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Abstract 

Nuclear power is a significant  alternative energy resource because it is free of carbon 

emissions and hence prevents global warming and climate change. Uranium is an essential 

fuel used for the generation of nuclear power. Since the current uranium deposits of about 63 

million metric tons present in terrestrial sources might be exhausted by the end of this century, 

active research has been done in the past and is still under development for the establishment 

of a cost-effective technique for the extraction of uranium from seawater.  

Chapter one provides an outlook on different energy resources and the importance of 

nuclear energy. Chapter two highlights the novel approaches explored by various research 

groups for the extraction of uranium from seawater using amidoxime-based polymer 

adsorbents. Competition of vanadium with uranium in seawater for adsorption to the 

amidoxime-based adsorbent is discussed. Chapter three examines the solution phase 

complexation of glutarimidedioxime and glutardiamidoxime with UO2
+2, VO2

+, and VO+2 

because the knowledge gained will aid in understanding the adsorption of uranium and 

vanadium using amidoxime-based adsorbents for the extraction of uranium from seawater.  

Chapter four uses 13C CP/MAS solid state NMR (SSNMR) spectroscopy for the 

characterization of a newly synthesized LCW polymer adsorbent derived from acrylic fiber 

and the Oak Ridge National Lab adsorbent  (ORNL-AF1). According to the SSNMR results, 

the former contains primarily the open-chain glutardiamidoxime groups,  whereas the latter 

contains mainly the cyclic glutarimidedioxime groups. The vanadium uptake by the 

adsorbents was examined in simulated seawater conditions using the ICP-MS technique. The 

ORNL-AF1 adsorbent has a higher vanadium adsorption capacity relative to the LCW 

adsorbent. The result is consistent with the observation made in the solution phase 
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complexation study, which shows that vanadium has a much higher affinity for cyclic 

glutarimidedioxime than the open-chain glutardiamidoxime.   

It should be cautioned that the coordination behavior of metal ions with free ligand 

molecules may not be the same as the ligand attached to a polymer adsorbent. Nevertheless, 

the information obtained from the solution phase chemistry of the metal/ligand complexes 

presented in Chapter three of the dissertation is still valuable for designing new amidoxime-

based adsorbents with higher uranium adsorption capacity.  
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Chapter 1: Introduction 

1.1 Outlook on Different Energy Resources 

It is of major interest to review an outlook on different energy resources, worldwide 

energy consumption, and the future of global energy use.1 The major energy resources include 

fossil fuels, such as coal, oil, and natural gas, which are used by power plants, furnaces, 

motors, and jet engines. Renewable energy resources include wind used by wind turbines, 

water used for the generation of hydroelectric power, and sunlight used by solar cells and solar 

panels to convert solar energy into electricity. Uranium is used as a fuel for the generation of 

nuclear energy. Most of the worldwide energy comes from fossil fuels, which accounts for an 

83% share among all other energy resources.2 The burning of fossil fuels in the past has caused 

a dramatic increase in the emission of CO2 into earth’s atmosphere, leading to global warming 

and climate change.3 Among the fossil fuels, coal is the major source of CO2 emission,3-5 

while natural gas is the least carbon-intensive fossil fuel. World energy demand will increase 

significantly with time due to economic growth and expanding population. As the living 

standards of the population increase, the demand for the usage of electric power also increases 

due to the use of electronic devices in industries, in office buildings, in homes, and in 

commercial or public service buildings, such as hospitals and malls. Renewable energy 

resources, which include solar, geothermal, wind, hydroelectric, and biomass are not very 

harmful to the environment6 due to their very little to no CO2 emission. They can therefore 

potentially contribute to a reliable solution to current energy problems.  

            One challenge associated with renewable energy resources is their levels of 

availability. For example, solar collectors require sunshine in order to make electricity, 

hydropower generators need rain or other water sources to fill dams with flowing water, and 
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wind turbines need wind. It would take a very long time to transition to exclusive use of 

renewable energy sources, and in considering such a case, nuclear energy plays an important 

role.  

            Nuclear power is one of the most energy-intensive and carbon-free sources of power. 

The worldwide energy consumption outlook and the future trend of global energy use 

presented in the International Energy Outlook (IEO) in 20167 projects an increase in the 

consumption of energy from 2012 to 2040 from the different energy resources. In the future, 

non-fossil fuel consumption will exceed fossil fuel consumption. In order to reach a low 

carbon emission society8 by replacing fossil fuels with low carbon-emitting sources,9 

renewable energy would be the fastest-growing energy resource, and nuclear power would be 

the second fastest-growing energy source. Energy resources that are not harmful to the 

environment need to be the main energy resources in future.  

           The recently proposed Clean Power Plan (CPP) policy in the United States projects the 

reduction in CO2 emission10,11 from different energy resources. Due to the implementation of 

the US CPP and concerns about energy security; the harmful effects of fossil fuel emissions 

upon the environment; and the high price of oil; the use of fossil fuels will decrease with time, 

and the use of coal as the dominant fuel for electric power generation will decline. Therefore, 

in the long term, the electricity generation from renewable energy resources and nuclear power 

will play a crucial role.12 Indeed, promising technology and economic analysis indicate 

nuclear energy as one of the substantial sources of electricity for the 21st century.  

           Like other energy resources, there are challenges associated with the use of nuclear 

energy. The most important challenge is associated with the storage of nuclear waste.13 The 

stored nuclear waste may leak and contaminate the soil and water.14 Storage tanks are buried 
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at the Hanford site in Washington state; Clark County, southern Nevada; West Valley, New 

York; Morris, Illinois; the Savannah River site in South Carolina; and at Idaho National 

Laboratory (INL) in Idaho Falls, Idaho.  

           The next challenge associated with the use of nuclear energy is the reprocessing of 

spent fuel. The United States banned reprocessing spent nuclear fuel because the process 

produces about 1% of plutonium along with some residual uranium. Therefore, the spent 

nuclear fuel is radioactive and contains plutonium, a poisonous chemical. Moreover, 

separating plutonium from the spent nuclear fuel can make it available for the production of 

nuclear weapons and could lead to their proliferation. The impacts of the Fukushima Daiichi 

nuclear disaster8, 15 due to the massive tsunami and earthquake in Japan on March 11, 2011, 

as well as the Chernobyl nuclear accident in Ukraine, Pripyat, on April 26, 1986, have raised 

major concern with the safety associated with the performance of nuclear reactors. However, 

the Department of Energy (DOE) is developing technology and solutions to improve and 

sustain the safety associated with energy production from nuclear reactors. If safety guidelines 

associated with nuclear energy production and storage are followed, the electricity generation 

from nuclear energy will provide a safer source than that of fossil fuels. This is because a 

comparison of the impacts of the waste present in the air we breathe every day (emitted CO2 

from the burning of fossil fuels) to the probable impacts of appropriately stored nuclear waste, 

the safer option remains the storage of nuclear waste. 

1.2 The Nuclear Fuel Cycle 

In the nuclear fuel cycle, the conversion of nuclear energy is achieved by the nuclear 

fission reaction. A material is considered a fissile material if the fission occurs by thermal or 

slow neutrons. However, a material is considered as “fertile” if that material is converted to a 
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“fissile” material by irradiation. Uranium is a fissile material used as an essential fuel for 

nuclear power generation in nuclear reactors. The uranium that is mined naturally contains 

99.24% 238U, 0.72% 235U, and 0.0054% 234U. The abundant isotope of uranium 238U can be 

activated by fast neutrons to initiate fission. However, 235U is a fissile isotope of uranium, and 

it require absorption of slow neutrons to undergo fission. The slow neutrons have energy < 0.4 

eV. 235U absorbs neutrons and transfers to an excited state, 236U, according to the following 

reaction. 

 

The excited state 236U possesses excess energy and experiences intense oscillations, 

deforms, and becomes highly distorted. As a consequence, the nucleus splits into two pieces 

and emits several neutrons during this operation. The fission reaction is shown below.  

 

For nuclear power generation, a continuous and self-sustaining fission reaction is 

needed. A critical mass of about 50 kg of 235U is used in the nuclear reactor for this purpose, 

and for each megawatt day of thermal energy16, 1.3 g of 235U is consumed. 

           Uranium is an important component in the nuclear fuel rods that are used in nuclear 

reactors. In the nuclear fuel cycle, the first stage is mining the fuel ore. The mines can be 

underground or open pit. Some of the mine companies use in situ leaching of the ore without 

deep excavation and drilling of the earth’s surface. During the in situ leaching, acidic or 

alkaline leaching agents that contain hydrogen peroxide are used. The porous surface of the 

ore is then exposed to the leaching agent by pumping the leaching agent into the ore deposits. 

The leached out uranium solution is used for further processing.  
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Heap leaching is also used. During this processes, excavated ores are collected as 

heaps. Then, a low concentration of sulphuric acid used as a leaching agent is sprayed upon 

the heaps. The uranium is then leached out, and the drained solution containing uranium is 

further processed. The nuclear fuel cycle ends with the reprocessing step, although a cycle 

without reprocessing is called a once-through nuclear cycle. In the nuclear fuel cycle, uranium 

in the form of U3O8, known as yellow cake, is first purified. An ion exchange process or 

solvent extraction is used for its purification. 

The pure U3O8 forms uranyl nitrate [UO2(NO3)2] when it is treated with nitric acid. 

Then, the uranyl nitrate is treated with ammonia, and it produces ammoniumdiuranate 

[(NH4)2U2O7]. Uranite (UO2) is then formed by the reduction of ammoniumdiuranate in 

hydrogen atmosphere. After that, this UO2 is enriched with the fissile isotope of 235U (0.7% to 

>3% enrichment) because, in order to have a stable operation in the nuclear reactor, a fissile 

nucleus that uses thermal neutrons to undergo fission is required. For the process of 

enrichment, the uranium needs to be in the gaseous phase. The UO2 is subsequently converted 

to UF6 by fluorination using hydrogen fluoride (HF) for enrichment.17The UF6 is then used 

for enrichment. After enrichment, the UF6 is reconverted to UO2.  

In order to have a stable power generation, the ratio between the fissile 235U and non-

fissile 238U should be high. The 235U content of the fuel should be greater than 3.5%. The 

uranium is then converted to fuel pellets to be used in the reactor for the generation of energy 

in the nuclear reactor. Finally, the nuclear waste is either stored or reprocessed and reused in 

the nuclear fuel cycle. According to current estimates, there are around 63 million metric tons 

of uranium ore worldwide, but there is a concern that the uranium deposits present in the land 
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might be exhausted by the end of this century.18, 19 Hence, a reasonable supply of nuclear fuel 

uranium is important for nuclear energy to remain sustainable.  

1.3 Uranium from Oceans 

Oceans are a rich source of uranium, as they contain about 4.5 billion metric tons of 

uranium.20 The amount of uranium in the ocean is much greater than in terrestrial sources. It 

is an inexhaustible uranium resource because natural mechanisms, such as exchange from sea 

bed or run-off from fresh water, can restore uranium in the ocean. However, uranium in the 

ocean is present at a low concentration of 3 ppb. It is expensive to extract uranium from this 

expansive uranium resource due to the low uranium concentration. For decades, study on 

uranium recovery from seawater has been conducted by different research groups. In the 

1960’s, Japanese researchers started working on the prospect of recovering uranium from 

seawater.21 However, the technology for recovering uranium from seawater has not flourished 

economically due to the associated challenges. 

To achieve efficient uranium recovery at such low concentrations (3 ppb), a large 

volume of seawater is required to be in contact with the adsorbent. The adsorbent is deployed 

in seawater and picks up some grams of uranium per kg of the adsorbent. Therefore, an 

inexpensive adsorbent is required for developing a cost-efficient process for uranium 

extraction from seawater. Different extraction techniques were tested22 for the recovery of 

uranium from seawater in the past. During the 1960’s and 1980’s, hydrous titanium dioxide 

adsorbent was used for uranium extraction from seawater.23-27 This adsorbent material 

adsorbed ~0.1 g U/kg of adsorbent.26 Adsorption capacity is one of the greatest factors that 

controls the cost of uranium extraction from seawater. It determines the proficiency of an 

adsorbent material. Greater adsorption capacity makes an adsorbent attractive. Hydrous 
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titanium dioxide adsorbent was not economically viable because of its low adsorption capacity 

and enormous energy requirements. It also required active water pumping27 for complete 

uranium recovery. The 1980’s represented a turning point when a transition occurred from 

hydrous titanium dioxide adsorbent to poly(acrylamidoxime) adsorbent.26 In 

poly(acrylamidoxime) adsorbent the amidoxime groups were grafted in a substrate of acrylic 

fiber.26,28 Poly(acrylamidoxime) adsorbent demonstrated a higher uranium loading capacity 

than hydrous titanium dioxide adsorbent. It was easily used with different type of polymer 

substrates and continues to receive focus since the 1980’s.29-34 Extensive research has 

continued since the 1980’s towards the search for different adsorbent materials and an 

attractive ligand.26,35-38 Amidoxime ligands continued to be used because of their high 

adsorption capacity. In the 1990’s Japanese researchers pioneered polyethylene-based 

substrates because they were inexpensive and more durable than acrylic substrates.26 Later, 

there was an advancement in the 20th century towards a kelp field concept using braid type 

adsorbent material.26, 39, 40 These kelp braid adsorbents were moored in the sea bed standing 

upwards like kelp, and ships or work boats were used to winch the braid adsorbents.26, 41  

In 2011, the Department of Energy (DOE) built a team including national laboratories, 

universities, and research institutes42 in order to evaluate the economic feasibility of extracting 

uranium from seawater. The goal was to reduce the cost of uranium extraction from seawater 

through the development of an adsorbent with high adsorption capacity. The work done by 

different research groups and the challenges associated with the technology of uranium 

extraction from seawater is summarized in Chapter 2.   

The synthesis and design of ligands that possess higher selectivity for uranium than 

competing metal ions present in seawater, such as K+, Ca2+, Na+, Mg2+, Fe3+, Ni2+, V(V) etc. 
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is challenging. These metal ions limit binding sites present in the adsorbent and decrease its 

uranium adsorption efficiency. Research is ongoing in synthesizing new ligands38, 43-45 with 

high uranium selectivity. Calculations using density functional theory are used for designing 

and screening of new ligands based on their uranium binding affinity.38, 45 

  Synthesized ligands can be readily tested in laboratory conditions using artificial 

seawater because seawater chemical composition can be reproduced. However, it is crucial to 

test the synthesized ligand in real seawater conditions46 because biofouling on the adsorbent 

cannot be replicated in a laboratory environment. The accumulation of microorganism on 

prolonged deployment of the adsorbent in seawater significantly decreases its uranium 

adsorption efficiency. Testing of different adsorbent materials is performed using column and 

flume setups. Marine tests are conducted at the Marine Science Lab (MSL) in Sequim, 

Washington; University of Miami’s Broad Key Island Research Facility; and the Woods Hall 

Oceanographic Institution (WHOI), Massachusetts. It takes ~28 to ~56 days for the 

conduction of real seawater tests because of the slow adsorption process. 

The life cycle of uranium adsorption begins from adsorbent synthesis. The steps 

include the production of polymer fiber, the use of electron beam irradiation to open grafting 

sites, the grafting of the functional group that grabs uranium, and the addition of hydrophilic 

functional group. The hydrophilic functional group enhances contact between seawater and 

adsorbent. After adsorbent synthesis, the adsorbent is deployed in seawater for uranium 

uptake. After uranium adsorption, the adsorbent is removed from seawater; uranium and other 

metal ions are then eluted from the adsorbent.47, 48 The adsorbent is then reconditioned 49 and 

reused for multiple metal adsorption cycles. Techniques like fourier transform infrared 

spectroscopy (FTIR) and scanning electron microscopy (SEM) provide valuable information 
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about the alteration of functional groups and damages in adsorbent during adsorption-

desorption experiments. Inductively coupled plasma optical emission spectrometry (ICP-

OES), and inductively coupled plasma mass spectrometry (ICP-MS)50 are used for 

quantification of adsorbed elements. Considerable cost is involved in uranium extraction from 

seawater. One solution for decreasing this cost is higher uranium adsorption capacity, which 

can be achieved by increasing adsorbent surface area. Research is being conducted on 

synthesis and development of adsorbents with high surface area.51   

1.4 Objectives of This Thesis 

1) The overall aim of this research is to investigate the complexation of vanadium(IV) 

and vanadium(V) with glutarimidedioxime and glutardiamidoxime and their 

competition with UO2
+2 for complexation. This will be accomplished based on the 

following sub objectives.  

a)   Investigate the interactions of amidoxime ligands cyclic glutarimidedioxime 

and open-chain glutardiamidoxime with UO2
+2, with vanadium(IV) and 

vanadium(V).   

b) Examine the effectiveness of uranium complexation with cyclic 

glutarimidedioxime and open-chain glutardiamidoxime in the presence of 

vanadium(IV) and vanadium(V). 

2) Understanding the application of spectroscopic techniques, such as UV-Visible, NMR, 

FTIR, and LC/MS, to identify complex formation between metal ions and ligands. 

These techniques were used to investigate the competitive interactions of UO2
+2, 

vanadium(V) and vanadium(IV) with amidoxime ligands cyclic glutarimidedioxime 

and open-chain glutardiamidoxime. 
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3) To characterize newly developed amidoxime-carboxylate containing LCW adsorbent 

and the ORNL-AF1 adsorbent using solid state NMR (SSNMR) and FTIR 

spectroscopy.  

4) To study and compare vanadium uptake by LCW adsorbent and ORNL-AF1 adsorbent 

in simulated seawater conditions using ICP-MS spectrometry. 

1.5 Achievements of This Thesis 

This thesis reports results from different spectroscopic studies used for probing 

complexation of vanadium and uranyl ions with amidoxime ligands, and their competition for 

complexation. This work is focused upon a) understanding coordination chemistry and 

complexation of vanadium species with amidoxime ligands in presence of UO2
+2 and b) 

comparing vanadium adsorption between newly developed LCW adsorbent and ORNL-AF1 

adsorbent. This study presents a first look at solution state NMR studies of UO2
+2 

complexation with glutarimidedioxime and glutardiamidoxime system in the absence and 

presence of vanadium. Understanding competitive adsorption of UO2
+2 and vanadium on 

amidoxime-based adsorbents in seawater is crucial for designing new adsorbents with higher 

uranium adsorption capacity. 

  According to the literature, amidoxime-based adsorbents have been shown to be the 

most effective material for sequestering uranium from seawater. They possess good 

mechanical strength and high uranium adsorption capacity. Amidoxime-based adsorbents are 

very effective for extracting vanadium from seawater. On a molar basis, vanadium adsorption 

is much greater than uranium upon using them for uranium extraction from seawater. 

Vanadium competes with UO2
+2 for binding sites in the adsorbent, and affects its UO2

+2 

extraction efficiency. Little information is available in the literature regarding the distribution 
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of vanadium species in seawater and complexation of vanadium with amidoxime ligands 

glutarimidedioxime and glutardiamidoxime. 

Vanadium(IV) and vanadium(V) govern aquatic chemistry of vanadium in seawater. 

The aquatic species52 of vanadium(IV) are VO+2 and VO(OH)+, and for vanadium(V) they are 

H2VO4
-1 and HVO4

-2. In natural water the most stable form of vanadium is a mobile 

metavanadate anion VO3
-. Vanadyl (VO+2), forms strong complexes with organic chelating 

agents because it can coordinate very strongly with oxygen donor ligands. It is the most stable 

oxocation and a  hard lewis acid due to central +4 charge and d1  electronic configuration. The 

relative abundance of vanadium in open oxygenated seawater is about 34–45 nM.53 The 

concentrations of vanadium are very high in anoxic sediments ranging from 4–8 mmol/kg.54 

Vanadium chemistry is fascinating because valence of vanadium changes in response to the 

redox potential of environment. The stability of vanadium(IV) and vanadium(V) oxidation 

states vary with the environment. In an oxidized marine environment, vanadium(V) is stable. 

However, in a reducing environment vanadium(IV) is stable. Vanadium(V) reduces to a 

smaller cation, vanadyl (VO+2), in mild reducing or suboxic conditions. In comparison to large 

vanadate (VO2
+), vanadyl (VO+2) is smaller and  binds more effectively to  chelating groups.55 

Suboxic areas are created during summer hypoxia, when concentration of dissolved oxygen 

is less than 2 mg/litre. Vanadyl is adsorbed into organic particles and removed from seawater. 

Vanadyl occurs in shale and carbonaceous sediments because of the reducing environment. 

Suitable places with suboxic or anoxic conditions for studying vanadium(IV) speciation 

include the water of Long Island Sound (LIS), and head of the Peconic River estuary in New 

York. 
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In aqueous solution vanadium(V) undergoes hydrolyis, and polynuclear species, such 

as   HxV10O28
(6-x) decavanadates, are formed.52 These polynuclear species are not present in 

seawater because of  the low vanadium concentration (1.6 ppb) in seawater. The concentration 

of  vanadium varies according to different seasons and is determined by physico-chemical 

parameters, such as the temperature of the water, redox conditions, and biological activity in 

seawater. The levels of vanadium in seawater are high during the summer, vanadium(IV) = 

2.2 ± 1.7 nM and vanadium(V) = 22.4 ± 3.9 nM56 because the high water temperature during 

summer enhances the release of vanadium from sediments. Sources for increased 

vanadium(IV) in seawater include inputs of vanadium(IV) from sewage, fluvial discharge, 

sedimentary release, and reduction of vanadium(V) to vanadium(IV), caused by decrease in 

redox potential. Vanadium(IV) is also produced by oxidation of vanadium(III) in western 

Long Island Sound (LIS). Vanadium(IV) complexes with organic matter, is readily adsorbed 

by particles, and deposits in sediments. The concentration of vanadium in seawater is lower 

in spring, V(IV) = 1.4 ± 1.4 nM and V(V) = 11.1 ± 2.6 nM56 because of input of freshwater 

in the ocean from rivers increase and cause dilution effect. During cold spring conditions, 

vanadium(IV) is removed from water due to its adsorption by particles. Biological uptake of 

vanadium(IV) is more than vanadium(V). Vanadium(IV) is important for phytoplankton 

metabolism and reacts with their nucleic acids, Adenosine diphosphate (ADP), Adenosine tri-

phosphate (ATP), Guanosine diphosphate (GDP), glutathione, and amino acids. Biological 

uptake of vanadium(IV) by phytoplankton reduces total concentration of vanadium(IV) in 

seawater. 

 



13 
 

The following chapter is a literature review, and it summarizes current knowledge and 

investigations by different research groups on extraction of uranium from seawater. It 

provides information about different chelating agents used for uranium extraction, their 

binding modes, coordination environments, different type of adsorbents, and their synthesis.  

Information about adsorbent deployment process, the process for elution of adsorbed metal, 

and a cost analysis for the whole life cycle of adsorbent is also described in Chapter 2. 

Chapter 3 describes spectroscopic results obtained regarding complexation of 

vanadium and UO2
+2 with glutarimidedioxime and glutardiamidoxime in aqueous solutions. 

51V NMR, 1H NMR, 13C NMR, LC-MS, and UV-Visible spectroscopic techniques were used 

to understand vanadium complexation with glutarimidedioxime and glutardiamidoxime. 51V 

NMR gives information about vanadium environment upon complexation with ligands 

glutarimidedioxime and glutardiamidoxime. 1H NMR and 13C NMR give information about 

ligand environment upon complexation with vanadium and UO2
+2. The effect of changes in 

solution pH upon UO2
+2-glutarimidedioxime and UO2

+2-glutardiamidoxime complexes was 

observed. The competitive interaction study reveals that ease of complex formation with 

glutarimidedioxime is much higher for vanadium than UO2
+2. It was observed that 

vanadium(V) and vanadium(IV) do not complex with open-chain glutardiamidoxime. 

However, UO2
+2 complexes with both glutarimidedioxime and open-chain 

glutardiamidoxime. It was observed that UO2
+2-glutarimidedioxime complex does not form 

in the presence of vanadium(V) because of the more stable vanadium(V)-glutarimidedioxime 

complex. This observation indicates high affinity of vanadium(V) for glutarimidedioxime 

than UO2
+2. 
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In Chapter 4 characterization of an amidoxime and carboxylate containing LCW 

polymer adsorbent using 13C CP/MAS, solid state NMR spectroscopy is discussed. The 

synthesis of the LCW adsorbent is described in Chapter 4. The 13C CP/MAS results show that 

LCW polymer adsorbent mainly contains glutardiamidoxime. The synthesized LCW 

adsorbent was tested for vanadium adsorption using ICP-MS spectrometry. The vanadium 

uptake was studied for the Oak Ridge National Lab (ORNL)-AF1 adsorbent produced by the 

Radiation Induced Graft Polymerization (RIGP) technique. The 13C CP/MAS characterization 

of the ORNL adsorbent shows that it mainly contains cyclic glutarimidedioxime. Results of 

vanadium uptake analysis by the LCW and the ORNL adsorbents show higher vanadium 

adsorption for the ORNL adsorbent than the LCW adsorbent. 
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Chapter 2: Literature Review 

2.1 Introduction 

Recent advancements related to conservation of environment and plans and        

policies1, 2 to combat climate change have placed interest in nuclear energy as an important 

energy source for future generations.3-5 Uranium is an important metal required for the 

generation of nuclear energy. The terrestrial sources of uranium may not last beyond this 

century.6, 7 To maintain a sustainable supply of uranium, alternative uranium resources are 

required. The Department of Energy (DOE) Fuel Resource Program is developing strategies 

to ensure a sustainable supply of uranium for nuclear reactors in the United States.8 A potential 

alternative source of uranium is seawater. The estimated amount of uranium in seawater is 4.5 

billion metric tons, which is thousands of times greater than land sources, containing up to 63 

million tons of uranium. In seawater, uranium uniformly exists at a concentration of 3 ppb, as 

uranyl tris-carbonato complex [UO2(CO3)3
4−]. In seawater, UO2

+2 also complexes with 

calcium forming, Ca2[UO2(CO3)3], Ca[UO2(CO3)3]
-2 complexes, and with magnesium 

forming Mg[UO2(CO3)3]
-2 complex9,10. Ternary Ca-U-CO3 and Ca2UO2(CO3)2 complexes are 

dominant species in seawater. 

Amidoxime-based adsorbents have been recognized since the 1980’s.11 They are most 

attractive and efficient among other adsorbents that have been explored since the 1960’s11 for 

uranium extraction from seawater.12, 13 Amidoxime functional groups can remove and 

substitute the carbonate present in uranyl tris-carbonato complex [UO2(CO3)3
4-], forming a 

unique UO2
+2-amidoxime complex. This is caused through greater binding ability and stability 

of amidoxime functional group at seawater pH of 8.3. Amidoxime-based adsorbent contains 
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ligands glutarimidedioxime and glutardiamidoxime as complexing agents for uranium 

extraction from seawater (Figure 2.2).    

