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ABSTRACT

Understanding uranium geochemistry is a complex issue. The aqueous spéciation 

of uranium is influenced by many factors such as pH, Eh, the presence o f natural organic 

matter, inorganic ligands, and other cations. Spéciation in turn affects the mobility and 

the bioavailability of uranium. Therefore, understanding the behavior and the influence of 

these factors on uranium spéciation is an important aspect in understanding the 

bioavailability of uranium.

This study is in part an investigation o f factors that can influence the 

bioavailability o f uranium in groundwater. First, the surface interaction of hematite, a 

potential adsorptive phase for uranium with different concentrations of humic acid as 

well as the dependency o f surface interactions with respect to pH were investigated. In 

addition, the stability and size of hematite with various concentrations of humic acid was 

analyzed. The stability of particles varied with humic acid concentration and influenced 

the size of the particles.

Secondly, a major part of this study involved using different size ultrafilters to 

analyze uranium spéciation in different concentrations of uranium and humic acid. 

Ultrafiltration results were evaluated with respect to methodology, analyte recovery, 

experimental problems (as evidenced by breakthrough curves), uranium complexation, 

and possible improvements to the method. In general, ultrafiltration was found not to 

differentiate uranium and uranium complexes very well. Experimental problems included 

uranium sorption to experimental materials and incomplete passage of dissolved species



(UO] and humic acid) through the ultrafilters. A possible solution for the strong 

adsorption of uranium onto the vial and filter membrane was investigated.
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CHAPTER 1

INTRODUCTION TO URANIUM BEHAVIOR IN THE 

ENVIRONMENT

Over the last few years the demand for uranium has steadily increased. This 

results in a possible increase of contamination by uranium due to mining, milling, 

processing as well as the treatment of uranium-containing waste. The fate of uranium 

depends largely on its spéciation. Spéciation of uranium can affect environmental 

mobility, reactivity and bioavailability. Therefore, understanding spéciation is an 

important part to understand the possible hazards that uranium contamination can cause.

1.1 Research Motivation

In 2010 there were 441 nuclear power plants operating in more than 30 countries 

that produced 2630 billion kWh. That represents 14% of the world's energy. Last year 

those nuclear power plants required 68,971 tons o f uranium. There were 104 nuclear 

power plants operating in the USA alone, which supplied about 20% of the USA’s energy

U).

Nuclear power is considered the fuel o f the future due to its sustainable 

technology, which can provide energy for the next centuries. Nuclear energy is
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considered a "clean energy" method and relatively safe with respect to other energy 

sources. However, the recent events in the Fukushima nuclear power plant in Japan, 

which included multiple meltdowns and hydrogen explosions, have questioned the safety 

of nuclear energy. Some countries decided to completely shut down their nuclear 

programs. Germany, where almost 30% of its energy comes from nuclear reactors (7), 

will completely shut down its nuclear program by 2022 (2) and has already taken seven 

of its 17 power plants off grid (3). However, other countries such as the USA are 

continuing to support their nuclear energy.

Uranium is found almost everywhere in soil, rocks, rivers and oceans. It is 

distributed throughout the environment by wind, rain and geologic processes (7). Another 

way uranium can enter the environment is during the uranium mining process. Uranium 

can be mined in three general ways: open-pit mining, underground mining, and in-situ 

leaching with the first two requiring extraction of the uranium by crushing and grinding 

the ore, before the uranium is dissolved by sulfuric acid. The uranium is then separated 

by ion exchange (5). Other contamination sources are from the transporting o f uranium as 

well as enrichment. In addition tailings are left behind on mining and milling sites.

The use o f nuclear energy and uranium, and the accompanying release of uranium 

requires that we understand the behavior of uranium in the environment. Behavior of 

uranium in groundwater depends on many factors such as ligand concentration (inorganic 

or organic), alkalinity, pH, Eh, ionic strength, as well as possible competing cations. In 

addition uranium can interact with colloids as well as sediments. Analytical methods are 

an important aspect to understand the behavior and spéciation of uranium in groundwater.
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1.2 Uranium in the Environment

Uranium is one of the more abundant elements in the earth's crust. It is more 

abundant than tin, 40 times more abundant than silver and 500 times more abundant than 

gold. The average concentration of uranium in the earth's crust is 2.8 mg/kg, ranging 

from 2 to 5 mg/kg (6). There are uranium mines in some 20 countries. However, 63% of 

the world's uranium is mined in Kazakhstan, Canada, and Australia. In many of those 

countries uranium contamination is of great concern. In the United States there are 

currently (as of 2009) 20 uranium mines operating. Even though there are currently no 

active uranium mines in Colorado, it ranks third among the states for uranium reserves, 

behind Wyoming and New Mexico. This is due to the Uravan mineral belt, in the 

southwest corner of the state, which is the oldest mining area in the U.S. It has 1,200 

historic mines that produced over 63 million pounds of uranium and 330 million pounds 

of vanadium from 1948 to 1978. In Colorado alone there are 34 sites that are uranium 

mining projects ( 7 ) .

Humans are exposed to uranium by inhaling dust in air, or ingesting it through 

water and food. The average daily intake of uranium is 1-2 pg/day in food and about 1.5 

pg/L in water (4). Uranium is a toxic, radioactive metal that causes kidney damage, 

several forms of cancer, DNA damage and developmental defects (#).

Uranium exits in three natural occurring isotopes: U-234, U-235 and U-238. U- 

238 is the most abundant isotope making up a little more than 92%. Uranium-235 is the 

most interesting isotope for the nuclear and power industry. It is easily fissionable; 

however, it makes up only less than 1% of the isotopes. Therefore, Uranium-238 is 

typically enriched which results in large amounts of depleted uranium (9).
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All three isotopes of uranium usually are present in one of two possible oxidation 

states, uranium (IV), the immobile state, and uranium (VI), the mobile state. In water, U 

(VI) is represented by the uranyl ion (U022+) at lower pH and uranium-carbonate 

complexes at higher pH. Analyses of uranium in groundwater have shown that the uranyl 

ion (U 022+) can interact with inorganic colloids as well as dissolved organic matter. It is 

suggested that these complexes decrease the activity of U 0 22̂  and reduce the 

bioavailability of uranium {10).

1.3 Uranium Complexation with Organic and Inorganic Ligands

In groundwater, uranium can form complexes with inorganic colloids as well as 

organic ligands and minerals that can change the behavior of uranium, especially its 

mobility in groundwater.

1.3.1 Uranium Complexation with Mineral Nanoparticles

Uranium can form complexes with many mineral nanoparticles, especially iron 

oxides, such as hematite. Sorption of uranium onto metal oxides depends on many factors 

such as pH, ionic strength and competing ions {11).

Characteristics of surface complexes have been found to be the following (72):

1) Sorption o f the metal takes place at specific surface coordination sites.

2) Sorption reactions can be described by mass law equations.

3) Surface charge results from the surface complex formation itself.
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4) The effect of surface charge on sorption can be taken into account by applying a 

correction factor derived from the electric double-layer theory to the mass law 

constants for the surface reactions.

The surface hydroxyl group on an oxide contains donor properties. These surface 

hydroxyls can bind with metal as described by the following reactions (12, 13):

= SOH + Mz+ = = SOM<z™')+ + H+

= 2 (SOH) +MZ+ = = (SO)2M<z~2)+ + 2H+

= SOH + Mz+ +H20  = = SOMOH,z~2)+ + 2H+ 

where = S represents the surface metal ion. Binding can involve both inner-sphere and 

outer-sphere complexes. However, monodentate and hi dentate complexes are not the only 

species formed, tridentate complexes can also be formed, by adding another ligand to the 

metal - metal oxide surface (13):

= SOH + Mz+ + L" = = SGML + H+

This ligand can be NOM, which was found to increase the sorption of uranium onto 

mineral nanoparticles at lower pH (5-6) (14).

1.3.2 Uranium and Natural Organic Matter

Dissolved natural organic matter (DNOM) is commonly found in groundwater, 

sediments and soil. DNOM is made of naturally occurring materials which come from the 

decomposition of plant and animal residues. Uranium can form complexes with DNOM, 

and especially with humic substances, which make up about 50% of the DNOM (75).
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Humic substances have no defined structure, but contain a large quantity of oxygen 

containing functional groups, such as carboxylic, slightly acidic phenolic and alcoholic 

groups. They possess hydrophobic as well as hydrophilic characteristics, are resistant to 

degradation and are redox active, which participates in important geochemical and 

environmental processes. Humic substances can also bind to ions and other molecules 

through hydrogen bonding and non-polar interactions {16, 17).

There are three main operationally-defined fractions o f humic substances: humic 

acid (HA), fulvic acid (FA) and humin {16, 17). The most common humic substance is 

fulvic acid, which is soluble across the entire pH range, whereas humin is insoluble {18). 

Ten percent of humic substances are humic acids (HA), which contain about 50% carbon 

{16). Humic acid is insoluble at a lower pH (less than 2) but become soluble at higher pH 

{19). The average molecular weight varies, ranging from about 2 kDa for aquatic 

materials to greater than 1000 kDa for soil-derived materials {15). In the presence of 

uranium, humic acid - uranium complexes typically form. A study found that uranium 

(VI) can bind to HA at lower pH than FA or tannic acid (TA). This corresponded to the 

stability constants of the acids as well as the amount of binding sites. The same trend was 

seen to a lesser degree for uranium (IV) {20).

Two computational methods are used to analyze these complexes. The first, the 

discrete ligand approach, states that humic acids have two binding sites, the carboxylic 

group and the phenolic group. One of those sites is normally the strong binding site, that 

bonds first, and the other a weak binding site {20, 21). The strong sites are typically the 

carboxylic sites which are ionized at more acidic pH and the phenolic sites that require a 

higher pH to be ionized {22). The other approach is the continuous ligand model which
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assumes that the ligand frequency distributions can be integrated over the varying 

stability constant (23). These complexes are normally formed in the type of ligand 

exchange process:

u o 22+ + l  = u o 2l +

This reaction can be in the above described 1:1 form, but 1:2 uncharged complexes are 

also possible (24). Spéciation diagrams (Figure 1.1) show that humic acid - uranium 

complexes are dominant at pH of 3.5 to about 8.

1.3.3 Impact of Uranium Complexation

Uranium complexation with NOM or hematite, or even both greatly influences the

mobility of uranium in groundwater.

Studies have found that uranium bonds more strongly to mineral nanoparticles in

the presence of humic acid, which would indicate a possible retardation of the uranium.

This effect was more pronounced at a lower pH compared to a higher pH (10,14, 26).

This theory was confirmed by Murphy and Zachara who found that there was retardation

in the mobility o f ternary complexes. This process is dependent on ionic strength which

increases the sorption of NOM if the ionic strength is decreased as well as divalent

cations which increase the sorption (27). In addition to pH, ionic strength and presence of

divalent cations, the mobility retardation o f the complex is also dependent on the

concentration o f NOM in the system (28).

In contrast, the NOM - uranium complexes were found to have an increased

mobility in the absence o f mineral nanoparticles such as hematite (19, 29). A study in a

quartz sand column found significant retardation of uranium in the absence of HA. The
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Figure 1.1: (a) Spéciation diagram of U (VI) in the absence o f NOM and (b) U (VI) in the
presence of 10 mg/L HA (25)
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authors assumed that due to the co-elution of uranium and HA they are likely to be 

complexed {19). In another similar study humic acid - uranium complexes were found to 

have a flow velocity up to 5% faster than groundwater. The authors contributed that 

finding to a size exclusion process. In this study, the recovery of uranium and humic acid 

was also dependent on the contact time as well as residence time. The recovery increased 

with an increase in contact time, but decreased with slower flow rate or increased column 

length {29).

Therefore, the question needs to be answered whether humic acid retards or 

enhances the mobility o f uranium in groundwater.

1.4 Characterization Techniques for Uranium Complexes

Many methods have been used in the past to analyze nanoparticles. These 

methods include Electron Microscopy (EM), Energy Dispersive X-ray analysis (EDX- 

analysis), X-ray diffraction, BET analysis, dynamic light scattering (DES), small angle 

X-ray scattering (SAXS) and zeta potential. Transmission Electron Microscopy (TEM) 

and Scanning Electron Microscopy (SEM) provide information about size, shape and 

morphology o f the particle. EDX-analysis gives information about the particle surface of 

solids in greater detail then EM. X-ray diffraction can determine the crystalline phases of 

a particle. Adsorption and desorption properties can be characterized with the BET 

analysis. DES can provide information about the size of the nanoparticles. SAXS can be 

used to further determine the structure of a nanoparticle, while zeta potential can 

determine the surface charge o f a particle {30).
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However, not many methods have been used to analyze metal spéciation. These 

few methods include chromatography {31, 32), Field Flow Fractionation (FFF) (25, 33), 

ultrafiltration {20, 33), filtration {34), ion exchange resin {35), electrophoresis {36), 

anodic stripping voltammetry (57) as well as the modeling using computer programs such 

Visual Minteq (25).

Chromatography is an elution based separation technique, which contains a 

stationary and mobile (liquid or gas) phase. Different types of chromatography allow for 

characterization of different particles and materials. In addition, due to different pore 

sizes a large range in size of particles can be analyzed {38).

Field Flow Fractionation is a technique that can separate particles ranging from 

less than 1000 Daltons to 100 pm {39). FFF is highly adaptable to characterize and 

separate a number o f materials due to different field types, instrument configurations, 

channel structure and operation mode. FFF is, like chromatography, an elution based 

separation method, however it doesn't have a stationary and liquid phase, but instead an 

open channel {40).

Ion exchange resin is often used for metal spéciation. Chelex-100 resin, which 

binds metal ions through nitrogen and oxygen, allows colloidal metal to pass through the 

column due to the small pore size of the resin (1.5 nm) where it binds to ions o f opposite 

charge. However, heavy metals tend to bond to sulfur groups, making the chelex-100 

resin unsuitable. Resin can either be cationic or anionic allowing the separation between 

charged and neutral metal {41).
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Electrophoresis separates the metal complexes based on their charge and size. The 

application of an electric potential allows the complexes to move through a buffer 

solution to the corresponding electrode {41).

Anodic stripping voltammetry determines specific ions in the solution, by 

applying an electric potential that first reduces the ion, and then, by changing the 

potential, oxidizes the ion (47).

Computer modeling can be used to analyze different scenarios of metal spéciation 

under condition o f varying pH, concentration, metals and ligands present etc. However, 

multiple problems arise with this approach (47):

1 ) Calculations are made assuming the system is in equilibrium.

2) Metals with low concentrations may be significant for the bioavailability.

3) Requires complete breakdown of chemical composition of the system (i.e. pH,

concentrations).

The different types of filtration methods such as ultrafiltration, the technique that 

was used in this study, will be further discussed in section 1.5.

1.4.1 Zeta Potential

In a solution particles have three entities that influence the behavior o f the 

particle: 1) the composition of the particles, 2) the species at the surface, and 3) the 

chemical environment of the particles. Surface charge changes with the composition of 

the different metal oxide species (Figure 1.2). The isoelectric point, or point of zero
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are not covalently complexed to the surface of the particle, but rely on electrostatic 

interactions, interacting with the environment o f the particles (73).

