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2+
The inﬂuence of inorganic anions (NO
and Mg2+)
3 , I , Br , Cl , SO4 , and S2 O3 ) and of divalent cations (Ca
on the zeta potential and on the isoelectric point of a-alumina in aqueous medium has been studied. The
effect of the anions is highly ion speciﬁc even at salt concentrations as low as 5  104 M. This unexpected
ﬁnding is in line with a recent report [Böstrom et al., J. Chem. Phys. 128 (2008) 135104]. It is also in agreement with an earlier theoretical prediction [B.W. Ninham, V.V. Yaminsky, Langmuir 13 (1997) 2097]. The
results are consistent with the classical Hofmeister series, except for the case of NO
3 . Divalent anions
2
(SO2
4 and S2 O3 ) decrease the magnitude of the zeta potential of a-alumina in aqueous medium, more precisely; S2 O2
3 produced large negative zeta potential (12 to 47 mV) within the pH range of the study
without the isoelectric point (IEP) of a-alumina. However, the SO2
4 decreased the zeta potential of a-alumina of different magnitudes (maximum 25 mV at both ends of the experimental acidic and basic pH
scale) with a minor shift of the IEP (0.5 unit) toward lower pH. Ca2+ and Mg2+ produce zeta potentials
of a-alumina roughly equal to that of neat a-alumina but slightly higher than that of Na+ at both sides of
the IEP. We have shown further that the same ion speciﬁcity or equivalently competitive ion effects occur
with the adsorption density of p-hydroxybenzoate onto a-alumina surfaces. The sequence of anions (with
common cation) for the adsorption density of p-hydroxybenzoate on the a-alumina surfaces follows the
2




2+
and Mg2+) exhiHofmeister series sequence: S2 O2
3 < SO4 < Cl > Br > I > NO3 . The divalent cations (Ca
bit a roughly equivalent effect on the adsorption of p-hydroxybenzoate onto a-alumina surfaces. Using the
frequency shifts of mas(–COO) and ms(–COO) in the DRIFT spectra of p-hydroxybenzoate after adsorption
and other characteristic peaks, we have demonstrated that p-hydroxybenzoate forms outer-sphere complexes onto a-alumina surfaces at pH 5 and 6 and inner-sphere complexes at pH 7, 8, and 9 in the presence
of 5  104 M NaCl(aq).
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
An understanding of the adsorption of surface-active agents at
the metal oxide– and oxy(hydroxide)–water interface in the presence of background electrolyte of variable concentrations and pH
of the suspension is important for mineral processing industries,
soil remediation, wetting, dispersion stability, and mineral dissolution [1–8]. With soluble natural organic matter (NOM), carboxylic
and phenolic –OH groups are the two primary functionalities present that are responsible for adsorption at the mineral oxide–water
interface in nature.
The adsorption of NOM onto mineral oxide surfaces is usually
attributed to electrostatic and ‘‘speciﬁc” interactions [9–11]. In this
context the word ‘‘speciﬁc” really means ‘‘of yet imperfectly under* Corresponding authors. Fax: +91 376 2370011 (S. Mahiuddin).
E-mail addresses: werner.kunz@chemie.uni-regensburg.de (W. Kunz), barry.
ninham@anu.edu.au (B.W. Ninham), mahirrljt@yahoo.com (S. Mahiuddin).
0021-9797/$ - see front matter Ó 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2009.12.048

