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THE INFLUENCE OF ALUMINUM ON IRON OXIDES. VI.
THE FORMATION OF Fe(1I)-Al(IIT) HYDROXY-CHLORIDES,
-SULFATES, AND -CARBONATES AS NEW MEMBERS OF THE
PYROAURITE GROUP AND THEIR SIGNIFICANCE IN SOILS

R. M. TAYLOR AND R. M. McKENZIE
CSIRO Division of Soils, Adelaide, South Australia

Abstract—In the absence of oxygen, Fe(IT) chloride, sulfate, and carbonate solutions react at pH 6.5to 7
with aluminum hydroxide suspensions to form new Fe(II)-AI(III) hydroxy anion compounds of the py-
roaurite group. The Fe(II)-Al(III) hydroxy-chloride and -sulfate compounds are isostructural with Fe(I)-
Fe(III) *‘greenrust’’ compounds with Al essentially substituting for Fe(III). Where CO,2~ is the only anion
in the system, an Fe(II)-Al(III) compound isostructural with hydrotalcite is formed. Either in the dried or
wet state, these compounds are unstable in air due to oxidation of Fe(Il). Oxidation of the dried sample
in air yields akaganeite or aluminous ferrihydrite, whereas, if the sample is maintained in a moist condition
and oxidized by air under water, lepidocrocite or aluminous goethite is produced along with small amounts
of ferrihydrite. On X-ray powder diffraction, the lepidocrocite so formed commonly shows no diagnostic
(020) basal reflection, or one with a markedly reduced intensity. The products of oxidation, and the rapidity
of their formation, appear to be dependent on the composition of the initial double hydroxy compound and
the conditions under which the oxidation is carried out.

The green colored compounds commonly observed in gleyed soils also rapidly become yellow brown on
exposure to air, and difficulty arises in the identification of the Fe oxide phases assumed to be present.
Similar conditions and reactants to those involved in the formation of the compounds described above are
expected in these soils, and it is suggested that Fe(II)-AIl(III) members of the pyroaurite group may form
in such an environment.

Key Words—Fe-Al hydroxycarbonate, Fe-Al hydroxychloride, Fe-Al hydroxysulfate, Green rust, Iron
oxide, Pyroaurite.

INTRODUCTION

Taylor and Schwertmann (1978) reported that small

‘amounts of Al present as hydroxy species in the pH
range 5.5-7 inhibited the formation of y-phase iron ox-
ides from an Fe(IT) system under conditions which nor-
mally lead to their formation (Taylor and Schwert-
mann, 1974a, 1974b). Instead of lepidocrocite and
maghemite, goethite became the preferred end-product
in the presence of Al. Al was influential only when the
Fe(l) system was subjected to oxidizing conditions and
iwas investigated only in the pH range 5.5-7.
... Taylor and Schwertmann (1978) observed that the
initial alkali consumption to maintain pH during the
oxidation of an Fe(II) solution was faster when Al was
present in the system. Moreover, the alkali required to
bring a combined solution of AI** and Fe?* to pH 7 was
greater than the total amount required to adjust the pH
of-the two solutions separately. This suggested a re-
action between the Al-hydroxy species present at this
pH.and the Fe(II) in solution. To investigate this re-
action and its possible implications, a series of synthe-
ses.were conducted under anaerobic conditions to sim-
ulate those expected beneath the water surface of a
stagnant gley soil.

Ferrous chloride and sulfate experiments

Solutions were prepared by dissolving the appropri-
ate Merck AR grade Fe(II) salt in nitrogen-saturated
distilled water in 100-ml volumetric flasks. The solu-
tions were acidified with 25 ml of 0.08 M HCI or 20-40
ml of 0.3 M H,SO, and stored at about 2°C until re-
quired. Acidified 0.24 M aluminum chloride and sulfate
solutions were also prepared.

Measured volumes of the appropriate Al solution
were added to 15-25 ml of nitrogen-saturated distilled
water to give an Al content of 0.24 mmole (in a few
cases larger amounts of Al were used, with essentially
the same results). The solution was taken to pH 7 with
2.3 N NaOH using a Radiometer SBR2 automatic titri-
graph. Independently, Fe(II) chloride or sulfate solu-
tions containing approximately 0.5-11.5 mmole Fe
were titrated under nitrogen to pH 7 with the standard
NaOH. When equilibrium at pH 7 was attained, the Al
hydroxide suspension was added to the Fe(II) solution
while 150 ml/min nitrogen continued to flow into the
enclosed 75-ml Radiometer titration vessel. The total
initial volume was 50 ml + the volume of NaOH re-
quired to bring the two solutions independently to pH
7. In some experiments, the two solutions were ad-

EXPERIMENTAL justed to the same lower pH value before mixing, and
Ferrous chloride, sulfate, and carbonate systems this pH was maintained by alkali addition.
were investigated. On addition of the Al-hydroxide suspension to the
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Figure 1. Rate of alkali consumption to maintain pH follow-

ing the addition of FeCl, solutions at pH 7 to suspensions of
0.24 mmole AI(OH); under nitrogen.

