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SAMMANFATTNING 

 

 

Sällsynta jordartsmetaller är en kritisk råvara som står inför viktiga utmaningar gällande utbud 

och efterfrågan. För att överkomma dessa utmaningar behövs det effektiva separationsmetoder. 

Den här rapporten studerar separationen av sällsynta jordartsmetaller med 

extraktionskromatografi. Tre olika extrakt-modifierade HPLC kolonner användes för att 

separera en samling av åtta sällsynta jordartsmetaller; lantan, cerium, praseodym, neodym, 

samarium, gadolinium, dysprosium och yttrium. Den första kolonnen innehöll ren HDEHP som 

extraktant, den andra ren HEHEHP som extraktant. Den tredje kolonnen innehöll en blandning 

av de två extrakanterna. Blandningen bestod av 15–30% HDEHP. Eluering genomfördes med 

salpetersyra i olika koncentrationer och applicering. Forskningsfrågan som rapporten bygger 

på gäller hurvida blandningen av extraktanterna kan förbättra separationen gentemot att endast 

använda de rena extraktanterna. Jämförelsen kolonnerna emellan baserades huvudsakligen på 

två parameterar, salpetersyraförbrukning och upplösning av toppar. 

Resultaten visar att kolonnen med endast HEHEHP hade minst salpetersyraförbrukning men 

gav sämst upplösning. Kolonnen med endast HDEDP hade högst salpetersyraförbrukning men 

gav bäst upplösning, speciellt för de fyra tyngsta ämnena; samarium, gadolinium, dysprosium 

och yttrium. Kolonnen med extraktantblandningen gav god upplösning för alla ämnen, speciellt 

för de fyra lättaste ämnena; lantan, cerium, praseodym och neodym. Eftersom denna kolonn 

dessutom hade relativt låg salpetersyraförbrukning är den preliminära slutsatsen att denna 

presterade bäst generellt. Slutsatsen är därmed att extraktantblandningen kan förbättra 

separationen. 
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ABSTRACT 

 

 

Rare earth elements are a crucial resource facing challenges concerning supply and demand. To 

meet these challenges, efficient separation methods are needed. This report investigates the 

separation of rare earth elements using extraction chromatography. Three different extractant 

modified HPLC columns was used to separate a collection of eight rare earth elements: 

lanthanum, cerium, praseodymium, neodymium, samarium, gadolinium, dysprosium, and 

yttrium. One column contained pure HDEHP as extractant, another pure HEHEHP as 

extractant. The third column contained mixture of the two extractants. The mixture contained 

15-30% HDEHP. Elution was achieved using nitric acid as eluent in different concentrations 

and modes of elution. The research question guiding the work was to investigate if using a 

mixture of extractants could improve the separation as opposed to using only the pure 

extractants. The comparison was made based on two main performance parameters, nitric acid 

consumption and peak resolution.  

The results show that the column with pure HEHEHP had the lowest nitric acid consumption 

but yielded the worst resolution. The column with pure HDEHP had the highest nitric acid 

consumption but the best resolution, particularly for the four heaviest analytes, samarium, 

gadolinium, dysprosium, and yttrium. The column with the extractant mixture yielded good 

resolution for all analytes and especially for the four lightest analytes: lanthanum, cerium, 

praseodymium, and neodymium. Since this column also had relatively low nitric acid 

consumption the tentative conclusion is that it performed the best overall. The conclusion is 

therefor that the extractant mixture can improve the separation. 
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NOMENCLATURE 

 

Abbreviations 

 

Ce Cerium 

CV Column volume 

Dy Dysprosium 

EtOH Ethanol  

EXC Extraction chromatography 

FTIR Fourier transformation infrared spectroscopy 

Gd Gadolinium 

HDEHP Di-(2-ethylhexyl) phosphoric acid  

HEHEHP 2-Ethylhexylphosphonic acid mono-2-ethylhexyl ester 

HNO3 Nitric acid  

HPLC High performance liquid chromatography 

La Lanthanum 

LLE Liquid-liquid extraction  

NaOH Sodium hydroxide 

Nd Neodymium  

Pr Praseodymium  

REE Rare earth element 

Sm Samarium   

Y Yttrium 
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1  INTRODUCTION 

 

1.1 Background 

Rare earth elements are a crucial resource for many important, high tech industries. In recent 

years, the production of REEs has become a topic of great concern. While the earths limited 

supply is declining, the demand has been steadily increasing, leading to a situation that is 

unsustainable in the long term. Much research has been devoted to meet this challenge. One 

key area of research concerns the processing of REEs from waste or natural sources. Before 

industrial use, the individual elements must be separated and isolated. This is where the need 

for good separation methods come in. The standard method in use is efficient, yet far from 

environmentally friendly. A greener, alternative method for separating REEs is through 

chromatography. This method does not see large scale, industrial use due to its limitations in 

capacity. The purpose of this thesis is to investigate chromatographic separation of rare earth 

elements, to see if it can be improved upon. Chromatography can be employed in different 

ways; this work will focus on extraction chromatography where separation is achieved via the 

use of extractant modified columns. The extractants are the central element, various extractants 

can be used for separating REE. This work will study two of these, HDEHP and HEHEHP. 

Specifically, to investigate the possibility of using a mixture of the two. 

1.2 The research question 

This work will be guided by the following research question.  

Can the chromatographic separation of REEs be improved by using a 

mixture of HDEHP and HEHEHP extractants as opposed to using only 

one or the other?  

The novelty of the work lies in testing the extractant mixture on a chromatographic column. To 

the best of the author’s knowledge, no previous research has been conducted testing a mixture 

of extractants in extraction chromatography. Hence, this work will also pave the way for how 

to study a mixed extractant column. Research in liquid-liquid extraction has shown promising 

synergistic effect when these two extractants have been used in combination (1). Due to the 

similarities between liquid-liquid extraction and extraction chromatography, there is reason to 

suspect a potential synergy between the two extractants also in the chromatographic mode and 

this is what warrants a deeper study.  

1.3 Scope of the project 

A study such as this is necessarily performed with certain constraints. There are limitations on 

time, materials, instrumentation and so forth. These makes it important to limit and define the 

scope of the project. This work is performed with the underlying intention of improving the 

chromatographic separation of REEs, such that it could be used for industrial purposes. This is 

a large-scale undertaking. By design, the actual work performed is limited. The intention is that 

the results from this project can be used to build upon in future work.  
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1.4 Structure of the thesis 

The thesis follows the following structure. Chapter 2 expands upon the background to the 

project and presents some of the theory. Chapter 3 details the methods and the working process. 

Chapter 4 presents the results of the experiments. Chapter 5 contains the discussion of the 

results and the conclusion that has been drawn during the thesis. The last chapter, chapter 6, 

contains recommendations and suggestions for future work. 
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2 BACKGROUND 

 

2.1 Rare earth elements 

The REEs are a group of metallic elements. The group consist of the elements scandium, 

yttrium, and all the lanthanides - the 15 elements from lanthanum to lutetium. Since most REEs 

are lanthanides, these terms are sometimes used interchangeably. The REEs share similar 

chemical and physical properties making them appear coherently both in nature and in technical 

applications. In fact, they form the largest chemically coherent group in the periodic table (2).  

The REEs are typically divided into light and heavy REEs, see figure 1 below. The light REEs 

are the lanthanides from lanthanum to samarium. While the heavy REEs include yttrium and 

the remaining lanthanides. Two elements are left out of this divide, the first being scandium, 

which deviates from the rest in its properties and is often excluded. The second being 

promethium, which has no stable isotopes and as such is not naturally occurring (3). The light 

REEs are far more common. In most deposits they make up 80-99% of the total, making the 

heavy REEs scarcer, and thus more valuable. 

 

Figure 1. The rare earth elements in the periodic table of elements 

Why is research about REEs warranted? The short answer is that they are very important. REE’s 

are crucial to many modern and green technologies. They are used for a wide range of 

applications, ranging from permanent magnets to catalysts to rechargeable batteries, as well as 

in high-tech consumer products, such as cellphones, hard drives and electric vehicles (4). 

Furthermore, for most of these applications, there are no substitutes, they cannot simply be 

replace with something else (5). The reason for their usefulness and wide applicability lies in 

their unique chemical properties. In brief, these properties are due to the filling of the f electron 

shell of the atoms. This results in useful magnetic and spectroscopic effects with a wide range 

of applicability. 
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Having established that REEs are important tells only part of the story. The second part is that 

there are also reasons to be concerned regarding the supply and demand of REEs. First a 

clarification, unlike their name might suggest, the REEs are in fact not rare, although the REE 

deposits are few in number, the elements themselves are more abundant than the precious 

metals. Thulium and lutetium, the two rarest REEs are nearly 200 times more common than 

gold (6). The reason that they are labeled rare has its origin in history. When they were first 

discovered in the 18th century they were only known to exist in a single location, and only small 

amounts could be extracted from the ore. Hence, they were thought to be rare (6). 

Despite this misnomer, there is still reason for concern. While they are relatively abundant, 

there is limited availability for mining the ore from which they are extracted. Currently, China 

is the world’s largest consumer and exporter of REEs, and despite possessing only 23% of the 

worlds reserve they have for decades met more than 90% of the demand (7). This state of affairs 

led to the so-called rare earth crisis in 2009. For various political and economic reasons China 

decided to significantly reduce exportations quotas for REEs. This led to the skyrocketing of 

prices for REE products and a global concern that a shortage of REEs would cripple a number 

of important industries (7).  Even though most of the tension from the rare earth crisis have 

since been alleviated, the concern regarding REE supply remains. In 2020, the European 

commission regarded REEs to be among the most critical raw materials, with the highest supply 

risk (8). 

These concerns are exacerbated given that the demand for REEs is increasing at a larger rate 

than what can be met by the supply. Studies suggest that the demand for REEs is predicted to 

grow at an annual rate of 5% by 2020 (9). Furthermore, simulations of the long term supply and 

demand indicates that there will be an issue with long-term sustainability within 300 years (10). 

So, considering that REEs are both crucially important and carries a high supply risk, there is 

great incentive for research in this topic.     

What can be done in response to these issues? That question has been the focus of much research 

and continues to be so. The research in general is focused on two topics. First, from what 

sources should REEs be obtained? Second, given a certain source of REEs, which methods 

should be employed to process the REEs so that they can be put to use?   

To touch upon the first briefly. The vast majority of REEs are extracted from mineral ore. While 

over 200 types of REE-containing ores are known, around 90% of REEs are produced from 

only three types, bastnäsite, monazite, and xenotime. These mainly contains the lighter REEs, 

the chief source for the heavy REEs lie in ion-adsorption clays that are unique to deposits in 

China. Which in part explains why China has been able to dominate global production (11).  

Apart from direct mining of ore, a second source of REEs lie in recycling, both from end-of-

life products and from industrial waste. This represents a promising source of REEs that is, as 

of yet underexplored, in 2011 less than 1% of REEs was recycled (5). Given the untapped 

potential of recycling, this has become a topic of great interest, especially since most countries 

lack native REE deposits and seek to decrease their reliance on importation. 

