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Abstract

Interdiffusion coefficients of leadll) nitrate in water and in nitric acid10~°-102 M mixtures at 298.15 K, and at
concentrations from 0.001 to 0.1 M, have been measured using a conductimetric cell and an automatic apparatus to follow
diffusion. The cell uses an open-ended capillary method and a conductimetric technique is used to follow the diffusion process
by measuring the resistance of a solution inside the capillaries, at recorded times. The diffusion @f)lednlate is clearly
affected by the presence of HNO as well as by the lgadhydrolysis. At the highest HNO concentrati¢d.01 M) the effect
of the hydrogen ions on the whole diffusion process has an important and main role, whilst at the highestdPicentration
the presence of HNO as well as the hydrolysis can be neglected. These values are supported by UV-spectroscopy as well as by
pH measurements. The experimental interdiffusion coefficients are discussed on the basis of the Onsager—Fuoss model.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the authors know, no data on the mutual differential
diffusion coefficients of P@l) salts are publishe{B].

Heavy metals, with many useful applications in our Lead (Il nitrate agueous solutior]s are sl_ightly acidic
life, are very harmful if discharged into natural water If unbuffered. The general hydrolysis equation of Pb
resources. Lead is an example of a heavy metal classified"@ be
as priority pollutant by the US Environmental Protection .

Agency Metals[1]. Many industrial applications, e.g. AP +2y-H,0 - Ph(OH){* ™" +yH:0™ D
surface treatment, still use lead in their components; it
can also be absorbed by living beings; one interesting
case is that cork used for many applicatiofes for
example, sealing wine bottles and consequent diffusion
of such metals to winecan carry some amounts of lead
absorbed byQuercus Suber L. In the last few years
much work has been done in heterogeneous systems t
remove lead from different environmeni®,3]. Funda-
mental studies on FH) solutions have been done often
involving determination of self-diffusion coefficients by
electrochemical techniquelgt—§. However, as far as

and the most prominent hydrolysed species are
Pb,(OH)5* and PR(OH)%" [10]. The formation of a
number of complex species creates difficulties in the
measurements, and may justify the scarcity of diffusion
data for lead(ll) aqueous solutions.

In this study mutual diffusion coefficientd), (inter-
(o I - ,
diffusion coefficients are reported for agueous solutions
of lead (1) nitrate in a concentration range 0.001 to
0.10 M, at different nitric acid conditions(O,
1.00x10°°, 1.00<10 3, 1.00x10°2 M). The open-
ended conductimetric capillary cdll1,14 was used.

_— These data fulfil a gap in the literature for heav
*Corresponding author. Tel.#351-239-852-080; fax:#351-239- gap y

827-703. metal ions and will help the understanding of the
E-mail addresses: Vobo@ci.uc.pt(V.M.M. Lobo), mechanism of sorption and release kinetics of these ions
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2. Experimental

2.1. Reagents

Lead (I1) nitrate, PENO), and nitric acid(HNO,)
were obtained from Riedel-de-Hagnyp analysis grade.
Pb(NO;), solutions were prepared from the solid salt,
dried at 120°C; distilled and degassed water, with an
ionic conductivity lower than 1.810° % Q" m~1, was
used.

2.2. Open-ended conductimetric capillary cell

An open-ended capillary cell, used to obtain mutual
diffusion coefficients of a large amount of electrolytes
[13], is described in great detail in previous papré—
16]. Basically, it consists of two vertical capillaries,

A.J. Valente et al. / Journal of Molecular Liquids 111 (2004) 33-38

both capillaries at concentratian accurately gives the
quantity 7., =10*/(1+w..).

The capillaries are filled with the ‘top’ and ‘bottom’
solutions, which are then allowed to diffuse into the
‘bulk’ solution. Resistance ratio readings are taken at
recorded times, beginning 1000 min after the start of
the experiment, to determine the quantity-10%/(1+
w) as 1 approachesr... The diffusion coefficient is
evaluated using a linear least-squares procedure to fit
the data and, finally, an iterative process using 20 terms
of the expansion series of Fick's second law for the
present boundary conditions. The theory developed for
the cell has been described earljgd].

