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Abstract 20 

It is common practice in liquid chromatography to split the flow of the effluent exiting the 21 

analytical column into two or more parts, either to enable parallel detection (e.g., coupling the 22 

separation to two destructive detectors such as light scattering and mass spectrometry (MS)), or to 23 

accommodate flow rate limitations of a detector (e.g., electrospray ionization mass spectrometry). 24 

In these instances the user must make choices about split ratio and dimensions of connecting tubing 25 

that is used between the split point and the detector, however these details are frequently not 26 

mentioned in the literature, and rarely justified. In our own work we often split the effluent 27 

following the second dimension (2D) column in two-dimensional liquid chromatography systems 28 

coupled to MS detection, and we have frequently observed post 2D column peak broadening that 29 

is larger than we would expect to result from dispersion in the MS ionization source itself. For the 30 

present paper we describe a series of experiments aimed at understanding the impact of the split 31 

ratio and post-split connecting tubing dimensions on dispersion of peaks exiting an analytical 32 

column. We start with the simple idea – based on the principle of conservation of mass – that 33 

analyte peaks entering the split point are split into two parts such that the analyte mass (and thus 34 

peak volume) entering and exiting the split point is conserved, and directly related to the ratio of 35 

flow rates entering and exiting the split point. Measurements of peak width and variance after the 36 

split point show that this simple view of the splitting process – along with estimates of additional 37 

dispersion in the post-split tubing - is sufficient to predict peak variances at the detector with 38 

accuracy that is sufficient to guide experimental work (median error of about 10% over a wide 39 

range of conditions). We feel it is most impactful to recognize that flow splitting impacts apparent 40 

post-column dispersion not because anything unexpected happens in the splitting process, but 41 

because the split dramatically reduces the volume of the analyte peak, which then is more 42 

susceptible to dispersion in connecting tubing that would not cause significant dispersion under 43 

conditions where splitting is not implemented. These results will provide practitioners with a solid 44 

basis on which rational decisions about split ratios and dimensions of post-split tubing can be 45 

made.  46 
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1. Introduction 47 

Dispersion of analyte peaks outside a chromatography column (i.e., extra-column dispersion) can 48 

seriously reduce the resolving power of a separation that would otherwise be excellent in the 49 

absence of such dispersion. These effects have been known for decades [1,2], but continue to be 50 

discussed in more and more depth as the inherent performance of column technologies continually 51 

improves [3–7]. With the move to sub-three micron particles we are observing a gradual shift 52 

toward widespread use of 2.1 mm i.d. columns. These narrow columns, when packed with small 53 

particles, can produce peak volumes on the order of a few microliters or less; under these 54 

conditions even the best high performing commercially available LC systems today can contribute 55 

substantially to the overall peak variance, and great care must be taken to optimize the performance 56 

of these systems [3–7].  57 

In some applications there can be a mismatch between the flow rate that is optimal for the pre-58 

detection components of the system (e.g., pump and column), and the flow rate that is optimal for 59 

the detector. An example of this is the coupling of two-dimensional liquid chromatography (2D-60 

LC) separations to detection using mass spectrometry (MS) [8–10]. Whereas the flow rates in the 61 

second dimension (2D) separations of comprehensive 2D-LC separations that are optimal for 62 

maximizing peak capacity tend to be in the 1-3 mL/min. range, optimal flow rates for most MS 63 

instruments for analytical scale LC (nano-flow LC uses much lower flow rates) tend to be in the 64 

range of 100-500 µL/min. [11,12]. It is common practice to split a portion of the column effluent 65 

and divert it to waste (or a different detector) while the remainder is directed to the MS detector 66 

[10,13–15]. This strategy allows the two components (the 2D-LC and the MS) of the system to be 67 

operated under optimal conditions simultaneously. Although sophisticated ‘active splitter’ devices 68 

are commercially available that allow users to continuously vary the post-column split ratio, in the 69 

literature the most commonly reported device used for such splitting is a simple tee-piece fitted 70 

with two restriction capillaries whose lengths are adjusted to give the desired split ratio.  71 

In our own work where we frequently use UV absorbance spectroscopic and MS detection 72 

following the 2D separation in 2D-LC systems we have consistently observed that peaks recorded 73 

at the MS detector are significantly wider than they are in the UV detector. In the process of trying 74 

to understand these observed differences in peak width, we have found that the dimensions of the 75 
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capillaries connecting the tee-piece to the detector have a dramatic influence on the extent of peak 76 

dispersion observed under these conditions, in agreement with a report by Spaggiari et al. [16], 77 

and discussion by Hetzel et al. [17]. While previous studies have reported dispersion data for a 78 

variety of connecting capillaries for LC [3,16,18], we are not aware of a dataset that focuses on 79 

the particular capillary dimensions and mobile phase flow rates needed to optimize the flow 80 

splitting conditions of interest here. Therefore, this paper aims to quantify the dispersion that 81 

