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ABSTRACT

ATR-FTIR spectroscopy is shown to be useful in probing metal ion binding to ligands
immobilized on polymer beads. Lu(lll) is the metal ion, phosphinic and sulfonic acids are the
immobilized ligands, and polystyrene beads crosslinked at low and high levels are the support.
Analysis is based on ligand band positions and intensities before and after complexation as a
function of time. ATR spectra of the phosphinic acid show two types of binding sites with
different accessibilities: surface ligands that bind Lu(lll) from solution and interior ligands that
gain ions by diffusion from the surface. Initially bound Lu(lll) ions are mobile within the solid
phase and their movement is accompanied by the breaking of hydrogen bonds among the
phosphinic acid ligands to form Lu(lll) phosphinate complexes. Competition between hydrogen
bonding and bond-making with Lu(lll) contributes to slow sorption rates compared to results
from the sulfonic acid ligand whose strong acidity and ionizability allows rapid Lu(lll) sorption.
Comparing ATR spectra of the phosphinic acid bound to lightly- and highly-crosslinked

polystyrene shows how the extent of crosslinking affects the transport mechanism.
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1. Introduction

Environmental remediation of surface and ground water is a major problem.! Pretreatment of
waste solutions for the recovery of metals before their discharge into the environment has
resulted in the development of metal recovery methods.? Among widely used technologies,
sorption with chelating resins is important to recovering metal ions from multi-component
solutions.? Selectivity is due to the complexing properties of functional groups bound to the
polymer* and there is significant effort in preparing new ion-selective sorbents® as well as in
understanding metal-ligand interaction mechanisms.® While sorbents with unique metal
affinities and high sorption capacities are promising for efficient metal ion separations from
aqueous solutions, knowing the mechanisms of interaction is important in order to combine
high metal ion affinities with rapid sorption kinetics.” A study of metal ion sorption can thus
provide a better understanding of the interaction between metal ions in solution and sites on

the solid as well as methods to maximize loading.

Metal ion adsorption is usually observed to be rapid at the start of contact and then slower as
equilibrium is approached. Given a sorbent with internal and external adsorption sites, mass-
transfer and adsorption-reaction models describe this process as following four steps: (i)
transport of the ion from bulk solution to the surface of the adsorbent; (ii) interphase (film)
mass transfer; (iii) diffusion inside the solid (intra-particle diffusion); and (iv) reaction on the
adsorption sites.® Any of these steps can be rate-limiting and control the overall adsorption
rate.”191 This rate depends on the difference between the amount of adsorbed metal ion at a
given time and the equilibrium capacity. Kinetic models may follow pseudo-first or -second

order equations.?

Adsorption of metal ions onto functionalized polymers is affected by factors that include ligand
density,*? accessibility,* support properties,'® ionic strength,'® and other solution conditions!’
and is accompanied by the formation of new ionic and/or coordinate covalent bonds.'® An
understanding of the metal-ligand interaction is necessary to model its adsorption mechanism
and this has been studied with a range of techniques, including EDX,° reflectance,?
luminescence,?! EPR,?2 UV-vis?® and EXAFS.?* In all cases, the equilibrium structure of the metal
ion with the ligand is characterized. However, adsorption is complicated by the fact that sites
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are not equally available for binding with some being on the surface but most being inside the
solid. Particle diffusion and chemical reaction models usually do not account for inhomogeneity
but are based on the change of metal ion concentration in solution which gives the total
amount of metal transferred to the solid but not where binding occurs. Following metal ion

transfer within the solid phase yields a better understanding of adsorption.

Metal ion uptake on functionalized polymers occurs with the formation of new bonds which
suggests that FTIR spectroscopy can be a readily available means for monitoring adsorption
through changes in the bands of metal-free and metal-loaded functional groups. Additionally,
ATR-FTIR provides a unique opportunity for observing adsorption on polymers when done as a
function of time. Since the penetration depth of the evanescent wave is < 1.5 um, ATR-FTIR can
probe solid /liquid interfacial phenomena.?>?¢ Using polymer beads with diameters of 250-595

pum, spectra will reflect adsorption only on their surface.

