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LC TROUBLESHOOTING

Ic
o

n
 I

m
a

g
e

: 
J

o
e

 Z
u

g
c

ic
/Z

u
g

c
ic

 P
h

o
to

g
ra

p
h

e
rs

, 
In

c
.

Mind the Diluent: Effects of Sample Diluent 
on Analyte Recovery in Reversed-Phase 
and HILIC Separations
The sample solvent can have a big impact on peak shape in both reversed-phase and HILIC separations, especially when 

large volumes are injected. Diluting the sample with weak solvent can be an effective solution to mitigate this problem, 

but we have to be careful to not lose analytes of interest to precipitation or phase separation.

Dwight R. Stoll and Anne E. Mack

In the August 2019 installment of “LC Trou-

bleshooting,” I wrote about one of the hot 

topics that was discussed by several speak-

ers at the The HPLC Meeting in Milan, Italy, 

in June—coupling of ion-exchange separa-

tions to mass spectrometric detection (1). 

This month, I’d like to discuss another topic 

addressed at the meeting. Anne Mack gave 

a talk that highlighted some things to con-

sider when deciding whether to use reversed-

phase or hydrophilic interaction (HILIC) liquid 

chromatography, especially when some of 

the components of the sample mixture at 

hand are hydrophilic. These considerations 

included the relative retention of the analytes 

of interest under reversed-phase and HILIC 

conditions, the effect of the sample diluent 

and injection volume and peak shape, and 

the effect of the sample diluent on apparent 

recovery of the analyte. The recovery aspect 

nicely complements the “LC Troubleshoot-

ing” article I wrote in January 2019 on the 

effects of the diluent on peak shape (2), so 

I’ve asked Anne to join me in writing this 

month’s installment of “LC Troubleshooting.”

Dwight Stoll

Liquid chromatography (LC) is an incredibly 

versatile analytical tool, enabling quantitative 

and qualitative analysis of diverse molecule 

types, ranging from highly hydrophilic and 

water soluble (for example, inorganic metal 

ions) to highly lipophilic molecules that are 

soluble in organic solvents (for example, lip-

ids). The reversed-phase mode of separation 

is arguably the most versatile single mode 

of LC separation, and can provide retention 

and separation of analytes covering a wide 

range of water solubility. In an extreme case, 

it could separate molecules as hydrophilic 

as small organic acids (like succinic acid [3]), 

and as lipophilic as fat soluble vitamins (like 

vitamin A [4]). However, a practical problem 

we run into quickly is that molecules as dif-

ferent in properties as these will not be highly 

soluble in the same sample solvent. In the 

worst case, choosing an inappropriate sam-

ple solvent or diluent will lead to inaccurate 

results, particularly for quantitation, because 

the analytes of interest will not be soluble in 

the sample solvent, and the sample that is 

injected into the LC instrument will not be 

representative of the analytes actually pres-

ent in the sample vial.

The problem described here is not new 

by any means. But, as we push the limits 

of analytical methods in the reach for more 

speed, simplicity, and sensitivity, we inevi-

tably run into conditions that will “break” 

the method, leading to inaccurate results. 

Therefore, we have to be careful not to 

break our methods, and a deeper under-

standing of where the limits lie and the 

basis for them puts us in a better position 

to be successful in the long run.

Review: Effects of Sample Diluent and 

Injection Volume on Peak Shape

As users of LC, it is common to encounter 

situations where the samples presented to 

us from some prior process or step contain 

a sample solvent that is quite different from 

the mobile phase associated with the LC 

method used for the analysis of the sample. 

For example, when using solid-phase extrac-

tion (SPE) to preconcentrate low-concentra-

tion analytes from water samples, the last 

step in the SPE process typically involves 

elution of the analytes of interest from the 

SPE adsorbent using an organic solvent 

like methanol. Frequently, such extracts are 

subsequently analyzed by reversed-phase 

LC, with solvent gradient elution that starts 

with a water-rich mobile phase. On the other 

hand, we might be interested in analysis of 

the water-soluble components from a urine 

sample. In this case, the sample solvent is 

water, while the HILIC separation will start 

with a mobile phase containing a high frac-

tion of acetonitrile on the order of 90%. 

These mismatches between the solvent 

composition of the sample and the mobile 

phase of the LC method can lead to trouble. 

In January of this year, we wrote about how 

the combination of the volume of sample 
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that is injected and the sample solvent com-

position can have a dramatic effect on peak 

shape. As a reminder of the data discussed 

in that installment, Figure 1 shows examples 

of bad results obtained under reversed-

phase and HILIC conditions, and how much 

better separations can be obtained simply 

changing the sample solvent. In the case 

of the reversed-phase separation, terrible 

peak shape is observed (Figure 1a) for some 

simple alkylphenones when the sample sol-

vent contains 20% more acetonitrile than the 

starting mobile phase used for the solvent 

gradient elution program. However, simply 

changing the sample solvent to contain 20% 

less acetonitrile than the starting mobile 

phase in the gradient leads to a much nicer 

separation (Figure 1b). Similar effects can 

be observed in HILIC separations as well. 

