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Abstract 

 

Gel Electrophoresis of Trivalent Lanthanide and Actinide Cations 

 

Srinivas Sekar, MSE 

The University of Texas at Austin, 2011 

 

Supervisor:  Mark Deinert 

Chemical separation of the transuranic elements from the uranium and fission 

products in spent nuclear fuel is a major area of research in the nuclear engineering field. 

Spent nuclear fuel from light water reactors contains mainly uranium (about 96% of the 

total) which has 0.83% fissile 
235

U. Spent fuel also contains several isotopes of fissile 

plutonium (mainly 
239

Pu and 
241

Pu). Currently, commercialized processes such as the 

PUREX (Plutonium URanium EXtraction) process are effective in separating most of the 

Pu and U isotopes from the fission products using aqueous methods based on their 

chemical properties. However, spent fuel also contains an appreciable quantity of 

lanthanides which have similar chemical properties to the transuranic actinides and are 

thus very difficult to separate using existing technology. In this project, we aim to 

separate lanthanides from actinides using the well established process of electrophoresis. 

A model for ion transport in a porous medium is first developed using the Nernst-Planck 

equation and this model is used to approximate the behavior of an experimental 

electrophoretic system. The approach is based on the well established principles of 

capillary electrophoresis, but with a porous medium comprised of agarose gel taking the 

place of the traditional capillaries. We run gel electrophoresis experiments at varying 

parameters and use lanthanum and uranium ions to verify the theoretically predicted 

mobility in a practical environment. 
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SYMBOLS USED 

a = Radius of the dispersed particle (m) 

c = Local ion concentration (mol/m
3
) 

D = Diffusion constant (m
2
/s) 

E = Electric field strength (V/m) 

f = Force felt by a unit charge (N) 

j = flux of molecules due to the drift (mol/m
2
-s) 

jd = flux of molecules due to diffusion (mol/m
2
-s) 

jt = total flux of molecules (mol/m
2
-s) 

k = Boltzmann constant (J/K) 

m = mass of the accelerating charge (kg) 

p = pressure of the fluid (Pa) 

q = Charge (C) 

R = Universal gas constant (J/K-mole) 

T = Temperature (K) 

vd = Drift velocity (m/s) 

z = valence of the charge carrier 

ε = dielectric constant of the dispersion medium 

ε0 = permittivity of free space (C
2
/N-m

2
) 

ϕ = electric potential (V) 

η = Dynamic viscosity of the fluid (Pa-s) 

λd = Debye Length (m) 

μ = Mobility of ions (m
2
/V-s) 

 = number density of molecules in the medium (#/m
3
) 

σ = interaction cross section of particles (m
2
) 

τ = average drift time (s) 

ζ = zeta potential (V) 
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INTRODUCTION 

One of the major challenges facing the nuclear power industry in the 21st century 

is the effective handling of nuclear waste. Though far less in volume in comparison with 

wastes from conventional power sources, nuclear waste, pound for pound, is far more 

hazardous in handling and storage. As a result, considerable effort has gone into finding 

ways of reducing the volume of nuclear waste from reactors. This is typically achieved 

by reprocessing of spent fuel, where usable elements present in the spent fuel (mainly U 

and the transuranics) are separated and reused. This can be very effectively accomplished 

current reprocessing technologies such as the PUREX method and its variants. The main 

remnants from this process, the fission products and the minor actinides, are notorious for 

their radiotoxicity. This places heavy constraints in designing a storage facility for 

nuclear waste. Minor actinides in particular have half lives that are in the hundreds to a 

few thousand years. Hence, a desire to recycle the transuranics came about. Conventional 

reprocessing techniques use the chemical properties of elements when separating them. 

The problem with such an approach is that actinides and lanthanides have similar 

chemical properties. At low pH, they are largely in the 3
+
 state in solution with similar 

chemical behavior. Lanthanides generally have very high neutron absorption cross 

sections and isotopes such as 
149

Sm are potent nuclear poisons. 

SPECIES STATE VS PH 

Of prime importance to our study is the fact that the ions exist predominantly in a 

trivalent state in solution. Allard et al. [20] estimated the species state of the actinides 

uranium, neptunium and plutonium, as well as several lanthanide elements. Hydrolysis 

constants for tri-, tetra-, penta- and hexavalent actinides and some lanthanides from this 

study are given in Table 1. Constants that are not known and were extrapolated are shown 

in brackets. 
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Table 1: Equilibrium Constants (log K) for actinides and lanthanides at 250 C, L denotes 

OH- and M denotes metal ion [20] 

Reaction 

M3+ 

U Np Pu 

ML/M•L (7 ± 1) (6.6 ± 0.5) 7.2 ± 0.5 

ML2/M•L
2
 (11 ± 2) (11 ± 1) (12.1 ± 1) 

ML3/M•L
3
 (15 ± 3) (15 ± 2) (16.7 ± 1.5) 

ML4/M•L
4
 (17 ± 4) (18 ± 2) (20.2 ± 2.0) 

M2L2/M
2
•L

2
 (15 ± 2) (15 ± 2) (16 ± 2) 

M3L5/M
3
•L

5
    

M•L3/ML
3
 (s) (-24 ± 3) (-24 ± 2) -25 ± 2 

 

Table 1 Contd. 

Reaction 

M3+ 

Sc Y La Ce Pr Nd Gd Yb 

ML/M•L 

9.7 ± 

0.1 

6.3 ± 

0.2 

5.5 ± 

0.2 

5.7 ± 

0.2 

5.9 ± 

0.2 6 ± 0.2 6 ± 0.2 

6.3 ± 

0.2 

ML2/M•L
2
 18.3 -11.6    -11.1 -11.6 -12.2 

ML3/M•L
3
 25.9 -16    -15.5 -16.8 -17.9 

ML4/M•L
4
 30 

19.5 ± 

0.5    

18.9 ± 

0.5 21.6 23.3 

M2L2/M
2
•L

2
 

22 ± 

0.1 13.8    14.1  14.4 

M3L5/M
3
•L

5
 

53.6 

± 0.1 38.4  36.5     

M•L3/ML
3
 

(s) 

-32.6 

± 0.1 

-24.5 ± 

0.3 

-21.7 ± 

0.3 

-22.1 ± 

0.3 

-22.5 ± 

0.3 

-23.4 ± 

0.3 

-26.4 ± 

0.3 

-27.3 ± 

0.3 
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One of the major conclusions drawn from their analysis is that M
3+

 is the primary 

state of existence for these ions at low pH values. The authors quote this as: 

The following conclusions can be drawn, presuming that no major hydrolysis product is 

overlooked in Table 1 and that the given hydrolysis constants are correct: (1) Trivalent 

state. M 3+ is the predominating species in solution at pH below 4-5. 

The concentration of each of the uranium species at different pH values are shown 

in fig. 1. 

 

Figure 1: Uranium species concentration vs pH of the solution, U3+ is the predominant state at low pH [20] 

The position of the actinides in the periodic table was of intense debate in the 
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1940s with several models, such as the inclusion of the thoride series and suggestions for 

division of the series of actinides into the uranides and the curides. Seaborg‟s suggestion 

that the f7 shell was the midpoint in the actinide series suggested a close similarity in the 

properties of the lanthanides and actinides. This was used in the prediction of several 

properties of the actinides that were even yet to be discovered [1]. Also, discovered was 

the strong correlation in the chemical properties of certain pairs of lanthanides and 

actinides (Am-Eu, Cm-Gd) etc [2].  

Early investigations into separating the chemically similar lanthanides using 

electrokinetic methods began in the 1920s with the ion migration method [4]. The 

project, which started out as an attempt to separate various isotopes based on their 

differences in migration velocity in an electric field, ended up in providing a method that 

was capable of separating pairs of lanthanide ions based on the difference in the ionic 

mobilities in a porous medium. This method was called the ion migration method [3]. 

This method placed the ions to be separated in between a leading and a terminating ion.  

 

Figure 2: Ion Migration Method, Each of the sections A-E are 3 foot long each; J. Kendall, Separations by the Ionic 

Migration Method, 1928 

 

The sections in the above diagram are, 

A = Agar agar gel containing sodium chloride 

B = Agar Agar gel containing sodium hydroxide 

C = Agar Agar gel containing sodium acetate 

D = Concentrated sodium hydroxide solution 



 5 

E = Sodium acetate in concentrated acetic acid 

 

Platinum electrodes were placed in solutions D and E and a potential is applied 

between them. As the potential is applied, the ions start moving towards the anode. Since 

the hydroxide ions move faster than the chloride ions and the acetate ions slower, the 

boundaries between the salts remain distinct throughout the experiment. Therefore, the 

hydroxide ion is called the leading ion and the acetate ion is called the terminating ion in 

this experiment.  The difference in ionic velocities due to the differences in the size and 

mass of the migrating ions causes ions to separate from one another. 

For the above experiment, the horizontal tube was made of pyrex glass and it was 

made up of 3 three-foot sections. The boundaries moved 12-18 inches a day. When the 

front of the chloride boundary reached the end of the tube, the rear sections were 

discarded and new sections with hydroxide gel were inserted in front of the chloride gel 

and new bends were fitted. The whole process was repeated until the chlorine ion 

progressed through about 100 feet of the gel. 

