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Abstract: Efficient separation technologies are crucial to the environment and world economy.
The challenge posed to scientists is how to engineer selectivity towards a targeted substrate, especially
from multicomponent solutions. Polymer-supported reagents have gained a lot of attention in
this context, as they eliminate a lot of inconveniences concerning widely used solvent extraction
techniques. Nevertheless, the choice of an appropriate ligand for immobilization may be derived
from the behavior of soluble compounds under solvent extraction conditions. Organophosphorus
compounds play a significant role in separation science and technology. The features they possess,
such as variable oxidation states, multivalence, asymmetry and metal-binding properties, highlight
their status as a unique and versatile class of compounds, capable of selective separations proceeding
through different mechanisms. This review provides a detailed survey of polymers containing
phosphoric, phosphonic and phosphinic acid functionalities in the side chain and covers main
advances in the preparation and application of these materials in separation science, including
the most relevant synthesis routes (Arbuzov, Perkow, Mannich, Kabachnik-Fields reactions, etc.),
as well as the main stages in the development of organophosphorus resins and the most important
achievements in the field.

Keywords: organophosphorus polymers; phosphorus-containing polymers; ion exchange resins;
chelating resins; separation processes

1. Introduction

Beside the ubiquitous role they serve in nature, phosphorus-containing compounds have found use
in numerous fields, especially chemistry and biochemistry [1]. The polymer chemistry of phosphorus
is based mostly on compounds possessing stable C-P bonds or ones that are inorganic acids—e.g.,
phosphonic (R-P(O)(OH),), phosphoric (R-O-P(O)(OH),) and phosphinic (R-P(H)(O)(OH)) acid or their
derivatives [2]. In comparison to other organic polymers, the number of those phosphorus-containing
species is relatively low. The first known synthetic one was polyphosphazene, known also as an
inorganic rubber, reported by Stokes in 1897. At the beginning, its technological potential was not
fully appreciated [3]. However, in the last few decades we could observe an increasing attention to
organophosphorus polymers, which is undoubtedly associated with their important role in science
and technology.

The main reason for the uniqueness of such polymers lies in their diversified properties, which can
be partially explained, i.a., by the ionization potential of phosphorus-containing acids [4,5]. Numerous
comprehensive works—review articles and books regarding organophosphorus polymers were
published over the years. Undoubtedly, one worth-mentioning is Phosphorus-Based Polymers—From
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Synthesis to Applications edited by Monge and David [5], as it covers the development and application
of phosphorus-containing polymers in diversified areas—i.a., the biomedical field, anticorrosion
compounds, flame retardancy, removal of metal ions from wastewater, etc.

As described in many reports, the presence of phosphorus in the polymer chain is advantageous—it
imparts better flame retardancy, improves dyability, provides higher antistatic properties, enhances
solubility, adhesion, etc. [3]. Moreover, it has been established that phosphorus-bearing compounds
are able to increase the solubility (hydrophilicity), adhesion, biocompatibility and biodegradability of
materials [5].

Among many possible applications, phosphorus-containing resins employed in separation
processes deserve particular attention. Several important stages may be distinguished considering
the progress in this area—e.g., the expansion of experiments concerning incorporation of
phosphorus-containing functional groups, the requirement for actinides and lanthanides (nuclear
energy, production of electronic devices, etc.), the development of bifunctional resins (one phosphorous
containing groups and an additional one causing synergistic effects, adjusting the resin’s hydrophilicity
or the distance between the functional groups, etc.).

This article provides an overview of polymers containing phosphoric, phosphonic and phosphinic
functional groups in the side chain, collecting the most relevant synthesis routes and properties which
enable these three groups of materials to be applied in separation processes. The pioneer works in the
field have been highlighted and shortly discussed. Moreover, brief historical background—the main
stages in the development of the organophosphorus resins have been presented.

2. Uniqueness of Phosphorus-Containing Compounds

Phosphorus may form many types of compounds: trivalent (lone pair present, pyramidal),
tetravalent (hybridization sp?, tetrahedral), pentavalent (hybridization sp®d, trigonal bipyramidal)
and hexavalent (hybridization sp®d?, octahedral). The 3s—3d promotion energy is low enough for
the vacant d-orbitals to participate in chemical bonding, whereas in the case of nitrogen, the 2s—3d
promotion energy is too large for effective d bonding. The high energy d-orbitals contribute to reduced
electronegativity and greater polarizability of phosphorus when compared to other elements, such as
N. Phosphorus compounds react mostly by a pair mechanism—due to the nucleophilic reactivity of the
lone pair electrons (trivalent compounds) or phosphorus electrophilicity (pentavalent derivatives) [3].

The atomic orbitals of phosphorus atoms overlap with those having sufficient electron density.
Different types of bonding may be formed—o-bonding as well as multiple n-bonding, e.g., p=(P)-p~(X),
-d(P)-pr(X), -dr(P)-dx(X) where X stands commonly for carbon, nitrogen or oxygen. However,
polymers containing P-O-C, P-O-P, P-N linkages are rather hydrolytically unstable, contrary to those
possessing P-C linkages [3]. The stability of a given bond is guaranteed by the bond strength and is
dependent on the atmosphere to which it is subjected. High bond strength does not guarantee high
stability of the compounds.

For example, based on a given values of bond energies (Table 1), polymers possessing P-C, P-O and
P-N linkages in main chain are expected to be thermostable. It is also worth to notice that P-O bond is
stronger that N-O or C-O bonds. The P-O, P-C or P-N linkages are generally stronger than in the cases
where phosphorus is replaced with nitrogen. Moreover, P-S linkages reduce hydrolytic and thermal
stability of the compound when compared to P-O [3].

