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ABSTRACT OF THE DISSERTATION 

 
Salophen Sol-Gel Hybrid Sorbent Material for the Sensing and Sequestration of Actinyl Ions 
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Doctor of Philosophy in Materials Science and Engineering 

 
 University of California, Irvine, 2019 

 
Professor Mikael Nilsson, Chair 

 
 

Radioactive materials require special management and considerations. From a non-

proliferation standpoint, their presence may indicate a nuclear security threat. Whether 

they are elements to be recovered from used nuclear fuel or contaminants to be removed 

from a body of water, the separation, concentration and identification of these materials is 

imperative for nuclear energy and security to succeed. Functionalized sorbent materials 

can be designed for enhanced sequestration of radioactive materials present in these 

aqueous environments. The salophen Schiff base has demonstrated potential as a selective 

actinyl ion (U, Np, Pu) chelator during solvent extraction. Incorporating this ligand into a 

solid sorbent material may increase its potential by facilitating the concentration and 

containment of radioactive ions into a compact solid. In this work, a salophen Schiff-base 

sorbent material if formed through silica xerogel sol-gel co-condensation polymerization 

and a (triethoxysilyl)propyl modification to one side of the salophen for covalent inclusion. 

The nonsymmetrical ligand is therefore tethered to the xerogel at only one point, forming 

an actinyl ion-selective hybrid sorbent material. This sorbent has shown superior uptake to 

its symmetrically tethered counterpart as well as a commercial material for the removal of 



xi 
 

uranium from aqueous solutions. In addition, the sorbent can be further adapted utilizing a 

phenylene bridged polysilsesquioxane sol-gel polymerization. This sorbent material 

demonstrates potential to lessen the effects of ionizing radiation on the Schiff base ligand 

for the reprocessing of used nuclear fuel or the containment of high level radioactive waste. 

In the interest of nuclear security and owing to the chromophoric shift of the salophen 

ligand as it binds actinyl ions, the nonsymmetrical ligand can also be utilized as a solid 

optical thin film sensor for the detection of aqueous uranyl ions.  
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INTRODUCTION 

 Investment in nuclear has the potential to provide plentiful clean energy, 

advancement in technology, nonproliferation security and opportunities of global 

leadership. Nuclear energy has the capability to combat climate change through zero-

carbon emitting generation of an abundance of electricity.1-2  In the United States, however, 

only 20% of electricity generation comes from nuclear as of January 2018 and that 

constitutes only 9% of the U.S. energy generation capacity with a poor outlook for 

increasing its contribution to the power grid through 2050.3-4  This is extremely 

unfortunate as nuclear has the highest capacity factor at 92% to handle the baseload of 

power currently controlled by fossil fuels that renewable energy sources cannot manage 

alone at this time with capacities in the range of 22-45%.4 Though nuclear is not presently 

popular as a future energy source, technological advancements could make better use of 

the spent nuclear fuel sitting on-site at reactors nationwide and mitigate the large 

quantities of high level waste waiting at DOE interim storage sites. It could force a solution 

to long-term storage of hazardous waste while increasing public and environmental safety, 

as well as propel a new fleet of advanced reactors, some of which could make their debut in 

the next few years1. Implementation of this technology could allow the United States to set 

the global standard for cutting-edge technology and safety regulations. It also sets the 

standard for national security and global nonproliferation as development in nuclear 

technology directly impacts our navy, national defense and indirectly affects our world-

standing as far as influence in the direction of nonproliferation and global nuclear industry 

development1. Investing in advancing technology to create greener, safer and more 

efficient systems would make a better case for keeping and increasing nuclear energy on 
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the grid, but it also maintains the presence and expertise the United States in national and 

international nuclear safety and security; a status that would be detrimental to lose.   

One area calling for advancement is the issue of spent nuclear fuel (SNF) that is 

currently held in interim storage or on site at decommissioned reactors awaiting a long-

term solution that is going to require action before nuclear can move forward appreciably. 

This hazardous waste contains roughly 97% of fertile and fissile material of uranium and 

plutonium that could be reused in advanced nuclear reactors. The remaining ~3% of the 

spent fuel is highly radioactive fission products and minor actinides that require long-term 

storage.1,5-6 If the fertile and fissile material is removed from the high-level radioactive 

waste (HLW), the quantity of highly radioactive material in need of final repository storage 

could be greatly reduced, thus increasing the sustainability and safety of nuclear energy.1 

This separation of the components of SNF is practiced in the nuclear industry in few 

countries outside of the United States for the separation of uranium and plutonium ions 

commercially, known as the PUREX Process (Plutonium and Uranium Redox EXtraction), 

that utilizes liquid-liquid solvent extraction to separate fissile metal ions from the non-

fissile minor actinides and fission products.5-6 The general solvent extraction process is 

based on the separation of ions in solution using an aqueous/organic bi-phasic system. 

Within each phase, extracting agents or ligands designed for the coordination to target ions 

in solution can be present. Utilizing the solubility of these ligands and their selectivity for 

particular ions, the radioactive ions in spent nuclear fuel can be targeted and partitioned to 

the organic or aqueous phase, resulting in ion separation.5-6 For ideal solvent extraction, 

specific ligands would be able to chelate, form multiple bonds, to a specific type or types of 

ions in the SNF, thus creating easy separation of any one ion. Unfortunately, ligands are 
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mostly developed for chelating primarily to groups of ions, not specific targets, due to the 

similar behavior of the ions present in the SNF. The PUREX Process specifically targets 

tetravalent and hexavalent ions though development of other types of chelating ligands for 

specific ions is ongoing.5-6  

Newer extraction systems are being investigated for the removal of fissile materials 

from SNF with new focus on separating the actinides (U, Np, Pu, Am, and Cm) from the 

lanthanide fission products.7-9 Non-fissile actinides can undergo transmutation to shorter-

lived or more stable nuclides by neutron irradiation whereas the lanthanides generally do 

not, but rather may disrupt this irradiation process to reducing HLW.1,7 This process of 

separating the actinides could reduce the waste for long-term storage and potentially 

produce a feedstock of fuel for modern reactors. One such extraction system is the 

development of the salen Schiff base as an actinyl-selective aqueous hold-back agent, 

Figure 1.8-9 This chelator has been adapted for solubility in the aqueous phase through the 

 

Figure 1. Sulfonated Salen Schiff base as aqueous holdback agent in the extraction of 
actinyl ions 
 
addition of sulfonated side groups, but the chelation functionality comes from the imine 

nitrogens and phenolic oxygen soft-donor atoms for tetradentate ion chelation.8-9  

Mix 
Phase 

Separate 
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The sulfonated Schiff base has shown selectivity for pentavalent and hexavalent cations of 

U, Np and Pu during solvent extraction studies, Figure 2.8-9  

 

Figure 2. Distribution ratio of pentalavent/hexavalent actinides and trivalent lanthanides 
in the organic phase before and after addition of H2SalenSO3 aqueous hold-back agent 
during solvent extraction studies8-9 

 
These actinyl ions exist in a particular linear dioxo geometry that fits well within the Schiff 

base chelation cavity in aqueous solutions, Figure 1. The crystal structure has shown that a 

slightly staggered conformation is essential for the selective coordination of the ligand to 

the actinyl ions in a tetradentate manner to give a staggered pentagonal bypyramidal 

geometry.9 The trivalent lanthanides, representative of fission products in SNF, do not 

coordinate to the aqueous Schiff base as they do not possess the correct geometry and they 

are subsequently moved into the organic phase by other chelating agents.8-9   
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Due to this intrinsic ability to preferentially chelate actinyl ions, the multidentate 

Schiff base ligand could be adapted for other applications in the realm of nuclear 

technology including creating sorbent materials to retain ions in a solid phase. Sorbent 

materials are based on solid-liquid sequestration systems in which the metal ions are 

extracted from the liquid phase into the solid based on an interaction with functionalities 

dispersed throughout the sorbent network or with the sorbent material itself. Such 

sorbents have already been utilized in extraction of actinides and lanthanides including 

metal oxide frameworks (MOFs),10-12 ion-exchange and chromatographic resins,13-14 

hydrogels,15 mesoporous silica,16-18 carbons18-19 and graphene oxide20 to name a few. 

Actinyl ion sorbent materials could show applicability in the reprocessing of spent nuclear 

fuel in their ability to identify, separate and concentrate these ions in the presence of the 

aqueous phase, greatly reducing the amount of organic solvent required compared to 

liquid-liquid extraction.12-14,21 Meanwhile they facilitate the concentration of the actinyl 

ions into a compact solid with faster kinetics16,21 and solubility of the chelator is no longer 

an issue as the ligand is now a part of a solid support system.21 This solid could then be 

regenerated and reused for repeat separation. Beyond assisting in remediation of spent 

nuclear fuel, solid support systems could find application in material containment in the 

event of a nuclear reactor failure, leak or as a decontaminate after accidental release.10,12,16-

17,22-23 As these sorbent materials can be designed for aqueous sequestration of ions, it is 

also possible to tap other resources of nuclear fuel including seawater that has an 

abundance of uranium10,14,24-26 compared to what is terrestrially available, but it remains 

difficult to concentrate.  
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Different sorbent materials have their own strengths and weaknesses as applied to 

heavy metal ion separation/removal. MOFs have been developed that have high surface 

area, chemical and thermal stability as well as a porous and ordered structure, but they can 

be costly and do not regenerate well while ion exchange resins (clays, zeolites or layered 

double hydroxides) may be more affordable, but demonstrate a lack of reusability, slow 

kinetics and possible instability as well as a hydrophobic nature.11-12 Carbonaceous 

materials ranging from activated carbon and carbon nanotubes to graphene oxide possess 

attributes of chemical, thermal, mechanical and radiolytic stability, but can be costly and 

not easy to regenerate and show a hydrophobic nature.19 The state of the art for metal ion 

sorption in liquid-solid extraction is currently an extraction capacity around 350-400 mg 

metal ion/g sorbent material at a particular pH based on extraction environment. A well-

known sorbent solid support material that could show great potential in the reprocessing, 

recovery and overall separation of actinyl ions in solution is silica. This solid SiO2 network 

has been well studied as a separation media by its commercial use in column 

chromatography and the variety of ways it can be functionalized and tuned to offer 

desirable material properties.16-17,27-29 It is thermally and chemically robust, yet it can be 

tuned in terms of its particle size, surface area, porosity and chemical composition.21,27-29 It 

is a hydrophilic material that readily absorbs water, allowing for the passage of ions 

through its controlled, uniform or amorphous morphology, the internal landscape of the 

particles. Silica can also house a variety of chemical functionalities though physical 

entrapment or chemical bonding, though the functionality requires modification with a 

silyl-based group in order to form a covalent bond within the silica, the most durable 

incorporation. Silica is generally synthesized through a sol-gel polymerization with initial 
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hydrolysis of a tetraalkoxyslinae monomer, interrupted and followed by the condensation 

of the newly formed hydroxyl groups to arrive at the siloxane bond, Figure 3, which 

predominates throughout the silica with surface hydroxyl groups present as well.  

 

Figure 3. General Synthesis of Silica sol-gel from tetraalkoxysilane monomer 

Further functionality can be added through a co-condensation polymerization in which the 

functionality is polymerized simultaneously with the silica.30 This incorporates 40% more 

of the functional group than post-grafting onto a pre-made silica with predetermined 

properties.40 Changing properties of the chemical synthesis from reagent ratios to choice of 

catalyst, acidic or basic, will alter the properties of the final material including particle 

stability in solution or aggregation, particle size, surface area and even porosity.  In 

addition, processing protocol of the silica also offers a wide range of possibilities for the 

material including the formation of colloids, uniform nanoparticles, glassy xerogels or 

aggregate gels, aerogels or even optically clear thin films or fibers, Figure 4. The 

applications of such a material could be quite substantial.  
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Figure 4. Potential processing avenues of the silica sol-gel hybrid material31 

With the incorporation of the salophen functionality into a solid support such as 

silica, this material could find application in the selective aqueous sequestration and 

concentration of actinyl ions. This could show promise in decontamination during mining 

or the fuel production process as well as monitoring on site for accidental release or 

leaking of radioactive materials into the surrounding bodies of water. This material may 

aid in the event of a nuclear disaster based on its selectivity and the ability to tailor the 

hydrophilic support as it would be able to identify, separate and concentrate. It may also 

show promise as a sequestrant during the fuel remediation as a solid support may 

demonstrate the ability of the ligand to withstand harsher radiolytic and hydrolytic 

conditions. The ligand may also be adapted to help in the areas of actinyl ion sensing as the 

solid sorbent may be adapted to an optically clear thin film with the aid of a silyl-based 

functionality to bind to a glass surface. As the Schiff base-actinyl ion complex has shown the 

ability to undergo a chromatic shift during chelation,8-9 absorbance spectroscopy can be 

used to identify the presence of fissile ions in solution.  
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 Within this work, our aim is to develop a salophen Schiff base sol-gel hybrid sorbent 

material to preferentially chelate and concentrate pentavalent and hexavalent actinides (U, 

Np, Pu) from aqueous solution to aid in the reprocessing of spent nuclear fuel, containment 

of radioactive material and decontamination of bodies of water. We hope to offer increased 

stability and protection of the ligand from degradation in harsh radioactive environments. 

