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Abstract 
 

Chemical substances that are either produced by nature or by humankind have a 

consequence on the environment when they are accumulated to a great extent. One of 

nature’s major problem is that of the eutrophication of surface waters, which is caused by 

inorganic and organic phosphorus compounds and, in particular, from a group known as 

Inositol Phosphates. There are six different forms of these inositols and are commonly 

found in soil and sediment samples. The conducted project was aimed to develop an 

analytical method that could efficiently analyze and separate all six with repeatable results. 

As such, soil samples were collected two times from two forest locations and two crop field 

locations. The first time the soil samples were left overnight to dry in a drying oven while 

on the second time, the samples left to dry at room temperature. When the samples were 

considered dry enough, they processed to reach grain size and extracted with a mixture of 

NaOH and Titriplex® III. The extracted soil samples, the standard solutions containing 

inositols, and the spiked extracted soil samples with inositol solution were all analyzed 

with an instrumental combination of a Capillary Electrophoresis instrument coupled 

manually to an Electrospray mass spectrometer, where the first was operated at reversed 

mode and the second at negative mode. To achieve the best feasible separation, several 

background electrolyte solutions were created along with a large number of sheath liquids 

regulated by an LC pump, two Capillary Electrophoresis methods, and twenty-five distinct 

MS methods, all tested through extensive screening to obtain the best possible combination 

of parameters. Out of the obtained results from the runs, four background electrolyte 

solutions, two MS methods, one sheath liquid controlled by one specific flow rate, and one 

Capillary Electrophoresis method exhibited promising potentials with a satisfying 

outcome. However, the intense pulsation of the spray cone observed for many of the runs, 

the manual protrusion of the Capillary Electrophoresis fused silica capillary, and some 

random errors, the repeatability of the method is called into question.  

 

Keywords: Inositol Phosphates; Capillary Electrophoresis; Mass Spectrometry; Soil; 

Organic phosphorus; Extraction; Electrospray Ionization 
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Popular Scientific Summary 
 

The environment and the modern way of life are directly linked with each other, and the 

latter has a great impact on the first one. The large number of chemical compounds that are 

accumulated in the environment is either a product of nature itself or from humankind. The 

organic phosphorus compounds and, in particular, one specific group of compounds called 

Inositol Phosphates (IPs), which are present in six different forms, were found to contribute 

to one of nature’s biggest problems, that of the eutrophication of surface waters when 

amassed in a high level. Eutrophication is caused by the extremely enriched water bodies 

in minerals and nutrients that increase the amount of plant and algae growth resulting in 

the disruption of the ecosystem. The IPs that can be located in many different soils and 

sediments originate from animal manure used as fertilizers in agriculture and from plants 

and seeds.   

When a soil sample is collected, it needs first to dry either at room temperature or in a 

drying oven and then it is ground in a mortar and sieved through a mesh so as gravel and 

small stones to be removed. After that, the IPs should be deducted from other unwanted 

compounds with a procedure named extraction, where they are shaken with an extraction 

solution for a few hours.  

The now extracted soil sample should undergo a separation process, wherein it is injected 

in a system that separates the different compounds of the solution. In this project, that 

system was the Capillary Electrophoresis (CE). The term Capillary refers to a very small 

thin glass tube, the capillary, with a diameter in the range of μm. Usually, both ends of the 

capillary are dipped in a buffer solution that allows the ions, molecules with a positive or 

negative charge, to travel through the capillary by the assistance of a high applied voltage 

creating in this way an electric field in the capillary. The ions, and so the IPs, have different 

charges and sizes. Therefore, they can be separated with CE based on their dissimilar 

speeds.  

In order to “see” the separation and the compounds, and the IPs, in the sample solution, a 

mass spectrometer instrument was used. The mass spectrometer measures the mass-to-

charge ratio, m/z, of the charged particles. For this purpose, the liquid sample is 

transformed into gas phase droplets by an electric field, and as the droplets decrease in size 

by evaporation, ions are released, and they enter the mass analyzer. The ions obtain 

different quantities of electric charge, and the highly charged ones will accelerate faster 

and thus reach the detector at the end of the mass spectrometer in a shorter time, which will 

record their m/z signal.  

During this project, some quite promising CE and Mass Spectrometry methods were 

managed to be ascertained along with a fair separation of IPs in different soil samples.  



IV 

 

Table of Contents 

 
Abstract ............................................................................................................................... II 

Popular Scientific Summary ............................................................................................. III 

Table of Contents .............................................................................................................. IV 

Abbreviations ................................................................................................................... VII 

List of Figures ................................................................................................................ VIII 

1. Introduction ..................................................................................................................... 1 

2. Theory ............................................................................................................................. 2 

2.1 Inositol Phosphates .................................................................................................... 2 

2.2 Soil Sampling and Preparation .................................................................................. 4 

2.3 Extraction .................................................................................................................. 5 

2.4 Capillary Electrophoresis .......................................................................................... 6 

   2.4.1 General Description............................................................................................. 6 

       2.4.1.1 Injections ...................................................................................................... 6 

       2.4.1.2 Electrophoretic Mobility .............................................................................. 7 

       2.4.1.3 Electroosmotic Flow .................................................................................... 7 

       2.4.1.4 Capillary Electroseparation Methods ........................................................... 8 

   2.4.2 Capillary Electrophoresis and Inositol Phosphates ............................................. 9 

    2.5 Mass Spectrometry.................................................................................................. 10 

   2.5.1 General Description........................................................................................... 10 

       2.5.1.1 Mass Analyzer ............................................................................................ 10 

       2.5.1.2 Electrospray Ionization .............................................................................. 11 

   2.5.2 Mass Spectrometry and Inositol Phosphates ..................................................... 12 

    2.6 Background Electrolytes ......................................................................................... 13 

   2.6.1 Ammonium Formate ......................................................................................... 13 

   2.6.2 Bis-tris Propane ................................................................................................. 13 

   2.6.3 Formic Acid....................................................................................................... 13 

   2.6.4 Hydroquinone .................................................................................................... 14 

3. Aim and Objectives....................................................................................................... 14 

4. Materials ....................................................................................................................... 15 



V 

 

    4.1 Chemicals and Reagents ......................................................................................... 15 

    4.1.1 BGE Solutions .................................................................................................. 15 

    4.1.2 Preconditioning ................................................................................................ 15 

    4.1.3 Sheath Liquids .................................................................................................. 15 

    4.1.4 Extraction ......................................................................................................... 16 

    4.1.5 Inositol Phosphates ........................................................................................... 16 

    4.2 Laboratory Consumable Products ........................................................................... 16 

    4.2.1 Glassware ......................................................................................................... 16 

    4.2.2 Vials ................................................................................................................. 16 

    4.2.3 Tubes ................................................................................................................ 16 

    4.2.4 Pipettes, Pipettors, and Tips ............................................................................. 16 

    4.2.5 pH Supplies ...................................................................................................... 16 

    4.2.6 Other ................................................................................................................. 17 

5. Methods......................................................................................................................... 17 

    5.1 Soil Sample Collection and Preparation ................................................................. 17 

    5.2 Preparation of Solutions .......................................................................................... 19 

    5.2.1 Extraction ......................................................................................................... 19 

    5.2.2 BGE Solutions .................................................................................................. 19 

    5.2.3 Sheath Liquids .................................................................................................. 21 

    5.2.4 Inositol Phosphates ........................................................................................... 22 

    5.3 Instrumental Setup .................................................................................................. 23 

    5.4 Capillaries ............................................................................................................... 25 

    5.5 Probe Treatment ...................................................................................................... 26 

    5.6 Software Parameters and Methods.......................................................................... 27 

    5.6.1 CE Software Methods ...................................................................................... 27 

    5.6.2 MS Software Methods ...................................................................................... 28 

6. Results and Discussion ................................................................................................. 29 

    6.1 Phytic Acid Dipotassium Salt ................................................................................. 31 

    6.2 Phytic Acid Solution - Phytic Acid Solution and IP6K........................................... 31 

    6.3 Phytic Acid Sodium Salt Hydrate - Phytic Acid Sodium Salt Hydrate and IP6K ... 33 

    6.4 MQ - Phytic Acid Sodium Salt Hydrate and IP6K .................................................. 38 

    6.5 NaOH and Titriplex® III - Phytic Acid Sodium Salt Hydrate and IP6K ................. 38 



VI 

 

    6.6 Extracted Samples ................................................................................................... 41 

    6.6.1 Soil Sample UU132 – Soil Sample UU132 and IP6K ...................................... 41 

    6.6.2 Soil Sample Forest 1 – Soil Sample Forest 2 – Soil Sample Forest 2 and IP6K

 ....................................................................................................................................... 44 

7. Conclusion .................................................................................................................... 49 

8. Future Perspective ......................................................................................................... 49 

9. Acknowledgments......................................................................................................... 50 

10. References ................................................................................................................... 51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



VII 

 

Abbreviations 
 

 

AmFA Ammonium Formate 
BGE Background Electrolyte 
BTP Bis-tris Propane 
CE Capillary Electrophoresis 
EOF Electroosmotic Flow 

ESI Electrospray Ionization 
FA Formic Acid 
GS1 Ion Source Gas 1 
HQ Hydroquinone 
IP Inositol Phosphate 
IP6K Phytic Acid Dipotassium Salt 

IS IonSpray Voltage 
LC Liquid Chromatography 
MeOH Methanol 
MRM Multiple Reaction Monitoring 
MS Mass Spectrometry 
MQ Milli-Q water 
m/z mass-to-charge-ratio 
NaOH Sodium hydroxide 
P Phosphorus 
Q-Trap Quadrupole ion trap 

TIC Total Ion Chromatogram 
 

 

 
 

 

 

 

 

 

 



VIII 

 

List of Figures  
 

Figure 1. Chemical structures of myo-inositol hexakisphosphate (IP6), retrieved from [13].

............................................................................................................................................. 2 

Figure 2. The EOF is moving towards the cathode when a high voltage is applied, pulling 

the cations, anions, and neutral molecules toward the detector. ......................................... 8 

Figure 3. Categorization of electrophoresis techniques, retrieved from [24]. .................... 8 

Figure 4. Scheme illustrating the main components of a mass spectrometer, retrieved from 

[18]. ................................................................................................................................... 10 

Figure 5. Schematic illustration of a triple quadrupole in MRM mode. ........................... 11 

Figure 6. Illustration of an ESI interface in negative mode, depicting the formation of gas-

phase ions from charged droplets as a mist, entering the mass spectrometer. .................. 12 

Figure 7. Chemical structures of the AmFA, HQ, FA, and BTP. The images were retrieved 

from PubChem. ................................................................................................................. 14 

Figure 8. Soil sampling spots for the forest location and crop field location. .................. 18 

Figure 9. Forest sample from spot 1 and spot 2, and crop field sample from spot 1 and spot 

2......................................................................................................................................... 19 

Figure 10. Front schematic instrumental setup (not to scale). .......................................... 24 

Figure 11. Back schematic instrumental setup in perspective (not to scale). ................... 25 

Figure 12. An expanded view of the CE-ESI probe (not to scale) and a cross-section of the 

tip of the probe with the outer- and inner steel capillary and the CE fused silica capillary.

........................................................................................................................................... 26 

Figure 13. MRM pane of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and IP1
- 

in the 2 mM IP6K solution. ............................................................................................... 32 

Figure 14. MRM panes of IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and IP1
- in the mixture 

of 2 mM phytic acid solution and 2 mM of IP6K and in the 10 mM phytic acid solution.

