
Synthesis of Nanoporous Iminodiacetic Acid Sorbents for
Binding Transition Metals

Brad Busche, Robert Wiacek, Joseph Davidson, View Koonsiripaiboon, Wassana
Yantasee, R. Shane Addleman, and Glen E. Fryxell*
Pacific Northwest National Laboratory, P.O. Box 999, Richland, WA, 99352

Abstract
Iminodiacetic acid (IDAA) forms strong complexes with a wide variety of metal ions. Using self-
assembled monolayers in mesoporous supports (SAMMS) to present the IDAA ligand potentially
allows for multiple metal-ligand interactions to enhance the metal binding affinity relative to that
of randomly oriented polymer-based supports. This manuscript describes the synthesis of a novel
nanostructured sorbent material built using self-assembly of a IDAA ligand inside a nanoporous
silica, and demonstrates its use for capturing transition metal cations, and anionic metal
complexes, such as PdCl4−2.

Ethylenediamine tetraacetic acid (EDTA) is one of the most widely used metal complexants
in the world. Iminodiacetic acid (IDAA), effectively half of the EDTA molecule, forms
strong complexes with a wide variety of metal ions [1], and polymer-based ion-exchange
resins have used the IDAA ligand for chemical separations for many years [2–4]. Silica-
based systems containing IDAA ligands have also been described [5,6], and used for ion
chromatography [7–14], as well as for binding a variety of metal ions [15,16]. Recently,
there have been examples of polysiloxanes containing IDAA that have been prepared and
described [17,18]. In many of these syntheses, the IDAA ligand is introduced after
polymerization, either by nucleophilic displacement of a halide anion [17,18], or by
nucleophilic ring opening of an epoxide [5].

In recent years, a great deal of effort has been spent developing functional nanomaterials for
chemical separations, particularly for environmental clean up efforts [19]. For example, the
elegant work of the Clearfield group has shown that it is possible to integrate the IDAA
ligand into layered metal phosphonate compounds and to use these materials for ion-
exchange processes [20,21]. In a similar vein, considerable effort has been expended to
chemically modify mesoporous ceramic substrates with functional organosilanes, giving rise
to sorbents capable of sequestering heavy metals, oxometallate anions, radioiodine,
radiocesium, lanthanides, and actinides [22]. Self-assembled monolayers on mesoporous
supports (SAMMS®) have been demonstrated to have significantly faster sorption kinetics
than polymer-based ion-exchange resins due to the fact that the rigid ceramic backbone of
SAMMS® holds the pores open and allows all of the binding sites to be available at all
times, whereas the polymer system is subject to solvent swelling, and only a portion of the
functionality is kinetically available at any given instant (although there have been efforts to
improve these kinetics by integration of these polymers into a fibrous cloth weave [23]). The
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close proximity of the ligands in the monolayer array also allows for multiple metal ligand
interactions [22], something that is not typically possible in disordered polymer systems
(although ordered systems have been reported for certain polyamide systems [24]). As a
result of these potential advantages, we felt that it would be useful to combine the affinity
that IDAA has for transition metal ions with the greater sorbent capabilities of the
SAMMS® materials, in order to evaluate their efficacy for chemical separations. We chose
to synthesize an IDAA terminated organosilane, purify it by distillation, and then use the
purified silane to build a self-assembled monolayer inside a surfactant-templated
nanoporous silica. This manuscript describes some of our efforts in this area.

Results and Discussion
The synthesis of IDAA silane was performed as shown in Figure 1[25]. The silane was
purified using vacuum distillation. The synthesis of IDAA SAMMS® was carried out in
refluxing toluene [26], with a pre-hydrated sample of MCM-41 [22,27,28].

The deposition was carried out using the protected ester form of the IDAA silane to avoid
any complications from the carboxylic acids interfering with the siloxane hydrolysis/
condensation chemistry during the self-assembly process. Thus, the esters needed to be
cleaved after the self-assembly process. Trimethylsilyl iodide (TMSI) [29] was used to
perform this cleavage at 90–110°C for 12 hours [30].

Distribution coefficient (Kd) measurements were carried out in 0.01 M HHO3, 0.01 M HCl,
filtered Columbia river water (from Richland, WA), or dialysate, spiked with metal ions
(Co2+, Ni2+, Ru3+, Rh3+, and Pd2+) to obtain 50 μg/L of each [31]. All batch experiments
were performed in triplicates and the averaged values were reported. Kd (in the unit of mL/g
throughout) is simply a mass-weighted partition coefficient between the solid phase and the
liquid supernatant phase as follows:

(1)

where Co and Cf are the initial and final concentrations in the solution of the target species
determined by ICP-MS, V is the solution volume in mL, and M is the mass in gram of the
sorbent. These results are summarized in Table 1.

The IDAA ligand is known to have broad binding affinity, especially for the first row
transition metals. The first row transition metals chosen for our test matrix are Co(II) and
Ni(II), two metal cations that are known to form strong complexes with the IDAA ligand
[1]. Looking at the distribution coefficient (Kd) data in Table 1, it is clear that IDAA
SAMMS® have a high affinity for both Co(II) and Ni(II) under near neutral, or moderately
alkaline conditions. Not surprisingly, under moderately acidic conditions (pH of ~2.5) very
little metal cation binding was observed, indicating that once these cations are bound by the
IDAA SAMMS® it should be possible to recover them by washing the sorbent with dilute
acid. The pK1 of IDAA is 2.54 [1], so the experiments performed at pH ~2.5 will have
approximately half of the IDAA sites protonated (i.e. positively charged), and therefore less
readily available to complex with a metal cation.