A recent report14 suggests that salicyldoxime possess high selectivity for UO2
+2 over 

competing metal ions in seawater. Vanadium(V) and Iron(III), present in seawater, are two 

major transition metals which affect UO2
+2 complexation with glutarimidedioxime and 

glutardiamidoxime. Decrease in UO2
+2 adsorption capacity occurs because vanadium(V) and 

iron(III) compete with UO2
+2 and occupy more binding sites on the adsorbent. Different 

techniques, such as electrospray ionization mass spectrometry (ESI-MS), nuclear magnetic 

resonance (NMR), liquid chromatography mass spectrometry (LC-MS), potentiometry, UV-

Visible absorption spectroscopy, and X-ray diffraction, are used to study vanadium and UO2
+2 

complexation with glutarimidedioxime, and glutardiamidoxime. The effect on NMR spectra 

upon changes in metal/ligand mole ratio and metal/ligand concentration is examined in the 

following chapter. The effect of changes in solution pH upon complexation was also studied. 

At high pH, UO2
+2-glutarimidedioxime complex was not detected because more hydroxide 

ions are present at high pH, and they participate in complexation with UO2
+2, resulting in 

precipitation of uranyl hydroxides.15 UO2
+2-glutarimidedioxime complex was not detected at 

lower pH because, at low pH, H+ ions compete with glutarimidedioxime for complexation.  

Radiation Induced Graft Polymerization (RIGP) technique is used by the Oak Ridge 

National Lab (ORNL) to develop more durable and reusable adsorbent with high adsorption 

capacity, enhanced uranium selectivity, and high adsorption kinetics. This technique includes 

four steps. The steps are explained in section 4.3.3, Chapter 4, and the reaction scheme is 

shown in Figure 4.2 Chapter 4. The development of an efficient, robust, and cost-effective 
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adsorbent for uranium extraction from seawater is the focus of a research team brought 

together by Department of Energy (DOE) in 2011.8 

Tamada et al.11, 16 demonstrated the efficiency of using braid type adsorbent tied to 

chains anchored in seabed. Adsorbent braids were used to float in the surface of seawater, 

standing upwards like kelp. Boats were used to lift the adsorbent after uranium uptake, 

uranium was then eluted from them at seashore, and they were redeployed to seawater for 

further uranium uptake. The total cost of UO2
+2   recovery estimated by Tamada using this 

system was $1000 per kg of uranium.11 In their study, 2g U/kg of adsorbent was collected in 

a 60-day seawater exposure. The adsorbent was reusable for 6 times with 5% loss in 

adsorption capacity upon each reuse.  

Another study on the improvement of UO2
+2 recovery from seawater was reported in 

2014 for adsorbents developed at the Oak Ridge National Laboratory (ORNL). The adsorbent 

was submerged in ocean for 8 weeks, and then it was tested for UO2
+2 adsorption at the Pacific 

Northwest National Laboratory (PNNL). The adsorbent showed an increase in uranium uptake 

to about 3.3g/kg of adsorbent.17 Overall cost of UO2
+2 extraction using this adsorbent was 

reduced to $610 per kg of uranium. The objective of scientists in Japan and the United States 

is to explore practical methods for making UO2
+2 extraction from seawater more economical 

by enhancing uranium adsorption capacity, developing better elution techniques, and 

increasing adsorbent reusability. Increase in uranium uptake can also be achieved by 

improving the adsorbent selectivity for UO2
+2 relative to competitive elements in seawater.   
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2.2 Speciation of Uranyl(VI), Vanadium(V) and Vanadium(IV) in Presence of 

Amidoxime Ligands 

Understanding complexation of UO2
+2 and vanadium, present in seawater with 

amidoxime ligands, will aid in designing adsorbents with high UO2
+2 adsorption efficiency. 

The metal ions shown in Table 2.1, participate for binding with amidoxime-based adsorbent, 

and impede UO2
+2 adsorption. This results in low UO2

+2 uptake and contributes to high cost 

of  UO2
+2 extraction.  

Table 2.1 Common metal ions in seawater and their concentrations. (Table reproduced 

from references 7 and 18) 

 

Investigation of complexation and stability constants of other metal ions, such as 

copper(II), lead(II), calcium(II), magnesium(II), nickel(II), and iron(III) present in seawater 

was done previously.7,9,18 The stability constants for some complexes of glutarimidedioxime 

with these metal ions are low, but their complexes outpace UO2
+2 complexes because of their 

high concentration. They capture most of the binding sites on the adsorbent and decrease its 

UO2
+2 extraction capacity. 
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Over the years, the development of adsorbents, interaction of various ligands with 

UO2
+2, and their coordination modes has been examined by different research                      

groups.12, 13, 15, 19-23 One of the objectives was to discern UO2
+2 uptake by amidoxime-based 

adsorbents that peaked in the 1980’s and have been steadily used till today.11 A previous report 

by Vukovic et al.23 showed three possible binding motifs for acetamidoximate (AO) ligand 

forming [UO2(AO)x(OH)y]
2-x complexes. 

Three categories of UO2
+2   complexes were identified: a cationic complex involving 

one acetamidoximate (AO) ligand [UO2[(AO)(OH2)3]
1+; a neutral complex with two 

acetamidoximate (AO) ligands [UO2(AO)2(OH)2]; and an anionic complex with three 

acetamidoximate ligands [UO2(AO)3]
-. Basically, UO2

+2 binds to two adjacent amidoximate 

ligands on the adsorbent forming a chelate complex. The various mechanisms by which 

amidoxime group approaches and binds with UO2
+2 are monodentate binding, bidentate 

approach, and η2 fashion. Density functional theory calculations were used for understanding 

different types of coordination. In such UO2
+2-acetamidoximate complexes, monodentate 

binding shows interaction of amidoxime ligand to UO2
+2 through nitrogen/oxygen of oxime 

functional group. Bidentate coordination approach involves binding through oxime oxygen as 

well as with amide nitrogen. Theoretical studies using density functional theory calculation 

predicted η2 type of binding to be the most energetically favourable configuration, which 

involves binding through N-O chemical bond in such UO2
+2-acetamidoximate complexes. 

Different modes of UO2
+2 binding with amidoxime groups are illustrated in Figure 2.1. 
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Figure 2.1 Different modes of amidoxime functional group binding to UO2
+2 (M = UO2

+2) 

(a) monodentate, (b) bidentate, and (c) η2 binding. (Figure adapted from reference 23) 

Glutarimidedioxime and glutardiamidoxime are principal ligands present in 

amidoxime functionalized adsorbents. The structures of glutarimidedioxime and 

glutardiamidoxime are shown in Chapter 3, Figure 3.1. Kang et al.22 studied formation and 

hydrolytic stability of glutarimidedioxime and glutardiamidoxime. NMR experiments were 

used to understand stability of glutarimidedioxime and glutardiamidoxime under basic and 

acidic conditions at room temperature and a high temperature of 80 °C.  Exposing 

glutardiamidoxime to strong alkaline conditions at 80 °C showed complete degradation to 

glutarate after 2 days. Under strong acidic conditions (1M DCl), glutardiamidoxime was stable 

at room temperature for weeks, but, at high temperature it degraded to carboxylic acid product. 

Cyclic glutarimidedioxime was unstable at room temperature and degraded to glutaric acid, 

via glutarimidedioxime intermediate. 

At room temperature, no conversion of glutardiamidoxime to glutarimidedioxime was 

observed. However, a recent report by Das et al.24 using solid state NMR spectroscopy shows 

conversion of glutardiamidoxime to glutarimidedioxime, at a high temperature of 130 °C, for 

3 hours, in dimethyl sulfoxide-d6. A recent report25 shows that open-chain glutardiamidoxime 

can be converted to a new ligand 2,6-diiminopiperidin-1-ol in situ at room temperature. The 

open-chain glutardiamidoxime was exposed to UO2
+2 and other dissolved transition metals, 

such as Cu+2 and Ni+2. A dinuclear UO2
+2 complex, [(UO2

+2 )2(H2L1)(µ-O)2(NO3)2] connected 
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by µ-O bridges and multinuclear Cu+2[(Cu)3(H2L
1)(µ-O)2(H2O)6](NO3)3 and Ni+2 

[(Ni)3(H2L
1)3)(µ-O)3(H2O)6]Cl3, µ-O bridged complexes, were isolated in aqueous solutions, 

where H2L
1 stands for 2,6 diiminopiperidin-1-ol. 

A report by Xian and coworkers26 showed that glutarimidedioxime is a reducing and 

complexing reagent used for recovering plutonium in Plutonium Uranium Reduction 

Extraction (PUREX) process. Formation constants for glutarimidedioxime and 

glutardiamidoxime complex with UO2
+2 are calculated by Rao and coworkers.9, 20, 21 The 

formation constants for UO2
+2-glutarimidedioxime and UO2

+2-glutardiamidoxime are shown 

in Table 2.2.  

Table 2.2 Formation constants for Glutardiamidoxime and Glutarimidedioxime with 

uranyl. (Table adapted from references 20 and 21) 

 

A previous report27 about comparison of UO2
+2 binding with glutarimidedioxime, and 

glutardiamidoxime, shows glutarimidedioxime binds to UO2
+2 more effectively than 

glutardiamidoxime, based upon gas phase complexes investigated using electrospray 

ionization mass spectrometry (ESI-MS). 
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Formation of UO2
+2-glutarimidedioxime and UO2

+2-glutardiamidoxime complexes, 

and their different modes of coordination, is shown in Figure 2.2. Cyclic glutarimidedioxime 

can complex with UO2
+2 more efficiently than open-chain glutardiamidoxime because it can 

form a tridentate complex with UO2
+2 as shown in Figure 2.2.  However, open-chain 

glutardiamidoxime can only form either a monodentate or a bidentate complex with UO2
+2. 

 

Figure 2.2  Formation and coordination modes of Glutarimidedioxime and 

Glutardiamidoxime complexes with uranyl. (Figure adapted from reference 21) 

Previous reports28, 29 show complexation of vanadium with amidoxime ligands. 

Vanadium, can be found as oxovanadium(IV), (VO+2), and oxovanadium(V), (VO2
+), cation 

in seawater. It impedes UO2
+2 adsorption capacity of amidoxime-functionalized adsorbent by 

decreasing   adsorption sites available for UO2
+2 binding.7, 30 Elution of vanadium from 

amidoxime-based adsorbents is very difficult because of its intense binding ability to 

amidoxime groups.29 Overall, vanadium adsorption decreases extraction efficiency of 

uranium and has critical impact upon economic feasibility of uranium extraction from ocean. 

Vanadium(V) forms 1:1 vanadium(V)-glutarimidedioxime complex at low vanadium 
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concentration and 1:2 vanadium(V)-glutarimidedioxime complex at high vanadium 

concentration, as discussed in the following chapter. This observation suggests that presence 

of VO2
+ will influence UO2

+2 extraction from seawater using amidoxime-based adsorbents.  

A recent report31 shows formation of vanadium-glutarimidedioxime complex with 

stoichiometry of 1:2. This complex possesses distorted octahedral geometry and two fully 

deprotonated glutarimidedioxime ligand binding to the bare V+5 species, via tridentate mode. 

The formation of such strong complex of bare V+5 species may be the reason behind the high 

adsorption of vanadium on the amidoxime-based adsorbents. 17O, 51V, 1H, 13C NMR, and ESI-

MS spectroscopic techniques were used for characterization of this complex. The structure of 

the complex was determined by X-Ray diffraction technique.  

Solution state complexation of UO2
+2 with glutarimidedioxime and glutardiamidoxime 

has been explored widely, and formation of UO2
+2-glutarimidedioxime complexes in 1:1, and 

1:2 UO2
+2:glutarimidedioxime molar ratios have been described in the literature.20, 21 A 

previous report27 suggests formation of metal/ligand complex in 2:3 stoichiometry, along with 

metal/ligand complex in stoichiometries of 1:1, and 1:2. Excess glutarimidedioxime was 

required for formation of metal/ligand complex in 1:2 stoichiometry. There have been many 

studies in which 51V NMR has been used to study vanadium(V) species and their complex 

with ligands in aqueous solution. Mahmoud and coworkers32 used 51V NMR to investigate 

vanadium(V) species, such as V3O9
-3, V4O12

-4, V6O17
-4 formed in aqueous solutions of sodium 

metavanadate. 51V NMR peak for both V3O9
-3 and V4O12

-4 species was observed at 574 ppm, 

and for V6O17
-4 it was observed at 582 ppm.  Alan S. Tracey33 used 51V NMR spectroscopy to 

study complexation of vanadium(V) by alpha-hydro carboxylic acids in aqueous solutions. 
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The α-Hydroxyisobutyric acid formed three major complexes in 1:1, 2:2, and 3:2 vanadium: 

ligand stoichiometric ratios.  

Buglyo et al.34 used 51V NMR spectroscopy and EPR spectroscopy to investigate 

solution phase complexes of vanadium(V) and vanadium(IV) with deferoxamine B in aqueous 

solution. They observed complexation of three hydroxamic functional group of deferoxamine 

B with bare vanadium. They observed that pH effects complexation, because VO(IV) and 

VO2(V) oxo complexes are formed upon increasing the pH of solution. Vanadium was 

interacting with deferoxamine B via one or two hydroxamic functional group of deferoxamine 

B. Butler et al.35 used 51V NMR spectroscopy to examine vanadium(V) complexation with 

metal binding sites present in human transferrins. 

  Booysen et al.36 showed formation of polynuclear oxovanadium(IV) complex of 

NH4VO3 with 2-hydroxyphenylbenzothiazole(Hobs) in 1:2 stoichiometric ratio having 

general formula, [VO(obs)2]n. They showed formation of mononuclear complex of NH4VO3 

with 2-hydroxylphenylbenzimidazole(Hobz) containing pyridine with formula, cis-

[VO2(obz)py]. Oxovanadium(IV) complex with 2-pyridylbenzimidazole(Hpbyz) 

[VO(Hpbyz)2SO4].H2O was also observed upon reaction of (Hpbyz) ligand with VOSO4 in 

2:1 molar ratio.  

Fernando et al.37 showed that sodium metavanadate reacts with Hdmpp(3-hydroxy-

1,2-dimethyl-4-pyridinone) ligand in presence of KOH and forms a trinuclear 

oxovanadium(IV) complex at the pH of 4.5. They observed the effect of pH upon 

oxovanadium(V) complexation. They observed that the trinuclear oxovanadium(V) complex 

was unstable and hydrolyzes in water at pH >5 resulting in formation of free vanadium(V) 
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species and a mononuclear complex of vanadium with 1:1 and 1:2 stoichiometric ratios 

between vanadium and ligand. The trinuclear oxovanadium(V) complex was only stable at 

certain pH range (pH < 5). Miranda and coworkers38, 39 used UV-Visible and 51V NMR 

spectroscopy to study vanadium(V) complexation with alpha-aminohydroxamic acid. 

Solution phase complexes of oxovanadium(V) ion, (VO2
+), and alpha-amino hydroxamate 

ligand were observed in 1:1 and 1:2 stoichiometric ratios. The 1:1 complex possesses distorted 

trigonal bipyramidal geometry at pH of 7 and exists as VO2L.  The complex with 1:2 

stoichiometric ratio exists in octahedral geometry as VO2H2L2
+. In acidic conditions, 1:2 

complex exists as VO2H3L2
+, and in basic conditions it is formed as VO2HL2.  

Kremer et al.40 studied vanadium(V) and vanadium(IV) complexes with anionic 

polysaccharides. Reaction of [VO4]
-3 with polysaccharides, carboxyl methyl cellulose, 

xanthum gum, and sodium salt of aliginic acid was studied, in the presence of L-ascorbic acid 

and L-cysteine. The complexes were investigated by using 51V NMR, and EPR 

spectroscopies. Kelley and coworkers41 used 4,5-(diamidoximyl)imidazole ligand to 

understand complexation of UO2
+2 and  VO2

+ with amidoxime functional groups. They noticed 

formation of 1:2 complex by both UO2
+2 and VO2

+ in different geometry. VO2
+ showed 

coordination to 4,5-(diamidoximyl)imidazole through an interaction involving single oxygen 

of oxime functional group and nitrogen of imidazole functional group. However, UO2
+2 

showed η2 approach for complexation with 4,5-(diamidoximyl)imidazole coordinating 

through two oxygens of oxime functional group. Both UO2
+2 and VO2

+ complexes show 

different geometry due to different modes of interaction.  
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2.3 Adsorbents for Uranium Extraction from Seawater 

Scientists at the US Department of Energy are developing technology for uranium 

extraction from seawater to maintain a steady supply of uranium for generation of nuclear 

energy. Various extraction methods for UO2
+2 uptake from seawater have been tested, and 

among all methods, its extraction using amidoxime-based adsorbents is frequently used and 

has persisted since the 1980’s.42-46 This is because amidoxime-based adsorbents possesses 

high adsorption capacity, as well as selectivity for uranium. Scientists from different research 

groups, national laboratories, and universities8 are investigating fundamental and practical 

methods for development of adsorbents that are more selective for UO2
+2 adsorption compared 

to other metal ions present in seawater.24, 47, 48  

It is also important to develop an efficient elution process resulting in an improved 

adsorption capacity upon reuse of adsorbents. Scientists from the Oak Ridge National Lab 

(ORNL), and the Pacific Northwest National Laboratory (PNNL) are researching the role of 

grafting, amidoximation conditions, marine testing of different adsorbents, and impact of 

marine life upon UO2
+2 adsorption. Performance evaluation of the adsorbents developed at the 

Oak Ridge National Lab (ORNL) is conducted by their preliminary testing at the Marine 

Science Lab (MSL) in Sequim, WA.49 Flow through packed columns and recirculating flumes, 

circulating seawater are used for conducting marine testing of the adsorbents. Natural 

seawater, at a flow rate greater than 2 cm/sec and temperature of 20±1.5 ºC, is delivered to 

flow through columns.50 Effect of environmental conditions, such as temperature, salinity, 

flow rate, and particulate matter upon uranium extraction efficiency in controlled lab settings 

and oceans are also studied.  The adsorbed uranium and other elements present in seawater 
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are eluted using acid solution, and adsorption capacity is quantified by ICP-MS and ICP-

OES.51 Time based uranium adsorbtion (g U/kg of adsorbent) is then calculated. 

Recent reports24, 47, 48 show results of marine testing on different series of amidoxime- 

based adsorbents developed at the Oak Ridge National Lab. Depth of the adsorbent 

deployment in seawater also effects the UO2
+2 adsorption. An experiment conducted at the 

Woods Hole Oceanographic Institution showed high adsorption, 2.3 g uranium/kg of 

adsorbent, when the adsorbent was placed at 5-meter depth in a steel mesh. Brookhaven 

National Lab is researching grafting conditions, their effect on substrate fibers, different 

monomers for polymerization, temperature, and solvents for preparation of the preferred 

adsorbent. Techniques like mid-IR detection and pulse radiolysis are used for yield evaluation, 

assessment of rates, and termination of the polymerization reaction. Radiation Induced Graft 

Polymerization (RIGP) of acrylonitrile into high surface area adsorbent is monitored using 

FTIR spectroscopy. Designing amidoxime fibers containing two functional groups enhances 

amidoxime affinity and provides additional coordination site52 for UO2
+2 uptake. Primary 

amines were selected for the formation of bifunctional adsorbents because of their high 

affinity for UO2
+2 ion. One of the amines tested to make such bifunctional adsorbent was 

diethyltriamine (DETA). Diethyltriamine was capable of interacting with amidoxime, and 

could bind with metal ion. Bifunctional fiber containing amidoxime and diethyltriamine 

functional group showed excellent UO2
+2 adsorption.52  

Understanding complexation of UO2
+2 with amidoxime ligands using thermodynamic      

studies15 and evaluating their binding ability based on chemical structure and properties, aids 

in preparation of adsorbents with strong UO2
+2 selectivity. High temperature improves UO2

+2 

adsorption efficiency because complexation of UO2
+2 with amidoxime is endothermic.21, 53 
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Computer based techniques for designing and screening ligands for UO2
+2 extraction are 

inexpensive, reliable, rapid, and systematic. Computer based techniques also provide 

information about solvation of uranium complexes in seawater.54,55 In one study, 

Ca2UO2(CO3)2 complex solvation in water was studied using molecular dynamics simulations 

because it is a predominant and very stable uranium complex in seawater. It was observed that 

Ca2UO2(CO3)3 species was water stable and due to hydrogen bonding of water molecules 

around this complex, two Ca+2 ions bind differently in this complex.55 Solvation of 

Ca2UO2(CO3)3 species was also studied54 in real seawater containing NaCl because of high 

concentration of Na+ and Cl- ions present in seawater. It was observed that Ca2UO2(CO3)3 

complex was positively charged because of Na+ ions neighboring the Ca2UO2(CO3)3 complex, 

while Cl- ions lay farther from the complex. 

  Molecular dynamics simulations were also performed to understand solvation of 

vanadium(V) in aqueous solution.56 This solvation study will help to further understanding of 

different species of vanadium(V) in seawater and their role in complexing with amidoxime 

ligands. The computer-aided studies provide information regarding free energy and binding 

constant between UO2
+2/VO2

+ species with various amidoxime ligands and aid in designing a 

ligand which is more selective for UO2
+2 than VO2

+. A previous report 57 shows formation of 

vanadium complexes with formamidoximate ligand that possess stable binding because 

complexation occurs through amine nitrogen and oxime oxygen of an iminohydroxylamine 

ligand formed by tautomeric rearrangement of amidoxime.  

Formation of a complex between amidoxime and vanadium requires proton transfer 

between oxime oxygen and amine nitrogen. It was observed that η2 binding mode of 

formamidoximate-vanadium complexes was less stable than tautomeric rearrangement of 
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amidoxime complex with vanadium. This observation is of great significance because, unlike 

vanadium, η2 binding coordination mode is most stable for UO2
+2 binding with amidoxime.23 

Tautomeric rearrangement of amidoxime to iminohydroxylamine enhances formation of 

amidoximate-vanadium complexes. Therefore, for increasing UO2
+2 complexation, by 

eliminating the feasibility of vanadium binding, this tautomeric rearrangement is prohibited 

by synthesizing ligands in such a way that the amine hydrogen atoms are replaced by aromatic 

and aliphatic functional groups. A recent study58 shows alkylation of amidoxime groups 

forming N,N-dimethyl substituted amidoxime that cannot undergo tautomeric rearrangement 

shows higher UO2
+2 selectivity. Another recent report59 used X-ray absorption fine structure 

(XAFS) spectroscopy for determining binding of UO2
+2 with amidoxime-based adsorbents. 

Results indicated presence of a transition metal adjacent to uranium coordinating with the 

adsorbent. This binding was distinct from previously reported tridentate and η2 coordination 

concept. 

Research is also being conducted in green chemistry for development of an 

environmental friendly, biodegradable adsorbent for uranium extraction from seawater.60 A 

polymer chitin present in shrimp cells can be used for uranium extraction. Chitin can be 

transformed into sheets, which attracts uranium. Expensive ionic liquids are required for 

solubilizing chitin. Substrate produced by using chitin is beneficial because of its high surface 

area, but it cannot persist in seawater conditions. Professor Alexander H. Slocum and his team 

at MIT61 is working towards development of innovative adsorbent deployment techniques. 

The novel idea is to use wind turbines installed in the ocean and hang the adsorbent braids 

from the top of the wind turbine. In such a system, the adsorbent circulates in water and rollers 

preclude it from entangling. Elution of adsorbed uranium can take place at the same site on 
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each wind turbine, and transit cost for the adsorbent deployment into seawater after UO2
+2 

recovery is reduced, decreasing the overall cost of uranium extraction from seawater. 

 Investigation is ongoing upon development of unique adsorbents providing extreme 

affinity towards uranium. Nanoporous carbon materials providing high surface area were 

studied for their uranium adsorption at high salinity levels.62 Density of amidoxime functional 

group, and high surface area are crucial factors in determining the uranium adsorption 

capacity. Pacific Northwest National Lab (PNNL) is exploring problems related to the use of 

kelp-like adsorbents because deployment of such adsorbents in a large area63 of ~670 km2 is 

required for extracting more quantities of uranium. Effect of such deployment on ocean 

currents, and its effect upon oceanic uranium and other elements present in seawater, shows 

toxicity to marine life64 upon close interaction with the adsorbent material.  

Biofouling is a serious hindrance in the process of UO2
+2 extraction from seawater.65 

This reduces UO2
+2 adsorption. Formation of a biofilm is caused by undesired microbial 

activity on the surface of the adsorbent within a very short time of submerging it in seawater. 

Good results for uranium adsorption were obtained in water with no biofouling.65 Biofouling 

reduces approachability of amidoxime ligands on the adsorbent. Biofouling also affects 

chemical processes involved in elution of uranium from the adsorbent by interfering with 

chemical solution used for uranium extraction, and it may also affect the adsorbent reusability. 

Major microbial activity occurring on the adsorbent surface causes a 20%-30% loss in its 

UO2
+2 adsorption capacity. Experiments were conducted at the Oak Ridge National Lab to 

understand uranium adsorption as a function of biomass accumulation. The ORNL-AF1, 

adsorbent showed reduction in adsorption capacity by 30 % after a 42-day exposure of the 

adsorbent in sunlit water.65 However, low to no loss in adsorption capacity was observed in 
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flume exposed to dark conditions because placing the adsorbent in dark conditions mitigates 

biofouling, and lessens loss in UO2
+2 adsorption capacity.  

2.4 Comparison of Different Metal Elution Approaches  

The different metal elution approaches tested include a) acid elution, b) carbonate + 

H2O2 elution66, c) bicarbonate elution, and d) elution using bicarbonate followed by Tiron 

(4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt) elution.67 These elution process 

were effective for uranium elution from the adsorbent and removed 88% to 90% of uranium 

after 42 days exposure of the adsorbent in seawater. However, vanadium removal was 

challenging, and up to 23% of vanadium could be removed. Another leaching process that 

uses potassium bicarbonate (KHCO3) was efficient for elution of uranium and magnesium 

(>85 % elution was observed), but bicarbonate was not effective for elution of iron and could 

only remove ~22% to 32% of iron. It was observed that Tiron elution was advantageous for 

iron (~69% to 73 % of iron was removed) compared to acid elution. Reuse of the adsorbent 

after acid (0.5 M HCl) elution of uranium, followed by KOH reconditioning, reduces its 

adsorption capacity. Chemical and physical damages occur to the adsorbent upon acid elution, 

which causes decrease in adsorption capacity because amidoxime groups are hydrolyzed in 

the presence of acid. A previous report66 describes a novel elution technique that causes 

minimal loss in the adsorbent capacity. Another report68 shows that extended KOH 

conditioning at 80 °C damages the adsorbent because of the degradation of amidoxime groups. 

Scanning electron microscopy (SEM) is used for characterizing the adsorbents because SEM 

images can clearly show fractures and the intensity of physical damage taking place in the 

adsorbent surface.  
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2.5 Cost Analysis  

Development of a cost-effective method for UO2
+2 extraction from seawater is very 

challenging. Since the 1960’s, research has been conducted to develop an economically 

feasible method that can display its competency as a cost-effective substitute compared to the 

method of mining uranium from terrestrial resources. A recent review11 estimates the cost of 

uranium production from seawater to be in the range of $400–$1000/kg of uranium, which is 

much greater than its spot market price of $100/kg of uranium reported for the year 2014. In 

2011, the cost to produce uranium was ~$1230/kg of uranium, using the braid type adsorbent 

developed by Japanese researchers.17 However, the cost is now lowered to $610/kg of uranium 

because of the increase in uranium adsorption capacity of the amidoxime-based adsorbents. 

