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ABSTRACT

The adsorption of some lanthanides in the trivalent state, namely trivalent Ce, Pr, Sm, Gd,
Dy, and Ho, was identified onto polyacrylamide zirconium titanosilicate (PAm-ZTS) compos-
ite membranes. Numerous opportunities for reverse osmosis-type separations involving
organics that might become practical as suitable membrane systems became available. A
theoretical framework for analysis of experimental data in terms of fundamental parameters
was developed, to study the effect of the transport of the solute and solvent in the polymer
membrane. Different theoretical modeling approaches were tested; Langmuir and Freundlich
models appeared to have various regressions, so that Langmuir model was taken as the best
fit theoretical model. During the polymer enhanced ultrafiltration, the tested retained lantha-
nides were ordered as Ce**>Pr’*>Sm’" >Gd* > Dy3+ >Ho®". Upon competing conditions,

the Qmax values were decreased to nearly 50%.

Keywords: Adsorption; Reverse osmosis; Lanthanides; Diffusion; Solvent and pressure;

Isotherms

1. Introduction

Polymer-inorganic nanocomposite = membranes
present a new concept to rectify the separation prop-
erties of polymer membranes because they hold prop-
erties of both organic and inorganic membranes such
as good permeability, selectivity, mechanical strength,
and thermal and chemical stability [1-6].

In the last two decades, significant ameliorations to
the performance of polymeric membranes for ion sepa-
ration have been made. Understanding the connections
between the structure, permeability, and selectivity of
these membranes has been greatly advanced [2,3].
Newer polymeric partition materials such as polyi-
mides and cross-linked polyethylene glycol have been
continuously developed [7-11]. Some polymeric mem-
branes have already used in industry [12,13].

Polymeric membranes tend to be more cost-effec-
tive than other membranes because of their aptitude
to be spun into hollow fibers or spiral-wound
modules due to their flexibility and solution process-
ability [1]. Despite these advantages and progresses,
polymeric membranes are still constrained by the
trade-off trend between ion permeability and selectiv-
ity, as suggested by Robeson [14].

Modifications of the chemical framework of a poly-
mer often lead to an improvement in permeability at
the cost of selectivity or vice versa [3]. Additionally,
the segmental flexibility of polymeric membranes
sometimes limits their ability to discriminate similar-
sized penetrants, and they eventually lose performance
stability at high temperatures [1]. On the other hand,
inorganic membrane materials such as molecular
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sieving materials usually rely on a difference in
molecular size to achieve separation.

On a laboratory scale, these membranes show
extremely appealing ion permeation and separation
performance [15,16]. However, it is still troublesome
and expensive to fabricate large membranes due to
their fragile structures [1,2,17]. Therefore, polymeric
membranes are even though inviting, but alternate
approaches that can enhance their ion separation
properties well above the Robeson line are needed.
Polymer—inorganic nanocomposite materials, herein
defined as inorganic nanofillers dispersed at a
nanometer level in a polymer matrix, have been inves-
tigated for ion separation and have the potential to
provide a way out to the trade-off problem of poly-
meric membranes [18,19]. For illustration, numerous
polymer-inorganic nanocomposite membranes show
much higher ion permeabilities but similar or even
improved ion selectivity juxtaposed to the correspond-
ing pure polymer membranes [20-26]. The nanocom-
posite materials may combine the advantages of each
material: for instance, the flexibility and processability
of polymers, and the selectivity and thermal stability
of the inorganic fillers. Additionally, the ion separation
performance of nanocomposite membranes can be
further enhanced by chemical modification [27]. For
instance, the introduction of organic functional groups
on an inorganic filler surface sometimes contributes to
not only a better dispersion of the inorganic material
on the polymer membrane, but also a better absorption
and transportation of penetrants, which results in
favorable selectivity and permeability [27,28]. Mem-
brane structure can be controlled by either the degree
of cross-linking of the polymer matrix or the types of
connection bonds between the polymer and inorganic
phases in the nanocomposite material [28,29].

