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The hydrolysis of 0.06 mol dm~2 Fe(NOs); solutions was followed at 65 °C by means of pH
and dynamic light scattering measurements. The hydrolysis products were characterized
by transmission electron microscopy and nitrogen adsorption. Depending on the heating
procedure different phases were observed, i.e. «-FeOOH (goethite) was formed on heating
a 0.06 mol dm~2 solution to 65 °C, and a-Fe,03 (hematite) if an appropriate amount of a
concentrated stock solution was added to the preheated water at 65 °C. An explanation of
this behaviour is offered by taking into account the possible formation of quite different
structural units of both solid phases in the course of the hydrolysis process. © 7999
Kluwer Academic Publishers

1. Introduction titrations of acidified 0.0625 mol dni solutions with
Hydrolysis of iron salt solutions and the resulting prod-NaOH with simultaneous observation of the changes in
ucts (iron oxides and oxohydroxides) play an importanioptical density. This led to the determination of charac-
role in mineralogy and soil science, corrosion, biology,teristic pHy and pHs values. Above ply the solution
and in many industrial applications (pigments, catacomposition could not be longer described by monomer
lysts, ceramics). and dimer complexes only, whereas abovespHe
Despite numerous studies of the processes involvegkverse titration could not be performed reversibly. The
the mechanisms of the solid phase formation are still nofatter observation was identified with the onset of the
fully understood, due to the tremendous sensibility offormation of oxo bridges known as oxolation. Ag-
the reactions to even minor changes in the experimentahg studies disclosed a phase of primary particles of
conditions. about 4 nm that formed clusters of 20-50 nm [8] in
While the investigation of particle growth processesgood agreement with ultracentrifugation experiments
from ferric chloride solutions has made good progresf Murphy et al.[9].
in recent years [1-4], there are few studies dealing Using small-angle X-ray scattering Botteat al.
with ferric nitrate solutions. The weak complexing be- [10] determined a size of 0.7—1.35 nm for primary parti-
haviour of the nitrate ion makes it easier to elucidatecles formed by the addition of NaOH to 0.01 mol dfn
the effects of other conditions such as iron concentraferric nitrate solution leading to OH/Fe ratios of 1.5—
tion and temperature on the properties of the hydrolysi®.8 in the solutions. The fractal dimension was charac-
products. The large amount of thermodynamic data taeristic for cluster-cluster aggregation of these primary
characterize the state of the starting solutions at difparticles.
ferent temperatures, iron(lll) concentration and ionic In all investigations described above the hydrolysis
strength was carefully reviewed by Sylva [5] and Flynnwas initiated by the addition of base at room tempera-
[6]. ture resulting in the formation af-FeOOH. The con-
The most systematic approach to describe the hydrokrolled base addition avoiding local inhomogeneities,
ysis processes in ferric nitrate solutions was carried ouhowever, is difficult to realize, since local fluctuations
by Dousma and de Bruyn [7] by go-stop-reverse-stopf salt concentration and pH at the inlet point can not be
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avoided, which seems to be an important interventiordetermined by dynamic light scattering. The reaction
in the system under investigation. In contrast, Matievi” products were characterized.

and Scheiner [11] hydrolyzed ferric nitrate solutions,

acidified by HNQ, at 100°C and found mostly nearly

sphericala-Fe,O3 particles at starting concentrations

2. Experimental
of 0.01-0.04 mol dm?. :
A review of the obtained precipitation products and Stock solutions (2-3 mol dn? of Fe(NG)3 9H;0 p.a.,

their phase transformations is given by Blesa an ERCK) did not show any changes during 12 weeks.

