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Abstract

The measurement of pH in chromatographic mobile phases has been a constant subject of discussion during many years. The pH of the
mobile phase is an important parameter that determines the chromatographic retention of many analytes with acid—base properties. In many
instances a proper pH measurement is needed to assure the accuracy of retention-pH relationships or the reproducibility of chromatographic
procedures. Three different methods are common in pH measurement of mobile phases: measurement of pH in the aqueous buffer before
addition of the organic modifier, measurement of pH in the mobile phase prepared by mixing aqueous buffer and organic modifier after pH

calibration with standard solutions prepared in the same mobile phase solvent, and measurement of pH in the mobile phase prepared by
mixing aqueous buffer and organic modifier after pH calibration with aqueous standard solutions. This review discusses the different pH

measurement and calibration procedures in terms of the theoretical and operational definitions of the different pH scales that can be applied to
water—organic solvent mixtures. The advantages and disadvantages of each procedure are also presented through chromatographic example
Finally, practical recommendations to select the most appropriate pH measurement procedure for particular chromatographic problems are

given.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sured. Do they measure only the pH of the buffer solution, or

do they measure the pH of the organic—buffer mixtuf@}p”

In 1993, theiquid Chromatography Problem Solvingand  The answer of the expert pointed out the importance of the
Troubleshootingection of a popular liquid chromatography  hroper measurement of pH to control the chromatogaphic
journal brought up the following question: “Itis not always  separation of ionizable analytes and to prevent column dam-
clear in the literature how the pH of a mobile phase is mea- 546 He also differentiated between the pH measured in water
(pH) and the “apparent pH” or “pH*" used to report pH mea-

* Tel.: +34-93-402-17-96; fax:34-93-402-12-33. surements in aqueous—organic solutions (such as many lig-
E-mail addressmarti@apolo.qui.ub.es (M. Rés). uid chromatography mobile phases are). The general opinion
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was that the pH should be measured in the aqueous buffer bethe pH of aqueous chromatographic buffers and to the ion-
fore mixing it with the organic modifier because the meaning ization of acid—base analytes in these mobile phases.
of pH* was not clear and its practical measurement might be  In the first part of the seriefl7], Tindall explains the
troublesome. In any case, the expert summoned authors taneaning of pH in a simple but rigorous manner, understand-
report clearly for any procedure how the pH was measured, able to many chromatographers regardless of their academic
because “chromatography is difficult enough to set up and preparation. He also explains the changes that the addition
operate successfully without having the extra burden of of an organic modifier may produce to the pH of an aque-
guessing or interpreting what the proper procedure shouldous buffer and to the Ky, of the analyte, which will lead
be” [1]. to changes in the chromatographic retention of an ionizable
The above example points out several facts related to theanalyte. The second pdit8] is devoted to the appropriate
pH of chromatographic mobile phases. On one hand, theselection of chromatographic buffers, which must have an
meaning and measurement of pH in water—organic solventsadequate buffer capacity in the working pH range (i.e. the
mixtures was not well understood by many practical chro- pH of the buffered mobile phase must be close to tkg p
matographers, despite the extensive studies that had beeof the buffer component). It is explained that by considering
carried out by physical and analytical chemists, reported in the changes in thel, of the buffer components produced
many books and reviewj2—-8]. These studies led to IUPAC by addition of the organic modifier (explained in Part | of
recommendations in the field and compilation of appropriate the series), analysts can estimate relative changes for sample
standards for pH measuremeffis-12]. On the other hand, pKj, and buffer pH values, and cautiously apply this infor-
chromatographers often did not clarify how they measure mation to buffer selectiofiL8]. The third part of the series
the pH of the mobile phase, probably because they assumed19] comments the preparation of buffers in the two main
that was too obvious or were not aware that there were op-cases a chromatographer may need: when the exact target
erational procedures different from the one they used. ThesepH is known or when an approximate range is known and
different procedures include not only the pH measurement the optimum pH must be found. Tindall concludes that no
in the sample, but also selection and calibration of the proper matter what technique is used, the author should include in
pH scale and practical electrode system used. his report or publication an unambiguous description, so that
During the last 10 years, the IUPAC has continued the others can reproduce the results.
compilation of reference standards and procedures for pH Tindall illustrates the importance of the pH changes upon
measurement in both aqueous—organic solvent mixturesaddition of organic modifier with an example based on a pub-
[13,14] and watel{14,15], but pH meaning, calibration and lication from Claessens et gR1]. These authors prepared
measurement in liquid chromatography mobile phases, ischromatographic mobile phases by mixing equal amounts of
still nowadays a matter of discussion between chromatog-aqueous buffers of pH 10 with methanol. The pH 10 aque-
raphers and the practical pH measurement used for a par-ous buffers were prepared from phosphate and from glycine,
ticular procedure is not yet mentioned in some works. As and the authors were surprised to find that silica dissolved 10
an example, the main effect of the pH of the mobile phase times faster in the phosphate-buffered mobile phase than in
on the chromatographic retention of ionic analytes has beenthe glycine-buffered mobile phase, regardless that the aque-
discussed in a publication from a chromatography supplies ous pH was the same. Claessens et al. concluded that some
and reagents makg§t6]. The effect of the mobile phase pH unknown property of the phosphate ion resulted in the ag-
on the ionization and retention of acid—base analytes andgressive attack on the silica, but Tindall suggests another
the selection of appropriate buffers is clearly explained but explanation based on the pH shifts caused by the addition
the proper pH measurement (either in the aqueous buffer orof methanol[18]. He measured the pH of the mobile phases
in the mixed mobile phase) is not mentioned at all. after the addition of methanol and found that the aqueous
The example shows that the problems in mobile phase pH 10 phosphate buffer became more basic by 0.7 pH units
pH measurement are not limited to discussion in research(from pH 10 to 10.7), whereas the aqueous pH 10 glycine
journals since they have already reached current publica-buffer became more acidic by 0.1 pH units (from pH 10 to
tions of popular chromatography. Th& Troubleshooting 9.9). The 0.8 pH unit difference between the two mobile
section of theLC GC journal, in both the North America  phases was consistent with the differences in the observed
and Europe editions, has recently published a series of threalissolution ratg18]. A further work of Tyndall and Perry
interesting articles by Tindall about interpretation of pH in [22] corrobarated these pH shifhts and extended the study
partially aqueous mobile phasgkr], buffer selection and  to borate and bicarbonate buffers, which increased their pH
capacity[18], and preparation of buffef49]. A publication values by 0.24 and 1.40 pH units, respectively, when 0.10 M
of Sykora et al. in the same journal, just before the ones of aqueous buffers of pH 10 prepared from these compounds
Tindall, had already discussed the importance of the properwere diluted to 50% methanol.
pH measurement in chromatographic mobile phases and the Although pH meaning, pH scales and pH measurement
different pH scales that can be usgD]. The article of in water—organic solvent mixtures used as chromatographic
Sykora et al. also presented several practical considerationsnobile phases have been discussed in a recent general re-
about the influence of the addition of organic modifiers to view about the influence of mobile phase acid—base equilib-
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ria on the retention of ionizable compoun@s8], it seems pH, = —log <CHyC,H) 4)
appropriate to devote a specific review to these subjects. It 0

may help chromatographers to decide when the pH can/must 0 0 . .
be measured in the aqueous buffer before mixing it with wherec” and m are_grbltrary co_nstants, rgpresentmg_the
the organic modifier and when it should be measured in the standard state condition, numerically equivalent to either

