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a b s t r a c t

Wet phosphoric acid produced industrially from natural rock phosphates generally contains uranium in
appreciable amounts and rare-earths in trace concentrations. In this paper, the solid-phase extraction
of mixture of seven heavy rare-earths (HREs) such as terbium (Tb), dysprosium (Dy), holmium (Ho),
yttrium (Y), erbium (Er), ytterbium (Yb), and lutetium (Lu) from phosphoric acid solutions using Tulsion
CH-96, a macroporous bifunctional phosphinic acid resin and T-PAR resin, a phosphoric acid resin has
olid–liquid extraction
eavy rare-earths
hosphoric acid
ulsion CH-96
-PAR resin
eparation factors

been investigated. The parameters studied include time, H3PO4 concentration, ratio of volume of aqueous
phase to mass of resin, metal concentration, and temperature. Effect of H3PO4 concentration from 0.5
to 5 M in the aqueous phase containing 25 mg/L of each metal using Tulsion CH-96 indicated that the
percent extraction of metals decreases with increase in acid concentration at any given mass of resin.
Mechanism of metal transfer follows ion exchange type. The separation factors were evaluated based
on the distribution coefficients in order to estimate the potential of the results for the separation of

rths f
individual/pair of rare-ea

. Introduction

The lanthanide elements, as a group, have magnetic, chemical
nd spectroscopic properties that have led to their application in a
ide range of end uses. High-value market sectors include phos-
hors, optical glass, lasers, advanced ceramics and capacitors. With
he increasing demand for rare-earth elements in the international

arket the separation and purification of these elements has gained
onsiderable importance.

The principal commercial sources of rare-earth elements are
onazite, xenotime, and bastnasite. In addition to these, rock

hosphate which is used for the production of fertilizer-grade
hosphoric acid also contains minor quantities of rare-earth ele-
ents considered as secondary source for rare-earth elements.

hosphate rocks generally contain about 50–300 mg/kg uranium
nd other rare-earths at less than 100 mg/kg of ore, depending on
he source of rock phosphate used [1]. Singh et al. [2] reported
he extraction and recovery of uranium with synergistic mixture
f di-nonyl phenyl phosphoric acid and tri-n-butyl phosphate from

ertilizer-grade phosphoric acid. Kabay et al. investigated the recov-
ry of uranium employing various chelating ion exchange resins
rom phosphoric acid solutions [3]. Using solvent extraction and
on exchange methods, Koopman et al. reported the removal of

∗ Corresponding author. Tel.: +91 40 27193169; fax: +91 40 27160921.
E-mail address: drbrcreddy iict@yahoo.com (B. Ramachandra Reddy).
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rom others.
© 2010 Elsevier B.V. All rights reserved.

heavy metals and lanthanides from phosphoric acid process liquors
[4].

Separation of individual lanthanides from each other is very
difficult due to their chemical similarity. Solvent extraction and
ion exchange are the common methods used for the recovery and
removal of metal ions from aqueous solutions. Literature review
reveals that much of work has been done on solvent extraction of
rare-earths employing organophosphorus reagents such as di(2-
ethylhexyl)phosphoric acid (D2EHPA), bis(2,4,4-trimethylpentyl)
phosphinic acid (Cyanex 272), 2-ethylhexylphosphonic acid
mono-2-ethylhexyl ester (PC 88A), bis(2,4,4-trimethylpentyl)
monothiophosphinic acid (Cyanex 302), bis(2,4,4-trimethylpentyl)
dithiophosphinic acid (Cyanex 301), alkylated phosphine oxides
(Cyanex 921, Cyanex 923, Cyanex 925) and their mixtures [5–13]
from chloride and nitrate media.

