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ABSTRACT

The recovery of Y(III) and Eu(III) from fluorescent lamp leachates via supported liquid membranes using 
Cyanex 923 as a carrier has been studied. The results reveal that the transport process is mainly controlled 
by the diffusion or the viscosity of the organic phase depending on the carrier concentrations. Furthermore, 
this paper compares the transport model for flat sheet supported liquid membranes and hollow fibre renewal 
liquid membranes regarding both REEs in nitrate media. The model allows foreseeing the permeability 
coefficients for these REEs as a function of the organic phase variables. This study reveals furthermore, 
that the difference on the permeability coefficients between both membranes correlates to their structural 
characteristics, e.g. tortuosity, thickness and porosity.
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1. Introduction

Rare earths elements (REEs) have been widely used in advanced technologies due to their physical and 
chemical characteristics. The growing consumption of these metals will not change in the near future, 
because of their indispensable role in the products of electronic devices, electric and hybrid-electric vehicles 
and permanent magnets for wind turbines [1]. Since the content of REEs in phosphors of lamps can reach 
27.9% [2], the processing of their waste streams and therefore, the use of this end-of-life products as 
feasible metal raw materials provides a promising alternative to recover and recycle REEs. 

Red phosphors Y2O3:Eu3+ (YOX), blue phosphors BaMgAl10O17:Eu2+ (BAM) and green phosphors 
LaPO4:Ce3+,Tb3+ (LAP), (Gd,Mg)B5O12:Ce3+,Tb3+ (CBT), (Ce,Tb)MgAl11O19 (CAT) are the three main 
different phosphors in fluorescent lamps, where the former contains the highest amount of REEs (55%) [3]. 
Moreover, since yttrium and europium are also the REEs with the highest content in this halophosphate 
phosphors (rich in YOX), these metals have been targeted in this investigation. 

Despite the fact that many researches focus on the REEs recovery from the end-of-life products, industrial-
scale applications are not wide spread. Solvent extraction is the most common technique to recover and 



separate REEs although the consumption of organic solvents in large amounts as diluents is problematic 
[4]. Moreover, solvent extraction technique is less efficient for the separation of metal ions and pre-
concentration compared to membrane separation processes, as membranes have the benefit of fast and 
selective ion transport due their large mass transfer interfacial areas [5]. 

There are a lot of liquid membrane types, which have high selectivity consisting of a supported or 
unsupported liquid phase serving as a membrane barrier between two phases of aqueous solutions. 
Emulsion liquid membrane (ELM) and immobilized liquid membrane, also known as supported liquid 
membrane (SLM), are the two main types of liquid membranes. ELMs are produced by forming a stable 
emulsion between two immiscible phases, followed by dispersion of this emulsion into a third. One 
disadvantage of this liquid membrane is the fragile membrane, which can break resulting in a leakage of 
aqueous droplets into the feed stream reducing the separation efficiency [6]. To avoid this problem, SLMs 
are used since the liquid membrane phase is an organic liquid imbedded in pores of a microporous support. 
Although there is a great number of SLMs, such as flat sheet supported liquid membranes (FSSLM), hollow 
fibre supported liquid membranes (HFSLM), hollow fibre renewal liquid membranes (HFRLM), etc. only 
some of them are suitable to be scaled-up because of their membrane stability problems [7]. SLMs without 
renewal configuration suffer a gradual loss of the organic membrane phase to the aqueous feed and 
stripping solutions. Emulsification at the membrane aqueous interfaces and the differences of the osmotic 
pressure across the membrane favour the organic phase losses [8]. Thus, the renewal configuration offers 
several potential advantages; high mass transfer rate, long-time stability of the liquid membrane, no leakage 
between the phases, low extractant consumption, wide range of operating parameters and easy scale-up 
[9–12].

Wannachod et al. proclaimed that the 98% of neodymium (III) was transferred by HFSLM at pH 4.5 using 
PC88A as carrier. H2SO4 1 M as the stripping solution was enough to recover 95% of the loaded Nd [13]. 
Using the same extractant, Pei et al. reported that Dy(III) can be selectively transported from a REEs solution 
in HCl media by a strip dispersion hollow fibre liquid membrane obtaining a better stability than traditional 
HFSLM [14]. Since the organic mass transfer coefficient (km = 0.788 cm·s-1) was higher than the aqueous 
one (ki = 0.0103 cm·s-1) using Cyanex 272 as carrier by HFSLM, Wannachod et al. concluded that the 
diffusion of the praseodymium ions through the stagnant boundary layer between the feed solution and 
liquid membrane is the one which controls the process [15]. Furthermore, Ramakul et al. showed that the 
percentages of extraction and stripping of yttrium increase when TBP is added to Cyanex 272 due to the 
synergistic effect of the extractants using nitric acid as stripping solution by HFSLM, [16]. Yadav et al. 
demonstrate that the separation and purification of Dy(III) from NdFeB magnets scrap using EHEHPA as 
the extractant by a two- cycle hollow fibre membrane operation can be successfully achieved working in 
non-dispersive solvent extraction mode [17]. 