........................................................................................................................................... 33 

Figure 15. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
- in the 10 mM phytic acid sodium salt hydrate with sheath liquid 1 and with sheath 

liquid 2. ............................................................................................................................. 34 

Figure 16. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

- (pink), IP3
-, IP2

-

, and IP1
-  in the mixture 2 mM phytic acid sodium salt hydrate and 2 mM of IP6K. ...... 35 

Figure 17. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
- in the mixture 2 mM phytic acid sodium salt hydrate and 2 mM of IP6K. ................ 36 



IX 

 

Figure 18. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
-  in the mixture 2 mM phytic acid sodium salt hydrate and 2 mM of IP6K with BGE 2, 

BGE 5, BGE 6, and BGE 8. .............................................................................................. 37 

Figure 19. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
-  in the mixture of MQ, phytic acid sodium salt hydrate and IP6K with Method 6 at IS 

-3.6 kV and Method 5 at IS -4.5 kV. ................................................................................ 39 

Figure 20. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
- in the mixture of NaOH and Titriplex® III, phytic acid sodium salt hydrate and IP6K 

with Method 6 at IS -3.6 kV and Method 5 at IS -4.5 kV. ............................................... 40 

Figure 21. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
-  in the mixture of NaOH and Titriplex® III, phytic acid sodium salt hydrate and IP6K 

with Method 7 at GS1 10 and Method 8 at GS1 30. ......................................................... 42 

Figure 22. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
- in the extracted soil sample UU132 with MS Method 4 and BGE 2 and with MS 

Method 5 and BGE 11. ..................................................................................................... 43 

Figure 23. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, and IP4

- in the 

extracted soil sample UU132 and phytic acid sodium salt hydrate and IP6K with MS 

Method 5 and BGE 4, BGE 5, BGE 11, and BGE 12....................................................... 45 

Figure 24. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
- in the extracted soil sample Forest 1 with MS Method 4, and MS Method 2 and in the 

extracted soil sample Forest 2 with MS Method 4. .......................................................... 46 

Figure 25. MRM panes of the overlapping IP6
2-, IP5

2-, IP4
2-, IP6

-, IP5
-, IP4

-, IP3
-, IP2

-, and 

IP1
-  in the extracted soil sample Forest 2 and phytic acid sodium salt hydrate and IP6K 

with MS Method 4 and BGE 4 and with MS Method 5 and BGE 5................................. 48 

 

 

List of Tables 
 

Table 1. Concentrations of analytes present in the corresponding BGE solution. ........... 20 

Table 2. BGE solutions and pH values. ............................................................................ 21 

Table 3. The composition, concentrations, and pH of the sheath liquids. ........................ 22 

Table 4. Parameters of LC pump 22. ................................................................................ 22 

Table 5. Parameters of the CE methods 30KV.M and 30NEWKV.M. ............................ 27 

Table 6. The m/z and fragments values of the IPs that were monitored. .......................... 28 

Table 7. Parameters of the four periods that remained the same in the methods. ............ 29 



1 

1. Introduction 

 

The environment nowadays consists of a large amount of substances that have been 

accumulated from human activity and the modern way of life, or from nature itself. 

Chemical compounds are a vital and highly needed part for many life forms, but not in 

extreme amounts else it could cause unwanted consequences.  

Phosphorus (P) was found to be an essential nutrient for some living organisms and 

especially in plants and seeds, as its functions assist in the plant’s growth, reproduction, 

and structure [1]. One group of compounds that possess the most prevailing form of organic 

phosphorus are the Inositol Phosphates (IPs), and they exist in soils and sediments in a 

large amount. IPs are also present in plants, seeds, and animal feed that many agricultural 

monogastric animals consume, but they lack the ability to digest the IPs properly, and so 

they excrete them through their manure [2]. If their manure is used as a fertilizer or if the 

animals and plants die, the phosphorus, and thus the IPs, return to the environment through 

soil and water [2]. However, the risk of runoff waters being polluted with P is highly 

possible [2].  

Scientists were able to confirm that the hydrolysis of the IPs contributes to the 

eutrophication of surface waters, one of the environment’s most serious problems [3]. 

Eutrophication is caused by the extremely enriched water bodies in minerals and nutrients 

that increase the amount of plant and algae growth resulting in the disruption of the 

ecosystem [4]. With eutrophication, drinking water is polluted, and fish and bottom-

dwelling animals are being killed due to the “dead zones” in the body of water [4]. A few 

years ago, it was believed that the main cause of eutrophication was only the inorganic 

form of P, but later research has ascertained that the organic form of P can turn out to be 

bioavailable [2,3]. As such, in order to be able to identify and quantify the different organic 

P forms and comprehend the way and the means that the IPs influence the eutrophication, 

new methods should be developed.  

To determine the IPs in environmental samples, extraction, separation, and detection steps 

are usually included. The analysis of the IPs generally starts with the aqueous extraction of 

P from a soil sample, and then for the isolation and separation part, chromatography is 

employed [3]. Anion exchange chromatography [5] and later gas and liquid chromatography 
[6] were among the first methods used for the study of IPs. For the detection of the IPs, 

spectroscopic methods like solid-state and solution 31P-NMR [7] were utilized and 

electrospray ionization, ESI-MS [8]. Enzymatic hydrolysis has also been applied for the 

determination of enzymatically labile organic phosphorus in soil [9] and manure samples 
[10]. Yet, capillary electrophoresis - mass spectrometry [11] has exhibited notable potentials 

for the analysis of IPs, and further research with a combination of methods could provide 

even better findings.  
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2. Theory 

 

2.1 Inositol Phosphates  
Inositol phosphates (IPs) exist in the environment in large amounts, and as organic 

compounds, they comprise the main group of organic phosphorous. Their analysis, 

extraction, and detection are highly complicated due to their complex nature and the matrix 

they were collected from. Many strategies and methods have been constructed for their 

identification, some of which provided great results and feedback for future research in the 

subject.  

Inositol phosphates belong to a category of six-carbon phosphoric esters of 

hexahydroxycyclohexane (inositol) and have six states of phosphorylation from one to six, 

IP1-6, and are indicated by the prefixes mono, bis, tris, tetrakis, pentakis and hexakis 

according to the number of the carbon in the inositol ring that they are attached at [2]. There 

is a considerable number of isomeric forms of IPs with the myo stereoisomer to be the most 

frequent one among the other isomers [2]. The order of the remaining isomers is as follows: 

scyllo- > D-chiro- > neo-, but myo- and scyllo-inositol hexakisphosphates together 

represent most of the soil inositol phosphates [12]. IPs can also behave differently according 

to the soil’s pH, which plays an important role in their buildup as they were found to be 

more active under acidic conditions, because of the sorption and metal precipitation that 

are greater under acidic conditions [12].  

One of the most dominant forms of IPs in the environment is the myo-inositol 

hexakisphosphate (IP6), as is depicted in Figure 1 [2,13].  

 

Figure 1. Chemical structures of myo-inositol hexakisphosphate (IP6), retrieved from [13]. 
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The IP6 can be found in different literature studies under the names ‘phytic acid’, as the 

free acidic form, and ‘phytate,’ as the salt of the phytic acid and contains twelve ionizable 

protons with pKa values ranging from 1.1-12.0 [2]. In addition, IP6 has nine stereoisomeric 

forms, such as myo, scyllo, neo, l-chiro-(−), d-chiro-(+), epi, muco, allo, or cis-IP6, 

depending on the axial or equatorial orientation of the six phosphate groups [12]. 

The salt phytate can be formed by the binding of the IPs to mineral cations such as calcium, 

zinc, copper, cobalt, manganese, iron, and magnesium, and it is claimed that IP6 comprise 

more than the 85% of the total organic phosphorus [2,13]. At the same time, it can act as a 

phosphorus source and energy source for the seeds and plants [2,13]. However, even though 

seeds have endogenous phytases to hydrolyze the IP6 and its salts, humans have to depend 

on special microbial phytases, that are many times quite insufficient in digesting the IP6 

completely in specific foods like grains, nuts, and beans, since they only produce a very 

slight amount of that enzyme group endogenously and thus, the insoluble salts and 

complexes that are formed from the binding of the IP6 with minerals and macronutrients 

cause these nutrients not to be able to be absorbed or digested [13]. As such, IP6 was regarded 

as an antinutrient, although it was discovered that it not only was present in eukaryote cells 

and might have important physiological functions like signal transduction, vesicular 

trafficking, stress response, RNA transport, DNA metabolism and the regulation of 

development, but it also possesses anti-inflammatory and anticancer effects in several types 

of cell lines [12,14].  

In order to lessen the number of IPs in the plant foods, the methods breeding, genetic 

modification, germination, soaking, heat treatment, and fermentation have been examined 

and suggested [13]. For the IPs located in the animal manure, feed supplements such as 

vitamin D or citric acid and phytase enzymes for monogastric and ruminant animals can 

enhance the hydrolysis of IP6 in their gut [15]. That will increase the phosphorus uptake 

efficiency while reducing the excretion [15]. On the other hand, the potential risk of manure-

derived phosphorus loss in drainage waters by the phytase supplements might grow from 

the change of the IP6 into inorganic orthophosphate in the animal [2].  

The lower-order IPs, meaning the IP1 to IP4, are not so common to be detected in soils, 

while the presence of the IP5 was managed to be identified in soil samples [12]. Yet, it is 

still unknown if the IP1-IP4 appears naturally in soils or if they are products of the extraction 

solutions used to extract the IPs from the soil samples [12].  

Finally, it was believed that IPs in aquatic and marine systems were derived from external 

sources, like soil particles, or internal sources, like algae and macrophytes, but IP6 was 

determined in the duckweed in a high level [16]. Not only that, but IP1-IP4 and inositol 

phospholipids were involved in the phytoplankton’s metabolism and structure as well, even 

though only a small number of IPs were located in zooplankton and algae [16]. Still, the IPs 

originated from monogastric animals manure might be a major source of IPs found in the 

aquatic systems [16].  
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2.2 Soil Sampling and Preparation 
Soil is a complex matrix, and for an analysis of soil to be considered trustworthy, it depends 

mostly on the purpose of the sampling and how the sampling was performed in the first 

place. For this reason, and since soil differs from place to place, the methods and the 

procedures should be carefully adapted in order for the most representative sample to be 

collected. One common cause of error in soil analysis is the collection of a non-

representative soil sample resulting in misleading or unsatisfying results. As such, care 

should be given mostly on the field during the gathering of the sample and prior to the lab 

assessment [17].  

Based on the objective and the precision of the sampling, different tools and vessels can be 

used with the most common ones to be gloves, shovels or spades, clean or sterilized 

containers, and sampling tubes, soil sample information sheet if any, transferring bag, and 

markers or tags for labeling or noting [17].  

The first step before the sampling should be the visual evaluation of the sampling location. 

It should be taken into consideration weather there is a variation in the slope of the ground, 

the color, the texture of the soil, or if there are any obstacles and crops or water bodies [17]. 

Soil collection can be demanding, laborious, and time-consuming, but it should not be at 

the expense of the precision that is needed.  

It is wise for one to construct a sampling plan and a map comprising of letters or numbers 

corresponding to the collection spots since the numbers of the soil locations and the spots 

can vary according to the size of the field [17]. Around 15 to 20 cm of soil have to be first 

removed, as litter and dirt are always present in the surface, and then about 500 g of a thick 

slice of soil can be placed in the clean container and should be enough for later processing 

and analysis [17]. One must bear in mind though that any possible contaminations ought to 

be avoided in all phases of the process and that collecting samples from unusual locations, 

such as old paths and channels, areas near trees, sites of previous compost piles, or other 

unrepresentative sites is highly prohibited [17]. If it is necessary for a crop field sample to 

be collected and crops have been planted in rows, then the sample should be gathered from 

the middle of the rows to avoid the fertilizer that might have been applied [17].  

When the soil samples are brought to the lab, it is recommended to be left to dry at room 

temperature, i.e., air drying, or placed in a drying oven (hot-air cabinet) at a not so high 

temperature else there might be some changes in the microbial population and some 

compounds and nutrients could be depleted, as it is possible to contain high levels of 

moisture depending on the weather conditions and the nature of the soil [17]. After the drying 

step, which can take from several days until just hours, the samples are gently ground with 

a mortar and pestle so that the soil clusters to be broken down, but without crushing the 

stones and pebbles, and to be as homogenized as possible [17]. Once all the samples are 

ground, they are passed through a 2 mm sieve to remove gravel and stones and are mixed 

again carefully [17]. It is also suggested that plastic polypropylene vessels should be utilized 

to store the ground soil and aluminum or plastic sieves during the soil preparation [17]. 

Lastly, the processed soil samples if they are not to be analyzed on the spot, and depending 
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on the analysis method, they should be stored away from any heating source and preferably 

in a dark cabinet at room temperature.  

2.3 Extraction  
Another important step in the sample preparation procedure is the extraction part, where 

the desired compound is isolated from the matrix. With extraction, the analyte of interest 

is separated from a complex sample, is cleaned-up from other interfering compounds, and 

is pre-concentrated to a concentration level so that it could be identified from the preferred 

measurement method [18].  

The organic phosphorus, hence, before it can be analyzed and identified, needs to be 

extracted first from the soil samples, but in this case, the extraction assists in the definition 

of the total amount of organic phosphorus in the soil, to reach to a form so that can it be 

appropriate for subsequent speciation, or to assess its mobility, solubility, or biological 

availability [19]. However, the extraction and the analysis of the IPs from real soil and 

sediment samples poses many challenges as they tend to form complexes with polyvalent 

cations or relate with other organic matter in the sample [2], they can hold plenty negative 

charges and frequently appear in chelated forms [20], and there is an absence of standards 

causing in this way uncertainty in the peak identification [21].  

The extraction of the soil organic phosphorus was categorized [19] into five groups: i) the 

extraction for the quantitative determination of the total soil organic phosphorus, ii) the 

sequential extraction to fractionate organic phosphorus based on relative solubility, iii) 

single-step extraction for subsequent speciation, iv) compound-specific extraction to 

extract a single form of soil organic phosphorus, and v) biological or environmental 

relevance extractions.  

