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THE INFLUENCE OF ALUMINUM ON IR ON OXIDES. VI. 
THE FORMATION OF Fe(II)-Al(III) HYDROXY-CHLORIDES, 

-SULFATES, AND -CARBONATES AS NEW MEMBERS OF THE 
PYROAURITE GROUP AND THEIR SIGNIFICANCE IN SOlLS 

R. M. TAYLOR AND R. M. McKENZIE 

CSIRO Division of Soils, Adelaide, South Australia 

Abstract-ln the absence of oxygen, Fe(II) chloride, sulfate, and carbonate solutions react at pH 6.5 to 7 
with aluminum hydroxide suspensions to form new Fe(II)-AI(llI) hydroxy anion compounds of the py­
roaurite group. The Fe(II)-Al(III) hydroxy-chloride and -sulfate compounds are isostructural with Fe(II)­
Fe(III) "green rust" compounds with AI essentially substituting for Fe(lIl). Where C01- is the only anion 
in the system, an Fe(II)-AI(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(II). Oxidation of the dried sampIe 
in air yields akaganeite OT alum.inous ferrihydrite, whereas, ifthe sampIe is maintained in a moist condition 
and oxidized by aiT under wateT, lepidocrocite or aluminous goethite is produced along with smaU amounts 
of ferrihydrite. On X-ray powdeT diffraction, the lepidocrocite so formed commonly shows no diagnostic 
(020) basal reftection, or one with a markedly reduced intensity. The products of oxidation, and the rapidity 
of their formation, appear to be dependent on the composition ofthe 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 ofthe compounds described above are 
expected in these soils, and it is suggested that Fe(II)-Al(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
"lues from an Fe(II) system under conditions whieh nor­
'maUy lead to their formation (Taylor and Schwert­
mann, 1974a, 1974b). Instead of lepidocrocite and 
maghemite, goethite became the preferred end-product 
iIithe presence of Al. Al was influential only when the 
F~(II) system was subjectedto oxidizing conditions and 
\vas 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(H) solution was faster when Al was 
present in the system. Moreover, the alkali required to 
brjnia.. combined solution of AP+ and FeH to pH 7 was 
greater than the total amount required to adjust the pH 
of, .. the two solutions separately. This suggested a re­
astio~ between the Al-hydroxy species present at this 
pI·Land the Fe(1I) in solution. To investigate this re­
actionand its possible implications, aseries of synthe­
se~were conducted under anaerobic conditions to sim­
ulate . those expected beneath the water surface of a 
stagnant gley soil. 

EXPERIMENT AL 

' Ferrous chloride, sulfate, and carbonate systems 
were investigated. 

Ferrous chloride and sulfate experiments 

Solutions were prepared by dissolving the appropri­
ate Merck AR grade Fe(n) salt in nitrogen-saturated 
distilIed water in lOO-ml volumetrie flasks. The solu­
tions were acidified with 25 ml of 0.08 M HCI or 20-40 
ml of 0.3 M H ZS04 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 automatie titri­
graph. Independently, Fe(H) 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(lI) 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 so me experiments, the two solutions were ad­
justed to the same lower pH value before mixing, and 
this pH was maintained by alkali addition. 

On addition of the AI-hydroxide suspension to the 
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Figure 1. Rate of alkali consumption to maintain pH follow­
ing the addition of Feel2 solutions at pH 7 to suspensions of 
0.24 mmole AI(OH), under nitrogen. 

Fe(II) 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 
cenn-ifuged 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,1 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
pies , a portion of the final washed product was not 
dried , but put back into distilled water and oxidized 
wirh air at pH 7. 