In this report, ATR-FTIR spectroscopy is used to characterize the adsorbent after contact with
the metal ion at different times and different concentrations in order to visualize transport of
the ion into the matrix. This continues our research with FTIR spectroscopy on crosslinked
polymers that defines the utility of the mid-IR region within 800 — 2800 cm™ where significant
bands from the ligands appear.?’ Since soluble?® and immobilized?® phosphorus-based ligands
have good metal ion selectivity, the simple phosphinic acid was chosen for this study bound to
polystyrene beads as the adsorbent. As such, it serves as the model for more complex
phosphorus-based ligands to be studied. FTIR has shown polystyrene-bound phosphorus acids
to break their inter-ligand hydrogen bonds when binding metal ions through ion exchange and
coordination.3° This is seen through shifts in the P=0 and P-O(H) bands as well as a new band
between the two assighed to the POO(M)?’ thus displaying the applicability of ligand band
changes as indicators of complexation in crosslinked polymers, especially with phosphorus-
based ligands (lanthanide-phosphonate bands are not evident in the expected far-IR region due
to strong ionic bonding).3! Polystyrene-bound sulfonic acid was also studied to note the effect
of acid strength on adsorption. Their structures are shown in Fig. 1. The polystyrene matrix for
both was crosslinked with 2 wt% divinylbenzene. Finally, the effect of a tighter matrix was

determined with XAD-4 functionalized with phosphinic acid.
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The metal ion chosen for this study was Lu(lll) which is a hard cation, as are all lanthanides, and
so its coordinate structure is rather straightforward due to a weak stereochemical preference.??
It has a high affinity for phosphorus-based ligands33 and its binding to phosphinic acid is evident

with a new band at 1057 cm™ assigned to POO(Lu).?”

H—I?:O O:IS:O
OH OH

Fig. 1. Structures of polystyrene-bound phosphinic (left) and sulfonic (right) acids

2. Materials and Methods

Materials. Styrene, divinylbenzene (DVB), anhydrous AlCls, PCls, chlorosulfonic acid, solvents,
Lu(NOs3)3 and lutetium atomic absorption standard solution were purchased from Sigma-Aldrich

or Fisher Scientific and used directly without further treatment.

Preparation of polystyrene beads. The preparation of microporous (gel) polystyrene beads
crosslinked with 2 wt% DVB by suspension polymerization has been described.3* The beads
were extracted with toluene in a Soxhlet extractor. After oven-drying, the beads were sieved to

a particle size of 250-595 um (i.e., 30-60 mesh).

Preparation of gel phosphinic acid. Polystyrene beads (10.0 g) were swelled in 100 mL of PCls
for 1 hiin a 500 mL round-bottom flask fitted with a condenser, overhead stirrer and N> gas inlet
tube. Aluminum chloride was added slowly over a period of 30 min and the mixture stirred at
23°C for 17 h. The flask was then placed in an ice bath and water added dropwise until all
remaining PClz and AICl3 was hydrolyzed. The HCl gas produced was directed into 6 M NaOH
with a nitrogen gas flow. The beads were washed with 100 mL of 6 M HCI, then water until

neutral, and conditioned in a glass frit funnel with 1 L of each 1 M NaOH, H;0, 1 M HCl and H;O.

Preparation of gel sulfonic acid. Polystyrene beads (5.0 g) were swelled in 100 mL of 1,2-

dichloroethane for 1 h in a 250 mL round-bottom flask fitted with a condenser and overhead
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stirrer; 10 mL of chlorosulfonic acid was added and the reaction refluxed for 17 h. The beads

were washed with 100 mL each of dichloroethane, methanol, water and conditioned as above.

Characterization. The acid capacities of the phosphinic and sulfonic acid beads were
determined by stirring 0.50 g of each dried on a Buchner funnel with 50 mL 0.1000 M NaOH
containing 5% NaCl for 17 h and then titrating a 10 mL aliquot with 0.1000 M HCI. The percent
solids (i.e., oven-dry bead weight divided by Buchner-dry weight x 100) was determined by
Buchner-drying beads for 5 min to remove excess water (wet weight) and then oven-drying at
110 °C for 17 h (dry weight). The phosphorus capacity was determined by mineralizing 20 mg
dry beads in concentrated H,SO4 in the presence of CuSOs and subsequent reaction with
ammonium vanadate-molybdate.? The intensity of yellow coloration was measured at 470 nm

on a Spectronic 21D (Milton Roy) and the phosphorus determined from a calibration curve.

