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LC TROUBLESHOOTING
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Mobile Phase Buffers in LC: Effect of Buffer 
Preparation Method on Retention Repeatability
For liquid chromatography (LC) methods where the buffer pH and composition have an influence on retention, which 

buffer preparation method will provide the most repeatable results?

Dwight R. Stoll and Devin M. Makey

The measurement of pH, one of the 

most common of all analytical measure-

ments, plays a major role in many chemical 

processes, affecting everything from the 

productivity of bioreactors in the biophar-

maceutical industry, to the performance of 

separation methods in liquid chromatog-

raphy (LC) and electrophoresis. Given that 

pH measurement is so common, I think we 

can be lulled into the perception that it is 

also simple, and that the pH reported by 

any benchtop pH meter can be accepted 

at face value under all circumstances. In 

my interactions working with people at a 

variety of experience levels over the years, 

I have often felt that people preparing buf-

fers for use in LC are a little too trusting 

of the pH values reported by pH meters 

under ordinary circumstances. In prepara-

tion for this month’s “LC Troubleshoot-

ing” column, my student Devin Makey 

and I performed some experiments to 

see if we could move in the direction of 

getting answers to questions around the 

topic of the “best” way to prepare buf-

fers for use in LC. What follows here is 

a description of those experiments, and 

the data we observed. I believe that the 

results are interesting, and can support 

best practices for improving the reliability 

of LC methods. I know they are certainly 

affecting the way we operate in my labo-

ratory, and I hope you will find them useful 

as well. 

Dwight Stoll

Introduction

The Role of Eluent pH in LC

The pH of the eluent has a significant 

impact on retention and peak shape in 

several modes of LC separations. This is 

well understood in reversed-phase sepa-

rations, where retention is strongly depen-

dent on the solubility of the analyte in the 

organic–aqueous eluent. The pH of the 

eluent affects the charge state of vari-

ous functional groups (COOH, NH2, and 

so forth), and the charge state of these 

functional groups has a major impact on 

the solubility of the analyte in water; this 

is the origin of the primary influence of pH 

on retention. For example, a simple weak 

organic acid like benzoic acid will be neu-

tral (uncharged) in eluents buffered well 

below the pKa (~4.1), because the carbox-

ylic acid functional group will be proton-

ated. However, in eluents buffered well 

above the pKa, the carboxylic acid func-

tional group will be deprotonated, and 

carry a negative charge. The strong inter-

actions between the negatively charged 

carboxylate group and the highly dipolar 

water molecules result in a much higher 

water solubility of the benzoic acid in the 

high pH eluent, and thus lower reversed-

phase retention under these conditions. 

This is exemplified by the experimental 

retention data shown in Figure 1 for ben-

zoic acid on a C18 reversed-phase col-

umn, where the eluent was buffered at 

different pH levels. 

The same chemistry is relevant in hydro-

philic interaction (HILIC) separations, 

though the dependence of retention on 

pH is often more complicated than it is 

in reversed-phase separations because of 

the more influential role of electrostatic 

interactions between the analyte and the 

stationary phase in HILIC. The influence 

of pH on other LC modes such as ion-

exchange is even more evident because 

the magnitude of electrostatic interactions 

between the analyte and stationary phase 

is the dominant factor influencing reten-

tion. Thinking through these examples, it 

is clear that pH adjustment of buffered 

eluents is a topic with broad implications 

in LC.

Current Perspectives 

on Buffer Preparation

We also recognize that buffer preparation 

and pH adjustment is a pretty controver-

sial topic in the LC community. This topic 

has been covered on multiple occasions in 

this column, focusing on aspects including 

buffer selection (1), preparation methods 

(2,3), and the idea of solution pH when an 

organic solvent is added to the mix (4). In 

a recent article of our own, we discussed 

the effects of different methods of buffer 

preparation on results from HILIC separa-

tions (5). In our preparation for this install-

ment, we have found, through discussions 

with a variety of people, that they often 

have strongly held beliefs about what is 
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right and wrong when it comes to buffer 

preparation, but also that these positions 

are not always clearly supported by experi-

mental evidence. With this as a backdrop, 

we set out to make some of our own mea-

surements with the hope that they would 

add to understanding in this area.

The most commonly used approach to 

buffer preparation for use in LC involves 

adding a salt of a buffering agent to water, 

then adding a small volume of relatively 

concentrated acid or base solution until 

a target pH is reached (as indicated by 

a pH electrode), and finally diluting to 

a specified volume. For example, sup-

pose we are interested in a making 1 L 

of phosphate buffer at pH 6. Although 

there are many ways to prepare this buf-

fer, a commonly used approach would be 

to first add sodium hydrogen phosphate 

(Na2HPO4) to about 900 mL of water. The 

pH of this initial solution will be about 9. 

Then, we could add phosphoric or hydro-

chloric acid to the solution slowly and 

watch the pH meter, stopping the addi-

tion of acid when the meter reads 6.00. 