happens in the particular capillaries that could be used in such systems under flow splitting 82 

conditions, so that we can have a rational basis for choosing capillaries for this purpose. There is 83 

an extensive body of literature focused on both theoretical and experimental aspects of dispersion 84 

in connecting capillaries for chromatography [3,6,18–23].  Our purpose here is not to add to the 85 

theoretical understanding of dispersion of these capillaries per se. Rather, our primary aim here is 86 

to highlight the special circumstances (i.e., very small volumetric peak variances) that flow 87 

splitting gives rise to, present experimental dispersion data relevant to flow splitting conditions, 88 

and provide a framework that will enable users to choose optimal capillaries for their own systems 89 

without having to make their own dispersion measurements. 90 

Our interpretation of our experimental results discussed below is based on the central assertion 91 

that an analyte peak entering one branch of a simple tee-piece is split into two parts exiting the 92 

other two branches of the tee-piece, and that – as required by the conservation of mass – the volume 93 

fraction of the peak exiting each branch is directly related to the split ratio. Assuming the tee-piece 94 

itself does not contribute to band broadening, the same can be said of the peaks’ standard 95 

deviations (σv). This is illustrated explicitly in Fig.  1 for the case of a 1:4 split ratio; one-fifth of 96 

the peak volume entering the tee-piece from the analytical column (σv,col) proceeds toward the 97 

detector, and four-fifths of the peak volume proceed toward waste (or a different detector in some 98 

applications). 99 

 100 

2. Experimental 101 
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2.1 Chemicals and reagents 102 

Fluorescein sodium salt, acetophenone, ammonium acetate, and formic acid were obtained from 103 

Sigma-Aldrich (St. Louis, MO). Fluorescein was dissolved in HPLC grade water to prepare a stock 104 

solution at 10 mg/mL, and acetophenone was dissolved in acetonitrile to prepare a stock solution 105 

at 10 mg/mL. HPLC grade acetonitrile (>99.9%) was also obtained from Sigma-Aldrich. HPLC 106 

grade water was prepared in house using Milli-Q Nanopure water purification system (Billerica, 107 

MA).  108 

2.2 Instrumentation 109 

The instrument used in this experiment was assembled primarily from components from the 110 

Agilent 1290 Infinity II line of UHPLC modules. This included: a high speed binary pump (p/n: 111 

G7120A) equipped with an Agilent Jetweaver V35 mixer, a 2D-LC switching valve (p/n: 5067-112 

4214), and a DAD detector (G7117B) equipped with the ultra-low dispersion flow cell (G4212-113 

60038). In some experiments, peaks were detected on-capillary by laser-induced fluorescence 114 

using a Picometrics Zetalif LIF detector (p/n: DIS-UV-01). The analog output signal of the LIF 115 

was recorded using a Universal Interface Box (Agilent, p/n: G1390B) set to acquire data at the 116 

maximum rate of 100 Hz. Analyte solutions were infused directly into the 2D-LC valve using a 117 

Hamilton Gastight 1000 µL injection syringe and a Harvard Apparatus syringe pump (p/n: 55-118 

2226). The valve was fixed with two nominally identical stainless steel sample loops with volumes 119 

of about 2 µL (200 mm x 120 µm i.d.). The union (0.010” through-hole) and tee-piece (0.020” 120 

through-hole)  shown in Fig. 2 were from Chromtech (Apple Valley, MN; p/n U-435 and U-428, 121 

respectively), and the inline filter was from Agilent (p/n: 5067-6189). The ‘prototype splitter 122 

pump’ shown in Fig. 2 was described previously [24] and used in this work to withdraw effluent 123 

from the flow path at a controlled rate. PEEK capillary tubing was from Chromtech and cut to 124 

length as needed for the different post-split tubing lengths and diameters indicated in Figs. 4A and 125 

5. Stainless steel capillaries used for post-split tubing as shown in Figs. 4B, 6, and 7 were prototype 126 

parts prepared in-house by Agilent. LC columns used as described in Fig. 2 were from Agilent. 127 

Teflon-coated fused silica was from Polymicro (Phoenix, AZ). The Agilent instrument 128 

components were controlled using ChemStation software (Rev. C.01.07 SR3 [465]), and analyte 129 

peaks were integrated using the same software. 130 



Page 6 
 

2.3 Methods 131 

Measurements with UV Detection (configurations A1/B1/C1 in Fig. 2) 132 

A 100 µg/mL sample of acetophenone in 40/60 ACN/water was infused into the 2D-LC valve at a 133 

flow rate of 16 µL/min. The column was a 50 mm x 2.1 mm i.d. Zorbax SB-C18 (3.5 micron). The 134 

mobile phase was 50/50 ACN/water (k of acetophenone ~ 2), the column was not temperature 135 

controlled, and the flow rate through the column was 1.0 mL/min. The 2D-LC valve was switched 136 