In addition, we aim to develop the salophen Schiff base into a thin film optical sensor for 

the spectroscopic detection and identification of actinyl ions in solution to offer enhanced 

methods for maintaining nuclear safety and security.  The dissertation is organized as 

follows: 

Chapter 1. Adaptation and synthesis of the salophen Schiff base ligand for incorporation 

into a silica sol-gel network, followed by sorbent hybrid material formation and initial 

uptake studies 

Chapter 2. Testing the performance of the hybrid material under various environmental 

conditions as well as testing the effects of a bridged polysilsesquioxane addition to the sol-

gel network on both actinyl ion uptake and ligand stability 

Chapter 3.  Developing the salophen Schiff base as an optical thin film sensor for the 

detection and identification of actinyl ions in solution 

Conclusions and perspectives on the capability and applicability of the material will be 

given 
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Chapter 1: Nonsymmetrical Salophen Schiff Base Ligand in Silica Sorbent Material for 

Actinyl Ion Sequestration 

1.1 Nonsymmetrical Salophen Schiff Base 

In order to incorporate the Schiff base ligand into a silica sol-gel network through 

covalent attachment, it first needs to be chemically modified through the addition of a silyl 

functionality that can participate in the polymerization. This can be accomplished through 

addition of a triethoxysilylpropyl tether to one side of the salophen Schiff base, Figure 1.1.  

This structure is chosen to allow a strong chemical tether to the solid support material, but 

also to allow the ligand to adopt the planer geometry necessary for the multidentate 

chelation of the actinyl ions.   

 

Figure 1.1. Proposed Modification of the salophen Schiff base with a silyl functionality to 
form a Nonsymmetrical Ligand (NSL) for covalent incorporation into the silica sol-gel 
 
If a symmetrical tether is incorporated into the solid support, as a bis-silylated salophen, 

Figure 1.2, there is potential for it to bind at two different locations on the solid support, 

potentially with a conformation of the ligand that is not favorable for tetradentate 

coordination.32 This would likely result in an inability to chelate selectively if at all to the 
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actinyl ions. If, however, the ligand is modified to only one side of its chelation center, it 

would maintain the freedom to rotate and conform around the actinyl ions, similar to the 

free H2SalenSO3 ligand in solution.  

 

Figure 1.2. Demonstration of potential polymerization of the nonsymmetrical (NSL) and 
symmetrical (TT) tethered ligands in the silica sol-gel network 
 
To determine this likelihood, both NSL and the bis-silylated salophen were synthesized and 

tested for uranyl ion uptake. In order to obtain the nonsymmetrical ligand, three different 

synthetic pathways were explored to produce the highest yield of the ligand. The initial 

attempt followed a more direct synthesis that is similar to the general salophen Schiff base 

synthesis of adding all of the components in a one-pot synthesis at a 1:1:1 molar ratio, 

Figure 1.3. While subsequent attempts at formation involve the need for precursor imines, 

Figure 1.4., that will be discussed in section 1.4. 
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Figure 1.3. Silylated Salophen Schiff base at 1:1:1 molar ratio with target product and 
resulting products during a one-pot synthesis attempt 

 

Figure 1.4. The monoimine precursors, 4.1 and 4.2, reacted separately with their 
respective benzaldehyde counterpart, Path A or Path B, to form the nonsymmetrical 
salophen Schiff base ligand, 5.1 and 5.2 
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1.2 Design of Silica Sol-Gel Hybrid Material 

1.2.1 Tuning the Silica Solid Support 

The solid support housing of the nonsymmetrical ligand is just as important to the 

success of the sorbent material as is the functional ligand. It is responsible for the access to 

the ligand as well as its protection. Its interaction with the aqueous liquid phase containing 

the ions will limit or enhance the uptake of the actinyl ions. The surface area, porosity and 

connectivity of the internal surfaces of the sorbent as well as the amount of ligand 

incorporated will all affect the chelation success of the sorbent hybrid material.28,33-34 For 

the sorbent material, a protocol established by Hu et al35 was followed for the anticipation 

of further modification of the silica support to be discussed in detail in Chapter 2. The 

synthesis can be thought of as a modification of the Stöber silica process in which basic 

catalyst, ammonium hydroxide, is used to polymerize the silica monomer, tetraethyl 

orthosilicae, in the presence of ethanol solvent to follow the reactions outlined in Scheme 

1.36 This generally leads to uniform, controlled particle size.36-37 For the incorporation of 

the ligand into this polymerization, the solvent was modified for the solubility of the ligand 

in order to create stability in the solution before the nucleation and subsequent growth of 

the particles.  For this particular system, it was desirable for the growing particles to 

precipitate out of solution or aggregate in order to create a material easily collected as a 

batch material from solution. In addition, it was determined that the best method to 

incorporate the ligand was for co-condensation polymerization in which the ligand is 

added to the sol-gel before the polymer is formed in order to increase the amount of ligand 

present. In addition, as Stöber silica generally has a microporous structure with low to 

moderate surface areas (11.3-309.7 m2/g) and pore sizes (1.2-5.9 nm),37 a polymer 
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template was added to increase the porosity from microporous to mesoporous to enhance 

the passage of ions through the sorbent material and increase the accessibility of the 

salophen functionality as well as allow for a more open network for the freely rotating 

ligand to adopt the orientation required for actinyl ion chelation. 

1.2.2 Templating Silica with PNIPAm 

The template polymer chosen was a low molecular weight thermoresponsive, 

water-soluble N-isopropylacrylamide with a lower critical solution temperature (LCST) of 

32 oC. At temperatures below the LCST, this polymer is water soluble, but at temperatures 

above, the polymer aggregates into small dispersed aggregates throughout the solvent 

solution. This allows the silica and NSL monomers to co-condense around these PNIPAm 

aggregates once heated above the LCST, This has the potential to result in mesoporous 

silica built up around large PNIPAm aggregates that additionally may produce hollow cores 

upon cooling and post-synthesis particle washing to remove the template.38 

1.3 Materials and Methods  

Materials. All chemicals were of analytical grade and were used as received, unless noted 

otherwise. Acetone (an-hyd., >99%), allyl bromide (99%), triethoxysilane (95%), o-

phenylenediamine (flaked, 99.5%), N-isopropylacrylamide (NIPAm), ammonium persulfate 

(APS) (98+%), tetraethyl orthosilicate (TEOS) (98%) were all purchased from Sigma-

Aldrich. Potassium carbonate (anhyd., >99%), ammonium hydroxide (Certified ACS Plus), 

propanol (anhyd.), ethanol (anhyd.), ethyl ether (anhyd, BHT Stabilized/Certified ACS) and 

sodium hydroxide (50% w/w) were all purchased from Fisher Scientific. Toluene, hexanes, 

ethyl acetate and nitric acid were purchased from MACRON Fine Chemicals. Toluene 

(anhyd.) as synthesis solvent argon purged through an in-house solvent still system. 



15 
 

Salicylaldehyde (>98%,) was purchased from SAFC, sodium sulfate (anhyd.) from Chem-

Impex Int’l, Inc., platinum divinyltetramethyldisiloxane complex (2% Pt in xylene, Karstedt 

catalyst) from Gelest and the commercial anion exchange resin, ResinTech SIR-1200®39, was 

received from ResinTech, Inc.®. N-isopropylacrylamide was recrystallized from hexanes 

before use and polymerized in nanopure water that was previously distilled and purified 

through a Barnstead Nanopure Diamond system (Fisher). Uranium standard (10,000 ppm, 

2% (v/v) HNO3) was purchased from Inorganic Ventures. Aqueous solutions were made 

using ultrapure (>18 MΩ-cm) water produced in-house using a Millipore water purifier.  

General Procedures and Equipment. Column chromatography was performed using EM 

Silica Gel 60 (35-70 um) while thin layer chromatography was performed using EM TLC 

Silica Gel 60G F254 glass-backed plates. All volatile solvents were removed, in vacuo, under 

reduced pressure using a Büchi Rotavapor R-205 and sonication was performed with a 

Branson M3800 operating at 40 kHz in the presence of 3 Å molecular sieves (4-8 mesh, 

Aldrich).  Filtrations where completed using WhatmanTM 55 mm filter paper during 

organic synthesis and WhatmanTM 0.2 µm poly-propylene filters fitted with 1 mL Air-Tite™ 

All-Plastic Norm-Ject™ syringes for ICP-MS preparation.  The PNIPAm polymer template 

was concentrated with regenerated cellulose dialysis tubing (12000-14000 MWCO, Fisher). 

Solid sorbents were concentrated with a CL clinical centrifuge (International Equipment 

Co) and dried with a Fisher Scientific Isotemp 281A Vacuum Oven. Uranium uptake was 

facilitated with a Scilogex MX-RD-Pro LCD Digital Tube Rotator. 
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1.4 Synthesis of Nonsymmetrical and Symmetrical Salophen Schiff Base Ligands with 

3-(Triethoxysilyl)propyl Tether 

All synthetic pathways of the ligand required the formation of 3-

(triethoxysilyl)propyl salicylaldehyde, which involved a three-step process to develop this 

precursor.32,40-43  

1.4.1 Step 1: Synthesis of 2-(allyloxy)benzaldehyde 

 

To a nitrogen purged 100 mL round bottom flask, anhydrous acetone (50-80 mL) was 

added to potassium carbonate (8 g) and stirring was commenced. The solvent was purged with 

nitrogen and then salicylaldehyde was added (10 g, 0.08 moles), followed by allyl bromide 

dropwise (10 g, 0.08 moles). The reaction was refluxed for 6-10 h and monitored by TLC.  The 

reaction was filtered and the solvent was removed in vacuo. The product was quenched with 

water and extraction was carried out with diethyl ether (3 x 50 mL). The organic layer was 

collected and dried (Na2SO4). The solvent was again removed in vacuo. Purification of the 

yellow oil was completed via column chromatography (2:1, hexanes:ethyl acetate) to give final 

product (7.87 g, 78.7% yield). 1H (DMSO) δ 10.415 (s, 1H), 7.693-7.712 (dd, J = 7.5, 1.5 Hz, 

1H), 7.611-7.646 (td, J = 7.5, 1.5 Hz, 1H), 7.198-7.214 (d, J = 8 Hz, 1H), 7.054-7.084 (t, J = 7.5 

Hz, 1H), 6.052-6.128 (ddd, J = 17, 5, 10.5, 1.5 Hz, 1H), 5.446-5.484 (dd, J = 17.5, 1.5 Hz, 1H), ), 

5.288-5.312 (dd, J = 10.5, 1.5 Hz, 1H), 4.718-4.728 (d, J = 5 Hz, 2H); 13C NMR (DMSO) δ 

189.0, 160.5, 136.2, 133.0, 127.7, 124.4, 120.7, 117.7, 113.8, 68.8; TOF MS (ES+) m/z 

calculated for C10H10O2 [M + Na+] 185.0578, observed 185.0576. 



17 
 

1.4.2 Step 2 Synthesis of 3-Allyl-2-hydoxybenzaldehyde 

 

Purified 2-(allyloxy)benzaldehyde (1) (2.10 g, 12.5 mmol)  was placed in a 15 mL round 

bottom flask neat and heated to 200 oC for 24 hours under nitrogen.  The product was purified 

via column chromatography (toluene:hexanes, 3:2) to produce a clear yellow product (1.55 g, 

73.8% yield).  1H NMR (CDCl3) δ 11.3001 (s, 1H), 9.8846 (s, 1H), 7.4021-7.4396 (td, J = 11, 

3.5 Hz, 1H), 6.9553-6.9855 (t, J = 7.5 Hz, 2H), 5.9567-6.0243 (ddd, J = 24, 10, 6.35 Hz, 1H), 

5.1054-5.1161 (d, J = 5.35 Hz, 1H), 5.00844 (s, 2H), 3.4309-3.4480 (d, J = 6.5 Hz, 2H); 13C 

(CDCl3) δ 196.8, 159.7, 137.3, 135.9, 132.0, 128.9, 120.4, 119.7, 116.4, 33.2; TOF MS (ES+) 

m/z calculated for C10H10O2 [M + Na+] 185.0578, observed 185.0573. 

1.4.3 Step 3 Synthesis of 3-(3-(triethoxysilyl)propyl)salicylaldehyde 

 

Toluene (20 mL) from a dry solvent still was added to a 50 mL round bottom flask with 

stir bar. 3-Allyl-2-hydoxybenzaldehyde (2) (3.5 g, 21.3 mmol) was added followed by 

triethoxysilane (3.5 g, 21.3 mmol) via syringe. Karsteadt’s catalyst (50 uL, 2 drops) was added 

and the flask was fitted with a dry air condenser. The reaction was stirred at room temperature 

for 24 h, followed by solvent removal in vacuo. The product was then distilled utilizing a 

Hickman distill head to give a brown oil. Yield: (5.5 g, 78.4%), 1H (CDCl3) δ 11.2376 (s, 1H), 

9.8673 (s, 1H), 7.3817-7.3971 (d, J = 6.5 Hz, 2H), 6.9169-6.9472 (t, J = 7.5 Hz, 1H) 3.7855-
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3.8276 (q, J = 7 Hz, 6H), 2.6842-2.7147 (t, J = 7.5 Hz, 2H), 1.717-1.781 (qt, J = 8 Hz, 2H),  

1.1977-1.2257 (t, J = 7 Hz, 9H), 0.6734-0.7070 (t, J = 8.5 Hz, 2H); 13C (CDCl3) δ 196.9, 156.0, 

137.4, 131.7, 131.1, 120.4, 119.5, 58.5, 32.5, 22.8, 18.4, 10.5; TOF MS (ES+) m/z calculated for 

C16H26O5Si [M + Na+] 349.1447, observed 349.1451. 