3 1 i
mobile phase obtained after mixing. The decision must take 1mol dnf or 1_mo| kg respe_ct_lvely, and 1 andy, .
are the single-ion activity coefficients of the hydrogen ion

in mind the purpose of the chromatographic procedure to . the t | tively. | | phvsical chemist
be developed and be based on a complete understanding o € twWo scales, respectively. In general, physical chemists

the meaning of pH and on the advantages and limitations prefer to work in the molality scale because the weight of the
of the different experimental procedures that can be used toSOIVent does not change with temperature, whereas the vol-

measure pH. The pH meaning and procedures used to mea%me of thefsiﬁ!utlon, used in th&gzlétgty scale, doses clhange.
sure it in chromatography are not different than those that ecause otthis reason, some ocumgritsl5lonly

are currently used in solution chemistry (e.g. in determina- 'report pH definition in the molality scal&(. (3). However,

tion of acid—base constants in non-aqueous and mixed sol" ana}lyti_cal chemistry practice, including chromatogr_aphy,
vents) and even in other practical analytical techniques. Forrm)lar'tyt_IS aln;ostla:\_/vays us;?ubsAcguse of its stlmplllutty(;‘otr
instance, Porras and Kenndler have prepared a very recenpreparation of solutions an - documents refated to
review about pH measurement of the background eIectronteth's field usually include the pH definitions in the two scales
in capillary zone electrophoresis in non-aqueous solutions [12|’14]'| i diluted h lect th iaht
[24], that could be as well applied to the water—organic sol- N solutions difuted enough, one may neglect the weights

vent mixtures used as chromatographic mobile phases of the solutes in the overall solution mass and thus assume
' that the volume of the solution is the weight of solvent di-

vided by the density of the solvent,(kg dm3). Therefore,
pH in one scale can be easily converted to pH in the other

2. Theoretical definition of pH scale througtEg. (5)with p° = 1 kg dnT 2.

The first definition of pH was proposed by Sgrensen in H — oH | s 5
1909[25]. Sgrensen looked for a simple way to write the PRe = PH,, +109 00 )
small hydrogen ion concentrations fHusual in water so-
lutions, so he decided to take the negative decimal logarithm The density of water is close to 1kgdf and therefore
of the hydrogen ion concentration, and pH was defined as: the two pH scales in water are practically identical (the pH

difference is about 0.001 at°C rising to 0.02 at 100C).
pH = —log[H"] (1) However, the density of some non-aqueous solvents and
2aueous organic solvent mixtures can be quite different
ffom 1 kgdnr3, and the transfer term log® may achieve
several tenths of pH units. Densities at°®5of the most
used chromatographic mobile phases (methanol-water,
acetonitrile—water, and tetrahydrofuran—-water) are well
pH = —logan 2) known and thep values and the term lgg/0° have been re-

ported elsewherf23]. For instance in a mobile phase 50%
Activity and pH are dimensionless quantities, but activity methanol-50% water (v/v), the lggp® term is —0.045 at
must be referred to a concentration scale and so must be25°C, and this would be the difference between the pH
pH. In fact, the activity can be related to the concentration of this mobile phase measured in the molarity or in the
through an activity coefficient{). This means that the same molality pH scales. The particular pH scale employed in a
solution may have different pH values, which depend on the procedure, which will depend on the buffers used to cali-
scale that hydrogen ion concentration is measured. The twobrate the electrode system, should be clearly indicated in
most used concentration scales, accepted by the IUPAC forthe final report.

Soon he discovered the system electrodes used to measu
“pH” responded to hydrogen ion activityy), not to con-
centration, and the pH definition was changed to the nega-
tive logarithm of the hydrogen ion activif26]:

pH definition, are molality i, molkg™!) and molarity ¢, Since pH is defined in terms of activity it also depends
mol dn~3). For pH definition, molality would be the number  on the standard state of the activity, i.e. the conditions for
of moles of hydrogen ion per kilogram of solvent (mofy which the activity coefficient of hydrogen ion is considered

and molarity the number of moles of hydrogen ion per litre to be equal to unity, and thus in this standard state activity
of solution (mol dnT3). This leads to two definitions of pH,  becomes numerically equal to concentration. In water, the
either in the molality scale (pj) or in the molarity scale  standard state faay is infinite dilution of hydrogen ion in
(pH,). Since it is not correct to write, in isolation, the loga- water (i.e. pure water), for whicpy — 1. In a solvent s dif-
rithm of a quantity other than a dimensionless number, the ferent from water (e.g. a water—organic solvent mixture used

full forms of the equations for pH definition are: as a chromatographic mobile phase), two different standard
MHYm H states can be chosen. One is infinite dilution of the hydrogen
pH,, = —log (T) ion in the same solverg and the other is infinite dilution
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of the ion in water. This leads to two different pH scales, Nevertheless, the Igjyy, value for liquid ammonia is about

one relative to each particular solve§pKl), and the other ~ —16.0 because the activity of N in liquid ammonia is
relative to water J,pH), which is also called “absolute pH about 16-orders of magnitude lower than that gCH in
scale”. water[4]. Thus, the absolute pH value of the acetic acid so-

In order to distinguish between the two pH scales, the lution in liqguid ammonia is;,pH = 16.0, which indicates a
IUPAC [9,14] recommends the notation used by Robinson solution much less acidic than that in water wjgpH = 2.5.
and Stokegq27] for their discussion of the effect of the The IUPAC remarks that the above definitions of pH are
medium on transferring a binary electrolyte from water (w) only notional because they involve a single ion activiy X
to a non-aqueous or mixed solvent (s). Thus, lower-casewhich is immeasurablf9—15]. Therefore, operational defi-
left-hand superscripts indicate the solvent (w or s) in which nitions of pH have been established.
measurements are being made; lower-case left-hand sub-
scripts indicate the solvent in which the ionic activity coeffi-

cienty is referred to unity at infinite dilution (w or $9,14]. 3. Operational definition of pH and pH measurement
The transfer of one mol of hydrogen ions from infinite
dilution in water to infinite dilution in a different solvent s It is universally agreed that the definition of pH is a prac-

requires some work that can be measured by a free energyical one, based in a series of operations that have been ex-
change A},Gpy). This free energy change is negative when tensively studied for pH measurement in wg@f15]. The
the hydrogen ion is more stable in solvent s and positive pH of a solution is obtained by comparison of the electro-
when it is more stable in water. The free energy change canmotive force of the test solution in an appropriate poten-
be considered proportional to the logarithm of an activity tiometric cell to the electromotive force of one or several
coefficient[3,6], indicated ag,yy, according to IUPAC no-  standard reference solutions of known pH. Thus, the proce-
tation [14], that relates the activity coefficient of hydrogen dure includes pH calibration and pH measurement and both
ion in the standard state in water to the activity coefficient operations must be adequately done to assure the quality of
in the standard state in solvent s: the quantity obtained (pH).

