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ratio is constant with a relative mean deviation of
less than 297. This accounts for the apparent lin-
earity of the lower curve of Fig. 1.

From the concentration quotients evaluated,
Fig. 3 was constructed to represent the relative
quantities of Fe(II) species in sulfuric acid in the
indicated concentration range. The assumption is
made here that the concentration of Fe(II) is small
enough not to alter the hydrogen ion concentration
appreciably and that ionic strength effects need not
be considered.

Complex Formation between Ti(IV) and Fe(II)
in H,SO.—Various investigators in the authors’
laboratories have reported spectrophotometric evi-
dence for complex formation between Ti(IV) and
Fe(11) in sulfuric acid solutions. For example
when a solution 1 M in H;SO, and 0.2 3/ in Ti(IV)
is mixed with an equal volume of a solution 1 A/
in HySO, and 0.2 M in Fe(II), both of which are
colorless, a pale yellow color develops. Spectro-
photometric analysis, using the method of contin-
uous variations, indicates that this color is due to
the formation of a complex in which the mole
ratio of Fe(II) to Ti(IV) is 2.0. The possibility
that this color arises from the products of an
oxidation-reduction reaction has been eliminated.
In the previous publication® the nature of Ti(IV)
species in perchloric and sulfuric acids has been
elucidated. The distribution ratios of Ti(IV) in
perchloric and sulfuric acids have been reproduced
here as curves C and D, respectively, in Fig. 2.

An attempt was made to study the nature of this
complex by eluting samples containing both
Ti(IV) and Fe(Il) in HySO,; with sulfuric acid
eluents. Had these cations, when eluted from a
mixture, displayed distribution ratios different
from that obtained individually, this would have
been evidence for complexing.
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That the data for such elutions (square points
in Fig. 1) coincide with the corresponding predicted
curves for the individual elements, indicates that
either no complex exists or, more likely, a complex
exists but it is so highly dissociated as not to
alter the normal elution behavior of its components.
The lack of observable adsorption of either Ti(IV)
or Fe(II) from mixtures in sulfuric acid by a strong-
base anion exchanger is considered as indicative
of the absence of negatively-charged complexes
of any appreciable stability.

The difficulty here may lie with the fact that
only small quantities of Fe(II) and Ti(IV),
0.05 to 2.0 mmole of each. were taken for elution.
Greater quantities would have overloaded the
column. Furthermore, most of these quantities
existed in the resin phase rather than in solution,
so that the net effect is a shift in equilibrium away
from complex formation. This, of course, implies
a complex with a relatively high dissociation con-
stant.

Analytical Separations of Ti(IV) and Fe(II).—It
is quite apparent from an inspection of Fig. 2 that
ion-exchange chromatography can be used as the
basis for a quantitative separation of iron and
titanium provided that the iron is maintained in
the oxidation state of two. With a proper choice
of perchloric acid concentration, either cation can
be made to precede the other. For example, an
eluent of about 2.5 3/ HCIO, will elute titanium
first, whereas an eluent of about 5 M HCIO,
will elute ferrous ion first. The respective elution
curves, obtained when 0.1 mmole of each were
eluted, were sufficiently narrow that no overlapping
of elution curves is anticipated. With the three
sulfuric acid elutions of actual mixtures these two
cations were quantitatively separated (no over-
lapping), in which case titanium was eluted first.
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Ton-exchange elution techniques have been employed to elucidate the nature of Ti(IV) ions in HC10, and H,S0; solutions.

In HCIO; up to about 1.5 M, Ti(IV) is shown to exist in two ionic forms as follows:

which the concentration quotient is 2.0.

in dilute acid.
this beliavior in terms of complexing of Ti(IV) with ClO,~.

There is very little information in the literature
regarding the nature of titanium (IV) in solution
and the extent and type of complexing encountered
in sulfuric acid sclutions. For example, in a
rather comprehensive compilation of stability
constants of metal-ion complexes by Bjerrum,
et al.,' no mention is made of interaction between

(1) J. Bjerrum, G. Schwarzenbach and L. G. Sillen, “Stability Con-
stants of Metal-ion Complexes, with Solubility Products of Inorganic
Substances, Part II: Inorganic Ligands,” The Chemical Society,
London, 1938.

At high HCIO, concentrations, the distribution ratio goes through a minimum.

Ti(OH);* + H* = Ti(OH ), *~ for

In H,S0, solutions up to about 2.0 ) the same ions exist, but in addition each
accepts a HSO,~ ligand to form Ti(OH);HSO, and Ti(OH),HSO.™, respectively.
association reactions have been determined to be 11.3 and 0.64 respectively.