stood origin.” A possible clue to the mechanism lies in the observation that inorganic ions also adsorb along with NOM in the
adsorption process [12–16]. For example, the adsorption density
of NOM and other surface-active agents on metal oxide surfaces
is decreased in the presence of polyvalent inorganic anions (e.g.,
3
SO2
4 , PO4 ) [10,11,12–16]. By contrast, the amount of NOM adsorbed onto metal oxide surfaces increases in the presence of divalent cations (e.g., Ca2+, Mg2+) [9,10,17,18]. In recent studies it was
demonstrated that divalent cations govern the deposition kinetics
of viruses and adsorption of bacteria for different adsorbents
[19,20]. Recently, Borah et al. [15] reported that divalent anions
signiﬁcantly inhibit the adsorption of salicylate at the a-alumina–electrolyte interface in comparison with monovalent anions,
which promote adsorption.
Knowledge of the zeta potential provides an important parameter for the explanation of the adsorption mechanism of an adsorbate at the metal oxide–water interface. The isoelectric point (IEP)
or point of zero charge (pzc) of the any metal oxide surfaces
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provides information on the cleanness of a metal oxide surface.
Park [21] has compiled the IEP/pzc characteristics of metal oxides.
Recently, Kosmulski [22–24] has also compiled IEP/pzc data not
only for metal oxides but also for mixed oxides, sparingly soluble
salts, and other materials. In the literature the IEP of aluminum
oxide powder was found to be in the pH range of 4–9.5, depending
on the hydration, purity, and treatment of the surfaces [21–26].
Franks and Meagher [26] reported the IEP of sapphire and a-alumina determined by streaming potential and atomic force measurement. The IEPs were pH 5–6 and pH 9.4, respectively. The
differences in the IEPs were attributed to the morphologies of the
surfaces in the two types of alumina.
However, as we will show, our study shows strong, systematic
Hofmeister effects at very low electrolyte concentrations. This is
surprising. Practically all the literature on Hofmeister effects focuses on high electrolyte concentrations, typically >0.1 M [27–
29], in some cases even at lower concentrations. Interestingly,
ion speciﬁcity toward surfactant bilayers [30] and zeta potential
of sapphire [26,31] have been reported at millimolar salt concentrations. Electrostatic, ion–solvent, and ion–ion interactions were
thought to dominate speciﬁc ion effects at low electrolyte
concentrations.
To put our study into the context of Hofmeister effects in general, we remark again that the systematic effects of ions on the surface properties of a metal oxide and oxy(hydroxide) in aqueous
medium provide an important, unexplored probe that in principle
should provide some insights into adsorption phenomena with
surface-active agents. This is assumed to be so because the ions
greatly alter the surface charge of a metal oxide and oxy(hydroxide). But as we shall see this cannot be the whole story.
The Hofmeister series originally referred to the relative ﬂocculating capacity of a series of inorganic anions at ﬁxed cation, or vice
versa, and the ion speciﬁcity is demonstrated in a vast array of
physicochemical and biological phenomena ranging from human
physiology to biotechnology to ecology. Hofmeister effects were
ﬁrst identiﬁed more than a century ago. They were ﬁrst discovered
in studies of the precipitation of protein ovalbumin. (In his ﬁrst
works Hofmeister also explored the effects in precipitation of
Fe2O3.) The phenomena are so well reviewed that they need little
recapitulation here [32,33]. We remark only that these Hofmeister
or speciﬁc ion effects are as ubiquitous as they are unexplained.
They occur in biochemistry, colloids, polymers, and surface chemistry [34]. Of closest relevance to our study, the Hofmeister series
exhibit signiﬁcant effects particularly on surface tensions of electrolytes [35] and surfactants [36], zeta potential and surface potential measurements [27–29,37], cationic microemulsions [38], on
octadecyl monolayers spread on salt solution [39], and on interfacial water with cationic surfactant [40], water/macromolecule
interfaces [41], and metal oxide/liquid interfaces [27–29,42–49].
Interestingly, Lyklema [50] argued that the ions at the oxide/water
interface act as ‘‘potential determining” or preferably ‘‘charge
determining” (e.g., H+, OH, Ag+, I). He argued that the inﬂuence
of ions at the metal oxide/water interface can be interpreted in
terms of ‘‘ion correlation”; however, for experimental evidence of
‘‘ion speciﬁcity” the surface charge of an adsorbent as well as the
ion (salt) concentration should be high enough and that also for
di- or higher valent ions. On the other hand, for realizing the ion
speciﬁcity, Franks et al. [28] added ‘‘most importantly structure
maker surfaces preferentially adsorbed structure maker ions and
structure breaker surfaces preferentially adsorbed structure breaker ions,” which is in tune with Collins’s views [51] ‘‘small likes
small and big likes big” or ‘‘soft likes soft and hard likes hard.”
But in the context of adsorption of the small organic acids (aliphatic or aromatic) at the metal oxide–water interface, the inﬂuence of the Hofmeister ion series on the adsorption of small
well-deﬁned organic acid(s) has not yet been reported in the liter-
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ature. Generally, alkali salts containing anions like Cl, NO
3 , ClO4
are used as background electrolytes for the adsorption of organic
acids/anions on the metal oxide surfaces in aqueous medium.
The inﬂuence of other inorganic anions (mono and divalent that
occur in the common Hofmeister series) on the adsorption of small
organic anions at the metal oxide–water interface seldom appears
in the literature [12,13,52–54]. A competition effect between
halides has recently been recognized. It accounts for the ion speciﬁcity toward hydrophobic solid surfaces at biological salt concentrations [55]. There has been little attention paid to, or awareness
of, Hofmeister effects at millimolar salt concentrations, even
though they do leave their footprint in decreasing or increasing
the magnitude of the zeta potential of an adsorbent depending
on the types of ions (cations and anions) [22,26,29,31,56]. In fact
the possibility of such a low salt Hofmeister effect in zeta potential
may be small, but the experimental values have already been reported [26,31] and also predicted theoretically [30,57].
The adsorption of small well-deﬁned organic acids/anions at the
metal oxide– and oxy(hydroxide)–water interface depends (classically) on the pH vis-à-vis the surface charge of an adsorbent, notably
the zeta potential. Monovalent anions in the millimolar concentration range that decrease the magnitude of the zeta potential of an
adsorbent without altering the isoelectric point (IEP) are termed
indifferent electrolytes. An exception is iodide. For example, the
IEP of rutile at 0.3 M NaI(aq) is reported to be at pH 6.3. It shifts further to higher pH 7.3 at 0.5 M NaI(aq). But for hematite at higher
NaI(aq) concentration (say 0.4 M) the sign of the zeta potential is positive without any IEP [29]. This observation is characteristic of
NaI(aq) as ‘‘NaI(aq) is the most effective IEP shifter” [29].
But in the case of divalent anions and cations, the zeta potential
of metal oxide and oxy(hydroxide) is drastically changed. The isoelectric point of anatase is shifted by around 4 units toward basic
pH in the presence of 3 mM Ba2+. The magnitude of the IEP shift
is not signiﬁcant. But the depression
in the presence 3 mM SO2
4
of zeta potential in the acidic pH range is worth noting. So too
the trivalent anion (e.g., PO3
4 phosphate) has a remarkable effect
on both the IEP shift and the depression of zeta potential in the
acidic pH range [23]. Therefore, the adsorption behavior of an organic anion at the metal oxide–water interface in the presence of
anions and cations of 1:1 and 1:2 background electrolytes is expected to be different due to the change in surface charge of the
metal oxide.
In the framework of adsorption studies, vibrational spectroscopy provides information on surface complexation of surface-active agents on metal oxide surfaces. Two of the most useful such
tools for study of surface complexation between a surface-active
agent and a metal oxide are diffuse reﬂectance infrared Fourier
transform (DRIFT) and attenuated total reﬂection Fourier transform infrared (ATR-FTIR) spectroscopy [58–60]. For example,
adsorption of benzenecarboxylate onto metal oxide surfaces occurs
through the coordination of the carboxyl group with different
modalities, such as monodentate, bridging, and chelating [61,62].
But the complete understanding of the mode of complexation of
carboxylate on different metal oxide surfaces is still incomplete
due to the complex nature of the chemical environment of the suspension. p-Hydroxybenzoate forms bidentate complexes with
goethite surfaces through the carboxylic group and the involvement of the phenolic group in surface complexation is likely to
be rare due its position (at the para position) in the benzene ring.
But 2-hydroxybenzoic (salicylic acid) and 2,3-dihydroxybenzoic
acids form surface complexes with metal oxide surfaces through
carboxylic groups as well as phenolics [61,63]. Das and Mahiuddin
[64] have also reported that p-hydroxybenzoate forms an outersphere surface complex with hematite surfaces and the phenolic
group does not participate in the coordination onto hematite surfaces due to an unfavorable steric arrangement.
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In the present study we have used p-hydroxybenzoic acid. This
is a substituted benzoic acid, which is produced as a secondary
metabolite by plant roots and microorganisms [65–67] for the
adsorption studies. It contains both –COOH and –OH groups, which
are sensitive to complexation with metal cations and surface complexation onto mineral surfaces. The adsorption proﬁles of phydroxybenzoic acid onto metal oxide surfaces are expected to
be different in the presence of different inorganic anions and cations in an aqueous medium. The inﬂuence of a series of inorganic
ions, and pH, on the adsorption of hydroxybenzenecarboxylate at
the metal oxide–electrolyte interface seems an arcane preoccupation. It is not the subject of a vast literature. Therefore, we report
in this paper:
(i) The inﬂuence of different monovalent and divalent inorganic
ions at 0.5 mM on the zeta potential of a-alumina.
(ii) The kinetics of adsorption of p-hydroxybenzoate onto a-alumina surfaces at a ﬁxed pH.
(iii) Adsorption isotherms of p-hydroxybenzoate at the a-alumina–water interface at different pH and ﬁxed background
electrolyte.
(iv) The inﬂuence of different monovalent and divalent ions on
the adsorption of p-hydroxybenzoate at the a-alumina–
water interface at a ﬁxed pH; and ﬁnally.
(v) Surface complexation of p-hydroxybenzoate at the a-alumina–water interface at different pH in the presence of
NaCl(aq) as a background electrolyte is investigated by
DRIFT spectroscopy.
2. Materials and methods
2.1. Materials

