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Abstract: This study investigates the capacity of polyamide
nanofiltration membrane (SNTE NF270-2540) to extract the lanthanum (La)
(IIT) and its mixtures with the iron (Fe) (III). A three - level factorial design
and response surface methodology was used to evaluate the effects of
different parameters, such as: pH (3.0 — 9.0), concentration (10 — 100 ppm),
pressure (6.0 — 13.5 bars). The results showed that the retention of La (III)
varied from 29 % to 100 %, depending on the experimental condition it was
possible to extract all of La (III) and Fe (III) from the same mixture.

The results showed that the extraction of La (III) reaches 100 % for 10 and
55 ppm at pH = 3.0 and for 100 ppm at pH = 9.0, under the pressure of 13.5
bars. At pH = 3.0, the extraction of the mixtures La (III) / Fe (III) (50 ppm /
50 ppm) and (100 ppm / 100 ppm) whatever the pressure was all (100 %).
The study confirmed a high lanthanum extraction using polyamide
nanofiltration membrane.
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INTRODUCTION

In the modern life rare earth elements (RE) have become important due to their
properties, which are essential in nuclear energy, chemical engineering and metallurgy
[1 - 4]. From all the RE elements, lanthanum is the most widely used [5, 6].

There are many conventional methods for removing and extraction lanthanum from
aqueous solution, such as: solvent extraction [7, 8], chemical precipitation [9],
adsorption [10 — 12], electrochemical treatment [13], and membrane filtration [14, 15].
The nanofiltration membrane technique has been found to be an attractive method for
the concentration and separation of different solutes [16]. In nanofiltration electro
migration, diffusion and convection are the major mechanisms of transport [17].

The aim of this research was to study the retention of lanthanum and its mixtures with
iron, by using the SNTE NF270-2540. The effects of feed solution pH, pressure and
feed solution concentration on the membrane performance were studied.

MATERIALS AND METHODS

Materials

A commercially spiral nanofiltration membrane SNTE NF270-2540 supplied by DOW
FILMTEC™ Membranes (USA) was used in this study. All the experimental conditions

of this membrane are summarized in Table 1.

Table 1. Main characteristics of the NI membrane used

Membrane structural parameters
Membrane type thin-film composite
Active area 26m’
Maximum operating temperature 113 °F (45°C)
Maximum operating pressure 600 psi (41 bar)
pH range 2-11
Free chlorine tolerance <0.1 ppm
Water permeability Lp (m's”-bar") 0.366 x 10

Lanthanum nitrate salt was supplied by Carlo Erba (France), iron nitrate, nitric acid
(69 %) and sodium hydroxide were purchased from Sigma-Aldrich (Germany).
Arzenazo (III) was supplied by MERCK (Germany).

The predominance of La (III) according to the pH was made by the Medusa software.
All solutions were prepared by dissolving the appropriate weight of the salt in water and
made to a volume of 40 L.

Analyses

Lanthanum ion concentration was measured by a UV-Visible spectrophotometer type
(SPECORD 210/plus) purchased by Analytik Jena Specord (Germany), takings of
100 puL of lanthanum are measured by UV-VISIBLE after the addition of 2 mL of stamp
solution with pH =4 and 100 pL of Arzenazo IIL
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Iron ion concentration was determined by atomic absorption spectrophotometer (PINA
CLE 900 H - Perkin Elmer, USA), at Tlemcen Algeria, using an air acetylene flame, the
wavelength used: 248.33 nm. A range of standards solutions for various concentrations
were prepared.

The pH value was measured with a pH - meter AD 1030 (Adwa, Hungary). The
weighing was made with an electronic analytical balance type OHAUS (USA).