The second major research topic, as well as the topic of this work concerns the processing of 

REEs. Specifically, the separation and purification of the individual elements. To explain this 

further, any one REE almost always appear not by itself but grouped with other REEs. However, 

when used for technological purposes, in most cases isolated REEs are needed. This means that 

the ability to separate the REEs from each other is of great importance. However, just being 

able to perform separation is not enough. To address the issues of supply and demand, efficient 

separation methods with high yields are required. Furthermore, from a sustainability approach 

these methods should be environmentally friendly. 
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2.2 Liquid-liquid extraction 

Currently there are several different methods employed to separate REEs. Typically, separation 

techniques are divided into two kinds, preparative and analytical separation. The purpose of the 

former is to isolate and purify large amounts of analyte for practical uses. The purpose of the 

latter is to obtain small amount of highly purified amounts for analytical uses (12).  

To address the issues laid out in the previous section, large amounts of REEs need to be 

separated, as such only preparative separation is of interest. Among such methods, liquid – 

liquid extraction is the most common. LLE separates by partitioning the REE solutes between 

two phases, these phases being two immiscible liquids. A large LLE plant, as those currently in 

use for REE separation, consists of several hundred mixer-settler stages. At each step an organic 

phase is mixed and then phase separated with an aqueous acidic phase. Initially the REEs are 

in the aqueous phase. A complexing agent, or extractant, binds to the REEs, each individual 

REE forming a complex with a different affinity for the organic phase.  The REE with the 

highest affinity for the organic phase separates first and is then isolated. Then the one with the 

second highest affinity followed by the third highest and so on. In this way the REEs are 

separated (13). 

Many types of extractants have been tested to achieve separation of REEs. One important class 

of extractants are organophosphorus acids. Their selectivity for REEs is explained by the strong 

interactions of the REE ions and the conjugate base of the phosphoric acid groups (14). 

According to the HSAB theory, hard acids prefer hard bases. PO4
3-, the corresponding base of 

phosphoric acid is a characteristic hard base, while the trivalent ions that the REEs form in 

aqueous solutions function as hard acids (15,16). For the purposes of this work, two extractants 

are of particular interest, di-(2-ethylhexyl) phosphoric acid (HDEHP) and 2-

Ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEHEHP), see figure 2 below. 

 

Figure 2. Structure of HDEHP and HEHEHP 

In previous research, HDEHP had been the most widely used extractant and while HEHEHP 

has seen less use it has also proven to be highly selective (14,17–19).  A comparison of these 

gives varied results depending on the system that is studied. One study, looking at the separation 
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of yttrium, neodymium and dysprosium showed HDEHP gives better separation of neodymium 

from yttrium while HEHEHP was better at separating yttrium from dysprosium. The same study 

also showed that a mixture of the two gives the best separation at certain extractant 

concentration (1).  

When using these extractants, the separation mechanism is due to complex formation between 

the REEs and the organic acid extractants. For the lanthanides, this can be represented by the 

following equation: 

𝐿𝑛3+(𝑎𝑞) + 3𝐻𝐴 ↔ 𝐿𝑛𝐴3 + 3𝐻+                                       (1) 

Where Ln is a lanthanide ion and HA is the organic acid extractant (20). Due to their electronic 

configuration, the lanthanides in general form trivalent ions in acid solutions. As a result, three 

extractant molecules are needed for each lanthanide ion.  

When processing REEs at the industrial scale, LLE is virtually the sole separation method in 

use. Its prevalence can be explained by the relative simplicity of the method and the advantages 

it provides. It allows for a very high load - up to 140g of rare earth oxide per liter solvent. 

Furthermore, very high purities, >99% can be achieved (6). Given that capacity and purity are 

among the main metrics of interest for industrial production, LLE stands unsurpassed among 

preparative separation methods. However, for all its advantages, LLE has some severe flaws. 

These lie in the high cost of obtaining, handling and disposing the reagents and solvents, and 

due to the large scale of the equipment the consumption of such chemicals is significant (14). 

Most important, the requirement for large amounts of organic solvents, such as kerosene, is 

highly undesirable from an environmental point of view (13).  

The environmental issue concerning LLE is the key issue at hand. LLE is effective as a 

separation method, yet the consequences of its use leaves much to be desired. This poses the 

question; how can REEs be separated in an environmentally friendly process? The answer 

potentially lies in another separation method - extraction chromatography. 

2.3 Extraction chromatography 

Extraction chromatography has several advantages over LLE. It uses far less extractants, allows 

for recovery and recycling of process media, and unlike liquid-liquid extraction performs the 

separation in a single step (21). Because of this, the process is far less environmentally harmful.  

However, it is yet to be applied at a preparative level for REE extraction and has typically only 

been used for analytical separation. As such, it is currently an unsuitable replacement for LLE 

at the industrial scale.  Therefore, research to improve EXC is of interest. Herein lies the 

underlying issue to be investigated in this work. Can extraction chromatography be improved 

upon in such a way, that it can be used for preparative separation and thus come to replace 

liquid-liquid extraction as the method of choice for large scale separation of rare earth elements? 

In extraction chromatography, the separation is achieved via an interaction between a stationary 

phase and a mobile phase. The stationary phase consists of a column functionalized with 

extractants. The mobile phase is pumped through the column, carrying the REE solutes with it. 

The REEs binds to the extractants with differing degrees of strength and so they are carried 

across the column at different speeds, exiting at different times, resulting in separation. As a 

method for separating REEs, EXC is in many ways similar to LLE. It works on the same basis 

but applied in a chromatographic mode (14,22). 
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There are many ways in which EXC has been employed to separate REEs and earlier research 

span a range of methods. These methods are generally set apart by their approach to the 

following three aspects of chromatography: column preparation, elution, and sample 

preparation.  

The process by which the chromatographic column is functionalized by the extractant is 

referred to as column preparation. Previous research has attempted REE separation using 

different types of extractants. Because the similarities between LLE and EXC, extractants 

proven effective for the former is likely effective for the latter. This has led researchers to test 

extractants that are used in LLE such as HDEHP and HEHEHP. These have proven to achieve 

effective separation of REEs. Comparing the two shows that HEHEHP is more effective over 

the full range of REEs while HDEHP is more effective at separating the light REEs (23). 

The amount of extractant that is functionalized on the column is an important factor. It has been 

found that in general, separation is improved with increased density of extractants (15). Also, 

it has been found that there is a minimum amount required. This is because the REEs form 

trivalent ions in solution. As a result, three extractant components are needed for the complex 

formation. Since three extractant molecules needs to coordinate to form a single complex, the 

distance between said extractants cannot be too great. This means that the amount of extractant 

in the column, must be sufficiently large so that the extractants remain close enough to each 

other.  

There are different methods used to functionalize the column with extractants column. A 

common practice for contemporary research is to physically immobilize the extractant on the 

column (14,24). This is the method that will be employed in this work. By using a C18 column 

the long alkyl chains on the extractant interacts with the C18 chains of the column, thereby 

becoming immobilized. 

Elution refers to the composition and application of the mobile phase. Previous research has 

often used a mobile phase consisting of a two-component mixture containing water and a 

mineral acid. Mineral acids are inexpensive, readily available, and less environmentally 

hazardous than the organic solvents required in LLE. One of the benefits of EXC is the 

possibility to employ mineral acids as the eluent (14). A range of these has been tested such as 

hydrochloric acid, sulfuric acid, and nitric acid. There seems to be no significant benefit of one 

over the other, though choosing nitric acid, as was done in this work, gives the benefit of getting 

harmless ammonium nitrate as the only by-product, when the metals are precipitated with 

ammonia at a later stage (13,25). Further important factors to consider is the composition and 

flow rate of the mobile phase. Two types of composition are typically used. The first is isocratic 

elution, this refers to keeping the concentration constant. The second is gradient elution, this 

refers to a change in the concentration over time. It has been found the most complete separation 

is achieved using gradient elution (26). Ideally however, isocratic elution would be preferred 

due to its increased simplicity in large scale application. However, studies using such elution 

have failed to achieve adequate separation across the full range of REEs (27). In general, it has 

been found that the REEs, due to their similar properties, are difficult to separate using a single 

approach. The most efficient separation for any one grouping of REEs has proved less efficient 

for the rest.   

Sample preparation refers to the content and concentration of the solution of REE solutes that 

is used for the separation. One important aspect of sample preparation is the content of the 

sample. Previous research has examined the separation of the full range of REEs, but there has 

also been research focused on a selection rather than the whole group. The separation of heavy 

and light REEs are often handled independently. Studies have specifically investigated 
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separation of yttrium from the heavier elements, as this has been shown to be especially difficult 

(28). A further aspect of sample preparation is the concentration of analyte. How much REEs 

can be separated in each chromatographic separation? Ideally this number should be as high as 

possible, to increase efficiency. However, earlier studies show that EXC have certain load 

limitations. Overloading the column leads to peak broadening and poor separation (27). At 

lower concentrations of REE, EXC achieves far better separation. 

This load limitation represents the major hurdle, preventing EXC from being used at a 

production scale. If this limitation could be surpassed, then EXC becomes possibly the best 

method for large scale separation of REEs. How can this issue be addressed? One approach is 

by increasing the selectivity of column. Selectivity, in essence, represents the separation power 

of the column. It is calculated as the distance between two peak maxima in a chromatogram. A 

higher selectivity allows for higher load and peak overlap becomes less likely. The chief method 

to alter selectivity in EXC is to change the stationary phase i.e., the column. This is what the 

work will investigate. 
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3  METHOD 

 

3.1 General approach 

To investigate the stated research question, REE separation was performed using HPLC with a 

column prepared in three different ways.  The first type of column used only HDEHP as 

extractant and was prepared using a solution of pure HDEHP, this will be referred to as the 

HDEHP column. The second type of column used only HEHEHP as extractant and was 

prepared with a solution of pure HEHEHP, this will be referred to as the HEHEHP column. 

The third type of column used a mixture of the two as extractant and was prepared with a 

solution containing a 1:1 mixture of HDEHP and HEHEHP. This in turn will be referred to as 

the mixed column. 

Various separation experiments were performed on each column, using an injection containing 

8 different REEs. Elution was achieved using nitric acid in different concentrations and modes 

of elution. After having performed the experiments, the extractants was removed from the 

column and collected. The collected samples were then titrated to determine the amount of 

extractants that had been adsorbed on the column. For the mixed column, an IR method was 

used to determine the ratio of HDEHP to HEHEHP that had been adsorbed on the column. 

Finally, by studying the resulting chromatograms and the experimental parameters a 

comparison could be made between the three columns.  

3.2 HPLC setup 

For all separation experiments the following HPLC setup was employed. A Thermo Scientific 

Dionex ICS-5000+ Ion Chromatography System was used, see the schematic in figure 3. 