A significant discovery in the chapter of analytical separations occurred when the 

importance of complexing agents was found out by Kendall in 1928 [4]. A complexing 

agent is a substance that forms a complex compound with the cations in solution. 

Complexation was required because, the differences in mobilities of the lanthanides was 

negligible. The separations that were based on the difference in mobilities resulting from 

the very low differences in ionic radii, as a result, took several hours or even days to 

finish. In order to hasten the separation process, the differences in the complex forming 

behavior of lanthanides that arise from the lanthanide contraction were used to amplify 

the differences in mobility of the ions [5]. 

The discovery of α-Hydroxybutyric acid made way for telling progress in the field 

of separations [6][7]. α-Hydroxybutyric acid remains to be the most important agent for 

separating rare earth elements. The thermodynamic considerations of using α-

Hydroxybutyric acid as a complexing agent were discussed in [5]. 

Konstantinov et al. separated a mixture of 12 lanthanides in an arrangement that 
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was similar to that of the arrangement for the ion migration method. They used acetate as 

a complexing agent and the separation was done in about 10 hours [8]. Several such 

works led to the development of the technique known as Isotachophoresis. 

Isotachophoresis is a technique that uses a fast-moving and a slow-moving ion called the 

leading and terminating ions and introduces the sample in between those ions. The ions 

migrate based on their mobilities and form sharp boundaries between the adjacent ions. 

Isotachophoresis has been established as a very powerful technique in the field of 

analytical separation of cations. The basic feature of the system is that the ions migrate in 

constant velocity once they reach steady state. Thus, knowledge of the range of mobilities 

of the ions is required prior to the experiment. The leading and terminating ions are 

chosen based on the mobilities of the chosen ions [9]. In order to understand how 

isotachophoresis works, one should understand the 4 major steps in isotachophoresis. 

They are, 

1. Migration of all the ions at the same velocity: On applying an electric field, the 

ions start to move at the same speed because the sample and the leading ions 

cannot move faster than the terminating ion as it would lead to an ion gap (fig 3.). 

In that case, conduction of current will not be possible. 
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Figure 3: The ions in isotachophoresis need to have the same migration velocity for conducting current initially 

before they separate [25] 

2. Separation of components as an “ion train”: Migration of all the ions at the same 

velocity causes the field strength to be higher in the area of the ions with lower 

mobility and lower in the area of ions with higher mobility. The zone with the 

highest mobility (the leading ion zone) has the lowest field strength and the zone 

with the lowest mobility (the trailing ion zone) has the highest field strength. The 

product of the field strength of each of the zones and their mobilities is a constant. 

This causes the ions to form continuous zones containing the individual 
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substances with identical mobilities. 

 

Figure 4: Separation of ions takes place due to the differences in field strength that arises from the differences in 

mobilities of the constituent ions [25] 

3. Sharpening of the zones: In the case of an ion diffusing into an adjacent zone with 

higher mobility, the lower field strength in that zone would slow down that ion 

and would push it back to its own zone. In the case of an ion diffusing into an 

adjacent zone with lower mobility, the increased field strength would push the ion 

further up into its own zone again. In this way, the ions form self sharpening 
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zones with very sharp boundaries. 

 

Figure 5: From all the ions being present in the same zone initially, the separation causes zones of the constituent 

ions to be formed that are self sharpening [25] 

4. Concentration regulation: According to Kohlrausch‟s law, at the boundary of the 

zones between any 2 zones (say, sample A and the leading electrolyte L) the ratio 

of concentration of the ions (CA and CL) is a constant. Hence, at a given leading 

electrolyte concentration, the concentration of all the following ions are fixed by 

this law. 
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Figure 6: The concentration of adjacent electrolytes have a fixed ratio at equilibrium [25] 

One of the first isotachophoresis separations of the rare earth elements was 

performed by Nakasuka et al. [10]. The separation was completed within 20min and used 

α-Hydroxybutyric acid as the complexing agent. Several capillary electrophoretic 

methods were developed in the 90s and the first capillary electrophoretic separation of 

the lanthanides was accomplished by Foret et al. [11]. The separation was done within 5 

minutes with α-Hydroxybutyric acid in the background electrolyte.   

The most commonly used capillary electrophoretic methods are capillary zone 

electrophoresis and isotachophoresis although methods such as capillary gel 
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electrophoresis, capillary isoelectric focusing etc. have been developed as well. 

Isoelectric focusing was developed in 1985 and is based on the differences in the 

isoelectric point of the analytes [12]. The isoelectric point is the pH of the solution where 

the analytes carry no surface charge. On either side of that pH the analyte carries a 

positive and a negative charge. This technique is used in the separation of various 

complexes of uranium in a biological medium [13]. 

The capillary electrophoretic methods, though very effective, are mainly used to 

separate very low quantities of the analytes. Also, they are not readily scalable to 

industrial scale separations. One such need would arise in the separation of lanthanides 

and actinides in the spent fuel mix. 

Separation of the rare earth elements was effectively done using these techniques 

within a few minutes. However, one of the major drawbacks of these methods is that they 

are not easily scalable for industrial purposes. Therefore, though very powerful, the use 

of capillary electrophoretic techniques is quite limited to analytical purposes in 

laboratories. 

In the current project, we study the movement of lanthanum and uranium ions in a 

gel electrophoresis system in an attempt to replicate the end results achieved by using the 

previously stated capillary electrophoresis methods. Gel electrophoresis works on the 

same principles as any other electrophoresis system. But the advantage that such a system 

offers is the easy scalability for industrial applications. The experiments were run using 

standard gel electrophoresis procedures and by loading the wells with a solution of 

lanthanum dissolved in Nitric acid. Since lanthanum forms a colorless solution when 

dissolved in nitric acid, it was necessary to resort to unconventional detection methods. In 

our case, we analyzed the gel using neutron activation analysis. Using neutron activation 

analysis we could find even trace amounts of La that was present in the gel. 
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SPENT NUCLEAR FUEL CHARACTERISTICS 

MAJOR ACTINIDES 

Fresh uranium dioxide fuel consists entirely of uranium enriched to about 5% in 

235
U. The fuel typically stays in the reactor for a period of about 4-4.5 years before 

reaching the required burnup. About 96% of the spent fuel mass is the original uranium 

dioxide (
238

U) and 0.83% is enriched uranium dioxide (
235

U) along with a small 

proportion of 
236

U. 
236

U is formed as a result of neutron absorption in 
235

U and is 

undesirable isotope because it is neither fissile nor fertile and it is a long lived radioactive 

isotope. 

The presence of 
238

U results in the absorption of neutrons by 
238

U and ultimately 

in the production of several isotopes of plutonium. 
239

U beta decays to 
239

Np with a half 

life of 23.45 minutes and 
239

Np beta decays to 
239

Pu with a half life of 2.35 days. Heavier 

isotopes of plutonium are mostly produced by the neutron absorption of lighter plutonium 

isotopes. 
239

Pu and 
241

Pu are fissile isotopes of plutonium and 
240

Pu is a common fertile 

plutonium isotope found in light water reactors. Overall, about 1% of the mass of spent 

nuclear fuel is the various plutonium isotopes. The picture below shows the composition 

of various plutonium isotopes with time in the reactor. It can be seen that the increase in 

239
Pu becomes gradual with time even though there is approximately the same amount of 

238
U in the reactor. This is primarily because of the fission of 

239
Pu. Over the lifetime of a 

reactor, roughly a third of the power is generated from the fission of various plutonium 

isotopes [18]. 
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Figure 7: Plutonium Isotope Composition as a function of time spent in the reactor, Generated using ORIGEN 

MINOR ACTINIDES 

Spent fuel also consists of several minor actinide isotopes most of which are 

isotopes of neptunium, americium and curium. Very minor traces of californium are also 

present in spent fuel. Minor actinides are highly radioactive and contribute to spent fuel‟s 

radiotoxicity. 
241

Am is the most prevalent minor actinide isotope in spent fuel. It has a 

half life of 432.2 years and contributes the bulk of the heat load of the spent fuel for the 

first few hundred years. 
243

Am is the longest lived Am isotope with a half life of 7370 

years and decays to 
239

Np which is a dangerous gamma emitter, though with a very short 

half life. Although several actinides have a very low thermal fission cross section, all of 

them can be used as fuel in a fast reactor. 

 

0.00E+00 

5.00E+00 

1.00E+01 

1.50E+01 

2.00E+01 

2.50E+01 

3.00E+01 

3.50E+01 

4.00E+01 

4.50E+01 

0 200 400 600 800 1000 1200 

M
as

s 
p

e
r 

to
n

 o
f 

IH
M

 (
gr

a
m

s)
 

Time Fuel is in Reactor (days) 

Plutonium Isotope Composition 

U235 

PU238 

PU239 

PU240 

PU241 

PU242 



 14 

FISSION PRODUCTS 

Around 3% of the mass of spent fuel consists of fission products. Fission products 

range from zinc to the lanthanides. The fission product yield as a function of the mass 

number of the fission products for different fuel types is shown below. It can be seen that 

the fission products are concentrated in two peaks as shown in fig. 4. 