S o _ s .0 There are standard reference solutions S of different qual-
AwCh = 230RTlogy iy © ity for pH calibration. The IUPAC divides these standards

The “transfer activity coefficient” is called the “primary into primary (PS) and secondary (SS). The primary pH stan-
medium effect” and its logarithm determines the shift of the dard values were determined with a Harned type cell, which
wPH scale in reference to thpH, since the two pH scales  does not show liquid junction. The Harned cell consists of

are related by means of the following equation: a hydrogen gas and a silver—silver chloride electrodes and
S OH — SpH — log S,y ) it contains the _standard b_uffer, S, gnd chlpride ions, in the
W S wrH form of potassium or sodium chloride, which are added to
wherey,yp, — 1 as s—> w. use the silver—silver chloride electrode. The cell is defined

The 3pH scale is different for each solvent and solvent by:
composition since it is a scale relative to each solvent, i.e. _
with a different standard state for each solvent. It allows PiHzlbuffer S CITIAGClIAg ®
comparison of acidities only between the same solvent. The standard potential of the Harned céPY is calcu-
However, the; pH scale is an “absolute” or “universal” pH lated by measuring the potential difference of the cell for
scale that allows comparison of acidities between solutions buffers S prepared from known concentrations of HCI (no
in different solvents because the standard state is the sam&Cl or NaCl are added in this instance). The potential of
in all solvents. This universal pH scale illustrates clearly the cell is related to the calculated activity of hydrogen and
the fact that the concepts of the “strength” of an acid and chloride ions (assumed to be equal) andEA@arameter is
the “acidity” of a solution should be distinguish@l. For obtained. The potential values obtained must be corrected
example, a 1 moldm? solution of acetic acid in water to 1atm partial pressure of hydrogen gas and the activity is
has a pH value$pH or \WpH or simply pH) of about 2.5  calculated from concentration through known activity coef-
([H30"] = 10-2°>moldmi3). In liquid ammonia, a strong  ficients or extrapolated to zero ionic strength. The Harned
basic solvent that has been studied at low temperaturescell is later filled with the standard buffer, which pH wants
[4,8], the acetic acid behaves as a strong acid and it is fully to be determined, and the potential of the cell is measured
dissociated. Thus, in liquid ammonia the concentration of for at least three different concentrations of chloride ion.
hydrogen ion (NH* in this solvent) is 1moldm? and The pH of the buffer is calculated from the potential read-
SpH = 0. From the relative pH scales, a solution of acetic ings and chloride ion concentrations by linear extrapolation
acid in liguid ammonia appears to be much more acidic to zero ionic strength. For more details see referdhbg
(2.5-orders of magnitude) than a solution of the same con- Primary buffer solutions must fulfil a series of requisites to
centration of acetic acid in water. This contradicts chemical assure the highest metrological quality in pH measurement.
reasoning because a solution in liquid ammonia must be Buffers that do not fulfil strictly these conditions or which
much less active as acid than the same solution in water.pH has not been determined by the primary method based
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in the Harned cell can be considered secondary standards ifandEg of two appropriate potentiometric cells. The two cells
their pH value can be traced to the one of a primary stan- must be equal except for that one contains the test solution
dard (i.e. obtained by comparison to the pH and potential of X (potential readindgzx) and the other a standard reference

the primary standard in the same cell). solution S (potential readings) of known pH (pHs). The
Everyday pH measurement of an unknown solution X pHy is determined from:

is not usually done with a Harned cell, since this would Ex — Es

be extremely complex and expensive. In chromatography PHx = PHs — B (11)

and in many other analytical practices, the glass electrode. ] o
combined with a reference electrode (silver—silver chloride i9noring the termAE; = Ejx — Ejs, which is called the

or calomel) is almost always used: residual liquid junction potential is taken as equal to the
theoretical value. The standard chosen should have s pH
glass electrodeolution S or X|KCl(c > 3.5 mol dm3)| value as close as possible to thexptthlue of the sample in

order to minimize the error in the variation gf

In the majority of practical applications, glass electrode
where S and X are the standard reference solution (PS orcells are calibrated by two-point calibration, or bracket-
SS) and the unknown test solution, respectively. The refer- ing, procedure using two standard buffer solutions, with pH
ence electrode contains a filling solution, which usually is a values pk; and pHs2. Many commercial instruments use
highly concentrated solution with equitransferent cation and buffers of aqueous pH 4 and 7 (or sometimes 9). This proce-
anion, e.g. KCI, that minimizes the liquid junction poten- dure determines the practical slopand assumes the liquid
tial. The potential difference of the celE) is the addition  junction potentials of the two standards and the test solution
of the potentials of the glass electrod®ksd, the reference  are equal. If the respective potentials of the two buffers are

reference electrode 9)

electrode Erer) and the liquid junction potentiaE). The Esi1 andEsy, the pH value of the unknown is:

liquid junction potential is the potential difference arising Ex — Es

between two electrolyte solutions of different composition, PHx = pHg — ———— (12)
i.e. between the solution S or X and the reference electrode .

filling solution. The overall electromotive force of this type with

of electrode systems may be given by the equation: Es1— Es2 (13)

§ = PHsz — pHg;
Calibration using more than two points (or multipoint cal-
where ideallyg = (RT/F)In 10 andR is the gas constant, ibration) should be carried out using up to five standard
the thermodynamic temperature, @the Faraday constant.  buffers, because using more buffers does not improve the
E is a constant, combination of the standard potential of the quality of the information obtainefil5]. Since again the
glass electrode and the potential of the reference electrodeliquid junction potentials are assumed to be constant, they
The recommended symbol for the terRIT{F)In 10 isk, but can be included in the constagE® = E¥ + Ej), and the
we shall usa to avoid any confusion with chromatographic calibration function is:
retention factors. o

Various random and systematic effects must be consid- Es=E" —gpHs (14)
ered when using glass electrodes for pH measurefi&ht The constant? andg are calculated by linear regression
Glass electrodes may exhibit a slogg 6f the E versus from the measured potentialgd) and known pH of the
pH function smaller than the theoretic®T/F)In 10 value, multiple standards. The pH of the unknown is later calcu-
often called a sub-Nernstian response, which is experimen-lated from its measured potenti&ly) through the equation:
tally determinable. The potential of the glass electrode is B _E
strongly temperature-dependent and calibration and mea-pHy = i (15)
surement should be carried out under temperature-controlled 8
conditions. The liquid junction potential varies with the com- None of the procedures can correct the variation of the lig-
position of the solutions forming the junction, i.e. it changes uid junction potential between the different standards and
when S or X changes, and it also depends on the geometrybetween them and the test solution. Therefore, the variation
and type (sleeve, ceramic, diaphragm, fibre, etc.) of the junc- of the junction potential introduces an error in pH measure-
tion. Liquid junction potentials may suffer from clogging, ment intrinsic to the method. This error cannot be avoided
memory, and hydrodynamic (stirring) effects. Since these ef- in cells with liquid junction, only minimized using reference
fects introduce errors of unknown magnitude, the measure-filling solutions highly concentrated with a cation and an
ment of an unknown sample requires a suitable calibration anion of similar mobility (equitransferent ions). Use of the
procedure. Three procedures are common: one-point cali-same solvent composition in standard, sample and reference
bration, two-point calibration, and multipoint calibration. electrode filling solutions also minimizes liquid junction po-

In one point calibration, the pH of a test solution ¢pH tential error. Of course, the same electrode pair and temper-
is determined by comparison of the electromotive folegs ature should be used for both calibration and measurements.

E=E’+E;— gpH (10)
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The same three procedures for pH calibration in water, can  For one point calibration, thgpH is given by:
be used for pH calibration and measurement in non-aqueous SEy —WE
and mixed solvents. The procedure for one-point calibration 3 pHy = WpHg — X 7S (22)
implies the measurement of the electromotive forée ( 8
and®Es) of two potentiometric cells, one containing the test For two-point calibration the equations used are:
solution X in solvent s and the other a standard reference

s _w
solution S prepared in the same solvent s and of kngpith o PHx = WpHg1 — Ex— Es (22)
SPHg). TheZpHy is determined from: 8
SEX _ SES and
S S
sPHx = gpHg — ———— (16) WEG —WE
g g= S1 S2 (23)

~ WpHe, — WpH
The two-point calibration uses the equations: wPhs2 = wPHis1
And the multipoint calibration fits the potentiometric data

s s
SPHy = SpHs; — Ex = Es1 a7 of the aqueous standard$Ks) to their aqueous pHYpHsg)
8 through the equation:
and WEs="EY — glipHs (24)
SEs1— °Esp

§= SpHs, — SPHs; (18) and calculates thgpH of the unknown{pHy) by measur-
s s ing its potential $Ex) and applyinggq. (25)

