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Abstract 30 
We report on the design and performance of in-house built column cartridges that can be directly screwed 31 
into the ports of a commercial rotor-stator valve to minimize extra-column band broadening and pressure-32 
drop losses when pursuing ultra-fast separations such as those needed in 2D and 3D-LC separations. Two 33 
basic designs were evaluated and were compared with the results obtained with a commercial screw-in 34 
column cartridge. The system produces an extra-column band broadening as low as 0.05 to 0.1 L2 for the 35 
employed UV-detector set-up. Despite these very low values, the obtained separation efficiency of the in-36 
house fabricated cartridge columns was very low, corresponding to a reduced minimal plate height around 37 
h=7 at the very best, which, for the 1.7 m particle and 26.4 mm long columns corresponds to a number 38 
of theoretical plates of N=2200 under isocratic conditions. A similar poor performance was obtained with 39 
a commercial column cartridge with similar dimensions using the same set-up. One possible explanation 40 
of the observed performance could be found in the inner diameter of the column cartridges (i.d. =0.75 41 
mm and 1 mm) which, for the employed sub 2-m particles, falls into a region of column diameters that, 42 
according to literature models, is most likely to suffer from inherent packing problems.  43 

  44 
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1. Introduction 45 

In chromatography, high speed separations require small particles packed in short columns that are eluted 46 
at high speeds [1-5]. The most advanced solutions currently used in practice typically consist of sub-2 µm 47 
(core-shell) particles (sizes down to 1.3 m are commercially available) packed in 2.1x50 mm columns. 48 
Peaks eluting from such columns are so narrow their resolution is inevitably degraded by the extra-column 49 
band broadening experienced in the injector, in the tubing before and after the column, in the column 50 
end-fitting pieces and in the detector [6-8]. Since extra-column pressure drop increase inversely 51 
proportionally with the 4th power of the diameter of the connection tubing at constant flow rate, the 52 
possibilities to reduce the diameter of the connection tubing are limited [9]. Consequently, the most 53 
profound approach to alleviate the extra-column band broadening is to shorten the length of this tubing, 54 
or, even better, to completely eliminate it. Extra column band broadening is also a critical issue when 55 
transferring fractions from the 1D to the 2D column in 2D-LC. Even in the recently proposed, very compact 56 
set-up developed by the Armstrong group to perform sub-second separations [10], still some part of 57 
connection between valve and column is present. 58 

In the present contribution, we therefore discuss the possibility to develop column hardware that can be 59 
directly screwed into the ports of the commercial rotor-stator valves that are currently being used as 60 
injector or as the modulator in 2D separations, hence virtually eliminating all precolumn dead times and 61 
extra-column dispersion sources (Fig. 1). The concept is similar to an approach already proposed on paper 62 
in 1983 by Erni [11]. However, to the best of our knowledge, no experimental results have been reported 63 
for the system they proposed.  64 

We report on a feasibility study of the column-in-valve concept using current state-of-the-art particle sizes 65 
and rotor-stator valves. For this purpose, we used CNC (Computer Numerical Control) milling and drilling 66 
to produce several prototypes of column hardware with external screwing thread fitting directly into the 67 
ports of a high-speed rotor-stator injector valve. The columns were home-packed with high quality sub-2 68 
µm particles. Column lengths were kept very short (order of 2-3 cm), to prepare for a new era of enhanced 69 
separation speeds, such as these needed in sensor-like applications [10] or as the 3rd dimension in 3D 70 
separations. The results obtained with the two different designs of the home-built screw-in column were 71 
compared with those obtained with a commercial cartridge column functioning according to the same 72 
screw-in principle. Experiments were conducted in two labs, one at the University of Pittsburgh (UoP) and 73 
one at the Vrije Universiteit Brussel (VUB) in Belgium, using two similar set-ups, differing only in the 74 
injection mode (255 nL loop injection versus 100 nL in-valve groove injection) and the detector mode 75 
(electrochemical detection versus UV-Vis detection). 76 

