
This is the post-print version of a paper published in Journal of Chromatography A

Citation for the original published paper (version of record):

Exogenous factors contributing to column bed heterogeneity Part 1: 

Consequences of 'air' injections in liquid chromatography. J. Samuelsson, T.  

Fornstedt, A. Shalliker. J. Chromatogr. A 1406 (2015) 186-191

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.



1 
 

Exogenous factors contributing to Column Bed Heterogeneity 1 

Part 1: Consequences of ‘Air’ Injections in Liquid 2 

Chromatography. 3 

Jörgen Samuelsson
1
, Torgny Fornstedt

1
 and Andrew Shalliker

1, 2
 4 

1
Department of Engineering and Chemical Sciences, INTERACT, Karlstad University, SE-5 

651 88 Karlstad, Sweden 6 

2
Australian Centre for Research on Separation Science, School of Science and Health, 7 

University of Western Sydney, Parramatta, NSW, Australia 8 

 9 

* Corresponding author 10 

Jörgen Samuelsson PhD  11 
Phone + 46 54 - 700 1620 12 
Mobile + 46 73 932 81 69 13 
Fax +46 54-700 2040 14 
Email: Jorgen.Samuelsson@kau.se 15 
  16 

mailto:Jorgen.Samuelsson@kau.se


2 
 

Abstract 17 

 18 
It has been shown that not only the packing homogeneity, but also factors external to the 19 

column bed, such as, frits and distributors can have important effects on the column 20 

performance. This current communication is the first in a series focusing on the impact of 21 

exogenous factors on the column bed heterogeneity. This study is based on several 22 

observations by us and others that chromatographic runs often, for technical reasons, include 23 

more or less portions of air in the injections. It is therefore extremely important to find out the 24 

impact of air on the column performance, the reliability of the results derived from analyses 25 

where air was injected, and the effect on the column homogeneity. We used a photographic 26 

approach for visualizing the air transport phenomena, and found that the air transport through 27 

the column is comprised of many different types of transport phenomena, such as laminal 28 

flow, viscous fingering like flows, channels and bulbs, and pulsations. More particularly, the 29 

air clouds within the column definitely interact in the adsorption, i.e. mobile phase adsorbed 30 

to the column surface is displaced. In addition, irrespective of the type of air transport 31 

phenomena, the air does not penetrate the column homogeneously.  This process is strongly 32 

flow dependent.  In this work we study air transport both in an analytical scale and a semi 33 

prep column. 34 

  35 
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1 Introduction 37 

 38 
The heterogeneity of chromatography columns is now well documented [1–13] and it is clear 39 

that beds are heterogeneously packed in both the radial and the axial directions [1–14], and 40 

that such heterogeneities exist in all forms of Liquid Chromatography (LC) columns, be they 41 

low pressure open tubular columns, low to medium pressure (Fast protein liquid 42 

chromatography) FPLC columns, or High performance liquid chromatography (HPLC) and 43 

Ultra High Performance Liquid Chromatography (UHPLC) columns. Most important is  , the 44 

radial bed heterogeneity because the variation in the fluid flow velocity across the column 45 

radial cross section causes severe distortion of the solute band, resulting in ‘bowl’ like elution 46 

profiles [15]. The development of the Active Flow Technology (AFT) column end fitting 47 

[16–19] has shown conclusively that band distortions that result from the heterogeneity in 48 

packing density can to a very significant degree be moderated since the flow from these AFT 49 

columns is collected from the more uniform radial central region of the column bed, hence 50 

effectively eliminating wall effects [13] and other aspects that contribute to radial flow 51 

heterogeneity. These fittings offer advantages at HPLC scale columns or prep scale columns, 52 

including columns utilised in low pressure environments such as FPLC. 53 

 54 

While it is safe to say that column bed heterogeneity arises from the packing process [1–14], 55 

it is also clear that exogenous factors can lead to radial heterogeneity in the column bed. We 56 

