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Measurements of pH with fluorescein fluorescent intensity have been undertaken in order to measure the pH
evolution of acidic solutions under pressure up to 250 MPa. This technique is quite rapid and allows to
monitor changes of pH in real time. When the pressure increases, pH is shown to change even for buffers.
Indeed, a pressure of 200 MPa increases the dissociation of orthophosphoric acid (∆pH ) -0.92) and acetic
acid (∆pH ) -0.40). It also increases the dissociation of water (∆pH ) -0.31) and potassic buffers (∆pH
) -0.16 for potassium hydrophtalate and∆pH ) -0.28 for potassium dihydrogenophosphate). Nevertheless,
the same pressure leads to a decrease in the dissociation of morpholineethanesulfonic acid buffer (∆pH ) +
0.50). Owing to these dissociation data against pressure, we have obtained the standard partial volume changed
on ionization for the different acidic solutions used. The similarity in these values with the previous literature
data is gratifying and supports the validity of the procedure used.

Introduction

Over the past 60 years, investigations were made in order to
determine pH under pressure and also to develop high pressure
techniques. Because the conformation of molecules depends on
pH and so as pH varies under pressure, a detailed knowledge
has to be realized to understand chemical or biochemical
evolutions of various systems under high pressure treatments
and so numerous experiments were made on the dissociation
of electrolytes under high pressure during the 60-70 year
period.

During high pressure food processing, pH controls lots of
phenomena such as proteins properties (gelification, enzymatic
activities, etc.),1-3 growth and mortality of microorganisms or
spores,4,5 and chemical reactions kinetics.6,7

Some hypothesis have been proposed in order to explain the
cumulative effect of pH stress with pressurization, the most used
one was the pressure induced dissociation of weak acids. But
some conflicting data have been stated about the pH variations
under high pressure. Indeed, neutral pH water at atmospheric
pressure and ambient temperature was reported to undergo an
important decrease of-0.73 pH unit at 100 MPa8,9 whereas
Kunugi10 and Marshall and Franck11 related a decrease of only
-0.39 pH unit for the same pressure increase. This discordance
could be explained by the non linear relation between pH and
pressure. Indeed the apparent volume change for ionization of
an acid is equal to∆Va ) -RT (∂ ln Ka)/(∂P), with Ka, the
molal acidic ionization equilibrium. As the pressure dependence
of ln Ka is not linear, values of∆Va change with pressure.
Thus, direct pressure experiments are necessary to obtain
accurate measurements of pH changes, and previous discrep-
ancies could be attributed to the different indirect methods of
pH measurements under pressure: by emf measuring of glass
electrode,12 by density and conductivity measuring,13-15 or by
measuring the optical density of indicators (2,5-dinitrophenol,
p-nitrophenol, or Cresol red).16,17

The pH determination was realized under pressure owing to
fluorescent intensity measurements of fluorescein and compared
to the previous literature data.

Experimental Apparatus and Procedure

Pressure Equipment. In order to measure the pH under
pressure, a high pressure rig (Figure 1), previously described
by Perrier-Cornet et al.,18 was adapted for spectrofluorometry
(Figure 2). The high pressure bomb included a reactor of 25
µL delimited by two translucent sapphire windows. The pressure
cycle was controlled by a manual operated piston screw pump
(Novaswiss, Switzerland), and the pressure was measured with
a high pressure gauge (G515/700 Sedeme Kistler, France). The
high pressure bomb was placed on an inverted light microscope
(Fluovert, Leitz-Weitzlar, Germany). The fluorescent light
source of the microscope was filtered and allowed to excite the
solution in the pressure bomb at a given wavelength. The emitted
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Figure 1. Cross section of the high pressure optical bomb: (A)
sapphire windows, (B) high pressure rig, (C) screw cap, (D) seal rings,
(E) cell chamber delimiter.
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light spectrum was seized through an optical fiber by a
photomultiplier connected to a spectrofluorometer (Oriel, Strat-
ford, MA) where the output signal was digitized and all the
data were analyzed by a computer which was interfaced to the
digitizer.

In order to limit interference with other light sources, this
equipment had to be put in a black box.

Acid Solutions.Different reagent-grade chemicals or buffers
were used in order to compare the pH measured with fluores-
cence method to the literature data. They consisted of (i) aqueous
solution of 5.5 mM 2-[N-morpholino]ethanesulfonic acid (MES),
the pH of which was regulated by the addition of NaOH at pH
5.0 and pH 6.0; (ii) potassic buffers (PB) of pH 4.0, 5.0, and
7.0 consisting of aqueous solution of 0.5 M potassium hydro-
genophtalate for solutions at pH 5.0 and 4.0, and the pH 7.0
potassic buffer was prepared with potassium dihydrogenophos-
phate. All these pH were obtained by addition of Na2HPO4;
and (iii) orthophosphoric (OPA) and acetic (AA) acid aqueous
solutions were respectively at pH 7.2 and pH 4.1. These
solutions (the characteristics of which are summarized in Table
1) were prepared in distilled water (DW) at pH 5.8 which was
considered as the reference.

