
 

Fast liquid chromatography; potential of 
5 cm long, narrow bore reversed phase 

columns in pharmaceutical analysis 
 

Ph.D. Thesis 

Szabolcs Fekete 

2011 

 

 

Gedeon Richter Plc. (RG), Formulation Development, Analytical Department 

 

Budapest University of Technology and Economics (BME) 

Department of Inorganic and Analytical Chemistry 

 

 

Supervisor:  Prof. Dr Jenő Fekete, Budapest University of Technology and 

Economics (BME), Department of Inorganic and Analytical Chemistry 

Consultant:   Dr Katalin Ganzler, Gedeon Richter Plc., Formulation Development, 

Analytical Department  



Table of contents 

List of Abbreviations ___________________________________________________________ 1 

1. Introduction ________________________________________________________________ 4 

1.1. Recent trends in fast liquid chromatography _________________________________________ 4 

1.2. Significance of the extra-column peak variance in the case of very efficient separations ____ 10 

1.3. Systematic method development in reversed phase liquid chromatography ______________ 11 

1.4. Applications of fast chromatographic techniques ____________________________________ 14 

1.4.1 Ultra High-Pressure LC (UHPLC), Ultra Performance LC (UPLCTM) _______________________ 14 

1.4.2 Monolith columns _____________________________________________________________ 16 

1.4.3 High temperature fast separations _______________________________________________ 17 

2. Aim of the research _________________________________________________________ 19 

3. Experimental ______________________________________________________________ 20 

3.1. Efficiency of 5 cm long narrow bore columns packed with fully porous sub-3 μm and sub-
2 μm particles in practice ______________________________________________________ 20 

3.1.1. Chemicals, columns ___________________________________________________________ 21 

3.1.2. Equipment, software __________________________________________________________ 22 

3.1.3. Measurement of plate heights and column permeability _____________________________ 23 

3.1.4. Flow study ___________________________________________________________________ 25 

3.1.5. Kinetic plots (Poppe plots) ______________________________________________________ 33 

3.1.6. Practical example: Impurity profiling of ethinylestradiol containing tablet (isocratic elution); 
comparison of column efficiency of 1.7 μm, 1.9 μm and 2.1 μm packing _____________________ 36 

3.1.7. Summary of results, conclusion _________________________________________________ 38 

3.2. Efficiency of totally porous and core-shell particles _____________________________ 39 

3.2.1. Chemicals, columns ___________________________________________________________ 44 

3.2.2. Equipment, software __________________________________________________________ 44 

3.2.3. Measurement of plate heights and column permeability _____________________________ 45 

3.2.4. Flow study ___________________________________________________________________ 45 

3.2.5. Comparison of the plate heights obtained with different diameter Kinetex columns ______ 51 

3.2.6. Kinetic plots (Poppe plots and L versus N plots) ____________________________________ 54 

3.2.7. Particle size distribution and surface of packing materials ____________________________ 59 

3.2.8. Practical example: Fast isocratic separation of a steroid mixture applied for pharmaceutical 
cleaning control analysis ____________________________________________________________ 61 

3.2.9. Summary of results, conclusion _________________________________________________ 63 



3.3. Rapid HPLC method development, using 5 cm long narrow bore columns and Design 
Space computer modeling _____________________________________________________ 64 

3.3.1. Chemicals, columns ___________________________________________________________ 66 

3.3.2. Equipment, software __________________________________________________________ 67 

3.3.3. Samples applied for method development ________________________________________ 67 

3.3.4. Example for gradient method development for neutral compounds (simultaneous 
optimization of gradient program and column temperature for UHPLC separation) ____________ 68 

3.3.5. Example for isocratic method development for neutral compounds (simultaneous 

optimization of isocratic %B and column temperature for UHPLC separation)_________________ 71 

3.3.6. Example for gradient method development for basic compounds (simultaneous optimization 
of gradient program and mobile phase pH for UHPLC separation) __________________________ 74 

3.3.7. Effect of varying the flow rate on the accuracy of prediction (simultaneous optimization of 
gradient program and column temperature for UHPLC separation) _________________________ 77 

3.3.8. Summary of results, conclusion _________________________________________________ 80 

4. Final conclusion ____________________________________________________________ 81 

Acknowledgement ____________________________________________________________ 83 

Papers, presentations _________________________________________________________ 84 

References __________________________________________________________________ 87 
 

 



 1

List of Abbreviations  
 

Symbols 

 

A  constant of van Deemter or Knox equation (related to eddy dispersion) 

B  constant of van Deemter or Knox equation (related to longitudinal diffusion) 

C  constant of van Deemter or Knox equation (related to mass transfer 

resistance) 

d90/10  range of particle size distribution 

dc  column diameter 

ddom  size of a monolith domain 

DM  analyte diffusion coefficient 

dp  particle diameter 

F  flow rate of the mobile phase 

h  reduced plate height 

H  plate height 

hEddy   eddy dispersion term  

hFilm   external film mass transfer term  

hLong  longitudinal diffusion term  

hmin  minimum reduced plate height 

Hmin  minimum plate height 

k  retention factor 

Ka   Henry’s constant of adsorption on the walls of the porous shells 

Kc  constant, linked to the detector cell geometry 

kf   film mass transfer coefficient 

Ki  constant, linked to the injection mode  

Kv0   column permeability 

l  tubing length 

L  column length 

logP   logarithm of octanol-water partition coefficient 

MS   molecular weight of the mobile phase  
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N  plate number 

pKa  acid dissociation constant 

r  tubing radius  

Rs  resolution of critical peak pair 

RSD  relative standard deviation 

Sh  Sherwood number 

T  temperature  

t0  column dead time 

ta    elution time (at peak apex) of the test compounds obtained without column  

tg  gradient time 

f
ht     front width of the peak measured at half height  

r
ht    rear width of the peak measured at half height 

f
aht ,   front width of the peak measured at half height in absence of the column 

r
aht ,    rear width of the peak measured at half height in absence of the column 

tiso  isocratic step time 

tR   elution time (at peak apex) of the test compounds obtained with column 

u  linear velocity  

uopt  optimum linear velocity 

VA   molar volume of the solute at its boiling point 

Vc  detector cell volume 

Vi  injection volume 

%Bfinal  final gradient composition  

 

Greek Symbols 

 

γe   the obstruction factor for diffusion in the interparticle volume 

ΔP  available pressure drop 

ΔPmax  available maximum pressure drop 

εe   interstitial porosity 

εp   porosity of the porous shell of the particle 
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η   mobile phase viscosity 

λi  universal structural parameters characteristic of contribution to eddy 

dispersion 

ν  reduced linear velocity 

νopt  optimum reduced linear velocity 

ρ  ratio of the diameter of the solid core to that of the particle 

2
d    contribution (variance) of the detector to the extra-column dispersion 

2
i    contribution (variance) of the injector to the extra-column dispersion 

2
t   contribution (variance) of the tubing to the extra-column dispersion 

2
,extV   extra-column peak dispersion 

τ  time constant of detector 

φ  flow resistance of the packed bed 

Ψ   solvent association factor 

Ω   the ratio of the intraparticle diffusivity of the sample through the porous shell 

to the bulk diffusion coefficient 

ωβ,c   relative flow velocity difference between the center and the wall of the 

column 
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1. Introduction 
 

1.1. Recent trends in fast liquid chromatography 
 

Reducing analysis time and guarantying the quality of a separation in liquid chromatography 

(HPLC), requires high kinetic efficiency. The speed of analysis can be increased by different 

approaches. In liquid chromatography a new age has started with using sub-2 µm particles, 

monolith columns and shell particles. 

On sub-2 µm particles, due to the narrow peaks, sensitivity and separation are improved at 

the cost of pressure. The analysis time could be reduced to a one or two minute interval 

without the loss of resolution and sensitivity [1-3]. Most commercial HPLC instruments have 

a maximum operating pressure limit of 400 bar, leading to the common practice of using 

short columns packed with small particles to speed up analysis [4,5]. Knox and Saleem were 

the first to discuss the compromise between speed and efficiency [6]. To overcome the 

pressure limitations of modern HPLC, the groups of Jorgenson [7,8] and Lee [9] 

manufactured dedicated instrumentation and columns to allow analysis at very high 

pressures. A new nomenclature has come about with the term ultrahigh-pressure liquid 

chromatography (UHPLC). It was done so to describe the higher backpressure requirement. 

The first system for ultra-high pressure separation was released in the year of 2004. The new 

hardware was able to work up to 1000 bar (15 000 psi) and the system was called ultra 

performance liquid chromatography (UPLCTM).  

A critical aspect is the effect of frictional heating, causing temperature gradients within the 

columns, which is significant for small particles at ultra-high pressure. The radial 

temperature gradient, due to the heat dissipation at the column wall, can cause significant 

loss in plate count [10,11]. Gritti et al. concluded that both longitudinal and radial 

temperature gradients are more significant when the column length is decreased [12]. The 

radial temperature gradient can effectively lead to ~ 10% loss of efficiency when operating a 

50 mm long column close to 1000 bar [13].  

Chromatographers’ opinions differ about applying sub-2 μm particles. The adverse effects of 

ultra-high pressure are in focus today. On average the smaller the particle diameter, the 
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greater the difficulty in preparing a well-packed column bed is. Particle aggregation, frit 

blockage, particle fracture are all issues when high pressure is required to pack sub-2 μm 

particles [4]. Guo and coworkers found that the efficiency of sub-2 μm particles for small 

molecules is not as high as it was theoretically predicted and widely cited [14].  

Temperature in HPLC also offers a chance to cut the analysis time. High temperature reduces 

the viscosity of mobile phase and increases mass transfer. Analysis time can be shortened 

without the loss of resolution through column heating [15-18]. Systems with a maximum 

pressure capability of 400 bar can then be used with the sub-2 μm columns without over-

pressuring the pump. Preheating of the mobile phase is essential to avoid band broadening. 

This technique is often called high temperature liquid chromatography (HTLC). However, this 

strategy suffers of limitations such as the small number of stable packing materials at 

temperatures higher than 80 oC as well as the potential degradation of thermolabile analytes 

and the need to have a constant temperature along the chromatographic system. Therefore, 

until now, the pharmaceutical industry has not considered this approach in everyday 

routine. 

The third possibility to enhance the separation speed is the reduction of the intrinsic flow 

resistance by increasing the external porosity and the flow-through pore size of the packing. 

The monolith approach, originally initiated by the work of Hjertén et al. [19], Svec and 

Fréchet [20], Horváth and co-workers [21], Tanaka and co-workers [22], which already lead 

to a number of well performing, commercially available polymeric and silica monolith 

columns [23,24]. Commercial silica monolith columns are the Chromolith (Merck KgGa, 

Darmstadt, Germany) and Onyx (Phenomenex, Torrance, California, based upon technology 

licensed from Merck). Monoliths may have larger external porosity than packed beds. 

Hence, they have a higher permeability than columns packed with particles having the same 

size as the skeleton elements of these monolithic columns. The mass-transfer kinetics of 

analytes is faster through monolithic columns than through packed columns of comparable 

geometry and similar domain size [25]. The kinetic efficiency of commercially available 

monolith columns is comparable to columns packed with 3-4 µm particles. The analysis time 

can be shortened by enhancing the flow rate of the mobile phase. Operations applying high 

flow rate cannot be used for mass spectrometric (MS) detection. This latter argument was 

the starting point of decreasing the monolith column dimensions. First the length was cut to 
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25 mm, after the inner diameter was decreased from 4.6 mm to 3 mm and 2 mm. Applying 

these narrow monolith columns, high speed separation and MS detection can also be done 

with moderate flow. Guiochon has written in his review a practical insight about the 

principles and theory of monolith columns [25]. 

The concept of superficial or shell stationary phases, was introduced by Horváth and 

coworkers in the late 60s [26,27]. Horváth applied 50 μm glass bead particles covered with 

styrene-divinylbenzene based ion exchange resin and became known as pellicular packing 

material. Later Kirkland presented, that 30–40 μm diameter superficially porous packings (1 

μm phase thickness, 100 Å pores) provided much faster separations, compared with the 

large porous particles used earlier in liquid chromatography [28]. Later on the core diameter 

was reduced and the thickness of active layer was cut to 0.5 µm and was used for fast 

separation of peptides and proteins [29]. Fused-core packing materials are commercially 

available in different diameters (5 μm, 2.7 μm, 2.6 μm and 1.7 μm). The 5 μm particles 

consist of a 4.5 µm nonporous core and a 0.25 µm porous silica layer, and the 2.7 μm 

particles consist of a 1.7 µm nonporous core and a 0.5 µm porous silica layer. The most 

recent shell stationary phase was released in the year of 2009 (2.6 μm and 1.7 μm particles). 

This Core-ShellTM technology produces particles, which consist of a 1.9 µm or 1.24 µm 

nonporous core and a 0.35 µm or 0.23 µm porous silica layer (respectively). This new 

technology is using sol-gel processing techniques that incorporate nano-structuring 

technology; a durable, homogeneous porous shell is grown on a solid silica core. Studies 

have proven [30] that in the case of 2.7 µm fused-core packing (Halo, Ascentis Express), the 

peak broadening is larger than expected. It can be explained by the rough surface of 

particles in which the mass transfer rate is reduced through the outer stagnant liquid film 

[31].  

Sandra and coworkers demonstrated that noteworthy differences in the optimal kinetic 

performance of a chromatographic system are observed compared to data for common test 

compounds and real life analytes [32]. According to another study, the slope of the C-term in 

experimental van Deemter curves significantly depends on the molecular weight of the test 

analytes [33]. Data for test compounds do not reflect the performance attainable for 

pharmaceutical compounds and highlight the importance of using real-life samples to 

perform kinetic evaluations. Guillarme and coworkers reported that the molecular weight of 
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the separated compounds is a critical parameter when the efficiency of a given separation is 

investigated [34]. To determine the kinetic performance of columns, Knox suggested test 

compounds, which show ideal thermodynamic behavior, and they give well-shaped 

symmetrical peaks [35]. For this purpose, simple organic solutes with relative low molecular 

masses, which have no strong interactive group, are expected to give the best results for 

column comparison. 

The kinetic performance of different columns can be compared typically according to their 

van Deemter plots [36]. The equation describes that efficiency varies with the linear velocity 

of the mobile phase:  

Cu
u
BAH           (1) 

where H is the HETP, u the chromatographic linear velocity of the mobile phase. A, B, and C 

are system constants determined by the magnitude of band broadening due to eddy 

diffusion, longitudinal diffusion, and resistance to mass transfer, respectively. The nature of 

the second (B) and third terms (C) of the equation indicates a minimum value of the plate 

height (HETP). In the C term of van Deemter equation, the particle size is squared and so the 

curve is steeper for larger particles at high linear velocities.  

The position of the minimum on the HETP curve, and the optimum linear velocity, can be 

determined by the use of differential calculus. The optimum linear velocity occurs when the 

slope of the H versus u curve is zero, i.e. when dH/du = 0. This condition is satisfied when: 

C
B

d
Du

p

M
opt           (2) 

where DM is the analyte diffusion coefficient, dp is the particle diameter. The value of H at 

the optimum linear velocity can be obtained by substituting the value of u given in Eq. (2) 

into Eq. (1). 

)(min CBAdH p          (3) 



 8

The plate numbers of the columns were measured at a series of different flow rates to 

obtain the reduced plate height (h) versus reduced linear velocity (ν) plot. The calculation 

was performed according to Giddings [37]: 

M

p

D
du 

           (4) 

The reduced plate height was calculated according to the next formula: 

pd
Hh            (5) 

The h versus ν curves were fitted into Knox equation: 

 


  CBAh 3/1         (6) 

There is no clear-cut definition how to calculate the reduced plate height of monolith 

phases. On the theoretical front, Vervoort et al. [38] developed a structural model of the 

monolith and calculated the influence of the average size of the domains on the column 

efficiency. Minakuchi and coworkers [22] calculated the reduced plate height on the basis of 

the domain size, ddom, with h = H/ddom.  

Van Deemter and h-ν plots lack permeability considerations. Alternative approaches, mostly 

based on the kinetic principles first expounded by Giddings [39]. Later Poppe proposed the 

“Poppe plot” in which the plate time (t0/N) is plotted against the plate number (N). This is a 

neat tool for visualizing the compromise between separation speed and efficiency [40]. It is 

very straightforward to map the kinetic performance potential of a given chromatographic 

support type by taking a representative set of van Deemter curve data and re-plotting them 

as H2/Kv0 versus Kv0/(uH) instead of as H versus u (Kv0 is the un-retained component based 

column permeability). Multiplying both quantities with the same proportionality constant 

(being the ratio of the available pressure drop, ΔP, and the mobile phase viscosity, η), the 

obtained values correspond directly to the minimal t0-time needed in a column taken exactly 

long enough to yield a given number of N theoretical plates. N and t0 can be calculated 

according to the following equations which have been introduced by Desmet et al [41]: 
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         (8) 

Where P is the available pressure drop, Kv0 the column permeability, η the mobile phase 

viscosity.  