Matijevic [12]. A more theoretical approach to ex- heir iron content was determined gravimetrically.
plain the hydrolysis of the ferric ion among other metal
cations was presented by Hertyal.[13], introducing
a Partial Charge Model. 2.1. Precipitation procedures
Recently, Ocma et al. [3] used the formulation of Method 1.The stock solution was diluted with distilled
Matijevic and Scheiner [11] to produce ellipsoidal water of room temperature to 0.06 mol dfrand 11 of
hematite particles in 0.02 mol draferric nitrate solu-  the diluted solution in a round flask was placed in an
tions with 0.05 mol dm?® HNO3 at 100°C for a more  oven at 65+ 1 °C. The change in solution temperature
thorough investigation of the growth mechanism. Find-with time is given in Fig. 1.
ing both, goethite and hematite at low aging times, they
suggest a three step formation mechanism consistinglethod 2. The appropriate amount of the stock solution
of goethite precipitation, heterogeneous nucleation ofvas added to distilled water preheated t065n a 11
hematite, and hematite growth. round flask to give 11 of 0.06 mol dm solution that
The goal of the study described in this paper was notvas further aged in the oven at &5 °C.
the precipitation of monodispersed particles of a spe- After given reaction times, the suspensions were fil-
cial morphology, but to provide more information about tered as hot as possible by pressure filtration through
the mechanisms leading to the formation of goethite oa 0.22um PTFE membrane and dried at room tem-
hematite in aqueous Fe(NR solutions. The hydroly- perature in air. F& concentrations in the filtrate
sis processes were initiated at a temperature 665 were determined photometrically as the complex with
without the addition of any precipitating or growth sulfosalicylic acid.
modifying agent, in order to change the reaction con- pH measurementsould not be carried out in the
ditions as little as possible. Two different methodsoven. Instead, they were performed in the same reac-
are used to reach the final temperature. In the first, #ion vessel at 65C in an oil bath and are, therefore, in
0.06 mol dn? solution was heated up to 68, while  Method 1 not directly comparable to the processes
in the second a calculated amount of a stock solutionin the oven, since the heating to 66 was completed
necessary to generate a final concentration of 0.06 mah a shorter time.
dm~3, was added to water that had been preheated to Light scattering intensitiesere measured at a scat-
65°C. tering angle of 90with the ELS 800 instrument (Otsuka
The processes were followed situ by measuring Electronics) using a 10 mW He-Ne laser (632.8 nm) at
pH, scattering intensities, and hydrodynamic diameter$§5 °C. A sample was taken from the flask in the oven
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Figure 1 Dependence of the solution temperature on the reaction time, Method 1.
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and transferred quickly in a preheated 1 mm quartz cutions at 24°C. According to these authors, abovegpH
vette into the sample holder of the instrument at65  irreversible processes take place, which are assumed to
During the first 4 hours in Method 1 the temperature inbe oxolation processes.
the sample holder was adjusted to the temperature of Due to the need to perform the pH measurements in
the solution in the oven according to Fig. 1. an oil bath instead of the oven, the heating regime for
The hydrodynamic diameters were determined withthe samples and during the pH measurements was not
the same equipment by dynamic light scattering (DLS)exactly the same in this method. In the oil bath the reac-
measurements from the intensity fluctuations of thetion temperature was achieved in a shorter time, so that
scattered light [14] by thenethod of cumulantfl5].  the pH curve (Fig. 2) should reflect only qualitatively
The calculated average diameter is a harmarager- the processes in the solution. The pH was decreased
age [16]; i.e. it is close to the upper boundary of thefrom 2.2 to 2.0 by deprotonation during the first hour.
distribution of particle diameters. This effect was compensated by a proton consuming
The precipitates were characterized by X-ray diffrac-process during the second hour until the temperature
tometry, transmission electron microscopy (TEM), se-reached 65C. Since neither olation nor oxolation are
lected area diffraction (SAD) and sorption measure{roton consuming the deprotonation equilibrium seems
ments (automated sorptometer, Porous Materials Inc.Jo be shifted back. After two hours the deprotonation
Specific surface areas were determined by the BETeactions dominated again, and a drop of pH to 1.9 was
method, and the total pore volumes by the Pierceobserved that continued after a solid phase had begun
method [17]. to form.
The scattering intensity during the hydrolysis process
(Fig. 3) indicated the formation of nuclei between 4
3. Results and 5 h. As soon as the scattering intensity was strong
3.1. Method 1 enough to compute hydrodynamic diameters, values of
In their review Blesa and Matijegi[12] proposed a about 100 nm were found. Since a further increase of
scheme of overlapping deprotonation and olation reacthe scattering intensity was not accompanied by larger
tions (Scheme 1). particle diameters, the number of particles must have
These processes take place in the systems invesiicreased. After 13 h sedimentation is observed so that
gated here as well, followed by oxolation reactions ~ samples are not longer representative of the suspension
properties, and the solid content is too high to evaluate
~Fe-OH+ HO-Fe~ — ~Fe-O-Fe- + H,O (1) DLS data.