Figure 1c shows the terrible peak shapes 

that are observed when a completely 

aqueous sample is injected into a HILIC 

column when the mobile phase contains 

85% acetonitrile. However, this separation 

can also be improved dramatically by sim-

ply changing the sample solvent composi-

tion to contain 95% acetonitrile, as shown 

in Figure 1d. 

Recognizing the importance of the 

sample solvent composition, particularly 

when the injection volume is large rela-

tive to the column volume, several differ-

ent groups have developed a number of 

approaches to address this issue. The sim-

plest approach is to adjust the sample sol-

vent composition offline—that is, by addi-

tion of “weak solvent” (for example, water 

in reversed-phase, or acetonitrile in HILIC 

separations) as part of the sample prepara-

tion process prior to the LC separation. For 

example, in the case of the SPE extract in 

methanol described above, one could sim-

ply dilute this extract with some amount of 

water prior to analysis. 

Other approaches described over the 

years include:

• Online dilution of the sample with weak 

solvent in the autosampler needle; this 

is sometimes referred to as “sandwich 

injection” (5).

• Online dilution of the sample with weak 

solvent by deliberately adding a mixer 

between the sample injection point and 

the column inlet (6).
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FIGURE 1: Examples of the effect of sample solvent on reversed-phase-LC (a,b) and 
HILIC (c,d) separations. The analyte mixture for the reversed-phase-LC separation was 
a series of alkylphenones, and a solvent gradient was used for elution starting at 50% 
acetonitrile. The analytes for the HILIC separation were cytidine and guanosine, and 
the mobile phase was isocratic with 90:10 acetonotrile:water buffer. Complete chro-
matographic conditions are given in reference (2). Figures are (a) sample solvent 70:30 
acetonitrile:water, (b) sample solvent 30:70 acetonitrile:water, (c) sample solvent 0:100 
acetonitrile:water, and (d) sample solvent 95:5 acetonitrile:water.

FIGURE 2: Comparison of peak areas obtained from HILIC separations for injected from sam-
ples prepared in either water (blue) or 90:10 acetonitrile:water (red). Chromatographic condi-
tions: Solvent A: water, Solvent B: acetonitrile; gradient elution from 95–65% B in 10 min., with 
10 mM ammonium acetate (pH unadjusted) throughout; Temperature, 25 °C; Flow rate, 0.5 
mL/min.; Column, 100 mm x 2.1 mm i.d. Poroshell 120 HILIC-OH5 (2.7-μm); Injection volume, 
0.5 μL; Detection by triple quadrupole mass spectrometry.
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• Online dilution of the sample with weak 

solvent during injection into the LC col-

umn—this is sometimes referred to as at-

column dilution, and requires an auxiliary 

pump to deliver the diluent (7).

• Online dilution of the sample with weak 

solvent during injection by splitting the 

mobile phase flow path to achieve inline 

mixing of the sample and diluent (8).

While these approaches have been used 

with conventional one-dimensional LC (1D-

LC), this issue is also very important in 2D-LC, 

and a variety of approaches have also been 

developed to address the problem in the 

context of 2D-LC specifically (9–12).

As with most challenges in chromatog-

raphy, there is no perfect solution to this 

sample solvent matrix issue, and all of these 

approaches have advantages and disad-

vantages. Common to all of them, how-

ever, is the question, “How much dilution 

is enough?” This is obviously a very practi-

cal question that must be confronted in 

method development. Unfortunately, there 

is no universal answer that is suitable for all 

types of separation and analyte. Most often, 

the answer for a particular situation is deter-

mined by experiment, and typically the pri-

mary focus of such experiments is the effect 

of the sample solvent on peak shape. In this 

installment we address a secondary, but still 

important concern—analyte recovery.
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FIGURE 3: Effect of sample solvent on peak area observed for neutral compounds of 
varying lipophilicity under reversed-phase-LC conditions. Peak areas are plotted as (a) 
absolute values or as (b) a percentage of the area observed when the sample solvent 
is 100% acetonitrile. Chromatographic conditions: Solvent A: water, Solvent B: aceto-
nitrile; Gradient: 10-100-100% B for 0-3.5-4.0 min; Temperature, 40 °C; Flow rate, 1.0 
mL/min.; Column, 50 mm x 4.6 mm i.d. Zorbax SB-C18 (5-μm); Injection volume, 1.0 μL; 
Detection by ultraviolet (UV) absorption at 210 nm. The balance of the sample solvent 
was water, and the concentration of each analyte was 1 mg/mL.