Experimental setup and methods

Nanofiltration experiments were carried out with the separation unit illustrated in Figure
1. The meaning of the abbreviations used in Figure 1:

All experiments were performed for applied pressures in the range of 6 - 13.5 bars, after
each experiment the membrane was cleaned for 15 min with 0.754 mmol-L™’
hydrochloric solutions. CA 1is the cartridge filter with activated carbon and 25 um of
wound cartridge filter. S is the safety valve (14 bars). B1 is the feed tank (100 L). B2 is
the permeate tank (20 L). C2 is the nanofiltration membrane. FI1 is the upstream flow
meter (100-1000 1/h). FI2 is the downstream flow meter of retentive. FI3 is the
downstream flow meter of permeate. PI1 & PI2 are the manometers at upstream and
downstream of module (0-16 bars). PI3 & PI4 are the monitoring manometers of filters
state (0—2.5 bars). LSL1 is the low level sensor (pump safety). CE1 is the sensor of
permeate conductivity measuring. Y is the emptying, CIT1 to the electrical display
cabinet. V1-5, 7, 10, 11, 14-16, 19 & 22 are the pressure regulation valves for
nanofiltration process. P is the multistage centrifugal pump (high pressure).

In all experiments both permeate solution and retentive solution were returned to the
feed tank.
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Figure 1. Experimental setup
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Data analysis

The extraction yield was calculated by Eq (1):
Y (%) = (1 — 2 x100 (1)
1]

where:
C,: represent the permeate solution concentration (ppm),
Co: represent the feed solution concentration (ppm).

RESULTS AND DISCUSSION
Effect of pH

The pH effect has been studied for lanthanum feed solution at 10 - 100 ppm feed
solutions and for 50 - 100 ppm lanthanum iron equimolar mixtures at pH 3.0 - 9.0 and
by varying the pressure between 6.0 and 13.5 bars.

According to the medusa software in Figure 2, the lanthanum ion is predominant in its
free form at pH between 0.0 and 7.6 for the different concentrations, the maximum
fraction is 100 %, so when the pH becomes greater than 7.6, this fraction reaches a
minimal value. The slight presence of La(OH)," in the pH between 6.5 and 8.7, while
the La(OH); hydroxide appears at pH between 7.7 and 14 its fraction 100 % at pH =9.1
Positively charged La (III) species will be transported and ejected away from the
membrane as ion pairs whose nitrate is the counter-ion.

1=0.013 M

[La3"] 0.72 mM [NO;7] 2.16 mM

TOT TOT
Lo Latt - La(OH)4(c)

0.8 1

0.6

0.4 r

Fraction

0.2 r

0.0 | | ! —

pH t=25°C

Figure 2. Diagrams of La (Ill), distribution using Medusa program [18]

Figure 3 shows the influence of the feed pH on the retention of lanthanum ions, and it is
noted that for a concentration of 10 and 55 ppm, the retention of lanthanum at pressure
9.75 bars increases from 90 % to 100 % with the increase of pH from 3 to 6.

For the concentration of 100 ppm, the rejection increase from 95 to 100 % when the pH
increases from 3.0 to 9.0 whatever the pressure.
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Figure 3. Variation of lanthanum retention according to the pressure for different pH
a) [La],=10 ppm b) [La™],= 55 ppm c) [La™>]y =100 ppm

Figure 4 shows that for pressure between 6 and 13.5 bars, the retention of lanthanum in

mixture of 50 ppm varies from 98 % to 100 % and was quantitative (100 %) for iron at
different pH values.
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Figure 4. Variation of lanthanum and iron retention according to the pressure for
different pH, [La’ ] = [Fe’ ]=50 ppm

It is noted from Figure 5, that the lanthanum retention decreases from 100 % to 90 % at
6 bars for pH 3 - 6 and increasing from 90 % to 96 % for pH range from 6 - 9. Iron
retention increases from 90 % to 98 % with the increase of pH.
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Figure 5. Variation of lanthanum and iron retention according
to the pressure for different pH, [La’"] = [F&’'] = 80 ppm

In view of Figure 6, the retention of lanthanum decreases when the pH varies from 3 - 6
whatever the admissible pressure (from 6 to 13.5 bars), then increases with the increase
in pH. Figure 6 shows also that whatever the permissible pressure (from 6 to 13.5 bars)
and whatever the pH, the retention of iron is total (100 %). The membrane extracts the
mixture without distinction between iron and lanthanum, although these two metals
have different physicochemical properties.
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Figure 6. Variation of lanthanum and iron retention according to the pressure for
different pH, [La’ ] = [Fe’ ] =100 ppm

This result can be explained by the decrease in the NF270-2540 membrane pore size
when the pH increase, due to the dissociation of the carboxyl (-COOH) and ammonium
(-NH3") membrane groups and the electrostatic repulsion between them, which leads to
an increase in the rejection of the solute [19 — 21].