1.4.4 Step 4.1: Synthesis of Monoimine Schiff Base 4.144-46 

 

Phenylenediamine (0.973 g, 8.9 mmol) is added to a 15 mL round bottom flask in flake 

form, followed by 3Å molecular sieves and salicylaldehyde (1.09 g, 8.9 mmol). It is put in a 

water bath sonicator for 2 h at 40 kHz. After one hour, a bright yellow-orange solid is formed. 

The solid is washed once with 15 mL of 60 oC deionized water to remove excess 

phenylenediamine. The solid is centrifuged and any remaining water is removed in vacuo. Yield 

(1.393, g 73.7%), 1H (CDCl3) δ 13.0998 (s, 1H), 8.5960 (s, 1H), 7.3824-7.4131 (t, J = 7.5 Hz, 

1H), 7.3795-7.3824 (d, J = 1.5 Hz, 1H), 7.1086-7.1414 (td, J = 15.3, 11, 7.5 Hz, 1H), 7.0531 (d, J 

= 7.5 Hz, 1H), 7.0432-7.0563 (d, J = 6.5 Hz, 1H), 6.9598-6.9896 (t, J = 7.5 Hz, 1 H), 6.7882-

6.8311 (m, 2H), 4.0416 (s, 2H); 13C (CDCl3) δ 162.28, 160.87, 140.90, 135.44, 133.20 132.36, 

128.27, 119.64, 119.38, 118.97, 118.52, 117.23, 115.94; TOF MS (ES+) m/z calculated for 

C13H12N2O [M + H]+ 213.1028, observed 213.1027. 
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1.4.5 Step 4.2: Synthesis of Monoimine Schiff Base 4.2 

 

The monoimine formation is carried out similarly to (4.1). Briefly, phenylenediamine 

(0.130 mg, 1.2 mmol) was added to a 15 mL round bottom flask with 3Å molecular sieves. 3-(3-

(triethoxysilyl)propyl)salicylaldehyde (3) (0.392 g, 1.2 mmol) was added for the 1:1 reaction to 

occur at room temperature. The flask is placed into a water bath sonicator at 40 kHz for 48 h.  

TLC is done to monitor the reaction (Tol:EA, 3:1). The product was dissolved in heptane to 

separate from 3Å molecular sieves and remaining phenylenediamine to give a clear brown, 

viscous oil. Solvent is removed in vacuo.  Yield: (0.324 g, 64.9 %); 1H (CDCl3) δ 13.1890 (s, 

1H), 8.6155 (s, 1H), 7.2500 (s, 1H), 7.086-7.116 (t, J = 7.5 Hz, 1H), 7.0392-7.0549 (d, J = 7.85 

Hz, 1H), 6.869-6.899 (t, J = 7.5 Hz, 1H), 6.7819-6.8101 (m, 2H), 4.0124 (s, 2H), 3.7971-3.8392 

(qt, J = 7 Hz, 6H), 2.7322-2.764 (t, J = 7.5 Hz, 2H), 1.769-1.832 (q, J = 8 Hz, 2H), 1.2064-

1.2344 (t, J = 7 Hz, 9H), 0.7205-0.7538 (t, J = 8.3 Hz, 2H); 13C (CDCl3) δ 162.59, 158.99, 

140.93, 135.52, 133.69, 130.34, 130.27, 128.12, 119.07, 118.94, 118.88, 118.50, 115.88, 58.47, 

33.08, 22.84, 18.43, 10.51; TOF MS (ES+) m/z calculated for C22H32N2O4Si [M + H] + 

417.2209, observed 417.2218. 
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1.4.6 Step 5: Synthesis of Salophen Schiff Base 5.1 in a 1:1:1 Molar Ratio 

 

The final step of the nonsymmetrical Schiff base ligand synthesis can be carried out using 

the monoimine product from either Step 4.1 or 4.2 to produce the same product. For (5.1) 

salicylaldehyde monoamine Schiff base (4.1) (0.136 g, 0.64 mmol, 10 mol% excess) is added to 

a 15 mL round bottom flask with 3Å molecular sieves followed by (3) (0.189 g, 0.58 mmol). The 

reaction is sonicated for 48 h. The yellow/orange product is purified with heptane and dried in 

vacuo to give a translucent brown viscous oil. Yield: (0.127 g, 34.8%); 1H (CDCl3) δ 13.0068-

13.0800 (m h bonding, 2 H), 8.6013-8.6384 (m h bonding, 2H), 7.3227-7.3876 (m, 5H), 7.2090-

7.2603 (m, 3H), 7.0368-7.0531 (d, J = 8 Hz, 1H), 6.9212-6.9362 (td, J = 7.5, 1 Hz, 1H), 6.835-

6.865 (t, J = 7.5 Hz, 1H), 3.7820-3.8389 (qt, J = 7 Hz, 6H), 2.721-2.752 (t, J = 7.5 Hz, 2H), 

1.7751-1.7946 (t, J = 7.5 Hz, 2H), 1.195-1.223 (t, J = 7 Hz, 9H), 0.7132-0.7467 (m, 2H); 13C 

(CDCl3) δ 164.68, 163.8, 161.47, 159.55, 142.67, 133.52, 133.42, 132.46, 132.37, 127.8, 127.52, 

120.45, 120.04, 119.84, 119.35, 119.12, 119.01, 118.63, 117.66, 117.56, 58.5, 32.91, 22.75, 18.4, 

10.46; TOF MS (ES+) m/z calculated for C29H36N2O5Si [M + H] + 521.2472, observed 521.2460. 
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1.4.7 Step 5: Synthesis of Salophen Schiff Base 5.2 

 

In this synthesis of the nonsymmetrical salophen the 2-(((2-aminophenyl)imino)methyl)-

6-(3-(triethoxysilyl)propyl)phenol (4.2) (0.358 g, 0.86 mmol, 10 mole % excess) is added to a 15 

mL round bottom flask with 3Å molecular sieves in a 1:1 molar ratio with sailcylaldehyde (0.84 

g, 0.78 mmol) added before the contents are sonicated for 48 h. The product is purified via 

heptane solvation and removal in vacuo to give a bright clear red/orange viscous oil. Yield 

(0.284 g, 70.0%); 1H (CDCl3) δ 12.991-13.0732 (m h bonding, 2H), 8.6028-8.6390 (m h 

bonding, 2H), 7.3108-7.3867 (m, 5H), 7.2093-7.2411 (m, 3H), 7.0407-7.0578 (d, J = 8.5 Hz, 

1H), 6.9072-6.9371 (t, J = 7.5 Hz, 1H), 6.8378-6.8677 (t, J = 7.5 Hz, 1H), 3.8322-3.7834 (qt, J = 

7 Hz, 6H), 2.7166-2.7560 (t, J = 7 Hz, 2H), 1.7675-1.7987 (q, J = 7 Hz, 2H), 1.1964-1.2246 (t, J 

= 7 Hz, 9H), 0.7059-0.7487 (m, 2H); 13C (CDCl3) δ 164.67, 163.8, 161.47, 159.55, 142.67, 

133.50, 133.40, 132.46, 132.40, 127.8, 127.51, 120.45, 120.05, 119.85, 119.35, 119.10, 119.02, 

118.61, 117.66, 117.55, 58.5, 32.9, 22.7, 18.4, 10.46; TOF MS (ES+) m/z calculated for 

C29H36N2O5Si [M + H] + 521.2472, observed 521.2457. 
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1.4.8 Step 5: Synthesis of Salophen Schiff Base 5.3 

 

The nonsymmetrical salophen can also be made by adding the reactants in a 1:1:1 molar 

ratio.  First, (3) is added (0.313 g, 0.96 mmol), followed by salicylaldehyde (0.104 g, 0.96 

mmol), 3Å molecular sieves and finally phenylenediamine flakes (0.117 g, 0.96 mmol). The 

reaction is vortexed slightly and then placed on the sonicator for 48 h to give a caramel colored 

and textured product. An attempt at purification leaves a translucent, viscous orange/brown oil at 

a low yield, ( 0.027 g, 5.4%); 1H (CDCl3) δ 13.0046-13.0983 (m h bonding, 2H), 8.6019-8.6392 

(m h bonding, 2H), 7.3391-7.4188 (m, 5H), 7.2308-7.2495 (m, 3H), 7.0376-7.0541 (d, J = 7 Hz, 

1H), 6.907-6.937 (t, J = 7.5 Hz, 1H), 6.798-6.801 (t, J = 1.5 Hz, 1H), 3.7898-3.8450 (qt, J = 7 

Hz, 6H), 2.72-2.77 (m, 2H), 1.748-1.839 (m, 2H), 1.194-1.222 (t, J = 7 Hz, 9H), 0.703-0.760 (m, 

2H); 13C (CDCl3) δ 164.68, 163.88, 161.47, 159.55, 142.68, 133.52, 133.42, 132.46, 132.37, 

127.8, 127.52, 120.47, 120.06, 119.85, 119.35, 119.12, 119.00, 118.63, 117.67, 117.56, 58.5, 

32.92, 22.7, 18.4, 10.46; TOF MS (ES+) m / z calculated for C29H36N2O5Si [M + Na] + 543.2291, 

observed 543.2299. 
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1.4.9 Synthesis of Salophen Schiff Base 6 

 

To make the symmetrical salophen that possesses two silylated substituents, (3) and 

phenylene diamine are added in a 2:1 molar ratio. First, (3) (0.457 g, 1.4 mmol) is added to a 15 

mL round bottom flask followed by 3A molecular sieves and then phenylene diamine (0.077g, 

0.7 mmol). The reactants were sonicated for 48 hrs in a water bath sonicator at 40 kHz. The 

reaction was monitored with TLC (Tol:EA, 3:0.5). The product was purified with heptane and 

the solvent was then removed in vacuo to give a translucent bright orange viscous oil (0.323 g, 

64.6%). 1H (CDCl3) δ 13.110 (m h bonding, 2 H), 8.605 (s, 2H), 7.297-7.315 (m, 2H), 7.186-

7.260 (m, 6H), 6.828-6.859 (t, J = 7.5 Hz, 2H), 3.777-3.819 (qt, J = 7 Hz, 12H), 2.710-2.740 (t, J 

= 7.5 Hz, 4H), 1.760-1.790 (t, J = 7.5 Hz, 4H), 1.183-1.212 (t, J = 7 Hz, 18H), 0.866-0.893 (t, J = 

7 Hz, 4H); 13C (CDCl3) δ 164.70, 159.56, 142.58, 133.85, 130.59, 130.42, 127.50, 120.72, 

118.79, 118.56, 58.4, 32.83, 22.71, 18.41, 10.43; TOF MS (ES+) m / z calculated for 

C38H56N2O8Si2 [M + H] + 725.3654, observed 725.3610. 

Characterization of the Nonsymmetrical ligand 

The nonsymmetrical ligand and its precursors were analyzed via 1H NMR at 500 MHz 

and 13C NMR at 125 MHz, using a Bruker DRX 500 Spectrophotometer. Accurate mass of the 

ligand and precursors was deter-mined using an ESI LC-TOF Micromass LCT 1 in positive 

mode. 
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1.5 Synthesis of the Hybrid Material 

1.5.1 Synthesis of PNIPAM Template Polymer47 

Recrystallized NIPAm (7 g, mmol) was dissolved in nanopure water (50 mL) followed by the 

addition of ammonium persulfate initiator (46 mg, mmol). The solution was filtered with 

Whatman filter paper via vacuum filtration, then degassed under nitrogen in a 100 mL round 

bottom flask for 25 min.  The flask is stirred and heated to 60 oC for 3 hrs. Over that time, the 

solution becomes gelatinous in appearance with increased viscosity and eventually becoming 

opaque white. The solution is then cooled to room temperature and purified by dialysis (12,000-

14,000 MWCO) in nanopure water (3 L) for 4 days resulting in a clear water soluble gel at room 

temperature. The dialysis water was changed three times per day. The 1H NMR contains the 

following peaks: (CDCl3) δ 6.531 (br, 1H), 3.980 (br, 1 H), 1.132 (d, 6 H) indicating the 

presence of the isopropyl and amide functionalities present on the PNIPAm polymer. The 

resulting polymer was analyzed with GPC to give Mw: 1.2699x105 g/mol with PDI: 2.92. 

1.5.2 Synthesis of the Hybrid Materials, General Procedure36 

A general particle synthesis is as follows: to a 10 mL plastic vial and stir bar, 0.104 g of 

nonsymmetrical ligand is added followed by 0.5-1 mL anhydrous acetone and 0.445 g of 

TEOS monomer. Propanol solvent is added (2 vol%) followed by 0.360 mL of DI water 

containing 53 mg of pNIPAm solvated polymer. The solution is mixed on a stir plate and 

heated to 50 oC for 30 minutes. An ammonium hydroxide catalyst (1.5 M NH3 (aq), 0.9 mL) 

is added to the mixture and the particles are further heated at 50 oC for 30 minutes more. 

