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ABSTRACT: The molecular interactions on a water-ice surface are involved in the phenomena occurring 
in global environments, and thus, the elucidation of the physicochemical properties of water-ice is not only 
of fundamental interest but also of geological and meteorological importance. We have successfully 
probed the properties of a water-ice surface by “ice chromatography”, in which ice particles are used as a 
stationary phase in liquid chromatography. In ice chromatography, solutes can be adsorbed on the ice 
surface via hydrogen bonds and/or dissolved into a quasi-liquid layer (QLL). The solutes having more 
than two polar groups are strongly adsorbed on ice by hydrogen bonds and their structural difference 
results in different retention times. We can thus extract the information about the solute interaction with 
the ice surface. When the temperature is higher than a particular point, which is determined by 
experimental conditions such as the composition of the mobile phase, QLL grows on the water-ice 
surface, and the partition of a solute into QLL becomes a dominant retention mechanism. We have 
estimated the thickness of QLL to be a few tens of nm from ice chromatographic measurements. Ice 
chromatography is thus a unique method capable of probing liquid/water-ice interfaces that are difficult to 
study by other methods.  
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1.  INTRODUCTION  
 

The physicochemical property of water-ice 
is of great interest to many scientists because of 
its involvement in various phenomena in the global 
environment and industry. Most of them are 
related to the molecular interaction occurring on 
the ice surface. For example, anti-freeze proteins 
are adsorbed on the ice surface and prevent the 
growth of ice crystals in biological cells (Mao and 
Ba, 2006); the ozone-depletion in the stratosphere 
is initiated by a reaction on the ice surface 
(Fluckiger et al., 2000). The surface of water-ice 
has been studied by a number of approaches, in 
which physical probes are usually employed, and 
ice is often placed under vacuum due to the 
experimental restriction. We have devised ice 
chromatography, in which ice particles are used as 
a chromatographic stationary phase (Tasaki and 
Okada, 2006). This method has allowed us to 
study the ice/liquid interface while most of other 
techniques have dealt with ice/vapor interfaces. 
One of the major findings with ice 
chromatographic measurements is that the 
adsorption of a molecule on the water-ice surface 

occurs by the simultaneous formation of more than 
one hydrogen bonds (Tasaki and Okada, 2006, 
2008a). Another interesting phenomenon is 
surface melting of water-ice. Although various 
surface-selective methods have been applied to 
elucidate this issue, it is still debated whether the 
surface of water-ice is a real solid or liquid-like. In 
this regards, ice chromatography has revealed 
that quasi-liquid layer is developed at the water-
ice/liquid interface at the temperature depending 
on the type and property of the liquid (Tasaki and 
Okada, 2008b, 2008c). 

Ice chromatography is not only an efficient 
probe of the water-ice surface but also an 
ecological separation tool. Water is one of the 
most nonhazardous materials, and has been 
utilized in a wide variety of chemical disciplines 
such as synthetic chemistry and separation 
science (Perchyonok et al., 2008; Vogel et al., 
2007). However, water-ice as an ecological solid-
material has not received much attention from 
green chemists nor separation scientists. We have 
found that water-ice can be an efficient 
chromatographic stationary phase and various 
separations are feasible. In this paper, these 
features of ice chromatography are demonstrated. 

 
2.  CHROMATOGRAPHY 
 

Chromatography has been widely used for 
an analytical separation and preparative isolation 
of various materials. The affinity of a solute to the 
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stationary phase plays a key role for separation. 
The system with a liquid or solution as a mobile 
phase is called liquid chromatography (LC), and 
stationary phase in LC is usually a solid material 
such as silica gel and alumina. Solutes move 
forward through the packed-column at the rate 
depending on their affinity to the stationary phase. 
Thus they are retained in the column for different 
times, which are termed retention times (tR). A 
retention factor, k, is useful to discuss solute 
retention,  
   k= (tR-t0)/t0          (1) 
where t0 is the time required for a non-retained 
solute to be eluted from the column. Eq. (1) means 
that k is indicative of the degree of interaction of a 
solute on the water-ice surface in chromatography. 
Furthermore, k can be described with a partition 
coefficient Kd(=cm/cs), which is the ration of the 
solute concentration between the mobile phase 
(cm) and the stationary phase (cs), 
          k= (Vm/Vs) ·Kd       (2) 
where Vs and Vm are the volumes of the stationary 
phase and the mobile phase in the column, 
respectively. When ice chromatographic retention 
is determined by partition mechanism, we can 
evaluate the nature and volume of the stationary 
liquid phase in this way.  