Ferrous carbonate system 

Fe(OH)2 was precipitated from an FeCl2 solution by 
the addition of excess NH40H. 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 CO2 was then bub­
bled for 15 min. The resultant green-brown suspension 
was filtered under CO2 (solid CO2 added to filter paper 
and receiving vessel). The c1ear filtrate was stored in 
stoppered flasks under CO2 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 CO2 , with an excess of solid CO2 

in the 250 ml Radiometer fIask o The Fe(II) concentra­
tion in these solutions was gene rally 0.02-0.03 M, and 
the pH value was about 5.8-6.1. Three milliliters ofO.23 
M Al(N03h was added to 20 ml of nitrogen-saturated 
distilled water and taken to pH 7. The suspension was 

J 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 Iight­
er shade of green . 

mmole NaOH FOR 
lNDUCEO Fe HYOROl YS/S 
per mmole AI ADO€ O 

6 

0.02 0 .06 

o CHLORIDE. SYSTEM 0 .24 mmole AI 
• SULFATE SYSTEM 0.24 mmole AI 

0.10 0 .14 0 .18 

EOUlUBRIUM F e CQNCENTRATION IN SOlUTION (MOlAR) 

Figure 2. Induced hydrolysis of Fe(II) chloride and sulfate 
solutions at pR 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 mllmin into the solution for 10 
min and then allowed to flow just above the surface. No 
pH controJ 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 XRDas described above for the chloride and sulfate 
systems. 

RESULTS 

The chloride system 

Fe(II) hydroxide is not normally precipitated at pH 
7 at Fe(lI) 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(II) in solution, and the extent of the subsequent hy­
drolysis (called induced hydro lysis) is dependent on the 
concentration ofFe(II). A typical hydrolysis rate curve 
is shown in Figure 1. 

The induced hydrolysis ofFe(1I) (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(II) was greater. Figure 2 also shows that the NaOH 
consumption per mmoJe of Al initially increased with 
increasing Fe(II) in solution and reached a plateau val­
ue at the higher concentrations of iron. 

With an initial concentration of 0.071 M Fe(II), 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 pR 6 when the initial 
Fe(II) 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 ofpH on the induced hydrolysis ofan 0.716 
M Fe(II) chloride solution by 0.24 mmole AI under N2 • 

than in the O.071-M Fe(II} solution at pH 7. This sug­
gests that the effect of pH is due to the lower concen­
tration of AI(OH)4-' rather than that of Fe(OH)+. 

From Figure 2 it is seen that approximately 6 mmole 
of NaOH per mmole of added AI were required for the 
induced hydrolysis in both the chloride and sulfate sys­
tem. This suggests that3 mmole of FeH have been fully 
hydrolyzed to Fe(OH)2 giving an Fe/AI 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, alt showed the dif­
fraction pattern of "green rust" I. The green rusts are 

now recognized as belonging to the pyroaurite group of 
compounds (Taylor, 1973; Brindley and Bish, 1976). 
The spacings (Table I) exhibit lower d values consistent 
with the substitution of AI(III) for Fe(III). These sam­
pIes 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
pie was formed: SampIes 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 ditIraction 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 sampIes under vacuum reduced the rate 
of this degradation, although the surfaces still under­
went a color change. SampIes formed at low Fe(II) con­
centration showed ferrihydrite diffraction lines, while 
the products from higher concentrations gave akaga­
neite (ß-FeOOH) on aerial oxidation ofthe dried green 
compound (Table 1). Tbe XRD pattern of the akaga­
neite became more intense and less diffuse after ex­
posure to air for 7 months. 

Oxidation products 01 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)-AI(III) hydroxy chloride and its products of aerial oxidation. 

Fe(I1)-AI(III) hydroxy chloride 
(Sampie 78/196) 

Green Rust I I As soon as prepared After 8 days in air Akaganeit'" 

hkl d (A) Int. d(A) lnt. d(A) lnt. d (A) lnt. 

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 vw 3.30 3.311 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 vw 

1.747 w 1.746 m 
IOn 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. 
1 (hk)) indices based on rhombohedral cell after Bemal e/ al. (1959). 
2 d spacings for akaganeite after Bemal e/ al. (1959). 
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Table 2. X-ray powder diffraction spacings of Fe(II)-Al(III) hydroxy sulfate and its products of aerial oxidation. 