The solution is then allowed to stir at room temperature until gelation occurs. The resulting 

orange sol-gel is allowed to age for 24 h. The gelled product is washed with ethanol (3x) 

and DI water (1x) and dried in vacuo at 80 oC overnight.  
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Table 1.1 Components of salophen Schiff base sol-gel polymerization for 10 mol% Hybrid 

Material (HM), 50 mol% Higher Loading (HL), bis-silylated or Two-Tether symmetrical 

salophen (TT), Templated Silica (TS) and Non-Templated Silica (NTS). An “X’ denotes that 

the component is not present in the sample 

*Using Ligand 6 for particle synthesis 

Hybrid Material Characterization 

Aggregate gel morphology and mesostructures were analyzed with a FEI Magellan 400 XHR 

Scanning Electron Microscope; samples were sputter coated with a Pt/Pd source for best 

resolution using a LEICA Sputter Coater 200. Samples were further characterized through 

elemental analysis (EA) through Atlantic Microlab, Inc. for C,H and N. Adsorbent properties 

were measured with a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer under 

liquid nitrogen (-196 oC). Samples were initially degassed for 10 h at 125 oC before 

sorption-desorption analysis. Surface area was calculated using the Brunaur-Emmett-

Teller (BET) method while pore size was determined using the Barrett-Joyner-Halend 

(BJH) method with focus on the maximum of the pore size distribution. 

1.6 Characterization Results of Ligand and Hybrid Material 

1.6.1 Ligand Structure 

The nonsymmetrical ligand synthesis was most successful through monoimine 4.2 

reacting with salicylaldehyde, Scheme 3. Path B, with a yield of 70.0%. Slight excess of 4.2 

Sample 
TEOS 

[mmol] 

Ligand 

[mmol] 

pNIPAm 

[wt%] 

H20 

[mmol] 

NH3 (aq)  

[M] 

HM 2 0.2 12 150 1.5 

HL 2 1.1 12 150 1.5 

TT 2 0.2* X 150 1.5 

TS 2 X 12 150 1.5 

NTS 2 X X 150 1.5 
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favored 5.2 formation while heptane solvation allowed for the separation of 5.2 from 

salophen by-product. The nonsymmetrical structure was confirmed spectroscopically. 1H 

NMR of 5.2 (Appendix A) displays the individual imine and phenolic proton signatures 

from each side of the chelation cavity due to the non-symmetry of the ligand.  Additionally, 

a potential keto-enol tautomer formation can also be observed through the further splitting 

of each of the phenolic and imine protons due to the intramolecular hydrogen bonding 

occurring within each keto-enol pair. Similar splitting has also been observed for other 

nonsymmetrical Schiff bases.48-50 The reaction to produce compound 5.1 from monoimine 

precursor 4.1 also delivered a high yield of nonsymmetrical salophen compared to the 

1:1:1 pathway, but the untethered salophen byproduct was still produced in higher yield 

than desired. The 3-(triethoxyslilyl)propyl substituent delays the imine condensation for 

the formation of the NSL, requiring longer reaction times and higher concentration to 

increase product yield of the NSL.  Therefore, synthesis for the nonsymmetrical salophen 

ligand utilized the 5.2 protocol to limit the production of byproduct.  

1.6.2 Hybrid Sorbent Material Structure 

A small library of hybrid materials was made in order to determine the best initial 

co-condensation reaction conditions for ligand incorporation into a silica network, Table 

1.2.  
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Table 1.2. Surface Area, porosity and components of the hybrid materials designed for 
aqueous actinyl ion uptake.  An “X’ denotes that the component is not present in the sample 

*Values for microporous silica taken from literature.37  

The result of the hybrid material co-condensation sol-gel polymerization was a bright 

orange gel, uniform in appearance that was subsequently processed into batch aggregates, 

facilitating separation from aqueous testing solutions. These formulations were chosen to 

determine ligand loading potential into the sol-gel polymerization, as well as chelation 

ability of the NSL compared to the bis-silylated tether (TT) with templated and non-

templated silica sorbent material controls to determine the influence of the solid support 

housing on actinyl ion uptake. The resulting aggregate gels of the hybrid material (HM), 

higher loading (HL) and templated silica (TS) can be observed in Figure 1.4 rough SEM and 

respective inset images. The salophen structure adds a yellow to orange/brown color to the 

otherwise white silica for visual confirmation of successful co-polymerization with richer 

color indicating higher ligand loading. The SEM images show that the gels are aggregates of 

particles <50 nm in diameter, a morphology desirable to increase surface area and ligand 

access while maintaining a solid aggregate material for batch uptake. 

Sample Ligand Type 

Percent 
Ligand 

[Theoret. Mole 
%] 

Polymer 
Template 

Surface 
Area* 

[m2 /g)] 

Pore Width* 
[nm] 

HM 
 

10 
 

267 15 

HL 
 

50 
 

300 11 

TT 
 

10 X 290 5 

TS X 0 
 

310 9 

NTS X 0 X 11.3-309.7 1.2-5.9 
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Figure 1.5. SEM images of the sol-gel hybrid materials: Image A and B show hybrid 
material (HM) with 4 mole % ligand, Image C of higher loading (HL) hybrid material at 18 
mole % and image D of the templated silica (TS) aggregate gel for batch uptake. 
 
The SEM image for the higher loading material (HL) (Figure 1.5C) shows bulkier, uneven 

aggregates that appear to have an external coating in comparison to the HM sample 

(Figures 1.5A and 1.5B) and templated silica (Figure 1.5D). This could be attributed to 

excess organic ligand as the aggregate gel takes on richer ligand color compared the HM. In 

addition the HM proves to be a clumpier and tackier gel upon sol-gel processing, a property 

that was also observed for the free NSL without the silica support.  The hybrid materials 

were analyzed by elemental analysis for all ligand-containing samples to determine the 

amount of ligand incorporated into the sol-gel network. For the HM, the percent ligand 

incorporated was determined to be roughly 4 mole % at (16% C, 2% H, 1% N) compared to 

the 10 mole% initially added to the sol-gel polymerization, (29% C, 2% H, 3% N), assuming 

complete hydrolysis and condensation of all monomers. As hydrogen will also be present in 

the form of surface silanol groups on the silica support and carbon may be present due to 
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incomplete hydrolysis of both monomers, nitrogen will be taken as the overall indicator of 

percent incorporation of the ligand into the network. The HL sample contains an average of 

18 mole % ligand with (27% C, 2.4% H, 2% N) found while it was synthesized using 50 

mole %, (57.84% C, 4.43% H, 5.87% N). By comparison, the bis-silylated hybrid material, 

TT, contains 6 mole % of the symmetric ligand with (20% C, 2% H, 2% N) found based upon 

10 mole %, (31.35% C, 2.62% H, 2.80% N), added to the polymerization. The actual percent 

of ligand incorporated will impact the uptake of each material, but how it is incorporated is 

just as important. The uniformity of the co-condensation, the porosity and the access to the 

pores with chelation-worthy ligands are equally important to material performance.37  

Given the different loading of the NSL within each sample, it is interesting that the surface 

areas of the hybrid materials do not vary greatly between the sorbent materials with the 

smallest surface area of 267 m2/g belonging to the HM, Table 1.2. The values are 

comparable to non-templated silica and the introduction of the PNIPAm template does not 

seem to have a large effect on surface area. With relatively close surface area values, 

differences in uptake performance may originate from other material characteristics, such 

as pore size. All synthesized sol-gel aggregates templated with PNIPam polymer were 

determined to be mesoporous, type IV curves, Table 1,2 and Figure 1.6 while the TT, 

synthesized without the templated presented borderline microporous/mesoporous 

behavior. The non-templated silica was not analyzed for surface area or porosity, but 

literature values were utilized for comparison. The HM demonstrates the largest porosity, 

but also possesses the greatest pore size distribution, Figure 1.7. Both the HL and the TS are 

similarly mesoporous but with a narrower distribution than the HM. As the inclusion of the
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Figure 1.6. Sorption-desorption isotherms of synthesized hybrid materials showing 
increasing mesoporosity at higher relative pressures  

 

Figure 1.7. Pore size distribution of synthesized hybrid materials calculated with BJH method 
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NSL monomer changes the properties of the polymerization including particle growth, 

stability and gelation rate, as observed during synthesis, it may also influence the resulting 

pore size. Different ligand loadings, 0, 10 and 50 mole % resulted in different pore sizes, 

but not with an obvious trend.  The highest ligand loading possesses smaller pores than the 

10 mole%, potentially showing a blocking of pores with excess ligand, but as the templated 

silica control demonstrates even smaller mesopores, there appears to be a more 

complicated and fundamental influence of the co-condensed ligand on pore size. Therefore, 

it is difficult to conclude if the PNIPAm had the intended effect of adding mesoporosity to 

the hybrid materials of if this was influenced by the NSL co-monomer as well.  

1.7 Uranium Sorption Studies of Hybrid Material 

1.7.1 Uptake Study: Protocol 

Uranyl Sorption Experiments. The hybrid material was tested for uptake of uranyl 

ions using 0.1 mM of uranyl nitrate to determine preliminary performance of the salophen 

in a silica sol-gel solid support system. The new material was tested alongside the silica 

controls as well as a commercial material from ResinTech, Inc., ResinTech SIR-1200, RT, an 

anion exchange resin designed for uranium removal.39 All samples were dried at 80 oC 

overnight under vacuum before contact with the uptake solution. Each sample was added 

to individual 5 mL glass vials at 10 mg quantity with 4 mL of the uranyl solution added to 

each vial. In addition to the solid material synthesized here, we also tested 10 mg of the 

tethered nonsymmetrical ligand in free ligand form without any solid support. The free 

ligand is in the form of amorphous semi-solid at room temperature and once added to the 

solution remains insoluble in the aqueous phase. The uranyl solutions were made using the 

uranyl ion standard solution containing 2% nitric acid and diluted with ultrapure (>18 MΩ-
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cm) water.  This resulted in an initial testing pH of 3.5 for the 0.1 mM UO22+ solution.  The 

samples were placed on a carousel mixer for dynamic contact at 25 rpm for 24 h.  The 

supernatant was then filtered through 0.45 µm filters and prepared for measurement using 

the ICP-MS by diluting the samples with 2% nitric acid. Samples were run in triplicate for 

batch uptake and the collected supernatants were compared against the uncontacted 

uranyl standard stock solution with the difference in concentration evaluated as the ion 

uptake of the solid support material. 

1.7.2 Uptake Study: Analytical Methods 

Uranium uptake of hybrid materials was analyzed against a uranium standard via an 

Agilent 7500cx Inductively Coupled Plasma Mass Spectrometer. Samples were diluted 

1/100 in 2% nitric acid in order fit the analytical range of the spectrometer. The stock 

solution that samples were tested with was utilized as the ICP-MS standard to determine 

the initial concentration of uranium in each sample. Three samples of the stock solution 

were prepared for ICP-MS and the average was taken to determine this value. The 

difference in the stock concentration and the sample supernatant is determined to be the 

amount of uranium concentrated in the sample. The mass of the sample tested and volume 

of solution added to the sample vial are incorporated into determining the percent uptake 

of the uranium for both the entire sorbent material and per the quantity of ligand in the 

sample. The following equations are used to determine these values.  

1.7.3 Uptake Study: Results  

The various materials were tested for uptake of uranium at a low concentration of 

0.1 mM UO22+ at pH 3.5. Figure 1.8 shows the performance of the hybrid material at this 

concentration. It can be summarized that the salophen Schiff base sol-gel hybrid materials 
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with the NSL perform significantly better than the control materials under batch 

conditions. The material also performed better than the commercial resin under the chosen 

conditions. ResinTech SIR-1200 (RT in Figure 1.8) possesses a significantly larger particle 

 

Figure 1.8. Uranyl Ion uptake of the hybrid materials at 0.1 mM UO22+ concentration at 
pH 3.5. 
 
size at 0.2-1.2 mm (16-50 Mesh) of its polystyrene beads versus <50 nm aggregate gel for 

the hybrid materials. This may result in a much smaller surface area for the trimethylamine 

functionality of commercial material to interact with the uranium in solution. The material 

is rated for pH 0-14 testing for chromatographic separations and should perform well at the 

current testing pH.39 Based on the results of the uptake of the silica controls, it is clear that 

the ligand is responsible for uranium chelation as the silica controls do not have strong 

interaction with uranium under at this pH. Comparing the different materials, HM actually 

outperformed HL even with less incorporated ligand. The error associated with the uptake 

of the HL sample is quite large, however, suggesting inconsistent performance and coverage 
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of the material at higher loading which may vary significantly between the 10 mg batches 

tested. Keeping the ligand concentration closer to 10 mole percent may improve 

consistency going forward in terms of testing the capacity of the sample, limit waste of the 

NSL and prevent potential clogging of pores or cramping of the ligand.52-53 

The poor performance of the TT at similar mole percent incorporation into the HM suggests 

that the structure of the two-tether material greatly limits its ability to function as an 

actinyl ion chelator and that the NSL structure is essential to the ligand’s success. The TT 

did not undergo successful sol-gel polymerization with the template monomer present in 

the formulation.  Therefore, it was synthesized without a porosity agent. This resulted in a 

smaller pore size which perhaps influenced the uptake of the uranium. Note that the 

negative uptake reported for some samples is due uncertainties when comparing the 

uptake of each sample to that of the uranium determined to be in the stock solution 

through ICP-MS characterizations. The value reported is the average of three samples and 

the errors are based on one standard deviation.  