once every 30 seconds such that eight injections were made over a four-minute period. Actual flow 137 

rates through the two outlet branches of the tee-piece were determined by measuring the time 138 

required to fill an empty barrel of a Gastight syringe using a stopwatch. 139 

Measurements LIF Detection (configurations B2/C2 in Fig. 2) 140 

Teflon-coated fused silica was used after the union shown in Figs. B2/C2 to enable on-capillary 141 

detection; the inner diameter was 50 µm, the total length was 150 mm, with 50 mm of capillary 142 

between the union and the on-capillary detection point. Assuming the length of the illuminated 143 

zone is 3 mm, the calculated volume of the illuminated effluent is about 6 nL. For these 144 

experiments the sample was 30 µg/mL fluorescein in 50/50 ACN/water. The column was a 30 mm 145 

x 2.1 mm i.d. Zorbax SB-C18 (3.5 micron). The mobile phase was 50/50 ACN/buffer, where the 146 

buffer was 20 mM ammonium acetate adjusted to pH 6.0 with formic acid (under these conditions 147 

the retention factor of fluorescein is about 0.6). The column was not temperature controlled, and 148 

the flow rate through the column was 1.0 mL/min. Actual flow rates through the two outlet 149 

branches of the tee-piece were determined by measuring the time required to fill an empty barrel 150 

of a Gastight syringe using a stopwatch. 151 

Determination of Peak Standard Deviations 152 

Peak widths were measured (in time units) at 4.4% height using the native integrator in 153 

Chemstation, and then divided by 5 to obtain σ4.4 (in time units). These time-based standard 154 

deviations were then converted to volume units by multiplying by the experimentally determined 155 

flow rate through the detector cell (Fdet). 156 

 157 

3. Results and Discussion 158 
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The central argument of this paper depends on the idea that when the effluent exits the analytical column 159 

and is split into two flow paths, that mass (both analyte mass and effluent mass) is conserved. If this is true 160 

then: 161 

1) The sum of the flow rates exiting the split point must be equal to the flow rate entering the split 162 

point; and 163 

2) The ratio of the peak standard deviations in volume units after (σv,ps) and before (σv,col) the split is 164 

equal to the ratio of the flow rate after (Fdet) and before (Fcol) the split as follows: 165 

, det

,

v ps

v col col

F

F




=                                                                   (1) 166 

Effect of Flow Splitting on Peaks Detected by UV Absorption 167 

As an initial test of this framework we measured peak standard deviations with and without splitting under 168 

conditions where the tee-piece used for splitting, the post-split tubing, and the detector cell (~ 0.6 µL2 [3]) 169 

are not expected to add significantly to the measured standard deviations. The legitimacy of the assumption 170 

that the tee-piece and post-split tubing do not add significantly to the measured variances without splitting 171 

is verified by the results shown in Fig. S1, as the difference in σv is less than 2% (6.66 µL vs. 6.54 µL). The 172 

results of the experiments involving different split ratios are shown in Fig. 3, where the split ratio was varied 173 

from 1:0 (i.e., no split) to 1:36 (i.e., 1 part of the flow to the detector, and 36 parts of the total flow to waste), 174 

but the post-split tubing was fixed at 100 mm x 120 µm i.d. PEEK. All chromatograms on the left are 175 

plotted on a time axis. For the split ratios 1:0, 1:1.6, and 1:4.7 the shift in the arrival time of the peak at the 176 

detector is hardly perceptible by eye. Even for the 1:36 split ratio the shift in retention time is modest at 177 

about 28%. This is because the transit time of the analyte between injector and detector is dominated by 178 

time spent in the analytical column. On the other hand, when the same peaks are plotted on a volume axis 179 

constructed by multiplying time and the flow rate measured at the outlet of the detector cell, we see that the 180 

peak volume obviously decreases as the split ratio increases. Although the analyte concentration at the peak 181 

apex should be independent of the split ratio, and thus the peak heights should all be the same, the peak 182 

observed with the 1:36 split ratio is shorter than expected because it is wider than expected due to dispersion 183 

in the post-split tubing and detector that is not negligible for a peak with this volume peak. The peak 184 

standard deviation measured with no split (i.e., 1:0; σv measured at 4.4% height) is about 6.7 µL, but with 185 

the 1:36 split it is just 0.57 µL. This result is entirely consistent with the idea that only a portion of the 186 

analyte mass entering the split point makes it to the detector, because some of the mass goes to waste, and 187 

thus the σv values measured at the detector must be smaller. This comparison makes clear the importance 188 

of viewing such results in volume terms. 189 
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If Eq. 1 is correct, then it should also be possible to predict the expected peak standard deviation after the 190 

split point (σv,ps) by rearrangement of Eq.1 if the peak standard deviation prior to the split point is known 191 

(σv,col – measured using configurations B1/B2), and the flow rates out of the split point are known (Fcol and 192 