The pH of buffers and prepared acid solutions were measured
using a glass electrode (Mettler Toledo, Switzerland) connected
to a pHmeter (Inceltech, Toulouse, France) at atmospheric
pressure and ambient temperature before used. All the chemicals
were from Sigma (St. Quentin, France).

Measurement of the Variation of pH under Pressure.
0.001% (w/v) of fluorescein was added to aqueous acid
solutions. The pH was measured again at atmospheric pressure
and ambient temperature in order to control the initial pH of
the solution with fluorescein, and then the acid solutions were
admitted into the high pressure bomb. Fluorescence spectra were
recorded at emission wavelengths between 300 and 660 nm,
and the ratio of the intensities at two excitation wavelengths
(500 nm over 435 nm) was taken at optimal emission fluorescent
(around 540 nm).

The molecular structure of fluorescein and its characteristics
are represented in Table 1. This fluorescent compound exhibits
acid and base forms which fluoresce at different colors. Indeed,
the intensity at 435 nm represents acid solution and the one at
500 nm basic solution.19 The absorbance of any solution in the
optical cell increases with an increase in the pressure due to
compression, also an indirect correction, was made by calculat-
ing the ratio of the two different intensities (QCI). It ensured
that the measurement was not related to any signal errors caused
by variations in concentration and pathlength.

The measured intensities were corrected with the background
and also with the basis line. Usually, the decimal logarithmic
of the intensities quotient was reported to be well correlated to
the pH, so the evolution of the pH under pressure was measured
through the modification of the decimal logarithmic quotient.
More than three measures were made for each solution at
atmospheric pressure up to 250 MPa, and the error estimation
was evaluated through confidence interval at 0.05% level. The
logarithmic fluorescence quotient values (log (QCI)), obtained
for each aqueous solution at different pH and at atmospheric
pressure, allowed for the establishment of the relation between
pH and the mean logarithmic quotients of corrected fluorescence
intensities. The method of operating was to equilibrate the
sample at a low pressure. After the data were obtained, the
pressure were raised slightly and the systems was allowed to
reequilibrate. After the highest pressure had been reached, the
system was returned to the initial low pressure to check
reversibility.

Results and Discussion

The literature data could be distributed in two categories: the
one corresponds to theoretical values or cited values without
any reference, the other is constituted by the experimental ones.
Even for distilled water, previous data on pH variations at 100
MPa are very different:-0.16,20 -0.39,11,21 and-0.738,9 pH

Figure 2. Schematic diagram of the microscope set-up used to adapt
the high pressure bomb for the spectrofluorometer: (1) filtered
fluorescent excited light from microscope (λ500nm/λ435nm), (2) emitted
light read atλ540nm.

TABLE 1: Characterization of the Chemical Reagents Used
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unit. Moreover, the pressure dependence profile was rarely
indicated. So it seems obviously interesting to give a theoretical
approach of the pressure dependence evolution of pH.

Theoretical Aspects of pH Evolution under Pressure.In
aqueous solutions, the influence of the pressureP on activity
coefficient of a molecule i (ai) is expressed as

whereµi is the chemical potential of i (J mol-1) and the sign0

represents the standard state,T the constant standard temperature
of 293 K, and R the molar gas constant equal to 8.31 J K-1

mol-1.
Because generally the ideality could not be assumed, the

partial molal volume of i,∂µi/∂P ) Vi, has to be taken into
account and then eq 1 becomes

As pH) -log aH+, the pH variation under pressure is expressed
by ∆pH ) (∆VH+)/(ln 10 RT) where∆VH+ is the volume
variation of one mole of H+ ions infinitely diluted from
atmospheric pressure to a pressureP in defined state. Below
100 MPa, values of∆VH+ were found to range between-20.415

and-228,9,21,22mL mol-1.
In the case of water,Kw ) aH+‚aOH-/aH2O with aH2O ) 1 and

ions activities can be expressed by their molar concentrations.23

As [H+] ) [OH-] in pure water,

Holzapfel20 and Parson24 gave empirical equation relating acidity
coefficient and pressure. According to these equations, pH
variations at 200 MPa were respectively-0.33 and-0.49. In
the case of other weak acids, relations between pH and pressure
were less known and developed. Nevertheless, for an infinitely
diluted monoacid, the pH variation can be related to the pKa

variation in relation to P by

Many authors used the approximation of the constancy of the
ratio [A-]/[AH] and thus ∆pH ) ∆pKa. In eq 5, øT is the
isothermal compressibility of the acid solution andCAH the
initial undissociated acid concentration.