For the construction of kinetic plots, certain defining experimental parameters are used, 

including the maximum operating pressure (ΔPmax), column reference length and flow 

resistance or permeability (Kv0), temperature, mobile phase viscosity (η) and the diffusion 

coefficient of the analyte in the mobile phase (DM). Column permeability can be determined 

experimentally using the following relation: 

P
LuKV 




0,           (9) 

In which P is the pressure drop over the column with length L and u the linear velocity.  

In the thus obtained plot, each data point corresponds to a column with a different length, 

i.e., the length that yields the maximally allowable pressure drop ΔPmax for the u value under 

consideration. This is automatically the fastest way to achieve the corresponding number of 

plates.  

The Darcy law (for laminar flow) expresses that the back pressure of a column increases in 

inverse proportion to the square of the particle diameter: 

2
pd
LuP 

           (10) 

In which  is the flow resistance of the packed bed. 

Viscosity values can be calculated using equations derived by Chen and Horváth [42], and 

analyte diffusion coefficients can be obtained by using the Wilke–Chang equation [43]: 

 

6.0

5.0
8 )(

104.7
A
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m V

TMD



 


        (11) 
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where Ψ is the solvent association factor, MS the molecular weight of the mobile phase 

(g/mol), η its viscosity, T is the temperature, and VA is the molar volume of the solute at its 

boiling point (cm3/mol). 

 

1.2. Significance of the extra-column peak variance in the case of very 
efficient separations 
 

The advent of new high-performance columns, packed with sub-2 µm particles or with shell 

particles, raises the problem that periodically plagued chromatography: how to minimize the 

contributions to band broadening that take place in the extra-column volumes of the 

instrument compared to the band broadening occurring in the column. The requirements 

imposed by the new generation of high-performance columns are more drastic than they 

ever were because (1) modern high-performance columns are more efficient than former 

ones; (2) accordingly, shorter columns are needed, because part of the gain in column 

efficiency is traded for shorter analysis time; accordingly 5 cm long columns are becoming 

popular; (3) modern columns tend to have smaller inner diameters, in part to reduce the 

disreputable consequences of the heat effect caused by friction of the mobile phase stream 

against the bed, in part to satisfy the requests of mass spectrometry for low mobile phase 

flow rate. 

Extra-column band spreading affects the measured performance of columns packed with 

smaller particles, especially for columns with an internal diameter smaller than the classical 

standard of 4.6 mm. Recently several published reports characterizing the performance of 

sub-2 µm particle columns have identified extra-column effects as a major factor that 

negatively impacts their performance [44-48]. These reports either used UPLC/UHPLC 

systems with low band spread values for sub-2 µm particle column performance evaluations, 

or conventional HPLC systems with corrections for extra-column effects. In other reports, 

sub-2 µm particle columns with a small internal diameter have been compared to columns 

packed with 2–3 µm particles in larger diameter columns without taking into account the 

detrimental effects of extra-column band spreading [49-51]. 
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Extra-column contributions add to the length variance of the peak in the column. There are 

basically two types of extra-column contributions. The first is volumetric in nature and 

derives from the injection volume, the detector volume, and the volume of the connection 

tubing between the injector and detector. The second extra-column contribution to band 

spreading stems from time-related events, such as the sampling rate and the detector time 

constant.  

Generally, extra-column band broadening could be expressed as the sum of the main 

dispersion sources: 

 
2222

, tdiextV           (12) 

 
 

where 2
,extV is the extra-column variance, while 22 , di  and 2

t are variances due to the 

injector, the detector and tubing, respectively. Thus, extra-column variance depends on the 

injected volume Vi, the tubing radius r and length l, the flow-cell volume Vc , the detector 

time constant τ and the flow rate F according to the equation given below: 

 

M

c
c

i
iextV D

FlrFVKVK




6.71212

4
22

22
2

,        (13) 

in which case Ki and Kc are constant and linked to the injection mode and the UV cell 

geometry, respectively. 

 

 

1.3. Systematic method development in reversed phase liquid 
chromatography 
 

The expression “Fast Liquid Chromatography” was introduced in the 60s [52]. The term 

“High Pressure Liquid Chromatography” was first used by Csaba Horváth in Las Vegas 1969 

(Advances in Chromatography Meeting). Next year in 1970, Csaba Horváth talked about 

HPLC as “High Performance Liquid Chromatography” at a conference held in Pittsburgh. The 

consequent and visionary work of another Hungarian, István Halász with small particles 35 

years ago laid down the fundamentals by presenting a separations of 15 compounds possible 

in 60 seconds as early as in 1974 [53]. The understanding of the fundamentals of Reversed 
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Phase Chromatography (RPC) carried out by Csaba Horváth and his team at Yale, had strong 

influence on the future development of concepts of the Design Space and DryLab in HPLC 

already in the late 70s [54]. 

Optimization of the selectivity in HPLC practice means today to find the most appropriate 

conditions for a given separation. Regulatory agencies are requesting the scientific support 

of methods as described in the ICH Q8R1 [55]. The first step is to select an appropriate 

stationary phase, which provides a reasonable separation factor (k>1). Other column 

performance criterion is a minimum plate number of ca. 10000, which is necessary for the 

separation with suitable peak symmetry. At the present more than 400 commercially 

available reversed-phase columns have been characterized in terms of their relative 

selectivity, based on five solute-column interactions by the hydrophobic-subtraction model 

[56]. After selecting the column, the mobile phase composition, the gradient time, column 

temperature and other factors have to be optimized to get a satisfactory separation and 

establish the Design Space. According to ICH Q8 Design Space means the multidimensional 

combination and interaction of input variables (e.g., material attributes) and process 

parameters that have been demonstrated to provide assurance of quality. In most cases the 

separation can be achieved with an appropriate column and different variants of the mobile 

phase parameters.  

There are different strategies of HPLC method development used today. All isocratic 

approaches are time consuming and require considerable solvent consumption. Computer 

modeling is a helpful tool to optimize the separation [57]. Without reviewing and giving an 

exhausting report about this segment of method development and optimization a short 

summary is given here.  

In an effort to improve the efficiency of method development and maximize information 

about method specificity, several computer modeling programs have been developed in the 

last 20 years. The most successful and widespread strategy optimizes the Design Space 

mainly by measuring and visualizing the effects by the mobile phase composition, gradient 

time and shape, pH, ionic strength, ternary eluent, additive concentrations and temperature. 

The first commercially available software developed for chromatographic simulation is 

DryLab (Molnár-Institute). Similar programs are also available, such as ACD’s LC-Simulator 

(Advanced Chemistry Development) and ChromSword (Merck). These programs use a small 
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well-defined number of experiments on a particular stationary phase, predict the separation 

in parts of the Design Space based on changes in mobile phase composition, mode of elution 

(either isocratic or gradient), temperature, pH or column parameters such as column length 

and ID, particle size and flow rate [58].  

Snyder, Dolan and coworkers recommended basic runs for multifactorial experimental 

designs already in 1996 [59]. A typical approach is to simultaneously model the selectivity of 

temperature and gradient steepness on a selected RP column for initial basic runs [60,61]. In 

this case basic runs are those experiments, on which the computer-models are “based” 

(calculated) to be able to model ca. 5,000 experiments with precision > 97 % accuracy. For 

conventional 25 cm and 15 cm long columns, 1 – 2 ml/min flow rate and a 5 – 100 % 

acetonitrile-water gradient in time tg1 = 20 - 30 minutes and tg2 = 60 - 90 minutes were 

suggested to provide accurate prediction for further method development. With the help of 

resolution maps – which show the critical resolution of the peaks to be separated [62] - the 

gradient program and column temperature can be rapidly and efficiently optimized. 

Other software packages use a customized database or vendor database of chromatographic 

methods, where method conditions can be predicted from compound structures [63,64]. 

Expert systems (e.g. EluEx) predict pKa and logP (octanol-water partition coefficients) of the 

solutes and suggest a mobile phase composition for the separation [65]. These approaches 

work only when all of the structures in a sample to be separated are known. Due to the 

decrease of isocratic method optimization routines and the informative value of linear 

gradients from 5 to 100 % acetonitrile or methanol, the most users prefer to run a gradient 

and find the substance peak experimentally rather quickly. However in the area of drug 

design the pKa and logP values play an important role to find drugs with high biological 

activity. 

An automated strategy for HPLC method development (ChromSword) was reported by 

Galushko et al [66], who combined different strategies. Krisko and coworkers presented a 

strategy, which employs an automated column selection system and a series of HPLC 

columns, varying in hydrophobicity and silanol activity, in combination with modeling 

software to develop chromatographic methods [67].  
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Theoretically these approaches are independent from column type and geometry. After a 

few number of initial basic runs the optimal chromatographic conditions can be found 

shortly via computer simulation and prediction.  

 

1.4. Applications of fast chromatographic techniques  
 

The use of very small particles allows drastic improvement of the resolution per unit of time, 

since chromatographic efficiency and optimal mobile phase velocity are inversely 

proportional to the particle size. Therefore, due to the high efficiency of sub-2 μm particles, 

the column length can be decreased to obtain equivalent resolution in a reduced analysis 

time [68-70]. Because of its speed and sensitivity, this technique is gaining considerable 

attention in recent years for pharmaceutical and biomedical analysis. In this chapter a short 

summary without detailed review is given about some latest application of the different fast 

LC techniques. 

   

1.4.1 Ultra High-Pressure LC (UHPLC), Ultra Performance LC (UPLCTM) 
 

Mohamed and coworkers evaluated an UPLC method as an efficient screening approach to 

facilitate method development for drug candidates [71]. Three stationary phases were 

screened: C-18, phenyl, and Shield RP 18 with column dimensions of 150 mm × 2.1 mm, 1.7 

μm. Thirteen different active pharmaceutical ingredients (APIs) were screened using this 

column set with a standardized mobile-phase gradient. The results demonstrated that 

simple, UPLC gradients with high efficiency are a feasible and productive alternative to more 

conventional multiparametric chromatographic screening approaches for many compounds 

in the early stages of drug development. 

Vaijanath et al presented an isocratic reversed phase chromatographic method using UPLC 

for primaquine phosphate bulk drug [72]. The method is applicable for assay and related 

substance determination of the active pharmaceutical ingredient. The chromatographic 

separation of primaquine and impurities was achieved on a Waters Acquity BEH C18, 50 mm 

× 2.1 mm, 1.7 μm column within a short runtime of 5 minutes. Forced degradation studies 
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were also performed for primaquine phosphate bulk drug samples to demonstrate the 

stability indicating power of the UPLC method. Comparison of system performance with 

conventional HPLC was made with respect to analysis time, efficiency and sensitivity. 

In another application stress stability testing and forced degradation were used to determine 

the stability of enalapril maleate and to find a degradation pathway for the drug [73]. The 

degradation impurities, formed under different stressed conditions, were investigated by 

HPLC and UPLC–MS methods.  

A rapid, specific, and sensitive method utilizing reversed-phase UPLC–MS/MS was developed 

and validated to determine finasteride levels in human plasma [74]. Detection and 

quantitation of both analytes within 3 minutes make this method suitable for high-

throughput analyses. The method was successfully applied to a pharmacokinetic study of 

finasteride in healthy volunteers following oral administration. 

A fast and reliable UPLC method for the determination of biogenic amines (ethanolamine, 

methylamine, agmatine, histamine, dimethylamine, ethylamine, octopamine, pyrrolidine, 

dopamine, isopropylamine, propylamine, tyramine, putrescine, butylamine, cadaverine, 

tryptamine, 2-phenylethylamine, 3-methylbutylamine, spermidine, spermine) in cheese was 

established [75]. After pre-column derivatization 20 primary and secondary biogenic amines 

were separated on an Acquity™ UPLC BEH column (50 mm × 2.1 mm, 1.7 μm) within 

9 minutes. 

 An UPLC–MS/MS method has been developed for the simultaneous determination of 

etoposide and a piperine analogue [76]. The analytes were separated on a reverse phase C18 

column using methanol–water mobile phase. The total run time was 6 minutes. The method 

was used for a pharmacokinetic study. 

A method based on utilization of UPLC column was developed for the analysis of eight active 

compounds in silymarin [77]. The analysis was performed on a Waters Acquity UPLC system 

with an Acquity UPLC BEH C18 column (50 mm × 2.1 mm, 1.7 μm) and a gradient elution of 

methanol and water containing 0.01% formic acid with a run time of 9 minutes, in which the 

retention time of the last analyte was 5.8 minute. And all eight active compounds achieved 

complete separation. The method was applied for the separation of isomeric compounds in 

herb extracts. 
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1.4.2 Monolith columns 
 

Simultaneous determination of ambroxol, methylparaben and benzoic acid was achieved on 

a reversed-phase sequential injection chromatography (SIC) technique with UV detection 

[78]. A Chromolith SpeedROD RP-18e, 50 mm x 4.6 mm column with 10 mm precolumn and 

a FIAlab 3000 system with a six-port selection valve and 5 ml syringe were used for 

sequential injection chromatographic separations. The analysis time was 11 minutes. The 

method was found to be useful for the routine analysis of the active compounds ambroxol 

and preservatives (methylparaben or benzoic acid) in various pharmaceutical syrups and 

drops. 

The three major methylxanthines (theobromine, theophylline and caffeine) were separated 

rapidly and determined simultaneously in various real samples [79]. Based on the unique 

characteristics of the novel narrow-bore FastGradient monolithic column, the analytes were 

separated efficiently (Rs > 3.0) in less than 5 minutes at a low flow rate of 0.5 ml/min and 

using a low volume fraction of organic solvent (5 % acetonitrile in water) in the mobile 

phase. Its applicability was demonstrated by analyzing a variety of real samples including 

beverages, soft drinks, herbal products and pharmaceuticals.  

A rapid, sensitive and selective HPLC method with fluorescence detection is described for 

the simultaneous determination of 12 sulfonamides after pre-column derivatization with 

fluorescamine [80]. The drugs were separated on a Chromolith Performance RP-18 column 

(100 mm × 4.6 mm), using a gradient elution with a binary mobile phase of methanol/0.05 M 

acetate buffer. The method was applied for the determination of sulfonamides in turkey 

muscle and hen eggs following solid phase extraction (SPE). 

The study of Franciszek et al describes a HPLC method for the quantitative determination of 

endogenous glucocorticoids (GCs) in plasma and urine (total and free) and their metabolites 

in urine [81]. Chromatographic separation was accomplished in the Chromolith RP-18e 

monolithic column. Comparison of HPLC methods using conventional particle-based and 

monolithic columns for determination of indomethacin and its two degradation products 

was carried out [82]. Three different lengths of Chromolith columns RP-18e (250 mm × 4.6 
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mm, 100 mm × 4.6 mm, and 50 mm × 3 mm) were tested with respect to the validation 

parameters peak asymmetry, resolution, height equivalent to a theoretical plate, 

repeatability, and after optimization compared to values obtained using a conventional 

Zorbax column. The developed methods were used to determine all three compounds in a 

pharmaceutical formulation. Chromatographic parameters were comparable to those of a 

conventional particle-based column. The analysis time was shortened as expected (retention 

times were lowered by a factor of two).  

 

1.4.3 High temperature fast separations 
 

The performance of a new polymeric stationary phase with reversed-phase properties (ET-

RP1) was evaluated for LC separations at elevated temperature [83]. The most significant 

observation was that the reduced plate height (h) decreased from 3.4 at 25 °C (optimal flow 

0.5 ml/min) to 2.4 at 150 °C (optimal flow 2.5 ml/min) which is comparable to the efficiency 

obtained with silica-based reversed-phase columns of 4.6 mm operated at 0.8 ml/min. The 

phase showed no deterioration after long use at 150 °C within the pH range 1-9. The 

performance of ET-RP1 is illustrated with the analysis of some pharmaceutical samples by LC 

and LC-MS. Operation at elevated temperature also allows to reduce the amount of organic 

modifier or to replace acetonitrile and methanol by the biodegradable ethanol.  