a-Alumina (>99.7%, Aldrich, Germany) was washed twice with
distilled water to remove any soluble impurities, dried, and ﬁnally
heated at 700 °C for 3 h to remove gases and surface moisture
and kept under vacuum. p-Hydroxybenzoic acid (>99.5%, E. Merck,
India), sodium hydroxide (>99%, s.d. ﬁne-chem, India), and hydrochloric acid (AR grade, NICE Chemicals, India) were used without
further puriﬁcation. p-Hydroxybenzoate was prepared from the
reaction of p-hydroxybenzoic acid with sodium hydroxide solution
by maintaining the solution pH at 6. The salts used, NaCl (99.5%, E.
Merck), NaBr (99.5%, E. Merck), NaI (99.5%, BDH, India), NaNO3
(99.5%, E. Merck), Na2SO4 (99.5%, E. Merck), Na2S2O3 (99.5%, E.
Merck), CaCl2 (99.5%, E. Merck) and MgCl2 (99.5%, E. Merck), were
recrystallized from double-distilled water, dried, and kept in a vacuum desiccator. All solutions were prepared using freshly prepared
double-distilled water.

The zeta potential technique is a widely accepted standard tool
of characterization of colloid science that uses electrophoresis.
The interpretation of such measurements assumes the correctness
of the theory of electrophoretic mobility of a particle. This is based
on the classical theory of the double layer that ignores the dispersion and hydration forces that give rise to the speciﬁc ion effects
studied. Consequently, while the measurements reported below
are interpreted ﬁrst in terms of the classical theoretical framework,
it will not be a surprise if inconsistencies emerge. These inconsistencies and their ramiﬁcations will be discussed later in the text.
A suspension containing 0.005 g of a-alumina in a 50 mL of
double-distilled water at a ﬁxed salt concentration was ultrasonicated with a Vibracell sonicator (VCX 500, USA) equipped with
0.5 in. Titanium horn for uniform dispersion. The pH of the suspension was initially adjusted with dilute HCl at 3.0 and the zeta potential was measured with increasing pH of the suspension,
obtained by adding dilute sodium hydroxide solution with the help
of a multipurpose titrator (DTS 5900, Malvern, UK). The total time
elapsed before the measurement started was 60 min. The zeta
potential was measured with an uncertainty of ±10% at 25 °C and
controlled by PCS software provided by Malvern Instruments, UK.
2.4. Adsorption kinetics
A suspension of 15 mL containing 0.5 g a-alumina, 5 
104 mol dm3 p-hydroxybenzoate, and 5  104 mol dm3 NaCl
solution was mixed thoroughly with the help of a vortex mixer.
The suspension was equilibrated with intermittent mixing until
adsorption equilibrium was judged to have been reached. The
adsorption density (C) of p-hydroxybenzoate onto a-alumina
(0.5 g) in a 15 mL suspension at pH 5 and 5  104 mol dm3
NaCl(aq) was measured as a function of time at different temperatures. The suspensions at different intervals of time were cooled
and centrifuged at 12,500 rpm for 15 min (relative centrifugal
force = 28,790g). The residual concentration of p-hydroxybenzoate
was estimated at kmax = 246 nm (absorption maximum) with a
UV–visible spectrophotometer, Specord 200 (Analytik Zena, Germany). The amount of p-hydroxybenzoate adsorbed per unit surface
area of the a-alumina (adsorption density) was estimated by mass
balance using the following relation:

C ¼ ðC 0  C e ÞV=ma;

ð1Þ

where C0 and Ce are the initial and residual concentration of the phydroxybenzoate in the suspension, V is the volume of the suspension, and m and a are the mass and surface area of the a-alumina,
respectively.

2.2. Adsorbent

2.5. Adsorption isotherms

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA), (SDT 2960, TA Corporation, USA), powder XRD (Ultima IV, Rigaku, Japan), and DRIFT (Model 2000, Perkin–Elmer,
USA) spectra of dried and heated a-alumina were recorded and
the results show that the alumina contains a-phase. The surface
area of a-alumina was determined by the BET method and was
found to be 7.29 m2 g1. The adsorption site concentration as
determined by following the procedure of Hohl and Stumm [68]
is estimated to be TOT („AlOH) = 1.815 mmol dm3 based on the
site density of 4.54 site nm2.

The adsorption isotherms of p-hydroxybenzoate on the a-alumina surfaces were measured at 25 and 30 °C in a screw-capped
glass tube. A suspension of 15 mL containing 0.5 g a-alumina in
the presence of 5  104 mol dm3 of NaCl(aq), NaBr(aq), NaI(aq),
NaNO3(aq), Na2SO4(aq), Na2S2O3(aq), CaCl2(aq), or MgCl2(aq) was
mixed thoroughly with the help of a vortex mixer. The pH of the
suspension was adjusted to a desired value within ±0.1 unit using
either NaOH or HCl solution and then allowed to equilibrate for
1 h. The required amount of p-hydroxybenzoate was added and
the pH of the suspension was readjusted, if necessary. The suspension was then allowed to equilibrate with intermittent mixing for
72 h (duration of equilibrium adsorption). After the equilibration,
the suspension was then centrifuged and the residual concentration of p-hydroxybenzoate was estimated as outlined in the previous section.