 
3.  EXPERIMENTAL 
 

The chromatographic system is illustrated 
in Figure 1, which is composed of a Tosoh HPLC 
pump Model DP-8020(a), a Rheodyne injection 
valve equipped with a 100 µL sample loop(b), a 
Shimadzu multichannel photodiode array detector 
Model SPD-M10AVP or a JASCO fluorescence 
detector Model FP-2020 Plus(c), and a Thermo 
SCIENTIFIC low-temperature bath Model HAAKE 
Phoenix II P1-C41P(d).   

Water-ice particles were prepared by 
introducing water droplets into liquid nitrogen. 
Water droplets were produced by two methods, i.e. 
with a glass-made nebulizer and with an 
ultrasound humidifier. The preparation of water-ice 
particles with the nebulizer was the same as 
previously reported (Tasaki and Okada, 2006, 
2008a and 2008b). Ice particles with the sizes 
smaller than 75 µm were collected by sieving and 
were put into a PEEK column (7.5 mm i.d×150 mm 
length) immersed in liquid nitrogen, and lightly 
tapped down with a PTFE rod. This stationary 
phase was used mainly for fundamental studies. 
An ultrasound humidifier allowed the preparation 
of finer water ice particles (the diameters of 
10~20µm). The ice particles dispersed in liquid 
nitrogen were put in a stainless-made 

chromatographic  packer  (volume=40cm3) 
connected to the PEEK column, and then the 
entrance of the packer was closed with a plug. 
The vaporization of liquid nitrogen allowed tight 
packing of ice particles into the column. A salt 
solution was also used for ice stationary phase 
preparation to study an effect of an added salt on 
the shape and size-distribution of ice particles. 
The stationary phase prepared with the ultrasonic 
humidifier was used to study separation efficiency 
of ice chromatography. The packed column was 
immersed in the low temperature bath maintained 
at -10.0°C unless otherwise stated. An operation 
temperature was measured just outside of the 
column with a digital thermometer equipped with 
Pt-100 thermoresister; the temperature fluctuation 
was smaller than 0.1 °C.  

Hexane containing tetrahydrofuran (THF) 
or diethylether (DEE) as a polar modifier was used 
as a mobile phase. The water content in the 
mobile phase was lower than the detection limit of 
the Karl-Fisher titration. The concentrations of 
solutes (depicted in the Chart) were 10-100 µM. 
Monodispersed 
polyoxyethylene(p)nonylphenylethers (p; the 
number of repeating oxyethylene units), denoted 
as POE(p)-NPE, were isolated from a 
polydispersed material (the average number of 
repeating oxyethylene units was 5) by HPLC and 
were assigned by mass spectrometry. 
 
4.  RESULTS AND DISCUSSION 
 
4.1 Adsorption of solutes on ice surface 
 

In previous paper, we indicated that a 
solute can be adsorbed on the surface active site 
of the water-ice stationary phase (Tasaki and 
Okada, 2006). There are two types of adsorption 
site on the ice surface, -O- and -OH site, as 
depicted in Figure 2. The compounds having more 
than one polar groups were well retained on the 
water-ice stationary phase. This retention 
characteristic can be explained by hydrogen-
bonding formation as a dominant molecular  

Figure 1:   Ice chromatographic system. 
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interaction taking place on water-ice at low 
temperature. The retention interaction of solutes 
depends on their structure; e.g. polyethers can 
interact with the -OH dangling bonds, while 
phenols can form the hydrogen bonds both with 
the -O- and the -OH site on the water-ice surface 
as depicted in Figure 2. The number of the polar 
groups in a molecule is strongly related to its 
retention ability. For example, the retention of 
POE(p)-NPE oligomers depends on the number of 
the oxyethylene groups. Figure 3 show a 
chromatogram of POE(p)-NPE, p=3~5, indicating 
that the solute retention is enhanced with 
increasing number of polar groups contained in a 
solute molecule.  

Similar to conventional LC, solute 
retention in ice chromatography can be modified 
by adding a polar component into the mobile 
phase (Tasaki and Okada, 2008a). Figure 4 shows 
the dependences of k for some solutes on the 
concentration of the polar component added in the 
mobile phase. Decreases in k with increasing the 
concentration of a polar component can be 
interpreted by the competitive adsorption between 
the solutes and the polar component in the mobile 
phase.  