Fdet). That is: 193 

det
, ,v ps v col

col

F

F
 =                                                                        (2) 194 

A comparison of σv,det values (used here as a proxy for σv,ps) measured experimentally or estimated using 195 

Eq. 2 is shown in Fig. 4A. We see that the two values are very close for a split ratio of 1:1.6. The trend in 196 

the estimated values is consistent with the trend in the measured values, but the difference between the two 197 

values increases as the split ratio increases. On one hand we take the agreement between the trends as 198 

further evidence that Eq. 1 is consistent with what physically happens during the splitting process; on the 199 

other hand it is likely that the increasing differences between the values at higher split ratios is due to non-200 

negligible contributions to the measured peak standard deviations from the post-split tubing and the detector 201 

cell itself when the split ratio is large. This is not unexpected, but in our view these initial experiments were 202 

nevertheless useful because they closely resemble “typical conditions” – that is, 120 µm i.d. post-split 203 

tubing and a low dispersion UV detector flow cell. A more accurate estimation of σv,det is discussed further 204 

on in this discussion (see Eq. (5)). 205 

Now, if the post-split peak standard deviation is dictated by Eq. 2, then we would expect that the peak 206 

standard deviation measured at the detector is influenced by the dimensions of the post-split tubing. In 207 

addition, the degree of increase in peak variance due to dispersion in the post-split tubing should increase 208 

as the split ratio increases. Figure 5 shows the results of a series of measurements where the dimensions of 209 

the post-split tubing and split ratios were changed, holding all other conditions of configuration C1 constant. 210 

We see that when the post-split tubing is fixed the peak standard deviations measured at the detector (σv,det) 211 

decrease (Fig. 5A), as expected, with increasing split ratio, consistent with Fig. 4A. On the other hand, for 212 

a given fixed split ratio, the peak standard deviation measured at the detector increases as the volume of the 213 

post-split tubing increases. To better illustrate this, Figure 5B shows the percent increase in peak variance 214 

upon changing to larger post-split tubing, relative to the 100 mm x 120 µm i.d. post-split tubing (referred 215 

to hereafter as 
2

,det,v ref ) used to obtain the results in Fig. 4A; this is calculated as 216 

( )2 2 2

,det ,det, ,det,100%* /v v ref v ref  − . Here we see that the relative increase in the variance due to a change 217 

to a particular piece of post-split tubing does indeed increase as the split ratio increases because the 218 

denominator in the preceding equation decreases dramatically due to the increased split ratio. Moreover, 219 

this increase is much larger for longer pieces of post-split tubing. 220 
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 221 

Effect of Flow Splitting on Lower Volume Peaks – On-Capillary Fluorescence Detection 222 

The conditions used for the experiments discussed above were chosen to produce peak variances entering 223 

the split point that would be relatively large (about 45 µL2) compared to the expected variance due to the 224 

default post-split tubing (100 mm x 120 µm i.d.) and the low-dispersion DAD flow cell (about 0.6 µL2 [3]). 225 

These conditions served us well in that they enabled an initial confirmation of our framework without using 226 

exotic measurement conditions. However, this level of post-column variance (~ 45 µL2) of does not reflect 227 

the state-of-the-art in terms of narrow, low volume peaks that are produced under some LC and most 2D-228 

LC conditions. For example, a 30 mm x 2.1 mm i.d. column has a dead volume of about 52 µL (assuming 229 

a total porosity of 50%). The expected peak volume (measured by σ) at the outlet of the column under 230 

gradient elution can be calculated using Eq. 3, where N is the plate number, Vm is the dead volume of the 231 

column, and ke is the retention factor of the analyte at the point of elution. 232 

( ), 1m
v col e

V
k

N
 = +                                                                   Eq. 3 233 

If we consider such a column with a plate number of 7,000, operated under gradient elution for the 234 

separation of peptides such that ke is about 2, we find that the expected peak volume is 1.9 µL, and the 235 

expected variance 3.5 µL2. Therefore, in a second set of experiments we chose conditions (30 mm x 2.1 236 

mm i.d. column, ke ~ 0.6) that would produce peaks entering the split point with variances of 6.7 µL2 so 237 

that we could study the effects of split ratio and post-split tubing on the volumes of these smaller (i.e., lower 238 

volume) peaks, where their effects would be more pronounced. 239 

Figure 4B shows results similar to those in Fig. 4A, but now using the instrument configurations B2 and C2 240 

shown in Fig. 2, which involve a narrower post-split tube (100 mm x 50 µm i.d.) as a reference condition, 241 

and on-capillary laser-induced fluorescence (LIF) detection to drastically reduce the dispersion contribution 242 

from the detector. Without any splitting (1:0) the peak standard deviation measured at the LIF detector 243 

