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Abstract-The effects of humic acid (HA) on the crystallization of precipitation products of Al under 
mildly acidic to alkaline conditions were investigated. The extent of Al precipitation substantially de­
creased with increasing HA concentration (0 to 75 /otglml) in the pH range 6 to 10 during the SO-day 
aging period. The X-ray powder diffraction (XRD) data show that, at pH 6.0, the amount of pseudo­
boehmite formed in the systems decreased with the increasing concentration ofHA present. The proportion 
of Al hydroxide polymorphs (gibbsite and bayerite) was greatly influenced by the amounts ofHA present 
in the systems. At pH 6.0 and HA concentration of 37.5 /otglm1, all the precipitation products of AI were 
noncrystalline. At pH 8.0 and a HA concentration of 12.5 /otglml, the formation of gibbsite and bayerite 
was completely inhibited and only pseudo boehmite was evident in the XRD patterns. Further increase 
in HA concentration (25-75 /otglml HA) at pH 8.0 resulted in no precipitation of AI, and only a broad 
peak at -3.3 A, characteristic ofHA, was observed. The XRD patterns of the precipitates of Al formed 
in the absence ofHA at pH 10.0 showed the characteristic peaks of bayerite. At pH 10.0, the precipitation 
products of AI formed even at the HA concentration of 2.5 /otglml yielded no XRD peaks. Infrared 
absorption spectra and transmission electron micrographs of the precipitation products of AI formed in 
the systems studied substantiate the findings obtained by XRD. The data obtained in this study indicate 
that HA affects the formation of AI hydroxide polymorphs, pseudoboehmites and short-range ordered 
mineral colloids. 

Key Words-Aluminum hydroxide, Bayerite, Boehmite, Crystallization, Gibbsite, Humic acid, X-ray 
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INTRODUCTION 

Aluminum in soil solutions and natural waters 
undergoes hydrolysis and may precipitate as various 
crystalline AI hydroxides (Hsu, 1977). The crystalli­
zation of Al hydroxides is, however, influenced by low 
molecular weight organic acids (Kwong and Huang, 
1975,1977, 1979a, 1979b, 1981; Huang and Violante, 
1986). The occupation of the coordination sites of Al 
by organic ligands apparently disrupts the hydroxyl 
bridging mechanism, which is indispensable for the 
polymerization of Al ions. The effect of the organic 
ligands on the formation of Al hydroxides, oxyhy­
droxides, and noncrystalline products has been found 
to vary with the affinity of organic ligands toward Al 
and the ligand/AI molar ratios (Kwong and Huang, 
1981; Violante and Huang, 1985). 

Although low molecular weight organic acids are 
constantly introduced to soil through vegetation, the 
major components of organic materials are humic acid 
(HA), fulvic acid (FA), and humin. The inhibitory ef­
fect on AI crystallization is not only limited to low 
molecular weight organic acids; Kwong and Huang 
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(1981) found that tannic acid promotes the formation 
of noncrystalline to poorly crystalline precipitation 
products of AI. Furthermore, Kodama and Schnitzer 
(1980) reported that the addition of increasing amounts 
of FA first delays and then inhibits the crystallization 
of Al hydroxides. 

HA, which differs from FA in molecular complexity, 
functional group concentration, and total acidity, is the 
major component of the humic matter in soils and 
sediments (Stevenson, 1985; Schnitzer, 1986). There­
fore, the effect ofHA on the nature ofthe crystallization 
products of Al is important in a wide range of soils 
and sediments. The objective of the present study was 
to examine the effect of HA on the crystallization of 
AI hydroxides under slightly acidic to alkaline condi­
tions. 