Fe(I1) solution there was an immediate drop in pH, and
alkali was added automatically to maintain the pH until
equilibrium was reached, generally within 2—4 hr. The
volume of alkali needed to maintain the pH was mea-
sured to 0.001 ml, and the rates of consumption with
time were recorded. After equilibrium had been
reached, the resultant green-blue suspensions were
centrifuged in stoppered tubes, and the equilibrium iron
concentration was measured in the supernatant solu-
tion by atomic adsorption techniques, The precipitates
were washed twice with a nitrogen-saturated water-
ethanol mixture, and after a final acetone wash,! were
dried under vacuum. An X-ray powder diffraction
(XRD) photograph (5.73-cm diameter camera; CoKa
radiation) was taken as soon as possible. In some sam-
ples, a portion of the final washed product was not
dried, but put back into distilled water and oxidized
with air at pH 7.

Ferrous carbonate system

Fe(OH), was precipitated from an FeCl, solution by
the addition of excess NH,OH. The suspension was
centrifuged, washed 3 times with nitrogen-saturated
distilled water, and added to a further volume of nitro-
gen-saturated water through which CO, was then bub-
bled for 15 min. The resultant green-brown suspension
was filtered under CO, (solid CO, added to filter paper
and receiving vessel). The clear filtrate was stored in
stoppered flasks under CO, in a refrigerator until need-
ed. Within 1 or 2 days, a slight yellow brown precipitate
had generally formed. Before use, the solution was
again filtered under CO,, with an excess of solid CO,
in the 250 ml Radiometer flask. The Fe(II) concentra-
tion in these solutions was generally 0.02-0.03 M, and
the pH value was about 5.8-6.1. Three milliliters of 0.23
M AKNO,), was added to 20 ml of nitrogen-saturated
distilled water and taken to pH 7. The suspension was

* It has been subsequently observed that by using two ace-
tone washes instead of the nitrogen-saturated water-ethanol
mixtures, less oxidation occurs and the compounds are a light-
er shade of green.
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Figure 2. Induced hydrolysis of Fe(Il) chloride and sulfate
solutions at pH 7 in the presence of 0.24 mmole Al.

centrifuged and washed twice with nitrogen-saturated
water and then added to the Fe(II) carbonate solution.
The solution was stirred, and nitrogen was allowed to
bubble at the rate of 150 ml/min into the solution for 10
min and then allowed to flow just above the surface. No
pH control was used, and after a few hours the suspen-
sion became a blue-grey color. After about 24 hr a
heavy blue-grey to blue-green suspension had formed
which was centrifuged, washed, dried, and examined
by XRD as described above for the chloride and sulfate
systems.

RESULTS
The chloride system

Fe(II) hydroxide is not normally precipitated at pH
7 at Fe(IT) concentrations below 0. 18 M. The hydrolysis
and dark-green colored material that forms immediate-
ly following the mixing of the Al and Fe compounds
maintained at this pH appears to be due to an interac-
tion between the respective soluble hydroxy species of
the two cations. This reaction requires an excess of
Fe(Il) in solution, and the extent of the subsequent hy-
drolysis (called induced hydrolysis) is dependent on the
concentration of Fe(II). A typical hydrolysis rate curve
is shown in Figure 1.

The induced hydrolysis of Fe(I) (as measured by the
alkali consumption to maintain the pH) showed an ini-
tial sharp increase with time, but reached a plateau val-
ue which was higher when the initial concentration of
Fe(Il) was greater. Figure 2 also shows that the NaOH
consumption per mmole of Al initially increased with
increasing Fe(IT) in solution and reached a plateau val-
ue at the higher concentrations of iron.

With an initial concentration of 0.071 M Fe(Il), hy-
drolysis and precipitation occurred at pH 7, and to a
lesser extent at pH 6.5, but not at pH 6 (Figure 3). Pre-
cipitation still did not occur at pH 6 when the initial
Fe(1l) concentration was increased to 0.322 M, a level
at which the Fe(OH)* concentration would be greater
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Figure 3. Effect of pH on the induced hydrolysis of an 0.716

M Fe(Il) chloride solution by 0.24 mmole Al under N,.

than in the 0.071-M Fe(Il) solution at pH 7. This sug-
gests that the effect of pH is due to the lower concen-
tration of AI(OH),, rather than that of Fe(OH)*.

From Figure 2 it is seen that approximately 6 mmole
of NaOH per mmole of added Al were required for the
induced hydrolysis in both the chloride and sulfate sys-
tem. This suggests that 3 mmole of Fe** have been fully
hydrolyzed to Fe(OH), giving an Fe/Al mole ratio of 3
in the final hydrolysis precipitate.

The green precipitates formed from the chloride sys-
tem, if examined by XRD photography as soon as they
have dried under a high vacuum, all showed the dif-
fraction pattern of ‘‘green rust’’ 1. The green rusts are
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now recognized as belonging to the pyroaurite group of
compounds (Taylor, 1973; Brindley and Bish, 1976).
The spacings (Table 1) exhibit lower d values consistent
with the substitution of AI(III) for Fe(IlI). These sam-
ples oxidized on exposure to air and changed from dark

- green or green-blue color to a yellow-brown color with-

in a few hours. The rapidity of the oxidation appeared
to be dependent on the conditions under which the sam-
ple was formed: Samples formed at a high Fe(II) con-
centration (in the plateau region of Figure 2) appeared
to retain the basic structure of the double hydroxide for
longer periods.