And the multipoint calibration fits the potentiometric data ’
WEO _ SEX

S : .
( 3Es) to the equation: S pHy = (25)
SEs=SE" — g3pHs (19) . o .
Again the constancy of the liquid junction potential between
and calculate§pH from: standards and samples is assumed in the practical measure-
S0 S ment of pH in thel pH scale. It is important to notice that

SpHy = E” —"Ex (20) this assumption is intrinsic to pH measurement in any sol-

8 vent, agueous, non-aqueous or mixed, because there is no

way to measure the contribution of the liquid junction po-

In the three methods, the liquid junction potentiaty) of . : SO
éentlal to pH. However, the error in pH determination intro-

samples and reference solutions is assumed to be the sam Zluced by thi ion is likel be | ;
and it is included in th€ EY constant. The three calibration ucle X yt ';’ assm;mpt:%n IS eydto e larger in feH d
procedures considered require the assignment of referencéc":‘j_if("e' w eln P Ca;]' ra_tlonh anH me?su_remer;]t areHone
SpH values to standard solutions (primary or secondary) pre-In " er_ent solvents) than in thip scale (i.e. when p
pared in a solvent of exactly the same composition as the calibration and measurement are done in the same solvent),
solvent where the pH will be measured. There are only a because the mobilities of ions that cause the liquid junc-
few referencépH values reported for aqueous—organic sol- tion potential are solvent dependent. This error may arrive
vent mixtures. For common chromatographic mobile phases,to 1-2 m_V for SOme pure non-agueous solven'Fs.

the IUPAC [10,13,14] reports only data of 0.05m potas- The difference in the liquid junction potential between
sium hydrogenphthalate buffer for some methanol-water samples in solvent s and standards in water introduces an-
and acetonitrile—water compositions, a few other buffers in othdesr tHerm ‘ij vqnat:jc:jry in the hrelatlog.smp kf)fetw?%pH

50% (w/w) methanol, and oxalate and succinate buffers for andgpri scales, in ad '“9” ot € medium e ec_t @Qﬂ)
several compositions of methanol-water mixtui28-32} (Eq. (7). The determination of this primary medium effect

Notice that all these data are given in the molality pH scale, fordzi particullar solvelgt_s (il.e. r:he difference betV}Ié\ﬁTH
and a correction according ©q. (5)is needed if they are andgpH scales) would imply the measurement of feH

used as standards to measure the pH in the molarity scale.c’f one or several standards wighH known in solvent s,

Some morelpH reference data in the molarity scale have after calibration of the electrode system with aqueous stan-
been determined by Barbosa et al. for acetonitrile—water dard reference solutions. The difference would include not

[33-36]and tetrahydrofuran—watg87] that can be directly only the medium effect but also the difference between the
used forSpH standardization in these mobile phases. liquid junction potentials of the measured solution and aque-

— S _w H™
The$,pH scale may also be used for pH measurement in ous standa;]rdsAt()EJ = ﬁJé 4 EJS)'3-|;3he adg't_'on_ of the
non-aqueous or mixed solvents. In this instanceSthid of WO erms has been called theerm[3,6,11,12] i.e..

the tes.t sample€fpHy) is determined_ by measuring the elec- § = Ej — '09(3\/7/3) = 5PH—3pH (26)
tromotive forces of the test sample in the solveriiz() and _
one or several standard reference solution in wét&is] of with

known pH {YpH), i.e. primary or secondary standard refer- 5 SEijx —WE3s

ence buffer solutions in water. = 2 (27)
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The knowledge 08 values for the water—organic solvents in water has gpH of 2.046 and if the same solution is pre-
mixtures of interest (e.g. chromatographic mobile phases) ispared in 50% acetonitrile tHipH is 2.068. The pH variation
very practical because one may calibrate the pH electrodebetween the two solutions is 0.022, due only to the varia-
system with the usual aqueous standards, measufgptie  tion of the activity coefficient. However, if the solution is
of the particular mobile phase of interest, and through the 0.010 M in KOH, the pH value is 11.954 in watefgH),

§ value Eq. (26) convert it easily t@pH, which is the pH but 13.412 in 50% acetonitril€gH). For this basic solution
magnitude that can be directly related to the thermodynamic the pH variation is 1.458, quite more considerable than for
acid—base constants of the ionizable solgpél can be also  the solution of HCI because of the variation of the autopro-
related to solute concentrations through ionic activity coeffi- tolysis constant between the two solvent&4p= 14.00 in
cients estimated by means of Debye—Huickel type equations.water, but 15.48 in 50% acetonitril§)3]. See also the ex-

Unfortunately, there are not marmyvalues available for  ample of Tindall[18,22] presented in the introduction: an
chromatographic mobile phases. Baf8s reporteds val- aqueous buffer solution of pH 10.0 prepared from phosphate
ues for methanol-water mixtures, which had been obtainedhas &pH value of 10.7 when diluted to 50% methanol, but if
from two different sets of authors by using the hydrogen gas the aqueous buffer of pH 10.0 is prepared from glycine, the
electrode[38,39] Some othes values have been obtained $pH value decreases to 9.9 when diluted to 50% methanol.
recently for a glass electrode syst@40], which agree quite Table 1presents some more examples of the pH variation
well with the two set values reported by Bates. This agree- of some aqueous buffers of chromatographic interest with
ment indicates that the residual liquid junction contribution the addition of organic modifiefd1-43] It can be observed
to § values (i.e. the difference between the liquid junction that in general, théH value of buffers prepared from neu-
potentials of the methanol-water test solution and the aque-tral (phosphoric, acetic, citric and boric) or anionic (phos-
ous standard solution) may be quite low for many well de- phates and citrates) acids and its conjugated base increases
signed electrode systems (electrodes properly designed towith the addition of organic solvent because tlikg palues
minimize the liquid junction potential), and thus to be of of neutral and anionic acids in many water—organic solvent
general application. In fact, the contribution of the residual mixtures increase with the contents of organic solvent. The
liquid junction potential can be insignificant for many prac- pH variation increases with the charge of the acid, i.e. the
tical pH measurements. For example, a 3 M KCI salt bridge pH of hydrogen citrate/citrate buffer varies more with the
in water can experience junction potentials on the order of addition of acetonitrile or methanol than the pH of dihydro-
1 mV (about 0.02 pH units), which may be partially balanced gencitrate/hydrogencitrate, and the pH of this one changes
by a similar junction potential in the mobile phase. There- more than the one of citric acid/dihydrogencitrate buffers.
fore, the error introduced by the residual liquid-junction po- The 3pH of buffer solutions prepared from neutral bases
tentials can be estimated to be about 0.01 pH units or less,(ammonia and butylamine) shows a different behaviour. It
which is indeed a low error for practical liquid chromatog- slightly decreases with the addition of acetonitrile up to 60%,
raphy measuremenfgl]. Therefore, conversion between but shows a steeper decrease with the addition of methanol
+PH and3pH values can be easily done with the repoded  up to 80%. For larger concentrations of organic solvent, the
values. The availablé values for methanol-water mixtures SpH value is expected to increase, since th& palue of

have been fitted to the volume fraction of methag@idon) neutral bases in acetonitrile—water and methanol-water mix-
in the solvent mixturd40] through the equation: tures shows a minimum for acetonitrile or methanol concen-
2 trations between 50 and 90% of organic solvent. This dif-
= 0.09%wmeon — 0-11dyeon (28) ferential behaviour of neutral or anionic acids, on one hand,
1 — 3.15¢meoH + 3.512.0n — 1-350%1e0H and cationic acids, on the other hand, is caused by the de-

crease of the dielectric constant of the medium when the

organic modifier is added to an aqueous buft,23,41]

