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Abstract: Highly efficient columns are necessary for the modern analytical applications of liquid
chromatography. In this work, the separation efficiency of ion-exchange capacity gradient stationary
phases combined with eluent concentration gradient was studied by a theoretical approach. In the
course of our work three different scenarios of capacity gradients were used with different shapes
(linear, convex and concave). The resolutions of different gradient columns were calculated for each
scenario. As a reference, a uniform column was considered, which had the same analysis time as the
non-uniform column. In the case of separation of ions with same charges, the gradient column offered
only a marginal advantage compared to the uniform column due to the bandwidth compression
caused by the capacity gradient. In the case of ions with different charges, however, the advantage
of the gradient column was more significant. This was mainly due to the increased retention time
difference of solutes. Ion-exchange capacity gradient columns may be a new way to separate ions
more efficiently.

Keywords: ion-exchange capacity gradient; resolution; efficiency; gradient elution mode; stationary
phase design

1. Introduction

To improve selectivity, application of stationary phase gradients in high performance
liquid chromatography was introduced decades ago [1,2]. Since it is difficult to prepare and
pack stationary phase gradients, these applications were carried out by coupling columns
with different chemistries. In ion chromatography, however, axial ion-exchange gradi-
ent can be achieved using cyclic polyether-modified cross-linked polymers as stationary
phases [3]. These phases offer the possibility of complexation with inorganic salts [4,5]
forming anion-exchange sites. By altering the cation type of the eluent throughout chro-
matographic analysis, capacity gradients can be produced due to the influence of the
cation on the ion-exchange capacity of the column. This can be accomplished by switching
the eluent during the run (e.g., sodium hydroxide to potassium hydroxide), resulting in
significantly shorter analysis times due to decreasing capacity [6,7]. Crown ether [8–10]
or cryptand-based columns [11,12] are often used to achieve efficient separations of var-
ious anions through the use of this type of gradient. Different types of cryptands can
be covalently attached to a solid support and are able to bind metal cations due to their
three-dimensional cavity [13]. The chromatographic run is conducted by altering the cation
component of the hydroxide eluent, similar to how crown ether phases operate to create
a capacity gradient [14,15]. Capacity gradients on cryptand columns offer the benefit of
being able to separate both non-polarizable and polarizable anions in the same run, a feat
that proves to be difficult with latex-agglomerated anion exchangers and aminated grafted
polymers [6]. Cryptand phases can also be used as bifunctional packing materials for the
separation of both cations and anions [16].
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The characteristics of a column suitable for capacity gradient elution based on an-
ionic complex formation between borate compounds and diols were investigated by
Yamamoto et al. [17]. The ion-exchange capacity of the column decreased during the
separation. The columns were successfully used for the analysis of anions of different
charges by a binary gradient elution. The reproducibility of this technique, however, was
not satisfying.

Preparation of stationary phases with adjustable selectivity is also possible by control-
ling different ratios of the co-monomers in hydrophilic interaction/ion-exchange mixed-
mode chromatography [18]. The development of a mixed phase chromatographic stationary
phase with adjustable selectivity is advantageous to meet the needs of complex samples. The
ratio of sodium 4-styrenesulfonate to dimethylaminoethyl methacrylate monomer allowed
the control of charge and polarity of the stationary phase, as well as separation selectivity.
This advantage was demonstrated by the successful separation of various compounds.

Each of the examples listed above can be considered a dynamic capacity gradient.
Several authors explored the potential of static stationary phase gradients. There are sev-
eral examples for preparation of stationary phases with gradient functionalities, including
photo grafting techniques for monolithic capillary columns [19] or destructive and di-
rect bonding methods [20,21] for silica columns. The applicability of gradient stationary
phases for large solutes with on-off-like elution mechanisms, as well as the combination
of mixed-mode stationary phase gradients and mobile phase gradients, was studied by
Fekete et al. [22]. These gradient phases have the potential to exhibit an increase in res-
olution when combined with a mobile phase gradient, as shown for the case of particle
size gradients [23,24]. Recently, ion-exchange columns with longitudinal stationary phase
gradients were prepared and studied [25]. It was shown that these phases may provide a
significant improvement in chromatographic performance in gradient elution mode. The
development of these ion-exchangers, however, based on experimental considerations
and reasoning. The aim of this work is to study the retention behavior of solutes and
the chromatographic performance of static ion-exchange capacity gradient phases under
different gradient scenarios using a theoretical approach.