Even though solvent extraction method has several advantages,
it is difficult to operate for dilute metal ion solutions over a wide
range of acidities. On the other hand, ion exchange is an ideal
method for removing trace levels of metal ions from aqueous solu-
tions. Li et al. [14,15] reported the extraction of heavy rare-earths
using extraction resins containing Cyanex 272 and extraction
resin containing 1-hexyl-4-ethyloctyl isopropylphosphonic acid

(HEOPPA) from hydrochloric acid solutions. They reported that
adsorption of rare-earths on the resin as a function of pH fol-
lows the order as Lu(III) > Yb(III) > Tm(III) > Er(III) > Y(III) > Ho(III).
An extraction resin containing PC 88A was used by Park et al. to
separate Gd and Tb [16,17] employing extraction chromatography

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:drbrcreddy_iict@yahoo.com
dx.doi.org/10.1016/j.cej.2010.03.021


B. Nagaphani Kumar et al. / Chemical Engin

m
a
r

o
b
t
[
a
a
i
T
c
e
e
f
p
[
w
o
R
[
p
e

e
i
(
f
p
m

2

2

d
c
M
T
N
i

>

I
p
c
c
s
d
H

Fig. 1. Structures of Tulsion CH-96 and T-PAR resins.

ethod. El-Sofany [18] investigated the removal of lanthanum(III)
nd gadolinium(III) from nitrate medium using Amberlite XAD-4
esin impregnated with Aliquat-336.

Conventional strong cation and anion resins cannot be used
ver a wide range of acidities. Alexandratos et al. synthesized
ifunctional phosphinic acid resin by Friedel-Crafts phosphina-
ion reaction on polystyrene-divinylbenzene using AlCl3 as catalyst
19–21]. It is well documented that these resins utilize both an
ccess mechanism to bring the metal ions into polymer matrix
nd a recognition mechanism to selectively react with the metal
ons, hence called dual-mechanism bifunctional polymers [22–24].
his bifunctional phosphinic acid resin was proved as a potential
andidate for the recovery of uranium and actinides from differ-
nt acid media [25–27]. In our previous work we reported the
xtraction behavior, mechanism of metal transfer and separation
actors of terbium from other rare-earths using this bifunctional
hosphinic acid resin, Tulsion CH-96 from phosphoric acid medium
28]. Recently phosphoric acid resin, RGP, with a large acid capacity
as prepared by the addition of phosphoric acid to epoxy groups

f macroreticular poly(glycidyl methacrylate-co-divinylbenzene).
GP exhibits high affinity towards Pb(II), Ti(IV), U(VI), and Zr(IV)
29–31]. There are no reports on the extraction of HREs from phos-
horic acid solutions using Tulsion CH-96 and T-PAR type ion
xchange resins. The structures of these resins were shown in Fig. 1.

The objective of the present study is to determine the extraction
fficiency of mixture of HREs using Tulsion CH-96 and T-PAR resins
n order to determine distribution coefficient (D), separation factor
ˇ) and ultimately possibility of one/or group of metals separation
rom others in the acid range 3–4 M similar to actual wet phos-
horic acid (WPA) concentration obtained from rock phosphate
ineral.

. Materials and methods

.1. Reagents

Tulsion CH-96 resin, a phosphinic acid resin with polystyrene-
ivinylbenzene matrix, T-PAR resin, a phosphoric acid resin with
ross linked polyacrylic matrix, were obtained as gift samples from
/s. Thermax India Ltd., Pune, India. The ion exchange capacities of

ulsion CH-96 and T-PAR resins were estimated by titrating with
aOH and calculated to be 2.39 and 2.36 meq/g, respectively. The

on exchange reaction can be given as

P( O)OH + Na+ ↔ (> P( O)O)Na + H+

All rare-earth oxides (>99.99%) were purchased from Treibacher
ndustrie AG, Austria. The stock solutions of rare-earth ions were
repared by digesting the corresponding rare-earth oxide in con-

entrated hydrochloric acid. Solution samples of various H3PO4
oncentrations were prepared by mixing fixed volumes of the
tock solutions with varying volumes of concentrated H3PO4 and
ouble distilled water. Analytical Reagent grade phosphoric acid,
3PO4 (88%, specific gravity 1.75) was used. Working solutions
eering Journal 160 (2010) 138–144 139

were prepared after suitable dilution. All other reagents used were
of analytical grade.

