6.17%°

o o
/5 iR
"9.8 720
5.0 360
3.0 220
7 510
10 730

2@%3 235
1 12 e
QQ

0.199 30,0

o881 72,7
1.2 180
1.76 265
1.9 290
3.7 550

0.555 5,0

g.;sg 2?.8
7.5 68
20 180

0.0888
a,i$1
O

1.4

-

L7

ofe,

a2 4

,ﬁlSé
.061%
&1)0
217
«317

000596
0110
+0531
136
«198
. 292

. 000803
.011@

o i,

. 206

»303

00129

0139

.ofgq
155

-

2316

For the definition of gyminls ses liomenclature, p. 55,
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{Continued)
o &
e . x/n x/m x/mlcgme] a/as
0%,

Sample 3
0,01000 0,00895 ,0206 0.289 0.0Lh4s9 gsﬁogzz
OOIG{}O 0*0780 ..&.LZ Oyi}g? 0&109 0010
0400 04337 »321 1.05  0.172 0522
1,000 0&899 15 L} 1&?5 9»31.{) w13
2,00 1.85 .71 2.02  0.550 « 28t
Plant Sxonle
0,01000  ¢,00868 00064l 1.31 0,203 00135
0,1000 0.0980  ,010 Z§8 1.5 »0152
0460 0.388 L0060 ol 0601
1,000 0,950 25 3.8  0.69 147

Table VIII

So. B
Sample

.00953 00421
L0953 L0722
.238  ,198
w715 b1
953 ,913

Potaggiwm Isotherm Data

Bquil.
_pE_ x/m
8.5 .0271
9,9 W11

12,2 ,20

13.2 ‘zg

133 .28

13§6 «20

o 2]
xm'  x/m x/mleg=e] ofeg
0120 0,180 0,0347  .000942
L0937 0,612 0,139 L0162
.%g 0.99 0.23 Oih3
» 2l 1.0 0.20 0952
.c?; 2!% O' 3 pl 8
o2 L 1.2 . 204

€

x/m* wos caloulated from base titration.



Plant Ssmple

00792

00701
0700

.%91
» 392&
« 792

ﬁg = 11&& ‘3”35’

Table IX
Lithiwm Isotherm Datse

Equll. ) e

PR x/m  x/m' x/m x/ule . ~e] ofcy
8,6 .0111 00806 0,517 .0370 + 000110
9.0 L0530 L0699 1,30 ,og? ,00Lol
9,6 .15 120 1,1 030 »0122

10,8 .31 .ii 1.1 L0881 L02hs

11.7 éfi . 1.1 032 .0376

3«2‘{) & UL tSl llé l12 *0531
8,5 0046 .00796 1.5 W11

12.0 L0106  ,027 L.8B .3l .605 S

12,3 .02 030 9,7 .70 L0110

2.3 .03 .035 13 .56 .525?

1243 wew L Ol - o et

l;z, 3 e » 03 - 0. iy e e A -
x/mtV was c-loulated from base titratlon,



01169 01169
»1169 ~08?)

230 ,163
.3g@ *319
521
?80 » 7ho
Sample 2
.01169  ,00035
»116? 'G&i
La3h 232
<320 »213
555 361
+ 780 ¢§59

L01169 L0018l
1189 «0555
.23% .192
780 .%és
Plant Ssmple

L01169 L0000
L1169 »0979

234 ,213
«390 372
. 585 b1
. 780 LTh

G@ - 1;&335

Table X

"Rarium Iasotherm Data

Equilt
pH

(]

‘#fn A

h.o
Tl
11.1
15»,.1
12,
124

e

NS D (D )
* & & & ¥ &
W GOV

12.7

O -
0,151 0.580
0.36 o.gﬁ
0.36 0,89
0.33 1.6
20 30?

0.0579 032

0,370 O 1??

0,062

0 &. ;
1. 0,59

1,187 0. 193

0.0512 121
0,313 1,0
0.535 1.9
0.723 L1
0.739 4.7
0.789 3.7

*
L]
»

0.,0365 121
0.096 1.0
0.11 1.9
0,091 & 1
0,12 h.7
0.20 3.7

X
gﬁ:z
338 2

850
12l;

T

- %

Co-F2™md 1D

2

36.