  

Figure 3. Schematic of HPLC system 

The system uses a quaternary gradient pump allowing for mixing of solvents from four channels 

(labeled A, B, C and D in the schematic). A second pump was used to pump Arsenazo-III dye 
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into the system post-column in order to enable detection of REEs with visible light. A braid 

was used to introduce delay time, allowing for complex formation between analyte and dye. A 

Dionex Variable (UV-Vis) Wavelength Detector was used, set to a wavelength of 658 nm to 

detect REEs and 288 nm to detect extractants. Both inlet solutions and column were temperature 

regulated using thermostats. The setup illustrated in figure 3 was used for the separation 

experiments. For preparing the column, the braid and the dye pump were disconnected. 

3.3 Column preparation 

A Kromasil C18 HPLC column from AkzoNobel was employed. The column was prepared 

according to the method developed in the column preparation study by Sanku et al. (29). This 

method works by physically immobilizing the extractant on the column. The 18 carbon long 

chains of the column (see figure 4 below) interact with the alkyl chains of the extractants 

creating a physical bond. 

 

Figure 4. Molecular diagram of the C18 column. 

The following procedure was used to prepare the column. First the column was conditioned 

with 20 CVs of 62 wt.% EtOH. Then 10 CVs of an extractant feed solution was pumped through 

the column. The HDEHP and HEHEHP columns were prepared with feed solutions containing 

525.25 mM HDEHP and 82.8 mM HEHEHP respectively. The mixture column was prepared 

with a feed solution containing 206.3 mM total extractant in a 1:1 ratio. All feed solutions were 

prepared in 62 wt.% EtOH. Finally, the column was flushed with water to dislodge any loosely 

bound extractants. 

In order to have a good basis of comparison, all three column was prepared such that the same 

amount of extractant would be adsorbed on the column. The different concentrations of feed 

solutions stated above was used in order to achieve the desired amount. The employed 

concentrations was selected after consulting earlier experiments performed on the same system. 

This was later verified to be accurate by titration. In the case of the HDEHP column, this was 

initially prepared to give an amount of 1 mmol extractant adsorbed, but during the process of 

experimentation some of the extractant was inadvertently stripped from the column, resulting 

in a lower amount of 0.5 mmol. The HEHEHP and mixed columns were therefore prepared 

such that they would instead have this lower amount of extractant adsorbed.  

 

 

 

 



17 
 
 

3.4 Separation experiments 

Various separation experiments were performed on each of the three columns. What set the 

experiments apart from each other was the mode of elution, the concentration of the nitric acid 

in the elution, and the duration of the run. The desired amount of nitric acid was reached by 

pumping a combination of water and 2M or 5M nitric acid from the gradient pump. 

Some parameters were common across all experiments. In every run, the sample injected was 

50 µL of a 37.5 mg/L solution of lanthanum, cerium, praseodymium, neodymium, samarium, 

gadolinium, dysprosium and yttrium in 0.59 M HNO3. The sample was injected 2 minutes after 

starting the run. The temperature of the solutions and the column was kept constant at 25 °C. 

Each experiment used a constant flow rate of 1 mL/min. 

The HDEHP column was the first column studied. Initially isocratic elution, using a constant 

concentration of HNO3, was used. A trial-and-error approach was taken, starting at a low HNO3 

concentration, and gradually increasing the concentration for the subsequent runs until all eight 

analytes had been seen to elute. Next, a gradient elution was employed. This meant that the 

concentration was set to increase linearly from 0M to 5M during a single run. Three sets of such 

elution were performed, varying the duration of the runs. Finally, experiments using optimized 

elution was performed. This meant using a combination of isocratic and gradient elution in 

order to achieve complete separation of all eight analytes in a single run.   

Based on the experience of working with the HDEHP column, a new approach was adopted for 

the two subsequent columns. It was decided that the main aim was to separate all eight analytes 

in a single run. To do this, isocratic elution would be used to separate the first four analytes, 

while a gradient elution was used to separate the remaining four analytes. This approach meant 

that fewer overall experiments would need to be performed and fewer isocratic runs in 

particular.  

For the HEHEHP and mixed columns, the same procedure was used. First, isocratic 

experiments were performed, testing different concentrations of HNO3 until the first four 

analytes had been separated. Second, gradient elution was performed to see how long a duration 

was needed to get separation of the four last analytes. Lastly, the isocratic and gradient elution 

were combined into an optimized run to get a complete separation of all analytes in a single 

run. 

3.5 Removing extractants 

After having performed all the experiments on a column, the extractants were removed. This 

was done by pumping pure ethanol through the column.  The detector was set to 288 nm in 

order to detect the extractants as they left the column. The extractants were collected in 

fractions. The fractions were then combined into samples for further analysis. 

3.6 Analysis – Titration 

Acid base titration was performed to determine the amount of extractant that had been adsorbed 

on the column. HDEHP and HEHEHP are both monoprotic acids and have as such one 

equivalence point which can be reached by titration with a monoprotic base. The amount of 

moles of titrant needed to reach the equivalence point would correspond to the amount of moles 

of extractant in the sample and hence correspond to the amount of extractant that had been 

adsorbed on the column. 
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Titration was performed by dropwise adding 0.25 NaOH to the samples collected from the 

column. Phenolphthalein was used as indicator resulting in a color shift from clear to pink when 

the equivalence point was surpassed. A pH indicator was employed to check the pH of the 

solution so as to not miss the equivalence point.  

3.7 Analysis – IR 

Infrared spectroscopy was employed in order to determine the ratio of extractants in the mixed 

column. This was needed since the two extractants had been shown to not adsorb on the column 

equally. So, despite preparing the mixed column with a 1:1 ratio feed solution it was expected 

that the column preparation would result in a different ratio of extractants. To determine the 

actual ratio, an IR method was developed. 

Experiments were performed using a PerkinElmer FT-IR Spectrometer UATR Two. The 

transmittance mode was set between 4000 and 450 cm-1 and the frequency of scans was set to 

four. Prior to analyzing any sample, a background scan was performed. This was achieved by 

scanning a sample of pure solvent without any analyte present. Thereafter, when scanning 

analyte samples, the signal from the background is removed leaving only the signal of interest.    

Calculations estimated that the water-ethanol background in samples taken from the HPLC 

column would correspond to 52.6 weight percent ethanol. These samples were made by taking 

the first five fractions collected from the column, so as to not unnecessarily dilute the samples 

with ethanol. To avoid precipitation of the extractants, solubility studies were consulted and it 

was determined that 1.295 g of ethanol would be added to those samples such that they contain 

62 weight percent ethanol (29).  

Initially tests were performed to see how the spectra are affected when varying the backgrounds. 

A sample of 200 mM HDEHP in 52.6 weight percent ethanol was analyzed against both a 52.6 

wt.% EtOH background and a 62 wt.% EtOH background. Five duplicates were performed and 

from the resulting spectra it was concluded that the changes from varying the backgrounds were 

negligible with a standard deviation of 0.001 absorbance between the sets. 

The first step of the method was the creation of calibration curves for the pure extractants. First 

a HDEHP calibration curve was created. Five solutions with known concentrations of HDEHP 

were prepared, corresponding to 20 mM, 65 mM, 110 mM, 155 mM, and 200 mM HDEHP, all 

in 62 wt.% EtOH. These solutions were scanned against a 62 wt.% EtOH background and each 

scan was duplicated five times.  

For this method, there is only one peak of interest in the spectrum, the one around 1022 cm-1 

(see figure 5) which is present for both extractants. The absorbance value of this peak in each 

spectrum was noted. Calibration curves were generated by plotting the absorbance values 

against the corresponding concentrations.   
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Figure 5. IR spectrum of a mixed solution. The peak around 1022 cm-1 is indicated by the red arrow 

This procedure was then repeated to create a HEHEHP calibration curve. Because HEHEHP 

has lower solubility in ethanol and water different concentrations were used when preparing 

solutions. Five solutions with 20 mM, 57.5 mM, 95 mM, 132.5 mM, and 170 mM HEHEHP 

were prepared, also in 62 wt.% EtOH.  These were scanned against a 62 wt.% EtOH 

background, each scan was repeated three times. Again, the absorbance value of the peak at 

1022 cm-1 in each spectrum was noted and a calibration curve was plotted.  

In both cases, the final curves were plotted using the arithmetic mean of the absorbance across 

the duplicate scans. Mathematical equations were generated for both curves. To validate the 

accuracy of the calibration curves, solution of 125 mM HDEHP and HEHEHP were prepared. 

These were analyzed and compared to the calibration curves.  

Having created calibration curves for pure HDEHP and HEHEHP. The next step was to analyze 

the sample taken from the mixed column. This was scanned in the same manner as before, 

against a 62 wt.%. EtOH background, each scan repeated three times. The absorbance at 1022 

cm-1 was noted. 

By using the two calibration curves, the measured absorbance of the mixed column sample, 

combined with the results from the titration of the same sample, the ratio of extractants was 

calculated. 
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4  RESULTS 

 

4.1 Identifying and labeling peaks in chromatograms 

In this chapter the chromatographic peaks are labeled as the most likely REE to which they 

correspond. No analysis to identify the peaks was performed, but the elution order of the REEs 

has been well established in earlier studies. For both HDEHP and HEHEHP extractants, the 

lanthanides have been shown to elute in size order, while Y will elute last, so the order of elution 

from lowest to longest retention times will be 𝐿𝑎, 𝐶𝑒, 𝑃𝑟, 𝑁𝑑, 𝑆𝑚, 𝐺𝑑, 𝐷𝑦, 𝑌 (20).  In this work 

it is assumed that the analytes will elute as such. Therefore, the peaks are labeled using that as 

a reference. 

Not having verified the accuracy of the peak identification introduces an element of uncertainty 

in the results. However, that will not prevent a full comparison of the three columns as the 

performance indicators of interest are independent of peak identification. 

4.2 Retention and selectivity factors 

In order to quantify the results, the retention factor and selectivity factor will be calculated. The 

retention factor indicates how well an analyte interacts with the stationary phase i.e., how much 

time the analyte spends interacting with the stationary phase compared to the time spent 

interacting with the mobile phase. The retention factor, 𝑘′, of an analyte is calculated as: 

𝑘′ =
𝑡𝑟−𝑡0

𝑡0
                                                                     (2) 

Where 𝑡𝑟 is the retention time of the analyte and 𝑡0 is the deadtime of the column. Resulting 

from this equation, a retention factor of zero means that the analyte does not interact with the 

column at all, while a larger retention factor means a stronger interaction. For most purposes in 

HPLC, a retention factor between 2 and 10 is considered ideal. (30) 

The selectivity factor measures the ratio of the retention factors between a pair of analytes. 

Selectivity factor, 𝛼, is calculated as: 

𝛼 =
𝑘′2

𝑘′1
                                                                         (3) 

Where 𝑘′2 is the later eluting analyte and 𝑘′1 is the earlier eluting analyte. The selectivity factor 

indicates how well the column can separate two analytes from each other. The higher the  

selectivity factor the larger the separation.  

4.3 Results of separation using HDEHP column 

In this section, the results from the separation on the HDEHP column is presented. 