  The last material tested was the uptake of the free silylated ligand, free NSL, that 

possesses the 3-(triethoxysilyl)propyl tether, but without the silica matrix. The free ligand 

was tested to see how the NSL performs on its own before sol-gel polymerization. The NSL 

is a highly viscous semi-solid and is insoluble in the aqueous solution. Thus, adding the NSL 

directly to the aqueous phase still allowed for observing a decrease in uranyl concentration 

in the aqueous phase due to complexation with the NSL. The results show that the salophen 

performs quite well without the silica at similar 87% uptake compared to hybrid material’s 

88% uptake after 24 hours. There was also larger error involved with the free NSL uptake 

and this was observed to be due to how the free ligand was dispersed in the testing vial. As 
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the ligand on its own is hydrophobic, it does not disperse in water. If the free ligand, 

possessing the consistency of caramel, is added as a globular mass to the vial, the uptake 

results are lower, whereas if the material is spread out or coated on the walls of the glass, 

increasing the surface area for potential chelation, the uptake increases significantly. This 

demonstrates how important porosity, surface area, hydrophilicity and overall access are to 

creating a worthwhile adsorbent material. Based on weight of ligand present, the capacity 

of the HM is much higher at 15 mg U/g ligand compared to the NSL salophen’s 3 mg U/g 

ligand at 0.1 mM uranyl, indicating a better performance at lower ligand concentration on 

the designer silica support rather than the concentrated NSL on its own. However, owing to 

the low concentration of uranyl used in these solutions, the uptake capacity of the resin has 

not been fully determined. This will be reported in a follow-up publication on the hybrid 

material performance. 

1.8 Conclusions of Study 

In this work we successfully navigated the synthesis of a nonsymmetrical silylated 

salophen ligand, (2-(3-triethoxysilyl)propyl)salophen for incorporation into a sol-gel-based 

solid support network. We were able to construct a functional hybrid material to enhance 

the aqueous uptake of the uranyl ion by salophen Schiff bases as well as incorporate 

mesoporosity into an adsorbent material based on particle formulation. It was determined 

that the non-symmetrical ligand structure is imperative for maintaining functionality of the 

ligand for actinyl ion uptake in a silica sol-gel matrix and at relatively low loadings of the 

NSL into the silica solid support. This material out-performed its free ligand counterpart 

demonstrating the necessity of the silica solid support network in providing a consistent 

matrix for aqueous sequestration of actinyl ions. 
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Chapter 2: Hybrid Material Performance for Uranyl Ion Uptake and Radiolytic 

Adaptation 

2.1 Introduction 

The hybrid material, HM Table 1.2, which removed 88% of the uranium from 

solution at 0.1 mM U and pH 3.5 was further tested for its ability to chelate the uranium 

actinyl ion under various conditions to gauge its optimal performance and potential 

applications. Such factors as kinetics of uptake, pH, ion uptake capacity, selective uranium 

uptake in the presence of lanthanides, its performance as a column separation media and 

reusability are considered. Kinetics and capacity are of great interest to determine how 

quickly and how much material can be sequestered for containment purposes. pH as well 

as metal ion competition studies are important to see if the sorbent can withstand the 

environments of SNF reprocessing or waste storage, if the material is better suited for 

natural bodies of water for decontamination or uranyl removal from seawater if higher pH 

appears more promising. In addition to batch uptake studies performed on the hybrid 

materials, using the absorbing material in a column is a more efficient process for 

separation and should be considered.14 In addition, the material was studied under 

radiolytic conditions, i.e. exposed to ionizing radiation, to give an indication as to how it 

will endure in the presence of a radiation field within the spent nuclear fuel environment. 

Highly radioactive materials emit high amounts of energy in the form of ionizing alpha 

particles, beta particles and gamma rays, which will interact with the materials it 

encounters, inducing the breaking of bonds and the making of free radicals which may 

cause indirect degradation of the solid material.54-56  



37 
 

The salophen Schiff base has been investigated in terms of its radiolytic stability as a 

free ligand in organic solvent.57 In the study, the ligand was exposed to a Cs-137 source 

over the course of roughly two weeks at a dose rate of 2 kGy/h, where one Gray (Gy) is 

equivalent to 1 J/kg and indicates the dose or amount of radiation an object receives. The 

salophen showed significant degradation after 24 hours of radiation exposure, i.e. ~50 kGy 

of dose in this study and continued to degrade with further radiation exposure. In the 

presence of a silica solid support, however, it is possible that the integrity of the ligand 

might be maintained for a longer period of time as the silica may act as a shield and 

possible deterrent of radiolysis of the Schiff base.  As borosilicate glass is a chosen material 

to contain and vitrify HLW for long-term disposal, it has been shown to endure high levels 

of radiation, though it may lead to bond breakage and new crosslinks as the vitreous glass 

changes in density, usually compaction, and undergoes deformation depending on the type 

and level of ionizing radiation.55-56,58  Whether or not the solid support can protect the 

structure of an internal organic functionality would help determine if the sorbent material 

shows any promise in spent nuclear fuel reprocessing.  

Stemming from potential attributes of the solid support material, an adapted sol-gel 

may prove even more fitting to protect the organic ligand. Aromatic groups have 

demonstrated the ability to quench free radicals and electrons in the presence of ionizing 

radiation.59-60 For example, polydiphenylsiloxane and polyphenylsilsesquioxane have 

shown the ability to withstand ionizing radiation as a mechanical blend to protect other 

polymers such as polydimethylsiloxane (PDMS) from degradation.59-60 Certain sol-gel 

monomers, such as 1,4-bis(triethoxysilyl)benzene, a bridged polysilsesquioxane contains 

an aromatic phenylene at its center, Figure 2.1. This monomer could replace the 
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tetraalkoxysilane of the hybrid material with mostly aromatic functionality. This could be 

beneficial as it has been determined that it is the amount and not the location of the 

aromatic groups that is most important in protecting from radiation.60 In addition, the 1,4-

bis(triethoxysilyl)benzene monomer has demonstrated very high surface areas as well as 

mesoporosity (up to 5 nm) of its sol-gel network due to the rigid character of its bulky 

phenylene groups.31  

 

Figure 2.1 Nonsymmetrical salophen ligand incorporated into a bridged 
polysilsesquioxane sol-gel sorbent material 
 
This could make for an interesting monomer with which to co-condense the NSL and 

determine the stability of the ligand under ionizing radiation conditions while determining 

its capability as an actinyl ion sequestrant. Therefore, for the performance study of the 

salophen ligand in a hybrid material, HM and a new material, hybrid bridged 

polysilsesquioxane (HMBPS), were synthesized and examined alongside the NTS silica 

control for actinyl ion uptake as well as uptake after exposure to ionizing radiation.  
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2.2 Hybrid Material Sol-Gel Synthesis 

2.2.1 Materials and Methods 

Materials. All chemicals were of analytical grade and were used as received, unless noted 

otherwise. Acetone (anhyd., >99%) was purchased from Sigma-Aldrich. Ammonium 

hydroxide (Certified ACS Plus), propanol (anhyd.), and sodium hydroxide (50% w/w) were 

all purchased from Fisher Scientific. Nitric acid was purchased from MACRON Fine 

Chemicals. 1,4-bis(triethoxysilyl)benzene was purchased from Gelest. NIPAm was 

recrystallized from hexanes before use and polymerized in nanopure water that was 

previously distilled and purified through a Barnstead Nanopure Diamond system (Fisher). 

Uranium standard (10,000 ppm, 2% (v/v) HNO3) and europium standard were purchased 

from Inorganic Ventures. Aqueous solutions were made using ultrapure (>18 MΩ-cm) 

water produced in-house using a Millipore water purifier.  

General Procedures and Equipment.  Filtrations where completed using WhatmanTM 

0.2 µm polypropylene filters fitted with 1 mL Air-Tite™ All-Plastic Norm-Ject™ syringes for 

ICP-MS preparation. Solid sorbents were concentrated with a CL clinical centrifuge 

(International Equipment Co) and dried with a Fisher Scientific Isotemp 281A Vacuum 

Oven. Uranium uptake was facilitated with a Scilogex MX-RD-Pro LCD Digital Tube Rotator 

followed be centrifugation with an Eppendorf 5702 centrifuge. The pH of uptake solutions 

was adjusted with a Thermo Scientific Orion 3 Start pH Bench. Column uptake was made 

possible with 2 mL polystyrene Eichrom® columns.  
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2.2.2 Synthesis of Hybrid BPS Material (HMBPS) 

 

Figure 2.2. Co-condensation sol-gel polymerization of bridged polysilsesquioxane (BPS) 
1,4-bis(triethoxysilyl)benzene and nonsymmetrical ligand (NSL) 
 

The hybrid BPS was synthesized via co-condensation polymerization of 1,4-

bis(triethoxysilyl)benzene (PhBPS) solid support monomer with 10 mole percent addition 

of the silylated salophen. Based on our earlier work, this protocol was also based on sol-

gels established by Hu, et al.36 A general synthesis is as follows: to a 10 mL plastic vial and 

stir bar, 0.150 g of nonsymmetrical ligand is added followed by 460 µL anhydrous acetone 

and 540 uL of n-propanol. PhBPS monomer (1.13 mL) is added followed by 360 µL of DI 

water. The solution is mixed on a stir plate and heated to 60 oC for 30 minutes. An 

ammonium hydroxide catalyst (1.5 M NH3 (aq), 0.9 mL) is added to the mixture and the 

particles are further heated at 60 oC for 30 minutes. The solution is then allowed to age at 

room temperature until gelation occurs. The resulting bright yellow sol-gel is allowed to 

age for 24 h. The gelled product is washed with ethanol (3x) and DI water (1x) and dried in 

vacuo at 80 oC overnight. 

2.2.3 Characterization of HMBPS 

The HMBPS was characterized via SEM to determine sorbent morphology for 

comparison with the HM material characterization described in Chapter 1. The HMBPS 

material was also analyzed with elemental analysis (EA) through Atlantic Microlab, Inc. for 
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C,H and N. Adsorbent properties were measured with a Micromeritics ASAP 2460 Surface 

Area and Porosity Analyzer. Samples were initially degassed for 180 min at 125 oC before 

sorption-desorption analysis. Surface area and porosity were calculated using the Brunaur-

Emmett-Teller (BET) and the Barrett-Joyner-Halend (BJH) method with focus to give a 

distribution range. The hybrid material formed a bright yellow aggregate gel, Figure 2.3 

(right) that was confirmed by SEM to show an aggregate particle size of roughly 500 nm 

which is much larger than the hybrid material synthesized in Chapter 1. The aggregate gel 

of the HMBPS was also more opaque after sol-gel formation than the HM that had a semi-

translucent appearance.  

 

  
Figure 2.3. SEM of HMBPS sorbent material with image of the sol-gel sorbent material 
before and after washing, (right, far right) 
 
The HMBPS material was also characterized with nitrogen sorption studies to determine its 

surface area and pore diameter. Figure 2.4 and Table 2.1 show these material properties. In 

addition, elemental analysis was complete on the HMBPS material to determine how much 

salophen ligand was actually incorporated into the material.  
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Figure 2.4 Isotherms of HMBPS hybrid material as determined by Micromeritics Inc. 
showing Adsorption (right) and Desorption (left) Isotherms 
 
Table 2.1 Characterization of HMBPS including surface area, pore diameter and elemental 
analysis 

 

Theoretically, the same molar ratio of ligand to sorbent was utilized to make the HMBPS as 

was determined to have the best uptake response in the initial uptake studies in the HM 

hybrid material. These results are listed in Table 2.1 as well. The surface area of the HMBPS 

material is much larger than the HM and silica controls, and the pore diameter is also in a 

mesoporous range.  The actual incorporation of the ligand is shown to be roughly 2% based 

Sample 
Ligand 
Type 

Percent 
Ligand 

[Theoret.  
Mole %] 

Elemental 
Analysis 
[Actual 

Mole %] 

Surface 
Area* 

[m2 /g)] 

Pore 
Width* 

[nm] 

HMBPS 
 

10 2% 

322 from 
BJH 

609 from 
BET 

6.8-12 
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on elemental analysis based on the amount if nitrogen determined to be in the sample 

compared to the theoretically added amount during polymerization. Noted in Figure 2.3, 

the color of the HMBPS solid does become a much lighter yellow upon washing the 

aggregate particles before drying and testing showing that a significant amount of the 

ligand washes out and is not incorporated in the HMBPS sorbent material.   

2.3 Uranium Sorption Studies 
 
2.3.1 Uranium Sorption Study: Protocol.  The hybrid materials were exposed to a variety 

of conditions to determine their influence on the adsorption of uranium onto the solid. 