In the past, in order to get rid of the calcium bound phosphate, extraction of soils and 

sediments with dilute acid was performed, followed by strongly alkaline media like the hot 

3 M NaOH, so that the organic phosphorus to be recovered with final precipitation of the 

IPs as barium salts [16]. Then again, the studies that were conducted before the 1980s with 

strong alkali extraction followed by column chromatography might have ascertained the 

soil IPs content wrongly [12], as the chemical structure of the IPs can be highly likely to be 

altered [19] by the extraction with strong acids and bases and higher temperatures for 

extended periods as well as causing the IP6 to hydrolyze [16].  

The extraction of organic phosphorus with the single-step extraction using sodium 

hydroxide (NaOH) and EDTA (ethylenediaminetetraacetate) was found to be more 

appropriate for soil samples and that it eased the subsequent speciation by nuclear magnetic 

resonance spectroscopy (31P NMR) [19]. That combination was first proposed as extraction 

solution from Bowman and Moir in 1993 [2] with Cade-Menun and Preston to report three 

years later that extraction with 0.25 M NaOH and 0.05 M EDTA was suitable for soils [16]. 

The addition of EDTA in the alkaline solvent increased the soil organic phosphorus 

recoveries by chelating metal cations instead of solubilizing them, while at the same time, 

it was decreasing the line-broadening by isolating paramagnetic ions that shorten pulse 
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delay times [3]. The presence of NaOH, on the other hand, was meant to liberate IPs from 

the sediment [2].  

In one early study that was conducted for the manure characterization, Funatsu (1908) used 

sequential extraction techniques to fractionate the phosphorus in guano [22]. The purpose of 

the sequential extraction procedures was to acquire further information about the nature of 

soil phosphorus, where the soil samples would be subjected to acidic and basic extractant 

solvents of increasing strength, and so the phosphorus would be separated into fractions 

founded on the chemical solubility [18,19]. The sequential extraction techniques are widely 

employed since they are simple to be carried out with basic laboratory equipment, and they 

offer the possibility to examine various systems and make comparisons between them, 

although they are not explicit for any particular group of organic phosphorus [18].  

2.4 Capillary Electrophoresis 

2.4.1 General Description  

Capillary electrophoresis (CE) is an analytical method of separating the components of a 

mixture based on their electrophoretic mobility by using an electrical field [23]. This type is 

different from other forms of electrophoresis as it is operated within a small glass narrow 

tube [23]. The molecules in a sample can have either a positive or a negative charge, and the 

degree at which the molecule can move is directly proportional to the applied electric field, 

i.e., the stronger the electric field, the faster the mobility of the molecule will be [24]. Upon 

the practice of the electric field, the movement of the charged molecules will start to take 

place in the direction of the electrode of the opposite charge [23]. As such, the positively 

charged molecules will head toward the cathode and the negatively charged molecules to 

the anode in CE [23], where the neutral molecules will not be affected as much by the electric 

field. In the case where two ions have exactly the same size, then the ion with the greater 

charge will move faster, and if two ions have the same charge, then the smaller one will 

migrate faster as it possesses less friction [24].  

The fused silica capillary is the most widely used type of capillary, and its narrow outer 

and inner diameter in the range of μm enables for the surface to volume ratio to increase, 

ruling out in this way the overheating effect by high voltages [24]. In addition, a CE analysis 

can be influenced by the concentrations and pHs of the electrolytes, the voltage, the 

temperature, the capillary dimensions, and the sample loading methods [24]. Nevertheless, 

CE is broadly used since it provides quicker results, high-resolution separation, and can be 

coupled with a wide range of detection methods [24].  

2.4.1.1 Injections 

There are three types of injection methods for a sample to be injected in the CE: the 

hydrodynamic injection, the electrokinetic injection, and the on-capillary sample 

concentration [23]. In the hydrodynamic injection, the pressure is applied at the inlet, or 

vacuum is applied at the outlet [23]. In the electrokinetic injection, a low voltage of about 

5–10 kV is applied, which is usually three to five times lower than the separating voltage 
[23]. In the on-capillary sample concentration, the samples are basically concentrated before 

the separation and is an injection method of the CE mode of isotachophoresis [23].   
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2.4.1.2 Electrophoretic Mobility 

The factors that can affect the electrophoretic mobility are the charge of the molecule, the 

viscosity, and the molecule's radius [24]. When the ion is traveling through the capillary, it 

is influenced by the drag force, the translational friction coefficient, the velocity, and the 

electric field strength [24]. Hence, the electrophoretic mobility (μep) of an ion can be defined 

according to the Debye-Hückel-Henry in Equation 1.  

                                                                  𝜇𝑒𝑝 =
𝑧𝜀0

6𝜋𝜂𝑟
                                                 (Eq. 1) 

where z describes the number of the charges of the molecule, ε0 describes the elementary 

charge, η describes the viscosity of the solvent, and r describes the Stoke’s radius of the 

atom [24]. The degree of the migration of the ions is determined by the charge-to-mass ratio, 

and the velocity of the molecules is directly proportional to the magnitude of the electrical 

field [24]. It can be defined according to Equation 2 that indicates that with a higher voltage, 

the migration of the ionic species will be faster [24].  

                                                                 𝑣 = 𝜇𝑒𝑝𝐸                                                    (Eq. 2) 

where ν describes the velocity, and E describes the electric field strength. 

2.4.1.3 Electroosmotic Flow 

The electroosmotic flow (EOF) is formed when a high voltage is applied in a fused silica 

capillary that is filled with an electrolyte buffer solution [24]. When the pH is over 3, the 

silanol groups (SiOH) lose a proton and become SiO- ions making the inner wall negatively 

charged, which attracts the positively charged ions to be separated, creating as such a 

double layer [23]. That inner layer is stable, while the outer layer can move along the 

capillary, and upon the implementation of the voltage, the cations will move toward the 

cathode generating a powerful bulk flow [23,24]. In a typical CE instrument, the detector is 

located at the cathode side because the EOF flows toward that side, which is named normal 

polarity CE, but it can also be positioned at the anode side, where it is named reversed 

polarity CE if the separation of anions is desired, as it is indicated in Figure 2 [23]. The rate 

of the EOF can be calculated based on Equation 3.  

                                                                   𝑣𝐸𝑂𝐹 =
𝜀

4𝜋𝜂
𝐸𝜁                                          (Eq. 3) 

where ε describes the dielectric constant of the solution, η describes the viscosity of the 

solvent, E describes the electric field strength, and ζ describes the zeta potential [24]. 

According to Equation 3, if there is a high zeta potential between the cation layers, if the 

diffuse layer of cations is large enough to pull more molecules towards the cathode, if there 

is a low resistance from the nearby solution, or a buffer with a pH of 9 so that it could make 

the SiOH groups more ionized, the EOF will be much greater [24]. In normal polarity CE, 

due to the electrophoretic mobility and the EOF force, the cations will flow first toward the 

cathode in a higher velocity than the anions which are attracted by the anode but flow on 

the opposite way of the EOF and will reach last to the detector [23]. The neutral molecules 

will migrate out from the capillary only by the effect of the EOF [23].  
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Figure 2. The EOF is moving towards the cathode, where the injection of the liquid sample takes place from 

the CE glass vial when high pressure is applied, pulling the cations (blue) and neutral molecules, while the 

anions (yellow) are flowing toward the detector at the anode side when the separation of anions is required 

(reversed polarity CE mode).    

 

2.4.1.4 Capillary Electroseparation Methods 

There are six categories of capillary electroseparation that can be sorted into continuous 

and discontinuous systems which include the capillary zone electrophoresis (CZE), the 

capillary gel electrophoresis (CGE), the micellar electrokinetic capillary chromatography 

(MEKC), the capillary electrochromatography (CEC), the capillary isoelectric focusing 

(CIEF), and the capillary isotachophoresis (CITP) [24]. In the continuous system, the 

background electrolyte operates as a buffer throughout the fused silica capillary, and it can 

be divided into the kinetic processes, where the electrolyte composition is constant and the 

steady-state process that the electrolyte composition varies, as is depicted in Figure 3 [24]. 

In the discontinuous system, on the contrary, the sample is held in distinct zones separated 

by two different electrolytes [24].  

 

Figure 3. Categorization of electrophoresis techniques, retrieved from [24]. 
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2.4.2 Capillary Electrophoresis and Inositol Phosphates  

As the IPs possess many positional isomers, their separation can be quite demanding 

because of the identical number of phosphate groups that are present, and the appropriate 

detection method should be chosen [25]. But then again, the presence of the –PO3 groups to 

the inositol ring could cause a very intense change in the electrophoretic mobility, so their 

separation should be rather clear-cut [25].  

The earliest studies that were conducted with CE for the separation of IPs in physiological 

samples and a fermentation broth were from Henshall et al. (1992) and Buscher et al. 

(1994), where Henshall managed to separate four of the six IPs within ten minutes 

experimental time, with the IPs to be identified through indirect photometric methods [2]. 

Henshall also stated that the CE was a very attractive way for the analysis of the IPs for the 

following causes: i) for each analysis only a few nanoliters of the sample are needed, ii) it 

provides the possibility for all the six IPs to be analyzed simultaneously during one 

experimental run, and iii) because of the high efficiency of the technique the experimental 

times are mostly brief [26].    

The amount and the position of the phosphate moieties can have a great influence on the 

electrophoretic mobility from which the IPs are separated during a CE run [3]. The IPs can 

have numerous negative charges, due to their number of phosphate groups, which leads 

them to obtain high electrophoretic mobilities toward the anode side [11]. However, their 

net electrophoretic velocities are quite slow, and thus they migrate in longer times because 

the EOF is towards the cathode, and they are trying to travel to the anode side instead [11]. 

So, in order for their migration times to be shorter, the EOF should be suppressed by 

coating the wall of the capillary either with static or dynamic coating [11]. And because of 

the suppression of the EOF, the CE is usually performed with reversed polarity [11].  

Even though the CE is commonly used for the separation of the IPs, the main disadvantage 

when analyzing them with that technique is that the absorbances of the ultraviolet and 

visible light of the targeted compounds are very low [25]. Moreover, in the CE, there is no 

opportunity to perform post-column derivatization, causing as such the need to employ a 

‘bulk solution’ effect for the detection like the lessen the absorption of a chromophore that 

was included to the electrolyte solution [25]. Due to these reasons, not only the optimization 

of some experimental parameters like the applied voltage, the injection time, and the 

electrolyte composition becomes even more complicated, but also the already optimized 

CE systems can be less powerful [25].  

Despite some drawbacks, a combination of methods of a CE coupled with a mass 

spectrometry detector, it is highly likely to provide thorough and extensive details about 

the IPs in environmental samples [2].   
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2.5 Mass Spectrometry 

2.5.1 General Description  

Mass spectrometry is an analytical technique that is commonly utilized to detect and 

identify different analytes from a variety of samples and mixtures [18] while defining the 

mass-to-charge (m/z) ratio of a charged molecule or a molecular fragment [3] and providing 

information about the structure of the molecular fragments [18]. The benefits with the MS 

are the good sensitivity of the technique, and that small volume of samples are used during 

the analysis [18]. On the other hand, the information that is acquired from a run can belong 

from other compounds and not from the desired one, especially when the sample of interest 

is a mixture or a complex sample [18].  

The most important components in a mass spectrometer are the sample inlet, the ion source, 

the mass analyzer, the detector, and the computer, as they are illustrated in Figure 4 [18]. 

The sample is inserted in the mass spectrometer through the sample inlet, and it is converted 

into gas-phase ions by the ion source [18]. The ions then are separated based on their m/z 

ratio by the mass analyzer, and their signals are recorded from the detector, which are then 

acquired and stored in the computer as data [18]. The mass analyzer and the detector are 

surrounded by a high vacuum system so that ions could pass through a collision-free path 

else they would collide with the other gas molecules from the atmosphere [18].  

 

Figure 4. Scheme illustrating the main components of a mass spectrometer, retrieved from [18]. 

2.5.1.1 Mass Analyzer  

Elements or compounds that can obtain an ionized form can be examined by a mass 

analyzer since it is a common detector, and it can function either with an electric or a 

magnetic field or even with a combination of those two [18]. There are several different 

types of mass analyzers, but the most common ones are the Quadrupole (Q), the Time-of-

Flight (TOF), and Orbitrap [18].  

