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Abstract The recovery of Nd and Dy from a ternary Co–

Nd–Dy system using layered crystalline zirconium phos-

phate (a-ZrP) was investigated. a-ZrP was synthesized by

the refluxing method, and subsequently characterized by

sodium hydroxide titration, Fourier transform-infrared

spectrometry, thermogravimetry, scanning electron micro-

scopy, and X-ray diffraction. The selectivity and ion

exchange kinetics of the a-ZrP material were determined

with regard to the individual elements. The influence of

solution pH on the uptake was studied in ternary 1 and

2 mM equimolar solutions. The results showed that in

acidic solution (pH 1–3), very little Co was taken up, while

Nd and Dy uptakes were at reasonable levels (0.5–0.6 meq/

g). The uptake isotherms of Nd, Dy, and Co were measured

separately at pH 2.5 and 4.5 in ternary equimolar solution

series. At pH 4.5, the loading capacities were about

0.2 meq/g for Co, 1.1 meq/g for Nd, and 1.5 meq/g for Dy.

Dy was thus clearly preferred over Nd by a-ZrP. The

loading of an a-ZrP column showed a similar preferred

pattern. Nitric acid eluent removed Co, Nd, and Dy, but

there was no separation of the metals in the eluate. A

mixture of nitric and phosphoric acids, however, produced

a strong separation. Co was very weakly retained in the

column, and the ratio Dy/Nd in the eluent was in the range

of 2–7. Thus, the a-ZrP material showed encouraging ion

exchange properties for the separation and recycling of Nd

and Dy from a ternary Co–Nd–Dy system. Much more

work is needed, however, to develop a practical separation

flowsheet.
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Introduction

In recent years, rare earth elements (REEs) have been

increasingly needed for the development of the worldwide

green economy of permanent magnets, nickel metal

hydride batteries, lamp phosphors, catalysts, and so on [1].

In 2010, the European Commission considered REEs as a

critical raw materials group with the highest supply risk.

Neodymium (Nd), europium (Eu), terbium (Tb), dyspro-

sium (Dy), and yttrium (Y) were listed as the five most

critical REEs by the U.S. Department of Energy in 2011. In

addition, it is estimated that over the subsequent 25 years,

the demand for Nd and Dy will rise by 700 and 2600%,

respectively [2]. Nd is the most common REE in NdFeB

magnets. Dy is often added to NdFeB magnets to increase

their temperature stability against demagnetization. NdFeB

magnets with added Dy have wide application in electric

and hybrid electric vehicle motors, wind turbine genera-

tors, computers, peripherals, etc. It was estimated that in

2007, 66% of all NdFeB magnets used could be attributed

to computer, wind turbine, and automotive applications. Of

these magnets, 80% contained Dy in addition to Nd. At

present, recycling of NdFeB magnets is of potential tech-

nical feasibility, if efficient physical dismantling and sep-

aration techniques, and metallurgical separation and
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refining methods are available in the future [3]. In fact, due

to inefficient collection and technological difficulties,

commercial recycling of REEs in 2001 was still particu-

larly low with less than 1% of the REEs being recycled

[4, 5].

Recently, considerable progress has been made in the

research of recycling REEs from NdFeB magnets.

Demagnetized hydride alloy powder was produced by

means of atmospheric pressure hydrogen to separate REE

magnets from computer hard disk drives [6, 7]. In order to

obtain full conversion of the metal into the oxides, the

powder was applied into a grinding and roasting process,

from which a fraction (\400 lm) was used in the leaching

process. The REEs can then be leached from the powder by

mineral acids such as HCl, HNO3, and H2SO4. The major

components in the leaching solution are Nd, Co and Dy.

With the selective leaching, iron (Fe) is left in the solid

residue [8, 9].

For several decades, ion exchange has received growing

attention in various industries for solution purification by

removal of the targeted dissolved ions [10]. a-zirconium

phosphate (Zr(HPO4)2�H2O, a-ZrP), one form of the crys-

talline acid salts of zirconium, has been extensively studied

for applications in catalysis [11], radionuclide removal

[12], artificial kidneys [13], and as proton conductors in

full cells [14]. Crystalline a-ZrP was first synthesized in

1964 by refluxing an amorphous ZrP gel in phosphoric acid

[15]. Since then, synthesis of ZrP with different structures,

ion exchange properties, particle sizes, structures, and

morphologies have been systematically investigated

[16–19]. However, very little is known regarding its ion

exchange behaviors toward REE ions.

In this paper, the fundamental ion exchange properties of

a-ZrP were studied for Nd, Dy, and Co ions with a view of

separation and recycling NdFeB magnets. The study included

the synthesis and characterization of the a-ZrP material as

well as the determination of its acidity, selectivity, and

loading response to different pH values for the metal ions.

The kinetic mechanism of the material for the metal ion

uptakes was elucidated, too. Moreover, the mechanism of

uptake in the a-ZrP structure is also explained. Finally, pre-

liminary batch stripping using mineral acids was investigated.

