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A ade ren ça de par tí cu las de he ma ti ta (a Fe2O3) so bre ele tro dos de mer cú rio foi es tu da da em 
mis tu ras de água-etanol atra vés de con ta gem so bre ima gens de um mi cros có pio óti co. Qu an do
o con te ú do de eta nol é pe que no, o nú me ro de par tí cu las ade ri das de cres ce com o au men to da
con cen tra ção de eta nol. Para uma fra ção mo lar de eta nol de 0,2, o nú me ro de par tí cu las pas sa
por um mí ni mo, au men tan do para ma i o res con cen tra ções de eta nol. Mo di fi can do o po ten ci al
ele tró di co, ob ser va-se que as cur vas nú me ro de par tí cu las vs. Fra ção mo lar de eta nol pode ser
ex pli ca da com base na de pen dên cia com a com po si ção do sol ven te das ener gi as de in te ra ção
par tí cu la/so lu ção e me tal/so lu ção.

The ad he ren ce of he ma ti te (αFe2O3) par ti cles onto mer cury elec tro des in wa ter-ethanol
mix tu res has been stu di ed by coun ting using op ti cal mi cros co pe ima ges. The num ber of at ta -
ched par ti cles, when the et ha nol con tent is small, de cre a ses as the et ha nol con cen tra ti on in cre a -
ses. At a mole frac ti on of et ha nol near to 0.2, the num ber of par ti cles goes through a mi ni mum
and then it in cre a ses with et ha nol con cen tra ti on. When the elec tro de po ten ti al is mo di fi ed, cur -
ves of the num ber of par ti cles vs. et ha nol mole frac ti on with the same sha pe are found, but
which cross each ot her.

The de pen den ce on the et ha nol con cen tra ti on can be ex pla i ned ba sed on the de pen den ce of
par ti cle/so lu ti on and me tal/so lu ti on in te rac ti on ener gi es with the sol vent com po si ti on.
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Intro duc ti on
The at tach ment of col lo i dal par ti cles onto me tal lic sur -

fa ces is a fi eld re le vant to many ap pli ed pro blems, such as
cor ro si on pro tec ti on, bi o fou ling and se mi con duc tor ma nu -
fac tu ring, to men ti on only a few. Ho we ver, it has not re ce i -
ved much at ten ti on in fun da men tal stu di es. The re are some
pu blis hed pa pers on ad he ren ce of par ti cles to sur fa ces (usu -
ally non con duc ting)1-6 and to dif fe rent par ti cles7-12, whe re
the sur fa ce elec tric po ten ti al can not be ea sily mo di fi ed. In
our group we have stu di ed the at tach ment of he ma ti te par ti -

cles onto mer cury and sil ver sur fa ces un der dif fe rent con -
di ti ons13-16. The o re ti cal work has been ma inly de vo ted to
ex ten si on of the DLVO the ory of col lo id sta bi lity17 to he te -
ro co gu la ti on (co a gu la ti on of dis si mi lar par ti cles)18-20 or to
the ki ne tics of de po si ti on21-23.

Mi xed sol vent me dia has been used to study the io nic
equi li bri um at the he ma ti te/so lu ti on in ter fa ce24. In this
work the in flu en ce of the sol vent me dia is stu di ed, by me a -
su ring the num ber of he ma ti te par ti cles at ta ched onto mer -
cury sur fa ces from sus pen si ons in wa ter-ethanol mix tu res,
using NaClO4 as the sup por ting elec troly te. The num ber of
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par ti cles was me a su red by coun ting using vi deo ima ges, as
a func ti on of et ha nol con cen tra ti on at dif fe rent ap pli ed po -
ten ti als.

Expe ri men tal

Pre pa ra ti on of he ma ti te sus pen si ons

He ma ti te was synthe si zed as pre vi ously des cri bed13-15.
The par ti cle sur fa ce char ges in wa ter/et ha nol me dia were
de ter mi ned by po ten ti o me tric ti tra ti on24-25. A fi xed amount 
of HClO4 was ad ded to a sus pen si on of 1.5 g dm-3 he ma ti te,
and ti tra ted with NaOH. The re sul ting cur ve was com pa red
with that of the blank elec troly te in or der to ob ta in the iso e -
lec tric po int and the char ge - pH cur ve.

