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1 Introduction 

Hydrophilic interaction chromatography(HILIC) is a technique that is useful for the separation of 

polar or ionized solutes, which may have limited retention in reversed-phase(RP) HPLC [1]. It has 

become a preferred technique in many life science fields involving separation of polar compounds 

such as metabolomics, proteomics, pharmaceuticals [2] and toxins [3] nowadays. Basically, the dif-

ference between HILIC and RP-HPLC is the stationary phase used. A hydrophilic stationary phase is 

used in HILIC and the strong member of the mobile phase is water, combined with a water-miscible 

organic solvent such as acetonitrile in ratios up to 40 volume-% water. For RP-HPLC, a hydrophobic 

stationary phase is used in combination with a partly aqueous mobile phase where a water-miscib-

le organic solvent acts as the strong eluent member. In RP mode, really polar compounds are hardly 

retained and HILIC is consequently more suitable if retention for hydrophilic compounds is needed. 

This explains why HILIC has attracted increasing attention in recent years [4]. 

As mentioned above, HILIC is based on the use of a polar bonded phase column in conjunction with 

an eluent rich in a water-miscible organic solvent that contains a low content of water (>2.5%) [5]. 

When determining which solvent to use in HILIC, it should be based on the selectivity, the ability to 

dissolve polar solutes, its viscosity, and compatibility with the detection principle used [6]. Aceto-

nitrile is chosen as a solvent for HILIC as it an aprotic solvent that offers a selectivity dimension that 

is complementary to water. It also has the lowest viscosity of all applicable water-miscible solvents, 

a sufficient ability to dissolve most polar solutes at analytical concentrations, and transparency in 

practically the entire ultraviolet spectral range accessible with liquid chromatographic detectors. 

Addition of electrolytes to the mobile phase can alter the retention and the selectivity especially for 

solutes that undergo protonation and/or dissociation equilibria and exist partly or entirely in ionic 

form [7]. There is a consensus that ions from electrolytes added to the eluent are preferentially par-

titioned into the water-enriched layer, where they are involved in the retention of analytes. Among 

electrolytes that can be added to acetonitrile/water mixtures, ammonium acetate is recommended 

as a good example for some reasons. Firstly, is it is well soluble in acetonitrile, but more important-

ly, ammonium acetate provides the best results in selectivity and reproducibility in the separation 

of polar compounds when using HILIC [8]. As a volatile salt, it is also compatible with MS detection. 

In HILIC, as in other forms of liquid chromatography, the separation of a mixture into its compo-

nents depends on different degrees of retention of each component in the column. The extent to 

which a component is retained in the column is determined by its distribution between the liquid 

mobile phase and the stationary phases. A separation based on the polarities of the compounds and 

the degree of dissolution take place; the more hydrophilic the analyte is, the more the distribution 

equilibrium is shifted towards the stationary phase (the analyte is retained more strongly) [9]. It is 

known that the retention process in liquid chromatography depends strongly on the functional 

groups on the stationary phase surface [10]. The stationary phase in HILIC is usually a solid of a 

polar nature such as particles of hydrated bare silica or silica functionalized with various polar 

ligands or gel layers. Highly polar compounds can be retained on bare silica when eluted with con-

centrated aqueous solutions of organic solvents, but the silica-based columns used in the experi-

ments reported here are all having functional groups of different nature. The presence of functional 

groups can also cause differences in adsorption of water and acetonitrile from the mobile phase.  

In the experiments accounted for below, the aim was to determine the partitioning of ions from an 

electrolyte present in the eluent into the water enriched layer on the stationary phases, using three 

columns with different functional groups. The actual amount of ions on the stationary phase was 

also calculated.  
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2 Theory 

2.1 Hold-up volume 

The system hold-up volume is defined as the volume of mobile phase contained within the chroma-

tographic system between the injector and the detector [11]. The system hold-up volume is not 

equal to the column hold-up volume, which is the volume of mobile phase contained only inside the 

column. A connector was replaced to the column in order to find the retention time corresponding 

to the system void. When calculating the retention volume, 𝑉𝑅 , only the column hold-up volume is 

counted. Thus, 𝑉𝑅 is refined as the corrected retention volume, 𝑉𝑅
∗ 

𝑉𝑅
∗ = 𝑉𝑅 − 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑜𝑖𝑑 (1) 