This new improved cost ($610/kg of uranium) is about half of the cost assessed for Japanese 

technology (~$1230/kg of uranium). But the cost still needs to reduce further, and research is 

still under development. One way to reduce cost is through increasing the adsorbent durability 

so that it can be reused for multiple UO2
+2 loading after several uranium stripping cycles. 

  Major parameters affecting the cost of uranium extraction from seawater include the 

gram uranium uptake per kg of adsorbent (adsorption capacity), as well as the duration that 

the adsorbent is placed in the ocean, because the rate of biofouling in the adsorbent is directly 

proportional to the duration of the adsorbent in seawater. Biofouling decreases the adsorption 

capacity of the adsorbent. Water temperature also affects UO2
+2 adsorption capacity.53 Higher 

water temperature increases UO2
+2 adsorption capacity, but biofouling is also enhanced at high 

water temperature. This observation suggests that UO2
+2 adsorption capacity can be enhanced 

by immersing the adsorbent at suitable selected locations, having little bioactivity, and using 

high water temperature. Biofouling is always a major concern and a severe problem impacting 
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performance and accuracy of studies conducted in seawater. A study69 showed that copper can 

remarkably reduce biofouling upon windows of optical sensors used for oceanographic 

studies, as well as increase the accuracy of collected data. To prevent biofouling, research is 

being conducted on the use copper as an antifouling compound on the adsorbent.  

The cost related to the placement of the adsorbent back into seawater after uranium 

elution cycle remains same, even though the adsorption capacity of the adsorbent decreases 

upon its reuse. To make this uranium extraction process economically viable, research is being 

conducted by scientists to develop cost-effective techniques for the adsorbent deployment in 

seawater.  

The development of innovative uranium elution techniques that prevent the adsorbent 

damage and provide improved adsorption capacity upon the adsorbent reusability is of great 

significance to make this uranium extraction process profitable and environmental friendly. 

Reusability of the adsorbent for several uranium adsorption-desorption cycles saves a greater 

part of the cost required for manufacturing these adsorbents.  

2.6 Conclusions  

In this literature review, we investigated and described novel approaches explored by 

different universities, research organizations, and national laboratories for extraction of 

uranium from seawater. Examination of methods for uranium extraction from seawater and 

review on cost analyses suggests prime ways to mitigate cost of UO2
+2 extraction, include 

increasing adsorption capacity, developing innovative elution techniques that avoid the 

adsorbent degradation, increasing the adsorbent recyclability, and the development of long-

lasting adsorbent with high UO2
+2 selectivity. Economical alternatives for expensive 
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chemicals and novel adsorbent deployment techniques are required in the future for efficient 

uranium recovery from seawater. One way for improving the adsorbent performance is the 

development and synthesis of high surface area adsorbents in different shapes and sizes. 

Impact of marine life accumulation on the adsorbent performance for extracting uranium from 

seawater, obstacles associated with the commercial scale adsorbent deployment, and its 

harmful effects to marine ecosystem also need to be addressed in the future for advancement 

of this technology.  
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Chapter 3: Vanadium and Uranium Coordination with Amidoxime Ligands in 

Aqueous Solutions 

3.1     Abstract 

  Glutarimidedioxime and glutardiamidoxime are most promising ligands grafted on 

amidoxime adsorbents with polyethylene substrate used for uranium extraction from seawater. 

The pH of seawater is around 8.3 and these ligands are known to form strong complexes with 

(UO2
+2) at this pH. To enhance uranium uptake from seawater, it is vital to understand solution 

phase complexes of these ligands with UO2
+2 and vanadium. Vanadium competes with UO2

+2 

for binding sites on adsorbent and reduces its UO2
+2 adsorption efficiency. Spectroscopic 

techniques, such as nuclear magnetic resonance (NMR), UV-Visible absorption 

spectrophotometry, and liquid chromatography–mass spectrometry (LC-MS), are used for 

characterization of solution phase uranyl and vanadium complexes, and to evaluate relative 

stabilities of such complexes at different pH values. 

3.2     Introduction 

Sequestering uranium from seawater has become an active research area in recent 

years due to concerns about limited land-based uranium ore reserves, which may be depleted 

by the end of this century due to uranium consumption by nuclear power industry. Our oceans 

contain more than 1000 times uranium than all known land-based uranium ore reserves. 

Uranium exists in seawater at a very low concentration, about 3 ppb, and in a very stable form, 

uranyl tris-carbonato complex [UO2(CO3)3
4-].  Extraction of uranium from seawater requires 

a highly efficient adsorption material to make this unorthodox uranium production method 

economically feasible. According to the literature, amidoxime-based polymer adsorbents have 

been shown to be the most effective material for sequestering uranium from seawater. The 

concentration factor of uranium from seawater to amidoxime-based adsorbent (~ 3x10-3 g U/g 
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of sorbent) is typically 6 orders of magnitude in seawater tests. High uranium adsorption 

capacity and good mechanical strength of amidoxime-based polymer adsorbents make them 

attractive for extracting uranium from seawater. The amidoxime-based polymer adsorbents 

are also effective for extracting transition metals from seawater, particularly vanadium.  

Actually, on a molar basis, vanadium adsorption is much greater than that of uranium from 

seawater tests utilizing amidoxime-based adsorbents. Vanadium apparently is a major 

competing element for uranium adsorption from seawater using amidoxime-based adsorbents. 

There is little information in the literature regarding distribution of vanadium species in 

seawater.  According to one report,1 vanadium can exist in seawater in two different oxidation 

states, +4 and +5, and distribution of the two vanadium oxidation species in seawater depends 

on location and season. Complexation of different vanadium species with amidoxime is also 

not well known. Knowledge of the coordination chemistry of vanadium with amidoxime 

molecules is essential for understanding vanadium adsorption by amidoxime-based 

adsorbents in seawater. However, it should be cautioned that coordination behavior of metal 

ions with free ligand molecules may not be the same as ligand groups attached to a polymer 

adsorbent. Nevertheless, this information is still important for designing new amidoxime-

based adsorbents which could be more selective for uranyl coordination over vanadium ions 

and result in higher uranium adsorption capacities.  This paper reports results of our recent 

spectroscopy studies regarding complexation of vanadium species with amidoxime molecules 

and their competition with uranyl ions in aqueous solution. The information is crucial for 

understanding competitive adsorption of uranyl and vanadium species on amidoxime-based 

adsorbents in seawater. This study presents a first look at solution state NMR studies of UO2
+2 
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complexation with glutarimidedioxime and glutardiamidoxime system in the absence and 

presence of vanadium.  

3.3     Experimental 

3.3.1     Chemicals and reagents 

Glutarimidedioxime and glutardiamidoxime used for this study were synthesized in 

our lab by the procedure as described in the literature.2 Uranyl (VI) nitrate hexahydrate was 

purchased from International Bio-Analytical Industries, Inc. (Boca Raton, FL, USA). Sodium 

orthovanadate Na3VO4 (99%) and vanadyl sulfate VOSO4 (99%), were purchased from Acros 

Organics, a Fisher Scientific brand (NJ, USA). Hydrochloric acid (ACS grade), sodium 

hydroxide (ACS grade), NaCl (ACS grade), were purchased from EMD Chemicals 

(Gibbstown, NJ, USA), and NaHCO3 (ACS grade), was purchased from Fair Lawn (NJ, 

USA).13C enriched Na2CO3 was purchased from Sigma Aldrich. Distilled water was used. All 

chemicals were used as received. 

3.3.2     Instrumentation  

A 500 MHz Bruker Avance NMR spectrometer was used to acquire 51V NMR, 1H 

NMR, 13C NMR, and heteronuclear multiple bond coherence (HMBC) spectra. Absorption 

spectra were acquired using a Model 440 UV-Vis spectrophotometer with a CCD (charge 

coupled device) array detector (Spectral Instruments Inc., Tucson AZ). ESI mass spectra were 

collected using a Waters Xevo TQ MS mass spectrometer. The mass spectrometer was 

programmed to acquire data in positive ion mode between 20 and 1000 Da with a 1.5 sec scan 

time.  The capillary volatage was set to 3.5 kV, cone voltage was 35 V, the collision voltage 

was 2 V, the desolvation temperature was 300 ºC, and desolvation gas flow (nitrogen) was 
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300 L/Hr. Liquid chromatography was done using a gradient of water with 0.1% formic acid 

(Solvent A) and methanol with 0.1% formic acid (Solvent B) at a flow rate of 0.2 mL/min.  

The solvent composition was 97% A and 3% B at injection.  For the first 2 minutes, elution 

was isocratic. At 2 minutes, gradient began, with composition reaching 100% B at 12 minutes.  

The ratio of A and B was held at 100% B for 3 minutes, brought back to 97% A and 3% B 

over the next four minutes, and held at 97/3 for the next 6 minutes prior to the next injection. 

The column used was a Waters Acquity BEH C18 column with dimensions 2.1 mm i.d. X 50 

mm length and 1.7 um particle size (P/N 186002350). The column was maintained at 32 

degrees, and the injection volume was 10 µL. Detection was done using an Acquity 

Photodiode array detector set to acquire spectra from 200 to 500 nm.  

3.3.3     Sample preparation 

20 mM stock solutions of uranyl(VI) nitrate hexahydrate, sodium orthovanadate, and 

glutardiamidoxime were prepared by dissolving an appropriate amount of each compound, 

and diluting with 0.05 M NaCl solution of D2O/H2O to give final concentration. 10 mM stock 

solutions of glutarimidedioxime, EDTA, and vanadyl sulfate were prepared in the same way. 

Appropriate ratios of metal and ligand stock solutions were combined to give final required 

concentrations. The pH of sample solutions was adjusted with HCl or NaOH. The pH 

measurements of the solutions were made using an Orion ROSS combination pH electrode 

(Thermo Fisher Scientific, Pittsburg, PA, USA). The   pH electrode calibration was performed 

using pH 4.0, 7.0, and 10.0 buffers traceable to the NIST pH activity scale. Simulated seawater 

was prepared by dissolving 25.6 gram of sodium chloride, and 193 mg of sodium bicarbonate 

in a 1000 mL volumetric flask. Stock solutions and samples were prepared on the day of use. 

A coaxial NMR tube insert containing benzene-d6/acetone-d6 was inserted into each sample 
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tube before NMR analyses and was used for magnetic field lock. 51V NMR chemical shifts 

were referenced to an external VOCl3 signal at 0 ppm. 13C chemical shifts were referenced to 

signals arising from acetone-d6, and 1H chemical shifts were referenced to a signal arising 

from residual C6H6 at 7.16 ppm.  

3.4     Results and Discussion 

  One method of synthesizing amidoxime-based fiber is by Radiation Induced Graft 

Polymerization (RIGP) technique, which involves grafting acrylonitrile (CH2=CH-CN) onto 

polyethylene fabrics followed by chemical conversion of the -CN groups with hydroxylamine 

(NH2OH) to amidoxime groups.  The amidoxime groups formed in the polymer adsorbent by 

the synthesis method described in Chapter 4 can exist in different structures2, including the 

open-chain diamidoxime and cyclic imidedioxime illustrated in Figure 3.1.  Both the cyclic 

imidedioxime (H2A) and the open-chain diamidoxime (H2B) on the adsorbent can form strong 

complexes with uranium. Rao and co-workers reported that the open-chain diamidoxime is a 

weaker ligand than the cyclic imidedioxime for complexing with uranyl ions under seawater 

conditions (pH ∼8.3, 2.3 mM total carbonate).3 The seawater uranium sequestering process 

may be illustrated by the following reaction. 

2[UO2(CO3)3]
4- + 2H2A + 2H2B → UO2(HA)A- + UO2(HB)B- + 6HCO3

- (1) 

where H2A and H2B represent glutarimidedioxime and glutardiamidoxime shown in Figure 

3.1, respectively. 
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Figure 3.1 Structures of open-chain diamidoxime (left) and cyclic imidedioxime (right)  

A recent publication4 reports that vanadium in the +5 oxidation state as Na3VO4 

dissolved in water at pH 8 reacts only with cyclic glutarimidedioxime, and not with open-

chain glutardiamidoxime according to the 51V NMR spectroscopy. Former research colleague 

Dr. Naomi Miyamoto did preliminary experiments on studying vanadium complexation with 

glutarimidedioxime and glutardiamidoxime using 51V NMR spectroscopy. Results indicate 

formation of 1:1 complex between vanadium(V) and cyclic glutarimidedioxime using low 

concentrations (0.2 mM) of Na3VO4. 

The 51V NMR spectrum for free vanadium(V) gives a 51V NMR peak at -549 ppm. 

Upon addition of cyclic glutarimidedioxime to vanadium(V), the 51V NMR peak shifts to           

-413 ppm. Shift in the 51V NMR signal of vanadium(V) upon the addition of cyclic 

glutarimidedioxime, shows complexation of vanadium(V) with cyclic glutarimidedioxime. 

However, no complexation of vanadium(V) with open-chain glutardiamidoxime was 

observed. Upon addition of open-chain glutardiamidoxime to vanadium(V), the 51V NMR 

peak appears at  -548 ppm. No significant shift in the 51V NMR signal of vanadium(V) upon 

the addition of open-chain glutardiamidoxime shows that vanadium(V) does not react with 

open-chain glutardiamidoxime. The 51V NMR spectra for this study are shown in                         

Figure 3.2a-c. 
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Figure 3.2 51V NMR spectra of 0.2 mM vanadium(V) in simulated seawater (a) without 

any ligand, (b) with 0.2 mM of cyclic glutarimidedioxime, and (c) with 0.2 mM of open-chain 

glutardiamidoxime. 

Miyamoto further studied the coordination between vanadium and cyclic 

glutarimidedioxime for determining the stoichiometric ratio of coordination between 

vanadium and cyclic glutarimidedioxime using 51V NMR spectroscopy. The 51V NMR spectra 

for this study are shown in Figure 3.3. The 51V NMR peak for free vanadium(V) without 

addition of glutarimidedioxime was observed at -548 ppm. This peak belongs to free 

vanadates (H2VO4
− and HVO4

-2), at the pH of 8.3, and is consistent with previous       

literature.5-7 Upon addition of cyclic glutarimidedioxime in concentrations of less than 0.2 

mM, the 51V NMR peak for both complexed and free vanadium(V) were observed at ~ -411 

ppm and ~ -548 ppm respectively. When 0.2 mM cyclic glutarimidedioxime was added to 

solution containing 0.2 mM vanadium(V) such that vanadium(V):cyclic glutarimidedioxime 
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mole ratio was 1:1, only one 51V NMR peak at -411 ppm was observed. This observation 

confirms the formation of a 1:1 complex between vanadium(V) and cyclic 

glutarimidedioxime. 

 

Figure 3.3 51V NMR spectra of 0.2 mM vanadium(V) followed by addition of different 

concentrations of cyclic glutarimidedioxime. All samples in 0.5 M NaCl aqueous solution at 

pH 8.3. 

This work was further expanded by detailed spectroscopic investigation of 

vanadium(V) interactions with cyclic glutarimidedioxime and open-chain glutardiamidoxime 

using 51V NMR, 1H NMR, 13C NMR, heteronuclear multiple bond coherence (HMBC), liquid 

chromatography-mass spectrometry (LC-MS), and UV-Visible absorption spectroscopy. The 

effect of changes in vanadium(V) concentrations above 0.2 mM, and varying vanadium(V)-

glutarimidedioxime mole ratio, and time-based formation of 1:1 and 1:2 complex in solutions 
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containing cyclic glutarimidedioxime, and open-chain glutardiamidoxime was also 

investigated using the above mentioned spectroscopic techniques. 

3.4.1      Complexation of vanadium(V) with glutarimidedioxime  

Figure 3.4a-d, shows 51V NMR spectra acquired using 0.2 mM vanadium(V), and 

increasing glutarimidedioxime concentration from 0.4 mM to 2.0 mM. The peak at the 

chemical shift ranging from -417.3 ppm to -418.8 ppm (Figure 3.4a-d) indicates the formation 

of 1:1 complex between vanadium(V) and glutarimidedioxime. The 51V NMR spectra shows 

no significant change on chemical shift upon increasing glutarimidedioxime concentration. 

Only 1:1 complex was observed in the 51V NMR spectra for all the samples, because 1:1 

complex is stable and forms immediately.  

 

 

Figure 3.4 51V NMR spectra of 0.2 mM vanadium(V) followed by addition of different 

molar concentrations of glutarimidedioxime, (a) 0.4 mM, (b) 0.8 mM, (c) 1.2 mM, and (d) 2.0 

mM. All samples in 0.05 M NaCl aqueous solution at pH 8.3. 
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The 1:2 complex was not detected for samples containing low concentration (0.2 mM) 

of Na3VO4, even by increasing the molar ratio of vanadium(V):glutarimidedioxime from 1:1 

to 1:10, and reanalyzing the samples after 7 days. This observation indicates that only 1:1 

complex was detected at low vanadium concentration, and high ligand concentration do not 

facilitate the formation of 1:2 complex between vanadium(V) and glutarimidedioxime.  

The complex formation between vanadium(V) and glutarimidedioxime at low 

vanadium(V) concentration (0.2 mM) was also investigated using mass spectrometry. Figure 

3.5 shows the mass spectrum acquired for solutions containing glutarimidedioxime and 

vanadium(V) at the molar ratio of 1:1 using 0.2 mM Na3VO4 and 0.2 mM glutarimidedioxime. 

Protonated glutarimidedioxime can be seen at m/z ~ 144, along with fragment ions resulting 

from water loss at m/z ~ 126. Evidence of 1:1 vanadium-glutarimidedioxime complex, at m/z 

~226, was observed in the mass spectrum. 

 The peaks observed at m/z ~247.8, m/z ~269.7, m/z ~291.8, were due to 

[(VO2+glutarimidedioxime+Na)+], [(VO2+glutarimidedioxime+2Na-H+)], and [(VO2+ 

glutarimidedioxime+3Na–2H+)], respectively.  
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Figure 3.5 Positive-ion ESI mass spectrum of a solution containing 0.2 mM vanadium(V) 

and 0.2 mM glutarimidedioxime in 0.05 M NaCl aqueous solution at pH 8.3. 

Figure 3.6 shows chromatogram acquired for solutions containing free 

glutarimidedioxime without any vanadium, and glutarimidedioxime with vanadium(V) at a 

molar ratio of 1:1. The peak at the retention time of 1.75 minutes is due to free 

glutarimidedioxime. Evidence of 1:1 vanadium(V)-glutarimidedioxime complex was 

observed at the retention time of 0.77 minutes in the chromatogram.  
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Figure 3.6 Chromatogram for solutions containing 0.2 mM glutarimidedioxime only, and 

0.2 mM glutarimidedioxime:0.2 mM vanadium(V) in 0.05 M NaCl aqueous solution at pH 

8.3. 

The mass spectrum was acquired for solution containing 0.1 mM free 

glutarimidedioxime (Figure.3.7). Protonated glutarimidedioxime can be seen at m/z ~144 

along with fragment ions resulting from water loss at m/z ~126.8  

 

 

Figure 3.7 Positive-ion ESI-MS mass spectrum acquired from a solution containing 0.1 

mM glutarimidedioxime in 0.05 M NaCl aqueous solution at pH 8.3.  

Due to low natural abundance of 13C nucleus, it is very time-consuming to acquire 13C 

NMR spectra at low glutarimidedioxime concentration. Also, the quaternary carbon of 
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complexed glutarimidedioxime cannot be observed at low concentration of 

glutarimidedioxime. The quaternary carbon has a long T1 relaxation time, and it relaxes 

slowly, and displays a 13C NMR signal with reduced intensity. Hence, high concentration of 

vanadium(V) (5 mM), and glutarimidedioxime (5 mM), in the stoichiometric ratio of 1:1 was 

used for the detection of 1:1 complex between vanadium(V) and glutarimidedioxime using 

13C NMR spectroscopy. 1H NMR spectra were also acquired for these samples. 

Figure 3.8a, shows 13C NMR signals for free glutarimidedioxime without any 

vanadium belonging to ––CH2–CH2–CH2–, at 19 ppm, 1C; ––CH2–CH2–CH2–C(NOH)––, 

at 25 ppm, 2C; and HON–C–(NH)–C–NOH, at 149 ppm, 2C; (Figure.3.8a). The 1:1 complex 

of vanadium(V) with glutarimidedioxime was observed (Figure.3.8b) because along with 13C 

signals assigned for free glutarimidedioxime new 13C signals for complexed carbons of 

glutarimidedioxime were observed (Figure.3.8b) ––CH2–CH2–CH2––, at 20 ppm, 1C; ––

CH2–CH2–CH2–C(NOH)–––, at 22 ppm, 2C; and HON–C–(NH)–C–NOH, at 160 ppm, 2C.  
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Figure 3.8 13C NMR spectra of (a) 5 mM glutarimidedioxime, and (b) 5 mM 

vanadium(V):5 mM glutarimidedioxime. All samples in 0.05 M NaCl aqueous solution at pH 

8.3. The 13C NMR signal at 128.3 ppm is due to benzene-d6 used for magnetic field lock.   

 

1H NMR spectra for solutions containing free glutarimidedioxime without any 

vanadium and vanadium(V)-glutarimidedioxime complex in the molar ratio of 1:1 are shown 

in Figure 3.9a-b. Free glutarimidedioxime without any vanadium shows a triplet for ––CH2–

CH2–CH2–C(NOH)––, at 2.49 ppm, 4H; and a quintet for ––CH2–CH2–CH2––, at 1.8 ppm, 

2H; (Figure 3.9a). However, upon addition of 5 mM vanadium(V) to 5 mM 

glutarimidedioxime formation of a 1:1 complex between vanadium(V) and 

glutarimidedioxime was observed. The 1H NMR signals for glutarimidedioxime in complexed 
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state, shows a triplet for ––CH2–CH2–CH2–C(NOH)––, at 2.54 ppm, 4H; and a quintet for –

–CH2–CH2–CH2––, at 1.9 ppm, 2H; (Figure 3.9b).  

 

Figure 3.9 1H NMR spectra of (a) 5 mM glutarimidedioxime, and (b) 5 mM 

vanadium(V):5 mM glutarimidedioxime. All samples in 0.05 M NaCl aqueous solution at pH 

8.3.  

The above results for investigation of vanadium(V) complexation with 

glutarimidedioxime using different spectroscopic techniques shows formation of 1:1 complex, 

at low vanadium(V) concentration (0.2 mM). Further investigation on the formation of 1:1, 

and 1:2 complex between vanadium(V) and glutarimidedioxime was performed using high 

concentration (0.5 mM) of Na3VO4 followed by addition of different concentrations of 

glutarimidedioxime. Figure 3.10, shows the 51V NMR spectra acquired using 0.5 mM 

vanadium(V) and increasing glutarimidedioxime concentration from 1 mM to 5.0 mM.  The 

peak at the chemical shift ranging from -416.2 ppm to -418.3 ppm (Figure 3.10a-d) indicates 

the formation of 1:1 complex between vanadium(V) and glutarimidedioxime. The 1:2 
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complex was not observed for these samples containing 0.5 mM of Na3VO4 even by increasing 

the molar ratio of vanadium(V):glutarimidedioxime from 1:2 to 1:10.  

 

Figure 3.10 51V NMR spectra of 0.5 mM vanadium(V) followed by addition of different 

millimolar concentrations of glutarimidedioxime (a) 1.0 mM, (b) 2.0 mM, (c) 3.0 mM, and 

(d) 5.0 mM. All samples in 0.05 M NaCl aqueous solution at pH 8.3. 

When concentration of vanadium(V) was 0.5 mM, and concentration of 

glutarimidedioxime was 1 mM, the chemical shift of complexed vanadium(V) shifted with 

time, as observed in the 51V NMR spectrum, shown in Figure 3.11a-e. However, at low 

concentration (0.2 mM) of vanadium(V) and low concentration (0.4 mM) of 

glutarimidedioxime, the chemical shift of complexed vanadium(V) does not shift with time. 

Initially a 51V NMR peak for vanadium(V) complexed with glutarimidedioxime was observed 

at the chemical shift of -416.1 ppm, along with two other signals at -499.3 ppm and -515.2 

ppm (Figure 3.11a-b), probably due to resonances of decavanadate as reported by Rehder et 

al.6 We observed that the 51V NMR signal for complexed vanadium(V) shifted from -416.1 
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ppm to -428.7 ppm till 9.5 hours, and then it remained unchanged till 2 days (Figure 3.11a-e). 

Time dependent disappearance of  51V NMR signal at the chemical shift of -499.3 ppm and    

-515.2 (Figure 3.11 a-b) was also observed; it may be because the polynuclear vanadium 

species (decavanadate) could form other stable complexes. The coordination chemistry of 

vanadium(V) with glutarimidedioxime at high vanadium concentration appears complicated 

and is difficult to understand at the present time. 

 

Figure 3.11 51V NMR spectra of a solution containing 0.5 mM vanadium(V):1 mM 

glutarimidedioxime observed with time. All samples in 0.05 M NaCl aqueous solution at pH 

8.3. 

The above complexation of 0.5 mM vanadium(V) with 1 mM glutarimidedioxime was 

also studied using 13C NMR spectroscopy. The 13C NMR spectrum was obtained for sample 

solution containing 0.5 mM vanadium(V):1 mM glutarimidedioxime after 2 days of sample 

preparation to form a stable complex. The obtained 13C NMR spectrum (Figure 3.12b) was 

compared to the 13C NMR spectrum obtained using 1 mM free glutarimidedioxime without 

any vanadium (Figure 3.12a). The 13C signals for complexed carbons of glutarimidedioxime, 
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due to the formation of vanadium(V)-glutarimidedioxime complex in 1:1 stoichiometric ratio 

were observed at, ––CH2–CH2–CH2––, at 20.1 ppm, 1C and at ––CH2–CH2–CH2–C(NOH)–

––, at 22.1 ppm, 2C (Figure 3.12 b-c). The 13C signals for 1:2 complex between vanadium(V) 

and glutarimidedioxime were not detected by 13C NMR spectroscopy because the complex 

takes more time to form and was not formed at this reaction condition. Figure 3.12c is the 

zoomed version of 13C NMR spectrum obtained in Figure 3.12b, highlighting peaks observed 

in the region of 15 ppm to 35 ppm, which are otherwise obscured. We see 13C NMR signals 

for carbons belonging to free glutarimidedioxime without any vanadium, at 19.0 ppm for ––

CH2–CH2–CH2–, 25.7 ppm for CH2–CH2–CH2–, and 149.8 ppm for, HON–C–(NH)–C–

NOH (Figure 3.12a). Figure 3.12c, shows several 13C NMR signals at 13.8 ppm, 19.3 ppm, 

20.1 ppm, 21.4 ppm, 22.1 ppm, 31 ppm, and 33 ppm for a solution containing 0.5 mM 

vanadium(V), and 1 mM glutarimidedioxime. This may indicate that glutarimidedioxime is 

complexed with vanadium at different binding sites in a polynuclear vanadium species, giving 

different 13C NMR signals, which can’t be assigned. Signals for uncomplexed 

glutarimidedioxime, as assigned earlier for Figure 3.12a, were also observed for this solution.  