Among many possible applications, phosphorus-containing resins employed in separation
processes deserve exceptional attention. The main reason for their uniqueness lies in their diversified
properties, which can be partially explained by the ionization potential of phosphorus-containing
acids, which lies between that of sulfonic and carboxylic acids as a result of their intermediate
pKa values [4-6]. Phosphoric acid (H3POy) has three ionization equilibria, as follows: H3PO4 —
H* + HPO4~ (pKag = 2.16), HPO,~ — H* + HPO,?~ (pKay = 7.21) and HPO4>™ — H* + PO,3~
(pKas = 12.32), phosphonic acid has two (pKa; = 1.3, pKay = 6.70) and phosphinic acid one (pKa = 1.2),
whereas e.g., sulphonic acid is dissociated in whole pH range, acetic acid is dissociated above pKa = 4.7.
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This feature provides unique properties of phosphorus compounds in separation processes—above
their pKa, they are able to bind metals through ion-exchange, below it —through a complexation
mechanism. Thus, they are more selective than the strongly acidic polymers and can be used over a
wider pH range [7]. They are proved to be highly selective toward so-called hard Lewis acid cations in
the hard and soft acid and base (HSAB) theory, especially lanthanides, U(VI), Ti(IV) and Fe(III) [6].

Table 1. Bond energies of chosen phosphorus-containing linkages [3].

Bond Bond Energy [k]/mol]
P-H 322
P-pP 209
P-C 272
P-O 360
P=0 586
P-N 230
P=C 578
pP=P 490
P=N 687
P-Cl 321
P-F 527
P-1 184
P-Br 264

Moreover, phosphorus-based ligands are well suited for reactive ion exchange [7]. This term
was first coined by Janauer [8], who explained that chemical reactions such as oxidation, reduction,
formation of sparingly soluble compounds, neutralization, ion complexing and chelation reactions
may be employed to “drive” ion exchange processes in the desired direction.

Furthermore, one of the most important features of organophosphorus compounds is the presence
of the phosphoryl group in their structure. This group exhibits many advantages, among which of
great importance remain its ease of formation, thermal stability and resistance to chemical modification.
The stability of P=O group is derived from a form of multiple bonding, which can be improved in
the presence of strongly electronegative groups on phosphorus. The phosphoryl group is present in a
range of very stable acidic structures (e.g., described herein as phosphonic (R-P(O)(OH),), phosphoric
(R-O-P(O)(OH);) and phosphinic (R-P(H)(O)(OH)) acids). As has been proven in many literature
reports, structures with such functionalities play a significant role in organophosphorus chemistry.
This topic has been widely studied and described in literature [2,5].

3. Resins Preparation

Organophosphorus polymers may be divided into three groups: polymers possessing phosphorus:
(i) only in the main chain, (ii) in side chains only, (iii) cyclic structures within the main chain [3].
There are several strategies to introduce phosphorous-containing moieties into the polymeric backbone
and they consist of direct polymerization of monomers with such groups (Scheme 1) or chemical
modification of allyl and vinyl monomers [9].

o o

(T
HO\P/O HO P’O
Ho © Ho ©

~

Scheme 1. Synthesis of a phosphoric acid polymer by direct polymerization of functionalized monomer
based on the example of 2-methacryoyloxyethyl phosphate.
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Concerning synthesis methods, which are common for groups described herein, free radical
polymerization and photopolymerization have been the most studied, but there are also reports of
controlled radical polymerization: atom transfer radical polymerization (ATRP) [10-18] (Scheme 2) or
reversible addition fragmentation transfer (RAFT) processes [6,19-24] (Scheme 3). Living polymerization
techniques allow one to obtain well-defined polymers with tunable structures, compositions, and
properties [5]. What is interesting, phosphorus-bearing compounds can also play an important role as
intermediates (chain transfer agents) for RAFT polymerization. Uchiyama et al. [25] used phosphoric
and phosphinic acid derivatives in the synthesis of polymers with controlled molecular weights and
obtained materials with My, up to ~1 x 10° and narrow molecular weight distributions (My,/Mp~1.1).

kact Y+1
RX + MYL o R- + XM L
K geact
—\ 1 1 0OH k 10
d . 7 p . R\ 77
R' + HO IR ibd R/\/R\P\ - R 1 /P\
~PJ e R” Ho ©H
é/ OH HO :\R1 HO_ .
n HO-p Ho ©
C/)/ ~OH
K act ﬂ K geact K act ﬂ K geact
1 OH R O
R RM\( “P
R P nl T OH
/\ero © Ho R XHO
Ho ©

Scheme 2. Schematic representation of Atom Transfer Radical Polymerization (ATRP) (X—halide:
Br or Cl, M—transition metal, L—complexing ligand, Y—oxidation state, kact—activation rate constant,
Kgeact—deactivation rate constant, k, —propagation rate constant) based on the example of phosphonic

acid monomer.
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R
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Scheme 3. Schematic representation of a reversible addition fragmentation transfer (RAFT) process
based on the example of methacryloyloxymethyl phosphonate using dithioester chain transfer agent
(Z—a group that modifies addition and fragmentation rates, R—a good homolytic leaving group and a
good initiating species).

Polymer-supported reagents can be successfully applied in metal separation, however it requires
a fundamental understanding of metal-ligand interactions, the role of polymer in the whole process
and the importance of the synthesis method [26]. The effectiveness of the polymer-supported resins,
regardless of the type of ligand, strongly depends on parameters such as matrix rigidity determined by
the crosslinking degree as well as the type of crosslinking agent, morphology and particle size [4,27].
Matrix porosity is also a factor of great importance, as it determines accessibility into the polymer
matrix and capacity of the ligand [4]. Jyo et al. further proved the importance of crosslinking agent
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on resin selectivity towards different metal ions [28]. It is worth emphasizing here that synthetic
polymers are not the only possibility. Modified natural polymers are often chosen as a matrix,
mostly for ecological reasons. Adsorption of metal ions on cellulose phosphate has been studied for
decades [29-34]. Phosphorylated cellulose was successfully applied in the rapid removal process
of divalent and trivalent ions, such as Cu?*, Zn%*, Co%*, Ni%*, Pb?*, Mn?*, Fe2*, Fe3*, Cr3* and
lanthanides [5]. Modification of natural polymers was an extensively studied approach for the
preparation of phosphorus-containing resins (e.g., cellulose, chitin and chitosan). An exemplary
phosphorylation process is shown in the Scheme 4.

HO

p-OH
OH (NH),CO © O“o
OHO Oa/ + H3POy DME OH OJ + H,O
OH OH

Scheme 4. Schematic representation of cellulose phosphorylation [5].