2.3. Zeta potential
The zeta potential and the IEP of a-alumina were evaluated
with the help of a Zetasizer-3000HS (Malvern Instruments, UK).
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2.6. DRIFT spectroscopy
For DRIFT spectroscopic studies 0.5 g of the a-alumina was
equilibrated with 0.01 mol dm3 p-hydroxybenzoate in the presence of 5  104 mol dm3 NaCl(aq) at a desired pH maintained
by adding either dilute NaOH(aq) or HCl(aq) solution following
the same procedure adopted for adsorption. The suspension was
centrifuged and the residue was washed once with distilled water,
centrifuged, and dried in a vacuum desiccator over fused calcium
chloride. The DRIFT spectra were recorded with a Perkin-Elmer
FTIR 2000 spectrophotometer using a Perkin-Elmer DRIFT accessory (Part No. L127-5001) and Spectrum 3.2 software. In all cases
spectra were recorded with 200 scanning and 4 cm1 spectral
resolution.
3. Results and discussion
3.1. Inﬂuence of monovalent and divalent ions on the zeta potential of
a-alumina
The a-alumina used in the present studies has an IEP of 6.7
without any ions (Fig. 1). This is lowered in the presence of NaCl(aq) [5]. The present IEP of a-alumina is 2.5 units lower than
the reported value [21–24,26]. In general, the numerical value of
the zeta potential of properly surface-hydrated alumina at pH 3
and low salt (1:1) concentration is reported to be 60 mV, which
decreases on increasing the salt concentration. The much lower
zeta potential and a low IEP are reported for sapphire [26], diaspore [69], and bayerite [70]. The reason for the low IEP of alumina
particularly for sapphire is due to a lesser number of surface hydroxyl groups bound to multiple aluminum atoms. These have a low
pKa [26,71,72]. Moreover, the proton of the surface hydroxyl group
is not bound strongly to the oxygen due to the poorly satisﬁed electronegativity of the surface hydroxyl group. Therefore, the proton
is easily removed in the lower pH range. The XRD pattern of the
adsorbent shows the a-alumina. For our a-alumina heat treatment
and short duration aging of a-alumina suspension for 60 min do
not generate sufﬁcient surface hydroxyl groups. So, the above two
points contribute together for the lower IEP for the present a-alumina. Cromières et al. [73] has explained that the medium of storage also inﬂuences the IEP of a-alumina.
The variation of zeta potential of a-alumina in the presence of
5  104 mol dm3 of NaCl(aq), NaBr(aq), NaI(aq), or NaNO3(aq)
as a function of suspension pH is also shown in Fig. 1. The IEP of
a-alumina in the presence of Cl, Br, I, and NO3 is not shifted
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Fig. 1. Variation of zeta potential of a-alumina with pH in the presence of
5  104 M NaCl(aq), NaBr(aq), NaI(aq), and NaNO3(aq) at 25 °C (initial pH of the
suspension was adjusted at 3.0).
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or these monovalent anions are not IEP shifters at 5  104
mol dm3. But below and above the IEP these anions exhibit their
inﬂuence on the zeta potential. As an example, we consider the
zeta potential of a-alumina at pH 5 and how these anions inﬂuence
the zeta potential.
It is apparent from Fig. 1 that the zeta potential of a-alumina in an
aqueous suspension at pH 5 without any salt can be inferred to be
+22 mV. This decreases to +10 mV with Cl. This is presumably
due to adsorption of Cl onto a-alumina surfaces resulting in a decrease in surface charge and lowering of the zeta potential. But in
the presence of Br and I at the same concentration the zeta potential of a-alumina in the suspension increases to +33 mV. NO
3 increases the zeta potential of a-alumina to +25 mV but roughly
equal to that of Cl. It seems that Br, I, and NO
3 increase the surface
charge of a-alumina. The inﬂuence of these monovalent anions on
the zeta potential of a-alumina within the experimental uncertain

ties follows the sequence Cl  NO
3 < Br  I . Kosmulski [29] has
studied the variation of IEP a-alumina on concentration (from
1  103 to 0.5 mol dm3) of the 1:1 electrolytes and the shift of




the IEP follows the sequence NO
3 < ClO4 < Cl < Br < I . In the presence of Br and I the zeta potential of a-alumina is positive in the
entire pH range and no IEP was detected at concentrations
P0.4 mol dm3 NaI(aq) and >0.5 mol dm3 NaBr(aq). The reason
for this shift of IEP of a-alumina is due to the leveling off of anion
adsorpton at relatively higher concentrations, where the salting-in
and salting-out property anion plays an important role [32,33,35].
At high salt concentration the shifting of the IEP of a metal oxide is
dependent on the nature of the cation and anion. But at low background electrolyte (1:1) concentration, as in the present system,
the IEP of a-alumina is independent of the nature of the 1:1 electrolyte at the millimolar concentration region. The monovalent anion
binding onto a-alumina in a suspension and the effect on the zeta potential are also reported [27,28]. Johnson et al. reported an equivalent zeta potential of a-alumina in the presence of Br, Cl, I, and
NO
3 at 0.01 and 1.0 M and pH 4–12 and the hydration enthalpy
was the key parameter for almost identical binding properties

[27]. On the other hand, Franks et al. reported binding of IO
3 , BrO3 ,



Cl , NO3 , and ClO4 onto a-alumina and these anion sequences follow
the Hofmeister series based on the ion–solvent interaction [28]. Barring the results of Johnson et al. [27], the ion speciﬁcity results of
Franks et al. [28], Kosmulski results [29], and our results follow the
Hofmeister series according to ion–solvent interaction as well as
polarizability, albeit the order may be reverse for either structuremaking and -breaking ions or both. For example, the anions selected
by Franks et al. [28] according to the ion–solvent interactions [28]


follows the order taking Cl as the reference IO
3 > BrO3 > Cl >

>
ClO
,
but
according
to
polarizability
[74]
the
order
follows
NO
4
3




IO
3 > BrO3 > Cl < NO3 < ClO4 . Enthalpy of hydration is related to
salting-in and salting-out properties of ions vis-à-vis the binding
property to metal oxide surface [27]. Adsorption/binding of anions
(Cl, Br, I, and NO
3 ) on the a-alumina surfaces based on the hydra
tion enthalpies should follow the sequence Cl > Br > NO
3 ?I .
This sequence was not observed by Johnson et al. [27]. Rather, an
equivalent binding effect of these anions was reported in the pH
range 4–12 at 0.01 and 1.0 mol dm3. In our system also the hydration enthalpies of the anions in question have no sequential effect on
the zeta potential of a-alumina. The lower value of the zeta potential
of a-alumina in the presence of Cl in comparison to Br, I, and NO
3
is due to the speciﬁc adsorption of the Cl ion on the a-alumina surfaces [75] and the adsorption is ion speciﬁc.
decreases the magnitude of the zeta
On the other hand, SO2
4
potential of a-alumina from +20 to +7 mV at 0.5 mM and pH
5, whereas S2 O2
3 decreases the magnitude of the zeta potential signiﬁcantly from +20 to 29 mV (Fig. 2). There is a marginal shift
which was
of the IEP of a-alumina also in the presence of SO2
4
found to be 6.2. But the zeta potential is negative in the presence
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Fig. 2. Variation of zeta potential of a-alumina with pH in the presence of
5  104 M Na2SO4(aq) and Na2S2O3(aq) at 25 °C (initial pH of the suspension was
adjusted at 3.0).

