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INFLUENCE OF ORGANIC ANIONS ON THE
CRYSTALLIZATION OF FERRIHYDRITE
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Abstract—Hydroxy-carboxylic acids ighibit the crystallization of ferrihydrite in the pH range 9-11 in the
order

citric > meso tartaric > L—tartaric > lactic
and favor hematite formation relative to goethite in the order
L—tartaric > citric > meso tartaric > lactic.

The crystal shape of hematite can change from hexagonal plates to acicular in the presence of these acids.
The influence of the acids on the crystallization rises with increasing concentration and with falling pH.

The effectiveness in suppressing crystallization depends on whether and how strongly the acid adsorbs
on ferrihydrite and how strongly it complexes with Fe3* in solution. Inhibition of crystallization of hematite
is believed to be due to the di- and tricarboxylic acid linking ferrihydrite particles in an immobile network.
Goethite formation is suppressed by the acid complexing with Fe in solution and hindering nucleation;
strongly adsorbing acids also adsorb on the nuclei and hinder further growth. Certain acids can induce

hematite formation because they contain a group which acts as a template for nucleation of hematite.
Key Words—Crystallization, Ferrihydrite, Goethite, Hematite, Hydroxy-carboxylic acid.

INTRODUCTION

It has been demonstrated that organic compounds
retard or inhibit the crystallization of Fe oxides from
ferrihydrite in soils (Schwertmann, 1966). Laboratory
studies have shown that anions of simple organic acids
(Schwertmann er af., 1968; Schwertmann, 1969) and
fulvic acids from a soil (Kodama and Schnitzer, 1977)
have a great effect on both the rate of crystallization
and the nature of the crystalline product. Oxalate fa-
vors hematite over goethite (Fischer and Schwert-
mann, 1975). Organic anions such as citrate may act
through adsorption on ferrihydrite or hematite
(Schwertmann et al., 1968). The same mechanism
seems to operate with fulvic acid at a low fulvic acid:Fe
ratio, whereas at a higher ratio, complexation of Fe in
solution completely inhibits any oxide precipitation
(Kodama and Schnitzer, 1977).

The aim of the present study was to investigate more
specifically the effect of organic anions on the trans-
formation of ferrihydrite to crystalline products and to
determine the mechanism by which the anions operate.
The experiments were carried out at pH 9-11 and at
70°C because under these conditions, in the absence of
organic acids, crystalline products could be obtained
in a reasonable length of time, and both hematite and
goethite are usually formed. At lower pH and room
temperature crystallization is too slow. Long term ex-
periments carried out at 20°C and at pH 6 (conditions
resembling those in soils) in the presence of organic
acids (10~ M) gave no crystalline product even after 12
months. In contrast, at higher pH (~11), crystallization
is rarely influenced if at all by organic acids, and fur-
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thermore, goethite is very strongly favored over he-
matite.

Earlier work (Schwertmann, 1969), involving higher
concentrations of acid (10-2 M), showed that the acids
fall into two groups: (1) those that completely inhibit
crystallization at pH 9-10 (the hydroxy-carboxylic
acids), and (2) those that only retard crystallization and
also alter the ratio of goethite to hematite formed (the
carboxylic acids). In the present investigation most ex-
periments involved the hydroxy-carboxylic acids, be-
cause by varying their concentration, these acids could
be used to cover the whole range from complete inhi-
bition to complete crystallization and from pure goe-
thite to pure hematite. Furthermore, because these
acids differ in the size, shape, and structure of the mol-
ecule and in the number of carboxyl and hydroxyl
groups available for bonding, information about how
they interfere with Fe-oxide formation could be ex-
pected.

EXPERIMENTAL METHODS

Ferrihydrite (9.5 mmoles Fe in a final volume of 200
ml) was precipitated from 5 x 1072 M Fe(IIl) nitrate
solution with 2.5 M KOH and the pH raised to a value
between 9 and 11. This process took approximately 5
minutes. A solution of Merck reagent grade organic
acid [lactic, meso tartaric, L—tartaric, citric, oxalic,
succinic, malonic, maleic, or malic (=cis butenedioic)
acid] was added to a final concentration in suspension
of 1072-10-5 M, the pH readjusted if necessary, and the
suspension placed in a 70°C oven. Most of the results
refer to a standard reaction time of 24 hr. During and
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Table 1. Effect of different concentrations of citric acid on
crystallization of ferrihydrite.!