Oxi de par ti cles (80 mg dm-3) were sus pen ded in 0.01 M
NaClO4 so lu ti ons in wa ter/ et ha nol mix tu res for the de po si -
ti on ex pe ri ments. All re a gents used were analy ti cal gra de.
Wa ter was ob ta i ned from a Mil li-Q system and sub se -
quently dis til led with a sub-boiling po int ap pa ra tus.

Cell and ap pa ra tus

A cell with three com part ments was em plo yed for the
de po si ti on ex pe ri ments on mer cury film elec tro des which
al lo wed the se pa ra te pla ce ment of a re fe ren ce, an au xi li ary, 
and the wor king elec tro de. A sa tu ra ted ca lo mel elec tro de
(SCE) was used throug hout as re fe ren ce. Po ten ti al va lu es
in this work are re fe red to the SCE. A PAR Mo del 273 Po -
ten ti os tat was used for the ex pe ri ments.

He ma ti te on mer cury

Mer cury films were sup por ted on sil ver discs of 0.5 mm 
di a me ter as it has been des cri bed be fo re13. The col lo id de -
po sits were per for med in wa ter/ et ha nol mix tu res as fol -
lows:

i. The elec tro de po ten ti al was held for 30 min at -1.0 and 
-0.3 V; it has been found14 that the se po ten ti als cor res pond
to the cat ho dic ma xi mum and to a mi ni mum of he ma ti te de -
po si ti on from wa ter sus pen si ons at pH = 5. Furt her mo re, as
the zero char ge po ten ti al of mer cury in aque ous me dia is
around -0.5 V33, the po ten ti al va lu es cho sen should cor res -
pond to ne ga ti vely and po si ti vely char ged me tal sur fa ces,
res pec ti vely. All the ex pe ri ments were done at pH = 5, as
re fe ren ced to aque ous so lu ti on. In wa ter-ethanol mix tu res,
the cor rec ti on for the Born free energy of trans fer bet we en
sol vents was ap pli ed, as de ta i led by He is le it ner et al.24.
This as su red that the par ti cles were in com pa ra ble char ge
sta tes in the dif fe rent mix tu res. 

ii. The elec tro de was pla ced “face up” at the bot tom of
the cell. When the de po si ti on time was over, it was re mo -
ved from the cell, rin sed ca re fully and dri ed. It was then ob -
ser ved un der an op ti cal mi cros co pe, Le itz DM RX,
equip ped with a vi deo ca me ra. Ima ges were cap tu red and
pro ces sed using the Jan del Sci en ti fic MOCHA ima ge
analy sis soft wa re.

Re sults
Fi gu re 1 shows a typi cal ti tra ti on cur ve of he ma ti te in

wa ter-ethanol me di um. It is in ge ne ral agre e ment with tho -
se ob ta i ned by Hes le it ner et al.24. The iso e lec tric po int,
i.e.p., was de ter mi ned from the σ vs. pH plot, and found to
be 7.4, the same as in the ab sen ce of et ha nol13. The re la ti ve
in de pen den ce of the i.e.p. with et ha nol con cen tra ti on was
also found by Hes le it ner et al.24.

In Fig. 2 typi cal vi deo ima ges ob ta i ned in the ex pe ri -
ments are shown; in each ex pe ri ment, se ve ral ima ges were
pro ces sed and the ir re sults ave ra ged. Fi gu re 3 pre sents the
re sults ob ta i ned for the num ber of par ti cles, Nd, as a func ti -
on of et ha nol mole frac ti on, xEt at the two po ten ti als stu di -
ed. Nd spans a wide ran ge and the re fo re is plot ted
o ga rith mi cally. It is ob ser ved that, as the et ha nol con tent
in cre a ses, a strong de cre a se in Nd oc curs ini ti ally fol lo wed
by a slo wer in cre a se af ter re a ching a mi ni mum. At the two
po ten ti als the be ha vi or is si mi lar, but in the re gi on of the
mi ni mum Nd an in ver si on is ob ser ved: the Nd at -0.3 V is
hig her whe re as in the ex tre mes the op po si te holds. It
should be no ted that at the two po ten ti als stu di ed the me tal
is ex pec ted to have char ges of dif fe rent sign, but no sig ni fi -
cant dif fe ren ce in the num ber of par ti cles is found, in di ca -
ting that the elec tros ta tic in te rac ti ons should not play a
sig ni fi cant role in the ob ser ved be ha vi or.