Although modified cotton fabrics exhibit ion exchange properties similar to those of the ion
exchange resins, most of them were made primarily for other purposes, e.g., flame retardancy [32].
Cation exchange cottons can be prepared by the method of Ford and Hall [35] by curing cotton with
a mixture of phosphoric acid and urea [32], but since 1949 various phosphorylating agents were
studied for this purpose, i.e., mono- and dibasic ammonium phosphates, alkali metal phosphates
and phosphonates [5], phosphorus oxychloride and sodium hydroxide [33] as well as pyridine [34].
Comparison between cation exchange capacities for different ion exchange resins and modified cotton
fabrics have been provided elsewhere [32].

Chemical modification of chitin and chitosan with phosphonic acid or phosphonate groups
influence their chelating properties and solubility, respectively [5]. Methods for their preparation have
been described in the work of Jauakumar et al. [36] and include i.a., heating chitin or chitosan with
orthophosphoric acid and urea in DME, the reaction of chitin or chitosan with phosphorous pentoxide
in methanesulphonic acid, modification by mixing chitin or chitosan with sodium pyrophosphate
or by grafting mono(2-methacryloyl oxyethyl) phosphate onto chitosan. Depending on the type of
modification, the obtained materials have potential to be applied not only as adsorbents, but also in
drug delivery, biomedical field, food processing and tissue engineering [36].

In the following parts of this work (Sections 3.1-3.3) methods for exclusively obtaining polymer-
supported phosphoric, phosphonic and phosphinic acids via modification of monomers or polymers
resulting in introduction of the desired group into polymers will be described.

3.1. Phosphoric Acid Polymers

Polymer-supported phosphoric acids can be prepared by the phosphorylation of polymers (e.g.,
poly(vinyl alcohol), poly(2-hydroxyethyl methacrylate), poly(vinyl chloride)) with either phosphoric
acid or phosphoryl chloride [4] (Scheme 5) or, as mentioned in the previous section of this work,
by direct polymerization of the phosphoric acid monomer [4,37] (Scheme 1).

Among the polymers mentioned earlier, crosslinked poly(glycidyl methacrylate) is of particular
interest, since its functionalization can be easily performed by heating in phosphoric acid (Scheme 6).
It was characterized and successfully applied for metal ions uptake [38-40]. Such resin can also
be prepared using phosphoryl chloride, but this type of modification results in much worse cation
exchange capacity, mainly because of the occurrence of inter- or intrapolymer bridging via phosphoryl
acid groups during phosphorylation [40].
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Scheme 5. Phosphorylation with phosphoryl chloride based on the example of poly(2-hydroxyethyl
methacrylate).

o

OH
H4PO, | O/Y\O\P'\

Scheme 6. Preparation of phosphoric acid resin from poly(glycidyl methacrylate-co-divinylbenzene) [40].

Phosphoric acid functionalities can also be attached to the polymer matrix via the Perkow reaction.
In this type of synthesis, a trialkyl phosphite reacts with haloketone to form a dialkyl vinyl phosphate
and an alkyl halide (Scheme 7). As the same reagents are able to form (-ketophosphonate in the
Arbuzov reaction (described specifically in the next chapter) [41], the Perkow reaction is then considered
as side-reaction.

o)
2 RE ,\i:”O‘RZ
e} R O bo)
R, o > R +  RCI
R , PO, N
Cl RS0 R 1
R

Scheme 7. Schematic representation of Perkow reaction.

Klee and Lehmann [42] synthesized novel monomers with phosphoric acid moieties via
Baylis-Hillman reaction of ethyl acrylate and formaldehyde and subsequent etherification of the
obtained product with diols followed by phosphorylation using POCl3 (Scheme 8). Methods for
improving hydrolytic stability of monomers were described in literature, e.g., the presence of ether
bond [6,43-46].
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Scheme 8. Schematic representation of a three-step synthesis resulting in monomers with phosphoric
acid moieties [42].

3.2. Phosphonic Acid Polymers

The most extensively studied group in recent years are phosphonate methacrylic acid derivatives,
due to their high reactivity in radical copolymerization, contrary to allylic and vinylic derivatives,
which, according to the literature [47,48], usually show low reactivity resulting in low molecular weight
oligomers. It is also worth mentioning that only a limited number of phosphoric esters have been
reported in literature, since their hydrolysis is easier in comparison with phosphonate derivatives [5].

There are many reports of introducing phosphonic acid moieties, but most of them consider two
strategies: chemical modification of the monomers or the polymer side-chains. Organophosphorus
polymers based on P-C linkages are generally more difficult to prepare than those with, e.g., P-O or
P-N linkages [3].

Polymer-supported phosphonic acids can be prepared by the functionalization with PCl3/AlCl3
(Friedel-Crafts reaction) followed by hydrolysis and nitric acid oxidation (Scheme 9). The radical
copolymerization of phosphonate-containing styrenic monomers leads to high molecular weight
polymers [4].

o-Pi HO—(IF;—OH

Scheme 9. Synthesis of phosphonic acid polymers via Friedel-Crafts reaction based on the example of

polystyrene-employing reaction.

Another possibility is immobilizing phosphonic acid ligands via the Arbuzov reaction (also
known as Michaelis-Arbuzov rearrangement, Arbuzov rearrangement or Arbuzov transformation),
which involves the reaction of an ester of trivalent phosphorus with alkyl halides resulting in the
formation of carbon-phosphorus bond according to the following formula (Scheme 10) [49,50]:

/R lR

o 1 T o 5

P-0 * R™Ha — R _P? *+ R—Hal
R-0 R " Rr

Scheme 10. Synthesis of phosphonic acid compounds via Arbuzov reaction (R—alkyl, aryl etc.,
R’—alkyl, acyl etc., Hal—Cl, Br, I) [50].

This reaction originally discovered by Michaelis in 1898, then explored by Arbuzov, is one of
the most versatile pathways for the formation of C-P bonds [50]. The Arbuzov reaction is commonly
used for vinylbenzyl chloride-containing polymers. For example, Trochimczuk and Alexandratos [51]
introduced phosphonic acid moieties into vinylbenzyl chloride/styrene copolymers. An Arbuzov
reaction was followed by sulfonation resulting in bifunctional ion-exchange resins. The Arbuzov
reaction was also used by Yu and co-workers [52] in the preparation of vinylbenzyl phosphonate



Molecules 2020, 25, 4236 8 of 23

diethyl ester (VBP) from vinylbenzyl chloride (VBC). Although this type of reaction was reported
earlier [53,54], they found out that presented methods are not easily performable due to several issues,
the most problematic of which is that required temperature condition (150 °C) leads to the VBC
polymerization almost instantaneously. In fact, addition of some common nitrophenol inhibitors to
the reaction mixture at lower temperature (ca. 100 °C) helps impede the spontaneous polymerization,
but these compounds seem to degrade continuously and, additionally, cannot be easily removed from
the final product. Yu et al. proposed a very effective inhibitor for the conversion of VBC to VBP:
6-tert-butyl-2,4-dimethylphenol. The obtained vinylbenzyl phosphonate diethyl ester can be easily
polymerized by radical polymerization leading to colorless, transparent polymers [52].