2. Methods
2.1. Calculation of Elution Profiles

The equilibrium-dispersive model (EDM) was solved using the Martin-Synge algo-
rithm [26] to calculate elution profiles. When mass transfer kinetics is rapid and the
dispersion coefficient of the solute can be accurately determined in linear conditions, the
differential mass balance of the solute [27–29] can be expressed as:

∂ c(z, t)
∂ t

= −u
k

∂ c(z, t)
∂ z

+
Da

k
∂2 c(z, t)

∂ z2 (1)

where c is concentration of the compound in the mobile phase (mol/L or g/L), t the time
(min), z the distance along the column (cm), u the linear velocity of the eluent (cm/min),
and k the retention factor of the solute. The dispersion coefficient, Da (cm2/min) can be
estimated as:

Da = u
H
2

(2)

where H is the height equivalent to a theoretical plate (cm).
According to the Martin and Synge plate model [30], the column is divided into a

series of continuous flow mixers, with the length of each vessel being equal to H. In each
flow mixers, the following ordinary differential equation was solved accurately:

d cm[t]
d t

= − u
1 + km

cm[t]− cm−1[t]
H

(3)
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where cm and cm−1 are the concentration profiles of the solute in the mth and (m − 1)th
vessels. Note that position of the mth vessel, zm is m H. The solution for the last vessel
gives the elution profile.

km was calculated as:

km = KA/OH

(
Qm

[OH−]

)n
(4)

where KA/OH is the ion-exchange selectivity coefficient that is the product of phase ratio
and ion-exchange equilibrium constant, n the charge of the solute ion, Qm the ion-exchange
capacity of the column at the position of mth vessel (eqiv/L), and [OH−] the eluent concen-
tration (mol/L). In the case of gradient elution, eluent concentration at any z position of
the columns is given as [

OH−] = [OH−]
0 + β

(
t − z

u

)
(5)

where [OH−]0 is the initial eluent concentration and β the slope of gradient (mol/L/min).

2.2. Ion-Exchange Capacity Gradients

We studied three scenarios with different ion-exchange capacity gradients. For each,
we looked at both the positive and negative gradients, and compared the resolutions of
the resulting non-uniform columns to that of a uniform column (a column with the same
analysis time as the non-uniform column, and a constant ion-exchange capacity, Qe). In
the case of a positive gradient, the velocity and width of the component band decrease
during its migration toward the end of the column. For a negative gradient, the opposite
is observed: toward the end of the column, both parameters increase. According to our
calculations, of the two peak sharpening effect (increasing velocity and band compression),
the latter is the more significant, so in the following only positive gradients are discussed.
The examined scenarios were the following:

1. Linear gradient

Qz =
qL − q0

L
z + q0 (6)

2. Convex gradient

Qz = (qL − q0)
( z

L

)i
+ q0 (7)

3. Concave gradient

Qz = (q0 − qL)

(
L − z

L

)i
+ qL (8)

where q0 and qL are capacity values at the beginning and end of the column, respec-
tively, and i is a positive integer (i goes 2 to 5 in this work). The profiles of the different
capacity gradients are illustrated in Figure 1:
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Figure 1. Profiles of the different capacity gradients used in this work. Linear (blue) curve is
calculated by Equation (6). Parameter i of Equation (7) (convex curves): 2—orange, 3—red, 4—brown,
5—gray. Parameter i of Equation (8) (concave curves): 2—green, 3—purple, 4—ping, 5—yellow.



Separations 2023, 10, 14 4 of 9

In the course of our work, the value of q0 was changed between 0.1 and 1, and the
value of qL between 1 and 10 mequiv/L.

