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Density measurements of potassium phosphate buffer from 4 to 45◦C
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Abstract

Potassium phosphate buffer is often used in methods such as equilibrium dialysis, high performance liquid chromatography (HPLC), and
affinity capillary electrophoresis (ACE) for characterizing the binding of drugs and hormones with proteins or other ligands within the body. In
these experiments, the buffer density is often approximated to be that of water and the concentrations of all reagents are assumed to be constant
with temperature. However, some difference in density between phosphate buffer and water would be expected, and variations in this density
could lead to significant changes in the concentrations of dissolved solutes with temperature. This, in turn, could affect the binding observed
for a solute–ligand system in such a buffer. In this study, the densities of potassium phosphate buffers with concentrations up to 0.10 M were
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easured at or near physiological pH for temperatures ranging from 4–45◦C. The general change in density versus temperature follow
uadratic equation, while the changes in density with concentration and pH followed a linear response. The results were used to
eneral equation that could be used to calculate the density of potassium phosphate buffer at any pH, temperature, and concent

he tested range. This equation and more specialized relationships developed in the temperature, concentration, and pH studies w
ive much greater accuracy in describing the density of these buffers versus a previous relationship developed for solutions con
otassium dihydrogen phosphate.
2004 Published by Elsevier B.V.

eywords:Phosphate buffer; Density; Binding studies; High performance liquid chromatography; Affinity capillary electrophoresis

. Introduction

Potassium phosphate buffer is commonly used in the
reparation of biological samples and the study of biolog-

cal interactions. This is especially true for pH 7.4, 0.067 M
otassium phosphate buffer (KPB), which is often used in
ethods like equilibrium dialysis, high performance liquid

hromatography (HPLC), and affinity capillary electrophore-
is (ACE) for characterizing the binding of drugs and hor-
ones with carrier proteins or other ligands within the body

1–7].
In these studies, the phosphate buffer is usually prepared

t room temperature, combined with the desired additives
r solutes, and adjusted to the final temperature for study
e.g., 37◦C for the characterization of drug binding to human
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plasma proteins). A change in temperature between pre
tion and use would be expected to give rise to a change
density for the buffer, which would also affect the concen
tions of any added solutes. However, this effect is comm
ignored and no information is currently available on its
pact when using phosphate buffers. This is mainly due
lack of data on the density of phosphate buffer at or
physiological conditions.

There have been a few previous studies examining the
sity of tribasic (K3PO4), dibasic (K2HPO4), and monobas
(KH2PO4) potassium phosphate solutions[8–10]. However
the temperatures and buffer concentrations examined in
reports did not include those most often used in biolog
binding studies (e.g., 4–45◦C and 0.067–0.10 M). In add
tion, information is not available on the temperature de
dence of the densities for mixtures of the dibasic and mon
sic forms of potassium phosphate, as would be used in pr
ing a buffer at or near physiological pH. In this current stu
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such information was obtained by measuring the density of
potassium phosphate buffers over the range of temperatures,
buffer concentrations, and pHs that are commonly used when
measuring solute–protein binding. The results can then be
used to estimate the effects of density and volume changes
during the use of such buffers and to correct for these effects
during the preparation of solutions for biointeraction studies.

2. Experimental

Each potassium phosphate buffer was prepared at 25◦C
by combining monobasic potassium phosphate (99.8% pure)
and dibasic potassium phosphate (99.1% pure) in deionized
water obtained from a Nanopure water system (Barnstead,
Dubuque, IA). These phosphate salts were obtained from
Mallinckrodt (Phillipsburg, NJ) and were measured on an
analytical balance with a mass precision of±0.1 mg. The pH
of all buffers was measured using a Corning model 350 pH
meter (Acton, MA).

Preparation of the 0.067 and 0.10 M potassium phosphate
buffers consisted of first adding the monobasic and dibasic
salts to a volumetric flask along with a volume of water near
that of the final desired volume (1–2 L). The quantities of
each salt necessary to achieve the desired concentration and
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During calibration of the pycnometer, all measured masses
were corrected for buoyancy effects by using the following
formula[11]

mH2O = wH2O
(1 − ρair/ρref)

(1 − ρair/ρH2O)
(1)

wheremH2O is the true mass of deionized water in the py-
cnometer, andwH2O is the recorded weight of water in the
pycnometer (i.e., as determined by taking the difference in
the measured weights of the empty and filled pycnometer).
The termsρair, ρH2O, andρref represent the densities of the
surrounding air, deionized water, and reference weight used
to calibrate the analytical balance. By usingEq. (1) to find
the true mass of deionized water in the pycnometer at a given
temperature, this value could then be used along with the
known density of pure water at the same temperature to
obtain the internal volume of the pycnometer at the given
temperature.