Recently, hydrophilic interaction chromatography (HILIC) has emerged as a valuable 

orthogonal tool to reversed-phase liquid chromatography (RP-LC) as it allows for resolution 

of highly polar ionisable compounds. The relationships between separation efficiency, 

column length and speed of analysis for 4.6 mm internal diameter 5 μm silica particle 

columns in HILIC are demonstrated using kinetic plots [84]. The kinetic plots constructed for 

conventional pressure systems operating at 350 bar and at 30 °C and 80 °C are confirmed 

using experimental data for different column lengths. Efficiencies of more than 130,000 

theoretical plates could be achieved by connecting up to six columns of 25 cm each. As 

expected, a significant gain in analysis speed without loss of efficiency could be obtained by 

operating at 80 °C compared to 30 °C.  
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In recent years, two-dimensional liquid chromatography (2D-LC) has been used increasingly 

for the analysis of synthetic polymers. A 2D-LC analysis provides more complex information 

than a single chromatography analysis at the cost of longer analysis time. The time required 

for a comprehensive 2D-LC analysis is essentially proportional to the analysis time of the 

second dimension separation. Many of 2D-LC analyses of synthetic polymers have employed 

size exclusion chromatography (SEC) for the second-dimension analysis due to the relatively 

short analysis time in addition to the wide use in the polymer analysis. Nonetheless, short 

SEC columns are often used for 2D-LC analyses to reduce the separation time, which 

inevitably deteriorates the resolution. High temperature SEC can be employed as an efficient 

second-LC in the 2D-LC separation of synthetic polymers [85]. By virtue of high temperature 

operation (low solvent viscosity and high diffusivity of the polymer molecules), a normal 

length SEC column can be used at high flow rate with little loss in resolution. 

Ultra performance liquid chromatography, combined with mass spectrometry, was 

investigated for the global metabolite profiling of the plasma and urine of normal and Zucker 

(fa/fa) obese rats (a well established disease animal model) [86]. "Isobaric" high temperature 

chromatography, where the temperature and flow rate follow a gradient program, was 

developed and evaluated against a conventional organic solvent gradient. LC-MS data were 

first examined by established chromatographic criteria in order to evaluate the 

chromatographic performance and next were treated by special peak picking algorithms to 

allow the application of multivariate statistics. Chromatography at elevated temperatures 

provided better results than conventional reversed-phase LC with higher peak capacity and 

better peak asymmetry. From a systems biology point of view, better group clustering and 

separation was obtained with a larger number of variables of high importance when using 

high temperature-ultra performance liquid chromatography (HT-UPLC) compared to 

conventional solvent gradients. 
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2. Aim of the research 
 

The development of a drug product is a very time consuming task, taking about 10–15 years 

from the synthesis of a lead compound to its commercialization. One of the main purposes 

of the pharmaceutical industry is to reduce this period of time by using high-throughput 

methods. Therefore, analytical laboratories of both development and routine analysis have 

to manage a large number of samples and must reduce the time response delivery during 

the drug development. One possible solution is to develop new quick and efficient 

separations for pharmaceutical analysis. With the aim of cutting analysis time and 

maintaining the separation efficiency, there has been important focus on high-speed 

chromatographic separations. 

The aim of our research can be divided into three parts: 

 

a) Critical evaluation of the capabilities and limitations of analytical columns, packed 

with sub-2 μm fully porous particles, compared to columns packed with 2-3 μm fully 

porous particles. Are the short narrow bore sub-2 μm columns really as efficient as it 

is cited so many times? Is the “small is beautiful” expectation valid? 

b) Comparison of commercially available 5 cm long narrow bore columns packed with 

fully porous sub-2 μm particles and packed with sub-3 μm shell particles. Do the sub-

3 μm shell particles really give the same kinetic efficiency as the fully porous sub-2 

μm particles? If so, probably faster separations can be achieved with columns packed 

with core-shell particles due to their more advantageous permeability (larger particle 

diameter). Are there any significant parameters, which may affect the efficiency or 

only the core and shell ratio is the dominant?  

c) Developing methods for pharmaceutical analysis (assay, impurity profiling, cleaning 

validation) within a day or even in a few hours? Is it possible to apply much faster 

systematic development by using short, narrow bore columns compared to 

conventional columns?  
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3. Experimental 
 

3.1. Efficiency of 5 cm long narrow bore columns packed with fully 
porous sub-3 μm and sub-2 μm particles in practice 
 

This section is based on our paper published in Journal of Pharmaceutical and Biomedical 
Analysis:  

Fekete, S., Ganzler, K., Fekete, J., Facts and myths about columns packed with sub-3 μm and 
sub-2 μm particles, J Pharm. Biomed. Anal. 51 (1), (2010) pp. 56-64. (IF: 2.629) 
 

The aim of our study was to make a critical evaluation of the practical capabilities and 

limitations of commercially available columns, packed with sub-2 μm particles, compared to 

columns packed with 2-3 μm particles. The advantages of 1.7 μm particles compared to 3.0, 

3.5 and 5.0 μm particles are well known but according to our best knowledge the 

comparison of 5 cm long narrow bore columns packed with similar sized fine particles (1.5 – 

2.5 μm) has not been investigated yet. The obtained results were evaluated in terms of 

gaining the separation speed as a function of desired plate count. The test analytes were real 

life compounds, which are often analyzed in our practice. Ethinylestradiol is an orally bio-

active estrogen used in almost all modern formulations of combined oral contraceptive pills, 

bicalutamide is an oral non-steroidal anti-androgen used in the treatment of prostate cancer 

and hirsutism and ivermectin which is a broad-spectrum antiparasitic medication. The results 

obtained with two low molecular weight polar neutral analytes (296 g/mol and 430 g/mol) 

and one high molecular weight analyte (875 g/mol) are presented in this study. 

In this chapter data are presented using different real life analytes, to show that the 

separation time is not obviously shorter if the particle size is reduced. 
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3.1.1. Chemicals, columns 
 

Acetonitrile and methanol (gradient grade) were purchased from Merck (Darmstadt, 

Germany). For measurements water was prepared freshly using Milli-Q ® equipment (Milli-Q 

gradient A10 by Millipore).   

The test analytes were polar neutral compounds. Ethinylestradiol (19-nor-17-pregn-

1,3,5(10)-trien-20-yn-3,17-diol) and bicalutamid ((±)-N-/4-Cyano-3-(trifluoromethyl)phenyl/-

3-/(4-fluorophenyl)-sulphonyl/-2-hydroxy-methyl-propanamide) were produced by Gedeon 

Richter Plc (Budapest, Hungary). Ivermectin (22,23-dihydroavermectin B1a) was purchased 

from Bioastralis (Smitfield, Australia). Structural information and molecular masses of the 

analytes used in the study are summarized in Fig.1. 

Grace Vision HT C18 column with a particle size of 1.5 m (50 mm x 2.0 mm) was purchased 

from Lab-Comp Ltd, Budapest. Column packed with 2.0 μm YMC UltraHT Pro C18 (50 mm x 

2.0 mm) particles and Restek Pinnacle DB C18 1.9 μm (50 mm x 2.1 mm) columns were 

generous gift from Lab-Comp Ltd, Budapest. Shim-pack XR-ODS1 and Shim-pack XR-ODS2 

columns with a particle size of 2.2 m (50 mm x 2.0 mm) were purchased from Simkon Ltd, 

Budapest. Phenomenex Luna C18(2)-HST column packed with 2.5 m particles (50 mm x 2.0 

mm) and Gemini NX packed with 3.0 m particles (50 mm x 2.0 mm) were purchased from 

GEN-Lab Ltd, Budapest. Thermo ODS Hypersil column packed with 3 m particles (50 mm x 

2.1 mm) and Hypersil Gold column packed with 1.9 m particles (50 mm x 2.1 mm) were 

obtained from Bioszeparációs Technikai Ltd, Budapest. Waters UPLCTM BEH C18 column with 

a particle size of 1.7 m (50 x 2.1 mm) was purchased from Waters Ltd, Budapest. Zorbax SB 

C18 column with a particle size of 1.8 m (50 x 2.1 mm) was obtained from Kromat Ltd, 

Budapest. Fortis C18(2) 2.1 μm (50 mm x 2.1 mm) column was received from Lab-Comp Ltd 

for testing as a demo column.  
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Fig.1. Chemical structure and molar masses of the analytes employed in the current study. 

 

3.1.2. Equipment, software 
 

All measurements were performed using a Waters Acquity system equipped with binary 

solvent delivery pump, an auto sampler and a photo diode array detector (Waters Ltd. 

Budapest, Hungary). The UPLC system had a 5 μl injection loop and a 500 nl flow cell (path 

length = 10 mm). A polyether ether ketone (PEEK) tube (15 cm × 0.1 mm) is located between 

the column outlet and the detector. The overall extra-column volume (Vext) is 12 μl as 

measured from the injection seat of the auto-sampler to the detector cell at 1 ml/min. The 

measured dwell volume is 130 μl. Data acquisition with a 80Hz data sampling rate and 

instrument control were performed by Empower 2 Software (Waters). 

Calculation and data transferring to obtain the kinetic plots was achieved by using the 

Kinetic Method Plot Analyzer template (Gert Desmet, Vrije University Brussel, Belgium). The 

non-linear curve fitting to van Deemter and h-ν plots was performed by using MS Excel 

(Solver). 
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3.1.3. Measurement of plate heights and column permeability 
 

The extra-column volume of our UPLC system represents about 10% of the hold up volume 

of the compared 50 mm x 2.1 mm columns. Thus, for a fair column comparison it is 

necessary to correct the obtained plate heights for extra-column dispersion.  

During the flow study, the linear velocity of mobile phase was increased from 0.03 cm/sec 

up to about 0.5 cm/sec. Three parallel injections were performed at each flow rate and the 

average peak width (2.35 σ) at half peak height was used for the further calculation. The 

injection volume was set as 0.5 µl (the injection mode was set as partial loop with needle 

overfill). The measured peak widths were corrected for extra-column volume. It was 

measured by injecting each test analytes with a zero-dead-volume connector instead of the 

column at each flow rate and the same mobile phase as it was set during the flow study. The 

experimental HETP data were corrected for the contributions of the extra-column volume 

using the following equation: 
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where r
ht  and f

ht  are the rear and front widths of the peak measured at half height, r
aht ,  and 

f
aht ,  are the rear and front widths of the peak measured at half height in absence of the 

column, tR and ta  are the elution times (at peak apex) of the test compounds obtained with 

and without column (respectively). 

The extra-column peak dispersion ( 2
,extV ) was determined in μl2 according to the following 

equation: 
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where F is the flow-rate (expressed in μl/min). The variance of the Acquity UPLC system was 

measured around 6-7 μl2. The plots of extra-column peak variance as a function of the flow-

rate are given in Fig. 2. Of course this method contributes to some uncertainty while the 
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extra-column band broadening depends on the pressure (compressibility of solvent) and 

without a column it is not possible to predict this effect. We assume that this relatively 

minor effect does not cause a significant error in estimated column efficiency since all tested 

columns were compared with the same way, of extra-column volume correction. The plate 

heights for kinetic curves were calculated using the corrected plate numbers.  
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Fig.2. Plots of extra-column variance versus mobile phase flow-rate. Instrument: Waters Acquity UPLC system, 
mobile phase: 48 % acetonitrile – 52 % water for ethinylestradiol, bicalutamid and 95 % acetonitrile – 5 % water 
for ivermectin, temperature: 35 0C, injection: 0.5 μl. A zero-dead-volume union was used in place of the 
column. 

 

The pressure drop characteristics of the columns were examined by subtracting the pressure 

drop of connection tubes ΔPext from the total pressure drop ΔPtot obtained with the system 

to yield the effective column pressure ΔPcol (=ΔPtot −ΔPext). Then this value was used to 

Darcy’s law to obtain the column permeability. The extra-column pressure drop was 

measured with a zero-dead-volume connector instead of the column at each flow rate and 

the same mobile phase, which was set during the flow study. 

The mobile phase was prepared by mixing appropriate amount of HPLC gradient grade 

acetonitrile and Milli-Q water. The mixture was degassed by sonication for 5 minutes. The 



 25

isocratic mobile phase consisted of 48/52 acetonitrile/water for ethinylestradiol and 

bicalutamid elution, and 95/5 acetonitrile/water for ivermectin. 

The stock solutions of reference standards were dissolved in acetonitrile (1000 μg/ml). The 

solutions for the chromatographic runs were diluted from the stock solutions with the 

mobile phase. The concentration of the test solutions was 10 μg/ml.  

The kinetic efficiency of the columns was determined with a mobile phase composition, 

which gave a range of retention factors between 3.9 and 6.6 for the tested compounds on 

each stationary phase. Differences in the retention factors (k) affect the shape of the 

obtained van Deemter and h-ν curves, as both the B- and C-terms of the equations depend 

on analyte retention [87]. No attempt was made to adjust the mobile phase composition to 

ensure constant k for all analytes, because this would introduce additional variability in 

terms of viscosity and analyte diffusion coefficients, which would outweigh the minor effect 

of retention. For ivermectin, a relatively high organic modifier concentration in the mobile 

phase (> 90%) is necessary to keep the retention in the range of k = 4-7. The column 

temperature was set 35 0C, the injected volume was 0.5 μl, and UV detection at 220 nm was 

applied.  

Since all experimental parameters, with the exception of the retention factor k, have been 

kept constant, these conditions can be used to effectively compare the columns and the 

effect of analyte properties on the performance characteristics. 

 

3.1.4. Flow study 
 

At first the kinetic properties of the investigated columns were assessed at the temperature 

of 35 0C by means of the van Deemter plots. Fig. 3 shows the obtained HETPs (micrometer) 

versus the linear velocity (cm/sec). The constants of the H-u curves (A, B and C) were 

obtained by fitting experimental data to the van Deemter equation (eq. 1.) using the least 

square optimization method. A comparison between the A, B, C terms, optimum linear 

velocity and minimum plate heights for each of the columns is presented in Table 1.  
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It can be obviously seen that the obtained results significantly depend on the test analyte. A, 

B, and C are system constants determined by the magnitude of band broadening due to 

eddy diffusion, longitudinal diffusion, and resistance to mass transfer, respectively [88-90]. A 

depends on both the quality of the column packing and the contribution of slow mass 

transfer across the moving stream. The obtained values of the coefficients A, B and C for the 

different columns, explain the minor contribution of several effects (packing characteristics 

and the combined effects of frictional heating and high pressures) on the velocity-

dependence of the plate height. B- and C-terms of the equation depend on analyte 

retention. The B-term is expected to increase with analyte retention as more time is 

available for diffusion to take place in the mobile phase. The obtained A terms for ethinyl-

estradiol and bicalutamide are quite similar but for ivermectin they are significantly 

different. The larger the molecular weight of the analyte is the higher the obtained C-term is 

in the fitted van Deemter curves. When ivermectin is investigated the values of C-term is 2-7 

times higher compared to values obtained with ethinyl-estradiol and bicalutamide. It can be 

probably explained with the diffusion coefficient of the analytes (DM) and with the variance 

in pore structure of the different particles. If we follow the theory we would expect that 

smaller particles will result in lower plate heights and higher optimum linear velocity. 

According to this study this is not so evident especially not in the case of ivermectin. The 

differences of efficiency in the range of 1.5 μm – 2.2 μm particles are not as significant as in 

the range of 2.2 μm – 3.0 μm. The smallest particles (1.5 μm) do not perform as much higher 

efficiency compared to the column packed with 1.7 μm – 2.1 μm particles as we expected 

due to the theory. Moreover in the case of ivermectin a surprising result can be seen, that 

the column packed with the smallest particle (1.5 μm) performs higher minimum plate 

height than the columns packed with larger particles (1.7, 1.8, 2.1 and 2.2 μm). Another 

amazing phenomenon is that the optimal linear velocity does not increase significantly when 

the particle size is smaller than 2.1 μm. The columns packed with 1.5 μm, 1.7 μm, 1.8 μm, 

1.9 μm, 2.0 μm and 2.1 μm provide practically the same optimal velocity, however favorable 

mass transfer characteristics should translate into a shift to the optimal velocity to higher 

values when the particle size is reduced. When the particle size was reduced to 1.5 μm from 

2.1 μm, we did not observe significant improvement in efficiency although the efficiency 

should have been inversely proportional to the particle size. In the case of 3.0 μm, 2.5 μm 

and 2.2 μm particles, the observed efficiency is in good agreement with the theory. 
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Fig. 3. Flow curve comparison of commercially available sub-3 μm and sub-2 μm packed columns obtained with 
(A) ethinyl-estradiol, (B) bicalutamide and (C) ivermectin. Experiments were conducted on 5 cm long narrow 
bore columns in 48/52 ACN/H2O (a,b) and 95/5 ACN/H2O (c) at 35 oC. 

