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Abstract—Gelation in extraction systems containing purified or commercial di(2-ethylhexyl) hydrogen phos-
phate (HDEHP), copper(ll) or neodymium(lll) hydroxides, hydrocarbon solvent, and water was studied
at different ratios of the metal and extractant. The region was determined in which gelation caused by forma-
tion of basic neodymium(lll) di(2-ethylhexyl) phosphates occurs in decane. Some characteristics of organogels
in the HDEHP (commercialCu(OH),—organic diluent (decane, hexane or tolueig)O extraction systems

were studied.

Structure formation in extraction systems affectscan form oligomeric neutral and acidic di(2-ethyl-
their main characteristics, such as the distribution antdexyl) phosphates consisting of several alkyl phos-
separation factors and the rates of extraction and phapbate units [6]. The degree of polymerization of
separation. Formation of disperse structures like gelsieutral Y(III) and La(lll) di(2-ethylhexyl) phosphates
liquid crystals, amorphous and crystalline precipitategn organic solvents reaches 2003 [7]. High poly-
in the bulk of both aqueous and organic phases or americ species poorly dissolve in both aqueous and or-
the interface are the factors which, as a rule, deterigganic phases. Therefore, polymeric metal alkyl phos-
rate the extraction process. One of the consequencpbates can form gels and precipitates in both aqueous
of the structure formation is appearance of so-callednd organic phases. It was found that, in extraction
meduses, i.e., stable emulsions, precipitates, or get$ zirconium(lV) and hafnium(lV) with HDEHP, both
located between partially separated organic and aqugels and gel films are formed in the aqueous phase
ous phases [1]. Accumulation of meduses can deterigiear the interface [8].
rate extraction to so significant extent that the extrac- |, our preliminary study of structure formation in

tion process must be interrupted [2, 3]. TO preveng, o ction systems containing HDEHP, copper(ll) or

this detrimental effect, the region of formation of neodymium(lll), hydrocarbon solvent, and water at

the disperse structures and their features promotiNgterent ratio of the metal and extractant, neither

meduse formation should be studied. liquid crystals nor gels were found in the aqueous
The most attention is given to the structure formaphase.

tion in extraction of metals with di(2-ethylhexyl) hy- | i1is work we studied gelation in the organic

drogen phosphate (HDEHP) and tributyl phosphateaqe  of the HDEHFCU(OH), decaneH,O and
(TBP), which are widely used for recovery, separat'onHDEHP—Nd(OH)3—decaneH20 systems at different

and purification of various organic and inorganic COM+yeta| 1o extractant ratios. In the experiments, both

pounds including nonferrous, rare-earth, and radio- rified and commercial HDEHP were used
active metals. These meduses contain species typi allJ '

of detergent solutions, e.g., liquid crystals and as-
sociates of polymeric metal hydroxides. EXPERIMENTAL

Formation of liquid crystals by lanthanide di(2- |, gur experiments we used two different HDEHP
ethylhexyl) phosphates in Cglvas reported in [4].  gamples: HDEHP containing >98% main substance
Liquid crystals were also found in the HDEHP (\iarck) and commercial grade HDEHP containing
NaDEHP-decaneH,0 system  at high NaDEHP ggos di(2-ethylhexyl) hydrogen phosphate and 19.5%
concentration (>90 wt %) [5]. mono(2-ethylhexyl) dihydrogen phosphate, produced

It was reported [6] that, in organic solutions, metalshy Khimprom Volgograd Joint-Stock Company.
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GELATION IN EXTRACTION SYSTEMS 1065

Mono(2-ethylhexyl) dihydrogen phosphate,(WEHP)
was first separated from commercial HDEHP as a
water-soluble sodium salt and then converted to
H,MEHP by treatment with sulfuric acid [9]. The
other chemicals [decane, CupGH,O, NA(NG;)3- 60
6H,0, and NaOH] were of pure grade. Double-dis-

tilled water was prepared by the standard technique.