A few years ago, an interesting, alternative method for phosphonate preparation from alcohols
using triethyl phosphite and zinc iodide was proposed by Barney et al. [55] (Scheme 11). This method
might be used for polymer modification as an alternative to the Arbuzov reaction.

EtO 0
OH P’
P(OEt)3, Znl, OEt
—
toluene

Scheme 11. Schematic representation of phosphonate preparation from alcohols proposed by Barney
et al. [55].

Phosphonic acid moieties can also be incorporated into polymer backbones via the
Michaelis—Becker reaction (Scheme 12), which is known to have several advantages over the
conventional Arbuzov methodology. First of all, the Michaelis—Becker reaction proceeds rapidly
at room temperature or below, providing high yields of products, which is very important in the
case of vinyl reactants, because it prevents premature thermal polymerization. Furthermore, higher
dialkyl-p-vinylbenzyl phosphonates, easily attainable by the Michaelis-Becker procedure, are difficult
to obtain via the Arbuzov reaction [56].

H. O tbase g' O

P — Py

o ° Lr'x O
R R

Scheme 12. Synthesis of phosphonic acid compounds via Michaelis-Becker reaction.

There are however few reports describing the usage of Michealis-Becker reaction in polymer
science. Rajalakshmi et al. [57] incorporated Michaelis-Becker reaction into a two-step synthesis
of dimethyl and diethyl 2-(methacryloyloxyethyl) phosphonates from 2-hydroxyethyl methacrylate
(HEMA). Meziane et al. [58] proposed an efficient and rapid method for the synthesis of phosphonates
or diphosphonates from various alkyl halides, based on the development of the Michaelis—Becker
reaction under microwave irradiation. This approach led to better yields and shorter reaction time
in comparison with classical heating technology. Moreover, less reactive fatty halides or secondary
halides substrates may be used herein. The presented methodology was then successfully applied into
the modification of polymer resin. Souzy et al. [59] synthesized a new perfluorovinyl ether monomer
containing phosphonic acid functionalities using various phosphonation methods: Michaelis—Arbuzov,
Michaelis—Becker organometallic techniques and palladium-catalysed arylation. It has been found that
the type of synthetic route influences the yield and the best results were obtained when the reaction
was catalyzed by a palladium complex. The use of palladium complexes as catalysts in the preparation
of aryl- and vinyl phosphonates was first reported by Hirao et al. in the early 80s [60-62]. This method
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enables sp? hybridized C-P bond formation (Scheme 13). Further modifications based on this approach,
e.g., changes of catalyst, have been summarized in [60].

R

e

R ¢ PAPPha)s A _ar
0—P=0 + AX —= R P + EtgN-HX
' EtsN O—R

H

Scheme 13. Cross-coupling reaction using palladium complex as a catalyst based on the example of
aryl halide (X—Br, I) [62].

Alexandratos et al. incorporated phosphonic acid functionalities via the Mannich reaction
(Scheme 14) [63]. The Mannich reaction is a very useful tool since it leads to the creation of a new C-C
bond under mild conditions without complicated catalysts. However, when proper substrates are used,
it can lead to creation of C-heteroatom bonds for incorporation of phosphorus-containing functionalities.
This approach led to obtaining bifunctional polymer-supported aminomethyl-phosphonates whose
Cd(II) complexating ability (98% Cd(Il) and distribution coefficient of 2300) far exceed those of the
monofunctional resins (ethylenediamine resin: 26% Cd(Il), distribution coefficient of 26; phosphonic
acid resin 49% Cd(II), distribution coefficient of 48). Some of the Mannich-type reactions are
known by new names, e.g., the Kabachnik-Fields reaction (coupling of a carbonyl, an amine and a
H-phosphonate compound resulting in obtaining x-aminophosphonates) [64] and the Moedritzer-Irani
reaction (coupling of an amine, a formaldehyde and a phosphonic acid or its diesters resulting
in N,N-disubstituted aminomethylphosphonic acids or N-substituted iminobis(methyl-phosphonic
acids) [65].

0

HCHO >

NH/\/NH‘/\NHz iy N/\/N\/\NH’\,P\
H3PO3 | Ho ©OH

Scheme 14. Mannich reaction based on the example of diethylenetriamine resin [63].

Chemical modification as a synthesis method for the preparation of chelating resins containing
aminothiophoshponate functional groups was presented by Trochimczuk and Streat [66]. Such resins
were able to separate trace levels of Cd(II) and Ni(Il) in aqueous solutions. Synthesis routes were

presented in Scheme 15.
E_QCHZ o —= E—QCHZNHRNHZ
¢ 2
2—©70H2 NHRNHP(S)(OEt),

11,2

E_Q,CHZ o —2» CH, CH(COOEY),

CN 1 C(O)NHRNH; 2 C(O)NHRNHP(S)(OEY),
— —
C(O)OEt C(O)NHRNH, C(O)NHRNHP(S)(OEt),
Scheme 15. Schemes of aminothiophosphonate resins synthesis: 1—amine, 2—diethyl

thiophosphonochloridate, 3—sodium diethyl malonate [66].
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It has been proven that aminothiophosphonate resin was highly selective toward Cd(II), while Ni(II)
sorption was negligible. Moreover, the mechanism of metal adsorption was validated by comparison
with a commercial resin—Purolite S950—containing aminomethylphosphonate ligands, and it was
found to be predominantly coordination rather than ion exchange, whereas Purolite S950 interacts
with metals by both of the mechanisms.