51,

90.1
120

b

1,1
9~0

37
33

3«

T e

013
0.35&
.80

Uun?swc:c;

00025
,6311

ity

.253
»382

00115
.0379
«0902



Baguil.
Sa.. ~RE_ 8
Semple 2
.Gegzé 7.8 200960
ﬁ 2.7 0772
o g zgi £ 222
N £§,? 2o .lﬁ)ﬁ
- 74.? 2e3 . ??5
« 9GO0 2.2 4967
Somple 3
,00096 6.5 L0100
L0096 20 L0852
.2&2 2 W232
419 2.3 LL78
<747 2.2 .?3*?
S 9?6 e 1 . 9%3
Plant Ssmple
.OﬁQ 249 L0100
0592

2.5
2 5

ip@ 2.3

ggbla XTI

Aluminum fsotherm Data

Por (hloride

it

%‘l

O
0682
,087
.102
061
<051

COOC

31

For g;um%pum

L. xm x/m K
9 L0510 0 0
L0800 264 0,182 18,8
L1931 .29 0,67 180
..%2 229 1,58 Loo
088,30 2.3 620

L0507 O 0
L0680 ,101 o.L2 03
213 .13 1.2 180
Li65  ,17 2.8 20
712,17 L2 630
L0960 .18 5,3 800



Table XII

Chlorice isotherm Data

Equil.
Sa. 2. ~BE_ x/m x/mt
Samgle 1 e
.698” 0,108 1.2 e GGT -——
024‘«3 0.260 Ce3 = 072 -
hv? 0.50 0.2 s ———
«THO 0.75 0.2 -082 P
l} ? lu{}l 002 *,Gll R dad ]
0987 0.,0775 8.2 .108 222
2& 0,210 2.0 16 o3
olf—’;’? G-r%.ﬁf;' 0.0 v el 033
é 0,698 0.5 27 «35
7 0.957 0.5 15 « 31
S»amgle 3
+0987 0,0730 7.5 .100 L16
216 0:223 1.l 092 - L,18
J197 0172 0. .13 .15
.7 0 O¢7}.8 QQL;. ;ll/ ,2{}
«GOT 0.976 0.k 'PSO »15
Flont Sample
0987 0,0983¢ 1.2 0 L015
“206 o085 0.3 o T03
497 . 0,501 0.3 0 .01
« 740 0.7h% 0.3 0 ——

x/m? was calculsted from aeid titration,
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Table XIIT

Sulfnte Isotherm Data

Equil, ¢ ; o
Co & pE _ x/m x/m* xm  x/E Xfm(eg-c] golog
Sample 1
0.01079 0,0017 1.6 .05LE ,0252 0,068 5.0 ,00622  ,00016
0.1079 0.0722 1.1 .186 L0351 0,380 28,3 ,0359 . 00662
0.270 «230 0,2 21,007 1.1 80 .102 L0211
c.;&n haa 0.9 .28 13 1.7 i20 ,156 Joblib
0,810 @ Tho 0Lk 36 12 2,1 150 .21 0079
1.079  1.019 0.3 .31 .11 3.3 0 .33 . 093l
ssmnle 2
0,01079 0.0096 7.8 0061 0251 1.6 k30 ,1% » 00088
0,1079 0,063 L.6 217 :251 0,286 76,6 ,0268 » 00550
0.2?@ 0,177 1.6 .48 L9 0.37 99  .03% .0162
0.5h0 o.h2h 0.8 ,593 ,552 0,715 192 L0681 0389
0.810 0,677 0.6 680 588 0,996 267 L0978 L0621
1.079  0.939 0.6 ,715 .5%8 1,31 351 ,.131 .0861
Sample §
0.01079 0.010 7.1 0085 ,0250 2.0 300 .18 00092
0.,1079 0.0735 2.bL .175 .23 o.gzc i «5 L0389 L0067k
0.270 0,205 1,2 .33 ,298 0.622 94.1 ,0882 .0188
0.500 0,163 0.7 .ﬁg «35 1,2 180 .12 <0l2g
0,810 0,716 0.5 . 3 1.5 230 .15 L0057
1.079 0.983 0.7 49 .38 2,0 300,20 +0901
Plant Scmple
0.,01079 0.015 2,2 0 L0247 e mem
0,1079 0,106 1,k .01 .03 10
0,270  0.260 0.9 ,050 .65 Sed 50, Points
0.540 0,526 o.? L0710 7.4 ’
0,810 0,771 %.g 20 L0 3.9 2 Scattered
1,079 2,050 0.6 .15 ,L08 7.0 3

og » 10,935

x/m* was oanlculated from acid titration,



Ly
e

Te

] @ OO,

-~

o
A

¥

y

dron

g i

I

B

et
DN

Ty
vl

34



d4sormiton AL
Fanetion 32
o
x/m So Plant
SiEa % 38?P16

at 1=

AT R T SR A

bw
o
-

otnermi: Laygrmilr “led

o Conre amarcs e A 86,7

/

10 - J

vu,

rant
S
P
.

