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Selective Extraction and Separation of
Titanium(IV) from Multivalent Metal Chloride
Solutions Using 2-Ethylhexyl Phosphonic
Acid Mono-2-ethylhexyl Ester

J. Saji and M. L. P. Reddy*

Inorganic and Analytical Chemistry Unit, Regional Research Laboratory
(CSIR), Trivandrum, India

ABSTRACT

The extraction behavior of titanium(IV) from hydrochloric acid solutions
was investigated using 2-ethylhexyl phosphonic acid mono-2-ethylhexyl
ester (EHEHPA = HX) in kerosene as an extractant. The results
demonstrate that the extraction of titanium(IV) follows the cation
exchange mechanism:

Tioﬁq+ + 2(HX )0 © TIO(HX2) 2010 + 2H,;l

where (HX), refers to the dimeric form of EHEHPA. The equilibrium
constant of the extracted complex was deduced by nonlinear regression
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analysis by taking into account the aqueous phase complexation of metal
ion with inorganic ligands and all plausible complexes extracted into the
organic phase. The effect of the nature of diluent on the extraction of
titanium(IV) with EHEHPA was investigated and found that the
extraction efficiency varies in the order: chloroform < benzene ~
toluene < xylene < kerosene. IR spectral studies of the extracted
complex were used to further clarify the nature of extracted complex.
The separation possibilities of titanium(IV) from other associated
multivalent metal ions, that is, magnesium(Il), aluminum(III), vana-
dium(V), chromium(Ill), manganese(Il), and iron(Ill), which are
associated with titanium in the waste chloride liquors of titanium
minerals processing industry was discussed.

Key Words: Selective extraction; Separation; Titanium(IV); 2-Ethyl-
hexyl phosphonic acid mono-2-ethylhexyl ester; Multivalent metal
chlorides; Titania wastes.

INTRODUCTION

Titanium finds the widest application as titanium dioxide pigment in
the paint industry. Due to its excellent corrosion resistance in a chloride
environment and also because of its special properties of high resistance,
titanium has also been widely used in the aerospace industry. The
manufacture of TiO, through “chloride process” generates large amounts of
acidic waste chloride liquors containing multivalent metal ions such as
magnesium(Il), aluminum(II), titanium(IV), vanadium(V), chromium(IIl),
manganese(Il), and iron(II). Selective separation and recovery of valuable
metal ions from these industrial wastes are gaining more importance
because of the greater need for high-purity products and also due to
environmental concerns. Nowadays, solvent extraction technique is being
used for the recovery of metal values from waste streams as well as from
mineral resources.'!

A review of the literature indicates that di-2-ethylhexyl phosphoric acid
(DEHPA) and trialkylphosphine oxides (TRPO) were the most widely
studied extractants for the extraction of titanium(IV) from acidic aqueous
solutions.”®! Sole investigated the extraction of titanium(IV) from sulfuric
acid leach liquors of titaniferrous magnetite using DEHPA and reported
poor selectivity for titanium due to the co-extraction of associated metal
jons." Islam et al. carried out extensive studies on the extraction of
titanium(IV) from sulfuric acid solutions with a view to investigate
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the selectivity of titanium(IV) over Fe(Il) and Fe(III).[S] The separation
factors for Ti(IV)/Fe(Ill) and Ti(IV)/Fe(Ill) at 0.35M H,SO, with 0.2M
DEHPA are found to be 60 and 500, respectively. In the later studies, these
investigators found better selectivity for titanium(IV) over iron(IIl)
and iron(II) [separation factors for Ti(IV)/Fe(Ill) =175 and
Ti(IV)/Fe(l) = 7800] with di-o-tolyl phosphoric acid when extracted
from sulfuric acid solutions.' Recently, from our laboratory, bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272 = HBTMPP) was proposed as
a potential extractant for the selective extraction and separation of
titanium(IV) from acidic chloride solutions containing multivalent metal
ions such as magnesium(Il), aluminum(IIl), vanadium(V), chromium(III),
manganese(IT), and iron(II1).”" As compared with dialkyl phosphoric and
phosphinic acids, studies on the extraction of titanium(IV) from acidic
chloride solutions using organophosphonic acids is lacking. Hence in the
present work, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester
(EHEHPA) was explored for the extraction of titanium(IV) from acidic
chloride solutions with a view to elucidate the nature of the extracted
complex in the organic phase and also to investigate the selectivity between
titanium and other multivalent metal ions present in leach liquors of
titanium mineral processing industry.

