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Abstract We studied the influence of time ageing (up to 120 d at 50~ or 30d at 95~ on the miner- 
alogical and chemical composition of hydrolytic species of mixed aluminum and iron samples formed at 
pH 5.0 and initial Fe/A1 molar ratio (Ri) ranging from 0.1 to 10. The partitioning distribution of Fe and 
A1 in soluble or solid phases of different sizes (<0.01, 0.2-0.01, >0.2 ~m) depended on Ri and time. 
The ratio of Fe to A1 of the <0.2 ixm Fe-A1 species of the samples at Ri <~ 4 slowly increased with time. 
Usually the higher Ri the higher the amount of Fe + AI present in soluble or very fine solids (<0.2 ~m). 
With time, high percentages of Fe were found mainly in the <0.01 Ixm while the A1 increase in the >0.2 
txm sizes. Gibbsite, without the presence of well-crystallized Fe-oxides was formed in the samples at Ri 
--< 0.5 after 7-120 d at 50~ In the samples at Ri -> 1 low-crystalline ferrihydrite was observed after 
-->60 d. Only after 120 d did gibbsite or hematite start to form in the samples at Ri - 1-10. However, 
even after prolonged ageing at 95~ low-crystalline ferrihydrite was still present at Ri -< 4. 

The Fe-A1 samples at Ri --> 1 aged 32 d at 50~ dissolved almost completely by acid ammonium- 
oxalate (82-93%), but the samples at Ri -< 0.5 were only partially solubilized (13--60%). After further 
30 d at 95~ the percentages of Fe + A1 solubilized by oxalate from the samples at R -> 0.5 was still 
relatively high (22-39%). 
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INTRODUCTION 

Much  work  has been  conducted  on the effect  o f  age- 
ing on the hydrolyt ic  products  of  A1 or Fe (III) at 
different  pH values in the absence  or p resence  of  or- 
ganic and inorganic ligands (Cornell  and Schwer tmann  
1979; Huang and Violante 1986; Cornell  et al. 1989; 
Hsu 1989; Schwer tmann  and Taylor 1989). The influ- 
ence of  A1 in the crystal l izat ion process  of  Fe-oxides  
and in the format ion of  Al-subst i tuted goethite  and he- 
matite has been  worked out in detail (Lewis  and 
Schwer tmann  1979; Schwer tmann  et al. 1979; Schulze 
and Schwer tmann  1984; Barrdn et al. 1984; Torrent et 
al. 1987). In most  o f  the works of  Schwer tmann  and 
his coworke r s  (Taylor and S c h w e r t m a n n  1978; 
Schwer tmann  et al. 1979; Lewis  and Schwer tmann  
1979; Schwer tmann  1988), the samples  were  prepared 
at Fe/A1 molar  ratio -->2 and/or at very  high pH values, 
and only the propert ies  of  the final products  were stud- 
ied. It has been  shown that A1 retards or inhibits the 
format ion of  some Fe-oxides  in favor of  others. There 
is little informat ion available on the effect  o f  t ime on 

the chemical  composi t ion,  nature and crystal l izat ion of  
mixed  Fe(III) and A1 precipitates obtained at different  
initial Fe/A1 molar  ratios (Gastuche et al. 1964; Ren-  
gasamy and Oades 1979; Goh et al. 1987; Krishna-  
murti et al. 1995). 

Rengasamy and Oades (1979) showed  evidence  that 
polymerizat ion of  A1 and Fe(III) in mixed  solutions 
(OH/AI + Fe --< 2.5) favored the format ion of  AI-Fe 
copoly-cat ions  rather than a mixture of  separate A1 and 

Fe species.  Furthermore,  polycat ions  obtained by add- 
ing NaOH to A1 and Fe(III) mixed  solutions up to OH/  
A1 + Fe molar  ratio of  2.5 had Fe/A1 molar  ratios close 
to the original solutions. More  recently, Goh  et al. 
(1987) found that after pro longed ageing of  mixed  A1- 
Fe systems (Fe/A1 molar  ratio --< 1), crystal l ine 
AI(OH) 3 and mixed  noncrysta l l ine  Fe-A1 oxide or 
highly Al-subst i tuted noncrystal l ine  Fe-oxides  fo rmed  
at pH 6.0-7.0.  