(B) 

(A) 
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Table 1. Summary of fitted van Deemter constants (A,B,C), optimal linear velocity and minimum plate heights 

(k: retention factor).  

column k A (μm) 
B  

(μm2/10-4sec) 
C (10-4sec) uopt (cm/s) HETPmin 

(μm) 
 
Analyte: ethinyl-estradiol (MW=296) 
1.5 μm Grace Vision HT C18 3.98 3.371 0.110 3.265 0.183 4.567 
1.7 μm Waters BEH C18 4.01 3.391 0.105 3.984 0.163 4.686 
1.8 μm Zorbax C18 4.05 3.616 0.102 3.610 0.168 4.830 
1.9 μm Restek Pinnacle C18 4.12 3.193 0.136 5.072 0.164 4.856 
2.0 μm YMC UHT Pro C18 4.55 3.422 0.149 4.489 0.182 5.060 
2.1 μm Fortis C18 4.03 2.997 0.163 5.870 0.167 4.956 
2.2 μm Shimpack XR ODS-2 3.79 3.347 0.148 7.481 0.141 5.450 
2.5 μm Luna C18 HST 4.20 2.354 0.165 16.008 0.102 5.604 
3.0 μm Hypersil ODS 4.13 3.162 0.147 21.127 0.084 6.691 
 
Analyte: bicalutamide (MW=430) 
1.5 μm Grace Vision HT C18 5.01 3.185 0.119 4.416 0.164 4.635 
1.7 μm Waters BEH C18 5.10 3.278 0.112 4.872 0.153 4.758 
1.8 μm Zorbax C18 5.16 3.415 0.112 4.941 0.151 4.903 
1.9 μm Restek Pinnacle C18 5.30 2.995 0.145 6.271 0.152 4.900 
2.0 μm YMC UHT Pro C18 5.59 3.337 0.134 5.619 0.154 5.071 
2.1 μm Fortis C18 5.12 2.853 0.175 7.204 0.156 5.097 
2.2 μm Shimpack XR ODS-2 4.87 3.244 0.165 8.679 0.138 5.641 
2.5 μm Luna C18 HST 5.24 2.901 0.214 16.861 0.113 5.701 
3.0 μm Hypersil ODS 5.24 3.174 0.152 22.097 0.083 6.845 

 
Analyte: ivermectin (MW=1734) 
1.5 μm Grace Vision HT C18 5.12 3.881 0.112 20.376 0.074 6.905 
1.7 μm Waters BEH C18 5.52 3.644 0.084 24.913 0.059 6.535 
1.8 μm Zorbax C18 5.67 3.212 0.133 24.922 0.073 6.853 
1.9 μm Restek Pinnacle C18 5.84 3.050 0.096 23.930 0.063 6.076 
1.9 μm Hypersil Gold C18 6.57 3.300 0.107 34.257 0.056 7.123 
2.0 μm YMC UHT Pro C18 6.02 3.119 0.139 29.566 0.068 7.167 
2.1 μm Fortis C18 5.59 3.137 0.100 25.266 0.063 6.316 
2.2 μm Shimpack XR ODS-1 5.24 3.674 0.097 30.920 0.056 7.133 
2.2 μm Shimpack XR ODS-2 5.29 3.560 0.129 28.894 0.067 7.419 
2.5 μm Luna C18 HST 5.74 4.542 0.107 36.050 0.055 8.472 
3.0 μm Gemini NX 5.69 3.846 0.093 51.904 0.042 8.250 
 

In generally the h-ν plots provide a comparison between different columns, which should be 

independent of the particle size [35]. A poorly packed column has a high value of A (2.5 – 5), 

and a well-packed column has a low value of A (0.5 – 1.5). In the case of low v values, the 

second contribution (B/v) is predominant whereas the third term Cv becomes predominant 

in the case of high v values. B accounts for the longitudinal diffusion and depends on the 
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solute retention. Generally a B value of 2 is admitted by many authors, but depending on the 

retention factor of the compound, B could attain values up to 5 [91,92]. The C term 

expresses the effect of mass transfer resistance in both stagnant mobile and stationary 

phases and is critical for good performance especially at high-reduced velocities. A 

satisfactory value of C for an efficient packing material is around 0.1 - 0.2 [35]. For a well-

packed column the minimum reduced plate height normally is in the range of 2 – 2.5 [4]. It 

can be seen in this study that the minimum reduced plate heights obtained with sub-2 μm 

particles are higher than the plate heights obtained with columns packed with 2 – 3 μm 

particles (Fig. 4. and Table 2.). The lowest reduced plate height is measured for the 2.5 μm 

and 3 μm columns (hmin ~ 2.2 - 2.3), while the highest value was obtained for the column 

packed with the smallest (1.5 μm) particles (hmin ~ 3.0). This suggests that the columns 

packed with larger particles (2.5 – 3.0 μm) have a more ideal packed bed. The minimum 

reduced plate height measured for Waters BEH 1.7 μm column (hmin = 2.75) is in good 

agreement with the results of previous reports [49]. The obtained reduced plate heights and 

h-ν plots prove the previous results, that the smaller the particle diameter is the greater the 

difficulty in preparing a well-packed column bed is [4,10,14]. Another possible explanation of 

the efficiency loss may be the formation of frictional heat effect at high pressure 

[11,12,14,93]. 

 

Fig. 4. h-ν curves of commercially available sub-3 μm and sub-2 μm packed columns obtained with ethinyl-

estradiol. Experiments were conducted on 5 cm long narrow bore columns in 48/52 ACN/H2O at 35 oC, 
DM=1.15x10-5 cm2/sec 
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Table 2. Summary of fitted constants (A,B,C), optimal reduced linear velocity (v) and minimum reduced plate 
heights (h).  

column A B C υopt  hmin 
Analyte: ethinyl-estradiol (MW=296) 
1.5 μm Grace Vision HT C18 2.247 0.953 0.167 2.389 3.045 
1.7 μm Waters BEH C18 1.995 0.915 0.159 2.403 2.756 
1.8 μm Zorbax C18 2.135 0.937 0.133 2.650 2.842 
1.9 μm Restek Pinnacle C18 1.878 1.326 0.181 2.710 2.857 
2.0 μm YMC UHT Pro C18 1.711 1.300 0.129 3.174 2.530 
2.1 μm Fortis C18 1.763 1.592 0.208 2.764 2.816 
2.2 μm Shimpack XR ODS-2 1.522 1.284 0.178 2.688 2.477 
2.5 μm Luna C18 HST 1.707 1.912 0.326 2.422 2.286 
3.0 μm Hypersil ODS 1.054 1.281 0.270 2.178 2.230 

 
 

 

Fig. 5. Plots of plate heights minimum (A), reduced plate height minimum (B), optimum linear velocity  (C) and 

optimum reduced linear velocity (D) against particle diameter. 

(A) (B) 

(C) (D) 
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Fig. 5 shows a comparison of obtained plate heights minimum, reduced plate height 

minimum, optimum linear velocity and optimum reduced linear velocity when the values are 

plotted against the particle diameter. As a conclusion, it can be obviously state that  

(1) If the particle size is lower than 2 μm there is no improvement (shift) in optimum 

linear velocity (Fig. 5. A.). 

(2) When the optimum of reduced linear velocity is plotted against the particle diameter, 

it can be seen that the highest value was obtained with the column packed with 2 μm 

particles (Fig. 5.B.). Columns packed with sub-2 μm particles do not present higher 

optimum in reduced linear velocity. 

(3) There is an evident tendency in improvement of minimum plate height values as the 

particle size is reduced, however this improvement is not in agreement with the 

expected column efficiency (Fig. 5.C.). 

(4) The obtained reduced plate height minimum values show a trend when plotted 

against the particle diameter (Fig. 5.D.). The smaller the particle diameter is the 

higher the minimum reduced plate height is. 

 

An expressive theoretical comparison is displayed in Fig.6. These figures show the 

differences (Δ) between the experimental and theoretically predicted H-u curves and show a 

tendency of deviation from theoretical values. The smaller the particle size the higher the 

deviation is. If the same quality of packing is supposed for the 1.5, 2.0, and 2.2 μm columns 

as for the really well-packed 3 μm column, and we consider only the particle size difference 

between the columns, then the theoretical van Deemter plots can be calculated easily 

according to the eq. 1.  It can be seen that, when the particle size is 2.2 μm, the theory and 

experimental data of plate heights are in good correlation. When the particle size is lower 

than 2.2 μm the theoretically expected efficiency fails in practice. The difference between 

the theoretical and experimental efficiency increases as the particle size is reduced. In the 

case of 1.5 μm Grace column, the efficiency loss expressed in minimum plate height is more 

than 1 μm. 
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Fig. 6. Theoretical van Deemter plots of the 5 cm long narrow bore columns. The theoretical estimation of the 
plots was calculated according to eq. 1. by replacing the particle size of 3 μm to 1.5 μm (A), 2.0 μm (B) and 2.2 
μm (C), and keeping the constants of the 3 μm column. 
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3.1.5. Kinetic plots (Poppe plots) 
 

The permeability of the compared columns was assessed from the experimental column 

pressure (P). Column permeability data were corrected with system pressure drop (extra 

column pressure drop). The data in a measured van Deemter curve and the value of the 

column permeability were used to calculate the kinetic plots (according to eq. 7. and eq. 8.). 

Fig. 7 shows the calculated isocratic Poppe plots on the compared columns at maximum 

applicable pressure for each column to represent the utilization of maximum performance 

(the data for maximum pressure were obtained from the column manufacturers). These 

plots represent the theoretical separation speed when the maximum performance of the 

UPLC system is utilized (ΔPmax=1000 bar).  

The resulting curves, one for each column (particle size), demonstrate the maximum speed 

obtainable at a given required plate number (N) and also demonstrate the effect of the 

choice of column (particle size). Generally, the smaller the particle, the smaller the plate 

number is [40]. Please note that the plate times depend on the maximum allowable pressure 

drop, which is different for the tested columns. A column packed with larger particles can 

offer faster separation if it has a stationary phase with stronger mechanical stability (higher 

ΔPmax) than the column packed with smaller particles. 

In the case of ethinyl-estradiol (Fig.7.A) the 2.1 μm Fortis, 1.9 μm Restek and the 1.7 μm 

Waters column provide practically the same plate time values and offer the shortest analysis 

time if the separation requires 5000 – 100000 plate counts. The 1.5 μm Grace column is only 

useful if very low plate numbers (N < 4000) are required. It can be beneficial when very short 

columns (L = 2 - 3 cm) are applied and only a small number of analytes are planned to be 

separated. It is surprising that the 2.1 μm Fortis column outperforms other columns, which 

are packed with smaller particles (2.0 μm YMC and 1.8 μm Zorbax). If the separation 

demands higher than 100000 plate counts the Hypersil column packed with 3.0 μm particles 

can give a good chance for the shortest analysis.   
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Fig.7. Poppe plots of commercially available sub-3 μm and sub-2 μm packed columns obtained with (A) ethinyl-
estradiol, (B) bicalutamide and (C) ivermectin. Experiments were conducted on 5cm long narrow bore columns 
in 48/52 ACN/H2O (a,b) η = 0.85 cPoise, and 95/5 ACN/H2O (c) η = 0.34 cPoise at 35 oC. Available max. pressure: 
1000 bar for Waters BEH, Restek Pinnacle, Fortis and Hypersil Gold columns, 830 bar for Grace Vision column, 
700 bar for Shimpack XR-ODS2 column, 600 bar for Zorbax column, 500 bar for YMC UHT Pro column and 400 
bar for Shimpack XR-ODS1, Luna HST, Gemini NX and Hypersil columns. 

(A) 

(B) 

(C) 
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When bicalutamide is investigated (Fig.7.B), the obtained Poppe plots are in good agreement 

with the theoretically expected curves. All curves cross over in a plate number range of 

around 3000 –20000. On the right side of these cross over points the columns packed with 

greater particles provide smaller plate time. On the left side, the smaller particles produce 

faster separations. If the analysis requires N < 2500 plate counts it can be achieved within 

the shortest time with the 1.5 μm Grace column. If higher than 30000 plate numbers are 

demanded the 3.0 μm Hypersil column performs the shortest separation. It is necessary to 

mention that if 5 cm long columns are applied, the obtained plate numbers can be expected 

in the range of N = 5000 – 10000, and in this range all column packed with sub-2 μm 

particles offer practically the same plate times. If one needs an ultra-fast separation (e.g. t0 ~ 

10 - 20 sec), the gain in plate count by reducing particle size is negligible in the range of 1.5  

–  2.0 μm. 

The obtained curves for ivermectin (Fig. 7.C) - which is the largest one (MW = 875 g/mol) – 

show different behavior compared to the smaller analytes. The Hypersil column packed with 

3 μm particles gives faster separation only when extremely high plate numbers are required 

(N > 800000). In the range of N = 10000 - 70000 the 2.1 μm Fortis and 1.9 μm Restek 

columns provide the fastest analysis. If the separation requires a plate number of N < 10000 

(which is typical in the case of 5 cm long narrow bore columns) the analysis can be achieved 

within practically the same time with the 1.5 μm Grace, 1.7 μm Waters, 1.9 μm Restek and 

2.1 μm Fortis columns. An interesting result was obtained with the same particle size 

prepared by two manufacturers (1.9 μm Restek and Hypersil Gold). The two columns give 

significantly different efficiency. The Hypersil Gold column offers much faster separation if 

the required plate numbers are higher than 80000 while the Restek column is better for 

ultra fast separations (short columns).  

We can draw the conclusion that the 1.7 μm Waters, 1.9 μm Restek and 2.1 μm Fortis 

columns offer practically the same efficiency and separation speed when 5 cm long narrow 

bore columns are applied. The Zorbax 1.8 μm column presents higher plate times (slower 

separation) compared to the above-mentioned columns in the case of each three analytes 

because of its relatively low maximum available pressure drop (ΔPmax = 600 bar). The 

efficiency of the 1.5 μm Grace column is more comparable to the 1.7 μm Waters, 1.9 μm  

Restek and 2.1 μm  Fortis columns’. The maximum allowable pressure of the Grace column is 
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830 bar which is weaker than the other columns’ (1000 bar). This is why the 1.5 μm Grace 

column can be advantageous only when the required plate count is relatively low.  The 

benefit provided by a higher-pressure limit (i.e. 1000 bar) of the columns can be promising 

for column development. 

 

3.1.6. Practical example: Impurity profiling of ethinylestradiol containing 
tablet (isocratic elution); comparison of column efficiency of 1.7 μm, 1.9 μm 
and 2.1 μm packing  
 

This example presents a fast isocratic separation of ethinylestradiol impurities and 

degradation products from spiked tablets, using 1.7 μm Waters, 1.9 μm Restek and 2.1 μm 

Fortis columns. The substances were extracted from the tablet with acetonitrile-water 

solvent mixture then were sonicated, centrifuged and diluted with the mobile phase. The 

chromatographic conditions were the same except for the mobile phase. The strength of the 

mobile phase was adjusted to ensure constant retention (k) for all analytes on each column. 

The isocratic mobile phase consisted of 30/70 acetonitrile/water for Waters 1.7 μm column, 

32/68 acetonitrile/water for Restek 1.9 μm  column and 35/65 acetonitrile/water for Fortis 

2.1 μm  column. The flow rate was set as 0.7 ml/min. The columns were thermostated at 35 
0C, the injected volume was 1 μl, and UV detection at 220 nm (80Hz) was applied. The 

obtained chromatograms show very similar efficiency (Fig. 8.). This example also supports 

our result that reducing the size of particles below 2.1 μm is not as significant as it can be 

expected. The investigated three columns nearly perform the same separation. It is 

necessary to mention that the suitability of a separation mainly depends on the selectivity of 

the separation media. In this study we have not intended to compare the selectivity of the 

phases, we investigated only the efficiency of the columns. 
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Fig.8. Chromatograms of ethinylestradiol containing spiked tablet samples, obtained with (A) Acquity UPLC BEH 

C18 1.7 m (50 x 2.1 mm), (B) Restek Pinnacle C18 1.9 m (50 x 2.1 mm) and (C) Fortis C18 2.1 m (50 x 2.1 
mm) columns. Chromatographic conditions: mobile phase: acetonitrile-water 30-70 v/v (a), acetonitrile-water 
32-68 v/v (b), acetonitrile-water 35-65 v/v (c), flow: 0.7 ml/min, column temperature: 35 0C, injection volume: 1 
μl, detection: 220 nm. Peaks: degradants of ethinyl-estradiol (1-6) and ethinyl-estradiol (7). 
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3.1.7. Summary of results, conclusion 
 

The several data presented in this study (columns of eleven different vendors were 

investigated) well proves that the efficiency of sub-2 μm particles is not as high as it can be 

expected. The difference between the theoretical and experimental column efficiency 

increases as the particle size is reduced. Similar efficiency can be achieved with columns 

packed with 1.9 – 2.1 μm particles as with smaller particles (1.5 – 1.8 μm). If the particle size 

is 2.5 μm or larger, the theoretical and experimental data of plate heights were in good 

correlation. The explanation of the efficiency loss may origin from the frictional heating and 

other adverse effects, which causes temperature gradients within the columns (both radial 

and longitudinal), which is significant for small particles at ultra-high pressure. The radial 

temperature gradient, due to the heat dissipation at the column wall, can cause significant 

loss in plate count [10-13]. Another reason could be the difficulty in preparing a well-packed 

column bed of very fine particles [4,14].  