Polymer-supported phosphonic acids can be also prepared by the Pudovik reaction (Scheme 16).
The Pudovik reaction involves the addition of compounds containing a labile P-H bond with unsaturated
systems such as alkenes, carbonyls etc. and is one of the most versatile pathways for the formation of
carbon-phosphorus bonds [9,67]. This approach has been used by Z. El Asri et al. in the preparation of
phosphonated methacrylate - dimethyl(methacryloyloxy)-methyl phosphonate [9].

R R1
O 0.1 HOX 0.2
J 1+ RTPGR — o R
R” R o

Scheme 16. Schematic representation of Pudovik reaction (R, RI—H, alkyl, aryl, Rz—alkyl, aryl) [67].

A polymer of great interest is poly(vinylphosphonic acid) (PVPA). There are a number of strategies
for the preparation of its monomer—vinylphosphonic acid (VPA)—and some derivatives, described
by Kabachnik and Medved [68]. One of the possible synthesis methods involves low cost precursors,
such as phosphorus trichloride. The reaction is based on the nucleophilic addition of phosphorus
trichloride followed by reaction with acetic acid and subsequent dehydrochlorination (Scheme 17) [69].

cl Clpl_/ 2HOAc  (Ho),0P HO OP—/(
>:o .+ P-Cl —» \_<R = (HOn %R — (O "
R cl’ o) (HCh Cl

Scheme 17. Synthesis of VPA monomer (1). R = H, alkyl group of 1-6 carbon atoms.

Another approach involves a 5-step reaction route presented in Scheme 18. In this method,
phosphorus trichloride reacts with ethylene oxide resulting in tris(2-chloroethyl) phosphite,
which is then rearranged to give bis(2-chloroethyl)-2-chloroethylphosphonate. The next step
is the reaction of the bis(2-chloroethyl)-2-chloroethylphosphonate with thionyl chloride in the
presence of triphenyl phosphine oxide acting as catalyst, to give 2-chloroethyl-phosphonic dichloride.
Then 2-chloroethylphosphonic dichloride can be converted to vinylphosphonic acid by eliminating
HCl in the presence of BaCl, and the hydrolysis of the formed vinylphosphonic dichloride. However,
this method requires a correspondingly high technical expenditure and the use of thionyl chloride
which represents a risk involving step [69]. Syntheses of vinylphosphonic acid monomer, polymer and
their derivatives have been described and summarized in [69].

o CHyCH,Cl
\P—Cl + 3 I>O —» P(OCH,CH5Cl)3 — _P.
of 07" (OCH,CH,Cl),
lsom2
\ 2H,0 \ T -Hcl CH,CH,CI
P=0 - P=0  <— o—p—|
I - 2HCl | =F
OH Cl &

Scheme 18. Synthesis of VPA monomer (2).
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3.3. Phosphinic Acid Polymers

Polymer-supported phosphinic acids have been studied i.a., by Alexandratos et al. [70]. Among the
methods mentioned earlier, such resins can be prepared using Friedel-Crafts catalysts with PCls
(Scheme 19). As reported by Alexandratos and co-workers, the order of catalyst activity is AlCls
> FeClz > ZnCl; > SnCly, and, what is worth to mention, ferric chloride catalysis also operates
by an additional redox mechanism which yields a phosphonic acid resin. Prepared resins exhibit
dual-mechanism of ion exchange and metal-ion reduction [71].

PCI5/AICI; 9
— ﬁ’—H
H,O OH

Scheme 19. Polystyrene modification using phosphorus chloride and Friedel-Crafts catalyst.

As reported by Trochimczuk, phenylphosphinic acid polymers obtained using Friedel-Crafts
catalyst (Scheme 18) may also be employed as matrixes for the preparation of the multidentate ligand
resins obtained through Michael reaction (Scheme 20). Three compounds were used as electrophiles:
ethyloxalylchloride (n and m = 0), ethylbromopyruvate (n = 1, m = 0) and 4-chloroacetoacetate (1
and m = 1). Such resins were able to selectively remove Au(Ill) in the presence of other metal chloro
complexes [72].

OH
IOH IPngtN OTMS electrophile ' 0
P—H T In

N (CHySICI “orvis H o O OR

Scheme 20. Synthesis route of the phenylphosphinic acid resin [72].

4. Organophosphorus Polymers in Separation Science

4.1. Solvent Extraction and Organophosphorus Polymers in Separation Processes

The crucial issue to the success of metal separation is the choice of the ligand. Organophosphorus
compounds have been widely used as complexating agents in solvent extraction due to their high
distribution coefficients and high selectivity in addition to their low price. Such complexants
demonstrate a high level of selectivity towards transition metals, lanthanides and actinides [4].

Solvent extraction consists of the removal of a targeted substance (one or more) from an aqueous
phase to a so-called extractant forming a liquid organic phase. The extractant is composed of a
complexant or extracting agent with or without solvent (diluent). The complexant should exhibit
low solubility in the aqueous phase, chemical stability and must not form complexes with other
compounds present in the aqueous phase (especially those more stable than targeted metal/ligand
complexes). Furthermore, complexant is expected to be easily stripped of the loaded metals and
relatively inexpensive [4,73]. The main advantages of solvent extraction include high throughput
and available variety of complexants that have already been developed and tailored for numerous
applications [4]. It also offers advantages of fast kinetics, high capacities, and selectivity towards
target metal ions [74]. Taking disadvantages into account, one of the minor ones is the fact that the
complexant may vanish through dissolution and lead to i.a., an entrainment by third layer formation
as a result of incomplete phase separation [4]. Moreover, the finite aqueous solubility of the extractants,
solvents and modifiers leads to the increase of the procedure costs, not to mention the possibility of
water contamination with potentially toxic organics. Solvent extraction is not recommended for dilute
solutions, as large volumes of extractant are needed [74].
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In view of the aforementioned drawbacks of solvent extraction, it may thus be foreseen that
combining phosphorus-containing ligands with crosslinked polymers—insoluble and easily separable
from aqueous phase—is highly advantageous [4]. Ion exchange polymers operate on the same
principles as solvent extraction [74]. Such solution eliminates extractant loss since it is covalently
bonded to the polymer matrix. Furthermore, it is economical and environmentally friendly [4].
The resin may be regenerated and used many times and can be also used in continuous processes [74].