detailed this in earlier studies that showed frits were often a contributing factor [20–22]. In 57 

this context it is worth stressing that not only the frit contributes to heterogeneous solute 58 

zone, but also dead volumes and sample transport through the injection loop [23–25].  From 59 

these earlier works there is little doubt that being able to see inside a chromatography column 60 

yields great clarity as to the hydrodynamic transport processes through the fluidised porous 61 

bed [12,13,15,20–22]. Usually chromatography is conducted using columns made from 62 

stainless steel tubes or other opaque materials, packed with a stationary phase that is also 63 

opaque. Being able to see inside these types of columns is therefore very difficult. 64 

Nevertheless there are a variety of techniques that enable on-column visualisation even for 65 

columns that are made in opaque tubes, for example, Currivan, Connelly and Paull used 66 

contactless conductivity detectors to study the uniformity of monolithic beds [26]. Also, 67 

columns made from plastic tubes can be placed inside an NMR magnet, and MRI allows for 68 
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images of the flow hydrodynamics to be visualised [8–11]. Effectively the internal 69 

dimensions of the column can be viewed. The difficulty associated with this process is that 70 

complex pulse sequences must be developed, the NMR is an expensive ‘detector’ and 71 

adequate spatial resolution is limited. 72 

 73 

Alternatively, a great deal of information can be obtained from columns that are packed in 74 

glass tubes [12,13,15,20–22], since high pressure glass tubing suitable for HPLC-type 75 

applications is available. If these glass tubes are filled with C18 silica and the mobile phase 76 

has the exact same refractive index then the otherwise opaque stationary phase becomes 77 

perfectly transparent to the eye. Coloured solutes, or solutes with a different refractive index 78 

to the C18 silica can then be injected, and their migration paths can be viewed through the 79 

column. Photography can be used to record their transportation  [12,13,15,20–22]. Shalliker 80 

et al., has used this on-column visualisation process to detail the wall effect [13], transport 81 

through frits [21,22] and distributors [20], measure column bed heterogeneity [12], and detail 82 

viscous fingering phenomena [15,27–30]. All of which are processes that are difficult, if not 83 

impossible to describe without being able to see inside the chromatography column. 84 

 85 

In this study we have utilised this matched refractive index on-column visualisation process 86 

to detail the transport of air through a chromatography column, i.e., ‘air’ injections in liquid 87 

chromatography. In this situation, air has a different refractive index to the mobile phase, 88 

hence, as the air displaces the mobile phase from the stationary phase material the stationary 89 

phase then becomes visible and the air transportation can be viewed, much in the manner that 90 

the earlier viscous fingering experiments undertaken by Shalliker et al. [27,28] were 91 

visualised. A reasonable question to ask oneself is why study air injections? In fact, there are 92 

numerous reasons; first and foremost, analysts from time to time accidently undertake air 93 

injections, either from partially filling an injection loop with air as the fluid lines are 94 

compromised, or if the sample vial volume drops below the required level. Other basic 95 

operational mistakes may be made, such as incorrect flushing of a newly inserted sample loop 96 

or the like. We wonder whether, for example the anecdotal claims by many who practice 97 

liquid chromatography, that the first injection is often erroneous, is in fact a result of ‘air-98 

injections’? Other reasons to visualise ‘air’ injections may be found in chemical processes 99 

whereby gases are purged through fluidised porous beds, perhaps for the recovery of fossil 100 

fuels, or to study greenhouse gas emissions through a fluidised permafrost in a melting Arctic 101 
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environment. Nevertheless, the injection of air inside a chromatography column raises the 102 

question as to the whether the homogeneity of the column bed has been exogenously affected 103 

by air transport into the column. We address this issue with detailed photographic data 104 

following the introduction of air into the column. The aim of this study is to experimentally 105 

investigate air transport through a chromatographic column.  In this study we will investigate 106 

how the air transport is affected by changing: the column inner diameter, flow rate and 107 

injection volume.  We will also demonstrate the effect of a column void on top of the column 108 

has on the air transport. 109 

 110 

2 Experimental 111 

 112 

2.1 Chromatography columns, mobile phases and reagents 113 

Analytical scale (5 mm, i.d.) HR glass columns were supplied by Pharmacia (Sweden, 114 