Experimental

Chemicals

Zirconyl chloride octahydrate (98%), hydrochloride (36%),

sodium phosphate monobasic monohydrate (99.8%), and

phosphoric acid (85%) were used for the material synthe-

sis. Cobalt nitrate hexahydrate (98%), neodymium nitrate

hexahydrate (99%), dysprosium nitrate hydrate (99%),

sulfuric acid (95–97%), nitric acid (67–69%), hydrochlo-

ride (36%), and phosphoric acid (85%) were used in the ion

exchange experiments. All chemicals were purchased from

Sigma-Aldrich except for sulfuric acid from J. T. Baker

and used without further purification.

Instrumentation and Analysis Methods

X-ray powder diffraction (XRD) patterns were recorded by

a Philips PW3710 X-ray powder diffractometer with the

working conditions: 40 kV, 30 mA, Cu-Ka radiation.

Fourier transform infrared (FT-IR) spectra were recorded

on a Perkin Elmer Spectrum one FT-IR spectrometer.

Thermogravimetry (TG) was performed on a Mettler

Toledo TGA850 in flowing N2 gas with a heating rate of

10 �C min-1. Scanning electron microscope (SEM) images

were collected using a Hitachi Hi-Tech S-4800 FESEM. A

microwave plasma-atomic emission spectrometer (MP-

AES) Agilent 4100 was used for analysis of metal ions. A

digital pH meter (Orion model 920A) was used for the pH

measurements.

Synthesis of a-ZrP

a-ZrP was synthesized using the reflux method and adapted

modifications based on gamma ZrP described by Rajeh and

Sziertes [24]. Solution A was prepared by dissolving

322.25 g of ZrOCl2�8H2O in 300 mL of water in a 3 L

glass Huber-reactor. The solution inside the reactor was

stirred constantly with a mechanical motorized stirrer

(100 rpm), while its temperature was maintained at

80 ± 1 �C. Subsequently, solution B (828.18 g of NaH2-

PO4�H2O in 600 mL of 3 M HCl) was added dropwise to

the reactor. A white precipitate was obtained after the

addition of solution B and the reaction mixture was left to

reflux at the same temperature for 24 h, and cooled to room

temperature for another 24 h. Then, the precipitate was

washed sequentially with 3 L of 2.0 M HCl and 2 L of

2.0 M H3PO4 to remove the unbound Na? and Cl- ions.

Finally, the product was rinsed with deionized water until it

was at pH 3, and dried in an oven at 65 �C. The dried

product was ground and sieved to 75–152 lm (200–100

mesh) grain size. The as-prepared a-ZrP was equilibrated

with 0.1 M HNO3 (the solid/liquid ratio was 1 g/20 ml) by

a rotating mixer for 1 day. The pretreated a-ZrP was

washed by deionized water until it was at pH 3.

Preparation of Ternary Co–Nd–Dy Solution

The ternary mixture of Co, Nd, and Dy was prepared by

mixing Co(NO3)2�6H2O, N3NdO9�6H2O, and DyN3O9�
XH2O into samples of different pH values, HNO3 with the

molar proportion of Co(II):Nd(III):Dy(III) = 1:1:1. The
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solutions with concentrations from 0.01 to 10 mM were

prepared at pH values of approximately 3 and 5.

pH Titration Studies

To obtain the pH titration curve, 100 mg of a-ZrP was placed

in 19 mL of 1.0 M NaNO3 solution and titrated with different

amounts (250–1050 lL) of 1 M NaOH solution. The samples

were equilibrated for 24 h in a rotary mixer (60 rpm), and then

their pH values were measured after phase separation by

centrifugation at room temperature (23 �C).

Effect of pH on Sorption

Investigations of the effect of solution pH on Co(II),

Nd(III), and Dy(III) sorption (distribution coefficient Kd)

were conducted in 1 and 2 mM ternary solutions, using pH

values selected from a range of 1 to 6 after checking the

solubility product Ksp of Co(OH)2, Nd(OH)3 and Dy(OH)3.

100 mg of a-ZrP was placed into each 20 mL polyethylene

vial filled with 20 mL of 1 or 2 mM equimolar Co(II),

Nd(III), and Dy(III) at different pHs (1–6), respectively.

After 6 h, the pH value of each vial was checked and

readjusted when necessary with 1 M NaOH. The vials were

then equilibrated for 3 d in a rotary mixer (60 rpm).

Finally, the vials were centrifuged for 15 min at 4000 rpm,

and the supernatants were separated for pH and metal

measurements with MP-AES.

Sorption Kinetic Studies

Sorption kinetics tests were performed using various

reaction times (from 0.25 to 72 h). For each experiment,

100 mg of a-ZrP was added to 20 mL polyethylene vials

with 20 mL of 1 mM equimolar Co(II), Nd(III), and

Dy(III) solutions, respectively. The kinetic results were

obtained by assaying the sample contents with MP-AES.