2.2 The water-enriched layer 

Partitioning of the analyte between the polar mobile phase and the water-enriched layer partially 

immobilized on the stationary phase is regarded as the main retention mechanism in HILIC [1]. The 

volume within the column, 𝑉𝑡𝑜𝑡𝑎𝑙, can be measured by pycnometry [12]. This method is based on 

measuring the 𝑉𝑡𝑜𝑡𝑎𝑙 by weighing the column with solvents of different, known densities. A common 

way to determine the column hold-up volume, 𝑉𝑀, is to inject toluene and then determine its time of 

appearance at the detector, 𝑉𝑡𝑜𝑙𝑢𝑒𝑛𝑒. Since toluene is a hydrophobic organic compound, its partitio-

ning into the water enriched layer will be minimal and should hence have a value of 𝑘 close to zero. 

The column hold-up volume is thus determined as 

𝑉𝑀 = (𝑉𝑡𝑜𝑙𝑢𝑒𝑛𝑒 − 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 𝑣𝑜𝑖𝑑) × 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (2) 

Since Vtotal = Vs +Vm, the water-enriched layer, 𝑉𝑆, can be determined by 

𝑉𝑠 = 𝑉𝑡𝑜𝑡𝑎𝑙 + 𝑉𝑀 (3) 

2.3 Method to calculate water content and concentration of salt ions accumulated 
in the water enriched layer 

According to theory of chromatography [13], the retention factor 𝑘 of a solute is equal to, 

𝑘 =
𝐶𝑆 × 𝑉𝑆

𝐶𝑀 × 𝑉𝑀
=

𝑉𝑅
∗ − 𝑉𝑀

𝑉𝑀
 (4) 

Therefore the concentration of that solute in stationary phase can be calculated as 

𝐶𝑆 =
𝐶𝑀 × (𝑉𝑅

∗ − 𝑉𝑀)

𝑉𝑆
 (5) 

In the scope of this experiment, we aimed to determine the retention of ions from the added elec-

trolyte on the stationary phase. Therefore, we can compare the effect of the columns by comparing 

the 𝐶𝑆 values, which refer to the concentrations of ions retained by the stationary phase.  

http://www.sciencedirect.com/science/article/pii/S0021967312002907#bib0010
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3 Experimental 

3.1 Instrumentation 

A Hewlett-Packard (presently Agilent; Palo Alto, CA, USA) model 1050 HPLC system was used in the 

experiments. The system included a quaternary eluent pump, an autosampler, and a diode array UV 

detector. A conductometric detector and a refractive index detector were also connected to the 

system. The UV detector was set to the optimized wavelength (214 nm). The conductometric 

detector was operated at a constant temperature of 35 °C . Signals were collected from the UV 

detector, the conductometric detector, and the RI detector. 

3.2 Mobile phase preparation 

In this experiment, all separations used mobile phases with same solvent compositions. Three diffe-

rent ammonium acetate concentrations were chosen, as shown in Table 1. 

Table 1. Mobile phase compositions. 

Mobile phase 
Acetonitrile Water Ammonium acetate 

(% v/v) (% v/v) (mM) 

1 80 20 5 

2 80 20 20 

3 80 20 40 

3.3 The stationary phases 

Three types of commercial columns listed in Table 2 were tested. Each column was chosen based on 

the functional structure of the interactive layer and on its charge, and all were tested with the above 

mobile phase conditions. The tested columns were ZIC-cHILIC (zwitterionic)  and Purospher STAR 

NH2 (anion exchange) from Merck (Darmstadt, FRG), and Atlantic HILIC Silica (cation exchange) 

from Waters (Billingham, MA, USA). Finally the columns were compared to reveal the effect of the 

eluent electrolyte concentrations and the amount of ions retained on the column was determined. 

Table 2. Parameters of the tested polar separation columns 

Brand name Manufacturer Support Functionality 
Particle size Pore size 

Column size1) µm Å 

ZIC-cHILIC Merck Silica Polymeric phosphocholine 
zwitterionic 

5 152 150 x 4.6 

Atlantic HILIC Silica Waters Silica Underivatized 5 123 100 x 4.6 

Purospher STAR NH2 Merck Silica 3-Aminopropyl 5 160 125 x 4 

1) Column dimensions are given as length x diameter in mm. 