Composition of product

Citric

acid Goethite Hematite Ferrihydrite
conc. % % %

0 100 0 0
10> M 85 15 0
100+ M 0 10 90
103 M 0 0 100
102 M 0 0 100

1 pH = 10, 70°C, 24 hr.

after the heating period, the suspension was sampled
and washed, and the total Fe (Fe)) and oxalate-soluble
Fe (Fe,) (Schwertmann, 1964) were determined. The
ratio Fe /Fe, was taken as a measure of the proportion
of ferrihydrite left unchanged. Fe was determined by
atomic absorption spectroscopy (Perkin Elmer 420
Atomic Absorption Spectrophotometer). The compo-
sition of the crystalline fraction was determined after
oven drying at 50°C from an X-ray powder diffracto-
gram (dried powder pressed gently against filter paper
to avoid orientation; Philips PW 1300 diffractometer
with CoKa radiation and a diffracted beam graphite
monochromator) by comparing the area of the (110)
peak of goethite and the (120) peak of hematite with the
same peaks in mixtures of synthetic standards of com-
parable peak widths. Electron micrographs (Zeiss EM
10 electron microscope at 80 kV) were obtained after
dispersing the solid sample in alcohol and evaporating
a drop of the suspension to dryness on a carbon-coated
copper grid. .

The extent of adsorption of organic anions on ferri-
hydrite at various pH values was found by agitating a
suspension of ferrihydrite and organic acid for 24 hr at
20°C and filtering it through a 0.22-um Millipore filter.
The organic acid remaining in the filtrate was deter-
mined by digestion with a mixture of chromic (5§ x 1073
M) and sulphuric acid (96%) at ~80°C followed by back
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x L-tartaric
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Figure 1. Fe,/Fe, as a measure of the degree of transforma-
tion of ferrihydrite to goethite and/or hematite vs. pH in the
presence of various organic acids at 10~* M concentration (24
hr, 70°C).
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Figure 2. Fe/Fe, as a measure of the degree of transforma-

tion of ferrihydrite to goethite vs. time in the presence of var-
ious acids (1073 M) and 6% goethite seeds (pH 9.8, 70°C).

titration with Fe(I) sulphate solution (1072 M), using
diphenylamine as the indicator. The amount of acid ad-
sorbed was found by difference.

RESULTS

The factors which influence the effect of organic
acids in the crystallization of ferrihydrite are acid con-
centration, pH, and the nature of the acid.

Acid concentration and pH

The ability of a hydroxy-carboxylic acid to retard
crystallization rises as the concentration of acid in so-
fution increases (Table 1) and as the pH decreases (Fig-
ure 1). Above pH 11 even 1072 M acid did not influence
crystallization. Below pH 11 crystallization was retard-
ed to a varying degree (Figure 1) depending on the na-
ture of the acid (see below).

Nature of the acid

The nature of the acid affects the rate of crystalli-
zation and the composition of the end product, i.e., the
goethite:hematite ratio.

Rate of crystallization.  All of the hydroxy-carboxylic
acids studied reduced the rate of crystallization below
a certain pH and above a certain concentration, but to
a varying degree. For citric acid the ferrihydrite was
unchanged after 24 hr over the pH range 9-10.5 in the
presence of 1072 M and 1073 M acid. At 10~* M acid

Table 2. Adsorption of organic acids on ferrihydrite at pH
9 and 20°C.!
Adsorption from solution

Initial Meso

acid in tartaric L-tartaric Citric Lactic

solution % % % %

102 M 31 35 n.d. 0

103 M S50 45 50 0

1 100 ml of acid + 9.5 mmole of Fe.
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Figure 3. Relation between goethite formed and pH in the

presence of various organic acids at 10~ M concentration
(70°C, 24 hr; 100 — goethite = hematite).

(Figure 1) partial inhibition below pH 10.5 and complete
inhibition below pH 9.8 was noted, whereas no effect
was measured at 10~> M acid. At pH 10and 10-3 M acid,
complete crystallization (to hematite) was possible only
after 16 days. The crystallization time was even longer
(weeks) at lower pH (8.5) or at higher acid concentra-
tions (10-2 M); at very high acid levels (>10-1 M), crys-
tallization may be inhibited indefinitely.

For the two tartaric acids no conversion took place
at 1072 and 103 M over the pH range of 9.0-10.5. At
10~* M the two forms behaved differently. L—tartaric
acid did not inhibit crystallization within 24 hr, whereas
with meso tartaric acid no crystallization took place
below pH 9.8 (Figure 1). With lactic acid complete con-
version to goethite and/or hematite took place within
24 hr even at a concentration of 8 X 103 M, but the
rate was reduced. This is shown for 10~ M concentra-
tion at pH 9.8 in Figure 2.