2.2. Apparatus

An inductively coupled plasma optical emission spectrometer
(ICP-OES, IRIS Intrepid II XDL, Thermo Jarrel Ash) was used to
determine the rare-earth ions in the aqueous solutions. A Jeio-Tech
temperature controlled shaking water bath was used for equilib-
rium experiments.

2.3. Method

For solid–liquid extraction studies, appropriate amount of resin
was added to aqueous solution in reagent bottles and agitated for
different time intervals (1–12 h) in a thermostatic shaking water
bath. Agitation was stopped after fixed times, separated the aque-
ous phase and determined the residual metal concentration using
ICP-OES. The amount of metal ion transferred into the resin phase
was calculated by difference of metal concentration before and after
equilibrium.

The distribution ratio (D) between the resin phase and the aque-
ous phase is defined as the concentration of metal on the resin phase
per gram of the resin divided by the concentration of metal in the
aqueous solution per milliliter of the solution and calculated using
the equation

D = ([M]t − [M]o) × V/m

[M]o

where [M]t denotes the total metal concentration, [M]o is the resid-
ual metal concentration in the solution, V is the volume of the
aqueous phase (mL), and m is the mass of resin (g). The separation
factor (ˇ) refers to the possibility of separation of two metals from
each other, which depends on D values under particular experi-
mental conditions.

3. Results and discussion

3.1. Effect of equilibration time

The effect of time in the range from 1 to 12 h on the extraction
of HREs was studied using aqueous solutions containing 25 mg/L of
each rare-earth ion and 4 M phosphoric acid at a ratio of volume of
aqueous phase to mass of resin (Tulsion CH-96/T-PAR), of 33.3:1 at
303 K (Fig. 1). It was observed that 4 h (Fig. 2(a)) time is sufficient
to reach equilibrium for Tulsion CH-96 and 6 h (Fig. 2(b)) for T-PAR
resin. However, to ensure that complete equilibrium achieved, all
the subsequent experiments were carried out for 10 h equilibration
time.

3.2. Effect of acid dependency at an aqueous to resin ratio of
100:1

Effect of H3PO4 concentration from 0.5 to 5 M in the aqueous
phase containing 25 mg/L of each metal was studied keeping ratio
of volume of aqueous phase to mass of resin (Tulsion CH-96/T-
PAR) at 100:1 (Fig. 3). It was found that the percent extraction of
metal decreases with increase in acid concentration, confirming
the metal transfer to the resin phase follows ion exchange type
mechanism [28]. Further, the results suggest large differences in
percentage extraction of some metals over the others at certain

acidities, thereby showing separation possibilities.

At 0.5 M H3PO4 concentration using Tulsion CH-96 resin, about
80% extraction of Lu and Yb was observed (Fig. 3(a)), where as
the extraction of other metals (Tb, Dy, Ho, Y, and Er) was 30–40%
only. The observed difference in percent extraction is due to their



140 B. Nagaphani Kumar et al. / Chemical Engineering Journal 160 (2010) 138–144

Fig. 2. Effect of equilibration time on uptake of [RE3+] (a) using Tulsion CH-96 and (b) using T-PAR resins. Experimental conditions: mass of resin = 0.3 g, volume of aqueous
phase = 10 mL, [H3PO4] = 3 M, [RE3+] = 25 mg/L, temperature = 303 K.
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ig. 3. Effect of acid concentration on percent extraction of HREs (a) using Tulsion
hase to mass of resin = 100:1, [H3PO4] = 0.5–5 M, [RE3+] = 25 mg/L, temperature = 30

onic radii. Ion exchange resins, generally, have greater selectivity
or ions with increasing valence or charge. Among the ions with
he same charge, higher affinities were seen for ions with higher
tomic number. The percent extraction decreases with increasing
onic radii. The results are in good agreement with the reported lit-
rature [8,14,15,28]. The separation factors (Table 1) of Lu for Tb
nd Dy are 16.7 and 10.9, respectively at 0.5 M acid concentration.
ow ˇ values were found in 3–4 M acid region. It was observed that

separation factor of 28.1 for Lu and Yb pair with Tb at 0.5 M acid

Table 2). However, it is difficult to separate Lu and Yb pair from
b and Dy pair at 4 M acid. Hence, at a ratio of volume of aqueous
hase to mass of resin of 100:1, there is a possible separation of

able 1
eparation factors of rare-earths with Tulsion CH-96 at an aqueous to resin ratio of
00:1.