Uppsala) and a 17 mm i.d. column, was supplied from Omnifit with in-house manufactured 115 

endfittings. These columns were packed using an axial compression process consistent with 116 

the manufacturer’s guidelines. The packing material was Kromasil-100-5-C18 (5 m dp) 117 

AkzoNobel (Bohus, Sweden). The stationary phase was dispersed in acetone, stirred for 10 118 

minutes, and then ultra-sonicated for a further 10 minutes, prior to being poured into the 119 

column blank. Once the stationary phase had settled the column end fitting was applied and 120 

the bed compressed.  The packed bed height was 6 and 5.8 cm for the 17 mm and 5 mm i.d. 121 

column, respectively. 122 

 123 

The HPLC mobile phase was a mixture of dichloromethane (DCM) and toluene, purchased 124 

from VWR International, in the proportion of 45:55 (DCM:Toluene). This composition had 125 

the exact same refractive index as the C18 silica. Flow rates, and sample injection volumes 126 

varied and are detailed as appropriate in the text. 127 

 128 

2.2 Instrumentation 129 

A Jasco PU 1580 HPLC pump (JASCO, Japan) was used for the delivery of all mobile 130 

phases. A Midas auto injector from Spark Holland (AJ Emmen, The Netherlands) was used 131 

for sample injection. Detection was achieved photographically using a Nikon D5100 SLR 132 

camera (Nikon Corporation, Japan) fitted with a variable focal length 18 to 300 lens (Nikon 133 
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Corporation, Japan) fixed at 300 mm for image acquisition. The f-stop was set at 10, and the 134 

camera was operated in video record mode. Still photographs were taken as ‘snap-shots’ from 135 

these videos using Adobe Photoshop CS6. In order to minimise the cylindrical lens effect of 136 

the tubular column, the column was housed in a standard 30 × 40 × 30 cm tank, which was 137 

illuminated using an 8 Watt white fluorescent light tube (Diversa, Poland) located directly 138 

behind the HPLC column. 139 

 140 

3 Results and Discussion 141 

 142 
Once the mobile phase having the same refractive index as the stationary phase has fully 143 

equilibrated with the stationary phase, the column and stationary phase become perfectly 144 

transparent to the eye, and we have reported this phenomenon on many occasions, and the 145 

reader is referred to references [12,13,15,20–22,27–30] for verification of the visual clarity of 146 

the technique. When a sample of dye is injected into the column the solute is transported 147 

through the bed and its migration path can be visualised, as evidenced by the photographic 148 

images reported in these references. 149 

 150 

Likewise, migration through a packed bed that displays this ‘invisible bed’ phenomenon can 151 

be visualised if the injection plug has a different refractive index to the mobile and stationary 152 

phases. In that case, the injection plug appears as a dark shadow since the light illuminating 153 

the bed from behind cannot penetrate the bed. In this study our injection plug was air, which 154 

has a different refractive index to that of the C18 silica and hence, the presence of air inside 155 

the column can be seen as a shadow as it migrates along the column, since the presence of the 156 

air allows the bed itself to be seen. Throughout the course of this study we tested the effects 157 

of air injections at various injection volumes, flow rates and column formats (5 and 17 mm 158 

i.d.). The results from which are systematically discussed according the observations on 17 159 

mm i.d. and then 5 mm i.d. columns. 160 

 161 

3.1 Air Injections on a 17 mm internal diameter column 162 

Typical injection volumes on a 17 mm i.d. column in non-overloaded conditions are around 163 

50 to 300 L, while in overloaded conditions users would typically inject as much as 2 mL.  164 