2.3. Instruments

pH measurements were carried with a pH meter PHM

each closed at one end by a platinum electrode and240 from Radiometer, with a pH conjugated electrode
positioned one above the other with the open endslingold U457-K7; the electrode was calibrated immedi-
separated by a distance of approximately 14 mm. Theately before each experimental set of solutions. From
upper and lower tubes, initially filled with solutions of pH meter calibration results a zero pH of 6.890.030
concentrations 0.#¢5and 1.2%, respectively, are sur- and sensitivity higher than 98.7%. pH was measured in
rounded with a solution of concentrationThis ambient  fresh solutions and the buffers used were IUPAC-type
solution is contained in a glass tank 20040x 60 mm of 4 and 7 pH. UV-spectra were obtained using a
immersed in a thermostat at 26. Perspex sheets divide spectrophotometerJasco V-530; the spectra were
the tank internally and a glass stirrer creates a slow obtained between 345 and 265 nm with a bandwidth of
lateral flow of ambient solution across the open ends of 1.0 nm.
the capillaries. Experimental conditions are such that
the concentration at each of the open ends is equal to3. Results
the ambient solution value c, i.e. the physical length of
the capillary tube coincides with the diffusion path. In Mutual diffusion coefficients of PENO;), in aqueous
other words, the required boundary conditions describedsolutions, D, and in H,O—HNQ, mixturesp ,, are
in the literature[12] to solve Fick’s second law of shown in Tables 1-4, respectivel2,, is the mean
diffusion are applicable. Therefore the so-calldeffect diffusion coefficient, calculated on the basis of, at least,
[11,17 is reduced to negligible proportions. In a man- three independent measurements. Table 1 also shows the
ually operated apparatus, diffusion is followed by meas- diffusion coefficients of PENO;), and HNO, estimated
uring the ratiow =R,/R,, of resistance®, andR,, of the by the Onsager—Fuoss equation Eg), Dy [17].
upper and lower tubes by an alternating current trans- The following polynomial inc*/? was fitted to the
former bridge. In an automatic apparatusis measured  data by a least squares procedure
by a Solartron digital voltmete(DVM) 7061 with 6.5
digits. A power sourcéBradley Electronic Model 232
supplies a 30-V sinusoidal signal at 4 kHsgtable to
within 0.1 mV) to a potential divider that applies a 250 where the coefficienta,, a,, a,, as;anda ,are adjustable
mV signal to the platinum electrodes at the top and parameters. Table 5 shows the coefficiemisto a, of
bottom capillaries. By measuring the voltagésand V"’ Eqg. (2). They may be used to calculate the values of
from top and bottom electrodes to a central electrode atdiffusion coefficients at specified concentrations within
ground potential, in a fraction of a second, the DVM the range of the experimental data shown in Tables 1—
calculatesw. 4. The goodness of the fitobtained with a confidence

In order to measure the differential diffusion coeffi- interval of 98% can be assessed by the correlation
cient D at a given concentration c, the bulk solution of coefficient,R2.
concentration c is prepared by mixing 1 | of ‘top’
solution with 1 | of ‘bottom’ solution, measured accu-
rately. The glass tank and the two capillaries are filled
with ¢ solution, immersed in the thermostat, and allowed
to come to thermal equilibrium. The resistance ratie
w.. measured under these conditiofvgith solutions in

D=ag+a, c¥?+a,c+aszc¥?+a,c?

2

4, Discussion

Tables 1-4 show that, decreasing the pH, the diffusion
coefficients of leadl) nitrate change to higher values
(positive deviation in(D,,—Dg)/Dg. Such deviations
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Table 1
Interdiffusion coefficients of leadll) nitrate in aqueous solution®,,,, and those calculated from Onsager—Fuoss equélign(3)), D, at 25
°C

c/M Davo/ SDavr)/ DPBH(NO5),)/ D (HNO;)/
(107° m? sH2 (107° nm? s H® (10°°m? sY) (10°°n? sY

0 - - 1.412 3.158
0.001 1.799 0.028 1.348 3.100
0.005 1.423 0.014 1.297 3.045
0.008 - - 1.280 3.024
0.010 1.318 0.011 1.273 3.013
0.025 1.204 0.007 1.240 2.972
0.050 1.103 0.020 1.229 2.942
0.075 1.094 0.006 1.228 2.932
0.100 1.152 0.022 1.227 2.928

