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Effect of Temperature on the Surface Properties of Iron Hydroxide (Am)
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Summary: The surface charge, ionization and complexation of iron hydroxide (Am) in
aqueous clectrolyte (NaCl) solutions were investigated in the temperature rang 25-80°C The
surface charge densities were obtained by fast titration method as a function of pH. Influence of
clectrolyte concentration on the surface charge density at pH less than the point of zero charge
(PZC) decreased as the temperature was increased. Vglues of PZC and surface ionization and

pKNa+™) decrcased with increasing

temperature. AH® and AS® for the surface equnhbna were also calculated. A simplified model of
Davis and Leckie [17] was used to analyse the data. The model described the process reasonably
well at low temperatures and at all ionic strengths. However, at higher temperatures, the model
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complexation constant (pKat.™, pKa2™, "pKa-™,
broke down due to the over estimation of [SOH2.*...CI'}.
Introduction

Iron hydroxide (am) is commonly found in
natural aqueous system as a discrete mineral phase
and as a surface coating on particulate matter [1]. It
plays an important role in controlling the distribu-
tion and accumulation of trace metals in many
natural water systems [2]. However, iron hydroxide
has been extensively characterized for its surface
properties ie. PZC, surface ionization and com-
plexation constants, only at room temperature [3-6).
Therefore, it was considered of interest to study the
effect of temperature on its surface properties
which would throw light on predicting its adsorp-
tion properties at high temperature in many natural
and engineering systems.

Experimental

Iron hydroxide (am) as prepared [4,7] by the
dropwise addition of stoichiometric amount of
COs." -free NaOH solution to the acidified (pH ~
2) solution containing the desired concentration of
Fe(NO3)3. The neutralized suspension, containing
the precipitate of the iron hydroxide (am), was kept
at pH 7 for an hour. Amorphous nature of the
hydroxide was confirmed by X-ray diffraction
method. The surface area was taken equivalent to
600 m? g, considered {5] to be the best estimated
value for iron hydroxide (am) [10]. Background
electrolyte (NaCl) composition of the suspension
were obtained by centrifugation of the appropriate
volumes, taken from a stirred suspension and re-
dispersing the precipitate in the desired electrolyte
solutions. The stock suspension was never used

longer than one weck. Iron hydroxide (am)
prepared in this way was reproducible adsorbent
with well established properties.

Surface charge measurements were per-
formed by the fast titration method. In this method
30 ml of the suspension containing 0.2 g of iron
hydroxide (am) in the appropriate background
electrolyte concentration was transferred to a
double-walled thermostated Pyrex glass cell. pH of
the suspensmn was adjusted to about 4 using 0.1
mol. dm™ HCI solution. The suspension was al-
lowed to equlibrate for 2 hours with constant stir-
ring, using magnetic stirrer, at the desired constant
temperature. pH was measured (+ 0.005) using
precision pH- meter type: OP-205/1 combined with
glass and calomel electrodes. The titration experi-
ments were performed at 298 313,333 and 353K in
0.1, 0.01 and 0.001 mol.dm™ NaCl solutions at each
temperature. Titrations were made by the addmon
of standardized solution of NaOH (0.1 mol.dm" )
using automatic burette, type: OP-930/1. After each
addition (0.2 ml) of strong base the suspension was
equilibrated for 3 minutes with constant stirring, at
the end of which the pH changes were less than
0.01 units/min. PZC obtained at different tempera-
tures were highly reproducible. The adsorption ex-
periments were performed by taking 30 ml of
suspension containing 0.2 g of iron hydroxide (am)
in the appropriate background electrolyte con-
centration, adjustcd to the desired pH value with
0.1 mol.dm™ NaOH or HCI and allowed to equi-
librate for 2 hours with constant stirring. Equi-



S. MUSTAFA gt al

librium pH was then measured, suspensions were
centrifuged and the supernatants were analysed

cither for CI' by Mohr’s method or for Na*t by
flame atomic adsorption spectrophotometry.

Results and Discussion

The surface charge density on hydrous oxides
is defined by the net uptake of protons by the sur-
face and can be determined from the poten-
tiometric titration data of the suspension on the
basis of proton balance/electroneutrility condition:
[5,8-12].

do=F(H"' - OH) = F/A (Ca-Cs + [OH]-
H]) (1)

where go is the surface charge (C.cm'z); F is
Faraday’s constant (Ceq); H*, OH is the
equivalent of H* or OH" ions bound to the hydrous
oxide surface (eq. cm'z); Ca, Cs are the concentra-
tion of strong acid or base¢ after each addition
during titration (eq. I').