Isotherm Studies

100 mg of a-ZrP was equilibrated for 3 d with 20 mL of each

ternary Co–Nd–Dy solution (0.01–10 mM with an adequate

interval) at pH 2.7 or 4.5 in a rotary mixer (60 rpm). The

phase separation was done by centrifugation as described

above, and the Co(II), Nd(III), and Dy(III) concentrations of

the supernatants were determined with MP-AES.

Batch elution Studies

For each experiment, 100 mg of a-ZrP was added to

polyethylene vials and loaded with 20 mL of 10 mM

equimolar Co(II), Nd(III), and Dy(III) solutions, and the

vials rotated for 3 d. Then the supernatants were separated

from the solids for measurements by centrifugation for

15 min at 4000 rpm. The remaining solids in the vials were

washed three times with deionized water and dried over-

night at 60 �C. After that, 20 mL of 0.1, 0.3 and 1 M HCl,

HNO3, H3PO4 and H2SO4 eluents were added, respec-

tively, to each vial followed by 3 d rotation. The super-

natants were separated by centrifugation for measurements.

The remaining solids were also washed three times with

water and then dried for XRD analysis.

Column Loading/Elution Experiments

Column tests were performed in a Bio-Rad glass column

with an inner diameter of 10 mm and a height of 100 mm

at room temperature (22–23 �C). The columns were filled

with a-ZrP material which was carefully packed up to

5.5 cm in the columns. A ternary Co–Dy–Nd solution with

a pH value of 2.5 and equimolar of 1.0, 0.5 and 0.1 mM

was prepared as the feed solution. The loading process was

carried out at a speed of two bed volumes (BV) per hour.

Then the pH 2.5 nitric acid was loaded as the washing

agent using 6 BV at 2 BV/h. After this the stripping process

was started using 0.3 M HNO3 as the stripping agent at a

stripping speed of 1 BV/h. Finally, the samples were col-

lected for MP-AES measurement. The following experi-

ments used the same process, and the only change was the

use of two different mixed stripping agents 0.5 M HNO3

and 0.1 M H3PO4 (volume ratio = 1:1) or 0.3 M HNO3

and 0.1 M H3PO4 (volume ratio = 1:1).

Theoretical Background

The distribution coefficient (Kd) describes the distribution of

solute ions between the solution and the ion exchanger. It

can be calculated from solution phase measurements of A by

Kd ¼
A0½ � � Aeq

� �

Aeq

� � � V

m
ð1Þ

where [A0] is the solution concentration of A initially, [Aeq]

is the corresponding concentration at equilibrium, V is the

volume of solution, and m is the mass of exchanger

material.

When considering the exchange of metal ions Mn? for

hydronium ions H?, the selectivity coefficient kM/H becomes

kM=H ¼
M
� �

H½ �n

M½ � H
� �n ; ð2Þ

where M
� �

/ M½ � is the distribution coefficient (Kd) for ion

M. In the cases where metal loading in exchanger is low in

the system ( M
� �

� H
� �

& Q and [M] � [H])
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logKd ¼ log kM
H
Qn

� �
� n log H½ � ¼ log kM

H
Qn

� �
þ npH ð3Þ

In other words, log Kd is linear as a function of pH with

a slope of ?n. Here, Q is the total capacity of the ion

exchanger.

In practical sorption studies, simpler terminology is

often used instead of the rigorous equations given above,

especially when the sorption mechanism and system are

unknown. For instance,

M
� �

¼ qeq ð4Þ

M½ � ¼ Ceq ð5Þ

where qeq is the solute concentration in the sorbent phase at

equilibrium, Ceq is the metal concentration in the batch

stripping solution at equilibrium. Solid phase concentra-

tions are often measured from the changes of solution

phase concentrations as concentration measurements are

generally more accurate than solid phase measurements.

Thus,

M
� �

¼ C0 � Ceq

� �
� V

m
ð6Þ

H
� �

¼ Q� n M
� �

ð7Þ

In this work, metal concentrations were determined via

the solution concentrations as described by Eqs. 6 and 7.

Rational concentrations (e.g. equivalent fractions) or

mole fractions are often used instead of molarities or

molalities. For instance, the equivalent fraction of Mn? in

the sorbent

EM ¼ ZMqM

Q
ð8Þ

where ZM, qM and Q are M ion’s charge, equilibrium

concentration in the sorbent (mM/g), and the capacity of

the ion exchanger (meq/g), respectively.

Results and Discussion

Structural Characterization

The crystalline a-ZrP has a layered structure (Fig. 1a)

which is formed by zirconium atoms connected through the

oxygen atoms of the phosphate groups. Three oxygen

atoms of each phosphate group contributes to three dif-

ferent zirconium atoms, so a distorted equilateral triangle is

formed by this structure. The OH- group in this structure is

embedded in the interlayer space. The XRD pattern of the

synthesized material can be seen in Fig. 1b and it closely

resembles the XRD patterns of a-ZrP. The first peak shows

a d-spacing of 7.56 Å, which corresponds to the interlayer

distance between the 002 planes of crystalline a-ZrP [12].