The 1.7 μm Waters Acquity BEH C18, 1.9 μm Restek Pinnacle C18 and 2.1 μm Fortis C18 

columns gave practically the same efficiency and separation speed when 5 cm long narrow 

bore columns were applied. The benefit provided by a higher-pressure limit (mechanical 

stability) of the columns can be promising for column development in the future. 

It is necessary to emphasize that in the case of very efficient short, narrow bore columns 

(such as the sub-2 μm columns), the extra-column variance of the commercially available LC 

systems with very low dispersion (< 10 μl2) is not negligible. The extra-column peak 

dispersion of the UHPLC systems causes an efficiency loss of about 10-30% at the optimal 

linear velocity (HETPmin) for very efficient 5 cm x 2.1 mm columns. Thus any improvement 

when particle size is decreased does not manifest in better resolution or faster separation 

therefore cutting the particle size under 2 μm has no importance in practical 

chromatography in recent times. 

 

 



 39

 

3.2. Efficiency of totally porous and core-shell particles 
 

This section is based on our papers published in Journal of Pharmaceutical and Biomedical 
Analysis and Journal of Chromatography A:  

 

 Fekete, S., Ganzler, K., Fekete, J., Shell and small particles; Evaluation of new column 
technology, J Pharm. Biomed. Anal., 49 (1), (2009) pp. 64-71. (IF: 2.629) 

 

 Oláh, E., Fekete, S., Fekete, J., Ganzler, K., Comparative study of new shell-type, sub-2 μm fully 
porous and monolith stationary phases, focusing on mass-transfer resistance, J Chrom. A, 
1217 (2010) pp. 3642-3653. (IF: 3.756) 

 
 

Shell particles are made of a solid, nonporous core surrounded by a shell of a porous 

material that has properties similar to those of the fully porous materials conventionally 

used in HPLC. Shell particles have a thick porous layer, pellicular ones a thin layer, although 

all intermediates are theoretically possible. It is expected that the axial and eddy dispersion 

contributions to the efficiency of columns packed with these particles would correspond to 

the external diameter of the particle, but the internal mass-transfer resistances would 

correspond to the thickness of the porous layer.  

Different plate height models are written as the sum of four different contributions such as 

(1) reduced longitudinal diffusion, (2) eddy dispersion, (3) the external film mass transfer and 

(4) the transparticle mass transfer resistance. The transparticle mass transfer resistance for 

shell particles was derived by Kaczmarski and Guiochon [94]. According to this theory the 

intraparticle diffusity depends on the ratio (ρ) of the diameter of the solid core to that of the 

particle in a core–shell particle. As this ratio increases the mass transfer kinetics becomes 

faster through the shell particles than it is through totally porous particles.  

The reduced longitudinal diffusion term (hLong) can be written by the following equation: 

      (16) 
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where γe is the obstruction factor for diffusion in the interparticle volume, εe is the 

interstitial porosity, Ω is the ratio of the intraparticle diffusivity of the sample through the 

porous shell (Dshell) to the bulk diffusion coefficient, and ρ = Ri/Re is the ratio of the diameter 

of the solid core (Ri) to that of the particle (Re). Fig. 9. a. shows the change of hLong. against 

the ratio of the diameter of the solid core to that of the whole core–shell particle. 

The eddy dispersion term (hEddy) includes sources of four different origins, differing in the 

length scale considered, e.g., the transchannel (i = 1), the short-range interchannel (i = 2), 

the long-range interchannel (i = 3), and the transcolumn flow heterogeneities (i = 4). For the 

eddy dispersion a general expression is given by [95,96]:  

      (17) 

The values of λ1 – λ3 were estimated by Giddings [95]. The value of λ4 can be derived from 

the flow distribution across the column diameter. For quadratic flow profile distributions the 

following expression was recently derived [96]: 

         (18) 

Where ωβ,c is the relative flow velocity difference between the center and the wall of the 

column and L is the column length. 

The external film mass transfer term (hFilm) was derived from the Laplace transform of the 

general rate model equations [97]. It can be expressed as: 

       (19) 

where Sh = (kf dp/Dm) is the Sherwood number, kf is the film mass transfer coefficient, and k1 

is given for superficially porous particles by the next formula [94]: 

     (20) 
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where εp is the porosity of the porous shell of the particle and Ka is the Henry’s constant of 

adsorption on the walls of the porous shells. Fig. 9. b. shows the change of hFilm against the 

ratio of the diameter of the solid core to that of the whole core–shell particle. 

The transparticle masstransfer resistance (hParticle) is given by the following equation [94]: 

   (21) 

This equation is consistent with the one applied for totally porous particles when ρ = 0. As ρ 

increases, the apparent intraparticle diffusivity of the probe studied increases and the mass 

transfer kinetics becomes faster through the shell particles than it is through totally porous 

particles. Fig. 9.c.  shows the change of hParticle against the ratio of the diameter of the solid 

core to that of the whole core–shell particle. 

According to this theory, 2.3 and 1.7 times faster intraparticle diffusivity can be expected for 

commercially available sub-3 μm shell packing (Kinetex and Halo / Ascentis Express, ρ = 0.73 

and ρ = 0.63), than for fully porous particles (if the particle size is similar). 

Fig. 10 illustrates a comparison of theoretical h-ν curves when MW=5000 is supposed for the 

test analyte. The only difference is the solid core to core shell ratio, all other column 

properties are supposed the same (same size particles, same quality of packing, etc). It can 

be seen that both plate height and the slope of C term are more favorable for a core shell 

material than for a fully porous packing. For a well packed column a minimum reduced plate 

height value of hmin = 2 can be expected while core shell columns can perform much lower 

plate heights.  A reduced plate height minimum of hmin = 1.5 can be predicted for shell 

particles with ρ = 0.63, while particles with ρ = 0.73 probably perform hmin = 1.2 plate height 

minimum. 
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Fig. 9. Change in reduced longitudinal diffusion term (A), external film mass transfer term (B) and in 
transparticle mass transfer resistance (C) against the solid core to whole particle ratio in the case of shell 
particles 
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Fig. 10. Theoretical h-ν curves of fully porous and core shell columns (MW=5000 Da) 

 

Our purpose was to compare the efficiency of commercially available columns packed with 

fully porous sub-2 μm particles and packed with sub-3 μm shell particles. In this research a 

systematical evaluation of the possibilities of the separations obtained with 5 cm long 

narrow bore columns packed with new 2.6 μm shell particles (1.9 μm nonporous core 

surrounded by a 0.35 μm porous shell, KinetexTM, Core-Shell), packed with other shell type 

particles (Ascentis ExpressTM, Fused-Core), totally porous sub-2 µm particles and a 5 cm long 

narrow bore monolith column is presented. The different commercially available columns 

were compared by using plate height versus linear velocity plots. Theoretical Poppe plots 

were constructed for each column to compare their kinetic performance. Data is presented 

on polar neutral real life analytes. Comparison of low molecular weight compounds (MW = 

270 - 430) and a high molecular weight one (MW ~ 900) was conducted. Moreover, particle 

size distribution, and particle shape were investigated.  
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3.2.1. Chemicals, columns 
 

Acetonitrile and methanol (gradient grade) were purchased from Merck (Darmstadt, 

Germany). For measurements water was prepared freshly using Milli-Q equipment (Milli-Q 

gradient A10 by Millipore).   

The test analytes were polar neutral compounds. Estradiol (estra-1,3,5(10)-triene-3,17-diol), 

levonorgestrel ((-)-13-Ethyl-17-hydroxy-18,19-dinor-17alpha-pregn-4-en-20-yn-3-one) and 

bicalutamid ((±)-N-/4-Cyano-3-(trifluoromethyl)phenyl/-3-/(4-fluorophenyl)-sulphonyl/-2-

hydroxy-methyl-propanamide) were produced by Gedeon Richter Plc (Budapest, Hungary). 

Ivermectin (22,23-dihydroavermectin B1a) was purchased from Bioastralis (Smitfield, 

Australia).  

Ascentis Express C18 column (Supelco) with a particle size of 2.7 μm (50 mm × 2.1 mm) was 

purchased from Sigma–Aldrich Ltd., Budapest. Waters UPLCTM BEH C18 column with a 

particle size of 1.7 μm (50 mm × 2.1 mm) was purchased from Waters Ltd., Budapest. 

Hypersil Gold C18 column (Thermo) with a particle size of 1.9 μm (50 mm × 2.1mm) was 

obtained from Lab-Comp Ltd., Budapest. Chromolith FastGradient RP-18e column (50 mm × 

2.0 mm) was purchased from Merck Ltd., Budapest. The new Kinetex Core-Shell columns 

packed with 2.6 μm shell particles (50 mm × 2.1 mm, 100 mm x 2.1 mm, 100 mm x 3 mm, 

100 mm x 4.6 mm and 150 mm x 3 mm) were obtained from GEN-Lab Ltd, Budapest. All of 

the columns were brand new (no other experiments were performed on them). 

 

3.2.2. Equipment, software 
 

The same instruments and software were used as in chapter 3.1.2. 
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3.2.3. Measurement of plate heights and column permeability 
 

The same apparatus was applied as in chapter 3.1.3. 

Since all experimental parameters, with the exception of the retention factor k, have been 

kept constant (the retention factor of estradiol varied between 3.42 and 5.72 on the 

different columns, and the k value of ivermectin varied between 4.32 and 6.57), these 

conditions can be used to effectively compare the columns and the effect of analyte 

properties on the performance characteristics.  

For the comparison of h-ν plots, scanning electron microscopic (SEM) images and Image-J 

(image-processing software) were used to determine the average domain size of the 

Chromolith FastGradient RP-18e material in this study. The domain size was evaluated as 

Tanaka and coworkers [24] suggested. The sum of the size of a through-pore and the size of 

the neighboring silica skeleton measured along two lines perpendicular to each other. An 

average domain size of ddom = 3.38 µm was obtained for the Chromolith column. 

 

3.2.4. Flow study 
 

The kinetic properties of the investigated columns were evaluated at the temperature of 35 
0C by means of their H – u curves. A small volume of analytes (10 μg/ml) diluted with mobile 

phase was injected. The injection volume was set as 0.5 µl. Fig. 11. shows the obtained 

HETPs (micrometer) versus the linear velocity (cm/sec). The constants of the H-u curves 

were obtained by fitting experimental data to the van Deemter equation (eq. 1.) using the 

least square optimization method. A comparison between the A, B, C terms, optimum linear 

velocity and minimum plate heights for each of the columns is presented in Table 3.  
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Fig. 11. Experimental Van Deemter plots of 2.6 μm shell-type (Kinetex), 2.7 μm shell-type (Ascentis Express), 
sub-2 μm totally porous particles and a monolith column (peak widths were corrected for the extra-column 
broadening). Mobile phase: (A) 48% acetonitrile-52% water for estradiol and (B) 95% acetonitrile-5% water for 
ivermectin, temperature: 35 0C, injection: 0.5 μl, analyte: (A) estradiol, (B) ivermectin 

(B) 

(A) 
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Table 3. Summary of fitted van Deemter constants (A,B,C), optimal linear velocity and minimum plate heights. 
(k: retention factor)  

column k A 
(μm) 

B  
(μm2/10-4sec) 

C  
(10-4sec) 

uopt 
(cm/s) HETPmin (μm) 

 
Analyte: estradiol (MW=272g/mol) 
2.6 μm Kinetex Core-Shell 3.76 4.736 0.038 0.648 0.24 5.0 
2.7 μm Ascentis Express Fused-Core 5.02 3.063 0.065 6.660 0.10 4.4 
1.7 μm Waters Acquity BEH 4.51 3.724 0.057 3.081 0.14 4.6 
1.9 μm Hypersil Gold 5.72 4.462 0.060 3.607 0.13 5.4 
Chromolith FastGradient 3.42 5.600 0.049 8.384 0.08 6.9 

 
Analyte: ivermectin (MW=875g/mol) 
2.6 μm Kinetex Core-Shell 4.71 5.527 0.038 6.309 0.08 6.5 
2.7 μm Ascentis Express Fused-Core 5.99 3.120 0.044 30.486 0.04 5.4 
1.7 μm Waters Acquity BEH 5.52 3.571 0.056 19.043 0.05 5.6 
1.9 μm Hypersil Gold 6.57 4.773 0.050 25.470 0.04 7.0 
Chromolith FastGradient 4.32 5.170 0.081 46.649 0.04 9.1 
 

The major difference between the efficiency of the investigated columns is the mass-transfer 

characteristic. In the case of estradiol the obtained C term of the new Kinetex Core-Shell 

material is lower with a factor of 5 - 13 compared to values obtained with sub-2 µm totally 

porous particles or with the Ascentis Express packing or with the monolith column. When 

ivermectin is injected, the obtained C term of the Kinetex column is about 3-4 times lower 

than that of the ones were obtained with columns packed with sub-2 µm totally porous 

particles, approximately 5 times lower than the C term of Ascentis Express column and 7 

times lower than the value obtained with the Chromolith column.  

It is so surprising that the HETPmin values obtained with the new Kinetex column are higher 

than the HETPmin values of Ascentis Express column and Waters Acquity BEH column. If we 

follow the theory we would expect that the short diffusion path (0.35 µm) of the Kinetex 

particles perform lower plate height than the other stationary phases with longer diffusion 

pores. But in this study the Kinetex column provided similar HETPmin values like the column 

packed with 1.9 µm totally porous particles. It is necessary to mention that all the columns, 

which were compared, came from different providers and thus, both the quality of packing 

and particle size distribution could have an effect on efficiency. 
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In the case of estradiol the Kinetex column gave the highest optimum linear velocity (0.24 

cm/s) which was approximately 1.8 - 2.4 times higher than it was observed with the columns 

packed with sub-2 µm particles, or 2.7 µm Fused-core particles and approximately 3 times 

higher than with the Chromolith column. When ivermectin was injected, the Kinetex column 

gave approximately 1.4 - 2 times higher optimum linear velocity than the other four 

columns. In everyday practice, chromatographers usually work above the optimum linear 

velocity. And therefore it is necessary to emphasize that in the range of high linear velocities 

the Kinetex column presented higher plate numbers as the Ascentis Express column, or 

columns packed with totally porous sub-2 µm particles and offers more efficient separation 

when fast analysis is required. The particle size of Kinetex is 2.6 μm therefore the pressure 

drop is much lower compared to sub-2 μm columns thus higher linear velocity can be 

applied during the analysis. 

When test analytes having higher molecular weight are eluted, the values of C-term are 

considerably higher and the optimum linear velocity is significantly lower compared to 

values obtained with smaller molecules. It can be probably explained with the diffusion 

coefficient of the analytes (DM) and with the variance in pore structure of the different 

particles. Fig. 12 shows the experimental van Deemter curves of levonorgestrel (MW = 312 

g/mol), bicalutamid (MW = 430 g/mol) and ivermectin (MW=875g/mol) obtained on Kinetex 

2.6 µm (50 mm x 2.1 mm) column and the A, B, C terms, optimum linear velocity and 

minimum plate heights for each analyte are presented in Table 4.  

Kaczmarski and Guiochon state that the mass-transfer resistance of shell particles exhibit 

much lower plate heights for large molecular size compounds than do fully porous particles, 

this advantage increasing with decreasing thickness of the shell [94]. In contrast with 

Ascentis Express or Halo particles (0.5 µm porous silica layer) the Kinetex particles (0.35 µm 

porous silica layer) perform much lower C terms for both small (~ 300 g/mol) and large 

molecules (~ 900 g/mol) in this study. 

Fig 13. shows the experimental h-ν curves of estradiol (MW = 272 g/mol) obtained on the 

different type 5 cm long narrow bore columns, and the fitted A, B, C constants, optimum 

linear velocity and minimum plate heights are reported in Table 5.  
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Fig. 12. Experimental Van Deemter plots of 2.6 μm shell-type (Kinetex, 50 mm x 2.1 mm), column (peak widths 
were corrected for the extra-column broadening). Mobile phase: 48 % acetonitrile – 52 % water for 
levonorgestrel and bicalutamid and 95 % acetonitrile – 5 % water for ivermectin, temperature: 35 0C, injection: 
0.5 μl. 

 

 

Table 4. Summary of fitted van Deemter constants (A,B,C), optimal linear velocity and minimum plate heights 
of Kinetex column. (k: retention factor) 

analyte k A 
(μm) 

B  
(μm2/10-4sec) 

C  
(10-4sec) 

uopt (cm/s) HETPmin 
(μm) 

Levonorgestrel (MW=312g/mol) 4.05 5.340 0.030 0.104 0.53 5.5 
Bicalutamid (MW=430g/mol) 3.80 4.978 0.033 1.371 0.16 5.4 
Ivermectin (MW=875g/mol) 4.71 5.527 0.038 6.309 0.08 6.5 
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Fig. 13. h-ν curves of 2.6 μm shell-type (Kinetex), 2.7 μm shell-type (Ascentis Express), sub-2 μm totally porous 

particles and a monolith column. Experiments were conducted on 5 cm long narrow bore columns in 48/52 
ACN/H2O at 35 oC, DM = 1.15x10-5 cm2/sec. Test analyte: estradiol. 