(σv,det) is about 2.5 µL. As the split ratio is increased, the measured peak standard deviation (black bars) 244 

decreases, consistent with the results shown in Fig. 4A. At the highest split ratio of 1:19 used in this set of 245 

experiments, the measured peak standard deviation is just 0.3 µL and the corresponding peak variance thus 246 

just below 0.1µL². The white bars show the peak standard deviations we expect to see in this case by simply 247 

applying Eq. 2. Again we see that the trend in measured peak standard deviations is similar to the trend in 248 

the estimated values, but in this case the agreement between the two sets of numbers is a bit better than in 249 

Fig. 4A, presumably because the post-split sources of dispersion have been reduced significantly. 250 
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What we are more interested in from a practical point of view is – what is the effect of post-split tubing on 251 

peak variances measured at the detector for different split ratios? The results shown in Fig. 6 begin to 252 

answer this question. Looking at Panel A we see several trends that are consistent with our intuitive 253 

expectations. First, when the length of the post-split tubing is fixed, but the diameter is increased, the 254 

standard deviations of the detected peaks increase for a given split ratio (i.e. comparison of the black, blue, 255 

and green bars). This makes sense because the peak dispersion in the post-split tubing is expected to increase 256 

with increasing tubing diameter (see Eq. 4, vide infra). Second, when the diameter of the post-split tubing 257 

is fixed, but the length is increased, we see that the standard deviations of the expected peaks increase as 258 

well. Again, this is expected because the dispersion of peaks in the post-split tubing is proportional to 259 

increasing tubing length (see Eq. 4). More interesting, though, is the increase in peak variance as the post-260 

split tubing dimensions are changed, relative to the case with the narrowest and shortest tubing (100 mm x 261 

50 µm i.d.), for different split ratios (Fig. 6, Panel B). Whereas the average increase in variance is just 13% 262 

when there is no split, this becomes much larger as the split ratio increases. In the case of the 1:19 split, 263 

what might seem like small changes in tubing dimensions can have a dramatic effect on peak variance. For 264 

example, changing the diameter of a 100-mm long post-split tube from 50 to 75 µm or 120µm increases 265 

the variance by 81 and 349% respectively. Keeping the narrow 50µm i.d., a four-fold increase in tubing 266 

length to 400 mm increases variance by 85% for the 1:19 split. These results are incredibly useful to 267 

experimentalists who need to decide how to set up a post-column flow splitting arrangement. Since for high 268 

split ratios the flow rate in the tubing towards the detector is low (e.g. 1/20th of the pump flow rate in the 269 

case of a 1:19 split), even very narrow 50 µm i.d. tubing does not generate a very high pressure drop, while 270 

avoiding excessive additional post-split band broadening. For example, a flow rate 0.1 mL/min through a 271 

200 mm long 50 µm i.d., tubing, generates just 22 bar backpressure for a mobile phase with a viscosity of 272 

0.001 Pas (i.e., the viscosity of water at 20 °C). 273 

Considering the magnitude of the combined effect of choices about split ratio and post-split tubing 274 

dimensions on the observed peak variance at the detector naturally leads one to questions about whether or 275 

not these effects can be predicted. The results of such an exercise are shown in Fig. 7, which compares 276 

measured and predicted peak variances at the detector for four different split ratios and six different pieces 277 

of post-split tubing (24 total combinations). The predicted variances were calculated in two steps: 278 

1) The expected post-split standard deviation at a given split ratio is calculated using the known post-279 

split peak standard deviation without split, and the known flow rates into and out of the split point. 280 

Equation 2 is used here, as discussed above. 281 
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2) The expected dispersion in the post-split tubing (
2

,v ps tub −  ) is determined using Eq. 4 [5], where 282 

Lps-tub and dps-tub are the length and diameter of the post-split tubing, Dm is the diffusion coefficient 283 

of the analyte in the mobile phase, and Fdet is the flow rate in the post-split tubing. 284 

2 2 4

2

,

det

48 192

ps tub ps tub

v ps tub
m

ps tub

L d

D
L

F






− −

−

−

 
=

+   

                                                         (4) 285 

These values are then combined to calculate the predicted peak variance at the detector: 286 

2

2 2det
,det , ,v v col v ps tub

col

F

F
   −

 
=  + 
 

                                                            (5) 287 

In Fig. 7 we again see that the predictions follow the experimentally determined values quite well for all 288 

investigated split ratios. These values are plotted on a single set of axes in Fig. S2. The median difference 289 

between experimental and predicted values across all of the conditions shown in Fig. 7 is -10%. Considering 290 

that these conditions result in a range of variances that vary by a factor of 235, we feel this level of predictive 291 

accuracy is quite good for such a simple model, and certainly good enough to guide practitioners in their 292 

choice of post-split tubing. 293 

We have built a simple web-based tool to calculate the expected peak variance and standard deviation in 294 

the detector after a flow split that requires only the column parameters (dimensions, total porosity and plate 295 

count), retention at elution and diffusion coefficient of the considered compound, the split ratio and post 296 

column tubing dimensions (http://multidlc.org/flow_splitting). The tool also calculates the expected 297 

