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Highlights1

• Investigation of mass transfer in chiral Whelk-O1 stationary phases2

• Demonstration of localized adsorption (no surface diffusion) in this system3

• Adsorption-desorption kinetics estimated by combining kinetics and thermodynamics4
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Abstract11

In this work, a detailed study of mass transfer properties of trans-stilbene oxide (TSO) enantiomers on12

two Whelk-O1 chiral stationary phases (CSPs) has been performed. The CSPs were prepared by using13

both fully-porous silica particles of 2.5 µm particle diameter and superficially-porous ones of 2.6 µm14

particle diameter as base materials. By combining stop-flow and dynamic measurements in normal-15

phase conditions, the different contributions to mass transfer have been estimated. The study of intra-16

particle diffusion has revealed that the adsorption of both enantiomers is localized (i.e., characterized17

by absence of surface diffusion). The determination of thermodynamic binding constants (measured18

through adsorption isotherms) supports this finding.19

Keywords: Chiral chromatography, Fully- and superficially-porous particles, Mass transfer, Localized20

adsorption, Adsorption-desorption kinetics21

1. Introduction22

In the last years, the interest towards ultrafast chiral separations has significantly grown. The rapid23

development of chiral stationary phases (CSPs) based on silica particles suitable for high efficient sep-24

arations, either sub-2µm or pellicular particles, has pushed the innovation [1–11]. So-called ultrafast25

chiral separations (usually this term refers to separations achieved in the order of seconds [1, 6, 12]),26

which only a few years ago would have been unimaginable, have been performed thanks to the combi-27

nation of short columns (0.5-2 cm) and high flow-rates (5-8 ml/min). Noticeably, the enantioresolution28

of these systems was very large even at the highest flow-rates, at the point that the bottleneck to the at-29

tainment of even more sensational results has been the well-known pressure/flow-rate trade-off, even30

by using modern UHPLC equipment. Despite the achievement of these milestones, only a few studies31

aimed at investigating the fundamentals of mass transfer in chiral LC have been attempted [13, 14].32

From a fundamental viewpoint, an intrinsic complication in chiral chromatography comes from the33

fact that the contribution to mass transfer coming from adsorption-desorption kinetics is very difficult34

to quantify. On the other hand, it is widely acknowledged that this is very often the main source of band35

broadening even at low flow rates and even for small molecules [15–20]. The main difference between36

chiral and achiral separations is indeed in the impact of adsorption-desorption kinetics on efficiency.37

In achiral chromatography, the adsorption-desorption kinetics are usually negligible, unless very large38

molecules are considered [16, 21].39

From a molecular perspective, the slow adsorption-desorption kinetics in chiral chromatography finds40

an explanation in the fact that a specific spatial orientation of molecules is needed to establish the di-41

astereomeric transient complexes between enantiomers and the chiral selector. This is achieved through42

the simultaneous onset of multiple intermolecular interactions (including steric hindrance effects and43

induced-fitting chiral recognition mechanisms), which often takes time.44

Traditionally, in the van Deemter equation, an independent, linear contribution to the plate height ac-45

counts for the adsorption-desorption kinetics. In reduced coordinates, for chiral separations, indeed the46
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van Deemter equation is written as:47

h = a(ν) +
b
ν
+ (cs + cads)ν (1)

with h and ν being the reduced plate-height and the interstitial velocity, respectively, a(ν) a complex48

function of reduced flow velocity describing the eddy dispersion, b the longitudinal diffusion, cs the49

mass transfer resistance across the stationary phase [16] and, finally, cads the adsorption-desorption50

kinetics.51

If cads is negligible (e.g., achiral separations of small molecules), all contributions to mass transfer can52

be singled out since b and cs can be independently estimated through stop-flow measurements (and53

a proper model of diffusion through porous materials) [16, 22]. Indeed, the eddy dispersion can be54

estimated by simply subtracting b and cs from h (see Eq. 1, with cads = 0). On the opposite, in chiral55

chromatography, this approach leads to the sum of eddy dispersion and adsorption-desorption terms:56

h− b
ν
− csν = a(ν) + cadsν (2)

In this paper, two Whelk-O1 CSPs were prepared on superficially porous particles (SPPs) of 2.6 µm par-57

ticle diameter and fully porous particles (FPPs) of 2.5 µm particle diameter. The particles were packed58

into stainless steel columns. These columns were fully characterized through peak parking experiments59

and van Deemter curves by using trans-stilbene oxide (TSO) enantiomers as probes. Finally, a semi-60

empirical approach has been suggested to overcome the intrinsic problem of Eq. 2 and to estimate the61

impact of adsorption-desorption kinetics. To this end, results of the investigation were cross-referenced62

with thermodynamic data (from adsorption isotherms) obtained in a previous work for the same probes63

and experimental conditions [23].64

2. Experimental Section65

2.1. Columns and materials66

All solvents and reagents were purchased from Merck (Darmstadt, Germany), so were TSO enan-67

tiomers. Kromasil silica (2.5 µm particle size, 100 Å pore size, 323 m2/g specific surface area) was from68