3.4 Sample preparation and testing 

Sample solutions of toluene, water, acetonitrile, ammonia, acetic acid, and ammonium acetate were 

prepared separately by diluting the pure substances or stock solution of those in mobile phase. 

Three sets consisting of in total 18 sample solutions were prepared with the compositions listed in 

Table 3. Each set of sample represent a designated concentration of mobile phase. For each mobile 

phase testing condition, aliquots of 5 µL of samples diluted in the corresponding mobile phase were 

injected after the column had been equilibrated with the corresponding mobile phase: The mobile 

phase was pumped at a flow rate of 0.5 ml/min. To ensure accuracy, the samples were injected 

three times and its average retention time was noted. Thus, 𝑉𝑀, 𝑉𝑆, and 𝑉𝑅 could be calculated. 
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Table 3. Concentrations of testing samples used at different mobile phase conditions.a) 

Samples 
Concentration of testing samples used for respective mobile phase conditions 

1(b) 2(b) 3(b) 

Toluene 100 ppm 100 ppm 100 ppm 

Water 2.5 % 2.5 % 2.5 % 

Acetonitrile 10 % 10 % 10 % 

Ammonia 2 mg/g 2 mg/g 5 mg/g 

Acetic acid 1 mg/g 1 mg/g 3 mg/g 

Ammonium acetate 1 mg/g 1 mg/g 3 mg/g 

a) Concentrations were volume by volume for toluene, water and acetonitrile samples and were weight by weight for ammonia, acetic 
acid, ammonium acetate samples.  

b) Mobile phase numbers was denoted as same as in Table 1.  

3.5 Determination of system void volume 

In this experiment, the column was replaced by a zero dead volume union. The void volume of the 
HPLC system was thereafter determined based on retention time of ammonium acetate when it was 
injected into the above system. Ammonium acetate was chosen for this measurement as it could be 
detected by all three detectors in the system.  

4 Results and Discussion 

4.1 The minor disturbance method 

The minor disturbance method is based on measurement of the excess adsorption isotherms onto 
the surface of a stationary phase. The polar functional groups have different adsorption when the 
mobile phase composition is changed. The excess adsorption on the stationary phase showed up as 
retained peaks in the chromatograms. Figures 1 to 5 are examples of five different injections, from 
which the adsorption isotherms are determined by the minor disturbance method. 

 

Figure 1. Chromatogram from the injection of water on the ZIC-cHILIC column. Mobile phase: 
80:20 (v/v) ACN/5 mM ammonium acetate buffer. Flow rate: 0.5 mL/min. RI detection. 
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Figure 2. Chromatogram from the injection of acetonitrile on the ZIC-cHILIC column. Mobile 
phase: 80:20 (v/v) ACN/5 mM ammonium acetate buffer. Flow rate: 0.5 mL/min. RI detection. 

 

Figure 3. Chromatogram from the injection of acetic acid on the ZIC-cHILIC column. Mobile phase: 
80:20 (v/v) ACN/5 mM ammonium acetate buffer. Flow rate: 0.5 mL/min. Conductometric detection. 
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Figure 4. Chromatogram from the injection of ammonium acetate on the ZIC-cHILIC column. Mobile phase: 
80:20 (v/v) ACN/5 mM ammonium acetate buffer. Flow rate: 0.5 mL/min. Conductometric detection. 

 

Figure 5. Chromatogram from the injection of ammonia on the ZIC-cHILIC column. Mobile phase: 
80:20 (v/v) ACN/5 mM ammonium acetate buffer. Flow rate: 0.5 mL/min. Conductometric detection. 

 

The RI detector showed more sensitivity toward the change of solvent composition in the mobile 
phase and thus it was employed to detect the solvent disturbance peaks. Whereas conductivity 
detector was more sensitive to the change of ionic component in the mobile phase and thus it was 
employed to detect the disturbance peaks when injected enriched samples of salt ions.   