From these results the order of inhibition of crystal-
lization is citric > meso tartaric > L-tartaric > lactic.
Of the two other hydroxy-carboxylic acids not studied
in detail, malic acid came after L-tartaric and
5,sulphosalicylic acid just before lactic acid in the
above sequence. The dicarboxylic acids (oxalic, suc-
cinic, malonic, and maleic) were much less efficient. At
1072 M concentration these acids only partially inhib-
ited crystallization. Preliminary results with the latter
acids suggested that as the concentration decreased the
order of their effectiveness as inhibitors changed.

Table 2 shows the extent of adsorption of the hy-
droxy-carboxylic acids on ferrihydrite. Those acids
(citric, tartaric) which inhibit crystallization at 102 and
103 M concentration were adsorbed to a significant
degree, whereas lactic acid, having only a very weak
effect, was not adsorbed. At 10~* M, L-tartaric acid,
although adsorbed to alarge extent, did not inhibit crys-
tallization possibly because the degree of coverage is
too low for this acid to have an effect. The area per
tartaric acid molecule is approximately 110 A2, 600 A2,
and 7000 A? (meso tartaric) and 4000 A? (L—tartaric) for
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Figure 4. Proportion of goethite formed between pH 9.0
and 10.2 at various concentrations of lactic acid (70°C, 24 hr;
100 — goethite = hematite).

acid concentrations of 1072 M, 103 M, and 10 ¢ M, re-
spectively, assuming an average surface area of 200
m?/g (Schwertmann and Fischer, 1973).

Hematite:goethite ratio. At organic acid concentra-
tion of 10~ M complete crystallization takes place
above pH 9; therefore, the effect of the acids on the
hematite:goethite ratio can be evaluated. As compared
to the control, all four hydroxy-carboxylic acids led to
more hematite relative to goethite (Figure 3).

The hematite:goethite ratio decreases in the order:
L-tartaric > citric > meso tartaric > lactic. This or-
der is different from that for inhibition of crystallization
which suggests that inhibition of crystallization and
suppression of goethite may involve different mecha-
nisms. It is particularly noteworthy, that far more he-
matite forms in the presence of L-tartaric than with
meso tartaric acid. The hematite-favoring effect in-
creases with increasing concentration of the acid and
with decreasing pH as shown for lactic acid in Fig-
ure 4,

Whether these acids actually encourage hematite to

104=
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Feg/Fey o control
0.6 + tartaric acid
" \
" \‘:\1::1\: \‘
0 v T v . x ~ -
0 0 200 30 40 50 330
Time (h)
Figure S. Change of Fe/Fe, with time during the transfor-

mation of ferrihydrite to goethite and hematite at pH 8.3 and
70°C in the presence of § X 1074 M L-tartaric acid.
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form was investigated by comparing the Kinetics of

crystallization of a control system and one containing

5 x 107 M L—tartaric acid at pH 8.3 (Figure 5). The
overall rate of crystallization appeared to be the same
in both systems, but in the control, 45% of the crystal-
line fraction (>909%) was goethite and 55% was hema-
tite, while in the presence of the L-tartaric acid, he-
matite was the sole product. Thus, in this system the
formation of hematite was accelerated by the presence
of L-tartaric acid. Succinic, malonic, maleic, oxalic,
and malic acids were intermediate between lactic and
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Figure 6. Electron micrographs of iron oxide products: (6a) 10~* M citric acid, pH 10, acicular hematite; (6b) 10~ M oxalic
acid, pH 9, platy hematite; (6¢) 5 x 10~* M L-tartaric acid, pH 9, serrated platy hematite; (6d) 10> M citric acid, pH 10.5,
acicular and partly twinned goethite (65%) and platy hematite (35%) which has partly induced epitaxial growth of goethite.

the other hydroxy-carboxylic acids in their effect on
hematite formation. At pH 9.6 at 10> M concentration
the amount of hematite formed ranged from 50% with
succinic to 70% with malic acid.