The concentration quotients for these
The data point to monomeric titanium species
It is possible to interpret

titanium(IV) and ligands derivable from sulfuric
acid. With regard to equilibria with hydroxide,
other than that involving a solid phase, Delafosse?
claims the coexistence of Ti(OH)*? and TiO++,
the former existing at pH < 0.3 and the latter at
pH > 0.4. The titanium(IV) species indicated by
Barksdale? are speculative.
(2) D. Delafosse, Compt. rend., 340, 1991 (1933).

(3) J. Barksdale, “Titanium,” Ronald Press Co., New York, N. Y.,
1949.
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Hixson and Fredrickson! indicate in aqueous
solutions of TiOSO42H,0 complexes with a mole
ratio of titanium to sulfur equal to 2:1 and point
out that about half of the total dissolved titanium
will react rapidly with peroxide, wlhereas the re-
mainder does so only slowly.

The purpose of this investigation was to eluci-
date the nature of titanium(IV) species in sulfuric
acid by means of ion-exchange elution techniques,
With the expectation that this cation would not
form complexes with perchloric acid, the change in
distribution between resin and perchloric acid
solutions was to have been measured and compared
with that obtained with sulfuric acid solutions.
Differences between these two acid systems could
then be attributed to the formation of sulfate and/
or bisulfate complexes. That the possibility of
complexing with perchlorate did exist became
evident when a reversal of distribution ratio, C,
was observed. Reversals of this type have been
attributed by wvarious investigators as possibly
due to any of a number of effects, one of which is
the formation of cationic complexes,

Experimental

General.—The techniques used for all elutions are essenti-
ally the same as those appearing in the current literature on
ion-exchange chromatography. Briefly this technique is:
A Pyrex column, containing the resin, is suspended vertically
and fitted with a stopcock at tlie bottom., A solution
containing the ions to be studied is introduced at the top of
the resin bed (with minimal disturbance) with tlie aid of
a pipet. Eluent solution tlien flows through the colummn
from a reservoir placed above. Flow rates (usually 4 ml.
per min.) are maintained by adjusting the stopcock. Tlie
cluent solution emerging from tliec coluinn passes into a
siphon pipet which in turn delivers a definite volume into a
receiver, usually a volumetric flask. Receivers are clianged
after each siphoning or after a definite number of siphonings.
The concentration of ions beiug cluted then is determitted in
the receivers.

Curves of concentration of ion eluted zersus volume of
eluent are then plotted. Tliese curves should be Gaussian
in shape. Uy is defined as the volume, in ml., cluted at the
point where the elution curve reaches a maximum. C, the
distribution ratio is calculated from the equation, C =
(Um/ V)—1wliere Vis tlie interstitial volumre, .¢., the voluie
of resin bed not occupied by resin particles. A discussion
of this equation, wlicli is of fundamental importance to
ion-exchange chromatography, cau be found in the litera-
ture.®

In this work, 0.050 munole of Ti(IV), as titauyl sulfate
solution, was carefully introduced at the top of tlie resin
bed with the aid of a 5-ml. pipet. With HClIO; elutions,
qualitative tests of tlie eluted fractions showed that the
sulfate from tlie sainple passed tlhirough tlie columns,
unsorbed. Thus the sulfate was separated from Ti(IV)
at the commencement of each HCIO; elution and the behavior
of Ti(1V) was not influenced by the sulfate of the sample.

To each fraction of eluent, one ml. of 39, H,0: wus
added. The titanium concentration was determined by
measuring the intensity of any vellow color which developed.

Determination of W, V and Q.—The dry weight of resin
i1r a column, W, was deterniitted as follows: Several liundred
grants of the product as received from the manufacturer was
washed repeatedly with water. Very fine particles were
removed by repeated decantation. This batch then was
air dried by exposing to the laboratory atmosphere for
approximately one week. The air-dried resin now was
liomogenized and stored in an airtight bottle. A small
portion of this was removed for a moisture deterinination
by lteating to constant weiglit at 105°.  From the moisture
content thus deterniinted, and tle weight of air-dried resin

(4) A. W. Hixson and R. 1&. C. VFredrickson, fnd. Eng. Chem., 37,
678 (1043).

(3) J. Beukenkamp. W. Rieman and S. Lindenbaum, Anal. Chem.,
26, 505 (1934).
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taken for a columm, the oven-dry weight inn a columm is
readily computed. It is this oven-dry weiglit which is given
the symbol W.