Adsorption kinetics. Enough beads to give 0.50 mmol P or the equivalent acid capacity were
contacted with 50 mL of solution containing 0.033, 0.10, 0.50 or 1.0 mM Lu(lll) in 0.01 M HNO:s.
At given times (see Results section), the solution was removed from the beads and the Lu(lll)
concentration determined by inductively coupled plasma atomic emission spectrometry (ICP-
AES, Perkin-Elmer Optima 7000V). After complete removal of solution from the flask and
washing the beads with water, the Lu(lll)-loaded beads were further contacted with 20 mL of
water for 17 h. Sequential loading was determined by contacting 50 mL of 0.50 mM Lu(lll) with
beads for 1 h, then removing the solution to measure its Lu(lll) concentration, washing the
beads with water and again contacting with 50 mL of 0.50 mM Lu(lll). This was repeated 5 times.

The percent sorption was calculated from the Lu(lll) concentration before and after contact.

ATR-FTIR. Spectra were taken on a PerkinElmer Spectrum 65. The ATR accessory is equipped
with a trapezoidal ZnSe crystal as the internal reflection element; 16 scans with a resolution of

4 cm~! were averaged for each spectrum.
3. Results

The phosphinic acid polymer has acid and phosphorus capacities of 5.20 and 4.96 mmol/g,
respectively, indicating complete functionalization to the primary phosphinic acid; the sulfonic

acid is also fully functionalized with an acid capacity of 5.62 mmol/g.
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Figure 2 shows the increase in Lu(lll) sorption with increasing contact time calculated as percent
and loading per gram on the phosphinic acid. Equilibrium is reached at 60 min with complete
Lu(lll) recovery from < 0.50 mM Lu(lll) solutions. At 1.0 mM Lu(lll), complete recovery is
achieved at 120 min with its curve being less sharp than those at lower concentrations. At 30
min, 98.5%, 91.5%, 87.3% and 56.6% Lu(lll) is recovered from 0.033 mM (0.10 mN), 0.10 mM,
0.50 mM and 1.0 mM Lu(lll), respectively. At 0.10 mM Lu(lll), the concentration decreases to
0.1 mg/L within 1 h; at 0.50 and 1.0 mM, 2 and 4 h contact times are needed to reach that level.

A longer contact time is needed for complete recovery at the higher Lu(lll) concentration.
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Fig. 2. Lu(lll) sorption on phosphinic acid beads from 0.01M HNOs as a function of time
measured in percent (top) and amount (bottom).
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Adsorption on the sulfonic acid is much more rapid. Within 30 min, > 93% Lu(lll) is removed

regardless of the initial concentration (Fig. 3). The Lu(lll) is completely adsorbed in < 1 h.
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Fig. 3. Lu(lll) sorption on sulfonic acid beads from 0.01M HNOs as a function of time measured
in percent (top) and amount (bottom).

Figure 4 shows the result of sequentially contacting the phosphinic and sulfonic acid beads with
Lu(lll) five times with 50 mL of 0.50 mM Lu(lll). The sulfonic acid quantitatively adsorbs the
Lu(lll) each time but adsorption by the phosphinic acid decreases from 98.6% to 28.9%; as will

be discussed, this becomes important to understanding the sorption mechanism.
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Fig. 4. Sequential contact (five times) of 0.50 mM Lu(lll) with phosphinic and sulfonic acid beads