 

Figure 8: Thermal fission product yield, Y axis is % of fission products, X axis corresponds to the mass number of the 

fission products, [14] 

With a few notable exceptions, all fission products have a half life of less than 90 

years. This means that the radioactivity of fission products is predominant in the first few 

hundred years and is followed by a stable low level that is a result of the few long lived 

fission products. The most important long lived fission product is 
99

Tc with a half life of 

211,000 years and a fission product yield of 6.05%, because of the medical uses of the 

isotope. 

Many fission products have a high thermal neutron absorption cross section. Such 
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isotopes are called neutron poisons. The most important neutron poison is 
135

Xe which is 

a decay product of the short lived 
135

I. 
135

Xe has a thermal cross section of about 2 

million barns. In comparison, the thermal neutron cross section for 
235

U is about 700 

barns. 
135

I has a yield of 6.33% and converts to 
135

Xe with a half life of 6.57 hours. The 

second most important nuclear poison is 
149

Sm. It has a yield of 1.08% and a cross 

section of 40,520 barns [21]. These two nuclear poisons have a significant effect on the 

operation of a nuclear reactor. 

Reprocessing Techniques 

As we have seen above, spent fuel contains appreciable quantities of actinides that 

can be reused as nuclear fuel if the fission product waste can be effectively separated. We 

will now take a look at some of the most common reprocessing technologies. 

PUREX 

The PUREX process is the current industry standard reprocessing technique. 

PUREX stands for Plutonium Uranium Recovery by EXtraction. It is a liquid-liquid 

extraction process that separates most of the uranium and plutonium from the fission 

products and from each other. The PUREX process is effective in separating the waste 

from the actinides and creating separate streams of plutonium and uranium. The different 

steps involved in PUREX process are, 

 Fuel Transport and disassembly – spent fuel is lowered into storage pools 

before being moved to a hot cell underwater. The cladding is insoluble in nitric 

acid, so the fuel itself is chopped into pieces to be exposed to nitric acid. 

 Fuel dissolution – plutonium and uranium in the spent fuel are dissolved in 

HNO3. Cladding remains intact and is separated as waste along with the fission 

products. The dissolver must be designed so that a critical mass of uranium or 

plutonium cannot accumulate anywhere in the dissolver. 

 Uranium and plutonium Extraction – the acidic solution is equilibrated with an 

immiscible solution of tributyl phosphate in kerosene. The mixture is vigorously 
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agitated and the tributyl phosphate preferentially separates uranium and 

plutonium from the fission products. They are then back extracted using dilute 

HNO3. Extraction is performed more than once as it is not possible to separate all 

the actinides from the fission products in a single extraction cycle. 

A simple flow sheet of the PUREX process is shown below

 

Figure 9: Purex Process Flowsheet, Manson Benedict and Thomas Pigford, Nuclear Chemical Engineering, 1957 

 Uranium and plutonium separation – plutonium is separated from the uranium in 

the nitric acid solution by adding a reducing agent such as hydrofluoric acid. 

Plutonium in this state is inextractable because the reduction from Pu(IV) to 

Pu(III) leaves it in the aqueous phase which is extracted from that phase, while 



 17 

uranium is dissolved in the organic phase from where it is extracted. 

 

 Waste treatment and recycling – PUREX reprocessing generates huge volumes of 

liquid waste, in the order of 10
5
 gal/day [23] that is radioactive The first 

extraction cycle is the most radioactive since it contains all the fission products 

and actinides in them but further cycles are much less radioactive. Owing to the 

radioactivity of the solutions, it is beneficial to recycle much of the liquids that 

are used over and over again. 

VARIATIONS FROM THE PUREX PROCESS 

 UREX Process - Most of the modifications to the PUREX process are aimed at 

increasing the proliferation resistance by reducing the extractability of plutonium. 

The UREX (URanium EXtraction) process prevents plutonium from being 

extracted by adding Acetohydroxamic Acid (AHA) to the extraction. In addition, 

it is also possible to extract 
99

Tc from the fission products which is a long lived 

isotope.  The UREX process effectively extracts only uranium and 
99

Tc while 

effectively rejecting the transuranics into the fission product stream. [25] 

 COEX Process – The COEX (CO-EXtraction) process is designed at removing 

both uranium and plutonium just like the PUREX process but the major difference 

is that they are both extracted together instead of separately. This eliminates the 

proliferation risk of handling plutonium as a separate stream in the reprocessing 

plant.  

 TRUEX Process – The TRUEX (TRansUranic EXtraction) process is aimed at 

extracting the transuranic elements from the waste stream in addition to uranium 

and plutonium. The idea is to reduce the alpha activity of the waste and dispose of 

the waste with greater ease. This process uses octyl(phenyl)-N, N-dibutyl 

carbamoylmethyl phosphine oxide in addition to TBP. 

 DIAMEX-SANEX – The DIAMEX-SANEX (DIAMide EXtraction-Selecive 

ActiNide EXtraction) process uses a malondiamide such as dimethyl-dibutyl-
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tetradecyl malonamide instead of octyl(phenyl)-N, N-dibutyl carbamoylmethyl 

phosphine oxide used in the TRUEX process for the DIAMEX step. The first step 

extracts the minor actinides and the lanthanides from the PUREX raffinate. The 

next step of the process is aimed at separating the minor actinides from the 

lanthanides in order to be able to use them in fast reactors. 

 BUTEX – The BUTEX process was one of the first techniques used for 

reprocessing and uses ββ‟-dibutoxydiethyl ether for extracting uranium and 

plutonium from the spent fuel. One of the major disadvantages of this process is 

that the plutonium that is extracted contains a significant amount of ruthenium 

contamination and requires a separate step to remove the contamination by 

treating the plutonium with 20% tributyl phosphate. This process was used at 

Sellafield in the U.K. and has since been widely replaced by the PUREX process 

and its variants. [24] 

There are several other variations of the PUREX process such as UREX+, 

UREX+2, UNEX and so forth that create different streams of material from the spent fuel 

apart from uranium and plutonium such as streams of Americium, Curium, strontium etc. 

Non-Aqueous Reprocessing 

Nonaqueous reprocessing mainly refers to Pyroprocessing which is the collective 

term for several high temperature processes. Pyroprocessing involves several stages such 

as volatilization, liquid-liquid extraction, electrorefining etc. The processes are based on 

the use of chloride or fluoride salts such as LiCl, KCl, LiF, CaF2 or fused metals such as 

cadmium, bismuth or aluminium. They are better suited to metallic fuels than oxide fuels 

used in present light water reactors. Below is a flowchart of the PYROX process. 
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Figure 10: The PYROX Process, James Laidler, Development of Separations Technologies in the U.S. Partitioning and 

Transmutation Programme 

 

 

This process has several advantages over conventional aqueous reprocessing in 

that it can be readily applied to high burnup fuel with little cooling time since this process 

operates at high temperatures. It does not use water, hence eliminating criticality 

concerns and reducing contaminations. It separates all actinides. It is also more efficient 

and compact, thus can be set up on-site which removes the need for transporting spent 
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fuel and its associated security issues. The waste in the form of salt is not suitable for 

vitrification. The process is more expensive per unit mass of fuel processed than 

conventional reprocessing techniques. 

Conventional reprocessing techniques have several drawbacks to them. The 

primary disadvantage is that setting up and operating reprocessing plants are extremely 

expensive due to the nature of the materials used. Conventional reprocessing also runs 

into proliferation issues, especially when it comes to safely extracting plutonium from the 

spent fuel. Another issue with conventional reprocessing is that they use the chemical 

behavior of the elements for separation. As previously discussed, it results in elements 

that behave in a similar manner chemically to the useful products (actinides) are extracted 

along with them. Hence, there is a need for developing new reprocessing techniques that 

will not present the disadvantages that are present in the current techniques used.  

Another issue is radiolysis of the chemicals used.  A single component system that 

efficiently separated actinides from FP‟s in a single step would be of great benefit. 

Electrokinetic Phenomena 

Electrokinetic phenomena are a family of several different effects that occur in 

heterogeneous fluids or in porous bodies filled with fluid. The term heterogeneous here 

means a fluid containing particles. Particles can be solid, liquid or gas bubbles with sizes 

on the scale of a micrometer or nanometer. Electrokinetic phenomena are generally 

characterized by the tangential motion of liquid with respect to an adjacent surface. The 

different types of electrokinetic phenomena are, 

 Electrophoresis: It is the movement of colloidal particles or pyroelectrolytes, 

immersed in a liquid, under the influence of an electric field. Electrophoresis is 

the most familiar and one of the earliest observed electrokinetic phenomena. The 

governing equations and the limiting laws of electrophoresis will be discussed 

later. 

 Electro-osmosis: It is the motion of a liquid through an immobilized set of 

http://en.wikipedia.org/wiki/Heterogeneous
http://en.wikipedia.org/wiki/Fluids
http://en.wikipedia.org/wiki/Heterogeneous
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Micrometre
http://en.wikipedia.org/wiki/Nanometer
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particles, porous plug, capillary or membrane as a consequence of an applied 

electric field. It is essentially the reverse of electrophoresis. 