2.3. Determination of Equivalent Ion-Exchange Capacity

Equivalent ion-exchange capacity, Qe, can be defined as the capacity of a uniform ion-
exchange column which provides the same analysis time, as the capacity gradient column.
In other words, the retention time of the last eluting ion is the same for both columns.

According to the gradient retention model published by Jandera and Churáček [31],
retention time, tR, in gradient elution mode, can be expressed as:

tR = t0 +
[OH−]0

β

[(
1 + (n + 1)

β

[OH−]0
k0 t0

) 1
n+1

− 1

]
(9)

where t0 is the dead time and k0 is the retention factor of the solute at the initial eluent
concentration, [OH−]0 (see also Equation (4)). By rearranging Equation (9) to Qe, the
equivalent ion-exchange capacity can be calculated.

The column with the equivalent ion-exchange capacity serves as a benchmark, en-
abling comparison of its effectiveness to the columns with varying capacity gradients.

2.4. Parameters of Calculations

Using Python version 3.8 from the Anaconda Python Distribution, with NumPy and
SciPy packages, numerical calculations were done. The numerical parameters required for
these calculations, such as the column and molecular parameters, are listed in Table 1.

Table 1. The numerical parameters required for numerical calculations and their respective values.

Parameter Value

column length (L) 25 cm
mobile phase velocity (u) 25 cm/min

initial eluent concentration (
[
OH−]

0) 0.001 mol/L
rate of change in eluent concentration (β) 0.010 mol/L/min

Model ions and their ion-exchange selectivity coefficients used for the calculations are
listed in Table 2.

Table 2. The values of the ion-exchange selectivity coefficients of the anions used in this work.

Anion KA/OH

monovalent ion 1 (mono1) 1.51
monovalent ion 2 (mono2) 5.04

divalent ion 1 (di1) 29.05
divalent ion 2 (di2) 66.21

Through the example of these anions, we wanted to demonstrate the advantage of a
column with a gradient ion-exchange capacity in the case of gradient elution separation of
ions of different charges.

3. Results
3.1. Resolution Analysis of Non-Uniform Columns

In this section, we examine whether the capacity gradient column has an advantage
over the uniform column with the same analysis time under isocratic elution conditions.

3.1.1. Separation of Ions with the Same Charges

Figure 2a shows the variation in the ratio of the resolutions of the gradient and the uni-
form column as the function of q0 and qL in case of linear gradient for monovalent anions.
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Figure 2. Ratio of separation parameters of gradient and uniform columns as the function of q0 and
qL for linear capacity gradient. (a) Ratio of gradient and uniform column resolutions, (b) Ratio of
bandwidths calculated for gradient and uniform columns for mono2.

The marginal advantage of the gradient column is due to the extra bandwidth reducing
effect caused by the capacity gradient. Figure 2b shows the ratio of bandwidths calculated
for gradient and uniform columns for the mono2 ion. The slight advantage of the gradient
column is manifested only in the less important range from the practical point of view,
since in this range the resolutions of the individual columns are minimal and the retention
times are close to the dead time.

The same conclusion can be drawn when examining the separation of divalent ions
through the example of di1 and di2 ions. Figure 3 shows the comparison of the peaks of
the di2 ion calculated for the gradient (g) and for the uniform (u) column. Calculation
parameters were the following: q0 = 0.4 meqiv/L, qL = 2 meqiv/L, Qe = 1.29 meqiv/L. With
these parameters a ∼4% gain in resolution can be observed, when separating di2 ion from
di1 ion.
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Figure 3. Peaks of the di2 ion calculated for the gradient column (blue) and for the uniform (orange)
column (AU—arbitrary unit).

Figure 3 confirms the validity of Equation (9) and the calculation of Qe, since the
retention times of the two peaks are perfectly match.
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3.1.2. Separation of Ions of Different Charges

The separation of ions with different charges on a column with a gradient ion-exchange
capacity was modeled using the example of separating mono1-di1 and mono2-di2 ions.
Figure 4 shows the ratio of resolutions and the ratio of the difference between retention
times calculated for the gradient and uniform column, as a function of qL and q0.