The diffraction lines for reflections other than the
(003) reflection became more diffuse, shifted position,
or became less intense during oxidation in air (Table 1).
Storage of the samples under vacuum reduced the rate
of this degradation, although the surfaces still under-
went a color change. Samples formed at low Fe(II) con-
centration showed ferrihydrite diffraction lines, while
the products from higher concentrations gave akaga-
neite (8-FeOOH) on aerial oxidation of the dried green
compound (Table 1). The XRD pattern of the akaga-
neite became more intense and less diffuse after ex-
posure to air for 7 months.

Oxidation products of the hydroxy chloride

Oxidation of the green precipitate in water at pH 7
before it had been dried under vacuum caused complete

Table 1. X-ray powder diffraction spacings of Fe(II)-Al(III) hydroxy chloride and its products of aerial oxidation.
Fe(I)-AI(III) hydroxy chloride
(Sample 78/196)
Green Rust I' As soon as prepared After 8 days in air Akaganeite?
hkl d (@A) Int. d(A) Int. d (&) Int. d(A) Int.
003 8.02 vs 7.74 vs 7.44 s 7.40 vs
006 4.01 s 3.85 s 5.25 m
3.73 w 3.70 vw
_ 3.34 \Ad 3.30 ] 3.31 vs
102 2.701 m 2.698 m (d) 2.616 m
_ 2.54 s (d) 2.543 s
105 2.408 m 2.320 vw (d) 2.343 w
2.277 m-s 2.285 m
2.097 w
_ 2.064 w
108 2.037 w 1.938 w(d) 1.938 W-m 1.944 m-s
1010 1.805 vw 1.854 \A
_ i 1.747 w 1.746 m
1011 1.716 vw 1.719 vw
110 1.598 m-w 1.563 m (d) 1.629 w-m 1.635 Vs
113 1.567 m-w 1.535 w (d) 1.50 1.515 m
1.497 w
w (d) 1.480 w
1.46 1.459 vw
1.438 s
1.373 w 1.374 m

v = very; s = strong; m = moderate; w = weak; d = diffuse.

! (hkl) indices based on rhombohedral cell after Bernal et al.

2 d spacings for akaganeite after Bernal et al. (1959).
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Table 2. X-ray powder diffraction spacings of Fe(II)-Al(IT]) hydroxy sulfate and its products of aerial oxidation.

Fe(I)-AI(III) hydroxy sulfate compounds

As soon as dried in vacuo

After 1 month in air

Green Rust! I 78/1722 78/187 78/186+ 78/186
hkl d(A) Int. dA) Int d (A) Int. d A Int. dA) Int. Oxidation products
00t 10.92 vs 11.08 vs 10.90 vs 11.02 vs 9.32 w-m  Degraded original
material

002 5.48 s 5.47 s 5.41 s (d) 5455 s —

003 3.65 s 3.645 s 3.63 m(d) 3.65 s 4.10 vvw  Goethite (?)
3.064 vvw ND 3.073 vvw

004, 100 2.747 m 2744  vvw ND 2.744  vvw

101 - 2.660 m-s 2650 m 2.65 m(d) 265 m 2.55 m-s  Ferrihydrite

102 2.459 m-s 2437 m ND ‘ 2437 m 2.296 vvw  Ferrihydrite

005, 1013 2,195 m-s 2171w 2175  wvw 2,186 w

104 19383 m-s 1.938 w 1.948 vw 1930 w

105 1712w 1702 wvw ND 1.708  wvw

110 1.587 w ND ND 1.583 w

111 1.570 w 1.561 w 1.554 w 1.565 w 1.484 vvw  Ferrihydrite

112 1.525 w 1.512 w 1.506 w 1.515 w
1.362  vvw

v = very; s = strong; m = moderate; w = weak; d = diffuse; ND = not detected.

! Indices based on hexagonal cell after Bernal et al. (1959).

2 FeSO, solution from Merck FeSO,-7H,0 and stored for 4 days before use. For sample preparation 16.4 mmole Fe(II)

and 0.24 mmole Al were used.

3 FeSO, solution made from dissolution of Fe powder in H,SO,. For sample preparation 0.1 mmole of Fe(ll) and 0.14

mmole Al were used.

4 As in ® above, but 9.1 X 10 mmole Fe(IIl) sulfate were also added.

transformation to a disordered form of lepidocrocite,
giving no diagnostic (020) spacing, or one much less in-
tense than the normally weaker (120) line. Oxidation at
pH 6 and 3.5 vielded ferrihydrite.

Composition of hydroxy chloride compound

Theoretically, the aqueous oxidation of fully hydro-
lyzed Fe(OH), will proceed without a decrease in pH
according to the equation:

2Fe(OH), + H,O + %0, = 2Fe(OH),

However, during the oxidation of the undried washed
compounds from both the chloride and sulfate system
in water, the pH dropped slightly, and alkali was need-
ed to maintain the pH at 7. This is no doubt due to the
replacement of the small amounts of CI~ or SO,* ions
necessary for the respective green rust structures by
OH. For each system the additional alkali consumed
during the aqueous oxidation stage was approximately
equal to a constant proportion of the consumption dur-
ing the induced hydrolysis when no oxidation occurred.
For the chloride system this value was approximately
17%, so that for every mole of OH used for the induced
hydrolysis of the Fe(II), an additional 0.17 mole of chlo-
ride was associated with the compound. On this basis,
for every two moles (OH + Cl) in the compound, the
presence of Al caused the induced hydrolysis of one
mole of Fe(Il).