Hence in this study we tested air injection effects within these limits. In the photographs 165 

shown in Fig. 1, a 1000 L injection of air was made at the flow rate of 2 mL/min. The first 166 
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of these photographs (1a) shows the bed prior to the air reaching the column, while 167 

photograph 1b shows the appearance of the air 40 seconds after injection, then 1c, 60 seconds 168 

after injection. The series of photographs that follow show the propagation of the air plug as 169 

it migrates through the column, each photograph recorded 20 seconds apart. When the air 170 

initially enters the column the entire column radial cross section is penetrated. However, as 171 

time passes the air migrates towards the column radial central zone forming a cone. Shortly 172 

thereafter the leading edge of the cone splits and two major regions of the air band migrate 173 

along the column. These channels remain saturated with air for the entire length of the 174 

column. At the trailing edge of the air injection plug the air slowly dissolves in the incoming 175 

mobile phase, but at a rate that is slow relative to the overall migration time. The total time 176 

required for all air to leave the column was in this instance 405 seconds; this is around 2 177 

column volumes assuming a porosity of 0.7. 178 

 179 

When the injection plug volume was decreased the severity of the effects of the air were 180 

naturally also decreased. The photographs in Fig. 2 for example, detail air injections when the 181 

plug volume was 500 L, also at the flow rate of 2 mL/min. The first of these photographs 182 

recorded at 20 seconds shows the bed prior to the air injection, thereafter, the photographs 183 

show the propagation of the air at 10 second intervals, up to photograph (2g), then 184 

photograph (2h) shows the air injection plug at 210 seconds. Similar to the 1000 L injection 185 

air plug, upon entry to the column the air fully saturates the column radial cross section and 186 

then forms a cone as the air is concentrated towards the radial central region of the column. 187 

The air penetration depth into the column appears to reach a limit, about 1/3
rd

 the length of 188 

the column (at 80 seconds – Fig. (2g)) with dissolution of the air occurring at the inlet side of 189 

the plug.. However, upon continued observation a new phenomenon is observed, one that 190 

reappeared under a variety of conditions that we will demonstrate later in this text, and that is, 191 

the transport of what appeared to have been dissolved air and thus invisible, suddenly is 192 

‘precipitated’ from solution and a cloud of air is then visible migrating along the column 193 

throughout the entire length. This is illustrated in Fig. 2h. A variety of cloud formations 194 

appeared throughout the air migration process, resembling viscous fingering phenomena, e.g. 195 

[15]. The air was finally removed from the column after 360 seconds (around 1.3 column 196 

volumes), slightly faster than when a 1000 L air injection was made. 197 

 198 
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Air injection effects were less spectacular when the injection volume was reduced to 200 L. 199 

The series of photographs recorded at 20 second intervals in Fig. 3 illustrate the air transport 200 

process; air fully penetrates the radial column cross section, but does not penetrate beyond 201 

the immediate inlet region of the column (~ 5 mm of bed only). Dissolution of the air occurs 202 

by the incoming mobile phase. The time required for the air clearance from the column was 203 

90 seconds or 0.3 column volumes. 204 

 205 

So far we have only showed how different injection volumes affect the air transport in a 206 

column.  To investigate how flow rate affects the column a range of flow rates were then 207 

tested for each of these injection volumes, however, we limit our discussion to the tests 208 

undertaken using a 500 L injection plug. In Fig. 4 the 500 L air injection at 1 mL/min is 209 

illustrated. In this instance the air fills the entire column radial cross section, forms a cone, 210 

and penetrates to a depth of approximately 1/4 the length of the column. A slow process of 211 

dissolution follows before the air finally disappears after 570 seconds or around a column 212 

volume. The process of the air transport at 2 mL/min has been discussed above – and 213 

illustrated by the photographs in Fig. 2. At 3 mL/min similar effects to those observed at 2 214 

mL/min were apparent; that is, the depth of penetration was limited to around 1/3
rd

 the 215 

column length, and after a period of time ‘clouds’ of air reappeared along the column 216 

migrating in a ‘viscous fingering’ type of flow pattern. At 3 mL/min the clearance time was 217 