Figure 4 clearly shows that the separation of monovalent and divalent ions with
capacitive gradient columns resulted in significantly better resolution improvements than
that the separation of ions with the same charge. The significant improvement in resolution
is mainly due to the increase in the retention time difference of the solute ions. Accordingly,
ion-exchange capacity columns provides different selectivities than uniform columns under
gradient elution.

As shown in Figure 4a,c, the value of the capacity at the beginning and the end of
the column is a crucial factor for the separation efficiency. Each q0 value has an optimal
qL where the resolution will be maximum. The ion-exchange selectivity constants of the
particular ions are also a decisive factor to be considered during separation design.

Figure 5 shows the calculated chromatograms of mono2 and di2 ions in case of gradient
(g) and uniform (u) columns. Calculation parameters were the following: qL = 7 meqiv/L,
q0 = 0.5 meqiv/L, Qe = 4.2 meqiv/L. With these parameters the gradient column has ∼24%
advantage compared to the uniform column in terms of resolution.

a) b)

c) d)

Figure 4. Ratios of resolutions (a,c) and retention time differences (b,d) for separations of mono1-di1
(a,b) and mono2-di2 (c,d) ions.
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Figure 5. Calculated chromatograms of mono2 and di2 ions in case of gradient (blue) and uniform
(orange) columns (AU—arbitrary unit).

3.1.3. Effect of Capacity Gradient Profile on Resolution

The profile of the ion-exchange capacity gradient (Qz) is also an important factor to be
considered in terms of the column efficiency. Table 3 shows the increase in resolution of the
gradient column compared to the uniform column in case of different Qz profiles at given
q0 and qL values (0.5 and 7 meqiv/L, respectively).

Table 3. Improvement in resolution for different ion-exchange capacity-profile scenarios.

Scenario i Qe, meqiv/L RS-u RS-g Improvement, %

Linear 1 0.420 2.12 2.63 24

Convex

2 0.330 1.56 2.45 57
3 0.282 1.22 2.33 90
4 0.250 0.99 2.22 125
5 0.228 0.81 2.12 163

Concave

2 0.520 2.67 3.02 13
3 0.568 2.91 3.17 9
4 0.596 3.03 3.25 7
5 0.614 3.12 3.30 6

As can be seen from the data above, the capacity gradient profile is also a decisive
factor in addition to the initial and final capacity values in terms of efficiency. The advantage
of a gradient column is more significant in case of convex gradient profiles, while concave
profiles offer negligible advantages.

4. Conclusions

The use of ion-exchange capacity gradient in IC columns was studied by a theoretical
approach. The capacity gradient was modeled with different functions (linear, convex and
concave). Resolutions of these non-uniform columns were calculated for each scenario as a
function of the limiting capacity values for separations of monovalent and divalent anions.
The results were compared with the resolutions of the reference uniform columns, whose
analysis time was the same as for the gradient column. The calculations showed that there
is only a minor improvement in separation efficiency for ions with the same charges. This
slight advantage is due to the minor extra bandwidth compression caused by the capacity
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gradient. As for separation of monovalent and divalent ions, the advantage of the gradient
column is more significant, due to the improved selectivity of the columns. By delicately
choosing the profile and the limiting values of the ion-exchange capacity, application of
these non-uniform columns together with eluent concentration gradients can be a potential
improvement to achieve more efficient separations.

It is important to note that, although the results were calculated specifically for ion
chromatographic separations, the conclusions drawn are also valid for other retention mech-
anisms. In reversed-phase chromatography, it is not the different charge but the molecular
size that plays an important role in the enhanced selectivity of gradient stationary phases.

Author Contributions: Conceptualization, S.H. and K.H.; methodology, S.H.; software, K.H.; vali-
dation, D.L. and E.F.; writing—original draft preparation, S.H.; writing—review and editing, K.H.;
visualization, S.H. and D.L.; supervision, K.H.; project administration, K.H.; funding acquisition, K.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This work has been implemented by the TKP2020-NKA-10 project with the support
provided by the Ministry of Culture and Innovation of Hungary from the National Research, Devel-
opment and Innovation Fund, financed under the 2020 Thematic Excellence Programme funding
scheme. Financial support of the Hungarian National Research, Development and Innovation Fund
(NKFIH FK128350) is also greatly acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Glajch, J.; Gluckman, J.; Charikofsky, J.; Minor, J.; Kirkland, J. Simultaneous selectivity optimization of mobile and stationary

phases in reversed-phased liquid chromatography for isocratic separations of phenylthiohydantoin amino acid derivatives. J.
Chromatogr. A 1985, 318, 23–39. [CrossRef]

2. Lukulay, P.H.; McGuffin, V.L. Solvent modulation in liquid chromatography: extension to serially coupled columns. J. Chromatogr.
A 1995, 691, 171–185.