Figure 1c, d show the SEM images of the synthesized a-

ZrP with a regular planar size and nearly hexagonal shape.

The length dimension of the crystalline a-ZrP platelet

varies from 1 to 4 lm, which is as long as the length of that

prepared by the HF method, and larger than those of the

hydrothermal and refluxing methods (see Table 1) [20–22].

The elimination of HF as a toxic solvent in the synthesis is

in line with the aims of green chemistry. The reaction

temperature is also lower than in other reported methods.

Our method could be easily scaled-up and is potentially

promising for future industrial application.

FTIR Spectroscopy and Thermogravimetric

Analysis

The FTIR spectroscopy of crystalline a-ZrP (Fig. 2a)

shows bands at 3593, 3510, 3148, and 1618 cm-1 that can

be ascribed to the stretching and bending of the lattice

water. The bands at wavenumbers 1249, 1069, 1038 and

963 cm-1 belong to P-OH deformation and vibration of the

orthophosphate group [23]. The TGA curves of crystalline

a-ZrP (Fig. 2b) show the first endothermic process to be

from 25 to 110 �C that is characterized by water loosely

adsorbed on the surface of the ZrP crystals and interlayer

water. The second process (from 110 to 360 �C) belongs to

the loss of strongly bound crystalline water. The third stage

(from 360 to 900 �C) could be attributed to the loss of

structural water originated at the decomposition of phos-

phate groups [24]. From 110 up to 900 �C, the total weight

loss of crystalline a-ZrP is 10.96%, which corresponds to

the loss of two water molecules leading to formation of

pyrophosphate ZrP2O7. After calculation we obtained the

formula of crystalline a-ZrP which is Zr(HPO4)2-

1.012H2O. These results combined with the FT-IR and

XRD results proved the success of the synthesis of crys-

talline a-ZrP.

Titration for the Ion Exchange Characterization

Like phosphoric acid, zirconium phosphate is weakly

acidic in nature, and the dissociation of the OH- groups

attached to the phosphorous atom can be characterized by

the dissociation constant Ka:

PO�½ � Hþ½ �
POH½ � ¼ Ka ð9Þ

and

pKa ¼ � logKa ð10Þ

where [POH] is the concentration (mM/g) of undissociated

phosphorous OH- groups in the material and [PO-] is that

of the dissociated ones. [H?] refers to hydronium ion
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concentration in the pore water inside the pores of the solid

material and may not necessarily be that of the external

solution [25].

The degree of dissociation (b)

b ¼ PO�½ �
POH½ � þ PO�½ � ð11Þ

depends on pKa and pH according to

log
1 � b
b

¼ pKa � pH ð12Þ

Here, pH is obtained by solving Eq. 12 for b yields

b ¼ 1

1 þ ½Hþ�
K

¼ 1

1 þ 10pKa�pH
ð13Þ

After titration with NaOH, the charge of the PO- groups

in the material will be balanced by the Na? ions:

POH þ NaOH $ PONa þ H2O ð14Þ

The total ion exchange capacity (Q) of the material is

thus

Q ¼ POH½ � þ PONa½ � ð15Þ

Based on Eq. 14, the conversion to the Na form (qNa,

mmol/g) can be calculated from

qNa ¼ OH�½ �i� OH�½ �eq

� �
V=mð Þ ð16Þ

where [OH-]i is the initial concentration of [OH-] in the

solution, [OH-]eq is the concentration of [OH-] in the

Fig. 1 a Polyhedral

representation of the structure of

crystalline a-ZrP. b X-ray

powder diffraction pattern of the

synthesized a-ZrP. c, d SEM

images of the crystalline a-ZrP

(Color figure online)

Table 1 Data for pertinent crystalline a-ZrP synthesized by different methods

Synthesis method Zr source P source Temperature Reaction

time

Average

diameter

Time

(year)

References

Hydrothermal

method

ZrOCl2�8H2O 3 M H3PO4 200 �C 24 h *400 nm 2006 [20]

ZrOCl2�8H2O 12 M H3PO4 200 �C 24 h 1 lm 2006 [20]

ZrOCl2�8H2O 3 M H3PO4, 5 M HF 100 �C 24 h 1–4 lm 2006 [20]

Refluxing method ZrOCl2�8H2O 3 M H3PO4 100 �C 24 h *60 nm 2006 [20]

ZrOCl2�8H2O 12 M H3PO4 100 �C 24 h *200 nm 2006 [20]

ZrOCl2�8H2O 6 M H3PO4 94 �C 48 h *120 nm 2014 [21]

ZrOCl2�8H2O 10 M H3PO4 – – 250 nm 2000 [22]

ZrOCl2�8H2O NaH2PO4�H2O, 3 M

HCl

80 �C 24 h 1–4 lm 2015 This study
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equilibrium state, V is the volume of solution, and m is the

mass of material.