Akzo-Nobel (Bohus, Sweden). Accucore silica (2.6 µm, 80 Å, 130 m2/g, ρ = 0.63) was from Thermo69

Fisher Scientific (Waltham, MA, USA). Whelk-O1 selector was generously donated by Regis Technolo-70

gies Inc. (Morton Grove, IL, USA). 150 mm×4.6 mm empty stainless steel columns were from IsoBar71

Systems by Idex (Erlangen, Germany). Synthesis and preparation of Whelk-O1 CSPs are reported in72

Ref. [1]. A 33 ×4.6 mm Micra column (Eprogen, Inc., USA) packed with 1.5 µm non-porous silica par-73

ticles was purchased from DBA Italia s.r.l. (Italy) and employed for the estimation of bulk molecular74

diffusion coefficients (see later on). Fourteen polystyrene standards (from Supelco SigmaAldrich, Mi-75

lan, Italy) with molecular weights 500, 2000, 2500, 5000, 9000, 17 500, 30 000, 50 000, 156 000, 330 000,76

565 000, 1 030 000, 1 570 000, and 2 310 000 were employed for inverse size exclusion chromatography77

(ISEC). The mobile phase (MP) was a binary mixture of hexane/ethanol (at different percentages).78

2.2. Equipment79

An UltiMate 3000 RS UHPLC chromatographic system from Thermo Fisher Dionex was used for the80

determination of van Deemter curves. This instrument consists of a dual gradient pump (flow rates up81

to 8.0 mL/min; pressure limit 800 bar under normal phase conditions), an in-line split loop well plate82

sampler, a thermostated column ventilated compartment and a diode array detector (UV Vanquish)83

with a low dispersion 2.5 µL flow cell. Detection wavelength was 214 nm (constant filter time: 0.002 s;84

data collection rate: 100 Hz; response time: 0.04 s). Two 350×0.10 mm I.D. Viper capillaries were used85

to connect the injector to the column and the column to the detector. The extra-column peak variance86

(calculated through peak moments) was 4.0 µL2 at a flow rate of 1.0 mL/min. ISEC and peak parking87

experiments were carried out on an Agilent 1100 Series Capillary LC system equipped with a binary88

pump system, an autosampler, a column thermostat and a photodiode array detector.89
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2.3. Column and particle porosity90

Porosities of each column were evaluated through Inverse Size Exclusion Chromatography (ISEC) [24].91

2 µL of polystirene standards dissolved in tetrahydrofuran were injected at a flow rate of 0.1 mL/min by92

using pure tetrahydrofuran as MP. Retention volumes were corrected for the extra-column contribution93

before being plotted against the cubic root of the molecular weight (Mw) [25]. The interstitial volume,94

Ve, was calculated by extrapolating to Mw=0 the excluded branch of this plot and the interstitial porosity95

of the column was calculated as:96

εe = Ve/Vcol (3)

being Vcol the geometrical volume of the column. The thermodynamic void volume, V0, was calculated97

from the corrected elution volume of benzene in tetrahydrofuran and it was used to estimate the total98

porosity:99

εt = V0/Vcol (4)

Particle porous zone porosity was, finally, calculated according to the following equation:100

εp =
εt − εe

(1− εe)(1− ρ3)
(5)

with ρ being the core-to-particle diameter ratio (ρ = 0 for FPPs).101

2.4. Estimation of diffusion coefficients102

The peak parking method was used to estimate both effective, De f f , and molecular, Dm, diffusion co-103

efficients of TSO on the Whelk-O1 columns [26–28]. Measurements were performed at 35◦C at four104

different hexane/ethanol MP compositions: 90:10, 95:5, 97:3 and 99:1 %(v/v). For the calculation of the105

spatial peak variance σ2
x , the following equation was used:106

σ2
x =

L2

N
(6)

where L is the column length and N is the number of theoretical plates. All the data were corrected for107

the extra-column peak variance. Parking times were 0, 120, 600, 1800 and 2400 s. The flow rate applied108

for the estimation of the effective diffusion coefficients was 0.3 mL/min.109

Molecular diffusion coefficient of TSO in a variety of hexane/ethanol mixtures were measured by per-110

forming peak parking experiment in a column packed with non-porous particles (Micra column). Tem-111

perature was 35◦C. In this case [16, 28]:112

Dm =
De f f

γe
(7)

where γe is a geometrical parameter, called external obstruction factor, related to the tortuosity and113

constriction of inter-particle channels [29]. The value of γe was calculated by measuring De f f (again by114

means of peak parking) for a molecule whose Dm is known from literature. To this purpose, thiourea in115

pure water at 25◦C was used (Dm= 1.33×10−5 cm2/s) [30]. γe was found to be 0.68. Calculated Dm for116