In recent years, the use of ionic liquids (ILs) have attracted attention as an alternative to the molecular 
solvents due to their unique properties. N,N-dioctyldiglycol amic acid (DODGAA) was synthetized by Kubota 
and Goto obtaining the advantages of neutral (extraction efficiency and REEs selectivity) and acidic 
extractants (high stripping yields) to the REEs separation [4,18]. It was demonstrated by using SLM system 
that DODGAA dissolved in the [C4mim][Tf2N] not only the REEs selectively separation from other metals 
such as Zn contained in cathode ray tubes was achieved [4], but also the stability of the liquid membrane, 
withstanding a long-term operation was shown [18].  

Despite the amount of research using hollow fibre membranes to recover and separate REEs, only a few 
investigations use this technique in a complete separation process. The added value provided by this 
investigation is focused on the implementation of a membrane step to completely recover REEs in a process 
that can be industrially implemented.

In a previous article, a process to recover REEs from YOX fluorescent lamp wastes was proposed [19]. The 
end-of-life product was the main raw material, treated in a first leaching (L1) with nitric acid 1 M to separate 
non-ferrous impurities, mainly calcium. Then, the solid obtained after the L1 was undergone to a second 



leaching (L2) using 2 M of nitric acid for the REEs recovery. Unfortunately, a small amount of these metals 
was also washed-up into the liquid fraction of the L1 stage. In order to minimize these losses, a SLM step 
was added. The purpose of the current research is to improve and increase the efficiency of this membrane 
step by using hollow fibre modules. Therefore, the entire process can be implemented at industrial scale to 
recover and separate REEs from non-REEs. 

Pavón et al. reported that at high Cy923 concentrations a reduction of the metal transport was observed 
[19]. To elucidate this fact, a modifier has been added to the organic phase and this study examines the 
effect of the dynamic viscosity on the diffusion coefficient. Furthermore, this paper proposes a transport 
model for yttrium and europium using the permeability coefficient as the characteristic parameter including 
the correlation to the three main operating parameters: Cy923 concentration, modifier percentage (v/v) and 
viscosity of each mixture. The proposed model minimizes the efforts on the membrane process optimization, 
since determining the optimal conditions experimentally is laborious and time-consuming. 

To sum up, the membrane step on the REEs recovery from the fluorescent lamp wastes has been 
substantially improved using hollow fibre modules working with renewal liquid membrane configuration.

2. Experimental methods
2.1. Reagents

Cyanex 923 was supplied by Cytec Canada Industries and used as received. Tributylphosphate (TBP, Ref. 
240494) from Sigma Aldrich and 2,6-dimethylheptan-4-one (ONE, Ref. L16015) from Alfa Aesar were 
utilized as modifiers. Kerosene (Ref. 329460) and Na2EDTA (Ref. E4884) from Sigma-Aldrich were used 
as diluent and stripping agent, respectively. Detailed specifications of the compounds are summarized in 
Table 1.

Table 1. Physical properties of the organic compounds.

Commercial
Name

Content
%

Density
(25ºC)
kg·m-3

Viscosity 
(25ºC) mPa·s*

Av. Mol. Weight 
g·mol-1

Cyanex 923 [20] 93 880 38.28 348
Tributylphosphate [21] 100 970 3.28 266.32
2,6-dimethylheptan-4-one [22] 92.8 809 0.94 142.24
Kerosene 100 800 1.64
*Viscosity determined using an Ostwald's viscometer (Type 509 04. Ref. 285404014 from Schott Geräte GmbH)

The acidic leachate (L1) from fluorescent lamp wastes was obtained following the procedure depicted in 
Pavón et al. and was used as the feed solution. Its composition is shown in Table 2 [19]. 

Table 2. Composition of the feed solution after HNO3 1 M leaching and contact time for 10 min [19].  

Element mg·L-1

Non-REEs Ca 6820±150
P* 759±14
Fe 41±8.5
Ba 311±0.1
Sr 236±5.6
Mn 152±3.5
Si 132±3.1
Al 116±2.5
Na 90±2.1
Mg 64±1.7
K 56±1.4
Sb 20±0.6



REEs Y 491±12.2
Eu 41±0.9
La 16±0.3

Total REEs 548±6.6
* by molybdenum blue method [23]

2.2. FSSLM transport

The liquid membrane required a support to hold the carrier between the feed and the receiving solution. The 
support in this kind of membranes must be a hydrophobic and porous material with high chemical resistance 
against the organics utilized. The support of the FSSLM is impregnated with the carrier and placed between 
the feed and the receiving cells. Table 3 shows the characteristics of the polymeric support used in these 
experiments. They were carried out using the same experimental set-up as depicted by Pavon et al. [24].

Table 3. Characteristics of the microporous polytetrafluoroethylene film (FluoroporeTM FHLP04700, Merck 
Millipore).