In this work, we  report  on the effect  o f  t ime on the 
chemical  composi t ion,  the nature and the stability of  
hydrolyt ic  species of  mixed  a luminum and iron solu- 
tions (Fe/A1 molar  ratio ranging f rom 0.1 to 10) 
fo rmed  at pH 5.0 and aged up 4 months  at 50 ~ or for 
32d at 50~ and 1 month  at 95~ 

MATERIALS AND METHODS 

Fresh  stock solutions of  suitable amounts  of  0.01 M 
AI(NO3) 3 and 0.01 M Fe(NO3) 3 were mixed  in order  
to have samples  at initial Fe/A1 molar  ratio of  0, 0.1, 
0.25, 0.5, 1.0, 4.0, 10.0 or c~ (hencefor th  referred as 
R0, R0.1, R0.25, R0.5, R1, R4, R I 0  and Rc~). The 
solutions were  potent iometr ical ly  titrated to pH 5.0 by 
adding CO2-free standard 0.25 M NaOH at a feed  rate 
of  0.5 ml/min.  A Met rohm Herisau E 536 automatic 
titrator in conjunct ion with an automatic syringe bu- 
rette 655 Dosimat  was used. The OH/A1 + Fe molar  
ratio o f  the titrated solutions ranged be tween  2.65 to 
3.03 by increasing the initial Fe/AI molar  ratio. The 
final volume of  all samples  was adjusted to one liter. 
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Table 1. Chemical composition of the initial solution and amounts of iron and aluminum (mmol L 1) in the filtrates < 0.2 
ixm of the samples after 7, 20, 32 and 120 d at 50~ 

Initial chemical  
composi t ion 7 d 20 d 32 d 120 d 

Samples Fe AI Ri i Fe AI Rs:  Fe AI Rs Fe A1 Rs Fe AI Rs 

R0 0 5.00 0 0 3.22 0 0 1.34 0 0 1.15 0 0 0.80 0 
R0.1 0.45 4.55 0.10 0.34 3.22 0.11 0.30 1.27 0.24 0.30 1.13 0.27 0.32 0.69 0.46 
R0.25 1.00 4.00 0.25 0.82 3.11 0.26 0.63 1.06 0.59 0.62 0.97 0.64 0.84 0.65 1.29 
R0.5 1.66 3.34 0.50 1.49 2.59 0.58 1.32 0.91 1.45 1.32 0.89 1.48 1.50 0.42 3.57 
R1 2.50 2.50 1.00 1.62 2.15 0.75 1.76 0.87 2.70 2.08 0.76 2.73 2.43 0.35 7.51 
R4 4.00 1.00 4.00 2.95 0.95 3.10 3.33 0.65 5.12 3.58 0.69 5.18 3.31 0.27 12.3 
R10 4.55 0.45 10.00 tr tr n.d. tr tr n.d. 3.80 0.43 8.83 3.47 0.13 26.7 
R~ 5.00 0 ~ tr tr n.d. tr tr n.d. 2.72 tr n.d. 0.40 tr n.d. 

Ri = Initial Fe/A1 molar ratio. 
2 Rs = Fe/A1 molar ratio in the filtrates < 0.2 txm. 

The  final Fe  + AI concen t ra t ion  was 0.005 M in a l l  
of  the samples.  

Table 1 shows the chemica l  compos i t i on  and  the 
init ial  mo la r  ratio Fe/A1 (Ri) of  the start ing solut ions.  

The  suspens ions  were  kept  in po lypropy lene  con-  
ta iners  and  aged at 20~ for  one  week.  A pH 5.0 was 
ma in t a ined  by  adding  a few drops of  0.25 M NaOH.  
Subsequen t ly  the suspens ions  were  aged up to 120 d 
at 50~ wi thou t  pH adjustment .  Al iquots  of  the sam- 
ples, p revious ly  aged for  32 d at 50~ were  kept  at 
95~ for  ano ther  30 d. 

Dur ing  the age ing  process  (7, 20, 32 or 120 d at 
50~ subsamples  were  col lected and  filtered th rough  
Na lgene  acetate  m e m b r a n e s  (pore size < 0.2 ixm) or 
ul trafi l tered th rough  Spect ra /Por  molecu la r  porous  flu- 
o r o c a r b o n  F100  m e m b r a n e s  ( M o l e c u l a r  W e i g h t  
(M.W.) cu tof f  <100 ,000 ;  ~0 .01  p~m). The  filtrates 
were  ana lyzed  for Fe and  A1 by a tomic  absorp t ion  
spec t roscopy after  d isso lu t ion  wi th  6 M HC1. Othe r  
subsamples  were  d ia lyzed  (M.W. cu tof f  = 15,000) in 
de ion ized  wate r  unti l  C1 free, f reeze-dr ied  and l ight ly  
g round  to pass  t h rough  a 100-mesh  sieve. 