of S2 O2
3 over the entire pH range and no IEP at all can be detected.
The change in the magnitude of the zeta potential of a-alumina
would be assigned conventionally to the speciﬁc adsorption of
2
SO2
4 and S2 O3 in the outer Helmholtz plane of the a-alumina surfaces, making the surface negatively charged [76,77].
Taking these results together at pH 5 we conclude that the struc2
ture-making ions (S2 O2
3 and SO4 ) decrease the magnitude of the
zeta potential of a-alumina numerically more than the structure


breaking ions (NO
3 , Br , and I ) while Cl represents border line.
Interestingly, the Hofmeister series effect for the present anions is
2




observed and follows the order S2 O2
3 < SO4 < Cl  NO3 < Br  I
[32–35] with an exception for NO
.
The
sequence
is
in
line
of
their
3
polarizability and ion–ion interaction effect. In the acidic and alkali
pH range a reverse Hofmeister series effect among halides (Cl,
Br) and NO
3 was demonstrated after considering the nonelectrostatic force in the well-known DLVO theory in precipitation of oxide
in suspension [78]. An exception in the form of a reverse Hofmeister
series effect has also been encountered, depending on the choice of
system and/or salt concentration [79].
The variation of the zeta potential of a-alumina as a function of
pH in the presence of divalent cation at 5  104 mol dm3 and at
25 °C is shown in Fig. 3. The zeta potential of a-alumina in the
presence of Ca2+ and Mg2+ is found to be +25 mV at pH 5, which
is roughly comparable to that with neat a-alumina. It is apparent

that Ca2+ and Mg2+ have a less signiﬁcant inﬂuence on the zeta potential of a-alumina in comparison to anions (Fig. 2). But the effect
on the zeta potential is positive, taking Na+ as the base value. On
the contrary the IEP of a-alumina is shifted from 6.78 to 7.4 in
the presence of Ca2+ and Mg2+. This was not observed in the presence of monovalent anions under similar experimental conditions.
The shifting of the IEP of a-alumina by divalent anions and cations
in the present study is opposite in nature. Such shifting of the IEP
2+
2+
of a-alumina is due to the adsorption of the SO2
4 , Ca , and Mg
on the a-alumina surfaces [80] and alteration of surface charge
of the a-alumina surface.
With the results in hand, we conclude that the structure maker
ions adsorbed preferentially onto the a-alumina surfaces (structure maker). Also the ion with higher polarizability has higher surface-active properties [30]. Even though the present a-alumina has
lesser surface hydroxyl groups in contrast to reported higher surface hydroxyl groups, due to short duration aging, the ion speciﬁcity is observed for all ions (anions and cation) in the present study.
Ion–solvent and ion–ion interactions and equally the polarizability
of ions in the millimolar concentration region and below are the
governing factors for changing the magnitude of the zeta potential
of a-alumina in the suspension. Therefore, the adsorption proﬁle of
an adsorbate (in the present study it is p-hydroxybenzoate) onto aalumina surfaces in the presence of these anions individually is expected to be different since there would be competition between
an ion and an adsorbate for the surface site as the surface charge
and the interaction at the double layer at the solid/liquid interface
are ion speciﬁc [30]. This will be discussed in the next section.

3.2. Kinetics of adsorption
The variation of adsorption density of p-hydroxybenzoate at the

a-alumina/water interface at pH 5, 5  104 mol dm3 NaCl(aq)
and at three different temperatures is shown in Fig. 4. The state
of adsorption equilibrium for p-hydroxybenzoate at the a-alumina–water interface is attained after 70 h in the temperature
range of the study. The state of adsorption equilibrium is found
to be similar to that of the p-hydroxybenzoate–hematite system
reported earlier [64]. Therefore, an equilibration time of 72 h is
chosen for the adsorption isotherms.
The kinetic parameters and the rate constants for adsorption
were estimated using pseudo-ﬁrst-order [81,82] and pseudo-second-order kinetic equations of linear form and the Ho equation,
which is the nonlinear form of pseudo-second-order kinetic equation [83–86].
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Fig. 3. Variation of zeta potential of a-alumina with pH in the presence of
5  104 M CaCl2(aq) and MgCl2(aq) at 25 °C (initial pH of the suspension was
adjusted at 3.0).
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Fig. 4. Effect of temperature on the adsorption of p-hydroxybenzoate on a-alumina
surfaces at ﬁxed initial concentration of p-hydroxybenzoate: C0 = 5  104 M, aalumina = 0.5 g, NaCl(aq) = 5  104 M, V = 15 mL, pH 5.0.
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lnðqe  qÞ ¼ ln qe  k1 t

ð2Þ

t=q ¼ 1=k2 q2e þ ð1=qe Þt

ð3Þ

⎯ pH 5
⎯ pH 6
⎯ pH 7
⎯ pH 8
⎯ pH 9

3.5
3.0

þ 1Þ;

ð4Þ

where qe and q are the concentration of p-hydroxybenzoate adsorbed on a-alumina surfaces at equilibrium and at time t and k1,
k2, and k3 are the adsorption rate constant for the pseudo-ﬁrst-order, pseudo-second-order, and the Ho kinetics equations. The estimated value of qe from the pseudo-ﬁrst-order kinetic equations
deviates (up to 90%) from the experimental qe value. This has also
been encountered for many systems and the reasons for such deviations discussed by many authors [15,64,85–89]. Regarding the
pseudo-second-order kinetic equation of linear form many authors
have raised the question of applicability due to associated statistical
errors [85,86,89]. Both these kinetic equations of linear form are
applicable to adsorption kinetics data for a system not far from
the state of equilibration. In contrast, the nonlinear form of the
pseudo-second-order kinetics equation, i.e., Ho equation (Eq. (4))
is applicable in the entire time duration of an adsorption kinetics
run.
Estimated values of the parameters of Eqs. (2), (3), and (4) are
presented in Table 1. From the standard deviations (Table 1) these
imply that the calculated value of the qe parameter obtained from
the pseudo-ﬁrst-order and the pseudo-second-order kinetics equations is not in good agreement (up to 42% deviation) with that of
the experimental qe while the Ho equation exhibits better
agreement.
3.3. Adsorption isotherms
The adsorption isotherms of the p-hydroxybenzoate–a-alumina
system at different pHs, 5  104 mol dm3 NaCl(aq), and at 30 °C
are shown in Fig. 5. The adsorption isotherms have a Langmuir
form and the Langmuir equation of the following form was used
to ﬁt the experimental adsorption data,

