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Ab stract
Dif fu sion coef fi cients, thermody na mic and mo bi lity fac tors of iron salts in aqu e ous so lu tions are es ti ma ted from On sa -
ger-Fuoss mo del. The inf luen ce of the ion si ze pa ra me ter a, “mean di stan ce of clo sest ap proach of ions”, de ter mi ned
from dif fe rent ap proac hes, on the va ria tion of dif fu sion coef fi cients with con cen tra tion, is al so dis cus sed. The aim of
this work is to ha ve a bet ter un der stan ding of the struc tu re of the se systems and of the ther mody na mic be ha vi our of iron
salts in aqu e ous me dia.
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1. In tro duc tion

Iron salts are wi dely used as coa gu lants in wa ter and
wa ste wa ter treat ment1 and in so me ot her ap pli ca tions of -
ten trea ted in hydro me tal lurgy.2 In ad di tion, they are com -
po nents with an im por tant ro le in hu man me ta bo lic pro -
ces ses (e.g., in enzy mes and in hemo glo bin)3 ju stif ying
the in crea se of the know led ge of iron me ta bo lism du ring
the last few years, as in di ca ted in the li te ra tu re.4–9

Thus, des pi te many rea sons ju stif ying the im por tan -
ce of the se me tals and their salts, the un der stan ding of the -
se com plex systems has not yet been well es tab lis hed.
Con se quently, their cha rac te ri za tion is very im por tant,
hel ping us to bet ter un der stand their struc tu re, and to mo -
del them to prac ti cal ap pli ca tions. Whi le nu me rous stu -
dies ha ve been car ried out on the ther mody na mic pro per -
ties of aqu e ous so lu tions con tai ning iron ion (e.g.,10–12),
few ha ve ta ken in to ac count the dif fu sion be ha vi our of

such systems. In fact, as far as the aut hors know, af ter ca -
re ful li te ra tu re search, only a few ex pe ri men tal and theo -
re ti cal D da ta are avai lab le for so me systems in vol ving
iron ion (e.g.2, 13–16). This pa per re ports theo re ti cal da ta for
dif fe ren tial bi nary mu tual dif fu sion coef fi cients es ti ma ted
from On sa ger-Fuoss, DOF, and ot her pa ra me ters, for ele -
ven systems con tai ning iron ion (i.e., Fe Br2, Fe Br3, Fe Cl2,
Fe Cl3, Fe(Cl O4)2, Fe(Cl O4)3, Fe(NO3)2, Fe(NO3)3, Fe SO4,
Fe2(SO4)3 and C12H22Fe O14 at dif fe rent con cen tra tions
(that is, from 0.000 to 0.005 mol dm–3), and at 298.15 K.
These da ta are a use ful tool for pro vi ding in for ma tion on
the in te rac tions so lu te-so lu te and so lu te-sol vent. For their
es ti ma tion, we need to know pa ra me ters such as the
“mean di stan ce of clo sest ap proach of ions”, a (å when
ex pres sed in Ang stroms). Des pi te con si de rab le work has
already been do ne, much of the se da ta are not avai lab le
from the li te ra tu re, mainly due to the com ple xity in vol ved
in their es ti ma tion. For exam ple, pa ra me ter, a, de pends
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not only on the na tu re of the elec troly te and its con cen tra -
tion, but al so on the na tu re and con cen tra tion of the spe -
cies pre sent in so lu tion, which par ti ci pa te in the for ma tion
of an io nic at mosp he re. Thus, ha ving in mind the im por -
tan ce of pa ra me ter a on the know led ge of D, we pro po se
to use dif fe rent met hods for the es ti ma ti ve of this pa ra me -
ter, and to ex tend our stu dies con cer ning the com pu ta tion
of DOF from On sa ger-Fuoss mo del, already star ted with
so me ot her elec troly tes.15–23 Es ti ma tions from this theory
are ade qua te for the se elec troly tes in aqu e ous di lu te so lu -
tions (c ≤ 0.005 mol dm–3), as has been shown for ot her si -
mi lar systems,15–23 whe re the theo re ti cal da ta are con si -
stent with ex pe ri men tal re sults.