[H3PO4], M Metal Tb Dy Ho Y Er

0.5 Lu 16.7 10.9 10.7 8.5 6.7
1 Lu 5.4 4.8 4.7 4.6 4.4
3 Lu 7.6 8.3 5.4 5.3 4.9
4 Lu 9.6 8.6 5.6 5.4 4.7
0.5 Yb 11.4 7.4 7.3 5.8 4.6
1 Yb 3.7 3.4 3.3 3.2 3.1
3 Yb 5.7 6.3 4.1 4.1 3.8
4 Yb 8.2 7.4 4.8 4.4 4.0
6 and (b) using T-PAR resins. Experimental conditions: ratio of volume of aqueous
ime = 10 h.

Lu/Yb from Tb or Dy at 0.5 M acid. However, we follow-up our next
experiments to get high ˇ values at 3–4 M acid region (which is
equivalent to WPA concentrations) by increasing ratios of volume
of aqueous phase to mass of resin to 20:1 and 5:1.

On the other hand, using T-PAR resin, the ˇ values are low com-
pared to Tulsion CH-96 even at 0.5 M acid. The magnitude of percent
extraction is almost same as that of Tulsion CH-96. The percent
extraction of rare-earths follows the ionic radii in case of T-PAR
resin (Fig. 3(b)) also. But the extraction results are not that selective
compared to Tulsion CH-96.
3.3. Effect of acid dependency at an aqueous to resin ratio of 20:1
and 10:1

Effect of H3PO4 concentration (0.5–5 M) on the extraction of
HREs was studied at the volume of aqueous phase to mass of

Table 2
Separation factors of rare-earths with Tulsion CH-96 at an aqueous to resin ratio of
100:1.

[H3PO4], M Metal pair Tb Dy Tb + Dy

0.5 Lu + Yb 28.1 18.3 11.1
1 Lu + Yb 9.1 8.2 4.3
3 Lu + Yb 14.5 13.4 6.9
4 Lu + Yb 17.9 16.0 8.5
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Fig. 4. Effect of acid concentration on percent extraction of HREs (a) using Tulsion CH-96 and (b) using T-PAR resins. Experimental conditions: ratio of volume of aqueous
phase to mass of resin = 20:1, [H3PO4] = 0.5–5 M, [RE3+] = 25 mg/L, temperature = 303 K, time = 10 h.
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ig. 5. Effect of acid concentration on percent extraction of HREs (a) using Tulsion
hase to mass of resin = 10:1, [H3PO4] = 0.5–5 M, [RE3+] = 25 mg/L, temperature = 303
esin ratio of 20:1. Using Tulsion CH-96, in low acid region of
.5–1 M, the percent extraction of Lu and Yb are about 95% and
ecreased to 50% at 3–4 M acid region (Fig. 4(a)). The percent
xtraction of HREs increases when the ratio of volume of aque-
us phase to mass of resin altered from 100:1 to 20:1 as expected.

ig. 6. Effect of acid concentration on percent extraction of HREs (a) using Tulsion CH-9
hase to mass of resin = 5:1, [H3PO4] = 0.5–5 M, [RE3+] = 25 mg/L, temperature = 303 K, tim
6 and (b) using T-PAR resins. Experimental conditions: ratio of volume of aqueous
e = 10 h.
The percent extraction of HREs with T-PAR resin (Fig. 4(b)) also
increases.