4.2. Developments in Organophosphorus Resins

Several stages may be distinguished when it comes to the development of phosphorus-containing
resins. Undoubtedly the current market situation and historical events have a strong impact. To date,
both economical and ecological reasons play significant roles in the recovery of metals. One of the
problems encountered in the removal of metal ions is that the species of interest usually occurs in very
low concentrations and exists in a complex matrix [74]. It is highly probable that benign ions present
in this mixture (e.g., calcium, sodium etc.) will saturate the extractant before the target ion is effectively
removed [74]. Thus, considerable efforts were made over the past decades for the preparation of more
selective resins, especially since ion exchange was only one of the possible applications among e.g.,
ion-chromatography or catalysis [72].

Development of phosphonate ion-exchangers began in late 1940s, with phosphorylation of
poly(vinyl alcohol) [75,76]. In 1952, Bregman et al. [77] reported the first known phosphorous and
phosphonic cation exchange resins which show selectivity for sodium over potassium. The inversion
of the order of selectivity for the alkali cations as compared to sulfonic resins was therein observed.
Ion exchange resins with sulfonic ligands were exhaustively studied. However, based on the enthalpy
of reaction of the sulfonic resins with alkali metal ions, Boyd et al. [78] reported in 1967 that the
ion-exchange reaction alone does not have a wide enough range in the free energy of reaction to allow
selectivity [79]. On the other hand, the carboxylic acid ligands, despite being more selective, require
relatively high pH solutions to be effective [26], what is related with their pKa value (as stated in
Section 2). The need for the polymers that are selective towards particular compounds was, and still is,
one of the main challenges in the separation science field.

One of the major driving forces in the development of phosphorus-containing resins was the
need to recover actinides and rare earth elements (REE). Several dozens of years of nuclear weapon
and energy production has led to a significant amount of radioactive waste [80]. As described
by Allard et al. [81], the production of actinides in the times of nuclear fission energy, as well
as the nuclear fuel cycle, weapons testing, the use of radionuclide batteries etc. dramatically
increased the risk of releasing actinides into the environment. The presence of those elements in
ecosystems presents a major health hazard. Thus, it was necessary to develop technologies enabling
an effective separation of radioactive elements. Moreover, global warming observed in recent years in
combination with burning of hydrocarbon-based fuels has placed renewed emphasis on alternative
sources of energy. The essential solution to public and political acceptance of nuclear energy lies in
the implementation of efficient separations throughout the nuclear fuel cycle [82,83]. A thorough
review on the methods for uranium removal has been provided by Aly and Hamza [84]. Solvent
extraction is the most commonly used process-scale separation technique for nuclear applications and
phosphorus-containing extractants such as tributylphosphate (TBP) are favorably used [85]. TBP has
been used in the separation of uranium, thorium and plutonium since the Manhattan Project in World
War II. However, such systems are deployed in highly radioactive environments, and the radiation
chemistry as well as hydrolytic stability of the ligands play a significant role in determining extraction
efficiency, separation factors etc. [86]. Along the years, many phosphorus-containing resins were
examined for uranium recovery from different media, e.g., Diphonix®, RSPO, Diaion-CRPP200, Purolite
5940, Lewatit OC1060, Actinide-CU [86-90]. Synthetic polymers have attracted the most interest for
the recovery of uranium from seawater [91]. The review on this topic was provided by Kim et al. [91].
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REEs refers to fifteen metallic elements of the lanthanide series, coupled with the chemically
similar yttrium, and, occasionally, scandium [92]. REE are rather abundant in the earth’s crust in
comparison to other commonly exploited elements, but are not sufficiently concentrated to be easily
exploitable. They are very difficult to separate mostly due to the similarity in their ionic radii. However,
they possess unique properties, what expands their application in many fields, especially high-tech
components, green technologies, material industries of high-temperature superconductors, secondary
batteries, hybrid cars and many others [93].

In the 1950s, South Africa, India and Brazil had rare earth mines in operation. During the 1960s
to 1980s, the Mountain Pass in California became the largest global producer and that lasted till its
closure in 2002. In 1990s China began large scale production and currently is the largest worldwide
producer of rare earth elements, accounting for ~97% of the total world supply [93,94]. However,
the Chinese government has drastically limited the export of rare earths up to 35,000 tons, much below
the yearly demand of other countries. Before 1960, the ion exchange method was the only way to
separate rare earth metals [93]. Separation of rare earth metals employing ion exchange processes was
originally initiated to separate fission products obtained from nuclear reactors. In 1964, Powell wrote
that the development of ion-exchange processes for the separation of REE was prompted by a need:
(1) to separate small amounts of REE from each other for mixtures analyses, and (2) to separate huge
amounts of highly purified REEs for research and technology purposes [95]. In 1987, Alexandratos et.
al. confirmed that phosphinic resin complexes more lanthanides and actinides(Eu(Ill), Am(III), UO,(II)
and Pu(IV)) than the sulfonic resin from acidic solutions [26]. Nowadays, the recovery of REE from
various resources is one of the most important topics when it comes to phosphorus-based resins.

An interesting group of resins that combines the inherent advantages of both liquid/liquid
extraction and ion exchange separation are solvent-impregnated resins (SIRs) [96]. The term
“impregnation” was originally introduced to the ion-exchange literature by Lederer in 1958 [97].
Relatively simple and versatile synthesis of SIRs led to obtaining of a whole range of materials tailored
to particular ions and presents an opportunity to use various combinations of polymeric supports and
ionic liquid extractants to achieve that [96]. The employed extractants can exhibit strong affinity for
the polymeric matrix but still act as if in the liquid phase [98]. The main advantages of SIR technology
are the higher adsorption capacity and easier regeneration when compared to classical adsorbents for
organics removal as well as flexibility with respect to applications and the fact that the right complexing
agents in the precise amount are easily introduced during the impregnation process. The biggest
disadvantage of SIRs is the loss of the impregnated extractant due to its solubility in the aqueous
phase that leads to a steady loss of adsorptive capacity, rendering the SIRs ineffective after several
cycles of application. As the leakage is likely to contain toxic and odorous compounds, this problem
cannot be discounted from an environmental point of view and is probably the main reason why SIR
technology has not evolved into large-scale application [96]. Detailed information about SAPs has been
provided in the review prepared by Kabay and co-workers [96]. The preparation methods and physical
properties of SIRs containing acidic organophosphorus extractants were reviewed by Juang [98].