Interstitial voluines, V, were determined as described: A
standard HC1Oy solution was eluted until tlie solution emerg-
ing from the column had the same molarity as that eutering.
Then the column was drained until the level of liquid above
tlie resin bed coincided with the upper level of tlie resin bed.
At this point, the liquid in the interstices was remnoved by
employing water as eluent. Enough water was used to
require a volume of approximately three to four times tlie
anticipated interstitial volume. The ecluted interstitial
acid was collected and titrated witll standard 0.25 A7
NaOH. In certain cases, aliquots were titrated. By
dividing the total nuiber of mmoles of acid collected by tlie
molarity of the acid, ¥ is obtained.

Subsequent to tlie determination of 77, tlie capacity of
tlie entire columm, QW, and the capacity of one gram of
resin (, then were determiined as follows: The colummn,
being in the acid forni, and containing water in the inter-
stices, is completely converted to tlie sodium form by
employing 2 M NaCl as an eluent. The acid thus rentoved
from the colummn was collected and titrated witli standard
alkali. In certain cases aliquots were titrated. The total
meq. of acid removed from tlie colunin equals QW and,
since W lias been determined, Q can be evaluated.

Reagents and Chemicals. Resin.—AG 50W X 8, 100
to 200 mesh.® This resin is a cation exchanger of tlie poly-
styrene—divinylbenzene type containing nuclear sulfonate
groups. It is Dowex 30 wlich has been further screened.

Standard Alkali and Acids.—Standard 0.25 M NaOH
was made from reagent-grade 18 M NaOH and was stored in
polyethylene containers, protected from CO, witlt Ascarite
tubes and automatic burets, It was standardized against
N.B.S. potassium acid phthalate. H;SO; and HCIO;
solutions were niade by diluting reagent grade materials and
were standardized with this 0.25 M NaOH.

Titanium Sulfate Solutions.—Ti0SO; 2H-O was prepared
from butyl titanate by precipitation from hot 459, H,SO,.
Analysis of this product confirmed the stoichiiometry of this
forinula.  Solutions of tlhiis compound were made by dis-
solving it in the appropriate acid of the sane concentration
as tlie eluent te be used during elution. These solutions
coutained sufficient dissolved Ti(IV) so that a 5-ml. aliquot
taken for elution would contain 0.050 unnole Ti(IV).

0.2 M Ba(ClO,), Solution.—This was prepared by dis-
solving 0.100 mole reagent-grade Ba(OH ),-8H.O in sufficient
HCI10; so that, wlien diluted to 500 ml., the [H *] was 0.2009
as determined by titration witlt 0.25 .1/ NaOH to the phenol-
phthalein end-point.

Hydrogen Ion Concentrations.—Throughout this work,
the concentrations of hydrogen ion corresponding to giveu
molarities of sulfuric acid were calenlated froni tlie Raman
spectra data of Young,” as also described by Brubaker.®
Hydrogen ion concentrations for perchloric acid were cal-
culated from tlie proton niagnetic resonance data of Hood,
¢t all®

Evaluation of the Charge per Atom in Perchloric Acid.—
Two methods were eniployed for determnining the clrrge
per titanium ator, as contrasted with tle cltarge per species
obtailited from elution data.

Method 1.—A given quantity of resin, QIV, in the lrydro-
gen form is completely converted (while in a columin) to the
titanium form by eluting with a standard titanium (IV)
solution.  Then the titanium(IV) is displaced from the
column with excess acid and collected in a suitable receiver,
the contents of wlich are analyzed for tlie total mmoles of
titanium(IV). The charge, %, on the cation is then equal
to QW divided by the number of mnioles of titanium(IV)
retained by tlte resin. When determining the mimoles
retained, it is necessary to correct for the quantity of titanium
(1V) initially present in the interstices of the column.

Method 2.—Through a colunin containing QW meq. of
HR, there is passed, very slowly, a standard titanium(IV)
solution of concentration cqual to [Ti]. This alters tlie
hydrogen ion coucentration of the effluent so that the
acidity is appreciably different from that of the influent

(6) Purchased from Bio Rad Labs., Berkeley, Calif.

(7) T. 1, Young, Record Chem. Progress, 12, 81 (1951)

(8) C. H. Brubaker, Jr., J. Chem. Ed., 84, 325 (1937).

(9) G. C. Hood, O. Redlich and C. A, Reilly, J. Chemm. Phys., 22,
2067 (1954).
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Fig. 1.—Effect of acid on the apparent interstitial volunie of

a column containing AGW50X8, 100-200 mesh.

solution. When all of the resin has been converted, the
acidity of the effluent solution rather abruptly clianges and
becomes identical to that of the influent solution. By
measuring the volume, », of effluent (corrected for the
interstitial volumme) to reach the midpoint of the inflection
of the hydrogen ion concentration, the mmoles of titanium
(IV) needed to convert the column can be obtained from tlie
product [TiJv. Then, the ratio, QW/[Ti]¥, can be identi-
fied with the charge per atom.