Lu(lll) sorption by the phosphinic acid increases significantly when it is shaken with H.O for 17 h
after contacting the Lu(lll) solution (Fig. 5). The percent adsorbed is 99.9% in the first two
contacts, then decreases to 92.2%, 80.4% and 43.3% by the fifth contact. The water washes do

not remove Lu(lll) from the beads since it is not detected in solution.
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Fig. 5. Sequential contact (five times) of 0.50 mM Lu(lll) with phosphinic acid beads and a water

wash between each interval



ALEXANDRATOS and ZHU

Effect of Lu(lll) sorption on phosphinic acid. Figure 6 shows changes in the ATR spectrum of the
phosphinic acid before and after contact with 0.033 mM Lu(lll). The bands at 951 and 968 cm™!
are assigned to P-O(H) while those at 1125 and 1168 cm™ are assigned to P=0.3¢ When the
phosphinic acid is contacted with 0.033 mM Lu(lll) for 1 h, the spectrum is comparable to that
of the free ligand but with decreased intensities, most notably of the P-O(H) bands, and the
P=0 band at 1168 shifts to 1160 cm™. At a 17 h contact, the spectrum becomes more similar to
the metal-free ligand as the intensity of the P-O(H) band increases compared to that after 1 h,

though it is still of lower intensity than the Lu-free ligand.

The effect of contact on the phosphinic acid by 1.0 mM Lu(lll) is shown in Figure 7. At a contact
of only 10 min, the intensities of the P-O(H) bands decrease significantly, especially at 951 cm™
which weakens to a shoulder. The P=0 band, initially at 1168 and 1125 cm, shifts to 1133 cm™
with little change in intensity. Additionally, sufficient loading now occurs so that a new band at
1056 with medium intensity appears which is assigned to POO(Lu). The spectrum is similar

when the contact time increases to 4 h (and to 17 h (not shown)).
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Fig. 6. ATR-FTIR spectrum of phosphinic acid before and after contact with 0.033 mM Lu(lll)
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Fig. 7. ATR-FTIR spectrum of phosphinic acid before and after contact with 1.0 mM Lu(lll)

Figure 7 also shows the effect of water treatment on the ATR spectrum of phosphinic acid after
contact with 1.0 mM Lu(lll). Removing the Lu(lll) solution and shaking the beads with water for
17 h results in a different spectrum: The P=0 band remains essentially unchanged but the
intensity of the POO(Lu) band decreases while the intensities of the P-O(H) band at 973 and 951
cm™ increase. Water treatment thus gives a spectrum that approaches the appearance of Lu-
free phosphinic acid even though no Lu(lll) is detected in the water after the 17 h shake

indicating that it did not wash off the beads.

Effect of Lu(lll) adsorption on the sulfonic acid. Changes accompanying contact of the sulfonic
acid with 1.0 mM Lu(lll) for 17 h are shown in Figure 8. The ATR spectrum shows four strong
bands at 1166, 1124, 1032 and 1006 cm™. The bands at 1166 and 1032 cm™ are assigned to the
asymmetric and symmetric sulfonate bands.3”-3 The sulfonic acid is strongly acidic and
dissociates to hydronium ions.3° Upon contacting Lu(lll), ion exchange readily occurs with little
change in the ATR since the hydrated Lu(lll) does not disrupt the SO3" structure originally bound
to the hydronium ion.*° Exchange occurs, though, since elemental analysis of the Lu(lll)-loaded

polymer gives 123.4 mg Lu(lll) per gram polymer.
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Fig. 8. ATR-FTIR spectrum of sulfonic acid before and after contact with 1.0 mM Lu(lll)

(Black: Lu(lll)-free sulfonic acid; Red: 17 h contact with Lu(lll)

Effect of crosslinking. Metal ion affinities are known to depend on the concentration of
organophosphorus acids in solvent extraction*! and ion exchange.*? Ligand density can thus be
expected to affect the extent of Lu(lll) adsorption within beads. This was tested with Amberlite
XAD-4 onto which phosphinic acid ligands were immobilized. XAD-4 is a highly crosslinked
commercially available macorporous polymer bead that consists of 80-85 wt% DVB and 15-20
wt% ethylvinylbenzene.?? Its tight network was evident in a swelling study that showed its
volume to increase by 35% in toluene while the gel beads crosslinked with 2% DVB swelled by
250%. It was phosphinated with the same procedure used for the gel but had a phosphorus

capacity of only 2.69 mmol/g due to limited accessibility of the phenyl rings.