Dis cus si on
The ex pe ri men tal re sults show that the at tach ment of

he ma ti te par ti cles onto mer cury sur fa ces has a re la ti vely
com plex be ha vi or. It shows an in cre a se in the num ber of at -
ta ched par ti cles abo ve an et ha nol mole frac ti on of about
0.2. This fact can be qua li ta ti vely ex pla i ned on the ba sis of
the chan ges of me tal/so lu ti on and par ti cle/so lu ti on in te rac -
ti ons with xEt. To that end we will as su me, in a ge ne ral way,
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Fi gu re 1.  Ti tra ti on cur ve of he ma ti te in 0.01 M NaClO4, wa ter/et ha -
nol (xEt = 0.28). 0.1453 g  Fe2O3 + 50 µL 0.08 M HClO4, ti tra ted with
0.02 M NaOH. V = 100 cm3.



that for par ti cle/me tal ad he si on, the num ber of at ta ched
par ti cles will in cre a se as the (elec tro che mi cal) free energy
of ad he si on, ∆Gadh, de cre a ses. Then, we will con si der its
de pen den ce with sol vent com po si ti on.

The free energy chan ge per unit area when two dif fe rent 
sur fa ces (in this case me tal, M, and par ti cle, P) im mer sed in 
a third me di um (so lu ti on, S) at tach to each ot her is gi ven
by26:

∆G adh MP PS MS= γ γ γ– – (1)

whe re γMP, γPS and γMS are, res pec ti vely, the me tal/par ti cle,
par ti cle/so lu ti on and me tal/so lu ti on sur fa ce ener gi es. Each
of the se is, in turn, the sum of se ve ral con tri bu ti ons, na mely 
Van der Wa als (VW) for ces (in clu ding dis per si on and po -
la ri za ti on), dif fu se la yer elec tros ta tic in te rac ti on (el), che -
mi cal (chem), and ima ge for ces (im)26, 27, so that

γ γ γ γ γi i i i i= + + +vw el chem im                                        (2)

whe re i = MP, PS or MS. Then, ∆Gadh should, in ge ne ral, be
af fec ted by all the se con tri bu ti ons. The VW and elec tros ta -
tic in te rac ti ons are well known be ca u se they are con si de red 
in the  col lo id homo and he te ro co a gu la ti on the o ri es17,18,20.
When the sol vent is chan ged, all the con tri bu ti ons to γPS

and γMS are ex pec ted to be mo di fi ed, whe re as γMP (the in -
ter fa ci al ten si on of me tal and par ti cle in clo se con tact) can
be re gar ded as cons tant. Then, the de pen den ce of ∆Gadh on
the et ha nol mole frac ti on can be ex pres sed as

∆ ∆G x xadhadh Et Et( ) ( )= +G' constant                       (3)

whe re ∆G‘adh(xEt) is the sol vent de pen dent part of
∆Gadh(xEt). We will now con si der the con tri bu ti ons to
∆G‘adh(xEt) to es ti ma te its va ri a ti on with xEt. The be ha vi or
of γMS is well known for mer cury/aque ous so lu ti on in ter fa -
ces. It has been stu di ed for wa ter-ethanol mix tu res by
Ockrent28 using NH4NO3, and it shows the usu al in ver ted
pa ra bo la sha pe, with the ma xi mum be ing lo we red and shif -
ted ano di cally as the et ha nol con cen tra ti on in cre a ses.

On the ot her hand, γPS is less known. Fol lo wing Isra e -
lach vi li26, it can be con si de red as the free energy chan ge
when a unit area of par ti cle-particle sur fa ce is ta ken apart
and brought in con tact with the so lu ti on (Fig. 4), thus for -
ming a unit area of par ti cle-solution in ter fa ce. This pro cess
is the op po si te of par ti cle co a gu la ti on, so that it can be writ -
ten

– PS coag
el vw chem imγ = = + + +∆ ∆ ∆ ∆ ∆G G G G G  (4)

∆Gel and ∆GVW are the dou ble la yer and Van der Wa als
con tri bu ti ons to the energy chan ge when two iden ti cal, pla -
ne sur fa ces are brought to con tact from in fi nity; the se are
the in te rac ti on ener gi es bet we en iden ti cal par ti cles, which
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Fi gu re 3. Lo ga rithm of the num ber of par ti cles as a func ti on of xEt. (  )
-1.0 V vs. SCE; (o) -0.3 V vs. SCE. 80 mg dm-3 he ma ti te, 0.01 M