Thus, for example, with sample 79/1, 0.24 mmole of
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AICI, was taken to pH 7, and the addition of 5.63 mmole
of FeCl, also at pH 7 caused the consumption of a fur-
ther 1.411 mmole of NaOH to bring the system to equi-
librium. Subsequent oxidation of the washed green pre-
cipitate required a further 0.248 mmole of NaOH to
maintain the pH at 7. This leads to an approximate for-
mula of:

Al 24(OH)y 72Feq 452" (OH), 4, Cly 25,
which can be rewritten as
Fej 5t Al 4 °(OH,Cl),,
which is within the range
Fe; ¢**Fe,o** to Fe, 4;2"Fe, ;7 (0,0H,Cl,

for 20% and 57% oxidation levels of Feitknecht and
Keller’s (1950) green rust I (Bernal et al., 1959). If
the formula is recast in the form of hydrotalcite,

Mg+ Al,**(OH),4CO,-4H,0,
one obtains
Feg** Al 25 (OH)15.55Cl 1o,

which is a good agreement, especially if a small
amount of the Fe is present as Fe(Ill). To obtain
the ideal M?2*/M?*' ratio of 3 for the pyro-
aurite group, only 3.3% of the total Fe in the
compound need be present in the trivalent state, giv-
ing a modified formula
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Table 3. X-ray powder diffraction spacings of natural and
synthetic hydrotalcites and the Fe(I)-Al(III) hydroxy car-
bonate compound.

Hydrotalcite
Fe(ID-AIIID
Natural? Synthetic? hydroxy carbonate
Sample 78/2112
hkl d(A) Int. d(A) Int. d(A) Int.
003 7.69 100 7.84 100 7.50 AL
006 3.88 70 39 60 3.715 s
009, 012 2.58 20 2.60 40 2.578 Vs
015 2.30 20 233 25 2.2717 s
NI 2.090 vvw
0.18 1.96 20 199 30 1.92 ms
NI 1.85 10 — —
0012 1.95 6 —
1010 1.75 10 — 1.704 VVw
0111 1.65 10 — 1.612 w
110 1.53 20 1.541 35 1.534 w
113 1.50 20 — 1.503 A4
1013 — 1.498 25 —
0114 — 1.419 8 1.429 vw (d)

NI = not indexed; v = very; s = strong; m = moderate;
w = weak; d = diffuse.

1 ASTM card 14-191. Natural hydrotalcite. Data supplied
by Neumann and Bergstol, Mineral Museum, Oslo, and in-
dexed after Allmann (1968).

2 Synthetic hydrotalcite from Ross and Kodama (1967) in-
dexed on cell described by Allmann (1968).

% Indices were assigned only on the basis of similarity with
reflections indexed in standard samples.

Feg?t(AlLFe),2(OH),5.,Cl, g5

which closely approximates the hydroxy-carbonate
formula of hydrotalcite, further demonstrating that
these *‘green rust’’ compounds are members of the py-
roaurite group, as suggested by Brindley and Bish
(1976).

The amount of Fe precipitated from solution by such
induced hydrolysis cannot be accurately calculated
since it is measured by a difference in Fe content of
two concentrated solutions. An approximate value can,
however, be obtained by using this difference calcula-
tion for the plateau region of Figure 2. For 4 chloride
and 6 sulfate samples, an average of 0.9 mmole Fe was
lost from solution due to the presence of 0.24 mmole
Al, or 3.75 mmole Fe per mmole Al.

The sulfate system

For most Fe(II) concentrations studied in the sulfate
system, the green precipitates that formed were isos-
tructural with the ““green rust” II described by Bernal
et al. (1959). The diffraction spacings for typical sam-
ples are shown in Table 2. The reflections from samples
prepared from freshly made nitrogen-saturated FeSO,
solution showed a general lack of sharpness, and many
of the spacings of ‘‘green rust” were not visible, even
if the diffraction photograph was made as soon as the
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sample had been dried in vacuo. A higher degree of
crystallinity was obtained if the FeSO, solution had
been stored for a few days, possibly allowing a very
slight degree of oxidation to Fe(IIl) species to occur.
This was demonstrated by preparing a Fe(II) sulfate
solution from the dissolution of Fe powder in H,SO,
and comparing the diffraction results in the presence
and absence of a small addition of Fe(IlI) sulfate, such
that Fe(IlI)/Fe(Il) = 10—, The presence of this small
amount of trivalent Fe resulted in a sharper XRD pat-
tern with more discernible reflections (sample 78-186)
than was obtained from an Fe(III)-free equivalent sam-
ple (78-187), as shown in Table 2. The green color of
the final products in both the chloride and sulfate sys-
tems suggests that a small amount of Fe(IIT) might have
been present, and that Fe(III) might even be necessary
for crystal development. This effect may be due to the
greater disparity between the ionic sizes of Fe(Il) and
AI(III) than exists between Fe(I1) and Fe(IIT).

Products of oxidation of the hydroxy sulfate

On aerial oxidation, the basal spacing of the com-
pound persisted for a long time even though the change
of color from blue-green or dark green to yellow-brown
was rapid, occurring in a few hours. In addition, dif-
fraction lines indicative of ferrihydrite appeared. This
transformation was accelerated by heating the samples
for a few hours at 160°C. Reflections indicative of the
original precipitate decreased in intensity or became
diffuse and showed shifts to lower d values (Table 2).
A comparison of the diffraction data of Tables 1 and 2
suggests that the presence of Al substituting for Fe(III)
in the chloride system (green rust I) produced a greater
shift to lower spacings than for the sulfate (green rust
IT) compounds.