We could then transfer the solution to a 

1 L volumetric flask, and fill it to the mark 

with water. The focus of this article is really 

trying to answer the question, “If we make 

this buffer ten times, will we have added 

exactly the same amount of acid when we 

have stopped at pH 6.00, according to the 

pH meter?” If the answer is “yes,” then 

all is well, and we should expect simi-

lar results from LC separations involv-

ing these ten buffers. We will show that 

more often than not the answer is “no,” 

and that the extent of variation of the 

acid added from one buffer to the next 

is enough to cause measurable variabil-

ity in retention in some cases. At this 

point you may be asking yourself, “How 

can the answer possibly be ‘no’?” That 

in itself is a good question, and one that 

requires many more words than we can 

fit in this short article. We’ll come back 

to this question at the end of our discus-

sion, and suggest some reading mate-

rial for those interested in really digging 

into this more. For now, on to the data.

Experiments, 

Results, and Discussion

Dependence of Retention on 

pH for Some Probe Molecules

As a first step in this work, we set out 

to identify some simple probe mol-

ecules to use under reversed-phase 

TABLE I: Reagents added to make 0.5 L potassium phosphate buffers solutions in the
range of pH 2.8 to 3.2a. 

Mass KH2PO4 (g) Mass 85% H3PO4 (g) Expected PH Measured pH

4.083 0.75 2.80 2.84

4.083 0.67 2.85 2.84

4.083 0.60 2.90 2.92

4.083 0.54 2.95 2.97

4.083 0.47 3.00 2.94

4.083 0.43 3.05 3.04

4.083 0.37 3.10 3.12

4.083 0.33 3.15 3.17

4.083 0.30 3.20 3.12

a) The pH levels of all solutions used in this work were measured using a low sodium er-
ror glass electrode (Orion 8101BNWP ROSS Half-Cell Electrode, from Thermo Scientifi c 
(Waltham, MA), calibrated using pH 1.68 and 4.00 standards from VWR (West Chester, PA).
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FIGURE 1: Effect of eluent pH on the retention of benzoic acid under reversed-phase 
conditions. Chromatographic conditions: column, SB-C18; eluent, 10:90 acetonitrile–
phosphate buffer; temperature, 40 °C.
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FIGURE 2: Effect of eluent pH on the 
retention of probe compounds (2) 
4-aminobiphenyl, (3) n-butylbenzoic 
acid, (4) 4-hexylaniline, and (5) ethyl-
benzene. Uracil  (1) was used as a dead 
time marker. Chromatographic condi-
tions: column, StableBond C18 (50 mm 
x 4.6 mm i.d., 3.5-μm); flow rate, 2.0 mL/
min.; eluent, 40:60 acetonitrile–buffer; 
temperature, 40 °C.
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conditions, and measure the depen-

dence of their retentions on eluent 

pH. We chose one neutral molecule 

(ethylbenzene), one weak acid (butyl-

benzoic acid, pKa ~4.2), and two weak 

bases (4-hexylaniline, pKa ~4.8; and 

4-aminobiphenyl, pKa ~4.3), and used 

uracil in our test mixture as a column 

dead time marker. We then prepared 

about 500 mL each of nine potassium 

phosphate buffers with expected 

aqueous pH values between 2.80 and 

3.20, in increments of 0.05 units. The 

approach was to first add potassium 

phosphate (the same amount in each 

case, 30 millimoles), then add differ-

ent amounts of phosphoric acid as 

needed to reach the target solution 

pH, and finally add enough water to 

reach a total mass of 500.0 g. These 

amounts are shown in Table I, and 

were calculated by solving the charge 

balance equation for this system for 

the number of moles of phosphoric 

acid that was required at each pH 

level. Activity coefficients were cal-

culated using the extended Debye-

Hückel equation (6).

Using each of these buffers as the 

aqueous component of the eluent, we 

measured the retention times of the 

four probe compounds on a C18 col-
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FIGURE 3: Retention of the three ionizable probes relative to the retention of ethyl-
benzene. Conditions are as in Figure 2. Key: O hexylaniline, O butylbenzoic acid, O 
aminobiphenyl.
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umn. The resulting chromatograms for 

five of the buffers are shown in Figure 

2, and a plot of the retention factors of 

the three ionizable probes relative to 

the retention factor of ethylbenzene 

is shown in Figure 3. At this point we 

make two observations. First, Figure 2 

shows that the retention of ethylben-

zene is nominally independent of pH, 

as expected, allowing us to normalize 

the retention of the other three probe 

compounds to the retention of eth-

ylbenzene to minimize the effects of 

other variables such as temperature 

and organic to water ratio in the elu-

ent on these measurements. On the 

other hand, the retention of the other 

three probes all exhibit some depen-

dence of retention on pH, with the 

hexylaniline being the most sensitive 

of the three by far. Second, Figure 3 

shows that the observed retention of 

each of the three ionizable probes is 

a smooth function of the calculated 

pH. Although the exact dependence 

of retention on pH is unknown for 

these conditions, we would at least 

expect it to be a smooth relationship.