MATERIALS AND METHODS 

Humic acid 
HA was extracted from an Udic Haploboroll (Orthic 

Black Chernozemic soil) from Saskatchewan according 
to the procedure recommended by the International 
Humic Substances Society (Aiken, 1985; Hayes, 1985; 
Leenheer, 1985; Swift, 1985). The HA contained 1.29% 
ash, 54.1% C, 32.7% 0,4.6% H, 4.23% N, and 0.75% 
S. The E4/E6 extinction coefficient ratio was 4.2. The 
freeze-dried HA was added to deionized distilled water 
to prepare a Na-humate solution (400 Ilg/ml HA) by 
slow additions of 0.1 M NaOH to pH 6.0. 

https://doi.org/10.1346/CCMN.1990.0380106 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1990.0380106


48 Singer and Huang Clays and Clay Minerals 

Al hydroxide-humic acid system 

An aliquot of 450 ml of a 2 x 10-3 M AICI3 solution 
was titrated dropwise to pH 4.8 with 0.1 M NaOH; 
the solution was vigorously stirred during the titration. 
The solution was then mixed with 0 to 150 ml of the 
Na-humate solution. Each of these solutions was then 
slowly titrated with 0.1 M NaOH to pHs of 6.0, 8.0, 
or 10.0. After the titration, the final volume of each 
solution was made up to 800 ml with deionized dis­
tilled water; the concentrations of HA ranged from 0 
to 75 lIg/ml. The solutions were aged for 80 days at 
room temperature (- 25°C) with occasional shaking and 
pH adjustments to maintain the initial values. 

After aging, precipitates were separated by filtration 
through Millipore filters (O.OI-lIm pore diameter) and 
then freeze-dried. Precipitates were mounted on glass 
sides and examined by XRD on a Philips diffractom­
eter using Ni-filtered CuKa radiation. Infrared spectra 
of the precipitates were recorded from KBr disks con­
taining. freeze-dried samples on a Perkin-Elmer 983 
instrument. For transmission electron microscope 
(TEM) examination, a drop of dilute suspensions was 
deposited on a grid covered with a carbon-coated 
Formvar film. TEMs were taken at 60 kV with a Philips 
EM 400 instrument. 

Al in solution was determined by atomic absorption 
(flame) on a PYE Unicam SP atomic absorption spec­
trophotometer. Organic carbon in the precipitates was 
determined by an improved method of dry combustion 
(Tiessen et al., 1981). 

RESULTS 

Precipitation of HA and Al from solution 

Table 1 shows the removal of HA and Al from so­
lution as a result of precipitate formation and aging for 
80 days. At pH 6.0 all HA was removed from solution 
in the entire concentration range of HA studied. Like­
wise, all Al precipitated from solution at all HA levels. 
In the systems prepared at pH 8.0 and the HA con­
centration range of 0-12.5 IIg/ml, all HA and Al pre­
cipitated from solution. At higher HA concentrations, 
about 11-15% of the added HA remained in solution, 
and the precipitation of Al was not observed. At pH 
10.0, the precipitation of HA gradually decreased as 
the HA concentration exceeded 12.5 lIg/ml. At the HA 
concentration of 75 lIg/ml, all HA remained in solu­
tion. At pH 10.0, the fraction of Al precipitated de­
creased drastically, as the HA concentration increased 
from 5.0 to 12.5 IIg/ml. At pHs of 8.0 and 10.0 and a 
HA concentration > 12.5 lIg/ml, the precipitation of 
hydrolytic products of Al was prevented. 

X-ray powder diffraction data 

In the absence of HA, the precipitate consisted of 
pseudoboehmite (6.3 and 3.10 A) and gibbsite (4.83, 
4.36, 3.30, 2.45, 2.39, and 2.36 A). At HA concentra-

Table I. Precipitation of humic acid (HA) and aluminum 
as influenced by pH and humic acid concentration after aging 
for 80 days at room temperature. 

Initial HA concentration (Jtglml) 

pH o 2.5 5.0 12.5 25.0 37.5 75.0 

% Fraction of HA precipitated 
6.0 100 100 100 100 100 100 
8.0 100 100 100 85 89 85 

10.0 100 100 52 40 14 0 

% Fraction of Al precipitated' 
6~ 100 100 100 100 100 100 100 
8.0 100 100 100 100 tr 0 0 

10.0 100 100 100 12 0 0 0 

, The initial concentration of Al was 30.4 ILglml AI. 

