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ABSTRACT

The formation of iron oxides in aqueous salt solutions is reviewed. The

discussion is focussed on the oxidation of iron(II) and the following hydrolysis

process that leads to the formation of a solid phase from homogeneous
solutions. Results from our own studies on the kinetics of the oxidation

reactions and the ensuing growth processes are presented.

The use of UV-Vis spectroscopy'as a tool in the study of the hydrolytic

process is critically analysed.

INTRODUCTION

Iron oxides appear in nature in many minerals; they are used as

catalysts, catalyst carriers, pigments and magnetic media. The end products of

the corrosion of iron and steel invariably consist of iron oxides. An important

biological function such as iron storage in the human body is performed

through oxides formation in ferritin. This short list is sufficient to demonstrate

that understanding iron chemistry has fundamental significance and

importance in geological, environmental, metallurgical, industrial and

biological context.

Iron oxides are synthesized in the laboratory mainly by forced hydrolysis

of iron(III) solutions. An alternative route is the oxidation of iron(II).

In this report we present a survey of the recent literature on this last

topic• Some results from our recent studies are included as well, aiming to

clarify the first steps of the reaction, long before the appearance of a bulk solid

phase. The techniques employed for this purpose are the stopped flow and the

pulse radiolysis. These results have to be considered preliminary and will only

briefly be discussed.

Because the oxidation of iron(II) can be easily followed by monitoring the

absorbance of the species at the higher oxidation state, UV-Vis

_pectrophotometry was utilized in all our experiments. Many examples of

employing this technique can be found in the literature. Therefore, a brief
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account of iron(II) and iron(III) UV-Visible spectroscopy is given in the next

paragraph.

IRON II/III UV-VISIBLE SPECTROSCOPY:BASIC CONCEPTS

An enormous amount of work has been done on the subject since the

1930's, when the first photometers became availa-ble[1].

The spect:xtm of the reduced species, Fe 2+, shows no features, as in

slightly acidic solutions it exists mainly as Fe 2+ ions [2]. The oxidised ion,

Fe 3+, on the other hand, has absorption characteristics which depend strongly

on the solution composition. In fact iron(III) is much more hydrolysable than ,

iron(II) as shown in table I [3], therefore can produce many different species,

depending on the experimental conditions.

The hydrolysis of iron(III) strongly depends on counter-ions, pH and time

of aging. Counter-ions like nitrate and perchlorate [4] show the least tendency

for complex formation with iron(III), while sulphate and chloride [5-6] form

various coloured complexes.

When examining iron perchlorate and nitrate solutions, on which most of

the hydrolysis studies have been conducted, we found that at very low pH (<2),

the UV-Vis spectrum of iron(III) shows the typical bands ( 240 nm) of the

species Fe3+. Peaks are found at the following wavelength:

k = 247 nm for iron(III) nitrate in HNO 3 1M

k = 239 nm for iron(III) perchlorate in HC10 4 1M
These data agrees well with published reports [7,8].

Changing the pH modifies the spectrum of iron(III) because of the

generation of hydrolysis products. In particular iron nitrate even at pH 2

shows two maxima, at 240 nm and 300 nm respectively; iron perchlorate at the

same pH exhibits maxima at 205 and 300 nm. The new peak at 300 nm is

commonly assigned to the species Fe(OH) 2+.

The spectra of the solutions at different pH show two isosbestic points at
k = 272 and 225 nm [9].
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We noticed that the aging of the solution enhances the hydrolysed

species, Fe(OH) 2+ at 300 nm.

THE HYDROLYSIS REACTIONS AND PRODUCTION OF IRON

OXIDES.

There are two ways to produce iron(III) oxides; either by direct hydrolysis

of iron(III) or by oxidation of iron(II) and subsequent hydrolysis.

The main steps of the hydrolytic process are initially the formation of low

molecular weight species as those listed in table I. This is followed by the

formation of high molecular weight products ( a red cationic polymer) and '

their conversion to oxide phases upon aging. Alternatively, precipitation of the

oxides from the low molecular weight precursors may occur.

Starting from Fe 3+ ions, hydrolysis can be induced by diluting the

solution with water (limiting the hydrolysis to the formation of low molecular

weight species), by addition of base [9] or by increasing the temperature [10-

12].