The  f reeze-dr ied  samples  were  m o u n t e d  into a hold-  
er to obta in  r a n d o m  part icle  or ienta t ion  and ana lyzed  
us ing  a Rigaku  Geigerf lex  D / M a x  IIIC X-ray  diffrac- 
tomete r  (XRD)  equ ipped  wi th  i ron-f i l tered Co-K~  ra- 
d ia t ion genera ted  at 4 0 k V  and 30 m A  and a scan speed 

Table 2. Percentages of Fe + A1 present in the precipitation 
products (particle size > 0.2 Ixm) after 7, 20, 32 and 120 d 
of ageing at 50~ 

(Fe + A1) (Fe + AI) (Fe + AI) (Fe + AI) 
Samples  7 d 20 d 32 d 120 d 

R0 36 73 77 84 
R0.1 29 74 77 80 
R0.25 21 66 68 71 
R0.5 18 55 56 61 
R1 25 52 43 44 
R4 22 36 15 29 
R10 100 100 17 26 
Rc~ 100 100 46 92 

of  1 ~ 20/rain.  The  X R D  traces are the results  of  8 
s u m m e d  signal.  Dif ferent ia l  the rmal  (DTA) and ther- 
mograv ime t r i c  (DTG)  analyses  of  selected samples  
were  ob ta ined  us ing  a Netzsch  Thermal  Ana lyze r  STA 
409 p r o g r a m m e d  f rom 25~ to 900~ at a rate of  10~ 
min,  us ing  a lumina  as the reference  material .  For  
t r ansmiss ion  e lect ron microscopic  (TEM)  examina-  
t ion, one drop of  a sample  suspension,  previous ly  di- 
alyzed, was  depos i ted  onto  a ca rbon-coa ted  F o r m v a r  
film Cu grid. T E M  elec t ron  mic rographs  were taken  
wi th  a Phi l ips  cm 10. 

Fe and A1 were  also de t e rmined  by  a tomic  absorp-  
t ion for the dia lyzed samples  after  d issolut ion wi th  6 
M HC1, pH 3.0 NH4 oxalate  ( S c h w e r t m a n n  1964) or 
d i t h i o n i t e - c i t r a t e - b i c a r b o n a t e  ( M e h r a  and  J a c k s o n  
1960). 

R E S U L T S  A N D  D I S C U S S I O N  

Chemica l  Compos i t i on  of  the Fe-A1 Samples  

Table 1 shows the  a m o u n t  (retool  L -1) of  Fe and  A1 
present  in the filtrates < 0 . 2  ixm of  the samples  aged 
7, 20, 32, and  120 d at 50~ The  con ten t  of  A1 of  
each sample  usual ly  decreased  wi th  the t ime. The  Fe /  
A1 mola r  rat io (Rs) in the filtrates < 0 . 2  txm of  the  
samples  R 0 . 1 - R 1 0  usual ly  increased  wi th  ageing.  
However ,  after  32 d at 50~ the Fe-AI species of  R0.5 
charac te r ized  by  an init ial  con ten t  of  67% A1, R1 by  
50% A1 and  R4 by  20% A1, still showed  a h igh  per- 
cen tage  of  A1 (40% for R0.5,  27% for RI  and  16% 
for R4),  ind ica t ing  that  the < 0 . 2  txm Fe-A1 species 
ini t ial ly fo rmed  were  re la t ively  stable.  Only  after  120 
d at 50~ was the con ten t  o f  A1 for the < 0.2 txm Fe- 
A1 species of  these  samples  drast ical ly reduced  (21.8% 
for R0.5,  11.7% for  R1 and  7 .5% for R4).  Converse ly ,  
large quant i t ies  of  Fe ( 7 1 - 9 8 %  of  the Fe ini t ial ly add- 
ed) were  p resen t  in the < 0 . 2  ~ m  fract ion of  samples  
R 0 . 1 - R 1 0  after  120 d. 

The  percen tages  of  Fe + A1 present  in the precipi-  
ta t ion products  ( > 0 . 2  Ixm) dur ing  the age ing  are re- 
por ted  in Table 2. Af ter  120 d, the  prec ip i ta t ion  prod-  
ucts f rom sample  R0  con ta ined  84% A1 and sample  
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Table 3. Amounts (mmol L -1) of the iron and aluminum 
present in the < 0.01 ixm fractions of the samples aged 7 and 
120 d at 50~ 

7 d 120 d 

Samples Fe AI Rs I Fe A1 Rs 

R0 0 0.92 0 0 0.76 0 
R0.1 0.31 0.90 0.34 0.02 0.55 0.04 
R0.25 0.81 1.22 0.75 0.16 0.48 0.33 
R0.5 1.03 1.24 0.83 0.07 0.34 0.20 
R1 1.19 0.42 2.83 0.01 0.16 0.06 
R4 0.08 tr n.d. tr tr n.d. 
RI0 tr tr n.d. tr tr n.d. 
R~ tr tr n.d. tr tr n.d. 