Another ramification of this protonation is the fact that such a positively charged ammonium
ion is capable of undergoing anion exchange chemistry (see Figure 2). Under these acidic
conditions we observed significant binding of a Pd(II) complex. Pd(II) is known to form
anionic complexes with Cl− anion [32], suggesting that perhaps this binding by our IDAA
SAMMS® may be driven by such an anion exchange process, and not necessarily the typical
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chelation. Since the pK2 for the IDAA ligand is 9.12 [1], this ammonium ion is still
protonated at all of the pHs we studied. Similar Pd(II) binding was observed in HNO3. Since
the Pd was added as an ICP standard in HCl solution there was an excess of Cl− present,
making the anion exchange mechanism a likely explanation once again.

Poor to modest binding of the second row transition metal cations Ru and Rh was observed
in all 4 matrices (Rh and Ru were added in their +2 oxidation states, but were likely air-
oxidized to the +3 oxidation state during the course of these experiments). Presumably, the
less effective binding of Ru and Rh is a reflection of the fact that first row transition metal
cations generally have higher binding constants with the IDAA ligand than do metal cations
farther down in the periodic table [1,3,33].

When comparing the performance of IDAA SAMMS® to Chelex 100 (a polymer-based ion-
exchange resin that also contains the IDAA ligand), similar qualitative trends were observed
at all pHs. However, the affinity the Chelex showed for the first row transition metal cations
was notably weaker than that observed for the IDAA SAMMS®. One possible explanation
for this might be found in the close proximity of the IDAA groups at the monolayer
interface in SAMMS®. At a loading density of 0.91 silanes/nm2, the average distance
between the silane anchors (and hence the IDAA ligands) is only about ~10Å, meaning that
each IDAA ligand only needs to “lean over” ~5Å to achieve such a complex. This is easily
within the flexibility provided by the alkyl silane. It is not unreasonable to suggest that if
two adjacent IDAA groups were to chelate the same metal ion (as shown in Figure 3), that
this would result in a higher net binding affinity for that metal ion than would be observed
with a single IDAA ligand. In a disordered, globular polymer ion-exchange resin such
multiple ligand chelation is less likely, and hence the overall binding affinity is lower.

The same affinity for Pd(II) under acidic conditions was noted with Chelex, lending support
to the conclusion that it is an anion exchange process with PdCl4−2 taking place at the
protonated ammonium sites.

Historically speaking, one of the more common sorbent materials used has been activated
carbon, so it seemed logical for us to compare the performance of IDAA SAMMS® against
this baseline. Given that the functionality of activated carbon is a randomly oriented mixture
of carboxylic acids, phenols, lactones, etc. [34] it is not surprising that the affinity for the
first and second row transition metals in these experiments was significantly lower than
observed with either the IDAA SAMMS® or the Chelex 100 ion-exchange resin. As a
general statement, single coordination sites simply cannot compete with a chelation effect,
especially in an ordered monolayer system where multiple metal-ligand interactions are
possible. There were two exceptions to this trend – the binding of Ru in filtered river water,
and the binding of Pd(II). The uniqueness of the Ru bonding suggests that it may be some
sort of speciation issue arising from some complexant in the filtered river water matrix (the
Columbia River is known to have several ppm of chlorophyll, dissolved organic carbon, etc.
in it [35] that may be responsible for this observation). As for the moderately good binding
of Pd(II) by activated carbon observed in these experiments, several observations can be
made. The Pd(II) speciation hasn’t changed relative to the IDAA SAMMS® and Chelex 100
experiments (discussed above), so we are most likely dealing with the same anionic chloride
complex (PdCl4−2). The similar Pd(II) binding by activated carbon over a wide pH range
suggests that there is no significant chemical change in the binding site from a pH of 2.5 to
8, so the binding site most likely is not a carboxylic acid (a “typical” ion exchange site for
activated carbon). Phenols are excellent hydrogen bond donors and are capable of hydrogen
bonding to anions, so we postulate that the observed affinity of activated carbon for Pd(II) is
due to hydrogen bonding between the native phenols on the activated carbon and the anionic
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PdCl4−2 complex (we have observed such anion H-bonding to phenols in activated carbon
previously [36]).

Conclusions
Iminodiacetic acid (IDAA) SAMMS® has been shown to be an easily made, useful sorbent
for separating metal cations under a variety of conditions. IDAA SAMMS® have been
shown to have good affinity for transition metal cations, especially first row transition metal
cations. As has been observed with IDAA containing polymer ion-exchange resins, IDAA
SAMMS® can also undergo anion exchange processes if the pH is < 9 (so the N atom is still
protonated). The protonated ammonium salt allows for the binding of anionic metal
complexes, like the PdCl4−2 complex. The close proximity (~10Å) of the IDAA ligands in
the monolayer environment allows the IDAA SAMMS® to have a higher binding affinity
than similar polymer-based ion exchange resins (e.g. Chelex 100), possibly as a result of
multiple metal-ligand interactions. Such macromolecular chelation results in significantly
higher binding affinity for transition metal species than is possible with simpler sorbent
materials, like activated carbon.
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Figure 1.
The synthesis of iminodiacetic acid (IDAA) silane.
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Figure 2.
Scheme showing the structures of IDAA ligand as a function of pH, as well as how the
cationic form can undergo anion exchange.
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Figure 3.
Possible chelation of a metal ion by adjacent IDAA groups on the silica surface.
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