However, when immersed in the 1.0 M NaNO3 solution,

some conversion of ZrP material to the Na form takes place

by the reaction

POH þ Naþ $ PONa þ Hþ ð17Þ

This was evident from the observation that when ZrP

(0.1 g) equilibrated in 1.0 M NaNO3 (19 mL), the pH of

the solution decreased from 6.50 to 2.60. Thus, based on

Eqs. 14 and 17, the conversion to the Na form should be

calculated from

qNa ¼ OH�½ �i� OH�½ �eqþ Hþ½ �eq� Hþ½ �i
� �

V=mð Þ ð18Þ

where [H?]i is the initial concentration of [H?] in the

solution, and [H?]eq is the concentration of [H?] in the

equilibrium state.

Earlier studies have shown that the titration behavior of

ZrP depends strongly on the preparation method and on the

crystallinity of the material [26, 27]. Generally, materials

with a low degree of crystallinity have steadily rising titra-

tion curves with no clear inflections points. As the crys-

tallinity increases, equivalence points appear and become

sharper with the increasing crystallinity. Titration of highly

crystalline ZrP with NaOH indicated it is a diprotic weakly

acidic cation exchanger with a total ion exchange capacity of

about 6.6 meq/g [28]. This can be readily rationalized from

its chemical formula Zr(HPO4)2. When LiOH was used,

however, the behavior was not clearly diprotic, as the

amounts of OH-groups corresponding to the first and second

deprotonations were not equal [27, 29]. Also, the cation

present has a strong effect on the titration curve as the amount

of ZrP for the affinity varies for the different cations

[14, 18, 19]. While numerous titration studies have been

carried out for ZrP materials, there seems to be no numeric

data on their pKa values.

The titration curve obtained for the ZrP in this study

showed a diprotic character with the first equivalence point

at Na-loading of about 5 meq/g (Fig. 3). The second

equivalence point appeared at 6.6 meq/g, which is in good

agreement with the total ion exchange capacity observed in

earlier studies [14, 18–20]. The shape of the titration curve

thus very closely resembled the one obtained in an earlier

study using LiOH as titrant [18, 20]. Because of this, it was

not possible to use the conventional theory of diprotic acids

to describe the acidity of the ZrP material. Instead, based

on the observed equivalence points it was assumed that the

ion exchange capacity of the more acidic sites (pKa1) was

5.0 meq/g (Q1) which left 1.65 meq/g (Q2) for the lesser

sites (pKa2). The pKa-values were tentatively chosen

from the middle of the plateaus of the titration curve

(pKa1 = 3.5, pKa2 = 6.5). The degree of dissociation was

Fig. 2 a FT-IR spectrum of crystalline a-ZrP. b TGA of crystalline

a-ZrP in nitrogen atmosphere at a heating rate of 10 �C/min (Color

figure online)

Fig. 3 Titration of crystalline a-ZrP with NaOH in 1.0 M NaNO3

solution. Observed conversion to Na form in titration (Eq. 10, filled

circle), calculated conversion using Eq. 11 (solid line) with

pK1 = 3.3 and pK2 = 6.3 (Color figure online)
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then calculated simultaneously for both sites using Eq. 13

at different pH values and converted to Na loading (qNa) by

qNa ¼ b1Q1 þ b2Q2 ð19Þ

The best fit between the observed (qNa calculated from

pH measurements using Eq. 18) and the calculated Na

conversions (Eq. 19) was obtained using pKa1 = 3.3 and

pKa2 = 6.3 (Fig. 3).

Effect of pH on Sorption

In the ternary 1 mM solution, the uptakes of REEs and Co

were low (\0.1 meq/g) when the pH was \2.7 but

increased very strongly thereafter until uptakes reached a

plateau at approximately pH 3.5 (Fig. 4a, i). The strong

increase in the uptakes was consistent with the determined

pKa1 value of 3.3. Maximum uptake values for Co, Dy, and

Nd were 0.435, 0.609, and 0.627 meq/g, respectively,

totaling 1.67 meq/g. At pHs[ 3.5 practically all REE and

Co were removed from the solution. The strong increase of

metal uptakes was clearly evident in the Kd values that

increased four orders of magnitude at approximately pH

3.5 (Fig. 4a, ii).

In the case of 2 mM solutions (Fig. 4b, i–ii) the situation

was somewhat different: no plateaus were observed in the

uptake curves. This was obviously due to the increasing

uptake of Co and REEs by the second, less acidic exchange

site (pKa2). Metal uptakes still increased above pH 6.3

being 1.11 meq/g for Nd, 1.10 meq/g for Dy, and

0.78 meq/g for Co, totaling 2.99 meq/g, which was a 79%

increase compared to the 1 mM solution.