The first low molecular weight products are mainly Fe(O]_I) 2+,

Fe2(OH)42+ and Fe(OH)2+ [13,2,3]. Magnetic, kinetic and infrared data

verified the presence of dimeric species such as Fe2(OH) 4 2+. Similar products
are directly obtained through the oxidation of iron(II); in fact the equilibria

involving these low molecular weight species are established as soon as the

oxidation takes place. The reactions of dimeric species are much slower than

those involving only monomers [2].

Several examples of the UV-Visible spectra of various relevant mixtures

are given in figure 1. All were recorded at the same time after mixing of either

Fe(C!O4) 3 with NaOH or FeSO 4 with H20 2. We noticed that inspire the
different reagents the spectra were essentially identical.

In order to form species of higher molecular weight multiple reaction

pathways need to occur simultaneously, as depicted in table II. The process is

known as olation, because it occurs through the formation of hydroxide bridges

of the kind -Fe-OH-Fe [14].



A second type of polymerisation, al,_o involved in the formation of oxides,

is oxolation; in this case oxobridges are formed through one of the following

reactions:

[1] -Fe-OH + HO-Fe- _ -Fe-O-Fe- + H20

Alternatively, the oxo-bridged polymers may be obtained by

deprotonation of hydroxide bridges:

[2] -Fe-OH-Fe- -_ -Fe-O-Fe- + H +

Hence, via olation and oxolation, the evolution from Fe 3+ to iron oxides '

may be visualised as a polymerisation upon deprotonation, because there is a

progressive elimination of H + followed by formation of polymeric species with

olo and oxo linkages.

A comprehensive discussion of the mechanism of these reactions and the

experimental evidence that verified it, was given by Flynn [9]. The hydrolytic

polymer was isolated by Spiro et al. [15,16] and Quirk et al. [17] as an

amorphous solid by gel filtration and lyophilisation; chemical analysis of the

OH/Fe ratios indicated that the polymer is cationic.

Upon aging of the polymer, precipitation of the oxides ensues. It is

observable after few days and can continue for months. The process is

explained by various authors in different ways: Spiro [15,18] ilfferred a two

step process, consisting of hardening of the polymer and of agglomeration; De

Bruyn [19,20] distinguished the formation of polymer spheres from low

molecular weight species, aggregation of the spheres and subsequent

precipitation. Flynn in his review [9] combines the two schemes as shown in

table III, where an overview of the current understanding is presented.

Precipitation of solids from low molecular weight species is also discussed

by other authors in the literature [21,22].

In some of our own experiments we did not notice any red polymeric

products. The solutions following either direct hydrolysis of iron(III) or

hydrolysis via oxidation of iron(II), stayed transparent for a while before the



appearance of a coloured precipitate. Spectra of these transparent solutions

showed a continuous red-shift and broadening of a strong and unique

absorption peak at 205 nm upon aging of the solutions (Figure 2). The red-

shift was more pronounced when the solutions were heated, indicating the

presence of small colloidal particles in the suspension [23-25].

The particles are not visible initially, but upon aging, generally within a

few hours, they become visible eventually forming yellowish-brownish flocs.

The spectra in figure 2 closely resemble those reported by Faust and Hoffmann

[26] on examining colloidal suspensions of Fe20 3. The solid phase obtained
either at the end of the polymerisation process or via precipitation of low

molecular weight species, undergoes several transformations between various

oxide and oxohydroxide. The evolution of the metastable phases to less soluble'

ones was reviewed by M. Blesa and E. Matijevic in a recent paper [27].

Investigation of the process of iron(III) hydrolysis requires the

employment of many techniques, due to its complexity. Many studies,

including pH measurements, chemical analysis, turbidimetry, ultrafiltration

[28,29], electron microscopy [4,11,15], spectrophotometry and light scattering

[13,16, 30,31] were conducted to address this process. The polymer itself was

isolated and characterised by means of these techniques. X-rays diffraction,

IR, Mossbauer spectroscopy were also employed [14,24,30] in an effort to

characterise the intermediates involved.

THE OXIDATION REACTION: A KINETIC STUDY

The kinetics of iron(II) oxidation may control the formation and

hydrolysis of iron(III) and modify the crystallisation processes of the resultant

hydrolysis products of iron(III). This process in aqueous solution has been

studied extensively. In fact the transformation of Fe 2+ to Fe 3+ occurs in

natural waters, in many geochemical environments [33] and in the

_ atmosphere [34].