EXPERIMENTAL

A Hitachi (Tokyo, Japan) 220 double-beam, microprocessor-controlled
spectrophotometer was used for measuring absorbances. An Orion (Beverly,
USA) 720A ion analyzer was used for the pH measurements. A GBC
(Dandenong, Australia) 902 atomic absorption spectrometer was used for
analysis of metal ions in multicomponent mixtures. All the computer
programs were written in FORTRAN 77 and executed on a 32-bit
minicomputer (HCL HORIZON III).

Reagents

2-Ethylhexyl phosphonic acid mono-2-ethylhexyl ester (EHEHPA), with
a trade name Ionquest 801 (supplied by Albright and Wilson, USA), was used
without purification. Distilled kerosene (boiling range 160—200°C; composed
of aliphatic hydrocarbons) was used as a diluent in the present work. All the
other chemicals used were of analytical reagent grade.
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Titanium(IV) stock solution was prepared by dissolving 18.40g of
potassium titanyl oxalate and 5g of ammonium sulphate in 100mL of
concentrated hydrochloric acid and diluted to 1L with distilled water.
Iron(III) stock solution was prepared by dissolving 8.11 g of ferric chloride
in 20mL of concentrated hydrochloric acid and diluted to 1L with
distilled water. Stock solutions of aluminum(IIl), chromium(III),
manganese(Il), and magnesium(II) were prepared by dissolving 18.75g
of AI(NO3);-9H,0, 25 g of CrK(SO,),-12H,0, 8.45g of MnSO4-H,0, and
12.32g of MgSO4,7H,O in 1L each of distilled water, respectively.
Vanadium(V) stock solution was prepared by dissolving 5.85g of
ammonium monovanadate in 20mL of concentrated hydrochloric acid
and diluted to 1L with distilled water. Suitably diluted stock solutions of
the above mentioned metal ions were used in the extraction and analytical
studies.

Extraction and Analytical Procedure

Liquid—liquid extractions were carried out by shaking equal volumes
of aqueous and organic phases in a glass stoppered vial using a
mechanical shaker at 303 £ 1K. Preliminary experiments showed that
extraction equilibrium is attained within 90min. To improve the phase
disintegration, 20vol.% isodecanol was used as a modifier, along with
extractant, in the organic phase. After phase separation, the concentration
of a particular metal ion left in the aqueous phase was determined using
standard procedures. Thus, titanium(1V),’®" iron(11D),' magnesium(H),m
aluminum(I11),"®"  chromium(1D),'”’ and vanadium(V)"'"' were analyzed
spectrophotometrically using hydrogen peroxide, 1,10-phenanthroline,
Eriochrome black-T, Eriochrome Cyanine R, 1,5-diphenyl carbazide, and
oxine, respectively. Manganese(I) was analyzed volumetrically using
EDTA.""" The concentration of the metal ion in the organic phase was
then obtained by mass balance. The distribution ratio, D, was taken as the
ratio of the concentration of metal ion in the organic phase to that present
in the aqueous phase. The concentration of the above metal ions in a
simulated waste chloride liquor was determined by atomic absorption
spectrometer.