210 seconds or around a column volume. The series of photographs in Fig. 5 illustrate the 218 

transportation process at 3 mL/min. 219 

  220 

3.2 Air Injections on a 5 mm internal diameter column 221 

While a range of flow rates were tested for air injections made on the 5 mm i.d. column, our 222 

discussion here is limited to observations made at 0.5 mL/min. The injection volumes were 223 

100, 200 and 500 L. Each of these volumes is larger than a regular injection volume usually 224 

used on a 5 mm i.d. column, however, these volumes are not beyond the scope of an 225 

accidental air load following the change of a sampling loop, pre-column tubing or connection 226 

of a switching valve for example. The latter being particularly important in 2D HPLC where 227 

injection volumes are larger and there is the potential for a loop to drain when not directly in 228 

the pressure flow stream. 229 

 230 
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The series of photographs in Fig. 6 show the transport of a 100 L plug of air through the 5 231 

mm i.d. column at 0.5 mL/min. These photographs show that the air upon entry to the column 232 

fully saturates the radial cross section of the bed and then forms a cone as the air migrates 233 

towards the radial central region of the bed. After 60 seconds (0.6 column volumes) the air 234 

appears to have almost fully dissolved, however, its dissolution was short lived as the air was 235 

then precipitated out of solution and a substantial cloud formed that then enlarged upon 236 

migration through the column. Upon close inspection of the photographs and the video data 237 

recorded, the formation and subsequent propagation of the air cloud appeared to follow a 238 

viscous fingering process with very finely detailed finger development. The air required 150 239 

seconds to clear from the column or around 1.5 column volumes.  240 

 241 

When the injection volume was increased to 200 L the effects observed at 100 L were also 242 

apparent, but with greater visual clarity (Fig. 7). Upon entry to the column the air plug fully 243 

saturated the radial column cross section, and then formed a cone, and the inlet edge of this 244 

cone was slowly dissolved by the incoming mobile phase. Interestingly the leading point of 245 

the cone appeared to remain static (Figs. 7b to 7f), but at approximately 80 seconds (around 246 

0.8 column volume) there was a sudden burst of air precipitating from solution in a fashion 247 

that resembled the explosion of fireworks – Fig. 7f. This cloud then further developed and 248 

enlarged, while at the same time the cone at the column inlet slowly dissolved – see Figs. 7f 249 

to 7i. Total clearance time from the column was 175 seconds or around 1.8 column volumes. 250 

 251 

At injection volumes of 500L the air plug was too large to gain detailed information 252 

relating to the transport of the air through the column. Other than to say, the process was 253 

similar to that observed when the injection plug was 200 L: the air initially saturated the 254 

entire column radial cross section, a cone developed, the inlet point of this cone slowly 255 

dissolved and then a cloud burst of air appeared at the front edge of the air zone – this process 256 

is detailed in the photographs shown in Fig. 8. In this instance the air required 235 seconds to 257 

clear the column entirely or around 2.4 column volumes. 258 

Finally how void volumes on top of the column inlet affects the air transport was 259 

investigated.  To investigate this 500 µL air injection was conducted on a column with a 260 

small void above the stationary phase.  The interesting observation was that some of the air 261 

remained in the void and was slowly dissolved by the mobile phase, see Fig. 9, but a portion 262 

continued to elute through the bed in processes described above, including the process of 263 
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precipitation, which resulted in clouds of air propagating along the column.  The reason why 264 

air remained between the inlet fitting and the bed head is probably that the surface tension in 265 

the air bubble is too large to force all the air into the packed bed. As a consequence some air 266 

is trapped in the void space and is dissolved in the mobile phase. This clearly shows that 267 

packing heterogeneities, such as, packing densities and voids could severely affect the air 268 

transport in the column.  In this case introducing voids will drastically reduce the potential 269 

effect of air in the column, but it does not remove it entirely.  However, from a 270 

chromatographic perspective introducing voids will result in a reduction of the column 271 

efficiency and is generally not recommended. 272 

3.3 Gas transport phenomena observed in this study 273 

We have shown that air is transported in several different ways in a chromatographic column. 274 