The perchloric acid eluents used for these methods were
prepared by dissolving i1 perchloric acid freshly-prepared
hydrated titania, which in turn was obtained by hydrolyzing
isopropyl titanate. The sulfuric acid eluents were prepared
by dissolving TiOS0,-2H,0 in tliec appropriate concentration
of this acid.

These methods were tested by determining tlie charge
per atom of barium in an eluent containing barium per-
chlorate. A sniall column, constructed for these metliods,
had a cross-sectional area of approximately 0.8 em.? and
contained sufficient resin to yield QW = 10.3 meq.

Results

Interstitial Volume, V.—The results for V' ob-
tained with the method described indicate that a
constant value is obtained only with a given acid
and only over a limited range of hydrogen ion
concentration. Fig. 1B demonstrates this effect,
The lack of agreement obtained between these
two acids is as yet unexplained. Throughout this
work, the values of T used were those obtained
with acid concentrations below 2.0 M. The
somewhat arbitrary choice then was made to apply
the 1 obtained with a given acid to all elutions
with that particular acid and apply the other V
to elutions with the other acid. Thus the concept
of a given column with a wvariable interstitial
volume is tentatively accepted for this work.

The bed volume of a column was found to
decrease linearly as a function of hydrogen ion
concentration for both H,SO, and HCIO,. The
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change in bed volume for the resin indicated in
Fig. 1 was —4.29, per unit of hydrogen ion con-
centration for the range indicated. This gives
rise to the curves shown in Fig. 1A, where these
changes are expressed in terms of the per cent. of
the bed volume which is void of resin,

Other Column Parameters.—The ratio QW/V
was determined for two different columns. For
one column, W = 20.9 g, QW = 104.7 meq.,
V = 214 ml and QW/V = 4.89. For the other
column, W = 645 g.,, QW = 323.1 meq., V =
66.0 ml. and QW/V = 4.90.

Graphical Presentation of Data.—For reasons
to be given subsequently, the data obtained with
HCIO, and H:SO; elutions are plotted in two ways,
First, a plot of log C versus log [H*], where [H+]
refers to that in the eluent, is shown in Fig. 2.

T T T T T T T

0.2 T
1 1 1 1 1 1 1
[H"]I-b 0.5 ) '10 |.? 2.0 R 3.0 4‘.0 5.0
-0.4 -0.2 o] 0.2 0.4 0.6 0.8
Loe [H*].
Fig. 2—Evaluation of net charge for Ti(IV) in HCIQ, and
HQSOA.

With HCIO, eluents, a straight line of negative
slope equal to approximately 1.6 occurs below [H ]
= 1.5. Above this, the curve deviates from line-
arity and then reverses. With H,SO, eluents, a
straight line of negative slope equal to approx-
imately 1.8 occurs over the entire range studied.

A second type of plot is shown in Fig, 3 where
C[H*] is plotted versus C[H*].? Linearity is
obtained at lower concentrations of acid, and the
extrapolated ordinate intercept of these curves are
identical.

Evaluation of the Charge per Atom.—The first
line in Table I shows that the two methods de-
scribed give in HClO,, a charge per barium ion of
2.0. This, of course, agrees with the anticipated
value,
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TaBLE I
CHARGE PER ATOM AND DEGREE OF POLYMERIZATION OF T1Tanrrm(IV) lons
Column = 0.8 em.? X § em. for which Q% = 10.3 meq. and V' = 2 ml.
Data from
~~—Method 1-——r
n = —Data from Method 2—
oQw/ MIl. to Degree Degree
Mmoles mmoles reach n o= Net charge poly., poly..
on on inflec- Qw/ i, {H*]in per species Method Method
Eluent resin resin  tion =y [M]e [M ]z ave. eluent from K, 1 2
0.200 M Ba(ClOy), in 0.2009 A1
HCl10, 3.15 2.0 26 5.20 2.0 2.0 0.2009 .. .. .
0.095 M Tiin 0.500 2 HC1O* 6.35 1.6 77 7.31 1.4 1.5 .365° 1.4 0.9 1.0
0.045 M Tiin 0.600 7 HCIO* 6 00 1.7 135 6.08 1.7 1.7 .532° 1.5 (0.9 09
0.050 M Tiin0.1733 M H,S02 7.52 1.3 152 7.60 1.3 1.3 2957 0.7 or 1.3¢ 1.0 1.0

¢ Refers to initial [HCIO,] used to dissolve indicated quantity of titania.

indicated quantity of TiOSQ,-2H,0.
solved titania or by dissolved TiOSQ;-2H,0.