Temperature effect on surface charge density:-

The variation of surface charge density (oo),
calculated from equaltion (1) of iron hydroxide
(am) as a function of pH for three different con-
centrations of NaCl is shown in Fig.1. The PZC
determined from the point of intersection of the
oo/pH curves for different electrolyte concentration
lied at pH=785 +/- 0.1. The value obtained
agreed well with the values reported elsewhere
[S,7]. Furthermore, the general shape of the curves
(Fig. 1) was typical of the reported oo-pH curves
for synthetic metal oxides [10,13,14]. The surface
charge density (oo) versus pH curves for iron
hydroxide (am) in different concentrations of NaCl
at 313, 333 and 353 K are shown in Fig2-4. It is
clear that the variation of 0, with NaCl concentra-
tion at high temperature is qualitatively similar to
that at 298K. However, as is evident from these cur-
ves, the effect of NaCl concentration on oo.V is
decreased at high temperatures. The PZC data ob-
tained from the potentiometric titration alongwith
1/2 pKw and (PZC- 1/2 pKw) are given in Table-1. It
is clear that the shift in PZC is in the same direction
as the change in 1/2 pKw, the neutral point of water.
The magnitude of the shift in PZC (0.91 units) is
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larger than the change in 1/2 pKyw (0.701 units) be-
tween the temperature range 298- 353K. The dif-

ference in the observed magnitude of the shift in
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Fig. 1: Variation of the surface charge density (Go) of
iron hydroxide (am) as a function of pH at 298K in aqueous
solutions of NaCl: (A) 0.1 mol.dm™; (e) 0.01 mol.dm™ () 0.001
mol.dm™. Full lines: calculated using Equations (4-12).
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Fig. 2: Variation of the surface charge density (Oc) of
iron hydroxide (am) as a function of pH at 313K in aqueous
solutions of NaCl: (A) 0.1 mol.dm‘s; (e)0.01 mol.dms; (=) 0.001
mol.dm™. Full lines: calculated using Equations {(4-12).
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Fig. 3: Variation of the surface charge density (Jo) of
iron hydroxide (am) as a function of pH at 333K ilg aqueous
solutions of NaCl: (A) 0.1 mol.dm'3; () 0.01 mol.dm™ (w) 0.001
mol.dm. Full lines: calculated using Equations (4-12).
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Fig. 4: Variation of the surface charge density (0o) of
iron hydroxide (am) as a function of pH at 353K in aqueous
solutions of NaCl: (A) 0.1 mol.dm's; (@) 0.01 mol.dm™ (w) 0.001
mol.dm™. Full lines: calculated using Equations (4-12).

Table 1: Point of zero charge of iron hydroxide (am) at various temperatures

TX) PZC 1/2pKw PZC-1/2 pKw AG* (kJ.mol? SAS* (K mol ™)
298 785 7.000 0.850 .9.69 1482
313 755 6.768 0.782 -9372 1221
333 722 6.509 0.711 -9.066 9.50
353 6.94 6.299 0.641 -8.664 6.81

PZC compared to the shift in the neutral point,
therefore, suggests that the relative affinity of the
potential determining ions (H*, OH") for the
hydroxide surfaces varies with the increase in
temperature. Similar changes in the affinity of H™
and OH’ for the Ni(OH); and Co(OH):2 surfaces
with temperature were observed by Tewari and
Combell [15]. The magnitude of the shift in PZC
with temperature observed in the present study is of
the same order as that observed by Berube and De
Bruyn [16] for the rutile/solution interface. Further,
Berube and De Bruyn [16] have derived a ther-

modynamic relationship for the variation of PZC
with temperature which is given by:

46R(PZC-12pKw) = AS - AH'/T (2)

where AH is the standard differential heat of
transfer of H* and OH ions from the bulk solution
to the interfacial region, AS is the difference in
standard ionic entropy of hydration of H* and OH"
ions at the PZC, R is the gas constant and T is the
absolute temperature.
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The data obtained in the present investigation
fit Equation (2) and the quantity (PZC-1/2pKw)
varies linearly with 1/T. Values of AH* and AS* es-
timated from the slope and intercept of the linear
plot i [n Fig. 5 are -14.93kJ mol'1 and - 17.73JK!
mol™ respectively. Value of AH closely resemble
with that obtained from Magnetite in KNO3 solu-
tions by Blesa et al [12] but the value of AS is much
less than that obtamed for Magnetite in the same
studies (-50 IK ! mot™ ). The value of AS’ obtained
is reasonable, as compared to oxides, hydroxides
generally form disordered structure by H20
penetration. The adsorption process requires
penetration for the potential determining ions (H*,
OH") into the inner region of this relative orderly
liquid phasse, which in the present case closely
resembles that of the bulk. Similar differences in
behaviour of oxides and hydrous oxides were also
noted by Tewari and Cambell [15].