2. Materials and methods 77 

 78 
2.1 Column fabrication 79 
Column cartridges were fabricated starting from full stainless steel cylinders into which circular holes (i.d. 80 
0.75 mm) were drilled using a CNC drill mill. For prototype 2, both sides of the column cartridges have 81 
1/16” thread and are capped with 1/16” ferrules (Valco Instruments Co., Houston, Texas). Prototype 1 82 
had only a 1/16” ferrule at the inlet and was connected straight to the detector capillary with a IsoBar 83 
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Systems frit assembly (IDEX Health and Science, Oak Harbor, Washington), whereas Prototype 2 was 84 
connected via a 150 µm bore, 1/16” union (Valco Instruments Co., Houston, Texas) with a 1/16”, 0.5 µm 85 
pore size, 0.75 mm thickness stainless steel frit (Valco Instruments Co., Houston, Texas). These frits were 86 
later replaced by a 0.075 mm thickness stainless steel screen (Valco Instruments Co., Houston, Texas). 87 

The column at the UoP was packed with a Haskel model DSF-150 pneumatic amplification pump (Burbank, 88 
California) connected to a stainless steel slip-type union (Model 60-21HF4-U, High Pressure Equipment, 89 
Erie, Pennsylvania) that held the stationary phase slurry (80 µL). The stationary phase-containing  union 90 
was connected to the inlet of the cartridge column. At the end of the column, a 150 µm ID, 360 µm OD 91 
fused silica capillary (Polymicro Technologies, Phoenix, Arizona) was used as restrictor. The columns were 92 
packed by pressurizing to 18.000 psi, holding it for 15 minutes and then cutting the airflow to the Haskel 93 
pump so the pressure slowly decreased to zero. This process was repeated 2 times. To prepare the slurry 94 
solvent, isopropanol (Certified ACS Plus isopropyl alcohol – Fisher Scientific, Fair Lawn, New Jersey) was 95 
mixed with the stationary phase (Acquity BEH C18, 1.7 µm particles, Waters Corp., Milford, 96 
Massachusetts) to get a 200 mg/ml suspension. Methanol (Biosolve, Valkenswaard, The Netherlands) was 97 
used for the packing solvent. 98 

For the packing at the Vrije Universiteit Brussel (VUB), the same conditions were used with the exception 99 
that a high pressure resistant slurry container (60-21HF4, HiP, Erie, Pennsylvania) was used with a 100 µm 100 
ID, 360 µm OD fused silica capillary restrictor. To improve the packing process, a vibrating shaker was 101 
connected to the column, using continuous vibrations to stack the particles as efficiently as possible. 102 

To compare with a commercial cartridge system, EXP LC Guard columns (L=5 mm, i.d.=1 mm, dp=1.8 µm, 103 
Optimize Technologies, Oregon City, Oregon) were used. 104 

2.2 Chromatographic set-up and methods  105 

At the University of Pittsburgh the instrument consisted of a LC-30AD parallel double-plunger pump 106 
(Shimadzu, Canby, Oregon), a 2-position, 6-port UHPLC valve (C82X-6674EH, Valco, Houston, Texas) with 107 
a 255 nL injection loop (130x0.05 mm fused silica capillary, Polymicro Technologies, Phoenix, Arizona). For 108 
sample injection an infuse/withdraw PHD 4400 Hpsi programmable syringe pump (Harvard Instruments, 109 
Holliston, Massachusetts) was used with a 1 mL gastight syringe (Model 1001 TLL PTFE Luer Lock, 110 
Hamilton, Reno, Nevada). For detection, an electrochemical detector with a radial flow cell (MF-1091) was 111 
used (BASi, West Lafayette, Indiana). 112 

In the Brussels set-up, the cartridge column was connected to an Agilent chromatographic system (Santa 113 
Clara, United States) consisting of a binary pump (Agilent 1290 Infinity Bin. Pump, G4220A), a DAD-114 
detector (Agilent 1260 Infinity DAD VL+, G1315C) with an 80 nL flow cell, and an autosampler (Agilent 115 
1290 Infinity Sampler, G4226A). The autosampler was bypassed by a 2-position 4-port valve (C84U-1674-116 
.1D, Valco, Houston, USA) with an internal sample volume of 100 nL for injections. For minimal dispersion, 117 
the end of the column was connected to the detector by a 12 cm capillary (50 µm i.d., Polymicro 118 
Technologies, Phoenix, Arizona). 119 