C ¼ Cmax C e =ðK þ C e Þ;

ð5Þ

where Ce is the equilibrium concentration of p-hydroxybenzoate (in
mmol dm3), K = 1/Ks, Ks is the adsorption coefﬁcient, and C and
Cmax are the adsorption of the p-hydroxybenzoate (in lmol m2)
at equilibrium and after saturation on the a-alumina surfaces,
respectively. The values of Cmax and Ks are listed in Table 2.
Tejedor-Tejedor et al. [90] has also found adsorption isotherms
of the same form for the adsorption of p-hydroxybenzoate on
the goethite surfaces at pH 5.5 and 20 °C. The adsorption density
of p-hydroxybenzoate at the a-alumina–electrolyte interface
decreases with the increase of pH of the suspension. This is due
to the decrease in the positive sites at the a-alumina surface with
increased pH of the suspension. As expected from the zeta potential

Γ ( μmol m-2)

q¼

q2e k3 t=ðk3 qe t
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Fig. 5. Adsorption isotherms of p-hydroxybenzoate onto a-alumina surfaces at
different pHs, NaCl(aq) = 5  104 M, a-alumina = 0.5 g, V = 15 mL, and at 30 °C.
Symbols are experimental and the solid lines are the theoretical value (Eq. (5)),
respectively. The data points represent triplicate adsorption experiments.

in the presence of NaCl(aq) (Fig. 1) the adsorption density of phydroxybenzoate onto a-alumina at IEP (pH 6.78 and above) should
have been numerically zero. In contrast the experimental adsorption density at pH 7 is 1 lmol m2. At pH 7 and above p-hydroxybenzoate is adsorbed onto the neutral surface site on the a-alumina,
which is likely to be nonelectrostatically driven.
3.4. Inﬂuence of mono- and divalent ions on the adsorption isotherms
The inﬂuence of the anions representing the Hofmeister series
and the divalent cations at a concentration of 5  104 mol dm3
on the adsorption isotherms at pH 5 is discussed in this section.
The variation of the adsorption density of p-hydroxybenzoate on
the a-alumina surfaces in the presence of Cl, Br, I, and NO
3 is
shown in Fig. 6. The adsorption isotherms are of Langmuir form.
The Cmax and Ks values so obtained by using Eq. (5) are presented in Table 3. Cmax values in the presence of the monovalent

anions follow the Hofmeister anion series sequence NO
3 <I <
Br < Cl or the ion competitive effect follows the sequence



NO
3 > I > Br > Cl . The polarizability sequence among the halo
gen ions is Cl < Br < I (Cl = 3.76, Br = 5.07, I = 7.41 Å3) [74].
Nevertheless, the higher the polarizability of an ion, the higher
the surface-active property [36]. In that case, among the halides,
I is more surface active followed by Br and Cl. Therefore, the
adsorption of p-hydroxybenzoate onto a-alumina surfaces will be
less (different numerical values) in the presence of halides and
the sequence of Cmax is in the right direction of Hofmeister series.
3
But this polarizability rule is not followed by NO
3 (4.48 Å ) [74].
Recent work that evaluates polarizabilities of ions and their frequency dependencies from ab initio quantum mechanics shows
that simple single frequency descriptions of the polarizability of

Table 1
Values of the adsorption coefﬁcient and the rate constants for p-hydroxybenzoate adsorption on a-alumina surfaces at different temperatures and pH 5.
25 °C

30 °C

40 °C

Pseudo-ﬁrst-order kinetics

p-Hydroxybenzoate
k1 (min1)
qe (lmol m2)
SD

0.0367
0.5795
0.0863

0.0408
0.3836
0.3081

0.0491
0.4802
0.2159

Pseudo-second-order kinetics

k2 (min1 mol1 dm3)
qe (lmol m2)
SD

0.0743
0.7457
0.0566

0.2869
0.6892
0.0893

0.3959
0.6720
0.0974

Ho equation

k3 (m2/lmol min)
qe (lmol m2)
SD

0.0506
0.7915
0.0446

0.3112
0.6791
0.0853

0.4264
0.6773
0.0852

Experimental

qe (lmol m2)

0.6257

0.6620

0.6607
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Table 2
Values of the Langmuir parameters as a function of pH for p-hydroxybenzoate
adsorption on a-alumina surfaces at 30 °C.

2

Umax (lmol m
Ks
SD

)

pH
5

6

7

8

9

3.819
0.4235
0.125

2.114
0.3193
0.138

1.093
0.1130
0.051

0.4863
0.1822
0.030

0.4135
0.3833
0.079

⎯ NaCl
⎯ Na2SO4
⎯ Na2S2O3

2.5

Γ (μmol m-2)

Langmuir parameters

3.0

2.0
1.5
1.0
0.5
0.0

2.0

0

1
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7
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10

Γ (μmol m-2)

Equilibrium concentration (mmol dm-3)
1.5
Fig. 7. Adsorption isotherm of p-hydroxybenzoate onto the a-alumina in the
presence of 5  104 M NaCl(aq), Na2SO4(aq), and Na2S2O3(aq): a-alumina = 0.5 g,
V = 15 mL, pH 5, and at 25 °C.
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Fig. 6. Adsorption isotherm of p-hydroxybenzoate onto the a-alumina in the
presence of 5  104 M NaCl(aq), NaBr(aq), NaI(aq), and NaNO3(aq): a-alumina = 0.5 g, V = 15 mL, pH 5, and at 25 °C.