pressure drop originating from the post-split tubing. Example outcomes from these calculations are shown 298 

in Table 1 for different practically relevant scenarios involving columns of different dimensions, flow rates, 299 

split ratios, and post-split tubing. As one would expect, the larger volume columns are the least sensitive to 300 

dispersion in the post-split tubing. However, even for the large volume 50 mm x 4.6 mm i.d. column using 301 

the combination of a 1:10 split and 300 mm of 120 µm i.d. post-split tubing will result in a 57% loss in 302 

separation efficiency. In this case the problem is easily resolved by moving to a 75 µm i.d. post-split tubing 303 

which reduces the efficiency loss to 17%. When using smaller volume columns, however, the challenge is 304 

far more serious (e.g., see the 30 mm x 2.1 mm i.d. column results). Even when using a modest split of 1:2 305 

and a 300 mm x 75 µm i.d. post-split tube the efficiency loss is 37%. In this case the loss can be managed 306 

by moving to a shorter (200 mm) and narrower (50 µm i.d.) tube, which reduces the loss to 6.5%. 307 

 308 
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4. Conclusions 309 

In this work we have worked to describe a framework for thinking about potential peak dispersion that 310 

occurs in post-column capillaries in LC systems where flow splitting is used prior to detection. We have 311 

highlighted the point that when flow splitting is used, both the mobile phase flow rate and the analyte peak 312 

volume are split at the split point. This can lead to analyte peak volumes that are quite small (σ << 1 µL), 313 

such that the contribution of dispersion in connecting capillaries between the split point and detector to the 314 

observed peak variance can be strongly dependent on the dimensions of the capillary used. Predictions of 315 

the expected increase in peak width as a function of the capillary dimensions used post-split point, based 316 

on our own dispersion measurements described here, show that increases on the order of 100% are possible 317 

for small molecules even when using capillaries on the order of 100 mm x 120 µm i.d. As the performance 318 

of the LC column improves (i.e., peak width decreases) or the split ratio is increased, the expected increases 319 

in dispersion due to the post-split tubing become even more serious. Experiments involving flow splitting 320 

and different post-split capillaries have validated the trends predicted by the framework described here. 321 

One clear implication of this study, which should be easy to act on in practice, is that when flow splitting 322 

is used and there is only one detector used, the split point should be located as close as possible to the 323 

detector so that the distance traveled by the analyte band is as short as possible following the split. When 324 

two detectors are used the placement of the splitter will require a more careful consideration of the detectors 325 

and split ratio involved. Given the dependence of dispersion in capillaries on analyte molecular weight as 326 

described by other groups [25–27], future work should investigate the effect of flow splitting on dispersion 327 

for much larger molecules as well (e.g., proteins). It is expected (see Eq. (4)) that the dispersion from the 328 

post-split capillary will increase significantly with decreasing diffusion coefficient. 329 
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 429 

Figure Captions 430 

Figure 1. Implications of the conservation of analyte mass on the standard deviations of peaks 431 

exiting the split point. The convention used in this paper is that a split ratio of X:Y means that the 432 

fraction X/(X+Y) of the peak goes to the detector, and the fraction Y/(X+Y) goes to waste. 433 

 434 

Figure 2. Schematic representations of instrument setups used in this work. Configurations A have 435 

no T-split, B has a T-split with metal plug, and C has a T-split and a Prototype Flow Splitter to 436 

control the split ratio. Configurations with subscript 1 use a DAD detector and a Zorbax SB-C18 437 

column (50 mm x 2.1 mm i.d.; 3.5 micron); those with subscript 2 use the same column chemistry, 438 

but with on-capillary LIF detector and a shorter column (30 mm x 2.1 mm i.d.; 3.5 µm). In 439 

configurations B2 and C2 the variable post-split tubing at the outlet of the split point is connected 440 

to the fused silica of the LIF by a zero dead volume union connector. All tubing dimensions 441 

indicated are length x i.d.  442 

 443 
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Figure 3. Effect of post-column flow splitting on peak characteristics. Each row shows the same 444 

chromatogram twice – once on a time axis (left), and once on a volume axis (right) calculated 445 

using the flow rate measured at the outlet of the detector cell (Fdet). The split ratio used to obtain 446 

each peak is shown at the right of the row (portion to detector : portion to waste). Configuration 447 

C1 from Fig. 2 was used with 100 mm x 120 µm i.d. PEEK tubing between the split point and the 448 

detector. Peaks in panels b, d, f, and h were aligned vertically to facilitate comparison on a single 449 

x-axis. 450 

 451 

Figure 4. Comparison of experimental (error bars represent one standard deviation; n=8) and 452 

predicted (using Eq. 2) peak standard deviations for different split ratios. A) Experimental values 453 

measured using configuration B1 or C1, with the 50 mm x 2.1 mm i.d. column (analyte = 454 

acetophenone) and constant post-split tubing of 100 mm x 120 µm i.d.. B) Experimental values 455 

measured using configuration B2 or C2, with the 30 mm x 2.1 mm i.d. column (analyte = 456 

fluorescein) and constant post-split tubing of 100 mm x 50 µm i.d. Standard deviations in volume 457 

units are calculated using the flow rate measured at the outlet of the detector cell (Fdet). 458 

