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The influence of carboxylate ions on the
growth of -FeOOH particles
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Colloidal B-FeOOH particles were produced by hydrolysis of FeCl; solutions doped with
varied amounts of formate, lactate, oxalate, tartarate, pyromellitate and EDTA ions at 100 °C.
The resulting particles were characterized by X-ray diffraction, transmission electron
microscopy, thermogravimetric-differential thermal analysis, Fourier transform-infrared
spectroscopy, elemental analysis, and the adsorption of nitrogen and water. With increasing
concentration of added carboxylate ions, the mean modal size of the particles formed
increased at low concentrations and decreased after passing the maximum. The crystallite sizes
also revealed a maximum on adding EDTA, oxalate and lactate ions, while they monotonically
decreased with the addition of other ions. Doping with tartarate and pyromellitate ions by
more than 7 and 10 mol %, respectively, produced amorphous particles containing a large
amount of these ions. The particles formed with 20 mol % tartarate ions adsorbed water

selectively.

1. Introduction

The effects of various organic anions such as car-
boxylate and hydroxylcarboxylate ions on the forma-
tion of ferric oxides or oxide hydroxides have so far
been a matter of interest in soil science, biology and
medical science, because these substances exist in soils
and organisms. Nowadays, ferric oxides and oxide
hydroxides are raw materials for manufacturing pig-
ments, powders for magnetic memory, catalysts, etc.
In these applications, controlling the particle shape,
size and crystallinity of the ferric compounds is neces-
sary for producing high-performance products. How-
ever, few successful methods have yet been invented;
for instance, the preparation of monodispersed
a-Fe, O, [1-3], v-Fe, 04 [4] and Fe;O, [5] particles
by Matijevi¢ and co-workers, because the mechanism
of the formation of these materials is still unclear
despite extensive studies. When ferric oxide or oxide
hydroxide particles are prepared from aqueous ferric
solutions, the addition of the anions which strongly
interact with Fe®™ ions and/or the surface of the
resulting nuclei particles, is presumed to be a method
available for controlling the structures and properties
of the particles produced. Schwertmann and co-work-
ers [6-8] have investigated the influence of various
organic and inorganic anions on the formation and
crystal growth of a-Fe, O, and a-FeOOH and found
that these anions inhibit or retard the crystallization
of these oxides. Kodama and Schnitzer [9] studied the
inhibitory effect of fulvic acid on the crystallization of
a-Fe,O; and a-FeOOH. The effects of carboxylic
acids on the crystal growth of a-FeOOH [10] and the
formation of y-FeOOH [11] were also studied. Re-
cently, we have investigated not only the influence of
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citrate ions [ 12], phosphate and silicate ions [13], and
amines [14] on the formation of «- and B-FeOOH
particles but also the structures and properties of the
resulting materials, and discovered several interesting
properties of the products; for instance, the selective
adsorption of water on the amorphous particles pre-
pared with citrate ions [15]. However, to our know-
ledge there appears to be no study of the influence of
carboxylate ions on the formation and crystallization
of B-FeOOH.

This work was designed to investigate the influences
of various carboxylate ions on the formation and
particle growth of B-FeOOH by characterizing the
materials formed using various techniques.

2. Experimental procedure

500 ml 0.1 mol 17! FeCl; solution containing different
amounts of carboxylate ions was heated at 100°Cin a
capped 1 1 Pyrex vessel for 5 h unless otherwise stated.
The pH of the suspensions after this ageing were less
than 1 at room temperature. The precipitates formed
were separated from the solution by centrifuging and
thoroughly washed with distilled water and then dried
in an air oven at 70 °C. The carboxylate ions added to
the starting solutions were formate, oxalate, lactate, d,
[-tartarate, pyromellitate and EDTA ions, the origins
of which were respective sodium salts or acids of
Wako Reagent grade. The added amounts of these
ions were 0-50 mol % to Fe3* ions.