The HDEHP column was initially prepared such that 1 mmol of HDEHP was adsorbed on the 

column. The first set of separation experiments were performed on the column in that state.  

During the process of experimenting, the column was at one point flushed with water at a high 

flow rate. This had the unintended effect of partially stripping the column of extractants. This 
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was confirmed when the column was emptied and titrated, showing that 0.5 mmol had been left 

on the column. The results presented here are from experiments after the column was washed, 

hence corresponding to 0.5 mmol of HDEHP adsorbed on the column.  

Several isocratic experiments were performed employing a range of nitric acid concentrations. 

Here follows the chromatograms of those experiment that together show the elution of all eight 

analytes.  

To begin, it was found that an eluent of 0.19 M HNO3 could elute the first four analytes, as seen 

in figure 6 below.  

 

Figure 6. Chromatogram for isocratic elution on HDEHP column 

Table 1, 1.1 and 1.2 below, contains the experimental parameters, retention factors and 

selectivity factors corresponding to the chromatogram in figure 6. 

Table 1. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 0.19 M 

Total duration of run 32 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 
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Table 1.1. Retention factors  

Analyte Retention factor 

La 4.6 

Ce 8.1 

Pr 10.1 

Nd 11.3 

Table 1.2 Selectivity factor  

Analyte pair Selectivity factor 

Pr – Nd 1.1 

As can be seen in the chromatogram (figure 6) there are four distinct peaks. These peaks are 

assumed to correspond to La, Ce, Pr and Nd. La and Ce are clearly resolved, while Pr and Nd 

show a great deal of overlap with a selectivity factor of just 1.1. This corresponds to earlier 

results where this analyte pair has been difficult to separate. Other experiments showed that 0.1 

M HNO3 did not elute anything while 0.15 M did elute only La, thus that analyte can be 

expected to elute in that range. There is also noticeable baseline noise and La has a small 

shoulder peak. Repeats of this experiment gave similar results. There was however some 

variability in the peak shapes between the repeats (see appendix A). The results indicates that 

the HDEHP column has the capacity to elute the first four analytes though with some difficulty 

to separate Pr and Nd.  
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Continuing, increasing the nitric acid concentration to 0.5 M proved sufficient to elute Sm and 

Gd, as seen in figure 7. 

 

Figure 7. Chromatogram for isocratic elution on HDEHP column 

Table 2 and 2.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 7. 

Table 2. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 0.5 M 

Total duration of run 32 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 2.1. Retention factors 

Analyte Retention factor 

La 0 

Ce-Nd 0.2 

Sm 1.6 

Gd 5.9 

As can be seen in the chromatogram (figure 7) there are four distinct peaks. These peaks are 

assumed to correspond to La, Ce to Nd coeluting, Sm and Gd. Repeats of this experiment gave 
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similar results. The chromatogram indicates that the HDEHP column is able to clearly separate 

Sm and Gd at this concentration of nitric acid. 

Moving on, it was found that with an elution of 1.4 M HNO3 Dy was separated as seen in figure 

8. 

 

Figure 8. Chromatogram for isocratic elution on HDEHP column 

Table 3 and 3.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 8. 

Table 3. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 1.4 M 

Total duration of run 32 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 3.1 Retention factors 

Analyte Retention factor 

La-Sm 0 

Gd 0.2 

Dy 2.5 
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As can be seen in the chromatogram (figure 8) there are three distinct peaks. These peaks are 

assumed to correspond to La to Sm coeluting, Gd and Dy. Repeats of this experiment gave 

similar results. This results shows that the column was able to elute Dy. 

Finally, 2.5 M HNO3 was showed able to elute the last analyte Y, as seen in figure 9. 

 

Figure 9. Chromatogram for isocratic elution on HDEHP column 

Table 4 and 4.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 9. 

Table 4. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 2.5 M 

Total duration of run 32 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 4.1 Retention factors 

Analyte Retention factor 

La-Gd 0 

Dy 0.3 

Y 1.6 

As can be seen in the chromatogram (figure 9) there are three distinct peaks. These peaks are 

assumed to correspond to La to Gd coeluting, Dy and Y. Repeats of this experiment gave similar 
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results. This result proves that the column was able to elute Y. These results taken as a whole, 

shows that all eight analytes can be eluted at various concentrations of nitric acid.  However, 

no one concentration was able to elute all eight analytes. 

After the isocratic elution, gradient experiments were performed. Four such experiments were 

conducted, using different durations, 10, 15, 20 and 30 minutes. All with the nitric acid 

concentration increasing linearly from 0 M to 5 M. These all yielded similar results, the longer 

gradients resulted in slightly larger peak separation. Here follows the chromatogram of the 20-

minute gradient.  

 

Figure 10. Chromatogram for gradient elution on HDEHP column 

Table 5 and 5.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 10. 

Table 5. Experimental parameters 

Elution mode Gradient 

HNO3 concentration 

1. 0 M for 2 minutes 

2. 0 M to 5 M in 20 

minutes 

3. 5 M for 5 minutes 

Total duration of run 27 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 
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Table 5.1 Retention factor 

Analyte Retention factor 

La 1.1 

Ce 1.3 

Pr - Nd 1.3 

Sm 1.8 

Gd 2.3 

Dy 4.1 

Y 5.7 

As can be seen in the chromatogram (figure 10) there are six distinct peaks with the second 

peak having a small shoulder. These peaks are assumed to correspond to La, Ce to Nd coeluting, 

Sm, Gd, Dy and Y. All the gradient runs yielded the same six peaks. What is noteworthy is that 

proper separation of the later analytes can be achieved even at a 10-minute gradient. Using a 

longer gradient (20 or 30 minutes) did result in the second peak being split. This indicates that 

it might be possible to separate all analytes in a single run if an even longer gradient was to be 

used. However, proper separation of all analytes was not achieved in any of the attempted 

experiments.  

In order to achieve separation of all eight analytes an optimized elution was performed. Below 

is presented the result from such a run. This was the result of using an isocratic mode to elute 

the first four REEs followed by a gradient elution to elute the last four REEs. 

 

Figure 11. Chromatogram for optimized elution on HDEHP column 
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Table 6, 6.1 and 6.2 below, contains the experimental parameters, retention factors and 

selectivity factor corresponding to the chromatogram in figure 11. 

Table 6. Experimental parameters 

Elution mode Optimized 

HNO3 concentration 

1. 0.19 M for 32 minutes 

2. 0.19 M to 5 M in 10 

minutes 

3. 5 M for 5 minutes 

Total duration of run 47 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 6.1. Retention factor 

Analyte Retention factor 

La 1.2 

Ce 3.2 

Pr 4.3 

Nd 5.0 

Sm 12.8 

Gd 13.1 

Dy 14.0 

Y 14.8 

Table 6.2. Selectivity factor 

Analyte pair Selectivity factor 

Pr – Nd 1.2 

As can be seen in the chromatogram (figure 11) there are eight distinct peaks. These peaks are 

assumed to correspond to La, Ce, Pr ,Nd, Sm, Gd, Dy and Y. As can be seen all eight analytes 

are present. However, there is a great deal of peak overlap between Pr and Nd with a selectivity 

factor of just 1.2, similar to the corresponding isocratic experiment. As can be seen there is 

some noise and baseline shifting taking place. This is likely due to the effects of changing the 

elution from isocratic to gradient mid run. Repeats of this experiment gave similar results 

although with some variance among the first four peaks. 

To summarize the results of the experiments on the HDEHP column: Isocratic experiments 

were able to elute all compounds, including the first four analytes in a single run. Though no 

one concentration could achieve full separation of all eight analytes. Gradient elution was able 

to isolate five of the eight compounds, while three co-eluted. This elution mode achieved good 

resolution for the four last analyte but not for the four first. It is likely that a longer gradient 

could have achieved proper separation of all analytes, though at the cost of time. The optimized 

experiments were able to achieve separation of all eight analytes by combining isocratic with 

gradient elution. Good resolution was achieved for all analytes except Pr and Nd which co-

eluted at any tested conditions.  
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4.4 Results of separation using  HEHEHP column 

REE separation was performed on a column prepared with pure HEHEHP. This column was 

prepared such that the amount of extractant adsorbed on the column was 0.5 mmol. Three types 

of experiments were performed, isocratic, gradient and optimized elution.  

First, isocratic experiments were performed to achieve separation of the first four analytes. The 

results of those experiments can be seen in the chromatograms below. 0.05 M nitric acid proved 

sufficient to elute the analytes, as seen in figure 12. 

 

Figure 12. Chromatogram for isocratic elution on HEHEHP column 

As can be seen there is a huge peak followed by poorly resolved peaks that are difficult to 

perceive at full scale. Figure 13 presents the same chromatogram at a closer perspective. 
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Figure 13. Chromatogram for isocratic elution on HEHEHP column 

Table 7, 7.1 and 7.2 below, contains the experimental parameters, retention factors and 

selectivity factor corresponding to the chromatogram in figure 12 and 13. 

Table 7. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 0.05 M 

Total duration of run 32 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 7.1 Retention factor 

Analyte Retention factor 

La 0 

Ce 0.3 

Pr 0.6 

Nd 0.8 

Table 7.2 Selectivity factor 

Analyte pair Selectivity factor 

Pr – Nd 1.3 
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As can be seen in the chromatogram (figure 13) there are four peaks present. These peaks are 

assumed to correspond to La, Ce, Pr and Nd. There is very poor resolution of the last three 

peaks, and they are difficult to make out due to the large absorbance of the first peak. Various 

experiments were performed in an attempt to get a better resolution of these first four peaks 

without success. Also, repeats of this experiment resulted in a lot of variance in the 

chromatogram (see appendix A). In some repeats, there was only a single peak, not four. When 

four peaks were seen, the peak shape and retention time was altered from one run to the next. 

This lack of repeatability was likely due to inaccuracies in the gradient pump. The desired nitric 

acid concentration was reached by mixing a 2M HNO3 solution with water, to reach the  

concentration of 0.05 M, the pump was set to 2.5% nitric acid and 97.5% water. It is possible 

that the pump is inaccurate at such skewed percentages and so the resulting eluent concentration 

is not always accurate, explaining the different results. 

Worth to note is that the first peak elutes at the deadtime, the time it takes for something to pass 

through the system without retention. This indicates that La is not at all retained by the column, 

and this peak was present at the same retention time when running the experiment with only 

water as eluent, confirming the theory. However, it is not that the column has no affinity for 

La. It is more likely that the nitric acid present in the injection itself is high enough in 

concentration to elute La, meaning that no further nitric acid in the eluent is needed. 

After isocratic elution, gradient elution was performed on the HEHEHP column, with the 

resulting chromatogram seen in figure 14.  