While the individual testing conditions varied, all samples were contacted with the uranyl 

ion standard solution containing 2% nitric acid and diluted with ultrapure (>18 MΩ-cm) 

water. All samples were placed on a vertical carousel mixer for dynamic contact at 25 rpm 

during contact with the sample solution, except for the column uptake test.  After contact 

with the solution all samples were centrifuged and the supernatant of each sample was 

filtered through 0.22µm filters. The collected supernatants were diluted with 2% nitric acid 

and compared against the uncontacted uranyl standard stock solution via ICP-MS. The 

difference in concentration is taken as uptake into the solid support. All samples were run 

in duplicate with one standard deviation as error.  pH testing was carried out at 0.1 mM 

uranium concentration by making a batch solution, then dispersing into separate vials and 

adjusting the pH of each solution to 1-8 with minimal amounts of nitric acid or sodium 

hydroxide solutions for a total of eight solutions from pH 1 to pH 8. Each of the hybrid 

material samples (10 mg) was exposed to 4 mL of this solution for 3 h on the sample 

carousel. The uptake kinetics were determined by contacting 14 mL of 0.1 mM uranyl 

solution at pH 4 with roughly 65 mg of the adsorbent material over a five our period, 



44 
 

checking the uptake every 30 minutes, followed by a final aliquot taken at 24 hours. The 

capacity for uranyl uptake on the solid material was studied by contacting 10 mg of 

material at pH 4 with different concentrations of uranium ranging from 0.1 mM to 10 mM 

over a three hour period. Competitive ion testing was done using pH 4 solutions containing 

0.1 mM uranyl and varying concentrations of europium at 0.05, 0.1, 0.5, 1 mM Eu3+. The 10 

mg samples were contacted with the solutions for three hours. The samples were also 

tested for column uptake for uranium removal with 65 mg of each sample loaded onto 

Eichrom® polypropylene columns. They were washed with MQ water and then loaded with 

14 mL of 0.1 mM uranium at pH 4. The eluent solution was collected for ICP-MS analysis at 

the end of each passage or uranyl solution. Reusability studies were conducted by washing 

the loaded column with 14 mL 0.75 M HNO3 followed by rinsing with 14 mL of MQ water 

before repeating another loading cycle with the stock uranium solution (0.1 Mm UO22+, pH 

4, 14 mL). The loading and stripping cycles were repeated three times. Similarly, the batch 

samples contacted for kinetics uptake testing were tested for reusability by contacting with 

0.75 M HNO3 for 15 minutes, followed by centrifugation and contact with 14 mL of MQ 

water for 15 minutes and centrifugation before repeat contact with 14 mL of uranyl 

solution at pH 4 for 3 h. To study the effect of radiation samples were irradiated initially at 

the Gamma Irradiation Facility (Sandia National Laboratory, Albuquerque) with a Co-60 

source at 1.3 rads/s (100 rad = 1 Gy), for 3 days (total does of 3.4 kGy) and 705.5 rads/sec 

for 23 min/37 s (total does of 10 kGy). The irradiated samples (10 mg each) were then 

tested for uptake using 4 mL of 0.1 mM uranyl at pH 4 for 3 h. In order to determine their 

uptake potential after exposure to gamma radiation a set of non-irradiated samples were 

tested in parallel for comparison.  As a follow-up to the GIF irradiation, samples were 
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examined at UCI using the Cs-137 source to expose the samples to a more intense radiolytic 

environment to examine changes in uptake. The samples, HM, HMBPS, NTS (silica control) 

and also the solid salophen were placed in 8 mL borosilicate glass vials and irradiated in 

closest proximity to the source for 30 min, 4 h, and 24 h to see if any chemical changes in 

the solid materials resulted in changes in uptake potential of 0.1 mM UO22+ at pH 4 over a 

24 h contact period.  

2.3.2 Kinetics Study of Uranyl Uptake 

 

Figure 2.5. Kinetic Studies of the hybrid materials, HM and HMBPS as well as the silica 
control at pH 4 at 0.1 mM UO2 measured every 30 minutes for the first 5 hours, then at 24 
hrs  
 

The hybrid material shows nearly complete uptake of the 0.1 mM uranium within 1 

hr of contact that is maintained throughout the 24 hour study, Figure 2.5. The HMBPS does 

not reach its full chelation potential until 24 h and does not perform as well as the HM. The 

silica control shows moderate uptake within 30 minutes of exposure to the uranium at pH 

4. This sequestration appears to fluctuate and decrease after 24 h possibly due to weak 

interaction of the silica with uranium in comparison to the salophen chelator.61-65 The 

24 
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kinetics of the HMBPS are more gradual for the HMBPS than the HM, though they 

eventually reach similar uptake percentages. The differences here could arise from 

differences in material porosity and functionalized surface area owing to the differences in 

the sol-gel monomers and the resulting structures of the sorbent materials. In addition, as 

the silica has demonstrated moderate uptake at this pH, it could be contributing to the 

increased uptake observed for the HM. The preliminary results discussed in Chapter 1, 

Figure 1.8, show the uptake potential of the HM to be 88% on average, compared to 98% as 

demonstrated here, although the preliminary studies were based on fewer samples and at 

slightly lower pH of 3.5. The HMBPS possesses mostly organic aromatic groups, which will 

influence the material to have a higher hydrophobic character which may cause the 

material to not be easily wetted by the aqueous uranyl solution in comparison to 

hydrophilic silica. Having this higher organic content also infers that less siloxane and 

surface hydroxyl groups are present in the hybrid material, per unit mass. If these groups 

are contributing to the uptake of the uranyl ion at this pH, the HMBPS would not benefit as 

much as the HM.  This study helped to determine the required contact time for the rest of 

the uptake studies of the hybrid materials and was set for three hours in length.  
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2.3.3 pH Study of Uranyl Uptake 

 
Figure 2.6. pH study of the hybrid materials, HM and HMBPS and the silica control for the 
uptake of 0.1 mM uranyl over pH range 1-8 over 3 hours of contact.   
 

The pH test range (1-8) shows that both the HM and the HMBPS perform better at 

higher pH. The pH range of 4-8 gave ~80% or more uptake with a best average uptake for 

both hybrid materials around pH 4-5, Figure 2.6. However, given the uncertainties in the 

uptake, a pH of 4 and above may provide the same uptake. It is possible that at higher pH 

the uptake trend will start to decrease due to hydrolysis of the uranyl ion. Silica has a 

reported pKa 5-7 in which the surface silanol groups will become deprotonated and have 

greater potential for interaction with the uranyl cation and possibly contributing to the ion 

uptake at higher pH.65-67 Our results using only the silica support indicated a similar low 

uptake at low pH and a somewhat lower uptake at higher pH, as was also seen in the 

kinetics study. The salophen ligand coordinates with uranyl by an ion exchange mechanism 

where two protons are released per uranyl ion and this reaction is facilitated by an 

increase in pH.  This means that the pKa of the salophen will influence the chelation 

potential of the material as the phenolic groups partake in the tetradentate coordination of 
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the actinyl ions. For an aqueous-soluble sulfonated salophen the pKa of the phenolic groups 

were determined to be in the range of 5-9. Thus it is understandable that the ligand along 

with the influence of silica would have its greatest chelation potential around pH 5 and 

above.9,66 Furthermore, at lower pH, the sorbent materials may suffer from degradation in 

the acidic environment as the salen Schiff base has shown degradation below pH 3 due to 

hydrolysis of the imine functionality.57,66 The influence of the nonsymmetrical ligand 

degradation can also be corroborated from visual inspection of the sample vials during 

uptake of the uranium. Both the HM and the HMBPS displayed color changes within one 

hour exposure to the uranium at low pH, Figure 2.7. The HM material turns bright red 

compared to its typical orange-brown while the HMBPS became a light pink, a change from 

its former light yellow.   

Figure 2.7. Changes in appearance of HMBPS (left) and HM (right) sorbent materials at pH 
≤3 
 
A red color shift can be observed in the solvent extraction of the Schiff base as it 

coordinates to the uranyl ion at higher pH, but from the uptake study results, this color 

change does not appear to be from the chelation of uranium as the stark change in 

appearance does not occur at higher pH.8  

 

pH 1  pH 3  pH 4 pH 1  pH 3  pH 4 
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2.3.4 Capacity Study of Uranyl Uptake 

 

Figure 2.8. Percent Capacity studies of the HM hybrid material and the silica control for the 
uptake of 0.1-1 mM UO2 at pH 4 over a period of 3 h.  

 

Figure 2.9. Weight Capacity studies of the HM hybrid material and the silica control for the 
uptake of 0.1-1 mM UO2 at pH 4 over a period of 3 h.  
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The uptake capacity in Figures 2.8 and 2.9 is shown as both percent uptake and 

weight (mg) of uranium chelated per weight (g) of sorbent material tested. The HM and 

HMBPS were examined over a range of concentrations up to roughly 1500 mg U/L solution 

or 7.5 mM of uranium. The results indicate that the HMBPS has a capacity of 167 mg/g and 

HM as a capacity of 127 mg/g at 5.0 mM concentration of uranium corresponding to 30% 

uptake of the uranium in solution for both materials before their capacity begins to 

decrease with further increase of uranium in solution. Although the ability of the hybrid 

materials to chelate the uranium in solution decreases with increasing availability, the 

hybrid material weight capacity continues to increase. Note that the capacity of the hybrid 

materials was tested at a uranyl ion concentration of 10 mM, but the solution appeared to 

become unstable and resulted in solution precipitation and was not included in the 

determination of uptake capacity.  
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2.3.5 Competitive Ion Study of Uranyl Uptake in the Presence of Trivalent 

Lanthanides 

 

Figure 2.10. Uptake study of 0.1 mM UO2 at pH 4 over 3 h in the presence of trivalent 
lanthanide Eu(III) at concentrations ranging from 0.05-1 mM Eu(III) 

 

Figure 2.11. Uptake of the Eu(III) ion over a range of concentrations from 0.05 to 1 mM 
Eu(III) in the presence of 0.1 mM U(VI)solution at pH 4 over 3 h contact period 
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The HM and HMBPS were tested for uranuim uptake in the presence of a trivalent 

lanthanide (Eu3+), Figure 2.10 for U uptake and Figure 2.11 for Eu uptake to determine 

their chelation potential in the presence of competitive ions. The HM maintained good 

uptake of uranium at Eu(III) concentrations ≤0.5 mM, indicating that the uranium was still 

preferentially sequestered by the sorbent material until the europium concentration was in 

exess by a factor of five. It should be noted, however, that percent uptake of uranium within 

the HM is overall lower in the presence of Eu(III) than for any of the perofrmance tests at 

this concentration of uranium at pH 4 discussed thus far. Upon furhter increase of Eu(III) 

concentration, the chelation pontential of the HM plummeted and resulted in nominal 

uptake of uranium once the concentration of Eu(III) was an order of magnitude greater 

than that of U(VI). Meanwhile, the HMBPS material lost much of its uptake potential very 

quickly in the presence of the trivalent ion even at low concentrations of the competitor. It 

has been demonstrated during solvent extraction that in the absence of uranium, higher 

concentrations of Eu(III) will stay in the aqueous phase and potentially chelate to the Schiff 

base holdback reagent.9 The study also noted that while trying to extract uranium in the 

presence of europium, distribution equilibrium of the metal ions between organic and 

aqueous phases could not be established even after 24 h. It is possible then that with 

increasing concentration of Eu(III), the lanthanide may bind to the sorbent material before 

the uranium and the 3 h uptake timeframe was insufficient for establishing equilibrium and 

demonstrating preferential uranyl chelation. HMBPS is an altogether different system that 

has shown to have slower kinetics than the HM and should therefore suffer similarly if not 

more from a lack of established equilibrium at higher concentration of Eu(III) during the 3 

h uptake.  This material also showed poor uptake of the uranyl ion at very low 
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concentrations of europium, placing larger emphasis on the slower uptake kinetics of 

uranium for the HMBPS which may be compounded with the competition of Eu(III). The 

uptake of Eu3+ by the sorbents was also examined by ICP-MS. This showed that there was 

minor uptake of the Eu by all sorbents at lower concentrations, most apparent in the silica 

control, but chelation of the Eu(III) to the hybrid materials was not a large factor. It shows 

that the lanthanide did impede chelation of the actinyl ion during the 3 h contact, but did 

not replace it. Perhaps longer equilibrium study would show less of an impedance.  

2.3.6. Column Separation of Uranyl Ion and Reusability Study of Hybrid Sorbent 

Material 

 
Figure 2.12. Column uptake and reusability studies of 0.1 mM UO2, pH 4 with 0.75 mM 
nitric acid and MQ water washing for regeneration. 
 
The HM and HMBPS samples were tested as column chromatography media for the 

removal of uranium. The separation media was also tested for reusability by regenerating 

the columns with nitric acid and MQ water as described above.  The HM proved to have the 

highest removal of uranium throughout the column cycling though it did lose some of its 
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sequestration potential after four cycles with an average removal of 74%, Figure 2.12.  The 

HMBPS offered a lower percent removal of uranium at 60% that it maintained for the first 

three cycles, but suffered failure during the 4th cycle. The acid and MQ water washes were 

examined with ICP-MS as well and did show that roughly half of the uranium is removed 

from the sorbent with the acid wash and a minimal amount is removed with water 

washing.   The HMBPS sorbent material is much finer than the coarse HM and the 

interaction with the aqueous solutions takes a longer period of time to move through the 

column. On one hand, this can lead to greater interaction time with the uranyl solution, but 

other the other, it also leads to longer interaction with the acidic stripping solution. The 

eluent was pushed through all columns using air pressure, but the task was most 

challenging with the HMBPS sample. Though the material did retain the ability to chelate 

the uranyl ion, it did suffer changes along the way that may indicate degradation of the 

solid support. Similar to the observed changes in the sorbent materials at low pH, the 

HMBPS material underwent color change during contact with the acidic stripping solution. 

From Figure 2.11, it can be observed that initial sorbent is yellow while in contact with the 

uranium at pH 4, but turns a dull light pink after contact with the acidic solution. This color 

persists until the third acid washing cycle of the HMBPS column when the color changes to 

gray, Figure 2.13 (right). 

 
Figure 2.13. Color changes observed in the HMBPS sorbent material before (left) and after 
(middle and right) column washing with 0.75 mM nitric acid 
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The gray color change seems to be indicative of possible degradation of the ligand inside of 

the support. However, the sorbent remained pink and still showed consistent, if not slightly 

improved, uranyl ion removal over two additional cycles.  This could mean that the pink 

color change is not indicative of degradation, but some other interaction of nitric acid with 

the sorbent material surface, or there may be mild degradation, but still sufficient intact 

nonsymmetrical ligand within the column media to coordinate the uranium cycles that 

followed. It would be recommended to cycle the nitric acid through the samples as quickly 

as possible while maintaining efficiency at stripping the uranium.  