TSO under the different experimental conditions are reported under SI as well a thorough description117

of fundamental equations of mass transfer in chiral porous media.118

2.5. van Deemter curve measurements119

Van Deemter curves were recorded at 35◦C by using hexane/ethanol 90:10 %(v/v) as mobile phase.120

Flow rates were changed from 0.1 mL/min up to 4.0 mL/min, with constant steps of 0.1 mL/min.121

Injection volume was 0.1 µL. Retention time and column efficiency (given as number of theoretical122

plates) of eluted peaks were automatically processed by the Chromeleon software (using peak width at123

half height, according to European Pharmacopeia) and corrected for the extra-column contribution.124

3. Results and Discussion125

Hereafter, the results derived by the application of these models will be employed to estimate of the126

different contributions to band broadening.127

The characteristics of chiral particles studied in this work are listed in Table 1. Besides the information128

given by manufacturers, namely, particle diameter, pore size and specific surface area, both the bonding129
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density of chiral selector (calculated by elemental analysis) and the different porosities (total, particle130

porous-zone and interstitial) have been reported in the table. Bonding density of chiral selector has131

been expressed both as µmol per gram of bare silica and in µmol per square meter (specific bonding132

density).133

Preparation of these CSPs is very reproducible, as reported in Refs. [2, 5, 31, 32]. A larger specific134

bonding density (+20% µmol/m2) was systematically found on superficially-porous particles compared135

to fully-porous ones by taking experimental conditions constant during functionalization procedure. It136

is generally acknowledged that the larger the loading of chiral selector, the larger the enantioselectivity.137

This correlation has been usually explained by assuming a larger number of selective interactions on138

the CSPs where the surface amount of chiral selector is higher [33]. Nevertheless, some of the authors139

of this work found that instead of the number of sites, it is is rather the extent of binding that changes140

with the loading [23]. In general, however, little is known about the impact of the chiral selector loading141

on adsorption-desorption kinetics.142

Regarding porosities, Table 1 reveals that for both columns the interstitial porosity, εe, is very close143

to the theoretical value typical of randomly packed beds of spherical particles (0.4). This is a rough144

confirmation that beds were densely packed [22]. The porous zone porosity, εp, is smaller on SPPs145

than on FPPs. Finally, the total porosity, εt, is smaller on the column made of SPPs than of FPPs, as a146

consequence of the unaccessible inner core present in the former.147

To compare the performance of particles of different characteristics and dimensions, van Deemter148

curves have been expressed in reduced coordinates. Figure 1 shows the van Deemter curves of firstly149

and secondly-eluted enantiomers on the two columns employed in this work. In both cases, the MP150

was 90:10 %(v/v) hexane/ethanol mixture. A first interesting observation is that, at the optimum re-151

duced velocity, the two enantiomers have very similar h (see Table 1 of SI). The longitudinal diffusion152

b is the dominant mechanism of mass transfer in this region. It can be rigorously estimated through153

stop-flow measurements (the so-called peak parking experiments), as described under the experimen-154

tal section. Through these measurements, not only the effective diffusion coefficient of each enantiomer,155

De f f ,i (i = 1, 2 respectively for the first and second enantiomer), but also their longitudinal diffusions156

(see eq. 5 of SI) can be derived:157

bi = 2(1 + k1,i)
De f f ,i

Dm
i = 1, 2 (8)

In this equation, k1,i is the so-called ”zone” retention factor of the i-th enantiomer, i.e., the retention158

factor based on the interstitial volume (eq. 9 of SI) [7, 34, 35]. Calculated b values are reported in Table159

2. As expected, b is smaller on SPPs than on FPPs, due to the presence of the solid core that reduces160

the space available for diffusion in the former particles [36–38]. More interestingly it was found that,161

within experimental errors, b1 and b2 substantially coincide on each column, in agreement with the162

above observation about h at low flow velocities qualitatively made from Fig. 1.163

From these findings, an interesting interpretation about the behavior of enantiomers in the adsorbed164

state can be derived. Let us start by assuming a model of diffusion in porous media. For the sake of165

simplicity, in this work the so-called parallel (or Knox) model will be employed [35]. This first-choice166

model assumes that all mass fluxes inside and outside the particle are additive. Therefore, De f f ,i can be167

expressed as a time-average of the diffusion in the bulk MP, where the molecular diffusion coefficient is168

Dm, and of that in the porous zone, with molecular diffusion coefficient Dp, i.e. (see eq. 11 under SI):169