2. Experimental
2.1. Chemicals

Liquid Titanium(IV)chloride (98%)-TiCly, 189.68
[g/moll, 1.728g/ cm® (20°C)—and Zirconium(IV)oxy-
chloride octahydrate powder (>99.5%)-ZrOCl,.8H,0,
322.26752[g/moll, 1.91g/cm’® (20°C), pH value ~1
(50g/1, HyO, 20°C)-were acquired from Merck Chemi-
cals, Darmstadt, Germany. ACROS, USA tetraethylor-
thosilicate, (C,Hs0)4Si 208.33 [g/mol], 0.93g/ cm® (20°
C) was used. All chemicals were used deprived of
further purification, to be wused throughout the
preparation of the PAm-ZTS composite using liquid-
phase synthetic routes. The polychelatogen used was
polyethylenimine (PEI). This was received as a 50% by
weight solution from Sigma-Aldrich (Cat No: 181978).
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2.2. Synthesis of membranes

Because of the immense difference between the
polymer and inorganic materials in their properties
and strong aggregation of the nanofillers,
polymer—inorganic nanocomposite PAm-ZTS mem-
branes cannot be prepared by common schemes such
as melt blending and roller mixing. The most
commonly used preparation technologies for the fabri-
cation of nanocomposite membranes can be divided
into the following three types [30].

The sol-gel method is the most widely used prep-
aration technology for nanocomposite membranes.
Organic monomers, oligomers, or polymers and inor-
ganic nanoparticle precursors are mixed together in
the solution. The inorganic pioneers were mixed
together by gradual addition of tetraethylortosilicate
and dissolved in equal volumes of bidistilled water
and ethyl alcohol with vigorous stirring to zirconium
oxychlorideoctahydarte and titanium tetrachloride
solutions, previously dissolved in concentrated hydro-
chloric acid. Then, they were hydrolyzed in a large
amount of water after the condensation into well-dis-
persed nanoparticles in the polyacrylamide polymer
matrix with different molar ratios. The advantage
with this method is obvious: the reactions’ conditions
are moderate usually room temperature and ambient
pressure, and the concentrations of organic and inor-
ganic components are easy to control over the solu-
tion. Additionally, the organic and inorganic
ingredients are dispersed at the molecular or nano-
meter level in the membranes, and thus, the mem-
branes are homogeneous [32]. Other methods such as
solution blending and in situ polymerization could be
used [33-41].

3. Results and discussion
3.1. Morphology

Fig. 1(a) and (b) illustrates the photomicrograph of
the cross-section and compact layer morphology of

Fig. 1. (a) SEM of PAm-ZTS membranes at RT and (b)
SEM of PAm-ZTS membranes at 250 °C.
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dry/wet phase inversion shear-cast PAm-ZTS
asymmetric membrane (forced convection dwelling
time 15s), at two different heating temperatures, 25
and 250°C, separately. This structure had the relatively
well-defined dense skin layer with invisible flaws
supported on a highly porous open-celled sublayer
containing not only micro-voids but also macro-voids.
These were consistent with our expectation and
appeared to be very similar to those found in the
aqueous quenched asymmetric membranes observed
by Pesek and Koros [18]. The macro-voids did not
span the width of the membrane suggesting that these
macro-voids are caused by different mechanisms. In
this case, the creation macro-voids were believed to be
formed by intrusion of non-solvent through defects in
the skin layer during wet phase separation. This
would lead to the reinforcement of the membranes.
Also, no surface pores could be observed on the skin
of flat sheet membrane, even at magnifications of
5,000x. This indicated that the diameters of any
surface pores were less than 200 A, which would be
helpful for the ultrafiltration process.

3.2. Theory of ion exchange PAm-ZTS membranes
3.2.1. Retention of metal ions

The function of examination of the permeates
samples for the relevant metal allows the calculation
of the observed retention value (R;) of each metal ion
using:

R, = Cpi x 100
b Cq

where C; is the concentration of metal ion, i in the
pass through and Cy; is the concentration of metal ion,
i in the primary feed solution.

(1)

3.2.2. Langmuir and Freundlich isotherms

The utilization of Langmuir and Freundlich
isotherms to depict the complexation process of
binding metal ions in the polymer has previously
been investigated using the washing and enrichment
methods of the PEUF process [22,24]. In this case, the
assumption that the concentration of metal ions in the
permeates, Cpi, symbolizes the concentration of metal
that is free in the solution, Yj, is prepared.