Material PTFE
Diameter (cm) 4.7
Pore diameter (μm) 0.45
Thickness (μm) 150*
Effective area (m2) 11.4
Porosity (%) 85

*including 100 μm of the polyethylene grid

The feed cell was filled with 210 mL of the L1 leachate at pH=1, Cy923 diluted in kerosene was the carrier 
and 210 mL of Na2EDTA 0.05 M was used as the stripping agent in the receiving cell. Both aqueous 
solutions were mechanically stirred at 1000 rpm and room temperature (20±2ºC). Samples from feed and 
receiving cells were withdrawn every hour, up to 8 h, and the metal concentrations were quantified by atomic 
emission spectrometry using a 4100 MP AES System (Agilent Technologies) with an analytical error less 
than 5%. 

Transported metal (% Me) was the parameter used to evaluate the obtained results and can be referred to 
the feed or the receiving cell by Eq. (1) as:

            (1)% 𝑀𝑒 =
[𝑀𝑒]0,𝑓 ― [𝑀𝑒]𝑡,𝑓

[𝑀𝑒]0,𝑓
·100 =

[𝑀𝑒]𝑡,𝑟

[𝑀𝑒]0,𝑓
·100

where [Me]0,f and [Me]t,f refer to the initial and at time t REE concentrations in the feed solution and [Me]t,r is 
the REE concentration at time t in the receiving solution.

2.3. HFRLM transport

The transport experiment was carried out using a hollow fibre module from Liqui-CelTM (G-502) whose 
characteristics are provided in Table 4.

Table 4. Details of hollow fibre membrane module (G-502 from Liqui-CelTM).

Module diameter (cm) 7.7
Module length (cm) 27.7
Cartridge configuration Extra-glow with center baffle
Membrane surface area (m2) 1.4
Porosity (%) 40



OD/ID (μm) 300/200
Membrane/plotting material PP/PE
Hold-up volume shell side (cm3) 400
Hold-up volume lumen side (cm3) 150

The lab-scale plant worked with 4 L of the feed solution containing 491 mg·L-1 of Y(III) and 41 mg·L-1 of 
Eu(III), from the L1 leachate. The pseudo-emulsion containing stripping/organic was made up of 400 mL of 
Na2EDTA 0.05 M and 50 mL of organic phase (Cy923 diluted in kerosene) according to the low O:A ratios 
(organic-aqueous stripping ratios) suggested in the literature [9]. The feed and stripping/organic streams 
flowed at 50 L·h-1 and a low transmembrane pressure (Pf - Ps = 0.2 bar) between shell and lumen side was 
applied to avoid the organic phase transfer to the feed phase. The transport experiments were carried out 
using the experimental set-up depicted in Rathore et al. research [25]. Samples from feed and receiving 
phases were withdrawn at regular time intervals and the metal concentrations in both aqueous phases were 
determined by atomic emission spectrometry. The percentage of each REE transported were obtained using 
the Eq. (1).

It is mandatory the total replacement of the organic phase present in the pores after each experiment, to 
work at the new carrier concentration. For this reason, the transmembrane pressure was changed to -1 bar 
in order to force the organic phase to cross the fibre pores to the feed flow. Since the total volume of the 
pores was about 50 mL, the pore liquid has been completely renewed and the membrane was ready for the 
next run when 150 mL of the organic phase appeared in the feed tank. 

3. Transport model

The metal transport through the membrane includes three resistances: (1) diffusion resistance on the feed 
side, (2) diffusion through the liquid membrane and (3) diffusion resistance on the stripping side (Fig. (1)).  

Fig. 1. Concentration profile for the REEs transport.

Taking into account that the stirrers in the cells are very close to the membrane in the FSSLM or the low 
O:A ratio when the HFRLM is used, the thickness of the boundary layer is minimized. For this reason, the 
resistance in the feed and stripping sides can be neglected. So, assuming instantaneous extraction and 
stripping reactions, it has been considered that the diffusion through the liquid membrane is the limiting step 
of the metal transport process. 

The diffusion process is controlled by the 1st Fick’s law.
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   (2)𝐽 = ―𝐷 ∙
𝑑𝐶𝑖,𝑚

𝑑𝑥

where  is the diffusion REEs molar flux (mol REE/s m2), D is the diffusion coefficient (m2/s),  is the 𝐽 ∙ 𝐶𝑖,𝑚

REE concentration in a point between both internal sides of the membrane (mol/L) and x is the position (m).

Discretizing the 1st Fick’s law and applying it to the membrane, the Eq. (3) is obtained. 

   (3)𝐽 = ―𝐷 ∙
∆𝐶𝑖,𝑚

∆𝑥 = ―𝐷 ∙
∆𝐶𝑖,𝑚

𝛿 ∙ 𝜏

where  and  are the tortuosity and the thickness (m), respectively.𝜏 𝛿

On the other hand, the metal mass balance in the feed cell can be written as:

 (4)𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑛𝑝𝑢𝑡 + 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ― 𝑂𝑢𝑡𝑝𝑢𝑡 ―𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

Since there is no consumption and generation, and there is not input, the mass balance is simplified to:

(5)𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = ―𝑂𝑢𝑡𝑝𝑢𝑡

where the accumulation can be expressed as the REE rate of change over time in the feed cell and the 
output as the mass flow of transferred REEs to the receiving phase (NREE) expressed in mol/s.