De f f ,i =
γeDm + 1−εe

εe
(1− ρ3)Dp,i

1 + k1,i
i = 1, 2 (9)

A schematic representation of the model under study is given in Figure 1 of SI. It is worth noticing that170

the only zone where chiral molecules are subjected to enantioselective interactions is on the particle171

surface, since no chiral additives were added to the MP. Accordingly, Dm is identical for the two enan-172

tiomers, while the porous zone molecular diffusion coefficient can be different (Dp,i, i = 1, 2), as much173

as it also accounts for the contribution of surface diffusion. Indeed, by applying the parallel model of174

diffusion to the porous zone (in analogy with what was previously done with De f f ,i), Dp,i can be ex-175

pressed as the sum of diffusion in the stagnant MP contained in the pores (diffusion coefficient Dm) and176

surface diffusion (diffusion coefficient Ds,i, i = 1, 2), see also Eq. 12 of SI [21, 39]:177

Dp,i = εpγpF(λm)Dm + (1− εp)Ka,iDs,i i = 1, 2 (10)
5

                  



In this equation, γp is the internal obstruction factor (accounting for the tortuosity and the complex178

structure of mesopores), F(λm) the hindrance diffusion factor describing the confinement of the sample179

within the narrow pores (of mesopore size λm) and Ka,i is the Henry’s adsorption constant (or distribu-180

tion coefficient) of the i-th enantiomer. Enantioselectivity of the CSP follows from differences between181

Ka,1 and Ka,2 (see Table 1 under SI).182

The introduction of Eqs. 10 and 9 in Eq. 8 leads to a complex expression for bi, given as Eq. 13 of SI.183

However, by assuming b1 = b2 (see before) and by considering the physical properties of the system184

(Fig. 1 of SI), a very simple result is achieved (derivation of Eq. 11 is given under SI):185

Ka,1 × Ds,1 = Ka,2 × Ds,2 (11)

From Eq. 11, with Ka,1 6= Ka,2 (since the enantiomers are resolved on CSPs), it seems reasonable to get186

to the conclusion that:187

Ds,1 = Ds,2 = 0 (12)

or, said with different words, that the adsorption of both enantiomers is localized.188

Indeed also:
Ka,1/Ka,2 = Ds,2/Ds,1 (13)

is a solution of Eq. 11, for which however it is more difficult to provide a physically sound explanation.189

In order to reinforce our hypothesis, a series of additional experiments were performed by changing190

the MP composition. The results of these experiments have been given in Table 2 of SI and graphically191

summarized in Fig. 2. As it can be noticed from this figure, the b coefficients of the two TSO enantiomers192

are, on both columns, always very close to each other (in the limit of experimental errors). Therefore,193

since different MP compositions lead to different values of equilibrium constant, the hypothesis Ds,1 =194

Ds,2 = 0 seems to be further strengthened.195

On the other hand, the little differences observed in the longitudinal diffusion of the two enantiomers196

(on each column) may be explained by considering that, in the framework of this model, the surface197

diffusion coefficients are sort of lumped coefficients including the contributions of both selective and198

nonselective sites [23]. The excess isotherms [40] measured for hexane/ethanol binary mixtures on the199

Whelk-O1 CSPs represented in Fig. 3 show the preferential adsorption of ethanol on the stationary200

phase. Therefore, this suggests that surface diffusion should be limited also on nonselective sites due201

to the high viscosity of the layer of eluent adsorbed on the stationary phase [41].202

This model would also explain the (relatively) larger differences observed in the b-terms measured on203

the column made of FPPs (compared to that of SPPs, see figure 2). This could be explained by consider-204

ing the smaller bonding density of chiral selector on FPPs (see before) causing a larger contribution to205

retention and diffusion by nonselective interactions.206

The other interesting observation from data in Fig. 2 (and from Table 2 of SI) is that the longitudinal207

diffusion is almost independent of the MP composition. This finding can be theoretically explained,208

firstly, by applying the condition Ds,1 = Ds,2 = 0 into Eq. 10 to calculate Dp. The calculated Dp is then209

introduced in Eq. 9. Finally, through Eq. 8 one arrives at:210

b = 2
[

γe +
1− εe

εe
(1− ρ3)εpγpF(λm)

]
(14)

Eq. 14 reveals that, when adsorption is localized, the longitudinal diffusion coefficient is independent211

from both the retention and the diffusion of a given analyte molecule, since the only contributions to b212

are geometrical factors.213

By considering the solid liquid mass transfer resistance term cs (calculated by means of eq. 10 of SI),214

our results show that it is smaller on SPPs than on FPPs independently from MP composition. This is215

in agreement with the reduced intraparticle space available for diffusion on the former type of particles216