tion of 2.5 lIg/ml and pH 6.0, the intensity of these 
gibbsite reflections decreased, whereas the pseudo­
boehmite reflection essentially was unchanged (Figure 
I b). At a HA concentration of 5.0 lIg/ml, the major 
pseudo boehmite reflection was weaker and broader and 
shifted to a higher d-value (6.5 A) (Figure Ic), indi­
cating the formation of smaller crystallites of the syn­
thetic Al oxyhydroxide (Tettenhorst and Hofmann, 
1980; Violante and Huang, 1984). The reflections as­
sociated with the crystalline Al hydroxides, on the oth­
er hand, were stronger and sharper. A decrease in the 
4.83/4.36 A intensity ratio as well as a very weak shoul­
der at 4.70 A suggested the incipient formation of bay­
erite. At the HA concentration of 12.5 lIg/ml, the pseu­
doboehmite was not evident and the diagnostic peaks 
(4.70 and 2.21 A) for bayerite were very pronounced 
(Figure Id). At the HA concentration of 25.0 lIg/ml, 
all reflections indicative of crystalline Al hydroxides 
had decreased in size; but among these, those of bay­
erite were the most prominent (Figure Ie). If the HA 
concentration was further increased to 37.5 lIg/ml, all 
reflections indicative of crystalline Al hydroxides and 
oxyhydroxides disappeared, leaving only broad bands 
characteristic of HA (Figure 1 f). 

XRD tracings obtained at pH 8.0 in the absence of 
HA (Figure 2a) showed the presence of pseudoboeh­
mite (6.5 and 3.16 A), gibbsite (4.83, 4.36, 2.45, and 
2.37 A), and bayerite (4.70 and 2.21 A). The 020 spac­
ing (6.5 A) (Figure 2a) was larger than that for the 
precipitate at pH 6.0 (Figure la), suggesting a smaller 
crystallite size of pseudoboehmite (Tettenhorst and 
Hofmann, 1980; Violante and Huang, 1984). At as low 
a concentration of HA as 5.0 lLg/ml, the intensity of 
the reflections from crystalline Al hydroxide poly­
morphs decreased; however, the reflections of pseu­
doboehmite were still pronounced (Figure 2b). At a 
HA concentration of 12.5 lLg/ml, only the reflections 
of pseudo boehmite were present (Figure 2c). At a HA 
concentration of 37.5 lLg/ml, only a broad reflection at 
- 3.3 A, characteristic of humic acid, was evident (Fig-
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Figure 1. X-ray powder' diffractograms of precipitation 
products of Al formed at pH 6.0 and different concentrations 
of humic acid after aging for 80 days. 

ure 2d), indicating that at this HA concentration Al 
phases did not precipitate (Table 1). 

The XRD patterns of the precipitates formed at pH 
10 in the absence of HA (Figure 2e) showed that bay­
erite (4.70, 4.34, 3.19, and 2.21 A) was the dominant 
crystalline precipitation product of AI. At the HA con­
centration of 2.5 ",glml, crystalline compounds were 
not evident (Figure 20. 

Infrared absorption data 

At pH 6.0 and in the absence of HA, only weak 
absorption bands at 3620, 3520, and 3445 em-I, di­
agnostic for gibbsite, and at 3120 em-I, indicative of 
pseudoboehmite (Violante and Huang, 1985; Kodama 
and Schnitzer, 1980), were observed (Figure 3a). At 
greater concentrations of HA, an absorption band at 
3457-3459 em- I, characteristic of bayerite (Violante 
and Huang, 1985), became pronounced (Figures 3d 
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Figure 2. X-ray powder diffractograms of precipitation 
products of Al formed at pHs of 8.0 and 10.0 and at different 
concentrations of humic acid after aging for 80 days. 

and 3e). At the greatest concentration of HA, no ab­
sorption bands indicative of crystalline Al hydroxides 
were present (Figure 30. The IR spectrum of the pre­
cipitate formed at pH 8.0 in the absence ofHA showed 
the presence of bayerite (3652 and 3550 em- I), gibbsite 
(3620,3520, and 3440 em- I) and pseudo boehmite (3380 
and 3100 em-I). The IR pattern of the precipitate 
formed in the presence of 5.0 ",glml HA showed a 
strong decrease in the absorption bands of gibbsite and 
only a slight decrease in the intensity of the absorption 
bands of bayerite; the absorption at 3100 em-I, diag­
nostic of pseudo boehmite, increased slightly in inten­
sity (Figure 3h). At the HA concentration of 12.5 ",gI 
ml, only the absorption at 3100 cm- ' persisted (Figure 
3i). These results (Figures 3g and 3h) support the con­
clusion derived from the XRD data (Figures 2a and 
2b), that the addition of HA to the OHI Al system at 
pH 8.0 suppressed the crystallization of gibbsite more 
than that of bayerite. Strong absorption bands at 3420, 
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Figure 3. Infrared spectra of precipitation products of AI 
formed at pHs of 6.0, 8.0 and 10.0 and at different concen­
trations of humic acid (HA). Systems at pH 6.0: a = 0 ILYml 
HA; b = 2 .5 Itg/mt HA; c = 5 .0 Itg/mt HA; d = 12.5 ILYmt 