The oxidising agent in these environments is commonly 0 2 . Other

studies discuss the oxidation by permanganate [35] and H20 2 [36]. In our

work the kinetics of Fe 2+ oxidation by H20 2

[3] H20 2+2Fe 2++2H + -o 2Fe 3++2H20

was revisited as summarised below.

A stopped flow apparatus [37] equipped with a UV-Vis detector was

utilised to monitor the fate of the oxidised product• As soon as the iron

sulphate solution and H20 2 were mixed, the appearance of the Fe(OH) 2+

species was monitored spectrophotometricaUy (the unhydrolysed Fe 3+ was

undetectable because the first step of hydrolysis was faster than the time

resolution of the instrument). The reaction was found to be first order with

respect to the concentration of total iron(II) and the oxidant, hydrogen

peroxide, according to the equation:

[4] dFe(III)]/dt = k [Fe(II)][H20 2]

When the reactions were studies with an excess of H20 2 the reaction

became pseudo first order:

[5] d[Fe(III)]/dt = k'[Fe(II)]

In fact dependence of k' on [H20 2] was found linear over the range

lxl0 "4 up to 0.5 M, in agreement with many past studies [38,39] (figure 3).

Other experiments showed that the rate constant is independent of pH

below pH = 4 [40,41]; while in the range of pH 4-7 the dependence was linear

(figure 4a). In fact the kinetics of the reaction strongly depends on [OH'] when

oxidation and hydrolysis take place simoultaneously. Only at high pH, when

[OH'] is not negligible hydrolysis cooperate in accelerating the reaction of

Fe 2+

In the range of ionic strength between 0 and 1 the rate constant was

essentially independent of the ionic strength (figure 4b). As predicted by the

\



theoretical treatment of Bronsted [42], a reaction that is not affected by the

ionic strength of the solution must involve either neutral molecules or at least

an ion and a neutral molecule. One can deduce that in our experiments at pH

4 the rate determining reagents were an ion, Fe 2+ and a molecule, H20 2.
The oxidation of iron(II) was usually complete in between a few seconds

to some tenths of seconds, depending on the experimental conditions.

The time range available with our stopped flow apparatus is 0.01 s up to

60m s. To broaden the time resolution we turned to the pulse radiolysis

technique. The pulse radiolysis technique was utilised to generate OH radicals

in N20 saturated (to convert e'aq to OH radicals) FeSO 4 solutions at pH 4.5.
The reaction was followed either spectrophotometrically or by conductivity

[43,44]. Figure 5 shows a 3-dimensional presentation of the evolution of the

spectra, up to 200 las following the initiating pulse. As can be seen in this

figure the spectrum of FeOH 2+ evolves with a halflife of 50 pso This is
attributed to reaction

[6] Fe 2+ + OH _ Fe(OH) 2+

The conductivity results, described below, agree with this interpretation.

Spectra at later times were recorded on the streak camera using

progressively longer delay times between the pulse and the camera gating.

Examples are shown in figures 6 and 7 for 10 ms and 60 s delay times

respectively. At 10 ms the spectrum has shifted to peak at 350 nm (figure 6).

Since this shift is not accompanied by conductivity changes, we attribute

it to a dimerisation-oxolation reaction of the type shown in reaction 1. As time

progresses, in the sec time regime, the spectra continue to shift to the red

(figure 7) with concomitant increase in the absorbance in the UV range. At 60

s after the pulse the spectra already exhibit the features of small colloidal

particles with a shoulder at 390 nm and absorption threshold at;[ = 420 nm.

The shift of absorption threshold to higher energies relative to that of large

colloidal particles is attributed to the well known quantum size effect in small

particles.



Experiments conducted on similar solutions using the conductivity

detection technique help identify the intJermediate involved. Little

conductivity change was observed in the ms regime. During this time (< 10

ms) only small increase in the solution conductance could be observed

indicating only little hydrolysis of the product of reaction 6.

From the small increase in conductance we estimate that approximately

20% of the initial product , FeOH 2+, has hydrolysed according to reaction 7

within 10 ms after the pulse.

[7] FeOH 2+ + H20 _ Fe(OH)2++H +

As the time progresses the conductivity continuously increases with a :

halflife of 40 sec (figure 8).

It can be estimated from the plateau level at the end of this process that

three protons were released per each Fe 2+ that was oxidised. Among the

common oxides or oxy-hydroxides, only hematite Fe20 3 will correspond to this
stoichiometry.