Properties of the precipitation products separated
because theinitial pH (22 0.1) atroom temperatureis from the suspension after given reaction times are
inthe region of the pH (2.0), as determined by Dousma listed in Table I. After 24 h more than one half, and
and de Bruyn [8] for 0.0625 mol dni Fe(NQ;); solu-  after 144 h 23 of the initial Fé+ concentration is
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Scheme 1Olation reaction matrix [12].
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Figure 2 Dependence of the pH on the reaction time in 0.06 mot#fe(NQ;)3 solutions at 65C; (1) Method 1, (2) Method 2, pklin 0.0625 mol
dm~3 Fe(NQ)3 solutions at 24C =2.0 [8] (see text).
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Figure 3 Scattering intensities and hydrodynamic diameters, Method 1.

TABLE | Properties ofa-FeOOH powders prepared in 0.06 mol predpitated in the solid phase- The decreasing pH val-
dm~3 Fe(NQ;)3 solutions at 65C, Method 1

Reaction [Fé] BET surface area Total pore volume
time (h) pH (moldm3) (Mgt (cm®g1)

12 1.53 112 0.469

24 1.38 0.028 94 0.321

48 1.30 78 0.260

72 1.34 75 0.260
144 1.22 0.020 73 0.134
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ues of the filtrates show that the precipitation process
was not completed during that time. SAD studies in-
dicate the presence ofFeOOH as the major phase,
together with a small amount of-F&,03 that is too
small to be detected by the X-ray diffraction (Fig. 4).
Transmission electron micrographs of a sample reacted
for 48 h are shown in Fig. 5, which displays aggregates
(diameter 50-125 nm) corresponding to the hydrody-
namic diameter. These aggregates consist either of fine
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Figure 4 XRD patterns of samples prepared by Method 1 from 0.06 moltiRe(NG;)s at 65°C, aging times (a) 24 h, (b) 144 h.

needles with a length of about 100 nm or of primaryless than 20 h could not be separated by filtration.
particles (5—10 nm). Instead, one sample was centrifuged after 16 h. This

BET surface areas are relatively high (70-17gn  solid had already the-Fe,Os structure. Transmission
The diameter of dense spherical particles of 11-20 nnelectron micrographs of this sample show aggregates
calculated from the BET surface area agrees well witlthat are considerably smaller than those of a sample
the dimension of the observed primary particles. reacted for 144 h. This fact is also reflected in the re-

spective BET surface areas (140 and 98ghshown
in Table Il. XRD results of the last sample shown in