Comparison of pH Meter-Directed 

and Gravimetric Methods of 

Buffer Preparation

Now, let’s return to our question above: 

“If we make this buffer ten times, will we 

have added exactly the same amount 

of acid when we have stopped at pH 

6.00, according to the pH meter?” We 

prepared three replicates of a nominal 

pH 3 buffer as described in Table I by 

using two different methods:

A) pH meter-directed: In this case, 

we use the pH meter to decide when 

to stop adding phosphoric acid (for 

example, when the meter reads 3.00).

B) Gravimetric: In this case, we calcu-

late the amounts each reagent ahead 

of time, and repeat that recipe each 

time, only measuring the pH of the 

solution when the buffer is complete.

The nominal procedures for the 

two methods, and the amounts of 

reagents added for the six buffers 

used to obtain the data shown in Fig-

ure 4, are shown in Table II.

Figure 4 shows the mean relative 

retention of hexylaniline measured for 

six different buffers prepared by the 

same analyst, three by the pH meter-

directed method (all using the same 

meter and electrode), and three by the 

gravimetric method. The results are 

quite clear. They show that the buf-

fers prepared using the gravimetric 

method lead to much better repeat-
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FIGURE 4: Relative retention of hexylaniline (normalized to ethylbenzene) for six buffers 
prepared by the same analyst; (a) for pH meter-directed approach, and (b) for gravi-
metric approach. Chromatographic conditions are as in Figure 2. Details of the buffer 
preparations are given in Table II. Error bars represent one standard deviation for ten 
replicate injections of the probe compound with a given buffer.

TABLE II: Buffer preparation steps and amounts of reagents added for three different
replicate buffers made using the pH meter-directed and gravimetric approaches.

Buffer Number

Step pH Meter-Directed Approach 1 2 3

1
Weighed 4.0827 g KH2PO4
in a weighing boat

4.0827 g 4.0827 g 4.0827 g

2 Transferred salt to 500 mL beaker

3 Rinsed weighing vessel 4x with H2O

4 Added 450 g H2O

5 Titrated to pH 3.00 with 0.85% H3PO4 29.3 mL 26.9 mL 24.9 mL

6
Transferred solution to 500 mL volumetric 
fl ask and fi lled to line with H2O

Buffer Number

Step Gravimetric Approach 1 2 3

1
Weighed 4.0827 g KH2PO4
in a weighing boat

4.0827 g 4.0828 g 4.0827 g

2 Weighed 28.179 g 0.85% H3PO4 in a beaker 28.1727 g 28.1788 g 28.1734 g

3 Transferred salt and acid to solvent bottle

4 Rinsed weighing vessels 4x with H2O

5 Diluted up to 500 g with H2O 500.03 g 500.02 g 500.00 g

Measured pH 2.98 2.97 2.96

TABLE III: Percent relative standard devia-
tion (% RSD) of relative retention of hex-
ylaniline measured using buffers (n = 3 in
each case) prepared by four different ana-
lysts and two different methods.

Analyst

Approach

pH Meter-
Directed

Gravimetric

1 2.72 0.06

2 2.23 0.10

3 2.34 0.02

4 1.25 0.003
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ability of retention time in different buffers, relative to the 

repeatability observed for different buffers made using the 

pH meter-directed approach. These results are evidence that 

the answer to our question posed early in this article is “no”. 

In other words, the pH values reported by the meter are not 

sufficiently repeatable to guide preparation of the buffer 

when buffers of highly repeatable composition are needed.

Having settled on the protocol shown in Table II for the 

gravimetric method, three other analysts from our laboratory 

each prepared three replicate buffers using the pH meter-

directed approach, and three using the gravimetric approach. 

The results are shown in Table III, where we see that all four 

analysts were able to produce buffers that led to highly 

repeatable retention time using the gravimetric approach, 

whereas the buffers prepared using the pH meter-directed 

approach always led to much more variable retention times.

Closing Thoughts

Clearly not all work involving buffered solutions requires the 

level of repeatability in pH that we explored in this work. How-

ever, we believe these results show that, when working with 

analytes that have a significant retention dependence on pH 

of the eluent, the gravimetric approach to buffer preparation is 

worth considering seriously. Simply put, in most cases weighing 

reagents using a balance is a simpler operation than measuring 

pH using a glass electrode, and can be done with extraordinary 

precision compared to most other analytical methods. When 

the recipe for a particular buffer is known, and repeating the 

preparation of the buffer in a precise way is desirable, then 

the gravimetric approach is most precise. Readers interested 

in learning more about factors that influence the accuracy 

and precision of pH measurement at this level are referred to 

Bates’s book on the topic (7). Finally, readers interested in tools 

for calculation of buffer recipes that can be used with gravi-

metric approach are referred to free web-based tools devel-

oped by Professor Rob Beynon (https://www.liverpool.ac.uk/

pfg/Research/Tools/BuffferCalc/Buffer.html), and Professor 

Peter Carr and Aosheng Wang (http://zirchrom.com/Buffer.asp) 

It is important to recognize that the latter tool does not cor-

rect pH calculations to account for activity effects, which affect 

calculated pHs of solutions of high ionic strength and multiply 

charged buffer components (for example, phosphate at pH 7).
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