When the ratio of volume of aqueous phase to mass of resin set
at 10:1, at 0.5 M acid Lu and Yb are about 95% extracted where as
the other five elements are about 85% extracted with Tulsion CH-

6 and (b) using T-PAR resins. Experimental conditions: ratio of volume of aqueous
e = 10 h.
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Table 3
Separation factors of rare-earths with Tulsion CH-96 at an aqueous to resin ratio of
5:1.

[H3PO4], M Metal Tb Dy Ho Y Er

0.5 Lu 5.1 4.6 3.9 2.7 2.4
1 Lu 18.9 16.2 13.8 11.5 8.7
2 Lu 21.3 17.2 14.3 11.5 8.5
3 Lu 18.7 14.8 12.7 10.5 7.7
4 Lu 15.2 12.5 11.2 8.8 6.8
0.5 Yb 2.4 2.2 1.8 1.3 1.1
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Table 4
Separation factors of rare-earths with Tulsion CH-96 at an aqueous to resin ratio of
5:1.

[H3PO4], M Metal pair Tb Dy Tb + Dy

0.5 Lu + Yb 7.5 6.8 3.6

F
a

1 Yb 11.9 10.2 8.7 7.2 5.5
2 Yb 14.1 11.3 9.5 7.6 5.6
3 Yb 12.7 10 8.6 7.1 5.2
4 Yb 11 9.1 8.1 6.4 4.9

6 (Fig. 5(a)) indicating no separation possibility at this condition.
ut, in 3–4 M acid region the percent extraction of five elements (Tb,
y, Ho, Y, and Er) drastically decreased to about 15–28%, where as

he percent extraction of Lu and Yb are 76–56% indicating possible
eparation of Lu and Yb from other metals. In case of T-PAR resin
Fig. 5(b)), separation possibility is not observed at any studied acid
oncentration.

.4. Effect of acid dependency at an aqueous to resin ratio of 5:1

The percent extraction of HREs as a function of concentration of
3PO4 from 0.5 to 5 M was studied using Tulsion CH-96 at the vol-
me of aqueous phase to mass of resin ratio of 5:1. It was observed
hat at 0.5 M acid, all the metals were extracted to about 99% using
ulsion CH-96 (Fig. 6(a)) suggesting very low separation possibility,
hile at 2–4 M acid, separation factors (Table 3) are high, indicat-

ng the applicability of results to actual WPA of fertilizer grade.
separation factor of 21.3 was found for Lu with Tb at 2 M acid

oncentration. The results clearly demonstrate that the decrease in
eparation factors follow their increase in ionic radii except for Y. It
as falling in between Ho and Er, which is in good agreement with

he results reported by Li et al. [14,15].
At high phosphoric acid concentration, 4 M, interestingly, the

eparation factor tendency is reversed with mass of resin as
bserved above (Table 1). It was observed that a separation factor
f 15.2 for Lu with Tb using a ratio of 5:1 whereas it is 9.6 at a ratio
f 100:1 with Tulsion CH-96 and similar behavior for Lu with other

etals also. The situation is same for Yb as well. The separation

actors for Lu-Yb pair with Tb–Dy were also given in Table 4.
Using T-PAR resin no appreciable separation factors were found.

t is extracting HREs, but it cannot be used for separation of HREs
nder studied experimental conditions. The total ion exchange

ig. 7. Effect of metal concentration on extraction of HREs (a) using Tulsion CH-96 and
queous phase = 10 mL, [H3PO4] = 3 M, [RE3+] = 5–25 mg/L, temperature = 303 K, time = 10 h
1 Lu + Yb 30.9 26.4 14.2
2 Lu + Yb 35.4 28.5 15.8
3 Lu + Yb 31.4 24.8 13.8
4 Lu + Yb 26.2 21.6 11.8

capacity of Tulsion CH-96 and T-PAR resin for HREs was calculated
to be 1.32 and 1.35 meq/g, respectively.