In this calibration process, the value ofρref was found
from the manufacturer of the balance to be 8.0 g cm−3, and
ρH2O was obtained from literature values for the density of
pure water[12]. The density of the surrounding air (ρair) was
calculated by using the temperature and humidity of the air
at the time of measurement. This was accomplished with the
following equation[13],
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H were calculated using the Henderson–Hasselbalch
ion with an activity coefficient-corrected pKa value for phos
hate of 6.860 at 25◦C. For example, 2 L of pH 7.4, 0.067
otassium phosphate buffer was prepared by adding 4.0
f the monobasic salt and 18.114 g of the dibasic salt to
f water. The pH of this solution was then adjusted to 7
y adding small amounts of 1.0 M sodium hydroxide or 2.
ydrochloric acid (note: the original pH of each solution
ithin 0.02 units of the desired value, so adjustments
aOH or HCl contributed less than 0.2% to the total m
f solutes added to the solution, making their effects

igible on the final density). Next, the solution was dilu
o the mark on the volumetric flask with water, mixed,
ltered under vacuum through a 0.45�m nylon membran
lter to remove any solid contaminants. The pH 7.4, 0.
nd 0.037 M buffers were prepared by dilution of this 0.06
uffer. All buffer solutions were stored at 4◦C.

A 25 mL Gay-Lussac pycnometer was used for all den
easurements. The volume of this pycnometer was calib
etween 4 and 45◦C using deionized water. In these meas
ents, a previously weighed pycnometer, in a beaker of w
nd a container of deionized water were placed in a wate
ontaining a 30:70 (v/v) mixture of ethylene glycol in wa
fter these items had been equilibrated at the desired
erature (±0.1◦C), the pycnometer was removed from
ater bath, filled with deionized water, capped, and w
ry. The pycnometer was then reweighed. The temper
nd humidity of the air at the time of this mass measurem
ere also noted for later use in correcting for buoyancy

ects. All masses were determined in replicate (n= 5) at each
emperature used in this study.
air = 0.0012929
273.13

T

(P − 0.3783h)

760
(2)

hereP is the measured barometric pressure (in mm Hh
s the vapor pressure (in mm Hg), andT is the temperature o
he air (in Kelvin). Prior to usingEq. (2), the vapor pressu
as calculated from the saturation vapor pressure (es(T)), as
iven inEq. (3), wherees(T) is in units of kPa[14,15].

s(T ) = 0.61078e[17.27(T−273.16)/(T−35.86)] (3)

he result ofEq. (3) was then combined with the perce
elative humidity (RH, in %) through the use ofEq. (4) to
ive the vapor pressure (h) in units of mm Hg[16].

= 760

101.325
es(T )

RH

100
(4)

he resulting value ofhwas then placed intoEq. (2)to deter-
ine the density of air at the time of the mass measurem
The density of each phosphate buffer was measur

eplicate (n= 5) at each calibrated temperature using the s
eighing procedure and correction for buoyancy effec
escribed for calibration of the pycnometer. One chang
uired in this experiment was the need to substitute the a
nd measured masses for the phosphate buffer (mKPB and
KPB) for the actual and measured masses of water (m2O
ndwH2O) in Eq. (1). Another change required was the
f ρKPB in place ofρH2O in Eq. (1), which was then furth
eplaced withmKPB/Vpyc, whereVpyc is the calibrated vo
me of the pycnometer at the temperature of the experim
hen these substitutions were made inEq. (1), the following
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expression for determining the true mass of phosphate buffer
contained in the pycnometer was obtained.

mKPB = wKPB

[
1 − ρair

ρref

]
+ ρairVpyc (5)

This true mass was then used along with the calibrated
volume of the pycnometer to give the density of the phosphate
buffer at the desired temperature,mKPB/Vpyc.