Fe(I1)-AI(I10 hydroxy sulfate compounds 

As sooo as dried in vacuo After 1 month in air 

Green Rust' 11 781172' 781187' 781186' 781186 

hkl d(Aj Int. d(A) Int. d(A) Int. d(A) Int. d(A) Int. Oxidation products 

001 10.92 vs 11.08 vs 10.90 vs 11.02 vs 9.32 w-m Degraded original 
material 

002 5.48 5.47 s 5.41 s (d) 5.455 s 
003 3.65 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 2.744 vvw ND 2.744 vvw 
101 2.660 m-s 2.650 m 2.65 m (d) 2.656 m 2.55 m-s Ferrihydrite 
102 2.459 m-s 2.437 m ND 2.437 m 2.296 vvw Ferrihydrite 
005 , 1013 2.195 m-s 2.171 w 2.175 vw 2.186 w 
104 1.938 m-s 1.938 w 1.948 vw 1.930 w 
105 1.712 w 1.702 vw ND 1.708 vw 
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. 
1 Indices based on hexagonal cell after Bemal et al. (1959) . 
2 FeSO. solution from Merck FeSO.· 7H20 and stored for 4 days before use. For sampIe preparation 16.4 mmole Fe(II) 

and 0.24 mmole Al were used. 
3 FeSO. solution made from dissolution of Fe powder in H 2SO •. For sampie preparation 0.1 mmole of Fe(lI) and 0.14 

mmole AI were used. 
• As in 3 above, but 9.1 x 10- ' mmole Fe(III) 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 5.5 yielded ferrihydrite. 

Composition 01 hydroxy chloride compound 

Theoretically, the aqueous oxidation of fully hydro­
Iyzed Fe(OHh will proceed without a decrease in pR 
according to the equation: 

2Fe(OR)2 + R 20 + Y.!02 = 2Fe(ORh 

Rowever, during the oxidation of the undried washed 
compounds from both the chloride and sulfate system 
in water, the pR dropped slightly, and alkali was need­
ed to maintain the pR at 7. This is no doubt due to the 
replacement of the small amounts of CI- or SOl- 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 ofthe Fe(II), an additional O. I7 mole of chlo­
ride was associated with the compound. On this basis, 
for every two moles (OR + CI) in the compound, the 
presence of AI caused the induced hydrolysis of one 
mole of Fe(II). 

Thus, for example, with sampIe 79/1, 0.24 mmole of 

AICI3 was taken to pH 7, and the addition of 5.63 mmole 
of FeCI. also at pH 7 caused the consumption of a fur­
ther 1.411 mmole ofNaOH to bring the system to equi­
librium. Subsequent oxidation ofthe 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: 

Alo.24(OH)o.72Feo.83t+(OH)1 .41Clo.25, 

which can be rewritten as 

Fea.13t+ Alo.913+(OH,Cl)9, 

which is within the range 

Fe3.S2+Feo.93+ to Fe1.95t+Fe2.553+(0,OH,CI)9 

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

Mgs2+AI23+(OH)lsC03'4H20, 

one obtains 

Fest+ AI1.733+(OH)15.38CI1.79, 

which is a good agreement, especially if a small 
amount of the Fe is present as Fe(III). To obtain 
the ideal Mt+/M3+ ratio of 3 for the pyro­
aurite group, only 3.3% of the total Fe in the 
compound need be present in the tri valent 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(II)-AI(lII) hydroxy car-
bonate compound. 

Hydrotalcite 

Fe(II)-AI(III) 
Naturall Synthetic2 hydroxy carbonate 

SampIe 78/211' 

hkl d (A) Int. d (A) Int. d (A) Int. 