2. Theory of Mu tual Dif fu sion

2. 1. The On sa ger Fuoss Equa tion 
As a first ap proach the ex pe ri men tal mu tual diffu sion

coef fi cients at 298.15 K, we es ti ma ted dif fu sion coef fi -
cients, DOF, by using On sa ger-Fuoss mo del (eq. 1),24–26

sug ge sting that D is a pro duct of both ki ne tic, FM (or mo lar
mo bi lity coef fi cient of a dif fu sing sub stan ce) and ther -
mody na mic fac tors, FT (FT = c∂μ/∂c = (1 + c(lnγ/c)), whe -
re μ and γ re pre sent the che mi cal po ten tial and the ther -
mody na mic ac ti vity coef fi cient of the so lu te, res pec ti vely.
Thus, two dif fe rent ef fects can con trol the dif fu sion pro -
cess, the io nic mo bi lity and the gra dient of the free energy, 

Dor mu la (1)

whe re 

for mu la (2)

with the subs cripts c and a re pre sen ting the ca tion and an-
ion, res pec ti vely, Δc and Δa the first- and se cond-or der
elec trop ho re tic terms and (M

–
/c) is gi ven by equa tion (3)

for mu la (3)

In equa tion (3), the first- and se cond-or der elec trop -
ho re tic terms, ΔM

–
'/c and ΔM

–
''/c are gi ven by

for mu la (4)

and

for mu la
(5)

whe re τ = ΣciZ
2
i is the io nic strength, η0 and e are the vis -

co sity and the die lec tric con stant of the sol vent, res pec ti -

vely, k is the “re ci pro cal ave ra ge ra dius of io nic at mosp he -
re” (see e.g.,26), a is the mean di stan ce of clo sest ap proach
of ions, φ(ka) = |e2kaEi(2ka)/(1 + ka)| has been ta bu la ted
by Har ned and Owen,26 and the ot her let ters re pre sent
well-known quan ti ties. 

In this equa tion, phe no me na such as com ple xa tion
and/or ion as so cia tion (e.g., short-ran ge cou lom bic for -
ces),27–29 hydroly sis30 and vis co sity of so lu tions24 are not
ta ken in to con si de ra tion. 

2. 2. Dif fe rent Met hods of Esti ma tion 
of Para me ter a From Expe ri men tal 
and Theo re ti cal Met hods
The re is no di rect met hod for mea su ring the ion si ze

pa ra me ter a, “mean di stan ce of closest ap proach” from
the Deb ye-Hûckel theory, but it may be es ti ma ted from
the da ta of Mar cus31 using two ap pro xi ma tions. Firstly,
the a-va lues we re es ti ma ted as the sum of the io nic ra dii
(Rion) re por ted by Mar cus.31 The Rion va lues we re ob tai ned
as the dif fe ren ce bet ween the mean in ter nuc lear di stan ce
of a mo noa to mic ion, or the cen tral atoms of pol ya to mic
ions, and the oxy gen atom of a wa ter mo le cu le in its first
hydra tion shells (dIon-wa ter), and the half of the mean in ter -
mo le cu lar di stan ce bet ween two wa ter mo le cu les in li quid
wa ter (Rwa ter). Briefly, Rion = dion-wa ter – Rwa ter and a = Rca tion
+ Ranion (4

th co lumn in Tab le 1). In or der to ac count for the
ef fect of the ion hydra tion shell on the a-va lues, a se cond
ap pro xi ma tion con si ders the sum of the dion-wa ter va lues re -
por ted by Mar cus.31 In ot her words, in this ap proach the a-
va lues are de ter mi ned as a = Rca tion-wa ter + Ranion-wa ter. The
va lues found are col lec ted in the 5th co lumn in Tab le 1.

From a tab le of io nic si zes pre sen ted by Kiel land,32

we ha ve al so es ti ma ted va lues of a, as the mean va lue of
the ef fec ti ve ra dii of the hydra ted ionic spe cies of the elec -
troly te (2nd co lumn in Tab le 1). The dia me ters of inor ga nic
ions, hydra ted to a dif fe rent ex tent, ha ve been cal cula ted
by two dif fe rent met hods, that is, from the cry stal ra dius
and de for ma bi lity, ac cor dingly to Bo ni no’s equa tion for
ca tions,32 and from the io nic mo bi li ties.32

Mo le cu lar mo del ling stu dies are al so im por tant tools
to es ti ma te the se pa ra me ters. Mo le cu lar mec ha nics (MM)
stu dies are a va luab le tool to in ter pret atom or ion dyna mic
re la tions. They are sim pler than ab ini tio cal cu la tions and
yet ga ve very clo se re sults. For that rea son they are ade -
qua te to eva lua te dyna mic pro ces ses li ke sol va tion chan ges
and mean di stan ces of ap proach bet ween spe cies in so lu -
tion. Among the MM met hods,33 MMFF9434 is a re fe ren ce
in the area and was used in this study. The re sults obtai ned
are sum ma ri zed in the third co lumn in Tab le 1.