The materials thus prepared were characterized by
various means. Powder X-ray diffraction (XRD) was
done using a diffractometer with nickel-filtered CukK,
radiation (30kV, 15mA). The morphology of the
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particles was observed by transmission electron
microscopy (TEM). Infrared spectra in KBr were re-
corded with a Fourier transformation — infrared
(FT-IR) spectrophotometer. Simultaneous thermogra-
vimetry and differential thermal analysis (TG-DTA)
was performed using a thermoanalyser in air at a
heating rate of 5°C min . The carbon content in the
prepared materials was assayed using a CHN analyser
and the iron content was determined by inductively
coupled prasma spectroscopy (ICP) by first dissolving
in hydrochloric acid. The specific surface area was
calculated by applying the BET equation to nitrogen
adsorption isotherms at liquid nitrogen temperature
recorded by an automatic volumetric apparatus de-
signed in our laboratory. The water adsorption iso-
therms were measured using a computer-aided auto-
matic gravimetric equipment. Before water and ni-
trogen adsorption, the samples were treated under
1072 Pa at 75°C for 2 h.

3. Results
Transmission electron micrographs of the particles
formed by ageing for 5 h in the presence of tartarate,
oxalate and lactate ions are shown in Figs 1-3, re-
spectively. In the case of tartarate ions (Fig. 1), on
increasing the added amount of these ions, the particle
sizes increased below 0.5 mol % and then decreased.
Above 10mol %, the amorphous agglomerates of
very fine particles were formed. EDTA and pyromel-
litate ions showed a tendency similar to tartarate ions.
As is seen in Fig. 2, the particle sizes increased with
increasing amount of oxalate ions, up to 5 mol %,
above which the formed particles became aggregated.
However, the XRD patterns of the created agglomer-
ates were characteristics of B-FeOOH, differing from
the case of tartarate ions. As can be seen from Fig, 3, the
addition of lactate ions markedly increased the par-
ticle sizes below 20 mol %, and gave irregular particles
above 30 mol %.

Fig. 4 shows the XRD patterns of the materials
formed with various amounts of tartarate ions.
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Figure 1 Transmission electron micrographs of the particies formed
with various amounts of tartarate ions on ageing for 5h: (a)
0 mol %, (b) 0.5 mol %, (c) 5.0 mol %, (d) 10.0 mol %.
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Figure 2 Transmission electron micrographs of the particles formed
with different amounts of oxalate ions on ageing for 5 h: (a) 0 mol %,
(b) 1.0 mol %, {(c) 5.0 mol %, (d) 20.0 mol %.
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Figure 3 Transmission electron micrographs of the particles formed
with various amounts of lactate ions on ageing for 5 h: (a) 0 mol %,
(b) 10 mol %, (c) 20 mol %, (d) 30 mol %.
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Figure 4 XRD patterns of the materials produced with different
amounts of tartarate ions on ageing for 5 h.

Adding these ions lowered the crystallinity of the
particles formed until they became amorphous above
10 mol %. On the other hand, the crystallinity of the
particles was slightly improved by adding lactate ions,



as can be seen in Fig. 5. The influences of lactate,
oxalate and formate ions on the crystallinity of the
particles formed were less than those of tartarate,
EDTA and pyromellitate ions. Assuming that the
broadening of the diffraction peaks reflects only the
depression of crystailite size in the particles, the crys-
tallite size can be calculated from a half-width of
diffraction peaks using the Scherrer equation. The
crystallite size, L, evaluated from the peak due to the
reflection from the (200) plane is plotted against the
amount of various carboxylate ions in Fig. 6. The L
values of the materials formed with EDTA, oxalate
and lactate ions, showed a maximum, as seen in Fig. 6.
The maximum L values were in the order EDTA >
oxalate > lactate ions, and the concentrations of these
ions which showed a maximum I value were in the
opposite order. At high concentrations, tartarate,
EDTA and pyromellitate ions reduced the L values of
the products further, compared to the other ions.
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Figure 5 XRD vpatterns of the materials produced with various
amounts of lactate ions on ageing for 5 h.
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Figure 6 Crystallite sizes, L,y of B-FeOOH of the materials
formed with different amounts of various carboxylate ions ageing
for Sh: (O) lactate, (@) oxalate, ({1) formate, (A) EDTA, (A}

tartarate, (M) pyromellitate.