Figure 9 compares the Lu(lll) sorption kinetics from 0.033mM Lu(lll) in 0.01 M HNOs for the gel-
and XAD-4-supported phosphinic acids. The sorption rates for both were rapid during the first
hour and equilibrium was reached in 2 h with 98.5% Lu(lll) adsorbed on the gel and 92.9% on
the XAD-4. Though much more highly crosslinked, the XAD-4 has rapid kinetics due to its

macroporosity.

11
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Fig. 9. Lu(lll) sorption on gel and XAD-4 phosphinic beads from 0.01 M HNOs as a function of
time

Though the gel and XAD-4 phosphinic acids behave similarly with respect to Lu(lll) affinity and
kinetics, the changes in the ATR spectra suggest different complexation mechanisms. Fig. 1S
(Supplementary Information) shows the variation in ATR spectra of XAD-4 phosphinic acid at
different Lu(lll) contact times. The ATR spectrum of the metal-free polymer (Fig. 1A) has P=0
and P-O(H) bands as discussed above. The concentration of the Lu(lll) contact solution was
increased to 10 mM for sufficient Lu(lll) to be loaded and seen on the spectrum due to the
lower phosphorus capacity. Upon contact for 10 min, the P=0 and P-O(H) bands change to
positions almost identical with those of the gel polymer: The P=0 band shifts to 1136 cm™ while
the P-O(H) band at 982 cm™ becomes much weaker (Fig. 1B). A new band assigned to POO(Lu)
forms at 1065 cm™. Further treatment of the Lu-loaded polymer with water for 17 h changes its
spectrum (Fig. 1b) as the band intensities of P-O(H) at 934, 981 cm™ become stronger than in
Fig. 1B and comparable to the POO(Lu) band at 1062 cm™. The P=0 band shifts upward to 1144
cm™ from 1136 cm™. An increase of Lu(lll) contact time to > 0.50 h and subsequent water
washes cause little change in the spectra (Fig. 1S: C, ¢, D, d, E, e). These results are compared to
the gel polymer in the next section. Table 1 summarizes the changes in band positions upon

Lu(lll) loading and water treatment.

12
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Table 1. Phosphinate bands before and after contact with 10 mM Lu(lll) and water wash

P=0 | P-O(H) | POO(Lu) P=0 | P-O(H) | POO(Lu)
Time after Lu(lll) contact after water contact
XAD-4 phosphinic acid
0 1167, 1125 | 973,948
10 min 1136 982,931 1065 1144 981, 934 1062
0.50 h 1135 983, 932 1062 1134 983, 938 1058
1h 1135 982,939 1061 1134 982, 939 1060
17 h 1135 982,939 1061 1134 983, 933 1060
Gel phosphinic acid
0 1167, 1126 | 964, 951
10 min 1133 980, 952 1060 1166, 1128 | 966, 952
0.50 h 1133 979, 952 1060 1151, 1129 | 974, 952 1069
1h 1133 979 1060 1154, 1131 | 972,952 1069
4 h 1133 979 1058 1154, 1131 | 973,952 1067
17 h 1133 980 1057 1133 980 1057

4, Discussion

The phosphinic and sulfonic acid ligands adsorb Lu(lll) but at significantly different rates (Figs. 2
— 4). Adsorption on the sulfonic acid is complete within 30 min and a concentration change
from 0.033 to 1.0 mM Lu(lll) has little effect on the kinetics. Though polystyrene-based gel
beads have little surface area, all of the sulfonate ligands remain accessible to the ions and
adsorption is rapid even when the beads are contacted five times consecutively with 50 mL of
0.50 mM Lu(lll). The phosphinic acid, with the same polymer backbone and a similar acid
capacity, has slower kinetics than the sulfonic acid and depends on the Lu(lll) concentration.
Figs. 4 and 5 indicate that not all of the ligands are available when the beads are contacted
consecutively with 0.50 mM Lu(lll). A water wash after each of the contacts with Lu(lll) solution
increases the total amount adsorbed from 51.7% to 83.1% by increasing the availability of

adsorption sites (vide infra).