When oxidized in water, the final products were vari-
able and dependent on the previous treatments. For
example, a washed and vacuum-dried sample, on sub-
sequent oxidation in water at pH 7, gave a diffraction
pattern in which only the two strongest lines of ferri-
hydrite (d = 2.50 A and 1.45 A) were detected.
Washed, undried samples that were oxidized directly
by stirring in water, whilst the pH was maintained at 7,
gave products ranging from poorly crystalline goethite
with ferrihydrite and possible traces of poorly crystal-
line lepidocrocite with no detectable (020) basal reflec-
tion, to well-crystalline, low spacing goethite (alumi-
nous) with trace amounts of lepidocrocite which gave
a very weak basal spacing. The identification of lepi-
docrocite in the absence of a diagnostic (020) reflection,
especially when other mineral phases are dominant,
cannot be made with certainty.

The carbonate system

As opposed to the chloride and sulfate systems, the
hydrolysis of an Fe(Il) carbonate solution in CO,-
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Figure 4. pH variation with time during formation and oxi-
dation of Fe(II)-Al(III) hydroxy carbonate.

charged water did not necessarily require alkali addi-
tion to maintain the pH. The addition of a washed sus-
pension of AI{OH), at pH 7 to the Fe(Il) solution, which
is normally around pH 6, caused an initial rise in pH
due to the expulsion of CO, from the system by the ni-
trogen flow (Figure 4). The actual fluctuation in pH was
dependent on the rate at which the CO, was lost and at
which hydrolysis occurred. The presence of Al here
also induced the hydrolysis of the Fe producing a ten-
dency for the pH to fall in opposition to the rise pro-
duced by the loss of CO,. The start of hydrolysis was
not clearly defined but after an induction period of 30—
60 min, the whitish AI(OH); suspension became tinged
with a pale green color. At this stage, the pH fell. If the
CO, was expelled too quickly and the pH was allowed
to rise to more than about 8, yellowish brown siderite
precipitated.

After about 10 hr under the conditions given in Figure
4, the pH stabilized at about 7.4-7.5, and a heavy blue-
grey precipitate formed. In comparison to the com-
pounds formed from the chloride and sulfate systems,
the carbonate compound is very well crystalline. It pos-
sesses a greasy, talc-like feel and is completely iso-
structural with hydrotalcite (see Table 3). The infrared
spectrogram® closely resembles that of hydrotalcite
published by Ross and Kodama (1967), although there
are slight shifts in the peak positions.

There was no convenient technique to measure the
amount of Fe hydrolysis that was produced by known
amounts of added Al, as in the case of the chloride and
sulfate experiments. Direct analysis of the compound,
even though pure from XRD analysis, did not preclude
small amounts of unreacted Al(OH), from being present
and giving a lower value for the M2+/M3* ratio. The
compound is unstable at high and low pH values which
would be necessary to remove excess Al. Analyses of

2 The infrared analysis was carried out by Dr. W. R. Fisch-
er, Lehrstuhl fiir Bodenkunde, Technische Universitat Miin-
chen, while one of the authors (RMT) was on study leave.
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Table 4. Variation in X-ray powder diffraction spacings of
Fe(II)-AI(III) hydroxy carbonates on exposure to air.

Sample 78/123 Sample 78/124
Vacuum 12 hr 7 months Vacuum 7 months
dried in air in air dried in tube! Ferrihydrite®
ady 4 4B 4@ dd)  d@d) It
7.66 7.49 7.33 7.445 7.44 —
3.80 ND ND 3.697 3.67 —
2.578 2498 2493 2584 2465 2.52 m-s
2282 2231 2231 2284 2205 223 m-s
1.925 ND ND 1.915 1.866 1.98 vw
ND ND ND 1.709 ND 1.70 vw
ND ND ND 1.616 ND
1.489 1478 1.461 1.538 1.458 1.47 m

ND = not detected; m = moderate; s = strong; v = very;
w = weak.

1 Sample left in a sealed tube packed with tissue.

2 Ferrihydrite data reported by Chukhrov et al. (1972).

a few preparations gave an Fe/Al ratio between 2 and
3, values which are apparently not uncommon for either
natural (Allmann and Jepsen, 1969) or synthetic (Gas-
tuche et al., 1967) pyroaurite-group phases.

As with the chloride and sulfate systems, the very
rapid oxidation of the hydroxy carbonate in air was
manifested by a color change from the dark green or
blue-grey to yellow-brown and the changes in the XRD
pattern (Table 4). The initially sharp reflections showed
measurable shifts to lower d values as well as marked
changes in intensities. The basal (003) spacing changed
to lower values and suffered a loss in intensity, but per-
sisted much longer than the (006) reflection, which in
some samples was not detectable after several hours.
As the other spacings changed to lower values and the
reflections became more diffuse, they approached the
values for ferrihydrite. It is not certain whether the
changed pattern represents a degraded initial structure,
or, what is more likely, a new phase caused by a solid
state transformation following oxidation of the hydroxy
carbonate compound, see Table 4.