Rs = Fe/AI molar ratio. 

Table 4. Percentages of Fe + AI solubilized by dithionite- 
citrate bicarbonate (DCB) o1" mmnonium oxalate solution 
(OXA) from the samples aged 32 d at 50~ or 32 d at 50~ 
and 30 d at 95~ 

After 32 d at 50~ After 30 d at 95~ 

Samples DCB OXA OXA 

R0 2 9 tr 
R0.1 25 13 6 
R0,25 36 36 15 
R0.5 69 60 22 
R1 98 82 36 
R4 98 93 39 
R10 92 92 36 
Roo 100 74 tr 

Ro0 contained 92% Fe, of  the amount  initially added. 
In the coprecipitates o f  Fe and A1, after 120 d, the 
higher the initial concentration of  Fe the lower the 
percentage of  Fe  + A1 present in the solid phase. In 
fact, 80% of  the initial amount  of  Fe + At was pre- 
cipitated for R0.1., 61% for R0.5, 29% for R4 and 
26% for R10. Reported in Table 3 are the amounts 
(mmol  L 1) of  Fe  and A1 present in the filtrates <0.01 
Ixm of  the samples aged 7 and 120 d at 50~ Only 
traces of  Fe and A1 were found in the filtrates o f  R 4 -  
R0o aged 7 or 120 d. After  7 d, 62 -99% of  Fe and 2 0 -  
48% of  A1 found in the filtrates <0 .2  Ixm (Table 1), 
were present in the filtrates <0.01 Ixm of the samples 
R0-R1  (Table 3). Consequently,  the Rs values o f  these 
hydrolytic products were higher than those of  the <0 .2  
Ixm fractions (compare Table 1 with Table 3). In con- 
trast, after 120 d negligible or small amounts  o f  Fe  
were contained in the <0.01 Ixm fractions of  samples 
R 0 - R  1. 

The percentages of  Fe + A1 present in the <0.01 
ixm fractions o f  the samples R0-R1  ranged from 18% 
(R0) to 46% (R0.5) after 7 d, but f rom 15% (R0) to 
< 5 %  (R0.5 and R1) after 120 d (Tables 1 and 3). 

Because  low or negligible amounts of  A1 or Fe  were  
removed  by dialysis (cut of f  of  M.W. < 15,000) during 
the ageing (data not  reported), it appears evident  that 
soluble species had a M.W. > 15,000. Rengasamy and 
Oades (1979) demonstrated that copoly-cat ions of  A1 
and Fe formed by hydrolysis  on addition o f  sodium 
hydroxide up to a (OH)/Fe + A1 molar  ratio of  2.5 
(pH 3.4-5)  had M.W. ranging from 20,000 to more 
than 100,000. 

From the data reported in Tables 2-4,  it was pos- 
sible to calculate the percentages of  Fe or AI present 
in the 0.2 p~m fractions, be tween 0.2-0.01 ixm and 
<0.01 p,m of  all the samples aged 7 or 120 d at 50~ 
(Figure 1). High percentages o f  Fe were found mainly 
in the <0.01 Ixm filtrates of  the samples R0 .1-R1 after 
7 d and in the 0.2-0.01 txm fractions of  the samples 
R0 .1 -R10  after 120 d. In the sample R~,  iron predom- 
inated in the solid phase >0.2  p.m during the ageing 
period. On the contrary, in the samples R 0 - R 4  A1 pre- 

dominated in the 0.2-0.01 tzm or <0.01 I-~m fractions 
after 7 d. With time, its concentrat ion in the solid 
phase >0 .2  ixm strongly increased (Table 1; Figure 1) 
mainly because of  the formation of  crystals of  gibbsite 
(as discussed below; Figures 2-5).  

Minera logy of  the Precipitation Products 

The x-ray diffraction patterns (XRD), D T G  and 
DTA curves  and electron micrographs o f  the dialyzed 
precipitation products of  the samples prepared at dif- 
ferent initial Fe/AI molar  ratios and aged for 7 -120  d 
at 50~ or for 62 d (32 d at 50~ fol lowed by 30 d at 
95~ are shown in Figures 2-5.  