Membranes easily rejected these hydroxides and therefore the lanthanum ion rejection
will be greater.

Effect of concentration

From Figure 7a, it can be seen that the retention of the solutions decreases (83 - 82 %,
93 - 90 % at 6.0 and 9.75 bars respectively) when the concentration increases from 10
ppm to 55 ppm and then increases (82 - 95 %, 90 - 98 % at 6.0 and 9.75 bars
respectively) with increasing concentration from 55 ppm to 100 ppm

In Figure 7b it can be seen that the retention of the solutions decreases with the increase
of the concentration. These results can be attributed to the concentration polarization
phenomenon, which tends to reduce the flow of the permeate and consequently the
decrease of metals ions retention by membrane [22]. This can also be explained by the
neutralization of the negative sites of the membrane due to the increase of the positive
charges [23].

The results obtained in Figure 7c show that the retention increases (39 - 97 %, 29 - 98 %
at 6 and 9 bars respectively) with increasing concentration. At 13.5 bars the lanthanum
extraction yield decreases from 100 % to 96 % as the concentration of the feed solution
increases from 10 ppm to 55 ppm, then becomes quantitative (100 %) in the solution of
100 ppm. These results are in agreement with the literature in the case of zinc [24] and
chromium [25].
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Figure 7. Variation of lanthanum retention according to the pressure for different
concentrations at a) pH = 3.0, b) pH = 6.0, ¢c) pH = 9.0

The results obtained in Figure 8 show that the retention of La (III) is total (100 %) for
the various mixtures of iron and lanthanum.
For a pressure range of 6.0 to 13.5 bars the retention of iron (III) decreased with
increasing concentration from 50 ppm to 80 ppm and increases as the concentration
increases from 80 ppm to 100 ppm. The extraction of all lanthanum and iron is possible
in the mixtures of 50 ppm and 100 ppm under the pressure of 6.0 bars.
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Figure 8. Variation of lanthanum and iron retention according to the pressure for
different concentrations at pH = 3.0

From Figure 9, for pressure variations from 6.0 to 13.5 bar, it is noted that the retention
of lanthanum is quantitative for a pressure of 9.75 bars for the mixture of 50 ppm and in
the mixture of 80 ppm at 13.5 bars. In the mixture of 100 ppm the lanthanum retention
decreases with the increase of pressure. The polarization of concentration can explain
the decrease in retention with the increase in pressure [17]. The iron retention was
100 % whatever the pressure supplied to mixtures of 50 and 100 ppm. The retention
increases of 92 - 98 % with the increase of the pressure in the mixture of 80 ppm.
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Figure 9. Variation of lanthanum and iron retention according to the pressure for
different concentrations at pH=6.0

Figure 10 shows that at 13.5 bars the retention of lanthanum was quantitative (100 %)
whatever the concentration of the mixture, in the mixture of 80 ppm the retention of
lanthanum increases with the increase in pressure. The iron retention was quantitatively
exceptional for the mixture of 80 ppm of the pressure (6.0 and 13.5 bars).

The rejection by the membrane will be done with electrostatic (negative charged
complex) and steric exclusion [26].
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Figure 10. Variation of lanthanum and iron retention according to the pressure for
different concentrations at pH=9.0

Factorial design study

The study results of the extraction of lanthanum (III) by nanofiltration according to
three variables: concentration C, pressure P and pH, these variables is represented in
terms of the extraction yield value by the response Y. These results are subjected to an
empirical smoothing. In this method, the experimental values can be used to determine
the polynomial model constants, which follow the (Equation 2). Equation 2 is adjusted
to the studied properties variations.

The analysis of the twenty-seven experimental designs allows to building 3° factorial
design matrixes and the responses (see Table 2).

Preliminary observations show that according to the experiment parameters the
extraction yield of lanthanum was significant, reaching values of 29.65 - 100 % under
certain operating conditions (Table 2). This correlation allows building the response
surface.