The dissociation of a neutral or anionic acid produces an

increase in the concentration of charged species (&A

HT + A~ or HA~ < HT +A%7), whereas the dissociation

of a cationic acid does not change the number of charged

species (HA < HT + A). The decrease of the dielectric

5 —O.446¢fAeCN 29 constant of the medium favours aggregation of ionic species
 1— 1.316pmecn + 0.433%cn (29) and thus unfavours dissociation of neutral and anionic acids

(increasing the I, value), but it does not affect protonated

The difference betweefjpH and$pH is a constant value  bases. The smaller variation of th&pof bases with addi-

for each mobile phase composition. However, the difference tion of organic modifier is caused by changes in the basicity

betweeng,pH and$pH (or 3 pH) depends not only of the  of the solvent and in the solvation of the different species.

mobile phase composition, but also of the particular buffer- These two effects contribute to the changes in tkg pf

ing solution measurefP3,42] Several examples have been neutral and anionic acids too, but in a minor degree than the

presented to illustrate this fact. A 0.010 M solution of HCI change in the dielectric constgii3,41)

8 values for acetonitrile—water up to 60% of acetonitrile
in volume have been reported too, but only from one
glass—reference electrode systgti]. Theses values for
acetonitrile—water can be estimated from the solvent com-
position @mecn Or volume fraction of acetonitrile) through
the equatiorj23,41}
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Table 1
Variation of the pH of aqueous buffers at overall concentration 0.01 mofdwith the addition of organic modifiergt1-43]
Buffer wpH % Acetonitrile % Methanol

ApH

20 40 60 40 60 80
H3POy 2.00 0.10 0.34 0.70 0.49 0.85 0.95
H3Cit/H,Cit™ 3.00 0.27 0.67 1.23 0.70 1.18 1.34
HCit~/HCit?~ 4.00 0.35 0.85 1.60 - - -
HAc/Ac™ 4.00 - - - 0.69 1.31 1.80
HACc/Ac™ 5.00 0.41 1.13 1.81 0.77 1.33 1.85
Hcit?~/Cit3~ 6.00 0.51 1.02 1.56 1.13 1.66 2.41
HoPO" HPOy2~ 7.00 0.45 0.93 1.47 0.99 1.74 2.45
HoPOY IHPO,2~ 8.00 0.42 0.74 1.43 - - -
NH4T/NH3 8.00 - - - —0.40 -0.49 -0.70
NH4T/NH3 9.00 - - - -0.41 -0.64 -0.71
H3BO3/H2,BO3~ 9.00 0.67 1.38 2.19 0.21 0.61 0.53
BuNHzT/BuNH, 10.00 -0.22 -0.37 -0.21 —-0.52 -0.70 -1.19
BuNHz*/BuNH, 11.00 -0.14 —-0.14 -0.13 -0.31 —0.46 —-1.15
PO,3- 12.00 0.37 0.80 1.61 0.14 0.21 0.00

ApH = $pH — WpH.

Table 2
Variation of the Ky of acids and bases in acetonitrile—water mixtures with the percentage of acetdaittile
wPKa ApKa (%)
10 20 30 40 50 60 70 80 90 100

Acetic 4.76 0.3 0.6 0.8 1.2 1.6 2.2 - - - 17.5
Benzoic 4.21 0.4 0.6 0.8 1.0 15 2.1 - - - 16.3
Phenol 9.98 0.7 0.9 1.1 1.4 2.0 2.8 - - - 13.5
Methylamine 10.62 -0.1 -0.1 -0.2 -0.3 -0.4 -0.3 - - - 7.8
Aniline 4.61 -0.1 -0.3 -0.4 —0.6 -0.7 —-0.7 - - - 6.0
Pyridine 5.17 -0.2 -0.3 -0.5 —-0.6 -0.8 -0.9 -1.0 -1.2 -0.4 7.2

ApKa = pH — \/pKa.

The variation of the K values of several representative tal pigments of leaf extracts in a chalk column, the technique
neutral acids and bases with the addition of acetonitrile or could not be extensively applied until the end of the 1960s
methanol has been estimated from the equations and datand early 1970s. At that time, reversed-phase liquid chro-
given in literature[44,45] and it is presented iffables 2 matography emerged as a common separation technique be-
and 3 cause of the extensive developments in high-pressure pump-

ing systems and efficient column packings with chemically
bonded phas€#6,47]
4. Evolution of mobile phase pH measurement in In the 1970s, the development of reversed-phase liquid
rever sed-phase liquid chromatography chromatography as an analytical technique of practical in-
terest propitiated theoretical research in the fundamentals of

Reversed-phase liquid chromatography is a relative new the technique. Pioneer studies were carried out by Horvath
analytical technique. Although its roots can be traced to just and Melander who investigated and reviewed the rules
one hundred years ago, when Tswett separated several vegehat govern chromatographic retention in reversed-phase

Table 3
Variation of the (K, of acids and bases in methanol-water mixtures with the percentage of meftahol

wPKa ApKa (%)

10 20 30 40 50 60 70 80 90 100

Acetic 4.76 0.2 0.4 0.6 0.8 11 1.3 1.5 1.8 2.2 5.0
Benzoic 421 0.2 0.4 0.6 0.8 11 1.4 1.7 2.1 2.6 3.0
Phenol 9.98 0.2 0.3 0.5 0.7 0.9 1.1 1.3 1.6 2.1 4.4
Methylamine 10.62 -0.1 -0.3 -0.4 —-0.5 -0.7 —-0.8 -0.9 -1.0 -0.9 0.8
Aniline 461 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.7 1.0
Pyridine 5.17 -0.3 —-0.5 -0.7 -0.9 -1.1 -1.3 -15 -1.5 -1.3 0.3