The 13C NMR signals at 128.3 ppm and 29.6 ppm are the 13C signals from benzene-d6 and 

trace amount of acetone-d6, respectively, present in the insert used for magnetic field lock.   
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Figure 3.12 13C NMR spectra of solution containing (a) 1 mM glutarimidedioxime only, 

(b) 0.5 mM vanadium(V):1 mM glutarimidedioxime, and (c) spectrum b, zoomed in the region 

of 15-35 ppm. All samples in 0.05 M NaCl aqueous solution at pH 8.3.The signal at 128.3 is 

due to benzene d6 insert used for magnetic field lock. 

To understand this complexation mass spectrum was acquired for this study. The mass 

spectrum shown in Figure 3.13 shows most abundant peak at m/z of ~226, corresponding to 

a 1:1 complex between vanadium(V) and glutarimidedioxime. The peak at m/z of 144 

corresponds to protonated glutarimidedioxime.8 The mass spectrum in Figure 3.13 shows no 

formation of 1:2 complex in the mass spectrum, which may be because the 1:2 complex 

between vanadium(V) and glutarimidedioxime is not formed in this short time. 
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Figure 3.13 Positive-ion ESI mass spectrum acquired from a solution containing 0.5 mM 

vanadium(V), and 1 mM glutarimidedioxime in 0.05 M NaCl, at pH 8.3. 

The complexation of 0.5 mM vanadium(V) with 1 mM glutarimidedioxime was also 

studied using liquid chromatography (LC). Figure 3.14 shows the chromatogram acquired for 

this solution. Immediate analysis of sample solution shows only two peaks in LC 

chromatogram. A peak at the retention time of 1.79 minute is assigned to free 

glutarimidedioxime. Vanadium(V)-glutarimidedioxime complex in 1:1 stoichiometry was 

observed at the retention time of 0.82 minutes (Figure 3.14). The same solution was 

reanalyzed after two days because earlier 51V NMR results for this sample solution (Figure 

3.11 a-e) shows the formation of a stable complex between vanadium(V) and 

glutarimidedioxime in 2 days. The chromatogram for this solution (Figure 3.14) shows a new 

peak at the retention time of 2.65 minutes, along with earlier assigned peaks at the retention 

time of 0.82 minutes and 1.79 minutes. 
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Figure 3.14 Chromatogram of a solution containing 0.5 mM vanadium(V) and 1 mM 

glutarimidedioxime analyzed immediately (0 hours) and after 2 days in 0.05 M NaCl aqueous 

solution at pH 8.3.  

A recent report9 published about gas phase complexes formed between amidoxime 

ligands and vanadium shows that m/z of 333.1 corresponds to a complex between 

vanadium(V) and glutarimidedioxime with water loss [VO2+2(DHIP)−2(H2O)]+, where 

glutarimidedioxime is named as DHIP. This indicates that the peak at the retention time of 

2.65 minutes (Figure 3.14), is due to a vanadium(V)-glutarimidedioxime complex, 

[VO2+2(DHIP)−2(H2O)]+ because the mass of m/z 333.1 was observed for the peak at the 

retention time of ~2.65 minutes (Figure 3.15).  Vanadium in its higher oxidation state forms 

polynuclear vanadium species known as polyoxovanadate ions.6, 10-13 They are anionic 

vanadium-oxygen clusters. Different polynuclear species are formed depending upon the pH, 

concentration and ionic strength of solutions prepared using sodium orthovanadate. At high 

concentrations of vanadium, polynuclear species of vanadium are formed, and 

glutarimidedioxime can bind to different vanadium sites, forming a polynuclear complex of 
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vanadium with glutarimidedioxime. Due to the formation of this polynuclear complex, the 

stoichiometric ratio of vanadium and glutarimidedioxime may not be 1:1.  

 

Figure 3.15 Positive-ion ESI mass spectrum of a solution containing 0.5 mM vanadium(V) 

and 1 mM glutarimidedioxime in 0.05 M NaCl aqueous solution at pH 8.3. The spectrum 

shows m/z 333.1 for the peak at the retention time of 2.65 minutes shown in Figure 3.14. 

 Liquid chromatography-mass spectrometry (LC-MS) results indicate time dependent 

formation of 1:2 complex between vanadium(V) and glutarimidedioxime. Previous 51V NMR 

experiments using 0.5 mM vanadium(V) with varying glutarimidedioxime concentration do 

not show formation of 1:2 complex because the time required for the formation and detection 

of 1:2 complex between vanadium(V) and glutarimidedioxime remained unnoticed. Later, 

formation of 1:2 complex was detected for solution containing 0.5 mM vanadium(V) and 1.0 

mM glutarimidedioxime using 51V NMR spectroscopy. The 1:2 complex was observed after 

a minimum of 4 days at the chemical shift of +738.0 ppm (Figure. 3.16b), along with a 1:1 

complex at the chemical shift of -418 ppm (Figure. 3.16a) for samples containing high 

concentration (0.5 mM) of vanadium(V). 



75 
 

 

Figure 3.16 51V NMR spectra of 0.5 mM vanadium(V) followed by the addition of 1.0 mM 

glutarimidedioxime showing the formation of (a) 1:1, and (b) 1:2, vanadium(V)-

glutarimidedioxime complex in 0.05 M NaCl aqueous solution at pH 8.3. 

Results from the above study indicate that formation of 1:2 complex between 

vanadium(V) and glutarimidedioxime depends upon time and concentration of vanadium(V). 

The 1:1 complex forms right away. However, formation of 1:2 complex is time dependent and 

takes a minimum of 4 days to be detected by 51V NMR spectroscopy (Figure. 3.16) and 2 days 

to be detected by liquid chromatography (Figure. 3.14). At a high concentration (0.5 mM) of 

vanadium(V), both 1:1, and 1:2 complex were observed in the 51V NMR spectra (Figure 3.16a-

b). It is of interest to see that the formation of 1:2 complex depends upon concentration of 

vanadium(V). At 0.5 mM vanadium(V), less intense 51V NMR signal for dimeric vanadium 

species, H2V2O7
-2 was observed, along with an intense 51V NMR signal for dominant 

monomeric vanadium species, H2VO4
- (Figure. 3.51).5-7 Coordination chemistry for the 

formation of 1:2 complex between vanadium(V) and glutarimidedioxime appears difficult to 
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understand at the present time.  Recent discussion about understanding interactions of 

seawater ions with amidoxime through X-Ray crystallography, by Professor Robin D. Rogers 

from the University of Alabama, suggests that polynuclear vanadium species [V10O28]
-6 

clusters are sandwiched between bilayers of amidoxime ligands and interact with each other 

through non-covalent O-H···O hydrogen bonds. The amidoxime ligands interact with each 

other through ᴨ-ᴨ stacking interactions and N-H···O hydrogen bonds. A recent report14 

suggests formation of an unusual 1:2 complex between vanadium(V) and glutarimidedioxime 

in aqueous solutions. This unusual complex formation involves non-oxido vanadium(V). The 

formation of this complex is concentration and time dependent, unlike formation of a more 

stable 1:1 complex, that forms immediately. In real seawater, 1:1 complex between 

vanadium(V) and glutarimidedioxime is more likely to form than 1:2 complex, due to low 

vanadium concentration of about 1.6 ppb in real sea water.  

3.4.2     Complexation of vanadium(V) with glutarimidedioxime in presence of UO2
+2 at the 

pH of 8.3. 

We used 1H NMR spectroscopy to investigate interactions of glutarimidedioxime with 

vanadium(V) and UO2
+2 mixtures. Figure 3.17 shows 1H NMR spectra obtained when 

vanadium(V) was added to UO2
+2-glutarimidedioxime solution at pH of 8.3, to investigate 

competition of vanadium(V) with UO2
+2 for complexation with glutarimidedioxime. For this 

study, 0.2 mM UO2
+2 and 0.2 mM glutarimidedioxime was mixed in 0.05 M NaCl aqueous 

(D2O) solution. The solution was stirred overnight, and the pH of the solution was adjusted to 

8.3. The 1H NMR spectrum for ligand in the presence of UO2
+2 (Figure 3.17a) was same as 

the 1H NMR spectrum of free ligand without UO2
+2 (Figure 3.9a). This may occur due to the 

precipitation of uranyl hydroxides at the pH of 8.3 caused by the hydrolysis of UO2
+2. After 



77 
 

obtaining the 1H NMR spectrum for UO2
+2-glutarimidedioxime system, 0.2 mM vanadium(V) 

was added to solution containing 0.2 mM UO2
+2 and 0.2 mM glutarimidedioxime, the solution 

was stirred overnight, and pH of the solution was adjusted to 8.3. 1H NMR spectrum was 

obtained for 0.2 mM UO2
+2:0.2 mM glutarimidedioxime:0.2 mM vanadium(V) (Figure 

3.17b). Formation of 1:1 complex between vanadium(V) and glutarimidedioxime (Figure 

3.17b) was observed, with the appearance of a more intense triplet at the chemical shift of 

2.50 ppm and a quintet at 1.9 ppm. A less intense triplet at 2.45 ppm and a quintet at 1.8 ppm 

are due to trace amount of free glutarimidedioxime (Figure 3.17b). 

 

 

Figure 3.17 1H NMR spectra demonstrating vanadium(V)-glutarimidedioxime complex 

formation in the presence of UO2
+2. Solutions labels (a) 0.2 mM UO2

+2:0.2 mM 

glutarimidedioxime, (b) 0.2 mM UO2
+2:0.2 mM glutarimidedioxime upon the addition of 0.2 

mM vanadium(V).  All samples in 0.05 M NaCl in D2O at pH 8.3. 
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Vanadium(V) complexation with glutarimidedioxime in presence of UO2
+2 was further 

investigated using 51V NMR spectroscopy. 51V NMR spectra were acquired for solutions 

containing 0.2 mM UO2
+2:0.2 mM glutarimidedioxime:0.2 mM vanadium(V) (Figure 3.18).  

The formation of 1:1 complex between vanadium(V) and glutarimidedioxime was observed 

by 51V NMR peak at the chemical shift of ~-417 ppm. 1:2 complex of vanadium(V) and 

glutarimidedioxime at +738.0 ppm was not observed for this system. 

 

 

Figure 3.18 51V NMR spectrum demonstrating vanadium(V)-glutarimidedioxime complex 

formation in the presence of UO2
+2 upon the addition of 0.2 mM vanadium(V) to a solution 

containing 0.2 mM UO2
+2:0.2 mM glutarimidedioxime, at pH 8.3. 

We used 51V NMR spectroscopy to confirm the formation of 1:1 complex of 

vanadium(V) with glutarimidedioxime in presence of UO2
+2 at the pH of 8.3. For this study 

0.2 mM vanadium(V) was added to a solution containing 0.1 mM UO2
+2 and 0.1 mM 

glutarimidedioxime. The 51V NMR spectrum for this solution is shown in Figure 3.19. The 

spectrum shows two signals for complexed, and free vanadium with peak area of ~50% for 

each signal. The stoichiometry of vanadium to glutarimidedioxime was 2:1. Half of the 

vanadium(V) was in complexed state, forming a 1:1 complex with glutarimidedioxime in the 

presence of UO2
+2, and half of it was uncomplexed. However, in the 51V NMR spectra 
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obtained in Figure 3.18, when the stoichiometry of vanadium(V) to glutarimidedioxime was 

1:1, only one 51V NMR signal for the completely complexed vanadium(V) was observed. This 

suggests that vanadium(V) forms 1:1 complex with glutarimidedioxime.  

 

Figure 3.19 51V NMR spectrum demonstrating vanadium(V)-glutarimidedioxime complex 

formation in presence of UO2
+2, upon addition of 0.2 mM vanadium(V) to a solution 

containing 0.1 mM UO2
+2: 0.1 mM glutarimidedioxime, at pH 8.3. 

Results from this study confirms that, at the pH of seawater (8.3), vanadium(V) 

complexation with glutarimidedioxime can be observed in presence of UO2
+2.  However, the 

complexation of UO2
+2 with glutarimidedioxime was not observed at this pH. Further 

investigation for understanding UO2
+2 complexation with glutarimidedioxime was performed, 

followed by a competition study between UO2
+2 and vanadium(V) to complex with 

glutarimidedioxime discussed in sections 3.4.3 and 3.4.4 below. 

3.4.3     Glutarimidedioxime complexation with UO2
+2  

Uranyl complexation with amidoxime ligands have been extensively studied in 

solution phase. 1:1, and 1:2 metal/ligand complexes have been reported.2, 3, 8 Kouimtzis15 used 

potentiometry and observed 1:1, and 1:2 complex of benzanilidoxime with UO2
+2.  Hirotsu et 

al.16 investigated complexation of UO2
+2 with acetamidoxime, and observed the formation of 
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1:1 and 1:2 UO2
+2-acetamidoxime complexes in aqueous solution. A previous report17 

suggests use of 1H NMR and 13C NMR spectroscopy to determine UO2
+2-benzamidoxime 

complexes. 1H NMR spectra of solutions containing UO2
+2 and glutarimidedioxime were 

acquired at various pH keeping a molar ratio of UO2
+2:glutarimidedioxime constant.  

Complexation of UO2
+2 with glutarimidedioxime was monitored from pH of 2.3 to 8.3 

(Figure 3.20a-f). Previous reports suggest that amidoxime ligands can be either protonated or 

deprotonated in aqueous solution based on pH.2,3 Our results show that both cyclic 

glutarimidedioxime and open-chain glutardiamidoxime used in the study are effective in 

binding with UO2
+2 at pH around 3.4. 

  When pH of the solution was increased above 3.4, UO2
+2-glutarimidedioxime complex 

starts to disappear due to precipitation of uranyl hydroxides at pH’s higher than 3.4. At pH of 

2.3, UO2
+2- glutarimidedioxime complex was not observed because the complex dissociates 

in strongly acidic conditions2 due to competition of H+ with UO2
+2. The 1H NMR spectrum 

for UO2
+2-cyclic glutarimidedioxime solutions at the pH of 8.2 (Figure 3.21f) shows the 1H 

NMR signals for free cyclic glutarimidedioxime only. At higher pH’s, OH- competes with 

cyclic glutarimidedioxime for UO2
+2 and leads to the formation of insoluble UO2

+2 species. A 

previous report18 suggests precipitation of uranyl hydroxides at pH > 4.5. Hence, the 

complexation of UO2
+2 with cyclic glutarimidedioxime is too weak to be effectively detected 

by 1H NMR spectroscopy at the pH of 8.2 due to an increase in the hydrolysis UO2
+2 and 

formation of uranyl hydroxides. Precipitation of UO2
+2-acetamidoxime16 complex was 

observed above pH 6.  1H NMR spectra of UO2
+2-glutarimidedioxime solutions at pH 3.4, 

(Figure 3.20c) shows, two sets of signals, a triplet for free glutarimidedioxime ––CH2–CH2–

CH2–C(NOH) ––, at 2.5 ppm, 4H; and a triplet for complexed glutarimidedioxime ––CH2–
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CH2–CH2–C(NOH) ––, at 3.01 ppm, 4H.  Another set of signal shows, a quintet for free 

glutarimidedioxime ––CH2–CH2–CH2–, at 1.8 ppm, 2H; and a quintet for complexed 

glutarimidedioxime ––CH2–CH2–CH2–, at 2.2 ppm, 2H; (Figure 3.20c). Integration of peaks 

for free triplet at 2.5 ppm and complexed triplet at 3.01 ppm (Figure 3.20c), shows ~0.14 mM 

or ~67.5% of the glutarimidedioxime is complexed with UO2
+2 and ~0.07 mM or 32.5 % of 

the glutarimidedioxime is in uncomplexed state.  

 

Figure 3.20 1H NMR spectra of solutions containing 0.2 mM glutarimidedioxime with (a) 

no UO2
+2, at pH 3.4, (b) 0.2 mM UO2

+2, at pH 2.3, (c) 0.2 mM UO2
+2, at pH 3.4, (d) 0.2 mM 

UO2
+2, at pH 4.4, (e) 0.2 mM UO2

+2, at pH 5.4, and (f) 0.2 mM UO2
+2, at pH 8.2. All samples 

in 0.05 M NaCl in D2O. 

Complete complexation of glutarimidedioxime was not observed because the reaction 

takes a long time to complete. The reaction is very slow because even in the presence of excess 

UO2
+2 complete complexation was not observed and 1H NMR signal for uncomplexed 

glutarimidedioxime was observed. To understand time dependent complexation of 

glutarimidedioxime with UO2
+2, 0.1 mM glutarimidedioxime was complexed with excess 0.2 

mM UO2
+2 at pH of 3.4. 1H NMR spectra were acquired after 24 hours (Figure 3.21a) and 7 
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days (Figure 3.21b) for same sample solution. After 24 hours, 36.9 % or 0.04 mM free 

glutarimidedioxime, showing a 1H NMR signal at 2.5 ppm, and 63.1 % or 0.06 mM of 

complexed glutarimidedioxime, showing 1H NMR signal at 2.96 ppm was observed in the 1H 

NMR spectrum shown in Figure 3.21a. However, after 7 days 1H NMR spectrum was acquired 

again, and 15.1 % or 0.02 mM of free glutarimidedioxime, showing a 1H NMR signal at 2.5 

ppm, and 84.9% or 0.08 mM of complexed glutarimidedioxime, showing a 1H NMR signal at 

2.96 ppm, was observed.  

  This decrease in percentage of free glutarimidedioxime, and increase in percentage of 

complexed glutarimidedioxime after 7 days confirms that complexation of 

glutarimidedioxime with UO2
+2 is time dependent and complete complexation will take a very 

long time.  This study shows the reason behind observing free glutarimidedioxime peak for 

most of the analyzed samples with varying molar ratio of UO2
+2:glutarimidedioxime using 1H 

NMR spectroscopy. 

 

Figure 3.21 1H NMR spectra of solutions containing 0.2 mM UO2
+2 and 0.1 mM 

glutarimidedioxime after (a) 24 hours, and (b) 7 days. All samples in 0.05 M NaCl in D2O at 

pH 3.4. 

1.61.82.02.22.42.62.83.0

ppm

a

b
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63.1 %
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7 days
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84.9 %
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Further complexation of UO2
+2 with cyclic glutarimidedioxime was studied by keeping 

concentration of uranium constant and varying ligand concentration. At 0.2 mM UO2
+2, and 

0.05 mM cyclic glutarimidedioxime (Figure 3.22b), ~19.5% or 0.01 mM of cyclic 

glutarimidedioxime was free, giving a triplet for CH2–CH2–CH2–, 4H; at 2.5 ppm, and 80.5 

% or 0.04 mM cyclic glutarimidedioxime was complexed, giving a triplet at ~3.0 ppm. 

Further, upon addition of 0.3 mM UO2
+2 to 0.05 mM glutarimidedioxime, only two signals, a 

triplet at ~3.0 ppm, and a quintet at 2.16 ppm (Figure 3.22c), for completely complexed 

glutarimidedioxime were observed. To identify 1H NMR signals belonging to free and 

complexed glutarimidedioxime, the 1H NMR spectrum obtained in Figure 3.22b and Figure 

3.22c was compared with the 1H NMR spectrum of free glutarimidedioxime without any 

UO2
+2 (Figure 3.22a). Free glutarimidedioxime gives only two signals in the 1H NMR 

spectrum, a triplet at 2.5 ppm, and a quintet at 1.9 ppm (Figure 3.22a). 
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Figure 3.22 1H NMR spectra of (a) 0.2 mM cyclic glutarimidedioxime only, (b) 0.2 mM 

UO2
+2:0.05 mM cyclic glutarimidedioxime, and (c) 0.3 UO2

+2:0.05 mM cyclic 

glutarimidedioxime in 0.05 M NaCl in D2O at pH 3.4. 

The complexation of UO2
+2 with glutarimidedioxime was confirmed by heteronuclear 

multiple bond coherence (HMBC) experiment. In HMBC spectrum (Figure 3.23). The 1H 

NMR peaks for free glutarimidedioxime at ~1.9 ppm, and ~2.5 ppm, and the peaks for 

complexed glutarimidedioxime, at ~3.0 ppm and ~2.2 ppm were observed. The 1H NMR 

peaks were correlated with 13C NMR peaks for free glutarimidedioxime at 19 ppm and 25 

ppm, and for complexed glutarimidedioxime at 18 ppm and 22 ppm. 

1.61.82.02.22.42.62.83.03.2
ppm

a

b

c

2.53.0

2.163.0

2.16

1.9
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Figure 3.23 Heteronuclear Multiple Bond Coherence (HMBC) spectra for                                         

0.2 mM UO2
+2:0.2 mM glutarimidedioxime in 0.05 M NaCl in D2O at pH 3.4. 

3.4.4     Complexation of vanadium(V) with glutarimidedioxime in  presence of UO2
+2  

From an earlier 1H NMR study, it was observed that UO2
+2 forms complex with cyclic 

glutarimidedioxime at pH of 3.4. Competition of vanadium(V), and UO2
+2  to complex with 

glutarimidedioxime was studied further. Similar concentration (0.2 mM) of UO2
+2, and 

vanadium(V) was used for understanding their competition for complexing with 

glutarimidedioxime. Glutarimidedioxime concentrations ranging from 0.05 mM to 0.8 mM 

were used. 1H NMR spectrum for 0.2 mM glutarimidedioxime, shown in Figure 3.24a, shows 

two signals at 1.9 ppm, and 2.5 ppm. Upon addition of 0.05 mM glutarimidedioxime to 0.2 

mM UO2
+2, appearance of two new signals were observed, a triplet at ~3.0 ppm, and a quintet 

2.2 ppm (Figure 3.24b). For this solution, ~19.5% of glutarimidedioxime was free, and 

~80.5% was complexed with UO2
+2. Further, to investigate the competition of vanadium(V) 

with UO2
+2 for complexation with glutarimidedioxime, 0.2 mM vanadium(V) was added to 

UO2
+2-glutarimidedioxime complex. Significant changes in 1H NMR spectra were observed 
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upon the addition of vanadium(V). New 1H NMR signals at different chemical shift, a triplet, 

at 2.7 ppm, and a quintet at 2.0 ppm for glutarimidedioxime complexed with vanadium was 

observed (Figure 3.24c). Complete complexation of glutarimidedioxime with vanadium(V) 

was observed, because 1H NMR signals corresponding to free glutarimidedioxime were not 

detected. When concentration of glutarimidedioxime was increased further from 0.1 mM to 

0.8 mM, relative intensity of the peak assigned to free glutarimidedioxime increased due to 

excess glutarimidedioxime. As described earlier in Figure 3.21b, at 0.1 mM ligand about 84.9 

% of glutarimidedioxime was complexed with UO2
+2 and about 15.1% was free. Our result 

suggests the formation of 1:1 complex between UO2
+2 and glutarimidedioxime. The 

complexation of 0.05 mM UO2
+2 with 0.1 mM glutarimidedioxime was observed through UV- 

Visible spectroscopy and is described in a later part of the discussion. The acquired UV- 

Visible spectrum for the complex is shown in Figure 3.28. The formation of 1:2 complex 

between UO2
+2 and glutarimidedioxime is described in the literature using UV-Visible 

spectroscopy.2 At 0.2 mM UO2
+2 and 0.2 mM glutarimidedioxime, a triplet at ~3.0 ppm and a 

quintet at ~2.2 ppm was observed for glutarimidedioxime complexed with UO2
+2, and another 

triplet at 2.5 ppm and a quintet at 1.9 ppm was observed for free glutarimidedioxime (Figure 

3.24f). At 0.2 mM glutarimidedioxime ~64.3 % or ~0.13 mM glutarimidedioxime was 

complexed with UO2
+2, and ~35.7 % or 0.07 mM was free.  Upon addition of 0.2 mM 

vanadium(V) to this sample, signals for glutarimidedioxime complexed with vanadium were 

observed at 2.7 ppm and 2.0 ppm. (Figure 3.24g). At 0.3 mM glutarimidedioxime, 58.8 % or 

about 0.18 mM of the glutarimidedioxime was complexed with UO2
+2, and 41.2% or about 

0.12 mM glutarimidedioxime was free. The complexed and free triplet were observed at 3.0 

ppm and 2.5 ppm, respectively (Figure 3.24h).  Upon addition of 0.2 mM vanadium(V), new 
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peaks, a triplet at 2.7 ppm and a quintet at 2.0 ppm for glutarimidedioxime complexed with 

vanadium(V) were observed (Figure 3.24i). At 0.3 mM glutarimidedioxime, 72.0 % or about 

0.21 mM of glutarimidedioxime was complexed with 0.2 mM vanadium and 28.0% or about 

0.08 mM of glutarimidedioxime was free. This observation suggests that vanadium(V) forms 

1:1 complex with glutarimidedioxime.  

 

Figure 3.24 1H NMR spectra of (a) 0.2 mM  cyclic glutarimidedioxime only, at pH 3.4, 

(b) 0.2 mM UO2
+2:0.05 mM cyclic glutarimidedioxime, at pH 3.4, (c) 0.2 mM UO2

+2:0.05 

mM cyclic glutarimidedioxime:0.2 mM vanadium(V), at pH 6.5,  (d) 0.2 mM UO2
+2:0.1 

mM cyclic glutarimidedioxime, at pH 3.4, (e) 0.2 mM UO2
+2:0.1 mM cyclic 

glutarimidedioxime:0.2 mM vanadium(V), at pH 7.1, (f) 0.2 mM UO2
+2:0.2 mM cyclic 

glutarimidedioxime, at  pH 3.4,  (g) 0.2 mM UO2
+2:0.2 mM cyclic glutarimidedioxime:0.2 

mM vanadium(V), at pH 6.8,  (h) 0.2 mM UO2
+2:0.3 mM cyclic glutarimidedioxime, at pH 

3.4, (i) 0.2 mM UO2
+2:0.3 mM cyclic glutarimidedioxime:0.2 mM vanadium(V), at pH 

7.1. 

The formation of UO2
+2-glutarimidedioxime complex and vanadium(V)-

glutarimidedioxime complex was also observed upon addition of 0.4 mM, 0.5 mM, 0.6 mM, 

and 0.8 mM of glutarimidedioxime (Figure 3.25a-i).  
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Figure 3.25  1H NMR spectra of (a) 0.2 mM  cyclic glutarimidedioxime only, at pH 3.4,  

(b) 0.2 mM UO2
+2:0.4 mM cyclic glutarimidedioxime, at pH 3.4, (c) 0.2 mM UO2

+2:0.4 mM 

cyclic glutarimidedioxime:0.2 mM vanadium(V), at pH 6.8, (d) 0.2 mM UO2
+2:0.5 mM 

cyclic glutarimidedioxime, at pH 3.4, (e) 0.2 mM UO2
+2:0.5 mM cyclic glutarimidedioxime: 

0.2 mM vanadium(V), at pH 7.3,  (f) 0.2 mM UO2
+2:0.6 mM cyclic glutarimidedioxime, at 

pH 3.4,  (g) 0.2 mM UO2
+2:0.6 mM cyclic glutarimidedioxime:0.2 mM vanadium(V), at pH 

7.24, (h) 0.2 mM UO2
+2:0.8 cyclic glutarimidedioxime, at pH 3.4, and (i) 0.2 mM 

UO2
+2:0.8 cyclic glutarimidedioxime:0.2 mM vanadium(V), at pH 7.4. 

The formation of 1:1 complex between vanadium(V) and glutarimidedioxime was also 

confirmed by 51V NMR spectroscopy. 51V NMR spectra were acquired after addition of 

vanadium(V), to solutions containing UO2
+2-glutarimidedioxime complex. The acquired 51V 

NMR spectra are shown in Figure 3.26a-d and Figure 3.27a-d.  