.,

VSR P GRS VY

L
L
o e g

1, ‘(‘
e A
H §
™,
.

=

g,
oS
e e
e

L Room

T TR

G




36

Ads rotion|
Funstion Fig, 5
8

X/ming=8) | fg” Teotvevaase BEV Fiof

Sopo <saeam  am

Fiant
Luwnls

s vt e e < rme e

e

i g a3
s,

%,

\‘«_
"

N,

\"s

3

Semple 3

- Foow Lemp. .
. ) o, T
“ir ang 70% :

P o - . .«?3 > e T a‘()“

o gy A - A T S s e
v

4

| ‘ e
§ r f .

. 4

L‘v | o

G o . Lo e e [ . { i

0 Cel ~0.2 Felative samration

- -



mpoagoeTDLion

R}

¥

L
3
g

e

H
¥
i

¢ s b A3 R A5

R
o,

3 / =
[ ; e
. e
I : 3
1

o ®
B2 / i T %
& e obn LENNE4




e e s

it oo, kg G e w2 R 2

e

-

e

Tibriam

~arvt gt A
TENTITRLAOM

¢

pe



anthes

*t T

Ba

i Leangymir Plot

"R
@
/.-imyr'
e
“
-~
.
.
ENL
:
g g e e, s % e S
e
o

o




Piz, 9
Ba*tT 1sotherme; BET Plot

Adsorption Saﬁple
Funmotion
[ //
x?mle‘-es i 1
: / "
sk /
| /
4
bu, f/
/’ /
/ /
/ /
L N ;
s n o/ //
/ )
! / i
: y ;
e / /
/
: // /
4
3 H
3 - //
! / /
/ ;
/ /
im 7/ : ///
; ,ff 7/
:/ ‘;J
2 L / /
! /
/j ¢
7 - / X
,»"v,’ ,,"/
/f y /;l’
S / 7 a 3
g i/ V/ _,,/“"”’ -
| //g e e
| P e v
i;. S ‘ T ” /A —_’-’x-’.__,, 2
{ 7 3 e i R
i ¢ M---—ﬂ—-—;’(’ P S
' /‘/ o - ’;\S“W .f«w""‘“’”“—c-#
VR o e et
o U T U 1 et i
0 0, ., 03 ¢, Relative

Jaturstion

r-;/os






Adsorptieon
Funstion

[

Pig. 1i
&g{“ Igotherwg; Leanpmuir Plob

3

s’
5
n‘l
s
be 7
i r
)
K
;"‘
4
v’l“v
."‘; '
N Y.
i A
H P
;’i
&
/‘f
4 :
; - %
/ .
7 !‘f
o ll" " s
s e
H . P
§ , s P e
s e
-
-
o
vd
o
P v
-
- -«
-~ -~
P

| 1

.8 Bguil, Cona,



r

jn
3
L ~
- .-
» L
. ¥
e 4

w/. 3 K
o e
HES .-

:.» 1 - S W |

e s e o e e i

el
™

P o

&=

ta

PSR S ——




DISCUSSI OX

The dba conllected during thls study Indicate that
titanium dloxide entered ion exchange reactlonz smphotericslly.
Depending on the pK of solutions, elthcr cations or snlons
were exchuirged,

Titretion cuives were chirscteristic of wenk acld or
b.se exchsngerg, Curves for gamples 2 and 3 were [lsbter
than those for gample 1 :nd tho pk nt somple, Indicsting
somew at hicher ¢ pacities,

Gurve No. 1 was cisplaced on the graph to the rigat
due to resiual HCL in the ssmple from Incomplete washlng.
Chlor'de content of this sample was 0,38 percent or 0.1l
milliequivalents of ~hloride per gram, The displacenment
of this titration curve from the axls of zero vasge or acld
addition was aboit 0.1 milliecuivalent per gram at neutral
pH. It is evident, that Irec acid ln the sample had to
be ncutraliged velore pH of the equilibrium solution could
increase., The pregence ol chloride In sample Ho. 1 was
also responsible for negative chloride ada> ption valuses;
chloride ions were leached out rather than adsorbed on the
sample,

The ndsorptive power of titunla gamples was very strong-
1y dependent on thoe pH of solutlion {szee Table VI and

FPigure 2), Only very sall amount, if any, of sodium
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ions was ndsorbed beslow = pE of 8, From this point on,
adsorption = of sodlum ilons increased approximctely In a
linear fas lon with pE, Figure 2 also shows that adsorption
canacity of titanis samples increased in accordance with
thie condltlons of preparation: plant titania( Vo, 1<N’0, 3<
Ho. 2. Due to Inaectivatlon zsnd decrease of surfaes of the
w1 nt titsrnlae sample at hiph caleinabtion temperature {sbout
900°%), its adsorption capseity in both zd d wnd basic
sclutlons wos appreciably lower than that ol laborvatory
rrevarations.