 459 

Figure 5. Effect of different dimensions of post-split tubing with different split ratios; 460 

measurements were made using configuration B1 (no split; 1:0) or C1 (split). A) Peak standard 461 

deviations measured at the detector (error bars represent one standard deviation, n=8); B) Percent 462 

increase in peak variance (
2

,detv ) relative to the variance obtained from the smallest post-split tube 463 

of 100 mm x 120 µm i.d. 464 

 465 

 466 

Figure 6. Effect of different dimensions of post-split tubing with different split ratios; 467 

measurements were made using configuration B2 (no split; 1:0) or C2 (split). A) Peak standard 468 

deviations measured at the detector (error bars represent one standard deviation, n=8); B) Percent 469 

increase in peak variance (
2

,detv ) relative to the variance obtained from the smallest post-split tube 470 

of 100 mm x 50 µm i.d. 471 
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 472 

Figure 7. Comparison of experimental (error bars represent one standard deviation; n=8) and 473 

predicted (using Eq. 5, with Dm = 1 x 10-9 m2/s) peak variances measured using configuration B2 474 

or C2, with post-split tubing of different dimensions, and different split ratios. Variances in volume 475 

units are calculated using the flow rate measured at the outlet of the detector cell (Fdet). All post-476 

split tubing dimensions are length x i.d. 477 

 478 



Figure 1. Implications of  the conservation of  analyte mass on the standard deviations of  peaks exiting the split 
point. The convention used in this paper is that a split ratio of  X:Y means that the fraction X/(X+Y) of  the peak 
goes to the detector, and the fraction Y/(X+Y) goes to waste.
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Figure 2. Schematic representations of  instrument setups used in this work. Configurations A have no T-split, B 

has a T-split with metal plug, and C has a T-split and a Prototype Flow Splitter to control the split ratio. 

Configurations with subscript 1 use a DAD detector and a Zorbax SB-C18 column (50 mm x 2.1 mm i.d.; 3.5 

micron); those with subscript 2 use the same column chemistry, but with on-capillary LIF detector and a shorter 

column (30 mm x 2.1 mm i.d.; 3.5 µm). In configurations B2 and C2 the variable post-split tubing at the outlet of  the 

split point is connected to the fused silica of  the LIF by a zero dead volume union connector. All tubing dimensions 

indicated are length x i.d. 



Figure 3. Effect of  post-column flow splitting on peak characteristics. Each row shows the same chromatogram twice 
– once on a time axis (left), and once on a volume axis (right) calculated using the flow rate measured at the outlet of  
the detector cell (Fdet). The split ratio used to obtain each peak is shown at the right of  the row (portion to detector : 
portion to waste). Configuration C1 from Fig. 2 was used with 100 mm x 120 µm i.d. PEEK tubing between the split 
point and the detector. Peaks in panels b, d, f, and h were aligned vertically to facilitate comparison on a single x-axis.



Figure 4. Comparison of  experimental (error bars represent one standard deviation; n=8) and predicted (using Eq. 

2) peak standard deviations for different split ratios. A) Experimental values measured using configuration B1 or C1, 

with the 50 mm x 2.1 mm i.d. column (analyte = acetophenone) and constant post-split tubing of  100 mm x 120 µm 

i.d. B) Experimental values measured using configuration B2 or C2, with the 30 mm x 2.1 mm i.d. column (analyte = 

fluorescein) and constant post-split tubing of  100 mm x 50 µm i.d. Standard deviations in volume units are 

calculated using the flow rate measured at the outlet of  the detector cell (Fdet).
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Figure 5. Effect of  different dimensions of  post-split tubing with different split ratios; measurements were made 

using configuration B1 (no split; 1:0) or C1 (split). A) Peak standard deviations measured at the detector (error bars 

represent one standard deviation, n=8); B) Percent increase in peak variance (       ) relative to the variance obtained 

from the smallest post-split tube of  100 mm x 120 µm i.d..
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Figure 6. Effect of  different dimensions of  post-split tubing with different split ratios; measurements were made 

using configuration B2 (no split; 1:0) or C2 (split). A) Peak standard deviations measured at the detector (error bars 

represent one standard deviation, n=8); B) Percent increase in peak variance (       ) relative to the variance obtained 

from the smallest post-split tube of  100 mm x 50 µm i.d..
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Figure 7. Comparison of  experimental (error bars represent one standard deviation; n=8) and predicted (using Eq. 5, 

with Dm = 1 x 10-9 m2/s) peak variances measured using configuration B2 or C2, with post-split tubing of  different 

dimensions, and different split ratios. Variances in volume units are calculated using the flow rate measured at the 

outlet of  the detector cell (Fdet). All post-split dimensions are length x i.d.