ions that determine dispersion forces of adsorption can be very
misleading [91,92]. With correct polarizabilities the results seem
to fall into place. NO
3 is different because of its anisotropy in polarizability, which affects its adsorption.
The signiﬁcant changes in adsorption density of p-hydroxybenzoate on the a-alumina surfaces under similar experimental
conditions in the presence of the divalent anions in comparison
to Cl are depicted in Fig. 7. At low initial concentration of
p-hydroxybenzoate the adsorption density of p-hydroxybenzoate
2
on a-alumina surfaces in the presence of SO2
4 and S2 O3 is quite
negligible. Nevertheless, beyond a certain initial concentration of
p-hydroxybenzoate, the adsorption density of p-hydroxybenzoate
on a-alumina surfaces increases with the increase in concentration
of p-hydroxybenzoate. However, no surface saturation could be
observed as in the case of monovalent anions. Moreover, the
adsorption density of p-hydroxybenzoate in the presence of divaand S2 O2
lent anions (SO2
4
3 ) is lower than that of monovalent
anions and it is lowest in the case of S2 O2
3 . Here again the polarizability of ions plays an important role; e.g., the polarizability of
2
3
3
SO2
4 is 6.33 Å [74] and that of S2 O3 is 11.13 Å [93]. The results
is
adsorbed
more
due
to
its
higher
surface-acindicate that S2 O2
3
tive properties [36] and follow ‘‘structure maker ions like structure
maker surface” [28] that lead to lesser adsorption density of
p-hydroxybenzoate. These experimental observations also gives
an idea of competition effects between the inorganic ion and the

p-hydroxybenzoate as realized for halides account for the ion speciﬁcity toward hydrophobic solid surfaces at biological salt concentrations [55].
We have already noted that the magnitude of the zeta potentials
2
of a-alumina at pH 5 in the presence of SO2
4 and S2 O3 (+7 and

29 mV, respectively) is lower by comparison with Cl (+10 mV).
Therefore, the lower magnitude of the zeta potential of a-alumina
(e.g., at pH 5) in the presence of divalent anions also indicates a lower
adsorption density of p-hydroxybenzoate on the a-alumina surfaces
than in the presence of monovalent ions. The adsorption studies [12]
in conjunction with the vibration spectroscopy [77] showed that
SO2
4 adsorbed onto aluminum oxide and goethite surfaces. Nevertheless, adsorption of SO2
4 onto aluminum oxide decreases the magnitude of the zeta potential of a-alumina. These phenomena inhibit
ﬂotation of alumina due to lower adsorption of an ionic collector
[56]. In the present system we also realized the ion competitive
2
effect [55] between divalent anion (SO2
4 and S2 O3 ) and p-hydroxybenzoate for the adsorption sites of the a-alumina. At low initial concentrations (up to Ce 2.5 mmol dm3, Fig. 7) of p-hydroxybenzoate,
and S2 O2
speciﬁcally adsorb on the a-alumina surfaces.
SO2
4
3
Beyond 2.5 mmol dm3 there exists a competition between SO2
4
and S2 O2
3 and p-hydroxybenzoate for the surface sites on a-alumina
and adsorption of p-hydroxybenzoate begins to occur. We have not
2
quantiﬁed how much SO2
4 and S2 O3 adsorbs on the a-alumina surfaces along with p-hydroxybenzoate. The order of adsorption density of p-hydroxybenzoate at saturation on the a-alumina surfaces
in the presence of different anions representing the Hofmeister
2




series is found to be S2 O2
3 < SO4 < Cl > Br > I > NO3 . With the

sole exception of NO3 the Hofmeister anions series effect is followed
for the adsorption of p-hydroxybenzoate on a-alumina surfaces but
for the halides the sequence is reverse w.r.t. zeta potential. The inversion of Hofmeister ion series is not surprising and has been observed
in many systems [78,79].
The change of adsorption density of p-hydroxybenzoate onto aalumina surfaces in the presence of 5  104 mol dm3 Ca2+ and
Mg2+ along with Na+ (for comparison) at pH 5 and 25 °C is

Table 3
Values of the Langmuir parameters for p-hydroxybenzoate adsorption on a-alumina surfaces with different monovalent and divalent ions at pH 5 and 25 °C in the presence of
5  104 mol dm3.
Langmuir parameters

Monovalent and divalent salts
NaCl

NaBr

NaI

NaNO3

Na2SO4

Na2S2O3

CaCl2

MgCl2

Umax (lmol m2)
Ks
SD

2.049
1.051
0.096

1.765
0.951
0.104

1.492
1.552
0.076

1.420
1.944
0.101

–
–
–

–
–
–

2.119
1.064
0.098

2.286
1.607
0.099
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3.5. DRIFT spectra
The surface complexation of p-hydroxybenzoic acid onto the
alumina surfaces in the presence of various ions of higher polarizability is expected to be different but here we report only the surface complexation of p-hydroxybenzoic acid onto the a-alumina
surfaces in the presence of Cl. The DRIFT spectra of p-hydroxybenzoate (Fig. 9) exhibit peaks at 1548, 1418, and 1263 cm1 (Table 4),
which are assigned to mas(–COO), ms(–COO) and mC–O (between
aromatic carbon and phenolic oxygen), respectively. The peak at
1611 cm1 is assigned to mC–C (aromatic ring in-plane) and all
peaks are in good agreement with the literature values [64,94].
The DRIFT spectra of p-hydroxybenzoate after adsorption on the
a-alumina surfaces at pH 5, 6, 7, 8, and 9 are shown in Fig. 9 and
listed in Table 4. The strong symmetric peak at 1418 cm1 of the
ligand on adsorption produces a band envelope at a lower frequency region. It comprises two medium peaks at 1392 and
1422 cm1 at pH 5. On increasing the pH of the suspension, the
symmetric band envelope shifted further to a lower frequency region and centered at 1362 cm1. Two weak peaks at 1422 and
1392 cm1 at pH 5 and 6, respectively, are due to a C–C in-plane
ring deformation [95]. The characteristic bands of mas(–COO) and
ms(–COO) for the p-hydroxybenzoate after adsorption on the aalumina surfaces are found at 1546 and 1392 cm1 at pH 5, 1541
and 1378 cm1 at pH 6, 1541 and 1362 cm1 at pH 7, 1539 and
1362 cm1 at pH 8, and 1539 and 1363 cm1 at pH 9. The peaks
at 1605, 1600, 1598, 1609, and 1595 cm1 at pH 5, 6, 7, 8, and 9,
respectively (Table 4), are assigned to mC–C (aromatic ring). The
shifting of the peak frequency for mC–C by 2–16 cm1 depending
on the pH of the suspension to a lower frequency region w.r.t.
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Fig. 8. Adsorption isotherm of p-hydroxybenzoate onto the a-alumina alumina in
the presence of 5  104 M NaCl(aq), CaCl2(aq), and MgCl2(aq): a-alumina = 0.5 g,
V = 15 mL, pH 5, and at 25 °C.
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presented in Fig. 8. It is apparent from Table 3 that the maximum
adsorption, Cmax, is 2.119 and 2.286 lmol m2 in the presence of
Ca2+ and Mg2+, respectively. This is numerically comparable to
Na+ but signiﬁcantly higher than that of anions (Figs. 6 and 7).
The higher adsorption density of p-hydroxybenzoate onto a-alumina in the presence of Ca2+ and Mg2+ at pH 5 than that of anions
is due to the higher zeta potential of a-alumina (Fig. 3). We remark
that the divalent ions (either cation or anion, Figs. 7 and 8) have a
much greater effect than monovalent ions (Fig. 6) on the adsorption of p-hydroxybenzoate on the a-alumina surfaces under similar experimental conditions due to their higher polarizabilities.
Moreover, p-hydroxybenzoate also possesses polarizability, but
its size is higher than all inorganic ions. So, there is a competition
effect between the inorganic ion and the p-hydroxybenzoate for
the surface sites due to different polarizability and their size.
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Fig. 9. DRIFT spectra of p-hydroxybenzoate and after adsorption on the a-alumina
surfaces at different pHs and NaCl(aq) = 5  104 M.