 Sedimentation Potential Gradient: It is the potential gradient that develops when a 

charged particle sediments under gravity or in a centrifuge. The potential gradient 

is denoted by Esed and is defined as the potential difference at zero current 

between two identical electrodes at different levels. 

 Streaming Potential Difference: It is the potential difference at zero current 

caused by the flow of liquid under a pressure gradient through a capillary, plug, 

diaphragm or a membrane. It is denoted by Estr. 

 Ultrasonic Vibration Potential (UVP): It is the general phenomenon in any system 

irrespective of the presence of colloids where the field sets the particles into a 

vibrating motion, as a result of which the centers of particle charge and 

countercharge are periodically displaced with respect to each other. 

o Colloid Vibration Potential (CVP): It is a particular case of UVP 

and is the a.c. potential difference measured between two identical 

relaxed electrodes, placed in the dispersion if the latter is 

subjected to an (ultra)sonic field. 

o Electrokinetic Sonic Amplitude (ESA): It is the counterpart of 

CVP where an ultrasonic field is created by an a.c. electric field in 

a dispersion. 

The above-mentioned list of electrokinetic phenomena covers the most familiar 

set of electrokinetic phenomena. There are several other less frequently encountered 

alternatives that include phenomena such as primary and secondary electroviscous 

effects, diffusiophoresis and its counterpart capillary osmosis etc. In the following 

sections, we will limit our scope to a detailed study of electrophoresis. 
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TRANSPORT OF IONS IN A SOLUTION 

The Nernst-Planck Equation describes the motion of ions in a medium. The 

equation describes the concentration gradient of ions that are under the effects of 

diffusion, an external field, Brownian motion and the motion of the fluid itself. 

We will first consider the diffusion due to a concentration gradient. Ions in a 

solution are in constant motion and they collide with one another. Such collisions are far 

more likely in a region that has a higher density of molecules than in a region with lower 

density. This results in the drift of ions into a region of lower density, thereby increasing 

the concentration of the ions in that region. This drift continues until there is equilibrium 

in the concentrations of the two regions. Mathematically, this can be expressed as: 

 

 



j  Z D
dc

dx
        (1) 

Here, 

j = flux of molecules due to the drift 

Z = valence of the charge carrier 

D = Diffusion constant 

 

Ions experience an attractive force to the oppositely charged electrode and begin 

to accelerate towards it. The accelerating ions invariably collide with other molecules in 

the solution and lose their energy before beginning to accelerate again. Conversely, ions 

can also gain velocity as a result of collisions. The mass dependence of ionic velocity can 

be illustrated with a simple argument, as follows.  The force felt by a unit charge in an 

electric field can be approximated as: 
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      (2) 

 

Here, 
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q = Unit charge (C) 

E = Electric field strength (V/m) 

m = mass of the accelerating charge (kg) 

vd = Drift velocity (m/s) 

τ = average time between collisions of the target ion with something in the 

medium. (s) 

The expression for the drift velocity is then given by: 
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qE
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        (3). 

 

Equation (3) shows that the velocity of the ion is inversely proportional to its mass. Also, 

this expression is written for a unit charge. The velocity linearly scales with the valency 

of the charge carrier. Ionic mobility is defined as: 
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so that, 
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d
E         (5). 

 

The flux of ions driven by E is then: 

 



j  ZcE         (6). 

 

The Nernst-Einstein equation relates the molecular diffusion constant to the 

mobility as [26]: 

 



D  kT         (7). 
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Here D is the binary molecular diffusion coefficient.  Many empirical or semi imperical 

relationships exist for binary diffusion coefficients, but all suggest that the diffusion is 

inversely proportional to the square root of the mass of the diffusing particle.  Here we 

adapt the relationship given for D in [27] to a fluid system: 
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kT

m
       (8).   

 

Here, 

T = absolute temperature  

 = number density of molecules in the medium 

k = Boltzmann constant 

m = mass of the diffusing ion 

σ = collision cross section = π*(d1 + d2)
2
 

where d1 and d2 are the diameters of the colliding particles 

Combining Eqns. (5,7,8) we get: 
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The flux due to molecular diffusion is given by Fick‟s law of diffusion, and states that the 

flux of the species is linearly dependent on the spatial concentration gradient. 

Mathematically, this can be expressed as: 

 

 



j
d
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where, D is the constant of proportionality, diffusion constant, and jd = flux due to 

diffusion. 
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In a system that contains both diffusion and drift due to an external field, the total flux is 

a superimposition of the fluxes due to diffusion and the electric field: 

 

 



j
t
 ZCE DC        (11). 

 

Equation (11) is commonly known as the Nernst-Planck equation and it is the governing 

equation in systems with charged species that are undergoing some form of transport. 

From the Nernst-Einstein relation, it can be seen that the flux of a species scales inversely 

with the mass of the species. Under identical conditions, heavier species move more 

slowly than lighter species. 
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BEHAVIOUR OF IONS IN A SOLUTION AND ESTIMATION OF 

MIGRATION VELOCITY 

Charged particles in an aqueous medium develop a shielded surface charge. This 

particle charge influences the distribution of the nearby ions in the solution. Ions with a 

similar charge to that of the surface (coions) are repelled and ones with opposite charge 

are attracted to the surface (counterions). The Coulombic forces, along with thermal 

motion of the ions, create a region around the charged surface where there is always an 

excess of counterions over coions. This region is known as a Double Layer. The edge of 

the double layer is the position where the thermal energy of the counterions is equal to 

the electrostatic potential energy [17]. 

 

Figure 11: Double Layer, Roland Probstein, Physicochemical Hydrodynamics, 2005, pg. 190 

 

To find the thickness of the double layer, let us make an assumption that there are 

no coions present and that the surface charge is positive. The electric potential from the 

Poisson equation is given by [17]:
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       (12). 

 

Here: 

F = Faraday‟s constant 

z = valency of the charge carrier 

c = average molar concentration of the counterions 

ε = permittivity of free space 

 

The electrical potential energy per mole of negative ion is: 

 

W = -Fz        (13). 

 

The change in W across a layer of width x is obtained by integrating the Poisson 

equation:
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The absolute value for which the value of ΔW equals the thermal energy of the 

counterions, RT is:
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 This value of λd is known as the Debye length. For an aqueous solution at room 

temperature: 
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9.61x109

z c
       (16), 
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with λd in meters and c in mol/m
3
. 

It can be seen that the Debye length varies inversely with the valency of the 

charge carrier and its concentration. It implies that fewer ions of a higher valency are 

required to shield the surface charge. 

 

 

Figure 12: Double Layer Charge Distribution for a planar charge on a wall, Roland Probstein, Physicochemical 

Hydrodynamics, 2005, pg. 190  

For small potentials where zFϕ<<RT, the following approximation can be shown 

to be valid [17]:
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Integrating this expression with boundary conditions ϕ=ϕw at x=0 and dϕ/dx = 0 

as x -> ∞ gives:
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The potential ϕw can be related to the charge density at the surface by equating the 

surface charge to the net space charge in the diffuse part of the double layer. Equation 18 

is known as the Debye-Huckel approximation. The above treatment considers the ions to 

be point charges. However, this is not true. Therefore, we introduce a plane next to the 

surface that is approximately a hydrated ionic radius from the surface, called the Stern 

Plane. 

 

Figure 13: Stern Layer, Roland Probstein, Physicochemical Hydrodynamics, 2005, pg. 194  

 The potential at the stern plane is close to the Electrokinetic potential or Zeta 

potential ζ. The Zeta potential is defined as the potential at the shear surface, which is the 

plane at which the mobile portion of the double layer is allowed to slip past the charged 

surface. 
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Figure 14: Zeta Potential, Roland Probstein, Physicochemical Hydrodynamics, 2005, pg. 190  

 The Poisson equation for a spherically symmetric system such as a charged 

particle can be written as: 
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It must be noted that the above equation uses the Debye-Huckel approximation. The 

general solution to this equation is of the form: 
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       (20), 

 

where 0 is the potential at the surface of the ion.   At the surface of the particle, ϕ=ζ, 

thus:
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Equation (21) allows an estimate of the zeta potential provided that A is known.  

Eliminating the constant A, we get at r=a:
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From the definition of the surface charge q:
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we get:
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In other words, the zeta potential is the sum of two superimposed potentials from a 

charge q at a radius a, and one arising from an opposite charge –q, at a radius a+λd. The 

sum is the net potential between two spheres carrying an equal and opposite charges 

differing in their radii by λd.  When a << λd Eq. (24) reduces to the potential from a point 

charge, as expected. 

 

Assuming that a << λd, and, combining Eqns. (8, 9), we get:
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The ions present in a neutral solution will form a double layer around q. Hence, q is the 

net charge between the ionic surface and the edge of the double layer, not the charge on 

the ion itself. In addition, if the solution in which the ions are dissolved are polar, then 

they will align in such a way as to reduce the magnitude of E in the vicinity of the ion.  

