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a b s t r a c t

Binary mutual diffusion coefficients (interdiffusion coefficients) of calcium gluconate (C12H22CaO14) in
water at 298.15 K and at concentrations between 0.001 and 0.0500 mol dm�3 have been measured, using
a Taylor dispersion method. These data are discussed on the basis of the Onsager-Fuoss model. Based on
these data, the equivalent conductance at infinitesimal concentration of the gluconate ion in the studied
solutions has been estimated. Through the same technique, ternary mutual diffusion coefficients (D11,
D22, D12 and D21) for aqueous solutions containing calcium gluconate and lactose, at T = 298.15 K, and
at different carrier concentrations, were also measured. These data permit us to have a better under-
standing of the structure of these systems and the thermodynamic behaviour of calcium gluconate in dif-
ferent media.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Calcium, found in milk and dairy products, is one of the most
important nutrients in the human diet, due to its implication in
bone health and other physiological functions and enzymatic reac-
tions (Selgas, Salazar, & García, 2009). In fact, some authors have
stated that the insufficiency of this salt can lead to adverse effects,
osteoporosis being the most common bone metabolic disorder
(Kolayli, Ocak, Küçük, & Abbasoğlu, 2004). The development of
new and more effective treatments for osteoporosis, as well as
optimisation of existing ones, needs knowledge on the transport
process of such systems in aqueous solutions (Ribeiro, Barros, Lobo,
Quintanilla, & Esteso, 2010). Drug therapies, exercise and adequate
nutrition are some methods that slow bone loss in adults. With re-
gard to nutrition, several studies have been carried out to enrich
meat products, considered to be a relatively minor source of cal-
cium (Fennema, 1996). Given the beneficial effects of fat reduction
and calcium intake, most of the meat products focus on the success
of the substitution of sodium chloride by calcium chloride, calcium
lactate, or gluconate, e.g., in dry fermented sausages. These salts
have been chosen because of their high solubility and their high
average absorption (approximately 30%), making them appropriate
for incorporation into foods (Korstanje & Hoek, 2001).

There are other examples where calcium supplements can play
an important role. In fact, considering that lactose is the most
ll rights reserved.
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important carbohydrate of the milk of most mammals, and has a
great significance in many fields, such as medical, pharmaceutical,
biological and biomedical applications, it has been shown that, for
the lactose-intolerant individual, ingesting enough calcium may be
difficult. For these people, who reveal inability or insufficient abil-
ity to digest lactose because of a deficiency of the enzyme lactase,
it is often recommended that they are given calcium supplements,
such as calcium carbonate.

Other studies have shown possible interactions between lactose
and calcium ion in biological systems, providing the conclusion
that lactose can stimulate intestinal Ca absorption (as calcium glu-
conate) in laboratory rats (Bromage, Binacua, Antille, & Carrié,
1993).

Despite many reasons for the popularity of lactose (e.g., inert,
relatively inexpensive, non-toxic), the understanding of these com-
plex systems has not yet been well established, and consequently,
their characterisation is very important, helping us to better under-
stand their structure, and to model them for practical applications.
While numerous studies have been carried out on the thermody-
namic properties of aqueous lactose solutions (e.g., activity coeffi-
cients) (Banipal, Banipal, Lark, & Ahluwalia, 1997; Cerdeirinha,
Carbalho, Tovar, & Roani, 1997; Gaida, Dussap, & Gros, 2006;
Wang, Liu, Bai, & Lu, 1993), few have taken into account the trans-
port behaviour of these systems (e.g., Ekdawi-Sever, Pablo, Feick, &
Meerwall, 2003; Gosting & Morris, 1949; Ribeiro et al., 2006).
Transport properties, particularly mutual diffusion coefficients,
provide a direct measure of the molecular mobility, an important
factor in the preservation of biological materials in sugar matrices.
We have been particularly interested in data on these properties

http://dx.doi.org/10.1016/j.foodchem.2010.11.162
mailto:anacfrib@ci.uc.pt
mailto:miguel.esteso@uah.es
http://dx.doi.org/10.1016/j.foodchem.2010.11.162
http://www.sciencedirect.com/science/journal/03088146
http://www.elsevier.com/locate/foodchem


A.C.F. Ribeiro et al. / Food Chemistry 126 (2011) 1186–1189 1187
for chemical systems, particularly in ternary systems involving lac-
tose and calcium ion (as calcium gluconate).