Stability o f particles is an important factoring in groundwater chemistry, allowing 

particles to stay soluble or aggregating out of the solution. There are two forces that 

influence the behavior of particles: the van der Waals attractive force and the electrical 

double layer repulsive force. These forces interact when the particles come close to each 

other in a solution. If the van der Waals force is stronger than the repulsion force or a low 

repulsion force exists, the particles can adhere to each other and form aggregates, with 

increasing size. The zeta potential is a measurement of the degree of repulsion between 

particles. This degree of repulsion is related to the stability o f a solution. When the zeta 

potential is high (negative or positive) the particles are stabilized. The charge on the 

particles will be the same; therefore the particles will repulse each other and won't 

flocculate. When the zeta potential is low (negative or positive), the particles are charged 

differently and therefore will flocculate. The size of the particles will increase and the 

particle will become unstable. Stability can be achieved in two different ways: there is 

steric repulsion, where the particles can't come close enough together to bind and there is 

electrostatic stabilization where opposite charged ions cover the surface of the ion, 

forming an electrostatic double layer, which then repulses other particles {13).

1.4.2 Dynamic Light Scattering

Size of a particle in a solution can be measured through Dynamic Light Scattering 

(DLS). In DLS a laser beam illuminates the particles which scatter a secondary light,
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(a) (b)

Figure 1.3: (a) Electrostatic stabilization and (b) steric repulsion

which is caused by oscillating polarization of the electrons. Since the particles are subject 

to Brownian motion, the reflected light experiences different frequencies and light 

intensities which then can be converted to the particle size {42). However, it's not the 

actual size o f the particle that is measured, but actually the hydrodynamic diameter, 

which relates the translational diffusion coefficient o f the particle to the size. Therefore 

the surface structure as well as the concentration and type of ions in the medium greatly 

influence the measured size of the particle {43).

1.5 Ultrafiltration

Ultrafiltration (UF) is a form of membrane filtration. In centripetal ultrafiltration 

("dead end ultrafiltration"), hydrostatic pressure generated by centrifugation, forces a 

liquid against a semi-permeable membrane. Suspended solids and solutes of high

14



molecular weight are retained, while water and low molecular weight solutes pass 

through the membrane {44).

The first time the term "ultrafiltration” was used, was in 1920 when Bechhold 

prepared the first synthetic filter membrane from nitro cellulose (collodion) and 

determined the pore size by a bubble test. At nearly the same time, ultrafiltration work 

was also done by both Zsigmondy and Bachmann, and by Ferry and Elford who 

improved Bechhold's membrane. Ultrafiltration membranes became readily available for 

laboratory use in 1926. The membranes are made of anisotropic structures, which have a 

microporous substrate that is covered by a fine porous surface layer. There are different 

types of anisotropic membranes, but focus will be given to phase separation membranes 

that were used in this study. Phase separation membranes change a "one -phase casting 

solution into two separate phases: a solid, polymer-rich phase that forms the matrix of the 

membrane and a liquid, polymer-poor phase that forms the membrane pores" {45). These 

phase separation membranes can be made by several different processes {45) including:

1) Water precipitation (Loeb-Sourirajan process) where precipitation due to 

adsorption of water and loss of solvent occurs when the cast polymer solution 

is dipped into a nonsolvent bath, which is normally water.

2) Water vapor absorption, which causes precipitation due to water absorption 

when the cast polymer solution is exposed to a humid atmosphere.

3) Thermal gelatin where cooling of the hot polymer solution causes 

precipitation.

4) Solvent evaporation uses different solvents to make the casting solution, 

which changes composition and precipitates after evaporation of one solvent.

15



In ultrafiltration membranes the pore size ranges from 10 to 1000 Â {45). The 

flux of the filter is dependent on the diameter of the pores and the resulting number of 

pores per square centimeter o f the membrane.

(a) (b)

Figure 1.4: (a) Diagram of an anisotropic membrane and (47) (b) photo o f a regenerated 
cellulose membrane as used in this study {48)

The ultrafiltration filters that are used in this study contain an anisotropic, phase 

separation, regenerated cellulose membrane that was processed by one of the methods 

described above {46).
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1.5.1 Ultrafiltration in the Industry

Ultrafiltration is widely used in industry. Ultrafiltration is used in treatment of 

small wastewater streams. It was thought in the 1960's and early 1970's that it would 

become a generally used method for industrial wastewater treatment, but has been found 

to be too expensive {45). However, ultrafiltration is used in large scale in the auto paint 

industry {49, 50), dairy industry {51), textile industry (Bilstad, Espedal et al. 1994), latex 

emulsion (52), pulp paper industry {53), tanning and leather industry {54), sugar refining 

(55), soybean (55), oil (57) and grain refining {58), meat industry {59), preparing eggs for 

further use in other products {60), fish processing {61), water treatment {62), and 

achieving better taste for fruit juice {63) and alcoholic beverages {64). Further 

information on industrial ultrafiltration and a review of the applications can be found in 

the Ultrafiltration and Microfiltration Handbook (47).

1.5.2 Ultrafiltration in the Laboratory

In the laboratory, ultrafiltration is used for protein analysis that includes 

fractionation (55) and desalting as well as sample preparation (55) . Cell cultures have 

been concentrated with ultrafiltration (57). The binding of drugs has also been analyzed 

using ultrafiltration {68). Removal of microorganisms in waste water has also been done 

by ultrafiltration (59). Separation of enzymes also uses ultrafiltration {70). Ultrafiltration 

has been also used for antibody analysis (77). One major area o f research applications of 

ultrafiltration is the metal spéciation in groundwater, which will be further discussed in 

section 1.5.3.
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1.5.3 Ultrafiltration for Metal Spéciation

Ultrafiltration is often used for metal spéciation (72-75). One of the first papers 

published using ultrafiltration for metal spéciation was in 1976 (74). Ultrafiltration has 

been compared to FFF (25, 76), chromatography {31) and computer modeling (25). 

Ultrafiltration showed a greater amount of metal- complexed- to humic acid then did FFF 

(25, 76). It also demonstrated a higher sensitivity for small size (<lkDa) complexes {31). 

Less metal was found to be complexed at higher concentrations, as compared to computer 

modeling (25). Compared to chromatography (size exclusion), significant size differences 

were observed for some metal-organic complexes. Large complexes (100 - 300 kDa) 

were larger as determined by ultrafiltration than determined by chromatography and FFF. 

While small complexes (<1 kDa) were found to be smaller than those found by 

chromatography {31).

Even though ultrafiltration has been used for a long time for metal spéciation, 

problems can occur during the process. In 1992, Buffle reported that clogging of the 

membrane resulted when the filter load was too large or solutes adsorbed onto material 

that was already deposited on the filter {34). This problem would result in a decreased 

pore size, which would give inaccurate size distribution results in spéciation experiments. 

A recent study looked at the adsorption of uranium and humic acid onto a submerged 

ultrafiltration module which used vacuum to filter the solution. The study found strong 

adsorption of uranium onto the filter membrane in the presence of humic acid at an acidic 

pH. In the alkaline region the uranium adsorbed more in the absence o f humic acid.

Across the pH range studied, there was also a strong adsorption of humic acid which was 

only partially reversible (77). Fouling, the decline of the flux of the membrane, was
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observed to a much larger extent for smaller pore sizes compared to larger pore sizes due 

to the smaller flux that results from small pore sizes (47).

1.6 Purpose and Significance

Complex formation affects the mobility of uranium, by either retardation {10, 14, 

26, 27) or enhancement (Artinger, Rabung et al. 2002; Mibus, Sachs et al. 2007). 

Ultrafiltration is widely used in the spéciation o f metal - NOM complexes (72-75). 

However, results differ from those obtained by other spéciation methods (Klein and 

Niessner 1998; Lesher 2011; Bolea; Gorriz et al. 2006).

In this work, the surface properties o f hematite in the presence of humic acid were 

investigated. Understanding these properties will help in analyzing the bioavailability of 

uranium. In addition, complexation behavior of uranium and humic acid was analyzed to 

determine if ultrafiltration is a good method to differentiate between dissolved and 

complexed uranium. Inaccurate results can provide incorrect information about the 

bioavailability o f the metal complexes.

The work reported here was done with uranium and humic acid; however the 

results can be easily transferred to other metals. The inaccuracy of sizing results obtained 

by ultrafiltration will make it difficult to apply to uncharacterized NOM.
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1.7 Hypotheses

To test the first hypothesis, hematite - humic acid complexes will be analyzed for 

surface properties.

Hypothesis 1 : Interaction of humic acid with hematite will affect the stability of 

the hematite with respect to aggregation. Furthermore, the process will be pH dependent. 

The stability of hematite could be very important in the mobility o f uranium, as it has 

been shown to be a good sorbent for uranium. Sub-hypotheses are:

a) The zeta potential and therefore the stability of hematite - humic acid complexes 

will decrease with increasing pH, reach a minimum stability at pH o f 6.5-7, and 

then increase with increasing pH.

b) The size of the hematite - humic acid particles increases with decreased stability.

Uranium is known to form complexes with humic acid. However, measuring 

complex formation is difficult. In this study, uranium - humic acid complexes will be 

analyzed using ultrafiltration to determine spéciation of the uranium. The second 

hypothesis to be tested is therefore:

Ultrafiltration can differentiate between uranium and uranium-complexes.

c) The 3 kDa ultrafiltration membranes retain the humic acid-uranium complexes 

and therefore any filterable uranium must be in the dissolved form.

d) The 30 kDa ultrafiltration membranes allow most o f the humic acid, and the 

associated uranium, to pass through. Therefore any uranium retained by the 

membrane is mostly a result o f incomplete passage or adsorption of uranium to 

the membrane.
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e) The 100 kDa ultrafiltration membranes allow all the humic acid, and it associated 

uranium to pass through the filter. As in the previous sub hypothesis, the amount 

o f uranium complexed to the membrane can be determined by this experiment.

1.8 Organization of This Work

The introduction (Chapter 1) provides background information about the chemical 

concepts of this study. Chapter 2, Behavior o f Humic Acid with Hematite, investigates 

the surface interaction of hematite with different concentrations of humic acid as well as 

demonstrates the dependency of surface interactions with respect to pH. Chapter 3, 

Ultrafiltration Analysis of Humic Acid - Uranium Complexes, evaluates ultrafiltration as 

a method for metal spéciation. Different concentrations of humic acid - uranium solutions 

were analyzed with respect to methodology, recovery, possible problems (breakthrough 

curves), complexation and possible improvements to the method. In the last chapter, 

Chapter 4, Summary Conclusions, and Future Work, the most important results of the 

study are summarized and finishes the thesis with conclusions that were obtained 

throughout the study. Future work is also outlined.
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CHAPTER 2

BEHAVIOR OF HUMIC ACID WITH HEMATITE

The first part o f the project was to analyze the behavior of humic acid and 

hematite by analyzing zeta potential and size of various humic acid - hematite particles. 

Hematite and humic acids are both important fractions in the environment that might 

influence the behavior o f uranium (see Chapter 1).

2.1 Humic Acid and Hematite in the Environment

Movement o f contaminants in ground water is mainly described as a two- 

component system. The contaminants can partition between an immobile solid phase and 

a mobile aqueous phase. Most contaminants quickly bind to surfaces and become 

immobile, thus presenting no hazard to the ground water. Previous studies have 

determined that hematite possibly decreases the mobility of uranium in groundwater {10, 

14). The importance of the study is to analyze humic acid and hematite interactions, 

which might be useful to determine a trend in the mobility o f uranium.
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2.2 Methods and Approach

Solutions with a hematite concentration of 0.1 g/L and varying concentrations of 

humic acid ( 1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L, 7 mg/L and 10 mg/L) and varying pH 

(4,6,8 and 10) were prepared and analyzed for zeta potential and particle size.

2.2.1 Hematite Preparation

The Hematite nanoparticles were prepared according to Matijevic and Scheiner 

(78) and the later modified version by Tenners and Koopal (79). The glassware was acid- 

washed for at least 24 hours and then rinsed with DI water. All solutions were also made 

from DI water. All chemicals used were reagent grade or better.

The procedure requires 25 ml of solution that is 0.72 M ferric chloride 

(anhydrous, N] flushed and newly opened) and 3.75*1 O' 3 M hydrochloric acid. This ferric 

chloride solution is added to 975 ml of boiling 3.75* 10’3 HC1 solution while mixing 

vigorously. The FeClg solution was preheated to slightly below boiling to prevent boiling 

over upon combination. The mixture was then incubated at 100.5 °C for 24 hours. At this 

point, the nanoparticles are synthesized. Purification involved repeated centrifugation 

(first 90 minutes at 1 0000 rpm, then twice for one hour at 10000 rpm) and redispersion in 

10"3 M perchloric acid. The nanoparticles were also stored in 10"3 HCIO4 .

The mass concentration hematite stock suspension was measured by drying 

approximately 2 mL of the suspension in a convection oven. The mass concentration was 

determined to be 1.95 g/L.
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Particle size and monodispersity were assessed by electron microscopy 

(Figure 2.1), and dynamic light scattering.

r
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Figure 2.1 : Monodispersity of hematite particles as shown by the TEM

The dynamic light scattering gave a particle size o f 59 nm. Transmission electron 

microscopy showed the particles to be monodisperse, however average size determined 

by the TEM was much lower, with an average of 27 nm.

2.2.2 Sample Preparation

The solutions to be examined for zeta potential and size were prepared to a 

hematite concentration of 0.1 g/L. The pH was adjusted to about 4, 6 , 8  and 10 using HC1
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Figure 2.2: Size of the hematite particles determined by the TEM

and NaOH. Buffer in the form of 0.1 M NaHCOs or 1 M NaHCOg was added depending 

of the desired pH of the solution. Three different amounts of Suwannee River Humic 

Acid were added to each pH to give HA concentrations of 0 mg/L, 1 mg/L and 10 mg/L. 

The solutions were allowed to sit overnight to equilibrate. Again the pH is adjusted to the 

desired pH value o f 4, 6 , 8 , and 10. The solutions were then adjusted to an ionic strength 

of 0.01 M using 1 M NaCl.

2.2.3 Laboratory Technique

The samples were analyzed to determine the effect different concentrations of 

humic acid would have on the surface charge and the size of the resulting complexes. The
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surface charge was measured using zeta potential while the size was determined with 

Dynamic Light Scattering (DLS) both using the Brookhaven Zeta Plus Zeta Potential 

Analyzer with BI-MAS.

2.3 Results and Discussion

In this section the results from the zeta potential and dynamic light scattering 

experiments will be discussed. These experiments were completed to gain an 

understanding how the surface charge o f hematite - humic acid complexes changes with 

different pH and what effect it will have on the size of the complexes.

2.3.1 Zeta Potential Hematite in the Presence of Humic Acid

The purpose o f the experiments was to determine the stability o f hematite and 

dissolved organic compounds. The stability o f a colloidal system can be measured by zeta 

potential. It was expected that the solutions would become more stable with increasing 

acidity as well as increasing alkalinity. The most unstable solution, isoelectric point, was 

expected to be at pH 6.5 - 7.5.