This effect ca be taken into consideration by evaluating E using for a charge embedded in 

a dielectric medium. 

 

The assumptions under which Eq. (8) was derived really do not apply to binary diffusion 

in aqueous solutions.  In fact, accurate predictions for the binary diffusion coefficients for 

ions in aqueous solutions are very difficult achieve.  As a result, D must be measured 

experimentally.  The result given in Eq. (25) is then meant only as a justification that 

ionic drift velocities will be inversely proportional to the square root of the ionic mass 

(all other things being equal). 
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METHODS 

Overview 

In this section we shall briefly look at the gel electrophoresis experiments that 

were conducted in our study. For conducting an experiment, we first prepared an agarose 

gel at 4% concentration. The gel tray with the agarose gel is placed into the buffer 

chamber and the buffer solution is poured into the buffer chamber. The power supply is 

connected to the buffer chamber and it supplies a uniform electric field that drives the 

cations towards the cathode. After a certain amount of time (discussed in the following 

sections) the power supply is turned off and the gel is sectioned off into small pieces. The 

sectioned gels are then irradiated in a nuclear reactor and the samples are then examined 

(counted) for quantities of the cation in them. In this section, will be looking at the 

methods that were employed in running the experiments and the variations in each of the 

experiments that were conducted. 

The experiments were all conducted in the Owl Easycast Horizontal system, 

Model B2. Agarose gel was the gel that was the gel medium that was used for all the 

experiments. The agarose gel concentration was a parameter that was varied from 1% - 

4%. The details about making gels are explained in the following sections. The buffer 

solution that was used for preparing the agarose gels was nitric acid solutions at varying 

pHs. The standard pH that was used was a pH of 2, but other pH values such as 3 and 4 

were also experimented with. 

The gel electrophoresis experiments required a voltage supply to provide the 

uniform electric field that drives the ions through the gel. The voltages that were used in 

our experiments were 100V and 150V. 

The ions used in the experiments (lanthanum and uranium) were allowed to 

migrate through the gel under the influence of the applied voltage for varying times to get 

a better idea of the migration behavior of the ions. The times of migration used in our 

experiments are 90 min, 60 min and 30 min. 
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The experiments were also conducted at two different temperatures. One was at 

room temperature of 22
0
 C and the other temperature was 5

0
 C. 

Experiment at pH 2, 100V, 4% Gel 

APPARATUS 

Experiments were conducted using the Owl EasyCastTM Horizontal System 

Model B2 electrophoresis apparatus. This is a standard electrophoresis apparatus that 

consists of a buffer chamber, a Super SafeTM Lid with attached power supply leads, a 

gasketed EasyCastTM UV Transmissible (UVT) gel tray and combs for creating the 

loading wells. This apparatus is of primary use in the field of DNA separation and are 

ideally suited for that purpose. The buffer chamber in this apparatus is also suited for 

casting the gel, thereby eliminating the need for a separate casting tray. The gel tray 

contains two slots for inserting combs, which can be used depending on the run length 

required. The combs are primarily of two types, one with a thickness of 1.5mm and the 

other with a thickness of 1mm. The combs that are used in this experiment have 16 teeth, 

meaning that 16 loading wells will be created once the comb is removed. This experiment 

made use of 6 polystyrene lane dividers that were 0.125” thick and measured 5” in length 

and 1” and in width. The purpose of the lane dividers was to separate the three active 

lanes from the adjacent lanes and to control the lateral diffusion of the samples. The 

positioning of the lane dividers is shown in figure 12. The power supply used for this 

experiment was set at 106V, which gives a potential difference of 103V. The 

specifications and dimensions of the setup are as shown below: 

 

 

 



 35 

Table 2: B2 Electrophoresis apparatus specifications 

Model B2 

Gel Size 12cm x 14 cm (W x L) 

Buffer Capacity 800 ml 

Voltage 20-150V 

 

The schematic diagram of the apparatus used in the experiments is shown in fig. 

12. 

 

Anode

Loaded 

Well

Active 

Lane

Agarose 

Gel

Cathode

103 V

Lane Divider

12 cm

1.6 mm

14 cm

Lane 1

Lane 2

Lane 3

 

Figure 15: Experimental setup that shows the polystyrene lane dividers placed along the length of the gel.  
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SETTING UP THE APPARATUS 

The apparatus was cleaned with 80% alcohol solution and rinsed using distilled 

water in preparation for the experiment. The lane dividers were taped to the apparatus as 

shown in figure 13. The width of each lane was 1.6 ± 0.5 mm. The comb that contains the 

wells is also placed in position before the gel is poured into the gel tray. 

 

Figure 16: The gel electrophoresis apparatus with the lane dividers firmly taped to the gel tray and the comb in 

place 

PREPARING THE BUFFER SOLUTION   

A pH 2 buffer solution was chosen for this experiment because higher pH values 

of the buffer are associated with the chelation of the cations that we use for the 

experiments. This was demonstrated in the experiments that were done with the buffer 
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solution at pH values of 3 and 4. For the results from those experiments, refer appendix. 

Here, we will present the procedure for making a nitric acid buffer solution with pH 2 as 

the example. 

 To make the buffer, a stock solution of 65-70% nitric acid was used. 

 Approximately 1 l of deionized water was taken in a beaker. 

 400 μl of the concentrated acid was first added to the ionized water and the 

solution was thoroughly stirred using a glass rod. 

 The pH of the solution was then tested using Eutech Instruments Waterproof 

pHtestr 20. 

 The pH of the solution was then made up to 1 by adding the acid in small 

increments of 10 μl. 

 In total ~550 µl was used to produce 1 l of pH 1 “standard solution.” 

 This solution is then labeled as the “standard solution” and it would be used for 

making buffer solutions for the future experiments. 

 910 ml of distilled water was taken in a container and 90 ml of the pH 1 standard 

was added to it to make 1 l of pH 2 “buffer solution”.  

 The buffer solution was used for making the gel and the buffer for this 

experiment. 

PREPARING THE GEL  

A 4% gel was settled upon as the standard setting for our experiments. The 

primary reason for doing so was that, at pH values of around 2, gels that contain less than 

4% agarose do not maintain their structural integrity and sectioning up gels cannot be 

done with precision when the gel has poor structural integrity. Here, we will look at the 

method for preparing an agarose gel for our experiment with a 4% gel as the example. 

 To make a 4% agarose gel, 6 g of Invitrogen Ultrapure agarose was weighed and 

transferred into an Erlenmeyer flask. 

 Then, 150ml of pH 2 nitric acid solution was added to the agarose. 

 Then the contents of the flask were heated (using a microwave oven) until all of 
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the agarose dissolves.  

 When the agarose was completely dissolved, the contents are ready to be cast into 

the gel tray. 

 The liquid gel is then poured into the gel tray that is kept ready in the taped 

position that was shown in the previous section and the gel is left to solidify. 

RUNNING THE SAMPLES 

 Once the gel solidified, the comb was removed by slightly shaking the comb and 

slowly pulling out the comb from the gel and the tapes on the gel tray were 

removed carefully without disturbing the lane dividers. 

 The tray was placed in such a way that the wells were closer to the positive 

terminal. 

 The buffer chamber was filled with the buffer solution up to the fill line.  

 Now the wells were loaded with the lanthanum standard solution that contains 

10000 ppm La dissolved in 10% Nitric acid. 

 60 μl of the La standard was taken out in a pipette and lane 1 was loaded. A 

similar procedure was followed for the Uranium experiments. 

 The lid was then slid into position and the power leads from the lid are then 

connected to the power terminal and the voltage was set to 106V. 

 Then the sample was allowed to migrate for 30 minutes undisturbed. 

 Then, the power supply was then cut off lane 2 was loaded and the power supply 

was turned back on and the experiment was continued for another 30 minutes. 

Lane 3 was loaded in a similar way after the sample in lane 2 was allowed to 

migrate for 30 mins. 

 Lane 3 was allowed to run for an additional 30 minutes. 

 The power supply was then cut off at the end of the 30 minutes. 

MEASURING URANIUM AND LANTHANUM CONCENTRATIONS 

The detection method used for the experiment was Neutron Activation Analysis. 
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Neutron activation analysis is a well known technique that is capable of determining 

several elements, including many rare earth elements. In this method, we irradiate the 

samples in a nuclear reactor, in this case the TRIGA reactor at the Nuclear Engineering 

Teaching Lab, located at the Pickle Research Campus. This is the method used since the 

La solution is colorless and cannot be detected by conventional means such as visual or 

UV detection. In this method, the gel samples are irradiated in a neutron field and the 

samples become „activated‟. They emit radiation that is characteristic of the elements 

present in the substance. This radiation is detected and a spectrum of radiation 

corresponding to different energies is obtained over a period of time. From this spectrum, 

we can then calculate the total amount of any particular substance.   

In order to measure the quantity of lanthanum in our samples the 487 keV gamma 

peak from the decay of La-140 was detected and the number of counts was measured 

over a period of 1000 s. 

To measure the quantity of uranium, the 74.6 keV gamma peak from the decay of 

U-239 was detected and the counts were measured for 600s. 