The Langmuir isotherm equation is given by:

7Qmax-Yi
Q_KL+Yi
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Fig. 2. Langmuir isotherm model fits to the experimental
data for binding of single metal ions to PEI at pH 4.5
(polymer concentration=1g/1 PED).

where Q is the amount of metal bound (mg metal/g

polymer); Qmax is the maximum capacity of polymer

(mg metal/g polymer); Y; is the metal free in solution

(mg/1); Ky, is the Langmuir equilibrium constant (mg/1).
Langmuir equation gives a linear form:

1 Ky 1 1

5= 5oy ®)
Q Qmax Yi Qmax
The Freundlich isotherm equation is given by:
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Table 1
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Values of the constants obtained by linear regression for single metal ions/polymer solutions for the Langmuir and

Freundlich isotherms

Langmuir isothermal parameters

Freundlich parameters

Exp. Qmax (mg metal)/ (gpgr) Ky, (mg/1)
Ce/PEI 165.5 20.3
Pr/PEI 67.6 10.2
Sm/PEI 53.2 1.56
Gd/PEI 20.2 144
Dy/PEI 17.6 0.76
Ho/PEI 12.3 2.18

RZ n KF (mgl—n g—] ln) RZ

0.999 0.94 6.0 0.995
0.999 0.78 4.1 0.994
0.999 0.55 12.3 0.937
0.997 0.35 7.0 0.766
0.989 0.35 6.0 0.882
0.995 0.45 2.87 0.968

where Q is the amount of metal bound (mg metal/g
polymer); Kg is the Freundlich equilibrium constant
(mg' g~ '1"); Y, is the metal free in solution (mg/1); n
is a constant.

Freundlich equation gives a linear form:

InQ=nlnY;+1InKg (5)

3.3. Study of single metals with PAm-ZTS binding and
filtration

Figs. 2 and 3 display the linear regression fits of
the Langmuir isotherm to the data obtained for
particular metal ions in solution with PAm at pH 4.5.
The Langmuir isotherm fitted the test data very well
(R? values>0.98, Table 1). Tables 2 and 3 show the
detailed  statistical Langmuir and Freundlich
parameters for binding of single metal ions to PEI at
pH 4.5 (polymer concentration=1g/1 PEI). Figs. 4 and
5 exhibit the fits of the experimental data to the Fre-

Table 2

Statistical parameters for binding of single metal ions to
PEI at pH 4.5 (polymer concentration=1g/l PEI) using
Langmuir model

undlich isotherm. Although this model fits the data
intelligently well, the fit was not as good as the Lang-
muir model as can be seen in Tables 1-3 and graphi-
cally represented in Figs. 3 and 5. This issue discloses
that the Langmuir isotherm offers a better description
of the binding of metal ions to the polymer than the
Freundlich isotherm [31-36]. As can be seen in Table 1,
the Qmax asset value was found in the following
order:

Ce** > Pr’* > Sm’ > Gd’" > Dy*" > Ho*

These rates can be applicable when considering
the retention of the metal ions during the ultrafiltra-
tion process.

3.4. Study of mixtures of metal ions with PAm-ZTS
binding and filtration

Results from binding studies of single metal ion
solutions, (Figs. 6 and 7), have shown the ability of

Table 3

Statistical parameters for binding of single metal ions to
PEI at pH 4.5 (polymer concentration=1g/l PEI) using
Freundlich model

y=Ax+C Value Standard error
Ho(III) Intercept 0.01689 0.52143
Ho(III) Slope 0.01057 0.03253
Dy(III) Intercept 0.04219 0.52274
Dy(III) Slope 0.01194 0.03293
GddI) Intercept 0.04313 0.53856
Gd(II) Slope 0.02104 0.0347
Sm(III) Intercept 0.0464 0.61351
Sm(IID) Slope 0.03063 0.04071
Pr(IID) Intercept 0.03643 0.54514
Pr(IID) Slope 0.04302 0.05294
Ce(III) Intercept 0.01587 0.57221
Ce(IID) Slope 0.07426 0.0936

y=Ax+C Value Standard error
Dy (1) Intercept 1.55489 0.3638
Dy(III) Slope 0.54114 0.19695
Gd(IID Intercept 2.93255 0.37212
Gd(IIDn Slope 0.32755 0.15667
Sm(III) Intercept 2.64327 0.43545
Sm(III) Slope 0.94076 0.26161
Pr(III) Intercept 3.88438 0.65313
Pr(III) Slope 1.29011 0.48422
Ho(IID) Intercept 3.44668 0.35081
Ho(IID) Slope 0.32319 0.1517
Ce(III) Intercept 4.45295 0.3475
Ce(IID) Slope 0.44738 0.15544
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Fig. 4. Freundlich isotherm model fits to the experimental
data for binding of single metal ions to PEI at pH 4.5
(polymer concentration=1g/1 PEI).