Fi gu re 2. Ima ges of mer cury film elec tro des with he ma ti te par ti cles
at ta ched. The par ti cles are the dark po ints. The ap pa rent tex tu re is due
to mer cury film roug he ning when it is ex trac ted from the cell. Ima ge
size: 260 x 200 µm2. (a) xEt = 0.09, E = -0.3 V; (b) xEt = 0.28, E = -0.3
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form the ba sis of DLVO and re la ted the o ri es of col lo id par -
ti cle in te rac ti ons. The ir de pen den ce with the sol vent com -
po si ti on can be ob ta i ned from the res pec ti ve equa ti ons as
fol lows.

The Van der Wa als in te rac ti ons
The Van der Wa als in te rac ti on energy bet we en two pla -

ne pa ral lel sur fa ces at a dis tan ce D apart is gi ven by29:

W D
A

D
( ) –=

12 0
2π

(5)

so that ∆GVW is the energy dif fe ren ce bet we en in fi nity and
a mi ni mum con tact dis tan ce D0, which can be ta ken as
0.165 nm29, that is

∆G
A

D
vw = –

12 0
2π

(6)

In Eqs. 5 and 6 A, known as the Ha ma ker cons tant, is ap -
pro xi ma tely gi ven by
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whe re εP and εS are, res pec ti vely, the par ti cle and sol vent
sta tic di e lec tric cons tants, and εP(iν) and εS(iν) are ap pro xi -
ma tely gi ven by30:
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v
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1

1

2

2

2

(8)

whe re n is the re frac ti ve in dex and νe the main elec tro nic
ab sorp ti on fre quency. In Eq. 7 the in te gra ti on is car ri ed out
in the op ti cal fre quency ran ge, so the lo wer li mit is usu ally

ta ken as29 ν1 ≈ 4 x 1013 s-1. Eq. 7 in clu des the zero
fre quency in te rac ti on, with the Deb ye and Ke e som con tri -
bu ti ons (first term) as well as the Lon don dis per si on energy 
(se cond term). νe for wa ter and et ha nol can be ta ken29 as
3.0  1015 s-1 and for he ma ti te, which ab sorbs in the vi si ble
ran ge, νe ≈ 5.51014 s-1.

From Eqs. 7 and 8 it is cle ar that the Van der Wa als in -
te rac ti on de pends on the sta tic di e lec tric cons tants and the 
re frac ti ve in di ces of both me dia, par ti cle and sol vent. For
he ma ti te, εP = 12 and nP = 3.0531. For wa ter-ethanol mix -
tu res, using the ava i la ble data32, the di e lec tric cons tant
can be ap pro xi ma tely ex pres sed, in the ran ge 0 ≤ xEt ≤ 0.4,
as εp = 78.5 - 59.5(xEt)1/2. On the ot her hand, as the re is
very lit tle dif fe ren ce bet we en the re frac ti ve in di ces of wa -
ter (1.333) and et ha nol (1.361), the nS va lu es are li ne arly
in ter po la ted.

Fi gu re 5 shows the re sul ting ∆GVW as a func ti on of
et ha nol mole frac ti on. A slight in cre a se with xEt is ob -
ser ved.

The elec tros ta tic in te rac ti ons

The sub ject of col lo i dal par ti cle elec tros ta tic in te rac ti -
ons has been wi dely stu di ed17-20,23. Hogg et al.19 gave the
fol lo wing ap pro xi ma te analy ti cal ex pres si on, va lid for low
sur fa ce po ten ti als, of the free energy chan ge for two pla ne
pa ral lel dou ble la yers which are brought from in fi nity to a
dis tan ce D apart:

∆G D DP
el [1 –  coth ( ) ( )= +ψ ε ε κ κ0

2
0

               + cosech ( )]κD     (9)

whe re Ψ0 is the sur fa ce po ten ti al, εo the va cu um per mi ti -
vity and κ is the in ver se Deb ye-Hückel length, gi ven for a
1-1 elec troly te by 
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Fi gu re 5. Van der Wa als for ces con tri bu ti on to the free energy chan ge 
of the co a gu la ti on pro cess, as a func ti on of et ha nol mole frac ti on.
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RTP

(10)

c be ing the elec troly te con cen tra ti on, and F, R and T have
the ir usu al me a ning.