A few diffusion coefficients for binary aqueous systems contain-
ing lactose have been reported but, as far as the authors know after
a careful literature search, no data on mutual diffusion coefficients
are available in the literature for gluconate salts and for ternary
systems involving calcium gluconate with lactose at T = 298.15 K.
Thus, we have measured the binary mutual diffusion coefficients,
D, for aqueous solutions of calcium gluconate in the concentration
range from 0.001 to 0.05 mol dm�3, which is the most appropriate
for therapeutic dosages, and the ternary mutual diffusion coeffi-
cients (D11, D22, D12 and D21) for aqueous solutions of calcium glu-
conate plus lactose, at the same temperature and using the Taylor
dispersion method.

The results thus obtained were analysed in light of the Nernst
and Onsager-Fuoss equations (Robinson & Stokes, 1959), by con-
sidering that calcium species or gluconate species may be present
either as aggregated forms or as complexes. The equivalent con-
ductance at infinitesimal concentration of the gluconate ion is esti-
mated on the basis of these results. No attempt is made at this
stage to separate individual contributions to the mutual diffusion,
since what is required in practical applications, such as the chem-
istry of the biological systems, is knowledge of the global
behaviour.

Diffusion coefficients measured for aqueous solutions of cal-
cium gluconate and lactose provide transport data useful to model
the diffusion for various chemical and pharmaceutical applications.
2. Experimental section

2.1. Materials

Calcium D-gluconate supplied by Sigma–Aldrich (pro ana-
lysi > 98.0%) was used as received, without further purification.
The solutions (concentration in molarity) for the mutual diffusion
measurements were prepared in calibrated volumetric flasks using
double-distilled water. The solutions were freshly prepared and
de-aerated for about 30 min before each set of runs. The concentra-
tions of the injected solutions (�c þ Dc) and the carrier solutions (�c)
differed by 0.004 mol dm�3 or less. Solutions of different composi-
tion were injected into each carrier solution to confirm that the
measured diffusion coefficients were independent of the initial
concentration difference and therefore represented the differential
value of D at the carrier-stream composition.
2.2. Mutual diffusion coefficients, D, measurements

The theory of the Taylor dispersion technique is well described
in the literature (e.g., Barthel, Gores, Lohr, & Seidl, 1996; Callendar
& Leaist, 2006; Loh, 1997), and so the authors only indicate some
relevant points concerning this method on the experimental deter-
mination of binary diffusion coefficients and ternary diffusion coef-
ficients, respectively.

Dispersion methods for diffusion measurements are based on
the dispersion of small amounts of solution injected into laminar
carrier streams of solvent or solution of different composition,
flowing through a long capillary tube. The length of the Teflon dis-
persion tube used in the present study was measured directly by
stretching the tube in a large hall and using two high quality the-
odolites and appropriate mirrors to accurately focus on the tube
ends. This technique gave a tube length of 3.2799 (±0.0001) �
103 cm, in agreement with less precise check measurements using
a good-quality measuring tape. The radius of the tube, 0.05570
(±0.00003) cm, was calculated from the tube volume obtained by
accurately weighing (resolution 0.1 mg) the tube when empty
and when filled with distilled water of known density.

At the start of each run, a 6-port Teflon injection valve (Rheo-
dyne, model 5020) was used to introduce 0.063 cm3 of solution
into the laminar carrier stream of slightly different composition.
A flow rate of 0.17 cm3 min�1 was maintained by a metering pump
(Gilson model Minipuls 3) to give retention times of about
8 � 103 s. The dispersion tube and the injection valve were kept
at 298.15 and 303.15 K (± 0.01 K) in an air thermostat.

Dispersion of the injected samples was monitored using a dif-
ferential refractometer (Waters, Model 2410) at the outlet of the
dispersion tube. Detector voltages, V(t), were measured at accu-
rately-timed 5-s intervals, with a digital voltmeter (Agilent
34401 A) with an IEEE interface. Binary diffusion coefficients were
evaluated by fitting the dispersion equation

VðtÞ ¼ V0 þ V1t þ VmaxðtR=tÞ1=2 exp½�12Dðt � tRÞ2=r2t� ð1Þ

to the detector voltages. The additional fitting parameters were the
mean sample retention time tR, peak height Vmax, baseline voltage
V0, and baseline slope V1.