Acetonitrile (ACN, HPLC supra-gradient quality) was purchased from Biosolve B.V. (Valkenswaard, The 120 
Netherlands). Deionized HPLC-grade water (≤ 0.055 µS @ 25°C) was produced using a Milli-Q water 121 
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purification system equipped with a 0.22 µm filter (Millipore, Molsheim, France). To test the performance 122 
of the column, a 100 ppm sample containing ethylparaben and propylparaben in the isocratic solvent 123 
composition was prepared from a 1000 ppm stock sample. 124 

The sample was injected onto the column using flow rates ranging from 5-100 µL/min, 70:30% (v/v) 125 
H2O:ACN (VUB) and 80:20% (w/w) H2O:ACN (UoP), to form van Deemter curves. After injection, the valve 126 
was switched in-line and the sample flowed to the column with almost no dead volume in between 127 
(except the bore volume). From the column, the sample goes through the capillary (VUB: L=12 cm, i.d.=50 128 
µm, UoP: L=4 cm, i.d.=50 µm) to the detector. 129 

3. Results and discussion 130 

 131 

3.1 Column design and fabrication 132 
The column cartridges were home-made, using a CNC drill mill to drill a cylindrical hole through a solid 133 
metal cylinder. As revealed by SEM (Scanning Electron Micrograph) analysis, it proved to be very difficult 134 
to maintain a perfect concentricity of the bore along the tube length, leading to columns where the bore 135 
does not run parallel with the tube axis (see Fig. S-1 in Supporting Material SM), in turn inevitably causing 136 
some misalignment with the connection piece at either of both column ends and the formation of a dead 137 
zone at the interface with the column frit.  138 

Two basic designs, further referred to as Prototype 1 and 2, were considered (Fig. 2). The main difference 139 
between both designs was the frit used at the column outlet. In Prototype 1, the frit fits into a commercial 140 
filter holder with 0.51 mm diameter, which is smaller than the actual diameter of the column 0.742 mm. 141 
Obviously, this is not an ideal situation given the creation of dead zones at the outer ring of the column 142 
outlet [12,13]. In Prototype 2, an opposite situation was created, using a frit with a 1.6 mm diameter in 143 
combination with a column with the same 0.742 mm inner diameter as in Prototype 1.  144 

Since the obtained column efficiencies were suboptimal, several packing strategies were adopted and 145 
compared, leading to the procedure described in the experimental sections. Variations included changing 146 
the slurry solvent (acetone, methanol and hexane were considered next to the finally selected 147 
isopropanol), the number of process repeats (ranging between zero and two) and the pressure (ranging 148 
between 1000 and 1500 bar). Eventually, the packing process was also carried out using an external 149 
shaking device placed against the column to generate continuous vibration during the high-pressure 150 
phase of the packing. No significant improvement in packing quality was however observed.  151 