2.3.7. Uranyl Ion Uptake after Radiolysis of Sorbent Materials 

 
Figure 2.14. Uptake of 0.1 mM uranyl ion at pH 4, over 3 h before and after irradiation of 
the solid support. Samples were exposed to low radiation over a long period of time and 
high radiation over a short period of time to take a preliminary look at the behavior of the 
sorbent materials in the presence of ionizing radiation. 
 
The hybrid material and the hybrid BPS material were exposed to low levels of ionizing 

radiation from a Co-60 source at the Gamma Irradiation Facility (GIF) at Sandia National 

Lab in Albuquerque, NM. Samples were exposed to a lower level of radiation (0.14 kGy/h) 

for 3 days resulting in a dose of 3.4 kGy to the sorbent materials. A higher level of radiation 



56 
 

(25 kGy/h) was directed at the sample for roughly 24 minutes for a total dose of 10 kGy to 

see how the irradiated samples would respond to uranium uptake post-exposure. The 

results are displayed in Figure 2.14. The HM shows a decrease in its uptake potential for 

both high and low intensity of the radiation field. It appears though that the exposure time 

has a greater effect than the actual accumulated dose. The material is able to remove 98% 

of the 0.1 mM uranyl ion in solution before irradiation, but this decreases to 64% for 24 

minutes of exposure at high dose rate, compared to 48% uptake for material that was 

exposed to low dote rate for 3 days. The HMBPS, on the other hand, starts with a decent 

removal of uranium at 72%, but does not show significant decrease in uptake potential 

with increasing radiation dose as observed in the 67% and 66% uptake that follow post-

exposure. As the two sorbent materials possess the same functional ligand, albeit at 

different actual loading levels with seemingly more incorporated into the HM hybrid 

material with its higher initial uptake capacity, the significant difference is in the structure 

of the sorbents, specifically their chemical compositions. The HMBPS primarily consists of 

phenylene groups while the silica is mostly SiO2. This indicates that there is merit in the 

capability of aromaticity to absorb ionizing radiation within the material system and 

deflect it from degrading functional groups, in this case, the nonsymmetrical salophen.  

2.4. Conclusions of Study 

From this performance study, it can be concluded the HM material as formulated still 

possesses the best uptake potential in comparison the other hybrid materials including the 

aromatic architecture of the HMBPS in terms of its kinetics, chelation in the presence of 

competitive ions and as a column chromatography agent. It does possess lower capacity 

than its counterpart at 127 mg/g at 0.1 mM UO2 compared to the HMBPS material’s 167 
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mg/g. Both the HM and HMBPS show best uptake results at pH 4-5, with decent uptake 

potential at higher pH. They unfortunately fail at pH ≤3.  The HMBPS may have slightly 

slower kinetics, even with its high surface area and comparable porosity due to its lower 

abundance of ligand sites that made it into the material, 1% compared to the HM’s 4%. The 

higher capacity of the HMBPS could come from different interactions of the uranyl at high 

concentration with the molecular structure and increased surface area, but this may lead to 

an issue of being easily accessed by competitive or impeding ions. It out performs the HM 

in terms of preventing radiolysis of the salophen ligand during the initial studies at the GIF 

at Sandia National Lab. With their range of individual strengths, the materials may find use 

in a variety of applications discussed in a future chapter. 
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CHAPTER 3:  Nonsymmetrical Ligand Optical Thin Film Sensor for Aqueous Actinyl 

Ions   

3.1 Introduction 

One way of ensuring nuclear safety is through the ability to sense or detect 

radioactive material and track it at all times. This is especially important in locations where 

the radioactive material it is not expected to be, e.g. a contamination or accidental release. 

Industrial operations that may need monitoring include the processing or reprocessing of 

used nuclear fuel or the attainment of raw materials through mining. These operations 

require minimal disruption of the environment and the ability to quickly observe and 

correct any accidental release and contamination.67-68 A more serious need, however, may 

come from the area of nuclear security and non-proliferation. In the times of heightened 

concerns over proliferation and nuclear capable nations, the ability to know where 

radioactive and sensitive materials are has become increasingly important.1   

Owing to the complexity of environmental systems and different species of nuclear 

material that may exist, a variety of detectors may be required to ensure efficient detection. 

Along with gas sensing and long-range detection, fast-acting aqueous sensors are desirable 

for the detection of radioactive materials in close quarters, where long-range detection is 

not feasible or possible due to potential shieling put in place and where radiation may be 

present in a body or container of water as aqueous sensors can be put in place to note the 

presence of fissile and radioactive materials in contaminated ground water or another 

nearby aquifer or natural body of water.69 Having several means to detect radiation is ideal 

as there is not one perfect solution for detection, but rather success comes from having 

options.67-68 The development of hand-held sensors with rapid analysis, for example 
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through spectroscopic techniques such as optical absorbance spectroscopy is considered to 

be ideal and is necessary to promote a quick response for contamination or humanitarian 

relief.67-68,70 In the work presented here we have investigated the feasibility of a new 

actinyl-selective material having an optical response as a possible material for new sensors.  

Schiff bases are desirable actinyl ion chelators in that they provide absorbance 

spectra that demonstrate colorimetric changes (red-shift) to longer wavelengths once 

chelated to actinyl ions of (U, Np and Pu) through ᴨ to ᴨ* transition of the azomethine.71-72 

This optical property of the salophen and Schiff base in general makes it an ideal candidate 

to develop as an optical sensor for the detection of actinyl ions in solution through 

absorbance spectroscopy. As discussed in chapter 1, we have manipulated the salophen 

Schiff base structure and developed it as a nonsymmetrical ligand with a (3-

triethoxysilyl)propyl substituent on one of the salophen’s phenolic side groups, Figure 3.1 

(left), for co-polymerization into sol-gel hybrid materials while maintaining its potential as 

an actinyl chelator.  

 

Figure 3.1. Silylated salophen optical thin film sensor for the aqueous detection of actinyl 
ions  
 

This substituent or tether also allows the salophen to be grafted onto a smooth, thin 

film surface such as a glass substrate while maintaining its ability to chelate to the actinyl 
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ions, Figure 3.1. Owing to the salophen’s inherent hydrophobic nature, a potential sensor 

may require further enhancement with the introduction of the low molecular weight 

water-soluble polymer of poly(N-isopropylacrylamide) that was utilized in the 

development of the hybrid sorbent materials. This hydrophilic polymer has shown 

potential at increasing the porosity of templated silica and hybrid materials, discussed in 

Chapter 1, and was utilized in those studies as a means of ensuring efficient actinyl ion 

transport to the chelation sites. Here, it may find potential in increasing the hydrophilicity 

of the sensor to better interact with the aqueous uranyl solution or at least prevent the 

formation of an impenetrable dense film of crowded ligand.71    

In this study, we attempt to design a rapid silylated salophen thin film actinyl ion 

sensor and test it through the aqueous uptake of uranium in pH 5 solution. We consider the 

transport of the ions in developing the sensor formulation and subsequent coating 

mechanism onto a glass substrate as well as the optical properties of the components 

involved. We examine the kinetics of the sensor as well as offer a concentration study of the 

thin film in order to help determine the limit of detection for actinyl ions and the time 

required to observe chelation under ambient conditions.  

 3.2 Thin Film Sensor Development   

The nonsymmetrical salophen Schiff base ligand was synthesized in the same 

manner discussed in Chapter 1 following synthesis protocol 5.2. The pNIPAm was from the 

same sample batch used during the synthesis of the hybrid materials also discussed in 

Chapter 1.   

All sensors were formulated in acetone due to solubility of the ligand.  Sensor 1 

formulation consisted of only the ligand dissolved in acetone at 20 mg/mL with a volume 
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capped at 4 mL, Table 3.1. For Sensor 2 the pNIPAm polymer was added to one of the 

formulations in an equal weight to weight ratio with the ligand, 20 mg/mL with the 

solution also capped at 4 mL. The sensor solutions were allowed to stir at room 

temperature for 30 minutes.  

Table 3.1 The components of each sensor formulation are listed below. An (X) denotes that 
the component is absent from the formulation. In the image of the sensor formulations, 
Sensor 1 is on the left and Sensor 2 is on the right 

SAMPLE LIGAND PNIPAM ACETONE 

SENSOR 1 80 mg X 4 mL 

SENSOR 2 80 mg 80 mg 4 mL 

 

Thin cover slides at 9X35 mm were chosen as sensor substrates in order to fit inside a 1 cm 

Polystyrene cuvette for UV/Vis analysis and to offer a silicate surface with which the NSL 

can covalently bond, forming a more robust thin film. The glass substrates are prepared for 

thin film coating by sonicating in isopropanol followed by ethanol solvent for 5-10 minutes 

and rinsed with DI water. The glass substrates are patted dry on a Kim wipe and 

immediately dip coated into the sensor solutions at a rate of 10 mm/s, coating both the 

front and the back of the substrate, which resulted in a thin light yellow film, Table 3.1 

(image right).  The films were allowed to age/air dry at room temperature overnight, 

followed by heat-ageing at 70 oC for some of samples to determine optimal conditions for 

making a robust, yet penetrable film. The samples were rinsed in water following heat-

aging for the removal of the PNIPAm. This was done for both Sensor 1 and Sensor 2 

formulations. A second thin film deposition method was tested by spin coating the sensor 

solutions onto the glass substrates at a rate of 3000 rpm for 30 s at 500 uL volumes. These 
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films were also allowed to age at room temperature overnight, followed by heat-ageing of 

some of the samples, similar to the processing of the dip-coated samples. 

3.3 Characterization of Thin Film Sensor 

Characterization Instrumentation 

The surfaces of the thin films were characterized by SEM-EDS using an FEI Magellan 

400 XHR Scanning Electron Microscope with EDS capability. All films required Pt/Pd coating 

prior to analysis.  Sensor film thickness was measured by a profilometer with the 

assistance of the Integrated Nanosystems Research Center (INRF) at UCI using a Bruker 

Decktak XT surface profile measuring system. 

As the films varied in terms of solution composition, film deposition, and heat-

ageing, these individual effects on the film surface were examined. Figure 3.2.A and B 

shows SEM imaging data for Sensor 1 formulation after dip-coating the ligand onto the 

glass substrate with room temperature ageing. This sample appears to have a rough 

surface composed of ligand aggregates or beads that did not disperse well throughout the 

solution to make a continuous, uniform film. Through surface thickness measurements 

with the profilometer, this sample showed a dynamic film thickness that varied as much as 

5 µm from areas of no coverage (0 µm) pertaining to just the uncovered glass surface to 

areas where thick aggregates dominated, observed in the profilometer camera as regions of 

clear class, speckled with yellow spheres. Figure 3.3 A and B on the other hand, shows 

Sensor 2 formulation of the ligand with pNIPAM dip-coated and aged at room temperature.  

This film did show decent coverage of the salophen on the substrate surface, which was 

corroborated by the profilometer with the magnified optical images of the yellow surface. 

The profilometer shows a rather uniform thin-film thickness of roughly 600 nm on average 
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for the dip-coated Sensor 2 formula. Most interesting in this formula is the round “holes” 

that are dispersed throughout the sample, which only appear in the dip-coated samples 

containing pNIPAM. This may be a result of phase separation of the ligand and the 

hydrophilic polymer, showing that the polymer was uniformly dispersed, but not in the 

same phase as the ligand in acetone. 

A 

 

B 

 

Figure 3.2 A and B. Sensor 1 formulation with NSL in acetone, dip coated and aged at room 
temperature overnight 
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A 

 

B 

 

Figure 3.3 A and B. Sensor 2 formulation with NSL and pNIPAm dip coated and aged 
overnight at room temperature 
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Figures 3.4 and 3.5 show the effects of spin coating on both the sensor types. Both of these 

films look very different from the dip-coated samples in that they appear to have good, 

even coverage of the ligand on the surface, with some minor aggregates potentially from 

the ligand present in both sensors, 1 and 2. Both through the SEM images and visual 

inspection of the different processing conditions of the films, spin-coating made the most 

uniform films that were the richest in color.  

 

 

Figure 3.4. NSL spin coated onto glass surface and aged at room temperature  

 

Figure 3.5. Ligand and pNIPAm spin coated onto glass substrate and aged at room 
temperature 
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Figure 3.6. Ligand and PNIPAm in acetone, dip coated and aged at 70 oC overnight 

The last sample examined was the Sensor 2 containing the pNIPam that was dip coated and 

allowed to age overnight at room temperature before heating in a vacuum oven at 70 oC for 

24 hours. This sample also had the holes similar to the room temperature sample, Figure 

3.6 though its appearance is much more uniform and seemingly flatter. It should be noted 

that all thin film sensors were tacky after initial coating and required overnight drying at 

room temperature to remove this characteristic and allow the acetone solvent to fully 

evaporate as well. Samples that were heated appeared most impervious to damage. If the 

samples were placed into the oven before ageing overnight, the solution would clump up 

on the glass surface and form a macroscopic version of the SEM image in Figure 3.2 A and 

B. This shows that slow evaporation aids in the dispersion of the ligand regardless of 

formulation and that heat induces a phase separation and aggregation of the ligand.  