003 7.69 100 7.84 100 7.50 vvs 
006 3.88 70 3.9 60 3.715 
009,012 2.58 20 2.60 40 2.578 vs 
015 2.30 20 2.33 25 2.277 
NI 2.090 vvw 
0.18 \.96 20 \.99 30 1.92 ms 
NI \.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 \.50 20 1.503 w 
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). 

3 Indices were assigned only on the basis of similarity with 
reflections indexed in standard sampies. 

Fel +(Al,Feh3+(OH)15.9Clt.85 

which c10sely approximates the hydroxy-carbonate 
formula of hydrotalcite, further demonstrating that 
these "green rust" compounds are members ofthe 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 rneasured by a difference in Fe content of 
two concentrated solutions. An approximate value can, 
however, be obtained by using this difference calcula­
ti on for the plateau region of Figure 2. For 4 chloride 
and 6 sulfate sampies, 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
pIes are shown in Table 2. The reflections from sampies 
prepared from freshly made nitrogen-saturated FeS04 

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 

sampIe had been dried in vacuo. A higher degree of 
crystallinity was obtained if the FeS04 solution had 
been stored for a few days , possibly allowing a very 
slight degree _of oxidation to Fe(III) species to occur. 
This was demonstrated by preparing a Fe(Il) sulfate 
solution from the dissolution of Fe powder in H2S04 

and comparing the diffraction results in the presence 
and absence of a small addition of Fe(III) sulfate, such 
that Fe(III)/Fe(II) = 10-4 • The presence of this small 
amount of trivalent Fe resulted in a sharper XRD pat­
tern with more discernible reflections (sampie 78-186) 
than was obtained from an Fe(III)-free equivalent sam­
pIe (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(III) might have 
been present, and that Fe(IlI) might even be necessary 
for crystal development. This effect may be due to the 
greater disparity between the ionic sizes of Fe(II) and 
Al(III) than exists between Fe(II) imd Fe(III). 

Products oloxidation 01 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 acce1erated by heating the sampies 
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 AI substituting for Fe(lII) 
in the chloride system (green rust I) produced a greater 
shift to lower spacings than for the sulfate (green rust 
11) compounds. 

When oxidized in water, the final products were vari­
able and dependent on the previous treatments. For 
example, a washed and vacuum-dried sampIe, 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 sampies 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(1I) carbonate solution in CO2-
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Figure 4. pR 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 pR. The addition of a washed sus­
pension of AI(ORh at pR 7 to the Fe(II) solution, which 
is normally around pR 6, caused an initial rise in pR 
due to the expulsion of CO2 from the system by the ni­
trogen flow (Figure 4). The actual fluctuation in pR was 
dependent on the rate at which the CO2 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 pR to fall in opposition to the rise pro­
duced by the loss of CO2 • The start of hydrolysis was 
not clearly defined but after an induction period of 30-
60 min, the whitish Al(OR)3 suspension became tinged 
with a p ale green color. At this stage , the pR fell. lethe 
CO2 was expelled too quickly and the pR was allowed 
to rise to more than about 8, yellowish brown siderite 
precipitated. 

Mter about 10 hr under the conditions given in Figure 
4, the pR 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 weil crystalline. It pos­
sesses a greasy, talc-like feel and is completely iso­
structural with hydrotalcite (see Table 3). The infrared 
spectrogram2 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 ofadded Al, as in the case ofthe chloride and 
sulfate experiments. Direct analysis of the compound, 
even though pure from XRD analysis , did not preclude 
small amounts ofunreacted Al(OR)3 from being present 
and giving a lower value for the M2+/M3+ ratio. The 
compound is unstable at high and low pR 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 für Bodenkunde, Technische Universität Mün­
chen, while one of the authors (RMT) was on study leave. 

Table 4. Variation in X-ray powder ditTraction spacings of 
Fe(I1)-Al(III) hydroxy carbonates on exposure to air. 