V, %
100

20
Copper(ll) and neodymium(lll) hydroxides were Cor s 4 44 4 a4 44 .
precipitated from aqueous solutions of the correspond- 06 10 14 18 22 26 30
ing salts by addition of NaOH to pH >10 for Cu(ll) [HDEHP]/[Nd(OH)]

and pH > 12 for Nd(lll). The Cu(OH)precipitate was

rapidly separated from the mother liquor by centri- Fig. 1. Apparent precipitate volum& (% of the organic
fugation and then was washed with double-distilled EQEZ?}SV‘;LTJE‘EE)HG‘; ;nijrI]rg(’\)t(Ij(;/r:n?Jrrt]hﬁy:ja:g?(igé TS'S‘IYE ﬁgg‘c_e”'
water to pH 73 The Nd(OI—i) precipitate was kepj[ 0.3 M; the same for Figs. 3 and BIDEHP: (1) pure and
under mother liquor for 1 h to complete hydrolysis, (2) commercial.

separated by centrifugation, and washed with double-

distilled water to pH 7. Then the prescribed amountshe turbid or opalescent gel-like phases do not flow
of water and extractant were added to the precipitateghder their gravity. In additional mechanical loading,
of neodymium or copper hydroxide. To obtain anthe structure of these gels is destroyed. Figure 1
organogel, this mixture was carefully shaken for 30 sshows that, in the HDEHP (puréYd(OH);-decane

In the Nd(III}-HDEHP and Cu(IhbH,MEHP systems, water system at [HDEHP]/[Nd(OH) < 2.2, gelation
gelation occured within several minutes, and in thexccurs throughout the organic phase. At this ratio of
Cu(ll)-commercial grade HDEHP system, within Nd(OH); and HDEHP, both mono- and disubstituted
several hours and became complete after keepingasic neodymium(lll) di(2-ethylhexyl) phosphates
at 20°C for a day. Emulsions in these systems werean be formed. With commercial HDEHP contami-
prepared by stirring the aqueous and organic phasegted with HMEHP, gelation occurs throughout the
at their volume ratio of 3 : 2 with a stirrer at 3000 rpmorganic phase at [HDEHP/Nd(OK])< 1.4. At higher
for 2 min with copper(ll) and 30 s with neodymium. [HDEHP]/[Nd(OH),] ratios, either dense precipitate at

Before measuring the viscosity and evaluating théhe waterextract interface or neodymium di(2-ethyl-
stability, the emulsions containing copper(ll) or neo-"€xyl) phosphate solution in decane is formed.

dymium(lll) alkyl phosphates were kept for 1 day and When the concentration of basic neodymium(lll)
1.5 h, respectively, to ensure completion of structurgi(2-ethylhexyl) phosphate in organic phase exceeds
formation. The period of half-settling of the emulsiona certain limit, the gelation in the organic phase
in the organic phase was determined by centrifugatiostarts. At HDEHP concentration > 0.03 M and
at 9g. The emulsion viscosity was measured with 8eHDEHP/Nd(OH);, = 1, the organic phase is complete-
Rheotest-2 rotary viscometer with coaxial c%lindersly converted to the gel.

within the shear rate interval of 0.1616.2 S— at : : - - -
20°C. The photographs of emulsions were obtaine hOptlcaI microscopic _study of gel-like organic

: . . : . ases containing basic neodymium(lll) di(2-ethyl-
with an optical microscope equipped with a photo- . i
graphic attachment. hexyl) phosphates failed to reveal any crystal struc

ture. On removal of the solvent from both the gels

The neutral copper(ll) and neodymium(lll) salts areand precipitate, an amorphous solid is obtained. It is
hydrolyzed in aqueous solutions to form basic saltsknown that neutral lanthanide di(2-ethylhexyl) phos-
Therefore, in extraction of these metals with HDEHP phates form coordination polymers in the organic
their basic alkyl phosphates can be formed as intephase [4, 7]. We believe that basic poorly soluble lan-
mediate species. We studied the structure formatiothanide di(2-ethylhexyl) phosphates present in the
in the HDEHP-Cu(OH),—~decanewater and HDEHP  organic and aqueous phases are also coordination
Nd(OH);-decanewater systems at the ratio of the polymers. These polymers build up the three-dimen-
metal and exractant corresponding to the formatiogional network of the organogel.