3.2. Method 2 Fig. 7 prove thax-Fe,O3 structure while electron mi-
In contrast to Method 1 the pH of the solution alreadycrographs (Fig. 8) show aggregates with diameters be-
dropped to~1.7 at the beginning of the hydrolysis and tween 20 and 80 nm made up of primary particles with
decreased further during the follovg2 h (Fig. 2). As  diameters<10 nm. There are few needles with a thick-
shown in Fig. 6, the scattering intensity rose above darkess below 10 nm. The values calculated from the
current afte 1 h and increased slowly during the next radii of the rings of the SAD pattern (Fig. 8a) agree
20 h. Initially, hydrodynamic diameters are not largerWell with those known for hematite from the JCPDS
than 3050 nm. These particles aggregate due to the s&diffraction Data Files [18]. The aggregates are shown
concentration in the systenty(. =0.18 mol dnt3)  to consist of small single crystals of hematite (Fig. 8b).
that is above the critical coagulation concentration ofThe needles show lattice planes (arrow in Fig. 8c), i.e.
0.1 mol dn13 [11]. These processes yielded specieshey are crystalline, the spacing of these planes can be
with hydrodynamic diameters of 300—400 nm in theattributed to those of goethite. After very long times
course of the next 20-30 h. (608 h) the reaction was nearly completed. The large

Table Il lists properties of the precipitation prod- BET specific surface areas (Table Il) can be explained
ucts separated from suspensions obtained by Method!? the small diameter of the primary particles. Their

with increasing reaction times. Particles produced agize determined from the BET data (8—11 nm diame-
ter) are in good agreement with the diameters found

by TEM.
TABLE |l Properties ofu-Fe,O3 powders prepared in 0.06 mol
dm~3 Fe(NQ;)3 solutions at 65C, Method 2
Reaction [F&H] BET surface area  Total pore volume 4. Discussion
. —3 2 41 -1 . .. .
tme () pr (moldm™) (m"g™) (e g™) It is surprising that the hydrolysis of 0.06 mol df
16 140 0.315 Fe(NGs); solution yields two different products,
24 1.29 0.027 132 0.213 namelyx-FeOOH (Method 1) and-Fe,O3 (Method 2)
48 105 0.315 under nearly identical conditions except the heating
1351 1;2 8-;28 regime up to 65C, which seems to be very important.
608 102 0.008 81 0.218 To explain this behaviour, it is useful to inspect

the structures ak-FeOOH andx-Fe,O3 (Fig. 9). The
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0.1 um

Figure 5 TEM and SAD of a sample prepared by Method 1 from 0.06 mot 8fe(NQs)3 at 65°C, aging time 48 h.

structural units of goethite consist of double octahedraant higher density of hematite & 5.26 g cn3) com-
built up byedgesharing of two Fe(O;OR)octahedra.  pared with goethited = 4.26 g cn13). This higher den-
These units are further connecteddmyner-sharingto  sity is the consequence of the existencéaot-shared
athree-dimensional network. FeQs; octahedra linked by edge-sharing. A second cri-
Due to the different Fe:O ratio (1:1.5) hematite terion for the higher degree of network condensation
has a higher degree of condensation within the threein hematite is the estimated molar volume related to
dimensional network than-FeOOH (Fe:G=1:2), a mole of oxygen ions giving 10.43 émol~! for
which is phenomenologically expressed by a signifi-goethite and 10.10 ctmol~* for hematite despite of a
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Figure 6 Scattering intensities and hydrodynamic diameters in 0.06 moPdfe(NQ;)3 solutions at 65C, Method 2.
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Figure 7 XRD patterns of a sample prepared by Method 2 from 0.06 maltire(NGs)z at 65°C, aging time 144 h.

higher FE* content (0.667 per oxygen ion)iFe0s;  [(H20;0H),Fe(O;OH}Fe(HO;OH)]"* can be ex-
than ina-FeOOH (0.5 per oxygen ion, Table III). pressed in terms of the first stage of the beginning
Since in our studyw-FeOOH andr-Fe,O3 have been  structure formation. Together with the degree of depro-
formed without further thermal treatment of the solid tonation and hence with their net charge, the life-time
products the described structural units of these solidf these species is obviously responsible for the pro-
phases must have been formed during the hydrolysis afeeding linkage of the double-octahedra to a network
the iron(lll) nitrate solution. Considering the quite com- structure.
plex scheme of deprotonation and olation (Scheme 1) In Method 2 the high temperature from the very be-
and the oxolation reaction (Equation 1) during theginning of the hydrolysis causes a steep pH drop, i.e. a
hydrolysis regarding the described structural units itshift of the deprotonation and polymerization reactions
is easily seen that the edge-sharing double-octahedtawards the deprotonated and the polymeric species.
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Figure 8 TEM and SAD of a sample prepared by Method 2 from 0.06 mot#fe(NQs)3 at 65°C, aging time 144 h.