The adsorption of chloride ions in acid soluctlons
waa not as grspat as that of zodium Ions In bazic solutlions
{see Table VI)., Trils »lso can be seen on the titr:tion
curves, especlally, for samples 2 and 3, The "break”
on the ~2cid side was somew:t sharper and closer bo the
axls of gzer. addikion than on the basic slde, indleating
hisher capaclty for ths base thyn for the ascid.

ITantroprm dota followed wall the Langmulrts adsorption
e:2 tion, <hit equatlon was successfully us&é b ﬁoydﬁ

and coworkers to covrrslate. cotion sxehisnge 'y on organilg

t!;

exciange ronin, Sines the langmir sguation postulal

al

formation of an adsorhed monolnyer on active slieg of

adgorbent surfoce in equilibrium with dissolved ions {or

-~

surrounding gas), snd sinee these conditlons clso describe
well lon exchange ressgtions, exchange sdsorption on titania
surface may be inflerred, Data reportsd by VavkhevakiIE

and coworkers also correlabed woll using Langmulrts equaetion
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(Figure 15, p. 49).

The BET equation gave good correlati-ns for the simple
reason that only low rel:tive saturatlon was reached In
te adsorption experiments, In thils reglon the equetlon
is very similsr to Langmulr ecusatlon, ans describez the
formation of a monolayer, This, of course, iz Lrue avoutb
ion exeh nge.

e to snturation of ihe adsorvent, freandlich isow
them spplied only in more dilute solutlons,

Liberati n o acid or base in emounts equivalent to
lons adsorbed offered odditlonal indication of sxchenge
reaction,

The following mechenilsm iz postulated for tho sxenrnge

reaction bLetween the hydrated surlsce of TiOz and the
surrounding electrolyte., Tetrevelent titanium in solution
is hexa-coordinated snd forms during hydrolysls of sulfate

solutions & polymeric structure.z

dfﬂ HPH HOH ﬂf”

‘T T'l'/0>T"/ , '\
/' N>/ I\O H&)H\O \!)
NoH ? #oH i
ALY T 0N
“'/ I‘ /“\
/ \;>/ ) \D 1
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It is quite possible that & similar hydr-oted polymerie
gtructure is formed when tltanlur tetrachlerlde is neutrallzed
witii & beses Wrtor is an inteprsl part of the structure
and’1s not. easily reroveds Ultanls finlshed abt hlgh
tempernture atill roadsorbs s#me of this water from the
atriosphere (0,5 miliimoles vper zram wes ~dsorbed on tue
plant sample used in this study)e Apparently, depending
on the pH of solution; either hydrogen or hydroxyl lon can
be renl8eed by an appropri-te long

As 1t could be expected for true lon sxchange, the
temperature sffect with the lshorat-ry ssmole was negligible,
The decrence in adsorptlon with incressing temrverature
on the plant zample Indlcated weaker abtrostiem for the
ioﬁaa Thiis may be due to inastlivation of the surface at
higher {inlching temveratures,

Equlvolsnece of adsorption per unit surfoce aren for
three lsboratory samples wos indleatlve o7 equal number
of exchange =2ltes present per sarare meter of area.

There wes, ol course, soame scabtbter of data in the surflace
area correlation, but, generally, the correlation was reg-
sonably good. Azaln, plant sample was out of line with
laboreb ry s&mplat¢ﬁue\tcndiff@rént eonditions of preparatlion.
Varying amounts of rutile snd anatase In the laboratory
samples, apparently, had no effect on their zurface actl-
vity.