Table 4
Characteristic peak frequencies of p-hydroxybenzoate and after adsorption on aalumina surfaces at different pH values.
Mode

m (cm1)
p-Hydroxybenzoate

pH 5

pH 6

pH 7

pH 8

pH 9

ms (–COO)
mas (–COO)
mC–C (ring)
mC–O (>C–OH)

1418
1548
1611
1263

1392
1546
1605
1279

1378
1541
1600
1287

1362
1541
1598
1288

1362
1539
1609
1288

1363
1539
1595
1288

1611 cm1 (mC–C (aromatic ring) for the ligand) can be attributed
to the change of p-electron density of p-hydroxybenzoate on
adsorption on the a-alumina surfaces. The shift in frequency on
adsorption (Dm = mas  ms of –COO) is 154 cm1 at pH 5, 154 or
163 cm1 at pH 6, 179 cm1 at pH 7, 177 cm1 at pH 8, and
176 cm1 at pH 9. These are higher than for the ionic p-hydroxybenzoate (130 cm1, cf., Fig. 9 and Table 4). Dobson and McQuillan
[62] reported a different coordination mode of carboxylate on metal oxide surfaces. Therefore, in the present system p-hydroxybenzoate forms bridging complexes with the a-alumina surfaces in the
aqueous medium in the presence of NaCl(aq). In contrast to this
interpretation the use of Dm as a tool for assigning surface complexation for benzene carboxylate on metal oxide surfaces has
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been questioned [96]. Tejedor-Tejedor et al. [94] reported bidentate binuclear complexes of p-hydroxybenzoate with Fe (III) in
solution, based on the shifting of the ms (–COO) band. So we are
not considering the Dm (=mas  ms of –COO) for assigning the mode
of surface complexation of p-hydroxybenzoate with a-alumina
surface.
In the present system the phenolic mC–O appears at 1279–
1288 cm1, depending on the pH. The mC–O is shifted 16 cm1 at
pH 5, 24 cm1 at pH 6, and 25 cm1 at pH 7, 8, and 9 toward the
higher frequency region. Yost et al. [97] suggested that the deprotonation of phenolic oxygen is possible if the shift of mC–O is
P30 cm1 in the higher frequency region. Moreover, Tejedor-Tejedor et al. [94] reported deprotonation of the phenolic oxygen if mas
of the carboxylate is shifted by 41 cm1 to a lower frequency region and also the benzene ring vibration is shifted by 21–
30 cm1. In our case mas(–COO) is shifted only 2–9 cm1 toward
lower frequencies, depending on the pH. Moreover, the mC–C ring
vibration is shifted only 2–16 cm1. Therefore, we can conclude
that the phenolic oxygen in p-hydroxybenzoate is not deprotonated. The shifting of the phenolic mC–O to 25 cm1 at pH 7, 8,
and 9 is rather due to the loosely bound proton on the phenolic
oxygen. The hydroxyl group of p-hydroxybenzoate does not interact with the a-alumina surfaces because of its unfavorable steric
arrangement.
Further, ms(–COO) is shifted by 25–56 cm1 depending on the
pH of the medium and mas(–COO) is shifted by 2–9 cm1, which
accounts for the chemisorption of p-hydroxybenzoate on a-alumina surfaces. We reported the chemisorption of salicylate on
the a-alumina surfaces based on a similar shift of ms(–COO) toward the lower frequency region [63]. Nordin et al. [98] proposed
the existence of both outer- and inner-sphere surface complexes in
considering the shifts of ms(–COO) by 20 and 46 cm1, respectively, to the high frequency region in the case of dicarboxylic acid.
In the present system ms(–COO) is shifted 56 cm1 at pH 7, 8,
and 9. This favors the inner-sphere surface complexes. But at pH
5 and 6 the shift in ms(–COO) is found to be 26 cm1, which favors
the outer-sphere surface complexes. The possible surface complexes of p-hydroxybenzoate onto a-alumina surfaces are shown
in Fig. 10.

4. Summary
The zeta potential of a-alumina is strongly affected by the addition of salts, even at very low salt concentrations. This effect is
highly ion speciﬁc and, with the exception of nitrate, follows a Hof-

(a)

OH

(b)
OH

O

O

+

+

H2OAl

H2OAl

O

O

Al2O3

Fig. 10. Probable surface complexation of p-hydroxybenzoate onto a-alumina
surfaces (a) outer-sphere and (b) inner-sphere.

meister series at the alumina–electrolyte interface. A similar Hofmeister effect was also detected in the surfactant (cationic)
adsorption at the solution–vapor interface at 0.01 mol dm3
[36]. It is surprising to ﬁnd the Hofmeister effect at very low electrolyte concentration (5  104 mol dm3) and this supports the
theoretical ﬁndings [30]. We presume that at a very low electrolyte
concentration the polarizability of the ions in addition to the ion–
solvent and ion–ion interactions plays an important role for the
Hofmeister effect in determining speciﬁc ion adsorption onto aalumina. As a result, the adsorption of organic matter on a-alumina
may also be inﬂuenced by the presence of background salt. This has
been demonstrated here and studied in detail for p-hydroxybenzoate as a model compound. Indeed its adsorption depends on the
speciﬁc added electrolyte. An ion competitive effect in adsorption
occurrs, as seen from the adsorption of p-hydroxybenzoate onto
a-alumina in the presence of Na2SO4(aq) and Na2S2O3(aq). Further,
divalent cations increase the adsorption density of p-hydroxybenzoate. The characteristic shifting of ms(–COO) and of mas(–COO)
suggests that outer-sphere complexes are formed at pH 5 and 6
and inner-sphere complexes at pH 7, 8, and 9. For a better understanding of the surface complexation-cum-orientation of phydroxybenzoate, surface-selective spectroscopic techniques could
deliver additional information [95,99].
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