In the 1980s, among many types of ion-exchangers possessing acidic ligands, those possessing at
least two types of functional groups gained particular attention [72]. Two or more functional groups
can cooperate with each other in the process of metal ions separation. First, this property was used
in liquid-liquid extraction. However, placing two or more different functional groups on a polymer
matrix is a good way to solve problems with their proximity—as explained by Trochimczuk, all factors
reducing mobility and increasing the distance between functional groups have adverse effect on
ion removal [72]. Many works describing synergistic properties of different functional groups were
published over the years [72]—e.g., resins with phosphonic and amino groups [99], phosphinic [70],
phosphonic and sulfonic [51], phosphonic and various carboxylic groups [100]. For instance, in highly
acidic conditions or in the presence of excess of sodium ions, sulphonic groups contributed only to
hydrophilicity of the resin, thus increasing transport of ions, whereas phosphonic ones were responsible
for the resins’ selectivity [51]. The presence of bulk ions, such as sodium or calcium, is one of the major
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problems in the removal of trace metals. Exemplary structures of bifunctional resins are presented in
Figure 1.

(COONa),
' * " (CH,COONa),
O O I i (COONa),
so,H O HO, . NaO,
P P NRj3 Cl P
HO OH O oNa

Figure 1. From the left: resin with phosphonic and sulfonic functional groups [51], phosphonic and
amino groups [99], phosphonic and various carboxylic groups [100].

Several classes of Dual Mechanism Bifunctional Polymers (DMBPs) may be distinguished [26]:

e  class [—ion exchange/redox resins, e.g., phosphinic acid resin is capable of ion exchange with any
metal ion, but also of reducing the limited number of ions such as Hg (II), Ag (I), Cu (II), Pd(I) to
free metal, thus oxidizing the ligand to phosphonic acid;

e class II—on exchange/coordination resins; DMBPs composed of phosphonic acid (access
mechanism) and coordinating ligand (amine, ester—recognition mechanism), e.g., phosphonate
diester/monoester resin, where a synergistic enhancement in the amount of complexed Ag(I) in
comparison to corresponding monofunctional resin was observed;

e class Ill—ion exchange/precipitation resins; e.g., resin composed of phosphonic acid ligands and
quaternary ammonium ligand. The former ligand allows ions into the polymer network, the latter
carrying an associated anion leads to the formation of insoluble salt when a given cation comes
into close proximity. Process occurs rapidly and the precipitate is retained within polymer bead.

Such systems have been widely studied by Alexandratos et al. [6)]. DMBPs classes and its
sorption capacity towards different ions have been summarized in [4]. Among DMBPs, Alexandratos
and co-workers have extensively studied phosphorus-containing polymers as ion-exchange
resins [6,41,51,63,70,71,79,83,101-113].

Diphosphonic acid polymers are widely used since they possess the ability to extract U(VI) Pu(IV),
Np(IV), Am(III) Eu(Ill), Th(IV) and some transition metals. It is known that compounds with such
ligands have very high stability constants with metal ions [107]. For example, these resins exhibit far
greater rates of complexation of Eu(Ill) and are able to complex metal ions from highly acidic solutions
through diphosphoryl ligand [4]. One of the most popular commercially available diphosphonic acid
resin is Diphonix®, developed by the Argonne National Laboratory and the University of Tennessee.
Synthesis of Diphonix® has been shown in the Scheme 21 [4]. The preparation process involves
copolymerization of tetraalkylvinylidene diphosphonate with styrene and acrylonitrile followed by
sulphonation with concentrated sulphuric acid. The presence of carboxylic and sulphonic groups
determines better hydrophylic properties [114]. Diphosphonic acid polymers can also be obtained via
chemical modification of poly(vinylbenzyl chloride) [104].

Diphonix® can be used in low pH and is characterized by high affinity towards U(VI), Pu(IV),
Np(1V), Th(IV), Am(III), Eu(Ill). Its performance is much more efficient when compared to other resins.
Detailed information is summarized elsewhere [114].
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Scheme 21. Synthesis of Diphonix® [4].

Another approach to obtain effective and selective ion-exchange resins is molecular imprinting
(Scheme 22) [4,115,116]. Molecularly imprinted polymers (MIPs) are prepared by contacting template
species such as molecules, ions etc. to be extracted in subsequent application and monomer with
phosphorus-containing ligands. The second step is polymerization with a crosslinking agent to obtain a
three-dimensional network. The last part requires removal of the template resulting in the formation of
cavities complementary in shape, size and functionality to particular species. Unfortunately, the need
for a high crosslink level leads to a diminished loading capacity measured in micromoles/gram [4].

1
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0]
l crosslinking polymerization
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Scheme 22. Schematic representation of molecular imprinting using phosphoric acid monomer

(Me™*—metal ion).