In tandem mass spectrometry (MS/MS), two stages of the MS system are employed where 

the separation of the analytes can be performed in series, and it includes two quadrupole 

mass analyzers with one collision cell to be located between them [18]. The quadrupole 

consists of four parallel electric poles functioning in pairs, where they create an electric 

field between them [18]. With that combination of a triple quadrupole system, after the 
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molecule is ionized and introduced in the mass analyzer, it is possible to select a precursor 

ion in the first stage (Q1) and then that selected ion is inserted in the collision cell (Q2) in 

the middle section [18]. That collision cell is loaded with a low-pressure collision gas which 

fragments or decomposes the inserted precursor ion as it collides with the gas molecules 
[18]. The extent to which an ion can fragment is dependent on the collision energy, which 

in turn is affected by the electric field and the speed of the incoming ion in the collision 

cell [18]. Then in the second stage, i.e., in the third mass analyzer (Q3), the desired fragment 

can be selected before it can enter the detector [18]. That described process can be seen in 

the illustration of Figure 5.  

One popular MS/MS acquisition mode is the multiple reaction monitoring (MRM), which 

provides the opportunity to observe the whole transition of the precursor ion to product ion 

and obtain detailed information about it [18]. That fragmentation process is a way to identify 

and quantify identical compounds or close in mass [18].  

 

 

Figure 5. Schematic illustration of a triple quadrupole in MRM mode. 

2.5.1.2 Electrospray Ionization 

Electrospray ionization (ESI) is a soft ionization technique wherein the interface, the liquid 

sample containing the analyte, the solvent, and the buffer can be converted into the gas 

phase as charged droplets [18]. As the liquid sample is pumped in the MS system through a 

stainless steel capillary tube, the electric field, which is created by the applied potential 

among the tip of the capillary and the counter electrode, disperse the liquid into a fine mist 

of charged droplets and thus the liquid is ionized [18,25]. These charged droplets decrease in 

size and can be quickly desolvated by a drying gas at the atmospheric-pressure region in 

the ESI interface which evaporates the solvent [18], leaving the charged analytes which are 

then inserted in the mass spectrometer through the ‘skimmer cone’ [25], as can be seen in 

Figure 6. The voltage of the cone should be high enough in order to concentrate and lead 

the ions in the mass analyzer to record a signal, but it should not be too high as it could 

cause ‘insource fragmentation’ [25].  
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This method is capable of analyzing both negative and positive ions based on the cone’s 

and capillary tip’s polarity [25], as both negative and positive modes can be employed in the 

system, while the applied potential can be either increased or decreased [18]. Furthermore, 

the drying gas flow can be adjusted, and the desolvation of the charged droplets can be 

facilitated by heating [18].  

However, the quantification of unknown compounds can be very challenging as in the ESI-

MS, the response factor is dependent on the compound [18], and the access to standards 

where their concentration is known is very costly [21]. For this reason, usually, a 

combination of different detection techniques can be used so that the compounds could be 

identified and quantified according to the different kinds of information and details 

obtained [18].  

 

 

Figure 6. Illustration of an ESI interface in negative mode, depicting the formation of gas-phase ions from 

charged droplets as a mist, entering the mass spectrometer.  

2.5.2 Mass Spectrometry and Inositol Phosphates  

The studies that were conducted over the analysis of organic phosphorus in natural systems 

with MS are very few, and the studies over the IPs are even fewer [25]. One challenging 

issue is that a mixture of IPs in an ESI that would generate fragment ions from each 

compound, but the fragment ions would all be at the same m/z range as less phosphorylated 

IPs [25]. Moreover, the IPs cannot be identified only by detection as they will all produce 

the same signal making in this way the ESI a non-specific ionization method [25]. As in the 

ESI, multiple salt adducts can be formed with the ions that are present in the solution; the 

same can occur in the case of IP6, which can form adduct ions with up to twelve cations 

resulting in a complicated spectrum due to these analyte-adduct ions [27]. In addition, in the 

ESI source, the polar compounds try to compete with the phosphates in order to be charged, 

rendering the ESI open to interferences and making it a laborious and tiresome process to 

interpret [25].      
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Heighton et al. (2008) in his study managed to estimate eight out of twelve acid dissociation 

constants of the IP6 with the combination ESI-MS and make a prediction about the 

concurrent existence of three IP6 ions within a pH range of environmental conditions, i.e., 

pH 2.8, 6.0, and 13.0 [3]. He was also able to record a slight fragmentation of the IP6 anion 

and determine the charge (z) values for the IP6 ions [3]. Yet, for the precise measurement of 

the IPs speciation and ionization states, particularly in solutions, the MS methods should 

be optimized and improved [3].  

2.6 Background Electrolytes 

2.6.1 Ammonium Formate 

The presence of the ammonium formate (AmFA) in the background electrolyte (BGE) 

solution enables the manipulation of the ionic strength of a running buffer, and in a 

previously conducted study [28] with the combination CE/ESI-MS/MS, the IP2 and IP3 were 

successfully separated with only a small amount (1 mM) of that substance. That addition, 

though, could cause an increase in the ionic strength, which in turn will influence the 

mobility of an analyte resulting in alterations in the migration times and order for the IPs 
[28]. That effect was more dominant for IP2 rather than the multivalent species of IPs as it 

was first expected [28]. The structure of the AmFA can be seen in Figure 7.  

2.6.2 Bis-tris Propane  

Bis-tris propane (BTP) is a base and can act as a complexing agent by accepting two 

protons and its addition in the BGE solution was found to improve IP’s separation as it 

behaved as a cationic counterion to the anionic analytes with a CE separation method, 

although the migration order of the IPs can be different as each IP interacts in a different 

way with the BTP [28].  As a base, the BTP will increase the pH apart from the ionic strength, 

which will also reduce the EOF in the CE, but the rise in the pH will, on the contrary, 

increase the EOF [28]. From the study [28], it was observed that even though all the IPs 

exhibited longer migration times, the higher-order IPs were influenced to a greater extent 

upon the presence of the BTP. Nevertheless, with a high BTP concentration in the BGE 

buffer, the separation of the IPs should be improved, but at exceptionally high 

concentration, the obtained signals could turn out to be unstable, and the results of the 

analysis inaccurate [28]. The structure of the BTP is illustrated in Figure 7.  

2.6.3 Formic Acid 

According to the study [28], when adjusting the concentration of the formic acid (FA) in 

the buffer solution, the migration order, the migration times, and the peak shapes of the IPs 

are affected. When low concentrations of the FA were used, the IPs co-migrated and looked 

like one unseparated, tailing, broad peak, while at high concentrations the migration times 

of the IPs declined probably from the increase in the ionic strength which could cause Joule 

heating or high currents from the high current in the CE capillary [28]. The structure of the 

FA is depicted in Figure 7.  
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2.6.4 Hydroquinone 

It was found from earlier studies that the addition of hydroquinone (HQ) in the BGE 

solution could suppress the formation of bubbles in an ESI system by substituting the 

oxidation of water with the oxidation of hydroquinone into p-benzoquinone [28]. The same 

observation was confirmed in the study [28], where the amount and size of the bubbles 

decreased at a noteworthy rate and improved the spray cone’s stability. Additionally, the 

HQ enabled more multivalent forms of IPs to be present in higher concentrations than to 

the singly valent forms, but the presence of HQ in the sheath liquid did not bring any 

positive results. On the contrary, it allowed for crystals to be formed on the ESI probe [28]. 

The structure of the HQ can be seen in Figure 7.  

 

Figure 7. Chemical structures of the AmFA (top left), HQ (top middle), FA (top right), and BTP (bottom). 

The images were retrieved from PubChem. 

 

3. Aim and Objectives 
 

The main purpose of this master thesis project was to develop an analytical method that 

could be capable of analyzing organic phosphorus and, in particular, inositol phosphates 

(IPs) in different soil samples since their presence, especially at high levels, was found 

from previous studies to contribute to eutrophication.  
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In order for the six different IPs to be separated and analyzed, the combination of a 

Capillary Electrophoresis instrument coupled to an Electrospray mass spectrometer 

instrument was employed. The MS instrument was set at negative mode since the IPs are 

mostly negatively charged, providing a more stable electrospray and, therefore, better 

ionization.  

Developing an optimal sheath liquid along with an ideal background electrolyte solution 

both at concentration and in content, were important parameters that needed to be achieved 

for the presence of the ions to be intense, with the help of an LC pump to regulate the flow 

rate of the sheath liquid.  

The different soil samples were processed and then extracted according to an extraction 

method carried out in a previous study that showed promising results in the separation of 

the IPs from other unwanted compounds.  

 

 

 

4. Materials 
 

4.1 Chemicals and Reagents 
Milli-Q water 18.2 MΩ∙cm from Milli-Q PLUS QPAK® 1 Purification Cartridge (Merck 

Millipore, France) was included in whatever solution was deemed necessary.  

4.1.1 BGE Solutions 

The following chemicals were employed in the making of all required BGE solutions: 

Ammonium formate was purchased from Sigma-Aldrich, Fluka Analytical (CH5NO2, 

purity ≥ 99.0%, for HPLC, USA), and Bis-Tris Propane was acquired from Sigma-Aldrich  

(C11H26N2O6, purity ≥ 99.0%, for titration, USA). Formic acid was obtained from Sigma-

Aldrich, Fluka Analytical (CH2O2, purity ~98.0%, eluent additive for LC-MS, Germany), 

and Hydroquinone was purchased from Arcos Organics (C6H6O2, purity ≥ 99.5%, France).  

4.1.2 Preconditioning 

The chemicals used for the preparation of the preconditioning solutions were the following: 

Hydrochloric acid was purchased from Merck, former Sigma-Aldrich (HCl, 30.0% 

Suprapur®, Germany), and Sodium hydroxide was also obtained from Merck (NaOH, 

purity ≥ 99.0%, for pro analysis, Germany).  

4.1.3 Sheath Liquids 

Propan-2-ol was purchased from Fisher Scientific ((CH3)2CHOH, purity 99.99%, for 

HPLC grade, England), and Methanol was purchased from Merck (CH3OH, LiChrosolv®, 
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purity ≥ 99.8%, for liquid chromatography, Germany), which were used to formulate the 

sheath liquids. 

4.1.4 Extraction  

Titriplex® III was acquired from Merck (C10H14N2Na2O8 * 2H2O, purity 99.0-101.0%, 

ACS, ISO, Reag. Ph Eur, GR for analysis, Germany) in order for the inositols to be 

extracted.  

4.1.5 Inositol Phosphates  

The chemicals that follow were utilized for the composition of the various IPs solutions: 

Phytic acid sodium salt hydrate from rice was purchased from Sigma-Aldrich (C6H18O24P6 

∙ xNa+ ∙ yH2O, anhydrous, Switzerland), and Phytic acid dipotassium salt was also 

purchased from Sigma-Aldrich (C6H16K2O24P6, purity ≥ 95.0%, USA). The phytic acid 

solution was obtained from Sigma-Aldrich, Fluka Analytical (C6H18O24P6, technical, 

~40.0% in H2O, Italy).  

4.2 Laboratory Consumable Products 

4.2.1 Glassware 

Glass beakers of 10 mL and 50 mL (SCHOTT DURAN®, Werner Glas), and volumetric 

glass flasks of 10 mL (MBL, BLAUBRAND®) were used for the preparation of the BGE 

solutions and sheath liquids. For the latter, SCHOTT DURAN®  square glass bottles of 100 

mL (Germany) with SCHOTT’s standard screw caps PP color blue (Germany) were also 

used. A volumetric glass cylinder 100 mL (BLAUBRAND®) was utilized for the cleaning 

of the CE-ESI probe at the ultrasonic bath.  

4.2.2 Vials 

Most solutions were transferred in small CE glass vials with a wide opening of 2.0 mL 

(Agilent Technologies, Germany) sealed with snap caps by polyurethane (Agilent 

Technologies, CZ). Some of the solutions were transferred in 0.1 mL glass insert (conical, 

w/PP BTM, spring, SUN-SRI, USA), which were inside the CE vials.  

4.2.3 Tubes  

For the extraction of the analyte, disposable/conical micro-centrifuge tubes with 

graduations of 2.0 mL (natural color, VWR®, USA) were used. For the preparation of 

solutions and the storage of the processed soil samples, 50 mL sterile non-pyrogenic 

polypropylene conical tubes, and 15 mL high-clarity sterile no-pyrogenic polypropylene 

conical tubes from FALCON ® (Mexico) were used.  

4.2.4 Pipettes, Pipettors, and Tips 

Disposable glass Pasteur pipettes of 230 mm were purchased from VWR® (USA) and 

pipette tips by polypropylene from Finntip® from Thermo-Fisher Scientific (Finland). 

Single-channel pipettes were bought from Thermo Labsystems (Finnpipette, Finland). 