Fig. 7 shows infrared spectra of the materials
formed with tartarate ions. The spectrum of the mater-
ial formed without these ions was characteristic of -
FeOOH [16]. The spectra of the materials formed
with tartarate ions showed absorption bands due to
tartarate ions coordinating to ferric ions, as can be
deduced from the spectrum of sodium tartarate shown
by the dashed line in Fig. 7. With increasing added
amount, the intensity of the bands due to tartarate
ions increased and the bands of B-FeOOH dimin-
ished. In the cases of carboxylate ions other than
tartarate and pyromellitate, the bands of the respect-
ive carboxylate ions were very weak and the bands of
B-FeOOH appeared even above 10 mol %.

The TG-DTA curves of the materials formed with
tartarate ions are shown in Fig. 8. The DTA curve of
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Figure 7 FT-IR spectra of the materials formed with different
amounts of tartarate jons on ageing for Sh: (1) Omol%, (2)
1.0 mol %, (3) 5.0 mol %, (4) 10.0 mol %. (---) The spectrum of
sodium tartarate.
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Figure 8§ DTA-TG curves of the materials formed with different
amounts of tartarate ions on ageing for Sh: (1) Omol %, (2)
0.3 mol %, {3) 3.0 mol %, {4) 10.0 mol %.
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the sample prepared without these ions was character-
istic of B-FeOOH. The endothermic peak at 240 °C is
due to the dehydroxylation of B-FeOOH and the
exothermic peak at 495 °C is due to the crystallization
from amorphous ferric oxide to a-Fe, O, [16]. The
endothermic peak accompanied a weight loss in the
TG curve. The small peak at 280 °C resulted from the
release of chlorine contained in the f-FeOOH crystals.
With increasing concentration of added tartarate ions,
the endothermic peak at 240°C became small and a
large exothermic peak appeared around 250 °C, which
could be caused by the decomposition and/or oxida-
tion of tartarate ions, because this peak was accom-
panied by a large weight loss. Pyromellitate ions
showed the same tendency as tartarate ions, but lact-
ate ions essentially did not affect the TG-DTA curves.

The results of FT-IR indicate that the materials
formed with carboxylate ions, especially tartarate and
pyromellitate ions, contain a significant amount of
these ions. The contents of residual carboxylate ions,
determined by means of the elemental analysis, are
plotted in Fig. 9 against the amount of these ions
added to the starting solutions. The contents of tartar-
ate and pyromellitate ions were larger than those of
the other carboxylate ions, and increased steeply
above 7 mol % with the amount added, while those of
the other carboxylate ions increased slightly. These
results agree well with the results of FT-IR and
TG-DTA.

As stated above, ageing for 5 h gave only B-FeOOH
particles. However, ageing for more than 48 h yielded
a mixture of B-FeOOH and «-Fe,O;. Fig. 10 demon-
strates the change in L values of B-FeOOH and
a-Fe,O; with ageing time as a function of the concen-
tration of added tartarate ions. On extending the
ageing time without tartarate ions, the L value of
B-FeOOH increased up to 24 h and then decreased.
After ageing for 120 h, the XRD peaks of 3-FeOOH
disappeared. The L value of u-Fe,O, increased fol-
lowing the decrease in the L value of B-FeOOH. On
the other hand, in the system with 10 mol % tartarate
ions, the L value of B-FeOOH increased with ageing
time up to 48 h, and then was almost constant.