X-RAY DIFFRACTION ANALYSES. Figure 2 shows X R D  of  
the samples aged 32 d at 50~ Well  crystal l ized gibbs- 
ite formed from the end member  R0 and goethite for 
R~, respect ively (Figures 2a and 2f). Gibbsite was 
found in samples R0.1-R0.5.  But in sample R0.5, 
some broad peaks of  ferrihydrite were also evident  
(Figure 2b). The presence o f  gibbsite was ascertained 
by X R D  in the samples R0-R0 .5  after 7 d of  ageing 
(not shown). In samples R1-R10 ,  ferrihydrite was ob- 
served after 32-60  d of  ageing at 50~ X-ray diffrac- 
tion traces show a very  broad 2-lines pattern charac- 
teristic o f  poorly crystall ine material  cal led 2-lines fer- 
rihydrite in Figures 2c -2e  (Schwertmann and Cornel l  
1991). It was only after further ageing (120 d at 50~ 
that we ascertained the formation of  gibbsite in sam- 
ples R1 (Figure 3b) and hemati te  in R I 0  (Figure 3d). 
However  in sample R4, ferrihydrite was the only crys- 
talline species identified by X R D  (Figure 3c). A few 
extremely small  gibbsite crystals were observed  in this 
sample under the electron microscope (Figure 5d). 

After  32 d at 50~ and further ageing for 30 d at 
95~ gibbsite without the co-presence of  well  crys- 
tallized Fe-oxides  was found in the samples R0. l - R 4  
(Figures 3e-f) ,  but in the sample R I 0 ,  well-crystal-  
l ized hematite had formed (Figure 3g). The  X R D  pat- 
terns of  samples R1 and R4 still showed the presence 
of  fenihydri te .  

These results clearly reveal  that initially mixed  Fe- 
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Figure 1. Percentages of Fe and A1 in the fractions >0.2 ~m, between 0.2~).01 ~m and <0.01 p,m of the samples aged 7 
and 120 d at 50~ Ri indicates the initial Fe/AI molar ratio. 

A1 species formed rather than a mixture of separate A1 
or Fe species. These Fe-AI species were particularly 
stable and the formation of gibbsite (R1 and R4) or 
hematite (R10) required many days, up to 120 d or 
more of ageing at high temperatures. On the contrary, 
at pH 5.0, gibbsite or hematite and/or goethite formed 
in a few days or weeks within 0.005-0.0005 M A1 or 
Fe solutions aged at 50~ (data not shown). 

THERMAL ANALYSES. DTG (Figure 4Aa) and DTA (not 
shown) curves of  sample R0 showed the presence of  
well-crystallized gibbsite (a strong peak at 300-310~ 
after only 7 d at 50~ In contrast, only short-range 
ordered materials were present in sample R0o after 7 d 
(Figures 4Af  and 4Bf). The DTG curve of  this sample 
aged 7 d showed two broad peaks at ~100 and 300~ 
(Figure 4Af). Whereas, that of the same sample aged 

120 d (Figure 4Ag) showed that the peak at ~100~ 
strongly decreased and a strong and asymmetric peak 
at 2310~ attributed to the presence of goethite (con- 
finned by XRD, Figure 2f) with a shoulder at 260~ 
formed. 

Gibbsite was found in sample R0.5 aged 32-120 d 
(Figures 4Ab, 4Ba and 4Bb). An increase of gibbsite 
formation appeared evident with the passage of reac- 
tion time (compare Figure 4Ba with Figure 4Bb). 

The DTG curves of the samples R1 and R4 aged 
32 d or 120 d at 50~ (Figures 4Ac--e), in which the 
presence of ferrihydrite had been confirmed by XRD 
(Figures 2c, 2d and 3c), differed from each other. This 
was probably due to differences in the chemical com- 
position, nature and particle size of  the Fe-Al-species 
(Tables 1-3). The DTA curves of these samples 



Vol. 44, No. 1, 1996 Nature of mixed Al-fe species 117 

32 d 50 ~ 30d 95 ~ 

Go 
GO Go2.45 

4.1B 2.691 Go 12 co 
| ~ /Go  1.72 ", 1,51 

F 
254  �9 F F 

R=10 
F F 

2.54 F 1.47 

R=4 . , ~ , ~ J ~ . , . . , ~ ' "  ~ d 
F 

2.54 F F 

R4 " ~  C 

,4.11137 e G R=0.5 

Ili- &o 0 
R=0 . - _ _ J U L _ ~ .  " 2.~ "'6 a 

I I t I I 
5 20 40 60 80 

20 CoKa R a d i a t i o n  

Figure 2. X-ray powder diffractograms of the samples aged 
32 d at 50~ Go stands for goethite, F for ferrihydrite and 
G for gibbsite. The arrows indicate a possible presence of 
ferrihydrite. R indicates the initial Fe/A1 molar ratio. 

showed  a s t rong exo the rm be tween  150 and  350~ 
wi th  a m a x i m u m  cente red  at ~ 2 8 0 ~  and  a shoulder  
at about  300~ (Figures 4Bc - e ) .  S c h w e r t m a n n  et al. 