4.2.5 pH Supplies 

Universal indicator pH-indicator test paper pH 1.0 – 14.0 with color scale and Special 

indicator pH-indicator strips non-bleeding pH 2.0 – 9.0 were purchased from Merch 
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(Germany), and Special indicator Dosatest® pH test strips pH 7.0 – 14.0 were obtained 

from VWR Chemicals (Germany).  

4.2.6 Other  

Precision wipes KIMTECH Science* were bought from Kimberly-Clark® Professional 

(white, UK), and the fused silica capillaries were acquired from Polymicro Technologies 

(molex, Teknolab as, Norway).  

 

 

 

5. Methods 
 

5.1 Soil Sample Collection and Preparation 

The soil samples were collected from two different locations in Uppsala, Sweden, and two 

separate spots from each location on two different days. The first location was the forest 

near Uppsala Biomedical Centre (BMC) and close to Stadsskogens Största Gran, while the 

second location was a crop field near Bondkyrko Hembygdsförening. For the forest, the 

first spot was selected because it almost lays in the outer side of the forest, in contrast with 

the second spot that was more in the inner side of the forest and not close to pedestrian 

roads, leading to a not so traveled terrain. The same reasoning was applied for the crop 

field where the first spot lies closer to a narrow path separating the crop field with the 

neighboring one, compared to the second spot that is approximately in the middle of the 

field. All spots were randomly selected but within a feasible framework and can be seen as 

indicated in the map in Figure 8.  
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Figure 8. Soil sampling spots for the forest location (left) and crop field location (right). 

Before gathering the sample, around 15 cm of soil was discarded from the surface. Then 

the desired amount of sample was collected in plastic polypropylene containers for storage 

and transport to the lab.  

On the one sampling day, when the samples were brought to the lab, they weighed and left 

to dry overnight, without their lids, in a drying oven at 90 °C. On the other hand, on the 

next sampling day, five days after the first collection, the samples were divided into equal 

weights and placed in separate plastic boxes, and left to dry at room temperature for several 

days before processing and were stirred every once in a while to dry faster. The dry soil 

was ground in a mortar so as to be as much homogenized as possible, and finally, it was 

sieved through a 2 mm mesh to get rid of any gravel and stones. The processed soil was 

stored in 50 mL and 15 mL Falcon® tubes.  

Due to the rainy weather and the high humidity on the sampling days, all soil samples were 

wet and humid and especially the crop field samples. The color of the forest samples from 

the first spot, from the outskirts, was dark brown and contained small rocks and pebbles. 

The color of the forest samples from the center of the forest, spot 2, was light brown, and 

they did not have that many pebbles and small rocks like the first spot, but more sticks and 

tree roots instead. Their texture was smooth, sand-like. The color of both the crop field 

spots was the same, dark beige/mocha, and contained many rocks, sticks, some seeds 
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maybe, and roots. The texture was sticky and muddy, and so clumps of soil were formed 

(like rock clusters). In Figure 9, the colors and the forms of the soil samples are depicted.  

 

Figure 9. Forest sample from spot 1 (top left) and spot 2 (top right), and crop field sample from spot 1 (bottom 

left) and spot 2 (bottom right). 

 

5.2 Preparation of Solutions 

5.2.1 Extraction  

For the extraction of the analytes, stock solutions of 0.5 M NaOH and 0.1 M Titriplex® III 

(disodium salt of EDTA) were first prepared. Around 1.0 gram of solid pellets of NaOH 

was weighed and dissolved in 50 mL MQ water. About 1.86 gr of Titriplex® III was 

weighed and dissolved in 50 mL MQ water as well. A mixture of 0.25 M NaOH and 0.050 

M Titriplex® III was also prepared by adding 25 mL of 0.5 M NaOH and 25 mL of 0.1 M 

Titriplex® III (1:1 ratio). Then, approximately 100 mg of the processed soil, stored in the 

Falcon® tubes, was weighed and added in a small 2.0 mL micro-centrifuge tube along with 

1.0 mL of the NaOH/Titriplex® III mixture. The micro-centrifuge tube was placed in a 

shaking machine (Heidolph, Multi Reax, Germany) for 240 minutes at maximum speed. 

After that, the micro-centrifuge tube was put in a micro-centrifuge machine (Spectrafuge 

7M, Labnet, Labnet International, USA) for 15 minutes at maximum speed. Lastly, around 

1.0 mL of the centrifuged liquid was carefully transferred directly in a CE vial and back in 

the tray disc in the CE instrument.  

5.2.2 BGE Solutions 

For the making of the diverse BGE solutions, stock solutions of BTP, HQ, FA, and AmFA 

were first prepared. According to calculations, for the stock solution of the 500 mM FA, 

188 μL of FA were used, for the stock solution of 200 mM BTP, around 0.5636 g were 
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weighed, and for the stock solution of 250 mM HQ, 0.275275 g were used. For the stock 

solution of 1 M AmFA, 0.6306 g of AmFA were weighed. All these analytes were diluted 

in 10 mL MQ water in their respective glass volumetric flasks. For the making of the 100 

mM AmFA stock solution, 1.0 mL of the 1 M AmFA solution was diluted with 9.0 mL of 

MQ water, and for the preparation of the 1 M FA stock solution, 380 μL of FA were diluted 

in 10 mL MQ water. In Table 1, all the BGE solutions that were employed are presented. 

Every BGE solution, once prepared, was placed in an ultrasonic bath (3510 Branson, 

Bransonic® ultrasonic cleaner, USA) to be degassed for ten minutes. 

 

Table 1. Concentrations of analytes present in the corresponding BGE solution. 

BGE 

Number 
Contents and Concentrations  

1 50 mM FA, 20 mM BTP, 25 mM HQ, 1 mM AmFA 

2 50 mM FA, 100 mM AmFA, MQ 

3 50 mM FA, 100 mM AmFA, 20 mM BTP, MQ 

4 50 mM FA, 100 mM AmFA, 10 mM BTP, MQ 

5 50 mM FA (from 1 M stock), 1 mM AmFA (from 1 M stock), MQ 

6 50 mM FA (from 1 M stock), 1 mM AmFA (from 100 mM stock), MQ  

7 50 mM FA, 1 mM AmFA (from 1 M stock), MQ 

8 50 mM FA, 1 mM AmFA (from 100 mM stock), MQ 

9 50 mM FA (from 1 M stock), 1 mM AmFA (from 1 M stock), 20 mM 

BTP, MQ 

10 50 mM FA (from 1 M stock), 1 mM AmFA (from 100 mM stock), 20 

mM BTP, MQ 

11 50 mM FA (from 1 M stock), 1 mM AmFA (from 1 M stock), 25 mM 

HQ, MQ 

12 50 mM FA (from 1 M stock), 1 mM AmFA (from 100 mM stock), 25 

mM HQ, MQ 

 

The BGE solutions, prior to the degassing, were first measured with a Metrohm 654 pH 

Meter (Switzerland) in order for an overview of the pH to be obtained since it can have a 

great influence on the CE current of the solution and therefore to the final signal of the 

analyte. In addition, the pH of the BGE solutions was expected to be under 5.5, so a pH 

value over that pH range would possibly indicate that the measured solution was prepared 

in the wrong way. Table 2 shows the pH values of each BGE solution described previously. 

All BGE solutions were stored in a fridge at 4 °C for better preservation, and around 1.0 

mL of the desired BGE solution would be transferred to a glass CE vial.  
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Table 2. BGE solutions and pH values.  

BGE Number pH 

1 4.547 

2 2.762 

3 4.532 

4 4.591 

5 2.803 

6 2.791 

7 2.776 

8 2.762 

9 4.552 

10 4.569 

11 2.245 

12 2.297 

 

 

5.2.3 Sheath Liquids 

A series of nine different sheath liquids was tested to investigate which one would provide 

a more stable flow rate and better conductivity. For this purpose, 80/20% isopropanol/MQ, 

80/20% MeOH/MQ, 50/50% MeOH/MQ, and 50/50% isopropanol/MQ solutions were 

prepared in square glass bottles. The electrolytes that were used in the making of the sheath 

liquids were stock solutions of 1 M FA and 1 M AmFA at different quantities and 

concentrations, which are exhibited in Table 3. When a sheath liquid was prepared, it was 

placed in the same ultrasonic bath as the BGE solutions, for ten minutes in order to get rid 

of any bubbles that might alter the conductivity and the pH was measured with the same 

pH meter as described previously. The pH of each sheath liquid can be found in Table 3. 

The total volume of a sheath liquid was 50 mL. The flow of the sheath liquid was 

continuously regulated by a Jasco PU-980 Intelligent HPLC pump, with pump number 22, 

that was keeping the flow rate steady all the time. All the flow rates between 0.001 mL/min 

and 0.030 mL/min were tested with all nine sheath liquids so that the best liquid providing 

the more stable spray cone could be selected but without further diluting the analyte. The 

back pressure of the pump was constantly monitored upon changing the flow rate every 

time, while the parameters mentioned in Table 4 were the same for all experiments. 
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Table 3. The composition, concentrations, and pH of the sheath liquids. 

Sheath Liquid 

Number 
Composition pH 

1 60 mM FA, 60 mM AmFA, MQ, 80/20% 

isopropanol/MQ 

5.136 

2 60 mM FA, 60 mM AmFA, MQ, 80/20% 

MeOH/MQ 

4.669 

3 60 mM FA, 50/50% MeOH/MQ 4.274 

4 132.5 mM FA, 50/50% MeOH/MQ 2.253 

5 132.5 mM FA, 60 mM AmFA, 50/50% 

MeOH/MQ 

3.288 

6 100 mM FA, 100 mM AmFA, 80/20% 

isopropanol/MQ 

4.412 

7 100 mM FA, 100 mM AmFA, 50/50% 

isopropanol/MQ 

3.966 

8 5 mM FA, 5 mM AmFA, 50/50% 

isopropanol/MQ 

3.892 

9 10 mM FA, 10 mM AmFA, 50/50% 

isopropanol/MQ 

4.579 

 

Table 4. Parameters of LC pump 22. 

Parameters 

Mode C.F 

P.MAX 350 

Timer OFF 

P.MIN 0 

 

 

5.2.4 Inositol Phosphates 

The first solution that was prepared was the phytic acid dipotassium salt (IP6K) solution 

since it needed to be present in other solutions as well. As such, a 10 mM IP6K solution 

was made by weighing 73.622 mg of solid IP6K and diluting it to 10 mL of MQ water. 

From that solution, 2.0 mL were transferred to a falcon tube and diluted with 8.0 mL of 

MQ water, making the new solution 2 mM from the 10 mM IP6K solution. A 10 mM 

solution of phytic acid sodium salt hydrate was prepared by weighing 66.004 mg and 

diluting it to 10 mL of MQ water in a falcon tube. A mixture of IP6K and sodium salt 

hydrate was then created by adding 2.0 mL of the 10 mM sodium salt hydrate solution (2 

mM) and 2.0 mL of the 10 mM IP6K solution (2 mM), and 6.0 mL of MQ water in a falcon 

tube. From that mixture, 50 μL were introduced into a glass inserter in a glass CE vial along 

with 50 μL of MQ water. The same process was repeated three more times with 50 μL of 
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the mixture NaOH/Titriplex® III, 50 μL of the extracted soil sample Forest 3 and 50 μL of 

the extracted soil sample UU132 in their respective inserters. Finally, two more solutions 

were made, a 10 mM phytic acid solution and a mixture of 2 mM phytic acid solution and 

2 mM of IP6K with MQ water, in the same way as described previously with the phytic 

acid sodium salt hydrate solutions.  

5.3 Instrumental Setup 
For the requirements of this method, one 3D CE instrument (Hewlett Packard, USA) and 

one 3200 Q-Trap system (MDS Sciex, USA) were manually coupled with a capacitor. Over 

the CE instrument, a Jasco PU-980 Intelligent HPLC pump, with pump number 22, was 

placed. On top of the pump, the glass bottle of the sheath liquid and a metal retort stand 

with a clamp holding the first round stainless steel T-connector (VALCO) was positioned. 

On the left side of the first T-connector, the very long and thin restriction fused silica 

capillary from the LC pump was connected. In contrast, on the right side, the fused silica 

capillary connecting the two T-connectors and introducing the sheath liquid was attached, 

as is depicted in Figure 10. The second T-connector was made of plastic, and on the bottom 

side, the CE fused silica capillary coming from the cassette inside the upper part of the 

instrument was coupled. The right side of the second T-connector was screwed through a 

plastic connector tube to the probe, which in turn, was connected to the probe tower, 

attached to the Turbo VTM ion source (Sciex) interface connected to the mass spectrometer. 

On top of the latter, a pipette tip was being held by a metal retort stand, through which the 

CE capillary was placed (when not connected to the ESI probe), above a glass CE vial with 

MQ water.  