of both neutral and basic alkyl phosphates. In the HDEHP (commerciaiCu(OH),-decane
In the organic phase, basic neodymium(lll) di(2-water system, gelation occurs within the range of
ethylhexyl) phosphate is present as precipitate and g¢gHHDEHP]/[CuOH),] ratios of 1.0-1.6 (Fig. 2). Under
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c, mol I showed that their structure is built of fine crystals. On

keeping the organogel for several days at@0it be-
ol comes turbid owing to increase in the crystal size. The

0.4— 1 . > mean size of gel particles in the HDEHBU(OH),~
decanewater system {[HDEHPJ/[Cu(OH] = 1.2,

0.3 ] [HDEHP] = 0.3 M, T = 20°C} was determined with
an optical microscope at 160-fold magnification.

02— ] These data are given below:

0.1 1, days 1 2 3 4

o.osimﬁ d, um  9.4+1.3 18.9:25 31.14+4.4 34.9:3.8

0.01

1.0 14 1.§ 22

[HDEHP]/[Cu(OH)] On heating above 7&, the gel is destroyed owing

to dissolution of alkyl phosphate crystals. Upon cool-
Fig. 2. Gelation in theHDEHP (commercial}decanewater ing, the structure of the organogel is restored. On
system at 28C. (C) Cu(OH), content. {) No gelation and  mechanical loading, the organogels in the HDEHP
(2) gelation occurs. (commercial}Cu(OH),-decanewater system are irre-

these conditions, gelation occurs in the organic phasé'sibly destroyed.
only, while the aqueous phase fige of the gel. At We found that gelation does not occur in systems
the ratio of the HDEHP and Cu(Oklroncentrations containing both commercial HDEHP preliminarily
outside the gelation region (at excess of HDEHP)purified as described in [10] and pure HDEHP (Merck)
the copper alkyl phosphate organic solution is in equicontaining more than 98% main substance. In this
librium with the agueous phase. At an HDEHP Con'case, at [HDEHP]/[Cu(OFé] < 1.8, a dense Crysta|_
centration insufficient for gel formation, a dense crys4ine substance is precipitated at the interface, which
talline precipitate is formed at the interface. dissolves at [HDEHP]/[Cu(OH] = 2.0. These ex-
We found that the gel formation in the systemsperiments showed that gelation of alkyl phosphates is
studied is insensitive to the nature of the nonpolacaused by impurities present in commercial HDEHP.

solvent. Substitution of decane by any other non- e main organic impurities present in commercial

polar solvent results in only minor changes inynpepp re mono(2-ethylhexyl) dihydrogen phosphate

both the minimal HDEHP concentration and the -
, . H,MEHP and 2-ethylhexanol. We found that, on addi-

[HDEHPJ/[CuOHY),] ratio corresponding to the gela- .2 ; ;

tion region in the phase diagram. The HDEHP mini tion of aliphatic alcohols (from butanol to decanol) to

mal concentration and the ratios of HDEHP anorOure HDEHP, no gel is formed in the systems con-

Cu(OHY), concentrations corresponding to the gelatiorf;énedmgﬂg'%ﬁgﬂ'y bé‘éi:f:g\?vg?grd: i;gr;(;m;gg_m
region in decane, hexane, and toluene are given if. b o )5 y
the table taining 0.3 M HMEHP at [H,MEHP]/[Cu(OH),] < 2.