3.2 System assembly and characteristics 152 
The final assembled system with the column screwed into the valve was only arranged with a frit at the 153 
column outlet. Therefore, the valve was mounted upside down to prevent backflow of the particles when 154 
the flow was switched off. To minimize the volume in the connection tubing leading to the detector, the 155 
distance to the detector was minimized, reducing it to only 12 cm in the Brussels set-up and even only 4 156 
cm in the Pittsburgh set-up. 157 
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The column-in-valve systems were intensively tested in two different labs, one at the University of 158 
Brussels and one at the University of Pittsburgh. Prior to the actual chromatographic experiments, the 159 
system was first characterized without the column in place to determine the system volume and its 160 
variance. For this purpose, 100 nL (Brussels set-up) and 255 nL (Pittsburgh set-up) sample volumes were 161 
injected into a 70:30% (v/v) H2O:ACN (VUB) and 80:20% (w/w) H2O:ACN (UoP) mobile phase at various 162 
flow rates in both the Brussels set-up (in-valve injection, UV-Vis detection) and the Pittsburgh set-up 163 
(sample loop injector, electrochemical detection). The results are shown in Fig. 3 for both the 80 nL UV-164 
Vis detector and electrochemical detector. As can be noted from Fig. 3, the effect of the detector’s cell 165 
volume on the extra-column peak is significant, as the set-up equipped with the electrochemical detector 166 
(Figs. 3d-e) clearly produces a longer tail than the UV-detection set-up used in Brussels (Figs. 3a-c). 167 
Determining the peaks 1st order moment at different flow rates (measured tr-values given in Table 1) and 168 
plotting these values versus the reciprocal of the flow rate (see Fig. S2 of SM with F expressed in L/s), 169 
the slope of the obtained linear trend (R20.9997) provides the value of the system volume. This 170 
procedure returns a value of 525 nL for the UV set-up and 811 nL for the electrochemical set-up (cf. slope 171 
values in linear trend equations shown in Fig. S2 of the SM). 172 

The value measured for the UV-set-up is in excellent agreement with what can be expected based on the 173 
estimated dimensions of the different pieces. Using the available geometrical data, the theoretical system 174 
volume of the Brussels set-up was estimated to be 510 nL (vs. 525 nL experimentally), a value by adding 175 
the nominal 100 nL for the injection groove, 50 nL of flow circuitry inside the injector valve (volume of 176 
bore between injection groove and seating of column inlet as derived from the manufacturer’s 177 
information), 240 nL for the connection tubing (i.d.=0.05 mm and L=12 cm) and 40 nL for the flow circuitry 178 
of the detector and 80 nL for the detector cell itself.  179 

The exact volume of the electrochemical detector flow cell used in the Pittsburgh set-up is difficult to 180 
determine because of the cell's outlet flow path, but it can be roughly calculated using the thickness of 181 
the gasket as this determines the distance between the working and counter electrodes. Doing so, the 182 
detector cell volume can be estimated to be around 90 nL. To this number, the volume of the post-column 183 
tubing (80 nL) and the detector inlet (100 nL) must be added, as well as the volume of the injection loop 184 
(255 nL) and the volume of the intra-valve flow circuitry (estimated to be 50 nL as derived from the 185 
manufacturer’s information). Combined, this makes up a volume of 575 nL, which is similar to the Brussels 186 
set-up, but about 30% smaller than the measured volume (810 nL). A possible explanation for this 187 
deviation could be that the reported retention times are determined via calculation is based on the 188 
method of moments, which is comprised by the long tail of the electrochemical responses which makes it 189 
difficult to correctly determine the integration boundaries. This longer tail probably originates from the 190 
fact that, in order to keep mobile phase composition comparable between systems, no salt was added to 191 
the mobile phase in the Pittsburgh set-up as is common with electrochemical studies. This would lead to 192 
a larger electrical resistance within the flow cell, resulting in a more strongly tailed signal response. 193 
Another source of tailing obviously could be the incomplete diffusion relaxation between different 194 
velocity regions in the laminar flow system 195 

Important to remark in Fig. S2 is the relatively large value of the offset on the y-axis, indicative of the 196 
response delay time. This delay amounts up to about 500 ms for the UV-set-up and 1000 ms for the 197 
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electrochemical set-up. The 500 ms delay time measured for the UV-set-up, the delay times most probably 198 
originate from the finite valve switching electronic response times. The additional response time observed 199 
for the electrochemical detector can be fully owed to the 1.0 Hz Butterworth filter, the fastest filter 200 
inherent to the BASi potentiostat, from which a constant signal delay of about 0.6 seconds is expected. 201 