[36–38] (see Tables 2 for 90:10 and 2 of SI for other MP compositions). Moreover, it is interesting to217

notice that, for a given MP composition, cs increases with increasing retention. Indeed it is larger for the218

most retained enantiomer than for the less retained one. This is the opposite of what happens in RPLC,219

where the larger the retention the smaller cs. This apparent contradiction can be explained again by220

considering that solid phase diffusion is negligible in the system under investigation. On the opposite,221

solid phase diffusion is the most important mechanism of mass transfer through pores in RPLC [1, 32].222

Eq. 20 of SI shows that, if the adsorption is localized, cs does indeed not depend on diffusion.223

In the second part of this study, we will focus on the combined contribution to band broadening by224

adsorption-desorption kinetics and eddy dispersion at 90:10% (v/v) hexane/ethanol. By looking again225
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at Fig. 1, it can be observed that van Deemter curves of first enantiomers on the two columns consis-226

tently lay below those of the second ones and that the gap between the curves of the two enantiomers227

is more pronounced on the SPPs column than on the FPPs one. This gap cannot be explained only in228

terms of cs (see Table 2). As it usually happens in chiral chromatography, the contribution of the slow229

adsorption-desorption kinetics cannot be neglected.230

As it was pointed out before, however, the term cads cannot be directly estimated through the sub-231

traction method, which would lead to Eq. 2. In order get an estimation of the relative importance of232

these two terms, the study of adsorption equilibria can help. The adsorption binding constants (deter-233

mined, e.g., through adsorption isotherms) are indeed correlated to the adsorption-desorption kinetics234

[1, 7, 42]. In a previous work, some of the authors of this paper measured the adsorption isotherms of235

TSO enantiomers on the same Whelk-O1 CSPs and under the same experimental conditions [23]. It was236

found that the binding constants were systematically higher on the SPPs than on the FPPs. This finding237

was likely correlated to the higher specific loading of chiral selector of SPPs (see Table 1).238

In Fig. 4 the study of how the combined contribution of cads and a(ν) changes with ν is reported for239

the second eluted TSO enantiomer on the two Whelk-O1 columns. From this plot two considerations240

can be made: i) the sum of cads and a(ν) is consistently higher on the 2.6 µm SPPs column than on241

the fully porous one; ii) since at small interstitial velocities the term cadsν is negligible, it is reasonable242

to hypothesize that, in this region, the contribution of eddy dispersion is higher on the SPP column243

compared to the FPP one. These results are in agreement with previous findings on the same columns.244

Essentially the higher eddy dispersion could be due to the difficulties encountered during packing245

procedure of chiral SPPs. Indeed, not only the achievement of stable slurry suspensions was more246

difficult with Whelk-O1 SPPs than with their fully porous counterparts but also, for instance, the time247

needed to compress the bed did not follow any expected trend nor could be optimized. This issues248

were not observed with Whelk-O1 FPPs [1, 7]. Moreover, the two curves do not tend towards zero249

for the smallest ν value, indicating that border effects cannot be fully concealed due to a slow radial250

equilibration across the column diameter on both columns (the same happens, e.g., in HILIC mode251

[43]).252

4. Conclusions253

The study of mass transfer phenomena in chiral chromatography is complicated by the intrinsic diffi-254

culty of directly estimating the adsorption-desorption kinetics. In this work, the combination of kinetic255

and thermodynamic measurements has allowed to shed some light on the nature of both surface diffu-256

sion and adsorption-desorption kinetics on Pirkle-type Whelk-O1 CSPs. The application of the parallel257

model of diffusion and the estimation of excess isotherms has allowed to point out that in NP conditions258

the surface diffusion of enantiomers is negligible, leading to the independence of the longitudinal diffu-259

sion coefficient from both retention and diffusion. Even though this could be somehow expected under260

normal phase conditions, for which retention has always been considered to be adsorption-driven and261

no surface diffusion has been thought to occur – see, e.g., references [39, 44, 45] for achiral separations262

– to the best of our knowledge this is the first time where this has been experimentally proved.263

Results of this work also confirmed the importance of adsorption-desorption kinetics on efficiency264

in chiral separations. This is a very important point to further improve the design of more efficient265

columns in the future. However, some points are still open. Firstly, it will be very important to un-266

derstand how cads depends on some experimental variables such as the mobile phase composition,267

the temperature and the chiral selector loading. Another fundamental point is to find a correlation268

between kinetic and thermodynamic parameters by combining mass transfer investigation and adsorp-269

tion isotherm determination.270
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6. Figures276

Figure captions277

Figure 1. Reduced van Deemter curves of: (i) first (squares) and second (circles) eluted TSO enantiomers278

on the 2.5 µm FPP (box a) and the 2.6 µm SPP (box b) Whelk-O1 columns, measured at 90:10 % (v/v)279

hexane/ethanol.280

Figure 2. Dependence of the reduced longitudinal diffusion term, b, of TSO enantiomers on MP com-281

position expressed as percentage of ethanol for 2.6 µm SPP (blue squares) and 2.5 µm FPP (red points)282