0.3
0.2
L ®
2 “ A
o 01
]
] Il - A *
:a 0.0 - — 2 — =
7] * = [ ]
o . = Aoh *
E 0.1+ = 1 A .
2 = Dy{lll) A . L]
[ ® Gd(ill)
o -0.24 A Smillly
Pr(lll)
& Ho(lll)
-0.3 - Ce(lll)
T T T T b
-4 -2 0 2 4

Independent Variable

Fig. 5. Freundlich regular residuals for binding of single
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PED).

achieving maximum binding of metal ion to the
polymer using batch mode PEUF with PEI as a poly-
chelatogen. As an extension to the work carried out
on simple aqueous solutions of particular metal ions,
the competition effect of mixtures of metal ions in
batch mode, PEUF was investigated. Langmuir and
Freundlich isotherms were explored under competi-
tive environment of mixtures of metal ion solutions
with PAm [34].

Figs. 8-11 show the linear regression fits and their
statistical residuals of the Langmuir and Freundlich
isotherms to the data for mixtures of metal ions,
respectively. The fitted data are described by linear
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equations that are represented in Tables 4-6; following
trend for the Q... values was found:

Ce*" > Pr’" > Sm*" > Gd*" > Dy*" > Ho™

Matching the values in Tables 1 and 7, it can be
seen that the Qmay values for Ce*", Sm*", Gd**, and
Ho>" fall off substantially (by 50% or greater) under
competitive conditions, whereas the Qm.x values for
Pr’* and Dy’" remained very similar to the values for
the unique metal ion polymer solutions. This suggests
that Pr’*and Dy®* had unusual binding mechanisms
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or bind to different sites than the other metal ions and
so are not affected by the presence of these ions.
However, Ce*", Sm®*, Gd®*, and Ho>" all seem to be
competing for the same binding sites within the
polymer and are affected by the presence of other ions
[39,40].

The holding rates as a function of metal concentra-
tions under competitive conditions are shown in
Figs. 12 and 13. Fitting the data revealed that the
experimental parameters are set to give a second-
order polynomial fit as given by Table 8. As can be
seen, the correlation coefficients were changed
according to the fitting procedures as recorded by
their differences between Tables 7 and 8. The
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Fig. 11. Regular residuals of Freundlich isotherm model
for binding of mixtures of metal ions to PEI at pH 4.5
(polymer concentration=1g/1 PEI).

retention profiles for Pr°*and Dy’* were similar to
those obtained for the individual metal ion/polymer
solutions of these ions, showing no significant impact
of metals competition on the retention of these ions.
For the other metal ions, the highest retention was
observed at low metal concentrations, with a dramatic
drop in retention being contemplated as the concen-
tration of the metal ions increases [37,38].

4. Conclusion

In a strive to recognize the end-result of metal ion
competition on binding to PEI, PEUF experiments in
the presence of single metal ions and mixtures of metal
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Fitting parameters due to retention of single metal ions at pH 4.5 in the presence of 1g/1 PEI for different feed metal
concentrations using batch mode of PEUF

y=B1x*+Byx+C  Intercept B1 B2 Statistics

Value Standard error  Value Standard error  Value Standard error  Adj. R?
Sm(I1T) 90.1534 1.56306 —-1.00924 1.18E-01 —1.50E-04  0.00175 0.99114
Ho(II) 92.80551  1.48422 —-0.73262  9.97E—-02 —9.48E—-04  0.00137 0.99093
Dy(III) 89.65515  1.32041 0.197 8.82E—02 —0.0089 0.00118 0.98099
Gd(III) 82.40632  0.32253 —0.04651  0.02169 —8.33E—04 2.88E—-04 0.97625
Ce(I1II) 85.47862  0.37849 —0.01387  0.02555 —7.89E—-04 3.44E-04 0.93482
PrIII) 89.27786  0.41298 0.11448 0.02689 —0.00337 3.78E—-04 0.9694
Table 5