From the Figs. 3 to 6, we can arrive at the possibility of binary
separation of Lu with Tb/Dy and Yb with Tb/Dy and it is possible
to separate Tb/Dy from solution containing Lu or Yb or both or it
is possible to separate a solution containing Lu, Yb, Tb and Dy into
two concentrates of Lu, Yb and Tb, Dy. The separation factor values
are small to separate Lu, Yb from other five metals (Tb, Dy, Ho, Y,
and Er) by using 2 g of Tulsion CH-96 at 0.5 M acid concentration
or using 0.1 g of Tulsion CH-96 at 4 M acid concentration. Based
on the separation factors, we can conclude that, in order to get
high separation factor at high acid concentration, the resin amount
needs to be increased.

3.5. Effect of metal concentration

The effect of metal concentration in the range 5–25 mg/L on
the extraction of HREs was studied using Tulsion CH-96 and T-PAR
resins from aqueous solutions containing 3 M H3PO4 and aqueous
to resin ratio maintained at 14.3:1 (Fig. 7). There was a marginal
effect on percent extraction of HREs with both resins. Using Tul-
sion CH-96, the percent extraction decreases from 78 to 71% for
Lu, 71–61% for Yb and around 31–18% for other metals. Increase of
metal concentration (5–25 mg/L) results in decrease of separation
factors of Lu with Tb from 23 to 15.9, Lu with Dy from 18.9 to 12.3
where as this decrement is little with others (∼1). Similarly, the
separation factors of Yb with Tb and Yb with Dy decreases from
15.3 to 10.6 and 12.5–8.3, respectively. Using T-PAR resin, the vari-
ation of percent extraction is 20 ± 4% for Lu and Yb, and 10 ± 2% for
other metals. The variation of metal concentration has no effect on
separation factors of Lu/Yb with other metals (2.5 ± 0.1).
3.6. Effect of temperature

By keeping the aqueous and resin phase conditions constant
(10 mL of aqueous solution containing 25 mg/L HREs with 3 M

(b) using T-PAR resins. Experimental conditions: mass of resin = 0.7 g, volume of
.
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ig. 8. Effect of temperature on extraction of HREs (a) using Tulsion CH-96 and (b
hase = 10 mL, [H3PO4] = 3 M, [RE3+] = 25 mg/L, time = 10 h, temperature = 303–353 K

3PO4 and 0.3 g of Tulsion CH-96 and 0.3 g of T-PAR resin, 10 h),
he effect of temperature from 303 to 343 K on the extraction of
REs was investigated (Fig. 8). Marginal increase in percentage
xtraction of Lu (47–52%) and Yb (37–44%) with Tulsion CH-96 and
o effect for others was observed. The variation of temperature

rom 303 to 343 K has marginal effect on the separation factors of
u with Tb (22 ± 2.0), Dy (18 ± 1.5), Ho (12 ± 1.0), Y (10 ± 0.5) and
r (8 ± 0.5). The separation factors of Lu/Yb with other five metals
ecreases with increase in ionic radii except for Y as it was falling in
etween Ho and Er. The separation factors of Lu/Yb with other five
etals from 303 to 343 K follows in the order Tb > Dy > Ho > Y > Er.
sing T-PAR resin, the variation of temperature has no effect on
ercentage extraction of HREs and thereby separation factors.

. Conclusions

We investigated for the first time the sorption behavior of HREs
rom phosphoric acid solutions with regard to their separation
sing two kinds of resins, Tulsion CH-96, a macroporous bifunc-
ional phosphinic acid resin and T-PAR, a phosphoric acid resin.
n equilibration time of 4 and 6 h is adequate for Tulsion CH-96
nd T-PAR resins. The transfer of metal to the resin phase follows
on exchange type mechanism. Under studied experimental condi-
ions, the variation of temperature and metal concentration has no
ffect on separation factors of HREs with T-PAR resin and marginal
ffect with Tulsion CH-96. The present results can be applied to
he binary separation of Lu with Tb/Dy and Yb with Tb/Dy and to
eparate Tb/Dy from phosphoric acid solution containing Lu or Yb
r both using Tulsion CH-96. T-PAR resin needs modification to get
etter separation factors of HREs.
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