Whelk-O1 columns.283

Figure 3. Excess adsorption isotherms on the 2.6 µm SPP (green) and 2.5 µm FPP (blue) columns ex-284

pressed as excess volume of ethanol adsorbed on the stationary phase (Vexc
EtOH) as a function of the285

volume fraction of EtOH (θm EtOH) in the MP. Modified with permission from [23].286

Figure 4. Dependence of a(ν) + cadsν on ν for 2.6 µm SPP (blue squares) and the 2.5 µm FPP (red circles)287

Whelk-O1 columns, measured at 90:10 % (v/v) hexane/ethanol.288
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7. Tables289

Table 1: Geometrical and physico-chemical characteristics of Whelk-O1 chiral particles and columns. Brand: commercial silica
name; particle type: FPP = fully porous, SPP = superficially porous; dp: particle diameter; As: specific surface area; εt: total
porosity; εe: external porosity; εp: particle porous zone porosity.

Brand dp As Pore size Bonding density εt εe εp
/Particle type µm m2/g Å µmol/g µmol/m2

Kromasil 2.5 323 100 391 1.2 0.67 0.41 0.44/FPP
Accucore 2.6 130 80 190 1.5 0.52 0.41 0.25/SPP

13

                  



Table 2: Zone retention factor (k1), effective diffusion coefficient (De f f ), reduced longitudinal diffusion coefficient (b), reduced
solid-liquid mass transfer resistance coefficient (cs), particle diffusivity (Dp)measured on the Whelk-O1 chiral particles.

Column k1 De f f × 10−6 b cs Dp × 10−6

(cm2/s) (cm2/s)

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

2.5µm FPP 1.9 3.7 9.6 5.9 2.4 2.4 0.026 0.037 8.8 8.8
2.6µm SPP 1.2 2.4 11.0 6.8 2.0 2.0 0.015 0.022 7.2 7.2

14

                  



References290

[1] O. H. Ismail, L. Pasti, A. Ciogli, C. Villani, J. Kocergin, S. Anderson, F. Gasparrini, A. Cavazzini, M. Catani, Pirkle-type chiral291

stationary phase on coreshell and fully porous particles: Are superficially porous particles always the better choice toward292

ultrafast high-performance enantioseparations?, J. Chromatogr. A 1466 (2016) 96–104.293

[2] O. H. Ismail, A. Ciogli, C. Villani, M. D. Martino, M. Pierini, A. Cavazzini, D. S. Bell, F. Gasparrini, Ultra-fast high-efficiency294

enantioseparations by means of a teicoplanin-based chiral stationary phase made on sub-2 µm totally porous silica particles295

of narrow size distribution, J. Chromatogr. A 1427 (2016) 55–68.296

[3] D. C. Patel, Z. S. Breitbach, J. Yu, K. A. Nguyen, D. W. Armstrong, Quinine bonded to superficially porous particles for297

high-efficiency and ultrafast liquid and supercritical fluid chromatography, Anal. Chim. Acta 963 (2017) 164–174.298

[4] Q. Kharaishvili, G. Jibuti, T. Farkas, B. Chankvetadze, Further proof to the utility of polysaccharide-based chiral selectors in299

combination with superficially porous silica particles as effective chiral stationary phases for separation of enantiomers in300

high-performance liquid chromatography, J. Chromatogr. A 1467 (2016) 163–168.301

[5] O. H. Ismail, M. Antonelli, A. Ciogli, C. Villani, A. Cavazzini, M. Catani, S. Felletti, D. S. Bell, F. Gasparrini, Future perspec-302

tives in high efficient and ultrafast chiral liquid chromatography through zwitterionic teicoplanin-based 2µm superficially303

porous particles, J. Chromatogr. A 1520 (2017) 91–102.304

[6] D. C. Patel, Z. S. Breitbach, M. F. Wahab, C. L. Barhate, D. W. Armstrong, Gone in seconds: praxis, performance and pecu-305

liarities of ultrafast chiral liquid chromatography with superficially porous particles, Anal. Chem. 87 (2015) 9137–9148.306

[7] M. Catani, O. H. Ismail, F. Gasparrini, M. Antonelli, L. Pasti, N. Marchetti, S. Felletti, A. Cavazzini, Recent advancements and307

future directions of superficially porous chiral stationary phases for ultrafast high-performance enantioseparations, Analyst308

142 (2017) 555–566.309

[8] R. M. Wimalasinghe, C. A. Weatherly, Z. S. Breitbach, D. W. Armstrong, Hydroxypropyl beta cyclodextrin bonded superfi-310

cially porous particlebased HILIC stationary phases, J. Liq. Chromatogr. Rel. Tech. 39 (2016) 459–464.311