. Taking into account that HMEHP is dibasic acid,
The blue transparent gels initially formed in thepoth neutral and acidic copper(ll) alkyl phosphates
HDEHP  (commerciahCu(OH),-organic  solvert  can be formed under these conditions. In the region
water system become turbid and whitish on long-terngf formation of acidic copper alkyl phosphates,
keeping. An optical microscopic study of mature gel§H,MEHP)/[Cu(OH),] > 2.0, two homogeneous liquid

. _ L phases (aqueous and organic) are formed.
Boundaries of gelation region in the HDEHP (commer-

cial)-Nd(OH);-organic solventwater system In industrial production of HDEHP, the raw
product is washed with NaOH or N@O; aqueous

Organic [HDEHPJ/[Cu(OH),], mol/mol s_olutions to remove FMEHP. We found thgt, after

solvent | CHDEHP" single scrubbing of commercial HDEHP in an or-
lower boundaryupper boundary ganic solvent (0.3 M) with aqueous NaOH, the gela-
tion region is narrowed, and gelation occurs at

Decane | 0.025 1.0 16 [HDEHP)/[Cu(OH),] 1.6-1.8.
Hexane 0.010 1.2 1.8 _
Toluene 0.050 1.2 29 In extraction, a contact between aqueous and or-

ganic phases, as a rule, is attained by emulsification of
* Minimal HDEHP concentration at which gelation occurred. the extraction system at vigorous stirring. We studied
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the effect of gel formation on the emulsion stability 7, min
in the HDEHP (commercialCu(OH),-decanewater 50
and HDEHP (commercialNd(OH);-decanewater 40
systems. In these systems, emulsions were produced

by stirring Cu(OH) and Nd(OH} precipitates sus- 30
pended in water with an HDEHP solution in decane.
Figure 3 shows how the half-separation time of the
emulsion (time of the half-settling of the emulsified 10
organic phase) in the HDEHRd(OH);-decane B e
water system depends on the HDEHP/Nd(QFtio 14 18 22 26 30

in centrifugation at 9§. This figure shows that emul- [HDEHP]/[Nd(OH)]

sions are stable only at [HDEHP]/[Nd(Oﬁ)ratIOS Fig. 3. Time of half-settling of the emulsified organic

corresponding to the gelatlop region. Aglt@tlon of phase,ty,5, as a function of theHDEHP andneodymium
the system concerned drastically affects its phase hydroxide molar ratio in theHDEHP (commercialy

behaVior. Wh”e no Stirring, the ge|atI0n OCcCurs in the Nd(OH)?)_decanewater system.
organic phase only, and in vigorous stirring of the

agqueous and organic phases at 3000 rpm, a stable n, mPas
emulsion is formed. 300 ]

When lanthanide hydroxides suspended in water i I « Cu(Il)
are stirred with an HDEHP solution in decane, stable 200 = Nd(IIT)
emulsions are formed with all the lanthanides. For - 2
example, we obtained stable emulsions in the 100 |
RE(OH);-HDEHP-decanewater systems (RE = Sm, |
Dy, Ho, and Yb) at [HDEHP}/[Ln(OHj] = 1.6 and
[HDEHP] = 0.3 M. 0.1 1 10

. rgl
In the HDEHP (commerciaCu(OH),-decane TS ,
water system, stable emulsions are formed in the Fig. 4. Effective viscosityn of emulsions stabilized with

: ; copper(ll) and neodymium(lll) organogels as a function of
range of metal and extractant ratio corresponding to the shear ratg. [HDEHP] = 0.3 M, [HDEHP}NA(OHY] =

organogel formation. At [HDEHP/[CU(OH] ratios = ;5 ang [HDEHPY[CU(OHy = 1.2; commercialHDEHP.
beyond the gelation region (below 1.0 and above 1.6), The viscosity was measured in the course ) increas-

the emulsions are separated into aqueous and organiGng and (', 2) decreasing the shear rate.
phases within 42 min.
Figure 4 demonstrates the flow curves of emulsion xamined. These studies showed that the stability of

stabilized with organogels in the HDEHP (commer-I"€ €mulsion structure is ensured by the organogel net-
cial)—Cu(OH)Z—decganeV\glJater and HDEHP (c(ommer- work. The photomicrographs of emulsified HDEHP
cial)-Nd(OH);-decanewater systems. Curveisand2 ~ (commerciahCu(OH),-decanewater and HDEHP