 (6)
𝑑𝑚𝑖,𝑓

𝑑𝑡 = ― 𝑁𝑅𝐸𝐸

The molar flow from the feed to the receiving phase is expressed as:

(7)𝑁𝑅𝐸𝐸 = 𝐽 ∙ 𝐴𝑒𝑓𝑓

Considering the porosity ( , the effective transference area Aeff (m2) can be written as:𝜀)

  (8)𝐴𝑒𝑓𝑓 = 𝐴 ∙ 𝜀

where A is the membrane area (m2).

Replacing Eqs. (6)-(8) in Eq. (3):

 (9)
𝑑𝑚𝑖,𝑓

𝑑𝑡 = 𝑉𝑓 ∙
𝑑𝐶𝑖,𝑓

𝑑𝑡 = ―𝐷 ∙
𝜀

𝛿 ∙ 𝜏 ∙ (𝐶𝑖,𝑚𝑓 ― 𝐶𝑖,𝑚𝑠) ∙ 𝐴

where Vf is the feed phase volume.

By the equilibrium extraction constant ( , depicted in Eq. (10), it is possible to correlate the concentrations 𝐾𝑒𝑞)
to the REE in the membrane/feed (Ci,mf /Ci,f) and the membrane/stripping (Ci,ms/Ci,s) interfaces.

(10)𝐾𝑒𝑞 =
𝐶𝑅𝐸𝐸,𝑜𝑟𝑔𝑎𝑛𝑖𝑐

𝐶𝑅𝐸𝐸,𝑎𝑞𝑢𝑒𝑜𝑢𝑠 ∙ 𝐶𝑐𝑎𝑟𝑟𝑖𝑒𝑟
=

𝐶𝑖,𝑚

𝐶𝑖,𝑝 ∙ 𝐶𝑐𝑎𝑟𝑟𝑖𝑒𝑟

Being Ci,m the concentration in the membrane at the feed or the stripping side, Ci,p the concentration in the 
feed or the receiving phase and Ccarrier the concentration of the carrier.

The REEs neutral species concentration in the receiving phase, , is maintained at zero because it is 𝐶𝑖,𝑠

turned into an anionic species by EDTA complexation. Hence, considering the Eq. (10), the  is also 𝐶𝑖,𝑚𝑠

zero. Thus, the Eq. (9) can be rewritten as:

 (11)
𝑑𝐶𝑖𝑓

𝑑𝑡 = ―𝐷 ∙
𝜀

𝛿 ∙ 𝜏·
𝐴
𝑉𝑓

∙ 𝐶𝑖,𝑚𝑓

Considering the extraction equilibrium (Eq. (10)):



 (12)
𝑑𝐶𝑖𝑓

𝑑𝑡 = ―𝐷 ∙
𝜀

𝛿 ∙ 𝜏·
𝐴
𝑉𝑓

∙ 𝐶𝑖,𝑓 ∙ 𝐾𝑒𝑥 ∙ 𝐶𝑐𝑎𝑟𝑟𝑖𝑒𝑟

Since the extraction equilibrium constants of both REEs, Y(III) and Eu(III), remain around 95% using 
10%(v/v) of Cy923 diluted in kerosene or introducing TBP as well as ONE as modifiers, the Kex can be 
considered as a constant parameter. Hence, Eq. (13) is obtained by grouping the support membrane 
characteristic parameters such as thickness, tortuosity and porosity, diffusion coefficient, extraction 
equilibrium constant and carrier concentration in a single variable.

 (13)
𝑑𝐶𝑖,𝑓

𝐶𝑖,𝑓
= ―𝑃 ∙

𝐴
𝑉𝑓

∙ 𝑑𝑡

Being P the permeability coefficient (m/s) whose value refers to the speed with which the REEs from the 
feed phase are transported to the stripping phase.

Eq. (14) is obtained by integration of Eq. (13), and it is used to determine the REE permeability coefficient 
value for each specific concentration of carrier. 

 (14)𝑙𝑛
𝐶𝑖,𝑓

𝐶𝑖,0,𝑓
= ―𝑃 ∙

𝐴
𝑉𝑓

∙ 𝑡

where Ci,0,f is the initial concentration of the REE in the feed phase.

3.1. Mathematical model

A mathematical model that allows predicting the evolution of the yttrium and europium metal ion 
concentrations in nitrate media using Cy923 as carrier has been developed. The Matlab R2018a software 
was used to solve the equations proposed relating the permeability coefficient to the concentration of 
carriers (Cy923 and ONE).

Is generally known that the diffusion coefficient (D) and the viscosity (μ) are the parameters which control 
the transport trough the membranes and they can be related through the Eq. (15):

 (15)𝐷· 𝜇 ∝ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 where  is a coefficient with a value in the 0.5-1 range for this kind of liquid media [26,27].