Figure 8. Comparison of  experimental (error bars represent one standard deviation; n=8) and predicted (using Eq. 5, 
with Dm = 1 x 10-9 m2/s) peak standard deviations measured using configuration B2 or C2, with post-split tubing of  
different dimensions, and different split ratios. Standard deviations in volume units are calculated using the flow rate 
measured at the outlet of  the detector cell (Fdet). All dimensions are length x i.d.



Table 1. Predicted effects of split ratio and post-split tubing on separation efficiency loss 

Column 
Dimensions 
(mm x mm 

i.d.) 

Vm 
(µL)a 

N 
σv,col 
(µL)b 

σ2
v,col 

(µL2) 

Flow 
Rate 

(µL/min) 

Split 
Ratio 

σv,ps 
(µL)c 

σ2
v,ps 

(µL2) 
Fdet 

(µL/min) 
Post-Split Tubing 

(mm x µm i.d.) 
σ2

v,ps-tub 
(uL2)d 

% Loss 
in Ne 

50 x 4.6 419 10000 12.6 158 2000 1:0 12.6 158 2000 300 x 120 3.4 -2.1 

            1:2 4.19 17.6 667 300 x 120 2.9 -14 

                    300 x 75 0.4 -2.4 

            1:10 1.14 1.31 182 300 x 120 1.7 -57 

                    300 x 75 0.3 -17 

                          

150 x 2.1 262 30000 4.5 21 500 1:0 4.54 20.6 500 300 x 120 2.6 -11 

            1:2 1.51 2.29 167 300 x 120 1.6 -7.3 

                    300 x 75 0.2 -9.8 

                    200 x 50 0.0 -1.2 

            1:10 0.41 0.170 45 300 x 120 0.6 -79 

                    300 x 75 0.1 -37 

                    200 x 50 0.012 -6.5 

                          

30 x 2.1 52 6000 2.0 4.06 2000 1:0 2.01 4.06 2000 300 x 120 3.45 -46 

            1:2 0.671 0.451 667 300 x 120 2.87 -86 

                    300 x 75 0.44 -49 

                    200 x 50 0.04 -8.5 

            1:10 0.183 0.0335 182 300 x 120 1.71 -98 

                    300 x 75 0.26 -89 

                    200 x 50 0.028 -46 

a) Assuming a total porosity of 0.504. 

b) Calculated using Eq. 3 and assuming a k of 2. 

c) Calculated using Eq. 2. 

d) Calculated using Eq. 4. 



e) Calculated as 

2

,

2 2

, ,

100%* 1
v ps

v ps v ps tub



  −

 
−  + 

. 



Supplementary Material for: 

 

Implications of dispersion in connecting capillaries for 

separation systems involving post-column flow splitting 

 

Caden Gunnarson1, Thomas Lauer1, Harrison Willenbring1, Eli Larson1, 

Monika Dittmann2, Ken Broeckhoven3, Dwight R. Stoll1 

 

1 – Gustavus Adolphus College 

Department of Chemistry 

St. Peter, MN, USA 

 

2 – Agilent Technologies 

R&D and Marketing GmbH & Co KG 

Hewlett-Packard-Straße 8, 

 76337 Waldbronn, Germany 

 

3 – Vrije Universiteit Brussel 

Department of Chemical Engineering 

Brussels, Belgium 

 

* Address correspondence to dstoll@gustavus.edu; +1 507 933 0699 

  



S1. Effect of tee-piece on peak volume measured at the detector 

Figure S1 shows a comparison of the peak standard deviations measured at the UV detector for 

instrument configurations A1 and B1 discussed in the main manuscript. Chromatographic 

conditions are described in the Experimental section. The difference between the σv,det values for 

the two configurations is about 2%. 

 

 

Figure S1. Comparison of peak standard deviations determined using the 5 peak width at 4.4% height  

(n=8, error bars represent one standard deviation of the measured values) measured without flow splitting, 

using configurations A1 and B1. The error bars are not visible for configuration A1 because they are not 

wider than the line width of the bar. 

 

S2. Comparison of predicted and experimental peak variances for different split 

ratios and dimensions of post-split tubing 

Figure 8 in the main manuscript shows a comparison of predicted and experimental 
2

,detv  values 

for several different conditions involving different split ratios and dimensions of post-split tubing. 

In the case of Fig. 8 we elected to plot all of the results for one split ratio condition on a single plot 

to facilitate close inspection of the comparisons. In Fig. S2 we assemble all of the results from Fig. 

8 on a single set of axes, which highlights the generally good agreement between predictions and 

experimental values over the wide range of variances observed in these experiments. 



 

Figure S2. Different representation of all of the data in Fig. 8 on a single set of axes. 

 

 

 