Diffusion in a ternary solution is described by the diffusion
equations (Eqs. (2) and (3)),

�ðJ1Þ ¼ ðD11Þv
@c1

@x
þ ðD12Þv

@c2

@x
ð2Þ

�ðJ2Þ ¼ ðD21Þv
@c1

@x
þ ðD22Þv

@c2

@x
ð3Þ

Where J1, J2, @c1
@x and @c2

@x are the molar fluxes and the gradients in the
concentrations of solute one and two, respectively. The index v rep-
resents the volume-fixed frame of the reference used in these mea-
surements. Main diffusion coefficients give the flux of each solute
produced by its own concentration gradient. Cross diffusion coeffi-
cients D12 and D21 give the coupled flux of each solute driven by a
concentration gradient in the other solute. A positive Dik cross-coef-
ficient (i – k) indicates co-current coupled transport of solute i from
regions of higher to lower concentrations of solute k. However, a
negative Dik coefficient indicates counter-current coupled transport
of solute i from regions of lower to higher concentration of solute k.

Extensions of the Taylor technique have been used to measure
ternary mutual diffusion coefficients (Dik) for multi-component
solutions. These Dik coefficients, defined by Eqs. (2) and (3), were
evaluated by fitting the ternary dispersion equation (Eq. (4)) to
two or more replicate pairs of peaks for each carrier-stream.

VðtÞ ¼ V0 þ V1t þ VmaxðtR=tÞ1=2

W1 exp �12D1ðt � tRÞ2

r2t

 !
þ ð1�W1Þ exp �12D2ðt � tRÞ2

r2t

 !" #

ð4Þ

Two pairs of refractive-index profiles, D1 and D2, are the Eigen
values of the matrix of the ternary Dik coefficients. W1 and
1 �W1 are the normalised pre-exponential factors.

In these experiments, small volumes, DV, of the solution, of
composition �c1 þ Dc1, �c2 þ Dc2 are injected into carrier solutions
of composition, �c1and �c2 at time t = 0.

3. Results and discussion

3.1. Concentration dependence of mutual diffusion coefficient, D

3.1.1. Binary systems
Mutual diffusion coefficients, D, of calcium gluconate in aque-

ous solutions at 298.15 K are shown in Fig. 1 and Table 1, where
D is the average D value for each carrier solution determined from,
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Fig. 1. Diffusion coefficients data, D, for aqueous calcium gluconate in aqueous
solutions.

Table 1
Thermodynamic coefficients of calcium gluconate at 298.15 K, FT, calculated from our
experimental values of D and from Eq. (7).

c/
(mol dm�3)

D/
10�9 m2 s�1

FM/
10�9 m2 s�1a

(D1 + D2)/
10�9 m2 s�1a

FT/
10�9 m2 s�1b

0.0000 – 0.864 0.000 1.000
0.0010 0.843 0.876 0.012 0.962
0.0030 0.838 0.886 0.022 0.946
0.0050 0.831 0.895 0.031 0.928
0.0100 0.780 0.911 0.047 0.856
0.0500 0.590 0.970 0.106 0.608

a FM = (D0 + D1 + D2), where (D1 + D2) represent the electrophoretic corrections
(p. 11). These parameters are estimated by using the Eqs. (8)–(10).

b FT = Dexp/FM.
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at least, four profiles generated by injecting samples that were
more or less concentrated than the carrier solution (Section 2.2).
Good reproducibility was obtained, within ±1%.

The following polynomial in c1/2 (Eq. (5)) was used to fit the
data by a least squares procedure,

D=10�9m2 s�1 ¼ 0:864� 3:93c1=2 � 0:354c ð5Þ

ðc � 5� 10�2 mol dm�3 and R2 ¼ 0:9938Þ

This equation may be used to calculate values of diffusion coef-
ficients at specified concentrations within the range of the experi-
mental data shown in Fig. 1. The goodness of the fit (obtained with
a confidence interval of 98%) can be assessed by the excellent cor-
relation coefficients, r2.