Turning now to the system variance, Table 1 gives the 4-based variances of the system peaks shown in 202 
Fig. 3, it can be noted these are typically in the order of some 0.05 to 0.09 µL2 for the Brussels set-up and 203 
some 0.09 to 0.26 µL2 for the Pittsburgh set-up, with the larger values for the highest flow rate, which can 204 
be expected because the system can be considered as open-tubular system which, given the applied flow 205 
rates, is operated in the flow dispersion dominated regime. The observed volumetric system variances 206 
are clearly smaller than the system variances typically reported for the best commercial low-dispersion 207 
UHPLC systems (typically 1-20 µL2 [7,14-19], owing to the use of small injection volumes (100 nL in-valve 208 
injection groove arranged in a rotor-stator valve with internal bores of 100 m, the smallest bore 209 
commercially available), short (12 cm) and narrow (50 mm i.d.) connection tubing and the use of a 80 nL-210 
detector UV-Vis detector. 211 

The 4-based system variances in the Pittsburgh set-up are larger, mostly owing to the strong tail of the 212 
system peaks (cf. Figs. 3d-e) as can be assessed from the peak asymmetry factors measured at 10% height. 213 
These vary between AF=8.3 at 20 µL/min AF=4.4 at 100 µL/min. The tailing can also be assessed from the 214 
large difference between the 4-based variances and those obtained at the peak half heights (see last 215 
column in Table 1).  216 

3.3 Pressure drop and flow stability  217 
It was our initial experience that the use of both Prototype 1 and 2 columns led to a fast increase in 218 
pressure (10-20 bars per hour), a problem which was often accompanied by a strong decrease in plate 219 
number. This flow instability was presumably due to clogging of the frits, as was supported by a SEM-220 
analysis of the frits (Fig. S-1d). To resolve this, all later generation devices used a 0.075 mm thick stainless-221 
steel screen frit. This solved the pressure increase/clogging and partly solved the decrease in column 222 
efficiency over time. 223 

The maximal flow rate applied to the column cartridges was 200 L/min, corresponding to an inlet 224 
pressure of about 1000 bar, without any leakage problems. However, further increasing the flow rate to 225 
240 µL/min typically made the system fail by disconnecting the loop capillary from its sleeve and ferrule, 226 
while the column was still connected to the valve. Fig. 4 shows the relation between the measured total 227 
pressure drop and the flow rate. Except for the highest flow rate (where the corresponding Reynolds 228 
number is on the order of 650, hence approaching the onset of turbulence), the data points follow a linear 229 
relationship, in agreement with the theoretical expectations. Calculating the column permeability from 230 
the slope of the linear relationship using Darcy’s law:  231 
 232 

          𝐾 = 𝑢 ∙  ∙
𝐿

∆𝑃
 (1) 

 233 
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wherein u0 is the mobile phase velocity,  the mobile phase viscosity, L the column length and ΔP the 234 
pressure drop, we find a value of Kv0=1.5 10-10 m2, corresponding to a t0-based flow resistance of 235 
0=dpart

2/Kv0=1900. With the pressured-drop of the system (=no column in place) amounting only up to 236 
0.3% of the pressure-drop measured with the column in place, the extra-column pressure drop can be 237 
clearly neglected. The 0= 1900 is more than a factor of 2 higher than expected for a packed bed of 238 
spheres, indicating a poor column packing quality. 239 

 240 

3.4 Chromatographic performance  241 
Fig. 5 shows representative chromatograms obtained with the three tested systems. As can be noted, 242 
retained peaks have an acceptable symmetry (AF=1.22 for peak 2 and AF=1.15 for peak 3, using the 10% 243 
height definition for AF). The unretained peak around the column’s t0-time on the other hand is highly 244 
skewed. 245 

Figs. 6 shows the reduced plate height plots (h=H/dp with dp=1.7 m versus =u.dp/Dmol with Dmol=9.8·10-246 
10 m2/s) for peak nr. 2 (ethylparaben). Very similar data were obtained for peak nr. 3 (propylparaben). 247 
Obviously, the observed plate heights are much larger than the h2-values typically cited in literature for 248 
well-packed fully porous particle columns [20-22]. To investigate to which extent the high observed plate 249 
heights are influenced by the extra-column contributions in this minimal-volume system, we can compare 250 
the volumetric variances measured with the column in place (for peak nr. 2 on the order of V