SAMPLE PREPARATION 

 Once the migration experiment was finished, the gel is carefully removed from 

the gel tray and it was then transferred into a container before further use. 

 Now, the lanes corresponding to the loaded wells were cut separately and were 

isolated from the rest of the gel. 

 The lanes were each cut into eight 1.9cm long sections and each one was carefully 

transferred into an activation analysis vial. The vials were numbered in order to 

preserve the data on the position of the sample with respect to the lanes. 

 The samples then had to be weighed before further processing. The weighing was 

done using a Mettler Toledo microbalance with a precision of 1 μg. 

 So, the samples in each of the vials were individually weighed and transferred 

into new vials. 

 These vials were then heat sealed to prevent accidental leakage of material outside 
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the vials when they are placed in the reactor. 

 A second layer of heat seal was provided in the form of a polythene bag that 

encloses the vials. 

 The samples were then transferred into RSR vials, and then into RSR rabbits 

which were ultimately loaded into the reactor for irradiation. 

IRRADIATION AND COUNTING 

 The samples were irradiated in the reactor for 1 hour at a power level of 500 kW 

and a neutron flux of approximately 10
12

 n/cm
2
 s.  

 They were then allowed to decay overnight in the reactor and subsequently for 3 

days before they were handled again. 

  A decay time of 3 days was chosen in order to allow any sodium (
24

Na) that 

might be present in the gel to decay away before counting the samples. Possible 

sources for the sodium includes tap water (when the apparatus is washed) and any 

of the reagents/soap used for washing the apparatus. 

 Once the samples were irradiated and allowed to decay, the activation analysis 

vials were then taken out of the RSR vials and were taken for counting in a 

detector. 

 The detector that was used for counting was a high Purity Germanium detector. 

 The peak of interest was the 487 keV peak from the decay of La-140.   

 The spectrum from each of the samples was collected for 1000 seconds. 

 The spectra were obtained using the Maestro-32 multi channel analyzer. The start 

time for the counts and the number of counts in the 487 keV peak are noted in the 

detector. 

 For uranium experiments, the samples were sectioned and placed in the activation 

analysis vials in a similar way to that of the lanthanum experiments. 

 The vials were put into RSR vials and those vials were heat sealed in addition to 

the activation analysis vials. 
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 The uranium samples were irradiated using the fast pneumatic loading system, 

and the irradiation was done by epithermal neutrons while the reactor was running 

at a power level of 100kW. 

 The irradiation lasted 1 min and a subsequent decay time of 10 minutes was given 

for the low half life activation products to decay. 

 Then the samples were then counted for 600 sec and the peak of interest was the 

74.6 keV peak from the decay of U-239. 

 The irradiation and counting process for the uranium samples was a fully 

automated process. 

 

 

 

 

 

 

 

 

 

 

 



 42 

RESULTS 

First pH 2 Experiment 

Shown below is the first experiment that was conducted with the pH of the buffer 

solution at 2. This experiment was the first experiment to show any kind of mobility of 

the species along the lane. This experiment was run in a 3% gel and the buffer solution 

was nitric acid at a pH of 2. The lane that ran for 60 minutes showed mobility while the 

one that ran for 30 minutes did not. The result from the 60 min lane and the 30 min lane 

are shown below. The results from this experiment are shown in Figs. 12 and 13.  

 

Figure 17: pH 2, 3% gel, 100V, Lanthanum 

The 30 minute lane typically follows this type of a profile for all the experiments 

that follow and therefore shall not be mentioned further in the description of the results in 

the following experiments. 

Experiments at pH 2 

All the experiments that follow were conducted at a buffer solution pH of 2.  
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Other parameters such as the gel concentration, the running voltage and running 

temperature were varied and the results are shown accordingly. It should be noted that the 

counts were corrected for background levels of the lanthanum that may be present in the 

gel. 

The first of these experiments was done at a gel concentration of 2%. The results 

from this experiment are shown below 

 

 

Figure 18: 2, 2% gel, 100V, Lanthanum 

The next experiment was done at a gel concentration of 3%. The results from that 

experiment are shown below. 
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Figure 19: pH 2, 3% gel, 100V, Lanthanum 

As mentioned previously, the 30 minute lane showed no appreciable movement in 

any of these experiments and the results thus are omitted from being shown here. 

 

pH 2, 4% Gel Experiments 

The following experiments are all done at a buffer pH of 2 and the gel 

concentration being 4%.  These experiments proved to be the most repeatable ones of all 

the experiments and the major variation between experiments is the temperature at which 

the experiments are conducted. The results from these experiments are shown below.  
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Figure 20: pH 2, 4% gel, 100V, Lanthanum 

The exact same experiment was repeated at a temperature of 5
0
 C by placing the 

whole apparatus in the refrigerator while the experiment was run. The results from that 

experiment are shown below. 

 

Figure 21: pH 2, 4% gel, 100V, Lanthanum, Low temperature (50 C) 
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Experiments similar to the pH2 4% gel ones were conducted with uranium in the 

lanes in place of the lanthanum. The results from those experiments are shown below. 

 

Figure 22: pH 2, 4% gel, 100V, uranium 

 

 

Figure 23: pH 2, 4% gel, 100V, uranium 
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Figure 24: pH 2, 4% gel, 100V, uranium, at 50 C 

 

 

Figure 25: pH 2, 4% gel, 100V, uranium, at 50 C 
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DISCUSSION 

In this section we will discuss the implications of the above mentioned results. 

We will analyze the meaning behind the results that were obtained based on the main 

parameters that were varied in the experiments. 

pH of the Buffer Solution 

This parameter was by far the most important factor in obtaining mobility of the 

ions in the gel. As it is quite clearly evident, experiments at a high pH value such as the 

initial experiments and the experiment with a buffer solution at pH of 4, show very little 

or no migration of the ions. The primary reason for such behavior is that at high pH the 

cations are chelated by the species present in the buffer and the agarose gel. This means 

that the cations are neutralized and they are no longer in the ionic state in the solution. 

Hence, any electric field applied to the neutral species produces no effect in the form of 

migration of the species. 

It can be seen that this effect gradually decreases as the pH of the solution 

decreases. This can be seen in the fact that in the experiment with a pH of 3, there is a 

noticeable amount of migration present in the lane that was run for a 120 minutes. In the 

experiments that followed, at a pH of 2, there is a considerable change in the migration as 

the ions remain in the ionic state as can be seen in all those experiments. 

The pH of the buffer is consistent from one experiment to another since they are 

all made from the same stock solution that is at a pH of 1 which in turn is made from the 

70% nitric acid stock solution. 

 

Agarose Gel Concentration 

A range of agarose gel concentrations was used in the above mentioned 

experiments. The main factor this parameter influences is the ability to easily section out 

the gel with as little cross contamination as possible. It also affects the integrity of the gel 
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at low pH.  

The first experiment that used a gel concentration of 1% produced a solid gel that 

had good integrity because the pH was around 8.75. But in further experiments, when the 

pH of the buffer solution was lowered, the gels at a concentration of 2% or 3% would 

very often get mushy and soft thereby becoming very hard to handle in the detection part 

of the experiment. A gel at a 4% concentration, however, was found to hold its integrity 

even at such low pH values. Thus once that was experimented with, all the following gels 

were at a concentration of 4%. 

The gel concentration also influences the matrix that the ions encounter while 

migrating. While a 1% gel offers a comparatively loose matrix for migration, 4% gels 

offer a denser matrix for migration. The effect of this can be seen by comparing the 2% 

gel and 3% gel results where the spread of the ions has a much more spiky nature to it in 

comparison with the 2% gel result, which produced a much broader spread of the 

lanthanum ions. 

Time of Migration 

In almost all the experiments, the lanes were sequentially loaded that allowed us 

to monitor the effect of different migration times on the migration. It is quite 

straightforward that the longer the gel is allowed to migrate, the longer the travel distance 

is of the ions. It can be clearly seen that in all of the experiments, the peak concentration 

of the ions is at the farthest in the lane that is allowed to run the longest. 90 minutes 

allowed the ions to migrate to a distance where it does not run right to the edge of the gel 

and enters the buffer solution, so 90 min is usually chosen as the maximum run time of 

most of the experiments. 

Temperature and the Sorption Trail 

In the experiments that were conducted at a pH of 2 and a gel concentration of 

4%, it can be seen that the lanthanum peak for the 90 min lane is at 8.67 cm. What is also 
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quite visible is a trail of lanthanum that is left behind the peak through the whole 

migration distance. The primary reason for having such a trail is that a part of the ions 

that migrate are adsorbed into the agarose matrix. This sorption phenomenon is typically 

higher at higher temperatures. Therefore, the same experiment was repeated at a lower 

temperature by placing the apparatus in the refrigerator while the experiment was in 

process. The result of it is that the trail of ions that are adsorbed is cut short as can be 

seen from the low temperature experiment results. This results in a higher fraction of the 

ions migrating instead of being trapped in the gel matrix. 