Sampie 78/123 Sampie 78/124 

Vacuum 12 hr 7 months Vacuum 7 months 
dricd in air in air dried in tube l Ferrihydrite' 

Int. 

7.66 7.49 7.33 7.445 7.44 
3.80 ND ND 3.697 3.67 
2.578 2.498 2.493 2.584 2.465 2.52 m-s 
2.282 2.231 2.231 2.284 2.205 2.23 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 1.478 1.461 1.538 1.458 1.47 m 

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

1 SampIe 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, 1%9) or synthetic (Gas­
tuche er al., 1%7) 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 yeIlow-brown and the changes in the XRD 
pattern (Table 4). The initially sharp reflections showed 
measurable shifts to lower d values as weIl 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 sam pies 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 i s more likely, a new phase caused by asolid 
state transformation following oxidation ofthe 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 pR of Fe(II) carbonate solution in the presence 
of Al. Figure 4 shows the variations in pR during the 
oxidation of the Fe(II)-AI(III) 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 
ofthe initial material as seen by a very weak (003) basal 
spacing. Ferrihydrite was also suspected from the in­
tensity and diffuseness oflines in the d = 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 in X-ray powder diffraction spacings of 
Fe(II)-Al(III) hydroxy carbonate after oxidation in water. 

Sampie 781211 

Oxidized in HZOI Shaken further' 
Vacuum dried for 10 hr 11 days in H,O 

d(A) d(A) d(A) 

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 

1 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 sampies described in Tables 1-5 are 
given in Table 6. 

DISCUSSION 

The experimental methods used preclude the pos si­
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(OHh 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(OHV 
and AI(OH)4 -, and a possible reaction mechanism is 
represented by the equations 

AI(OH)3 + HzO ~ AI(OH)4 - + H+ 

3Fe2+ + 3H20 ~ 3Fe(OH)+ + 3H+ 

3Fe(OH)+ + AI(OH)4 - + 2H20 
~ 3Fe(OHh·AI(OHh + 2H+ 

Table 6. Fe and Al contents of solutions used to form sam­
pies described in Tables 1-5. 

Initial 
total 

Al added Fe(II) added volume1 

Sampie no. (mmole) (mmole) (m1) 

78/123 0.72 2.3 200 
78/124 0.72 2.6 220 
78/172 0.24 16.4 51.82 

78/186 0.24 9.1' 51.62 

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(Il) content, 0.09 mmole Fe(III) was 
present. 

2 For the sulfate and chloride sampies this volume is the 
original 50 ml 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 
ofthis group consists ofbrucitic 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 sampies 
which, because ofthe variable M2+/M3+ ratio, might in­
dicate ordering or segregation. Taylor (1973) gave the 
general farmula far the hydroxy carbonates as 

where ~ is less then 0.125, and x is probably <0.33. 
However, he stated that far the group, C032-, N03-, 
OH-, Cl-, Br-, or SOl- 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 ar 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 COl- concentration is generally much 
higher than that of Cl- or SOl-. Moreover, the system 
is selfbuffering 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 
M2+/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(III) so­
lutions. 

Further support for this compound as a like1y 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 CO2 partial 
pressure is higher than in air (Hem, 1960), and anaer­
obic conditions lead to the presence of Fe(II) 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 FeC03 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 AI an­
alogue would not commonly be expected. Even if this 
compound did persist in small quantities, overlap ofits 
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 offormation 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-