Electron micrographs

Hematite produced in the presence of 6 x 107 M
citric acid was acicular instead of platy because of pref-
erential growth in the z-direction (Schwertmann et al.,
1968). Similar acicular hematite was produced in this
study at 10~* M citric acid (Figure 6a). Thin outgrowths
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Figure 7.  Effect of seeding with 6% goethite on the formation

of goethite from ferrihydrite in the presence of 2 x 1073 M lac-
tic acid as a function of pH (70°C, 24 hr; 100 — goethite =
hematite).

perpendicular to the main crystal are common. The
usual hexagonal plates of hematite were formed (to-
gether with goethite needles) at 10~ M citric acid and
also in the presence of oxalic, succinic, malonic, and
maleic acid, even at 102 M concentration (Figure 6b).
The hexagonal shape of hematite is poorly developed
(Figure 6¢) in smaller crystals, and a granular internal
structure is visible indicating its genetic relationship
with ferrihydrite (Fischer and Schwertmann, 1975).
The goethite crystals vary widely in shape between thin
needles and thick twins (Figure 6d) but appear not to
be modified by the organic acid.

Seeding with goethite

It seemed possible that there might be a time after the
transformation started beyond which addition of or-
ganic acid to ferrihydrite would have no effect on the
reaction. This was verified for lactic acid. AtpH 9.8 and
with 1073 M acid, 23% hematite (77% goethite) was
formed when the acid was added at the start of the re-
action, only 5% hematite when it was added after 1 hr,
and no hematite when it was added after 3.5 and 6 hr
(i.e., the same result as with no addition). In each case
the system was analyzed 24 hr after the start of the re-
action. These data suggest that the acid hindered the
nucleation of the goethite and that once sufficient nuclei
had formed, the inhibiting effect of the acid was over-
come. An analogous case for the effect of Al on the
nucleation of goethite was described by Lewis and
Schwertmann (1979).

This idea was confirmed by further experiments in
which goethite was added to the system at the start of
the reaction. Adding 6% seeds of goethite to a system
containing ferrihydrite and lactic acid, i.e., an acid that
only weakly retards crystallization, increased the rate
at which goethite formed, raising it to the level found
for the control system (Figure 2). The amount of goe-
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Figure 8. Schematic arrangement of organic acids on the

(001) face of hematite.

thite in the final product in the pH range of 9.0-9.8 was
also increased and was the same as that in a seeded sys-
tem in which lactic acid was absent (Figure 7). In con-
trast, in the presence of an acid that strongly inhibits
crystallization, e.g., 10~ M meso tartaric acid, and at
pH 10, addition of 80% goethite seeds did not encourage
further goethite to form from ferrihydrite. Adding 10%
seeds of hematite to a system of ferrihydrite without
acid at a series of pH values from 9to 11 did not increase
the proportion of hematite formed.

DISCUSSION

Depending on the nature of the acid and the condi-
tions of synthesis, organic acids had two effects on the
formation of goethite and/or hematite from ferrihydrite.
At lower concentrations they increased the proportion
of hematite at the expense of goethite, whereas at
higher concentrations they retarded or inhibited crys-
tallization. In order to explain these effects, the mech-
anism for the formation of goethite and hematite from
ferrihydrite must be known. It was proposed earlier
(Schwertmann and Fischer, 1966), that hematite for-
mation involves aggregation of ferrihydrite followed by
nucleation and crystal growth within the aggregate. In
contrast, for goethite formation, the ferrihydrite dis-
solves into small, probably monomeric units which nu-
cleate and feed the goethite crystal in bulk solution.
Both mechanisms operate competitively.
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Figure 9. Possible ways of linking ferrihydrite particles with
organic molecules.

There are, therefore, three ways in which organic
molecules might interfere in the crystallization process:
(1) by adsorption on ferrihydrite, thereby preventing
its dissolution (to form goethite) or the nucleation of
hematite within the ferrihydrite aggregate; (2) by as-
sociation of the organic ligand with Fe in solution (com-
plexation) and/or at the surface of goethite nuclei and
crystals, thus inhibiting nucleation and/or crystal
growth; and (3) by acting as a template for and thereby
favoring the formation of hematite (Fischer and
Schwertmann, 1975).

Adsorption on ferrihydrite

Whether or not adsorption of organic molecules pre-
vents the dissolution of ferrihydrite should partly de-
pend on the degree of surface coverage. Adsorption of
organic anions at the goethite surface can involve one
or two Fe atoms as shown for oxalate (Parfitt ef al.,
1977). There is no detailed information about the sur-
face structure of ferrihydrite, but as ferrihydrite and
bematite have related structures (Towe and Bradley,
1967) results obtained using hematite would at least
give an estimate of trends to be expected although the
ferrihydrite is less ordered. Possible arrangements of
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the organic anions at the (001) plane of hematite are
shown in Figure 8 together with their size. With 1072 M
tartaric acid enough anion is adsorbed from solution to
give a uniform surface coverage of 1 molecule/110 A2
(see p. 404) (saturation coverage = 1 molecule/42 A2,
Figure 8). With 10~ M acid the molecules are even
more widely distributed (1 molecule/600 A? and 1 mol-
ecule/300 A? for tartaric and citric acid, respectively)
and could hardly block all the dissolution sites to pro-
duce monomers for goethite nucleation. In fact, the
organic acids encourage the ferrihydrite to dissolve to
some extent (~1%) leading to a measurable amount of
Fe in solution (3 ppm).