If the washed precipitate was not dried but allowed
to oxidize directly in water, aluminous goethite result-
ed, similar to the end product obtained by Taylor and
Schwertmann (1978) by the direct oxidation at a con-
trolled pH of Fe(Il) carbonate solution in the presence
of Al. Figure 4 shows the variations in pH during the
oxidation of the Fe(II)-Al(IIT) hydroxy carbonate by
the passage of 80 ml of air/min through the aqueous sus-
pension for 10 hr. The products of this oxidation were
very fine grained goethite plus a small residual amount
of the initial material as seen by a very weak (003) basal
spacing. Ferrihydrite was also suspected from the in-
tensity and diffuseness of linesin thed = 2.5, 2.22, and
1.47 A regions (see Table 5). After an additional 11 days
in water, goethite was enhanced, no residual hydroxy
carbonate phase was evident, and the intensity and dif-
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Table 5. Variation ih X-ray powder diffraction spacings of Table 6. Fe and Al contents of solutions used to form sam-

Fe(II)-AI(IIT) hydroxy carbonate after oxidation in water.

ples described in Tables 1-5.

Sample 78/211
Oxidized in H,0! Shaken further?
Vacuum dried for 10 hr 11 days in H,0
dA) d @A) d &)
7.50 7.54 ND
4.93 4.99
4.14 4.16
3.715 ND ND
3.35 3.36
2.676 2.676
2.578
2.557
2.465 2.434
2.231 2.238
2.277
2.196
2.090
1.920
1.905
1.797
1.717 1.717
1.704
1.612
1.597
1.548
1.534
1.503
1.494
1.453 1.451
1.429

I ND = not detected. Oxidized as described in Figure 6.
2 All spacings recorded can be attributed to low spacing
Al-goethite.

fuseness of the reflections attributed to ferrihydrite
were reduced. The Fe and Al contents of the solutions
used to prepare the samples described in Tables 1-5 are
given in Table 6.

DISCUSSION

The experimental methods used preclude the possi-
bility of coprecipitation of Fe and Al, and the large
amount (2-3 mmole) of Fe removed from solution per
mmole of Al added suggests that the products of the
reaction were not formed by adsorption of an Fe(II)
species by the already precipitated AI(OH); phase.
Rather, it is considered that the precipitates formed
from soluble hydroxy species. The dominant hydroxy
species of the reactants present at pH 7 are Fe(OH)*
and AI(OH),~, and a possible reaction mechanism is
represented by the equations

Al(OB); + H,0 — AI(OH),” + H*
3Fe* + 3H,0 — 3Fe(OH)* + 3H*

3Fe(OH)* + Al(OH),” + 2H;0
— 3Fe(OH),-A(OH); + 2H*

https://doi.org/10.1346/CCMN.1980.0280303 Published online by Cambridge University Press

Initial
total
Al added Fe(Il) added volume!
Sample no. (mmole) (mmole) (ml)
78/123 0.72 2.3 200
78/124 0.72 2.6 220
78/172 0.24 16.4 51.8%
78/186 - 0.24 9.1t 51.6?
78/187 0.24 9.1 51.22
78/196 0.24 10.4 51.22
78/211 =0.9 1.5 125

1 In addition to this Fe(IT) content, 0.09 mmole Fe(Ill) was
present.

¢ For the sulfate and chloride samples this volume is the
original 50 m! plus the alkali necessary to adjust the Al and
Fe solutions independently to pH 7.

Pyroaurite-group compounds have been called
““‘double hydroxides,”’ and Taylor (1973) reported on
the ease with which they formed. The basic structure
of this group consists of brucitic layers containing both
di- and trivalent cations with an interlayering of anionic
groups and water. In general, there is no evidence for
the ordering of cations in octahedral sites, although
Gastuche et al. (1967) prepared synthetic samples
which, because of the variable M2+/M3* ratio, might in-
dicate ordering or segregation. Taylor (1973) gave the
general formula for the hydroxy carbonates as

[M2+1—'XM3+X(OH)2](CO3)X/2(H20)(143X)/(2—A)’

where A is less then 0.125, and X is probably <0.33.
However, he stated that for the group, CO2~, NO;~,
OH-, CI-, Br, or SO2~ may act as the anion in the
interlayer position. A large number of divalent (Mg, Zn,
Mn, Fe, Co, or Ni) and trivalent (Al, Mn, Fe, Co, or
Ni) cations are also present which can take part in these
reactions and give rise to a large range of possible com-
binations of either pure or mixed phases.

The present syntheses involved conditions and reac-
tants that could be expected to occur in soils. The al-
most ubiquitous occurrence of Al minerals will always
give rise to equilibrium concentrations of its hydroxy
species, and the ability of these species to induce the
hydrolysis and precipitation of Fe(II) near neutral pH
values may influence the formation of Fe oxides over
a large range of soil conditions (cf. Taylor and Schwert-
mann, 1978).

The double hydroxy-carbonate would be the most
likely member of this group of compounds to occur in
soils, as the CO,%~ concentration is generally much
higher than that of C1- or SO,2~. Moreover, the system
is self buffering during both its formation and oxidation
stages, and therefore requires no stringent pH control
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as is necessary for the chloride or sulfate system. The
products of oxidation also give rise to iron oxide min-
erals commonly found in soils. For example, the upper
limit of Al substitution in goethite is accepted as 33 mole
% which is consistent with the compositional range
Mz2+/M3+* being between 2 and 3 found in these com-
pounds. Additionally, ferrihydrite resulting from the
aerial oxidation of this compound in the dried state is
yellow-brown, resembling the naturally occurring soil
material, as opposed to the red-brown synthetic ferri-
hydrite produced from rapid hydrolysis of Fe(IIl) so-
lutions.