To define how much the CE capillary tip would protrude from the probe and to observe the 

spray and the spray cone, a Nikon microscope (SMZ-1B, Japan) was used with two semi-

rigid metal gooseneck light guides attached directly to the cold light source (Fiberoptic-

Heim AG, Switzerland) for better lightning. Figure 11 illustrates the position of the 

microscope and the light guides in perspective, as seen from the backside. 

At the beginning of the project, on the bottom side of the first round stainless steel T-

connector, a 5.0 cm fused silica capillary was connected with the purpose to bring the 

sheath liquid back to the sheath liquid bottle, for less waste, through a second hole that was 

manually drilled on the lid. However, it was later removed and replaced with a stopper 

since it was found after some runs to provide with very low flow rate and back pressure 

compared to the values attained with the stopper. 
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Figure 10. Front schematic instrumental setup (not to scale), where 1: 3D CE instrument (Hewlett Packard, 

USA), 2: Jasco PU-980 Intelligent HPLC pump 22, 3: 3200 Q-Trap system (MDS Sciex, USA), 4: CE-ESI 

probe connected to the probe tower at the Turbo VTM ion source (Sciex), 5: sheath liquid bottle, 6: first 

round stainless steel T-connector, 7: second plastic T-connector, 8: CE fused silica capillary, 9: fused silica 

capillary connecting the two T-connectors and introducing the sheath liquid, 10: restriction fused silica 

capillary, 11: metal retort stand with a pipette tip, and 12: capacitor connecting the two instruments. 
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Figure 11. Back schematic instrumental setup in perspective (not to scale), where 1: 3D CE instrument 

(Hewlett Packard, USA), 2: Jasco PU-980 Intelligent HPLC pump 22, 3: 3200 Q-Trap system (MDS Sciex, 

USA), 4: CE-ESI probe connected to the probe tower at the Turbo VTM ion source (Sciex), 13: Nikon 

microscope (SMZ-1B, Japan), and 14: gooseneck light guides (Fiberoptic-Heim AG, Switzerland).  

5.4 Capillaries 
The fused silica capillary coming from the CE and inserts through the second T-connection 

to the probe was 80 cm long and had the same inner and outer diameter, 50 μm, and 360 

μm, respectively, as the fused silica capillary that connects the two T-connections and 

provides the probe with a constant flow rate of the sheath liquid. However, the latter was 

50 cm long. The tip of the CE capillary was manually sanded down with sandpaper, while 

continuously being checked with a small microscope (Power Technology, Portable fiber 

splicer), to obtain a more pointed shape since the shape of a capillary can have an influence 

on the spray cone. Then, the tip was wiped with tissue and MQ water to remove any dirt, 

and the CE capillary was preconditioned. Before starting the runs, the CE capillary would 

be flushed with MQ water for five minutes. If no droplets or even smaller ones could be 

seen exiting the capillary, then that was an indication that probably something was clogging 

it and might disturb the CE current and the conductivity, and thus the spray formation. As 

such, it was taken out of the cassette and connected to another Jasco PU-980 Intelligent 

HPLC pump, with pump number 24, at a high flow rate to clean and wash off any 

blockages. If the flushing of the capillary was not effective, then the capillary was observed 

at the small microscope thoroughly, and a new capillary would be cut again. At the end of 
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each day’s experiments, the CE capillary was flushed with MQ water for ten minutes, so 

that it would be cleaned from any components attached to the capillary walls, and it was 

placed in a glass CE vial filled with MQ water through a pipette tip held by an extension 

clamp as can be seen in Figure 10 in the previous section. The protrusion of the CE capillary 

tip was adjusted every day with the aid of the Nikon microscope.  

The fused silica capillary that couples the LC pump with the first T-connection was 2.0 

meters long, and its inner diameter was 50 μm, and its outer diameter was 190 μm. The 

presence of this specific capillary was necessary as it works as a restriction capillary that 

restricts the flow of the sheath liquid through it. If the restrictor was not in place, then the 

back-pressure would be extremely low, and the performance of the pump would be 

inadequate. The stability of the LC pump operation can be improved by the presence of the 

back-pressure.  

5.5 Probe Treatment 
The CE-ESI probe from Sciex consisted of one outer stainless steel tube and one inner steel 

capillary that, through the latter, the CE fused silica capillary was inserted and protruding. 

Between the two steel capillaries, the nebulizing gas was introduced, while between the 

inner steel and the CE capillary, the sheath liquid was introduced instead, as indicated in 

Figure 12. The probe was fastened to the probe tower in the Turbo VTM ion source (Sciex) 

with the retaining ring, and on top of the probe, the second T-connection was connected. 

The role of the black adjustment nut was to define the extension of the inner steel capillary. 

The probe tip, prior to the starting of the experiments, was cleaned with a tissue and MQ 

water and was put in a cylinder filled with MQ water and then in the ultrasonic bath for 

five minutes to dissolve any crystals that might have formed in the inside of the probe.  

 

Figure 12. An expanded view of the CE-ESI probe (not to scale) and a cross-section of the tip of the probe 

with the outer- and inner steel capillary and the CE fused silica capillary, where 1: adjustment nut, 2: retaining 

nut, spring, and PEEK union, 3: inner steel capillary, 4: retaining ring, 5: outer stainless steel tube (sprayer 

tube), blue waving arrows: the flow of nebulizing gas, green color: sheath liquid, and brown color: CE fused 

silica capillary. 
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5.6 Software Parameters and Methods 

5.6.1 CE Software Methods  

The CE software that was used to start the runs, inject the samples, create methods, 

condition and flush the capillary and many more tasks, was the Instrument 1-Online 

(Agilent ChemStation Software), while the Instrument 1-Offline (Agilent ChemStation 

Software) was used to further examine the obtained data or the methods when a run was 

performed.  The methods that were created and employed for the experiments were the 

CONDIT2.M for the preconditioning of the capillary, and the 30KV.M and 30NEWKV.M 

for analysis. The CE system was running at reverse mode, i.e., the CE electrode would 

have negative potentials only, so the CE electrode was the cathode in this case where the 

reduction reactions occurred. In the meantime, the MS electrode was functioning as the 

anode, where the detector was located, and oxidation reactions took place since the MS 

system was running in the negative mode as well.  

The preconditioning method comprised of seven main steps which were the following: five 

minutes flushing with MQ water, fifteen minutes flushing with 0.1 M of NaOH, fifteen 

minutes flushing with MQ water, twenty minutes flushing with 0.1 M of HCl, five minutes 

flushing with MQ water, twelve minutes flushing with the BGE of preference and thirty 

minutes flushing with MQ water. There was no injection of sample during that method, 

and the electrics (voltage, current, and polarity) were turned off.  

For the other two methods, the parameters were as described in Table 5.  

Table 5. Parameters of the CE methods 30KV.M and 30NEWKV.M.  

30KV.M 30NEWKV.M 

Parameters Values 

Preconditioning 2.0 minutes flushing with BGE 2.0 minutes flushing with BGE 

Injecting 50 mbar pressure for 10 

seconds 

50 mbar pressure for 10 seconds 

Switch Electric On On 

Electric Polarity: negative 

Voltage: 0 kV 

Current: 50 μA 

Polarity: negative 

Voltage: 0 kV 

Current: 50 μA 

Time Table 0.01 minutes of 30 and 50 mbar 

pressure 

0.20 minutes of 30 kV voltage 

0.01 minutes of 30 and 50 mbar 

pressure  

0.20 minutes of 0.0 kV voltage 

0.21 minutes of 30 kV voltage 
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5.6.2 MS Software Methods 

The MS software that was utilized was the Analyst® 1.4.2 (Applied Biosystems MDS 

Sciex), in order to create methods, optimize the electrospray, collect the MS data, and 

extract from them the desired ions. One method at scan type Q1 MS, namely IP6_scan.dam, 

was used only when the Manual Tuning mode was running to scan the background for the 

intensity of the analyte ions and test different settings about obtaining the most promising 

electrospray formation.  

Twenty-five MRM methods were developed to examine their compatibility with the CE 

methods and to decide which of them would provide a stable electrospray and a short and 

sharp spray cone. The m/z values and the fragments that were monitored are presented in 

Table 6. All the acquisition methods were comprised of four periods. The first and fourth 

periods had exactly the same parameters. For the second and third periods, all settings were 

similar between them, except for the Collision Energy (CE) and the Collision Cell Exit 

Potential (CXP). The only main alteration between the 1st and 4th period, and the 2nd and 

3rd period, and thus the methods, was the different values of the IonSpray Voltage (IS), the 

Ion Source Gas 1 (GS1) and the Declustering potential (DP). The rest of the parameters, 

which are mentioned in Table 6, remained unchanged during the experiments.  

 

Table 6. The m/z and fragments values of the IPs that were monitored. 

IPs m/z and fragments values 

IP6
2- 329 - 78.90, 159.0, 177.0 

IP5
2- 289 - 79.0, 159.0, 177.0 

IP4
2- 249 - 79.0, 159.0, 177.0, 419.0 

IP6
- 659 - 79.0 

IP5
- 579 - 79.0 

IP4
- 499 - 79.0 

IP3
- 419 - 79.0 

IP2
- 339 - 79.0 

IP1
- 259 - 79.0 
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Table 7. Parameters of the four periods that remained the same in the methods. 

Parameters 
Values 

1st and 4th period 2nd period 3rd period  

Declustering 

potential (DP) 

-25 -35 -35 

Entrance Potential 

(EP) 

-10 -10 -10 

Collision Energy 

(CE) 

-28 -28 -65 

Collision Cell Exit 

Potential (CXP) 

-2 -2 -1.5 

Curtain Gas (CUR) 15 15 15 

Collision Gas 

(CAD) 

10 10 10 

IonSpray Voltage 

(IS) 

-5 adjustable adjustable 

Temperature 

(TEMP) 

0 0 0 

Ion Source Gas 1 

(GS1) 

adjustable adjustable adjustable 

Ion Source Gas 2 

(GS2) 

0 0 0 

 

 

6. Results and Discussion 
 

As the primary purpose of the project was to attain a satisfactory separation and analysis 

of all six IPs with an analytical method that would provide reproducible results, many 

parameters had to be taken into consideration and adjusted, leading to a vast number of 

experimental runs and alterations. For this reason, only specific results will be presented in 

detail from a selected range of CE and MS combination of methods.  

The BGE composition was the most important parameter considering the separation of the 

analytes, while the combination of ionization potential and nebulizing gas in the MS 

defined the level of the signal intensity as well as the S/N ratio. The position, the protrusion 

in the probe, and the shape of the CE fused silica capillary tip along with the composition 

and the flow rate of the sheath liquid had a major influence on the stability and the form of 

the electrospray and the spray cone.  

The stability of the latter turned out to be one of the most challenging goals for two reasons. 

First, the sharpening of the CE fused silica capillary tips were done manually, and thus, the 
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shape of the tip of each CE capillary was slightly different from each other. The other 

reason was that the protrusion of the CE capillary tip in the probe was also regulated 

manually, and as such, the position of the tip was not precisely the same for an experimental 

set. These details were possibly responsible for any decrease in the S/N ratio and the change 

in the conductivity of the analytes, resulting in an instability of the CE current, and in turn, 

the spray cone. Regarding the sheath liquid, many different flow rates were tested between 

1.0 and 30 μL/min, with the best optimum flow rate to be between 1.0 and 3.0 μL/min, as 

the spray cone appeared to be more stable within that range. The composition of the sheath 

liquid was altered nine times before ending up with the most suitable one since, on the one 

hand, a sheath liquid with a high concentration could create crystals on the probe or inside 

the CE fused silica capillary and disrupt the CE current or even clog up the CE capillary. 

However, on the other hand, a low concentration sheath liquid was most likely to disturb 

the stability of the spray cone.  

In addition, as the majority of the parameters were dependent on each other, one relatively 

minor change in a parameter could trigger a so-called “domino effect” and alter the 

expected outcome of an experiment. Therefore, the runs were performed in duplicates, and 

sometimes in triplicates, not only to be able to verify the obtained results but also because 

random errors appeared sporadically.  

In the middle of the project, the CE instrument displayed an error message that the air pump 

could not generate pressure, so the air pump was replaced with the same pump from another 

CE instrument (Hewlett Packard, USA), but the problem still could not be resolved. In this 

case, the assumption that the pressure indicator inside the instrument had an issue was 

raised, and as such, the whole CE instrument was replaced with another one. Consequently, 

some experiments were performed with the one CE instrument and some other runs with 

the new one, causing deviations in the obtained results and uncertainty.  

As mentioned in the Methods section, the CE instrument was connected with the MS 

instrument with a capacitor. During a large part of experiments, when the CE instrument 

was done injecting the sample and was about to start the run, the MS software could not 

initiate acquiring the data and remained in the “waiting” mode instead. So, in order for the 

acquisition to start, the capacitor was manually short-circuited with a wrench, which means 

that it was not possible to create a sequence and leave the instruments running overnight 

or even perform other tasks in the meantime since someone needed to be there and be in 

standby.  