The results (Figure 2.3) for 0 mg/L HA show a zeta potential vs pH curve having, 

the expected trends, with the isoelectric point being around pH 7. The sample is the most 

unstable at pH 7, but is more stable at very low pH and very high pH. The results for 

1 mg/L HA and 10 mg/L HA show zeta potential vs pH curves that are very different 

from the no HA curve at low and intermediate pH. The particles stay relatively stable 

throughout the pH range, vary however slightly.
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Figure 2.3: Average zeta potentials o f solutions containing 0.1 g/L hematite and no,

1 mg/L, 10 mg/L HA at various pH (I = 0.01)

The humic acid coats the hematite in the solution forming an electrical double 

layer. When there is no humic acid present the hematite particles get coated with 

hydrogen ions and hydroxyl ions depending on pH. There is a high zeta potential at low 

and high pH due to the amount of ions present, which almost completely coats the 

hematite, forcing the hematite particles to repel each other. If there is a little humic acid 

present not all o f the hematite is coated. The humic acid that coats the hematite has a 

COOH backbone due to the acidity of the solution. At high pH the backbone consists of 

COO". In those two situations the particles repel each other due to the same charge on the 

particles. At pH in the unstable region, the humic acid complexed to the hematite is in 

part COOH and COO . The hematite particles therefore experience van der Waals forces
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and form less stable particles. Therefore, bigger size particles are found in the mediate 

range of pH for the hematite and humic acid solutions. At 10 mg/L the result can be 

explained, that all o f the hematite is coated with humic acid. It is assumed that at high pH 

the hydroxide ions cover the hematite particle such that the humic acid adsorption is 

reduced and the negative charge is due to surface hydroxyl groups. Therefore the zeta 

potential is the same at the three different concentrations o f humic acid. The photo 

(Figure 2.4) shows that at pH 4 the particles in the sample repulse each other, resulting in 

a turbid solution. At pH 6  and 8  the particles flocculate. In contrast to the expected 

repulsion at pH 10, the particles also flocculate.

Figure 2.4: Picture of the 1 mg/L HA and 0.1 g/L hematite samples at I = 0.01 with 
flocculation clearly visible (pH increases from 4 on the left to 10 on the right in pH 2

intervals)

28



To determine the ratio of humic acid to hematite where the zeta potential changes 

from positive to negative, an experiment was conducted while the pH stayed constant 

(Figure 2.5). The pH was fixed to be about 4. The hematite was fixed at a concentration 

of 0.1 g/L. From the previous experiments it was determined that the zeta potential would 

change signs between 1 and 10 mg/L of HA. Therefore samples with humic acid, and 

with concentrations of 1,4, 7, and 10 mg/L were prepared. The samples were prepared in 

triplicates to show reproducibility. The curve was expected to fall quickly, becoming 

more unstable, at low humic acid concentrations and level out at higher concentrations, 

due to the amount of humic acid that is available to coat the hematite. The concentration 

of humic acid that is available to coat the hematite is increasing, therefore coating the 

hematite more and more complete. This also means that at intermediate concentrations 

the hematite is only partially coated allowing the particles to flocculate, being less stable.
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Figure 2.5: Zeta potential with respect to different HA concentrations (pH 4 , 1 = 0.01)
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To determine at what hematite to humic acid ratio the solution is the most 

unstable the experiment was redone with 0.1 g/L hematite and humic acid concentrations 

of 1 mg/L, 2 mg/L, 3 mg/L, and 4 mg/L (Figure 2.6). The zeta potential for the 4 mg/L 

solution was higher than in the previous experiment, even though it was allowed to sit 

48 hours after adding the humic acid, as in the previous experiment. To compare, the zeta 

potential was also taken after the samples were sonicated for five minutes. The zeta 

potentials became slightly lower; however the zeta potentials for 4 mg/L were still higher 

than the zeta potential determined by the first experiment.
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Figure 2.6: Zeta Potential of solutions ranging from 1 to 4 mg/L HA before and after
sonication (pH 4,1 = 0.01)

Since the zeta potentials of the first experiment were taken without sonication, the 

data without sonication was used. The obtained curve (Figure 2.7) followed the trend as
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expected, becoming more unstable at higher concentrations o f humic acid present due to 

the attraction of the particles that resulted due to the partial coating of the hematite 

particles. The most unstable ratio of hematite to humic acid was determined to be at 

around 4 mg/L HA and 0.1 g/L hematite.
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Figure 2.7: Zeta Potential with HA concentrations ranging from 0 to 10 mg/L HA
(pH 4,1 = 0.01)

2.3.2 Dynamic Light Scattering of Humic Acid with Hematite

Another main purpose of the experiments was to determine the size of the

particles or aggregates that were formed. For the size determination, the greatest zeta

potential, thus the most stable, should have given the smaller size particles while smaller

zeta potentials should give larger particles due to flocculation. The low and high range

zeta potentials repelled each other due to the same charge o f the particles; the particles
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with intermediate zeta potentials attracted each other due to different charges and 

therefore formed bigger particles. This trend is seen in the particles on day one and even 

after a week of equilibrating (Figure 2.8). The size of the particles increases with a 

decrease of stability. Additionally even, the smallest humic acid concentration shows 

flocculation of the particles indicated by the sizes that are larger than the hematite 

particles (59 nm).
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Figure 2.8: Zeta potential with respect to size of a 0.1 g/L hematite solution with varying 
HA concentration and varying pH (4 - 8 ) on different days (I = 0.01)

Looking at a graph that relates the amount of humic acid to size and zeta potential 

(Figure 2.9), the previously discussed theory is confirmed. The samples with no humic 

acid and the larger amounts of humic acid that have the large zeta potential and therefore 

are the most stable gave small particle sizes. They are not at all or completely coated and
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therefore repel each other. The more unstable particles (low zeta potential) gave the 

bigger size particles. These particles were only partially coated and attracted each other. 

However, the results were only obtained after sonication of the samples, to break up the 

particles.
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Figure 2.9: Size with respect to zeta potential (0.1 g/L hematite, pH 4 , 1 = 0.01)

2.4 Summary and Conclusions

We analyzed hematite and humic acid complexes with respect to their surface 

charge as well as size. We have shown that for hematite particles the isoelectric point is 

around pH 7. The Img/L HA solution showed partial coating o f the hematite, resulting in 

unstable due to flocculation, while the 10 mg/L HA solution completely coats the 

hematite, which is shown in more stable zeta potential due to the repelling it experiences.
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It seemed that at high pH the hydroxide ions that were added to adjust the pH cover the 

hematite particle such that the humic acid couldn't cover the surface of the hematite, and 

therefore the zeta potential is the same at the three different concentrations of humic acid. 

At a set pH the isoelectric point was reached at a hematite to humic acid ratio of 25:1;

25 times the amount of hematite was needed compared to humic acid to reach an unstable 

solution.

Dynamic Light Scattering determined a size dependency over time. Over a longer 

period of time the particles aggregated forming large particles. However, sonication gave 

the expected results in which samples with no humic acid and the larger amounts of 

humic acid, having the larger zeta potential, gave small particles. The more unstable 

particles (low zeta potential) gave the bigger size particles. In addition, humic acid is 

assumed to have a stabilizing effect; however it was found that even a little humic acid 

destabilizes the hematite.
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CHAPTER 3

ULTRAFILTRATION ANALYSIS OF HUMIC ACID - URANIUM

COMPLEXES

The second part of the project was the larger portion and looked at the analysis of 

uranium-humic acid complexes using ultrafiltration. As described in Chapter 1, 

ultrafiltration is often used to analyze the uranium - humic acid complexes.

3.1 Uranium-Humic Acid Complexes

Humic acid - uranium complexes are an important factor to analyze due to the 

effect these complexes can have on the environment. Humic acid - uranium complexes 

were found to have an increased mobility in groundwater {19, 29). The toxicity and 

radioactivity o f uranium can cause harm to people and various species. As illustrated in 

Chapter one, this part focuses on a laboratory technique that is often used to analyze 

uranium and humic acid complexes, namely ultrafiltration. The significance of the study 

is to examine uranium and humic acid complexes, determining if ultrafiltration can 

differentiate between free uranium and uranium complexes.
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3.2 Methods and Approach

Four experiments with ultrafiltration were conducted. The first two experiments 

were done with 3 kDa, 30 kDa, and 100 kDa filters, while the third and fourth 

experiments focused on 3 kDa filters only. For all experiments, triplicate samples were 

prepared.

The ultrafilters used were Amicon Ultra-15 Centrifugal Filter devices purchased 

from Millipore. They contained a regenerated cellulose membrane, a copolymer 

styrene/butadiene filter device, a polypropylene filtrate tube and a polyethylene cap and 

liner. The ultrafilters were chosen due to the continuation of previous work that used 

these filters. However, other materials such as cellulose triacetate (Sartorius Stedim), 

polyethersulfone (Pall, Millipore, Koch), and polyvinylidene fluoride (GE, DOW, Koch, 

Millipore) are also available.

3.2.1 Cleaning Filters

The 15 mL Millipore Filters contained a regenerated cellulose filter in a 

polypropylene tube. To ensure that the filters were free from organic carbon that was left 

behind from manufacturing, the filters were soaked in 0.1 M NaOH solution for at least 

12 hours. The filters were then rinsed with DI water. Ten mL of 0.1M NaOH were 

centrifuged through the filters. The filters were then washed twice with DI water. Then 

10 mL DI water was centrifuged through the filters. For the first experiment, 50 mL of DI 

water was centrifuged through the filters in five 10 mL washes. After each wash the TOC 

concentrations in the solution were analyzed, a decrease in TOC concentrations for each
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successive wash were observed (Table 3.1). For the second experiment 70 mL of DI 

water was centrifuged through the filters. The last 10 mL centrifuged through the filters 

were analyzed for TOC; the TOC concentrations in the seventh wash were less than 1.5 

mg/L. For the third experiment the filters were washed with DI water until the 

concentrations of organic carbon in the wash solutions were less than 0.31 mg/L.

Table 3.1: TOC co n cen tra tions during  the filte r  c lean ing  procedure  during
subsequent DI w ashes

3 kDa 30 kDa 100 kDa
mg/L TOC mg/L TOC mg/L TOC

Wash 1 3.2 8 . 0 4.9
Wash 2 1 . 2 4.1 2.9
Wash 3 1.5 3.2 2 . 6

Wash 4 1.4 2.5 1 . 8

Wash 5 0 . 8 2.4 3.0

3.2.2 Preparing Solutions

The solutions were prepared in bulk, such that the solutions for the replicates and 

different filter sizes had the same composition. Different solutions containing 238 pg/L 

uranium (UOifNOg)) and varying amounts of humic (Suwannee River) and citric acid 

(Sodium citrate) as well as varying pH were prepared (Table 3.2). Humic or citric acid 

and uranium were diluted with DI water close to the desired volume. Then, the solutions 

for experiment one and two were adjusted to a pH of 6  while the solutions for experiment 

three and four were adjusted to a pH of 5, by adding small amounts o f NaOH or HC1 in
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various concentrations. The solutions were allowed to equilibrate overnight and again pH 

adjusted the next day. The ionic strength was adjusted in all solutions to 0.01M by adding 

NaC 1 0 4 .

Table 3.2: Solutions prepared for the ultrafiltration study

Experiment
Concentration 
CA (mg/L)*

Concentration 
HA (mg/L)**

Concentration 
U (pg/L) pH I

1 , 2 0 50 238 6 0 . 0 1

1 , 2 0 50 0 6 0 . 0 1

1 , 2 0 0 238 6 0 . 0 1

1 , 2 50 0 238 6 0 . 0 1

3 50 0 238 5 0 . 0 1

3 25 0 238 5 0 . 0 1

3 1 0 0 238 5 0 . 0 1

3 5 0 238 5 0 . 0 1

3 0 50 238 5 0 . 0 1

3 0 25 238 5 0 . 0 1

3 0 25 0 5 0 . 0 1

3 0 1 0 238 5 0 . 0 1

3 0 5 238 5 0 . 0 1

3 0 0 238 5 0 . 0 1

4 0 0 1 0 0 0 5 0 . 0 1

* Citric acid contains about 30% carbon
** Humic acid contains about 50% carbon

3.2.3 Ultrafiltration Analysis

In all experiments, 10 mL of the initial solution was added the ultrafiltration vial. 

The vial was centrifuged at a speed and for a time period decided upon according to filter 

size (Appendix A) and desired volume of filtrate. Centrifugation times and rpm were 

difficult to decide upon, since filtration effectiveness varied with batch as well as with
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filter pore size. For experiment one the first filtrate was removed and diluted to a known 

volume with DI water. The retentate kept in the vial and was centrifuged again and the 

filtrate was removed and diluted with DI water as before. This was repeated for a total of 

four filtrate solutions, leaving only a small volume of retentate. Subsequently, the final 

retentate was removed and also diluted with DI water. For experiments two through four, 

the samples were centrifuged for a few minutes at a time until about half the solution was 

filtered (Appendix A). The filtrate and retentate were removed and diluted with water. 

After the removal of the filtrate and retentate, in all the experiments, 10 mL of 1% HNO3 

was allowed to sit in the ultrafiltration vial overnight and was removed the next day for 

analysis. A fresh 10 mL of 1% HNO3 was filtered through the membrane, collected and 

analyzed (Figure 3.1).

Step 1 Step 2 Step 3 Step 4 StepS Step 6

Retentate

•=> etc.

Step?

M M
U

Filtrate Filtrate Retentate Acid after Acid Rinse
Diluted with Diluted with Diluted with 24 hours
DI Water DI Water DI Water

V V V u V

Figure 3.1 : Diagram of the ultrafiltration method detailing all the steps
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3.2.4 Laboratory Techniques

Three laboratory techniques were used to analyze the samples. These techniques 

analyzed the samples for total organic carbon, concentration of uranium, and the 

absorbance of the solution. This was done by Inductively Coupled Plasma - Mass 

Spectrometry (ICP-MS), Total Organic Carbon (TOC) analyzer, and UV spectrometer.

Uranium concentrations were measured using a PerkinElmer Elan 6100 ICP-MS. 

In ICP-MS, the molecules in the sample break completely apart in the plasma ion 

source due to the high temperature. This allows for detection of only elemental ions. 

Uranium in experiment four were measured by Inductively Coupled Plasma - Optical 

Emission Spectrometry (ICP-OES) using a PerkinElmer 5300 ICP-OES.

The organic content was analyzed using the TOC analyzer. TOC analysis uses the 

Shimadzu TOC 1000 analyzer, which measures the organic carbon content in the sample 

(inorganic carbon is removed through acidification as well as sparging) by thermally 

oxidizing the organic carbon to CO]. The CO] is then measured by IR spectroscopy. The 

peak areas are finally compared to the peak areas of set amounts o f carbon in the form of 

potassium hydrogen phthalate (KHP).

The organic matter was analyzed for differences in the in the absorbance in the 

retentate and filtrate using a UV spectrometer (DU 800 Spectrophotometer). UV 

absorbance and DOC concentration were used to calculate Specific UV Absorbance 

(SUVA) with the equation:

SUV A =  UVabs^54nm(c-n-1) ^
DO C (m g  L " 1)
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3.3 Results and Discussion

In this section the results from the ultrafiltration experiment will be discussed. 

This experiment was completed to answer the question, if ultrafiltration can differentiate 

between uranium and uranium complexes.