From Eq. (5), and assuming that the above D0 value coincides
with the Nernst value, D0 (Eq. (6)) (Robinson & Stokes, 1959),

D0 ¼ RT

F2

jZCa2þ j þ jZGluconatej
jZCa2þZGluconatej

k0
Ca2þk0

Gluconate

k0
Ca2þ þ k0

Gluconate

ð6Þ

(where k0
Ca2þ is the equivalent conductance of Ca2+ at infinitesimal

concentration, given in the literature (Dobos, 1975) as k0
Ca2þ=

59.5 � 10�4 m2 X�1 mol�1; ZCa2þ and ZGluconate represent the alge-
braic valences of a cation and of an anion, respectively), we have
estimated the equivalent conductance at infinitesimal concentra-
tion of gluconate ion, k0

Gluconate, at 298.15 K (34.0 � 10�4

m2 X�1 mol�1).
The interpretation of the diffusion behaviour of this aqueous

system (calcium gluconate plus lactose) can be made on the basis
of the Onsager-Fuoss model (Eq. (7)), suggesting that D is a product
of both kinetic, FM (or molar mobility coefficient of a diffusing sub-
stance) and thermodynamic factors, FTðFT ¼ c@l=@c ¼ 1þ c @lnc

@c

� �
,

where l and c represent the chemical potential and the thermody-
namic activity coefficient of the solute, respectively). Thus, two dif-
ferent effects can control the diffusion process: the ionic mobility
and the gradient of the free energy,

D ¼ FM � FT ð7Þ

where

FM ¼ ðD0 þ D1 þ D2Þ ¼ 2000RT
M
c

 !
;

being M
c given by Eq. (8)

M
c
¼ 1:0741� 10�20 k0

1k
0
2

jz1jm1K
0 þ

DM0

c
þ DM00

c
ð8Þ

In Eq. (8), the first- and second-order electrophoretic terms, DM0

c
and DM0

c are given by

DM0

c
¼ ðjz2jk0

1 � jz1jk0
2Þ

2

jz1z2j2ðK0Þ2
� 3:132� 10�19

g0ðETÞ1=2

c
ffiffiffi
s
p

ð1þ kaÞ ð9Þ

and

DM00

c
¼ ðz

2
2k

0
1 � z2

1k
0
2Þ

2

ðK0Þ2
� 9:304� 10�13c2

g0ðETÞ /ðkaÞ ð10Þ

where s ¼
P

ciz2
i is the ionic concentration, g0 is the viscosity of the

solvent, k is the ‘‘reciprocal average radius of ionic atmosphere’’ (see
e.g., Harned & Owem, 1964), a is the mean distance of closest ap-
proach of ions, /ðkaÞ ¼ je2kaEið2kaÞ=ð1þ kaÞj has been tabulated by
Harned and Owem (1964), and the other letters represent well-
known quantities. The values of the sum (D1 + D2), indicated in Ta-
ble 1, are small and, consequently, FM is almost constant for the con-
centration range.

From our measurements of diffusion coefficients, D, and consid-
ering Eq. (7), we have estimated the thermodynamic factor values
within the interval of concentrations studied (Table 1). The de-
crease of the diffusion coefficients, D, and also, of the gradient of
the free energy with concentration, FT, leads us to conclude that
this behaviour of the calcium gluconate in aqueous solutions at
298.15 K appear to be affected by the presence of aggregated spe-
cies, having a lower mobility than gluconate monomers, due to
their size. Considering our experimental conditions (i.e., dilute
solutions), and consequently, assuming that parameters, such as
viscosity, dielectric constant, hydration and association or com-
plexation, (factors not taken into account in this model) do not
change with concentration, we can conclude that the variation in
D is due mainly to the variation of FT (attributed to the non-ideality
in thermodynamic behaviour), and, secondary, to the electropho-
retic effect in the mobility factor, FM (Table 1).

3.1.2. Ternary systems
The diffusion coefficient values for the ternary system calcium

gluconate + lactose + water at 298.15 K, D11, D12, D21 and D22, are
summarised in Table 2. These results are the average of four exper-
iments. Good reproducibility was observed, as seen by the small
standard deviations of the mean, SDav.