2 D.vo is the mean diffusion coefficient of three experiments.
b Sy iS the standard deviation of that mean.

Table 2
Interdiffusion coefficients of leadll) nitrate in nitric acid(10° M) aqueous solutiond),,, at 25°C

Pb(NO M D,/(107° n? s S 107° n? s 12 D,,—D
[ K 3)2]/ av/( ) Dav/( ) av aw X 100/%a
av)
0.001 1.889 0.002 5.0
0.010 1.387 0.005 5.2
0.025 1.266 0.028 5.2
0.050 1.166 0.007 5.7
0.075 1.159 0.045 5.9
0.100 1.162 0.011 0.9
aSee Table 1.
Table 3
Interdiffusion coefficients of leadll) nitrate in nitric acid(10~* M) aqueous solutiond),,, at 25°C
Pb(NO. M D 10°mP st S 10°° m? s b2 D,,—D
[ t( 3)2]/ av/( S ) 'Dav ( ) av aw) X 100/%a
av)
0.001 1.900 0.001 5.6
0.010 1.393 0.016 5.7
0.025 1.315 0.007 9.2
0.050 1.218 0.001 10.4
0.075 1.178 0.006 7.7
0.100 1.170 0.001 1.6
aSee Table 1.
Table 4
Interdiffusion coefficients of leadll) nitrate in nitric acid(10~2 M) aqueous solutions),,,at 25°C
[Pb(NOs),]/M D, /(107° m? s) Spay (107° m? s71)2 Dav_Da“’xlOO/%a
avo
0.001 3.103 0.016 78.8
0.005 2.799 0.015 0.015
0.010 2.022 0.011 53.4
0.025 1.698 0.017 41.0
0.050 1.357 0.042 23.0
0.075 1.249 0.016 14.2
0.100 1.175 0.012 2.0

aSee Table 1.
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can be neglected only at 0.1 M concentrations, probably
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Table 6

due to other phenomena such as, for example, ion_pairEstimated percentage of hydrogen ioasresulting from the hydrol-

formation [18—2(. Those deviations can be mainly due
to two different factors:(a) alteration of free PK(Il)

concentration with a decrease of hydrolysis products;

and/or (b) effect of the free hydrogen ion concentration
in solution.

To understand the transport process of this electrolyteo.01
in the above systems, it is necessary to know the 0.05

behaviour of PBNO;), in aqueous solutions. For that
the experimental interdiffusion coefficients were com-

ysis of PBB* in aqueous solutions of le&d) nitrate at 298.15 K,
using Egs(5) and(6)

[PBNOS),]/(M) a/%
0.001 26.0
0.005 7.2

2.5

a

2For this concentration we can considerls non-relevant.

pared, as a first approach, with those estimated by thefound in leadll) nitrate concentrations below 0.025 M.

Onsager—Fuoss equati¢gq. (3))

v 9 |
D =2000 R&[HC%J 3)
C C
where
M _1 o7amc10-0 MR AMT | AMY (4)
c ' FAVIVN c c

In Eq. (4), the first- and second-order electrophoretic
terms are given by

amrr (FN=RNY® 313010710 ¢f
¢ |mz2(A)? T BTV (1+ka)

and

AM"  (Z3\2—2ND?  9.304x10 %2
c = (AO)2 'T]O(ET)l/Z ¢(ka)

where T= Zciz? is the ionic concentratiom, is the

viscosity of the solvent, k is the ‘reciprocal average
radius of ionic atmospherele.g. [21]), a is the mean
distance of approach of ions, ¢(ka)=
le?“E (2ka) /(1+ka)| has been tabulated by Harned and
Owen [21], and the other letters represent well-known
quantities[21]. In this equation, phenomena such as ion
association and hydrolysis are not taken into
consideration.