3.3.1 Ultrafiltration of Humic Acid - Uranium Complexes: Experiment 1

For experiment one, the spin speed was kept constant for each step, allowing 

about 2 mL o f solution to go through the filter per filtration, receiving four different 

filtrates o f approximately the same size (Appendix A). Breakthrough curves o f the 

different solutions and filtrate concentrations were analyzed for possible blockage of the 

filter, which would lead to a decrease of humic acid and uranium at later steps, or 

adsorption of uranium onto the filter, which would allow an increase of humic acid and 

uranium to pass through at later filtrate steps due to filling of the adsorption sites.

As previously stated, uranium was analyzed by ICP-MS. Quality assurance was 

accomplished by triplicates as well as internal standards. Check standards were applied 

every 10 to 15 samples. DOC was analyzed by a TOC analyzer. Here, quality assurance 

was accomplished by triplicates as well as check standards every 35 to 40 samples. Each 

sample analyzed by the TOC analyzer, was followed by a blank sample.
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3.3.1.1 3 kDa Filters

The breakthrough curves for the 3 kDa filters were expected to follow certain 

trends: The citric acid - uranium solution was expected to pass through the filters due to 

the small size of the citric acid molecules (294.1 g/mol). The humic acid - uranium as 

well as humic acid solution were expected to be retained by the filter due to the average 

size of the humic acid of 6 kDa. The uranium solution was expected to pass easily 

through the filter without any retaining.

For the citric acid - uranium solution there was a slight breakthrough curve for the 

organic carbon (Figure 3.2). The mass o f organic carbon that was recovered increased 

with each step. That points towards adsorption o f humic acid onto the filter, allowing 

more humic acid to pass through the filter due to a filling o f the adsorption sites. 

However, the organic carbon recovered in the individual spins o f the breakthrough curve 

increases the initial concentration of the organic carbon. The recovery of the organic 

carbon in the filtrate was 111.9 ± 3.3 % indicating that all o f the citric acid passed 

through the filter. The overall recovery was 215.2 ± 11.4 %, therefore possible leaching 

of organic carbon from the membrane or vial is assumed. The overall recovery is 

computed by adding the retentate, acid and acid rinse concentrations to the filtrate 

concentration. The uranium had a general trend breakthrough curve (Figure 3.2). Again, 

this points towards a filling of the adsorptions sites, which allows more uranium to pass 

through the filter at later steps. In the first step only 66 ± 2.7 % of the initial 

concentration passed through the filter which increases to almost 100% (94.8 ± 9.0 %) in 

the last step, showing a small loss of uranium in the first step due to possible adsorption. 

However, the uranium recovered in step three was less than in step one or two, in all
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triplicates. The uranium concentration is significantly lower in the third step. However, 

the third step is still within the standard deviation of the other steps, therefore it could be 

argued that it is only an instrument error and a resulting typical breakthrough curve.

250

200

150|
P 100

50

0
0.001 0.003 0.005

Volume Filtered (L)

50

40

30

20

10

0
0.007

u
|D ♦ U

o  ♦ T O C  
H

Figure 3.2: Breakthrough curve of citric acid and uranium solution for the 3 kDa filter at 
pH 6,1 = 0.01, initial volume 9.70 mL, initial U concentration 186.8 pg/L, initial TOC

concentration 16.9 mg/L

For the humic acid - uranium solution there was a general trend breakthrough 

curve for both the organic carbon as well as uranium (Figure 3.3). The organic carbon 

concentration increased from only 51.7 ± 17.4 % of the initial concentration in step one 

to almost 100% (98.0 ± 7.0 %) of the initial concentration in step four. However, due to 

the size exclusion effect it was expected that most of the humic acid is retained by the 

filter. This is shown in the recovery of organic carbon of 45.6 ± 2.4 % in the filtrate. The 

resulting 148.2 ± 3.4 % overall recovery of organic carbon would again point towards

43



leaching of organic carbon from the filter. The second step shows a decrease in the 

recovered organic carbon. The decrease is not significant and can only be seen in two out 

of the three samples, indicating a possible analytical error. Only a small percentage of 

uranium was recovered in the filtrate ranging from 3.9 ± 3.7 % of the initial concentration 

in step one to 7.6 ± 5 .0  % in step four. Since only one third of the organic carbon is 

recovered in the filtrate it is assumed that the low recovery in the filtrate is not due to 

adsorption but rather due to complexation with the humic acid. Again, the uranium 

recovered in step three was less than in step one or two, in all triplicates. In the case of 

this solution, the results can't be conclusively analyzed due to the big errors in each step. 

The large errors are due to large concentrations of uranium in the different steps which 

are a lot higher in one triplicate then they are in the other two. Therefore it could be 

argued that it is only an instrument error and a resulting typical breakthrough curve.

For the humic acid solution the recovered organic carbon concentrations in the 

filtrate increased from 40.7 ± 12.3% in step one to almost 70% (68.6 ± 15.9 %) in step 

four (Figure 3.4), resulting in a recovery of organic carbon in the filtrate of 36.0 ±1.3 %. 

The low recovery o f the filtrate indicates that the expected size exclusion effect is 

present. The overall organic carbon recovery of 143.8 ± 8.6 % indicates again a leaching 

of organic carbon from the membrane and vial. The second step in the organic carbon 

solution showed a decrease in the recovered organic carbon. The decrease is not 

significant and can only be seen in two out of the three samples, indicating a possible 

analytical error. The amount of recovered organic carbon also decreased in the last step. 

Again, the decrease is not significant and can only be seen in two out of the three 

samples, indicating a possible analytical error, or a possible blockage of the filter.
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Figure 3.3: Breakthrough curve of humic acid and uranium for the 3 kDa filter at pH 6, 
I = 0.01, initial volume 9.86 mL, initial U concentration 222.2 pg/L, initial TOC

concentration 26.9 mg/L
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Figure 3.4: Breakthrough curve o f humic acid for the 3 kDa filter at pH 6 ,1 = 0.01, initial 
volume 9.67 mL, initial TOC concentration 25.0 mg/L
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For the uranium solution the recovery in the filtrate ranged from 4.7 ± 2.4 % 

compared to the initial concentration in step one to 11.7 ± 11.7 % (Figure 3.5) in step 

four, with a recovery in the filtrate of only 8.5 ± 3.0 %. These results indicate that in the 

absence o f citric or humic acid significant adsorption of uranium onto the membrane or 

vial takes place. As with the other solutions that contain uranium, the third step of the 

curve shows a decrease o f the recovered uranium. The decrease is not significant and can 

only be seen in two out of the three samples. In the case of this solution however, the 

results can't be conclusively analyzed due to the big errors in each step and therefore it 

could be an instrument error.
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Figure 3.5: Breakthrough curve of uranium for the 3 kDa filter at pH 6 ,1 = 0.01 initial 
volume 9.70 mL, initial U concentration 263.2 pg/L
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As a conclusion for the 3 kDa filters it was found that in the citric acid - uranium 

solution, the organic carbon protects uranium from binding onto the membrane or vial. 

This is assumed to also take place in the humic acid - uranium solution. The low recovery 

of uranium in this solution is believed to be due to size exclusion effect which prevents 

larger humic acids to pass through the filter membrane and which was confirmed with the 

humic acid solution. Uranium in the absence of organic carbon was found to adsorb 

significantly to the membrane and vial.

3.3.1.2 30 kDa Filters

The breakthrough curves for the 30 kDa filters were expected to follow certain 

trends: The citric acid - uranium solution was expected to pass through the filters due to 

the small size of the citric acid molecules (294.1 g/mol). The humic acid - uranium as 

well as humic acid solution were also expected to pass through the filters due to their 

average size o f 6 kDa. The uranium solution was expected to pass easily through the filter 

without any retaining.

For the citric acid - uranium solution, there was a slight breakthrough curve for 

the organic carbon (Figure 3.6). The mass of organic carbon that was recovered increased 

with each step. That points towards adsorption of citric acid onto the filter, allowing more 

citric acid to pass through the filter due to a filling of the adsorption sites. However, again 

the organic carbon recovered in the individual spins of the breakthrough curve increases 

the initial concentration of the organic carbon. The recovery of the organic carbon in the 

filtrate was 104.5 ±3.1 % indicating that all of the citric acid passes through the filter.
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However, the overall recovery was 185.0 ± 9.8 %, therefore possible leaching of organic 

carbon from the membrane or vial is assumed. The uranium that was allowed to pass 

through the filter stayed relatively constant over the four steps, ranging from

93.5 ± 11.1 % o f the initial concentration in step one to 102.5 ± 43.4 % in step four 

(Figure 3.6). This indicates that the citric acid protects the uranium from adsorption onto 

the membrane and vial. However, the uranium recovered in step three was less than in 

step one or two. The error in step three is relatively large it can't be analyzed very well 

and might indicate a simple instrumental error. However, the same trend was observed in 

the 3 kDa breakthrough curves as previously discussed.
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Figure 3.6: Breakthrough curve of citric acid and uranium for the 30 kDa filter at pH 6, 
I = 0.01, initial volume 9.71 mL, initial U concentration 186.8 pg/L, initial TOC

concentration 16.9 mg/L
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For the humic acid - uranium solution the organic carbon recovered in the 

individual steps o f the breakthrough curve was higher than the initial concentration of the 

organic carbon (Figure 3.7). The recovery of the organic carbon in the filtrate was

69.3 ± 5.3 %. However, the overall recovery was 150.2 ± 6.7 % indicating possible 

leaching of organic carbon from the membrane or vial. However, the organic carbon 

curve increased in the first two steps and then decreases for step three before slightly 

increasing again in step four, which is still lower then step two. The errors for the 

individual steps are very large, which makes analysis of the curve impossible. Different 

triplicates have their lowest recovery and highest recovery in different steps, therefore 

making a uniform breakthrough curve impossible. There was a small breakthrough curve 

for the uranium solution (Figure 3.7) with concentrations in the filtrate increasing from

24.7 ± 5.6 % to 31.4 ± 9.2 % indicating a small adsorption of uranium onto the filter, 

allowing more uranium to pass through the filter due to a filling of the adsorption sites. 

Again it is expected that since only half of the humic acid passed through the filter, most 

of the uranium that is not recovered in the filtrate is complexed to the humic acid and not 

adsorbed onto the filter.

For the humic acid there was a good breakthrough curve (Figure 3.8). The mass of 

organic carbon that was recovered increased with each step. That points towards 

adsorption of humic acid onto the filter, allowing more humic acid to pass through the 

filter due to a filling o f the adsorption sites. However, the organic carbon recovered in the 

later steps (two through four) is larger than the initial organic carbon concentration 

(25.0 mg/L). This is probably due to leaching of the membrane or filter.
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Figure 3.7: Breakthrough curve o f humic acid and uranium for the 30 kDa filter at pH 6, 
I = 0.01, initial volume 9.71 mL, initial U concentration 222.2 pg/L, initial TOC

concentration 26.9 mg/L
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Figure 3.8: Breakthrough curve of humic acid for the 30 kDa filter at pH 6 ,1 = 0.01, 
initial volume 9.65 mL, initial TOC concentration 25.0 mg/L
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For the uranium there was a general trend breakthrough curve (Figure 3.9), 

although the errors in the steps are relatively large. Only between 17.8 ± 10.5 % and

33.7 ± 9.7 % o f the initial uranium concentration was recovered in the filtrate in the 

individual steps. That points towards adsorption of uranium onto the membrane and vial. 

As with the citric acid - uranium as well as all 3 kDa filters that contained uranium, the 

third step of the curve shows a decrease of the recovered uranium. Again, the results can't 

be conclusively analyzed due to the big errors in each step and might be just an 

instrumental error.
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Figure 3.9: Breakthrough curve of uranium for the 30 kDa filter at pH 6 ,1 = 0.01, initial 
volume 9.75 mL, initial U concentration 263.2 pg/L

As a conclusion for the 30 kDa filters it was found again, that in the citric acid - 

uranium solution, the organic carbon protects uranium from binding onto the membrane

51



or vial. This is assumed to also take place in the humic acid - uranium solution. The low 

recovery of uranium in this solution is believed to be due to size exclusion effect which 

prevents larger humic acids to pass through the filter membrane. It was assumed that 

30 kDa filters allow the humic acid to pass through the filter without any size exclusion 

effects. However, a size exclusion effect was confirmed with the humic acid solution. 

Uranium in the absence of organic carbon was found to adsorb significantly to the 

membrane and vial.

3.3.1.3 100 kDa Filter

The breakthrough curves for the 100 kDa filters were expected to follow certain 

trends: The citric acid - uranium solution was expected to pass through the filters due to 

the small size of the citric acid molecules (294.1 g/mol). The humic acid - uranium as 

well as humic acid solution were also expected to pass through the filters due to their 

average size of 6 kDa. The uranium solution was expected to pass easily through the filter 

without any retaining.

For the citric acid - uranium solution, there was a breakthrough curve for uranium 

(Figure 3.10). The concentrations that were recovered increased with each step going up 

from a percent recovery o f 74.1 ± 18.0 % to almost 100 % (96.0 ± 45.5 %). As for the 

organic carbon, it is still assumed that the citric acid protects the uranium from adsorption 

onto the membrane and vial which gets more difficult with larger pores size due to the 

small size of the molecules that easily pass through the filters. The organic carbon 

recovered in the individual spins of the breakthrough curve was at least twice the initial
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concentration of the organic carbon (Figure 3.10). Therefore, possible leaching of organic 

carbon from the membrane or vial is assumed. In addition, the recovery or organic carbon 

decreases a little in step four. The errors for the organic carbon were relatively large 

which makes the decrease a possible error in the analysis. It is to mention that only a total 

of less than 3 mL was filtered.
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Figure 3.10: Breakthrough curve of citric acid and uranium for the 100 kDa filter at pH 6, 
I = 0.01, initial volume 9.72 mL, initial U concentration 186.8 pg/L, initial TOC

concentration 16.9 mg/L

For the humic acid - uranium the concentrations of humic acid increased with 

each step (Figure 3.11) indicating adsorption or possible leaching of organic carbon from 

the filtrate. Again the concentrations were mostly above the initial concentration. While 

the recovery in the first step was about the initial concentration, the last steps showed a 

high recovery which stayed about the same. There was a slight breakthrough curve for
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the uranium solution (Figure 3.11). The uranium concentrations in the filtrate increase 

from 74.6 ± 56.6 % to 98.9 ±10.1 %, indicating a small adsorption of uranium onto the 

filter. The mass of uranium that was recovered is only slightly lower in step two, however 

this is probably only due to analytical error. Again, it is to mention that only a total of 

less than 4 mL was filtered.

250 120

200 100

\ 150i
100

- 80

- 60 E

40 H

♦  U

y  ♦ t o c

50 20

0
0.000 0.001 0.002 0.003

Volume Filtered (L)

0
0.004

Figure 3.11 : Breakthrough curve of humic acid and uranium for the 100 kDa filter at 
pH 6 ,1 = 0.01, initial volume 9.76 mL, initial U concentration 222.2 pg/L, initial TOC

concentration 26.9 mg/L

The curve for the humic acid solution was not even close to a breakthrough curve 

(Figure 3.12). The curve increased through step two, than the curve falls sharply. This 

curve shows a mixture o f adsorption of humic acid onto the filter as well as clogging up. 

The curve first increases which indicates adsorption of the humic acid onto the filter so 

that more humic acid can pass through in the next step. Then however, possibly due to
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the greater volume of humic acid that passes through, the filter is getting plugged up, 

narrowing the pores allowing less humic acid to get through the filter, where initially the 

humic acid should have easily passed through the filter. In addition, the organic carbon 

recovered in the later steps is higher than the initial organic carbon concentration. This is 

probably due to leaching o f the membrane or filter. The decline of the breakthrough 

curve could also be due to the filter being clean of excess organic carbon in the last step. 