http://chem.markes.com/2019
http://chem.markes.com/2019


674  LCGC NORTH AMERICA  VOLUME 37 NUMBER 9  SEPTEMBER 2019 WWW.CHROMATOGRAPHYONLINE.COM

Effect of Sample Diluent on Analyte Recovery:

HILIC Separations

As discussed above, one straightforward approach to address the 

effect of the sample solvent mismatch relative to the mobile phase is 

to simply dilute the sample with weak solvent, mix, and inject. How-

ever, we have to be careful that when the diluent is added the sample 

solution remains homogeneous. Two mechanisms that can result in 

a heterogeneous solution are: 1) precipitation of some analytes or 

matrix components such that solids and liquids are present in the 

sample; and 2) phase separation of some analytes or matrix com-

ponents such that two or more liquid phases are present after add-

ing the diluent. Both of these outcomes are undesirable, because 

the material sampled from these heterogeneous solutions will not 

be representative of the entire sample, and will lead to inaccurate 

quantitative results. For samples that contain analytes having similar 

physico-chemical properties, these outcomes can easily be avoided 

by doing a few scouting experiments to see when or if precipitation 

or phase separation occurs. However, avoiding these outcomes can 

be more challenging when the components of the sample are more 

diverse in terms of their solubilities in the sample solvent, particularly 

when the diluent is added.

Figure 2 shows an example of this problem in the context of use of 

a HILIC method for the analysis of a sample containing water soluble 

vitamins. For nicotinic acid (Figure 2a), the observed peak area is nom-

inally same whether the sample is prepared in a matrix of 100% water 

or 90:10 acetonitrile/water. However, for thiamine and cyanocobala-

min (Figures 2b and 2c, respectively), the observed peak areas in the 

90:10 acetonitrile/water matrix are roughly 50% of the area observed 

when the sample is prepared in 100% water and all other conditions 

are the same. This suggests that thiamine and cyanocobalamin are 

not fully soluble in 90:10 acetonitrile/water, and some of the analyte 

precipitates from the sample matrix before it is sampled for analysis. 

In a case like this, the effect of the diluent on analyte recovery must 

be studied, and taken into consideration when deciding what sample 

solvent composition will be used for the final method.

Effect of Sample Diluent on Analyte Recovery: 

Reversed-Phase Separations

The sample diluent can adversely affect analyte recovery in reversed-

phase-LC separations as well. To illustrate this effect, we prepared an 

analyte mixture of benzylalcohol, butyrophenone, and octanophe-

none—all at 1 mg/mL—in different sample solvents ranging from 

10:90 acetonitrile/water to 100% acetonitrile. The predicted water 

solubilities for these compounds are 15, 0.34, and 0.0037 mg/mL, 

respectively (www.chemicalize.com). Based on this, we would expect 

to see consistent peak areas over the full range of sample solvent 

compositions for benzyl alcohol. On the other hand, we would expect 

to see consistent peak areas for the lipophilic butyro- and octano-

phenones in the samples with high levels of acetonitrile, but lower 

areas in the water-rich samples, because of the low water solubilities 

of these molecules. Figure 3a shows the absolute peak areas mea-

sured for the three compounds at each solvent composition; Fig-

ure 3b shows the same data, but normalized to the area observed 

with the sample prepared in 100% acetonitrile. As expected, we see 

consistent peak areas for benzyl alcohol across the entire range of 

sample solvents. Note that the areas for intermediate sample solvent 

mixtures are slightly greater than 100%. This is most likely due to the 

volume contraction of acetonitrile-water mixtures, given the way the 

samples were prepared (for example, for the 50% acetonitrile sample, 

500 μL of water was added to 500 μL of acetonitrile, and this results in 

a mixture that has a volume of about 970 μL). However, for butyro- and 

octanophenone, we see that consistent peak areas are observed down 

to 40% acetonitrile, but then there is a precipitous decrease in the peak 

area, with the decrease more dramatic for octanophenone than for 

butyrophenone. This results from the formation of two phases in the 

samples with 30% acetonitrile or less because of the very low water 

solubilities of these compounds. Given that their densities are lower 

than that of water, there is probably a top layer of the solution in the 

HPLC vial that is enriched in these compounds, but not sampled by the 

autosampler needle, which samples from well below the liquid surface. 

Closing Thoughts

In the everyday practice of LC, it is common to encounter samples 

where the sample solvent composition is very different from the 

mobile phase used in the LC separation. When injecting volumes 

of these samples that are large relative to the volume of the column 

itself, this can lead to poor peak shape. Several approaches have 

been developed to overcome this challenge, most of which involve 
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dilution of the sample with weak solvent prior to or during the injec-

tion step. While this can be an effective remedy for poor peak shapes, 

we must be careful to avoid analyte precipitation or phase separation 

of the sample as a result of adding too much of the weak solvent 

diluent. The level of diluent that is considered too much is compound 

dependent, but can be determined experimentally through simple 

screening experiments.
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