3. Re sults and Dis cus sion

Tab le 1 sum ma ri zes a va lues of 11 iron salts in aqu -
e ous so lu tions, de ter mi ned from dif fe rent ex pe ri men tal
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tech ni ques and/or theore ti cal ap proac hes, and shows that,
at least, one es ti ma tion of this pa ra me ter was do ne for
every elec troly te. 

Tab le 1 also shows that, in ge ne ral, a va lues for so -
me salts ob tai ned by mo le cu lar mec ha nic stu dies
(MMFF94) are ap pro xi ma tely equal to tho se ob tai ned
from the sum of their io nic ra dii in so lu tion (or cry stal-lat -
ti ce spa cing), and smal ler than the sum of the mean ion
wa ter in ter nuc lear di stan ces (5th co lumn of Tab le 1) and
than tho se ob tai ned from Kiel land’s da ta. The small dif fe -
ren ces among them are ju sti fied and ac cep tab le, ha ving in
mind the li mi ta tions of each met hod. In fact, con si de ring
that in aqu e ous so lu tion the ions are ge ne rally hydra ted, a
may be grea ter than the sum of the cry stal lo grap hic ra dii
of the ions, and less that the sum of the ra dii of the hydrat-
ed ions (a = dca tion–wa ter + danion–wa ter); ho we ver, it is most
pro bably less than this last li mit be cau se the hydra tion
shells may be crus hed. The smal ler dif fe ren ces bet ween
va lues from Kiel land met hod and Mar cus’ da ta (a = dca -

tion–wa ter + danion–wa ter), can be ex plai ned by the limi ta tions of
Kiel land equa tions, on ce they in vol ve io nic mo bi li ties (or
phe no me no lo gi cal coef fi cients), which are ri go rously va -
lid only at very high di lu tion. Under tho se cir cum stan ces,
the ion-ion and hydrody na mic in te rac tions (not con si de -
red in this mo del) can ac tually inf luen ce the phe no me no -
lo gi cal coef fi cients and io nic mo bi li ties and, con se -
quently, lead to ob tain non real va lues of pa ra me ter a. 

Tab le 1. Sum mary of va lues of the mean di stan ce of clo sest ap -
proach (a/10–10 m) for iron salts in aqu e ous so lu tions, es ti ma ted
from ex pe ri men tal da ta, io nic ra dius and ot her theo re ti cal ap proac -
hes

Elec troly te Kiel land32 Mo le cu lar Mar cus31 Mar cus31

mec ha nics b) c)

MMFF9434

a)

Fe Br2 4.5 2.4 2.7 5.5
Fe Br3 – 2.4 – –
Fe Cl2 4.5 2.3 2.5 5.3
Fe Cl3 6.0 2.2 2.4 5.2
Fe(Cl O4)2 4.8 2.1 3.1 5.8
Fe(Cl O4)3 6.3 2.1 3.0 5.7
Fe(NO3)2 4.5 2.3 2.5 5.3
Fe(NO3)3 6.0 2.2 2.4 5.2
Fe SO4 5.0 2.2 3.1 5.9
Fe2(SO4)3 6.5 2.1 3.1 5.8
C12H22Fe O14 – 2.0 – –

a) a = dca tion–anion. 
b) a = Rca tion + Ranion.

c)a = dcation–wa ter +

Con si de ring equa tions (1) to (5), we ha ve es ti ma ted
DOF using dif fe rent va lues of a, FM from the ave ra ge of
pa ra me ter a, and FT from avai lab le ac ti vity coef fi cient da -
ta26 (Tab le 2). We should no te that for di lu te so lu tions,
the se cal cu la tions of DOF are not greatly af fec ted by the
choi ce of a, ex cept in the ca se Fe SO4. In fact, al most all

DOF va lues ob tai ned with dif fe rent a va lues, are clo ser
among them (de via tions, in ge ne ral, < 2%), and, con se -
quently, we may use any va lue of the io nic si ze pa ra me ter
a in eqs (1) to (5). In the ca se of Fe SO4, the sug ge stion to
use an ave ra ge of a va lues is ju sti fied by the po wer ful de -
pen den ce of DOF on this pa ra me ter (de via tions, in ge ne ral,
< 6%).