Time-dependent adsorption onto solids can be described in terms of pseudo-first and second
order models*** but they cannot explain the differences seen here between the phosphinic

and sulfonic acids. A detailed insight was, however, provided by ATR-FTIR spectroscopy that

13
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reports changes only on the surface of the polymer. With the sulfonic acid, there is little
variation in the ATR spectra upon Lu(lll) adsorption (Fig. 9). Though Lu(lll) exchanges with the
HsO* at the acid site, the similarity in the spectra before and after exchange suggests no new
ionic bond is formed. Treatment of the sulfonic acid with 0.10 M NaOH supports this conclusion
since, again, there is little difference in the ATR-FTIR spectra as well as the volume of the beads
in acid and base conditions given that the sulfonic acid ligand is ionized because of its strong
acidity (the analogous p-toluenesulfonic acid has a pKa of -2.7).¢ The hydrated -SOs™ H30*
makes the bonds in the sulfonate group equivalent and there is no S=0 /S-O present.?® The
hydronium ion is thus not strongly bound to the oxygen and is mobile within the wet beads to
form a solvent-separated ion pair with the delocalized negative charge of the sulfonate ion. The
percent solid (23.9%) confirms that the ligand is hydrophilic resulting in a low resistance to ion

exchange between the solid and aqueous phases.

Strong hydrogen bonding in soluble acidic phosphorus-based ligands has been shown through
their self-association?” and the metal ion binding of complexants such as bis(2,4,4-trimethyl-
pentyl)phosphinic acid as dimers rather than monomers.*® Most importantly, the P=0 bands in
the phosphinic acid ligand at 1167 and 1126 cm™ that can be interpreted as symmetric and
asymmetric stretching bands can equally well be interpreted, with significant literature
precedent, as arising from differences in hydrogen bonding to the phosphoryl oxygen.?’
Comparing the bathochromic shift of the phosphoryl band in immobilized -CH,P(O)(OH), with
that of the phosphinic acid -PH(O)OH also supports hydrogen bonding in phosphorus acid
ligands.3° The phosphinic acid is of intermediate acidity with a pKa of 3.2% indicating that the
proton remains associated with the phosphinate portion of the ligand as P(O)OH (Fig. 6).
Contacting the beads with 0.10 M NaOH swells their volume by a factor of 2.3, unlike with the
sulfonic acid; the sulfonate ligand is thus already present with a loose association to the
hydronium ion while the highly hydrophilic phosphinate anion forms only after exchange with
Na*. When the phosphinic acid contacts Lu(lll), exchange occurs to form the ionically bound
POO(Lu), which is evident in the new band at 1056 cm™ and a related decrease in the P-O(H)
band intensity (Fig. 7). Unlike its swelling with NaOH, contacting the phosphinic acid with 0.02

M Lu(lll) decreases the volume of the beads slightly; its corresponding adsorption of 0.72 mmol

14
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Lu(lll) per gram polymer suggests a stronger interaction with the Lu(lll) than hydrogen bonding
in the metal-free ligand. A volume decrease with chelating resins upon metal adsorption has
been observed®® and metal “crosslinking” of bifunctional phosphates leads to polymerization®?

and aggregation.>?

Though the sulfonic and phosphinic acids can exchange for Lu(lll), the availability of acid sites is
not the same. The sulfonate’s ion pair structure as well as its hydrophilicity makes the sites
equally accessible (Fig. 10). The solvent-separated H3O* exchanges rapidly at all sites and a

change in Lu(lll) concentration has little effect on the sorption kinetics (Figs. 3 and 4).

505 Lu"s0;

S0
803- I.l.|3+ SOS-

Fig. 10. Lu(lll) sorption on the sulfonic acid

The phosphinic acid behaves differently from the sulfonic acid. The change in the ATR spectrum
within 10 min of Lu(lll) contact indicates unhindered access to the surface ligands (Fig. 7).
Though adsorption increases with contact time (Fig. 2), there is no further change in the ATR
spectrum up to 17h. With the limited number of sites on the bead surface, increasing the Lu(lll)
concentration slows adsorption since hydrogen bonding limits accessibility to the interior sites.
Lu(lll) can be completely removed from solution (Fig. 2) but a longer contact time is needed at
1.0 mM than 0.033 mM. Thus the ATR spectra support the hypothesis that phosphinic acid
ligands in gel beads are such that the outer ligands are more accessible than those in the

interior.