Sensor 1 and Sensor 2 were examined for their elemental composition with energy-

dispersive X-ray spectroscopy (EDS). The results in Table 3.2, corresponding to Figures A 

and B, show the relative ratio of elements in the sample over a defined region of the sample 

surface.  This provides a general chemical makeup and a confirmation of the presence of 

certain elements on the sample surfaces. It can be observed from the data in Table 3.2, that 
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Sensor 2 is primarily organic with little silicon observed on the surface. This confirms that 

the borosilicate glass surface is well-covered by the thin film whereas Sensor 1 shows a 

much greater contribution of silicon and oxygen to the overall weight, displaying its 

predominance and suggesting that the surface is not well covered by the ligand. In terms of 

the coating composition of Sensor 2, it can be observed that carbon has the highest 

contribution followed by oxygen and nitrogen, which would make sense for the 

composition of the ligand at per weight C>O>N. Their contribution ratios suggests, 

however, that pNIPAm is present on the surface as well as carbon and nitrogen are much 

higher in wt% compared to the oxygen for only the salophen ligand to be present.  The 

presence of polymer makes sense as the sensors were not aggressively washed after ageing 

as to not damage the salophen in the film or initiate its hydrolysis with long soaking 

periods.   

Table 3.2.  Elemental composition of the thin film Sensor 1 and Sensor 2 through EDS 
measurements  

EDS 
Composition 

SENSOR 2 
ELEMENTAL WT% 

SENSOR 1  
ELEMENTAL WT% 

C 16 +/-0.1 wt% 73.5 +/-0.01 wt % 

O 42.3 +/-0.01 wt% 14.6 +/- 0.01 wt % 

SI 22.2 +/-0.01 wt% 1.9 +/-0.01 wt% 

N 0  +/- 0.1 wt % 10.1 wt % 
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3.4 Testing Protocol of Thin Film Sensor 

The thin films were tested for sensing of uranyl ions in aqueous solutions of pH 5, adjusted 

using a 3% sodium hydroxide solution. For kinetics studies, the thin films were contacted 

with 4 mL solutions of 10 mM uranium over a one-hour time period using a sample 

carousel. The thin film samples were removed from their solutions intermittently over this 

hour, rinsed with MQ water and dried on a Kim Wipe prior to analysis by spectroscopic 

techniques to ensure that any uranyl observed by the spectrophotometer is not from 

uranium in the aqueous solution, but only that sorbed to the solid sensor. A limit of 

detection study was also completed using a range of concentrations (0.1, 0.25, 0.5, 0.75, 1 

mM, and 10 mM) of uranyl solutions at pH 5. Thin film samples were contacted with 4 mL 

batches of the various solution concentrations starting from low concentration and 

working upwards with the aid of a sample carousal over a time period determined by 

kinetics testing. They were subsequently rinsed with MQ water and dried before analysis. 

All tests were completed in duplicate or triplicate.  

Analysis with UV-Visible Spectroscopy 

An Olis-upgraded Cary 14 UV/Vis/NIR spectrophotometer was used to characterize the 

visible absorption of the coordinated uranyl ion by the Schiff base sensor. The UV-visible 

spectrum was recorded from 280-600 nm at 2 reads per datum.  The thin films were placed 

in polystyrene cuvettes to fit well in the UV-Vis sample holder and to maintain a constant 

path length with an uncoated glass slide as reference. A baseline for the sensor was 

established of a thin film coated glass slide that was never in contact with the uranyl to 

compare against those exposed to the uranyl solutions in order to observe any shift in the 

spectra due to uranyl ion uptake. 
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3.5 Optical Absorbance Results of Actinyl Ion Exposure 

The silylated salophen has an absorbance centered at 340-350 nm in its UV-Vis spectrum 

that extends into the visible region and gradually reaches a baseline at around 600 nm, as 

can be seen in the kinetics and concentration studies spectra in Figures 3.7 to 3.10.57,72 Both 

Sensor 1 and 2 were tested for the kinetics of uranyl ion chelation with the NSL using at 10 

mM solution. For Sensor 1, containing only the silylated ligand in acetone, there was little 

change observed in the spectra during the entire hour of contact with the 10 mM uranyl 

solution as can be observed in the kinetics studies summarized in Figure 3.7, Spectra A. It 

has been previously established that the salophen Schiff base chelates to the uranyl ion 

with an absorbance around 460 nm.57,72  Although the silylated tether may cause a slight 

shift in the absorbance of the chelating pair due to the presene of the tether, it is still 

anticipated that maintaining the same chelation cavity will cause a similar redshift in 

absorbance wavelength that should be observable with UV-Vis spectroscopy.71-72 
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A 

 

B 

 

C 

 

Figure 3.7 UV-Vis of A. Sensor 2 spin coated and aged at RT, B. Sensor 1 dip coated and 
aged at room temperature and C. Sensor 2 dip coated and aged at elevated temperature  
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This lack of change was also observed for Sensor 2 formulation that was spin coated or dip 

coated with subsequent heat ageing, Figure 3.7 B and C respectively. Although these 

spectra tend to decrease in in peak height, there is no detectable peak corresponding to the 

presence of a coordinated complex. Sensor 2 formulation involving dip coating and room 

temperature ageing of the silylated ligand in acetone, but with equal weight of pNIPAm 

polymer was tested similarly for uranyl ion sensing in aqueous solution. It should be noted 

that the pNIPAm does not demonstrate an absorbance in the UV-Vis range that was utilized 

during this study and nor does it have a chelation peak in this region. The resulting kinetics 

study performed on Sensor 2 can be observed in Figure 3.8 ABC, in which the salophen is 

again observed to absorb around 350 nm, but a new peak is apparent around 450 nm after 

sufficient contact with the pH 5 uranyl ion solution. This peak is not present before contact 

with the 10 mM uranyl solution, but increases with time as the sensor is submerged in 

solution for longer time durations. A peak maximum is established after 60 minutes of 

contact though a substantial peak was observed already at 30 seconds.  

A 
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B 

 

 

C 

 

Figure 3.8 UV-Vis of A, B, C. Kinetics at 10 mM UO2 over 1 hr at pH 5 in triplicate 
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The kinetics experiment was performed on three different thin films of Sensor 2 

formulation. Note that the non-chelated salophen absorbance changes peak height (at 350 

nm) based on the individual substrate. The dip-coated samples may show a better uniform 

coating of the sample, but they do vary from sample to sample. This means that the 

absorbance data cannot be averaged and that the same substrate must be used throughout 

the experiment and ideally situated in the same position in order to observe change as each 

part of the solid sensor may be different and is not as dynamic as a solution. Therefore the 

triplicate spectra are all displayed in Figure 3.8.  

As Figure 3.8 A-C shows the silylated salophen absorbance band as well as the increasing 

presence of the chelation band at 450-460 nm, that suffers from a decent overlap of the 

salophen absorbance band, the data was also obtained using the sensor as a baseline for 

UV-Vis analysis in order to subtract the overpowering absorbance of the uncoordinated 

salophen peak and better see the chelating pair of salophen and uranyl ion. Figure 3.9. 

shows this individual peak at 450 nm that is also increasing with time exposure to the 

uranyl solution.  
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Figure 3.9. UV-Vis analysis of Sensor 2 chelating to uranium, exposing the chelation 
absorbance band by using the non-chelated silylated salophen (Before Contact) as a 
baseline. 
 
As can be noted on the Y-axis, the absorbance is quite low and is easily hidden by the 

concentration of the salophen absorbance band, yet the response is strong enough to 

establish successful sensing after 30 seconds of exposure. Note that a baseline of each 

individual sensor must be established in order to see a real change based on that sensor.  

From these uptake experiments, it is apparent that the formulation and processing of the 

silylated salophen sensors play a large role in the sensors’ ability to detect actinyl ions. The 

formulation of Sensor 1 and Sensor 2 are quite similar, except for the presence of the 

PNIPAm polymer. This builds confidence that PNIPAm acts as an enhancement to the 

ability of the material to sorb uranyl and its potential as a sensor, but does not act as the 

chelator.  In addition, the coating protocol also changes the ability of the material to be 

used as a sensor for the uranyl ions.  Besides dip coating, the thin films were also spin 



75 
 

coated on the glass substrates.  This produced very uniform films and although a greater 

quantity of chelation sites may be possible, access to them is severely limited if potentially 

too compact.   

A limit of detection was also established for Sensor 2. A range of concentrations was tested 

after 5 minutes of exposure to allow enough time for lower concentrations to register 

without exceeding a reasonable sensing time. This time point was based on the kinetics 

data of the 10 mM solution. Figure 4 shows the sensor response to a concentration range 

from 0.1-10 mM at pH 5. 

 
Figure 3.10. UV-Vis of limit of detection concentration study of uranyl ion uptake by Sensor 
2 at pH 5 from 0.1-10 mM uranium after 5 minutes of contact 
 
The concentration study showed a general increase at 450 nm starting with 0.1 mM and 

increasing up to the 10 mM concentration, but the uptake is not consistent per increase in 

solution concentration as 0.75 mM has a higher average signal than uptake at 1 mM uranyl. 

Though Sensor 2 was uniformly coated, it is possible that different areas are in better 

condition to chelate than others especially with time as samples have shown mild 
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degradation in solution upon continuous handling. It is also possible that with a less 

uniform coverage of ligand, removing the sample from the solution container to the cuvette 

for repeated studies could position the ligand in such a way that the region of available 

chelation sites is different.   

3.6 Conclusions of Study 

In the development of an optical Schiff base sensor, it was determined that the ligand can 

chelate to the aqueous uranyl ion as solid thin film on glass and that this can be detected in 

the Visible region of UV-Vis absorbance. The chelation potential is dependent upon sample 

preparation including the incorporation of a porosity agent of pNIPAm utilizing a dip 

coating method. Though kinetics show fast and enduring uptake, concentration studies 

show more dynamic uptake at lower concentrations with a potential limit of detection 

presently set at 0.1 mM.  
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Conclusions and Perspectives 

 Sorbent materials continue to expand their applications and potential to create 

more useful and efficient systems. In this work, a hybrid sorbent material was developed to 

increase the potential applications of a known actinyl ion chelator, the tetradendate 

salophen Schiff base, for possible advancement in the reprocessing of spent nuclear fuel as 

well as to advance safety measures of containment and decontamination that increase the 

safe-operating future of nuclear. Turning the ligand to solid sorbent also provides potential 

of the Schiff base ligand as a deterrent for proliferation as it may add a new means to 

optically detect and identify radioactive ions in water through a thin film sensor. All of 

these avenues contribute to the ability to identify, separate and concentrate radioactive 

materials which in turn can enhance safety, efficiency and belief in nuclear as a worthwhile 

investment. 

 In order to achieve success as a sorbent material, the salophen Schiff base 

underwent modification to a nonsymmetrical ligand in order to maintain chelation ability 

of the actinyl ions while covalently attached to a solid support. This required a five-step 

synthesis protocol in order to achieve high yield of the target novel ligand structure 

including the intermediate steps of forming the monoamine Schiff bases though 

sonochemical means. The sorbent material was successfully synthesized by a sol-gel co-

condensation polymerization that resulted in a mesoporous aggregate gel successfully 

functionalized by the salophen Schiff base. In the presence of the uranyl ion, this sorbent 

material maintained its free-ligand counterpart’s ability to chelate the actinyl ion of 

uranium while increasing its capacity in aqueous solutions.   
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 The hybrid sorbent material demonstrated fast kinetics at removing actinyl ions 

from solution as well as a moderate pH range for uptake, though it did show degradation at 

low pH. The capacity at 1 mM uranyl is 127-167 mg/g, a moderate capacity for sorbent 

materials, and it demonstrated competitive uptake with trivalent lanthanides until high 

concentrations of the competitive ion were present. The hybrid sorbent also shows 

capability as chromatographic media in its ability to chelate similar amounts of actinyl ions 

as batch uptake, but it also demonstrated the ability to be regenerated for reuse with mild 

decrease in the percent of actinyl ions it can remove. The hybrid material did show 

degradation of the salophen ligand after exposure to low amounts of ionizing radiation, but 

modification of the sorbent material housing to include an aromatic bridged 

polysilsesquioxane proved to aid in the integrity and protection of the ligand as its 

chelation ability remained relatively constant before and after irradiation.  

 The nonsymmetrical ligand was turned into a thin film through the method of dip-

coating a thin glass slide into a solution of solubilized ligand resulting in a clear yellow film 

with potential for optical detection through the use of absorbance spectroscopy. This 

formulation required the addition of a hydrophilic polymer to help maintain an open 

structure for the ligand as well as maintain chelation potential. Without this polymer, the 

film consists of crowded aggregates of the ligand that can no longer with most of the 

substrate surface still exposed. This sensor showed the ability quickly identify uranium in 

solution after 10-30 seconds of solution contact at 10 mM of uranium. The sensor also 

showed the ability to see lower concentrations within 5 minutes of contact time. 

 Through these studies of turning the salophen Schiff base into a solid sorbent 

material, we determine that the material shows promise at possible decontamination or 
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containment use as it can remove ions quickly and though the use of a column at 

moderately-low to neutral pH ranges. As a thin film, the material also shows promise at the 

aqueous detection of ions through spectroscopic analysis, aiding in not only the detection, 

but also the identification of ion type. It would be worthwhile for further developed for 

testing in practical applications. The hybrid material did not prove to have great success at 

low pH or to maintain its capacity after exposure to low amounts of ionizing radiation. This 

indicates is it not a suitable sorbent for spent nuclear fuel or high level radioactive waste 

handling at this time although its adapted counterpart with aromatic functionality did 

show potential. A combination of the properties from the hybrid material and the hybrid 

BPS material would be more advantageous and further development could produce a 

worthy material.  
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Appendix A: 

 

Figure A.1  EDS measurement of Sensor 1 formulation showing elemental composition 
based on pre-determined elements 

 

Figure A.2.  EDS measurement of Sensor 2 formulation showing elemental composition 
based on pre-determined elements 