The next two lines show the charge per titanium
(1V) atom in dilute HCIO; varies from 1.4 to 1.7,
while in dilute HsSO,4 the charge is approximately
1.3. The significance of the last three columns of
this table will be discussed subsequently.

Discussion

Interstitial Volume, ¥.—The constancy of V
below [H*] = 2 (see Fig. 1B) is interpreted to
mean that resin invasion (sometimes called Donnan
penetration or entrance of non-exchanging elec-
trolyte) is negligible in this acidity region. The
method employed for the determination of V
is expected to be sensitive to resin invasion eflects.

T T T T
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c[HY2
Fig. 3.—Evaluation of certain constants for elution equa-
tions.

Determination of the Charge per Species in
HCIO,. General Treatment.—The reaction of an
uncomplexed metal ion, M*" with the hydrogen
form of a cation exchanger, HR, can be repre-
sented as

M+ 4+ sHR T MR, + #H*
for which the exchange constant is defined as

b Refers to initial [H,S0,] used to dissolve

¢ Calculated with successive approximations to account for acid neutralized by dis-
: ¢ Calculated from various constants reported here.
cluding contribution of complexes with zero charge, 0.7 obtained by considering all species,

1.3 obtained by ex-
1.3 is assumed applicable here.

[MR, |[H*]"

M ™ ][HR]"

where the concentrations of resin species are
expressed as mole fractions and the concentrations
of species in solution as molarities. If the quantity
of M+® undergoing exchange is quite small in
comparison with QWW, then the assumption that
[HR] = 1.00 yields only a negligible error. Then
[IMR,] = E [M+*"]/[H**]. Since the product of
mole fraction and total number of mmoles in the
system yields the number of inmoles of species in
question, the mmoles of metal ion in the resin phase
is equal to QW [MR,] = QWE [M*=]/[H*]".
The mmoles of metal ion in solution is simply the
product V[M*#]. The distribution ratio, C, being
defined as the ratio of the quantity in the resin
phase to that in the solution phase, becomes C =
(QW/VY(E/[H*]%), or in logarithmic form, log C
= — n log [H] + log (OQWE/V).

With column techniques, Cis determined readily
from C = (U,/V)—1, and the ratio QW/V is
determined as described above. A plot of log C
versus log [HT] (where [H*] pertains to that in
the eluent) should then vield a straight line whose
negative slope can be identified with the charge on
the cationic species. Should the curve be non-
linear or the slope not an integer, a mixture of
ions could be indicated. Since the exchange
constant, E, can be evaluated from the intercept,
an equation can be obtained which describes C
as a function of hydrogen ion concentration.

Kraus and Nelson!” have derived an equation
for the slope of a log C zs. log [H*] curve in which
they take into consideration the effect of varia-
tions in the activity coefficient quotient, G. Their
equation, as applied to cation exchange with a
univalent ion such as H+, and written with no-
menclature consistent with this work is

dlog C  _ ndlog [HR] dlog G
Ttog B~ " T dlog 5] ~ dlog [H*]

It is pointed out by Kraus and Nelson that d
log [HR]/d log [H*] will be negligibly small if
resin invasion is small and if [HR]>>[TiR,].
In the present work, it is believed that, below [H+]
= 2, resin invasion is indeed small. Furthermore,
[HR] varied between 0.9990 and 0.9998 for all

(10) K. A. Kraus and F. Nelsen, “The Structure of Electrolytic
Solutions,” edited by W. J. Hamer, John Wiley and Sons, Inc., New
York, N. Y., 1959, chapter 23.
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elutions, which corresponds to a ratio of [HR] to
[TiR,] of the order of 1000. It is therefore con-
cluded that the second term on the right of this
equation is negligible.

The derivative d log G/d log [H*] has been
plotted by Kraus and Nelson! for cations of aver-
age size and various charges. This assumes that
the Debye—Hiickel equation adequately describes
activity coefficients for such systems. The maxi-
mum value of this derivative is 0.2 for a divalent
cation and is vanishingly small for a univalent
cation. The present work indicates that titanium
(TV) exists as a mixture of univalent and divalent
cations in the acidity range [H*] = 0.2-1.5.
Therefore the derivative in the extreme case will
probably lie between 0.1 and 0.2.

Thus, with HCIO, elutions, where d log C/d log
[H*] was observed to be approximately —1.6,
the charge is probably approximately 1.5.