Further support for this compound as a likely path-
way for soil iron oxide formation comes from the sim-
ilar behavior of the dark green-blue compounds asso-
ciated with gleyed horizons. In soils the CO, partial
pressure is higher than in air (Hem, 1960), and anaer-
obic conditions lead to the presence of Fe(Il) in the soil
solution, producing the same conditions that were used
in these present syntheses. On exposure to air, these
green soil compounds commonly oxidize rapidly to a
yellow-brown material whose identification is difficult.
This would be expected as XRD can not detect small
amounts of ferrihydrite in association with the other
soil minerals, The formation of aluminous goethite, a
common constituent of soils, would not be restricted
to initially anaerobic conditions, but could occur when-
ever mobilized FeCO, is hydrolyzed by the presence
of Al-hydroxy species also present in the soil solution.

Chloride is probably not the dominant anion in many
soils, so that the “‘green rust I’’ compound or its Al an-
alogue would not commonly be expected. Even if this
compound did persist in small quantities, overlap of its
diagnostic diffraction line with that of kaolinite would
limit its detection. However, under certain conditions
this compound could form and give rise to the rare oc-
currences of akaganeite. Akaganeite is not found in
soils, and its conditions of formation have hitherto not
been explained. Oxidation by an inflow of oxygenated
water converts hydroxy-chloride compounds to disor-
dered aluminous lepidocrocite (Taylor and Schwert-
mann, unpublished data) which to date has not been
identified in soils. These transformations of the hy-
droxy-chloride supports the view that this compound
is of little importance in soils.

Although hydroxy-sulfate also forms common soil Fe
oxides on oxidation, e.g., ferrihydrite if oxidized dry
in air or aluminous goethite if oxidized in water, it
would not be expected in soils, except possibly in prox-
imity to sulfide ore bodies or where prior anaerobic
conditions had caused Fe sulfides to form. Here also,
the rapid decomposition of the hydroxy-sulfate makes
its identification by XRD rather difficult as its diagnos-
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tic (003) basal reflection could be obscured by the re-
flections of mica and other aluminosilicates.

These reactions may be important in further pedo-
logical processes, for example, in the incorporation of
foreign cations in soil iron oxides, or in the non-biolog-
ical precipitation of Mn oxides. A more careful exam-
ination of the composition of the green horizons of cer-
tain gleys should lead to the identification of one of
these phases as a metastable pedogenic mineral.
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Pestome—B oTcyTcTBHE KHCIOpOfa, XJOpHAHBIE, CyabdaTHble, W KapGoHaTHbie pacteophl Fe(Il)
pearupyioT npu pH ot 6,5 1o 7 camoMIHAHEBO# THAPOOKHCHOM CycneHsuel, (hopMHpYsl HOBLIE THIPOKCH-
annonnple coenuHenns Fe(ID)-AI(III) mupoaypuroBoit rpynnsl. T'HEpOKCH-XJOpHOHBIE M-CYJIbtaTHbIE
coequnennst Fe(IN)-Al(IID) sBisi0TCSt H30CTPYKTYPHBIME C COENMHEHHSIMH 3eJIeHOfi pxaBumHbl Fe(ID)-
Fe(Ill), rme Al cywecreenro 3amenien Fe(Ill). Tam, rae CO;2~ siBasieTcs eMHCTBEHHBIM AHUOHOM B
cucreme, obpasyercsa coemuienne Fe(ID-AI(III), n3ocTtpykTypHoe ¢ rumporanbkurom. B cyxom mim
BJIA)KHOM COCTOSTHHM 3TH COCAMHCHHS SBIIOTCS HECTOHKMMM B BO3fyXe Hu3-3a okuciexus Fe(ll).
Oxucnenne cyxoro o6pasna B BO3yXe JId€T aKaraHEWT WIN ANKOMHHHEBBIH (eppUrHipHT, TOrJa Kak
ecnu oOpasell CONEPXKHUICS! BO BJIAXKHOM COCTOSIHHHH M OKMCJSIETCS BO3IYXOM IIOf BOJIOi, oOpasyercs
JIEMAROKPOUMT WA a/JOMMHHMEBBIH TeTHT BMecTe C HebonbimM koimdectBom deppuruapnra. Ilo
OaHHBIM MOPOLIKOBOF0 METO/Ia PEHTTEHO-CTPYKTYPHOIO aHalln3a 00pa30BaBIIMHCS TAKHM MyTEM JIEIUAO-
KpOIMT OOBIMHO He laeT auarsoctudeckoro (020) 6a3aibHOrO OTpaXkeHHs, HIH OHO MMEET CYIECTBEHHO
ocnabJIeHHYI0 HHTEHCUBHOCTh. IIpOAYKTbl OKHCIEHHS] M CKOPOCTh MX OOpa30BaHHs, MNO-BHIMMOMY,
3aBUCSIT OT COCTaBa MEPBOHAYAIBLHOTO YABOEGHHOrO TMAPOKCHJIBHOTO COCIMHEHMS M YCJIOBHH, IpH
KOTOPBIX OKHCJIEHUE IPOUCXONHMT.