3. Blasius, E.; Adrian, W.; Janzen, K.P.; Klautke, G. Darstellung und eigenschaften von austauschern auf basis von kronenverbindun-
gen. J. Chromatogr. A 1974, 96, 89–97. [CrossRef]

4. Takayanagi, T.; Ikeda, I.; Motomizu, S. Analysis of complex formation between crown ethers and potassium ion by determining
retention factors in reversed-phase high-performance liquid chromatography. J. Chromatogr. A 2001, 932, 165–170. [CrossRef]
[PubMed]

5. Okada, T. Nonaqueous anion-exchange chromatography II. Changing anion-exchange selectivity by resin surface complex
formation of crown ethers. J. Chromatogr. A 1997, 758, 29–35. [CrossRef]

6. Weiss, J. Handbook of Ion Chromatography, 3rd ed.; WILEY-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2004.
7. Lamb, J.D.; Smith, R.G. Application of macrocyclic ligands to ion chromatography. J. Chromatogr. A 1991, 546, 73–88. [CrossRef]
8. Lamb, J.D.; Smith, R.G.; Jagodzinski, J. Anion chromatography with a crown ether-based stationary phase and an organic modifier

in the eluent. J. Chromatogr. A 1993, 640, 33–40. [CrossRef]
9. Blasius, E.; Janzen, K.P. Ion Chromatography and Catalysis of Organic Reactions Using Polymers with Cyclic Polyethers as

Anchor Groups. Isr. J. Chem. 1985, 26, 25–34. [CrossRef]
10. Lim, L.W.; Tokunaga, K.; Takeuchi, T. Development of Chemically Bonded Crown Ether Stationary Phases in Capillary Ion

Chromatography. Chromatography 2014, 35, 95–101. [CrossRef]
11. Lamb, J.D.; Smith, R.G.; Anderson, R.C.; Mortensen, M.K. Anion separations on columns based on transition metal-macrocycle

complex exchange sites. J. Chromatogr. A 1994, 671, 55–62. [CrossRef]
12. Lamb, J.D.; Drake, P.A. Chemically suppressed anion chromatography based on macrocycle—Cation complexation. J. Chromatogr.

A 1989, 482, 367–380. [CrossRef]
13. Woodruff, A.; Pohl, C.A.; Bordunov, A.; Avdalovic, N. Adjustable-capacity anion-exchange separator. J. Chromatogr. A 2002,

956, 35–41. [CrossRef]

http://doi.org/10.1016/S0021-9673(01)90661-2
http://dx.doi.org/10.1016/S0021-9673(01)81221-8
http://dx.doi.org/10.1016/S0021-9673(01)01248-1
http://www.ncbi.nlm.nih.gov/pubmed/11695863
http://dx.doi.org/10.1016/S0021-9673(96)00711-X
http://dx.doi.org/10.1016/S0021-9673(01)93007-9
http://dx.doi.org/10.1016/0021-9673(93)80165-5
http://dx.doi.org/10.1002/ijch.198500064
http://dx.doi.org/10.15583/jpchrom.2014.012
http://dx.doi.org/10.1016/0021-9673(94)80221-1
http://dx.doi.org/10.1016/S0021-9673(01)83925-X
http://dx.doi.org/10.1016/S0021-9673(01)01577-1


Separations 2023, 10, 14 9 of 9

14. Bruzzoniti, M.C.; Carlo, R.M.D.; Horvath, K.; Perrachon, D.; Prelle, A.; Tófalvi, R.; Sarzanini, C.; Hajós, P. High performance ion
chromatography of haloacetic acids on macrocyclic cryptand anion exchanger. J. Chromatogr. A 2008, 1187, 188–196. [CrossRef]