We indicated in our previous work that the 
hydrogen bond formation of solutes dominantly 

occurs on the -OH sites in most cases; it is thus 
reasonable to assume the competitive adsorption 
to the -OH sites (Tasaki and Okada, 2008a). This 
assumption has allowed the derivation of Eq.(3), 
which represents the retention factor (k) as a 
function of several parameters, 

(3)
 

 
where KPC and KS are the adsorption constants for 
a polar component (PC) and a solute on the ice 
surface, respectively, n is the number of the -OH 
sites required for the solute retention (alternatively, 
the number of hydrogen bonds simultaneously 
formed between the solute and the water-ice 
surface), A is the surface area of the stationary 

Figure 2:    Schematic illustration of water-ice 
crystalline Ih. Basal plane (0001) and (101

_

0) are 
depicted. Possible interaction both with polyether 
(left) and phenol (right) are indicated. Black 
spheres indicate the atoms which have dangling 
bond, called OH site and O site. 

Figure 3:   Chromatogram of POE(p)NPE, p=3,4 
and 5. Mobile phase, 3%DEE in hexane. 
Detection, UV(275nm). Temperature, -5°C. 
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phase, V is the void volume of the column, and  
Γ tΟΗ is the total surface concentration of the OH 
sites. When KPC[PC] > 1, the logarithmic form of 
Eq.(3) implies that the log k - log[PC] plot is linear 
and its slope is equal to n. Table 1 lists n for 
several solute compounds with DEE as a polar 
additive.   For hydroquinone and resorcinol, n is 
almost equal to two. This possibly validates the 
present model, because two polar groups are 
contained in each solute molecule.  For other 
solutes, n ranges from 1.5 to 3, indicating that the 
interaction of the solute with the water-ice surface 
mostly occurs through two to three hydrogen 
bonds. A solute with one polar group in a molecule 
showed very weak or no retention (results are not 
shown). Thus, simultaneous hydrogen bond 
formation is required for measurable retention. 
Although the retention ability is, in general, 
enhanced with increasing number of polar groups 
contained in a solute molecule as stated above, 
the simultaneous formation of more than two 
hydrogen bonds rarely occurs.   
 
4.2 Quasi-liquid layer on ice surface 
 

Surface premelting occurs on the solid 
surface below its melting point. The premelting 
phase is called as a quasi-liquid layer(QLL) 
because its structure is intermediate between a 
solid and liquid. The QLL on the water-ice surface 
is ubiquitous on the earth and is involved in 
various natural phenomena such as the frost 
heave, the growth of snow crystals and the 

generation of thunderstorm etc (Dash et al., 2006). 
Apart from these natural processes, the QLL on 
water-ice is of fundamental interest and has been 
studied by various techniques such as IR 
(Sadchenko and Ewing, 2002), AFM 
(Doppenschmidt and Butt, 2000), NMR (Ishizaki et 
al., 1996), helium back-scattering (Suter et al., 
2006), and MD simulation (Ikeda-Fukazawa and 
Kawamura, 2004). It is a general consensus that 
the QLL begins to grow at a particular temperature 
and becomes thicker as the temperature of water-
ice increases. 

We confirmed that the QLL does not affect 
ice chromatographic retention of a solute at 
temperatures of <-5˚C; the solute retention can be 
interpreted in terms of the hydrogen-bonding 
formation. However, careful measurements at 
higher temperatures have indicated that the QLL is 
developed on the surface of the water-ice 
stationary phase (Tasaki and Okada, 2008b). It 
was also indicated that the growth of the QLL is 
facilitated by the coexistence of a polar component 
(THF or DEE) in the mobile phase, which is 
dissolved into the QLL developed on the water-ice 
surface. The involvement of THF (or DEE) in the 
QLL facilitates the premelting of the ice surface 
and results in the formation of a water/THF (or 
DEE) mixed solvent layer, which is hereinafter 
named the two-component quasi-liquid layer (TC-
QLL). Observation of the TC-QLL has first been 
realized by ice chromatography, where the ice 
surface is in contact with liquid. Ice 
chromatography is thus a significant surface 
analysis tool. The most important parameter 
affecting the development of TC-QLL is 
temperature. Figure 5 shows the temperature 
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Figure 4:   Dependence of k on concentration of 
polar components. Polar component: diethylether 
(white) and octanol (black). For octanol, 0.29M 
THF was consistently included and octanol was 
additional polar component. Thus, the range of 
octanol concentration was 0-0.02M. Temperature, 
-5˚C (octanol) and -10˚C (diethylether). Symbols: 
(●,○); hydroquinone and (▼,∇ ) DB24C8. 