Hematite formation, however, might be prevented
even at low coverage. The citrate and tartrate mole-
cules, 6-10 A long, could link the ferrihydrite particles
(diameter 2—4 nm) to form a relatively immobile net-
work (Figure 9a) in which the area of direct contact
between the particles is reduced and their internal ‘‘co-
alescence’” to hematite becomes impossible. This is
partly supported by an unexpectedly low surface area
found for natural and synthetic ferrihydrites containing
organic compounds (Schwertmann and Fischer, 1973),
possibly because their internal surface is not easily ac-
cessible to the adsorbing gas.

‘An acid’s ability to stabilize ferrihydrite in this way
will depend on whether it can adsorb in the pH range
considered and on the groups involved. It seems prob-
able that the acids could bridge between two particles
through two (or more) COOH groups (Figure 9b). The
bridging effect seems to be strengthened by COOH/OH
pairs (Figure 9c) because of stronger adsorption.
Therefore, the hydroxy-di(tri)carboxylic acids such as
citric and tartaric acid are particularly strong inhibitors,
whereas the dicarboxylic acids are only effective at
higher concentration (e.g., malic acid is far more effec-
tive than succinic acid). Lactic acid, although having
a COOH/OH pair, is a weak inhibitor because it lacks
a second group for bridging.

If it is assumed that only 109 of the acid in solution
adsorbs on the ferrihydrite (1 g present, density = 3.96
g/cm?), 6 ligands per 1 particle at 10-2 M and 6 per 1000
particles at 107> M concentration can be calculated.
Although the amount of adsorption varies with solution
concentrations, this example shows that even when
adsorption is low, there are enough ligands adsorbing
to stabilize the ferrihydrite through the network mech-
anism at concentrations =107? M and to stabilize it par-
tially at 10~ M concentration, thereby retarding he-
matite crystallization.

Association of organic ligands with Fe in
solution (complexation) and/or at the
surface of goethite nuclei and crystals

Lower levels of hydroxy-carboxylic acids can sup-
press goethite formation even when there is complete
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crystallization to hematite. Because goethite forms via
solution, it is possible that the organic ligands associate
with the iron in solution (complexation) and/or at the
surface of nuclei or crystals. This disturbs the octahe-
dral shell of Fe(OH),~ monomers or the surface Fe con-
sisting of OH and OH, groups, thereby retarding or
even inhibiting their condensation to form nuclei or to
let the crystal grow. Long induction periods are the re-
sult.

This effect should depend on the extent to which the
organic ligands complex with Fe in solution and/or the
affinity of the anion or complex for the goethite surface.
Both are reflected by the stability constant K; the sta-
bility constant for citric acid is higher (log K = 12.5)
than that for lactic acid (log K = 6.4, Sillen and Martell,
1964), and consequently citric acid could form more Fe
complexes and so interfere more strongly in nucleation
and crystal growth. This difference is probably due to
the fact that lactic acid only forms monodentate com-
plexes, whereas with citric acid tridentate complexes
are possible.

The low complexing ability of lactic acid compared
to citric and tartaric acid has been noted in other stud-
ies; lactic acid does not complex strongly with AI3*, and
so unlike citric and tartaric acid, it cannot cause the
breakdown of micas (Robert and Karimi, 1975). Also,
it does not form a strong complex with Ca?* and so does
not slow down the rate of formation of calcium carbon-
ate as strongly as the other hydroxy-carboxylic acids
(Kitano and Hood, 1965).

The concept described is supported by the observa-
tion that the interference with crystallization can be
overcome by seeding the system with goethite as long
as the affinity of the ligand for Fe is not too strong.
Therefore, 6% seeds added to a system with lactic acid
(2 X 1073 M) completely cancelled the interference
whereas with meso tartaric acid (1072 M), even 80%
seeds had no effect.