3. Results and discussion

3.1. Changes in phosphate buffer density with
temperature

Table 1shows the average densities measured for pH 7.4,
0.067 M potassium phosphate buffer at temperatures ranging
4–45◦C. Also provided in this table is the 95% confidence
interval for each density value. As shown by these data, all
of the densities were measured to at least five significant
figures, with relative precisions of±0.0019–0.022%. The re-
sults indicate that the density of pH 7.4, 0.067 M potassium
phosphate buffer differs by over 1% as the temperature is var-
ied from 4 to 45◦C. Thus, depending on the temperatures of
preparation and use for the buffer, variations in these temper-
a sity.
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Fig. 1. Density of pH 7.4, 0.067 M potassium phosphate buffer vs. temper-
ature (�). The best-fit quadratic line to these results wasy = − 5.2037×
10−6x2 − 8.1463× 10−6x+ 1.0097, with a correlation coefficient of 0.9985.
The error bars represent the 95% confidence interval forn= 5. Also shown is
a plot of density vs. temperature for pure water (�) based on values obtained
from Ref.[12]. This second graph was described by the quadratic equation
y = − 5.4180× 10−6x2 + 2.0174× 10−5x + 1.0000, with a correlation
coefficient of 0.9997.

dicted by these best-fit equations were 0.0002–0.07%, with
an average relative error of only 0.019%.

It is often assumed in calculations involving dilute phos-
phate buffers that these solutions have densities similar to
that of water. However,Fig. 1 indicates that this assumption
gives rise to a systematic error of 1% for 0.067 M potassium
phosphate buffer (i.e., a buffer often used in biointeraction
studies). In addition,Fig. 1shows that the change in density
versus temperature for phosphate buffer is similar to, but not
strictly parallel to, the change in density seen with water. This
makes the use of water’s density in place of the true density
of phosphate buffer even less valid when such a buffer is to
be used at a variety of temperatures.

If the density of phosphate buffer is known at a given tem-
perature, the fact that volume (V) is inversely proportional
to density (ρ) can be used to determine the corresponding
change in the buffer’s concentration. For instance, using the
fact thatV1/V2 = ρ2/ρ1 for the same buffer at two tempera-
tures, it is possible to relate the concentrationsM1 andM2
for this buffer at temperaturesT1 andT2 by usingEq. (6).

M1
ρ2

ρ1
= M2 (6)

Thus, if the concentration and density of the buffer is
known at the first temperature and its density is known at the
second, the buffer’s concentration at the second temperature
c entra-
t

d
c 7.4,
0 pre-
p era-
t %,
w
c urce
tures can have a measurable effect on the buffer’s den
A plot of the density of pH 7.4, 0.067 M phosphate bu

ersus temperature is shown inFig. 1. A similar plot for pure
ater is included for reference, as prepared according t
rature values[12]. These two plots are similar in shape, w
otassium phosphate buffer having a higher density tha

er at any given temperature. The size of this difference
.0063–0.0096 g cm−3 (or 0.6–1.0%) at 4–45◦C. The plots

n Fig. 1for both potassium phosphate buffer and water ga
ood fit to a quadratic equation, with correlation coefficie
f 0.9985 (n= 9) and 0.9997 (n= 40), respectively. The bes
t parameters for these plots are given in the legend ofFig. 1.
he errors between the experimental densities and thos

able 1
xperimental densities and calculated concentrations of pH 7.4, 0.0
otassium phosphate buffer prepared at 25◦C

emperature
◦C)

Density of buffer
(g cm−3)a

Buffer conc. (M) vs.
0.067 M at 25◦Cb

4 1.00959 (±0.00020) 0.0672257
0 1.00918 (±0.00015) 0.0671984
5 1.00854 (±0.00007) 0.0671558
0 1.00739 (±0.00007) 0.0670792
5 1.00620 (±0.00002) 0.0670000
0 1.00459 (±0.00003) 0.0668927
5 1.00317 (±0.00010) 0.0667982
0 1.00150 (±0.00011) 0.0666870
5 0.99855 (±0.00026) 0.0664908

a The value in parentheses for each density is the 95% confidence in
or five replicate measurements.

b These values show how a 0.067 M buffer prepared at 25◦C would
hange in its concentration if the buffer were later used at another
erature.
an also be obtained. The same relative change in conc
ion occurs for any solutes dissolved in this buffer.

To illustrate this last effect,Table 1shows the expecte
hange in concentration with temperature for a pH
.067 M potassium phosphate buffer that is originally
ared at 25◦C. As these results show, a change in temp

ure from 25 to 4◦C alters the buffer concentration by 0.3
hile a change in temperature from 25 to 45◦C alters the
oncentration by 0.8%. Thus, this is another possible so
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Fig. 2. Density of pH 7.4 potassium phosphate buffer vs. buffer concentra-
tion at 4◦C (�), 15◦C (�), 25◦C (�), 35◦C (×), and 45◦C ( ). Each of
these densities was determined with a precision of at least±0.0002 g cm−3.

of systematic errors if such a buffer is prepared and used at
different temperatures. Although this effect can be ignored
in low precision measurements of binding constants or con-
centrations, it is necessary to consider this if high precision
values with accuracies of 1% or better are desired.