; ; : ; (commercialNd(OH);-decanewater mixtures con-
show that the emulsion viscosity considerably de ain light droplets of the liquid phase and darker areas

creases with increasing shear rate. With the sub* :
sequently decreasing shear rate (cur/eand2), the ICi)etween them. The dark areas correspond to turbid
froganogels formed by copper(ll) mono(2-ethylhexyl)

viscosity of the liquefied emulsions does not return t ) \ A
the initizll valuesqi.e. the initial emulsion structure isPNoSPhates and basic neodymium(lll) di(2-ethylhexyl)
e Hhosphates (Figs. 5a, 5b).

not restored. We found that, in mechanically destroye
emulsions, the initial structure is not restored even on Our data on gelation and emulsification in extrac-
keeping for several days. The irreversible breakdowtion systems containing copper and lanthanide alkyl
of emulsions under mechanical loading indicates thgthosphates allow us to make certain recommendations
they are nonthixotropic. Such a behavior correlateto prevent the detrimental effect of structure forma-
with that of organogels of copper(ll) and neodymi-tion. Taking into account that both organogels and
um(ll) alkyl phosphates. stabilized emulsions are irreversibly destroyed under

The structural features of the emulsions werdnechanical loading, the mechanical impact can be
judged from their viscosity, optical microscopic pat-Used for brekdown and removal of meduses.
terns, and electrolytic conductivity. The miscibility of  The removal of HMEHP from commercial
emulsions with aqueous and organic phases was alstDEHP by scrubbing with NaOH aqueous solution
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determined for pure and commercial HDEHP.

(2) The gelation region in the di(2-ethylhexyl) hy-
drogen phosphat€u(OH),—(decane, hexane or tolu-
ene)water systems was determined afQ0A three-
dimensional network of organogels is built up by
copper(ll) mono(2-ethylhexyl) phosphate crystals.

(3) Organogels based on copper(ll) mono(2-etyl-
hexyl) phosphate or basic neodymium(lll) di(2-ethyl-
hexyl) phosphate promote emulsification in extraction
systems.

(4) Different approaches to elimination of the
detrimental effect of structure formation in extrac-
tion systems containing copper(ll) or lanthanide(lll)
di(2-ethylhexyl) phosphates (e.g., meduse formation)

Fig. 5. Photomicrographs of (a) emulsifieddDEHP
(commercial}-Cu(OH),—decanewater system with
[HDEHPJ/[Cu(OH)] = 1.0 and (b) emulsifiedHDEHP
(commercial:Nd(OH);-decanewater system with
[HDEHPJ/[Nd(OH);] = 1.0. Scale: 16 mm = 10Qum.

sharply narrows the gelation region in the extraction
systems containing copper(ll) alkyl phosphates. As
a result, purification of the extractant to remove
H,MEHP decreases the probability of meduse forma-
tion in the extraction. Under the industrial conditions,
the meduse formation is prevented by scrubbing
commercial extractant with N&0O3 aqueous solution.
In going from commercial to pure HDEHP, the gela-
tion region of basic neodymium(lll) di(2-ethylhexyl)
phosphates expands (Fig. 1). Therefore, unlike the
cases when, in extraction of metals with commercial 4-
HDEHP, gel formation is promoted by organic im-
purities and, therefore, can be prevented by their re-
moval, in extraction of lanthanides(lll) with HDEHP,
its purification to remove impurities does not prevent
the structure formation.

)

are analyzed.
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