(1979)  and Lewis  and  S c h w e r t m a n n  (1979)  found  that  

pure  ferr ihydri te  had  a s t rong and sharp  exo the rmic  

peak  in D T A  curve  be t w een  300 and  350~ due  to the  

crys ta l l iza t ion  o f  hemat i te ,  whereas  Al -subs t i tu ted  fer- 
r ihydri tes  showed  b roader  peaks  the t empera tures  of  
wh ich  increased  wi th  increas ing  A1 subst i tu t ion up  to 
564~ at 25 mole  percent  of  added  A1. Simi lar  differ- 
ences  were not  ascer ta ined  in our  samples.  T he  Fe-A1 

species  (R1 and  R4)  showed  D T A  curves  a lmos t  s im- 

ilar to that  o f  R ~  aged 7 d (Figure 4Bf),  wi th  only  the 
m a x i m u m  at 280~ m u c h  more  evident .  
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Figure 3. X-ray powder diffractograms of the samples aged 
120 d at 50~ and 32 d at 50~ plus 30 d at 95~ H stands 
for hematites, F for ferrihydrite and G for gibbsite. R indi- 
cates the initial Fe/A1 molar ratio. 

ELECTRON MICROSCOPE OBSERVATION. Electron micros-  
copy of  the samples  aged 120 d at 50~ showed  evi- 
dence that  the h igher  the initial Fe/A1 molar  ratio the 
greater the amount  of  poorly crystal l ine or noncrys ta l -  
l ine materials  present  in the samples.  Morphologica l ly  
i l l-defined materials  rarely appeared in samples  R 0 -  
R0.25 (Figure 5a). They appeared more  often in sam- 
ples R0 .5 -R1 .0  (Figures 5b, 5c) and they were predom- 
inant  in samples  R 4 - R 1 0  (Figure 5d, 5e). At  h igh  mag-  
nification these formless  materials  appeared to be  ag- 
gregates of  ext remely  small  spherical  particles ( < 5  nm). 
Gibbsi te  crystals  which  formed in the Fe r ich samples  
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Figure 4. Differential thermogravimetric DTG (A) and differential thermal analysis (DTA) (B) curves of the samples aged 
7, 32 or 120 d at 50~ R indicates the initial Fe/AI molar ratio. 

(R > 1) appeared distorted (Figure 5d) and of extremely 
small size. In sample R10, the sparse crystals of he- 
matite appeared to have been formed of fine-grained 
particles with spherical shape and an inner granular 
structure (Taylor and Schwertmann 1978). Finally, in 
sample R~, acicular goethite and few small hexagonal 
crystals of hematite were evident (Figure 513. 

Nature of fe-al precipitation products. Table 4 shows 
the percentages of Fe + A1 solubilized by DCB or 
oxalate solution at pH 3.0 from the samples aged 32 
d at 50~ or 32 d at 50~ plus 30 d at 95~ as referred 
to the total amounts of Fe and A1 solubilized by 6 M 
HCI. 

Samples R I - R I 0  aged 32 d at 50~ which showed 
only low-crystalline felxihydrite by XRD (Figures 2c -  
e), were almost completely solubilized by DCB and 

oxalate (82-98%). On the contrary, samples R0-R0.5, 
which showed gibbsite by XRD were only partially 
solubilized. The amounts of Fe + A1 removed from 
these samples by oxalate ranged from 9% (R0) to 60% 
(R0.5), confirming that increasing amounts of short- 
range ordered and/or finely divided Fe-A1 materials 
were formed by increasing the initial Fe/A1 molar ra- 
tio. From the sample R~, which principally contained 
goethite and traces of  hematite (Figures 2f-5f), 74% 
of  the Fe was solubilized by oxalate. This indicates 
the presence of large quantities of ferrihydrite or very 
poorly crystalline Fe-oxides. 