Statistical parameters of binding of mixtures of metal ions to PEI at pH 4.5 (polymer concentration=1g/1 PEI) using
Langmuir model

y=Ax+C Intercept Slope Statistics

Value Standard error Value Standard error Adj. R?
Ho(IID) 0.0756 0.00361 0.01001 3.41E-04 0.9908
Sm(IID) 0.06099 0.00654 0.02042 6.03E—04 0.99306
Gd (1) 0.15614 0.00449 0.02308 4.40E—04 0.99746
Pr(IID) 0.13582 0.01698 0.0479 0.00159 0.99016
Ce(IID 0.12952 0.00661 0.09246 0.00119 0.99868
Dy(III) 0.12007 0.02093 0.23398 0.00916 0.98787
Table 6

Statistical parameters of binding of mixtures of metal ions to PEI at pH 4.5 (polymer concentration=1g/1 PEI) using
Freundlich model

y=Ax+C Intercept Slope Statistics

Value Standard error Value Standard error Adj. R?
Dy(III) 0.1527 0.07874 0.44061 0.03077 0.97144
GddI) 1.6919 0.0252 0.1533 0.0105 0.96804
Ho(III) 2.75526 0.0119 0.14429 0.00491 0.99196
Sm(III) 3.57852 0.04563 0.41298 0.01991 0.98622
Ce(IID) 2.23421 0.03277 0.53593 0.01527 0.99434
Pr(III) 1.91344 0.01955 0.25875 0.00793 0.99439
Table 7

Values of the constants obtained by linear regression for mixtures of metal ions/polymer solutions for the Langmuir and
Freundlich isotherms

Langmuir parameters

Freundlich parameters

Exp.

Ce/PEI
Pr/PEI

Sm /PEI
Gd/PEI
Dy/PEI
Ho/PEI

Qmax (mg metal)/(gpg)

66.43
56.88
28.72
16.63
7.75
5.52

K, (mg/1)

15.73
3.56
3.52
0.29
0.36
5.44

RZ

0.994
0.993
0.983
0.986
0.998
0.775

n

0.6

0.46
0.36
0.11
0.13
0.61

KF (mglfn gfl 111)

5.7
12.4
3.9
7.35
6.26
0.45

RZ

0.979
0.935
0.944
0.886
0.862
0.909
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Fitting parameters due to retention of metal ions mixture at pH 4.5 in the presence of 1g/1 PEI for different feed metal

concentrations using batch mode of PEUF

y=B1x*+Byx  Intercept B1 B2 B3 Statistics
+C

Value Standard Value Standard Value Standard Value Standard Adj. R?

error error error error

Sm(III) 50.67148 3.38394 —4.31969 0.66828 0.12952  0.02914 —0.0012 342E-04  0.92268
Ho(III) 81.97096 1.1216 —2.45672 0.18863 0.02496  0.00823 —3.51E-05 9.78E—05  0.99587
Dy(III) 72.0655 1.33875 0.30366  0.21011 —0.04969 0.00885 5.25E—-04 1.03E—04  0.99548
PrIII) 80.46618 1.00846 —-0.13972 0.17292 —0.02988 0.00751 2.80E-04 876E—05 0.99746
Ce(II) 84.51311 0.96529 0.15867  0.15295 —0.02614 0.00636 2.36E-04 7.38E—-05 0.99383
GdI1) 91.00002 3.09935 —1.11611 0.59652 0.05336  0.02522 —8.50E—04 2.91E-04  0.96841

ions have been carried out. The results have been fitted
to the Langmuir and Freundlich isotherms. The Lang-
muir isotherm provided a better fit to the data obtained
than the Freundlich model for the R* values for the
Langmuir fit being bigger than the values for the Fre-
undlich fit. It was observed that the maximum amount
of metal ions bound to the polymer, Qmax, for Ce**, Sm®
* Gd>*, and Ho®" decreased substantially in solutions
containing mixtures of metal ions when compared to
the values obtained for single metal ion solutions. How-
ever, for Pr’* and Dy”*, no significant decrease was
seen. These data suggest that the binding sites of Pr’*
and Dy3+ remained constant in competition while Ce4+,
Sm>*, Gd**, and Ho>" show changes in both binding
capacity and equilibrium constant. The effectiveness of
the PEUF process is heavily dependent on the concen-

tration of competing metal ions, influencing both capac-
ity and selectivity of these systems.
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