The above considerations lead to the interpre-
tation that a mixture of univalent and divalent
titanium(IV) ions governs the ion-exchange be-
havior of this element in dilute HCIO,.

Evaluation of Species and Equilibria in Perchloric
Acid.—Attempts were made to interpret the data
in terms of perchlorate complexes involving a
variety of numbers of ligands and a variety of
charges per titanium species either individually or
in pairs. These attempts failed, with one excep-
tion. to yield derived distribution equations which
were consistent with the data. The treatment
described represents then the only situation which
was encountered in this trial and error approach
which was consistent.

In dilute perchloric acid the following equilib-
rium predominates: Ti(OH);t + H+ = Ti(OH),*+.
No attempt is made here to show water of hydra-
tion or the water molecules needed to satisfy any
particular coérdination number. The titanium
species are not shown in any state of polymeriza-
tion, other than as monomers, for reasons to be
given subsequently. Each of these two ions ex-
changes with the resin

Ti{(OH);* + HR —>( Ti{OH)xR + H+
Ti(OH),** + 2HR == Ti(OH),R, + 2H*
The corresponding concentration quotients are
defined as

_ITIOH)TT) . _
K, = [Ti(OH)3+2][H+]’ E, =

Ti(OH)RIH®] . _

[Ti(OFD.FI[HR] % =
[Ti(OH),R, ] (H
(TH(OH), **][HR*

An assumption is made that, since the quantity
of titanium taken for elution is very small as
compared to QW, [HR] is equal to unity. By
combination of these three concentration quotients
with the definition of C, equation 1 is obtained
C = (mmoles Ti(OH)R 4+ mmoles Ti(OH):R,)/(mmoles

Ti(OH);+ + mmoles Ti(OH),*™)

c= W __E + EK
TV EHY+ EETE

(1

Rearranging equation 1 gives C[H*] = —K,C
[H*]2 + (OW/V)(E: + E:K,), indicating that
a plot of C[H*] wersus C[H*]? should yield a
straight line of slope = —K;. Such a plot (upper
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curve in Fig. 3) reveals that below a hydrogen ion
concentration of 1.5 M, t.e., C[H*]? = 24, a straight
line is obtained whose negative slope equals 2.0,
The ordinate intercept has a value of 65.4. Since
QW/V is 4.90, E; + E.K; = 13.4. Further par-
titioning of £, and L. is not necessary. Substitu-
tion of these constants in equation 1 yields the
following equation which accurately described C
as a function of [HT] for elutions with HCIO,
up to 1.5 M: C = 654/([H+] + 2.0 [H*]?),
The deviation from linearity at hydrogen ion con-
centrations above 1.5 M indicates that some other
effect is becoming appreciable. This will be dis-
cussed subsequently.

With this interpretation, and with K; = 2.0,
it can be calculated that » should vary from 1.5
to 1.7 as the hydrogen ion concentration is changed
from 0.5 to 1.5. This change in # is too small to be
detected in the slope of Fig. 2. A 109, error
in V would yield a negligible change in K; and in
the other constants given subsequently.

Evaluation of the Degree of Pclymerization in
Perchloric Acid.—The degree of polymerization of
titanium(IV) was calculated by dividing the
charge per species, shown in the eighth column of
Table I (obtained from the evaluation of Kj),
by the charge per atom as shown in Table I.
The results are given in the last two columns of
Table I and indicate that, for the solutions studied,
titanium (IV) is monomeric.

These methods for determining the charge
per atom (and consequently the degree of poly-
merization) are subject to certain limitations.
The cation being studied must have a high distri-
bution ratio, i.e., only a negligible fraction of the
resin can remain in the hydrogen form. This
limits the techniques, in the case of titanium(IV),
to solvents of low acidity in which case the tendency
to precipitate hydrated titania increases. When
employing method 2, the elution must be carried
out at a very slow flow rate in order to minimize
the premature entry of titanium(IV) into the
effluent. Since the titanium solutions studied
would yield precipitated titania within 812 hr.
after preparation, it was necessary to employ a
very small column so that the experiments could
be concluded within the time allotted for one working
day. Larger columns would have mnecessitated
longer elutions.

An objection could be raised to method 1, namely,
that the result would depend on the relative affin-
ities of the doubly and singly charged titanium
(IV) species for the resin. If the relative affin-
ities were grossly different, then the calculated
charge would reflect mostly the species with the
greatest affinity. Since the results with methods
1 and 2 agree sufficiently well, it is believed that
this objection is not serious.