After ageing at 95~ samples R0, R0.1, R0.25 and 
R~ had negligible quantities of  Fe + A1 solubilized 
by oxalate (--<15%), but the percentages of Fe + A1 
solubilized by oxalate from the samples R0 .5 -RI0  
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Figure 5. Transmission electron micrographs (TEM) of selected samples aged with 120 d at 50~ a) R0.1, b) R0.5, c) R1, 
d) R4, e) RI0 and f) R~. 
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were  still re la t ively  high.  They  ranged  f rom 22% 
(R0.5) to 3 6 - 3 9 %  ( R 1 - R 1 0 ) .  These  resul ts  indica te  
tha t  coprecip i ta t ion  of  A1 and  Fe  at  cer ta in  init ial  Fe /  
A1 mola r  rat ios p romote  the fo rmat ion  of  s table poor ly  
crys ta l l ine  or noncrys ta l l ine  Fe-A1 species.  

The  rat io R 0 (Fe0/A10), wh ich  indica tes  the  rat io  o f  
Fe  and  A1 solubi l ized  by  a m m o n i u m  oxalate,  for  sam- 
ples aged at 95~ were:  R0.5,  4.9; R1, 4.9 and  R4, 8.1 
(data not  shown).  This  indicates  that  af ter  p ro longed  
age ing  at h igh  tempera tures  the shor t - range  ordered  
Fe-A1 precipi ta t ion  produc ts  of  these  samples  were  
par t icular ly  r ich  in Fe,  bu t  still con ta ined  re la t ively  
h igh  amount s  of  AI ( 1 1 - 1 7 %  of  A1). 

CONCLUSIONS 

The  data  repor ted in this  s tudy show ev idence  tha t  
mixed  Fe-A1 species form w h e n  A1 and  Fe are copre-  
c ipi ta ted at d i f ferent  Fe/A1 mola r  ratios. The  ini t ial ly 
fo rmed  mixed  Fe-A1 products  were  metas tab le  and  
s lowly conver ted ,  depend ing  on  the ini t ial  Fe/AI  mo la r  
rat io (Ri), and  tempera ture ,  th rough  dif ferent  soluble,  
shor t - range  ordered  and/or  crys ta l l ine  species toward  
more  s table  c rys ta l l ine  AI or Fe-oxides  (main ly  g ibbs-  
i te and  hemat i te ;  F igures  2 -6 ) .  The  Fe/A1 mola r  rat io  
o f  the < 0 . 2  txm Fe-A1 species s lowly increased  by  
age ing  (Table 1). The  d is t r ibut ion  o f  Fe  and  A1 in sol- 
uble  or solid phases  o f  d i f ferent  sizes seemed  to de- 
pend  on  the init ial  R va lue  and  on  the  age ing  period.  
Usual ly ,  the h igher  the  init ial  Fe/AI  m o l a r  rat io the  
h igher  the amount s  of  Fe + A1 presen t  in  soluble  or 
ve ry  fine precipi ta t ion  products .  

The  h igh  stabil i ty of  mixed  Fe-A1 species appeared  
also evident .  In  fact,  whereas  in u n m i x e d  A1 or Fe  
solut ions  (0.005--0.0005 M) g ibbs i te  or hemat i te  and/  
or goethi te  crys ta l l ized  in a few days or weeks  at pH 
5.0 and  50~ in the  Fe-A1 samples  wel l -c rys ta l l ized  
Fe-oxides  could  not  be  de tec ted  in the samples  R 0 . 1 -  
R4 even  after  p ro longed  age ing  at 50 ~ and  95~ 

Resul ts  demons t ra t e  tha t  in soil env i r onm en t s  es- 
pecia l ly  acidic condi t ions  and  at cer ta in  cri t ical  Fe/A1 
ratios, Fe  and  AI ions m a y  interact  wi th  each  other  
fo rming  shor t - range  ordered  mater ia ls  of  d i f ferent  
chemica l  composi t ion ,  size and  nature.  In addi t ion,  it 
p robab ly  exhib i t s  a d i f ferent  react ivi ty  toward  nutr i-  
ents  and  pol lutants ,  wh ich  m ay  pers is t  in soils for  in- 
defini te  per iods  of  t ime. 

ACKNOWLEDGMENTS 

This work were supported by the National Research Coun- 
cil of Italy, Bilateral Project Italy-Spain N.92.01602.CT06. 
Contribution N. 115 from Dipartimento di Scienze Chimico- 
Agrarie (DISCA). The authors thank Dr. M. de' Gennaro of 
the Dipartimento di Scienze della Terra, Universit~t di Napoli 
for his help in DTG and DTA analyses. 