The retention time of each peak was noted. The first step to do with the retention time was to 
calculate to the retention volume(𝑉𝑅) by multiplying retention time with the flow rate of mobile 
phase. Note that the aim of the experiment was to determine the partitioning of ions from 
electrolyte present in the eluent into the water enriched layer on the stationary phases, it is 
therefore the retention volume of system void had to be deduced during the calculations. The 
column hold up volume (𝑉𝑀) and  volume of the water enriched layer(VS) were then calculated 
using  Vtotal of the columns obtained from previous study by Phuoc Dinh and the retention volume of 
toluene on retention volume of toluene according to equation (2) and equation (3) in section 2.2. 
The water sample and acetonitrile samples gave disturbance peaks at the same retention but the 
peak was positive for water sample and negative for acetonitrile sample. This was in agreement 
with previous study by Gritti el al. [14]. The average of corrected retention volume of minor 
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disturbance peak when injecting water and acetonitrile samples were used to calculate the 
percentage of water in the water enriched layer according to equation 5 in section 2.3. The 
corrected retention volume of disturbance peaks when injecting ammonia and acetic sample was 
used to calculated the concentration of ammonium ion and acetate ion in water enriched layer, 
respectively. 

4.2 Water adsorption 

 

Figure 6. Effect of electrolyte concentration on water adsorption. 

The effect of electrolyte concentration on the stationary phase was presented as water adsorption 
percentage in figure 6. It shows an increasing relationship between the water adsorption 
percentage and the concentration of salt in the mobile phase. For all three columns, there was an 
increase of water adsorption while the Atlantic HILIC Silica column shows the highest increase in 
percentage. The increase in the water adsorption percentage in each column was mainly due to the 
concentration of ions; when the salt concentration was increased (from 5 to 40 mM), it will increase 
the concentration of ions on the stationary phase. This is the reason why more water uptake is 
needed to the stationary phase in the presence of higher electrolyte concentration. It shows an 
increase of ammonium acetate concentration in mobile phase can increase the water adsorption 
percentage. That could means the stationary phase would become more polar when mobile phase 
containing higher salt concentration was used and that would result to a longer retention of polar 
analytes.  

 
Figure 7. The absolute water adsorption. 
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Besides, the amount of water absorbed (in grams) on the stationary phase was calculated.  The 
water adsorption was measured by the water adsorption percentage(from figure 6) multiply the 
volume within the water enriched layer(VS). The calculated value is the absorbed water volume in 
the water enriched layer. It shows the ZIC-cHILIC column contains the highest water content at all 
the salt concentration level in the mobile phase. The amino column and the Atlantic HILIC Silica 
column had similar water adsorption in general. 

4.3 Acetate ion adsorption 

 

 
Figure 8. Effect of increased salt concentration on acetate ion adsorption. 

The concentration of acetate ions in the water-enriched layer increased with increasing 
concentration of salt in the mobile phase. Among the three columns, the Purospher STAR NH2 
column showed a significantly higher adsorption of acetate ions; twice the adsorption compared to 
the other two columns. Moreover, the amino column had a higher increasing rate of acetate ion 
adsorption at a  higher concentration of salt in the mobile phase.  This can be explained by its 
functional group of the column. Since only the amino column can attain a positive charge, it attracts 
negatively charged acetate ions to maintain local charge balance.  
At higher ammonium acetate concentrations in the mobile phase, more acetate ions are retained by 
the stationary phase. On the contrary, the negatively charged columns will cause repulsion of 
acetate ions instead. 
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Figure 9. The absolute amount of acetate ions in the columns. 

Figure 9 shows the absolute amounts of acetate ions (in moles) retained by the stationary phases. 
The amino column, which had the highest ion adsorption in Figure 8, also contained the highest 
absolute amount of acetate ions. The Atlantic HILIC Silica column had the lowest number of moles 
of acetate ions, which is explained by its smallest column size, comparatively. When its absolute 
amount of acetate ions is calculated, the Atlantic HILIC Silica showed the lowest amount of acetate 
ions retained in the water enriched layer.  

4.4 Ammonium ion adsorption 

 
Figure 10. Effect of ammonium acetate concentration on ammonium ion adsorption. 