This concept is supported by the Kd-data (Fig. 4c, d)

which shows two linear domains. The first domain, at pH

1–5.3, log Kd versus pH has a low gradient: slope 0.33–0.59.

For the second domain at pH 5.3–6.4 (Table 2), the gradient

of log Kd increases considerably: slope 2.25–2.42 (Table 2).

Evidently, the second domain corresponds to REE and Co

uptake on the less acidic exchange site with pKa2 = 6.3. In

the second domain, the slopes of log Kd are between the

theoretical slopes (Eq. 3) of ?2 (Co) and ?3 (Nd, Dy).

Adsorption Kinetics

In order to investigate the sorption mechanism of crys-

talline a-ZrP, charecteristic constants of sorption were

determined using a pseudo-first-order equation, pseudo-

second-order equation, and simplified model of resistance

to intraparticle diffusion [30–32].

In the pseudo-first-order equation

logðqe � qtÞ ¼ log qe �
k1

2:303

� 	
t ð20Þ

and in the pseudo-second-order equation

t

qt
¼ 1

k2q2
e

þ 1

qe

t ð21Þ

where qe is the solute concentration in the sorbent phase at

equilibrium, qt is the solute concentration in the sorbent

phase at any given time t, and k1 and k2 are the rate con-

stants of the pseudo-first-order and pseudo-second-order

kinetic models, respectively. Intraparticle diffusion can

thus be expressed

qt ¼ kintt
1=2 þ C ð22Þ

where kint is the intraparticle diffusion constant. A plot of qt
versus t1/2 should be a straight line with a slope Kint and

intercept C when the adsorption mechanism follows the

intraparticle diffusion process.

The exchange rates of Co(II), Nd(III), and Dy(III) were

studied in individual solutions with pH values of 2.5, and

the liquid volume/ion exchange mass ratio was kept at

20 mL/0.1 mg. The uptakes for Co(II), Nd(III), and Dy(III)

increased with the increasing time from 0 to 24 h, when

equilibrium is almost reached (Fig. 5a). A time period of

72 h was observed to be adequate for the three metal ions

to reach equilibrium.

From the parameters of the fitted models (Table 3), it

can be seen that the pseudo-second-order model gives the

best fits for the kinetic profiles for the sorption of Co(II),

Nd(III), and Dy(III) ions onto crystalline a-ZrP particles

with correlation coefficients R = 0.999. The pseudo-first-

order model and intraparticle diffusion model gave clearly

much lower R values. The pseudo-second-order model is

based on the assumption that the rate-limiting step may be

chemical sorption [33]. In our experiment, sorption appears

to be ion exchange process between H? and Co2?, Nd3?

and Dy3?.

Sorption Isotherms and Thermodynamics

Sorption isotherms were determined at equilibrium pH

values around 2.5 (Fig. 6a) and 4.5 (Fig. 6b). At pH 2.5 the

Table 2 Parameters for Co(II),

Nd(III), and Dy(III) sorptions

from linear fitting

pH range Linear fit of Co(II) Linear fit of Dy(III) Linear fit of Nd(III)

Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

1.0–5.3 0.3398 0.2992 0.9946 0.5479 0.4079 0.9997 0.587 0.471 0.9992

5.3–6.3 2.3584 -10.285 0.9999 2.253 -8.6107 0.9999 2.416 -9.3014 0.9998
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metal uptakes increased with the increasing metal solution

concentration (ce) until a concentration of about 3 mM

(Fig. 6a). At higher ce, Nd and Dy uptakes increased but

Co uptake decreased which is apparently due to the

desorption and replacement of Co by Nd and Dy. At ce of

approximately 4 mM, the uptakes were 0.18 meq/g for Nd,

Fig. 4 The effects of pH on the sorptions of Co(II), Nd(III,), and

Dy(III) nitric acid solution with the initial concentrations of 1 mM by

a-ZrP: a (i) the metal loading curves, (ii) distribution coefficients. The

effects of pH on the sorptions of Co(II), Nd(III), and Dy(III) nitric

acid solution with initial concentrations of 2 mM by a-ZrP: b (i) the

metal loading curves, (ii) distribution coefficients. c Linear fitting of

log Kd over pH 1.0–5.3. d Linear fitting of log Kd over pH 5.3–6.3

(Color figure online)

Fig. 5 a The effects of contact time on the sorption kinetics of 1 mM nitric acid solutions of Co(II), Nd(III), and Dy(III) onto crystalline a-ZrP

(pHeq * 2.7). b Pseudo-second-order sorption model fitting of Co(II), Nd(III), and Dy(III) onto crystalline a-ZrP (Color figure online)
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0.40 meq/g for Dy, and only 0.02 meq/g for Co. The pro-

portion of Co(II) uptake was thus around 3.3 equivalent-%

of the total metal uptake. This could be explained quali-

tatively by the preference of ion exchangers for ions of

higher valence. However, there was also a striking differ-

ence in Nd and Dy uptakes that was not evident in the pH

response experiments (Fig. 4a–b). At pH 4.5 both Co and

Nd uptakes started to decrease before the ce reached 2 mM

(Fig. 6b), clearly by desorption of Dy which had an

increasing uptake over the whole ce range studied. At a ce

of approximately 7 mM, the uptakes were 1.1 meq/g for

Nd, 1.5 meq/g for Dy, and only 0.24 meq/g for Co, totaling

2.84 meq/g. At a ce of about 7 mM, the proportion of

Co(II) uptake was around 8.4 equivalent-% of the total

metal uptake. Again, there was a large difference in the Nd

and Dy uptakes which may imply there are interesting

opportunities for the separation of Nd from Dy.