We attribute this process to continuous polymerisation of the

hydroxylated dimers followed by deprotonation of the hydroxo bridges as

shown in reaction 2. Since during this period of time the bulk of spectral

features start to appear (albeit blue shifted), we conclude that the crystal

lattice evolves during the polymerisation process.

CONCLUSIONS

The combination of kinetic, spectrophotomet_'ic and conductivity data

collected here, with information available in the literature and some visual

observations leads to the following mechanistic conclusions.

The oxidation of Fe 2+ ions by OH radicals produces an adduct which is

identical to the mono hydroxylated Fe 3+ ion. At low pH's this species will

dehydroxylate to give the hexaaquo ion Fe 3+. At pH's above the first

hydrolysis constant it will initiate growth of oligomeric products. The

.o
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production of these polymers is accompanied by deprotonation. It thus appears

that the deprotonation is driven by the growth process rather than initiating

it. The growth-deprotonation process leads to the formation of small particles

of crystal structure similar to that of the bulk material. Eventually these

particles flocculate on a time scale of few hours.
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TABLE I

Hydrolysis constants of Fe(II) and Fe.(III), T = 25 °C, I = 0

Reactions pK

Fe(ll) Fe 2+ 4-, Fe(Olt) + + H . 9.5
..

Fe(OH) . ,-, Fe(OH)2 + H + 1 1.1

Fe(OH)2 _ Fe(OH)3 + H . 1 1.4
J

Fe(OH)3 _ Fe(OH)2" + H. 14.4

Fe(lll) Fe 3+ ,-, Fe(OH) 2. + H+ 2.2

Fe(OH) 2+ ,-, Fe(OH)2 + H* 3.5

Fe(OH) 2 ,-, Fe(OH)3 + H . 6
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TABLE III

Aging processe s in Fe([ll) solutions after hydrolysis
(numbers in parentheses give reaction times in seconds at 25 ° C)

iii i ii i •

-H . FeOHz+

......... Fe3. _ Fez(OH)24*

"H* +H . FelOH)2 _

(106l (I)

, i i

.,. t i..-. .
e.g., lepidocrocile (10z to t031 11021

Fresh polymer spheres
2to4nm

*H+ [ -H*

(104 Io I0 _)
(I0 _)

Hardened polymer spheres

] 2 10 4 nm
/f •

l "H+

" 1105 Io 1061

'J_'d PO ' 'm'r JeO_l' I

"H .

(lO6 to IOr )

Aged polymer rolls

, I "H+

110 z to 108)

Precipiloled solid ,

e.g., qoethile • !
i ii i ii iii I



FIGURE CAPTIONS

Figure 1: UV-Via spectra of a) lxl0"3M FeSO 4, pH=4.5; b) lxl0"3M

Fe(C104) 3 in HC10 4 0.1 M ; c) lxl0"3M FeSO 4 pH=l.9 mixed with ml

equal volume of lxl0"2M H20 2 ; d) lxl0"3M Fe(C104) 3, pH=l.5 mixed

with an equal volume of NaOH 0.05 M.

Figure 2: UV-Vis spectra of Fe(C104) 3 5x10"5M pH=l.5 mixed with NaOH

1.2x10"2M at various aging times (3 hours from a to e).

Figure 3" Dependence of K'ob s of iron oxidation on H20 2 concentration,

[FeSO 4] = 5x10-4M, pH=4.

Figure 4: Dependence ofk'ob s of iron oxidation on a) pH and b) ionic

strength at pH=4, [FeSO4]=5x10"4M [H20 2] = 5x10"3M

Figure 5: Three dimensional (absorbance vs. wavelength vs. time)

representation of streak camera results as observed for iron(II) oxidation,

[FeSO 4] = lxl0-4M. Time scale 200_s, 20ns pulse.

Figure 6: Three dimensional (absorbance vs. wavelength vs. time)

representation of streak camera results as observed for iron(II) oxidation,

[FeSO 4] = lxl0"4M. Time scale 200_s, 10ms delay from the radiolytic

pulse, 20ns pulse.

Figure 7" Three dimensional (absorbance vs. wavelength vs. time)

representation of streak camera results as observed for iron(II) oxidation,
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[FeSO 4] = lxl0"4M. Time scale 200ps, 60s delay from the radiolytic pulse,

20ns pulse.

Figdxe 8' Conductivity vs. time profile of iron(II) oxidation by OH radicals,

[FeSO 4] = lxl0"4M. Time scale 100 _, 4 ns pulse.
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