ApKa = $pH — WpKa.
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and reversed-phase ion-pair chromatogra@®-50] They factor that is obtained when the analyte is completely in its
studied the effect of solute ionization on the retention of acidic or basic form, respectively. The same type of expres-
weak acids, bases, and ampholytes and established equasion (replacingk by the appropriate magnitudgy, Vg, tr’
tions that related retentioik,(retention factor) to the pH of  or VR') is obtained if the retention is measured in retention
the mobile phas¢48]. Horvath and Melander were aware time or volume or adjusted retention time or volume instead
that the pH must be measured in the eluent used for separaof retention facto23,55] More complex expressions are
tion, but since the acid—base equilibria in the mixed solvents obtained if the analyte has more than one acid—base equi-
were more difficult to treat than in water, they limited their libria [23,56]
experiments to neat aqueous eluents, which contained no Eq. (31)defines a sigmoidal plot for the retention of an
organic solven{48]. acid—base analyte as a function of the pH of the mobile
Van de Venne et a]51] extended the work of Horvathand  phase. The inflection point of the plot should agree with
Melander to mobile phases prepared from agueous—organidhe acid—basely, value of the analyte. Schoenmakers and
solvent mixtures. They demonstrated that the retention co-workers[53-55] discussed the different approaches to
of carboxylic acids was directly related to the pH of pH measurement (before and after mixing aqueous buffer
methanol-water mixtures used as mobile phases (with pHand organic modifier) and concluded that measuring before
measured in these mobile phases) by means of iaeop mixing was more practical because pH has to be measured
the acid in the same methanol-water mobile phases. Theyonly once for each different buffer. The pH is always the
recommended the measurement of pH in the mobile phasesame for all mobile phases prepared from the same aqueous
after calibration with standard buffer solutions of the same buffer, regardless of the amount and type of organic modi-
solvent composition as the mobile phase if they were avail- fier added. This is a practical advantage, especially for au-
able. However, as the preparation of standard pH-calibrationtomated systems where it is technically difficult to measure
buffer solutions for different agueous—organic mixtures is the pH of the eluent after mixingp4]. The major shortcom-
time consuming, they suggested to calibrate the electrodeing is that the K, values obtained in the fits of retention to
system with aqueous standard buffer solutions and convertpH (inflection point) do not have a physical meaning, i.e. do
the pH readings to methanol-water pH values by using the not agree with the expected thermodynamiiG, walues of
3 values determined by de Ligny et al. for methanol-water the analytg54,55]
solutions[29—-31,52] McCalley [57-59] studied the protonation of bases in
The lack of pH values for standard buffer solutions and methanol-water, acetonitrile—water and tetrahydrofuran—water
8 values for pH calibration in mobile phases other than with phosphate buffers and concluded that half-protonation
methanol-water (such as acetonitrile—water) hampered theof the bases (inflection points of the sigmoidal plots) was
measurement of pH in the same mobile phase used for sepproduced at aqueous pH much lower than the aqueliys p
aration. Thus, the common practice of measuring the pH of value of the base. Kele and Guiochfi0] and Neue et al.
the mobile phase in the aqueous buffer before mixing it with [61] found that amines in a 65% methanol mobile phase
the organic modifier was extended among many workers. buffered with phosphate at pH 7 measured before the addi-
Some misunderstandings about pH scales and pH measuretion of methanol were not as protonated as expected from
ment in non-aqueous and mixed solvents contributed to theits aqueous I§;. This was attributed to the increase of the
extension of this practice. It was also argued, incorrectly, pH of the phosphate buffer and the decrease of #eqf
that the glass electrode could be damaged or give poor re-the amine caused by the addition of methanol.
producibility when used in aqueous—organic mobile phases Sykora et al.[62] studied the effect in the retention of
[1]. neutral bases of mobile phase pH measured in the aqueous
Schoenmakers and co-workers developed several modelsuffer. They observed apparent shifts of the retention versus
in the early 1990s to model retention as a function of pH pH plots towards pH values more acidic than the trg p
and solvent compositiorj83-55] The equations derived to  value of the base. They demonstrated that the shifts were
relate retention to pH at a fixed mobile phase composition a combination of the two individual shifts caused by the
were similar to those developed by Horvath and Melander. change in the dissociation of the buffer (which produces a

For a solute with an acid—base equilibria of the type: mobile phase pH change) and by the change in theqd
(A=Y the basic analyte caused by the addition of organic modifier.
HA? & HY 4+ ATL K, =an - (30) The individual shifts are different for each buffer and ana-
[HA] lyte, respectively. The combined overall shift of the exam-
the overall retention factor of the analytd (s given by the ples shown (acidic buffer and basic analyte) increases with
expression: the percentage of organic modifier because of the increase of
both individual shifts. Sykora et al. used normalized reten-

H—pk
k= kiin + ka 107 P72 (31) tion (r), which allows an easy comparison between the data
1+ 10pH-pKa in different mobile phases for which retention can be quite
wherekpya andka are the retention factors of the acid and different. The use of is equivalent to assume thiaty = 0
basic forms, respectively, of the analyte, i.e. the retention and ko = 1 in Eq. (31) and thus normalized retention
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Fig. 1. Influence of methanol on the shift of normalized retention (
vs. pH dependence. Stationary phase: HEMA-BIO 100@. G/obile
phase: methanol-25 mM sodium phosphate buffer (20:80). Anal@: (
2,4,6-collidine. Curve 1: fitted to the experimental data. Curve 2: theo-
retical dependence according to {fieH value of the aqueous buffer and
the aqueou¥pK, value of the analyteApKya) change in the i, value

of the phosphate buffei§iKan) — wPKan)); —ApKae) change in the
pKa value of the basic analyt€iKae) — wPKa®)); ApKaag) overall
apparent [, change ¢pH shift); pK; g = pKag); PKag) = wPKa®)-
From ref.[62], with permission.

depends only on the pH of the buffer and th€,pof the
analyte:
10PH—PKa
T 1+ 10PH-PKa
Two examples are depicted iRigs. 1 and 2 Compari-

son of the two figures shows that the shift in both, pH
of the phosphate bufferApKaa)) and Ky of the base

r (32)

1.0 1
r
ApKya)
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ApK,am
001 T :
2 4 < e 10
K, @ PK.s)
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Fig. 2. Influence of methanol on the shift of normalized reten-

tion (r) vs. pH dependence. Stationary phase: symmetyy. ®lobile
phase: methanol-25 mM sodium phosphate buffer (60:40). Anal@: (
2,4,6-collidine. Curves 1 and 2 and other symbols aBign 1 From ref.
[62], with permission.
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(ApKaem)) increase with the percentage of methanol in the
mobile phase, as can be easily deduced from the data in
Tables 1 and 3

The shifts for different analytes were also studied by
Canals et al. forammonium acetate buffer in methanol-water
mobile phaseq63]. Four representative solutes are de-
picted in Fig. 3. Benzoic acid has alfy, value close to
that of acetic, and thus the pH range for variation of reten-
tion of this analyte is buffered by the acetic/acetate buffer.
The variation of the K of benzoic acid with the addi-
tion of methanol is slightly larger than that of acetic acid
(Table 3 and therefore slightly larger than the pH variation
of acetic/acetate bufferTable 2. In consequence the nor-
malized retention versus aqueous pH plot shifts to slightly
higher pH values with the increase of methanol contents
in the mobile phaseHig. 3. 4tert-Butylpyridine has also
a Ky value close to that of acetic acid, but since it§;p
decreases with the addition of methanol and the pH of the
acetic/acetate buffer increases, the increase in the contents
of methanol in the mobile phase produces large shifts to
lower pH values in the normalized retention versus ague-
ous pH plots (similar to those d¢figs. 1 and 2 Ephedrine
is a stronger base thantdrt-Butylpyridine, and thus the
ammonia/ammonium buffer covers the pH of variation of
retention. The decrease of th&pof ephedrine with the
addition of methanol matches almost exactly thé&, mle-
crease of ammonia, and therefore the change in methanol
contents in the mobile phase practically does not affect the
position of the normalized retention versus aqueous pH
plot. The behaviour of lidocaine is more complex. It§;p
value is between that of acetic and ammonium acids and
it may be buffered by one (acetic/acetate) or other (ammo-
nium/ammonia) acid—base pair. Since lidocaine is a neutral
base, an increase in methanol content decreaseKgs p
and the overall trend is that the normalized retention versus
aqueous pH plot moves towards lower pH values, although
the sigmoidal shape is somewhat distorted.

The above examples show that good fits of retention to
aqueous pH througlEgs. (31) and (32fan be obtained
when the same acid-base buffer type is used for all mea-
sured points, because then the buffer shift is the same for
all points. However, the use of the same buffer type is not
possible when retention must be measured along a wide pH
range. In this instance, different buffers must be used and the
shift of each buffer can be different resulting in bad fits of re-
tention to pH. This is illustrated iRig. 4 for the normalized
retention of a neutral acid. When the pH is measured in the
mobile phase, after mixing aqueous buffer and organic mod-
ifier, normalized retention fits welq. (32)regardless that
if the electrode system was calibrated with standard solu-
tions in the same mobile phase solvejpH{ scale, full line)
or calibrated with the aqueous buffefspH scale, dashed
line). The difference between the two sets of pH data for all
chromatographic buffers is the constdrterm. The inflec-
tion points of the two plots are indicated gk} and; pKJ,
respectively, and their pH differenceds
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Fig. 3. Calculated retention plots for selected compounds in several isocratic methanol/water mobile phases. Methanol concehjr208as:<?)
40%, (1) 60%, and ) 80%. From ref,[63], with permission, ©2001 American Chemical Society.