 

The 51V NMR spectra shows vanadium(V) chemical shifts, ranging from -459 ppm to 

-481 ppm for vanadium(V)-glutarimidedioxime complex, in presence of UO2
+2 (Figure 3.26a-

d and Figure 3.27a-d). Upon addition of vanadium(V) to a solution containing UO2
+2-

glutarimidedioxime complex, glutarimidedioxime is displaced from UO2
+2-
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glutarimidedioxime complex, as vanadium(V) complex with glutarimidedioxime forms 

preferentially. This 51V NMR signal is the average of signals arising from the exchange of 

vanadium between free vanadium(V), vanadium(V) complexed with glutarimidedioxime, and 

vanadium(V) displacing glutarimidedioxime from UO2
+2-glutarimidedioxime complex.  

The 51V NMR peak for free vanadium(V) was observed at -549 ppm (Figure 3.2a), and   the 

51V NMR peak for vanadium(V) complexed with glutarimidedioxime was observed at 

chemical shift ranging from -417.3 ppm to -418.8 ppm (Figure 3.4a-d). However, the 51V 

NMR peak for vanadium(V) displacing glutarimidedioxime from UO2
+2-glutarimidedioxime 

complex, and itself forming vanadium(V)-glutarimidedioxime complex, was observed at the 

chemical shift ranging from -459 ppm to -481 ppm (Figure 3.26a-d and Figure 3.27a-d). As 

the concentration of glutarimidedioxime increases, we observe a systematic downfield shift 

for the 51V NMR peak (Figure 3.26a-d and Figure 3.27a-d), because vanadium-

glutarimidedioxime interaction grow in significance at high concentration of 

glutarimidedioxime. The 51V NMR peak at +738 ppm, for 1:2 complex of vanadium(V) with 

glutarimidedioxime was not observed in the presence of UO2
+2 at this low concentration (0.2 

mM) of vanadium(V). 
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Figure 3.26  51V NMR spectra of (a) 0.2 mM UO2
+2:0.05 mM cyclic glutarimidedioxime: 

0.2 mM vanadium(V), at pH 6.5, (b) 0.2 mM UO2
+2:0.1 mM cyclic glutarimidedioxime:0.2 

mM vanadium(V), at pH 7.1, (c) 0.2 mM UO2
+2:0.2 mM cyclic glutarimidedioxime:0.2 mM 

vanadium(V), at pH 6.8, and (d) 0.2 mM UO2
+2:0.3 mM cyclic glutarimidedioxime:0.2 mM 

vanadium(V), at pH 7.1. 

 

 

 

 

Figure 3.27  51V NMR spectra of (a) 0.2 mM UO2
+2:0.4 mM cyclic glutarimidedioxime: 

0.2 mM vanadium(V), at pH 6.8, (b) 0.2 mM UO2
+2:0.5 mM cyclic glutarimidedioxime:0.2 

mM vanadium(V), at pH 7.3, (c) 0.2 mM UO2
+2:0.6 mM cyclic glutarimidedioxime:0.2 mM 

vanadium(V), at pH 7.24, and (d) 0.2 mM UO2
+2:0.8 mM cyclic glutarimidedioxime:0.2 

mM vanadium(V), at pH 7.4. 
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Uranyl-glutarimidedioxime complex can be clearly observed in the UV-Visible 

spectrum with the absorption band at the wavelength of 280 nm, using 0.05 mM UO2
+2 and 

0.1 mM glutarimidedioxime at the pH of 8.3 as shown in Figure 3.28 below.  The experiments 

for the detection of UO2
+2-glutarimidedioxime complex at a pH of 8.3 were successful at this 

low concentration of UO2
+2 and glutarimidedioxime2  because the UO2

+2 speciation in solution 

changes with concentration,19 and upon decreasing the UO2
+2 concentration the precipitation 

of uranyl hydroxides is too weak to effectively compete with the complexation of  UO2
+2 with 

glutarimidedioxime. 

  UV-Visible spectroscopy was used to observe effect of vanadium(V) addition upon 

the complexation of UO2
+2 with glutarimidedioxime. Figure 3.28 shows that upon the addition 

of 0.05 mM vanadium(V) to UO2
+2-glutarimidedioxime complex, slight disappearance of the 

280 nm band for UO2
+2-glutarimidedioxime complex was observed, and further addition of 

0.1 mM vanadium(V) to UO2
+2-glutarimidedioxime complex, complete disappearance of the 

band at 280 nm was observed. This indicates that vanadium(V) displaces glutarimidedioxime 

from UO2
+2-glutarimidedioxime complex and forms a 1:1 vanadium(V)-glutarimidedioxime 

complex in presence of UO2
+2. 
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Figure 3.28  UV-Visible absorption spectra showing complexation of UO2
+2 with 

glutarimidedioxime, and effect of vanadium(V) upon complexation of UO2
+2 with 

glutarimidedioxime at pH 8.3. 

Uranium and vanadium competition was also studied by adding UO2
+2 to a solution 

containing vanadium(V)-glutarimidedioxime complex. Figure 3.29a, shows that when 0.05 

mM UO2
+2 was added to the solution containing 0.05 mM vanadium(V):0.1 mM 

glutarimidedioxime, an absorption band at 280 nm was observed due to the formation of 

UO2
+2 complex with glutarimidedioxime. A gradual stepwise increase in the intensity of the 

absorption band at 280 nm for UO2
+2-glutarimidedioxime complex was observed from 1/2 

hour to 7 hours (Figure 3.29a). UO2
+2 at a concentration of 0.05 mM can complex with 

glutarimidedioxime in the presence of vanadium(V), because after the formation of 1:1, 

vanadium(V)-glutarimidedioxime complex, there is an excess of 0.05 mM 

glutarimidedioxime in the system.  However, Figure 3.29b shows that when 0.05 mM UO2
+2 

was added to a solution containing 0.05 mM vanadium(V), and 0.05 mM glutarimidedioxime, 

no formation of UO2
+2-glutarimidedioxime complex was observed because all 

glutarimidedioxime is now complexed with vanadium(V), forming a 1:1, vanadium(V)-

glutarimidedioxime complex, and no free glutarimidedioxime is present to form complex with 
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UO2
+2. No change in the UV-Visible absorption spectra (Figure 3.29b) was observed from the 

start of the reaction till 12 hours.  It was observed that UO2
+2-glutarimidedioxime complexes 

are less likely to form when vanadium(V) is present in solution at a pH of 8.3, as vanadium(V) 

complex with glutarimidedioxime forms preferentially.  

 

Figure 3.29  UV-Visible absorption spectra acquired at pH 8.3 from solutions containing 

(a) 0.05 mM vanadium(V):0.1 mM glutarimidedioxime to which 0.05 mM UO2
+2 was added, 

(b) 0.05 mM vanadium(V):0.05 mM glutarimidedioxime to which 0.05 mM UO2
+2 was added.  

3.4.5     Open-chain glutardiamidoxime complexation with UO2
+2 

The solution state complexation of UO2
+2 with open-chain glutardiamidioxime was 

studied using 1H NMR, and 13C NMR spectroscopy. Open-chain glutardiamidoxime is an 

acyclic isomer of cyclic glutarimidedioxime as illustrated in Figure 3.1. Other research groups 

have reported complexation of UO2
+2 by open-chain glutardiamidoxime2,3,8 using 

thermodynamic and electrospray ionization mass spectrometric techniques. The complexation 

of open-chain glutardiamidioxime with UO2
+2 at different pH’s was observed. 1H NMR 

spectrum was acquired for solutions containing free open-chain glutardiamidioxime without 

any UO2
+2, and 0.2 mM UO2

+2 with 0.2 mM open-chain glutardiamidioxime at different pH’s 

ranging from 2.3 to 8.2 (Figure 3.30 a-g). 1H NMR spectrum of free glutardiamidioxime 
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without any UO2
+2 was taken at each pH and was compared with complexed 

glutardiamidioxime.  

The 1H NMR spectrum for UO2
+2-(open-chain glutardiamidioxime) solutions (Figure 

3.30b) resembles with the 1H NMR spectrum acquired for free open-chain glutardiamidioxime 

(Figure 3.30 a) at the pH of 8.2. This is caused by the precipitation of uranyl hydroxides at pH 

> 4.5 as reported by Endrizzi et al.18 At higher pH’s, OH- competes with glutardiamidioxime 

for UO2
+2 and leads to the formation of insoluble UO2

+2 species. Hence, the complexation of 

UO2
+2 with open-chain glutardiamidioxime is too weak to be effectively detected by 1H NMR 

spectroscopy.  

  The complexation between UO2
+2 and open-chain glutardiamidioxime was not 

detected by 1H NMR spectroscopy at the pH of 2.3 (Figure 3.30g) because at lower pH’s, the                       

UO2
+2-glutardiamidioxime complex dissociates in strongly acidic conditions due to the 

competition of H+ with UO2
+2. However, UO2

+2-(open-chain glutardiamidioxime) 

complexation was observed at the pH’s of 4.4 and 3.4. Slight differences in the chemical shift 

values were observed for complexed glutardiamidioxime at the pH’s of 4.4 and 3.4 (Figure 

3.30d and f). This is because the chemical shift of the non-exchangeable protons is pH 

dependent. Chemical shift perturbation occurs at different pH’s due to presence of different 

protonation states at different pH values. At the pH of 4.4, 1H NMR spectrum of free open-

chain glutardiamidioxime differs from 1H NMR spectrum of complexed glutardiamidioxime.  

Free glutardiamidioxime shows a triplet for 4H; CH2–CH2–CH2, at ~2.5 ppm and a quintet 

for CH2–CH2–CH2–, 2H; at ~2.0 ppm (Figure 3.30c). However, complexed 

glutardiamidioxime shows three signals in the 1H NMR spectra (Figure 3.30d).  
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Figure 3.30  1H NMR spectra of solutions containing (a) 0.2 mM open-chain 

glutardiamidoxime, at pH 8.2, (b) 0.2 UO2
+2:0.2 mM open-chain glutardiamidoxime, at pH 

8.2, (c) 0.2 mM open-chain glutardiamidoxime, at pH 4.4, (d) 0.2 mM UO2
+2:0.2 mM open-

chain glutardiamidoxime, at pH 4.4, (e) 0.2 mM open-chain glutardiamidoxime, at pH 3.4, (f) 

0.2 mM UO2
+2:0.2 mM open-chain glutarimidedioxime, at pH 3.4, and (g) 0.2 mM UO2

+2:0.2 

mM open-chain glutardiamidoxime, at pH 2.3. All samples in 0.05 M NaCl in D2O.  

 

At the pH of 3.4, free glutardiamidioxime shows two clear 1H NMR signals, a triplet 

at ~2.5 ppm and a quintet at ~2.0 ppm (Figure 3.30e). However, complexed 

glutardiamidioxime shows three clear 1H NMR signals. The complexation of UO2
+2-

glutardiamidioxime occurs from one side of the oxime group, and the three CH2’s (CH2–

CH2–CH2) become nonequivalent and give three different 1H NMR signals (Figure 3.30f).  

The integration ratio for the three different CH2’s in the NMR spectrum in Figure 3.30f also 
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shows 1:1:1 ratio for the three CH2’s, confirming that these signals are from the complexed 

CH2’s of glutardiamidioxime.  

The 1H NMR spectrum that was acquired immediately after the addition of 0.2 mM 

UO2
+2 to 0.2 mM open-chain glutardiamidioxime, shows only two signals, a triplet and a 

quintet (Figure 3.31a), and resembles with the 1H NMR spectrum for free glutardiamidioxime. 

1H NMR spectrum was acquired again, after 24 hours of sample preparation. Intermediate 

stage with incomplete reaction was observed after 24 hours. In the intermediate stage, two 

sets of signals for complexed and free CH2’s of glutardiamidioxime were observed. A signal 

at 2.53 ppm is a mixture of signals from free and complexed ligand. Another signal at 2.39 

ppm is for the complexed ligand in the intermediate state (Figure 3.31b). Another set of 

signals, a quintet for free, and complexed ligand at 2.06 ppm and 1.96 ppm, respectively, was 

observed in the intermediate stage. This observation suggests that complex between UO2
+2, 

and open-chain glutardiamidioxime (Figure 3.31b) starts to form in 24 hours. After a 

minimum of 4-7 days, glutardiamidioxime was completely complexed with UO2
+2, and three 

signals for three non-equivalent completely complexed CH2’s of open-chain 

glutardiamidioxime were clearly observed (Figure 3.31c). 1H NMR signals show a downfield 

triplet at 2.47 ppm, for CH2 closer to the site of complexation, and an upfield triplet at 2.36 

ppm, at the site of no complexation. The signal for complexed quintet, CH2–CH2–CH2–, 2H, 

is observed at 1.92 ppm. The 1H NMR spectrum was acquired again after 10 days for the same 

sample, and it was observed that the spectrum remains unchanged after 10 days. This 

observation suggests a complete and stable complexation of UO2
+2 with glutardiamidioxime 

at the pH of 3.4. 
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Figure 3.31  1H NMR spectra of solutions containing 0.2 mM UO2
+2 and 0.2 mM open-

chain glutardiamidioxime in 0.05 M NaCl in D2O at pH 3.4 (a) 5 minutes, (b) 24 hours, and 

(c) 7 days. 

  Figure 3.32a-c shows the 1H NMR spectra acquired by lowering the concentration of 

glutardiamidioxime to 0.05 mM and 0.1 mM and keeping the concentration of UO2
+2 constant 

to 0.2 mM and adjusting the pH of the sample to 3.4 (Figure 3.32a-c). This study was 

performed to investigate complexation of UO2
+2 with glutardiamidioxime at lower 

concentrations of glutardiamidioxime. As a general observation, the 1H NMR spectra shown 

in Figure 3.32 resembles with previously shown 1H NMR spectra in Figure 3.31. This 

observation suggests that complexation between UO2
+2 and glutardiamidioxime can be 

observed at lower concentrations of glutardiamidioxime. Glutardiamidioxime in the 

complexed state shows appearance of three 1H NMR peaks for the three CH2’s of 

glutardiamidioxime in the complexed state which becomes nonequivalent upon complexation 

with UO2
+2. The complexation takes a minimum of 4 to 7 days to form.  Based upon the 
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formation constants of resulting species, and previous reports on abundance of UO2
+2-

glutardiamidioxime vs. UO2
+2-glutarimidedioxime complexes in the ESI spectra,2, 3, 8 it has 

been shown that open-chain glutardiamidoxime compared to cyclic glutarimidedioxime forms 

complexes with UO2
+2 less effectively.3, 8 This may be the reason for time dependent 

formation of a solution state complex between  UO2
+2 and glutardiamidoxime because it takes 

a minimum of 4 to 7 days to detect UO2
+2-glutardiamidioxime complex. However; UO2

+2-

glutarimidedioxime complex was observed within 24 hours.  

 

Figure 3.32  1H NMR spectra of solutions containing (a) 0.2 mM open-chain 

glutardiamidoxime, (b) 0.05 mM open-chain glutardiamidoxime:0.2 mM UO2
+2, and (c) 0.1 

mM open-chain glutardiamidoxime:0.2 mM UO2
+2. All samples in 0.05 M NaCl in D2O at pH 

3.4.  

The complexation of UO2
+2 with open-chain glutardiamidoxime was studied through 

13C NMR spectroscopy. Free open-chain glutardiamidoxime shows two peaks in the 13C NMR 

spectra for its two different CH2’s.  A 13C NMR signal at 23.9 ppm for carbon belonging to, 
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–CH2–CH2–CH2–, and another signal at 28.3 ppm for carbon belonging to, CH2–CH2–CH2 

(Figure 3.33a). The signal for quaternary carbon belonging to C(NH2)=NOH was observed at 

163 ppm with poor intensity, and it is not shown in the spectrum (Figure 3.33a) for clarity. 

The quaternary carbon has a longer T1 relaxation time than the primary, secondary, and 

tertiary carbon’s; it relaxes slowly and displays a 13C NMR signal with reduced intensity. 

Upon addition of  UO2
+2 to open-chain glutardiamidoxime, the complexation was observed. 

Three different 13C NMR signals were observed for three non-equivalent carbons, –CH2–

CH2–CH2–, of open-chain glutardiamidoxime because the three CH2’s become non-

equivalent upon complexation with UO2
+2 (Figure 3.33b). The signal for complexed 

quaternary carbon belonging to C(NH2)=NOH was not observed in Figure 3.33b. Quaternary 

carbon [C(NH2) =NOH] is closest to the site of complexation, and its signal broadens up and 

gets buried in noise, upon complexation with UO2
+2. 

 

Figure 3.33  13C NMR spectra of solution containing (a) 1 mM open-chain 

glutardiamidoxime, (b) 1 mM UO2
+2:1 mM open-chain glutardiamidoxime in 0.05 M NaCl in 

D2O at pH 3.4. 
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3.4.6    Competition of glutardiamidoxime and carbonate for complexation with UO2
+2  

Uranium in sea water exist mainly in the form of uranyl tris-carbonato complex20    

UO2(CO3)3
4−and amidoxime functional groups can displace the carbonate UO2(CO3)3

4− 

because they can strongly bind to UO2
+2 and are stable at the pH of seawater. The competition 

of open-chain glutardiamidoxime with carbonate to complex with UO2
+2 was studied. For this 

study, 13C enriched sodium carbonate (Na2CO3) was used with 23% enrichment. Different 

species of carbonate were studied at the pH of 11 and pH of 8. At the pH of 11, carbonate 

mainly exists in the form of CO3
-2 and shows a 13C signal at 167.5 ppm (Figure 3.34b). At the 

pH of 8, carbonate exists in the form of bicarbonate HCO3
-1, giving rise to a 13C signal at 

160.4 ppm (Figure 3.34c). The peaks at 206.6 ppm and 29.9 ppm are 13C signals from acetone-

d6 used for magnetic field lock. A coaxial NMR tube insert containing acetone-d6 was 

inserted into each sample tube before 13C NMR analyses. Open-chain glutardiamidoxime was 

characterized by 13C NMR using acetone-d6 insert, and the 13C signals at 24.0 ppm for [–

CH2–CH2–C(NOH)NH2], 29.0 ppm for [–CH2–CH2–C(NOH)NH2] and 157 ppm for [–CH2–

CH2–C(NOH)NH2] were observed (Figure 3.34a). 
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Figure 3.34  13C NMR spectra of (a) open-chain glutardiamidoxime, (b) Na2CO3 at pH 11, 

and (c) Na2CO3 at pH 8. The 13C signals at 206.6 ppm and 29.9 ppm are due to acetone-d6 

insert used for magnetic field lock. 

To understand displacement of carbonate by open-chain glutardiamidoxime, 

UO2(CO3)3
4- was prepared by using uranyl(VI) nitrate hexahydrate and 13C enriched Na2CO3, 

in 1:3 molar ratio. The 13C NMR spectra were acquired at low temperature of +3 ºC to observe 

free and complexed carbonate species by slowing down the rate of exchange between them. 

13C NMR spectra were acquired for solution containing UO2(CO3)3
4- only (Figure 3.35a), and 

for solutions containing UO2(CO3)3
4- with open-chain glutardiamidoxime in concentrations 

ranging from 10 mM to 140 mM at the pH of 8 (Figure 3.35b-e). The effect of increasing 

open-chain glutardiamidoxime concentration on peak area of various 13C signals can be 

observed in the 13C NMR spectra shown in Figure 3.35b-e.  Initially, a 13C signal at 167.7 

ppm belonging to free carbonate species present in UO2(CO3)3
4- was observed (Figure 3.35a) 

for the solution containing UO2(CO3)3
4- only, at the pH of 8. The percentage area of this 13C 
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NMR signal was ~100%. As the open-chain glutardiamidoxime concentrations increase from 

10 mM to 140 mM in a solution containing UO2(CO3)3
4-, changes in the 13C NMR spectra 

were observed. When 10 mM open-chain glutardiamidoxime was added to the solution 

containing UO2(CO3)3
4-, it starts to displace carbonate in UO2(CO3)3

4-, and three signals in the 

13C NMR spectra (Figure 3.35b) were observed. A signal at 167.7 ppm for free carbonate 

species, a signal at 167.2 ppm for combined complex of UO2(CO3)3
4- with open-chain 

glutardiamidoxime, and a signal at 160.6 ppm for carbonate displaced from UO2(CO3)3
4- upon 

addition of 10 mM open-chain glutardiamidoxime (Figure 3.35b) were observed. The peak 

area for the 13C NMR signal for free carbonate species UO2(CO3)3
4- decreased to 62% upon 

addition of 10 mM open-chain glutardiamidoxime. Open-chain glutardiamidoxime starts to 

complex with UO2
+2 giving a new signal at 167.2 ppm for the combined complex of 

UO2(CO3)3
4- with open-chain glutardiamidoxime, with a peak area of 19.7%. The displaced 

carbonate was observed at 160.6 ppm with a peak area of 18.3%. When open-chain 

glutardiamidoxime concentration increased from 20 mM to 140 mM (Figure 3.35c-e), a new 

13C NMR signal at 157 ppm was observed in the 13C NMR spectra, belonging to free open-

chain glutardiamidoxime, along with the appearance of three previously described signals for 

the three different carbonate species. Other 13C signals for free glutardiamidoxime, at 24 ppm, 

and 29 ppm, as described in Figure 3.34a, were also observed, but that region is not covered 

in the spectrum shown in Figure 3.35(c-e). As the concentration of open-chain 

glutardiamidoxime increases (Figure 3.35c-e), its interaction with UO2
+2 also increases, and 

more combined complex of UO2(CO3)3
4- with open-chain glutardiamidoxime takes place. The 

peak area for the 13C signal at 167.2 ppm increases from 30% to 39% (Figure 3.35c-e). This 

study shows that UO2
+2 can form stable complex with open-chain glutardiamidoxime in the 
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presence of carbonate at the pH of 8. No precipitation of the complex was observed. This 

indicates that carbonate stabilizes UO2
+2-glutardiamidoxime complex may be by forming a 

stable UO2
+2-(glutardiamidoxime)2 carbonate complex21. Upon increasing the concentration 

of open-chain glutardiamidoxime, more carbonate is being displaced from UO2(CO3)3
4-; 

hence the peak area of the signal for free UO2(CO3)3
4- at 167.7 ppm decreases from 45.6 % to 

14.2 % (Figure 3.35c-e). The peak area of the 13C signal for the displaced carbonate species 

at 160.6 ppm increases from 24.4% to 46.8% (Figure 3.35c-e). This observation confirms the 

displacement of carbonate from UO2(CO3)3
4- upon increasing open-chain glutardiamidoxime 

concentration. The signal at 157 ppm belonging to open-chain glutardiamidoxime also 

increases in intensity as the concentration of glutardiamidoxime increases (Figure 3.35c-e). 

 

Figure 3.35  13C NMR spectra of (a) UO2(CO3)3
4- prepared using 10 mM uranyl (VI) nitrate 

hexahydrate and 30 mM Na2CO3, (b) UO2(CO3)3
4- in 10 mM open-chain glutardiamidoxime, 

(c) UO2(CO3)3
4- in 20 mM open-chain glutardiamidoxime, (d) UO2(CO3)3

4- in 100 mM open-

chain glutardiamidoxime, and (e) UO2(CO3)3
4- in 140 mM open-chain glutardiamidoxime at 

pH 8 and +3 ºC. 
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3.4.7     Vanadium(V) complexation with open-chain glutardiamidoxime  

51V NMR results (Figure. 3.16a, 3.16b) described earlier shows that cyclic 

glutarimidedioxime reacts with vanadium(V) forming 1:1 and 1:2 complex, but open-chain 

glutardiamidoxime does not react with vanadium(V) in simulated seawater conditions. 

Complexation of open-chain glutardiamidoxime with vanadium(V) using 13C NMR and 1H 

NMR spectroscopic techniques was further studied. The 51V NMR spectra for open-chain 

glutardiamidoxime without and with vanadium(V) are shown earlier in Figure 3.2a-c. To 

further study complexation between glutardiamidoxime and vanadium(V), 1H NMR spectra 

was acquired for solutions containing 5 mM vanadium(V):5 mM open-chain 

glutardiamidoxime, in 0.05 M NaCl in D2O solution. The 1H NMR spectra for free open-chain 

glutardiamidoxime without any vanadium shows two 1H NMR signals, a quintet for [CH2–

CH2–CH2–]; 2H, at ~1.8 ppm, and a triplet for [CH2–CH2–CH2–] 4H; at 2.2 ppm (Figure 

3.36a). Upon addition of vanadium(V) to open-chain glutardiamidoxime, the 1H NMR signals 

for CH2’s of glutardiamidoxime remain at the same position as that of free glutardiamidoxime 

without any vanadium (Figure 3.36a-b). This observation suggests that open-chain 

glutardiamidoxime does not react with vanadium(V).  
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Figure 3.36 1H NMR spectra demonstrating no formation of vanadium(V)-(open-chain 

glutardiamidoxime) complex. Solutions labels (a) 5 mM open-chain glutardiamidoxime only, 

and (b) 5 mM vanadium(V):5 mM open-chain glutardiamidoxime. 

To investigate interactions of open-chain glutardiamidoxime with vanadium(V), 13C 

NMR spectroscopy was also used. Free open-chain glutardiamidoxime shows 13C NMR 

signals at chemical shift of 24.6 ppm, 29.6 ppm, and 157.8 ppm for carbon’s belonging to 

CH2–CH2–CH2–; CH2–CH2–CH2  and, −C(NH2) =NOH, respectively (Figure 3.37a).  

Upon addition of 5 mM vanadium(V) to open-chain glutardiamidoxime, 13C NMR spectra 

was acquired, and 13C NMR peaks for carbons of glutardiamidoxime remain at the same peak 

position (Figure 3.37b) as that of free glutardiamidoxime without any vanadium(V) (Figure 

3.37a). This observation again suggests that open-chain glutardiamidoxime does not complex 

with vanadium(V). The peak at 49.6 ppm (Figure 3.37b) is due to the impurity of methanol 

present in sample. Methanol may come from D2O used for sample preparation or from the 

NMR tubes because methanol was used for cleaning the NMR tubes.   
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Figure 3.37 13C NMR spectra demonstrating no formation of vanadium(V)-(open-chain 

glutardiamidoxime) complex. Solutions labels (a) 5 mM open-chain glutardiamidoxime only, 

and (b) 5 mM vanadium(V):5 mM open-chain glutardiamidoxime. 

The complexation of vanadium(V) with open-chain glutardiamidoxime in presence of 

UO2
+2 was also studied. When vanadium(V) was added to a solution containing 0.2 mM 

UO2
+2:0.2 mM open-chain glutardiamidoxime, no complexation was observed. The observed 

signals in the 1H NMR spectra for 0.2 mM UO2
+2:0.2 mM open-chain glutardiamidoxime:0.2 

mM vanadium(V) (Figure 3.38b) resembles the 1H NMR signals of free glutardiamidoxime 

at 2.0 and 2.5 ppm. (Figure 3.38a). The pH of solutions was adjusted to 3.4.  The chemical 

shift of the 1H NMR signal depends upon analyte concentration. For 0.2 mM of free 

glutardiamidoxime the 1H NMR signals were observed at 2.0 and 2.5 ppm (Figure 3.38a). 