To sum up, the diffusion process contemplates different parameters, some of them associated to the support 
membrane characteristics including the thickness, the porosity and the tortuosity, and others like viscosity 
which depends on the liquid membrane composition. Hence, the diffusion coefficient can be written as Eq. 
(16), considering that the support membrane characteristics are included in the permeability coefficient.

 (16)𝐷 = 𝐾·
𝑃

[𝐶𝑦923]

where K incorporates the membrane characteristics parameters (tortuosity, thickness and porosity).

Thus, the equation that permits to foresee the permeability coefficient of the REEs considering the 
membrane characteristics and the organic phase viscosity can be described by Eq. (17) as follows: 

(17)𝑃 = 𝐾′·𝜇 ―𝛼·[𝑐𝑎𝑟𝑟𝑖𝑒𝑟]

where K’ is the proportionality constant. 

Assuming that the interactions between the Cy923, ONE and kerosene can be neglected, the viscosity of a 
mixture can be calculated from the viscosities of the individual components by using Eq. (18) [26,28].

  (18)ln 𝜇𝑚 = 𝑋𝐶𝑦923·ln 𝜇𝐶𝑦923 + 𝑋𝑂𝑁𝐸·ln 𝜇𝑂𝑁𝐸 + 𝑋𝑘𝑒𝑟𝑜𝑠𝑒𝑛𝑒·ln 𝜇𝑘𝑒𝑟𝑜𝑠𝑒𝑛𝑒



where μm is the viscosity of the mixture, XCy923, XONE and Xkerosene are the molar fractions and μCy923, μONE and 
μkereosene are the viscosities of each component in the ternary mixture. Firstly, the viscosities of the mixtures 
were measured using an Ostwald's viscometer and then, the Eq. (18) was validated by the experimental 
viscosities of different mixtures. Thus, the Eq. (18) was used to calculate the viscosities of any composition 
of the organic phase.

Considering that Cy923 and ONE, transport REEs, the permeability can be written as follows:

                                                (19)𝑃 = (𝐾𝐶𝑦923·[𝐶𝑦923] + 𝐾𝑂𝑁𝐸·[𝑂𝑁𝐸])·𝜇 ―𝛼

The model depicted in the previous equations was used to obtain the optimized values of the proportionality 
constants, KCy923 and KONE. The purpose is to find the parameter values that fit the calculated to the 
experimental data minimizing the error. The applied algorithm for the resolution of the model is shown in 
Fig. 2.

The resolution of the system starts with a matrix of the experimental data (15 experimental points), whose 
rows are the system conditions: concentration of Cy923 (0.3-1.2 M), ONE (0-40 %(v/v)) and kerosene and 
the experimental permeability coefficient (Pexp) from Eq. (14).

The theoretical viscosity of each organic phase (μm) was determined by using the Eq. (18). Then, the 
initialization of the proportionality constants (KCy923 and KONE) is introduced and the Pcalc was obtained by 
Eq. (19), taking into account the objective function F(x) defined as the sum of the quadratic differences 
between the calculated and experimental permeability coefficients (Eq. (20)). This function was undergone 
to a minimization process using the fmincon subroutine. The standard deviation value (σ) was also 
evaluated following the Eq. (21) to quantify the dispersion of the calculated to experimental data.

𝐹(𝑥) =
𝑁

∑
𝑖 = 1

(𝑃𝑖,𝑐𝑎𝑙𝑐 ― 𝑃𝑖,𝑒𝑥𝑝)2                                                                                           (20)

                                                                               (21)𝜎 =
∑𝑁

𝑖 = 1(𝑃𝑖,𝑐𝑎𝑙𝑐 ― 𝑃𝑖,𝑒𝑥𝑝)2

𝑁 ― 1

where N is the number of experimental points.



Fig. 2. Flow-sheet of the resolution algorithm.

4. Results and discussion
4.1. FSSLM transport

The leachate from the first leaching of the fluorescent lamp wastes was used as the feed solution for Y(III) 
and Eu(III) metal ions transport experiments using Cy923 as carrier by FSSLM. In a previous investigation 
published by Pavón et al. using the same system, it was observed that at low Cy923 concentrations, the 
metal ions transport is only controlled by the diffusion through the liquid membrane. In that respect, at higher 
Cy923 concentrations, the effect of the shear stress became predominant reducing thus, the permeability 
[19]. This decrease could be explained by the rise of the organic phase viscosity. 

In order to elucidate it, two experiments using Cy923 1.2 M were carried out adding 20% of ONE or TBP as 
modifiers and the results are depicted in (Fig. 3). 
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Fig. 3. Effect of the ONE or TBP addition in the organic phase on the REEs transport. [Cy923]=1.2 M. Feed: 
[Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-1; pH=1.2. Receiving solution: 0.05 M Na2EDTA. a) Y(III). b) Eu(III)

Comparing the obtained results, it can be asserted that the TBP has a negative effect on the transport and 
the permeability decreases due to the high viscosity value (Table 1). However, the REEs transport increases 
using ONE as modifier obtaining permeability coefficient values depicted in Table 5.

Table 5. Permeability coefficients of Y(III) and Eu(III) using 1.2 M of Cy923 and TBP or ONE as modifiers.

