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ABSTRACT IDEA

The initial aim of this work was to develop hybrid capillary chromatographic columns with high porosity, combining the
advantages of both packed and monolithic formats. Such structures are particularly beneficial in high-pressure applications,
where small particle sizes or high flow rates typically lead to elevated hydraulic resistance.

In the first phase of the study, we successfully fabricated a monolithic column within a 100 um fused silica capillary using 5 um
silica microspheres. The process utilized the solvent properties of sub- and supercritical water to partially dissolve and fuse the
particles into a stable, porous network. The resulting column exhibited good mechanical stability and promising chromatographic
performance.

In the next phase, the focus will shift to using smaller input particles, ranging from 3 um down to 1.5 um. This is expected to yield
more homogeneous structures with average particle sizes around 2 um or even 1 um, while maintaining high porosity and
permeability. Such improvements could further enhance column efficiency and broaden their applicability in demanding
analytical workflows.
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- at SCW flow rates of 300 ug/min and 340°C, water is already able to dissolve the surface of SiO, - strong dependence of the column structure with SCW flowrate was
microspheres and the dissolved amount is even sufficient to form bonding bridges, but the surface is observed
highly heterogeneous - except for 200 pg/min, all other structures produced are sufficiently
- increasing the temperature to 360°C increases the dissolving power of water, the amount of SiO, homogeneous and suitable for use as a chromatographic column
etched increases but the microspheres still show residuals of the original surface - with a noticeable reduction in microsphere diameter, a significant
. : : : L : - the use of 380°C and more is already adequate for forming 'hybrid microcolumns' as the microsphere increase in "surface roughness" can also be observed. The formation of
The rings in the middle of the bridges indicate a more complex process than was assumed on the left, the rings , . ) _ _ , ,
o : L . . surface is already uniform and the bridges are solid and consistent these micropores increases the overall surface area of the 3D structure
should be homogenous. The center white rings are the points of initial contact of solid particles where a strong ; . _ _ - . :
. . : - increasing SCW flowrate to 750ug/min makes the process much more intense and homogeneous and can play a positive role in both chromatographic and, for example,
connection is formed (a) and this structure is then further etched away as a whole by the SCW (b). . .
columns can be prepared already at lower temperatures (340°C). catalytic processes.
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I I I I I I I I I 1 ime min
1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2 2.25 M ith ined sub v indicative inf _ [fﬁ ] - SCW flow length[mm]  dp [MPa] N/m Wse®  N/m statmom?  etotal  k[x 10 "m] E N/m Wse®  N/m statmom®  etotal  k[x 10 "m?] E
. . easurements with non retained substance gave only indicative information; efficiency mainly onetched 153 iy 96,000 96,000 0313 3 o581 86,667 S 0313 13 11931
ime [min] reflects the homogeneity of the column bed. In the next step, SCW-treated column (800 pg/min) 153 3.1 82,000 98,000 0312 113 13,132
; : : : ; 153 3.1 82,000 98,000 0315 1.14 13,080
Because of different total porosities of the columns (0.313 for the untreated one and 0.454 and column packed with untreated partlsles were submitted to ODS modifications. For SCW 400 pg/min 155 20 112,000 134,000 0358 249 3205 116,667 128,000 0.360 251 2955
for the SCW-treated one), the amount of mobile phase in each column was different, and treated column, the performance for uracil and benzene confirmed values (130 000 plates/m), 155 20 113,000 125,000 0364 551 313
: P - ; which we obtained for toluene (in 90% ACN). By comparing Tables S1 and S2, it is possible to 155 20 125,000 125,000 0.358 2.52 2538
the difference resulted in different final flow rates (246 and 328 nl/min, respectively) to determine the effect of treatment on the spectrum of analytes with higher retention factors 600 g/min 195 '3 137,000 173,000 0394 291 1834 137,333 147,000 0390 288 1840
obtain the same retention times. We observed a change of efficiency from 82 000 to 139 P y g ’ 155 13 136,000 135,000 0.385 287 1883
000 plates/m when measured by width of the peak at half of its height. When efficiencies 800 pg/mi 122 12 133922%(:)1 123888 8322 gg; 12(7)3 133,500 146,000 0.454 332 1694
.. . ] . . ] oo pg/min . ,325, , . . , ! . .
were calculated from statistical moments (by DataApex Clarity 5.02 software), values 98 | T"’"’f St C""""“tf’g""””c5"”‘”"“°" of "”"’f"e"ze”es or and 0DS '"°d'ff"d column 159 s 138,000 138,000 0454 . 1500
000 for untreated column and 160 000 for SCW-treated column were obtained. Peak Reten.time [min] WO05 [min] Asymmetry [-] Capacity [-] Efficiency [th.pl] Eff/I [t.p./m] Resolution [-] Compound' Name 152 15 130,000 140,000 0.439 328 1802
L 2:390 0.040 0.909 0.00 19833 130483 Uracil 1000 pg/min 154 0.8 113,000 118,000 0.509 5.90 1327 114,333 125,333 0.509 5.87 1303
2 2.593 0.043 1.182 0.08 19893 130874 2.879 Benzene 154 08 115000 128,000 0500 . .
3 2.722 0.050 1.167 0.14 16475 108390 1.644 Toluene : ' ' : '
4 2.922 0.053 1.000 0.22 16682 109753 2.284 Ethylbenzene 154 0.8 115,000 130,000 0.508 5.84 1294
5 3.295 0.063 1.059 0.38 15041 98953 3.776 Propylbenzene 1200 pg/min 145 1.0 117,000 156,000 0.563 6.76 1080 121,333 141,333 0.563 6.88 990
6 3.914 0.077 1.150 0.64 14483 95285 5.226 Butylbenzene 145 1.0 123,000 125,000 0.562 6.94 953
. 8 6.766 0.146 1.075 1.83 11827 e 8.691 Hexylbenzene 2Calculated assuming Gaussian concentration profile.”Calculated from statistical moments by Data Apexclarity 5.02 software.