According to Figure 10, the Atlantic HILIC Silica column showed the highest adsorption effect of 
ammonium ions, with a four times increase in the concentration of ammonium ions in the water 
enriched layer on changing from 5  to 20 mM ammonium acetate in the eluent. At this level, the 
enrichment seemed to be saturated and on further increase from 20 to 40 mM, the concentration of 
ammonium ions stayed constant. Since the Atlantic HILIC Silica column has a negative charge under 
the tested pH, it can attract positively charged ammonium ions and retain these in the water 
enriched layer.  
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The ZIC-cHILIC column and Purospher STAR NH2 column had an increasing ammonium ions 
adsorption effect. Both columns showed an increase and reached the highest in concentration of 
ammonium in the water enriched layer with the increased ammonium acetate in mobile phase. It 
means that both columns can absorb more ammonium ions at a higher ammonium acetate 
concentrations in the mobile phase.  

 

 
Figure11. The absolute amount of ammonium ions in the columns. 

At a lower ammonium acetate concentration levels of 5 and 20 mM, the ZIC-cHILIC and Atlantic 
HILIC Silica columns retained relatively higher absolute amounts of ammonium ions. When the salt 
concentration was increased to 40 mM, the ZIC-cHILIC column showed the highest amount of 
ammonium ions, with a retained amount of ammonium ions twice the amount of the Purospher 
STAR NH2 and Atlantic HILIC Silica columns. These two columns had the similar amounts of 
ammonium ions retained at a salt concentration of 40 mM in mobile phase.  

4.5 Relationship between ammonium and acetate adsorption 

 
Figure 12. Concentration difference between ammonium and acetate ions in water enriched layer. 

Figure 12 shows the subtraction values in terms of concentration of ammonium ions to acetate ions 
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positive values while the Purospher STAR NH2 column have negative values at ammonium acetate 
concentrations 5 and 20 mM. It shows the ZIC-cHILIC and Atlantic HILIC Silica columns absorb 
more ammonium ions than the acetate ions in the water enriched layer. Since the amino column is 
positively charged, it had not preference for the ammonium ions. This column absorbs more acetate 
ions than ammonium ions instead. 

 

Table 3. Ammonium ions to acetate ions enrichment factor. 

Phase 
CS (NH4+) / CS (CH3COO–) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 3 2 2 

Atlantic HILIC Silica 6 2 2 

Purospher STAR NH2 0 0 1 

The highest ratio of ammonium ions to acetate ions was seen at the lowest concentration of 
ammonium acetate in the mobile phase (5 mM). It means that the columns favor ammonium 
adsorption over acetate adsorption. The Atlantic HILIC Silica column showed the greatest 
ammonium ion enrichment, with a retained amount of ammonium ions six times higher than 
acetate ions. The ZIC-cHILIC column had an ammonium:acetate enrichment factor of three times. At 
the higher concentrations of ammonium acetate in the mobile phase (20 and 40 mM), the relative 
enrichment of ammonium ion over acetate ion was smaller. 
It can be concluded that ammonium ions are preferentially absorbed on the ZIC-cHILIC and Atlantic 
HILIC Silica columns but not on the amino column, an effect that is attributed to the positive charge 
of the amino column. This preferential sorption of ammonium ions over acetate ions was also 
greater at the lower of the tested the ammonium acetate concentrations in the mobile phase. 

5 Conclusions 

The salt and water adsorption on HILIC stationary phases were successfully determined by using 
the minor disturbance method. The preferential adsorption of ammonium and acetate ions were 
studied and the nature of the stationary phase was found to be an important factor for the 
preferential adsorption of ammonium and acetate ions. The results show that an increasing 
concentration of ammonium acetate in the mobile phase leads to increased retention of ions in the 
water enriched layer for all the stationary phases, and that the phases with net negative charge had 
a preferential enrichment of ammonium ions over acetate ions in the water-enriched layer, a 
selectivity that decreased as the concentration of ammonium acetate was increased. This 
preferential sorption was absent on the positively charged Purospher STAR NH2 column. 
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8 Appendix 

Table 1. Calculations of VM. 

1) Concentrations given are ammonium acetate in the eluent. 

Table 2. Calculations of VS. 