3.2. Changes in phosphate buffer density with
concentration

Fig. 2 shows how the density of pH 7.4 potassium phos-
phate buffer changes with its concentration at several temper-
atures. These densities were again determined with a preci-
sion of at least±0.0002 g cm−3. For all temperatures consid-
ered, a linear relationship was seen between the density and
concentration of phosphate buffer from 0.0 to 0.10 M. All
plots inFig. 2had correlation coefficients of 0.9970–0.9999
over five data points. The best-fit parameters for these equa-
tions are provided inTable 2. The standard error for each
slope ranged from±0.0007 to 0.0060 g cm−3 M−1 and the
standard error for each intercept ranged from±4.25× 10−5

to 0.0003 g cm−3.
The slopes for all the lines inFig. 2were statistically iden-

tical. The standard deviation for the mean of these slopes
was±0.001 g cm−3 M−1 and the relative standard deviation
for the mean of these slopes was±1%. This indicates that
t ame
g this
s qua-
t ate

T
B n

T
4
1
2
3
4

Fig. 3. Density of 0.067 M potassium phosphate buffer vs. pH at 4◦C (�),
15◦C (�), 25◦C (�), 35◦C (×) and 45◦C ( ). Each of these densities was
determined with a precision of at least±0.0002 g cm−3.

buffer at various concentrations over this temperature range.
When the values predicted by these equations were compared
to the experimental densities inFig. 2, the relative errors
ranged 0.0003–0.06%, with an average relative error of only
0.012%.

3.3. Changes in phosphate buffer density with pH

Fig. 3 illustrates how the density of 0.067 M potassium
buffer changed with pH at 4 to 45◦C. The precision in all
of these measured densities was±0.0002 g cm−3 or better.
A linear relationship was again observed at each temperature
for buffers in the pH range of 6.5–7.8. These lines gave cor-
relation coefficients of 0.9711 to 0.9993 when using the best-
fit parameters shown inTable 3. The standard error for each
slope ranged±4.0× 10−5–0.0002 g cm−3 M−1 and the stan-
dard error for each intercept ranged±0.0003–0.002 g cm−3.
Over this pH range, the predicted values for density (i.e.,
as determined from the best-fit lines) had relative errors of
0.001–0.03%, with an average relative error of 0.010%.

The slopes for the lines inFig. 3were again quite similar,
with a standard deviation for the mean of these five slopes
of only ±3.8× 10−5. The relative standard deviation for the
mean of these slopes was±2.3%. From these results, it was
found that the slope of these lines, and therefore the change in
p y the
s

T
B

T
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he change in density with concentration followed the s
eneral pattern at all of the temperatures examined in
tudy. Furthermore, it is possible to use the best-fit e
ions inTable 2to predict the density of potassium phosph

able 2
est-fit equations for the linear plots of density vs. buffer concentratioa

emperature (◦C) Best-fit line Correlation coefficient,r
y = 0.142x+ 1.0001 0.9998

5 y = 0.138x+ 0.9991 0.9995
5 y = 0.135x+ 0.9971 0.9999
5 y = 0.135x+ 0.9942 0.9996
5 y = 0.135x+ 0.9901 0.9970

a These best-fit lines were obtained for the data shown in Fig. 2.
hosphate buffer density versus pH, was approximatel
ame at all of the sampled temperatures.

able 3
est-fit equations for the linear plots of density vs. buffer pHa

emperature (◦C) Best-fit line Correlation coefficient,r
4 y = 0.0017x+ 0.997 0.9993
5 y = 0.0017x+ 0.996 0.9903
5 y = 0.0016x+ 0.994 0.9951
5 y = 0.0015x+ 0.992 0.9941
5 y = 0.0016x+ 0.987 0.9711

a These best-fit lines were obtained for the data shown inFig. 3.
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3.4. Global predictions of phosphate buffer density

Since the density of potassium phosphate buffer was found
to be linear with respect to concentration and pH and the
slopes of these lines were constant over the range of con-
ditions examined in this study, it was possible to develop a
master equation to estimate the density of such a buffer under
these conditions. This was performed for buffer concentra-
tions of 0–0.10 M, temperatures of 4–45◦C, and pH values
of 6.5–7.8. This was accomplished by using the fact that both
the plots for water and pH 7.4, 0.067 M potassium phosphate
buffer in Fig. 1 gave a response that could be described by
a quadratic equation. If the three coefficients for these plots
are referred to as A, B, and C in the equation for phosphate
buffer and A′, B′, and C′ for water, the difference between
the density of the phosphate buffer and that for water is given
by Eq. (7)

dρ = (A − A′)T 2 + (B − B′)T + (C − C′) (7)

whereT is the temperature (in◦C) and dρis the difference in
density between potassium phosphate buffer and water.