P ·106 (m·s-1)Modifier Y(III) Eu(III)
- 3.31 5.03
TBP 20%(v/v) 2.11 3.81
ONE 20%(v/v) 4.03 6.67

To confirm the positive effect of the ONE on the REEs transport, a set of experiments using different Cy923 
concentrations in the range of 0.3-1.2 M with 20% and 40% of the modifier were carried out. As shown in 
Fig. 4, the permeability coefficients increased when the modifier was added to the organic phase. The 
increases of these values for yttrium were around 18% and 33% when the percentage of the ONE was 20 
and 40%, respectively, compared to the permeability values without ONE. 
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Fig. 4. Effect of the Cy923 concentration on the permeability of REEs using 20% or 40% of ONE as 
modifier. Feed: [Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-1; pH=1.2. Receiving solution: 0.05 M Na2EDTA. a) 
Y(III). b) Eu(III)
Consequently, a study of the dynamic viscosity effect on the diffusion coefficient was done following the 
procedure described in section 3.1. By this way, a linearization of Eq. (17) was used to obtain the results 
shown in Fig. 5.
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Fig 5. Effect of the dynamic viscosity on the diffusion coefficient. Feed: [Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-

1; pH=1.2. Receiving solution: 0.05 M Na2EDTA. a) Y(III). b) Eu(III)

Eq. (22) proposed by Reid and Sherwood, Bird et al, Edward and Hildebrand [26,29–31] which described 
an inverse dependence between the diffusion coefficient and the viscosity, is commonly used. However, 
since the viscosities of the different concentrations of solvent studied are in a range of 1.8·to 6.9·mPa·s, the 
power for Y(III) and Eu(III) is very close to the (-2/3) power (Eq. (23)) according to Hiss and Cussler [27]:

 (22)𝐷· 𝜇1 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(23)𝐷·𝜇2/3 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

a) b)slope = -0.68

slope = -0.66

slope = -0.67

slope = -0.77

slope = -0.66

slope = -0.71

a) b)



As a result, the viscosity is responsible for the fact that the permeability remains practically constant or 
decreases at high Cy923 concentrations. Nevertheless, the ONE can be used as modifier in the organic 
phase, thus reducing the viscosity and obtaining higher permeability coefficients. 

4.2. FSSLM model solving

To be able to predict the permeability coefficients for any concentration of Cy923 and ONE, the algorithm 
depicted in Fig. 2 has been applied. Proved by the experimental investigations that the power of the viscosity 
is close to 2/3, this value was used in the model. Hence, the optimized equations for yttrium and europium 
are:

          (24)𝑃𝑌(𝐼𝐼𝐼) = (1.03·10 ―5·[𝐶𝑦923] +8.06·10 ―7·[𝑂𝑁𝐸])·𝜇 ―2/3

          (25)𝑃𝐸𝑢(𝐼𝐼𝐼) = (1.47·10 ―5·[𝐶𝑦923] +4.26·10 ―6·[𝑂𝑁𝐸])·𝜇 ―2/3

where P is in m·s-1, [Cy923] in mol·L-1, [ONE] in %(v/v) and μ in mPa·s.

The ionic radii of the heavy rare earths elements (HREEs) are smaller than the ones of light rare earths 
elements (LREEs) due to the lanthanide contraction and the higher charge density of Y(III) related to Eu(III) 
[32,33]. However, the permeability coefficient of europium is higher than the yttrium one, contrary to what 
was expected. 

Nevertheless, this fact is according to the diffusion coefficient of Eu(III) being higher than the one of Y(III). 
Two individual transport experiments confirmed the findings, using the same concentration for both REEs 
(0.5·L-1) containing 0.60 M of Cy923 and 20% of ONE in the organic phase. The results shown in Fig. 6 
demonstrate that the permeability coefficient of Eu(III) is around 1.7 times higher compared to Y(III) 
(PEu(III) = 2.37·10-2 and PY(III) = 1.43·10-2 m·s-1).
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Fig. 6. REEs linear fitting of experimental data. Feed: [Y(III)]=[Eu(III)]=0.5 g·L-1. pH=1.2. Receiving solution: 
0.05 M Na2EDTA. Organic phase: 0.60 M Cy923 and 20% of ONE.

Fig. 7 shows the permeability modelling results obtained in the 0-1.2 M Cy923 concentration range with an 
ONE range of 0-40%(v/v). The bold points are the experimental permeability data and the line corresponds 
to the local maximums. The proposed model is able to predict the permeability coefficient values for both 
REEs, obtaining low standard deviation values of 0.16 and 0.39 for Y(III) and Eu(III), respectively. 



Fig. 7. Permeability coefficients calculated results vs. experimental ones varying the concentrations of 
Cy923 and ONE. Feed: [Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-1; pH=1.2. Receiving solution: 0.05 M Na2EDTA. 
a) Y(III). b) Eu(III)

The positive effect of the ONE addition to the organic phase is more significant at high concentrations of 
Cy923 because the viscosity is notably decreased when the ONE concentration increases. For this reason, 
the transport is considerably favoured using 40%(v/v) of ONE, reaching the maximum value of the 
permeability for both REEs. The optimal conditions for achieving the highest permeability coefficient value 
for Y(III) and Eu(III) are depicted in Table 6.