Initially if sufficient air is introduced the air will enter the column saturating the entire 275 

column radial cross section.  This indicates that initially the flow of air entering the bed is 276 

more or less lamina, even if the viscosity contrast between the air and mobile phase is large.  277 

This observation is in line with classical fluid dynamic experiments studying turbulent flow: 278 

Where it takes some distance from the flow source before turbulent flow can be established.  279 

After this initial entry phase, air forms a cone shaped profile as it migrates along the column, 280 

the reason for this is unclear at this point in time. One explanation could be that the local flow 281 

rate is fastest in the central part of the column than at the wall regions resulting in a cone 282 

shaped profile. It is clearly apparent that air precipitation occurs at distances substantially in 283 

front of the visual moving air band. Once this air precipitation phenomenon occurs, the 284 

subsequent transport follows a viscous fingering type of effect. This is perhaps not surprising 285 

given the very large difference in viscosity between air and the mobile phase used here.  286 

During this transport cloud like formations appeared throughout the air migration process, 287 

resembling viscous fingering phenomena. 288 

 289 

Inspecting the fine structure of the cloud like structures we could observe that it consist of 290 

fine lines connecting small bulbs. Probably there exists fine channels invisible to the naked 291 

eye and the camera and the air is transported through these small channels in a soluble state, 292 

precipitating when a larger void space is attained (see Fig.10).  One other interesting 293 

observation that we cannot capture on still photographs is that these new fine channels and 294 

bulbs appear in a pulsating fashion. One plausible explanation to this is that it takes some 295 

pressure to form these channels.  As the air is accumulating in a bulb the local pressure 296 
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increases and at a critical pressure is pushed through the channel. This simple explanation 297 

could also explain why these channels more or less drastically can change direction; because 298 

the channels are open in a direction with lowest threshold pressure. 299 

 300 

4 Conclusion 301 

 302 
The photographic data we have presented here show some fascinating air transport 303 

phenomena, perhaps the most surprising of which is the sudden burst of air clouds from air 304 

that had apparently already dissolved, or not adsorbed to the surface, see Figs. 6 and 7. This 305 

phenomenon is difficult to illustrate through still images, but is far more apparent when video 306 

footage is viewed, or when visualised live in the laboratory.  The air transport through the 307 

column seems to be a combination of much different type of processes.  We have observed; 308 

laminal flow, viscous fingering like flows, channels and bulbs, and pulsations. 309 

To make things more interesting the air transport process is also strongly dependent on the 310 

flow rate.  We observed that the air precipitation was largest at 2 mL/min. Fig. 2 compared to 311 

both lower (1 mL/min., Fig. 4) and higher flow rate (3 mL/min., Fig. 5). In this study two 312 

column diameters were investigated, 5 and 17 mm inner diameter. Some substantial 313 

differences were apparent.  Firstly, on the wider column the air transport could form several 314 

cloud like structures see Fig. 1.  In the smaller format only one large cloud like structure was 315 

formed. Perhaps, however, this may not be a general case. 316 

 317 

Irrespective of the type of air transport phenomena that occurred, one point is clear; the air 318 

does not penetrate the column homogeneously, and most importantly the air displaces mobile 319 

phase from within the stationary phase. Undoubtedly this would affect the nature of solute-320 

stationary phase interactions as the solvent environment at the surface is temporarily altered. 321 