After the very first few test runs, it was found that upon extensive usage of the BGE 

solution, the S/N ratio was notably reduced, presumably by the depletion of some of the 

BGE components. Hence, every two runs, around 1.0 mL of fresh BGE buffer from the 

fridge, was added in the corresponding CE vial. The addition of more components in the 

BGE solution led to the solution being more complicated and increasing the pH while 

causing the formation of crystals on the probe and the prediction of each outcome 

challenging, which is why except for the first BGE buffer, the rest contained only two or 

three components.  
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6.1 Phytic Acid Dipotassium Salt  
For this experiment, the BGE 2 was used, and sheath liquid 1 at a flow rate of 0.010 

mL/min. The pressure at the CE Method 30KV.M was set at 50 mbar and at the MS Method 

1, the nebulizing gas (GS1) for the 1st and 4th period was 20, while for the 2nd and 3rd period 

it was set at zero and the ionization potential (IS) for these two periods was -4.0 kV. The 

CE capillary was flushed with the BGE buffer for five minutes before the run, and no 

crystals were observed on the probe. The run yielded at a shorter migration time of the 

analyte at around 6 minutes, when compared to the longer migration time, when the same 

run was performed with the BGE 1 instead. One possible explanation could be that there 

was no BTP present in the solution to interact with the analyte, in contrast to the buffer 

containing the BTP that interacts with the analyte and forms a large compound that takes 

more time to show up at the MS signal. Nevertheless, the intensity of the signal was low, 

and the migration times for the IPs was almost the same for all of them, with the doubly 

charged IP6 to appear first above all the IPs with a higher intensity and a slightly different 

migration time, followed by the singly and doubly charged IP5, in order of appearance, as 

can be seen in Figure 13. The wide and overlapping peak shapes could have occurred from 

the high applied pressure. The injected sample was the phytic acid dipotassium salt (IP6K) 

solution at a concentration of 2 mM.  

6.2 Phytic Acid Solution - Phytic Acid Solution and IP6K 
The same combination of parameters, MS and CE methods, as in section 6.1, BGE, and 

sheath liquid, was also employed when the injected sample was the 10 mM phytic acid 

solution and the mixture of 2 mM phytic acid solution and 2 mM of IP6K. During these 

two runs, crystals were formed on the probe, but the CE current was stable without any 

disturbances. The spray cone was recorded to be stable as well. However, even though the 

signals of the analytes were quite similar to each other and jumpy, the intensity of the 10 

mM phytic acid solution was a lot higher than the intensity of the mixture with the IP6K. 

From Figure 14, one can observe that for the mixture solution, the IP2
- displayed slightly 

higher intensity than the IP1
- and that both of them were well separated. The IP4

2- and the 

IP6
2- were also rather separated with some overlapping, but the rest of the IPs were very 

hard to distinguish. As for the phytic acid solution, IP1
-  had a higher intensity rather than 

the IP2
-, and only IP4

2- was able to be noticed.  
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Figure 13. MRM pane of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the 2 mM IP6K solution. Top: electropherogram 

with only slight zooming. Bottom: electropherogram with zooming at the peaks.   

XIC of -MRM (16 pairs): Period 3, 329.0/78.9 amu from Sample 1 (IP6 2mM new) of 2.wiff (Turbo Spray) Max. 1260.0 cps.
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Figure 14. MRM panes of IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), IP4

- (pink), IP3
- 

(dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture of 2 mM phytic acid solution and 2 mM of IP6K (left) 

and in the 10 mM phytic acid solution (right). 

 

6.3 Phytic Acid Sodium Salt Hydrate - Phytic Acid Sodium Salt Hydrate 

and IP6K 
Three experiments were performed with similar conditions as the runs in section 6.1, yet 

in the third run, the sheath liquid was exchanged to the second one (sheath liquid 2). The 

injected samples were the 10 mM phytic acid sodium salt hydrate and the mixture of 2 mM 

phytic acid sodium salt hydrate and 2 mM of IP6K. The first run of the 10 mM phytic acid 

sodium salt hydrate solution with the sheath liquid 1 delivered the same results as the 

second run with the mixture solution with the same sheath liquid, except for the second 

case where the intensity of the analyte signal was only slightly lower. What was more of 

interest was the third run with the second sheath liquid. The injected sample was again the 

10 mM phytic acid sodium salt hydrate solution, but in this case, the migration times of all 

IPs were shorter, and the IP5
2- and IP4

-  were more separated but still overlapping, as can be 

observed in Figure 15. This might be due to the appearance of crystals on the tip of the 

probe in the first run that could hinder the migration of the analytes by altering their 

conductivity.  
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Figure 15. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the 10 mM phytic acid sodium salt hydrate with 

sheath liquid 1 (left) and with sheath liquid 2 (right).  

The following combination of methods was utilized for the analysis of the mixture 2 mM 

phytic acid sodium salt hydrate and 2 mM of IP6K. At the CE Method 30KV.M, the 

pressure was changed to 30 mbar. As for the MS Method 2, the IS in the 2nd and 3rd period 

was set to -4.0 kV and the GS1 at 2. In the 1st and 4th period, the nebulizing gas was again 

at the value of 20. The sheath liquid for this experiment was number 8 at a steady flow rate 

of 0.010 mL/min, while the BGE buffer was still number 2. The CE current was steady 

during the run. However, the results obtained from this run were not pleasing, as the 

separation of the analytes was very poor, and the intensity was extremely low. The analytes 

were not even apparent, as seen in Figure 16, maybe because of the low applied pressure. 

That decrease in sensitivity and instability of the spray cone occurred due to the corona 

discharge, a glowing blue light in the tip of the probe that indicated that the IS was too 

high. The spray cone was so short that there was barely any liquid covering the tip, even 

though the nebulizing gas was not that strong, and for a few seconds, the spray cone was 

observed to lean to the left side of the probe leaving the capillary tip outside of the spray 

cone range. What was also observed was the formation of brown crystals on the probe, 

probably from an oxidation reaction, and oxygen bubbles exiting the probe. These remarks 

could as well be a reason as to why the findings of this run were considered undesirable.  
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Figure 16. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture 2 mM phytic acid sodium salt hydrate 

and 2 mM of IP6K. 

The next run was performed again with the mixture 2 mM phytic acid sodium salt hydrate 

and 2 mM of IP6K as the injected analyte, and the sheath liquid 9 was regulated at a flow 

of 0.001 mL/min. The BGE solution was still the number 2, and the applied pressure in the 

CE Method 30NEWKV.M was 30 mbar. The GS1 was 20 for all four periods in the MS 

Method 3, and the IS for the 2nd and 3rd period was set to -4.5 kV. No crystals were observed 

on the tip of the probe, and the CE current was constant all time. The intensity of the 

acquired signal was very high, despite the fact that the blue light from the corona discharge 

had appeared. The IPs were all migrating at around the same time, with the IP6
2-, IP4

-, IP4
2-

, IP2
- and IP3

- to possess a more distinct migration order from the other IPs. However, from 

Figure 17, one can observe that the baseline has risen and that the peaks were noisy. An 

increase in baseline could be an indication that the MS ion source contained some dirt 

either on the tip or in the inner surface, or that the nebulizing gas carried contaminants in 

the ion source [29]. Another cause of the increase could be the too high value of IS or that 

the buffer concentration was also higher than it should be or that the settings of the 

nebulizing gas were not the appropriate ones [29].   
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Figure 17. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture 2 mM phytic acid sodium salt hydrate 

and 2 mM of IP6K.  

Finally, four more experiments were carried out with the mixture 2 mM phytic acid sodium 

salt hydrate and 2 mM of IP6K as the sample of interest. The sheath liquid for all runs was 

number 9, and the flow rate was at 0.001 mL/min. The applied pressure in the CE Method 

30NEWKV.M was 30 mbar for the first run, and 50 mbar for the rest runs. For the first 

three runs, MS Method 4 was used where the IS was -4.5 kV, and the GS1 for the 1st and 

4th period was zero while for the 2nd and 3rd period, it was set to 20. For the last run, the 

MS Method 5 was applied. The method had the same IS and GS1 values in the periods as 

in Method 4. The difference between them was that in Method 5, only the six stronger 

transitions of the IP6, IP5, and IP4 were selected. The rest transitions of the IP3, IP2, and IP1 

were ignored so that more data points could be recorded for each peak in a reduced amount 

of Total Scan Time in an attempt to increase the S/N level and lessen the noise in the 

signals. At the first run, BGE 2 was employed, at the second run, it was the BGE 5, at the 

third run, the BGE 6 was utilized, and for the fourth run, the BGE 8 was chosen. The CE 

current was steady for all runs, and there was a very faint blue light only for the second and 

fourth run. The spray cone, though, was pulsating during all runs. What one can observe 

by looking at Figure 18 is that the intensities were very high with the four BGEs and that 

the analyte peaks were all noisy. The migration times for the first run were longer compared 

to the other three runs that exhibited almost the same migration times. However, in the first 

two runs, the different analyte peaks were more entangled with each other, and the 

migration order was by far any clear. In the third run, 
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Figure 18. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture 2 mM phytic acid sodium salt hydrate 

and 2 mM of IP6K with BGE 2 (top left), BGE 5 (top right), BGE 6 (bottom left), and BGE 8 (bottom right). 
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the analytes were starting to appear more separated, while in the last run, the migration 

order was slightly more visible with the IPs to look better detached. So, the BGE 8 showed 

some potentials for future runs. The continuous pulsation of the spray cone could be highly 

possible to be answerable for the drops and rises of the signals. The position of the CE 

fused silica capillary was suspected to influence on the pulsation of the spray cone, but it 

was excluded as the main reason as different capillary positions were tested and the spray 

cone was still pulsating. Then the flow of the sheath liquid was altered along with the 

nebulizing gas, but still, the pulsation insisted.  

6.4 MQ - Phytic Acid Sodium Salt Hydrate and IP6K 

The mixture of 50 μL of MQ water and 50 μL of phytic acid sodium salt hydrate and IP6K 

in a glass inserter was analyzed in two runs, where the MS methods were different with 

each other, but the CE method, namely 30NEWKV.M at a 30 mbar pressure, was the same 

for both runs. BGE 2 and sheath liquid 9 with a flow of 0.001 mL/min were employed at 

the two experiments. The MS Method 6 was used for the first run, where the nebulizing 

gas at the 1st and 4th periods was zero and 20 for the 2nd and 3rd periods. The IS at the two 

middle periods was set to -3.6 kV. For the second run, the MS Method 5 had similar GS1 

values in the periods as the Method 6, but the IS value was -4.5 kV in the 2nd and 3rd periods. 

The CE current was recorded to be stable, and there were no corona discharge phenomena 

at both runs, although the spray cone was flickering for a few seconds occasionally, the 

intensities of the signals were high. From Figure 19, it can be observed that with Method 

6, the analyte peaks were very noisy, the IPs were all overlapping, and their migration times 

were longer. However, with Method 5, the results were more satisfying as the migration 

times were shorter, the analyte peaks were less noisy, and the IPs were more separated in 

a much clearer migration order. So, for this sample, Method 5, with the maximum value of 

IS, was deemed the most optimum. 