The recovery of the organic carbon in the filtrate was only 55.8 ± 5.9 % (overall recovery 

of 162.6 ± 8.2%). Again, only a total of less than 2 mL was filtered.
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Figure 3.12: Breakthrough curve of humic acid for the 100 kDa filter at pH 6 ,1 = 0.01, 
initial volume 9.56 mL, initial TOC concentration 25.0 mg/L

For the uranium there was a nice breakthrough curve (Figure 3.13), although the 

error in each is relatively large. Only between 3.3 ± 4.0 % and 5.8 ± 10.3% of the initial
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uranium was recovered in the filtrate in the first three steps, however jumps to

15.8 ± 24.8 % in the fourth step. That points towards adsorption of uranium onto the 

filter, allowing more uranium to pass through the filter due to a filling of the adsorption 

sites. Again, the recovery in the filtrate was only 1.4 ± 1.0 % with an overall recovery of

68.5 ± 2.3 %. This indicates significant adsorption of uranium onto the membrane even at 

pore sizes which should allow the uranium to pass through rapidly and easily. However, 

only 2 mL of the solution was filtered. The curve has an upward trend and it is assumed 

that the concentration in the subsequent steps would increase, due to filling o f adsorption 

sites, resulting in an approved recovery in the filtrate.
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Figure 3.13: Breakthrough curve of uranium for the 100 kDa filter at pH 6 ,1 = 0.01, 
initial volume 9.60 mL, initial U concentration 263.2 pg/L
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As a conclusion for the 100 kDa filters, it was found that there is again adsorption 

of uranium. Uranium in the absence of organic carbon was found to adsorb significantly 

to the membrane and vial. However, it is still assumed that the organic carbon protects 

uranium from adsorbing. This is assumed to also take place in the humic acid - uranium 

solution. Nevertheless a small size exclusion effect is still seen for the humic acid - 

uranium as well as humic acid solution.

3.3.2 Ultrafiltration of Humic Acid - Uranium Complexes: Experiment 2

The data for the four different solutions using three different size filters (3 kDa,

30 kDa and 100 kDa) was analyzed looking at the initial concentrations of uranium and 

organic carbon and comparing them to the filtrate and retentate concentrations. When 

everything goes through the filter, the concentrate o f the filtrate and the concentration of 

the retentate should be equal to the initial concentration. The data was also analyzed 

looking at the different recovered masses for a mass balance. All masses should add up to 

the initial mass. For this purpose the recovered masses are separated into the masses that 

were recovered in the filtrate, retentate, acid and acid wash.

As previously stated, uranium was analyzed by ICP-MS. Quality assurance was 

accomplished by triplicates as well as internal standards. Check standards were applied 

every 10 to 15 samples. DOC was analyzed by a TOC analyzer. Here, quality assurance 

was accomplished by triplicates as well as check standards every 35 to 40 samples. Each 

sample analyzed by the TOC analyzer was followed by a blank sample. UV absorbance 

was measured to calculate the SUVA of the filtrate and retentate solutions. Every 10 to 

12 samples a check standard was analyzed.
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Complexed uranium in the solution was calculated. However, a few assumptions 

had to be made first:

1) Even though determined to be not true, for this purposes it was assumed that all 

organic matter is retained by the filter.

2) Adsorption of uranium onto the filter and vial is proportional from filtrate and 

retentate.

3) The dissolved uranium found in the retentate is a one to one ratio to the dissolved 

uranium found in the filtrate.

4) Calculations can be repeated for 30 kDa and 100 kDa to compute an 

operationally defined complexed fraction.

Taking these factors into account the following equations were used to calculate 

the amount of complexed uranium ( U c) from the retentate concentration of uranium [ U ] R, 

by taking into account the existence o f dissolve uranium, which is found from the amount 

of dissolved uranium in the filtrate [ U ] f :

where V r  is the volume of the retentate. The amount of dissolved uranium (Uq) is found 

by multiplying the uranium found in the filtrate which is assumed to be dissolved by the 

total volume (VT):

Uc — [U]R * VR — [U]F * V r (3.2)

Ud — [U]F * Vj (3.3)

the percent o f uranium complexed can be calculated with:

am ount uranium  complexed =  - ——
Uc + Ud

(3.4)
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In addition, in experiment two the goal was to determine if the high recovery of 

humic acid came from bleeding of the polypropylene tubes in which the solutions were 

kept. For this experiment, half o f the 10 mL solution was centrifuged through the filter. 

This solution was immediately analyzed for organic carbon before it was stored in 

polypropylene tubes for uranium analysis. The solutions were also analyzed using 

SUVA, for which the solutions were diluted.

3.3.2.1 3 kDa Filters

Expectations for the 3 kDa filters were that the uranium was mainly dissolved in 

the citric acid solution, due to the small size o f the citric acid molecules (294.1 g/mol) 

which would allow the molecules to pass through the filter and wouldn't allow the 

uranium to complex due to limited complexation sites. Since the citric acid should pass 

through the filter and since half o f the solution was filtered, the concentrations of 

uranium and organic carbon in the filtrate would equal the concentrations in the retentate. 

Therefore, initial mass should be half in the filtrate and half in the retentate. The uranium 

in the humic acid - uranium solution was expected to be mainly complexed due to the 

size exclusion effect, which would retain the humic acid due to its size o f 6 kDa, and 

therefore would allow the uranium to complex due to the large amount of complexation 

sites. That means the concentrations and mass of uranium and organic carbon in the 

filtrate would be a lot less than the concentration and mass in the retentate. Uranium 

without organic carbon present was expected to pass through the filter which would mean 

again that the concentration and the mass of uranium in the filtrate would equal the 

concentration and mass in the retentate.
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Again the overall recovery of organic carbon was very high, ranging between

133.9 ± 4.6% for the humic acid solution and 139.5 ± 12.2% for the citric acid-uranium 

solution. The organic carbon could have possibly come from the filters. Even though they 

were thoroughly washed and the final concentration of organic carbon was less than

1.5 mg/L, an increase of organic carbon was observed in the filtrate and retentate of the 

uranium solution being on average 3.9 ± 0.6 mg/L.

Overall, the recoveries o f the organic carbon and uranium in the solutions 

(Figure 3.14) are about the same percentage for the filtrate; vary however for the overall 

recoveries with organic carbon having normally a greater percent recovery.
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Figure 3.14: Recoveries of the different solutions for the 3 kDa filter at pH 6 ,1 = 0.01

The overall recovery of TOC and uranium in the citric acid - uranium solution 

was slightly high. The recovery o f organic carbon in the filtrate (Figure 3.14) of the citric
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acid-uranium solutions was slightly under 50% (48.1 ± 6.3 %). That value was about 

what was expected, as citric acid is smaller than the 3 kDa filters, which should allow it 

to easily pass through the filter. At approximately half the volume that was filtered, half 

should go through the filter. This was also seen in the concentrations of the retentate and 

filtrate which are pretty similar to the initial concentration of the solution 

(Figure 3.15(a)). The overall uranium recovery of the citric acid and uranium solution is 

slightly high (Figure 3.14). The ICP-MS has a standard deviation of about ± 10 %, which 

could explain the high recovery rate. A little less uranium was recovered in the filtrate 

than the organic carbon in the filtrate. It is expected that this uranium is complexed to 

citric acid.

The organic carbon recovered in the filtrate for the humic acid-uranium solution 

was also as expected. The humic acid has an average size o f 6 kDa. Therefore, only a 

small percentage of the humic acid should be allowed to pass through the filter, which is 

depicted in the filtrate recovery (Figure 3.15 (b)). The filtrate solution had a 

concentration of 4.8 ± .02 mg/L which is about 20% of the initial concentration of

23.3 mg/L. The recovery of uranium was at 98.2 ±5.1%  for the humic-acid uranium 

solution. Only a small amount of uranium was recovered in the filtrate of the humic-acid 

and uranium solution. This might indicate that most of the uranium is complexed to 

humic acids that are not capable of fitting through the filter or adsorb onto the vial and 

filter membrane (which will be further discussed a little later in this section).

The overall recovery of organic carbon for the humic acid solution was

133.9 ± 4.6% with 10.0 ± 4.3% being recovered in the filtrate which was expected. As
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previously stated, the humic acid has an average size of 6 kDa, meaning most of the 

humic acid should be retained (Figure 3.15 (c)).

The overall recovery was 121.2 ± 50.5% for the uranium solution, showing a 

rather large unexplainable standard deviation. As for the high recovery rate, the ICP-MS 

has a standard deviation o f about ± 10 %, which could explain it. The recovery of 

uranium in the filtrate was less than 9% (8.2 ± 5.1 %) for the uranium solution. This is 

also seen in the concentration of uranium in the filtrate which is significantly less than the 

original uranium concentration. In addition, the uranium concentration in the retentate is 

significantly greater than the concentration in the filtrate. However, with respect to the 

initial solution, both the filtrate and retentate concentrations are less (Figure 3.15 (d)).

The fate o f the "missing" uranium will be discussed a little later in the section.

When looking at the different masses that got recovered in each step for the citric 

acid - uranium solution (Figure 3.16), it can be seen that the recovered masses were lower 

in the filtrate for both uranium and organic carbon than they were for the retentate. 

Uranium recovery in the retentate was almost double the recovery in the filtrate. This 

might indicate a binding o f uranium onto citric acid which is retained in the retentate, 

even though everything was expected to pass through the filter. The organic carbon 

recovered in the acid was not significantly greater than in the acid wash indicating no 

preferred binding site for the organic carbon. The uranium that was recovered in the acid 

was slightly higher than the uranium recovered by the acid wash, which could indicate, 

that more uranium would adsorb onto the vial. However, this could be also due to an 

increasing amount of uranium in the retentate, therefore having a greater amount
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available for binding in the retentate. When looking at the amounts o f complexed and 

dissolved uranium it is obvious, that there is more dissolved uranium than there is 

complexed uranium. This could be due to the fact that citric acid is small enough to fit 

through the filter even when complexed. That results in calculated dissolved uranium, 

even when it is actually complexed. Only a small percentage of uranium was found in the 

acid and acid rinse, possibly proving the assumption that the citric acid is protecting the 

uranium from adsorbing onto the membrane.

Figure 3.16: Recovered masses in the different steps as well as dissolved and complexed 
amounts o f uranium in the citric acid and uranium solution (pH 6 , 1 = 0.01, 3 kDa filter)

In the humic acid - uranium solution (Figure 3.17) not a lot of organic carbon 

was recovered in the filtrate, due to the large size of the humic acid compared to the 

filter. The same trend was observed with uranium. However, this was probably due to the

64



complexing of uranium to humic acid which wasn't able to fit through the filter. This is 

confirmed by the amount of complexed uranium in contrast to the dissolved uranium. The 

graph also shows that slightly more organic carbon and uranium were recovered in the 

acid than in the acid rinse indicating possible leaching. Only a small percentage of 

uranium was found in the acid and acid rinse, possibly proving the assumption that the 

humic acid is protecting the uranium from adsorbing onto the membrane.
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Figure 3.17: Recovered masses in the different steps as well as dissolved and complexed 
amounts of uranium in the humic acid and uranium solution (pH 6 ,1 = 0.01, 3 kDa filter)

The humic acid solution (Figure 3.18) behaved similar to the humic acid-uranium 

solution. Due to the size of the humic acid not a lot of it was recovered in the filtrate, but 

again showed a high recovery of organic carbon in the acid steps.
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Initial Filtrate Retentate Acid Acid
Rinse

Figure 3.18: Recovered masses in the different steps in the humic acid solution (pH 6,
I = 0.01, 3 kDa filter)

When the humic acid -  uranium solution was analyzed using UV and the 

concentration of the solutions, differences in the SUVA of the filtrate and retentate were 

found. The SUVA values for each triplicate illustrate, that the SUVA for the filtrate 

solution (2.9 ± 0.6) was almost half the SUVA for the retentate (6.6 ± 0.1)

(Table 3.3 (a)), indicating that the organic compounds fractionated during the 

ultrafiltration process. The initial solution has a SUVA value (6.4), which is rather high 

compared to those found in literature {80), and is similar to the SUVA values of the 

retentate. The difference of SUVA values in the filtrate indicates a fractionation of the 

humic acid through the filtration process, with the humic acids in the filtrate having a 

different molecular make up compared to the initial solution as well as the retentate, 

represented by an increase of hydrophilic properties as well as a decrease of aromatic 

groups {80).
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In the humic acid solution the differences in the SUVA values of the filtrate and 

retentate were also found. Again, the SUVA values for each triplicate illustrate that the 

SUVA for the filtrate solution (3.0 ± 0.8) was almost half the SUVA for the retentate 

(6.7 ± 0.1). That indicates that the organic compounds that are found in the filtrate are 

fractionated through the filtration process, with the humic acids in the filtrate having a 

different molecular make compared to the initial solution as well as the retentate 

(Table 3.3 (b)) with respect to hydrophilic properties as well as aromatic groups. The 

hydrophilic properties are increased and the aromatic groups are decreased in lower 

SUVA values. The initial solution has a SUVA (6.8), which is also high compared to 

those found in literature (80).