Table 1:   The number of interacting points (n) 
determined by Eq.(3). 

 
compounds n DEE conc .range 

/ %(v/v) 

hydroquinone 2.06 4 - 11 

resorcinol 2.17 4 - 11 

POE(4)-NPE 1.56 5 - 12 

POE(6)-NPE 2.37 6 - 13 

B18C6 1.77 4 - 11 

DB24C8 2.61 7 - 14 
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dependences of retention factor (k) for crown 
ethers with 3%(v/v) THF in hexane as the mobile 
phase. Although both k values are almost constant 
in the temperature range -6 to -2˚C, the drastic 
increase in retention is seen for B18C6 at 
temperatures higher than -1.4˚C. Two phenols, 
hydroquinone and resorcinol, showed the same 
behavior as B18C6, though the results are not 
shown here. In contrast, DB24C8 exhibits a 
completely opposite tendency; that is, increasing 
temperature results in weaker retention. These 
findings indicate that the principal retention 
mechanism is altered at a threshold temperature. 
Thus, we can naturally conclude that the drastic 
changes in retention with increasing temperature 
are caused by the solute partition into the TC-QLL 
developed on the water-ice surface. Temperature 
dependencies of solute are well explained by their 
partition characteristics. DB24C8 has the low 
partition ability to water-THF from hexane-THF, 
resulting in the decrease in retention in the 
presence of the QLL. In contrast, the drastic 
increases in the retention of other solutes with 
increasing temperature are caused by their 
partition to the QLL. The adsorption of a solute on 
the TC-QLL/mobile phase interface still contributes 
to solute retention in the higher temperature range 
to some extent because DB24C8 is retained on 
the water-ice stationary phase despite its low 
partition ability to the TC-QLL, therefore k is 
represented by the sum of two contributions, k = 
kpa + kad ,i.e. the interfacial hydrogen bonding 
adsorption (kad) and the partition into QLL on the 
ice stationary phase (kpa). Since the contribution 
from the adsorption on the TC-QLL should be 
smaller than klow (k in a low temperature range), 
the kpa should take a value between (k- klow ) and k.  
Using Kd values determined experimentally, we 
can estimate VQLL and then the thickness of TC-
QLL on the basis of Eq.(2).  The surface area of 
the stationary phase was determined to be10.5 m2 
by the BET method at the liquid nitrogen 
temperature. Figure 6 summarizes the ranges of 
the thickness of TC-QLL on the water-ice surface 
in contact with 3 % THF in hexane.   The thickness 
values obtained with three different probes 
(resorcinol, hydroquinone, and B18C6) almost 
agree with one another. The thickness is in the 
nanometer range, and becomes larger with 
increasing temperature. The thickness reported 
here is in the range of the values reported so far, 
though we deal with the TC-QLL peculiarly 
developed at the water-ice/organic-solvent 
interface.  
 

4.3 Application for separation 
 

As mentioned above, ice chromatography 
is expected to be a green separation tool. 
However, our previous work indicated that the 
limitation of separation performance of ice 
chromatography mainly came from a use of large 
water-ice particles (50~75 µm in diameter). This 
methodological limitation can obviously be 
overcome by reducing particle sizes.   An 
ultrasonic-humidifier has proven an effective 
alternative to a nebulizer and allows the 
preparation of fine water-ice particles.   Figure 7a 
shows a micrograph of ice particles prepared with 
an ultrasonic-humidifier; the diameters typically 
range from 10 to 20 µm, albeit smaller or larger 
particles are still coexistent. The size distribution 
of ice particles should depend on those of water-