That these results indicate one atom per species
is the justification for writing equations involving
monomers,

Evaluation of Charges, Species and Equilibria in
Sulfuric Acid.—The displacement of the H,SO,
curve in Fig. 2 indicates different types of ions
than in perchloric acid. The similarity of the
two curves of Fig. 2 indicates that, for comparable
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acidities, an equation for C applicable to sulfuric
acid should be of essentially the same form as
equation 1 which applies to dilute perchloric acid.
Thus, equation 2 was tentatively written for appli-
cation to sulfuric acid elutions
c=9" _E+ EK’_
7TEAT R KV H
where the primed constants have analogous sig-
nificance,.

Equation 2 requires that a plot of C[H™*] versus
C[H*]? yields a straight line of slope equal to K’
and intercept equal to QW/ V(E," + E,’K,’). Such
a plot is shown by the lower curve in Fig. 3 where
the negative slope was found to be 8.6 and the
ordinate intercept yields the same value for £, +
E.’Ky’ that was obtained for E; + E,K; with per-
chloric acid systems. This indicates that both
acid systems have the same cations in common,
namely, Ti(OH);* and Ti(OH),*+. This is to
be expected since the ligand concentration is zero
at the intercept. Hence E;, £, and K; are identi-
cal with their primed counterparts.

The excellent adherence to linearity of the two
curves in Fig. 3, along with the observation that
both curves extrapolate to the same ordinate
intercept, lends support to the belief that the second
and third terms on the right side of the equation
of Kraus and Nelson have an insignificant effect
on the interpretations thus far given.

The different negative slopes, 8.6 and 2.0, indi-
cate that the cations undergo different equilibria
in the two acid systems. This difference can only
be due to complexing with ligands from the sul-
furic acid.

A number of different equilibria, involving both
HSO,~ and SO;~ ligands adding in various nuinbers
to either or both of the proposed cations, was
considered. In each case, distribution equations
were derived and tested, both for fit with the
data, and for internal consistency with all inter-
pretations made during this work. In some cases
negative concentration quotients were needed to
obtain equations that would fit data. These
were immediately ruled out. This was especially
prevalent when the ligand was considered to be
SO, or if negatively charged complexes were
formed. The interpretation given below is the
best that can be derived from the evidence ob-
tained. The equilibria and mass action expres-
sions thus proposed are

2

Ti(OH):* + H* = Ti(OH ), **

In

solution  J Ti(OH)* + HSO,~ === Ti(OH);HSO,

only Ti(OH ) +* + HSO;~ == Ti(OH),HSO,*
o T .

Between 5T1(OH)3 + HR == Ti(OH)R + H

solution 4 Ti(OH),** + 2HR == Ti(OH),R, + 2H+

and resit | 1 OHY,HSO,* + HR === Ti(OH),HSOR

A derivation of a distribution equation from these
equilibria yields

ow

C = 5=
1%
El + E2K1 + EgKIKg[}I+][HSO4_]

]+ K [H]?+ K[HTIHSO,~] + KiK;[HT)?[HSO, |
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The data of Young”® show that for sulfuric acid
concentrations of the range studied in this work,
[H*] = 1.80[HSO,~]. Substitution of this yields

¢ = i L8I(E + EsRy) + EWK KT
Vo L8O *] + (1.80K, + A)[H ]2+ KK H [P
(3)

The three parameters K., K; and E; then were
obtained by solving three simultaneous equations
obtained from the data of three elutions with sul-
furic acid. This yielded E; 077, Ko = 11.3
and K; = 0.64.

Substitution of numerical values for all pertinent
parameters in equation 3 results in an equation
which quite accurately describes € as a function of
either [H*] or [H:sS0,]. When such an equation
is plotted, the curve accurately coincides with the
points shown in Fig. 2.

The magnitudes of the terms in equation 3 are
such that, in the more dilute sulfuric acid regions,
the last term in the numerator and the last term
in the denominator contribute little to the value of
C. Hence, at low concentrations, equation 3
reduces to the form of equation 1, and the slope
of Fig. 3, — 8.6, corresponds to — (1.80K; + Kj)/
1.80. TInsertion here of K, 2.0 yields then a
value for K, of 12.0 which compares favorably
with 11.3 obtained frem solving simultaneous
equations.

Fig. 4 shows the relative quantities of each of
the species believed to be present in sulfuric acid
up to acid concentrations slightly greater than
2 M. Fig. 4is valid only for solutions in which the
concentration of titanium is not large enough to
appreciably affect the acidity of the solution.
These relative quantities were calculated from the
corresponding values of Ki, K. and K; under the
assumption that ionic strength effects need not be
considered.