The adsorption isotherms of nitrogen and water
were measured for the analysis of the surface and pore
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Figure 9 Relations between amounts of carboxylate ions added to
the starting solutions and those contained in the resulting materials.
The ageing time was 5h. (@) tartarate, (A) pyromellitate, (O)
oxalate, (A ) lactate, ((J) formate.
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Figure 10 Crystallite sizes, L, of ( ) B-FeOOH and (———)
a-Fe, 05 of the materials formed with different amounts of tartarate
ions on ageing for different times. The L values of f-FeOOH and
a-Fe,O; were calculated from the diffraction peaks of (200) and
(310) planes, respectively. (O, @) 0 mol %, (A, A) 0.1 mol %, ((J,
H) 1.0 mol %, (O, @) 10.0 mol %.

structures of the particles formed with carboxylate
ions. The specific surface areas, S,, calculated from the
nitrogen adsorption isotherms by the BET method are
plotted against the concentrations of tartarate, oxalate
and pyromellitate ions added to the starting solutions
in Fig. 11. The S, value of the materials formed with
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Figure 11 Specific surface areas of the materials formed with differ-
ent amounts of (O) tartarate, (A) oxalate and (OJ) pyromellitate
ions on ageing for 5 h.



tartarate ions increased steeply with increasing added
amount, but above 7mol% it abruptly decreased,
whereas, the S, value decreased with the addition of
pyromellitate ions up to 7mol%, and above
10 mol % drastically increased. For oxalate ions, the
S, value increased below 1 mol%, but above this
concentration remained nearly constant.

Fig. 12 shows the BET monolayer adsorption capa-
city of water per unit nitrogen surface area, 4,,, of the
materials produced with varied concentrations of
tartarate, oxalate and pyromellitate ions. The mater-
ials formed with less than 10 mol % pyromellitate ions
showed larger A,, values than those formed with the
other ions. In the case of tartarate ions, the 4,, value
decreased with increasing the concentration up to
7 mol %, and then steeply increased. The A, values of
the materials formed with oxalate and pyromellitate
ions were almost constant above 1 and 10 mol %,
respectively. The dashed line of this figure indicates
the theoretical A4, values of 9.3 molecules nm ~ 2 evalu-
ated from a cross-sectional area of H,O molecules
{0.108 nm?) assuming that the entire surface of the
materials is accessible to both water and nitrogen
molecules. Al of the 4, values given in Fig. 12 are
larger than this theoretical value. It is especially of
interest that the A, value of the material produced
with 20 mol % tartarate ions is extremely large.

4. Discussion

4.1, Effects of carboxylate ions

The carboxylate ions influenced the crystal growth of
B-FeOOH in different ways, as can be seen from Fig. 6.
It can be generally considered that inorganic or or-
ganic anions affect the formation of metal oxide or
hydroxides through the following processes: (1} the
chelating of these ions with metal ions to prevent the
hydrolysis of metal ions, i.e. nucleation; (2) the adsorp-
tion of these ions on the nuclei produced by hydrolysis
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Figure 12 Water monolayer adsorption capacity per nitrogen sur-
face area of the materials formed with various amounts of (O)
tartarate, (A} oxalate and (UJ) pyromellitate ions on ageingfor 5 h.

to inhibit the growth of the nuclei [8, 17]. The max-
mum crystallite and particle size observed for the
system with added EDTA, oxalate and lactate ions in
Fig. 6 can be interpreted by the following mechanism.
The hydrolysis of Fe** ions is inhibited, in part, by the
addition of these carboxylate tons so that only a few
nuclei are formed. This leads to the formation of larger
particles, because after nucleation the number of the
particles does not increase but only particle growth
takes place. On the other hand, carboxylate ions
adsorb on the resulting nuclei to interfere with their
growth. Therefore, the appearance of the maximum is
thought to relate to the balance between the degrees of
adsorption and complexation. The adsorption and
complexation abilities of carboxylate ions depend
upon their structures, especially the number of OH
and COO ™ groups. It is clear from Fig. 6 that EDTA,
pyromellitate and tartarate ions more markedly de-
creased the crystallite size of B-FeOOH compared to
lactate, oxalate and formate ions possessing fewer
COO™ and OH™ groups, except for a low concentra-
tion region showing a maximum. The former three
ions may more strongly and effectively adsorb on the
nuclei or particles than the latter three, because a
larger ion with more functional groups can occupy
more strongly a wider area of the particle surface. This
can also be used to explain the results of Fig. 6: the
concentration of carboxylate ions showing maximum
L values was in the order EDTA > oxalate > lactate
ions, while the height of the maxima was in the
opposite order. That is, EDTA ions having a higher
ability to be adsorbed and to undergo complexation,
show a larger maximum L value at a lower concentra-
tion. However, no maximum appeared for pyro-
mellitate and tartarate ions, although the strong
adsorption and complexation of these ions can be
speculated from the results of TG-DTA, FT-IR and
elemental analysis. This conflict may be because the
concentrations of these ions showing the maximum L
value are too low to be detected in the present ex-
periments.