The results of the experimental tries are also presented in the Table 2.

The lanthanum (IIT) modeling was achieved on the basis of the eleven measured values
using (Equation 2):

Y (%) = ag + a1 X; +apX; — az;Xz + a3 X1 X5 + 613X, X3 + apaXoXs +a X7 +
A22X5 +a33X35 — a123X1 X, X3 (2)

where: Xj (j = 1-3) reduced variable which takes three values: -1 (low level), 0 in the
middle and +1 (high level); low level = 2 (low value—mean)/range; high level = 2 (high
value-mean)/range; mean= (high value + low value)/2; range = (high value-low value).
X1, Xo & Xz are the reduced variables of pH, concentration (C), and pressure (P),
respectively.
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Table 2. 3° factorial design matrixes and the responses

No Real values Reduced values | Extraction yield (Z %)
pH C P X X, | X3
1 3 10 6 -1 -1 -1 83.54
2 3 10 | 9.75 | -1 -1 0 93.38
3 3 10 | 13.5 | -1 -1 +1 100
4 3 55 6 -1 0 -1 82.26
5 3 55 1975 -1 0 0 90.44
6 3 55 13.5 | -1 0 +1 99.63
7 3 100 6 -1 +1 -1 95.97
8 3 100 | 9.75 | -1 +1 0 98.52
9 3 100 | 13.5 | -1 +1 +1 97.92
10 6 10 6 0 -1 -1 100
11 6 10 | 9.75 0 -1 0 100
12 6 10 | 13.5 0 -1 +1 100
13 6 55 6 0 0 -1 98.12
14 6 55 1 9.75 0 0 0 100
15 6 55 13.5 0 0 +1 99.74
16 6 100 6 0 +1 -1 97.48
17 6 100 | 9.75 0 +1 0 98.00
18 6 100 | 13.5 0 +1 +1 97.91
19 9 10 6 +1 -1 -1 39.45
20 9 10 | 9.75 | +1 -1 0 29.65
21 9 10 | 13.5 | +1 -1 +1 100
22 9 55 6 +1 0 -1 92.25
23 9 55 1975 | +1 0 0 95.26
24 9 55 13.5 | +1 0 +1 96.91
25 9 100 6 +1 +1 -1 97.79
26 9 100 | 9.75 | +1 +1 0 98.44
27 9 100 | 13.5 | +1 +1 +1 100
(28,29,30)" 6 55 1 9.75 0 0 0 90.87,97.23,94.48

Note: *Four additional tests at the central point (0, 0, 0) for the calculation of the Student’s and fisher’s test

Table 3 summarizes the coefficient values of the model, supposed to describe the
individual effects of parameters, along with their possible interaction.

The individual effects of the parameters and their interactions were discussed on the
basis of the sign and the absolute value of each coefficient. These coefficients will
define the strength of the corresponding effect involved and the way it acts upon yield
extraction (favorable or detrimental), respectively.

The first observations in Table 3 make it possible to formulate the following statements:
1. High extracting capacity of the lanthanum ought to be obtained within the fixed
parameter ranges, justifying there by the suitable choice of the limits.

ii. The favorable individual effect of lanthanum feed concentration is stronger than the
favorable individual effect of pressure, while the pH of the feed solution appears to play
only one weak negative role in the survey ranges.
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1ii. Except between pH and lanthanum (III) concentration, and between pH and pressure
and all interactions are harmful.
iv. No synergy should be implied by the three parameters.

Table 3. Model coefficients and their corresponding effects upon yield extraction

Variable | Coefficient | Value Expected effect on the yield extraction
Xo a, 99.32 | High average extracting capacity of the nanofiltration
X4 a -05.08 Detrimental individual effect of pH
X, a, 07.57 Favorable individual effect of C
X3 a3 05.84 Favorable individual effect of P
X1z a, 09.32 Favorable binary interaction of pH and C
Xi3 an;s 02.62 Favorable binary interaction of pH and P
X3 a3 -06.05 Detrimental binary interaction of C and P
Xi1 am -10.32 Detrimental binary interaction of pH and pH
X I -04.46 Detrimental binary interaction of C and C
Xs3 a33 4.021 Favorable binary interaction of P and P