The binary selectivity coefficients calculated from the

isotherms at pH 4.5 (Fig. 7) showed that kCo/H was prac-

tically a constant of approximately 1.5 9 10-8. For Nd and

Dy, the selectivity coefficients increased with the increas-

ing equivalent fraction in the solid from about 10-13 to

10-11. The values seem very low considering that the

trivalent Nd and Dy were highly preferred over the divalent

Co by the a-ZrP. Obviously, the formalism of the equation

for the selectivity coefficient (Eq. 2) can give rise to con-

siderable variation as the value is dependent on the second

(Co) or third (Nd, Dy) power of the hydronium ion con-

centration in solution.

Batch Elution Studies

In the batch stripping experiments, the percentages of strip-

ping and distribution coefficient Kd at stripping were deter-

mined. The percent stripping (Strip %) was calculated from

Strip % ¼ ceq

qi

� V

m

� 	
� 100 ð23Þ

where qi is the initial amount of M loaded in the sorbent,

and Ceq is metal concentration in the batch stripping

solution at equilibrium. The Kd was determined from the

relation

Kd ¼ qeq

ceq

¼ qi � ceq

ceq

� V

m
ð24Þ

The symbols are the same as those in Eq. 23.

In terms of Strip %, 0.1 M H2SO4 displayed the best

results in removing 96.7% of Dy(III) and 99.1% of Nd(III)

(Fig. 8). The removal of metals decreased with the

increasing H2SO4 concentration. Nitric and hydrochloric

Fig. 6 The isothermal sorption curves of Co(II), Nd(III), and Dy(III) from a nitric acid solution by crystalline a-ZrP at a pHeq * 2.5 and

b pHeq * 4.5 (Color figure online)

Table 3 Fitted pseudo-first-order, pseudo-second-order, and particle diffusion kinetic model parameters for Co(II), Nd(III), and Dy(III) sorption

Metal

ion

qmax,exp.

(mmol g-1)

Pseudo-first-order kinetics Pseudo-second-order kinetics Intraparticle diffusion

k1

(h-1)

qeq

(mmol g-1)

R2 k2

(mg g-1h-1)

qeq

(mmolg-1)

R2 C (mg.g-1) Kint

(mmol g-1h-1/2)

R2

Co(II) 0.104 0.037 0.0167 0.961 0.268 0.104 0.999 0.085 0.00256 0.937

Dy(III) 0.188 0.062 0.0505 0.976 0.036 0.188 0.999 0.927 0.00749 0.927

Nd(III) 0.161 0.059 0.0380 0.963 0.056 0.161 0.999 0.896 0.00590 0.896
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acid had 60–70% Nd and Dy stripping at 0.1 M concen-

tration and the Strip % rose to 90% and higher at 1 M

concentration (Fig. 8). Theoretically, Kd at stripping

(Table 4) can be used to estimate the amount of stripping

agent (ml/g of a-ZrP) needed for metal elution. Also, the

ratio of Kd for two metals can be used to estimate their

separation factor (SF). In most cases, the SF(Dy/Nd) is close

to unity. For example, with H2SO4 as a stripping agent, the

SF (Dy/Nd) were calculated to be 1.27, 1.21 and 1.50 when

using concentrations of 0.1, 0.3 and 1 M, respectively.

However, in case of phosphoric acid, the achieved SF (Dy/

Nd) were 0.22, 0.74 and 2.64 when using concentrations of

0.1, 0.3 and 1 M, respectively. The highest SF (Dy/Nd) 0.22

was achieved using 0.1 M H3PO4. The hydrochloric acid

would be the choice of preference since the SF (Dy/Nd)) is

equal to 3.08 when using 1 M HCl stripping agent (Table 4).

Nevertheless, HCl was excluded from the column study, due

to its highly corrosive and environmental harmful properties.

Nitric acid was studied in more detail over a wider

concentration range than other stripping agents (Fig. 9i).

The Strip % for Nd and Dy decreased from about 90% to

just a few percent when pH increased from 0 to 2.5. For

instance, at pH 0.5 the estimated amount (Kd-value in

Fig. 9ii) of HNO3 needed for column elution was about

25 mL/g for Nd and 32 mL/g for Dy.