Figure 6:   Change in the thickness of a TC-QLL 
with temperature. Mobile phse, 3%THF(v/v) in 
hexane. Probe solutes: ( ⃞ ) hydroquinone, ( ∆ ) 
resorcinol, and (⃝) B18C6. 
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Figure 5:   Temperature dependencies of k for 
crown ethers. Mobile phse, 3%THF(v/v) in hexane.
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mist produced by the humidifier, suggesting that 
the surface tension and density of the solution 
used for water-mist preparation can be important 
factors. Some salts were therefore tested to 
modify these properties of aqueous solution.  In 
the present study, the column temperature was 
kept -10 °C, which is higher than the eutectic 
temperature for most of the usual salt solutions, 
suggesting that a coexistent liquid phase affects 
solute retentions. The concentration of an added 
salt was therefore kept as low as possible (1mM) 
to avoid this effect.  Most of the salts tested did not 
improve the size distribution of water-ice particles. 
However, the addition of tetrabuthyammonium-
bromide (TBAB) resulted in fairly homogeneous 
size distribution of ice particles. Figure 7 compares 
the micrographs of ice particles prepared from (a) 
water and (b) 1mM TBAB. The former contains a 
number of small particles, while the 10-20 µm 
particles are more dominant when TBAB is 
incorporated albeit smaller and larger particles are 
still present. Another important perspective of the 
water-ice particles can be seen in the micrographs. 
White parts are massive aggregates of ice 
particles, which interfere with the homogeneous 
packing of the ice particles into a column. Such 
aggregation more frequently occurs for the plain 
ice rather than for the TBAB ice. We would like to 
add an experimenters’ impression that the plain 
ice particles are felt somewhat sticky even in liquid 
nitrogen; this must be related to the aggregations 
of plain ice particles.  

Ice chromatographic separation was 
attempted with TBAB ice stationary phase for eight 
amino acid esters, i.e. Gly, Ala, Val, Phe, Cys, Tyr, 
His, and Ser. Gly, Ala, Val, and Phe have no polar 
groups in their side chains, whereas Cys, Tyr, His, 
and Ser have polar groups. Figure 8 shows step-
gradient ice chromatographic separation of the 
amino acid esters, which are derivatized with 
orthophthalaldehyde to allow fluorescence 
detection. The first groups, Val, Phe, Ala, and Gly 
were eluted in this order with 5.4 %(v/v) DEE in 
hexane, and then Cys, Tyr, and Ser were eluted 
with 26.5 %(v/v) DEE in hexane. His was not 
eluted with these mobile phases but appeared 
when the DEE concentration was increased up to 
50.0% (v/v). Separation between groups is 
basically explained by the number of polar groups 
involved in the solutes as discussed above.  

Furthermore, the applicability of ice 
chromatography to a complex mixture of unknown 
compounds, which is often found in practical 
samples, was evaluated. Separation of ingredients 
of green tea leaves is shown here. Ground green 
tea leaves were immersed in THF to extract 
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Figure 7:   Micrographs of ice particles prepared 
with a humidifier. (a) plain ice particles. (b) ice 
particles prepared from aqueous 1mM TBAB. 
Magnification, ×400. 
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Figure 8:   Separation of OPA derivatives of amino 
acid esters with step gradient elution. Mobile 
phase; 5.4 % DEE in hexane (0-23.8min) → 
26.5% DEE in hexane (23.8-40.0min) → 50.0% 
DEE in hexane (40.0-50.0min). Detection, 
fluorescence (λex=330 nm and λem=400 nm). 
Temperature, -10 °C. 
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soluble ingredients. Figure 9 is a chromatogram 
for the extract of green tea leaves. Step-gradient, 
hexane to 6 % THF was employed to elute as 
many compounds as possible. We can recognize 
no less than fifteen substances on the 
chromatogram. The spectra of peak components 
have allowed the assignments of some separated 
compounds. The substance eluted at the void 
volume (tR=3.4) was assigned carotene, which has 
no effective polar groups in a molecule and cannot 
interact with water-ice surface. All other pigments 
detected in the chromatogram have two 
absorption bands, i.e. in red and in blue regions, 
and therefore are family of chlorophyll.   
Interestingly, there is a correlation between the 
elution order and adsorption band shifts. As the 
solute retention became stronger, the absorption 
band at λ=410~450 nm showed a red-shift 
whereas that at λ=640~670 nm showed a blue-
shift. This indicates that partial structural 
modifications of these solutes affect not only their 
electronic structures but also their retentivirity on 
the ice stationary phase. Although we have not 
specified the interaction responsible for this 
separation so far, this must indicate the potential 
applicability of ice chromatography to unknown 
mixtures, such as natural products.   
 
5.  CONCLUSION 
 

Ice chromatography is a powerful tool for 
probing the water-ice/liquid interface and for 
ecological separation. It is demonstrated that 
solutes are adsorbed on the ice surface at the 
temperature below -5˚C by the hydrogen bond 
formation between the polar groups in a solute 
and the dangling bonds on the water-ice surface. 

In contrast, when the temperature becomes higher 
than a particular threshold point (in most cases at 
a temperature of >-5˚C), the partition of a solute in 
to the QLL becomes dominant retention 
mechanism (the surface is liquid-like). The 
preparation of finer water-ice particles enables the 
application of the present method to mixtures of 
complex compounds. 
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