Rate constants [12] show that reactions involvingis large enough to compute hydrodynamic diameters.
water displacement become faster as the charge pét the same time the production of deprotonated
iron atom decreases. Essential processes take placemmbnomers and dimers has almost stopped—the pH re-
pH~1.1-1.2 (in contrast to 1.7-1.8 in Method 1). mains nearly constant after 2 h. In other words, the “nu-
Dimers (“double-octahedra”) and oligomers are quic-cleation” process has finished. Instead, an “intramolec-
kly polymerized, thus, their availability becomes lower. ular” condensation of edge-shared octahedra may be
After about 75 min the polymeric network must have afavoured leading to the face-sharing of Fe(O;@H)
size of several nanometers, since the scattering intensityctahedra that is necessary for the structural motif of
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Figure 8 (Continued.




hematite, e.g.:
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Since the formation of oligomers has stopped, particlé
growth proceeds by direct deposition of monomersTABLE Il Crystal data for goethite and hematite
Thus, the low pH has led to a better separation of particle
nucleation and growth causing arelatively monodiperse a-FeOOH a-Fe0s3
product (Fig. 8a).

P ; . Crystal system Orthorhombic Trigonal
_In[3] it is suggested that goethite was preC|p|tatedCe3|’| dimgnsions A 204 608 ao=g.034
first under similar conditions. The authors used fer- by — 9,956 Co— 13752
ric nitrate solutions of a somewhat lower concentration Co=23.0215
(0.02 instead of 0.06 mol dnf) and a higher hydrol-  Formula units per unit cell 4 6
ysis temperature (100 instead od®&). Low solution ~ Density (g cn®) ) 4.26 5.26
pH was adjusted by the acidification with HYOThe \“/";Lﬁ; ;Vegrh: rg?t g‘ecl’lf\)uc & éggﬁ ggiggg
presence of a very small amount of relatively well crys- .. Nf (cm® mol-1) 83.48 181.75
tallized goethite needles in our sample (Fig. 8c) formedvolar volume per formula unit 20.87 30.29
with Method 2 as long as 144 h (6d) show that some (cm® mol~%)
a-FeOOH nuclei must have formed at the beginning aéﬂleé:rfpvolu?f)per mole F& 20.87 15.15

Cl mo

well, although they could not be detected by XRD. ItMoIar volume per mole & 1043 10.10

can not be excluded that the initially formed polymer ™ s 111
network built both thex-Fe,O3; anda-FeOOH struc-
tures, where the easier solubleFeOOH was mostly

dissolved and recrystallized ioFe,Os. In contrast, at higher pH and slowly increasing tem-
peratures (Method 1) deprotonation and olation reac-
tions lead to the continued formation of dimers and their
linkage via edges to the double-octahedra chains in the
goethite structure as described in [13]. In this case, nu-
cleation and growth are not separated, causing a large
variety of particle shapes and sizes (Fig. 5). The initially
formed a-FeOOH structure slowly transforms into
a-Fe 03, probably by a dissolution-recrystallization
process. The formation of intramolecular bridges as
shown in Equation 2 is not very likely.

Interestingly, it also seems to be possible to apply the
described formation concept to weathered products of
iron(ll) minerals in nature provided that the influence
of anions such as chloride and sulfate is negligible. The
yellow-brown goethite is found in nearly all soils and
rocks whereas the red hematite colors especially the
soils of tropic and subtropic regions. Higher tempera-
tures and lower water amounts in the latter regions are
responsible for this phenomenon [19].
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