However, if the pH is measured in the aqueous buffer The convenience of measuring the pH in the mobile phase
(WpH scale) theApH difference between the value measured and not in the aqueous buffer when buffers of different
in the mobile phase and that of the buffer is different for type are used has been discussed in several publications
each buffer. For instance in a 60% methanol mobile phase,[23,40-43,64,65] Graphical examples are presented in
Table 1shows that for an acetic/acetate buffer (HBjBhe Figs. 5 and 6for an acidic analyte (3-nitrophenol) and a
pH variation would be about 1.3, for a dihydrogen phos- basic analyte (triethylamine) in a 40% acetonitrile mobile
phate/hydrogen phosphate buffer (HB2~) about 1.7 and

for an ammonium/ammonia buffer about0.6 (HB'/B). 7
61 (o]
r 54 p\
£ 4
E
= HB/B < 39
D81 HB/B? , ]
o —0 HBY/B
Ap‘\-| 14
0.0 = - 0 2 4 6 8 10 12 14
.3, oH
SpK, WKy pH Fig. 5. Variation of the retention time of 3-nitrophenol and triethylamine in

the polymeric column with the 40% acetonitrile mobile phase pH measured

Fig. 4. Position of the pH points of chromatographic buffers of different after mixing the aqueous buffer with the organic modifigmH scale):
type when measured in different pH scale€:)(¥pH measured in the (O) 3-nitrophenol in neutral and anionic acid buffer@®)(3-nitrophenol
aqueous buffer before addition of organic modifi€p) GpH measured in in ammonia and butylamine buffersJj triethylamine in neutral and
the mobile phase after mixing aqueous buffer and organic modifier with anionic acid buffers, ) triethylamine in butylamine buffers. Neutral
calibration of the pH electrode system in the same mobile phase solvent, acid buffers: phosphoric acid, citric acig dihydrogencitrate, acetic acid
(0J) 3pH measured in the mobile phase after mixing aqueous buffer and + acetate, and boric acid- borate. Anionic acid buffers: dihydrogen-
organic modifier with calibration of the pH electrode system in water. citrate+ hydrogencitrate, hydrogencitrate citrate, dihydrogenphosphate
Continous line predicted biq. (32)for SpH scale, dashed line predicted 4+ hydrogenphosphate, hydrogenphosphatghosphate, and phosphate.
by Eq. (32)for §,pH scale. From ref.[41], with permission, ©2000 American Chemical Society.
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7 The problem of using different pH calibration buffers for
each mobile phase composition can be obviated with cal-
ibration of all mobile phases with the same pH standards
used for pH calibration in water. The pH is then measured
in the mobile phase and it is shifted from the pH obtained
by calibration with buffers in the same mobile phase in a
constants value for all points in the retention versus pH
plot, which results in the same fit qualitfi¢. 4). This
was the procedure used by Van den Venne e{Hl] in
their pioneering work and that has been widely used by
other authord40-43,64,65,73-79)5 Values are available

0 . . . . . . for methanol-wateli3,38—40]and acetonitrile—water mobile

0 2 4 6 8 0 12 14 phaseg41].
pH

tr (Min)

Fig. 6. Variation of the retention time of 3-nitrophenol and triethylamine

in the polymeric column with the 40% acetonitrile mobile phase pH 5. Practical recommendations for pH measurement in
measured before mixing the aqueous buffer with the organic modifier quuid chromatography

(WwpH scale): symbols as ifig. 5. From ref.[41], with permission, ©2000

American Chemical Society. There are three main procedures to measure the pH of a

chromatographic mobile phase. In the most common pro-
phase buffered by acid—base buffers of different tj4f@. cedure, the pH is measured in the aqueous buffer before
When the pH is measured in the mobile phag(scale), mixing it with the organic modifier {pH). Alternatively,
all data points fulfilEg. (31) regardless of the buffer used the pH can be measured in the mobile phase after mixing
(Fig. 5. However, when the pH is measured in the aqueous the aqueous buffer and organic modifier with pH electrodes
buffer (ypH scale), the different shifts of the buffers placed calibrated with standard solutions in the same mixed mo-
in the region of variation of retention with pH distort the bile phase §pH) or with aqueous standard solutiofjpH).
plot (Fig. 6). The practice of measuring the pH of the mo- The three measurement methods have their advantages and
bile phase is thus advisable when retention has to be relateddisadvantages. These have to be evaluated for each proce-
to the pH of buffers of different type. The calibration of the dure in order to select the most convenient pH measurement
pH electrode system can be done with buffers prepared inmethod.
the same mobile phase solvent where pH is measgpatl (
scale) or with the usual aqueous buffefpKl scale). Both 5.1. pH measurement in the aqueous buffer before adding
procedures have been followed in the literature. organic modifier

The preparation and validation of several standard pH

buffers for pH electrode calibration in acetonitrile—water = This method is the most currently used and may give
mixtures of different compositioq10,13,14,33-36]al- acceptable results for repetitive routine procedures. For a
lowed Barbosa and co-workers to measure the pH of routine analysis procedure, the pH can be measured in the
acetonitrile—water mobile phases and relate retention toaqueous buffer if the method reports exactly what buffer
mobile phase pH[66—70] A few standard pH buffers must be used (buffer components and concentration) and
have been also proposed for tetrahydrofuran—water mo-in what conditions the electrode system is calibrated and
bile phased37], but they have not been used in liquid pH is measured (temperature and ionic strength), as well
chromatography applications. The available pH reference as all subsequent manipulation of the aqueous buffer in the
data for methanol-water mixtured0,13,14,28-32]has preparation of the mobile phase. These conditions must be
been used for calibration and measurement of pH in theseadequately described in the procedure in order to assure that
mobile phase$71,72] Measurement of pH in the mixed when reproducing it, one always obtains the same mobile
mobile phase after calibration with pH standards prepared phase pH. Indiscriminate changes of buffer components
in the same mobile phase is also common in capillary elec- should be avoided, even if the pH of the aqueous buffer is
trophoresis with non-aqueous or mixed organic solvents. adjusted to the same value, because the pH variation with
This subject has been the object of a recent reVi24y. the addition of the organic modifier will be different. This
The main shortcoming of direct measurement of the pH fact is illustrated inFigs. 7 and 8 Two aqueous buffers of
value of the mobile phase is that it requires calibration of the same pH 8.0 value have been prepared from phosphate
the pH electrode system with standard buffers prepared in(buffer A) and from ammonia (buffer B), respectivgf5].
exactly the same solvent composition that the mobile phaseFig. 7 presents the ionization degree of four phenols and
has and with a reference pH value known for this solvent two bases (one amine and one pyridine) in these buffers
composition. Then, different calibration buffers are required and how this ionization changes with the addition of ace-
for each mobile phase composition. tonitrile. Addition of acetonitrile increases th&p of the
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Fig. 7. Variation of the ionization of acid—base compounds with the addition of acetonitrile to aqueous buffieks-6f8.0. (A) H,PO,~/HPO,?~ buffer;
(B) NH4*/NH3z buffer. Compounds:<®) 3,5-dichlorophenol,[(]) 2,4-dichlorophenol, £) 2-nitrophenol, &) 3-bromophenol, ®) 2,4,6-trimethylpyridine,
(@) N,N-dimethylbenzylamine. From ref65], with permission, ©2002 American Chemical Society.