Distribution of ions in the Gel 

As mentioned previously, 60μl of the lanthanum containing standard was used for 

each of the lanes in the experiments. 60μl of the standard solution contains 0.6mg of 

dissolved lanthanum in it. Therefore, an experiment that uses 3 of the wells would 

contain 1.8mg of lanthanum in it. Certain experiments were conducted with only 1.6mg 

of lanthanum, as the shortest running lane (30min) was filled with only 40μl of 

lanthanum to conserve lanthanum. 

In a radioactive waste management facility, the lanthanide and the actinide ions 

will carry significant radioactivity and accounting for their masses is of prime 

importance. From the view of radioactive waste management, it is imperative that as 

much of the lanthanum be accounted for in our experiments. We shall first analyze where 

the lanthanum ions could possibly be and calculate the amounts of the ions in those 

sections of the apparatus.   

The lanthanum ions are filled into the wells in the agarose gel. The ions that 

migrate are typically caught in the agarose matrix. Since the lanes are separated from 

each other by the use of lane dividers, much of the lanthanum is not expected to be in the 

unloaded lanes. 

The buffer solution is nitric acid that is at a low pH as we have already seen. The 

agarose gel is usually completely immersed in the nitric acid so that the gel does not 

become dry while the experiment is in progress. When nitric acid which is at a low pH 
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washes over the gel, it comes in contact with the lanthanum standard in the wells. As a 

result, part of the lanthanum is dissolved in the buffer solution. Since the buffer solution 

which contains some of the lanthanum washes over the entire gel, the top of the gel 

almost uniformly contains a layer of lanthanum ions. This level of lanthanum deposition 

is considered to be the “background” level of lanthanum concentration in the agarose gel. 

Apart from the above mentioned ways, some of the ions could be lost in the tools used to 

section the gels. 

In the first uranium experiment it is possible for the buffer to have washed over 

the gel. This could cause an unusual concentration profile of the ions to appear in the 

detection process, although the actual distribution in the gel matrix is comparable to that 

of the other experiments. 

 

Calculation of lanthanum Masses 

The lanthanum that is present in the gel was analyzed using Neutron Activation 

Analysis as previously mentioned. A positive control standard was used in order to 

convert raw counts into a known value of lanthanum mass. The method used for this 

calculation is one where the counts per second corresponding to the known value of 

lanthanum in the positive control sample are used to obtain a counts/s/mg constant value 

for the lanthanum. This value was then used to calculate the mass of the lanthanum ions 

in each of the particular samples from the lanes and the buffer solution. These values 

were added to find the total mass of the lanthanum that has been accounted for. The mass 

distribution calculation for the experiment at pH of 2, with a 4% gel at 100V at lowered 

temperatures is shown below. Table 3 shows the number of counts per second obtained in 

the experiment for each of the measured samples 

 

Table 3: Number of Counts/s of each of the irradiated samples 
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Sample 

ID 

Corrected 

Counts/s 
Sample ID 

Corrected 

Counts/s 

A1 10.89286 B9 0.37932 

A2 43.8531 C1 14.27057 

A3 65.50034 C2 68.38247 

A4 92.90335 C3 11.04272 

A5 92.05563 C4 5.940431 

A6 24.39561 C5 5.282747 

A7 2.934205 C6 4.894657 

A8 0.95656 C7 5.52801 

A9 0.740238 C8 4.488589 

B1 67.67473 C9 5.447917 

B2 124.8571 PC 207.5269 

B3 64.11616 NC1 9.224963 

B4 10.0215 NC2 12.90704 

B5 2.129297 NC3 7.386974 

B6 0.948654 NC4 3.361255 

B7 0.322226 L1 0.588863 

B8 0.151049 L2 0.613466 

 

 

The positive control sample contains a known value of lanthanum standard 

solution (0.0211 g) which corresponds to .211mg of lanthanum. This quantity of 

lanthanum gives 207.527 counts/s. 

Counts in 1mg of La = 207.527/0.211 = 983.54 counts/s/mg of La 

Now we can see that the first sample corresponding to Lane A (90 min) has 

10.89counts/sec. The amount of lanthanum it corresponds to is given by, 
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Amount of La in A1 = 10.89/983.54 = 0.011mg of lanthanum 

 For this particular experiment, 1.6mg of lanthanum was used in total. Therefore, 

the percentage of lanthanum in sample A1 is given by, 

% La in A1 = .011*100/1.6 = 0.692% of the total 

In the lane that ran for 90 minutes in this experiment, 56% of the lanthanum that 

was added to the lane is in the agarose matrix. Similar totals for the other lanes were also 

calculated. 

The mass of the unused gel in this experiment is 107.8g. By looking at the 

average counts of the negative control samples, the total lanthanum present in the unused 

agarose gel is calculated to be 0.183mg or 11.43% of the total that was used for the 

experiment. 

Liquid samples from the buffer solutions were also taken and analyzed in order to 

find how much lanthanum was present in the buffer solution. In this experiment, the 

buffer solution contained 0.611mg of lanthanum. That amounts to 38.2% of the total 

amount of lanthanum that was used in the experiment. 

We can see from the above analysis that we have accounted for a total of 96.03% 

of the lanthanum that was used in the experiment. The remaining (approx. 4%) is 

unaccounted lanthanum that is lost in sectioning and processing of the samples. Probable 

causes include lanthanum on the surface of the tools used to section the gel, lanthanum 

that might be present in the residual buffer solution when the gel tray is taken out of the 

buffer chamber etc. 

 

Calculation of Uranium Masses in the system 

The calculation of uranium masses in the system is done in a similar way to that 

of the lanthanum mass calculations. Here, we present the result from the calculation 

performed on the pH 2, 4% gel, 100V uranium experiment. The total amount of uranium 

present in the lanes amounts to 29.045%. 30.1% of the uranium was found in the unused 
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part of the gel. 36.5% of the uranium is present in the buffer solution. The total amount of 

uranium that is accounted for is 95.79%. 
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APPENDIX 

Experiment 1 Setup 

APPARATUS 

The first experiment was conducted using the Owl EasyCastTM Horizontal 

System Model B2 electrophoresis apparatus. This is a standard electrophoresis apparatus 

that consists of a buffer chamber, a Super SafeTM Lid with attached power supply leads, 

a gasketed EasyCastTM UV Transmissible (UVT) gel tray and combs for creating the 

loading wells. This apparatus is of primary use in the field of DNA separation and are 

ideally suited for that purpose. The buffer chamber in this apparatus is also suited for 

casting the gel, thereby eliminating the need for a separate casting tray. The gel tray 

contains two slots for inserting combs, which can be used depending on the run length 

required. The combs are primarily of two types, one with a thickness of 1.5mm and the 

other with a thickness of 1mm. The combs that are used in this experiment have 16 teeth, 

meaning that 16 loading wells will be created once the comb is removed. The power 

supply used for this experiment was set at 106V. The specifications and dimensions of 

the setup are as shown below: 

 

Model B2 

Gel Size 12cm x 14 cm (W x L) 

Buffer Capacity 800 ml 

Voltage 20-150V 
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Figure 26: Setup for the first experimtent, 
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SETTING UP THE APPARATUS 

 The lid was first removed and the apparatus was thoroughly washed in running 

water. 

 Since this apparatus was used in DNA separation experiments, the apparatus has 

to be cleaned of any residual ethidium bromide by spraying with an 80% alcohol 

solution and washing it again in running water. 

 If the gel tray was in the buffer chamber in its casting position, it is carefully 

removed from there by removing the tray at an angle. 

 Once the setup was thoroughly cleaned, the gel tray was then placed back into the 

buffer chamber in the casting position. The casting position is the position where 

the gaskets in the tray are in contact with the walls of the buffer chamber and the 

tray fits snugly in the chamber leaving no gaps for the gel to escape. 

 Then the whole setup was placed in a level table, and any leveling equipment can 

be used to verify whether the apparatus is indeed level. If it is not, then it would 

not be possible to evenly cast the gel. 

PREPARING THE GEL 

 In this experiment we used a 1% agarose gel for running the experiment. 

 To make a 1% agarose gel, 1 g of Invitrogen UltrapureTM agarose was weighed 

and transferred into a conical flask. 

 Then, 100ml of 1x TAE buffer solution was added to the agarose. 

 The above two steps were repeated again as 200ml of the gel was required for the 

experiment. 

 Then the contents of the flask were heated (using a microwave oven) until all of 

the agarose dissolves. This process was aided by intermittently agitating the 

contents from time to time. 

 When the agarose was completely dissolved, the contents were left to cool down 

below 60
0
 C before casting the gel. 
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CASTING THE GEL 

 The gel tray was placed in the casting position in the buffer chamber in such a 

way that the gasketed ends of the tray fit well in between the walls of the buffer 

chamber. 

 Also, the apparatus must be level in order for the gel to spread our evenly. 

 The comb was placed in position for the longer run, yielding a run length of 

13cm. 

 When the temperature of the gel reduces to less than 60
0
 C, it is ready to be cast. 

 The liquid gel was poured into the gel tray and it was allowed to cool until the gel 

solidified. 

RUNNING THE SAMPLES 

 Once the gel solidified, the comb was removed by slightly shaking the comb and 

slowly pulling out the comb from the gel. 