2=2.3 mL2 251 
at 20 mL/min and V

2=13.6 mL2 at 100 mL/min in the best performing column) with the system-only 252 
variances obtained in Section 3.2. From the values cited there (see also Table 1), it can be concluded that 253 
the plate height values shown in Fig. 6 are only influenced by the extra-column band broadening for 10% 254 
at most, such that it can be surmised that the explanation for the very high degree of band broadening 255 
should not be sought in the extra-column dispersion occurring in the valve, the connection tubing or the 256 
detector. 257 

Another presumed potential additional source of band broadening, albeit with a magnitude that is difficult 258 
to assess, can be found in the fact that in none of the fabricated and tested prototypes the bore axis was 259 
running sufficiently parallel with the tube axis, inevitably creating a dead zone at the interface with the 260 
frit at the column outlet. To verify this hypothesis, we also used a commercially fabricated cartridge 261 
column (EXP LC Guard column, L=5 mm, I.D.=1 mm, dp= 1.8) with similar dimensions. As can be noted from 262 
the grey data points added to Fig. 6b, a nearly identical performance is obtained as for Prototype 2. A 263 
specific reason for the near perfect coincidence of both curves is, given the low contribution of the system 264 
band broadening, difficult to conceive. Nevertheless, it points out that the skew of the bore axis in the in-265 
house fabricated cartridges is not necessarily an important contributor to the observed high h-values. 266 

To analyze the reduced van Deemter curves in more detail, looking for a further potential explanation of 267 
the high observed plate heights, the reduced plate height curves have been fitted with the well-268 
established van Deemter-model [23]:   269 

          ℎ = 𝐴 + 𝐵 𝜈⁄ + 𝐶 · 𝜈 (2) 
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For Prototype 1 the A-, B-, C-values were determined to be A=4.81, B=10.63, C=0.78, for Prototype 2 we 270 
found A=1.14, B=10.60, C=1.04, and for the commercial cartridge column we found A=0, B=11.37, C=1.30. 271 
Because of an insufficient number of data points in the B-term range for the Prototype 2-data, the data 272 
fit for this series was carried out using the B-term value obtained for Prototype 1. The difference in A-273 
term contribution between both prototypes is striking: while the A=1.14 for the Prototype 2-columns can 274 
be considered as acceptable for a home-packed column, the A=4.81 for the Prototype 1-columns is 275 
unusually large. The A-term is supposed to reflect differences in packing quality. Possibly, the fact that in 276 
Prototype 1 the packing solvent can only leave the column through the central zone (corresponding to 277 
the 0.51 mm diameter frit) while there is an outer ring of the column bed forming a dead-end for the 278 
packing solvent and thus creating strong radial differences in local packing density and structure, might 279 
explain this very high A-value. The larger frit used in Prototype 2-columns prevents the occurrence of such 280 
a dead end-zone during column filling, which thus might explain the lower A-term value compared to that 281 
obtained for Prototype 1-columns. The A=0-value obtained for the commercial column could be due to 282 
an insufficient B-term fit, as we have only one data point at a sufficiently low velocity. 283 

Also striking are the large C-term constants, typically on the order of 0.05 in a state-of-the-art well-packed 284 
column [21], and here more than an order of magnitude larger. This would in the older literature on plate 285 
height modelling [20] have been attributed to an excessive mass transfer resistance, but it is now a well-286 
established fact that radial velocity differences (induced by packing inhomogeneities) that persist over a 287 
sufficiently long distance also generate a C-term like behavior (i.e., showing a quasi-linear variation 288 
between h and ) [24-26]. As explained by Gritti [27-28], the inevitable difference in packing density 289 
between the wall region and the central region is a tenuous cause of such radial velocity differences. In 290 
an elegant analysis in [27], starting from the fact that the thickness of this wall region can be assumed 291 
more or less constant, Gritti showed that the contribution to band broadening of this wall region would, 292 
for the presently considered case of 2 m particles, be most pronounced in column diameters ranging 293 
between 0.30 mm and 2.0 mm. As a matter of fact, the currently employed cartridge format (0.75 mm 294 
i.d.) is, in hindsight, about one of the worst possible column i.d.’s, as it lies near the maximum in the curve 295 
of hmin versus column diameter given in Fig. 6 of [27-28], a maximum lying around hmin=4.5, instead of 296 
around the hmin=2 that can be reached in dc=2.1 and 4.6 mm. This hence already explains part of the high 297 
plate heights observed in the present study. The diameter of the commercial cartridge column (1 mm i.d.) 298 
is situated near the top of this hmin-curve as well, thus probably explaining why similar h-values are 299 
obtained as with the Prototype 2 results. 300 