 

Figure 14. Chromatogram for gradient elution on HEHEHP column 

Table 8 and 8.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 14. 
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Table 8. Experimental parameters 

Elution mode Gradient 

HNO3 concentration 

1. 0 M for 2 minutes 

2. 0 M to 5 M in 20 

minutes 

3. 5 M for 5 minutes 

Total duration of run 27 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 8.1. Retention factors 

Analyte Retention factor 

La 0 

Ce-Nd 0.6 

Sm 0.8 

Gd 0.9 

Dy 1.3 

Y 1.6 

As can be seen in the chromatogram (figure 14) there are six peaks present. These peaks are 

assumed to correspond to La, Ce to Nd coeluting, Sm, Gd, Dy and Y. Again, La elutes at the 

deadtime, except for Ce, Pr and Nd coeluting all the other analytes are well resolved. No other 

attempt using gradient elution was performed, so no statement can be made regarding the 

repeatability of this method. 

Finally, optimized elution was performed on the HEHEHP column with the following results, 

seen in figure 15. This chromatogram was the result of combining isocratic elution in an attempt 

to elute the first four analytes and gradient elution to elute the four last analytes. 
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Figure 15. Chromatogram for optimized elution on HEHEHP column 

Table 9, 9.1 and 9.2 below, contains the experimental parameters, retention factors and 

selectivity factors corresponding to the chromatogram in figure 15. 

 

Table 9. Experimental parameters 

Elution mode Optimized 

HNO3 concentration 

1. 0.05 M for 22 minutes 

2. 0.05 M to 5 M in 10 

minutes 

3. 5 M for 5 minutes 

Total duration of run 37 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 
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Table 9.1 Retention factors 

Analyte Retention factor 

La 0 

Ce 0.3 

Pr 0.5 

Nd 0.6 

Sm-Gd 9.2 

Dy 9.5 

Y 9.7 

Table 9.2. Selectivity factor 

Analyte pair Selectivity factor 

Pr – Nd 1.2 

As can be seen in the chromatogram (figure 15) there are seven peaks present. These peaks are 

assumed to correspond to La, Ce, Pr, Nd, Sm and Gd coeluting, Dy and Y. This experiment 

proved able to elute the first four analytes, similar to the isocratic experiment, however in the 

gradient region only three peaks are visible. It is likely that the fifth peak is Sm and Gd 

coeluting.  

To achieve full separation, the same experiment was performed only with a longer gradient. 

The result of this is presented in figure 16 below.  

 

Figure 16. Chromatogram for optimized elution on HEHEHP column 
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Table 10 and 10.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 16. 

Table 10. Experimental parameters 

Elution mode Optimized 

HNO3 concentration 

1. 0.05 M for 22 minutes 

2. 0 M to 5 M in 30 

minutes 

3. 5 M for 8 minutes 

Total duration of run 60 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 10.1 Retention factors 

Analyte Retention factor 

La 0 

Ce 0.3 

Pr - Nd 2 

Sm 10.3 

Gd 10.6 

Dy 11.3 

Y 11.9 

As can be seen in the chromatogram (figure 16) there are six peaks present. These peaks are 

assumed to correspond to La and Ce coeluting, Pr and Nd coeluting, Sm, Gd, Dy and Y. The 

first peak has a small shoulder assumed to be La and Ce respectively. The use of a longer 

duration gradient did result in an additional peak in the gradient region. In these attempts 

however, the early peaks did not successfully separate. Repeats of this experiment proved 

similarly unsuccessful. No attempt resulted in complete separation of all eight analytes. The 

first four peaks did not all elute, and repeats did show a high degree of variance as was the case 

with the isocratic experiments.    

To summarize the results of the experiments on the HEHEHP column. La has no retention in 

the column and is eluted at deadtime regardless of HNO3 concentration in the eluent. Isocratic 

elution did elute the first four analytes, but Ce, Pr and Nd was difficult to separate, and the 

resolution was poor overall. Gradient elution was able to separate five of the analytes with 

decent resolution, achieving proper resolution for the four last analytes but not the four first. 

Optimized elution was unable to separate all analytes. The last four analytes were successfully 

separated by using a longer gradient. Eluting the first four analytes proved more difficult. These 

were eluted in some runs, confirming the columns capacity to do so, but this was not reliably 

replicated resulting in no optimized elution achieving full separation of all of the eight analytes. 
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4.5 Results of separation using mixed column 

REE separation was performed on a column prepared with a HDEHP:HEHEHP mixture. This 

column was prepared such that the total amount of extractant adsorbed on the column was 0.5 

mmol. Three types of experiments were performed, isocratic, gradient, and optimized elution.  

First, isocratic experiments were performed with the aim to elute the first four analytes. Such 

experiments proved able to achieve this at 0.1 M HNO3. The result is shown in figure 17.. 

 

Figure 17. Chromatogram for isocratic elution on mixed column 

Table 11, 11.1 and 11.2 below, contains the experimental parameters, retention factors and 

selectivity factor corresponding to the chromatogram in figure 17. 

Table 11. Experimental parameters 

Elution mode Isocratic 

HNO3 concentration 0.1 M 

Total duration of run 32 min 

Time of injection 2 minutes 

Flow rate 1 ml/min 
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Table 11.1 Retention factors 

Analyte Retention factor 

La 0 

Ce 0.6 

Pr 1.6 

Nd 2.5 

Table 11.2. Selectivity factor 

Analyte pair Selectivity factor 

Pr – Nd 1.6 

As can be seen in the chromatogram (figure 17) there are four peaks present. These peaks are 

assumed to correspond to La, Ce, Pr, and Nd. Note that La elutes at the dead time. Three other 

distinct peaks are present. Pr and Nd is well separated with a selectivity factor of 1.6. Repeats 

of this experiment resulted in some small variance in peak shape and retention time, however 

with four analytes reliably eluted. 

After isocratic experiments, gradient elution was performed. A 20-minute gradient was tested 

with the following result, seen in figure 18.  

 

 

Figure 18. Chromatogram for gradient elution on mixed column 

Table 12 and 12.1 below, contains the experimental parameters and retention factors 

corresponding to the chromatogram in figure 18. 
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Table 12. Experimental parameters 

Elution mode Gradient 

HNO3 concentration 

1. 0 M for 2 minutes 

2. 0 M to 5 M in 20 

minutes 

3. 5 M for 5 minutes 

Total duration of run 27 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 

Table 12.1 Retention factors 

Analyte Retention factor 

La 0 

Ce 0.8 

Pr - Nd 0.9 

Sm 1.3 

Gd 1.5 

Dy 2.6 

Y 3.5 

As can be seen in the chromatogram (figure 18) there are five distinct peaks and one split peak 

present. These peaks are assumed to correspond to La, Ce, Pr and Nd coeluting, Sm and Gd, 

Dy and Y. La elutes at the deadtime, Ce, Pr and Nd are not clearly resolved. The four last 

analytes however are clearly resolved.  

Finally, optimized elution was performed by combining isocratic and gradient elution in a single 

run. The result from that is presented in figure 19. 
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Figure 19. Chromatogram for optimized elution on mixed column 

Table 13, 13.1 and 13.2 below, contains the experimental parameters, retention factors and 

selectivity factors corresponding to the chromatogram in figure 19. 

Table 13. Experimental parameters 

Elution mode Optimized 

HNO3 concentration 

1. 0.1 M for 32 minutes 

2. 0.1 M to 5 M in 10 

minutes 

3. 5 M for 5 minutes 

Total duration of run 47 minutes 

Time of injection 2 minutes 

Flow rate 1 ml/min 
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Table 13.1. Retention factors 

Analyte Retention factor 

La 0 

Ce 0.8 

Pr 2.4 

Nd 3.9 

Sm 15.4 

Gd 15.6 

Dy 16.3 

Y 16.8 

Table 13.2. Selectivity factors 

Analyte pair Selectivity factor 

Pr – Nd 1.6 

Sm-Gd 1.01 

As can be seen in the chromatogram (figure 19) all eight peaks are present. These peaks are 

assumed to correspond to La, Ce, Pr, Nd, Sm, Gd, Dy and Y. La elutes at the deadtime, good 

resolution is achieved between Ce, Pr and Nd. The last four peaks are well resolved although 

with a low degree of separation between Sm and Gd, resulting in a selectivity factor of just 

1.01. Repeats of the optimized elution yielded similar results, with some variance for the first 

four peaks and high repeatability for the last four. 

To summarize the results from the separation experiments on the mixed column: La elute at 

deadtime, the first four analytes were eluted reliably by isocratic elution. Gradient elution 

proved able to separate five analytes, achieving better resolution for the four last analytes than 

the four first. The optimized elution resulted in all eight analytes separated with good resolution.  
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4.6 Results of titration analysis 

In order to determine the amount of extractant that had been adsorbed on the columns, acid base 

titration was performed on the samples collected after emptying the columns of extractants. 

0.25 M NaOH was used as titrant with phenolphthalein as indicator. Titrant was added dropwise 

from a burette until a color shift occurred. Using the consumed volume of titrant the amount of 

extractant in the sample was calculated. The following equation represents the reaction of 

NaOH with any monoprotic acid , HA. Since both HDEHP and HEHEHP are such acids this is 

valid here.   

𝑁𝑎𝑂𝐻 + 𝐻𝐴 → 𝑁𝑎+ + 𝐴− + 𝐻2𝑂                                           (4) 

At the point where the color shift occurs, the solution will have reached the equivalence point 

and the amount of NaOH added will match the amount of extractant in the solution.  

The amount of moles is calculated as follows 

𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑛𝑡 ∙ 𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑛𝑡 = 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑛𝑡     (5) 

Where the calculated moles of titrant will equal the moles of extractant in the sample. 

The amounts of titrant added to reach the equivalence point and the corresponding amount of 

moles is presented below in table 14. 

Table 14. Results of titration 

Column sample Consumed volume (ml) 
Corresponding amount 

(millimoles) 

HDEHP 1.95 0.4875 

HEHEHP 1.89 0.4725 

Mixed 1.97 0.4925 

The proximity of the results attests to the repeatability of the column preparation method. 

However, given that this method can only be used once per sample it is difficult to determine 

the degree of uncertainty in the results. Further columns would need to be prepared and 

analyzed to ascertain this.  
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4.7 Results of IR analysis 

An IR method was developed to estimate the ratio of HDEHP to HEHEHP in the mixed column. 

First the results from the IR method development will be presented, then the results of the 

analysis of the column sample will be presented. 

4.7.1 Results of IR method development 

First, a calibration curve for HDEHP was created by scanning samples of known concentration 

and noting the absorbance for the peak at 1022 cm-1. Five different solutions were prepared 

ranging in concentration from 20 to 200 mM HDEHP. This concentration range was selected 

because it was known from earlier studies that this would match the range of the sample. For 

each solution, five repeats were performed in order to get a reliable average value.  

Table 15 below contains the measured absorbance at the 1022 cm-1 peak from the solutions of 

known concentrations of HDEHP.  