 Table 6. Optimization parameters by using FSSLM.

REE [Cy923] (M) %(v/v) ONE P·106 (m·s-1)
Y(III) 1.19 40 4.38

Eu(III) 1.18 40 7.00

4.3. HFRLM transport

To overcome the low area/volume ratio obtained using FSSLM, hollow fibre module was used to recover 
REEs from the L1 leachate. The feed flowed along the shell side of the module and to prevent organic 
solution losses from the membrane pores, a pseudo-emulsion containing the stripping phase and carrier 
flowed along the lumen side.

Although the optimization parameters obtained by using FSSLM should be used in the HFRLM to achieve 
the highest permeability coefficient values for both REEs, the experiments using HFRLM have been carried 
out without modifier owing to the chemical incompatibility of the ONE with the polypropylene material of the 
membrane fibres [34], Additionally, taking into account that 95% of REEs are transported after 2 h when the 
0.3 M of Cy923 was used, a lower carrier concentration range (0.1-0.3 M) was studied instead of the optimal 
concentration range described in Table 5 to obtain the influences on the membrane process of this 
properties.

As can be seen in Fig. 8.a, 92% of Y(III) is transported after 4 h for whole range of Cy923 concentrations. 
The same trend is found for Eu(III), where 98% is transported (Fig. 8.b) due to its higher diffusion coefficient. 
The effect of the dynamic viscosity on the diffusion coefficient was studied (Fig. 8.c) to confirm that the 

a)

b)



power is close to (-2/3). In addition, to verify that the permeability follows the same tendency obtained from 
the model by using FSSLM, the permeability coefficients for each experiment were determined and plotted 
in Fig. 8.d considering the (-2/3) power viscosity.
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Fig. 8. Effect of Cy923 concentration on the REEs transport. [Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-1 a) Y(III). 
b) Eu(III). c) d) Effect of the Cy923 concentration on the permeability of the REEs.

As expected, for this Cy923 concentration range, the dependence on the permeability of the Cy923 
concentration is linear. This proof the assumption, that the viscosity of the organic phase is not the 
parameter that restricts the REEs transport. Under these conditions, the transport process is controlled by 
diffusion, which can be expressed as linear equation relating the permeability to the carrier concentration 
(Eqs. (26)-(27)):

(26)𝑃𝑌(𝐼𝐼𝐼) = 8.08·10 ―6·[𝐶𝑦923]·𝜇 ―2/3

(27)𝑃𝐸𝑢(𝐼𝐼𝐼) = 1.20·10 ―5·[𝐶𝑦923]·𝜇 ―2/3

where, as Eqs. (24)-(25), P is in m·s-1, [Cy923] in mol·L-1 and μ in mPa·s.

c)

a) b)

slope = -0.66

slope = -0.74

d)



4.4. FSSLM and HFRLM comparison

In order to justify the experimental permeability differences using FSSLM and HFRLM, and to confirm that 
these differences are due to the characteristics of the membranes [35–38], the permeability coefficient was 
calculated following the model depicted in Eqs. (24)-(25) and considering the (-2/3) power. Moreover, three 
experiments using a Cy923 concentration range of 0.1-0.3 M without ONE by using FSSLM were carried 
out to compare them with the results obtained from the HF module and also to assure that the experimental 
data fit with the model proposed. The linear dependence between the permeability and the carrier 
concentration is shown in Fig. 9 and the equations that relate both parameters can be seen in Eqs. (28)-
(29) without ONE.
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Fig. 9. Effect of the Cy923 concentration (without ONE) on the permeability of REEs using FSSLM. Feed: 
[Y(III)]=0.5 g·L-1. [Eu(III)]=0.04 g·L-1; pH=1.2. Receiving solution: 0.05 M Na2EDTA.

Although the permeability coefficient for both membranes follows the same tendency, comparing the effect 
of the Cy923 concentration on the permeability of both membranes, it can be affirmed that the permeability 
coefficients using FSSLM are around 25% higher than using HFRLM. This value has to be the same for 
both REE since it is not dependent on the metal but only on the membrane characteristics.

            (28)𝑃𝑌(𝐼𝐼𝐼)𝐹𝑆𝑆𝐿𝑀 = 1.27·𝑃𝑌(𝐼𝐼𝐼)𝐻𝐹𝑅𝐿𝑀

           (29)𝑃𝐸𝑢(𝐼𝐼𝐼)𝐹𝑆𝑆𝐿𝑀 = 1.23·𝑃𝐸𝑢(𝐼𝐼𝐼)𝐻𝐹𝑅𝐿𝑀

The permeability coefficients of two different membranes can be related using the diffusion coefficient, the 
extraction equilibrium constant, the carrier concentration, the thickness, the tortuosity and the porosity (Eq. 
(13)). The tortuosity is the only structural parameter unknown for both membranes (Table 1 and Table 2). 
For the correlation of the permeability of both membranes, this characteristic parameter needed to be 
studied. Hence, considering the linear dependence of the permeability from the Cy923 concentration, Eq. 
(30) was obtained.