However, for 5 mM open-chain glutardiamidoxime, 1H NMR signals were observed at 1.8 

and 2.2 ppm (Figure 3.36a). 
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Figure 3.38 1H NMR spectra demonstrating no formation of vanadium(V)-(open-chain 

glutardiamidoxime) complex in the presence of UO2
+2. Solutions labels (a) 0.2 mM open-

chain glutardiamidoxime only, and (b) 0.2 mM UO2
+2:0.2 mM open-chain 

glutardiamidoxime:0.2 mM vanadium(V). All samples in 0.05 M NaCl in D2O at pH 3.4. 

 
51V NMR spectra were acquired from solution containing 0.2 mM UO2

+2:0.2 mM 

open-chain glutardiamidoxime:0.2 mM vanadium(V) to study vanadium(V)-(open-chain 

glutardiamidoxime) interactions (Figure 3.39a-b). Initially, a peak for uncomplexed 

vanadium(V) was observed at the chemical shift of -551 ppm (Figure 3.39a). 51V NMR spectra 

for the solution was acquired again after 24 hours, and no vanadium(V) peak was detected 

(Figure 3.39b). This observation suggests that vanadium(V) is reduced to vanadium(IV) 

because vanadium(IV) nucleus is paramagnetic in nature and gives no signal in the 51V NMR 

spectra. A previous report suggests that amidoxime molecules are reducing agents22 and acidic 

conditions can reduce vanadium(V) to vanadium(IV).  
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Figure 3.39 51V NMR spectra acquired from a solution containing 0.2 mM UO2
+2:0.2 mM 

vanadium(V):0.2 mM open-chain glutardiamidoxime observed after (a) 5 minutes, and (b) 24 

hours. Sample was prepared in 0.05 M NaCl in D2O at pH 3.4. 

3.4.8     Vanadium(IV) complexation with glutarimidedioxime and glutardiamidoxime  

Vanadium(IV) interactions are mainly examined by EPR and UV-Visible 

spectroscopy because vanadium(IV) nucleus is paramagnetic and cannot be observed in NMR. 

UV-Visible spectroscopy was used to monitor interactions of vanadium(IV) with cyclic 

glutarimidedioxime and open-chain glutardiamidoxime. Electron paramagnetic resonance 

(EPR) spectroscopy was used to monitor stabilization of vanadium(IV) oxidation state.  

Oxidation of vanadium(IV) to vanadium(V) was observed using 51V NMR spectroscopy 

because vanadium(V) nucleus is diamagnetic and can be studied by 51 V NMR spectroscopy. 

For UV-Visible study, concentrations of vanadium(IV) were varied from 0.25 mM to 2.0 mM, 

and constant concentration (2.0 mM) of cyclic glutarimidedioxime was used. The pH of the 

solution was ~8. The UV-Visible spectrum of free glutarimidedioxime is featureless. 

However, the solution containing vanadium(IV) and glutarimidedioxime shows the 

wavelength of most intense UV-Visible absorption at 445.0 nm (Figure 3.40), for 0.5 mM 
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vanadium(IV). This suggests the presence of enough glutarimidedioxime in the system so that 

vanadium(IV), and vanadium(V) formed by the oxidation of vanadium(IV) can form stable 

complex with glutarimidedioxime. The vanadium(V)-glutarimidedioxime complex was not 

observed in the UV-Visible spectrum. At low concentration 0.25 mM of vanadium(IV), the 

absorbance at 445.0 nm decreases because vanadium(IV)-glutarimidedioxime complex is 

formed in low abundance. In such a system, there is an excess of glutarimidedioxime; hence, 

vanadium(V)-glutarimidedioxime complex is more favourable to form because vanadium(V) 

has a higher binding affinity for glutarimidedioxime than vanadium(IV). At high 

concentrations (1 mM and 2 mM) of vanadium(IV), the absorbance at 445.0 nm wavelength 

decreases (Figure 3.40) upon increasing vanadium(IV) concentration. This decrease in 

absorbance is caused by oxidation of vanadium(IV) to vanadium(V). At higher 

concentrations, more vanadium(IV) oxidizes to vanadium(V) and the formed vanadium(V) 

complexes with cyclic glutarimidedioxime and effectively displaces glutarimidedioxime from 

vanadium(IV)-glutarimidedioxime complex. This causes decrease in the absorbance of 

vanadium(IV)-cyclic glutarimidedioxime complex. The stoichiometry of vanadium(IV) 

complexation with glutarimidedioxime appears complicated to understand at the present time. 
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Figure 3.40  UV-Visible absorption spectra using vanadium(IV) and its complexation with 

glutarimidedioxime. 

The oxidation of vanadium(IV) to vanadium(V) was confirmed using 51V NMR 

spectroscopy for the above solutions showing the lowest absorbance for the solution 

containing 2 mM vanadium(IV) and 2 mM glutarimidedioxime, and the highest absorbance 

for the solution containing 0.5 mM vanadium(IV) and 2 mM glutarimidedioxime. The 

acquired 51V NMR spectra are shown in (Figure 3.41 a-b). 51V NMR peaks were observed for 

samples containing vanadium(IV)-glutarimidedioxime because vanadium(IV) was oxidized 

to vanadium(V). The 51V NMR signal for vanadium(V) complexed with glutarimidedioxime 

was observed at -421 ppm, and the 51V NMR signal for free vanadium(V) was observed at      

-518 ppm, and -558 ppm (Figure 3.41b). Two peaks were observed at -518 ppm and -558 ppm, 

probably due to the presence of H2V10O28
-4 and H2VO4

- respectively, as reported by Rehder 

et al6.  At high concentration (2 mM) vanadium(IV), more vanadium(V) is formed by 

oxidation of vanadium(IV), and the 51V NMR peaks for free vanadium(V) species, along with 
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the 51V NMR peak for complexed vanadium at -421ppm (Figure 3.41b), were observed. 

However, at low concentration (0.5 mM) vanadium(IV), the vanadium(V) formed by 

oxidation of vanadium(IV), is completely complexed with cyclic glutarimidedioxime, giving 

one 51V NMR signal at - 424 ppm (Figure 3.41a).  

 

Figure 3.41  51V NMR spectra of (a) 0.5 mM vanadium(IV) in 2 mM glutarimidedioxime, 

and (b) 2 mM vanadium(IV) in 2 mM glutarimidedioxime. 

To understand the complexation of vanadium(IV) with glutarimidedioxime, the 

stabilization of vanadium(IV) was required. A previous report by Britton et al.23 on effect of 

sodium hydroxide on solutions containing vanadyl sulphate showed that addition of NaOH 

facilitates oxidation of vanadium(IV) to vanadium(V). It was observed that, even in the 

absence of NaOH, vanadium(IV) was oxidized to vanadium(V). For the solutions containing 

vanadium(IV)-glutarimidedioxime at different molar ratio in the absence of NaOH, the 51V 

NMR spectra (Figure 3.42a-c) show peaks at -485 ppm, -489 ppm, and -491 ppm, due to 

vanadium(V) complexation with glutarimidedioxime. The 51V NMR signal shifts from -485 
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ppm to -491 ppm, due to different concentrations of vanadium(IV) present in the analyzed 

samples. NMR chemical shift depends upon concentration of analyte because change in 

concentration produces a change in environment surrounding the analyte. The observed 

signals are due to the oxidation of vanadium(IV) to vanadium(V).  

 

Figure 3.42  51V NMR spectra in the absence of NaOH (a) 0.5 mM vanadium(IV) in 2 mM 

glutarimidedioxime, (b) 1 mM vanadium(IV) in 2.0 mM glutarimidedioxime, and (c) 2.0 mM 

vanadium(IV) in 2 mM glutarimidedioxime. 

The different stabilizing agents known for stabilization of vanadium(IV) oxidation 

state include polygalactouronic acid, tunichromes, 3,4-dihydroxyphenylalanine (DOPA) 

containing peptides, vanadobin, strain of saccharomyces cerevisiae, reduced glutathione GSH,  

exopolysaccharides produced by marine bacteria, saccharides, ascorbic acid, fulvic acid, 

catechol, polyaminocarboxylic acid like ethylenediaminetetraaceticacid (EDTA), and 

diethylenetriaminepentaacetic acid (DTPA).24-35 Readily available stabilizing agents, such as 

fulvic acid, catechol, and polyaminocarboxylic acids, such as EDTA and DTPA were tried. 

Solutions containing vanadium(IV)-fulvic acid, and vanadium(IV)-catechol were tested at 
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different pH’s, and they were able to stabilize vanadium(IV) at the pH of ~3.1 and ~3.2, 

respectively. Stabilization of vanadium(IV) was evident through “no” 51V NMR signal for 

these solutions (Figure 3.43b, d). However, fulvic acid, and catechol were not able to stabilize 

vanadium(IV) at pH 8 because 51V NMR signals that are probably due to free vanadium(V) 

species6 at -558 ppm, -572 ppm, and -577 ppm for H2VO4
-, H2V2O7

-2, and V4O12
-4, 

respectively, were observed for these solutions (Figure 3.43 a, c). 

 

Figure 3.43  51V NMR spectra of (a) 2 mM vanadium(IV):2 mM fulvic acid, at pH 8.0, (b) 

2 mM vanadium(IV):2 mM fulvic acid, at pH 3.14, (c) 10 mM vanadium(IV):10 mM catechol, 

at pH 8.0, and (d) 10 mM vanadium(IV):10 mM catechol, at pH 3.2. 

To study complexation of vanadium(IV) with amidoxime ligands and formation of 

UO2
+2-glutarimidedioxime complex in the presence of vanadium(IV), it was important to 

stabilize vanadium(IV) and prevent its oxidation to vanadium(V) at the pH of seawater. 

Polyaminocarboxylic acids like EDTA, and DTPA both stabilized vanadium(IV) at seawater 

pH of 8.3. Evidence for stabilization of vanadium(IV) oxidation state was observed through 

“no” NMR signal for vanadium(IV) complexed with EDTA (Figure 3.44b-c) because 
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vanadium(IV) is paramagnetic in nature and cannot be observed in high resolution NMR. 

Vanadium(IV) in water oxidizes to vanadium(V), at pH of 8.3, and 51V NMR signal for 

vanadium(V) was observed at -558 ppm (Figure 3.44a) because vanadium(V) is a NMR active 

nucleus. In this study, EDTA was used to stabilize vanadium(IV) because EDTA is a simpler 

molecule than DTPA and forms 1:1 complex with vanadium(IV).33 The [VO(EDTA)]-2 

complex has a larger formation constant, log K = 18.0, than [VO2(EDTA)]-3 complex, log K 

= 15.536, 37  

 

Figure 3.44  51V NMR spectra of (a) 10 mM vanadium(IV) in water, at pH 8.3, (b) 10 mM 

vanadium(IV) in ethylenediaminetetraaceticacid (EDTA), at pH 8.3, and (c) 10 mM 

vanadium(IV) in diethylenetriaminepentaacetic acid (DTPA), at pH 8.3. 

EPR is a useful technique for characterization and investigation of vanadium(IV) 

complexes, such as vanadium(IV) complex with tripeptide glutathione38, vanadyl 

polyphenolate complexes,39 and nonoxido vanadium(IV) compounds.40  Vanadium(IV) 

nucleus is EPR active and gives an eight-line EPR pattern typical of oxo vanadium(IV) 

species.41 The unpaired electron on vanadium(IV) experiences spin = 7/2 from vanadium 
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nucleus, and the number of lines originating from the hyperfine interaction is determined by 

the formula (2NI+1), where N is the number of equivalent nuclei and I is the nuclear spin. 

Hence, 8 signals (2* 1*7/2 + 1) for vanadium(IV) nucleus were observed in the EPR spectra 

(Figure 3.45). This observation, as well as “no” NMR signal in 51V NMR spectroscopy, 

strongly indicates that vanadium(IV) oxidation state is stabilized using EDTA. 

 

Figure 3.45  EPR spectrum of 5 mM vanadium(IV):5 mM EDTA in water at pH 8.0. 

At low concentration (0.05 mM UO2
+2 and 0.1 mM glutarimidedioxime), at the pH of 

8 (Figure 3.28), UO2
+2-glutarimidedioxime complex, with an absorption band at 280 nm, was 

clearly observed in the UV-Visible spectrum.2 Rao et al.42 reported the formation of UO2
+2-

EDTA complex in stoichiometric ratio of 2:1 using spectrophotometric study. Wavelength 

range 240 nm – 270 nm was used to study UO2
+2-EDTA complex using uranyl perchlorate-

EDTA and uranyl acetate-EDTA mixtures. Influence of pH on stability of UO2
+2-EDTA 

complex was also studied. The complex was stable at pH 6, with no precipitation in 6 days.  

At pH 7 and pH 8, turbidity starts after 6 days and 5 days, respectively. However, at pH 8.5 
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and 9.5, turbidity starts after 24 hours and 4 hours, respectively. After stabilization of 

vanadium(IV) oxidation state using EDTA, competition of vanadium(IV) and UO2
+2 for 

complexation with glutarimidedioxime was studied. For this study, a solution containing 0.05 

mM of vanadium(IV)-EDTA was first complexed with 0.1 mM glutarimidedioxime, and then 

0.05 mM UO2
+2 was added to this solution. The pH of the solution was adjusted to 8. The UV-

Visible spectrum initially shows no formation of UO2
+2-glutarimidedioxime complex because 

UO2
+2 takes time to displace glutarimidedioxime from vanadium(IV)-glutarimidedioxime 

complex. A gradual stepwise increase in the intensity of the absorption band at 280 nm for 

UO2
+2-glutarimidedioxime complex was observed from the start of the reaction till 16 hours 

(Figure 3.46). The absorption band at 280 nm belongs to UO2
+2-glutarimidedioxime complex 

as reported by Tian et al.2 Complete UO2
+2-glutarimidedioxime complex can be observed in 

16 hours (Figure 3.46). This observation indicates that UO2
+2 can form stable UO2

+2-

glutarimidedioxime complex in the presence of vanadium(IV). 51V NMR spectrum was 

acquired for solution containing 0.05 mM vanadium(IV):0.05 mM UO2
+2:0.1 mM 

glutarimidedioxime to confirm stabilization of vanadium(IV) oxidation state. The 51V NMR 

spectra were acquired at start of the reaction and after 16 hours. No peaks were observed in 

the 51V NMR spectra, confirming that vanadium(IV) was not oxidized to vanadium(V) during 

this time. However, “no” UO2
+2-glutarimidedioxime complex was observed in the presence 

of vanadium(V) (Figure 3.29b) because UO2
+2 cannot compete with vanadium(V) for 

complexation with glutarimidedioxime, as strong vanadium(V)-glutarimidedioxime complex 

forms preferentially. 
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Figure 3.46  UV-Visible absorption spectra acquired upon the addition of UO2
+2 to 

vanadium(IV)-EDTA solution, showing complexation of UO2
+2 with glutarimidedioxime. 

Similar UV-Visible studies were carried out for solutions containing 0.05 mM UO2
+2 

and 0.1 mM glutarimidedioxime. Different concentrations of vanadium(IV) (Figure 3.47) 

were added to UO2
+2-glutarimidedioxime complex. Decrease in the 280 nm band for UO2

+2-

glutarimidedioxime complex upon addition of different concentrations of vanadium(IV) 

ranging from 0.05 mM to 0.8 mM was observed (Figure 3.47). However, complete 

disappearance of the band at 280 nm was observed upon addition of 0.8 mM vanadium(IV), 

indicating disappearance of UO2
+2-glutarimidedioxime complex and formation of 

vanadium(IV)-glutarimidedioxime complex. High concentration (0.8 mM) of vanadium(IV) 

was required to destabilize formed UO2
+2-glutarimidedioxime complex. However, when 

vanadium(V) was added to solution containing 0.05 mM UO2
+2 and 0.1 mM 
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glutarimidedioxime as shown earlier in Figure 3.28, it was observed that lower concentration 

of vanadium(V) (0.1 mM) can destabilize the formed UO2
+2-glutarimidedioxime complex 

because of the higher formation constant of vanadium(V)-glutarimidedioxime complex than 

the formation constant of 1:1, and 1:2, UO2
+2-glutarimidedioxime complexes with ML [log 

β=17.8] and ML2 [log β =27.5]3, respectively. 

 

Figure 3.47  UV-Visible absorption spectra showing the effect of increasing vanadium(IV) 

concentrations on UO2
+2 complexation with glutarimidedioxime.  

The complexation of vanadium(IV) stabilized using EDTA, with glutarimidedioxime 

was further studied. Previous reports37, 43 suggest absorption bands observed at 780 nm and 

591 nm are characteristics of vanadium(IV) complexes with various amino carboxylates 

ligands, d-d transitions, dxy to dxz, yz (777 nm) and dxy to dx
2

- y
2 (585 nm). The position for 

wavelength of maximum absorbance depends upon the pH of the mixture. The absorption 

bands at 791 nm and 602 nm were observed in the UV-Visible spectrum for solutions 
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containing vanadium(IV)-EDTA and vanadium(IV)-EDTA-glutarimidedioxime (Figure 

3.48). These absorption bands are assigned to vanadium(IV) complexes with amino 

carboxylate ligand (EDTA), caused by d-d transitions, dxy to dxz, yz (791 nm) and dxy to dx
2

- y
2 

(602 nm). Upon the addition of 20 mM glutarimidedioxime to a solution containing 

vanadium(IV) and EDTA, a third absorbance at 445 nm was observed due to complexation of 

vanadium(IV)-EDTA with glutarimidedioxime. The spectrum was recorded for a period of 1 

hour, and complex formation between glutarimidedioxime and vanadium(IV)-EDTA 

increased with time, causing an increase in the intensity of absorbance at 445 nm. 

 

Figure 3.48  UV-Visible absorption spectra acquired for vanadium(IV)-EDTA solution, 

showing its complexation with glutarimidedioxime. 

Stabilization of vanadium(IV) by DTPA and complexation of vanadium(IV)-DTPA 

solution with glutarimidedioxime was also studied. Figure 3.49 shows UV-Visible spectrum 

obtained by using vanadium(IV): DTPA solution, in molar ratio of 1:1. The absorption band 
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at 585 nm and 778 nm were observed (Figure 3.49) characteristics of vanadium(IV) 

complexes with DTPA (d-d transitions). Upon addition of glutarimidedioxime, emergence of 

a new absorption band at ~439 nm was observed, due to complexation of vanadium(IV): 

DTPA solution with glutarimidedioxime. 

 

Figure 3.49 UV-Visible absorption spectra using vanadium(IV):DTPA solution and its 

complexation with glutarimidedioxime. 

Complexation of open-chain glutardiamidoxime with vanadium(IV) was studied using 

UV-Visible spectroscopy, and UV-Visible spectra were recorded for solution containing 

vanadium(IV) and open-chain glutardiamidoxime in 1:1 molar ratio. Vanadium(IV) oxidation 

state was stabilized using EDTA. The pH of the sample was adjusted to 8.0. The UV-Visible 

spectrum acquired after ~10 minutes of sample preparation is shown in Figure 3.50. The 

sample was reanalyzed after 5 hours, and the acquired spectrum resembles the spectrum 

shown in Figure 3.50.  This observation suggests that open-chain glutardiamidoxime does not 

form complex with vanadium(IV) because absorbances at 587 nm and 783 nm, corresponding 
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to d-d transitions of vanadium(IV) complexes with EDTA, were only observed even in the 

presence of open-chain glutardiamidoxime. 

 

Figure 3.50  UV-Visible absorption spectrum acquired from a solution containing 2 mM 

vanadium(IV):2 mM EDTA:2 mM open-chain glutardiamidoxime at pH 8.0.  

3.4.9     Glutarimidedioxime complexation with vanadium(V) using LC-MS and formation of 

polynuclear vanadium species  

Sodium orthovanadate (Na3VO4), when dissolved in water, forms different inorganic 

vanadium species. 51V NMR spectroscopy was used to investigate speciation of inorganic 

vanadium compounds at different concentrations of sodium orthovanadate ranging from 0.2 

mM to 1.0 mM (Figure 3.51a-e).  Effect of increasing Na3VO4 concentration on the 51V NMR 

chemical shift can be seen in the NMR spectra shown in Figure 3.51a-e. At vanadate 

concentration of 0.2 mM, an intense 51V NMR signal appears at the chemical shift of -556 
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ppm, and the least intense signal was observed at -574 ppm (Figure 3.51a). When vanadate 

concentration increased from 0.2 mM to 1.0 mM, the intensity of the 51V NMR peaks at the 

chemical shift of -556 ppm and -574 ppm increased.  However, when vanadate concentration 

increased to 1.0 mM, a third 51V NMR signal was observed at the chemical shift of -579 ppm 

(Figure 3.51e), and the intensity of the signals at -556 ppm and -574 ppm also increased 

(Figure 3.51a-e). The 51V NMR signals at -556 ppm and -560 ppm are probably due to 

monomeric form of vanadium H2VO4
-. The 51V NMR signal for H2VO4

-  shifts from -556 ppm 

to -560 ppm, upon increasing vanadate concentration from 0.2 mM to 1.0 mM, because NMR 

chemical shift vary with concentration. The 51V NMR signals at -574 ppm, and -579 ppm, can 

be due to dimeric H2V2O7
-2, and tetrameric V4O12

-4, vanadium species, respectively, according 

to the literature.6 
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Figure 3.51  51V NMR spectra acquired from solutions containing varying concentrations 

of vanadium(V). All samples in 0.05 M NaCl aqueous solution at pH 8.3. 

At high concentrations of vanadium(V), more polynuclear vanadium species are 

formed. Vanadium(V) complexes with cyclic glutarimidedioxime were further studied using 

liquid chromatography. For this study two different concentrations of vanadium(V), a low 

concentration of 0.2 mM and a high concentration of 0.5 mM, were used. The chromatogram 

was obtained using 0.2 mM vanadium(V) with varying glutarimidedioxime concentrations. 

Vanadium(V):glutarimidedioxime, molar ratio of 1:1.5, 1:2, 1:4, and 1:10 were used in this 

study. The acquired chromatogram is shown in Figure 3.52. The peak at the retention time 

~0.8 minutes is related to a 1:1, vanadium(V)-glutarimidedioxime complex. This complex 

between vanadium(V) with glutarimidedioxime was discussed earlier using mass spectrum 

shown earlier in Figure 3.5 and the extracted ion chromatogram shown in Figure 3.6. The peak 

at the retention time of ~1.8 minutes (Figure 3.52) belongs to free glutarimidedioxime. This 
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peak was also observed earlier for free glutarimidedioxime in the extracted ion chromatogram, 

shown in Figure 3.6. When the concentration of glutarimidedioxime was increased from 0.4 

mM to 2 mM, the relative intensity of the peak assigned to free glutarimidedioxime at the 

retention time of ~1.8 increased significantly (Figure 3.52). A very small peak at the retention 

of ~2.7 minutes was observed in the chromatogram. The peak area of this peak increased 

(Figure 3.52) upon increasing the concentration of glutarimidedioxime.  

 

Figure 3.52  Chromatogram acquired from solutions containing 0.2 mM vanadium(V) and 

varying concentrations of glutarimidedioxime. The vanadium(V):glutarimidedioxime molar 

ratio of 1:1.5, 1:2, 1:4, and 1:10 were used in this study. All samples in 0.05 M NaCl aqueous 

solution at pH 8.3. 

The mass spectrum shown in Figure 3.53 shows the m/z 333.1, corresponding to the 

peak at the retention time of ~2.7 minutes. This may indicate the formation of a 1:2 complex 

of vanadium(V) with glutarimidedioxime. A recent report9 on gas phase complexes formed 

between amidoxime ligands and vanadium(V) shows that the peak at m/z 333.1 belongs to a 
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1:2 complex of vanadium(V) with glutarimidedioxime [VO2+2(DHIP)−2(H2O)]+ where DHIP 

stands for glutarimidedioxime.  

 

Figure 3.53  Positive-ion ESI mass spectrum acquired from a solution containing 0.2 mM 

vanadium(V) and 2 mM glutarimidedioxime showing m/z 333.13 for the peak at the retention 

time of 2.76 minutes. Sample was prepared in 0.05 M NaCl aqueous solution at pH 8.3. 

The chromatogram obtained using liquid chromatography, at high concentration (0.5 

mM), of vanadium(V), with varying vanadium(V):glutarimidedioxime molar ratio is shown 

in Figure 3.54. The peaks at the retention time of ~0.8 minutes, ~1.8 minutes, and ~2.7 minutes 

were observed in the chromatogram (Figure 3.54). These peaks were described earlier while 

discussing the chromatogram obtained in Figure 3.52. However, the chromatogram obtained 

using 0.5 mM vanadium(V), shown in Figure 3.54, shows significant increase in intensity and 

peak area of the peak at the retention time of ~2.7 minutes. This observation suggests 

formation of 1:2 complex between vanadium(V) and glutarimidedioxime in high abundance. 

333.13

2.76
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The mass corresponding to the peak at ~2.7 minutes shows formation of 1:2 complex9 between 

vanadium(V) and glutarimidedioxime (DHIP), [VO2+2(DHIP)−2(H2O)]+  at m/z 333.1.  

 

Figure 3.54   Chromatogram acquired from solutions containing 0.5 mM vanadium(V) and 

varying concentrations of glutarimidedioxime. The vanadium(V):glutarimidedioxime molar 

ratio of 1:2, 1:4, 1:6, and 1:10 were used in this study. All samples in 0.05 M NaCl aqueous 

solution at pH 8.3. 

 3.5     Conclusions 

The solution phase complexes of UO2
+2, VO2

+, and VO+2 with amidoxime ligands 

glutarimidedioxime and open-chain glutardiamidoxime were characterized using NMR, UV-

Visible, and ESI-MS spectroscopy. The effect of changes in metal and ligand concentration, 

metal/ligand mole ratio, and solution pH on UO2
+2-amidoxime, VO2

+-amidoxime, and VO+2-

amidoxime, solution phase complexes was also investigated. Glutarimidedioxime and open-

chain glutardiamidoxime are the main complexing agents in the adsorbent used for uranium 

extraction from sea water.  