X2 2123 -05.50 Ternary detrimental interaction

Table 4. Analysis of the variance

Feature Symbol/Equation Value
Parameter number P 3
Level number L 3
Number of experimental N 27
Number of tests at (0,0,0) n 3
Model variance v 2
Average yield at (0,0,0) Z=% Zy/3 94.19
Random variance S*= Z(ZOi-ZO)2 /v 10.17
Square root of variance S 3.18
Risk factor (chosen arbitrary) o 0.05 (95 %)"
Student test factor Tv,1-0/2 4.3°
Average error on the coefficient value (trust range) Aai==+t, 4n S/N®? 2.64
Number of remaining coefficients R 11
Model response at (0,0,0) ag (Zogo) 99.33
Discrepancy on average yield d=Zy-Z (0,0,0)= Zy-a 5.13
Error on average yield discrepancy Ad= %t,4, S (1/N+1/n)*? 8.35
Average yield for the 27 attempts with N=27&n=3

Z.:=X7Z;/27 91.95

Residual variance Sr* =3 (Z+-Z.)* /(N-R) 351.45
Degrees of freedom Vi 10
Residual degrees of freedom v 2
Observed Fisher test F =St /S? 34.54
Fisher-snedecor law Fobs, V1, V2 19.4°

a. a= 5% was arbitrary chosen, in this case, one regarded that 95% confidence may be satisfactory.
b. student tables with two degrees of freedom at a 95% confidence, ti (2; 0,05).
c. see Fisher-snedecor tables, F.; = 19.4.

In order to precede the validation of the model, have been estimated the experimental
error on the results, to be able to make that was used the results obtained from the
resolution of the matrix system. For this purpose, have been repeated three times the
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experience of the central (Table 2) by using the test of Student in the level (1-a) with o
=0.05 (Table 4).

The variance o for three repeated experiences is equal to 10.17 and the test of Student is
estimated, being equal to 2.64, have been neglected all the coefficients absolute value of
which is lower than 2.64. Consequently, no coefficient will be removed from the
mathematical model, the equation with variables coded becomes as follows:

Y (%) = 99.32 — 5.08X; + 7.57X, + 5.84X; + 9.32X, X, + 2.65X, X5 — 6.05X,X5 —
10.62 Xy, — 4.47X,, — 4.02 X35+5.50X. X, X5 3)

The test of Fisher was applied to verify the validity of the model in the range of
examined parameters. The calculation showed that the test of Fisher observed (35.54) is
higher than the test of critical Fisher (19.37), indicating that the model can be applied in
the completely examined range.

Surface response

Figures 11, 12 and 13 show the graphs of surface response of lanthanum extraction and
the effects of the different factors on its efficiency.
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Figure 11. Three-dimensional isometric response curves at fixed pH:
(@) X;=+1, () X;=-1
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(a) Xz = +1, (b) Xz = -1

CONCLUSION

This study describes the performance of the SNTE NF270-2540 thin-film composite
polyamide nanofiltration membrane in the extraction and the separation of lanthanum
ions and its mixture with iron ions from synthetic solutions. For pressure between 6 and
13.5 bars; the retention of lanthanum in mixture of 50 ppm varies from 98 % to 100 %
and was quantitative (100 %) for iron at different pH values.

The factorial designs made it possible to optimize a procedure for the extraction of
lanthanum (III) based on nanofiltration membrane.
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The experimental design is a way to study the influence of a parameter, to evaluate its
individual effect, binary interactions and its possible synergy with other variables when
acting simultaneously.

In order to obtain the best experimental conditions for the extraction of La (III) by
nanofiltration from aqueous solution full 3° factorial designs were used to screen the
factors that would influence the overall optimization of a procedure of extraction.
Individual effect of lanthanum concentration is favorable, but her combined effect with
pressure became detrimental.

This optimization showed that the best initial conditions were lanthanum (III)
concentration equal to 10 ppm, initial pH= 6.0, and pressure equal to 6 bars with
extraction yield of 100 %.

The results obtained in this study make the nanofiltration as promising processes for
extraction, separation and pre-concentration of heavy metal ions and rare earth
elements.
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