Hence, following air injection the column must be re-equilibrated to establish ‘initial’ 322 

conditions. How long re-equilibration must be is at this point in time uncertain, but what is 323 

clear, is that the air takes a surprisingly long period of time to migrate and clear from the 324 

column. Perhaps what we have seen here may be why from time to time chromatographers 325 

claim the first injection is never the correct outcome. 326 

 327 

The introduction of small voids on top of the column drastically changed the outcome; some 328 

air remained at the top of the column in bubbles and did not penetrate the bed until fully 329 



12 
 

dissolved. Once dissolved, these air bubbles were transported through the column, but at 330 

times, the air precipitated from solution and appeared as cloud bursts at various internal 331 

locations deep inside the bed. From a chromatographic perspective, introducing voids will 332 

result in a reduction of the column efficiency and is generally not recommended. 333 

 334 
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Figure captions 424 

Fig. 1:  A 1000 L air injection at a flow rate of 2 mL/min using a column with 17 mm inner 425 

diameter. Photographs were taken at (a) 20, (b) 40, (c) 60, (d) 80, (e) 100, (f) 120, (g) 180, 426 

and (h) 210 seconds after the injection. System pressure 1 Bar. 427 

 428 

Fig. 2:  A 500 L air injection at a flow rate of 2 mL/min using a column with 17 mm inner 429 

diameter. Photographs were taken at (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70, (g) 80 and (h) 430 

210 seconds after the injection. System pressure 1 Bar. 431 

 432 

Fig. 3:  A 200 L air injection at a flow rate of 2 mL/min using a column with 17 mm inner 433 

diameter. Photographs were taken at (a) 20, (b) 25, (c) 30, (d) 40, (e) 50 and (f) 60 seconds 434 

after the injection. System pressure 1 Bar. 435 

 436 

Fig. 4:  A 500 L air injection at a flow rate of 1 mL/min using a column with 17 mm inner 437 

diameter. Photographs were taken at (a) 50, (b) 120, (c) 180, (d) 300, (e) 420 and (f) 540 438 

seconds after the injection. System pressure 0.5 Bar. 439 

 440 

Fig. 5:  A 500 L air injection at a flow rate of 3 mL/min using a column with 17 mm inner 441 

diameter. Photographs were taken at (a) 20, (b) 30, (c) 40, (d) 60, (e) 100  and (f) 140 seconds 442 

after the injection. System pressure 1.6 Bar. 443 

 444 

Fig. 6: A 100 L air injection at a flow rate of 0.5 mL/min using a column with 5 mm inner 445 

diameter. Photographs were taken at (a) 30, (b) 40, (c) 50, (d) 60, (e) 70, (f) 80, (g) 90, (h) 446 

100 and (i) 110 seconds after the injection. System pressure 0.5 Bar. 447 

 448 

Fig. 7: A 500 L air injection at a flow rate of 0.5 mL/min using a column with 5 mm inner 449 

diameter. Photographs were taken at (a) 30, (b) 40, (c) 50, (d) 60, (e) 70, (f) 80, (g) 90, (h) 450 

100 and (i) 110 seconds after the injection. System pressure 0.5 Bar. 451 

 452 

Fig. 8: A 100 L air injection at a flow rate of 0.5 mL/min using a column with 5 mm inner 453 

diameter. Photographs were taken at (a) 30, (b) 80, (c) 90, (d) 100, (e) 110 and (f) 140 454 

seconds after the injection. System pressure 0.5 Bar. 455 

 456 
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Fig. 9: A photograph showing the air bubbles trapped in the void space between the column 457 

bed and inlet head fitting. The air injection volume was 500 µL and the flow rate was 3 458 

mL/min using a column with 5 mm inner diameter. System pressure 1.8 Bar. 459 

 460 

Fig. 10: Photograph of air transport following a 100 µL injection of air on a 5 mm column at 461 

a flow rate of 0.5 mL/min.  The photograph shows the bulb and channels that are formed 462 

during the air transport through the column. System pressure 0.5 Bar. 463 
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