REFERENCES 

Barr6n V, Rendon JL, Torrent J, Serna CJ. 1984. Relation of 
infrared, crystalllochemical, and morphological properties of 
Al-substituted hematites. Clays & Clay Miner 32:475-479. 

Comell RM, Schwertmann U. 1979. Influence of organic an- 
ions on the crystallization of ferrihydrite. Clays & Clay Min- 
er 27:402-410. 

Cornell RM, Giovanoli R, Schneider W. 1989. Review of the 
hydrolysis of iron 011) and crystallization of amorphous iron 
(IH) hydroxide hydrate. J Chem Tecbnol Biotechnol 46:115- 
134. 

Gastuche MC, Bruggenwert T, Mortland MM. 1964. Crystal- 
lization of mixed iron and aluminum gels. Soil Sci 98:281- 
289. 

Goh TB, Huang PM, Dudas MJ, Pawluk S. 1987. Effect of 
iron on the nature of precipitation products of aluminum. 
Can J Soil Sci 67:135-145. 

Hsu PH. 1989. Aluminum hydroxides and oxyhydroxides. In: 
Dixon JB, Weed SR, editors. Minerals in Soils Environ- 
ments. 2nd ed. Madison, Wisconsin:Soil Sci Soc Am 331- 
378. 

Huang PM, Violante A. 1986. Influence of organic acids on 
crystallization and surface properties of precipitation prod- 
ucts of aluminum. In:Huang PM, Schnitzer M, editors. In- 
tel'action of Soil Minerals with Natural Organics and Mi- 
crobs. Soil Sci Soc Am Spec Pub 17:549-592. 

Krishnamurti GSR, Violmlte A, Huang PM. 1995. Influence 
of Fe on the stabilization of hydroxy-A1 interlayers in mont- 
morillonite. In:Churchman GJ, Fitzpatrick RW, Eggleton 
RA, editors. Clays Controlling the Environments. Proc 10th 
Int Clay Conf Adelaide, Australia. Melboume:CSIRO Pub- 
lishing. 183-186. 

Lewis DG, Schwertmann U. 1979. The influence of aluminum 
on the formation of iron oxides. IV. The influence of [A1], 
[OH], and temperature. Clays & Clay Miner 27:195-200. 

Mehra OR Jackson ML. 1960. Iron oxide removal from soils 
and clays by dithionite-citrate systems buffered with sodium 
bicarbonate. Clays & Clay Miner 7:317-327. 

Rengasamy R Oades JM. 1979. Interaction of monomeric and 
polymeric species of metal ions with clay surfaces. IV Mixed 
systems of aluminium (Ill) and iron 011). Aust J Soil Res 
17:141-153. 

Schulze DG, Schwertmann U. 1984. The influence of alumi- 
num on iron oxides: X The properties of Al-substituted goe- 
thite. Clay Mineral 19:521-529. 

Schwertmann U. 1964. Differenzierung der Eisenoxide des 
Bodens durch photochemische Extraktion mit saurer Am- 
moninmoxalat-Lrsung. Z PflanzenernO_hr Bodenk 105:194- 
202. 

Schwertmann U. 1988. Some properties of soil and synthetic 
iron oxides. In:Stucki JW, Goodmann BA, Schwertmann U, 
editors. Iron in Soils and Clay Minerals. Nato Advanced 
Institute. Dordrecht, Neth.:Reidel Publishing Company. Vol. 
217:203-205. 

Schwertmann U, Fitzpatrick RW, Taylor RM, Lewis DG. 1979. 
The influence of aluminum on iron oxides. II. Preparation 
and properties of Al-substituted hematites. Clays & Clay 
Miner 27:105-112. 

Schwertmann U, Taylor RM. 1989. Iron oxides. In:Dixon JB, 
Weed SR, editors. Minerals in Soils Environments. 2nd ed. 
Madison, Wisconsin: Soil Sci Soc Am 379-439. 

Schwertmann U, Cornell RM. 1991. Iron Oxides in the Lab- 
oratory. Weinheim City, Germany:Weinheim: VCH. 89-94. 

Taylor RM, Schwertmann U. 1978. The influence of alumi- 
num on iron oxides: Part I. The influence of A1 on Fe oxide 
formation from the Fe(II) system. Clays & Clay Miner 26: 
373-383. 

Torrent J, Schwertmann U, Barrrn V. 1987. The reductive 
dissolution of synthetic goethite and hematite in dithionite. 
Clay Mineral 22:329-337. 

(Received 6 January 1995; accepted 6 July 1995; Ms. 2603) 