The sur fa ce po ten ti al Ψ0 is a quan tity re la ti vely dif fi cult to 
ob ta in. Inste ad, the so cal led ζ po ten ti al is cus to ma rily ob ta i -
ned from elec tro ki ne tic me a su re ments. ζ is the po ten ti al va lue 
at the slip ping pla ne in the elec troly te sur roun ding the par ti cle. 
He is le it ner et al.24 have me a su red the ζ po ten ti al of he ma ti te
in wa ter-ethanol mix tu res, and gave an es ti ma ti on of the dis -
tan ce from the ou ter Helm holtz pla ne to the slip ping pla ne in
the or der of 1.2 nm. From the se data, ap pro xi ma te va lu es for
Ψ0 can be ob ta i ned. With the se va lu es in turn, ∆Gel at D = D0,
gi ves a de pen den ce with xEt as shown in Fig. 6.

The ot her con tri bu ti ons to γPS, ∆Gchem and ∆Gim are not
known, and ini ti ally they will be con si de red ne gli gi ble, as
is usu ally done17-20,27.

The de pen den ce of ∆Gadh on sol vent com po si ti on

From Eqs. 1, 3, 4 and the abo ve con si de ra ti ons, it can be
writ ten that

∆ ∆ ∆G G Gel vw
MS' –adh = + γ (11)

Using data from Ref. 28 for γMS, the ad he si on free
energy de pen den ce on xEt is de pic ted in Fig. 7. It is ob ser -
ved that as the et ha nol mole frac ti on is in cre a sed, ∆Gadh in -
cre a ses re a ching a  pla te au at xEt  0.25. This is in qua li ta ti ve 
agre e ment with the ex pe ri men tal fin dings. Ma inly, the in -
cre a se in the first part of the cur ve ap pro xi ma tely mat ches
the ex pe ri men tal de cre a se of Nd in this ran ge. The de cre a se
of ∆Gadh at hig her xEt (and the cor res pon ding in cre a se in
num ber of par ti cles) can be at tri bu ted to a hig her ins ta bi lity
of the par ti cles in a me di um of low di e lec tric cons tant. 

Although not ge ne rally con si de red, the re should be a
con tri bu ti on of ∆Gchem to this ef fect. Be ca u se he ma ti te is an 
oxi de,  the pre sen ce of hydro gen bon ding bet we en wa ter
and the par ti cles should be ex pec ted. As the et ha nol (which
has less ca pa bi lity to form hydro gen bonds than wa ter)
con tent in cre a ses, the num ber of such bonds should di mi -
nish, and so di mi nis hing the sta bi lity of the par ti cles in sus -
pen si on, thus fa vo ring the de po si ti on.

On the ot her hand, the abo ve cal cu la ti ons do not ex pla -
in the ob ser ved cros sing of the Nd vs. xEt cur ves at dif fe rent
po ten ti als. This is a dif fi cult po int to ex pla in, be ca u se the
elec tro de po ten ti al is as su med to af fect γMP and γMS but not
γPS. The de pen den ce of γMS with the et ha nol con cen tra ti on
is mo no to nic and can not lead to the be ha vi or of Fig. 2.
Although Ockrent28 used a dif fe rent elec troly te than ours,
it is un li kely that this dif fe ren ce could af fect strongly the
re sults. A pos si ble ex pla na ti on is that γMP could be sol vent
de pen dent, in ad di ti on to po ten ti al de pen dent. This might
be due to a small amount of sol vent be ing re ta i ned upon
par ti cle ad he si on.

As it is men ti o ned abo ve, the me tal - par ti cle elec tros ta -
tic in te rac ti ons do not ap pe ar to have sig ni fi cant in flu en ce
in the ob ser ved be ha vi our, be ca u se the he ma ti te par ti cles
have a po si ti ve char ge at the pH stu di ed here, whe re as the
me tal has in one case ne ga ti ve char ge and po si ti ve char ge
in the ot her case. The dif fe ren ces ob ser ved do not seem to
be re la ted to such in te rac ti ons. In fact, the cal cu la ti ons
show that γMS is the do mi nant term in ∆G‘adh, that is, the
energy ga i ned in di mi nis hing the me tal-solution in ter fa ci al
area se ems to over co me ot her con tri bu ti ons.
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