The effect of charge and lonie radius in dilute soe
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lutions {up to about 0.3 W) can be explained by the hydrated
ionie radius snd the charge of ions, Due to the hipgher
charge, barium wes attracted strongest; it wﬁs followed

by potaszium, sodilum and 1ithium, iﬁ.the order of inceresding
jonic radiug. atthigher o ncentratlions this order wesg

upsst, The reason for this msy be the differencs in the
activities of the roespective lons (Table XIV). No coupaw-
rison sould bes made between the exchange adsorptlion of these
lons and slumimen, 9 nce the latier was studied in ncid

solutions,

Tatle IV

Ionic Radii and Acbivity Coefficlents of Gstlone

Hydrated o5 Activi bty Coefficient 6
Ion Ioninz Hadius,,ﬁ“ in 0,1N C1~ Solution®
it 10.1 0.775
et 7.9 0,659
za:"‘_ . 5,2 0.611
Ba 6.3 04399

The literature sWout adsorption of electrolytes -n
titanium dlox'de san be explalined now on the baslis of
amphoteric exchange behavior of the materisl. The adsorption
experiments ol “hr tla and thsh,3 Kargin ané‘Tolstaya,lg
and m silovisiH and ?eshvin&z were cone In acid solutions.
Conseq ently, they repéprted predoriinant asdsorption of

: : . 36
anions, On the othor nond, Verknovekil and coworkers

concentrated more on basic solutions anc gound thet
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cations were adsorbed., lowever, they also earrisd oub

some experlments in neutrsl 2nd acid solutions, yet did not

detect any excrrnge of aniong, The resson for their inabie

1ity to detect anion exd "nge Iin strongly ecid solutions

is believed to lie in their analytical method and sample

treatmont, Verkhavakii‘é titanla was treated wiih cone

centrated sulfuric scid bed re final. drying. dAssentially,

then, it was an exdi:nger in the sulfste form. Other snions

could be sxchanged fhr this sulfate under suitsble conditilons,

Lowover, this exeinnge was nob detected by Verihovskill and

soworkers because they analyzed for Liydrogen or hydroxyl

ion liber-ted., In case of cgtion exchwnire ithere were

hydrogen ilons to be 1iberated,_hut in ocasse of anion ex-

change sulfate was released instead »I' the hydroxyl lon.
Such Inability to detedt snion exchinge by titration

with & stsndsrd acid was observed with sulfeote adsorption

on sample 1, Since thds samole contained some residual

chlori e, ths sulfate adsorpilon vslue as determined Ly

aclc titratis»n was appreciably lower than th:st obtalned

from sulfate analyses {Table £III)., Evidently, here, too,

some chloride was released in exchenge for sulfate lons,
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Titaniwm dloxide was found to behavs as an amphoterle
ion exchnnger: weakly acld in basic solutions and weakly
basle an acld solutions.

- Bxehanme capacitles were primarily dependent on surfsce
area of titanis, pﬁ and concentration of solutions,
Under beat conditions 0.8 milliequivalents of sodl um,
1.1 of barium, nd 0,7 of silfate icns could be excranpged
nver gran of titania,

The isotherm dats were best correlsted by Langmalr
equntlion since this equotion was derlved for adsorption
conditions similar to ion exchange,

Hofmal ster series applied essentlially up» to about
0.3 ¥ solutions., a4t hisher conegentrstlons the order changed
to patt ) ‘;‘m“)L‘) i{t probably, dus to charxg},:e in activity
coefficients of the lons.

The increase in temperature from 25°C, to 70°C.
had no noticeable effect on the exchangze of electrolytes
on éémparntively active laborgtory titania o mples. The
gnpacity of less msective commercisl pilgmentary titania

decreased with temperature.



REGOMENDAT I0KS

The gbove-presented work sugrests saeveral toplos
for further gstudy:
1, Reveraiblility of adsorption:
8, At constant solution pl,
b. At varring solutdén pH,
2, Evaluation of the performance of titanlas exchangers
in a columm,
3. Developnent of improved exchanger capacities
by theo use of "polymerizetion” technlgue such ng employed
by Krau322 and cow rxers in the pr@paration of zirconium

tungetate exchangers.



NOMENCLATURE

c=-oauilibrium concentration, graﬁequivalents ner liter,

Co--0risinal cmnéentration of electrolyte, gramequlvalents
per liter.

as~~aomcentrati¢n of saturated electrolyte solutilon,
gramequlvaelents per liter,

P-~gas pressure,

ps~~condenﬁation pressure at the pglven temoerature,

x/m=~adsorption, millirraneiuivalents of ndsorb-te per
gram of titania,

%/A~-adsorption, miliigramequivslents of adsorbate per
1 sagmore meter of tltanis surface,

{x/m) «-adsorption at monolayer coverage.

a, b, 4, k, K, ne~constants.
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