Results from NMR spectroscopy show the formation of 1:1, vanadium(V)-

glutarimidedioxime complex at low vanadium concentration of 0.2 mM. The 1:1 
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vanadium(V)-glutarimidedioxime complex is stable and forms immediately. However, the 

formation of 1:2, vanadium(V)-glutarimidedioxime complex is time and concentration 

dependent. Formation of 1:2, vanadium(V)-glutarimidedioxime complex requires a minimum 

of 4 days, and high vanadium(V) concentration (0.5 mM), for its detection using 51V NMR 

spectroscopy. Results from 1H NMR spectroscopy shows the formation of 1:1 UO2
+2-

glutarimidedioxime and UO2
+2-glutardiamidoxime complexes at pH 3.4. Results from 13C 

NMR spectroscopy indicates that carbonate stabilizes UO2
+2-glutardiamidoxime complex, at 

pH 8, may be by forming a stable UO2
+2-(glutardiamidoxime)2 carbonate complex21. The 

formation of 1:2 UO2
+2-glutarimidedioxime complex at low concentrations of UO2

+2 (0.05 

mM) and glutarimidedioxime (0.1 mM) was observed using UV-Visible spectroscopy.2  

The nature of glutarimidedioxime coordination with UO2
+2 was different from open-

chain glutardiamidoxime. The CH2
’s [––CH2–CH2–CH2–C=NOH)] of glutarimidedioxime 

remain equivalent upon complexation with UO2
+2. A triplet for two equivalent CH2’s [––CH2–

CH2–CH2–C=NOH)], and a quintet for a CH2 [––CH2–CH2–CH2––] was observed in the 1H 

NMR spectrum of complexed glutarimidedioxime. UO2
+2-glutarimidedioxime complex was 

formed within 24 hours. However, it took a minimum of 4 to 7 days to observe open-chain 

glutardiamidoxime complex with UO2
+2. Glutarimidedioxime binds to UO2

+2 more effectively 

than open-chain glutardiamidoxime forming a tridentate complex with UO2
+2 binding via the 

oxime oxygens and imide nitrogen.2 In the chemical structure of open-chain 

glutardiamidoxime, the two amidoxime groups are separated by 4 C-C bonds; hence, it is less 

effective for UO2
+2 coordination. Open-chain glutardiamidoxime binds with UO2

+2 in such a 

way that the three CH2’s become non-equivalent upon complexation with UO2
+2. Three 

different 1H NMR signals for each CH2 [––CH2–CH2–CH2––] was observed. This 
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observation suggests that glutardiamidoxime may be binding through only one side of the two 

oxime oxygens and may be binding with UO2
+2 through η2 coordination to the NO bond.44  

 It is important to study VO2
+, and VO+2 complexation with glutarimidedioxime and 

open-chain glutardiamidoxime to understand the effect of vanadium, on solution phase 

complexes of UO2
+2 with amidoxime ligands. It was observed that UO2

+2-glutarimidedioxime 

complex was less likely to form in the presence of VO2
+ because VO2

+-glutarimidedioxime 

complex has more stable configuration, and VO2
+ has higher affinity for glutarimidedioxime 

than UO2
+2.  

Uranyl and VO2
+ bind to glutarimidedioxime by different coordination modes. 

Different values of chemical shifts were observed for VO2
+-glutarimidedioxime and UO2

+2-

glutarimidedioxime complex in the 1H NMR spectra. High concentrations of VO2
+ ~1.6 ppb 

in sea water suggests that it will outcompete UO2
+2, and reduce UO2

+2 binding sites on the 

adsorbent. UVVisible studies on solutions containing VO+2-glutarimidedioxime in presence 

of UO2
+2 shows formation of 1:2, UO2

+2-glutarimidedioxime complex in the presence of 

VO+2. However, the formation of 1:2, UO2
+2-glutarimidedioxime complex was not observed 

in the presence of VO2
+. Both VO+2 and VO2

+ were observed to form complex with 

glutarimidedioxime. However, both of them do not form complex with open-chain 

glutardiamidoxime. UO2
+2 forms complex with both glutarimidedioxime and open-chain 

glutardiamidoxime. 
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Chapter 4: Spectroscopic Characterization of Amidoxime Based Polymer Adsorbents 

and Probing Vanadium Adsorption by ICP-MS 

4.1 Abstract 

Polymer adsorbents containing amidoxime functional groups have been widely used 

since the 1980’s for uranium extraction from seawater because of their uranophilicity. A novel 

amidoxime functionalized “LCW” adsorbent material was prepared using polyacrylic fiber as 

starting material. The LCW adsorbent mainly contains open-chain glutardiamidoxime. Design 

and development strategies for the LCW adsorbent was based to have low vanadium 

adsorption, thereby resulting in efficient uranium chelation.  This adsorbent is durable and 

requires no KOH conditioning for its reuse. This chapter describes and compares vanadium 

adsorption capacity of the LCW adsorbent synthesized in our lab and the ORNL-AF1 

adsorbent produced at the Oak Ridge National Laboratory.13C CP/MAS (Cross-polarization 

with Magic Angle Spinning), solid state NMR, and fourier transform infrared (FTIR) 

spectroscopy were used for the characterization of these adsorbents. 13C CP/MAS 

spectroscopy was used to confirm the formation of glutarimidedioxime, and 

glutardiamidoxime in the synthesized adsorbents. 51V solid state NMR spectroscopy was used 

to characterize sodium orthovanadate. Inductively coupled plasma mass spectrometry (ICP-

MS) was used to evaluate vanadium adsorption efficiency of these adsorbents in simulated 

seawater experiments, with vanadium concentration of 10 ppm at pH of 8.3-8.5. LCW 

adsorbent showed lower vanadium (10.3 mg vanadium/g of adsorbent) adsorption capacity 

than ORNL-AF1 adsorbent, which showed higher vanadium (63.3 mg vanadium/g of 

adsorbent) adsorption capacity in 24 hours. 
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4.2 Introduction 

Development and evaluation of various amidoxime-based polymer adsorbents for 

uranium extraction from seawater has been attracting a lot of interest for decades because of 

the importance of uranium required for nuclear power generation. Solid state NMR (SSNMR) 

spectroscopy is a very useful technique for characterization and examination of powdered or 

crystalline chemical compounds, interactions in different polymers, solid state inorganic, and 

biological materials. Solid state NMR technique helps in studying the structural environment 

of polymers which are insoluble in commonly used aprotic solvents, such as dimethyl 

sulfoxide (DMSO), acetone, and N-N dimethylformamide (DMF). Chemical shift observed 

for different nuclei provides valuable information about the structure and coordination 

environment of the molecule. The first NMR experiments on condensed material were carried 

out by Gorter et al.1 in 1936. Lithium nuclei were studied using crystalline lithium fluoride, 

but the experiments were unsuccessful. Later in 1945, Purcell et al.2 at Harvard University 

conducted the first successful NMR experiment on solid paraffin wax. NMR signals for 

protons present in paraffin wax were observed. The key feature of solid state NMR is that, 

spin interactions are anisotropic, change in sample orientation, changes spin interactions; 

hence, the NMR spectrum changes as well. In liquids, the orientation dependent interactions 

are averaged to zero by tumbling of molecules experiencing different molecular orientations 

with equal probability. Therefore, for liquid sample, the method of NMR tube placement does 

not matter.  Due to this averaging, the acquisition of solution state NMR spectra is more simple 

and straightforward than solid state NMR. The environment of molecule in solid state is very 

different from solution state. In a crystal, the environment of each molecule depends upon 

crystal structure and its symmetry. However, in solution the molecules are surrounded by 
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solvent, creating a random environment. In a powdered sample, molecules orient in different 

directions, giving a broad NMR signal with reduced intensity. The NMR signal is the sum of 

signals from each crystallite in powder form, and superimposition of these different NMR 

frequencies gives rise to a pattern called “powder pattern”.  

In Chapter 3, interactions of vanadium and uranium with glutarimidedioxime and 

glutardiamidoxime were studied in solution state using NMR spectroscopy. However, in this 

chapter, a newly developed amidoxime-carboxylate containing LCW adsorbent is 

characterized using solid state NMR spectroscopy. The method development for synthesis of 

this adsorbent is still under development. In solid fiber, the molecules are fixed with no 

random motion. Hence, the fiber possesses unique structural-adsorption characteristics. Solid 

state NMR provides a novel approach for characterization of polymer adsorbents that are used 

to extract uranium from seawater. The information and knowledge gained from spectroscopic 

results of this technique will aid in the development of efficient, robust, and cost effective 

adsorbents. Designing uranyl selective adsorbents with high uranium adsorption capacity and 

developing cost effective and efficient uranium elution techniques is a research subject of 

considerable interest to the U.S. Department of Energy at the present time. In the last 4 years 

(2012-2016), there has been a significant increase in uranium adsorbtion capacity. The 

adsorption capacity has increased from 3.30 g U/kg of adsorbent to ~6.56 g U/kg of adsorbent, 

by the best adsorbent tested so far. The LCW adsorbent shows high uranium uptake of 5 – 6 

g U/kg of adsorbent in a 56-day exposure to seawater.3 The LCW adsorbent shows low V/U 

ratio of ~1.0 because it mainly contains open-chain glutardiamidoxime. Compared to cyclic 

glutarimidedioxime, open-chain glutardiamidoxime does not form complex with 

vanadium(V) as described in Chapter 3. Uranium extraction from seawater using LCW 
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adsorbent, will decrease vanadium(V) competition for binding sites on adsorbent, enhancing 

its UO2
+2 adsorption capacity. The ORNL-AF1 (Oak Ridge National Laboratory) adsorbent 

shows high V/U ratio of ~3.0 because this adsorbent mainly contains cyclic 

glutarimidedioxime (Figure 4.10a) possessing higher vanadium affinity than open-chain 

glutardiamidoxime. High vanadium adsorption by the ORNL-AF1 adsorbent decreases its 

UO2
+2 extraction efficiency. The ORNL-AF1 adsorbent requires KOH conditioning to make 

it effective for sequestering uranium from seawater. However, no KOH conditioning is 

necessary for the LCW adsorbent. Among different adsorbents tested for uranium adsorption 

capacity, LCW adsorbent reached half saturation in about half of the time taken by other 

adsorbents. This suggests that the LCW adsorbent shows fast uranium uptake and reaches 

equilibrium faster compared to other adsorbents. Fast uranium uptake at lesser seawater 

exposure time will cause less biofouling on this adsorbent, resulting in increased uranium 

adsorption capacity, effective uranium elution, and increased adsorbent reusability. 

Development of adsorbents with high uranium adsorption capacity is important for cost-

effective uranium extraction from seawater. Solid state NMR has proven to be a very useful 

tool for characterization of vanadium containing materials.4-8 However, challenges are 

involved in using solid state NMR technique for understanding vanadium adsorption by 

polymer adsorbents. Low concentration of adsorbed vanadium may not be detected by using 

this technique. Understanding vanadium adsorption will require an adsorbent saturated with 

vanadium because high concentration of vanadium may show a peak in the 51V solid state 

NMR spectrum. Different batches of LCW adsorbent after metal uptake will be required to 

fill the rotor for solid state NMR analysis. This will lead to inaccurate sampling and may 
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introduce uncertainty. The basic principles and applications of solid state NMR spectroscopy 

are introduced in sections below. 

4.2.1 Type of interactions in solid state NMR  

In section 4.2.1, basic principles of solid state NMR spectroscopy are introduced. 

Various interactions in solid state NMR includes Zeeman interaction, radiofrequency 

interaction, quadrupolar interaction, chemical shielding anisotropy, dipolar interaction, J 

coupling, and spin rotation interaction. Out of all NMR interactions, Zeeman and 

radiofrequency interactions are external interactions. However, all other interactions are 

internal interactions because they originate in sample itself. Out of all NMR interactions, J 

coupling and spin rotation interaction affect the solid NMR spectrum to a very little extent 

because they are the smallest interactions.9 

a) Zeeman interaction 

Zeeman interaction is the largest interaction out of all NMR interactions.9 It is a direct 

interaction between nuclear spin, and magnetic field (B0) along z axis.  

b) Radiofrequency interaction 

This is an external interaction. It is the interaction of the nucleus with the 

radiofrequency field.9 The radiofrequency field is generally chosen along x axis while the 

magnetic field is along the z axis. 

c) Quadrupolar interaction  

Quadrupolar interaction involves interaction of nuclear spin with electric field gradient 

(EFG). This interaction is electronic in origin, whereas other interactions are magnetic in 

nature. Quadrupolar nuclei are nuclei with spin > ½.9 The electric charge distribution in the 

nucleus of a quadrupolar nuclei is non spherical. This gives rise to an electric quadrupole 
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moment.10 Interaction of electric quadrupole moment with electric field gradient (EFG) is 

called quadrupolar interaction which intensely effects the NMR spectrum.11 Spin energy 

levels are affected by quadrupolar interaction depending upon the magnitude of quadrupole 

moment and the strength of electric field gradient (EFG). Nuclei with spin 1/2 are spherically 

symmetric, and for such nuclei, the quadrupolar interaction is zero. Based on quadrupolar 

frequency, there are two types of quadrupolar interactions: first order quadrupolar interactions 

and second order quadrupolar interactions.12 The first order quadrupolar interactions give rise 

to shift in transitions and shifts the signal to a broad range of frequency. The first order 

quadrupolar interactions are averaged to zero by magic angle spinning.9 However, second 

order quadrupolar interactions are not averaged to zero by magic angle spinning and lead to 

quadrupolar line broadening. Effects of second order quadrupolar splitting for nuclei with 

smaller coupling constant can be reduced by several techniques, such as dirotation, variable 

angle spinning, dynamic angle spinning, and multiple quantum magic angle spinning 

(MQMAS). 9, 11, 13 

d) Chemical shielding interaction 

The interaction of electrons surrounding the nucleus with magnetic field is called 

chemical shielding. The nucleus is surrounded by electrons, which results in a secondary field, 

called the induced field. The induced field contributes to the total effective field felt at the 

nucleus because the net magnetic field experienced by the nucleus is the total of the applied 

magnetic field and the induced magnetic field, [Btotal = Bapplied + Binduced]. The magnetic field 

produced by circulation of electrons surrounding the nucleus (the induced field) leads to a 

shielding interaction.14 The shift of the sample relative to the reference material due to the 

total magnetic field felt at the nucleus is called chemical shift.14 
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e) Dipolar interaction 

The interaction between two nuclear spins is called dipolar coupling. Each of the 

nuclear spins generates a magnetic field. The magnetic field generated by the first nuclear spin 

is experienced by the second nuclear spin and vice versa. In liquid samples, the dipolar 

coupling is not observed because the samples are tumbling isotropically. However, in solid 

samples the dipolar coupling is the main source of line broadening.9, 12, 14  

4.2.2 Techniques used in solid state NMR  

a) Magic Angle Spinning (MAS) 

The most common technique used in solid state NMR spectroscopy is called magic 

angle spinning. This technique was first introduced by Andrew and Lowe.15, 16 During magic 

angle spinning, the sample is placed in a rotor and is rotated rapidly at an angle of 54.74º 

(magic angle), relative to the axis of external magnetic field, as shown in Figure 4.1.14 The 

NMR spectrum of a powdered sample is a broad line due to anisotropic interactions, such as 

the quadrupolar interaction present in the quadrupolar nuclei, dipolar coupling, and the 

chemical shielding anisotropy. Nuclei in different orientations give different transition 

frequencies, which give rise to a broad signal. The technique of magic angle spinning was 

invented to remove magnetic shift anisotropy. Mathematical expression for the angular 

dependence of anisotropic interactions is represented by 3cos2θ – 1. The angle θ represent 

different orientations of the quadrupolar tensor, dipolar interaction tensor, and the chemical 

shift tensor. At the magic angle, this expression is averaged to zero,9, 14 thus averaging out 

various anisotropic interactions and giving a single peak resembling the peak as observed for 

solution state NMR. Averaging of anisotropic interactions also depends upon the rotation 
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frequency. High frequency of sample rotation or high spinning rate is required for complete 

averaging of anisotropic interactions, and mitigation of quadrupolar broadening.12 

 

 

Figure 4.1  Geometry of sample showing magic angle (β = 54.74º) with respect to the 

applied magnetic field. (Figure adapted from reference 14) 

b) Cross-polarization with magic angle spinning (CP/MAS) NMR 

Cross-polarization with the magic angle spinning technique (CP/MAS) was first 

introduced by Pines et al.17 Hartmann and Hahn 18 developed the theory of cross-polarization. 

The nuclei with low natural abundance, e.g. 13C and 15N, are called dilute nuclei in NMR.12 In 

such nuclei, the homonuclear dipole-dipole interactions are absent. Therefore, such nuclei 

have a very long spin lattice relaxation time (T1).12, 14 Such nuclei are less sensitive due to 

their low net polarization. It takes a very long time to acquire solid state NMR spectra for such 

nuclei. Cross-polarization with magic angle spinning technique (CP/MAS) solves the problem 

of acquiring NMR spectrum of dilute spins with long relaxation time. This technique enhances 
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weak signals obtained from dilute nuclei. In solid state NMR when both abundant and dilute 

nuclei are present, the technique of polarization transfer is applied for signal enhancement of 

dilute nuclei. The steps include excitation of the abundant 1H nuclei, followed by polarization 

transfer to dilute 13C nuclei, and proton decoupling during the process of data acquisition.  

Polarization transfer from abundant, 1H nuclei to dilute, 13C nuclei is done via dipolar 

interaction.12, 14 Hence, for polarization transfer the two nuclei must have dipolar interaction. 

The cross polarization time depends upon the strength of 1H13C dipolar interaction.  

4.2.3 Advantages and drawbacks of using solid state NMR  

Solid state NMR is an advanced and full-fledged technique used for characterization 

of solid compounds. It is a well-established technique for characterization of pharmaceutical 

compounds, such as cimetidine, an active pharmaceutical agent present in the drug with the 

brand name Tagamet, that show polymorphism.19 It is not possible to get appropriate crystals 

for such compounds; hence, traditionally used XRD (X-ray diffraction) technique can’t be 

used for their characterization.19 Solid state NMR spectroscopy provides structural 

information and is used for examining short range atomic environment. However, XRD 

technique provides structural information from medium to long range atomic order and has 

drawbacks in examination of local interactions and the interactions involving elements like 

hydrogen.20, 21 Sometimes in the analysis using X-ray diffraction technique, inappropriate 

information about molecular structure can be obtained due to peak overlap in the diffraction 

pattern.22 In such cases, solid state NMR spectroscopy provides more accurate structural 

information. X-ray diffraction technique provides valuable information about the dimension 

and space group, but calculations for atomic positions are time consuming and complicated. 

Solid state NMR spectroscopy provides valuable information for the molecules that do not 
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form crystals; it is nucleus specific, nondestructive, and non-invasive. However, drawbacks 

of using solid state NMR include analysis cost, longer analysis time, challenging automation, 

and expertise for proper usage. 

4.2.4 Applications of solid state NMR  

Solid state NMR spectroscopy is used as an excellent means for examining molecular 

structures of crystalline materials,23, 24 noncrystalline materials, and insoluble chemical 

compounds. It provides valuable information about the intra and intermolecular motions, local 

symmetry, and bond character.21 Results from this technique are sometimes compared with 

the results from other conventional techniques, such as single-crystal XRD and powder XRD. 

This helps to get deeper insights on structural properties of polycrystalline organic materials. 

Therefore, this technique aids in the refinement of results obtained from other techniques.25 

In most cases, results from solid state NMR spectroscopy agree with the results from other 

techniques. Solid-state NMR technique is mostly used for probing the structures and 

coordination environments of polymers,26-28 self-assembled monolayers (SAMs),29 support 

materials, heterogeneous catalysts,30 zeolitic materials,28, 31 glasses,28, 32, 33 biological 

materials,28, 34-36 and mesoporous composite materials.37,38 

4.3 Experimental 

4.3.1 Chemicals and reagents 

Deionized (DI) water was used for the preparation of different samples, such as 

1:1(v/v) methanol/water solution containing about 3 wt% to 6 wt% hydroxylamine and 1M 

NaOH solution. Sodium orthovanadate, Na3VO4 (99%), was purchased from Acros Organics, 

a Fisher Scientific brand (NJ, USA). Sodium hydroxide (ACS grade), Potassium hydroxide 
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(ACS grade), and NaCl (ACS grade) were purchased from EMD Chemicals (Gibbstown, NJ, 

USA). Sodium bicarbonate (NaHCO3, ACS Reagent, Aldrich) was used to prepare simulated 

seawater solution. A 1000 ppm vanadium standard solution used for the preparation of ICP 

standards, hydroxylamine, and methanol were obtained from Sigma-Aldrich. All chemicals 

were used as received. 

4.3.2 Instrumentation  

Solid-state 51V NMR and 13C NMR spectra were acquired on a Bruker Avance NMR 

spectrometer operating at 500 MHz. In general, ~100 mg of sample was loaded into a 4 mm 

o.d. Si4N3 rotor. For each compound, the 51V NMR and the 13C NMR spectra were acquired 

at several spinning frequencies between 8 and 11 kHz. The spinning frequencies were 

controlled within ≤ 5Hz. The chemical shifts of vanadium were referenced to neat VOCl3 as 

an external standard. The 13C chemical shifts were referenced using adamantane as an external 

standard. Magic angle was set by maximizing number of rotational echoes observed in the 

79Br NMR free induction decay of solid KBr. Vanadium MAS spectra were acquired using 

single pulse excitation. A short 1.5 μs pulse was used for vanadium to excite central 

transitions. For 13C NMR, cross polarization technique was used. Recycle delay time of 10 

seconds was used. A total of ~4000 complex data points were acquired. Data was processed 

by fourier transformation. Mestre-nova NMR data processing software was used for baseline 

correction. ICP-MS was used to study vanadium adsorbtion by LCW adsorbent in simulated 

seawater. A Nicolet Magna 760 fourier transform infrared (FTIR) spectrometer equipped with 

a deuterated triglycine sulfate (DTGS) detector was used for the acquisition of infrared 

spectra. A split pea attenuated total reflectance accessory (Harrick Scientific) was used for 

making FTIR measurements. A silicon internal reflection element was used as a reflection 
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medium. FTIR spectra were acquired using 500 coadded scans at 2 cm−1 resolution with 

Norton-Beer “medium” apodization function. The spectra were normalized to 1451.9 cm−1 

peak to facilitate comparison. 

4.3.3 Sample preparation 

a) Preparation of amidoxime and carboxylate containing ORNL-AF1 polymer 

adsorbent. 

The information for the preparation of ORNL-AF1 polymer adsorbent is taken from Pan           

et al.39 but is expressed in my own words. Radiation Induced Graft Polymerization (RIGP) 

method as shown in Figure 4.2 is used for the preparation of amidoxime-based ORNL-AF1 

polymer adsorbent. Steps for this process are described below.   

i) Irradiation of polyethylene fibers.  

The fibers were kept in a plastic bag and were sealed under nitrogen. The bag was then kept 

in an insulated container placed on top of dry ice. A dose of 200 kGy using 4.9 MeV electrons 

and a current of 1 mA was used for the irradiation of polyethylene fibers. 

ii) Grafting of polymerizable monomers containing nitrile, and hydrophilic 

groups.  

A flask containing a previously de-gassed solution of acrylonitrile and methacrylic acid in 

dimethylsulfoxide was used to immerse the irradiated fibers. Immersed fibers were placed for 

about 18 hours in an oven at 65 °C.  After completion of grafting reaction, fibers were taken 

out from the solution and were washed using dimethylformamide (DMF). To remove 

dimethylformamide, fibers were washed with methanol and were dried for 72 hours under 

vacuum at 50 °C. 
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iii)  Conversion of nitrile groups to amidoxime groups. 

10% hydroxylamine hydrochloride in 50/50 (w/w), water–methanol solution was used 

for conversion of nitrile groups to amidoxime groups. The irradiated fibers were kept 

in this solution at 80 °C for 72 hours. After this, the fibers were washed with DI water. 

The fibers were then rinsed with methanol and were dried at 50 °C under vacuum for 

72 hours. 

iv) Alkaline conditioning of grafted fibers. 

The amidoximated fibers were immersed in a solution containing 2.5% KOH and heated at 

80 °C for 20 minutes at the ratio of 0.5 ml KOH per mg of adsorbent. The fibers were 

washed with deionized water until the pH was neutral. The fibers were then immersed in 

deionized water, prior to vanadium adsorption experiments. 

 

Figure 4.2  Reaction scheme for preparation of amidoxime-based ORNL-AF1 

polyethylene fibers. (Figure adapted from reference 39) 
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b) Preparation of LCW adsorbents derived from acrylic fibers 

Amidoxime-based LCW adsorbent fibers were prepared by Dr. Horng-Bin Pan according to 

the method as shown in Figure 4.3a-c. The acrylic fibers were cut into 4.2-4.5 cm pieces, each 

piece weighing ~25 mg.  About 100 mg (4 pieces) of acrylic fibers were weighed. The fibers 

were then immersed in a vial containing 10 ml of 1:1(v/v) methanol/water solution containing 

about 3 wt% to 6 wt% hydroxylamine at room temperature. The vial containing fibers was 

sonicated for about 10 minutes followed by soaking for 24 hours at room temperature. After 

24 hours, the vial (containing 100 mg of acrylic fibers in 10 ml of 1:1(v/v) methanol/water 

solution containing about 3 wt% to 6 wt% hydroxylamine) was heated at 70 ºC (oil bath 

temperature 80 ºC) for 30 minutes and 20 minutes for the fibers soaked in a solution containing 

3 wt% hydroxylamine and 6 wt% hydroxylamine, respectively. This step is amidoximation 

step. After amidoximation, the vial was removed from the oil bath. The amidoximated fibers 

were removed from the vial and fibers were washed with DI water to remove residual 

hydroxylamine solution. The fibers were then stored in DI water. 10 ml of 1 M NaOH solution 

were prepared, and the amidoximated fibers were placed in this alkaline solution and left to 

sit for 24 hours (for fibers prepared using 3 wt% and 6 wt% hydroxylamine) at room 

temperature. After reaction, the fibers were removed from NaOH solution and were rinsed 

with DI water to remove residual NaOH. The fibers were then stored in DI water. The fibers 

were air dried before spectroscopic analysis. 
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Figure 4.3  Chemical structure of (a) pure acrylic fiber, (b) amidoximated LCW adsorbent, 

and (c) alkaline treated LCW adsorbent. (From Horng-Bin Pan unpublished) 

c) Preparation of samples for instrumental analysis 

Figure 4.4 shows sample preparation accessories used for solid-state NMR spectroscopy. The 

sample was packed into a thick-walled rotor. Before sample filling the rotor surface was 

checked for scratches and roughness. The empty, undamaged rotor was placed inside the 

funnel, and this assembly was placed in a flat table surface. Small amount of sample was 

placed inside the funnel. A sample densification tool was used for densifying the sample in 

rotor by using gentle pressure. This process was repeated 4-5 times until the rotor was filled 

to a correct height. The filling height was checked, to ensure space for the cap. If more sample 

was required, the rotor was refilled with sample, using funnel and densification tool. The cap 

was then inserted into the rotor, ensuring no gap between cap and rotor. Using a black sharpie 

marker, half of the bottom edge of rotor was marked. The rotor was checked for cleanliness 

before inserting it into NMR spectrometer. The rotor was then inserted into the NMR 
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spectrometer for solid-state NMR analysis. For analysis using FTIR ~20 mg of the air-dried 

adsorbent was placed directly on silicon internal reflection element, and FTIR measurements 

were made. For analysis using ICP-MS, three standard solutions of 10 ppb, 50 ppb, and 100 

ppb in 2% nitric acid solution were prepared from 1000 ppm vanadium standard. The blank 

solution and collected sample aliquots were diluted with 2% nitric acid solution to give final 

concentration of 92 ppb. The samples were then analyzed using ICP-MS spectrometry. 

Washouts using 2% nitric acid solution were monitored between the samples in order to ensure 

no vanadium was carried over into the next analysis.  

 

 

Figure 4.4  Sample preparation accessories for solid state NMR (SSNMR) 
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4.4 Results and Discussion 

4.4.1 Characterization of glutarimidedioxime and glutardiamidoxime using 13C CP/MAS 

solid state NMR spectroscopy 

Figure 4.5 shows the 13C CP/MAS solid state NMR spectrum of Adamantane (C10H16). 