[9] D. C. patel, M. F. Wahab, D. W. Armstrong, Z. S. Breitbach, Salient sub-second separations, Anal. Chem. 88 (2016) 8821–8826.312

[10] O. H. Ismail, G. L. Losacco, G. Mazzoccanrti, A. Ciogli, C. Villani, M. Catani, L. Pasti, S. Anderson, A. Cavazzini, F. Gaspar-313

rini, Unmatched kinetic performance in enantioselective supercritical fluid chromatography by combining latest generation314

Whelk-O1 chiral stationary phases with a low-dispersion in-house modified equipment, Anal. Chem. 90 (2018) 10828–10836.315

[11] O. H. Ismail, S. Felletti, C. D. Luca, L. Pastia, N. Marchetti, V. Costa, F. Gasparrini, A. Cavazzini, M. Catani, The way to316

ultrafast, high-throughput enantioseparations of bioactive compounds in liquid and supercritical fluid chromatography,317

Molecules 23 (2018) 2709.318

[12] C. L. Barhate, Z. S. Breitbach, E. C. Pinto, E. L. Regalado, C. J. Welch, D. W. Armstrong, Ultrafast separation of fluorinated and319

desfluorinated pharmaceuticals using highly efficient and selective chiral selectors bonded to superficially porous particles,320

J. Chromatogr. A 1426 (2015) 241–247.321

[13] F. Gritti, G. Guiochon, Mass transfer mechanism in chiral reversed phase liquid chromatography, J. Chromatogr. A 1332322

(2014) 35–45.323

[14] L. D. Asnin, A. A. Boteva, O. P. Krasnykh, M. V. Stepanova, I. Ali, Unusual van deemter plots of optical isomers on a chiral324

brush-type liquid chromatography column, J. Chromatogr. A 1592 (2019) 112–121.325

[15] L. Pasti, N. Marchetti, R. Guzzinati, M. Catani, V. Bosi, F. Dondi, A. Sepsey, A. Felinger, A. Cavazzini, Microscopic models of326

liquid chromatography: From ensemble-averaged information to resolution of fundamental viewpoint at single-molecule327

level, TrAC 81 (2016) 63–68.328

[16] F. Gritti, G. Guiochon, Mass transfer kinetics, band broadening and column efficiency, J. Chromatogr. A 1221 (2012) 2–40.329

[17] M. Catani, S. Felletti, O. H. Ismail, F. Gasparrini, L. Pasti, N. Marchetti, C. D. Luca, V. Costa, A. Cavazzini, New frontiers and330

cutting edge applications in ultra high performance liquid chromatography through latest generation superficially porous331

particles with particular emphasis to the field of chiral separations, Anal. Bioanal. Chem 410 (2018) 2457–2465.332

[18] S. Felletti, C. D. Luca, G. Lievore, T. Chenet, B. Chankvetadze, T. Farkas, A. Cavazzini, Shedding light on mechanisms lead-333

ing to convex-upward van deemter curves on a cellulose tris(4-chloro-3-methylphenylcarbamate)-based chiral stationary334

phase, J. Chromatogr. A 1630 (2020) 461532.335

[19] K. Schmitt, U. Woiwode, M. Kohout, T. Zhang, W. Lindner, M. Lämmerhofer, Comparison of small size fully porous par-336

ticles and superficially porous particles of chiral anion-exchange type stationary phases in ultra-high performance liquid337

chromatography: effect of particle and pore size on chromatographic efficiency and kinetic performance, J. Chromatogr. A338

1569 (2018) 149–159.339

[20] C. Geibel, K. Dittrich, U. Woiwode, M. Kohout, T. Zhang, W. Lindner, M. Lämmerhofer, Evaluation of superficially porous340

particle based zwitterionic chiralion exchangers against fully porous particle benchmarks forenantioselective ultra-high341

performance liquid chromatography, J. Chromatogr. A 1603 (2019) 130–140.342

[21] G. Guiochon, A. Felinger, A. Katti, D. Shirazi, Fundamentals of Preparative and Nonlinear Chromatography, 2nd Edition,343

Academic Press, Boston, MA, 2006.344

[22] G. Desmet, S. Deridder, Effective medium theory expressions for the effective diffusion in chromatographic beds filled with345

porous, non-porous and porous-shell particles and cylinders. Part I: Theory, J. Chromatogr. A 1218 (2011) 32–45.346

[23] S. Felletti, C. De Luca, O. H. Ismail, L. Pasti, V. Costa, F. Gasparrini, A. Cavazzini, M. Catani, On the effect of chiral selector347

loading and mobile phase composition on adsorption properties of latest generation fully- and superficially-porous whelk-348

o1 particles for high-efficient ultrafast enantioseparations, J. Chromatogr. A 1579 (2018) 41–48.349