Lown et al.25 have developed a simple equation to describe
the relation between acid ionization and pressure (up to 200
MPa):

with ∆Va
0, the limiting volume change for ionization of weak

acid at atmospheric pressure, and∆ø0, the compressibility term
which accounts for the pressure dependence.

Because chemists studying steam generators and biochemists
studying hyperbaric life needed general descriptions not only
of the ionization behavior of water but also of low acid media,
a large number of measurements of the dissociation constants
of weak electrolytes has been made previously under pressure
using the method of the concentration cell emf,12 density and
conductivity12,14,15measurements, direct pH measurement with
a glass electrode,26 and also O.D. measurements.16,17 In this
work, the pH determination was carried out owing to fluores-
cent intensity measurements and compared to the mentioned
data.

Fluorescent Method to Determine pH Evolution under
Pressure.The measurement of the fluorescence intensities of
fluorescein which is a well-known molecule in the pH deter-
mination, more particularly intracellular pH,27-29 has allowed
for the obtaining of the pH variation of five solutions (i.e.,
distilled water as reference, potassic and MES buffers, ortho-
phosphoric and acetic acids) in different initial acidic conditions
up to 250 MPa.

Fluorescein concentration was set at 0.001% (w/v) to read
maximum intensities ratio. Figure 3 represents the emission
peaks dependence at the two excitation wavelengths (500 and
435 nm) and their ratio upon concentration of fluorescein in
water. Fluorescent properties were controlled not to change with
pressure. An example is given in Figure 4 which shows the
spectra of fluorescein in water obtained at the two excitation
wavelengths at atmospheric pressure, 100 MPa and 200 MPa.
Fluorescent intensity changed with pressure only, without any
modification of wavelength and shape. These changes were
completely reversible upon the release of the pressure.

The logarithmic ratio of fluorescence intensities (log QCI)
is represented in Figure 5 as a function of pressure for each
chosen acid and for the reference (distilled water). This
measurement decreased with pressure except for MES buffer.
In order to express pH out of logarithmic quotient of fluores-
cence intensities, the fluorescent measurements at atmospheric
pressure were used. They induced a good correlation (r ) 0.96)
between pH and the logarithmic quotient of fluorescence
intensities, as shown in Figure 6. Owing to this logarithmic
correlation,∆pH had been calculated for all the chosen aqueous
acid solutions and for each level of pressure. The results are
summed up in Figure 7 and, for 100 and 200 MPa, in Table 2.
Furthermore, using these calculated values of pH and the relation
∆pH ) (∆VH+)/ln 10RT), values of∆VH+ were obtained by
calculating (Table 2).

Figure 3. Fluorescence intensities of different concentrations of
fluorescein at excitation wavelengths of 500 nm (0) and 435 nm (9)
and fluorescence intensities ratio (in rectangle).

∂ ln ai

∂P
) 1

RT[∂µi

∂P
-

∂µi
0

∂P ] (1)

∂ ln ai

∂P
)

Vi - Vi
0

RT
)

∆Vi

RT
(2)

(∂pH/∂P) ) - (1/2 ln 10 [H+]2)(∂Kw/∂P) (3)

∂pH

∂P
)

∂pKa

∂P
+ ∂

∂P(log
[A-]

[HA] ) (4)

∂pH

∂P
)

∂pKa

∂P
- 1

2 -
[H+]
CAH

[∂pKa

∂P
-

øT

ln 10] (5)

ln 10RT log
KP

K0
) -∆Va

0P + 0.5∆ø0P2 (6)

Measuring pH of Acid Solutions J. Phys. Chem. A, Vol. 103, No. 12, 19991787



Indeed, a pressure of 200 MPa increased the dissociation of
orthophosphoric acid (∆pH ) -0.92) and acetic acid (∆pH )
-0.40). It also increased the dissociation of water (∆pH )
-0.31) and potassic buffers (∆pH ) -0.16 for potassium
hydrophtalate and∆pH ) -0.28 for potassium dihydrogeno-
phosphate). Nevertheless the same pressure led to a decrease
in the dissociation of morpholineethanesulfonic acid buffer (∆pH
) + 0.50). Thus, beyond 200 MPa, the volume variation∆VH+

decreased when the pressure increased and was proved not to
be constant with pressure except for MES.

The application of pressure improved dissociation of weak
acids (acetic, potassic, orthophosphoric) but the induced pH
decrease was inferior to-0.4 pH unit at 100 MPa and to-1.0
pH unit at 200 MPa (extreme pH variations were obtained for
orthophosphoric acid as shown in Table 2). As water is much
more densely packed around the ions than around the corre-
sponding undissociated molecules, these observations are quali-
tatively explained by Le Chatelier’s principle as follows: these
acids ionize increasing the number of formal charges, so when
charges are created, substantial volume contraction occurs due
to solvation effects or electrostriction of water molecules around

Figure 4. Spectra of fluorescein in water obtained at excitation
wavelengths (500 nm and 435 nm) at atmospheric pressure, 100 MPa
and 200 MPa.