phenols and decreases thé,f the bases. It also increases that the addition of the organic modifier may produce in the
the pH of the phosphate buffer, but decreases the pH of thebuffer. This is the case when the analyst wants to get the
ammonia buffer. In consequence, the ionization of the com- acid—base analyte in an unique form, such as in the deter-
pounds, equal in the two original aqueous pH 8.0 buffers, mination of physicochemical parameters of pharmaceutical
changes in a different way in the two buffers with acetoni- drugs by chromatography. The determination of lipophilic-
trile addition. In particularN,N-Dimethylbenzylamine be- ity parameters such as the chromatographic hydrophobicity
comes much less ionized in the phosphate buffer than in theindex (CHI) or even the octanol-water partition coefficient
ammonia buffer, whereas 2-nitrophenol becomes much lessis often done by liquid chromatograp3,80—85] The pa-
ionized in the ammonia buffer than in the phosphate buffer. rameters are usually determined for the neutral form of the
The reverse behaviour of these two compounds producesdrug and an adequate pH of the mobile phase is required
an inversion in the elution order of them when they are to assure that the drug is quantitatively in neutral form. The
chromatographed with a 60% acetonitrile mobile phase andpH needed can be estimated by the Henderson—Hasselbach
aqueous pH 8.0 phosphate or ammonia buffég.(8) [65]. equation:

Measurement of the pH in the aqueous buffer may be also (A1)

adequate when the analyst can work in an approximate pHpH = pKa + log=—— (33)
range, although it should taken into account the pH changes [HA]
0.09
1+3
0.08
0.07
= = 2
2
2 2 0.06 -
£ E
Q o 0.05 4 4
(8] (8]
c o
] ©
2 £ 004
3 004/ 3
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0.02 - 3 0.02
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Fig. 8. Elution of a mixture of ionizable compounds in an X-Terra Mg €olumn (Waters) with a 60% acetonitrile mobile phase prepared from aqueous
buffers of'pH = 8.0. (A) HoPO,~/HPOy?~ buffer; (B) NHy*/NH3 buffer. Compounds are 2-nitrophenol (1), 2,4,6-trimethylpyridine (2), 3-bromophenol
(3), andN,N-dimethylbenzylamine (4). Chromatograms for the individual compounds in each mobile phase are also given. F86in wath permission,
©2000 American Chemical Society.
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To get a neutral acidz(= 0) 99% in the unionized form,  form) of the acid—base analyté3,85] The uncharged form
the pH must be at least 2 units below th€;pand to get a  of the analyte is eluted later than the charged form and thus,
neutral basez(= +1) 99% in the unionized form, the pH it experiences a larger pH change of the mobile phase.
must be at least 2 units above the plf the pH is measured

in the aqueous buffer, the addition of organic modifier will 5.2. pH measurement in the mobile phase after mixing
increase thelg, of a neutral acid and the pH of buffers pre- aqueous buffer and organic modifier

pared from neutral or anionic acids, and it will decrease the

pKa of neutral bases and the pH of buffers prepared from  The measurement of the pH of the mobile phase after mix-
neutral bases and cationic acids. If a neutral acid is chro-ing aqueous buffer and organic modifier is advisable when
matographed in a buffer prepared from another neutral or one wants to get accurate relationships between retention
cationic acid, the degree of ionization of the acid calculated and mobile phase pH in isocratic conditions, such as in opti-
from the aqueous data may increase or decrease, dependinmization studies orlg; determination by liquid chromatog-

on if the increase of thely, of the acid is lower or higher,  raphy[23]. This type of pH measurement is particularly rec-
respectively, than the increase of the pH of the buffer. The ommended if buffers of different type are going to be used
degree of ionization of a neutral base chromatographed within the optimization procedure oiKp determination. Models

a buffer prepared from another base will also increase or to fit retention to mobile phase pH are based=un (31)or
decrease in reference to the one calculated in water, dependmore complex equations of the same type if the analyte has
ing on if the decrease of the&kp of the base with the addi- more than one acid—base equilibrifi23,56]. Measurement
tion of organic modifier is lower or larger, respectively, than of analyte retentions at several mobile phase pH allows de-
the decrease in the pH of the buffer. For a neutral acid the termination of the K5 value (or values) and of retention
best would be to use a buffer prepared from a neutral baseof the different acid—base forms of the analytes by fitting
and a cationic acid (e.g. Nff/NH3) because the increase the data to the model. The fitting parameters can be later
of the [K; of the acid and the decrease of the pH of the used to estimate retention of the different analytes at differ-
buffer with the addition of the organic modifier will favour ent mobile phase pH values and to optimize separation. In
formation of the uncharged form of the acid. For a neutral addition, some models have been proposed to fit the param-
base, the use of a buffer prepared from neutral or anionic eters obtained for particular mobile phases to mobile phase

acids (e.g. HAc/AT, HaPOy~/HPOs2~, HPQy?2 /POy, composition, which may allow simultaneous optimization
etc.) will favour the unionization of the base because the ad- of mobile phase composition and {¥2,43,76,78]

dition of the organic modifier will decrease th&pof the The electrode assembly used can be calibrated with stan-
base and increase the pH of the buffer. dards of known pH prepared in the same mixed solvent used

Another instance where the pH of the mobile phase has toas mobile phase or with the common aqueous standards. In
be measured in the aqueous buffer is when working with gra- any case the pH in the appropriate pH sceH(for stan-
dient elution. Since the mobile phase composition changesdards in the mixed solvent arfpH for standards in wa-
during elution, one particular mobile phase composition has ter) of the standards used must be precisely and accurately
to be selected for pH measurement and the aqueous buffeknown. Accurate calibration will also require the pH of the
seems the most convenient. The pH change produced duringstandards to be traced to that of a primary standard. The
the gradient elution with a particular aqueous buffer can be chromatographer must know in which concentration scale
determined and related to gradient change or elution time by (molality or molality) the pH of the standard solutions is
measuring the pH of the buffer for different mobile phase given, since this will determine the concentration scale that
compositiong63,85] It is advisable to choose a buffer as the pH readings are obtained. Temperature of calibration and
simple as possible, i.e. with a low number of components, in measurement must be controlled.
order to get simple relationships between pH change and mo- If standards prepared in the same mobile phase solvent
bile phase composition. It has been demonstrated that for fastare used, the pH readings will be in tfgH scale and the fit
gradient elution methods with an ammonium acetate aque-of retention to pH througtiEq. (31)provides the K, value
ous buffer in methanol-water and acetonitrile—water mobile of the analyte in the mobile phase solvegtK}). This is
phaseg63,85], the gradient retention time of acid—base an- the magnitude that can be directly related to analyte con-
alytes can be related to the initial pH of the aqueous buffer centrations and pH through mass and charge balances and
through equations similar to (31) with the simple inclusion Debye—Huickel type equations for ionic activity coefficients.
of an additional parametes)( i.e.: Itis also the K3 magnitude that it is usually found in tables

_ R tAR(A)loy(FiH’pKa) a ;?Segog)?\;f;gls of acidity constants for non-aqueous and

1+ 10PH-PKD If the electrode system is calibrated with the usual aque-
The s parameter measures the change of the slope of theous buffers, the pH values obtained will be in theH
sigmoidal plot in the inflection point caused by the pH vari- scale. If thes value for the particular solvent composition
ation between the elution of the less retained species (theis known, thej pH readings can be easily convertecpéd
ionized one) and the most retained species (the unchargedhroughEq. (26)and then one may work as reported in the
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previous paragraph. Alternatively, retention can be fitted to
+PH throughEq. (31)and the analyte i, obtained will be
in the 3, pH scale (which we may indicate ypK}). This
value can be converted gpK, through thes value. Even, if
the s value is not known, the chromatographer may still use
Eq. (31)for optimization by using the measurggdH values

because all pH readings and calculations will be displaced

the same unknown, but constafiyalue in reference to the
SpH values. The optimization algorithm will suggest opti-
mal mobile phase pH values that will be in tfpH scale,

and thus they must be measured in the mobile phase with

pH calibration in water. This procedure provides an easy
way of optimization of separations since pH calibration is

done in water, but retention and pH measurements are in the

working mobile phase.
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