Induction of hematite formation

Besides favoring formation indirectly by suppressing
goethite, organic acids can also encourage hematite by
inducing its nucleation. This was demonstrated for ox-
alate by Fischer and Schwertmann (1975). In iron ox-
alate the spacing of 5.58 A between the iron atoms to
which the carboxyl groups are bonded is similar to the
lattice parameter a, = 5.041 A in hematite and to the
distance between iron atoms in the partly ordered fer-
rihydrite. Fischer and Schwertmann (1975), therefore,
suggested that a pair of carboxyl groups separated by
one carbon-carbon bond could act as a template for the
nucleation of hematite within the ferrihydrite aggregate
and thus, encourage its formation.

This concept can be extended to the acids studied in
the present work. The hydroxy-(di)-carboxylic acids all
contain a template group (i.e., a pair of bonding groups
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consisting of two carboxyls or a carboxyl/OH pair sep-
arated by one carbon-carbon bond), but hematite in-
duction varies. With 107 M acid at pH 9.6 it ranges
from 10% with lactic acid to 100% with L—tartaric and
citric acid (without acid: 5%). These variations can be
explained if not only the presence of a template group,
but also adsorption onto ferrihydrite through this group
is assumed to be necessary.

Adsorption of lactic acid onto ferrihydrite is ex-
tremely low in the pH range studied, and consequently
it is unable to induce hematite nucleation. At a lower
pH the acid may adsorb more strongly, and so hematite
nucleation could be encouraged. Although oxalic acid
leads to 100% hematite formation at pH 6 and concen-
trations >5 X 10~ M (Fischer and Schwertmann,
1975), it does so much less strongly above pH 9 and at
lower concentrations most probably because there is
hardly any adsorption. Parfitt et al. (1977) found that
adsorption of oxalic acid on goethite is negligible above
pH 8; this is probably the case for ferrihydrite as well.

Meso tartaric acid has two OH/COOH pairs avail-
able for bonding to ferrihydrite:

0 (o} (0] OH (8]
AN V4 AN | V4
CcC—C—C—C C—|C—~C—C\
HO HO HO OH HO OH OH
meso tartaric acid L—tartaric acid

Theoretically it could have a double template effect, but
it does not favor hematite as strongly as its isomer
L-tartaric acid which adsorbs to a similar extent (Ta-
ble 2). One explanation could be that the meso form
does not preferentially adsorb through the template
group, because the OH groups are adjacent, but
through the COOH groups.

Although at 10> M acid and pH 9.6 both citric and
L—tartaric acid gave 100% hematite; I-tartaric gener-
ally favors hematite more than citric acid. At pH 10.5
~20% more hematite formed in the presence of L—tar-
taric than with citric acid (10-3 M) (Figure 3). Further-
more, at 10~* M 100% hematite was formed with L-tar-
taric acid between pH 9 and 10, but no crystallization
took place with citric acid, and at pH 10.5, 55% he-
matite was formed with L—tartaric and only 10% with
citric acid. This stronger effect of L—tartaric acid could
be due to the fact that this acid is the only one studied
having two template groups arranged symmetrically in
the molecule. This property of the molecule could mean
that a double template effect can operate with every
molecule that adsorbs, and hematite is more strongly
favored than with, for example, citric acid, which has
one template group at right angles to a COOH pair and
for which a proportion of the molecules probably ad-
sorbs through the carboxyl groups.

The above concept seems to contradict the earlier
suggestion that organic acids inhibit the crystallization
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of hematite by using the COOH groups (or COOH/OH
pairs) to link particles of ferrihydrite together and so
prevent or retard the aggregation which precedes he-
matite formation. However, whether the organic acid
favors or inhibits hematite must depend strongly on the
concentration of acid in this system. With L—tartaric at
high concentrations (> 1072 M) enough ligands are pres-
ent (6 ligands/10 particles) to hold the ferrihydrite in a
comparatively immobile network, while with 107 M
acid (6 ligands/100 particles) nucleation could be in-
duced in regions in which adsorption has occurred fol-
lowed by crystal growth at these sites from particles on
which the acid had not adsorbed. The area of ferrihy-
drite (total surface 200 m?/g) covered by the adsorbed
template groups at 10~ M acid is very low (<0.018%),
but when it is considered that only a minute proportion
of nuclei is necessary to form crystals, it is possible to
visualize how a small number of templates can induce
crystallization in the whole system.

CONCLUSIONS

It has been shown that organic acids, in particular the
hydroxy-carboxylic acids, can (1) retard crystallization
of ferrihydrite to hematite, (2) suppress goethite for-
mation, and (3) in some cases, encourage hematite for-
mation. A mechanism for each effect has been pro-
posed that considers adsorption on ferrihydrite,
complexation of Fe in solution, adsorption on goethite
crystals, and nucleation of hematite through a template
group. The effect of the various organic acids depends
on their nature and concentration as well as on the pH
of the system. At present an infrared investigation is
underway to test the proposed mechanisms.