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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Pe3IOMe-B OTcyrcTBHe KHCJIOpOAa, XJIOPHAHble, CYJIb<paTHble, H KapöoHaTHble pacTBopbl Fe(Il) 
pearHpYIOT UPH pH OT 6,5 AO 7 CaJIlOMHHHeBoH rHAPooKHCHOH cycueH3HeH, <POPMHPYjl HOBble rHAPOKCH­
aHHOHHble coeAHHeHHjI Fe(II)-AI(lII) uHpoaypHToBOH rpYUUbJ. rHAPOKCH-XJIOpHAHble H-cYJIb<paTHble 
coeAHHeHHjI Fe(II)-AI(III) JlBJIjlIOTCJI H30CTpYKTypHblMH C coeAHHeHHjlMH 3eJIeHOH plKaB'JHHbl Fe(Il)­
Fe(IlI), rAe Al CYlQecTBeHHo 3aMelQeH Fe(III). TaM, rAe COl- JlBJIjleTCjI eAHHcTBeHHblM aHHoHoM B 
cHcTeMe, 06pa3yeTcjI coeAHHeHHe Fe(II)-AI(III), H30CTpYKTypHoe C rHAPOTaJIbKHTOM. B CYXOM HJIH 
BJIalKHOM COCTOJlHHH 3TH coeAHHeHHjI jlBJIjllOTCjI HeCToHKHMH B B03Ayxe H3-3a OKHCJIeHHSI Fe(II). 
OKHCJIeHHe cyxoro 06pa3Qa B B03Ayxe AaeT aKaraHeHT HJIH aJIlOMHHHeBblH <pePPHfHAPHT, TorAa KaK 
eCJIH 06pa3eQ COAeplKHrCJI BO BJIalKHOM COCTOjlHHH H OKHCJIJleTCJI B03AYXOM UOA BOAOH, oöpa3yeTCjI 
JIeUHAOKp0l.\HT RJIH aJIlOMHHHeBblH reTHT BMeCTe C HeÖOJIbWHM KOJIWleCTBOM <peppHrHAPHTa. TIo 
AaHHblM UOPOIIIKOBoro MeTOAa peHTreHO-CTpYKTypHoro aHaJIH3a 06pa30BaBIIIHHCjI TaKHM nYTeM J1eUHAO­
KPOllHT OÖbl'JHO He AaeT ,l\HarHOCTH'JeCKoro (020) 6a3aJIbHOrO OTpalKeHHJI , HJlH OHO HMeeT cYlQeCTBeHHO 
oCJIaÖJIeHHYIO HHTeHCHBHOCTb. TIPOAYKTbl OKHCJIeHHjI H CKOPOCTb HX oöpa30BaHHjI, UO-BH,l\HMOMY, 
3aBHCJlT OT cOCTaoa uepBoua'JaJIbHOrO YABoeUHoro rHApOKCHJIbHOrO COe,l\HHeHßjj H YCJIOBHH, UpH 
KOTOPblX OKHCJIeHHe UPOHCXO,l\HT. 

CoeAHHeHHjI 3eJIeHoro l.\BeTa, 06bl'JHo HaÖJIIOAaeMble B rJIeeBblX UO'JBax, TOlKe 6blCTpO CTaUOBjlTCjI 
lKeJITO-KopH'JHeBbIMH uouaAajl B B03AYIIIHYIO cpeAY, 'JTO Bbl3bJBaeT TpY,lIHOCTH B OU03HOBaHHH 
npeAUOJIOlKHTeJIbHO UPHCYTCTBYIOIl\HX OKHCJIeHHbIX <pa3 Fe. B 3THX UO'JBax OlKH)\aIOTCjI YCJlOBHjI H 
peareHTbl, aHaJIOrH'JHble BOBJIe'IeHHbIM B oöpa30BaHHe BbJIIIe OUHcaHHblX coeAHHeHHH. TIpeADOJlaraeTCjI, 
'ITO Fe(II)-AI(III) 'IJIeHbI nHpoaHpHToBOH rPYlIlIbI MorYT 06pa30BaTbcjI B TaKOH cpeAe. [N. R.] 