CoenuHeHMsl 3€J€HOTO IBeTa, OObIYHO HabirogaeMble B II€eBLIX MOYBAX, TOXE ObICTPO CTAHOBATCS
JKEJITO-KOPHYHEBbIMU MONafasi B BO3AYLIHYIO Cpefly, 4TC Bbi3blBaeT TPYAHOCTH B ONO3HOBAaHHH
NpeaNnoJIO’KHTENBHO NPUCYTCTBYIOUMX OKHCHeHHbIX (a3 Fe. B aTHX MOYBax OXMAQIOTCS YCHAOBHS H
peareHTbl, aHAJIOTMYHbIE BOBJICYEHHLIM B 00pa30BaHne Bhillle OMHCAHHBIX coeunenuit. [IpeanonaraeTcs,
ugro Fe(Il)-AKIII) uneHsl NUpoanpuTOBOM TPYNNEI MOTYT 00pa3oBarkes B Takoil cpeme. [N. R.]

Resiimee—Bei der Abwesenheit von Sauerstoff reagieren Fe(II)-Chlorid, -Sulfat und -Karbonatldsungen
bei pH-Werten von 6,5-7 mit Aluminiumhydroxid-Suspensionen zu neuen Fe(II)- Al(I1T)-Hydroxy-Anion-
verbindungen der Pyroauritgruppe. Die Fe(II)-Al(IIT)-Hydroxychlorid und -Sulfatverbindungen sind iso-
strukturell mit Fe(II)-Fe(II)-*‘green rust’’-Verbindungen, wobei das Al vor allem Fe(III) substituiert. Wo
CO,2™ das einzige Anion im System ist, bildet sich eine Fe(II)-Al(IID)-Verbindung, die isostrukturell mit
Hydrotalkit ist. Diese Verbindungen sind entweder im trockenen oder nassen Zustand an Luft aufgrund
der Oxidation von Fe(II) zu Fe(I1I) instabil. Die Oxidation der trockenen Probe an Luft fithrt zu Akaganeit
oder Al-haltigem Ferrihydrit, wihrend eine Probe, die feucht gehalten wird und unter Wasser mit Luft
oxidiert wird, Lepidokrokit oder Al-reichen Goethit zusammen mit geringen Mengen von Ferrihydrit bildet.
Nach der Rontgenpulverdiffraktometrie zeigt der so gebildete Lepidokrokit im allgemeinen keine typischen
(020) Basis-Reflexion, oder eine mit einer merklich geschwichten Intensitit. Die Oxidationsprodukte und
die Geschwindigkeit ihrer Bildung scheinen von der Zusammensetzung des urspriinglichen Doppelhy-
droxy-Bestandteiles abzuh#ngen und von den Bedingungen, unter denen die Oxidation ausgefiihrt wird.

Die griin gefarbten Bestandteile, die haufig in vergleyten Boden beobachtet werden, werden ebenfalls
schnell gelbbraun, wenn sie der Luft ausgesetzt sind, und es ergibt sich die Schwierigkeit der Identifizierung
der angeblich anwesenden Fe-Oxidphasen. Ahnliche Bedingungen und Bildungsprodukte wie die bei der
oben beschriebenen Bildung auftretenden Verbindungen werden in diesen Boden erwartet und es wird
angenommen, daff Fe(II)-AlII)-Glieder der Pyroauritgruppe sich in einem derartigen Milieu bilden.
[U.W]

Résumé—En absence d’oxygene, les solutions de chlorure Fe(Il), de sulphate, et de carbonate reéagissent
avec des suspensions d’hydroxide d’aluminium aux pH 6,5 4 7 pour former de nouveaux composés d’anion
hydroxy Fe(II)-AI(III) du groupe pyroaurite. Les composés hydroxy-chlorure Fe(II) et AI(IIT) et hydroxy-
sulphate Fe(II) et AI(III) et les composés ‘‘rouille verte’’ Fe(II)-Fe(III) sont iso-structuraux, avec Al sub-
stituant essentiellement & Fe(Ill). Lorsque CO,2- #st le seul anion dans le systéme, un composé Fe(Il)-
AI(ITI), de structure semblable a I’hydrotalcite, est formé. Que ce soit 2 1’état sec ou mouillé, ces composés
sont instables dans I’air 4 cause de I’oxidation de Fe(II). L oxidation a I'air de I’échantillon sec donne de
I’akaganéite ou de la ferrihydrite alumineuse, tandis que si I’échantillon est maintenu dans une condition
humide, et oxidé a I’air sous eau, de la 1épidocrocite ou de la goethite alumineuse est produite, avec des
petites quantités de ferrihydrite. A la diffraction aux rayons-X, la 1épidocrocite ainsi formée ne montre
bien souvent pas la réflection basale diagnostique (020), ou ia montre avec une intensité fort réduite. Les
produits de I’oxidation et la rapidité de leur formation semblent dépendre de la composition du composé
hydroxy double initial et des conditions sous lesquelles I’oxidation se produit.

Les composés verdatres souvent observés dans des sols gléyifiés deviennent aussi rapidement jaunes-
bruns aprés avoir été exposés a I'air, et il devient difficile d’identifier les phases d’oxide Fe que I’on suppose
eétre présentes. On s’attend & des conditions et a des agents de réaction semblables a ceux inclus dans la
formation des composés décrits ci-dessus, et il est suggéré que les membres Fe(I[}-AKIII) du groupe py-
roaurite peuvent étre formés dan un environement tel. [D.J.]
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