ACKNOWLEDGMENTS

Fellowship support by the Alexander von Humboldt
Foundation is gratefully acknowledged. We thank Dr.
H. Ch. Bartscherer and Frau U. Meier for assistance
with the electron microscopy and Fraulein B. Schon-
auer for analytical work. Thanks are also due to Dr.
W. R. Fischer and Mr. D. G. Schulze for advice and
helpful discussion.

https://doi.org/10.1346/CCMN.1979.0270602 Published online by Cambridge University Press

Influence of organic anions on ferrihydrite crystallization

409

REFERENCES

Fischer, W. R. and Schwertmann, U. (1975) The formation
of hematite from amorphous iron(III) hydroxide: Clays &
Clay Minerals 23, 33-37.

Kitano, Y. and Hood, D. W. (1965) The influence of organic
material on the polymorphic crystallization of calcium car-
bonate: Geochim. Cosmochim. Acta 29, 29-41.

Kodama, H. and Schnitzer, M. (1977) Effect of fulvic acid on
the crystallization of Fe(lll) oxides: Geoderma 19, 279~
291.

Lewis, D. G. and Schwertmann, U. (1979) The influence of
aluminum on the formation of iron oxides. IV. The influence
of [Al], [OH], and temperature: Clays & Clay Minerals 27,
195-200.

Parfitt, R. L., Farmer, V. C., and Russell, J. D. (1977) Ad-
sorption on hydrous oxides. I. Oxalate and benzoate on goe-
thite: J. Soil Sci. 28, 29-39.

Robert, M. and Karimi, M. (1975) Altération des micas et
géochimie de Paluminium, role de la configuration de la
molécule organique sur I'aptitude et la complexation: C. R.
Acad. Sci. Paris Sér. D 280, 2645-2648.

Schwertmann, U. (1964) Differenzierung der Eisenoxide des
Bodens durch Extraktion mit einer Ammoniumoxalat-Lo-
sung: Z. Pflanzenernihr. Diing. Bodenkd. 105, 194-202.

Schwertmann, U. (1966) Inhibitory effect of soil organic mat-
ter on the crystallization of amorphous ferric hydroxide:
Nature 212, 645-646.

Schwertmann, U. (1969) Der Einflu einfacher organischer
Anionen auf die Bildung von Goethit und Hamatit aus amor-
phem Fe(IIl)-hydroxid: Geoderma 3, 207-214.

Schwertmann, U. and Fischer, W. R. (1966) Zur Bildung von
a-FeOOH und a-Fe,0, aus amorphem Eisen(Iil)-hydroxid.
L. Z. Anorg. Allg. Chem. 346, 137-142.

Schwertmann, U. and Fischer, W. R. (1973) Natural ‘*‘amor-
phous’’ ferric hydroxide: Geoderma 10, 237-247.

Schwertmann, U., Fischer, W. R., and Papendorf, H.
(1968) The influence of organic compounds on the forma-
tion of iron oxides: Trans. 9th Int. Congr. Soil Sci. Adelaide
1, 645-655.

Sillen, L. G. and Martell, A. E. (1964) Stability constants of
metal ion complexes. Chem. Soc. London. Spec. Publ. No.
17. pp. 390, 470.

Towe, K. W. and Bradley, W. F. (1967) Mineralogical con-
stitution of colloidal hydrous ferric oxides: J. Colloid In-
terface Sci. 24, 384-392.

(Received 12 April 1979; accepted 1 August 1979)


https://doi.org/10.1346/CCMN.1979.0270602

410 Cornell and Schwertmann Clays and Clay Minerals

Pestome—I uipoKcH-KapOOKCHIIBHbIE KHCJIOThI NIPENATCTBYIOT KPHCTAJUTH3ANMH (DEPPUIHAPUTA B AHaNa-
3oHe pH 9-11 B nopsike

JIMMOHHAs > Me30 BUHHasA > L-BHHHasA > MOJIOYHAs
" CHOCOGCTB)’!OT OﬁpaSOBaHHIO reMaTHTa OTHOCUTCABHO ICTHTA B ITOPAAKE
L-BuHHAs1 > NUMOHHas > Me30 BUHHAS > MOJIOYHAs.