4.2. Structures of the particles formed

A further understanding of the role of carboxylate ions
requires structural analysis of the materials formed. In
a previous work we found that the amorphous par-
ticles formed with citrate ions adsorb H,O molecules
selectively [15]. Fig. 12 indicates that all the materials
adsorb water molecules more than nitrogen molecules
even for the pure B-FeOOH, because the A,, values are
larger than 9.3 molecules nm ~ 2. This selective adsorp-
tion of water is considered to be due to the tunnels in
the B-FeOOH crystals which are accessible to water
molecules but not to nitrogen molecules [18]. There-
fore, the decrease in the A4,, values on addition of these
three ions seems to be caused by rupture of the tunnel
structure. In particular, the materials formed with
more than 10 mol % tartarate ions showed a large A4,
value, that is, a high selective adsorption of water, The
particles produced with pyromellitate ions showed a
maximum of 4, at ~ 5 mol%, though the particles
formed - with tartarate jons showed a minimum.
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Cornell and Schwertmann [8] thought that the crys-
tallization of a-Fe, O, was inhibited by tartaric acid
linking ferric hydroxide particles of 2—4 nm diameter.
An analogous mechanism might be applied to the
inhibition of crystallization of B-FeOOH by adding
carboxylate ions, with the exception of formate and
lactate ions which are incapable of linking as specu-
iated from their molecular structures. As seen in Figs 1
and 11, the large irregular particles of low § values
were produced on adding more than 10 mol % tartar-
ate ions. These particles appear to be agglomerates of
small particles between which the ultramicropores
accessible to water molecules, but not to nitrogen
molecules, are formed. On the contrary, the amorph-
ous particles produced by adding more than 10 mol %
pyromellitate ions had a high surface area and a low
A, value. The opposite results for these two ions
would be associated with the difference in their mo-
lecular structures; pyromellitate ions, having phenyl
groups, are much larger in comparison with tartarate
ion. Therefore, the micropores in the particles formed
with the pyromellitate ions are large enough to be
accessible to both water and nitrogen molecules, so
these particles showed 2 higher S, value and a smaller
Ay, value than the particles formed with tartarate ions.
Such a microporosity of the particles with pyro-
mellitate ions is obvious from the nitrogen adsorption
isotherms, rising steeply in low relative pressures.
These findings suggest that the porosity of ferric oxi-
des can be controlled using the correct carboxylate
ion.

4.3. Transformation of B-FeOOH to a-Fe,04

It is well known that B-FeOOH transforms to o-
Fe,0; in an acidic solution under various conditions.
We found recently, that citrate ions affect this phase
transformation. As details of the results will be soon
reported elsewhere, the present paper describes only
the influence of tartarate ions. It is clear from Fig. 10
that tartarate ions inhibit the conversion of B-FeOOH
to o-Fe, 0. The mechanism of the transformation of
B-FeOOH to a-Fe,O; in agueous media is thought to
be dissolution of -FeOOH and recrystallization to o-
Fe,0;. In the case of tartarate ions, the less-crystalline
$-FeOOH phase remained even at 10 mol % after
240 h ageing, as can be scen from the solid lines of
Fig. 10, indicating that dissolution of B-FeQOH is
disrupted by these ions. On the other hand, the crys-
tallization of «-Fe, 05 was also retarded by tartarate
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ions, as shown by the dashed lines in the same figure.
Such inhibitory effects of tartarate ions on dissolution
of §-FeOOH and recrystallization of «-Fe, 04 could
be explained in terms of complexation and adsorption
in a similar manner to the formation and growth of B-
FeOOH particles described above.
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