The Ti-EHEHPA complex was prepared by solvent extraction method by
repeated contacts of fresh portions of metal solutions for 90 min. A Nicolet
FTIR 560 Magna spectrometer, using KBr (neat), was used to obtain the IR
spectra of the metal complex.
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RESULTS AND DISCUSSION
Extraction Equilibrium

The extraction equilibrium of titanium(IV) with EHEHPA [(HX),] from
hydrochloric acid solutions may be represented as:

Kex .
TiO} + 2(HX) 200 STIO(HX )01, + 2Hy, (1)

where K., denotes the equilibrium constant and (HX), refers to the dimeric
form of EHEHPA. It has been reported elsewhere that the extractant will exist
as a dimer in diluent such as kerosene.!'!

_ [TIOHX,), |[H*]?

[TiIO**][(HX),]* @

X

Titanium(IV) in the aqueous phase forms a variety of complexes in the
presence of chloride ions. Then, the total Ti(IV) concentration can be
expressed as:

[Ti* o = [TIO*"] + [TiOCI*] + [TiOCl,]

= TiO**(1 + B, [C1"] + B,[CI ") 3)

where 3; and 3, are stability constants of the following reactions.
Tio* + 1~ &Tiocr+ )
TiO** +2¢1- BTiocl, (5)

The values of stability constants, 3; = 3.55 and 3, = 1.41, were obtained
from literature."'® The distribution ratio, D, of titanium(IV) can be written
from Egs. (1) and (3) as:

2
Do Kex [(HX),] ©)
[H12(1 + B, [C17] + B,ICI71%)

Effect of Extractant Concentration

The effect of concentration of EHEHPA (0.05 to 0.3 M) on the extraction
of titanium(I'V) was investigated by keeping constant metal (0.01 M) and acid
(1.0M) concentrations and the results are depicted in the Fig. 1. It is clear from
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Figure 1. Effect of EHEHPA concentration on the extraction of titanium(IV).
[TidV)] = 0.01 M; [HCI] = 1.0M.

the figure that the extraction of titanium(IV) increases with increase in
extractant concentration. From the slope of the plot of log D[H]*{1 +
B,[CI" ]+ [BZ[CI*]Z} versus log [(HX),], it is inferred that two dimeric
molecules of EHEHPA are involved in the extracted complex of titanium(IV).

Effect of HCI Concentration

The extraction of titanium(IV) with EHEHPA (0.2 M) in kerosene as a
function of hydrochloric acid concentration has been studied and the results
are shown in Fig. 2. The extraction behavior shows an inverse dependence
with acidity. The plot of log D{1 + ,[C1 "]+ [BZ[CI’]Z} versus log [HM]
gave a slope of — 2.0, indicating the formation of TiO(HX), as the extracted
species. Reddy and co-workers!” and Biswas and Begum!'?! also reported the
usual cation exchange mechanism for the extraction of titanium(IV) from
hydrochloric acid solutions using HBTMPP or DEHPA as an extractant.

The formation of the extracted complex was further confirmed by
analyzing equilibrium data presented in Figs. 1 and 2 using Eq. 6 with the aid
of suitable chemically based model developed by taking into account
complexation of chloride ions with titanium in the aqueous phase and all
plausible complexes extracted into the organic phase. The best fit between
the experimental and calculated D values was obtained only when the
formation of the complex TiO(HX), was assumed. The equilibrium constant
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Figure 2. Effect of hydrogen ion concentration on the extraction of titanium(IV).
[EHEHPA] = 0.2 M; [Ti(IV)] = 0.01 M.

of the extracted complex was determined by nonlinear regression analysis as
described in an earlier publication'“' and found to be log K¢x = 4.09 = 0.03.
Table 1 gives the equilibrium constant values of various acidic organopho-
sphorus extractants along with their pKa values for the extraction of
titanium(I'V) from acidic aqueous solutions. It can be concluded from these
comparisons that the extraction efficiency of titanium with various acidic
organophosphorus extractants increases in the order: HBTMPP <
EHEHPA < DEHPA. Further, it is clear from these comparisons that log
Kex values increase as the pKa value decreases.

Effect of Metal Ion Concentration

The effect of titanium concentration on the extraction process was
investigated at 0.1M EHEHPA in kerosene from 1.0M HCI solutions.