Table 3.3: SUVA values for each triplicate for the (a) humic acid and uranium and 
(b) humic acid (pH 6,1 = 0.01,3 kDa)

(a) (b)

HA, U 1 HA, U 2 HA, U 3 HA 1 HA 2 HA 3

Absorbance Filtrate (cm"1)* 0.032 0.032 0.045 0.034 0.026 0.024
TOC Filtrate (mg/L) 1.4 1.1 1.3 1.7 0.7 0.7
SUVA Filtrate (L/mg m)* 2.3 3.0 3.4 2.0 3.5 3.4

Absorbance Retentate (cm '1)* 0.592 0.600 0.280 0.371 0.545 0.606
TOC Retentate (mg/L) 9.0 9.0 4.3 5.6 8.0 9.2
SUVA Retentate (L/mg m)* 6.6 6.7 6.6 6.6 6.8 6.6

* at 254 nm

In addition, looking at the normalized graph (Figure 3.19 (b)) the graph for the 

filtrate solution shows a dip in the absorbance ranging from 200 nm to 234 nm, with the 

minimum absorbance at 212 nm. This dip is unexpected, occurred in all replicates and 

can't be explained. The normalized graphs show big differences between the initial
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solution and the filtrate and retentate. This was expected due to fractionation that resulted 

from the size exclusion effect.
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Figure 3.19: Normalized SUVA graph of (a) humic acid and uranium and (b) humic acid
(pH 6 ,1 = 0.01, 3 kDa filter)

68



The graph of the different masses, that were recovered in each step of the uranium 

solution (Figure 3.20), shows clearly that the uranium recovered in the acid is double the 

uranium found in the retentate and a lot higher than the uranium in the filtrate. It was 

expected that due to the size of the particles the same amount o f uranium was supposed to 

be in the filtrate as well as in the retentate, which additionally was an assumption in the 

complexed uranium calculation. However, 3.5 times the amount of uranium was in the 

retentate then there was in the filtrate. Additionally the uranium recovered in the acid 

rinse is about the same as the uranium that was recovered in the filtrate. That points to 

adsorption of the uranium onto the vial and filter. It is observed that the standard 

deviations for the filtrate and retentate in the concentrations and recovered masses are 

really big. In both filters about half the solution (about 5 mL) was filtered through 

however the concentration ranged between 8.5 and 44 mg/L for the filtrate and 27.5 and 

164 mg/L for the retentate. Reason for the big range o f concentrations is unclear. In both 

cases the standard deviation reached from zero to almost double the masses. However, it 

is to mention, that only duplicates were made o f the uranium solution due to a faulty 

filter. Nevertheless, in both samples the greater amount of uranium was found in the 

retentate. Also when comparing the amounts calculated for complex and dissolved 

uranium, the amount o f uranium that is "complexed" is greater than the amount of 

"dissolved" uranium. Obviously there is nothing the uranium can complex to and is only 

operational complexed uranium and should therefore be all dissolved. The results for 

complex uranium could be explained due to the adsorption of uranium onto the filter 

membrane and vial, which then does not end up in the filtrate or retentate, as well as the 

high amount o f uranium in the retentate.
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Figure 3.20: Recovered masses in the different steps as well as "dissolved and complexed
amounts of uranium" in the uranium solution (pH 6 ,1 = 0.01, 3 kDa filter)

The expected results were mostly confirmed. The citric acid - uranium solution 

mostly passed easily through the filter with some size exclusion effects. Size exclusion 

effects were also observed for the humic acid - uranium and humic acid solutions. The 

uranium was found to be mainly complexed in the presence of humic acid, however large 

amounts of dissolved uranium were also observed. There was significant adsorption of 

the uranium into the membrane and vial when there was no organic carbon present. The 

small amounts of uranium that were found in the acid steps for the citric acid - uranium 

and humic acid - uranium solution possibly proves the assumption that the organic carbon 

protects the uranium from adsorbing onto the membrane. The humic acid from the humic 

acid - uranium and humic acid solutions in the filtrate, has possibly a different molecular
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structure as determined by SUVA due to fractionation, showing a lot smaller SUVA 

values than the initial solution and retentate that show uncharacteristically high values.

3.3.2.2 30 kDa Filters

Expectations for the 30 kDa filters were that the uranium was dissolved in the 

citric acid solution due to the small size of the citric acid molecules (294.1 g/mol) which 

would allow the molecules to pass through the filter. If the uranium was complexed to the 

citric acid, the complex would pass easily through the filter and only operational 

complexed uranium could be calculated. In addition, the concentration of uranium and 

organic carbon in the filtrate would equal the concentration in the retentate, when half of 

the solution is filtered. Therefore, the initial concentration should equal the concentration 

in the filtrate and retentate and the initial mass should be half in the filtrate and half in the 

retentate. The uranium in the humic acid - uranium solution was also to be expected to be 

“dissolved” since no size exclusion effect, which would retain humic acid with its size of 

6 kDa. As with the citric acid -  uranium solutions if the uranium was complexed to the 

citric acid, the complex would pass easily through the filter and only operational 

complexed uranium could be calculated. Uranium was expected to pass through the filter 

which would mean again that the concentration and the mass of uranium in the filtrate 

would equal the concentration and mass in the retentate.

Again the overall recovery of organic carbon was very high, ranging between

120.7 ± 0.9% for the citric acid solution and 136.8 ± 1.7% for the humic acid solution.

The organic carbon could have possibly come from the filters. Even though they were

thoroughly washed and the final concentration o f organic carbon was less than 1.5 mg/L,
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an increase of organic carbon was observed in the filtrate and retentate of the uranium 

solution being on average 3.8 ± 1.2 mg/L.

Overall, the recoveries of the organic carbon and uranium (Figure 3.21) in the 

humic acid and uranium solution are about the same for the filtrate; vary however for the 

overall recovery. The filtrate and overall recovery for both uranium and organic carbon in 

the citric acid and uranium solution are about the same while for the rest of the solution 

more organic carbon is recovered.
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Figure 3.21 : Recoveries of the different solutions for the 30 kDa filter at pH 6 ,1 = 0.01

The overall recovery of organic carbon and uranium in the citric acid - uranium 

solution was slightly high. The recovery of organic carbon in the filtrate of the citric 

acid - uranium solutions was 50.3 ± 0.9 %, which was similar to the results gained with 

the citric acid - uranium solution and the 3 kDa filters. That value was expected. When
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citric acid is small enough to get through the 3 kDa filters it will be definitely small 

enough to fit through the 30 kDa filters. This was also seen in the concentrations of the 

retentate and filtrate which are almost the same as the initial concentration o f the solution 

(Figure 3.22 (a)). The uranium recovery o f the citric acid uranium solution was also in 

the 50% area (54.5 ± 9.9) showing that again half of the solution went through the filter. 

The overall recovered percentage of uranium in the citric acid - uranium solution is 

slightly high (Figure 3.21). This could be due to the standard deviation o f the ICP-MS 

which is about ± 10 %. Having a high standard deviation for the filtrate uranium 

concentration could be also a reason why a uranium recovery of 117.7 ± 8.0% was 

observed. The uranium concentration in the retentate and filtrate was lower than the 

initial concentrating of uranium (Figure 3.22 (a)).

The overall recovery of organic carbon and uranium in the humic acid - uranium 

solution was also slightly high. The recovery of organic carbon in the filtrate of the humic 

acid-uranium solutions was only 24.7 ± 5.2% (Figure 3.21). This is very unexpected. As 

stated before the average size o f the humic acid is about 6 kDa. Therefore, having a 

30 kDa filter the humic acid is supposed to pass through the filter without any problem. 

Consequently when half of the solution passes through the filter, about half of the organic 

carbon should also go through the filter. Some of the humic acids might have a size of 

more than 30 kDa, but that should be only the exception. The concentration is lower in 

the filtrate than the initial concentration, and higher in the retentate than in the initial 

concentration (Figure 3.22 (b)). However, it is not obvious why the humic acid is not 

going through the filter. The uranium recoveries in the humic acid solution were like the 

results for organic carbon unexpected. Only less than 15% (14.7 ± 1.4 %) was recovered
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in the filtrate. This indicates that most of the uranium is complexed humic acid which 

was retained by the filter, but again it is not clear why it was retained.

The same trend is observed for the humic acid solution only 25.1 ± 1.1% of the 

organic carbon is recovered in the filtrate (Figure 3.21), with a lot higher concentration of 

organic carbon in the retentate (Figure 3.22 (c)).

For the uranium solution, as with the 3 kDa filters not a lot of uranium was 

recovered in the filtrate. However, the recovery in the filtrate increased by 20% compared 

to the 3 kDa filters, being about a quarter (28.6 ± 2.9 %) of the initial amount of uranium 

added. In addition not a lot o f uranium is recovered in the retentate (Figure 3.22 (d)).

The trend for the citric acid and uranium solution is also shown in the recovery of 

the different masses of organic carbon and uranium (Figure 3.23). The masses of uranium 

and organic carbon in the filtrate and retentate are about equal and are about half of the 

initial mass. In addition, as in the 3 kDa filters, more uranium and organic carbon are 

recovered in the acid than in the acid rinse. However, not a lot of uranium is recovered in 

the acid steps, indicating protection by citric acid of uranium from adsorption. The 

amount o f complexed uranium is a lot lower than the amount o f dissolved uranium. This 

is due to the large size of the filter pores. The citric acid in the solution can easily pass 

through the filter and even when it is complexed the complexes are small enough to still 

pass through the filter. Thus complexed and dissolved uranium are only operational 

calculations.

The interpretation for the humic acid - uranium solution (Figure 3.24) as well as 

for the humic acid (Figure 3.25) solution is a little bit more difficult. Only small amounts 

of uranium and organic carbon were found in the filtrate. The mass of both uranium and
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Figure 3.23: Recovered masses in the different steps as well as operational dissolved and 
complexed amounts o f uranium in the citric acid and uranium solution (pH 6, I = 0.01,

30 kDa filter)

organic carbon recovered in the filtrate is a lot less than in the retentate. However, it is 

not obvious why the humic acid is not going through the filter. No major adsorption onto 

the filter was observed which could make the filter size smaller. This would also be 

indicated by an increase of organic carbon recovered in the acid or acid wash. However, 

none of it is observed. The masses recovered in the acid and acid wash are of similar 

magnitude than the ones that were recovered in the 3 kDa filters. The complexed uranium 

found is less than the complexed uranium in the citric acid - uranium solution, however to 

a lesser extent. The dissolved uranium is about twice the amount o f the complexed 

uranium. In addition, the large amount of dissolved uranium could be due to the fact that 

the humic acids are small enough to fit through the pores even when complexed, since the 

calculation is only operational.
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Figure 3.24: Recovered masses in the different steps as well as operational dissolved and 
complexed amounts of uranium in the humic acid and uranium solution (pH 6,1 = 0.01,

30 kDa filter)

Initial Acid RinseFiltrate Retentate

Figure 3.25: Recovered masses in the different steps in the humic acid and uranium 
solution (pH 6 ,1 = 0.01, 30 kDa filter)
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The SUVA values for the humic acid - uranium solution show that they are about 

the same for the filtrate (5.1 ± 0.4) and retentate (5.2 ± 0.5). However, the triplicates 

show small variations in the SUVA values, being smaller in the filtrate than the retentate 

in one replicate and larger in the filtrate in another (Table 3.4 (a)). Again, the initial 

solution SUVA value of 6.4 is high compared to those found in literature (80). The 

SUVA values in the filtrate and retentate are both slightly smaller than the initial value, 

and higher than other reported SUVA values for humic acid (80). Due to the decrease in 

SUVA values compared to the initial value, the humic acids are possibly fractionated. 

These humic acids will have more hydrophilic properties and a decrease o f aromatic 

groups. However, this decrease is so small that it might not be of significance.

The SUVA values for the humic acid solution show the same variations in the 

SUVA values as the humic acid - uranium solution. Some SUVA values are smaller in 

the filtrate than the retentate in one replicate and larger in the filtrate in another 

(Table 3.3 (b)). The initial solution has a SUVA value (6.8) that is again slightly high The 

SUVA values in the filtrate (5.3 ± 0.6) and retentate (5.7 ± 0.6) are both slightly smaller 

than the initial value, and about the same as other reported SUVA values for humic acid 

(80). However, due to the decrease in SUVA values compared to the initial value, the 

humic acids are possibly fractionated. These humic acids found in the filtrate will have 

more hydrophilic properties and a decrease of aromatic groups. Again, this decrease is so 

small that it might not be of significance.

The difference in the SUVA values is again not as big as for the 3 kDa filters. As 

with the 3 kDa the humic acid SUVA graph shows a dip o f absorbance at the lower 

wavelengths ranging from 200 nm to 231, with the minimum absorbance at 209 nm. The
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Table 3.4: SUVA values for each triplicate for the (a) humic acid and uranium and (b)
humic acid (pH 6 ,1 = 0.01, 30 kDa)

(a) (b)

H A U  1 H A U  2 H A U  3 HA 1 HA 2 HA 3

Absorbance Filtrate (cm-1)* 0.066 0.009 0.080 0.077 0.071 0.056
TOC Filtrate (mg/L) 1.2 0.2 1.5 1.3 1.5 1.1
SUVA Filtrate (L/mg m)* 5.4 4.6 5.3 5.9 4.6 5.2

Absorbance Retentate (cm"1)* 0.264 0.332 0.129 0.191 0.271 0.327
TOC Retentate (mg/L) 5.0 6.8 2.4 3.9 4.4 5.5
SUVA Retentate (L/mg m)* 5.3 4.9 5.3 5.0 6.1 6.0

*at 254 nm

dip is not as pronounced as the one found in the 3 kDa filters, but again this dip can't be 

explained. The normalized graphs show small differences between the initial solution and 

the filtrate and retentate, which was expected since some humic acid should be retained 

by the filter.

For the uranium solution the results were similar between the 30 kDa filters and 

the 3kDa filters. Again not a lot of uranium was recovered in the filtrate and retentate. 

However, there was less uranium recovered in the acid step for the 30 kDa than was in 

the 3 kDa run possible due to the larger pore sizes that allow the uranium to pass faster. 

This time the amount of uranium was about the same amount that was recovered in the 

retentate. Once more, this points to adsorption of the uranium onto the filter and vial.

This time there was only a small amount o f "complexed" uranium, possibly just due to an 

instrumental error, but mainly all of the uranium is dissolved as was expected since there 

is no humic acid to which the uranium can bind.
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Figure 3.26: Normalized SUVA graph of (a) humic acid and uranium and (b) humic acid
(pH 6 ,1 = 0.01, 30 kDa filter)
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Figure 3.27: Recovered masses in the different steps as well as operational "dissolved and 
complexed amounts of uranium" in the uranium solution (pH 6 ,1 = 0.01, 30 kDa filter)

The expected results were mostly confirmed. However, size exclusion effects 

were observed for the humic acid - uranium and humic acid solutions. The uranium was 

found to be mainly dissolved, however, adsorption o f the uranium into the membrane and 

vial was visible. The humic acid in the filtrate might have a different molecular structure 

as determined by SUVA possibly due to fractionation, which were only slightly lower 

than the SUVA values for the initial solutions, which were unexpectedly high. However, 

the differences in the SUVA values were only minimal.
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33.2.3 100 kDa Filters

Expectations for the 100 kDa filters were that all solutions would pass through the 

filter, therefore size exclusion effects don't exist. All uranium should be “dissolved” 

(operational) since even complexed uranium should be able to pass through the filter.

That would mean that the concentrations of uranium and organic carbon in the filtrate 

would equal the concentrations in the retentate when half of the solution is filtered. 

Therefore, the initial concentration should equal the concentration in the filtrate and 

retentate and the initial mass should be half in the filtrate and half in the retentate. The 

large pore size was assumed to result in only operational dissolved uranium.

As with the 3 kDa and 30 kDa filters, the recovery of organic carbon was slightly 

high (Figure 3.28), due to possible organic carbon still left behind from manufacturing. 

Even though the filters were cleaned to 1.5 mg/L organic carbon, or less, the 

concentration in the uranium solution was higher than these initial values.

For the 100 kDa filter the recoveries were opposite to the ones seen for the 

30 kDa filter with respect to percent recovery. The recoveries of the organic carbon and 

uranium in the citric acid - uranium solution are only slightly different for the filtrate and 

overall recovery. Compared to that, the filtrate and overall recovery for both uranium and 

organic carbon in the humic acid - uranium solution are about the same.

For the citric acid the recovery of organic carbon in the filtrate was slightly lower 

than expected. Considering that citric acid should pass easily through the filters about 

half of the organic carbon should be recovered in half the solution. However, only a little 

more than 40 % (43.3 ± 2 .2  %) went through the filter, which was less than what went 

through the filter o f the 3 or 30 kDa filters (Figure 3.28). However, the concentration of
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Figure 3.28: Recoveries of the different solutions for the 100 kDa filter at pH 6 ,1 = 0.01

the filtrate and retentate are about equal to the initial concentration (Figure 3.29 (a)). Like 

the recovery of organic carbon the overall recovery of uranium are slightly high. The 

high recovery could be due to the ICP-MS which has a standard deviation of ± 10%, 

which could add up in the different steps. For the citric acid - uranium solution, the 

uranium that was recovered in the filtrate was what was expected: about 50%

(52.9 ± 4.6 %), which is about 10 % higher than the recovered citric acid, possibly to a 

greater amount of uranium in the solution. The concentrations in the filtrate and retentate 

equal the initial concentration.