Column: i.d. = 0.1 mm, length = 152 mm, stationary phase: C18, mobile phase: 50% acetonitrile / water

Table $2: Chromatographic separation of alkylbenzenes on SCW-untreated column and ODS-modified column From Table 1, it can be seen that permeability k of particles after treatment grows linearly with SCW flow rate. When compared with non-etched
Peak Reten. time [min] WOS5 [min] Asymmetry [-] Capacity [-] Efficiency [th.pl] Eff/I[t.p./m] Resolution[-] Compound Name particles, we can observe more than 6x increase of column permeability. From chromatographic point of view, higher permeability of the column is
1 2.400 0.057 1.385 0.00 9937 62109 Uracil preferred because it reduces the pressure needed in the system. Also, a more viscous mobile phase or high flowrate can be used for separation.
ye 2 2537 0.053 0.917 0.06 12533 78328 1.466 Benzene
%0 3 2623 0.057 1.067 0.09 11873 74206 0.930 Toluene
1700 x 58 4 2.757 0.063 1.200 0.15 10496 65598 1.311 Ethylbenzene C
5 3.010 0.070 1.294 0.25 10243 64022 2.242 Propylbenzene
6 3.447 0.080 1.200 0.44 10283 64270 3.485 Butylbenzene O N C L U S I O N
7 4.190 0.097 1.250 0.75 10408 65053 4.965 Pentylbenzene
8 5.517 0.127 1.088 1.30 10508 65678 7.010 Hexylbenzene
Column: i.d. = 0.1 mm, length = 160 mm, stationary phase: C18, mobile phase: 50% acetonitrile / water O O o o .
This study presents a novel method for fabricating three-dimensional
. 5 | homogeneous silica structures using the solubilizing properties of supercritical
40 - 7 van Deemter plots . . . .
- uraci water (SCW). The technique is highly tunable due to the broad range of applicable
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temperatures and pressures. Resulting chromatographic columns exhibit high
separation efficiency and permeability. Microspheres are interconnected and
anchored to the capillary wall, forming a rigid, frit-free monolith that supports
bidirectional flow and can be trimmed as needed.

The 3D framework maintains structural integrity after repeated drying and

20000 x
| Untreated rehydration, indicating excellent mechanical stability. A reduction in particle
] S treatment diameter from 5.04 to 3.95 um decreases hydrodynamic resistance, especially with
| | o 0 02840 T e 3 ; : A smaller microspheres. The use of ultrapure water and absence of surface
The use of smaller particles (3 um and 1.5 um) represents our long-term primary objective, . .. . ) . .
as it offers the potential to overcome limitations associated with high backpressure. These u [mm.s""] heteroatoms enhance suitabil |ty for biochemical appl ications.
include restricted use of higher mobile phase velocities, limited compatibility with viscous Comparison of Van Deemter curve measurements for uracil and propylbenzene on the original and . . . .
solvents, and the need for ultra-high-pressure systems. The images show successful newly developed column types. The new column design shows a significantly lower height equivalent Performance evaluatlon USIng C1 8_funCt|0nallzed COIumns and alkylbenzene
sintering of silica microspheres; however, this has so far been achieved only over a short to a theoretical plate (HETP), allowing much higher linear velocities without loss of efficiency. For miXtu res C0nﬁ rmed the Superior efﬁciency Of the SCW'treatEd,
section of the capillary. Achieving full-column homogeneity will require further uracil, a velocity up to six times higher can be applied compared to the original column, resulting in a . . .
optimization to address several physicochemical constraints. substantial reduction in analysis time—an advantage for high-throughput workflows. bri dg ed-mi crosp here column over conventional paCkEd columns.
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