4. Conclusions 301 
To minimize the system volumes in ultra-fast UHPLC separations, it is possible to eliminate the tubing 302 
between column and injector by directly screwing a column cartridge with external screw-thread into the 303 
ports of a rotor-stator injector valve. In the present work, this has been implemented using in-house 304 
fabricated and packed column cartridges. Although the resulting system dispersion is very small (ranging 305 
between 0.05 and 0.1 L2 for the employed UV-detector set-up), the observed separation efficiencies are 306 
very low, with high hmin-values and steep C-term parts of the plate height curves: hmin=10.5 and C-307 
term=0.78 for Prototype 1 and hmin=7 and C-term=0.88 for Prototype 2. 308 
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At present, we attribute a large part of the observed poor efficiency to the format of the employed 309 
cartridges, more specifically to their inner diameter, falling amidst the range of diameters identified as 310 
inherently impossible to pack well by Gritti [27,28]. Using cartridges with either a wider bore therefore 311 
seems the best way forward, as the other option, i.e., use columns with a much narrower bore, would be 312 
compromised by the fact these are more influenced by the extra-column dispersion and are tedious to 313 
pack. Other contributing factors could be found in the tilted axis of the cartridge bores, the non-matching 314 
frit dimensions and the perceived clogging of the frits.  315 
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 413 

Figure captions 414 

Figure 1. Schematic representation of the aim of the present study: replacing the conventional tubing-415 
based connection between rotor-stator valve (a) by an approach where the column is directly screwed 416 
into one of the ports of a commercial rotor-stator valve (b). 417 

Figure 2. Basic column cartridge designs developed in the present study: (a) external view of Prototype 1; 418 
(b) longitudinal section cut of Prototype 1; (c) external view of Prototype 2; (d) longitudinal section cut of 419 
Prototype 2. 420 

Figure 3. Chromatograms of the system peaks (i.e., without column in place) for the Brussels set-up (a) 20 421 
µL/min, (b) 50 µL/min, (c) 100 µL/min and for the Pittsburgh set-up (d) 20 µL/min, (e) 50 µL/min, (f) 100 422 
µL/min. 423 

Figure 4. Plot of pressure drop over the as a function of the flow rate for Prototype 2 (mobile 424 
phase=80:20% (w/w) H20:ACN). 425 

Figure 5. (a) Example chromatograms obtained with Prototype 1, (b) Example chromatograms obtained 426 
with Prototype 2, (c) Example chromatograms obtained with commercial cartridge column. 427 

Figure 6. Reduced plate height plots obtained with (a) Prototype 1 and with (b) Prototype 2 for 428 
Ethylparaben (mobile phase=80:20% (w/w) H20:ACN). The grey triangles in (b) represent the 429 
corresponding data measured in the commercial cartridge column. 430 

  431 
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 432 

Table 1. System peak characteristics 433 

 434 

  435 

               UV-detector set-up Electrochemical detector set-up 

F(µL/min) tr(s) 𝜎 (s2) 𝜎 (µL2) tr(s) 𝜎 (s2) 𝜎 (µL2) 𝜎 (µL2) at HH 

20 2.081 0.423 0.047 3.457 0.841 0.093 0.0665 

50 1.149 0.109 0.075 2.010 0.208 0.145 0.1024 

100 0.813 0.032 0.090 1.496 0.094 0.262 0.1662 
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