Kpucrasmueckasi GpopMa reMaTHTa MOXET ObITh M3IMEHEHA BCJEACTBME NPUCYTCTBHS 3THX KHCJOT.
BrusiHMe 3THX KHCJIOT Ha KPUCTA/UIH3ALMIO YBEIMUYMBACTCS ¢ YBENMYCHNEM KOHIEHTpalMyn KHCJIOThI H
¢ ymenbliaomeics pH.

D¢ deKTUBHOCTE B TIOJABJCHAN KPHCTAJUIA3ALHH 3aBHCHT OT TOFO, B KAaKOH CTENEHH KHCJIOTa
ajicopbupyeTcs heppHIrHAPUTOM H HACKOJIBKO MpoyHsie Komijiekchl ¢ Fe?' oHa oGpasyer B pacteope.
Ipeanonaraercs, YTO KPUCTAJLIM3ANMS TeMATUTA 3aTPYIHAETCS Grarogaps CBSA3bIBAHUIO JBYX- M TpeX-
KapOOKCHIILHON KUCI0TOH heppMIHIAPHTHBIX YaCTHIl B HENOJBHXKHOE coefuHenne. O6Gpa3oBaHue reTHTa
NOflaBisieTcsl KUCIOTOM), coepunsiromieiicss ¢ Fe B pacTBope M mnpensrcTBywulel o6pa3oBadnio siiep
KPHCTAJUIM3alMH; CUILHO afcopOHPYIOIINe KHCIOTBI TakKe aficopOMpYIOTCS #ApaMH M NPENSTCTBYIOT
HX JanbHeiiieMy pocTy. HeKoTOpbIe KHCIOTHI MOTYT BbI3BaTh 00pa30BaHAe TEMATHTOB IOTOMY YTO OHH
COAEPIKAT I'pyNiy, KOTopas criocoOCTBYeT 00pa30oBaHUIO HEHTPOB KpUCTAUIH3AUMHE TEMaTHTa.

Resiimee—Verschiedene Hydroxycarbonsiuren verhindern die Kristallisation des Ferrihydrits zu
Goethit und Hamatit im pH-Bereich 9-11 in der Reihenfolge

Citronensiure > Meso-Weinsiure > L.-Weinsiure > Milchsiure
und begiinstigen Hamatit auf Kosten von Goethit in der Reihenfolge
L-Weinsédure > Citronensaure > Meso-Weinsaure > Milchsaure.

Der SdureeinfluB} steigt mit steigender Konzentration und fallendem pH. In Gegenwart der Sauren sind die
Héamatitkristalle nicht sechseckig sondern leistenformig.

Die Unterdriickung der Kristallisation hiangt davon ab, wie stark die Siure vom Ferrihydrit adsorbiert
wird und wie stark sie das Fe®* in der Losung komplexiert. Es wird angenommen, daf die Kristallisation
des Hamatits dadurch verhindert wird, daf} die organischen Anionen die Ferrihydritteilchen zu einem star-
ren Netzwerk verkniipfen. Die Goethitbildung wird dagegen durch Komplexierung des Fe und Verhin-
derung der Keimung bzw. des Kristallwachstums gestort. Einige Sauren wirken als ‘‘Schablone”” fordernd
auf die Kristallisation des Hamatits.

Résumeé—Les acides hydroxy-carboxyliques inhibent la cristallisation de ferrihydrite sur une étendue de
pH de 9 a 11 dans ’ordre

citrique > meso-tartarique > L-tartarique > lactique
et favorisent la formation d’hématite pas rapport a la goethite dans I’ordre
L-tartarique > citrique > meso-tartarique > lactique.

Laforme en crystal de I’hématite peut étre modifiée par la présence de ces acides. L influence de ces acides
sur la cristallisation croit proportionellement a I’accroissement de la concentration d’acide et au décroisse-
ment du pH.

L’efficacité de suppression de la cristallisation dépend de ce que, et comment I’acide adsorbe sur la
ferrihydrite et de quel degré il se complexe avec Fe?* en solution. On croit que I'inhibition de la cristalli-
sation de I’hematite est due & P'acide di- et tricarboxylique liant des particules de ferrihydrite dans un
entremeshement immobile. La formation de goethite est réprimée par I’acide se complexant avec Fe en
solution et empéchant la nucléation; ces acides fortement adsorbants adsorbent aussi sur les noyaux et
empéchent tout accroissement ultérieur. Certains acides peuvent induire la formation d’hématite parce-
qu’ils contiennent un groupe qui agit comme moule pour la nucléation de ’hématite.
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