   (30)𝜏𝐹𝑆𝑆𝐿𝑀 = 1.28·𝜏𝐻𝐹𝑅𝐿𝑀

where  and  are the tortuosity of the support of the FSSLM and HFRLM, respectively.𝜏𝐹𝑆𝑆𝐿𝑀 𝜏𝐻𝐹𝑅𝐿𝑀

To confirm this relation between both different membranes, the tortuosity was also determined using Eqs. 
(31)-(32) [39–41].

          (31)𝜏𝐹𝑆𝑆𝐿𝑀 = 𝐴·(1 ― 𝜀) +1 𝜀 ∈ [0.5 ― 1]



          (32)𝜏𝐻𝐹𝑅𝐿𝑀 = 𝐵·
(1 ― 𝜀)

(𝜀 ― 0.33)𝑚 +1 𝜀 ∈ [0.4 ― 0.5]

where A, B and m are fitting parameters.

Using the A, B and m parameters shown in Table 7, the tortuosity relation between FSSLM to HFRLM is 
1.24. The tortuosity values for both membranes are in accordance those found in the literature [42–44].

Table 7. Fitting parameters and tortuosity for both membranes.

FSSLM HFRLM
m - 0.20
A 10 -
B - 1.00
𝝉 2.50 2.02

To sum up, the permeability differences when the FSSLM and HFRLM are used, can be justified in terms 
of tortuosity, thickness and porosity differences. 

4.5. Model solving for HFRLM

The mathematic model depicted in section 3.2 can be modified applying the 1.28 factor, mentioned in 
section 4.4, in the permeability equation obtained using FSSLM to have the correct permeability modelling 
when HFRLM are used. The Eqs. (33)-(34) are the optimized for yttrium and europium.

           (33)𝑃𝑌(𝐼𝐼𝐼) = 8.24·10 ―6·[𝐶𝑦923]·𝜇 ―2/3

               (34)𝑃𝐸𝑢(𝐼𝐼𝐼) = 1.18·10 ―5·[𝐶𝑦923]·𝜇 ―2/3

where P is in m·s-1, [Cy923] in mol·L-1 and μ in mPa·s.

Fig. 10 shows the permeability modelling using a Cy923 concentration range of 0-1.4 M. The bold points 
mark the maximums of the permeability values. While the calculated data fits the experimental ones 
standard deviation values for Y(III) and Eu(III) of 0.04 and 0.13, respectively, are achieved. Therefore, the 
proposed models for both REEs are able to predict the permeability coefficients. To achieve the maximum 
permeability value, the optimum Cy923 concentration is 1.18 (Table 8). 
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Fig. 10. Cy923 concentration effect on REEs permeability using HFRLM. Feed: [Y(III)]=0.5 g·L-1. 
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Table 8. Optimization parameters by using HFRLM.

REE [Cy923] (M) P·106 (m·s-1)
Y(III) 1.18 2.80

Eu(III) 1.18 4.10

5. Conclusions

The recovery of Y(III) and Eu(III) through a membrane process depicted in a previous work [19] was 
investigated and successfully modelled. With the achieved increase in its efficiency, a basis for the 
implementation of the entire process at industrial scale is given.

The obtained results using two kind of membranes (FSSLM and HFRLM) reveal that the metal transport is 
only controlled by the diffusion through the membrane at low Cyanex 923 concentrations. However, the 
effect of the shear stress becomes predominant at higher concentrations of the carrier reducing the apparent 
permeability.

The transport model for Y(III) and Eu(III) was proposed to predict the permeability coefficients for both REEs 
depending on the Cyanex 923 and 2,6-dimethylheptan-4-one concentration and the organic phase viscosity. 
The results disclosed that the optimized parameters using FSSLM are 1.19 and 1.18 M of Cyanex 923 for 
Y(III) and Eu(III), respectively and 40% (v/v) of 2,6-dimethylheptan-4-one to achieve permeability 
coefficients of 4.38·10-6 and 7.00·10-6 m·s-1. 

Due to the incompatibility of the 2,6-dimethylheptan-4-one with the polypropylene material of the HFRLM 
membrane fibres, it is not possible to use this phase modifier. In this case, the highest Y(III) and Eu(III) 
permeability coefficients, 2.80·10-6 and 4.10·10-6 m·s-1, respectively can be achieved by using 1.18 M of 
Cyanex 923.

Thus, the REEs recovery from the fluorescent lamp wastes has been considerably improved by using hollow 
fibre renewal liquid membranes. 
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Highlights

 Membrane step in REEs recovery process was improved to be industrially implemented 

 REEs were completely recovered from fluorescent lamp leachates by using HFRLM

 Y(III) and Eu(III) can successfully transported by Cyanex 923 as a carrier

 The transport model relies on organic phase and support membrane characteristics
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