Table 15. HDEHP IR calibration measurements 

Concentration (mM) 20 65 110 155 200 

Measurement 1 (abs) 0.004109 0.013042 0.021532 0.0308 0.038759 

Measurement 2 (abs) 0.004348 0.013069 0.021731 0.030802 0.038767 

Measurement 3 (abs) 0.004449 0.013159 0.021783 0.030939 0.038979 

Measurement 4 (abs) 0.004454 0.013173 0.021787 0.030959 0.03974 

Measurement 5 (abs) 0.004686 0.013252 0.02207 0.031261 0.039935 

Standard deviation 0.00019 0.00008 0.00017 0.00017 0.0005 

Average (abs) 0.004409 0.013139 0.021781 0.030952 0.039236 

According to Beer-Lamberts law there is a linear relationship between concentration and 

absorbance, because of this an expression can be created from this data that describes the 

relationship between the concentration and absorbance. Using the average absorbance and 

concentrations above, the following equation was given. 

𝐴𝑏𝑠𝐻𝐷𝐸𝐻𝑃 = 0.0001944 ∙ 𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 + 0.0005226                              (6) 

Where 𝐴𝑏𝑠𝐻𝐷𝐸𝐻𝑃 is the measured absorbance at the 1022 cm-1 peak in a HDEHP sample and 

𝑐𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 is the concentration of the sample in millimolar.  Graphing this equation overlayed 

with the data points shows that the linear relationship holds true (see figure 20). 
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Figure 20. IR calibration curve for HDEHP 

Second, a calibration curve for HEHEHP was created in the same manner. Table 16 below 

contains the measured absorbance at the 1022 cm-1 peak from the solutions of known 

concentrations of HEHEHP. 

Table 16. HEHEHP IR calibration measurements 

Concentration (mM) 21.48 57.56 95.7 132.1 170.2 

Measurement 1 (abs) 0.001713 0.004953 0.00678 0.00908 0.011338 

Measurement 2 (abs) 0.002332 0.004604 0.007216 0.009314 0.011345 

Measurement 3 (abs) 0.00252 0.004958 0.007538 0.009080 0.011363 

Standard deviation 0.00034 0.00017 0.00031 0.00011 0.00001 

Average (abs) 0.002188 0.004838 0.007178 0.0091582 0.011349 

Using the average values and concentrations from table 16, the following equation was 

generated 

𝐴𝑏𝑠𝐻𝐸𝐻𝐸𝐻𝑃 = 0.0000609 ∙ 𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃 + 0.0011366                            (7) 

Where 𝐴𝑏𝑠𝐻𝐸𝐻𝐸𝐻𝑃 is the measured absorbance at the 1022 cm-1 peak in a HEHEHP sample and 

𝑐𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃  is the concentration of the sample in millimolar. Again, graphing this gives the 

following figure which shows that the linear relationship is somewhat accurate.  
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Figure 21. IR calibration curve for HEHEHP 

Having created expressions relating absorbance to concentrations in pure solutions of HDEHP 

and HEHEHP those expressions were used create an equivalent expression for mixed solutions.  

Since the measured absorbance in a mixture must equal the sum of the absorbances of the 

corresponding compounds that make up the mixture, the following relationship holds true. 

𝐴𝑏𝑠𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝐴𝑏𝑠𝐻𝐷𝐸𝐻𝑃 + 𝐴𝑏𝑠𝐻𝐸𝐻𝐸𝐻𝑃                                         (8)  

Where 𝐴𝑏𝑠𝐻𝐷𝐸𝐻𝑃 and 𝐴𝑏𝑠𝐻𝐸𝐻𝐸𝐻𝑃 are the absorbances of pure compounds at the concentrations 

which sum equal the concentration of the mixture. So, the following equation also holds true. 

𝐶𝑜𝑛𝑐𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 + 𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃                                    (9) 

Combining equation 8 and 9 and substituting 𝐴𝑏𝑠𝐻𝐷𝐸𝐻𝑃 and 𝐴𝑏𝑠𝐻𝐸𝐻𝐸𝐻𝑃 with equations 6 and 

7, results in the following system of linear equations.   

{
𝐴𝑏𝑠𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 0.0001944 ∙ 𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 + 0.0000609 ∙ 𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃 + 0.0016592

𝐶𝑜𝑛𝑐𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 + 𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃
 

Where 𝐴𝑏𝑠𝑚𝑖𝑥𝑡𝑢𝑟𝑒 is the absorbance at the peak around 1022 cm-1 in a spectrum of a mixed 

solution, and 𝐶𝑜𝑛𝑐𝑚𝑖𝑥𝑡𝑢𝑟𝑒 is the total acid concentration of the same sample. 

Consequently, by measuring the absorbance of a mixture, thereby finding a value for 

𝐴𝑏𝑠𝑚𝑖𝑥𝑡𝑢𝑟𝑒, and determining the total concentration of the mixture, thereby finding a value for 

𝐶𝑜𝑛𝑐𝑚𝑖𝑥𝑡𝑢𝑟𝑒, the system of linear equations can be solved for 𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃 and 𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃. 
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With these two concentrations known, the ratio of HDEHP to HEHEHP, 𝑥𝐻𝐷𝐸𝐻𝑃 is calculated 

as  

 

𝑥𝐻𝐷𝐸𝐻𝑃 =
𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃

𝐶𝑜𝑛𝑐𝐻𝐷𝐸𝐻𝑃+𝐶𝑜𝑛𝑐𝐻𝐸𝐻𝐸𝐻𝑃
                                                (10) 

To verify the accuracy of this method several measurements and calculations were performed 

on solutions with known concentrations and ratios. Table 17 presents the results of these 

experiments.  

Table 17. Results from the verification of the IR method  

Mixture ratio 

HDEHP:HEHEHP 

Mixture total 

concentration 

[mM] 

Actual 

𝑥𝐻𝐷𝐸𝐻𝑃 

Calculated 𝑥𝐻𝐷𝐸𝐻𝑃 

(The different cells represent repeat 

measurements of the same sample) 

1:1 340 0.5 0.51 0.53 0.52 

1:1 275 0.5 0.49 0.51 0.51 

1:1 170 0.5 0.49 

1:1 137.5 0.5 0.42 0.45 0.47 

1:1 76.5 0.5 0.4 0.44 0.47 

1:1 67.1 0.5 0.34 0.34 0.41 

1:1 53.4 0.5 0.3 0.3 0.35 

1:3 240 0.25 0.37 0.34 0.35 

1:3 120 0.25 0.28 

1:3 80 0.25 0.28 0.32 

1:3 47.4 0.25 0.14 0.19 0.21 

3:1 251.4 0.75 0.63 0.65 0.75 

3:1 125.7 0.75 0.61 

3:1 94.8 0.75 0.76 0.77 0.77 

3:1 66.0 0.75 0.69 0.70 0.72 

As can be seen in the table 17, the results deviate up to 48% with an average deviation of 29%. 

The rather large deviations indicate that the method is somewhat inaccurate. This inaccuracy is 

due to several factors. There is the inherent inaccuracy of the IR measurements, repeats of the 

same sample would always give slightly different absorbance values. There is the error in the 

calibration curves, as can be seen in figure 20 and 21 the equations do not perfectly overlap 

with the data points, and those data points only represent the average values of a few repeats. It 

should be noted that some of values in table 17 are the measurements of samples with 

concentrations outside the range of the calibration curves and can be expected to be less accurate 

for that reason. Furthermore, experimental errors are likely when preparing and analyzing large 

amounts of samples. These factors then combine and create a compounding of errors resulting 

in the final inaccuracy of the method.  
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4.7.2 Results of IR analysis on column samples 

Despite the inaccuracies of  the method, it was deemed accurate enough to give a good 

indication of the approximate ratio of the sample. Hence, the method was applied to the samples 

collected from the mixed column, with the following results. Seen in table 18 below.  

Table 18. Results from the IR method 

Measured total concentration (mM) 

Calculated 𝑥𝐻𝐷𝐸𝐻𝑃  

(The different cells represent repeat 

measurements of the same sample) 

66.4 0.21 0.22 0.23 

Applying the average deviation, the result – the amount of HDEHP in the mixture, ranges from 

15% to 30%. It can be assumed that the ratio of extractants in the mixed column was within or 

close to this range. This result confirms that the extractants did not adsorb on the column 

equally, despite having prepared the column with a 1:1 ratio solution. More HEHEHP was 

adsorbed on the mixed column than was HDEHP. This result is in accordance with earlier 

studies. 
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5  DISCUSSION AND CONCLUSION 

 

5.1 Discussion 

In discussing the results of the thesis, the major focus will be on providing an answer to the 

stated research question. This means that an overall comparison of the three columns will be 

made. When making this comparison, two performance indicators will be the focus. These are 

nitric acid consumption and peak resolution. Retention and selectivity factors will be employed 

to aid the comparisons.  

Before comparing the columns, the discussion will touch upon other points of note. First, 

regarding column preparation. One point of interest is how the HDEHP column was 

inadvertently stripped of extractants. It is of course desirable that a column prepared to a certain 

amount of extractant should retain that amount. As mentioned, the HDEHP column was 

originally prepared such that 1 mmol of extractant would be adsorbed. Part of the preparation 

procedure involved flushing the column with water, to remove any loosely bound extractants. 

This was done at a flow rate of 1 ml per minute, which was the maximum flow rate employed 

during the separation experiments. It was therefore assumed that the extractants left on the 

column after the water wash, would be bound hard enough to handle such flow rates throughout 

all the experiments. The issue arose when the column was subjected to a much higher flow rate. 

At a point during the experimentation, there was a problem with the HPLC pressure readings. 

This was though to maybe be due to a particle or contaminant inside the tubing. To resolve the 

issue, a high flow rate water wash was used. This did solve the problem, however subsequent 

separation experiments proved that the separation capacity of the column had changed. Titration 

eventually showed that the amount of extractants on the column had been reduced by around 

half. In hindsight, that procedure should have been performed with the column disconnected 

from the system to protect it. The stripping of the column is an interesting result, not seen 

elsewhere as far as the author is aware. This warrants further study. 

Due to the loss of extractant the two remaining columns were prepared with a different amount. 

To control for as many variables as possible when comparing the columns, it was decided that 

all three column should have the same amount of extractants. For these two columns, care was 

taken to not exceed the 1 ml per minute flowrate, and the eventual titration did show that the 

targeted amount of 0.5 mmol of extractant had been reached and maintained throughout the 

experiments. It is likely that the HDEHP column would also have maintained its amount of 

extractant had high flow rate not been used. That is based on the observation that the columns 

performance was stable both before and after the high flow rate water wash.  

This however does not give any indications about the final lifespan of any of the columns. The 

columns were shown to last in the short term (around 20 separation experiments), without losing 

any of the extractants. To make any statements about the longevity of the columns long term 

studies would have to be made. 