Figure 5. Pressure dependence of log (QCI) for the 5 acidic solutions
at chosen pHi (initial pH). Error bars represented confidence intervals
at level 0.05 of more than 3 experiments: (+) acetic acid (pHi ) 4.1),
(×) distilled water (pHi ) 5.8), (-) potassic buffer (pHi ) 4.0), (2)
MES buffer (pHi ) 6.0), (b) potassic acid (pHi ) 5.0), ([)
orthophosphoric acid (pHi ) 7.2), (*) MES buffer (pHi ) 4.0), (9)
potassic buffer (pHi ) 7.0).

Figure 6. pH dependence of log QCI for the 5 acid solutions at
atmospheric pressure. Error bars represented confidence intervals at
level 0.05 of more than 3 experiments.

Figure 7. Evolution of calculated pH up to 250 MPa: (+) acetic acid
(pHi ) 4.1), (×) distilled water (pHi ) 5.8), (-) potassic buffer (pHi
) 4.0), (2) MES buffer (pHi ) 6.0), (b) potassic acid (pHi ) 5.0),
([) orthophosphoric acid (pHi ) 7.2), (*) MES buffer (pHi ) 4.0),
(9) potassic buffer (pHi ) 7.0).
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the ions. Thus, high pressure, which favors processes character-
ized by volume decrease, favors the ionized form. Nevertheless,
MES buffer became more basic (Table 2). As pressure lowers
the free energy of solvation of the ions because it is accompanied
by a contraction of electrostriction of the surrounding solvent,
and as this buffer contains NaOH, the pH increase could be
explained by an increase in OH- concentration with pressure
and so, by a change in acid/base equilibrium.

Furthermore, the pH of water was not very significantly
modified by an increase in pressure of 100 MPa. The distilled
water pH decrease was experimentally determined to be
approximately equal to-0.30 pH unit at 100 MPa and even
200 MPa, values comparable to the above-mentioned ones
calculated by Holzapfel28 and Parson,24 but quite inferior to the
ones given by Marquis9 and Cheftel.8

Although the pH variations evaluated with fluorescein were
close to former data,10,11,22,25,30some differences have been
shown more particularly for the MES buffers (Table 2). These
differences may be explained by the addition of basic reagents
in order to control pH in MES and potassic buffers and also by
the preparation of the aqueous solutions in distilled water at
pH 5.8 instead of pure unaerated and decarboxylated water at
neutral pH.

The pH variation values for 250 MPa (Figure 7) were not
quite different from the 200 MPa values for all acid solutions.
Indeed, the measured variations between 200 MPa and 250 MPa
were inferior to 0.2 pH unit except for MES solutions, the pH
of which still increased greatly with pressure. Therefore the
pressure increase (inferior to 250 MPa) did not induce conse-
quential modification on acid pH.

In conclusion, the proposed fluorescein method to measure
the pH evolution under pressure has been correlated to the other
previous methods and attests the low pH variation inferior to
-0.4 pH unit at 100 MPa and-1.0 at 200 MPa of several acid
solutions or buffers. With the exception of MES, dissociation
of the acids is favored by pressure. The changes in pH are much
greater for H2PO4 than for the others acids. These pressure
experiments allow to obtain rapidly accurate measures of pH
changes with pressure. The results obtained in this study are
extensively used in an investigation of pressure effects on
microorganisms, and it seems that the pH variation under
pressure could not explain the increase in mortality of micro-
organisms pressurized at low pH.
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TABLE 2: Measured pH Variations under 100 MPa and 200 MPa for Several Acid Solutions and Comparison with Some
Literature Data

experimental values literature data

at 100 MPa at 200 MPa at 100 MPa

aqueous acid solutions pHi ∆pH ∆VH+ (mL mol-1) ∆pH ∆VH+ (mL mol-1) ∆pH ∆VH+ (mL mol-1)

distilled water 5.8 -0.30 -16.9 -0.31 -8.7 -0.73 -22.1 8
-0.35 -22.0 22

orthophosphoric acid 7.2 -0.36 -20.3 -0.92 -25.9 -0.45 -25.0 22
-0.30 -16.0 22a

potassic buffer 7.0 -0.17 -9.6 -0.28 -7.9 -0.18 -11.2 255.0/4.0 -0.14 -7.9 -0.16 -4.5
MES buffer 6.0/5.0 +0.24 +13.5 +0.50 +14.1 +0.09 +5.0 10b

acetic acid 4.1 -0.22 -12.4 -0.40 -11.3 -0.20 -12.0 22
-0.16 -9.2 30

a Values for the first equilibrium constant.b Without Na2PO4.
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