As shown inTables 2 and 3, the density of potassium phos-
phate buffer gives a linear change with pH and concentration.
It is also known that the slopes obtained for buffer density
versus concentration or pH is essentially constant over the
t more
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aqueous solutions[10]. However, their study extended down
to only a 2% solution, which is higher than the concentrations
examined in this study (i.e., 1.7% or less). In addition, their
equation did not cover solutions that contained a combination
of the dibasic and monobasic salts of potassium phosphate
[10].

The results predicted by this previous equation were com-
pared directly to the experimental data obtained in this current
study. This alternative equation always gave low estimates
for the buffer densities, with relative errors in the range of
0.2–0.5% for the data shown inFig. 1and 0.1–0.5% for the
data inFig. 2. This is a significant difference when it is con-
sidered that the density of these buffers differs from water by
only 1%. This level of error is much greater than that obtained
when usingEq. (9)or the best-fit expressions in the legend
of Fig. 1 or in Tables 2 and 3. Thus, it was determined that
the equations developed in this current report gave a much
more accurate description of the densities for common phos-
phate buffers and in determining the effects of temperature
and concentration on these densities.

4. Conclusions

The densities of potassium phosphate buffers at or near
a physiological pH were measured at temperatures ranging
4
g uffers
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w
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c nges,
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emperature range examined in this study. This allows a
eneral version ofEq. (7)to be developed in which the d

erence in density between water and a phosphate buffe
pH other than 7.4 and a concentration other than 0.0

an be determined. The result is shown inEq. (8)

ρ = [(A − A′)T 2 + (B − B′)T

+(C − C′)]
[phosphate]

0.067

pH

7.4
(8)

f the response for the density of pure water is added toEq.
8) and the best-fit values fromFig. 1 are substituted in fo
, B, C, A′, B′, and C′, a general expression describing
ensity of potassium phosphate buffer over a broad ran
onditions is obtained, as shown inEq. (9).

KPB = (−5.0× 10−6T 2 + 2.0 × 10−5T + 1)

+ [−2.8 × 10−5T + 0.0097]
[phosphate]

0.067

pH

7.4
(9)

o test the use ofEq. (9), the experimental densities measu
n this study for potassium phosphate buffer were compar
hose predicted by this general relationship. This yielded
ulated densities with relative errors of only 0.0002–0.0
ersus the actual values, with an average error of 0.0
hus,Eq. (9)was found to be a useful tool (with an accur
f 0.08% or better) in estimating the density of potass
hosphate buffer throughout the range of temperature
alues, and buffer concentrations considered in this wo

A previous equation has been reported by Sohnel
ovotny to describe the effect of temperature and con

ration on the density of potassium dihydrogen phospha
–45◦C with a precision of at least±0.0002 g cm−3. The
eneral change in density versus temperature for these b

ollowed a quadratic equation, while the changes in de
ith concentration and pH followed a linear response.
The results of this study have shown that temperature

tions can have measurable effects on the density and
entration of a potassium phosphate buffer. These cha

n turn, may affect the binding of solutes to ligands in s
uffers, leading to small errors in such experiments. Fo
tance, the assumption that 0.067 M potassium phos
uffer has the same density as water was found to le
1% error. In addition, temperature effects on buffer den
nd concentration gave an error as high as 0.8% when

rom 25 to 45◦C. This change in buffer density will not on
ffect its concentration, but will also alter the ionic stren
f the solution and the concentrations of its dissolved sol

The data obtained in this work made it possible to
elop a general equation for calculating the density of po
ium phosphate buffer under a wide range of condit
een in binding studies. This expression was found to
uch greater accuracy than a previous equation deve

or potassium dihydrogen phosphate[10] when describin
he density of such buffers. It was also shown how kno
dge of these density changes could be used to dete

he resulting concentration changes in the buffer and its
ents. Such a correction is necessary when the error in b
nd solute concentration must be less than 1%. This, in
hould lead to greater accuracy in the use of such me
s equilibrium dialysis, HPLC and ACE in examining
inding of biological compounds in phosphate buffers.
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