It is interesting to note that the predominant
species in sulfuric acid is Ti(OH);HSO,. Stoichio-
metrically, this is identical to the formnula TiOSOy
2H,0. which has been assigned to solid titanyl
sulfate. The solid, although written as a dihydrate,
does not exhibit the properties customarily associ-
ated with hydrates, namely, an equilibrium vapor
pressure. It thus appears likely that Ti(OH);-
HSO,4 comes closer to a true representation of the
solid.

A hydrogen ion concentration of 0.5 corresponds

roughly to pH of 0.3 which agrees remarkably
Ky = [Ti(OH):**]/[TiOH);*][H"*]
K, = [Ti(OH)HSO0,]/[Ti(OH)s "] [HSO:™]
K: = [Ti(OH),HSO,*)/[Ti(OH); "~ (HSO: ")
Ey = [Ti(OH)RI[H*]/[Ti(OH); ")
E; = [Ti(OH):R:J[H*]*/[Ti(OH ).~ *]
+ H~- E; = [Ti(OH);HSOR]H™*)/[Ti(OH):HSO,"]

well with the claim of Delafosse? that one of two
possible species predominates just above, or just
below, this pH. However, the interpretation
given here is different. Whereas Delafosse claims
Ti(OH)*++ and TiO** exist at acidities just
above and below this poiut, respectively, this
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work indicates Ti(OH);** and Ti(OH);*, respec-
tively.

Inspection of Fig. 4 shows that at the lower end
of the range of -sulfuric acid concentration studied,
about half of the titanium(IV) is uncomplexed
and the other half is complexed with HSO;~ in a
ratio of 1:1. Thus, when considering the status
of all the titanium(IV), a mole ratio of titanium
to sulfur of 2:1 can be deduced. This is in sub-
stantial agreement with the results of Hixson and
Fredrickson* who point out that only about half
of the total titanium(IV) reacts rapidly with
peroxide, the remainder only slowly. Their tech-
niques of pH measurement and conductivity point
to a mole ratio of titanium to sulfur of 2:1.

Titanium (IV)-Perchlorate Complexes at High
Concentrations of Perchloric Acid.—With per-
chloric acid elutions, Fig. 2 indicates via a reversal
in C, that some other phenomenon is becoming
effective. This reversal could mean that at higher
perchloric acid concentrations a fundamental
change in the nature of the cations is taking
place.

It could also be due to other factors. Re-
versals of this type have been considered by others
as possibly due to activity coefficient effects,!!
a change 1n hydration number of the exchanging
ion,!? resin shrinkage,!? resin invasion,!? as well
as cationic complexes.!? Recently Kraus, ef al.,'®
have shown that reversal could be due to ad-
sorption by the cation exchanger of anionic com-
plexes. This latter phenomenon could conceivably
be related to that studied by Sargent and Rieman'*
who give the name *‘salting-out chromatography”
to chromatographic separations based on such
effects. It is not believed that a salting-out proc-
ess explains the reversal of C in the case of ti-
tanium(IV), since this element is not particularly
amenable to solvent extraction., a criterion ap-
parently necessary for this phenomenon.

It can be shown that if reactions are considered
in which the two hydroxyl groups of Ti(OH).*+
are neutralized in a stepwise fashion and that if each

(11) K. A, Kraus, private communication.

(12) R. M. Diamond, Tuts Jour~NAL, T7, 2978 (1955).

(18) K. A. Kraus, D, C. Michelson and F. Nelson, ibid., 81, 3204
(1959).

(14) R. Sargent and W. Rieman, J. Phys. Chem., 61, 354 (1957);

J. Org. Chem., 21, 594 (1946); ibid., 21, 594 (1937): Amnal. Chim,
Acta, 17, 408 (1957); ibid., 18, 197 (1938).
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Fig. 4 —Relative concentrations of various species in H,SO.,

of the resulting trivalent and tetravalent titanium
(IV) species combine with perchlorate ions to give
positively charged complexes, a distribution equa-
tion can be derived

k4 ke [H ) 4 ks[H]S (4)
(H¥] + k(HT]? + k[HT)

After having evaluated all of the pertinent con-
stants from elution data at high perchloric acid
concentrations, equation 4 accurately fits the data
over the entire perchloric acid concentration range
studied. The constants are concentration quo-
tients, or products of concentration quotients;
their constancy implies that activity coefficient
quotients are constant over the acid range studied.

It is the purpose here merely to show that, at
perchloric acid concentrations above 2 A, the
formation of titanium(IV)—perchlorate complexes
should not be overlooked, especially since evidence
for perchlorate complexes of other polyvalent
cations has been reported.!—1*

C =

(15) J. Sutton, Nature, 169, 71 (1952).

(16) P. Krumholz, J. Phys. Chem., 63, 1313 (1959).
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