Table 1. Two phase equilibrium constants of titanium(IV)
with various acidic organophosphorus extractants.

Extractant pKa Log Kex
DEHPA 1.721131 5.42016]
EHEHPA 3.4207 4.09 + 0.03

HBTMPP 6.37" 227 = 0.027
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Figure 3. Effect of metal ion concentration on the extraction of titanium(IV). HCl =
1.0M; EHEHPA = 0.1 M.

The extraction of titanium(IV) was found to be independent of metal ion
concentrations in the range 0.002 M to 0.01 M. The log—log plot (Fig. 3) of
equilibrium organic phase metal concentration against aqueous phase metal
concentration is linear, with a slope of unity indicating that mononuclear
species are extracted into the organic phase.

IR Spectra of Ti-EHEHPA Complex

In the IR spectra of EHEHPA, the band at 1195 cm™ ! is due to P=0
stretching and the band at 1038 cm ™' is assigned to P—OH stretch (Fig. 4).
The bands in the region 1700-2700cm ™' corresponds to the aggregative
P—OH vibrations in the intermolecular hydrogen bonding of EHEHPA in
dimeric form. In the spectra of Ti-EHEHPA complex, the band due to P—OH
stretch is absent, indicating the complex formation through the replacement of
hydrogen of P—OH by Ti. Further, the shift in the P=O0 stretching band from
1195cm™ ' to 1065 cm ™! reveals the participation of oxygen of P—=0 group in
complex formation through coordination.

Loading of EHEHPA by Titanium
Aliquots of 10mL of 1 M EHEHPA in kerosene diluent were repeatedly

extracted at 303 = 1K for 90 min., with equal volume of aqueous phase
containing 0.48 g/LL of titanium and 2.0M HCI. The aqueous phases were
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Figure 4. 1R spectra of EHEHPA and Ti-EHEHPA.

analyzed for titanium after each stage of extraction and the cumulative
titanium content transferred into organic phase was calculated. The plot of
cumulative [Ti(IV)],,, per 100 g EHEHPA versus contact number is presented
in Fig. 5. It is clear from the figure that the loading capacity of EHEHPA in
kerosene for the extraction of titanium from hydrochloric acid solutions is
5.92¢g Ti*" per 100g of the extractant. This is comparable to the loading
capacit%z of HBTMPP [6.1 g Ti*" per 100 g'”'] and DEHPA [7.31 g Ti**" per
100 g''#1].

Effect of Nature of Diluent on Extraction of Titanium

The extraction of titanium(IV) from 1.0 M hydrochloric acid solutions
was studied using 0.1 M EHEHPA in various diluents and the results are
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Figure 5. Loading of EHEHPA by titanium(IV). HCl = 2.0 M.

shown in Table 2. The results clearly demonstrate that the extraction
efficiency of titanium(IV) varies with the nature of diluent in the order:
chloroform < benzene ~ toluene < xylene < kerosene. Due to the high-
extraction efficiency of titanium observed when kerosene was used as a
diluent, subsequent studies were carried out using kerosene as a diluent.

Stripping Studies
In any commercial extraction process, it becomes imperative to back-

extract the metal from loaded organic phase. Titanium stripping from a loaded
organic solvent system consisting of 0.2 M EHEHPA in kerosene and 0.01 M

Table 2. Dependence of the nature of diluent on
extraction of titanium(IV) using EHEHPA.

Diluent D

Chloroform 1.15
Benzene 1.32
Xylene 1.59
Toluene 1.32

Kerosene 5.27
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Table 3. Stripping of titanium(IV) from loaded extractant

phase.