Adamantane is commonly used as an external standard for 13C CP/MAS solid state NMR 

spectroscopy. Adamantane helps in determination of suitable spectral width and resonance 

frequency. It is used as a standard for chemical shift referencing in solid state NMR 

spectroscopy. The spectrum in Figure 4.5 shows two distinct well resolved 13C signals, a peak 

at 28.6 ppm corresponding to methine carbon atoms of adamantane, and a signal at 37.7 ppm 

corresponding to methylene carbon atoms of adamantane. 

 

Figure 4.5  13C CP/MAS solid state NMR spectrum of Adamantane. 

  Figure 4.6 shows 13C CP/MAS solid state NMR spectra acquired for 

glutarimidedioxime and glutardiamidoxime. The structures of glutarimidedioxime and 

glutardiamidoxime are previously shown in Chapter 3, Figure 3.1. Open-chain 
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glutardiamidoxime shows 13C signals for [–CH2–CH2–C(NOH)NH2] at 22 ppm, for [–CH2–

CH2–C(NOH)NH2] at 31 ppm, and for [–CH2–CH2–C(NOH)NH2] at 155 ppm (Figure 4.6a). 

The 13C solid state NMR signals belonging to CH2–CH2–CH2–  at 20 ppm, ––CH2–CH2–

CH2–C(NOH) at 24 ppm and for C=N-OH at 147 ppm (Figure 4.6b) were observed for 

carbons present in the structure of cyclic glutarimidedioxime. The signals at 20 and 24 ppm 

(Figure 4.6b) and the signals at 22 and 31 ppm (Figure 4.6a) are not well resolved, and a broad 

signal was observed. This is caused by 13C-1H dipolar interactions. There was not enough 

power in our instrument for resolution of these signals because, to resolve these signals, high 

power irradiation at proton resonance frequency for decoupling 13C-1H interaction is required.  

 

Figure 4.6  13C CP/MAS solid state NMR spectra of (a) open-chain glutardiamidoxime, 

and (b) cyclic glutarimidedioxime. 

 Figure 4.7 shows 51V solid state NMR spectrum acquired for sodium orthovanadate 

(Na3VO4).  
51V has a spin of 7/2, and it falls in the category of quadrupolar nuclei (nuclei with 



153 
 

spin > ½). The quadrupolar nuclei possess first and second order quadrupolar interactions. 

The different satellite and central transitions for 51V nuclei are shown as below.  

  

First order quadrupolar interaction mainly affect satellite transitions, and lead to broad 

NMR signal extended over a wide frequency range. The first order quadrupolar terms can be 

averaged by magic angle spinning (MAS)9, 14 and give spinning sidebands. Second order 

quadrupolar interactions in vanadium nucleus acts on both satellite as well as central 

transitions. Second order quadrupolar interactions give lesser broadening of NMR signal than 

the first order quadrupolar interactions but cannot be averaged by the magic angle spinning 

technique. The quadrupolar interactions and chemical shielding anisotropy affects the 51V 

NMR spectra. In the 51V solid state NMR spectrum shown in Figure 4.7, the peaks are caused 

by central transitions of 51V quadrupolar nuclei. The 51V solid state NMR spectrum of sodium 

orthovanadate (Figure 4.7) shows a broad signal ranging from -555 ppm to -543 ppm. The 

broad peak is observed because of different chemical sites and different chemical shift tensors 

of vanadium in sodium orthovanadate. The broad signal is caused by quadrupolar interactions 

because of asymmetric environment around the vanadium nucleus, and, due to second order 

quadrupolar interactions, that broaden central transitions and gives rise to a pattern of broad 

signals (Figure 4.7) known as the powder pattern.12 Chemical shielding anisotropy also causes 

broadening of the signal and results in asymmetric line shape of the NMR signal. The 51V 

solid state NMR signal observed at -505 ppm (Figure 4.7), is caused by vanadium in a 

symmetric environment giving rise to an isotropic chemical shift at -505 ppm. In powder form, 

the NMR signal is the sum of signals from each crystallite, and the signal depends upon the 

orientation of each crystallite.  
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Figure 4.7  51V solid state NMR spectrum of sodium orthovanadate (Na3VO4) 

4.4.2 Characterization of amidoxime and carboxylate containing polymer adsorbents 

using 13C CP/MAS solid state NMR and FTIR spectroscopy 

13C CP/MAS solid state NMR spectroscopy was used to characterize different 

functional groups present in pure acrylic fiber and in amidoxime-based polymer adsorbents 

prepared by using different reaction conditions. Effective adsorption of uranium from 

seawater depends upon population of carboxylate and amidoxime functional groups present 

in the polymer adsorbent. Solid state NMR spectroscopy has an advantage over FTIR 

technique because 13C CP/MAS solid state NMR technique can differentiate between 

population of cyclic glutarimidedioxime and open-chain glutardiamidoxime present in the 

polymer adsorbent. The interference between different nuclei is not observed in solid state 

NMR. Figure 4.8a shows 13C CP/MAS solid state NMR spectrum acquired for pure acrylic 
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fiber used as a starting material for preparation of LCW adsorbent. The chemical structure of 

the pure acrylic fiber is shown in Figure 4.3a. The acrylic fibers are polyacrylnitrile fibers 

containing ester copolymers. Figure 4.8b shows 13C CP/MAS solid state NMR spectrum of 

amidoximated LCW polymer adsorbent prepared using 3 wt% hydroxylamine in 1:1(v/v) 

methanol/water solution at 55 to 70 ºC and reaction time of 45 minutes. In amidoximation 

reaction, nitrile groups present in the acrylic fiber are converted to amidoxime. 

Hydroxylamine converts nitrile groups to amidoxime. The amidoximated fibers were then 

immersed in 1 M NaOH solution at room temperature for 24 hours. In alkaline solution, the 

nitrile groups are converted to carboxylate to provide hydrophilicity to the LCW polymer 

adsorbent and to minimize its physical damage. Some of the nitrile C≡N groups are left 

unconverted to preserve mechanical strength in the polymer adsorbent.  The 13C CP/MAS 

solid state NMR spectrum acquired for the fibers after alkaline treatment is shown in Figure 

4.8c.  
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Figure 4.8  13C CP/MAS solid state NMR spectra of (a) pure acrylic fiber, (b) 

amidoximated (using 3 wt% hydroxylamine) LCW adsorbent, and (c) alkaline treated LCW 

adsorbent. 

The peak at 29.8 ppm (Figure 4.8a-b) and the peak at 32.7 ppm (Figure 4.8c) belongs 

to sp3 hybridized carbon atoms present in polymer adsorbent. The peak at 120 ppm (Figure 

4.8a-c) belongs to nitrile C≡N group present in the polymer adsorbent. The peak at 149 ppm, 

and 157 ppm (Figure 4.8b-c) are assigned to cyclic glutarimidedioxime [C=N-OH] and open-

chain glutardiamidoxime [–CH2–CH2–C(NOH)NH2], respectively.40, 41 This observation 

shows formation of both cyclic glutarimidedioxime and open-chain glutardiamidoxime in a 

ratio of 1:1 in the final adsorbent (Figure 4.8c) under these reaction conditions. Das et al.42 

used 13C CP/MAS solid state NMR technique to investigate effect of heat treatment upon 

amidoximated, ORNL-AF1 adsorbent. Cyclization of open-chain glutardiamidoxime into 

cyclic glutarimidedioxime, after treating amidoximated ORNL-AF1 adsorbent with DMSO at 

130 °C for 3 hours, was observed.  In the spectrum shown in Figure 4.8c, two different types 

of the carbonyl groups in different environments were observed giving rise to two different 
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signals at chemical shift of 182 ppm and 173 ppm.43, 44 The peak at 208 ppm (Figure 4.8a-c) 

is a spinning side band for the peak at 120 ppm. 

Figure 4.9 shows the 13C CP/MAS solid state NMR spectra acquired for polymer 

adsorbent prepared using different reaction conditions using 6 wt% hydroxylamine in 1:1(v/v) 

methanol/water solution at 55-70 ºC. Figure 4.9a, shows 13C CP/MAS solid state NMR 

spectrum of pure acrylic fiber. The spectrum has been explained previously, and shown in 

Figure 4.8a. It is shown again in Figure 4.9a for the ease of comparison. Figure 4.9b shows 

the 13C CP/MAS solid state NMR spectrum obtained for the amidoximated LCW fibers and 

chemical structure of amidoximated fiber is shown in Figure 4.3b. Figure 4.9c shows the 13C 

CP/MAS solid state NMR spectrum obtained for fiber after alkaline treatment with 1 M NaOH 

for 24 hours at room temperature. The chemical structure of the fiber after alkaline treatment 

is shown in Figure 4.3c. The spectra in Figure 4.9a-c shows 13C peaks at 36.4 ppm, 32.2 ppm 

and 29.2 ppm due to sp3 hybridized carbon atoms present in the polymer adsorbent. The peaks 

observed at 120 ppm, 173 ppm, 182 ppm, and 208 ppm (Figure 4.9a-c) have been previously 

explained and shown in Figure 4.8a-c. It is of interest to observe the signal at 157 ppm (Figure 

4.9b-c) for open-chain glutardiamidoxime carbon [–CH2–CH2–C(NOH)NH2]. This 

observation is likely due to the formation of mainly the open-chain glutardiamidoxime under 

these reaction conditions.  



158 
 

 

Figure 4.9  13C CP/MAS solid state NMR spectra of (a) pure acrylic fiber, (b) 

amidoximated (using 6 wt% hydroxylamine) LCW adsorbent, and (c) alkaline treated LCW 

adsorbent. 

Previous reports suggest that vanadium(V) is one of the greatest competing ions for 

amidoxime in seawater.45-47 A recent report 48 using 51V NMR spectroscopy in solution state 

shows that vanadium(V) does not form complex with open-chain glutardiamidoxime but can 

complex with the cyclic glutarimidedioxime. The uncomplexation of   vanadium(V) with   

open-chain glutardiamidoxime is previously explained in Chapter 3 and shown in Figure 3.2c, 

Figure 3.36, and Figure 3.37 using 51V NMR, 1H NMR, and 13C NMR spectroscopy, 

respectively. Using cyclic glutarimidedioxime, vanadium uptake from seawater was the same 

as that of uranium. Iron and vanadium are the two major transition metals competing with   

uranium for adsorption to amidoxime-based adsorbents in real seawater.49, 50 Vanadium, which 

exists in  +4 oxidation state as VO+2 and +5 oxidation state as VO2
+ in seawater, has been 

observed to bind strongly to amidoxime-functionalized adsorbent, reducing adsorption sites 

available for UO2
+2 binding.50, 51 Elution of vanadium from amidoxime-based adsorbents is 
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difficult because vanadium binds strongly to the amidoxime groups. However, this vanadium 

adsorption onto the adsorbent decreases its uranium extraction efficiency and has critical 

impact on economic feasibility of uranium extraction from ocean. One solution for less 

vanadium uptake by the amidoxime-functionalized adsorbent is to synthesize a polymer 

adsorbent containing only the open-chain glutardiamidoxime, because vanadium(V) has less 

affinity for open-chain glutardiamidoxime, than cyclic glutarimidedioxime. To prepare 

polymer adsorbent that contains only the open-chain glutardiamidoxime, reaction conditions 

were modified. Figure 4.10b shows 13C CP/MAS solid state NMR spectrum acquired for the 

final product (amidoximated and alkaline treated adsorbent) using 3 wt% hydroxylamine in 

1:1(v/v) methanol/water solution at 70 ºC and reaction time of 30 minutes. The spectrum 

shows formation of mainly the open-chain glutardiamidoxime evident by the 13C solid state 

NMR peak at 157 ppm. Other peaks at 36.4 ppm, 120 ppm, and 182 ppm are ascribed to sp3 

hybridized carbon atoms, nitrile C≡N group, and carboxylate group, respectively (Figure. 

4.10a-c). Figure 4.10c shows the 13C CP/MAS spectrum obtained for the amidoximated and 

alkaline treated adsorbent using 6 wt% hydroxylamine in 1:1(v/v) methanol/water solution at 

70 ºC, and short reaction time of 20 minutes. This is the best recipe so far for the preparation 

of LCW adsorbent. The spectrum shows a peak at 157 ppm, suggesting the formation of only 

the open-chain glutardiamidoxime under these reaction conditions. 13C CP/MAS solid state 

NMR spectra were also acquired for the AF series adsorbent obtained from the Oak Ridge 

National Lab (ORNLAF1), in order to compare it with the LCW polymer adsorbent. The 13C 

CP/MAS spectrum for the (ORNLAF1) polymer adsorbent (Figure 4.10a) shows the 

formation of both cyclic glutarimidedioxime and open-chain glutardiamidoxime evident 

through a signal at 149 ppm and a shoulder at 157 ppm, respectively. The peak at 30.3 ppm 
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(Figure 4.10a) corresponds to the sp3 hybridized carbon atoms present in the structure of 

ORNLAF1 polymer adsorbent. 

  

Figure 4.10  13C CP/MAS solid state NMR spectra of (a) ORNL-AF1 adsorbent, (b) 

amidoximated (using 3 wt% hydroxylamine) and alkaline treated LCW adsorbent, and (c) 

amidoximated (using 6 wt% hydroxylamine) and alkaline treated LCW adsorbent. 

Commonly used ORNL-AF1 polymer adsorbent for uranium extraction from seawater 

contains amidoxime and carboxylic acid functional groups. Radiation Induced Graft 

Polymerization (RIGP) technique is used to graft nitrile and carboxylic acid group into the 

polyethylene fibers. The adsorbent needs KOH conditioning before exposing them to real 

seawater for uranium adsorbtion.  KOH conditioning makes the fiber more hydrophilic. This 

is achieved by removal of a proton from the carboxylic acid grafted in the polyethylene fiber. 

FTIR results show conversion of amidoxime to carboxylate by the process of KOH 

conditioning.52 KOH conditioning causes physical damage to the structure of polymer 

adsorbent and results in reduction of uranium adsorption capacity. The use of sodium 

carbonate and hydrogen peroxide (1 M Na2CO3 containing 0.1 M H2O2)
39 has been suggested 
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for the elution of uranium from the ORNL-AF1 adsorbents. These eluting agents cause less 

damage to the adsorbent, resulting in less reduction in uranium adsorption capacity of the 

adsorbents. The adsorbents can be reused without KOH reconditioning by using the above-

mentioned eluting agents. However, no KOH conditioning is necessary for the LCW 

adsorbent. Mild reaction conditions, at 70 °C, and a short reaction time of 20 minutes was 

used for the preparation of LCW adsorbent using 6 wt% hydroxylamine. A reaction time of 

30 minutes was used for the preparation of LCW adsorbent using 3 wt% of hydroxylamine. It 

is of interest to observe the 13C CP/MAS solid state NMR spectrum for the LCW adsorbent 

prepared using 3 wt%, and 6 wt% of hydroxylamine at different reaction times (Figure 4.10b-

c) looks identical, with both showing the formation of open-chain glutardiamidoxime, evident 

through the 13C signal at 157 ppm. However, they show different adsorption capacity in real 

seawater experiments. The 13C CP/MAS solid state NMR spectrum acquired for the adsorbent 

prepared using 6 wt% hydroxylamine shows complete disappearance of the nitrile C≡N group 

(Figure 4.10c) at the chemical shift of 120 ppm. Disappearance of the nitrile, C≡N group, and 

appearance of the 13C solid state NMR signal at the chemical shift of 182 ppm for the 

carboxylate [COO-], group confirms the conversion of nitrile to carboxylate after alkaline 

treatment of adsorbent.  

FTIR spectroscopy was used to examine relative population of amidoxime, 

carboxylate, and nitrile groups present in the synthesized LCW adsorbent. Figure 4.11 shows 

the FTIR spectra of pure acrylic fiber, amidoximated (using 3 wt% hydroxylamine), and 

alkaline treated fiber. The FTIR spectra shown in Figure 4.11 were acquired by Dr. Horng-

Bin Pan. In the FTIR spectrum acquired for the pure acrylic fiber the stretching frequency at 

2242cm-1 represents the nitrile C≡N group, and the stretching frequency at 1736 cm-1 is 
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representative of the C=O group. The FTIR spectrum of the amidoximated adsorbent (Figure 

4.11) shows the stretching frequency at 1652 cm-1 ascribed to the C=N group and the 

stretching frequency at 1594 cm-1 representative of the N-H bending mode. This observation 

suggests the amidoximation of the polymer adsorbent because most of the nitrile groups are 

converted to amidoxime in presence of hydroxylamine. Slight reduction in signal intensity for 

the nitrile [C≡N] group was observed at the stretching frequency at 2242 cm-1 indicating the 

conversion of nitrile to amidoxime. The FTIR spectrum of polymer adsorbent after the 

treatment with NaOH shows the appearance of carboxylate [COO-] group, at the stretching 

frequency of 1558 cm-1. This observation clearly suggests the conversion of nitrile to 

carboxylate using alkaline solution. Reduction in the signal intensity for the C=N group and 

C≡N group at the stretching frequencies of 1652 cm-1 and 2242 cm-1, respectively was 

observed. Reduction in signal intensity for the C≡N group, after the treatment of polymer 

adsorbent with NaOH, indicates conversion of nitrile to carboxylate. 
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Figure 4.11  FTIR spectra showing the characteristic absorption bands for the LCW 

adsorbent prepared using 3 wt% hydroxylamine. 

The FTIR spectra were acquired for the amidoximated (using 6 wt% hydroxylamine) 

and alkaline treated polymer adsorbent using a reaction time of 20 minutes at 70 ºC are shown 

in Figure 4.12. No significant change was observed in the FTIR spectra acquired using 3 wt% 

and 6 wt% hydroxylamine at different reaction conditions. However, the FTIR spectra 

acquired for adsorbent prepared using 6 wt% hydroxylamine shows complete disappearance 

of the nitrile C≡N group (Figure 4.12) at the stretching frequency of 2236 cm-1. The 

disappearance of the nitrile C≡N group and the appearance of the carboxylate [COO-] group 

at the stretching frequency of 1553 cm-1 confirms complete conversion of nitrile to carboxylate 

after treatment of the adsorbent with alkaline solution. 
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Figure 4.12  FTIR spectra showing the characteristic absorption bands for the LCW 

adsorbent prepared using 6 wt% hydroxylamine.  

4.4.3 Vanadium adsorbtion in simulated seawater by the LCW adsorbent without and with 

NaOH treatment 

Results for mg of vanadium adsorbed upon simulated seawater exposure of the LCW 

adsorbent without NaOH treatment are shown in Table 4.1. LCW adsorbent without NaOH 

treatment shows negligible vanadium adsorption. Without alkaline (NaOH) treatment, the 

fiber is hydrophobic (Figure 4.13), and, therefore, it does not pick up any vanadium from 

vanadium stock solution. Results from this study (Table 4.1) indicate that mg vanadium 

(ranging from 3.4 mg to 3.8 mg), in 400 ml of simulated seawater spiked with 10 ppm 

vanadium containing the LCW adsorbent is almost the same as that of mg vanadium (3.3 mg) 

present in 400 ml vanadium stock solution without any adsorbent. This observation suggests 

that there is no vanadium uptake by the LCW fiber without alkaline treatment. Slight 

variations in the ICP-MS results with a standard deviation of 0.1673, and percentage relative 
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standard deviation (%RSD) of 4.6 is caused by instrumental error, may be because of 

inadequate rinsing of the instrument between vanadium stock solution and samples. 

Table 4.1  ICP-MS results on mg of vanadium adsorbtion by the LCW adsorbent without 

NaOH treatment in simulated seawater spiked with 10 ppm vanadium.  

 

 

Sample Details 

(mg) Vanadium in 400 ml simulated 

sea water from ICP-MS

Vanadium stock solution (10 ppm vanadium in simulated 

sea water without adding adsorbent)

3.3

Simulated seawater exposure time (minutes) of 

LCW adsorbent without NaOH treatment 
(mg) Vanadium in 400 ml simulated 

sea water from ICP-MS

15 3.4
30 3.7
60 3.7
180 3.4
300 3.8

1440 3.6

M ean 3.6
Sam ple standard deviation 0.16733

% RSD 4.6
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Figure 4.13  LCW adsorbent without NaOH treatment in simulated seawater spiked with 

10 ppm vanadium. 

The LCW polymer adsorbent was tested for vanadium adsorption using simulated 

seawater conditions. Simulated seawater solution was prepared using 193 mg of sodium 

bicarbonate and 25.6 g of sodium chloride. 10 ppm of vanadium was prepared in simulated 

seawater using sodium orthovanadate. The solution pH was approximately 8.3. Vanadium 

stock solution (without adding adsorbent) was collected before addition of amidoximated 

(prepared using 6 wt% hydroxylamine, 20 minutes reaction time) and alkaline treated LCW 

adsorbent. It was observed that hydrophilic colorless gel like fiber (Figure 4.14a) became 

yellowish (Figure 4.14b) after exposing it to simulated seawater containing 10 ppm vanadium 

solution. The fiber picks up vanadium, becomes heavier, and settles on the bottom of the flask 

(Figure 4.14b).  After 24 hours of exposing the fiber to 10 ppm vanadium solution, it turned 

light brown after vanadium uptake (Figure 4.14c). 
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Figure 4.14  Colours of the LCW fiber at different stages. Left, LCW fiber with NaOH 

treatment in water, hydrophilic forming hydrogel; middle, LCW fibers after ~1-2 hours of 

exposure in 10 ppm vanadium solution in simulated seawater (yellowish); right, LCW fibers 

after 24 hours of exposure in 10 ppm vanadium solution in simulated seawater (light brown) 

 

  A 10 ppm of vanadium stock solution was equilibrated for ~12 hours to determine the 

initial vanadium concentration prior to vanadium adsorption experiments conducted by 

immersing adsorbents into a 400 ml of this solution. 14 mg of adsorbent was equilibrated with 

400 ml of simulated seawater solution at room temperature for about 1440 minutes or 24 hours 

with constant stirring at ~ 290 rpm. An aliquot of sample solution was collected over time. 

The vanadium stock solution (without adding adsorbent) and the collected sample aliquots 

were diluted with 2% nitric acid solution to give final concentration of 92 ppb. Samples were 

then analyzed using ICP-MS spectrometry. The detection limits of ICP-MS are much lower 

than ICP-OES. ICP-OES has been commonly used by researchers for analysis and 

quantification of uranium and other elements eluted from the adsorbent by using acid 

solution.42, 53, 54 

Table 4.2, and Figure 4.15, shows time-dependent quantification for vanadium 

adsorption capacity (mg vanadium/g of adsorbent) by amidoximated (prepared using 6 wt% 

hydroxylamine, 20 minutes reaction time) and alkaline treated LCW adsorbent. Figure 4.15 

shows immediate uptake of 5.2 mg of vanadium /g of adsorbent within 60 minutes. After 300 

minutes (5 hours), vanadium uptake by the LCW fiber increased to 10.3 mg vanadium/g of 
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adsorbent. No significant increase in vanadium adsorption was observed (Figure. 4.15) till 

1440 minutes (24 hours).  

Table 4.2  Time dependent vanadium uptake by LCW adsorbent exposed to 10 ppm 

vanadium in simulated seawater. 
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Figure 4.15  Time dependent measurements of vanadium adsorption capacity (mg 

vanadium/g of adsorbent) by LCW adsorbent exposed to 10 ppm vanadium in simulated 

seawater. 

4.4.4 Vanadium adsorbtion in simulated seawater by ORNL adsorbent after KOH 

conditioning 

Amidoxime-based ORNL-AF1 adsorbent developed at the Oak Ridge National Lab 

using Radiation Induced Graft Polymerization (RIGP) method on polyethylene fibers was 

tested for time dependent vanadium uptake in simulated seawater solution containing 10 ppm 

vanadium. The original white ORNL-AF1 fibers are shown in Figure 4.16a. The fibers became 

light brown (Figure 4.16b) after immersing them in simulated seawater containing 10 ppm of 

vanadium solution. Finally, they turned dark brown (Figure 4.16c) after 24 hours of exposure 

to 10 ppm vanadium solution in simulated seawater. 
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Figure 4.16  Colours of the ORNL-AF1 fiber at different stages. Left, ORNL-AF1 fiber 

(white); middle, ORNL-AF1 after ~1-2 hours of exposure in 10 ppm vanadium solution in 

simulated seawater (light brownish); right, ORNL-AF1 fibers after 24 hours of exposure in 

10 ppm vanadium solution in simulated seawater (dark brown) 

 

20 mg of ORNL-AF1 adsorbent after KOH conditioning was immersed in 10 ppm 

vanadium solution in simulated seawater with consistent stirring at 290 rpm for 24 hours at 

room temperature. Sample aliquots were collected over time and were analyzed by ICP-MS 

spectrometry. Prior to ICP-MS analysis all samples were diluted with 2% nitric acid solution 

to give final concentration of 92 ppb. Table 4.3, and Figure 4.17 shows time-dependent 

measurement for vanadium uptake (mg vanadium/g of adsorbent) by the ORNL-AF1 

adsorbent. Figure 4.17 shows increase in vanadium uptake with time. 9.0 mg of vanadium /g 

of adsorbent was adsorbed by the ORNL-AF1 adsorbent within 20 minutes. A significant 

increase of 63.3 mg of vanadium/g of adsorbent was observed in 1440 minutes (24 hours). 

Increase in vanadium adsorption capacity over time by the ORNL-AF1 adsorbent is caused 

by the presence of cyclic glutarimidedioxime in ORNL-AF1 adsorbent (Figure 4.10a) because 

it binds strongly to vanadium. 
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Table 4.3  Time dependent vanadium uptake by the ORNL-AF1 adsorbent exposed to 10 

ppm of vanadium in simulated seawater. 
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Figure 4.17  Time dependent measurements of vanadium adsorption capacity (mg 

vanadium/g of adsorbent) by the ORNL-AF1 adsorbent exposed to 10 ppm vanadium in 

simulated seawater. 

4.5 Conclusions 

LCW polymer adsorbent was successfully prepared from acrylic fibers as starting 

material.  Acrylic fibers were amidoximated, using 3 wt% and 6 wt% hydroxylamine for 30 

and 20 minutes, respectively, at 70 ºC, in a solution of 1:1 methanol and water. The 

amidoximated fibers were treated with an alkaline solution for 24 hours at room temperature. 

The fibers were air dried before spectroscopic analysis. Formation of mainly open-chain 

glutardiamidoxime and cyclic glutarimidedioxime in LCW and ORNL-AF1 adsorbent, 

respectively, was confirmed by 13C CP/MAS solid state NMR spectroscopy. Relative 
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concentrations of carboxylate, amidoxime, and nitrile groups in the adsorbent were monitored 

by FTIR spectroscopy. Fast vanadium adsorbtion kinetics was observed by the LCW 

adsorbent, upon its exposure to simulated seawater solution spiked with 10 ppm vanadium. 

  Comparison of vanadium adsorption capacity between LCW and ORNL-AF1 

adsorbent shows lower vanadium uptake (10.3 mg vanadium/g of adsorbent) by the LCW 

adsorbent. The ORNL-AF1 adsorbent shows significantly higher vanadium uptake (63.3 mg 

vanadium/g of adsorbent). Vanadium adsorption by these adsorbents has been successfully 

demonstrated by results from ICP-MS analysis.  
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