6.5 NaOH and Titriplex® III - Phytic Acid Sodium Salt Hydrate and IP6K 
The same two sets of experiments, as in previous section 6.4, were performed, but in this 

case, for the mixture of 50 μL NaOH and Titriplex® III and 50 μL of phytic acid sodium 

salt hydrate and IP6K in a glass inserter. The same MS methods 5 and 6 that were mentioned 

previously were utilized, along with the CE method 30NEWKV.M at 30 mbar pressure, 

with the same BGE, sheath liquid, and flow rate. No blue light at the tip of the capillary 

was observed during the runs, and the intensity of the signals was high despite the trembling 

spray cone. The results from Method 6 with the lower IS were as expected, with noisy 

analyte peaks and the IPs to overlay. Surprisingly, the migration times were shorter with 

Method 6 when compared to the migration times of the Method 5, as can be seen in Figure 

20. Still, the higher IS provided better separation for some of the IPs with fewer noise and 

an improved migration order. The results were considered to be almost similar to those 

from the mixture of MQ, phytic acid sodium salt hydrate, and IP6K.  
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Figure 19. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture of MQ, phytic acid sodium salt hydrate 

and IP6K with Method 6 at IS -3.6 kV (top) and Method 5 at IS -4.5 kV (bottom).   
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Figure 20. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture of NaOH and Titriplex® III, phytic 

acid sodium salt hydrate and IP6K with Method 6 at IS -3.6 kV (top) and Method 5 at IS -4.5 kV (bottom). 
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The mixture of NaOH and Titriplex® III and phytic acid sodium salt hydrate and IP6K in a 

glass inserter was tested again but with two new different MS methods. The CE method, 

the BGE, the sheath liquid, and the flow rate remained unchanged from the previous 

experiments for the two runs. The first run was conducted with the MS Method 7 and the 

second run with the MS Method 8. Both methods had the same IS in the 2nd and 3rd period, 

at -4.0 kV, and the same GS1 value, namely zero, for the 1st and 4th period. Though, the 

GS1 value for the 2nd and 3rd period was set to 10 for Method 7 and 30 for Method 8. In 

the first run, blue light was noticed in the tip of the capillary, the spray cone was pulsating 

a lot and was longer in shape. The spray cone was also shifted to the right side of the probe 

for some seconds. The instability of the spray cone that might have been caused by the 

inadequacy of the nebulizing gas or the low conductivity of the spray resulted in the 

extremely low intensity and sensitivity, with the analyte peaks to be barely even 

distinguishable and noisy, as is illustrated in Figure 21. For the second run with the Method 

8, however, there was no corona discharge at the tip, and the spray cone was pulsating less 

than the first run. These small improvements contributed to a much higher intensity, along 

with a more obvious separation of the IPs. Yet even though the nebulizing gas was enough 

to deliver better results, the pulsation of the spray or the not complete restoration of the 

conductivity proved to have a stronger consequence on the overall aftermath of the 

experiment.  

6.6 Extracted Samples 

6.6.1 Soil Sample UU132 – Soil Sample UU132 and IP6K 

The extracted soil sample under the name UU132 was analyzed with the CE method 

30NEWKV.M at a pressure of 30 mbar and the MS Method 4, as first described in section 

6.3. The BGE solution that was used was number 2, and the sheath liquid was number 9, 

with the LC flow to be at 0.001 mL/min. A second run was performed with that sample 

with the same CE method at 50 mbar pressure, sheath liquid, and flow rate, but the MS 

Method 5 was utilized instead, as mentioned before, in section 6.3, along with BGE number 

11. There was only a very faint blue light at the tip of the capillary for both runs, and the 

spray cone was again flickering. The combination of these parameters did not bear any 

decent results for neither of the runs, as can be seen from Figure 22. The intensity for the 

first run was higher than the second one, but even so, it was regarded as below the standard 

point. However, in the first run, apart from the exceptionally great noise levels of the peaks, 

the analytes seemed to be more compact and neater. Their migration order might have been 

more distinct if there were not such a noise, and the intensity was even higher, in 

comparison with the second run, where the analytes were scattered in a wider range in the 

acquired electropherogram. The addition of hydroquinone in the BGE buffer was 

anticipated to generate a more proper separation of the analytes, so perhaps its 

concentration in the solution was not adequate, or the combination of the electrolytes 

suppressed its functioning properties.    



42 

 

Figure 21. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the mixture of NaOH and Titriplex® III, phytic 

acid sodium salt hydrate and IP6K with Method 7 at GS1 10 (top) and Method 8 at GS1 30 (bottom). 
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Figure 22. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the extracted soil sample UU132 with MS Method 

4 and BGE 2 (top) and with MS Method 5 and BGE 11 (bottom).  
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The extracted soil sample UU132 was spiked with the mixture of phytic acid sodium salt 

hydrate and IP6K in a glass inserter and four experiments were conducted where the MS 

Method 5, as in section 6.3, the CE Method 30NEWKV.M at 50 mbar pressure, the sheath 

liquid 9 and the flow rate at 0.001 mL/min were kept the same for all runs. The BGE 

solutions that were used for each run was number 4, 5, 11, and 12, respectively. The spray 

cone was pulsating for some seconds in the runs 1 and 4, and the appearance of a very weak 

blue light was documented for runs 2 and 3. All runs demonstrated high intensity in the 

electropherograms, and the migration times of the analytes were almost quite similar in 

each run and with each other. From Figure 23, one can note that for the second and third 

run, the peaks were noisier than the first and fourth run and that the migration order was 

not well-defined, possibly due to the pulsation of the spray cone. On the other hand, the 

IPs were better separated in the first and fourth run, with the IP6
2- to have a higher migration 

order than all the IPs, i.e., the IP6
2- appeared first in a more distinct order as it possessed 

higher intensity than the rest of the IPs which would be present in lower appearance order. 

But in the fourth run, the IP5
2- appeared above the IP5

-, while in the first run occurred the 

opposite. The same remark was spotted for the IP4
2- and IP6

-, as the order of the last one 

was lower in the fourth run than that of the IP4
2-. Nevertheless, the pulsation of the spray 

cone seemed to have a greater influence on the analyte peaks than the corona discharge 

phenomena. The addition of the BTP and the HQ in the BGEs provided big improvements 

in the migration order, and the separation of the analytes and especially the BTP, as each 

IP was affected in a different way according to their mobilities and ionic strength by the 

rise in the pH.  

6.6.2 Soil Sample Forest 1 – Soil Sample Forest 2 – Soil Sample Forest 2 and IP6K 

The extracted soil sample named Forest 1, collected on the first sampling day from the first 

sampling spot and dried in a drying oven, and the extracted soil sample named Forest 2, 

which was collected on the next sampling day from the first sampling spot and dried at 

room temperature, were both examined with the CE Method 30NEWKV.M at an applied 

pressure of 30 mbar and with the sheath liquid 9 at a flow of 0.001 mL/min and BGE 2. 

For the first forest sample, the MS Methods 2 and 4 were employed, as both mentioned in 

section 6.3, while for the second forest sample, only the MS Method 4 was used. At all 

three runs, there was a corona discharge with a very intense blue light, and the spray cone 

was constantly flickering, but at the second run, the spray cone was long in shape, and 

some sparks were also observed at the tip of the capillary at the first run beside the blue 

light. Moreover, the CE current in the second run showed considerable lessening, e.g., from 

-8 μA to -22 μA, but aside from that, it was stable at the rest of the runs. These features 

could have contributed to the poor intensity of the signals and the weak to no division of 

the IPs. Nonetheless, as is depicted in Figure 24, the IP1
- (cyan) in the first electropherogram 

could be regarded as somewhat more shifted to the right and detached from the other IPs 

but still overlapping. From the third electropherogram, it looked as if the IP6
2- and IP5

2- 

were trying to obtain a clearer migration order. It should also be noted that the migration 

times were very extended compared to other runs in general.  
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Figure 23. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

and IP4
- (pink) in the extracted soil sample UU132 and phytic acid sodium salt hydrate and IP6K with MS 

Method 5 and BGE 4 (top left), BGE 5 (top right), BGE 11 (bottom left), and BGE 12 (bottom right). 
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Figure 24. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the extracted soil sample Forest 1 with MS Method 

4 (top), and MS Method 2 (middle) and in the extracted soil sample Forest 2 with MS Method 4 (bottom).  
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The difference in the drying methods for the two soil samples did not seem to have much 

impact on the deterioration of the analytes, although it cannot be completely ruled out as 

the repeatability of the results was not reliable.  

As in the soil sample UU132 in the earlier subsection, the sample Forest 2 was spiked with 

the mixture of phytic acid sodium salt hydrate and IP6K in a glass inserter. The pressure at 

the CE Method 30NEWKV.M was 50 mbar, and the sheath liquid was number 9 once again 

at a flow of 0.001 mL/min. Two runs were made where for the first one, the MS Method 4 

was utilized with BGE 4, and for the second one, the MS Method 5 was employed with 

BGE 5. The parameters of the MS methods were as first stated in section 6.3. Both runs 

demonstrated a pretty stable CE current without any disturbances, and their attained signals 

were noisy, although the analyte peaks from the first run were slightly less noisy, as is 

depicted in Figure 25. This minor difference was probably because of the absence of the 

pulsation in the spray cone in the first run, which was not the case for the second experiment 

as the cone was pulsating during the entire run. Furthermore, the two runs did not show 

any corona discharge, and their intensities were quite alike, with the second 

electropherogram to exhibit only a barely higher intensity. Notwithstanding, the IPs were 

eluting within the same migration times with each other in the two signals and the migration 

times for the first run were longer than the ones from the second run, which was expected 

since the pH, their ionic strength, and the EOF were increased, by the presence of the BTP 

in the buffer solution. What was not expected was the fact the BTP would not assist at all 

in the separation of the IPs as it did in the previous runs. Despite the existence of the BTP 

in the buffer in the first run, the migration order was more evident for the second run 

instead. The IP5
2- and IP4

- were overlapping at the first pane, and so were the IP6
- and IP2

- 

and the rest of them. So maybe a higher concentration of BTP was needed in the solution.  

On the whole, daily check-ups of leakages in the connections of the capillaries or the LC 

pump were executed as they could hold a great effect on the backpressure of the pump and 

in the conductivity of the spray and thus to the final outcome of the experiment. The applied 

pressure of 50 mbar in the CE was chosen for most of the runs since it was found to deliver 

more steady signals and CE current, yet it could also be responsible for the overlapping of 

the IPs and the wider signals in some of the electropherograms. A high pressure, though, 

was desired in order to constantly provide the capillary with BGE buffer before its 

components started to wear out. Lastly, the concentrations of the ammonium formate and 

formic acid were altered many times before ending up to the preferred ones, as with low 

concentrations of the electrolytes, the migration times of the IPs could have been even 

longer, and the analyte peaks could again overlap more with each other.   
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Figure 25. MRM panes of the overlapping IP6
2- (blue), IP5

2- (red), IP4
2- (green), IP6

- (gray), IP5
- (light blue), 

IP4
- (pink), IP3

- (dark teal), IP2
- (purple), and IP1

- (cyan) in the extracted soil sample Forest 2 and phytic acid 

sodium salt hydrate and IP6K with MS Method 4 and BGE 4 (top) and with MS Method 5 and BGE 5 

(bottom). 
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7. Conclusion 
 

The pulsation of the spray cone can cause important disruptions in the intensity of the 

signals and how the analytes overlay with each other. The more intense the pulsations, the 

noisier the peaks would be, and the S/N would decrease, resulting in little to no clear 

migration order of the IPs. The corona discharge at the tip of the CE capillary did not 

portray as great influence on the obtained electropherograms as the pulsation of the spray 

cone. The lack of a proper nebulizing gas or a reduced conductivity of the spray could be 

responsible for the low signal intensity and sensitivity and a weaker separation of the 

analytes. The crystal formation on the probe tip or the bubbles inside the capillary could 

also have an effect on the stability of the spray cone and thus at the conductivity and the 

separation. The addition of BTP and HQ in the buffer solution did exhibit some 

improvements regarding the migration order for a few runs, but in the case of the BTP, it 

also led in longer migration times as the pH and the ionic strength increased. The BGE 

solutions 2, 4, 8, and 12, along with the MS methods 4 and 5, showed some promising 

results as well as the CE Method 30NEWKV.M at an applied pressure of 50 mbar, with 

maybe slight future improvements. The sheath liquid number 9 regulated at a steady flow 

rate of 1 μL/min provided with repeatable results. As for the extracted soil samples, the 

BGE 4 and MS Method 5 delivered quite satisfying and promising findings. However, due 

to the constant pulsation of the spray cone in a large number of runs, the manual adjustment 

of the position of the CE capillary tip in the probe, and the many random errors that 

appeared during the project, probably from the extensive usage of the instruments, the 

repeatability of the methods cannot be considered as reliable.   

 

 

8. Future Perspective 
 

One main concern when using CE lies in its weak reproducibility, and the most important 

issue with an ESI instrument is maintaining a stable spray. As such, obtaining long-

standing results is a part that concerns many scientists.  

Improving the composition of the BGE or finding the appropriate concentration for each 

of its components could have a better impact on the ion suppression and to the overall 

signals since it is an important parameter to the method.  

Better possible settings and combinations between the different parameters of the MS 

system along with an optimal flow rate of the make-up liquid could lead to a more 

satisfying and stable spray cone that would not affect the stability of the CE current and 

that in turn the strength of the analyte ions.  



50 

 

Another factor that could be worth examining is the influence of various extraction 

techniques or media on the performance of the CE, and whether the extraction efficiency 

and selectivity can be improved. 

One step to improve the method could be the usage of diverse separation methods in 

combination with other dimensions and types of coated and uncoated capillaries and 

columns in order to check the influence of those on the EOF.  

Lastly, improvement of the separation of the IPs and the reproducibility might be achieved 

by using a more suitable internal standard or even high-resolution instruments like High-

Performance Liquid Chromatography (HPLC) with HILIC (Hydrophilic Interaction Liquid 

Chromatography) column or IC (Ion Chromatography) column.  
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