The recovery o f organic carbon in the filtrate was also low for the humic acid - 

uranium as well as humic acid solution. All of the organic carbon in the solution should 

go easily through the filter, due to a determined average size of 6 kDa, therefore showing 

a filtrate recovery of 50 % (Figure 3.28). A possible explanation could be leaching of the
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membrane into the retentate, but not significantly into the filtrate. However, the 

concentration of the filtrate and retentate are about equal to the initial concentration 

(Figure 3.29 (b)). The recovery of uranium in the humic acid - uranium solution is also 

expected. Almost 40% of the organic carbon should go through, which is close to

41.2 ± 2.4 % of the uranium that was found in the retentate. The concentrations of the 

filtrate and retentate solutions (Figure 3.29 (b)) are only slightly lower than the initial 

concentration.

The uranium recovered in the filtrate of the uranium solution is however slightly 

low (Figure 3.28) and about the same percent that was recovered in the 30 kDa filters. 

Conversely, the filtrate concentration (Figure 3.29 (d)) has a high standard deviation 

which also is reflected in the recovery. In addition, even though triplicates were made, 

only two samples were used due to a faulty filter, which let too much solution pass 

through in a very short amount of time.

For the citric acid - uranium solution most of the organic carbon and uranium 

were recovered in the filtrate and retentate. Only a little bit o f organic carbon was 

recovered in the acid step, while the other recoveries in the acid step and acid wash were 

negligible (Figure 3.30). The small amounts of uranium in the acid steps point towards 

protection of the uranium by citric acid from adsorption. The resonance time was about 

the amount of the 3 kDa and 30 kDa filter, therefore can be probably excluded as a factor 

why less adsorbed in the 100 kDa filter. There is barely any amount of complexed 

uranium. This is due to the large size of the filter pores the citric acid in the solution can 

easily pass through the filter even when it is complexed the complexes are small enough 

to still pass through the filter. The calculations are only operational and what we call
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Figure 3.30: Recovered masses in the different steps as well as operational dissolved and 
complexed amounts o f uranium in the citric acid and uranium solution (pH 6 ,1 = 0.01,

100 kDa filter)

dissolved uranium is in this case, uranium complexed to the citric acid which is still small 

enough to pass through the pores.

As with the citric acid - uranium solution, the humic acid - uranium solution had 

most of the organic carbon and uranium recovered in the filtrate and retentate 

(Figure 3.31). Only a little bit o f organic carbon was recovered in the acid wash. As with 

the citric acid, the small amounts of uranium in the acid steps point towards protection of 

the uranium by humic acid from adsorption. Again, resonance time was about the amount 

of the 3 kDa and 30 kDa filter, therefore can be probably excluded as a factor. No acid 

step was analyzed due to passing of the acid through the filter while it was allowed to sit, 

however the acid that had dripped through the filter was included in the acid wash step. 

Calculation gave no complexed uranium due to the large pore size the humic acid easily
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passed through, and even when complexed to uranium the complexes passed through. 

The calculations are only operational and what we call dissolved uranium is in this case, 

uranium complexed to the humic acid which is still small enough to pass through the 

pores.

Figure 3.31: Recovered masses in the different steps as well as operational dissolved and 
complexed amounts of uranium in the humic acid and uranium solution (pH 6, I = 0.01, 

100 kDa filter) *Acid leach step was performed, however due to the large pores acid went 
through the filter while sitting overnight **The pores were too large to form

complexed U

The recovered masses in the humic acid solution show the same trend with 

respect to recovered masses as the humic acid - uranium solution (Figure 3.32). The 

amount in the retentate and filtrate was about equal which indicates that the humic acid 

easily passes through the filter. Again, no acid step analysis was performed, but also 

included as part of the acid wash step.
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Figure 3.32: Recovered masses in the different steps in the humic acid solution (pH 6,
I = 0.01, 100 kDa filter) *Acid leach step was performed, however due to the large pores 

acid went through the filter while sitting overnight

For the humic acid - uranium solution the SUVA values of the filtrate and 

retentate are both about the same (7.0 ± 0.6 for filtrate and 6.7 ± 0.2 for retentate) as the 

SUVA value of 6.4 of the initial solution (Table 3.5 (a)). These values are slightly high 

compared other SUVA values of humic acids found in literature (80).

The SUVA values for the humic acid solution (Table 3.5 (b)) are also indicating 

that there is no difference between the filtrate humic acid (6.6 ± 0.2), retentate humic acid 

(6.4 ± 0.3) and the initial humic acid (6.8). As with the humic acid - uranium solution, 

these values are slightly high compared other SUVA values of humic acids found in 

literature (80).
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Table 3.5: SUVA values for each triplicate for the (a) humic acid and uranium 
and (b) humic acid (pH 6 , 1 = 0.01, 100 kDa)

(a) (b)

HA, U 1 H A ,U 2 H A ,U 3 HA 1 H A 2 H A 3

Absorbance Filtrate (cm"1)* 0.098 0.158 0.146 0.155 0.105 0.197
TOC Filtrate (mg/L) 1.3 2.5 2.0 2.3 1.5 3.1
SUVA Filtrate (L/mg m)* 7.6 6.3 7.2 6.6 6.8 6.4

Absorbance Retentate (c m 1)* 0.345 0.244 0.291 0.294 0.332 0.246
TOC Retentate (mg/L) 5.1 3.8 4.3 4.8 . 5.1 3.7
SUVA Retentate (L/mg m)* 6.8 6.4 6.8 6.1 6.6 6.7

* at 254 nm

Again a small dip is visible for the humic acid filtrate graph, ranging from 200 nm 

to 226 nm, with the minimum at 212 nm. The normalized SUVA graphs show that the 

initial solution and filtrate and retentate show no significant difference. This was 

expected since larger pore sizes show no size exclusion effect and allow the humic acid 

to pass easily through the filter, making it less likely to be affected by retention and a 

resulting fractionation by the pore size.

For the uranium solution, as with the other solutions and 100 kDa filters, most 

uranium that was recovered was in the filtrate and retentate, which were about equal 

amounts. The recovery of uranium in the acid wash was about 10%. In the smaller filters 

a great amount of uranium was recovered in the acid step, but also here, no acid step was 

analyzed due to the drainage of the acid through the filter. Resonance time was about the 

same as for the 3 kDa and 30 kDa filters, therefore could not account for the smaller 

about of uranium recovered in the acid steps. There is a small amount of operational 

complexed uranium which is probably due to instrumental error.

89



1.2

HA, U 
Filtrate 
HA, U 
Retentate
HA, U

0.8

0.6

0.4

0.2

200 400 600
Wavelength (nm)

800

(a)

1.2

T~ HA Filtrate
0.8

HA
Retentate
HA

0.6

0.4

0.2

0
200 400 600 800

Wavelength (nm)

(b)

Figure 3.33: Normalized SUVA graph of (a) humic acid and uranium and (b) humic acid
(pH 6 ,1 = 0.01, 100 kDa filter)
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Figure 3.34: Recovered masses in the different steps as well as operational "dissolved and 
complexed amounts of uranium" in the uranium solution (pH 6 ,1 = 0.01, 100 kDa filter) 
*Acid leach step was performed, however due to the large pores acid went through the

filter while sitting overnight

The expected results were mostly confirmed. Only small size exclusion effects 

were observed for the humic acid - uranium and humic acid solutions. The uranium was 

found to be dissolved, however, adsorption of the uranium into the membrane and vial 

was visible. The humic acid didn’t have different molecular structures in filtrate and 

retentate as determined by SUVA due to the large pore size which allowed humic acid to 

pass through the filters with ease, and was about the same than the initial solution SUVA 

value, which was slightly high.
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3.3.3 Ultrafiltration of Humic Acid - Uranium Complexes: Experiment 3

The data of the different solutions using 3 kDa filters was analyzed looking at the 

percent o f uranium that is complexed to humic or citric acid. The theory was that the 

lower the organic carbon concentration the less uranium is complexed to the humic or 

citric acid, due to limited availability of complexation sites.

As previously stated, uranium was analyzed by ICP-MS. Quality assurance was 

accomplished by triplicates as well as internal standards. Check standards were applied 

every 10 to 15 samples. DOC was analyzed by a TOC analyzer. Here, quality assurance 

was accomplished by triplicates as well as check standards every 35 to 40 samples. Each 

sample analyzed by the TOC analyzer was followed by a blank sample.

Complexed uranium was calculated in three different ways: the first calculation is 

described in section 3.3.2. For the second method a few assumptions were made:

1 ) All uranium that is not in the filtrate is complexed to HA.

2) Even though determined to be not true, for this purpose it was assumed that all 

organic matter is retained by the filter.

Taking these factors into account the following equations were used to calculate 

the amount of complexed uranium (Uc):

Uc = UT — UF (3.5)

where Ut is the total mass o f uranium recovered and Up is the uranium mass recovered 

in the filtrate. The percent o f uranium complexed can then be calculated with:

am ount uranium  complexed = ^  (3.6)
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The last method takes into account the uranium that is adsorbed onto the vial and 

filter membrane and assumes:

1 ) All uranium that is not in the filtrate, acid and acid wash is complexed to HA.

2) Even though determined to be not true, for this purpose it was assumed that all 

organic matter is retained by the filter.

3) Adsorption of uranium onto the filter and vial is proportional from filtrate and 

retentate.

Therefore:

Uc =  UT — (U F +  UAds) (3.7)

where Ut is the total mass of uranium recovered, Up is the uranium mass recovered in 

the filtrate, UAds is the total mass of uranium recovered in the acid and acid wash steps . 

The percent o f uranium complexed can then be calculated with:

am ount uranium  complexed = — (3.8)
Ut

In experiment three the goal was to determine a curve that analyzes the amount of 

complexed uranium with respect to organic carbon concentration. For this experiment 

half of the 6 mL solution was centrifuged through the filter. This solution was diluted 

with DI water and analyzed for organic carbon before it was stored in polypropylene 

tubes for uranium analysis.
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3.3.3.1 3 kDa Filters

For this experiment it was expected that the percent uranium complexed would 

increase with an increase in citric acid and humic acid concentration due to an increase of 

available complexation sites.

Even though the samples for the humic acid solutions and citric acid solutions 

were prepared in the same manner, the uranium concentrations of the initial solutions 

were at least 20 mg/L greater (245 mg/L) than the uranium concentrations of the humic 

acid solutions (197 mg/L). In comparison the uranium concentration for the uranium 

solution was only found to be 170 mg/L. This indicates that there is possible bonding of 

the uranium onto the polypropylene tubes the solutions were stored in. This effect seems 

to be diminished in the citric acid solution, which possibly better surrounds the uranium 

molecules, preventing them to bond. This could be confirmed by the previous results that 

also found protection of the uranium from adsorbing by citric acid and to a slightly lesser 

degree humic acid.

For the humic acid solution (Figure 3.35), the percent of uranium complexed 

changed depending on the way the percent uranium complexed was calculated. For the 

first method which uses the calculations that were described in section 3.3.2 it was 

determined to be the most unreliable method with percentage of uranium complexed 

being above 100% to for almost all solutions that contained humic acid. In addition, 

while the percent complexed for 5 and 25 mg/L humic acid was over 120%

(123.1 ± 1.5 % and 121.4 ± 4.5), the percent for 10 mg/L humic acid was only 100% 

(101.2 ± 2.7 %) and for 60 mg/L only 93.0 ± 1.4 %. The uranium solution without any 

humic acid showed a complexation of uranium of 21.8 ± 11.4 %. The second method,
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that assumes that the uranium that is not in the filtrate is complexed, the percent uranium 

complexed ranges between 98.2 ± .6 % and 99.0 ± 0.4 % for all solutions containing 

humic acid, therefore being completely constant, and 80.4 ± 13.3 % for the solution that 

contained no humic acid . These numbers indicate again that humic acid is protecting the 

uranium from adsorbing onto the membrane and vial. The last method, showed a lower 

percentage complexed, ranging from 84.2 ± 4.2 % to 92.5 ± 14.3 % for all solutions 

containing humic acid, therefore increasing slightly with increasing humic acid 

concentration. The percent uranium complexed for the uranium solution without any 

humic acid was found to be a little less than 20% (15.8 ± 1.5%). For all curves, the 

percent uranium complexed made a large jump from no humic acid to 5 mg/L humic 

acid. From 5 mg/L to 60 mg/L the percent uranium complexed doesn't change 

significantly indicating possible filling of the complexation sites.

The trend that was expected, with less uranium being complexed at lower organic 

carbon concentrations, was a little more apparent for the citric acid solution (Figure 3.36). 

However, uranium complexed calculations are only operational due to the small size of 

the citric acid which would allow even complexed citric acid to pass through the filter. 

The method which was calculated using the calculations that were described in section 

3.3.2 was the lowest calculated method with percentage of uranium complexed ranging 

from 16.5 ±8.1 % to 25.6 ± 15.5 % for all solutions that contain citric acid. The solution 

that contained no citric acid, contained a higher amount of complexed uranium 

(21.8 ± 11.4) compared to the 5 mg/L solution. The second method that assumed that the 

uranium that is not in the filtrate is complexed the percent uranium complexed ranges 

between 22.7 ± 7.2 % to almost 50% (44.0 ± 13.4 %), where the percentage of the
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complexed uranium increases with increasing citric acid concentration. Compared to that 

the uranium solution that contained no citric acid showed a percent uranium complexed 

of 80.4 ±13.3 %. Again, these numbers indicate again that citric acid is protecting the 

uranium from adsorbing onto the membrane and vial. The last method, the amount of 

uranium complexed increases from 12.3 ± 1.2 % to 37.4 ± 10.8 %, with increasing citric 

acid concentrations. The percent uranium complexed for the uranium solution without 

any citric acid was found to be a little more (15.8 ± 1.5 %) than for the 5 mg/L citric acid 

solution. For all curves, the percent uranium complexed made a jump from no citric acid 

to 5 mg/L citric acid. From 5 mg/L to 60 mg/L the percent uranium complexed doesn't 

change significantly, again indicating possible filling of the complexation sites.

As a conclusion the percent uranium complexed increased slightly with an 

increase in available complexation sites in this case an increase in citric and humic acid. 

The percent uranium complexed increased drastically from no available sites to 5 mg/L 

acid in all calculation methods while it stays relatively constant in the remaining higher 

concentrations. This indicates that with a uranium concentration of 238 pg/L all of the 

available uranium is complexed at about 5 mg/L of humic acid or citric acid and the 

higher concentrations still have available complexation sites for the uranium.

3.3.4 Ultrafiltration Humic Acid - Uranium Complexes: Experiment 4

The theory was to saturate the filters with a metal of no interest, which would 

allow the metal to occupy possible binding sites on the filter such that the metal of 

interest, in our case uranium, would not or only slightly adsorb onto the filter allowing a

better differentiation of uranium and uranium complexes using ultrafiltration.
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Figure 3.35: Percent of uranium complexed to various concentrations of (a) humic acid, 
and (b) citric acid using different calculation methods (pH 5 ,1 = 0.01, 3 kDa filters)
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Metals as well as uranium were analyzed using the ICP-OES. Quality assurance 

was accomplished by triplicates as well as internal standards. Check standards were 

applied every 10 to 15 samples.