Table 5. Summary of fitted constants (A,B,C), optimal reduced linear velocity (v) and minimum reduced plate 
heights (h).  

column A B C υopt  hmin 
Analyte: estradiol (MW=272) 

2.6 μm Kinetex Core-Shell 1.845 0.311 0.009 6.0 1.9 
2.7 μm Ascentis Express Fused-Core 1.250 0.474 0.094 2.2 1.7 
1.7 μm Waters Acquity BEH 2.483 0.360 0.079 2.1 2.7 
1.9 μm Hypersil Gold 2.557 0.409 0.087 2.2 2.8 
Chromolith FastGradient 1.685 0.425 0.084 2.2 2.0 

 

The lowest A value (1.25) was obtained with the 2.7 μm Ascentis Express column. The 

Kinetex column gave an A value of 1.845. The columns packed with totally porous sub-2 μm 

particles performed A values above 2. All of the tested columns gave C values under 0.1. The 

Kinetex column performed approximately 10 times lower C value that the other columns. It 

can be probably explained with the thin porous shell layer (0.35 μm). According to 

Kaczmarski and Guiochon, the mass-transfer resistance depends mainly on the value of the 

effective diffusivity [94]. Moreover no significant difference can be expected in HETP for 

small molecules only for large molecules (peptides and proteins). In our study for small 
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molecules (MW ~ 300 - 900 g/mol) the mass-transfer resistance is the most favorable in the 

case of Kinetex column (which has the shortest effective diffusion path).  

The ratio of solid core and particle diameter for Kinetex material is ρ = 0.73 and for Ascentis 

Express is ρ=0.63. If we follow the theory approximately 1.4 times faster diffusivity should be 

obtained with Kinetex than with Ascentis Express. The C terms obtained for the Kinetex 

column is significantly smaller than the C terms of the Halo column both for the steroid and 

ivermecin. The 10 times and 5 times smaller C terms can probably be explained with the 

differences of particle shape and external surface properties. Another cause could also be 

that the mass transfer resistance is mainly controlled by the external film mass transfer 

resistance and not by the transparticle mass transfer. The Kinetex particles are spherical with 

smooth external surface (see in 3.2.7) while the Ascentis Express particles have irregular 

shape and their external surface is rough. 

The column of 2.7 μm shell particles had a reduced plate height minimum of approximately 

h = 1.7 in this study. The lowest reduced plate height ever reported of columns packed with 

shell particles (Halo) is h = 1.4 [30]. It is surprising that the column packed with particles 

having thinner porous shell than Ascentis Express (or Halo) yielded higher reduced plate 

height minimum value. The Kinetex column had the value of h = 1.9 which is very similar to 

the value obtained with the Chromolith column. Columns of the sub-2 μm particles showed 

higher reduced plate height values (h ~ 2.7 – 2.8). The minimum reduced plate height 

measured for Waters BEH 1.7 μm column (hmin = 2.7) is in good agreement with the results 

of previous reports [13,31-33,70,98-100,]. 

 

3.2.5. Comparison of the plate heights obtained with different diameter 
Kinetex columns 
 

It is surprising that the HETPmin value obtained with the new Kinetex narrow bore column 

(2.6 µm, 50 mm x 2.1 mm) is significantly higher than the values of Ascentis Express column 

and Waters Acquity BEH column. This is the reason why we wanted to study both the quality 

of packing and particle size distribution, which could have an effect on efficiency. The 
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efficiency of Kinetex 2.6 µm columns with different size such as 100 mm x 2.1 mm, 100 mm x 

3 mm and 100 mm x 4.6 mm was compared.  

The kinetic properties of the investigated columns with different diameter were evaluated 

by means of their van Deemter and h-ν plots obtained by injecting estradiol. The flow-rate 

was increased from 0.01 ml/min up to 1.2 ml/min in the case of 100 mm x 2.1 mm column. 

And it was increased up to 2 ml/min for both 100 mm x 3 mm and 100 mm x 4.6 mm 

columns. The minimum plate height values were calculated according to eq. 3., and the 

reduced plate height values obtained with the different diameter Kinetex columns were 

determined according to eq. 5. A comparison between the minimum plate heights and 

reduced minimum plate heights achieved with 4.6 mm, 3.0 mm and 2.1 mm Kinetex columns 

is presented in Table 6. The obtained HETPs (micrometer) versus the linear velocity (cm/sec) 

are demonstrated in Fig.14.A. 

The obtained results are unexpected. The larger diameter columns obviously provided lower 

plate height value than the ones obtained with narrow bore column. The achieved HETPmin 

value was 3.2 μm with the 4.6 mm diameter column, 3.6 μm with the 3.0 mm diameter 

column while the narrow bore column (2.1 mm) performed a HETPmin around 5 μm when 

estradiol was injected.  

The reduced functions for estradiol were calculated according to eq. 4., 5., and 6. Fig 14. B. 

shows the experimental h-ν curves. The 3 mm and 4.6 mm diameter Kinetex columns result 

lower reduced plate heights than the ever-reported value of Halo column (h = 1.4). The 

reduced plate height minimum values of h = 1.3 (3 mm column) and h = 1.2 (4.6 mm column) 

were obtained. But it is a fact, that the narrow bore Kinetex column does not perform the 

expectation. Complications associated with the packing of 2.1 mm Kinetex columns may be 

responsible for the increased minimum plate heights. It is not an uncommon phenomenon 

that columns of diameters below the standard 4.6 mm, or packed with particles below 5 μm, 

fail to achieve the expected minimum in reduced plate height [13,33,101]. Mazzeo et al. 

reported minimum plate heights above 2dp for 50 mm × 2.1 mm columns packed with 5, 3.5 

and 1.7 μm particles, indicating that column dimensions indeed play a crucial role in 

determining packing efficiency [101].  Another possible explanation of increased plate 

heights may be the formation of non-uniform temperature gradients due to frictional 

heating at elevated pressure. Radial temperature gradients occurring at high pressure under 
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conditions of favorable heat transfer can also lead to compromised efficiency. In the region 

of high linear velocities, the frictional heating becomes prominent. 

But of course several further measurements are essential in order to gain ample data and 

results, so that we can study the unexpected phenomena.  

However it is necessary to mention that the efficiency of narrow bore Kinetex column still 

offers very high efficiency which is comparable or higher to that obtained with columns 

packed with totally porous sub-2 μm particles or can be obtained with Halo or Ascentis 

Express columns. 

 

 
Fig.14. Experimental Van Deemter (A) and h-ν (B) plots of 2.6 μm shell-type (Kinetex, 100 mm x 2.1 mm, 100 
mm x 3.0 mm and 100 mm x 4.6 mm), column (peak widths were corrected for the extra-column broadening). 
Mobile phase: 48 % acetonitrile – 52 % water, temperature: 35 0C, injection: 0.5 μl, DM = 1.15x10-5 cm2/sec. Test 
analyte: estradiol. 

(B) 

(A) 
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Table 6. Summary of minimum plate heights (HETP) and minimum reduced plate heights (h) obtained with 
different diameter Kinetex columns. Analyte: estradiol, retention factor k = 3.76 

Column (2.6 μm Kinetex Core-Shell) HETPmin (μm) hmin 
100 mm x 2.1 mm 5.0 1.9 
100 mm x 3.0 mm 3.6 1.3 
100 mm x 4.6 mm 3.2 1.2 
 

3.2.6. Kinetic plots (Poppe plots and L versus N plots) 
 

The permeability of the compared columns was assessed from the experimental column 

pressure (P). Column permeability data were corrected with system pressure drop (extra 

column pressure drop). The data in a measured van Deemter curve and the value of the 

column permeability were used to calculate the kinetic plots (according to eq. 7. and eq. 8.). 

Fig. 15. shows the calculated isocratic Poppe plots of estradiol on the compared columns at 

400 bar (HPLC limitation) and at the maximum applicable pressure for each column to 

represent the utilization of maximum performance (UHPLC application). The data for 

maximum pressure were obtained from the column manufacturers: 1000 bar for Waters BEH 

and Hypersil Gold columns, 600 bar for Ascentis Express and Kinetex columns and 200 bar 

for the Chromolith column. These plots represent the theoretical separation speed when the 

maximum performance of a HPLC and of an UHPLC system is utilized (pmax= 400 bar and 

1000 bar respectively).  

The resulting curves, one for each column, demonstrate the maximum analysis speed at a 

given required plate number (N) and also demonstrate the effect of the choice of column 

(stationary phase type; totally porous particles, shell particles, monolith column). Please 

note that the plate times depend on the maximum allowable pressure drop, which is 

different for the tested columns. A column can offer faster separation if it has a stationary 

phase with higher mechanical stability (higher pmax) than the column which has lower 

mechanical stability. 
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Fig.15. Poppe plots of estradiol. Experiments were conducted on 5cm long narrow bore columns in 48/52 
ACN/H2O, η = 0.85 cPoise, at 35 oC. Available max. pressure: (A) 200 bar for Chromolith column and 400 bar for 
the packed columns, (B) 1000 bar for Waters BEH and Hypersil Gold columns, 600 bar for Ascentis Express and 
Kinetex columns and 200 bar for the Chromolith column. 

 

(B) 

(A) 
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In the case of estradiol, when the maximum available pressure is limited as 400 bar (Fig. 

15.a) the Ascentis Express column provides the most favorable plate time values and offers 

the shortest analysis time if the separation requires 10000 – 90000 plate counts. The second 

choice in this plate number range is the Kinetex column, which presents similar plate time 

values to the monolith column if the required plate number is higher than 30000. It is 

surprising that the Kinetex column outperforms the other totally porous sub-2 m and 

2.7m shell columns when low plate numbers (N < 10000) and also when very high plate 

numbers (N > 90000) are required for the separation. The first case can be beneficial when 

very short columns (L = 2 - 5 cm) are applied and only a small number of analytes are 

planned to be separated, while the second case is practical when long columns are used. 

Generally the Poppe curves cross over each other in one point, but the Poppe plot of Kinetex 

column crosses the curve of Ascentis Express column in two points. It is unexpected, and 

probably can be explained with the extremely flat C term.  

If the maximum performance of an UHPLC system is utilized (Fig. 15.b), the column packed 

with 1.7 μm totally porous particles and the column packed with 2.7 μm shell particles (0.5 

μm porous shell) can give the possibility of the shortest analysis when the separation 

requires a plate count value in the range of N = 20000 – 120000. Kinetex is preferred when 

low plate number is enough (N < 11000) for a given separation. 

Fig. 16. shows the experimental isocratic Poppe plots of ivermectin. Under HPLC conditions 

(pmax = 400 bar), the Kinetex column gives the fastest separation when lower than 80000 

plate numbers are required (Fig. 16.a). This 80000 plate count can be achieved with 

approximately a 43 cm long Kinetex column (Fig.17.). So in every day practice, when 5 – 25 

cm long columns are used, the Kinetex column provides the most favorable plate time values 

and offers the shortest analysis time. If the needed plate number is higher than 80000, the 

Ascentis Express column outperforms the Kinetex column. 
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Fig.16. Poppe plots of ivermectin. Experiments were conducted on 5cm long narrow bore columns in 95/5 
ACN/H2O, η = 0.33 cPoise, at 35 oC. Available max. pressure: (A) 200 bar for Chromolith column and 400 bar for 
the packed columns, (B) 1000 bar for Waters BEH and Hypersil Gold columns, 600 bar for Ascentis Express and 
Kinetex columns and 200 bar for the Chromolith column. 

(B) 

(A) 
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 Under UHPLC conditions the column packed with 1.7 μm totally porous particles 

outperforms the Ascentis Express column if N < 200000 is required (Fig. 16.b.). If our analysis 

demands a plate count N < 70000, The Kintex column performs the fastest separation. The 

70000 plate count can be achieved with approximately a 48 cm long Kinetex column (Fig. 

17.).  

We can conclude that the Kinetex column packed with 2.6 μm shell particles (0.35 μm 

porous shell) is worthy of rivaling to sub-2 μm columns and Ascentis Express (or Halo) 

column, both for small and large molecule separation. The thickness of the porous shell is 

very thin (0.35 μm), thus the mass-transfer resistance is very advantageous for Kinetex and 

therefore provide an extremely flat C term. Utilizing this feature, high flow rates can be 

applied to achieve fast separations without significant loss in efficiency. 

 

Fig.17. Column length (L) versus plate number (N) plots of estradiol (A,B) and ivermectine (C,D). Experiments 
were conducted on 5cm long narrow bore columns in 48/52 ACN/H2O, η = 0.85 cPoise (A,B) and 95/5 ACN/H2O, 
η = 0.33 cPoise (C,D), at 35 oC. Available max. pressure: (A,C) 200 bar for Chromolith column and 400 bar for 
the packed columns, (B,D) 1000 bar for Waters BEH and Hypersil Gold columns, 600 bar for Ascentis Express 
and Kinetex columns and 200 bar for the Chromolith column. 

 

(A) (B) 

(C) (D) 
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3.2.7. Particle size distribution and surface of packing materials 
 

Scanning Electron Microscopic (SEM) images and Image-J (image-processing software) were 

used to show the roughness of the particles and to determine the particle size distribution of 

the Kinetex, Ascentis Express, Waters BEH and Hypersil Gold material (Fig. 18).  

It can be evidently seen that the Kinetex and Waters BEH particles have smooth surface, 

they are much softer than Ascentis Express’s or Halo’s. According to Gritti and Guiochon the 

external roughness of the particles probably affects the column efficiency [30]. The nature of 

the particle surface, its smoothness or degree of roughness affects considerably the film 

mass transfer kinetics, hence the column efficiency. While the film mass transfer is nearly 

negligible with ultra-smooth particles. If the particles have rugose surface, that may cause 

the formation of large stagnant pools of liquid phase surrounding the particles. In our study 

the elevated C term of Ascentis Express column probably can be explained with the rough 

surface. The Kinetex shell particles have much softer surface than the Ascentis Express (or 

Halo) particles and in accordance with this fact the Kinetex particles provide much higher 

efficiency in the range of high linear velocities. Furthermore the Kinetex particles have 

shorter porous diffusion path than the Ascentis Express (or Halo) particles so these features 

provide significantly higher kinetic efficiency for the new Kinetex Core-Shell particle than the 

Ascentis Express or other totally porous sub-2 μm particles can supply.     

For the calculation of particle size distribution 300 individual particles were considered. The 

diameters of the particles were measured along the horizontal direction. The distribution is 

presented in histograms (Fig.19.). The mean diameter of Kinetex particles was determined as 

2.50 μm (RSD = 5.9 %). The Kinetex particles have similar narrow particle size distribution as 

the Ascentis Express particles have (Table 7.). The average diameter of Ascentis Express 

particles was found as 2.72 μm (RSD = 5.3 %). The totally porous sub-2 μm particles have 

much wider distribution (RSD > 15 %). 

Summarizing the physical characteristic of Kinetex 2.6 μm material, the particles have a very 

advantageous narrow size distribution and the surface roughness is also favorable. These 

attributes can make to achieve extremely high kinetic efficiency for this packing at high 

linear velocities. 
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Fig.18. SEM pictures of  Kinetex 2.6 μm core-shell particles (A1, A2), Ascentis Express 2.7 μm core-shell particles 
(B1, B2), Waters BEH 1.7 μm fully porous particles (C1, C2) and Hypersil Gold (D1, D2) 

A1 A2 

B1 B2 

C1 C2 

D1 D2 
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Fig.19. Particle size distribution of Waters UPLC BEH 1.7 μm porous particles (blue), Hypersil Gold 1.9 μm 
porous particles (pink), Ascentis Express 2.7 μm shell particles (red) and Kinetex 2.6 μm shell particles (green) 

 

Table 7. Particle size distribution (on the basis of SEM measurements) 

column d(10) d(90) d 90/10 mean (µm) RSD % 

2.6 μm Kinetex Core-Shell 2.32 2.68 1.15 2.50 5.94 
2.7 μm Ascentis Express Fused-Core 2.56 2.96 1.16 2.72 5.30 
1.7 μm Waters Acquity BEH 1.43 2.19 1.53 1.81 15.79 
1.9 μm Hypersil Gold 1.50 2.26 1.51 1.95 15.18 

 
 

3.2.8. Practical example: Fast isocratic separation of a steroid mixture 
applied for pharmaceutical cleaning control analysis 
 

Our example describes a fast isocratic separation, which can be applied for simultaneous 

determination of nine steroid API residues in support of cleaning control analysis in 

pharmaceutical formulation area (Pilot Plant). 