Comparing the estimated diffusion coefficients of
P(NQO3),, D, with the related experimental values

This can be explained not only by the initial (NO;),
gradient, but also by a further;HO flux, according to
Eqg. (1). Consequently, as H O diffuses more rapidly
than NQ; or PB" , the ledtl) nitrate gradient gener-
ates ‘its own’ HNQ flux. Thus, the RbIO;),/water
mixture should be considered a ternary system. How-
ever, in the present experimental conditions we may
consider the system as pseudo-binary, mainly: fe0.01

M. For ¢<0.01 M, we can estimate the concentration
of H;O* produced by hydrolysis of PB) using Egs.
(5) and(6) assuming that{a) the fluxes of the species,
HNO; and PENO,),, are independent(b) the values

of the diffusion coefficientsD,, come from Eq.(3).
The percentages of H O (or the amount of acid that
would be necessary to add to one solution of
P(NQ3), in the absence of hydrolysis, resulting in this
way a simulation of a more real systerre estimated
from the following equations

a Dof(HNOS)+B Dof(PuN03)2)=Dav 5)

a+p=1 (6)
wherea X100 andB X100 are the percentages of nitric
acid and lead nitrate, respectively. From Table 6 we can
conclude that, forc>0.01 M, a becomes very low,
suggesting that either the hydrolysis effect or the con-
tribution of D,(HNO;) to the whole diffusion process,
can be neglected.

Another limit situation occurs in the HNO(0.01
M)—PHNO;), systems (Table 4. At 0.001 M
Pb(NOs), the experimental interdiffusion coefficient is
approximately the same as the diffusion coefficient of
nitric acid in agueous solution of 0.01 M concentration

(Table 1, an increase in the experiment@l values is (D=3.013x10"° n? s!); however, at 0.1 M
Table 5

Coefficientsa, to a, of Eq. (2) for interdiffusion coefficients of PINO,) , at H,O—HNO; mixtures, at 25C

[HNO;]/M ao a a, as a, R?

0 2.33x107° —2.14x1078 1.61x10°7 —5.63x10"" 7.32x10°7 1.00

1x10°° 2.22x10°° —1.23x10°8 4.77x10°8 —6.21x10°° — 0.99

1x10°3 2.24x107° —1.25x1078 5.25x1078 —7.47x1078 — 0.99

1x10°2 3.49x10°° —8.97x10°° —8.45x10°8 5.61x10°” —8.79x1077 0.98
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P(NOs),, D, is very close to the interdiffusion coef- Table 8 _ o
ficient of leadll) nitrate in aqueous solution, for the pH values of Pﬂ\log)2 aqueous solutions with different concentra-
same concentratiotsee Table L While in the first case "™ of HNG, at 25°C

the nitric .acid is the species that cqntrols the 'difquion [PR(NO,),]/M [HNO,]/M

process, in the latter is the ledtl) nitrate. Having in

mind these considerations, we can also use Efjsand 0 1x107  1x107®  1x1072
(6) to estimate the percentages of nitric acid and lead 0.001 5.11 4.95 3.11 2.22
nitrate, which are, in each concentration range, control- 0-005 478 471 3.04 2.08
ling the diffusion proces¢Table 7. For that, we took  0>2 j'gg j'gg g'gé i'gg
the experimental values of diffusion coefficients of lead 45 447 456 205 197
nitrate in agueous solutiorable 1 due to limitations 0.075 4.44 4.53 2.93 1.94
of the Onsager—Fuoss theory for0.01 M [18,21]. 0.10 4.41 4.49 201 1.94

From Tables 6 and 7, we may conclude that for
[P(NO;),] <0.01 M the percentage of nitric acid
responsible for contribution of the diffusion of lead
nitrate in aqueous solutions at 0.01 M nitric acid, are ucts). However, comparing the fitting equatiot$able
the result of the sum of two contributions: the hydrolysis 5) of the experimental results to the @\;),+HNO;
of lead nitrate and the added HNO . For the other values (10~% M) system, the limiting diffusion coefficienD®,
of HNO,; mixtures (0.001 M and 0.00001 W the obtained by extrapolation of the mentioned fitting equa-
contribution of the percentage of nitric acid is very tion is significantly higher(2.327x107° n? s%) than
small and in some cases can even be neglected. Fothe D° of P(NO,),, which is 1.40%10° n? s'*. The
[P(NO,),] >0.01 M the percentage of nitric acid direct- Nernst limiting diffusion coefficient was computed from
ly results from HNQ (see Table 8 being more relevant D°(P?*)=0.925x10"° n¥ s* and DANO;)=
to 0.01 M. From the estimated values®@find8 shown  1.903x10~° n? s* [18]. Although the hydrolysis can
in Tables 6 and 7, we may conclude that the applicability be neglected at such conditions, this cannot explain such
of Egs. (5) and (6) is only reliable at 0.005 M D, values. However, at the lowest @b concentrations
[P(NO;),] <0.1 M. and HNQ, 0.01 M,D,, values approach the diffusion