15. Lukács, D.; Horváth, K.; Hajós, P. Development of retention mechanism for the separation of carboxylic acids and inorganic
anions in cryptand-based ion chromatography. J. Chromatogr. A 2020, 1621, 461066. [CrossRef]

16. Chen, S.J.; Shih, J.S. The Application of Cryptand 22 as a Bifunctional Stationary Phase for Ion Chromatography. J. Chin. Chem.
Soc. 1991, 38, 211–216. [CrossRef]

17. Yamamoto, A.; Kodama, S.; Matsunaga, A.; Inoue, Y.; Aoyama, T.; Kumagai, Y. Characteristics of a column suitable for capacity
gradient chromatography with a borate eluent. Analyst 2001, 126, 465–468. [CrossRef]

18. Bo, C.; Wang, X.; Wang, C.; Wei, Y. Preparation of hydrophilic interaction/ion-exchange mixed-mode chromatographic stationary
phase with adjustable selectivity by controlling different ratios of the co-monomers. J. Chromatogr. A 2017, 1487, 201–210.
[CrossRef]

19. Pucci, V.; Raggi, M.A.; Svec, F.; Fréchet, J.M. Monolithic columns with a gradient of functionalities prepared via photoinitiated
grafting for separations using capillary electrochromatography. J. Sep. Sci. 2004, 27, 779–788. . [CrossRef]

20. Forzano, A.V.; Cain, C.N.; Rutan, S.C.; Collinson, M.M. In situ silanization for continuous stationary phase gradients on particle
packed LC columns. Anal. Methods 2019, 11, 3648–3656. [CrossRef]

21. Cain, C.N.; Forzano, A.V.; Rutan, S.C.; Collinson, M.M. Destructive stationary phase gradients for reversed-phase/hydrophilic
interaction liquid chromatography. J. Chromatogr. A 2018, 1570, 82–90. [CrossRef]

22. Fekete, S.; Lauber, M. Studying the possibilities of dual stationary phase gradients to explore alternative selectivities in liquid
chromatography. J. Chromatogr. A 2022, 1681, 463492. [CrossRef] [PubMed]

23. Codesido, S.; Rudaz, S.; Veuthey, J.L.; Guillarme, D.; Desmet, G.; Fekete, S. Impact of particle size gradients on the apparent
efficiency of chromatographic columns. J. Chromatogr. A 2019, 1603, 208–2015. [CrossRef] [PubMed]

24. Horváth, S.; Gritti, F.; Horváth, K. Theoretical study of the efficiency of liquid chromatography columns with particle size gradient.
J. Chromatogr. A 2021, 1651, 462331. [CrossRef] [PubMed]

25. Pohl, C.A. Preparation of ion exchange columns with longitudinal stationary phase gradients. Heliyon 2021, 7, e06961. [CrossRef]
26. Horváth, K.; Fairchild, J.N.; Kaczmarski, K.; Guiochon, G. Martin-Synge algorithm for the solution of equilibrium-dispersive

model of liquid chromatography. J. Chromatogr. A 2010, 1217, 8127–8135. [CrossRef]
27. van Deemter, J.; Zuiderweg, F.; Klinkenberg, A. Longitudinal diffusion and resistance to mass transfer as causes of nonideality in

chromatography. Chem. Eng. Sci. 1956, 5, 271–289. [CrossRef]
28. Giddings, J. Dynamics of Chromatography; M. Dekker: New York, NY, USA, 1965.
29. Haarhoff, P.C.; Van der Linde, H.J. Concentration Dependence of Elution Curves in Non-Ideal Gas Chromatography. Anal. Chem.

1966, 38, 573–582. [CrossRef]
30. Martin, A.; Synge, R. A new form of chromatogram employing two liquid phases: 1. A theory of chromatography 2. Application

to the micro-determination of the higher monoamino-acids in proteins. Biochem. J. 1941, 12, 1358–1368. [CrossRef]
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