In the case of steroids (neutral compounds) the solubility (logP octanol-water partition 

coefficient) is one of the most important properties regarding selectivity. Under suitable 
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chromatographic conditions isocratic and extrapolated retention factors correlate well with 

octanol-water partition (logP) or distribution coefficients. In this case the logP values of the 

compounds to be separated were previously predicted (with ChemDesk) and because of the 

small differences in logP values isocratic basic runs were considered.  

Simultaneous optimization of isocratic %B and column temperature was performed using a 

2.6 μm Kinetex (150 mm x 3 mm) column with aqueous acetonitrile as the mobile phase. The 

flow-rate for the initial basic runs was set at 0.5 ml/min. The mobile phase “A” consisted of 5 

% acetonitrile and 95 % water, the mobile phase “B” was acetonitrile. Two basic isocratic 

runs (35 % and 50 % B) at two different column temperatures (30 °C and 60 °C) were 

achieved. DryLab software was used to predict the optimal solvent ratio and column 

temperature. Then the flow-rate was increased up to 1.8 ml/min, exploiting the extremely 

flat C term implemented by the Kinetex column. The optimized method separates the nine 

steroid compounds within 1.4 minutes and can be applied for routine cleaning control 

analysis for a steroid producing equipment line (Fig.20.). 

 

Fig.20. Column: Kinetex C18 2.6 m (150 mm x 3.0 mm), mobile phase: acetonitrile-water 47-53 V/V%, flow: 
1.8 ml/min (p=516 bar), column temperature: 60 0C, injection volume: 1μl, detection: 215 nm, analytes: 
steroids (neutral polar API) swabbed from stainless steel model surface 
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3.2.9. Summary of results, conclusion 
 

In this study a systematical evaluation of the potential of the separations obtained with 5 cm 

long narrow bore columns packed with new 2.6 μm shell particles (1.9 μm nonporous core 

surrounded by a 0.35 μm porous shell, KinetexTM), and with other shell type particles 

(Ascentis ExpressTM, Fused-Core), fully porous sub-2 µm particles and a 5 cm long narrow 

bore monolith column was presented.  

The new Kinetex column performs an extremely flat C term both for small and large 

molecules (MW ~ 270 – 900 g/mol). The Kinetex particles have a very narrow size 

distribution (d90/10 = 1.15) and the external surface is smooth. Reduced plate height 

minimum values of hmin = 1.9 (2.1 mm column), hmin = 1.3 (3 mm column) and hmin = 1.2 (4.6 

mm column) were obtained. The new Kinetex column offers more efficient separation in the 

range of high linear velocities than the columns packed with sub-2 μm totally porous 

particles or shell particles with thicker porous layer. When 5 – 25 cm long columns are used, 

the Kinetex column provides the most favorable plate time values and offers the shortest 

analysis time (see Fig. 17). 

The column packed with 2.7 μm fused-core particles gave unexpectedly high C terms. The 

surprising mass transfer characteristic of Ascentis Express particles can probably be 

explained with the differences of particle shape and external surface properties. Another 

explanation could also be that the mass transfer resistance is mainly controlled by the 

external film mass transfer resistance and not by the transparticle mass transfer. 

We can conclude that, the new type of shell particles is promising and offer very high 

efficiency under isocratic conditions.  

The influence of the extra-column volume on the apparent column efficiency is more 

important for very efficient short narrow bore columns packed with core-shell particles than 

it is in the case of totally porous sub-2 μm particles. The extra-column dispersion of the 

(U)HPLC system may cause a shift of the HETP curves.  
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3.3. Rapid HPLC method development, using 5 cm long narrow bore 
columns and Design Space computer modeling  
 

This section is based on our paper published in Journal of Chromatography A:  

Fekete, S., Fekete, J., Molnár, I., Ganzler, K., Rapid high performance liquid chromatography 
method development with high prediction accuracy, using 5 cm long narrow bore columns 
packed with sub-2 μm particles and Design Space computer modeling, J Chrom. A, 1216 (45), 
(2009) pp. 7816-7823. (IF: 3.756) 
 

To increase sample throughput, a conventional HPLC method easily can be scaled down to 

UHPLC method. When transferring a separation from conventional HPLC to UHPLC, 

comparable method parameters must be used to maintain equivalent separations. To keep 

selectivity while scaling an analysis, column properties and operating conditions should stay 

consistent, while other parameters are optimized. The same or very similar stationary phase 

chemistry must be used to keep the selectivity. Differences in selectivity can be seen when 

not using equivalent columns. However, when decreasing particle size and column 

dimensions, it is equally important that certain operating conditions be adjusted properly. By 

applying scaling factors, the modifications of the column length and/or particle dimension 

allow to obtain fast analytical methods without losing resolution or sensitivity [102]. The 

same considerations can be applied for HPLC to UHPLC method transfer procedure. This 

approach is sometimes called “geometrical transfer” [103,104]. 

In order to avoid a detrimental extra-column band broadening and maintain an equivalent 

level of sensitivity in the scaled down separation, it is necessary to adapt the injection 

volume to the column dimension. The new injected volume can be determined according to 

the following equation: 
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Vi is the injection volume, dC is the column diameter and L is column length. For a successful 

method transfer, the reduced linear velocity of the mobile phase (ν) must be kept constant, 

since this value is independent of the column geometry or mobile phase flow rate. Hence, 
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for a geometrical transfer, the new flow rate (F) can be calculated with the following 

equation: 
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In linear or multi-linear gradient elution, the gradient profile can be decomposed as the 

combination of two parts: isocratic and gradient segments. For both parts, the gradient 

volume should be scaled in proportion to the column volume, to yield identical elution 

patterns. The rules for efficient gradient transfer, introduced by Snyder and Dolan [104] and 

updated recently by Carr and Schellinger [105], should be strictly followed. For the isocratic 

step (and also equilibrating time), the ratio between isocratic step time (tiso) and column 

dead time (t0) should be adapted with the help of the following equation: 
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For slope segments, the initial and final gradient composition (%B) must be constant, and 

the new gradient time (tg2) expressed as: 
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Considering the equations the new (transferred, scaled down) gradient times can be 

expressed as: 
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According to the scaling down equations, instead of the 20 and 60 minutes or 30 and 90 

minutes gradient basic runs applied for method development (see in 1.3), which are mostly 

used for conventional columns (15 - 25 cm long, 3.9 - 4.6mm in diameter at a flow rate of 1 - 

2 ml/min), 7 and 21 minutes gradients can be suggested to apply for 50 mm x 2.1 mm 

columns packed with sub-2 μm particles at a flow rate of 0.4 - 0.5 ml/min.  

In pharmaceutical industry, for an appropriate separation, the mobile phase composition, 

the gradient time and temperature and other factors have to be optimized to get a 
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satisfactory separation and establish the Design Space. According to the International 

Conference on Harmonisation (ICH Q8), Design Space means the multidimensional 

combination and interaction off input variables (e.g., material attributes) and process 

parameters that have been demonstrated to provide assurance of quality [106]. 

In this study we tested, whether the 7 and 21 minutes gradient basic runs provide a reliable 

accuracy for the computer model simulation or not. With the use of 50 mm x 2.1 mm 

columns it is possible to cut the method development time with a factor of approximately 3 - 

5. 

The aim of our work was to show, that computer assisted method development tools can be 

applied in fast liquid chromatography with high authenticity and efficiency to explore parts 

of the Design Space. Methods were developed for hybrid type stationary phase (BEH C18), 

which is a popular column in UHPLC practice, and for other silica-based sub-2 µm packed 

materials using the DryLab package. Data are presented for the accuracy of computer 

prediction, when sub-2 μm packed columns were applied for systematic method 

development. Examples from the pharmaceutical industry (impurity/degradation profiling, 

cleaning control analysis) are reported for the separation of neutral and also for basic 

compounds.  

 

3.3.1. Chemicals, columns 
 

Acetonitrile and methanol (gradient grade) were purchased from Merck (Darmstadt, 

Germany). For measurements water was prepared freshly using Milli-Q equipment (Milli-Q 

gradient A10 by Millipore).   

The reference materials and samples, such as ethinylestradiol and its impurities and 

degradation products, estradiol, dienogest, finasteride, gestodene, norethisterone acetate, 

levonorgestrel and bicalutamid and its impurities, Duloxetine and its impurities were 

produced by Gedeon Richter Plc (Budapest, Hungary). 

Waters UPLCTM BEH C18 column with a particle size of 1.7 m (50 mm x 2.1 mm) was 

purchased from Waters Ltd, Budapest. Restek Pinnacle DB C18 column, 50 mm x 2.1 mm, 1.9 
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m and Restek Pinnacle DB Biphenyl column, 50 mm x 2.1 mm, 1.9 m were purchased from 

Lab-Comp Ltd, Budapest. Zorbax SB C18 column (Agilent) 50 mm x 2.1 mm 1.8 m was 

purchased from Kromat Ltd, Budapest. 

 

3.3.2. Equipment, software 
 

UPLC was performed using a Waters Acquity system equipped with binary solvent delivery 

pump, an auto sampler, a photo diode array detector and Empower software. The UPLC 

system was purchased from Waters Ltd. Budapest, Hungary. The UPLC system had a 5 μl 

injection loop and a 500 nl flow cell (path length = 10 mm). The dwell volume of the system 

was measured to be 0.12 ml.  

Method development was performed using DryLab 2010 chromatographic optimization 

software (Molnar-Institute, Berlin, Germany). The logP (octanol-water partition coefficients) 

values were predicted by ChemDesk (Medicinal Chemistry at your Desk), which is granted by 

Computer-Aided Design and Drafting (CADD) and was available at Gedeon Richter Plc. 

 

3.3.3. Samples applied for method development 
 

In the first example (3.3.4.) spiked tablet samples were chromatographed. The known 

impurities and degradants of ethinylestradiol were solved in acetonitrile to make stock 

solutions, then spiked to tablet sample solution and diluted with acetonitrile-water (50 : 

50)(V : V).  

For the second example (3.3.5.), representative samples for cleaning validation sampling 

were made. The surface of the equipment line in our plant consists of mostly (> 95 %) 

stainless steel but there are other surfaces, which are made of plexi-glass, 

polytetrafluorethylene (PTFE), silicone and textile. Reference solutions of the compounds of 

our interest (dienogest, estradiol, ethinylestradiol, finasterid, gestodene, levonorgestrel and 

norethisterone acetate), blank and spiked solutions sampled from the above mentioned 

surfaces and placebo solutions were injected during the initial basic runs. The steroids were 
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dissolved in acetonitrile then diluted with acetonitrile - water 40 - 60 V/V %. The swabs 

applied for sampling were soaked in methanol. 

In the third example (3.3.6.) spiked and stressed (heat, light and pH) capsule samples were 

chromatographed. The known impurities and degradants of duloxetine were set up in 

methanol, then spiked to capsule sample solution and diluted with methanol. Then the 

spiked sample was diluted with water. 

In the fourth example (3.3.7.) representative samples for impurity profiling of tablets 

containing bicalutamid were chromatographed. The known impurities of bicalutamid were 

solved in methanol, then spiked to tablet sample solution and diluted with acetonitrile - 

water 30 - 70 V/V%.  

 

3.3.4. Example for gradient method development for neutral compounds 
(simultaneous optimization of gradient program and column temperature 
for UHPLC separation)  
 

This present example describes a fast and efficient development of a method applied for the 

determination of impurities and degradation products of a steroid active pharmaceutical 

ingredient (ethinylestradiol) from tablet, utilizing the separation power of a sub-2 m 

packed column. The active ingredient and its impurities and degradants are polar neutral 

compounds, so it is not necessary to add buffer to the mobile phase.  

Acetonitrile was chosen as organic modifier because it’s low viscosity and favorable UV 

cutoff. Simultaneous optimization of gradient program and column temperature was 

performed using a Restek Pinnacle C18 column with a particle size of 1.9 m (50 mm x 2.1 

mm) with aqueous acetonitrile as mobile phase. The flow-rate was set at 0.5 ml/min. The 

mobile phase “A” consisted of 5 % acetonitrile and 95 % water, the mobile phase “B” was 

acetonitrile. Two basic gradients with different slopes (7 and 21 minute gradient time) were 

carried out at two different column temperatures (35 °C and 65 °C). The injection volume 

was 1 l. Tablet samples spiked with the known impurities and degradation products were 

chromatographed. Our purpose was to achieve baseline resolution within the analysis-time 

as short as possible. 
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The result is shown as a resolution map in Fig. 21., where the smallest value of resolution 

(Rs) of any two critical peaks in the chromatogram is plotted as a function of two 

simultaneously varied experimental parameters. In this case the parameters are gradient 

time and column temperature. It can be seen that a fast gradient with very steep slope 

(gradient time = 2.3 minutes) can provide the highest resolution if the column temperature 

is kept at 50 °C. In those cases when the predicted optimum condition is out of the 

experimental gradient time interval, an additional run can be added to the model to make 

sure that the prediction is accurate enough. In this example, a short additional gradient run 

(2 minute gradient time) can probably make the prediction more accurate.  

The predicted optimum condition was set and experimental chromatograms were recorded. 

Fig. 22 shows the predicted and experimental chromatograms. 

 

Fig. 21. Two-dimensional resolution map of the column temperature (°C) against gradient time (min) for the 
separation of steroid API and its related impurities and degradation products 

 

To establish the accuracy of our new fast approach (7 and 21 minutes basic gradient runs) 

applied for 50 mm x 2.1 mm packed (sub-2 μm) column, the predicted and experimentally 

derived chromatograms (retention times and resolution) were compared (Table 8.). The 

predicted retention times were in good agreement with the experimental ones; the average 

of retention time errors was 1.6 % (see Table. 8), which can be considered as a highly 

accurate prediction with such rapid gradient profiles. The mean of predicted resolution (Rs) 

errors was 6.6 %. The error of resolution values contains the retention time error and also 
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the uncertainty of peak width prediction. Thus this prediction can be considered as an 

accurate support from the software package DryLab and the suggested fast gradient basic 

runs (7 and 21 minutes) can be applied in daily routine work resulting in significant time 

saving. The time spent for method development in this example was approximately five 

hours (2 gradient time x 2 temperature x 5 samples), and then the predicted method was 

verified in experiments and proved to be a suitable separation. Since then this method was 

validated and applied in our laboratory for routine analysis. Previously a 25 minute long 

conventional separation was applied for this task, so the analysis time was shortened with a 

factor of about 10. 
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Fig. 22. Predicted (A) and experimental (B) chromatograms were optimized by 7 and 21 minutes gradient basic 

runs at two different column temperature (35 °C and 65 °C). Column: Restek Pinnacle C18 1.9 m (50 mm x 2.1 
mm), mobile phase “A”: acetonitrile - water 5 - 95 V/V %, mobile phase “B”: acetonitrile, gradient elution (35 % 

– 70 % B, in 2.3 minutes), flow: 0.5 ml/min (p = 299 bar), column temperature: 50 0C, injection volume: 1 l, 
detection: 220 nm, analytes: a neutral polar API (peak 7) and its related impurities and degradation products 
(peak 1-6 and 8,9). 

(A) 

(B) 
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Table 8. Experimental retention times and resolutions vs. predicted from the two-dimensional gradient time - 

temperature model  

 Retention time (min) Resolution 
peaks experimental predicted difference a % error b experimental predicted difference a % error b 

1 0.65 0.64 0.01 1.56 - - - - 
2 0.72 0.73 -0.01 -1.37 2.61 3.09 -0.48 -15.53 
3 0.94 0.97 -0.03 -3.09 8.41 8.62 -0.21 -2.44 
4 1.14 1.13 0.01 0.88 5.56 5.38 0.18 3.35 
5 1.49 1.48 0.01 0.68 9.9 9.68 0.22 2.27 
6 1.61 1.59 0.02 1.26 2.75 2.80 -0.05 -1.79 
7 1.73 1.69 0.04 2.37 2.98 2.51 0.47 18.73 
8 1.86 1.81 0.05 2.76 2.05 1.94 0.11 5.67 
9 2.30 2.29 0.01 0.44 11.52 11.83 -0.31 -2.62 

average 0.02 1.60 average 0.25 6.55 
a Difference = experimental − predicted. 

b % error = [(experimental−predicted)/predicted]×100. 

 

3.3.5. Example for isocratic method development for neutral compounds 
(simultaneous optimization of isocratic %B and column temperature for 
UHPLC separation)  
 

The second example describes the development process of a generic method, which is 

applied for simultaneous determination of seven steroid API residues (dienogest, estradiol, 

ethinylestradiol, finasterid, gestodene, levonorgestrel and norethisterone acetate) in 

support of cleaning control analysis in formulation area. In the case of steroids (neutral 

compounds) the solubility (logP octanol-water partition coefficient) is one of the most 

important properties regarding selectivity. Under suitable chromatographic conditions 

isocratic and extrapolated retention factors correlate well with octanol-water partition (logP) 

or distribution coefficients [107]. In this case the logP values of the compounds to be 

separated were previously predicted (with ChemDesk) and because of the small differences 

in logP values (logPdienogest: 3.013, logPestradiol: 3.784, logPethinylestradiol: 3.860, logPfinasterid: 3.813, 

logPgestodene: 3.215, logPlevonorgestrel: 3.490 and logPnorethisterone acetate: 4.466) isocratic basic runs 

were considered. 