 The gel tray was pulled out from the buffer chamber by slightly tilting the tray 

and slowly pulling it out. 

 The tray was placed in such a way that the wells were closer to the positive 

terminal. 

 The buffer chamber was filled with the buffer solution up to the fill line. It would 

be approximately equal to 800 ml of 1x TAE buffer. 

 Now the wells were loaded with the lanthanum standard solution that contains 

10000 ppm La dissolved in 10% Nitric acid. 

 60 μl of the La standard was taken out in a pipette and the seventh well from the 

left was loaded. 

 The lid was then slid into position and the power leads from the lid are then 

connected to the power terminal and the voltage was set to 106V. 

 Then the sample was allowed to migrate for 20 minutes undisturbed. 

 Then, the power supply was then cut off and the eleventh lane from left was 
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loaded and the run was continued for another 20 minutes. 

 Similarly, lanes three and fourteen were sequentially loaded in 20 minute 

intervals. 

 The power supply was then cut off after 1 hour and 20 minutes. 

DETECTION 

The detection method used for the experiment was Neutron Activation Analysis. 

Neutron activation analysis is a well known technique that is capable of determining 

several elements, including many rare earth elements. In this method, we irradiate the 

samples in a nuclear reactor, in this case the TRIGA reactor at the Nuclear Engineering 

Teaching Lab, located at the Pickle Research Campus. This is the method used since the 

La solution is colourless and cannot be detected by conventional means such as visual or 

UV detection. In this method, the gel samples are irradiated in a neutron field and the 

samples are „activated‟. They emit radiation that is characteristic of the elements present 

in the substance. This radiation is detected and a spectrum of radiation corresponding to 

different energies is obtained over a period of time. From this spectrum, we can then 

calculate the total amount of any particular substance. 

SAMPLE PREPARATION 

 Once the run was finished, the gel is carefully removed from the gel tray and it 

was then transferred into a container before further use. 

 Now, the lanes corresponding to the loaded wells (3, 7, 11 and 14) were cut 

separately and were isolated from the rest of the gel. 

 Then, these lanes themselves were cut into pieces that were each 1.5cm long from 

the opposite end of the wells. 

 The lanes were each cut into eight 1.5cm long sections and each one was carefully 

transferred into a activation analysis vial. The vials were numbered in order to 

preserve the data on the position of the sample with respect to the lanes. 

 The samples then had to be weighed before further processing. 
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 So, the samples in each of the vials were individually weighed and transferred 

into new vials. 

 These vials were then heat sealed to prevent accidental leakage of material outside 

the vials when they are placed in the reactor. 

 A second layer of heat seal was provided in the form of a polythene bag that 

encloses the vials. 

 The samples were then transferred into RSR vials, and then into RSR rabbits 

which were ultimately loaded into the reactor for irradiation. 

IRRADIATION AND COUNTING 

 The samples were irradiated in the reactor for 1 hour at a power level of 500 kW 

and a neutron flux of 10
12

 n/cm
2
 s.  

 They were then allowed to decay overnight in the reactor and subsequently for 3 

days before they were handled again. 

  A decay time of 3 days was chosen in order to allow all the sodium (
24

Na) to 

decay away before counting the samples. Not doing so would have made the 

samples too hot for use in a detector and would have resulted in very high dead 

times in the detector. 

 Once the samples were irradiated and allowed to decay, the activation analysis 

vials were then taken out of the RSR vials and were taken for counting in a 

detector. 

 The detector that was used for counting was a high Purity Germanium (HPGe) 

detector. 

 The peak of interest was the 487 keV peak from the decay of La-140. 

 The spectrum from each of the samples was collected for 1000 seconds or until 

the number of counts exceeded 10,000. 

The spectra were obtained using the Maestro-32 multi channel analyzer. The start time 

for the counts and the number of counts in the 487 keV peak are noted in the detector. 
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Experiment 2 Setup 

APPARATUS 

The electrophoresis apparatus used in this experiment was the same as the one 

used in the previous experiment. The main addition to this experiment was the addition of 

six polystyrene lane dividers to the setup. They were 0.125” thick and measured 5” in 

length and 1” and in width. The purpose of the lane dividers was to separate the three 

active lanes from the adjacent lanes and to control the lateral diffusion of the samples. 
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Figure 27: Setup for the second experiment, the lane dividing lane dividers can be seen in the schematic diagram 
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SETTING UP THE APPARATUS 

 The lid was first removed and the apparatus was thoroughly washed in running 

water. 

 Since this apparatus was used in DNA separation experiments, the apparatus has 

to be cleaned of any residual ethidium bromide by spraying with an 80% alcohol 

solution and washing it again in running water. 

 If the gel tray was in the buffer chamber in its casting position, it is carefully 

removed from there by removing the tray at an angle. 

 The tray was properly cleaned and dried thoroughly before further use. 

 In this experiment, instead of placing the gel tray back into the buffer chamber, 

the open sides of the tray were taped firmly. 

 Then the combs and the lane dividers were placed and are taped as shown in the 

figure. 

 The taping should be firm and secure, and should contain the hot molten gel, as 

well as the lane dividers in place. 

 The taped gel tray was then placed in the buffer chamber to keep any possible 

leaks from the tray within the apparatus. 

PREPARING THE GEL 

 In this experiment we used a 3% agarose gel for running the experiment. 

 To make a 3% agarose gel, 3 g of Invitrogen UltrapureTM agarose was weighed 

and transferred into a conical flask. 

 Then, 100ml of 1x TAE buffer solution was added to the agarose. 

 The above two steps were repeated again as 200ml of the gel was required for the 

experiment. 

 Then the contents of the flask were heated (using a microwave oven) until all of 

the agarose dissolves. This process was aided by intermittently agitating the 

contents from time to time. 
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 When the agarose was completely dissolved, the contents were left to cool down 

below 60
0
 C before casting the gel. 

CASTING THE GEL 

 The gel casting process was similar to that of the first experiment. 

 The hot gel, once it cools down below 60
0
 C was evenly poured over the gel tray 

to make sure that the gel spreads evenly over the whole tray. 

 The gel was then allowed to solidify before removing the combs. 

RUNNING THE SAMPLES 

 Once the gel solidified, the tapes on the gel tray were removed carefully without 

disturbing the lane dividers. 

 The tray was then placed in the buffer chamber in the running position and the 

comb was carefully removed from the gel. 

 Running the experiment was done in a similar way to that of the first experiment. 

 60 μl of the sample was loaded in 3 lanes in 20 minute intervals, similar to the 

first experiment. 

 The lanes that were loaded were 9, 4 and 13 in that order. 

DETECTION 

SAMPLE PREPARATION 

The sample preparation was done in a similar way to that of the first experiment. 

The differences from the first experiment are listed below: 

 Nine samples of the gel were cut out from each one of the active lanes instead of 

eight. 

 Two additional samples were chosen for positive and negative controls from lane 

2. The positive control had 60 μl of the lanthanum sample added to the vial 

directly. 
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 The vials were heat sealed, but were not enclosed in a polythene bag like 

experiment 1. 

IRRADIATION AND COUNTING 

The samples were irradiated and counted in the same ways as the first experiment 

but for a few changes as mentioned below: 

 The counting was done in a different HPGe detector that had an automatic sample 

changer to switch samples. 

 The samples were all counted for 1000 seconds irrespective of the number of 

counts. 

 The time taken for the samples to be replaced was approximately 7 minutes. 

 

Results of First two Experiments 

The first two experiments were run in a TAE buffer solution of pH 8.75. The first 

experiment was run in a 1% gel matrix and the second experiment was run in a 3% 

agarose gel. The other main difference between the experiments was that the second 

experiment made use of lane dividing plates to control lateral diffusion. The mobility 

results from the two experiments were somewhat similar in that the lanthanum in the 

wells showed little or no movement. The results are shown below. 
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Figure 28: Mobility of ions in the first experiment 

The results for the second experiment were of a similar nature with most of the 

lanthanum staying in close to the initial position with very little migration along the lane. 
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having no mobility in any of the lanes is chelation and it will be discussed in the 

Discussions section. 

 

Figure 29: pH 4, 3% gel, 100V, Lanthanum 
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Figure 30: pH 3, 3% gel, 100V, Lanthanum 

 

 

Figure 31: pH 3, 4% gel, 100V, Lanthanum 

In one of the above 3% gel experiments, a lane was allowed to run for 120 mins 
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Figure 32: pH 3, 3% gel, 150V, Lanthanum 

 

 

 

 

 

 

 

 

 

 

 

 

Pictures of the Gel Electrophoresis apparatus 
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Several pictures of the actual gel electrophoresis apparatus that was used are 

shown below in this section. 

 

 

Figure 33: The gel electrophoresis apparatus with the lane dividers firmly taped to the gel tray and the comb in 

place 
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Figure 34: The comb used for the experiments placed on top of the taped apparatus 
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Figure 35: Solidified agarose gel contained in the gel tray 
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Figure 36: The apparatus with the taping removed, the wells made by the comb and the positioning of the lane 

dividers can be clearly seen here 
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Figure 37: The gel tray placed in the buffer chamber, the apparatus in its running condition 
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