Resümee--Bei der Abwesenheit von Sauerstoff reagieren Fe(II)-Chlorid, -Sulfat und -KarbonatIösungen 
bei pH-Werten von 6,5-7 mit Aluminiumhydroxid-Suspensionen zu neuen Fe(II)-AI(III)-Hydroxy-Anion­
verbindungen der Pyroauritgruppe. Die Fe(II)-AI(III)-Hydroxychlorid und -Sulfatverbindungen sind iso­
strukturell mit Fe(II)-Fe(III)-"green rust" -Verbindungen, wobei das AI vor allem Fe(III) substituiert. Wo 
COl-· das einzige Anion im System ist, bildet sich eine Fe(II)-AI(III)-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(lII) instabil. Die Oxidation der trockenen Probe an Luft führt zu Akaganeit 
oder AI-haltigem Ferrihydrit , während eine Probe, die feucht gehalten wird und unter Wasser mit Luft 
oxidiert wird, Lepidokrokit oder AI-reichen Goethit zusammen mit geringen Mengen von Ferrihydrit bildet. 
Nach der Röntgenpulverdiffraktometrie zeigt der so gebildete Lepidokrokit im allgemeinen keine typischen 
(020) Basis-Reflexion, oder eine mit einer merklich geschwächten Intensität. Die Oxidationsprodukte und 
die Geschwindigkeit ihrer Bildung scheinen von der Zusammensetzung des ursprünglichen Doppelhyc 
droxy-Bestandteiles abzuhängen und von den Bedingungen, unter denen die Oxidation ausgeführt wird. 

Die grün gefärbten Bestandteile , die häufig in vergleyten Böden 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. Ähnliche Bedingungen und Bildungsprodukte wie die bei der 
oben beschriebenen Bildung auftretenden Verbindungen werden in diesen Böden erwartet und es wird 
angenommen, daß Fe(II)-AI(I1I)-Glieder der Pyroauritgruppe sich in einem derartigen Milieu bilden. 
[U.W .] 

Resume--En absence d 'oxygene , les solutions de chlorure Fe(II), de sulphate, et de carbonate reeagissent 
avec des suspensions d'hydroxide d'aluminium aux pH 6,5 a 7 pour former de nouveaux composes d'anion 
hydroxy Fe(II)-AI(III) du groupe pyroaurite. Les composes hydroxy-chlorure Fe(II) et AI(III) et hydroxy­
sulphate Fe(II) et AI(II1) et les composes "rouille verte" Fe(II)-Fe(II1) sont iso-structuraux, avec AI sub­
stituant essentiellement a Fe(IIl). Lorsque COl- ~t le seul anion dans le systeme, un compose Fe(lI)­
AI(III) , de structure semblable al 'hydrotaIcite, est forme. Que ce soit a l' etat sec ou mouille, ces composes 
sont instables dans I'air a cause de I'oxidation de Fe(II) . L 'oxidation a l'air de I'echantillon sec donne de 
l'akaganeite ou de la ferrihydrite alumineuse, tandis que si I'echantillon est maintenu dans une condition 
humide, et oxide a I'air sous eau , de la lepidocrocite ou de la goethite alumineuse est produite , avec des 
petites quantites de ferrihydrite . A la diffraction aux rayons-X, la lepidocrocite ainsi formee ne montre 
bien souvent pas la reflection basale diagnostique (020), ou la montre avec une intensite fort reduite. Les 
produits de I'oxidation et la rapidite de leur formation semblent dependre de la composition du compose 
hydroxy double initial et des conditions sous lesquelles l'oxidation se produit. 

Les composes verdatres souvent observes dans des sols gleyifies deviennent aussi rapidement jaunes­
bruns apres avoir He exposes a I'air, et il devient difficile d ' identifier les phases d' oxide Fe que I' on suppose 
etre presentes. On s'attend ades conditions et ades agents de reaction semblables a ceux inclus dans la 
formation des composes decrits ci-dessus, et il est suggere que les membres Fe(II)-AI(III) du groupe py­
roaurite peuvent etre form es dan un environement tel. [D.I.] 
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