Those estimations are in good agreement with other coefficients of nitric acid in agqueous solution. This
experimental results. UV-spectra of (RD;), 0.001 M suggests that in these conditions, the hydrogen ions will
solutions at different nitric acid concentrations were have an important contribution to the measured diffusion
obtained. The normalised absorbance, A, ofIPh at coefficient. The analysis of the pH values in 1€ad
300 nm, in a solution of HN® 0.01 M, is approximately nitrate fresh aqueous solutions, with different HNO
five times higher(A =0.089 than that found for P@I) concentration€Table 8, shows that the hydrogen ions
solution without and with HN@ X10°° M (A= change with P@l) concentration according to the fol-
0.018. When the nitric acid concentration increases to lowing fitting equations: [H;O"]=5.358x10"5+
1x10 % M and 1x10~2 M only a slight absorbance 6.831x10°¢ In [PK(l)] (R2=0.989, [H;0"]=
increase is found, 0.021 and 0.026, respectively. This4.123x10°°+4.213x10°° In [PK(I)] (R?=0.983,
shows that only in HN@x 102 M mixture the concen-  [H;O"]=1.414x10 3+9.329x10 ° In[Ph(ll)] (R?=
tration of Plgll) is closer to the initial concentration of 0.989, [H;O"]=1.453x10"2+1.197x 103
Pb(NOs),, and on these conditions the measured diffu- In[P(11)] (R?=0.989, to mixtures of PKil) and
sion coefficient becomes close to the interdiffusion HNO; at concentrations 0, I8 , 1® and 70 M,
coefficient of leadll) nitrate (without hydrolysis prod-  respectively.

Table 7
Estimated percentage of nitric acid, responsible for a further contribution to the diffusion of lead nitrate in aqueous solutions at different
HNO; concentrations, using Eq&) and (6)

a/%

[PR(NO,),/M [HNO,] =0.01 M [HNO,;] =0.001 M [HNO,] =0.00001 M
0.001 ~100 — -

0.005 86.5 - -

0.010 41.5 6.6 3.8

0.025 27.3 4.0 3.2

0.050 13.3 5.8 3.1

0.075 8.1 4.2 3.1

0.100 ~0.0 ~0.0 ~0.0
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From the experimental fitting equatiorief [H;O"]
as a function of initial concentration of Fb)) described
above, and from the open-ended conductimetric initial
conditions, it is possible to conclude that in
HNO;Xx 1072 M mixtures, the hydrogen ions bulk con-
centration, at[Pb(NO;),]=10"2 M, is approximately
6.26x 1073 M, whilst at [PB(NO;),] equal to 0.01 M
and 0.1 M that concentration increases to X103
and 1.18<10°2 M, respectively. However, it is clear
that the ionic strength at the B%O;), lowest concen-
tration is controlled by the aciflLg].

In the unbuffered PENO;), solutions the hydrolysis

can also be noted by the analysis of the pH values, but

the contribution of the Kl @ for the whole diffusion

process is not so significant as before: the hydrogen ion

concentration changes from 6.890 ¢ ([PB(NQO;),] =
0.001 M to 3.78<10°°> M ([Pb(NO;),]=0.1 M).
Although, in this case, only tracersH*O concentration
gradients occur(1.9x10°° to [Ph(NO;),]=0.001 M
and 3.3x10°® M to [Pb(NO;),] =0.1 M), they can be
neglected in the RINO;), highest concentrations, but
justify the increase ob,,o when the PONO,) , concen-
tration increases.
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