[24] I. Halász, K. Martin, Pore Size of Solids, Angew. Chem. Int. Ed. Engl 17 (1978) 901–908.350

[25] A. Cavazzini, F. Gritti, K. Kaczmarski, N. Marchetti, G. Guiochon, Mass-transfer kinetics in a shell packing materials for351

chromatography, Anal. Chem. 79 (2007) 5972–5979.352

[26] F. Gritti, G. Guiochon, Theoretical and experimental impact of the bed aspect ratio on the axial dispersion coefficient of353

columns packed with 2.5µm particles, J. Chromatogr. A 1262 (2012) 107–121.354

[27] J. H. Knox, L. McLaren, New gas chromatographic method for measuring gaseous diffusion coefficients and obstructive355

factors, Anal. Chem. 36 (1964) 1477–1482.356

[28] K. Miyabe, Y. Matsumoto, G. Guiochon, Peak parking-moment analysis. A strategy for the study of the mass-transfer kinetics357

in the stationary phase, Anal. Chem. 79 (2007) 1970–1982.358

[29] J. C. Giddings, Comparison of theoretical limit of separating speed in gas and liquid chromatography, Anal. Chem. 37 (1965)359

60–63.360

15

                  



[30] D. Ludlum, R. Warner, H. Smith, The Diffusion of thiourea in water at 25◦C, J. Phys. Chem 66 (1962) 1540–1542.361

[31] O. H. Ismail, M. Catani, L. Pasti, A. Cavazzini, A. Ciogli, C. Villani, D. Kotoni, F. Gasparrini, D. S. Bell, Experimental362

evidence of the kinetic performance achievable with columns packed with the new 1.9 µm fully porous particles Titan c18,363

J. Chromatogr. A 1454 (2016) 86–92.364

[32] M. Catani, O. H. Ismail, A. Cavazzini, A. Ciogli, C. Villani, L. Pasti, D. Cabooter, G. Desmet, F. Gasparrini, D. S. Bell, Rationale365

behind the optimum efficiency of columns packed with the new 1.9 µm fully porous particles titan C18, J. Chromatogr. A366

1454 (2016) 78–85.367

[33] A. Cavazzini, L. Pasti, A. Massi, N. Marchetti, F. Dondi, Recent applications in chiral high performance liquid chromatogra-368

phy: A review, Anal. Chim. Acta 706 (2011) 205–222.369

[34] G. Desmet, K. Broeckhoven, J. D. Smet, S. Deridder, G. V. Baron, P. Gzil, Errors involved in the existing B-term expressions370

for the longitudinal diffusion in fully porous chromatographic media. part I: Computational data in ordered pillar arrays371

and effective medium theory, J. Chromatogr. A 1188 (2008) 171–188.372

[35] J. H. Knox, H. P. Scott, B and C terms in the van Deemter equation for liquid chromatography, J. Chromatogr. 282 (1983)373

297–313.374

[36] G. Guiochon, F. Gritti, Shell particles, trials, tribulations and triumphs, J. Chromatogr. A 1218 (2011) 1915–1938.375

[37] A. Cavazzini, F. Gritti, K. Kaczmarski, N. Marchetti, G. Guiochon, Mass-transfer kinetics in a shell packing material for376

chromatography, Anal. Chem. 79 (2007) 5972–5979.377

[38] S. Deridder, M. Catani, A. Cavazzini, G. Desmet, A theorethical study on the advantage of core-shell particles with radially-378

oriented mesopores, J. Chromatogr. A 1456 (2016) 137–144.379

[39] K. Miyabe, G. Guiochon, Surface diffusion in reversed-phase liquid chromatography, J. Chromatogr. A 1217 (2010) 1713–380

1734.381

[40] F. Chan, L. S. Yeung, R. LoBrutto, Y. V. Kazakevich, Interpretation of the excess adsorption isotherms of organic eluent382

components on the surface of reversed-phase phenyl modified adsorbents, J. Chromatogr. A 1082 (2005) 158–165.383

[41] C. Zhao, N. M. Cann, Solvation of the Whelk-O1 chiral stationary phase: A molecular dynamics study, J. Chromatogr. A384

1131 (2006) 110–129.385

[42] G. Guiochon, A. Felinger, D. G. Shirazi, A. Katti, Fundamentals of preparative and nonlinear chromatography, 2nd Edition,386

Elsevier Academic Press, Amsterdam, 2006.387

[43] G. Gritti, G. Guiochon, Mass transfer mechanism in hydrophilic interaction chromatography, J. Chromatogr. A 1302 (2013)388

55–64.389

[44] F. Gritti, G. Guiochon, Mass transfer kinetics, band broadening and column efficiency, J. Chromatogr. A 1221 (2012) 2–40.390
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