The main diffusion coefficients D11 and D22, giving the molar
fluxes of the calcium gluconate (1) and lactose (2) components dri-
ven by their own concentration gradients, are compared with those
obtained for binary systems (calcium gluconate/water (Table 1 and
Fig. 1) and lactose/water (Ribeiro et al., 2006)) at the same temper-
ature and with the same technique. In general, these main diffu-
sion coefficients are lower than the binary diffusion coefficients
of aqueous calcium gluconate and lactose (deviations between 1%
and 17%; Table 2). However, in general, at the concentrations used



Table 2
Ternary diffusion coefficients, D11, D12, D21 and D22, for aqueous calcium gluconate (1) + lactose (2) solutions and the respective standard deviations, SD, at 298.15 K.

c1
a c2

a D11 ± SD/(10�9 m2 s�1) D12 ± SD/(10�9 m2 s�1) D21 ± SD/(10�9 m2 s�1) D22 ± SD/(10�9 m2 s�1) D12/D22
b D21/D11

c

0.001 0.010 0.704 ± 0.006 (�16.5%)d 0.049 ± 0.050 �0.014 ± 0.023 0.501 ± 0.019 (�11.8%)e �0.02 0.10
0.010 0.001 0.688 ± 0.017 (�11.8%)d 0.029 ± 0.011 0.036 ± 0.030 0.577 ± 0.011 (2.8%)e 0.05 0.05
0.010 0.010 0.853 ± 0.021 (+9.3%)d 0.029 ± 0.010 �0.060 ± 0.013 0.675 ± 0.010 (+20%)e 0.04 �0.07

a c1 and c2 in units of mol dm�3.
b D12/D22 give the number of moles of calcium gluconate transported per mole of lactose.
c D21/D11 give the number of moles of lactose transported per mole of calcium gluconate.
d These values indicated in parenthesis represent the relative deviations between the experimental values of D11 and the binary values for the same concentration, D (see

Fig. 1 and Table 1).
e These values indicated in parenthesis represent the relative deviations between the experimental values of D22 and the binary values for the same concentration, D

(Ribeiro et al., 2006).
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in this study, we verify that adding calcium gluconate produces
relatively minor changes in D22 for lactose, while adding lactose
produces major changes in D11 for calcium gluconate. This behav-
iour can be explained by the types of interactions that can occur:
(a) interactions between lactose molecules and the gluconate an-
ion (coulombic, etc.); (b) interactions between lactose molecules
and the calcium cation; (c) changes in interactions between the
Ca2+ cation and the gluconate anion. Considering these interac-
tions, an appreciable fraction of the transported calcium gluconate
may occur as a result of larger aggregates, and consequently, these
aggregates will lose mobility and can be responsible for relatively
large decreases in D11. This effect is less relevant when we consider
the effect of calcium gluconate on transport of lactose, probably
due to the similarity of the mobilities of lactose-free species and
eventual aggregates of calcium gluconate and lactose. However,
when we have the same concentrations for both components
(i.e., 0.01 mol dm�3), the opposite situation is obtained; that is,
the main coefficients, D11 and D22 are greater than the binary dif-
fusion coefficients of aqueous calcium gluconate and lactose (devi-
ations between 9% and 20%, respectively; Table 2).

The limiting values for infinitesimal concentration of cross-coeffi-
cients D12 and D21 should be zero within the experimental error. At
finite concentrations, the cross-coefficient D12 and D21 values are dif-
ferent from zero (though, in general, the differences are close to the
uncertainties of the measurements). Considering that D12/D22 gives
the number of moles of calcium gluconate transported per mole of
lactose, we may say that, at the concentrations used, and at
298.15 K, a mole of diffusing lactose co-transports at most 0.04 mol
of calcium gluconate. Through D21/D11 values, at the same concentra-
tions, we can expect that a mole of diffusing calcium gluconate coun-
ter-transports at most 0.02 mol of lactose, increasing the counter-
transport with increase in its concentration (i.e., 0.07 mol).

4. Conclusions

From the measured binary and ternary diffusion coefficients, we can
conclude that, for infinitesimal concentration, the solutes are not inter-
acting. However, as the cross-coefficient D21 and D21 values are different
from zero at finite concentrations, and having in mind that the main
coefficients D11 and D22 are not identical to those of the binary diffusion
coefficients of aqueous calcium gluconate and lactose, we can conclude
that the diffusion of calcium gluconate in aqueous solutions of lactose at
298.15 K may be affected by the eventual presence of new different spe-
cies resulting from various equilibria.
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