Simultaneous optimization of isocratic %B and column temperature was performed using a 

Waters UPLC BEH C18 column with a particle size of 1.7 m (50 mm x 2.1 mm) with aqueous 
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acetonitrile as mobile phase. The flow-rate was set at 0.5 ml/min. The mobile phase “A” 

consisted of 5 % acetonitrile and 95 % water, the mobile phase “B” was acetonitrile. Two 

basic isocratic runs (35 % and 55 % B) at two different column temperature (45 °C and 60 °C) 

were achieved. The injection volume was 1 l. The obtained resolution map is shown in Fig. 

23. In this case the critical resolution in the chromatogram is plotted as a function of mobile 

phase % “B” and temperature. The resolution map shows that a separation achieved with 40 

% “B” eluent at 50 °C would give a sufficient resolution. The flow rate was elevated to 0.65 

ml/min to perform a really fast separation. The predicted optimum condition was set and 

experimental chromatograms were recorded. Fig. 24 shows the predicted and experimental 

chromatograms. 

The accuracy of prediction in the case of isocratic % “B” – temperature model under UHPLC 

conditions was evaluated with the comparison of predicted and experimentally obtained 

retention times and resolutions (Table 9.).  

 

Fig. 23. Two-dimensional resolution map of the column temperature (°C) against mobile phase “B” (%) for the 
separation of steroid API residues  
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Fig. 24. Predicted (A) and experimental (B) chromatograms were optimized by 35 and 55 % B isocratic basic 
runs at two different column temperature (45 °C and 60 °C). Column: Waters UPLC BEH C18 1.7 m (50 mm x 
2.1 mm), mobile phase “A”: acetonitrile - water 5 - 95 V/V %, mobile phase “B”: acetonitrile, isocratic elution 

with 40 % B, flow: 0.65 ml/min (p = 435 bar), column temperature: 50 0C, injection volume: 1 l, detection: 220 
nm, analytes: neutral polar APIs (steroids): (1) dienogest, (2) estradiol, (3) ethinylestradiol, (4) finasterid, (5) 
gestodene, (6) levonorgestrel and (7) norethisterone acetate   

 

The predicted and experimentally obtained chromatograms (retention times and resolution) 

were compared. The predicted retention times were in excellent agreement with the 

experimental ones, the average of retention time errors was 0.74 % (see Table. 9). The 

resolutions also were predicted with high accuracy (average of errors was 3.76 %). So we can 

(A) 

(B) 
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state that computer-assisted simulation can be applied with high precision for UHPLC 

conditions in the case of simultaneous optimization of isocratic % B and column 

temperature. In this example the time spent on method development was less than four 

hours.  

Table 9. Experimental retention times and resolutions vs. predicted from the two-dimensional isocratic % B - 
temperature model  

 Retention time (min) Resolution 
peaks experimental predicted difference a % error b experimental predicted difference a % error b 

1 0.45 0.45 0.00 0.00 - - - - 

2 0.62 0.63 -0.01 -1.59 6.02 6.11 -0.09 -1.47 

3 0.87 0.86 0.01 1.16 5.84 5.95 -0.11 -1.85 

4 0.96 0.95 0.01 1.05 1.80 1.83 -0.03 -1.64 

5 1.12 1.11 0.01 0.90 2.44 2.70 -0.26 -9.63 

6 1.22 1.22 0.00 0.00 1.50 1.58 -0.08 -5.06 
7 2.23 2.24 -0.01 -0.45 10.40 10.71 -0.31 -2.89 

average 0.01 0.74 average 0.15 3.76 
a Difference = experimental − predicted. 

b % error = [(experimental−predicted)/predicted]×100. 

 

3.3.6. Example for gradient method development for basic compounds 
(simultaneous optimization of gradient program and mobile phase pH for 
UHPLC separation)  
 

Simultaneous optimization of gradient program and mobile phase pH was performed using a 

Zorbax SB C18 column with a particle size of 1.8 m (50 mm x 2.1 mm) with methanol and 

buffer as mobile phase. The flow-rate was set at 0.5 ml/min. The mobile phase “A” consisted 

of 5 % methanol and 95 % buffer (10 mM phosphate + 0.1 % triethylamine), the mobile 

phase “B” was 80 % methanol and 20 % buffer. Two basic gradients with different slopes (7 

and 21 minute gradient time) were run at three different mobile phase pH values (pH1 = 6.2, 

pH2 = 6.6 and pH3 = 7.0). The injection volume was 3 l. Capsule samples spiked with the 

known impurities and degradation products of duloxetine were chromatographed. The 

effect of pH on selectivity was systematically evaluated and simulated. With the help of 

resolution map as a function of pH, and the efficiency (peak capacity) of sub-2 m particles, 

baseline separation can be achieved between all the peaks. Earlier several attempts were 
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made to separate a critical peak pair of duloxetine and its isomer on conventional systems in 

our laboratory, but those attempts were unsuccessful. 

The obtained resolution map is shown in Fig. 25. In this case the critical resolution in the 

chromatogram is plotted as a function of gradient time (min) and mobile phase pH. The 

resolution map shows that a separation achieved at pH = 6.7 would give a sufficient 

resolution within 10 minutes. The predicted optimum condition was set and experimental 

chromatograms were recorded. Fig. 26 shows the predicted and experimental 

chromatograms. 

The precision of prediction in the case of gradient program – mobile phase pH model under 

UHPLC conditions was evaluated with the comparison of predicted and experimentally 

obtained retention times and resolutions (Table 10.).  

 

Fig. 25. Two-dimensional resolution map of the gradient time (min) against mobile phase pH for the separation 
of basic API and its related impurities and degradation products 

 

The predicted retention times were also in excellent agreement with the experimental ones. 

When mobile phase pH was optimized the average of retention time errors was under 2 % 

(see Table. 10). The mean of predicted resolution (Rs) errors was 6.5 %. The time spent for 

method development in this example required approximately seven hours (2 gradient time x 

3 pH), then the predicted method was verified in experiments and proved to be an 
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appropriate separation. Previously the peaks of duloxetine and its isomer failed to separate 

with conventional methods but with this UHPLC method a separation of this critical peak-

pair with a resolution of Rs = 1.89 was possible to achieve within 10 minutes. 
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Fig. 26. Predicted (A) and experimental (B) chromatograms. Column: Zorbax SB C18 50 mm x 2.1 mm, 1.8 μm, 
mobile phase “A”: methanol - buffer 5 - 95 V/V% (buffer: 10 mM phosphate + 0.1 % triethylamine, pH = 6.7), 
mobile phase “B”: methanol - buffer 80 - 20 V/V% (buffer: 10 mM phosphate + 0.1 % triethylamine, pH = 6.7), 
gradient elution (initial 0% B, at 0.7 min 0% B, at 3.1 min 65 % B and 100 % B at 10 min), flow: 0.5 ml/min (p = 
531 bar), column temperature: 30 0C, injection volume: 3 l, detection: 230 nm, analytes: basic drug API and its 
related impurities and degradation products: duloxetine (peak 3) and its related impurities and degradation 
products (peak 1,2 and 4-6). 

 

 

(B) 

(A) 
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Table 10. Experimental retention times and resolutions vs. predicted from the two-dimensional gradient time – 
mobile phase pH model  

 Retention time (min) Resolution 
peaks experimental predicted difference a % error b experimental predicted difference a % error b 

1 1.38 1.27 0.1 8.66 - - - - 

2 4.52 4.5 0.02 0.44 25.13 23.94 1.19 4.97 
3 6.9 6.95 -0.05 -0.72 25.31 26.80 -1.49 -5.56 

4 7.17 7.12 0.05 0.70 1.92 2.13 -0.21 -9.86 
5 8.08 8.04 0.04 0.50 8.66 9.34 -0.68 -7.28 

6 8.94 8.98 -0.04 -0.45 10.78 11.33 -0.55 -4.85 

average 0.05 1.91 average 0.82 6.50 
a Difference = experimental − predicted. 

b % error = [(experimental−predicted)/predicted]×100. 

 

3.3.7. Effect of varying the flow rate on the accuracy of prediction 
(simultaneous optimization of gradient program and column temperature 
for UHPLC separation) 
 

This example illustrates the accuracy of retention time prediction when the flow rate was 

changed compared to, as it was set during the basic experimental runs. A fast and efficient 

development of a method applied for the determination of impurities of an active 

pharmaceutical ingredient (bicalutamid) from tablet was performed. The active ingredient 

and its impurities are polar neutral compounds.  

Simultaneous optimization of gradient program and column temperature was performed 

using a Restek Pinnacle DB Biphenyl column with a particle size of 1.9 m (50 mm x 2.1 mm) 

with aqueous acetonitrile as the mobile phase. The flow-rate was set at 0.4 ml/min. The 

mobile phase “A” consisted of 5 % acetonitrile and 95 % water, the mobile phase “B” was 

acetonitrile. Two basic gradients with different slopes (7 and 21 minute gradient time) were 

carried out at two different column temperatures (35 °C and 65 °C). The injection volume 

was 2 l. Tablet samples spiked with the known impurities were chromatographed. Our 

purpose was to achieve a fast separation and then to predict the retention times for 

different (elevated) flow rates based on the initial runs performed at 0.4 ml/min. A fast 

gradient separation (30 % – 68 % B, in 6 minutes) could provide suitable resolution if the 

column temperature is kept at 45 °C (Fig. 27.). The predicted optimum condition was set and 
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experimental chromatograms were recorded with different flow rates (0.4, 0.5, 0.6 and 0.8 

ml/min). Fig. 28 shows the predicted and experimental chromatograms.  

 

Fig. 27. Two-dimensional resolution map of the column temperature (°C) against gradient time (min) for the 
separation of bicalutamid and its related impurities 

 

At first sight the predicted retention times are in good agreement with the experimental 

ones. But, when the predicted and experimental values are plotted against the pressure (Fig. 

29), significant differences can be seen between the slopes of the fitted curves. The curves 

fitted on experimental retention times have steeper slope than the curves fitted on 

predicted values in each case. So the accuracy of computer prediction is really depends on 

the applied pressure (flow rate), but when the flow rate is enhanced with a factor of 1.2 – 

2.0 compared to the value applied for basic runs – the computer assisted simulation can be 

applied with sufficient precision for UHPLC applications. The average of retention time errors 

did not exceed 5 % when the flow rate (pressure) was duplicated (Fig. 30). When the flow 

rate was enhanced with a factor of 1.25 and 1.50 - compared to the flow applied for basic 

runs – the prediction error was approximately 3 % and 4 % (respectively). Further 

experiments are going to be achieved to study this phenomenon. 
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Fig.28. Experimental (A-D) and predicted (E-H) chromatograms. Column: Restek Pinnacle DB Biphenyl 1.9 m 
(50 mm x 2.1 mm), mobile phase “A”: acetonitrile - water 5 - 95 V/V %, mobile phase “B”: acetonitrile, gradient 
elution (30 % – 68 % B, in 6 minutes), flow: 0.4 ml/min (A,E), 0.5 ml/min (B,F), 0.6 ml/min (C,G) and 0.8 ml/min 

(D,H), column temperature: 45 0C, injection volume: 2 l, detection: 270 nm, analytes: a neutral polar API and 
its related impurities: bicalutamid (peak 3) and its related impurities and degradation products (peak 1,2 and 
4). The prediction is based on basic runs performed with the flow rate of 0.4 ml/min. 
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Fig. 29. Experimental and predicted retention times plotted against pressure. Analytes: (A) peak 1, (B) peak 2, 
and (C) peak 3 on Fig. 28. 
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Fig.30. Retention time prediction error (average) against pressure. Column: Restek Pinnacle DB Biphenyl 1.9 m 
(50 mm x 2.1 mm), mobile phase “A”: acetonitrile - water 5 - 95 V/V %, mobile phase “B”: acetonitrile, gradient 
elution (30 % – 68 % B, in 6 minutes), flow: 0.4 ml/min (p = 290 bar), 0.5 ml/min (p = 362 bar), 0.6 ml/min (p = 
435 bar) and 0,8 ml/min (p = 581 bar), column temperature: 45 0C, analytes: a neutral polar API and its related 
impurities 

 

3.3.8. Summary of results, conclusion 
 

The separation power of short columns packed with sub-2 μm particles are reported many 

times. But in this study it is also proved that by using computer modeling, the time required 

for method development can be considerably reduced.  

It is possible to develop methods for pharmaceutical analysis (assay, impurity profiling, 

cleaning validation) within a day or even in a few hours. If a 50 mm x 2.1 mm, sub-2 μm 

column is applied during the systematic method development, basic gradient runs with 7 

and 21 minutes (at a flow rate of 0.4 - 0.5 ml/min) can provide reliable accuracy for the 

computer model simulation under ultra-high pressure conditions if gradient separation is 

necessary. The average of predicted retention time errors was lower than 2 %, which can be 

considered as a highly accurate prediction, so the suggested fast gradient initial basic runs 

can be applied in daily routine work resulting in significant time saving. Based on our 

experiments we can state that DryLab® separation modeling can be applied for elevated 
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pressure (not only in HPLC practice) with high accuracy. The average of retention time errors 

did not exceed 5 % when the flow rate (pressure) was duplicated (p ~ 600 bar). When the 

flow rate was enhanced with a factor of 1.25 and 1.50 - compared to the flow applied for 

basic runs – the prediction error was approximately 3 % and 4 % (respectively).  

 

4. Final conclusion 
 

a) In our research data were collected (columns of eleven different vendors were 

investigated) proving that the efficiency of sub-2 μm particles is not as high as it can 

be expected. As the particle size is reduced, deviation of the real column efficiency 

from the expected efficiency is more significant. Practically the same efficiency can 

be achieved with columns packed with any sub-2 μm porous particles independently 

from the particle diameter. The efficiency loss may origin from the frictional heating 

and other adverse effects, which are serious at ultra-high pressure conditions. 

Another reason could be the difficulty in preparing a well-packed column bed of very 

fine particles [4,14]. The benefit provided by a higher-pressure limit (mechanical 

stability) of the columns can be promising for column development in the future. It is 

necessary to emphasize that in the case of very efficient short, narrow bore columns 

(such as the sub-2 μm columns), extra-column variance of the commercially available 

LC systems with very low dispersion (< 10 μL2) is not negligible.  

 

b) 2.6 and 2.7 μm core-shell particles offer similar or better efficiency - and thus faster 

separation - at modest pressure than columns packed with fully porous sub-2 μm 

particles. The new Kinetex columns perform a very flat C term. Kinetex have a very 

narrow particle size distribution (d90/10 = 1.15). Reduced plate height minimum values 

of hmin = 1.9 (2.1 mm column), hmin = 1.3 (3 mm column) and hmin = 1.2 (4.6 mm 

column) were obtained. When 5 – 25 cm long columns are used, the Kinetex column 

provides the most favorable plate time values and offers the shortest analysis time of 

all commercially available columns. The column packed with 2.7 μm fused-core 

particles gave unexpectedly high C terms. The surprising mass transfer characteristic 
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of Ascentis Express particles can probably be explained with the differences of 

particle shape and external surface properties. Another cause could also be that the 

mass transfer resistance is mainly controlled by the external film mass transfer 

resistance and not by the transparticle mass transfer. The influence on the apparent 

column efficiency of extra-column volume is more important for very efficient short 

narrow bore columns packed with core-shell particles than it is in the case of other 

efficient packing.  

 

c) It is possible to develop methods for pharmaceutical analysis (assay, impurity 

profiling, cleaning validation) within a day or even in a few hours. If a 50 mm x 2.1 

mm, sub-2 μm column is applied during the systematic method development, basic 

gradient runs with 7 and 21 minutes (at a flow rate of 0.4-0.5 ml/min) can provide 

reliable accuracy for the computer model simulation under ultra-high pressure 

conditions if gradient separation is necessary. Based on our experiments we can state 

that DryLab separation modeling can be applied for elevated pressure (not only in 

HPLC practice) with high accuracy. The average of retention time errors did not 

exceed 5 % when the flow rate (pressure) was duplicated (p ~ 600 bar). When the 

flow rate was enhanced with a factor of 1.25 and 1.50 - compared to the flow applied 

for basic runs – the prediction error was approximately 3 % and 4 % (respectively).  

The total time saving of method development and utilizing the fast separation is 

approximately a factor of 3 - 5 compared to conventional method development and 

conventional LC analysis. 
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