The experiment was split in two parts. The first part was to determine which 

metal adsorbed the best to the filter. For this the standardized ICP-OES solution, 

containing various metals in two concentrations (1 mg/L and 2 mg/L) was filtered 

through 3 kDa filters. The filtrate as well as initial solution was then analyzed with ICP- 

OES. The second part was to determine if the experiment would work, by analyzing 

uranium solution that was filtered through a previously saturated filter.

3.3.4.1 Determining a Metal for Saturating

This experiment was designed to determine which metal adsorbs readily to the 

membrane and which can be used as a pretreatment of the membrane to decrease the 

adsorption o f uranium.

The 10 mL of the standardized solution that was filtrated through the 3 kDa filters 

were compared to the initial solutions (Figure 3.37) to determine the metal that would 

adsorb the best onto the membrane. It shows that almost all the metals were completely 

recovered, which means that they didn't adsorb. No metal could be chosen based on this 

data therefore a second experiment was designed to determine how much metal actually 

stuck to the filter. For this 6 mL of acid was centrifuged through the filter. Again, the 

recovery of the metals after acid was filtered through and analyzed was not clear. All 

metals were recovered at the approximate same concentrations (Figure 3.38) and 

indicated that no metal adsorbs strongly onto the membrane.
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Zinc was chosen as the metal for saturation due to the little complexation it 

exhibits with uranium and a slightly higher recovery compared to the other metals in the 

acid step.

3.3.4 2 Analysis of Uranium Solution

It was expected that pretreatment of the membrane and vial with a metal would 

lead to a decrease of adsorption of uranium onto the filter membrane and vial due to a 

filling of the adsorption sites in the pretreatment.

The samples for this experiment were analyzed using ICP-OES. To adjust for the 

higher detection limit the uranium concentration in the solution was increased to 1 mg/L. 

For the experiment, 15 mL of 5 mg/L Zn solution was filtered through half of the filters. 

Due to the higher concentration of uranium compared to the last experiment ultrafiltration 

was also done with filters that were not pretreated. The adsorption of uranium was 

analyzed, by looking at the uranium concentrations in the acid steps. There was a slight 

increase in the uranium adsorbed for the filters that weren't pretreated with Zn 

(Figure 3.39). However, this is likely only an instrument error. Therefore, the results are 

seen as there is no significant difference between the two filters. The results may indicate 

increases in the uranium adsorbed for the filters that weren't pretreated with Zn (Figure 

3.39). However, this is likely only an instrument error. Therefore, the results are seen as 

there is no significant difference between the two filters. The results may indicate that no 

or only a little zinc adsorbed onto the filter or that the adsorbed zinc was replaced by
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Figure 3.36: Recovery of different metals after ultrafiltration of an ICP-OES standard 
solution * Concentration of the metal was below the detection limit of the ICP-OES
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Figure 3.37: Recovery of the different metals in the acid wash with respect to the initial 

solution * Concentration of the metal was below the detection limit o f the ICP-OES
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uranium. However, no elevated zinc levels were noticed in the pretreated filter solution 

compared to the untreated filters. In addition, the lack of difference could be due to filter 

overload. The amount of uranium recovered in the acid steps is twice as high as in the 

experiment that used a solution that contained 238 pg/L uranium.

Therefore pretreatment of the membrane and vial with a zinc solution showed no 

affect on the absorptivity of uranium.

Figure 3.38: Comparison of uranium recovered in acid wash steps as percentage of initial 
solution after ultrafiltration of 1 mg/L U solution (pH 5 ,1 = 0.01) for untreated filter and

pretreated filter with 5 mg/L Zn
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3.4 Summary and Conclusions

We analyzed several ultrafiltration experiments to determine if ultrafiltration can 

be used to differentiate uranium and uranium complexes. Breakthrough curves as well as 

mass balances determined that in small filters citric acid protected uranium from 

adsorbing onto the membrane and vial. This was also assumed to be happening in the 

humic acid solutions. Experiment three, points towards protection of uranium to a lesser 

degree in the humic acid solutions compared to the citric acid solutions. The effect was 

less visible with increasing filter size. The retained humic acid was believed to be 

complexed to uranium at low filter size. Additionally, the breakthrough curves 

determined that there was significant adsorption of uranium onto the membrane and vial. 

This could not be prevented with pretreatment of the filter with a metal o f noninterest. 

The experiment yielded the same results with respect to adsorption compared to the 

untreated filters.

The overall recovery of uranium was great. However, recovery of organic carbon 

was really high. Although, the filters were washed, an increase of organic carbon was 

found in the uranium solutions. Large amounts of organic carbon were also recovered in 

the acid step. This indicates a organic carbon source of the membrane or vial.

SUVA values indicate a fractionation of the humic acid in, primarily, the 3 kDa 

filters. The humic acids in the filtrate were found to be more hydrophilic, with a smaller 

amount of aromatic groups. This trend decreased with the increase of the filter size, due 

to the decrease in the size exclusion effect which allows the humic acids to pass through 

the filter more easily. In addition, the initial SUVA values were found to be 

uncharacteristically high.
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It was expected that all the uranium with humic acid in the 3 kDa filter was 

complexed, however, dissolved uranium was found. In contrast, not all uranium in the 

100 kDa filters were found to be operationally dissolved as expected. In addition, 

operational, complexed uranium was calculated to be in the uranium solution which is 

likely due to the large adsorption of uranium onto the filter and membrane. Lastly it was 

assumed that the amount o f dissolved uranium in the filtrate and retentate of the pure 

uranium solution was equal, due to the small size of the uranium which would allow them 

to pass easily through the membrane. This assumption was also used for the calculation 

for complexed uranium. This was found not to be the case, with more uranium being 

found in the retentate. The ratio of retentate and uranium filtrate decreased with 

increasing filter size.

Varying the calculation and assumptions for complexed uranium changed the 

results a little. In general, large amounts o f the uranium were found to be complexed to 

humic acids even at low concentrations of humic acid. In contrast, the citric acid 

solutions showed a more obvious trend of decreasing uranium complexes with decreasing 

citric acid concentration.

Overall, ultrafiltration seems to differentiate between uranium and uranium 

complexes for small filter sizes. Differentiation in intermediate and large filter sizes is 

complicated by artifacts such as adsorption of uranium onto the membrane and vial as 

well as unexplainable size exclusion. However, artifacts such as adsorption, fractionation 

of the humic acid, as well as leaching of the filter membrane occurred even in the small 

filter sizes. This can lead to inaccurate results in the complexation analysis.
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CHAPTER 4

SUMMARY, CONCLUSIONS, AND FUTURE WORK

The transport and bioavailability of uranium in groundwater depends on many 

factors such as pH and concentrations o f ligands such as mineral particle surfaces or 

NOM. Understanding how these factors impact the spéciation of uranium was an 

important part o f this study. This work looked at the interactions o f hematite with humic 

acid with respect to surface charge and the aggregation state o f the hematite. This was 

done by changing the pH as well as the concentrations o f humic acid. The second part of 

the study looked at ultrafiltration, a common method for analyzing metal spéciation, and 

its accuracy. Different concentrations of humic acid - uranium solutions, as well as 

different size filters were used to analyze the complexes that were formed. The 

ultrafiltration method was evaluated with respect to methodology, recovery, possible 

problems (breakthrough curves), complexation, and possible improvements to the 

method.

In Chapter 2, hematite and humic acid complexes were analyzed with respect to 

their surface charge. The isoelectric point for hematite particles was determined to be 

around pH 7. The Img/L HA and 10 mg/L HA solutions showed relatively stable 

particles across the pH range (Figure 2.5). It seemed that at high pH the hydroxide ions 

that were added to adjust the pH cover the hematite particles such that the DOC couldn't 

cover the surface o f the hematite, and therefore the zeta potential is the same at the three
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different concentrations of DOC. At a set pH the isoelectric point was reached at a 

hematite to humic acid ratio of 25:1, compared to humic acid 25 times the hematite was 

needed to reach an unstable solution (Figure 2.7). The size of hematite and humic acid 

complexes was also analyzed. Sonication gave the expected results in which samples 

with no humic acid and the larger amounts of humic acid, which have the large zeta 

potential and therefore are the most stable, gave small particle sizes. The more unstable 

particles (low zeta potential) gave the bigger size particles (Figure 2.9). Overall, the 

greater the ratio between hematite and humic acid the more stable the particles turned out 

to be. In addition, small amounts o f humic acid were found to destabilize the hematite.

The purpose of Chapter 3 was to determine if ultrafiltration can be used 

effectively to differentiate uranium and uranium complexes. Several ultrafiltration 

experiments were performed with varying concentrations, pH, and methodology. These 

experiments highlighted positive as well as negative aspects of ultrafiltration. The 

experiments determined that citric acid protects uranium from adsorbing onto the 

membrane and vial (Figure 3.2, Figure 3.16). This was also assumed to be happening in 

the humic acid - uranium solutions, but was found to do it at a lesser extent. The 

protecting of uranium by citric acid became less visible with the filter size (Figure 3.10, 

Figure 3.23 and Figure 3.14, Figure 3.30); nevertheless it is still believed to occur. The 

retained humic acid and uranium was believed to be complexed at 3 kDa (Figure 3.3).

Negative aspects were found to be adsorption, retention, leaching o f the filter 

membrane as well as fractionation of the humic acids during the ultrafiltration process. 

There was significant adsorption of uranium onto the membrane and vial (Figure 3.20). 

However, the adsorption decreased with an increase in the filter size (Figure 3.27 and
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Figure 3.34), but was still significantly. Pretreatment of the filters with another metal 

didn't reduce the adsorption of the uranium (Figure 3.39). Another problem was the 

retention that was experienced. The small size o f the citric acid particles (294.1 g/mol) 

should allow the particles to pass through the 3 kDa filters, but were retained (Figure 

3.16). The same was observed for the humic acid and uranium complexes and 30 kDa 

filter (Figure 3.24). This results in inaccurate assumptions, which are used to calculate the 

amount of complexed uranium (Equation 3.2), and as a result, inaccurate results. High 

recoveries of organic carbon (Figure 3.14, Figure 3.21 and Figure 3.28) indicate a 

leaching of organic carbon from the membrane or vial, which can't be prevented with 

excessive washing in the beginning. SUVA values showed a fractionation of the humic 

acid in the 3 kDa filters (Figure 3.19), which indicated that the humic acids were more 

hydrophilic and contained less aromatic groups. The difference of the SUVA values of 

the filtrate with respect to the initial solution decreased with increasing filter size (Figure 

3.26 and Figure 3.33).

These previously discussed points possibly lead to the observed, unexpected 

results that found dissolved uranium in the 3 kDa filters as well as operational, 

complexed uranium in the 100 kDa filters. In addition, the amount of uranium in the 

filtrate and retentate o f the pure uranium solution was not found to be equal, which leads 

to inaccurate calculated amounts of complexed uranium.

Ultrafiltration seems to differentiate between uranium and uranium complexes for 

small filter sizes. Differentiation in intermediate and large filter sizes is complicated by 

artifacts such as adsorption o f uranium onto the membrane and vial as well as 

unexplainable size exclusion. However, artifacts such as adsorption, change of the humic
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acids, as well as leaching of the filter membrane occurred even in the small filter sizes. 

This can lead to inaccurate results in the complexation analysis.

Several aspects of ultrafiltration should be further investigated. A major part that 

should be investigated are different ultrafiltration membranes. The membrane used in this 

study is made from regenerated cellulose (Millipore). Other materials for membranes are 

cellulose triacetate (Sartorius Stedim), polyethersulfone (Pall, Millipore, Koch), and 

polyvinylidene fluoride (GE, DOW, Koch, Millipore). While cellulose triacetate, 

regenerated cellulose, and polyvinylidene fluoride are hydrophilic, polyethersulfone 

membranes are more hydrophobic, and have low fouling, exceptional flux and broad pH 

range (81). These membranes should be investigated for possible better use for uranium 

(metal) complexation. However, polyvinylidene fluoride membranes from GE where 

found to have high adsorption of uranium and humic acid in a recently published study 

(77). In addition, a thought should be given to use cross flow ultrafiltration, instead of 

“dead end” ultrafiltration. “Dead end” ultrafiltration can result in blocking of the pores 

due to sample back up. This can be eliminated by cross flow ultrafiltration which moves 

the sample parallel to the membrane instead of pressing it again the membrane. No matter 

what type of ultrafiltration is used, cleaning of the ultrafilters needs to be further 

enhanced. Possible cleaning procedures includes washing of the filter with Micro 

detergent, sodium hydroxide and hydrochloric acid as performed by Guo et al. (82). In 

addition, possible additional rinsing with DI water just prior to the actual use should be 

investigated. Once cleaning of the filter is successful, breakthrough curves should again 

be evaluated, this time with a larger amount of solution to determine if and when the 

adsorptions sites are full, which would allow for better analysis of uranium complexes.
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This should also result in a repeat of experiment four. However, concentrations of 

uranium should be lower (about 238 ppb) to prevent possibly filter overload as they 

might be experienced in experiment four. This experiment should also be tried with other 

metals, to determine if some adsorb and protect the uranium better from adsorption than 

zinc. Lastly experiment three should be repeated with a more sensitive TOC analyzer and 

lower organic carbon concentrations to outline the curve o f complexed uranium better at 

lower concentrations.

Regarding the question if humic acid retards or enhances the mobility of uranium 

in water, that question can only be answered when the ultrafiltration method is improved 

to provide accurate results without any or very little adsorption so that it can be used for 

differentiation of uranium complexes and uncomplexed uranium in sand column studies.
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APPENDIX A

CENTRIFUGING TIMES AND RPMS FOR THE EXPERIMENTS

All centrifuge times and rpm vary with batch as well as by filter

Table A-l : Centrifuge Times and RPMS: Experiment 1(10 mL initial, 2 mL in filtrate)
for (a) 3 kDa (b) 30 kDa and (c) 100 kDa

(a) (b) (c)

3 kDa 30 kDa 100 kDa
Volume RPM Time Volume RPM Time Volume RPM Time
~ 2mL 3700 5 min. ~ 2mL 1900 5 min. ~ .3-2mL 700 5 min.

Table A-2: Centrifuge Times and RPMS: Experiment 2(10 mL initial, 5 mL filtrate) for 
(a) 3 kDa (b) 30 kDa and (c) 100 kDa * not all filters were centrifuged in this step 

due the already achieved volume in the filtrate

(a) (b) (c)

3 kDa 30 kDa 100 kDa
Interval RPM Time Interval RPM Time Interval RPM Time

1 3700 10 min. 1 1700 5 min. 1 1500 5 min.
2* 2000 5 min. 2 1700 5 min. 2* 200 2 min.

3 1700 5 min. 3* 400 3 min.
4 800 5 min. 4* 700 3 min.
5 900 5 min.

6* 900 5 min.

Table A-3: Centrifuge Times and RPMS Experiment 3(10 mL initial, 5 mL filtrate)

3 kDa
rpm time
4000 10 min
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Table A-4: Centrifuge Times and RPMS Experiment 4(15 mL initial, 7.5 mL filtrate)

3 kDa
rpm time
4000 10 min
2000 5 min
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