Now, regarding the separation experiments performed on the three columns. To begin, the 

gradient experiments will be compared. All three columns showed quite similar results in this 

mode of elution. There was some coelution among the first four analytes and clear resolution 

among the last four. The interesting parameters here are nitric acid consumption and to a lesser 

degree, the time requirement.  A 20-minute gradient was enough to elute the last four analytes 
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in all the columns. In accordance with the results of the isocratic experiments, the HEHEHP 

column required the least nitric acid, and HDEHP column required the most before the last peak 

show up in the chromatogram. This means that these experiments could be altered to achieve 

the same result but to use a different amount of nitric acid. Doing so, would make the HEHEHP 

column perform the best, since proper separation could be achieved with the least amount of 

nitric acid consumed. The HEHEHP column did require a somewhat longer gradient to separate  

Sm and Gd, but this could likely be offset by using a lower maximum concentration of nitric 

acid in the gradient. No gradient experiment did elute all analytes, it is likely though that this 

could have been achieved with a longer gradient. Using a longer gradient however would have 

required longer experiment durations and a higher consumption of process media. Therefore, 

such an approach was not considered feasible, and the optimized runs were employed instead. 

A closer examination of the three 20-minute gradients is warranted here. This forms possibly 

the best comparison between the columns since these experiments were performed with the 

same conditions and are hence directly comparable. Figure 22 contains the three 

chromatograms presented in succession. 
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Figure 22. 20-minute gradients for all three columns 
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Table 19 below contains the retention factors for the three chromatograms corresponding to 

figure 22 

Table 19. Retention factors 

Analyte HDEHP HEHEHP Mixed 

La 1.1 0 0 

Ce 1.3 0.6 0.8 

Pr 1.3 0.6 0.9 

Nd 1.3 0.6 0.9 

Sm 1.8 0.8 1.3 

Gd 2.3 0.9 1.5 

Dy 4.1 1.3 2.6 

Y 5.7 1.6 3.5 

Table 19.1 below contains the selectivity factors for all analyte pairs in each of the three 

columns. Note that the selectivity factors for La pairs could not be calculated for the HEHEHP 

and mixed column since these columns did not retain La.  

Table 19.1. Selectivity factors. The rows in the cells correspond to the values for the HDEHP, HEHEHP and 

mixed columns from top to bottom 

 

 

 

La Ce Pr Nd Sm Gd Dy Y 

La  

1.2 

NA 

NA 

1.2 

NA 

NA 

1.2 

NA 

NA 

1.6 

NA 

NA 

2.1 

NA 

NA 

3.7 

NA 

NA 

5.2 

NA 

NA 

Ce   

1 

1 

1.1 

1 

1 

1.1 

1.4 

1.3 

1.6 

1.8 

1.5 

1.9 

3.2 

2.2 

3.3 

4.4 

2.7 

4.4 

Pr    

1 

1 

1 

1.4 

1.3 

1.4 

1.8 

1.5 

1.7 

3.2 

2.2 

2.9 

4.4 

2.7 

3.9 

Nd     

1.4 

1.3 

1.4 

1.8 

1.5 

1.7 

3.2 

2.2 

2.9 

4.4 

2.7 

3.9 

Sm      

1.3 

1.1 

1.2 

2.3 

1.6 

2 

3.2 

2 

2.7 

Gd       

1.8 

1.4 

1.7 

2.5 

1.8 

2.3 

Dy        

1.4 

1.2 

1.3 

Y        

 

 

 



51 
 
 

First considering nitric acid consumption. The HEHEHP column required the least nitric acid 

with each analyte eluting at a lower nitric concentration than in the other two columns and the 

last analyte, Y, eluting at around 1.4 M nitric acid. The HDEHP column had the highest nitric 

acid requirements for each analyte with Y eluting around 3.5 M nitric acid. This was also the 

only column with retention for La. The mixed column lands in the middle regarding nitric acid 

requirement, with Y eluting at around 2.3 M nitric acid.  

Considering resolution, no column was able to elute all eight analytes in these experiments. The 

best overall peak separation was achieved with the HDEHP column. However, the mixed 

column was the only one with seven distinct peaks. The second peak in each chromatogram is 

assumed to be Ce, Pr and Nd coeluting. For the mixed column there is a distinct split peak, 

while the HDEHP only has a small peak shoulder, the former being counted as a separate peak 

the latter not, explaining the difference.  

The selectivity factors are the greatest for the HDEHP column in all pairs excepting only the 

Ce pairs where the mixed column have equal to or greater values than the HDEHP column. 

This is due to the split peak observed in the mixed column run. The HEHEHP column has the 

lowest selectivity factors for all pairs.  

From the selectivity factors it concluded that the HDEHP column yielded the best resolved 

chromatogram. The only exception being that the mixed column was better able to resolve Ce. 

This result warrant further repeats of these experiments to confirm whether this increased 

selectivity remains stable across multiple repetitions.  

To summarize the results of the 20-min gradients. The HEHEHP column required the least 

nitric acid and the HDEHP had the best resolution. Assuming that full separation could be 

achieved with a longer gradient, deciding which column is the best comes down to a tradeoff 

between time requirement and nitric acid consumption. It is possible that the mixed column, 

whose performance was the most balanced would be the best choice. With the specific 

experimental parameters employed here, the mixed column would be the best choice for 

isolating all analytes except Ce, Pr and Nd. The peaks are well resolved, (unlike the HEHEHP 

column which doesn’t have baseline resolution of Sm and Gd) and at the same time required 

less nitric acid than the HDEHP column. 

Moving on to a discussion of the isocratic experiments. As detailed in the method chapter, the 

approach was changed after studying the first column. As a result, far more isocratic 

experiments were performed on the HDEHP column than on the other two. In common was 

isocratic experiments aimed at eluting the first four analytes, which will serve as a basis of 

comparison. Note that this discussion is based on  the experiments presented in the results 

section. These were performed at different nitric acid concentrations, so they are not 

comparable in the same way that the 20-minute gradients were. In this case the analysis is multi- 

varied, both the nitric acid and the resolution are variables. Nevertheless, they are the best 

results achieved for each column from the sets of experiments performed and as such will be 

the focal point of the discussion. 

The HDEHP column was shown to elute all four analytes. This was done at a concentration of 

0.19 M HNO3, the highest of the three. This column was also set apart by the fact that La was 

not eluted at the deadtime, indicating that the HDEHP column has a greater affinity for that 

element than does HEHEHP. Seemingly good separation was achieved between La and Ce, but 

very poor separation between Pr and Nd. With a selectivity factor of just 1.1 the resolution was 

bad enough that it would have been challenging to separate the two into pure fractions. The 

shapes of the peak also differ from the other columns. This can in part be attributed to the 

retention of La. For the HEHEHP and mixed column, La is not retained. Therefore, the 



52 
 
 

corresponding peak is very high and narrow, changing the perspective of the three closely 

eluting peaks. 

The HEHEHP column was shown to elute the four first analytes, but not able to do so reliably. 

This was done at a concentration of 0.05 M HNO3, which is the lowest of the three. The issue 

of repeatability is a major concern. High repeatability is an important constraint for any column. 

However, as mentioned in the results chapter, it is possible that it is the inaccuracy of the 

gradient pump that causes the issue. If a stable concentration of nitric acid were achieved, it is 

likely that a stable result would also be achieved. This could be done by using a feed solution 

containing a lower concentration of nitric acid, so that the accuracy of the gradient pump matters 

less. Further studies would have to be performed to investigate this. Furthermore, the resolution 

achieved even when getting four peaks is poor, La is not retained, resulting in a high, narrow 

peak. This is the only peak that are clearly resolved, the following peaks are not, with the 

selectivity factor for Pr and Nd being 1.3. Due to the poor peak separation and resolution, this 

column would not easily yield pure fractions. A potential solution to this problem would be to 

decrease the amount of nitric acid in the injection. Even when eluting with pure water, La was 

not retained, by decreasing the amount of nitric acid in the injection, retention might be 

achieved.  

The mixed column performed the best of the three with isocratic resolution. All four analytes 

are eluted, and with good resolution and repeatability. This was achieved at 0.1 M HNO3. La 

elutes at the deadtime, as with the HEHEHP column. Despite this, the three following analytes 

are clearly separated and could be isolated into pure fractions with ease. The selectivity factor 

of Pr and Nd was 1.6, the highest of the three columns. From the IR method it was determined 

that the mixed column contained a mixture of around 70 to 85 % HEHEHP. With such a large 

difference, it can be expected that the mixed column should perform more like the HEHEHP 

column than the HDEHP column. This is seemingly the case. The nitric acid consumption is 

more similar, and the peak shapes and retention times are more similar. The results indicate that 

the addition of some amount of HDEHP to HEHEHP has increased the nitric acid requirement 

and as a result improved the resolution of the peaks. 

To compare the three columns, two performance parameters are of interest, nitric acid 

consumption and peak resolution. The less nitric acid consumed, the better. The HEHEHP 

column needed the least nitric acid, and the HDEHP column needed the most. This would be a 

point in the HEHEHP columns favor. However, the resulting resolution was poor enough to 

nullify the benefit. The HDEHP required the most nitric acid and showed good resolution 

between La and Ce but was unable to clearly resolve Pr and Nd. The mixed column seems to 

strike the best balance. Its nitric acid consumption was only a little higher than the HEHEHP 

column and its resolution was the best. Going by these results it might be concluded that the 

mixed column performed the best when using isocratic elution.  

To illustrate the differences more clearly, three chromatograms will be compared directly. 

Figure 23 below contain the three chromatograms that were featured in the result section. 
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Figure 23. Isocratic elution experiments on the three columns 
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Table 20 below contains the retention factors for the three chromatograms corresponding to 

figure 23. 

Table 20. Retention factors 

Analyte HDEHP HEHEHP Mixed 

La 4.6 0 0 

Ce 8.1 0.3 0.6 

Pr 10.1 0.6 1.6 

Nd 11.3 0.8 2.5 

Table 20.1 below contains the selectivity factors for all analyte pairs in each of the three 

columns. Note that the selectivity factors for La pairs could not be calculated for the HEHEHP 

and mixed column since these columns did not retain La.  

Table 20.1. Selectivity factors. The rows in the cells correspond to the values for the HDEHP, HEHEHP and 

mixed columns from top to bottom. 

 

 

 

La Ce Pr Nd 

La x 

1.8 

NA 

NA 

2.2 

NA 

NA 

2.5 

NA 

NA 

Ce  x 

1.2 

2 

2.7 

1.4 

2.7 

4.2 

Pr   X 

1.1 

1.3 

1.6 

 

Nd 

 

   X 

Analyzing the selectivity factors there is a clear pattern. For each analyte pair the selectivity 

factor is highest for the mixed column, lowest for the HDEHP and between the two for the 

HEHEHP column. These results indicate that the HEHEHP column has a higher selectivity for 

these analytes than the HDEHP column. However, since these values are taken from 

experiments using different nitric acid amounts this cannot be stated definitively. It is not self-

evident when considering only the peak shapes and retention factors. Performing a qualitative 

comparison of these results is less beneficial as they are not directly comparable. Judging only 

by the achieved results, the HDEHP column showed better resolution than the HEHEHP 

column. 