Detailed factsheets containing absorption capacities of different phosphorus-containing resins
toward metal ions have been provided elsewhere [4,32]. However, selected data originating from the
articles cited in this review has been collected in Table 2.
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Table 2. The application of organophosphorus resin in separation processes—a collection of chosen papers.
P-Containing P
Functional Group Polymer Application/Features References
Cellulose phosphate Sorption from 4N-acid: high affinity for Th4.+, Ti*+, U, Cett, Fe3*, ZrO?*, UO,2* [29]
Cation exchanger in calcium-hydrogen cycle [30]
Adsorption of proteins [33]
, o Poly(glycidyl methacrylate-co-divinylbenzene) functionalized with Selective resins (lithium adsorbed in preference to sodium and potassium, better adsorption [38]
Phosphoric acid phosphoric acid of hard-Lewis cations from acidic media, highest selectivity towards lead) -
Resins with high cation exchange capacity, salt splitting capacity, and adsorption capacity for
Poly(glycidyl methacrylate-co-divinylbenzene) and poly(glycidyl methacrylate) ~ Cu?*, Zn?*, Cd?*, Ca®*, and Ag*; RGP obtained from poly(glycidyl methacrylate) — high [40]
functionalized with phosphoric acid or phosphorus oxychloride adsorption capacity for AI**, Fe>*, and UO,%* phosphoric acid functionalization — higher
selective adsorption for Li* than for Na*
D2EHPA/TOPO impregnated resins, ion exchange resin containing Uranium removal — D2EHPA/TOPO resins are not affected by the presence of Fe?*, [89,90]
aminophosphonic acid groups which reduces uranium to the tetravalent oxidation state, prevents uranium sorption. !
-, B -, and y-ketophosphonate polymer-supported resins Sorption of metal ions (Eu(Ill), Cu(Il), Pb(II), Cd(II), Co(IL), Ag(Il)) from nitric acid [41]
Bifunctional ion-exchange resins synthesized from vinylbenzyl chloride— . 1 . .
styrene copolymers: Arbuzov reaction followed by sulfonation Eu(Ih sorption from acidic solutions (511
Non-ionic phosphorylated resin diethyl . . . -,
polystyrene-methylenephosphonate (EPMP) Selective adsorption of hexavalent uranium [54]
Bifunctional aminomethylphosphonic acid resins (Mannich reaction) Sorption of Cu(II), Cd(II), Pb(II), and E.u(IH).—C;admlum ion complexation shows the greatest [63]
bifunctional effect,
Ton-exchange/chelating resins with aminomethylphosphonate groups . )
(Fields-Kabatschnik reaction) The removal of Cu(Il), Cd(II), Ni(II), and Zn(II) [64]
Uranium removal (after 2h—20.7%, 24h—18.0% from 40% H3PO,) [68]
Actinides ion removal from very acidic solutions [101]
Phosphonic acid
Uptake of various transition and post-transition metal ions; a very high affinity for Fe(III) and [113]
Cr(IM) in very acidic solutions
Gallium(III) and indium(III) recovery [105]
Diphonix Chelating diphosphonic acid groups are grafted to a silica support to overcome some of the [106]
problems associated with the stripping of actinide elements from the resin (Diphosil)
Diphonix A — additional strong base anion exchange groups; the uptake of Se(IV), tri-, tetra- [108]
and hexa-valent actinides and pertechnetate anions
The of uptake of several actinide ions [Am(III), U(VI), Th(IV), Np(IV) and Pu(IV)] and of [111]
some transition-metal ions [Co(II), Zn(II), Fe(Ill) and Cr(III)] at tracer concentration level;
Bifunctional resin consisting of phosphonic acid and quaternary amine groups Sorption of barium, calcium, silver c:fl’no.ns; changlpg the associated anion allows for control [99]
of the ionic recognition process
Poly(vinylbenzyl chloride-co-styrene-co-divinylbenzene) functionalized with the Eu(III) sorption; highly selective resins with rapid complexation kinetics: 99.7% Eu(III) [104]

sodium salt of tetra(isopropyl) methylene diphosphonate

complexed from a 1M nitric acid solution with a 30-min contact time
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P-Containing

Functional Group Polymer Application/Features References
Diphosphonate Chelating resin with diphosphonate groups synthesized from the tetraethylester Eu(III) sorption: sulfonic acid ion exchange resin complexes 14.3% Eu(III), [107]
'phosp of 1,1-vinylidenediphosphonic acid diphosphonate-based polymer complexes 96.5% from a IN HNO5/0.4N NaNOj3 solution
Polymer-supported phosphonate and phosphate diester ligands The complexation of uranlgm(VI)oe.g., the expa-mded. ggl resin - phosphorylated 83]
Phosphate and pentaerythritol: 99% complexation within 20 min
hosphonate diesters -divi ix wi i
phosp Polystyrene-divinylbenzene matrix with m?thylened1phosphonate, carboxylate, Exceptionally high affinity for polyvalent cations even from moderately acidic aqueous media [110]
and sulfonate functional groups
Phosphonic acid, Resins with phosphomc .ac1d/ph'()sp}}onate ester ligands and phosphonic Americum extraction [79]
phosphonate ester acid/tertiary amine ligand on PS support
Metal-specific reactions, polymers with high level of ionic recognition; phosphinic
Phosphonates, Bifunctional polymer resins (I DMBP, Il DMBP, compared with ligands—ability to control the recognition mechanism through the reduction reaction with [102]
phosphinic acid monofunctional resins) Hg(II); phosphonic resin—sorption of Ag, Hg and Fe in different conditions—high
complexation of Fe; complexation of Fe is adversely affected by the presence of diester ligands
Dual mechanism sorption (ion-exchange and metal-ion reduction) of Ag(I) and Hg(II): after a
Bifunctional phosphinic acid ion-exchange/redox resins 9-h contact time with Ag(I) ions and a 2-h contact time with Hg(II) ions all of the primary [71]
Phosphinic acid acid sites are oxidized
Phenylphosphinic acid resins (Michael reaction) the removal of Cu(II), Cd(II), Ni(II), Zn(II), Mg(II) and Ca(II) from nitric acid solutions [72,76]
Dihydroxyphosphino- . . . L. . . . . _ . .
and/or phosphono The macroreticular chelating resins containing dihydroxy-phosphino and/or Recovery of uranium from sea water—e.g., the average recovery ratios of uranium from sea [86,37]

groups

phosphono groups

water with Na-form and H-form RCSP on 10 recycles: 84.9% and 90.5%, respectively
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5. Summary

High distribution coefficients and selectivity, together with relatively low price promote the
use of organophosphorus compounds as complexating agents in separation processes. Due to the
disadvantages associated with solvent extraction (i.a., extractant loss, procedure costs, environmental
issues etc.), polymer resins—operating on the same principles, but insoluble and easily separable from
aqueous phase—have received a lot of attention in the past few decades and remain the center of
interest for many research groups. The uniqueness of polymers described herein arises, e.g., from their
ionization potential. Above their pKa, they are able to bind metals through an ion-exchange mechanism,
whereas below it—through complexation. This feature leads to their better selectivity when compared
with strong acid polymers. They are proved to be selective especially toward lanthanides, U(VI), Ti(IV)
and Fe(III). This review ventures to describe the preparation and the most important properties of
phosphoric, phosphonic and phosphinic acid polymers applied in separation processes, as well as
highlights the most important achievements in the field. However, one should note such materials are
already effectively applied or extend their potential to the use in many other fields, such as catalysis,
biological and proton conducting membranes for fuel cells, flame-retardancy, anticorrosion systems,
tissue engineering or drug delivery [5]. Undoubtedly, many more are bound to be developed in the
near future.
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