Phase  
Vtotal  VS (mL) 1) 

mL  5 mM 20 mM 40 mM 

ZIC-cHILIC 1.92  0.49 0.53 0.75 

Atlantic HILIC Silica 1.35  0.34 0.20 0.34 

Purospher STAR NH2 1.32  0.26 0.28 0.39 

1) Concentrations given are ammonium acetate in the eluent. 

Table 3. Concentration of water adsorption.  

 Phase 
VR* (mL) 1)  CS (mM) 1) 

5 mM 20 mM 40 mM  5 mM 20 mM 40 mM 

ZIC-cHILIC 2.16 2.25 2.58  30 32 38 

Atlantic HILIC Silica 1.53 1.67 2.06  31 52 62 

Purospher STAR 
NH2 1.51 1.59 1.82 

 
34 40 45 

1) Concentrations given are ammonium acetate in the eluent. 

Table 4. Acetate ion concentration in the water enriched layer. 

Phase 
Ammonium acetate concentration in the eluent (mM) 1) 2) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 64 ± 1 270 ± 17 371 ± 52 

Atlantic HILIC 
Silica 40 ± 3 379 ± 4  508 ± 14 

Purospher STAR 
NH2 480 ± 76 619 ± 79 816 ± 44 

1) Concentrations given are ammonium acetate in the eluent. 2) Mean ± uncertainty at at probability of 0.95. 

Table 5. Ammonium ion concentration in the water enriched layer. 

Phase 
Ammonium acetate concentration in the eluent(mM) 1) 2) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 218 ± 18 406 ± 5  812 ± 86 

Atlantic HILIC 
Silica 250 ± 7  938 ± 22 897 ± 85 

Purospher STAR 
NH2 52 ± 1 267 ± 29 826 ± 42 

1) Concentrations given are ammonium acetate in the eluent. 2) Mean ± uncertainty at at probability of 0.95. 

 Phase 
Flow rate tR system void  tR toulene (min) 1)  VM (mL) 1) 

(ml/min) (min)  5 mM 20 mM 40 mM  5 mM 20 mM 40 mM 

ZIC-cHILIC 0.5 0.106  2.97 2.88 2.45  1.43 1.39 1.17 

Atlantic HILIC 
Silica 0.5 0.106 

 
2.13 2.41 2.14 

 
1.01 1.15 1.02 

Purospher 
STAR NH2 0.5 0.106 

 
2.23 2.20 1.96 

 
1.06 1.05 0.93 
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Table 6. Absolute amount of water in the water-enriched layer. 

Phase 
Ammonium acetate concentration in the eluent 1) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 0.15 0.17 0.28 

Atlantic HILIC Silica 0.10 0.10 0.21 

Purospher STAR NH2 0.09 0.11 0.18 

1) Values are given in grams of water in the column. 

Table 7. Absolute amount of acetate ions in the water enriched layer. 

Phase  
Ammonium acetate concentration in the eluent 1) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 31 144 278 

Atlantic HILIC Silica 14 75 170 

Purospher STAR NH2 124 170 319 

1) Amounts are given in µmoles. 

Table 8. Absolute amount of ammonium ions in the water enriched layer. 

Phase  
Ammonium acetate concentration in the eluent 1) 

5 mM 20 mM 40 mM 

ZIC-cHILIC 107 217 609 

Atlantic HILIC Silica 85 186 300 

Purospher STAR NH2 14 74 323 

1) Amounts are given in µmoles. 

Table 9. Preferential enrichment of ammonium and acetate ions in the water enriched layer. 

Phase 
CS (NH4+) – CS (CH3COO–)  CS (NH4+) / CS (CH3COO–) 

5 mM 20 mM 40 mM  5 mM 20 mM 40 mM 

ZIC-cHILIC 154 136 441  3 2 2 

Atlantic HILIC Silica 210 558 389  6 2 2 

Purospher STAR NH2 -428 -352 9  0 0 1 

1) Amounts are given in µmoles. 

Table 10. Determination of the system void volume from the detectors. 

Injection 
System void volume (mL) 

UV Conductometric  RI 

1 0.05 0.67 0.19 

2 0.05 0.67 0.19 

3 0.05 0.66 0.20 

 