One point of interest regarding the isocratic experiments is the variance in the results when 

performing repeat experiments. This variance meant that the peak shape and retention times of 

the first four peaks change somewhat when repeating an experiment. Which is illustrated in 

detail in appendix A. This was true for all of the three columns, but if was especially noticeable 

for the HEHEHP column. The explanation for this has already been touched upon, but a more 

detailed explanation is warranted. The setup uses a gradient pump capable of pumping 

combinations of solutions into the system. For the separation experiments three solutions were 
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used, one 2 M HNO3 solution, one 5 M HNO3 solution and one of pure water. To reach a desired 

nitric acid concentration in the elution, the pump would be set to pump these three solutions in 

some combination. For example, 2.5 M HNO3 would be reached by pumping 50% 5M HNO3 

and 50% water. So, to reach the lower concentrations employed, such as 0.05 M the pump 

would be set to 2.5% 2M HNO3 and 97.5% water. It is likely that the gradient pump is somewhat 

inaccurate when pumping a very low percentage of one feed with a very high percentage of 

another. This would explain why the repeatability problem was the greatest for the HEHEHP 

column since it required the lowest concentrations of nitric acid. Furthermore, it would explain 

why no issues with variance was seen when eluting the later peaks, since those all required 

higher concentrations, reached by using more equal percentages. This problem could be 

alleviated by using feed solutions of lower concentration nitric acid. If 0.05 M nitric acid is 

needed, then using, for example 50% of a 0.1 M feed solution would likely give a more reliable 

eluent. A deeper investigation of this is needed to determine what the effect of the gradient 

pump is.  

Regarding the optimized elution, since the optimized experiments combine isocratic and 

gradient elution, the results become a combination of what has already been brought up 

regarding those. As such, no in-depth discussion of those is warranted, refer instead to the 

previous sections on isocratic and gradient experiments. What can be stated is that the optimized 

elution proved able to elute all eight analytes, the first four using isocratic elution and the last 

four using gradient. 

In making a conclusion regarding the best column, three types of results need to be considered. 

Those are the gradient elution results, particularly for the last four analytes, the isocratic elution 

results, and lastly the nitric acid consumption. 

The gradient experiments proved that the mixed column strikes a good balance between nitric 

acid consumption and peak resolution in terms of the last four analytes. The HEHEHP had low 

nitric acid requirement but low resolution, the HDEHP column had good peak separation but 

required the most nitric acid. Hence, the mixed column is considered the best in this aspect. 

These results are deemed more accurate as they are derived from directly comparable 

experiments. 

The isocratic experiment indicate that the mixed column again is the best performing, as it was 

able to achieve the best resolution with the second lowest nitric acid consumption. The 

HEHEHP column had the lowest nitric acid consumption but poor resolution. The HDEHP 

column had the largest retention factors, decent resolution but the highest nitric acid 

consumption. Based on these result the mixed column is considered the have performed the 

best. This conclusion is less certain as the experiments are not as easily comparable.   

In aggregate, this would logically extend to mean that the mixed column is the best performing 

column overall. This might be presented as a tentative conclusion.  

The one sure result is that, among the three columns, the HEHEHP column required the least 

amount of nitric acid. Nitric acid consumption is the one factor that is intrinsically tied to the 

column itself, unlike resolution which also depends on the experimental parameters. Given this, 

the HEHEHP column is possibly the best of the columns. Its poor resolution is not necessarily 

an effect of the column itself as it is an effect of the employed method. It is possible that good 

resolution could have been achieved, had another concentration of nitric acid been used, or a 

different flow rate, or a longer gradient etc. This requires further investigation to determine.  

It should be noted that this is true not only for the HEHEHP column but for all the results in 

general. Most of the experiments could be improved upon in some way. The consumption of 
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nitric acid could be minimized, the duration of the runs could be decreased, the separation 

between peaks could be increased. Each experiment could be tailored to achieve the best 

possible result for a desired aim.  

To conclude, the matter comes down to whether the mixed column is better than the HEHEHP 

column. Going only by the results of experimentation, this seems to be the case.  

5.2 Conclusions 

To conclude the results, an answer to the original research question is provided. That question 

was: 

Can the chromatographic separation of REEs be improved by using a 

mixture of HDEHP and HEHEHP extractants as opposed to using only 

one or the other?  

This question was investigated by preparing three columns, one with only HDEHP as 

extractant, one with only HEHEHP as extractant and one containing a mixture of the two. A set 

of separation experiments were performed on each and the results was used to compare the 

three columns. 

The results show that the HEHEHP column has the lowest nitric acid consumption, it does not 

retain La, and achieved the worst resolution for Ce, Pr and Nd. It shows better resolution for 

Sm, Gd, Dy and Y, though the worst among the three columns. The separation of Sm and Gd 

was particularly low. 

The HDEHP column has the highest nitric acid consumption. The resolution was good for La 

and Ce but with poor separation of Pr and Nd. It had the best resolution for the last four analytes 

with the largest peak separations. 

The mixed column had the second highest nitric acid consumption. It did not retain La, showed 

the best resolution for the first four analytes and was the best at separating Pr and Nd. For the 

last four analytes it showed the second-best resolution. 

Based on these results the mixed column performed the best overall, with a good balance of the 

overall resolution and a low nitric acid consumption.  

The HEHEHP column performed the worst overall regarding resolution but has the highest 

potential due to its low nitric acid consumption.  

The tentative conclusion is that the mixed column is the best. However, it was not possible to 

say definitively that it is better than the HEHEHP column. Further investigation is needed to 

provide an answer. 

To answer the research question, the separation of REEs can be improved by using a mixture 

of HDEHP and HEHEHP compared to using only HDEHP or HEHEHP. Using the methods 

employed in this thesis, the answer is yes.  
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6  RECOMMENDATIONS FOR FUTURE WORK 

 

 

There are two areas of future work that can be recommended after having performed this thesis. 

The first is in regard to the work of the thesis itself and would serve as a complement to it - to 

address the parts of the work left undone. The second would be in regard to the underlying 

fundamental aim of the project. How chromatographic separation of REEs can be used at an 

industrial scale. 

Regarding the first point the most pressing future work would be to provide a more definitive 

answer to the research question. Attempts should be made to tailor the experimental methods 

to the HEHEHP column to see if proper resolution can be achieved. If this was successful, if 

the HEHEHP column could be shown to have equal or better separation than the mixed column, 

then it would definitely be the best column, due to its lower nitric acid consumption. Other 

future work can be aimed at investigating aspects that were not touched upon by the study. 

Some such recommendations have already been mentioned in earlier sections, here follow some 

further suggestions; Performing analysis of the peaks to confirm that the analytes do elute in 

the assumed order. Altering the temperature of the column, to investigate what effect that has. 

Testing the separation at different flowrates. Changing the size and composition of the injection. 

As it was, a set volume, concentration, and number of REEs were injected, these could be 

altered to investigate how the separation is affected. Also, the effect of differing amounts of 

nitric acid in the injection should be studied. Concerning the eluent, testing other compositions 

than just nitric acid could be interesting. Finally, regarding the columns themselves. Other than 

simply testing different extractants, or mixtures of extractants, there are possible further work 

in studying HDEHP and HEHEHP. First and foremost, testing various amounts of extractants 

adsorbed on the column. This would likely have the biggest impact, though not necessarily alter 

the differences between the columns. With regard to the mixed column, the ratio is of interest. 

As detailed in the results part, the ratio used was heavily skewed to one side. Testing different 

ratios could be of interest. Although to do this, a different or improved method for determining 

the ratio would be beneficial.   

Coming to the second point. Having ensured that sufficient separation can be achieved, the 

largest factor in determining the potential of chromatography for industrial use is capacity and 

time. Sufficiently large amounts of REEs must be separated per unit time to justify its use. In 

this thesis only small amounts of REE were separated and with little concern for the time 

requirement. Future work should be performed to investigate the columns ability to handle large 

loads and perform the separation with a minimal time delay.  
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APPENDIX A: VARIENCE OF CHROMATOGRAMS 

This appendix is meant to illustrate the variance that was observed when performing repeats of 

some of the separation experiments. A discussion or explanation is not present here but instead 

provided in the main body of this work.  

The chromatograms below are the results of repeated experiments using isocratic elution on the 

HDEHP column.   

 

Figure A1. Chromatogram for isocratic elution on HDEHP column. The peaks are assumed to correspond to La, 

Ce, Pr and Nd from left to right. 
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Figure A2. Chromatogram for isocratic elution on HDEHP column. The peaks are assumed to correspond to La, 

Ce, Pr and Nd from left to right. 

 

Figure A3. Chromatogram for isocratic elution on HDEHP column. The peaks are assumed to correspond to La, 

Ce, Pr and Nd from left to right. 
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Figure A4. Chromatogram for isocratic elution on HDEHP column. The peaks are assumed to correspond to La, 

Ce, Pr and Nd from left to right. 

 

Figure A5. Chromatogram for isocratic elution on HDEHP column. The peaks are assumed to correspond to La, 

Ce, Pr and Nd (coeluting) from left to right. 
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The variance is evident from a visual inspection of the chromatograms alone, to further illustrate 

this, a quantification of the variance is presented in the tables below. 

Table A1. Retention factors 

Analyte A1 A2 A3 A4 A5 Standard deviation 

La 3.6 1.4 4.6 2.6 0.7 1.4 

Ce 7.4 3.5 8.1 6.7 2.4 2.3 

Pr 9.6 4.9 10.1 9.5 3.7 2.7 

Nd 11.0 5.5 11.3 11.0 3.7 3.2 

The selectivity factors of Pr and Nd in each chromatogram is presented in the table below. 

Table A2. Selectivity factors 

A1 A2 A3 A4 A5 
Standard 

deviation 

1.15 1.12 1.13 1.16 1 0.1 

Variance was also observed in repeated experiments on the HEHEHP column. This is illustrated 

in the chromatograms below. 

 

Figure A6. Chromatogram for isocratic elution on HEHEHP column. The peaks are assumed to correspond to 

La, Ce, Pr and Nd from left to right. 
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Figure A7. Chromatogram for isocratic elution on HEHEHP column, taken from the isocratic region of an 

optimized run. The peaks are assumed to correspond to La, Ce, Pr and Nd from left to right. 

 

Figure A8. Chromatogram for isocratic elution on HEHEHP column, taken from the isocratic region of an 

optimized run. The peaks are assumed to correspond to La, Ce and Pr and Nd (coeluting) from left to right. 
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Figure A9. Chromatogram for isocratic elution on HEHEHP column, taken from the isocratic region of an 

optimized run. The peaks are assumed to correspond to La, Ce, Pr and Nd (coeluting) from left to right. 

The variance is evident from a visual inspection of the chromatograms alone, to further illustrate 

this, a quantification of the variance is presented in the table below. 

Table A3. Retention factors 

Analyte A6 A7 A8 A9 Standard deviation 

La 0 0 0 0 0 

Ce 0.3 0.3 0.4 1.2 0.4 

Pr 0.6 0.5 0.4 4.4 1.7 

Nd 0.8 0.6 0.4 4.4 1.7 

The selectivity factors of Pr and Nd in each chromatogram is presented in the table below 

Table A4. Selectivity factors 

A6 A7 A8 A9 
Standard 

deviation 

1.3 1.2 1 1 0.1 

 

 

 

 

 