Stripping agent % Ti recovery
IM HCl1 0.5

2M HCl 3.0

3M HCl 10.0

4M HCl1 11.7

2M HC1 + 1% H,0, 61.2

2M HCI + 2% H,0, 95.5

2M H,S04 + 1% H,0, 68.2

2M H,S04 + 2% H,0, >99.9

titanium has been investigated using various stripping agents and the results
are shown in Table 3. As the D values of titanium(IV) were found to be high
(in the range of 0.5M to 2.0M HCI), stripping was impractical with
hydrochloric acid alone. On the other hand, a mixture of hydrochloric acid and
H,0, as a stripping agent gave better stripping efficiency. Among the many
strippants tried, a mixture of 2.0 M H,SO,4 and 2% H,0, was found to be
effective stripping agent (>99.9%) for titanium in a single stage with a phase
ratio of unity.

Comparison of Extraction Behavior of Titanium(IV) with Other
Associated Metal Ions

The extraction behavior of magnesium(II), aluminum(III), titanium(IV),
vanadium(V), chromium(IIl), manganese(Il), and iron(Ill) has been
investigated as a function of hydrochloric acid concentration and the results
are depicted in Fig. 6. It is clear from these results that the percentage
extraction of titanium(IV), iron(Ill), and vanadium(V) decreases with
increasing hydrochloric acid concentration. On the other hand, the extraction
of magnesium(Il), aluminum(IIl), chromium(Ill), and manganese(I) were
found to be negligible under the present experimental conditions. Further, it is
also clear from the results that the extraction of vanadium(V) and iron(III) is
also negligible at about 2.0 M HCI concentration. Thus, these results clearly
indicate that it is possible to separate titanium from other associated
multivalent metal ions such as magnesium(Il), aluminum(III), vanadium(V),
chromium(II), manganese(Il), and iron(Ill), using 0.2M EHEHPA in
kerosene as an extractant by controlling the HCI concentration in the aqueous
phase.
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Figure 6. Effect of HCI concentration on the extraction of titanium(IV) (0.01 M),
iron(III) (0.01 M) and vanadium(V) (0.001 M) using EHEHPA (0.2 M).

Selective Extraction and Recovery of Titanium(IV) from Simulated
Waste Chloride Liquor

Based on the results, a simulated waste liquor consisting of
magnesium(Il), aluminum(II), titanium(IV), vanadium(V), chromium(III),
manganese(Il), and iron(IIl) in 2.0 M HCI was prepared [The concentrations
of various multivalent metal ions were chosen in such a way that they were

Table 4. Separation of titanium(IV) from multivalent
metal chloride mixtures.

Amount of metal ion ( X 1072M)

Metal ion Feed Raffinate Strip liquor
Ti(IV) 0.80 0.01 0.79
Mg(I) 7.60 7.60 ND
Al(IIT) 1.30 1.30 ND
V(V) 0.90 0.90 ND
Cr(III) 0.20 0.20 ND
Mn(II) 3.10 3.10 ND
Fe(III) 0.80 0.80 ND

ND = not detectable.
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equivalent to the waste chloride liquor at half dilution level.!'®] and subjected
to extraction using 0.2 M EHEHPA in kerosene as an extractant (phase ratio
A:0=1:1) with a view to develop a selective extraction and separation
method for the recovery of titanium from waste chloride liquors of titanium
mineral processing industry. The results are shown in Table 4. It is clear from
the table that titanium can be selectively separated from multivalent metal
chloride solutions when extracted from 2.0 M hydrochloric acid solutions with
0.2M EHEHPA in kerosene as an extractant in a single stage of extraction.
Subsequently, titanium(I'V) can be quantitatively recovered from the loaded
organic phase in a single stage of stripping (O : A =1 : 1) using a mixture
consisting of 2M H,SO, and 2% H,0, as stripping agent.

CONCLUSIONS

This study clearly demonstrates the usefulness of EHEHPA as a selective
reagent for the extraction of titanium(IV) over magnesium(II), aluminum(III),
vanadium(V), chromium(IIl), manganese(II), and iron(III) from hydrochloric
acid solutions. The extraction equilibrium of titanium(I'V) can be explained by
a simple chemically based model presented in this article. Furthermore, the
results also indicate that EHEHPA can be used as a potential extractant for the
selective extraction and separation of titanium(IV) from the waste chloride
liquors of titanium minerals processing industry.
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