0.90 [

PIC -1/2 pK,

0.60 s N L 2 2 2 1
2.8 2.9 30 31 32 3232 34 3.5

1h0% (k71

Fig. 5: Plot of PZC-1/2 pKw as a function of T for iron
hydroxide (am) in NaCl solutions.

The free energy change AG" of the process
can be computed using equation:

AG™ = RTIn (an. */aon.)pzc (3)

The right hand side of Equation (3) is an
entropic contribution, T AS’®, which is either equal
to or greater than AS . As was pointed out by Blesa
et al. [13] for most of the oxides AH = TéAS =
0, leading to 6AS = AS’ - AS™ = (. This kind of
behaviour (6AS = 0) indicates an absence of the
structuring effect of solvent in the interface. How-
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ever, in the present investigation (Table 1) positive
values of dAS™ are obtained which decrease with
the increase in temperature. Comparing the value
at 298K with that of Mangetite (-46 JK™ mol™) [12],
as expected, the structuring effect of the solvent in
the interfacial region is much less in the iron
hydroxide (am)/solution interface. If it is assumed
that the dielectric constant of the interfacial water
is lower than the bulk water, then at low tempera-
ture a decrease in the ionization of water leads to
the positive values of 8AS . However, with the in-
crease in temperature, the dielectric constant of the
interfacial region comes closer to that of the bulk,
resulting in a decrease in the values of dAS .

Evaluation of the Surface Ionization and Complexa-
tion Constanis:

The titration/adsorption data was used to
determine surface ionization and complexation
constants (pKal mt, pKa7 mt‘ ‘chl mt’ pKN +mt)
according to the methods of Davis et al. [17,18]. The
involvement of the complex formation in the charg-
ing mechanism of the surface is evident from the
fact that the intercept pQal (@+ = 0) and pQa2 (a-
= 0) in Fig.6-7 are dependent upon the concentra-
tion of the NaCl. The values of the constants so
determined are given in Table-2. The correspond-
ing enthalpy and entropy changes calculated from
pK versus T plots are given in Table-3.

Pq,

2 x 10°

Fig. 6: Plot of pQa1 as a function of surface fractional
ionization (&+) for iron hydroxide (am) at 298K in NaCl solu-
tions: (w) 0.1 mol.dm™; (A 0.01 mol.dm; (e) 0.001 mol.dm™.
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Table 2: Surface ionization and complexation constants for iron hydroxide (am) at various temperatures.

T(K) pKa™ pKa2™ pKa™ p Kna+™ logKa-™ logKna +™
298 538 10.76 700 9.04 1.62 172
313 5.14 1046 67 8.76 157 170
333 481 1012 632 844 151 1.68
353 458 9.84 604 8.18 146 1.66

Table 3: Enthalpies and entrepies of surface ionization and complexation for Iron Hydroxide (am) NaCl

solutions
Surface reaction AH° (K ,mol.'l) AS°( .K.'lmol.'l)
SOH*2 = SOH + H* 29313 -454
SOH = SO” + H* 33.247 -94.181
SOH*2 + CI' + SOH* 2.CT 5793 11.551
SO + Na‘t = SO"..Na* -2143 25.784
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Fig. 7: Plot of pQa2 as a function of surface fractional
jonization (.) for iron hydroxide (am) at 298K in NaCl golu-
tions: (w) 0.1 mol.dm'3; (A 0.0t mol.dm™; (e) 0.001 mol.dm™.

It is clear from Table-2 that all of the pK
values decrease with increasing temperature. The
same trend was observed by Blesa et al. [12] for the
pK values of Magnetite in KNOj3 solutions. Further,
the decrease in the value of pKa.™ and *pKd-““_ is
more pronounced than in pKa2.™ and *pKna+™
This can be due to the closer movement of chloride
ions as compared to sodium towards the iron
hydroxide (am) surface. The pronounced effect of
chloride ions was also observed by Maroto [19]. It
can also be noted that ApKa."™ (= pKa2.™-pKai."™)
decreases while ApK complex (= pKna+™
‘ch|~"“) increasing slightly with the increase in
temperature, ndicating a slight decrease in the in-
fluence of NaCl in the charging mechanism of the
iron hydroxide (am) surface.

The negative enthalpy change accompanying
the formation of the ion pairs (Table-3) also points
towards their diminishing effect, while the tempera-
ture is raised. Further, as expected enthalpy change
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