Figure 10 shows the XRD patterns of synthesized a-

ZrP, a sample loaded with Nd and Dy, and a sample after

elution by various acids. As seen in Fig. 10, the XRD

patterns show that the crystal structure was kept well after

loading and the elution cycle.

Breakthrough Study

The column loading curves of Co, Nd, and Dy with initial

feed concentration of equimolar 1 mM (Fig. 11) at pH 2.5

showed the same uptake pattern that was observed in the

isotherm determinations (Fig. 6), i.e. the metals studied

were preferred in the order Dy[Nd[Co. The loaded

amounts of Co(II), Dy(III), and Nd(III) were 0.007, 0.114

and 0.072 meq/g, respectively. A total of 0.193 meq/g ions

were loaded in fixed bed a-ZrP at a pH 2.5, which was in

line with the value of 0.196 meq/g observed in batch

loading at pH 2.7 (Fig. 4a, i). The proportion of Co(II)

Fig. 7 The effects of the binary selectivity coefficient KM/H EM

(M = Co(II), Dy(III), or Nd(III)) on the isothermal sorption from 0.3

to 10 mM (pHeq * 4.5) of Co(II), Nd(III), and Dy(III) nitric acid

solution by crystalline a-ZrP (Color figure online)

Fig. 8 Batch recovery data for Nd(III) and Dy(III) in different

stripping acids (Color figure online)

Table 4 The Kd values and separation factors of the batch recovery

data in different stripping acids

Stripping agent Kd (mL/g) Separation factor

Dy Nd Dy/Nd

HCl 0.1 M 121 96 1.26

0.3 M 38 29 1.30

1 M 17 6 3.08

HNO3 0.1 M 85 105 0.81

0.3 M 41 24 1.73

1 M 30 16 1.91

H3PO4 0.1 M 670 3239 0.22

0.3 M 134 183 0.74

1 M 43 16 2.64

H2SO4 0.1 M 26 21 1.27

0.3 M 30 25 1.21

1 M 35 24 1.50
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loaded was around 3.7 equivalent-% of the total amount

loaded, this also was in conformity with that of 3.3

equivalent-% obtained in batch loading (Fig. 6a).

Stripping Behavior

The column loading curves for Co, Nd, and Dy with an

initial feed concentration of equimolar 0.5 mmol/L

(Fig. 12a) also showed the same uptake patterns that were

observed in the isotherm determinations (Fig. 6) and in the

breakthrough curves (Fig. 11). The stripping experiments

were studied by single acid and acid mixtures. For the

stripping curves, the one using 0.3 M HNO3 as the strip-

ping agent showed modest separation with the average

ratio of [Dy]/[Nd] in the eluent was approximately 1.5.

This ratio is close to what was achieved at the loading stage

(Table 5).

Mixed 0.3 M HNO3/0.1 M H3PO4 showed markedly

different stripping for Nd and Dy: the ratio of [Dy]/[Nd] in

eluent is from 3.3 to 7, except in the first fraction the ratio

is 1.2. However, the metals did not come out as elution

bands because 100% loading did not leave space for the

bands to develop in the column. The obvious solution is to

use lower degree of metals loading and to use longer col-

umns to allow proper chromatographic separation to take

place. This will be the major topic in the next phase of this

research.

Conclusions

In this paper, a non-HF synthesis method with a relatively

low acid and energy consumption was developed to syn-

thesize a platelet-like highly crystalline inorganic a-ZrP ion

exchanger. The ion exchange capacity of the a-ZrP is due

to contributions from two acidic sites, one with 5.0 meq/g

and another with 1.65 meq/g. The sorption system follows

the pseudo-second-order kinetic model. During batch

operation, the ZrP materials favor the exchange with

trivalent Nd and Dy ions over the divalent Co ions. The

loaded REEs were effectively eluted using 0.1 M H2SO4,

but there was no Nd/Dy separation. The structure of crys-

talline a-ZrP was especially well kept after loading and

elution in 0.1 and 1 M stripping agents. The column

Fig. 9 The stripping percentages (i) and distribution coefficients Kd

(ii) of Dy(III) and Nd(III) by crystalline a-ZrP in HNO3 as a function

of pH (Color figure online)

Fig. 10 XRD patterns of a-ZrP, a-ZrP after loading and a-ZrP after

elutions by 1 M of H2SO4, H3PO4, HCl, and HNO3 (Color

figure online)

Fig. 11 Breakthrough curves of Co(II), Nd(III), and Dy(III) with

initial concentrations of 1 mmol/L in HNO3 (pH 2.5) (loading speed 2

BV/h) (Color figure online)
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loading/stripping results were in line with the results of the

corresponding batch experiments. The mixed stripping

agent 0.3 M HNO3/0.1 M H3PO4 had a separation ratio of

around 3.3 for Nd(III) and Dy(III) in the stripping stage,

which is promising for future studies. Definitely much more

work will be needed to develop a practical column process

for Dy/Nd separation.
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