Lu(lll) adsorption into the interior involves breaking hydrogen bonds between the P-OH and
P=0 moieties and the question becomes whether the Lu(lll) in the interior comes directly from

solution or from those initially adsorbed on the surface. This is clarified by ATR spectra after

15
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beads contacted with 1.0 mM Lu(lll) for 10 min are treated with water (Fig. 7). The increased
intensity of the P-OH band and decreased intensity of the POO(Lu) band indicate that more
ligands on the surface become available for adsorption since there is no release of Lu(lll) into
the water. The changes are due to the ion’s mobility in which the Lu(lll) initially adsorbed on
the surface moves into the interior to take up the inner sites and makes the surface sites again
available. The decrease of the P-OH intensity at 17 h in Fig. 6 also suggests movement of
initially adsorbed Lu(lll) from the surface. This type of “hopping” mechanism is often invoked in
membrane research.>® ATR spectra thus allow us to determine that Lu(lll) adsorption on the
phosphinic acid occurs in two steps: Lu(lll) in aqueous solution initially binds to the outermost
ligands, then the Lu(lll) moves from those sites to the interior leaving the outer sites available

for additional adsorption. This is summarized by Fig. 11.

Lu®* at 0.01M HNO;

Fig. 11. Lu(lll) sorption on the phosphinic acid



ALEXANDRATOS and ZHU

Changes in the ATR spectra of XAD-4 upon Lu(lll) adsorption support both proton exchange and
P=0 coordination in metal binding. The intensity of its bands (939, 982 cm™) corresponding to
the P-O(H) weakens, suggesting that nearly all the acid P-O(H) groups on the surface react with
Lu(lll). Meanwhile the P=0 shifts down to 1135 from 1167 cm™ indicating coordination of the
P=0 bond with the adsorbed metal ions. The POO(Lu) is evident at 1065 cm. Its macroporous
structure makes more surface ligands accessible to metal ions. Lu(lll) adsorption in 10 min
consumes nearly all available sites. Further water treatment of Lu(lll)-loaded XAD-4 changes
somewhat its P-O(H) band intensity but the change is less pronounced than with the gel,

indicative of a decreased mobility and decreased hopping.

With the gel, the similarity in ATR spectra obtained at 10 min and 17 h contact confirm a rapid
reaction between Lu(lll) and surface phosphinate ligands. The ATR reflects only surface
adsorption at the short 10 min contact. Water treatment restores the phosphinic acid bands,
indicating re-availability for Lu(lll) adsorption on the surface. The corresponding disappearance
of the POO(Lu) band is not due to elution of adsorbed Lu(lll) but, rather, its diffusion into the
interior. Strong intermolecular forces hinder the interior vacant binding sites from being
occupied in a short time but the nearly identical ATR spectra of the Lu(lll)-loaded gel after
water treatment with that of the free ligand indicate that the adsorbed Lu(lll) diffuses into the
bulk phase and the newly vacant sites on the surface can be utilized again by the Lu(lll) in

solution.

5. Conclusions

Changes in the ATR spectra upon binding Lu(lll) to the gel phosphinic acid before and after
water treatment shows that adsorption occurs by diffusion from the surface to the interior.
Binding to the polymer interior is more difficult than with surface ligands due to intermolecular
hydrogen bonding. Surface ligands are reactive, accessible and form complexes rapidly with
Lu(lll) in aqueous solutions. Inner ligands, though reactive, gain access more slowly to Lu(lll)
ions because they come from those initially bound to surface ligands. The inner ligands do not

react directly with the Lu(lll) in agueous solution. Lu(lll)-reacted surface ligands release their

17
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Lu(lll) to inner ligands and react again with Lu(lll) in solution. Initially adsorbed Lu(lll) on the
phosphinate is mobile and metal ion adsorption is accompanied by hydrogen bond-breaking
and Lu(lll) bond-making. The readily ionizable sulfonic acid rapidly exchanges with Lu(lll) due to
its low pKa. The hopping mechanism of transport becomes evident with the lower phosphorus

capacity of the XAD-4.
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