In ge ne ral, the dif fu sion be ha vi our of the se iron salts
is si mi lar, with ex cep tion of the three iron com pounds –
Fe SO4, Fe2(SO4)3 and C12H22Fe O14 – whe re lo wer va lues
of D are ob ser ved. When the con cen tra tion in crea ses, we
see for all systems the de crea sing of the dif fu sion coef fi -
cients, DOF, and of the gra dient of the free energy, FT, and,
the in crea sing of the mo bi lity fac tor, FM; thus, from the se
facts, we can conc lu de that the va ria tion in D is due main-
ly to the va ria tion of FT (at tri bu ted to the non-idea lity in
ther mody na mic be ha vi our), and, to a les ser ex tent, to the
elec trop ho re tic ef fect in the mo bi lity fac tor, FM (Tab le 1).
In fact, the va lues of the sum (Δc + Δa), in di ca ted in Tab le
2, are small and, con se quently, FM is al most con stant in
the res pec ti ve con cen tra tion ran ge.

The se phe no me na lead us to conc lu de that the be ha -
viour of dif fu sion of the abo ve systems con tai ning iron
ions in aqu e ous so lu tions at 298.15 K ap pears to be af fec -
ted by the pre sen ce of ion-ion in te rac tions (i.e., long-ran -
ge cou lom bic for ces). They may af fect D in two ways:
firstly, re du cing the ac ti vity of the so lu te as com pa red
with a fully dis so ciated elec troly te, and hen ce lea ding to
lo wer va lues of FT with the con cen tra tion (ef fect mo re ac -
cen tua ted in the ca ses of Fe SO4, Fe2(SO4)3 and C12H22Fe -
O14), and se condly, in crea sing FM, be cau se the ag gre ga te
spe cies re sul ting from the se in te rac tions27 may of fer less
re si stan ce to mo tion through the li quid. The se phe no me na
can be ex plai ned if we con si der the loss of hydra tion wa -
ter from iron and dif fe rent anions, which will lead to less
re sistan ce to mo tion through the li quid and, con se quently,
an in crea se of FM when con cen tra tion in crea ses.

4. Conc lu sions

No theory on dif fu sion in elec troly te so lu tions is ca -
pab le of gi ving ge ne rally re liab le da ta con cer ning the
mag ni tu de of the dif fu sion coef fi cient, D, Ho we ver, for
es ti ma ting pur po ses, when no ex pe ri men tal da ta is avai -
lab le, we sug gest the use of On sa ger-Fuoss for the se elec -
troly tes in aque ous di lu te so lu tions (i.e., c < 0.005 mol
dm–3), on ce for se ve ral systems they are in rea so nab le
agree ment with ex pe ri men tal da ta wit hin 97%. In fact, for
this in ter val of con cen tra tions, the fac tors not ta ken in to
ac count in this mo del, such as vis co sity, die lec tric con -
stant, hydra tion and as so cia tion or com ple xa tion are not
re le vant. In the se cal cu la tions, for al most in di ca ted elec -
troly tes, we may use any va lue in the li te ra tu re for the io -
nic si ze pa ra me ter a in eqs (1) to (5), be cau se slight va ria -
tions in this pa ra me ter a ha ve litt le ef fect on the fi nal re -
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sults of DOF, with excep tion of the Fe SO4, whe re it is re -
com men dab le to use the ave ra ge va lue of all of them. For
all systems, the va ria tion in D is due mainly to the va ria -
tion of FT (at tri bu ted to the non-idea lity in ther mody na mic
be ha vi our), and, to a lesser ex tent, the elec trop ho re tic ef -
fect in the mo bi lity fac tor, FM.
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Povzetek
S pomo~jo Onsager-Fuossovega modela smo dolo~ili difuzijske koeficiente `elezovih soli v vodnih raztopinah ter
pokazali, kako vrednost razdalje najmanj{ega pribli`anja ionov, dobljena iz razli~nih modelov, vpliva na njihovo
vrednost. Dobljeni rezultati nam dajo bolj{i vpogled in razumevanje strukture in lastnosti teh sistemov.