3461 , 3548 , and 3652 cm~ l for the precipitate formed 
at pH 10.0 in the absence ofHA (Figure 3j) confirmed 
the presence of bayerite (Figure 2e). At a HA concen­
tration of 12.5 j.tg/ml, the weak and broad IR spectrum 
(Figure 3k) showed that the precipitates were poorly 
crystalline. 

Electron microscopic evidence 

In the precipitate formed at pH 6.0, the characteristic 
hexagonal shape of gibbsite was present in the absence 
of HA (Figure 4a), and only a few hexagonal shaped 
particles were observed in the presence of 5 j.tg/ml HA 
(Figure 4b). Some had the shape of pyramids. Fibrous 
particles of pseudo boehmite were also present. Other 
particles were present in shapeless aggregates. At the 
HA concentration of 12.5 j.tg/ml, the particles appar­
ently had grown in size through aggregation , and fi­
brous particles of pseudo boehmite were relatively rare 
(Figure 4c). At a HA concentration of 37 .5 j.tg/ml, the 
particles were anhedral and resembled those noted for 
the noncrystalline products (Figure 4d). 

DISCUSSION 

Organic compounds of higher molecular weight, such 
as tannic acid (Kwong and Huang, 1981) and fulvic 
acid (Kodama and Schnitzer, 1980), perturb the crys­
tallization of Al hydroxide polymorphs. The data ob­
tained in the present study show that the addition of 
HA to the system at pH 6.0 suppressed pseudoboeh­
mite formation. If the HA concentration was increased, 
the formation of gibbsite was also retarded. Concom­
itantly, the formation of bayerite was favored. In the 
presence ofHA in the system at pH 4.8 , Al was partially 
complexed with HA. The complexed Al was apparently 
unavailable for pseudoboehmite formation if the pH 
was raised to 6.0. Therefore, pseudoboehmite forma­
tion was retarded or even inhibited by HA. At low 
concentrations ofHA, the rate of the release of AI from 
AI-HA complexes appeared to be adequate to form Al 
hydroxide polymorphs, explaining the increase in the 
precipitation of crystalline Al hydroxide polymorphs 
at low concentrations ofHA. The formation of bayerite 
is unusual at pH 6.0; however, its formation was pro­
moted at low concentrations ofHA at pH 6.0. Bayerite 
formation is favored by an increase in alkalinity or an 
acceleration in precipitation rate (Bamhisel and Rich, 
1965; Hsu, 1966). Possibly bayerite formed at pH 6.0 
due to an increase in the crystallization rate of AI hy­
droxide induced by the HA. The influence of organic 
ligands on retardation or acceleration of the crystalli­
zation process of precipitation products of Al is not 
always related to their chelating power for AI (Violante 

+-
HA; e = 25.0 Itg/mt HA; f= 37.5 Itg/mt HA. Systems at pH 
8.0: g = 0 Itg/mt HA; h = 5 .0 Itg/mt HA; i = 12.5 Itg/ml HA. 
Systems at pH 10.0: j = 0 Itg/mt HA; k = 12.5 Itg/mt HA. 
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Figure 4. Transmission electron micrographs of precipitation products of AI formed at pH 6.0 and at different concentrations 
of humic acid (HA). a = 0 /lg!ml HA; b = 5.0 /lglml HA; c = 12.5 /lglml HA; d = 37.5 /lglml HA. 

and Violante, 1980; Kwong and Huang, 1981 ; Violante 
and Huang, 1985). For example, although the AI-tar­
trate complex is much less stable than the AI-citrate 
complex, it is more effective in inhibiting the crystal­
lization of AI hydroxide polymorphs (Violante and 
Huang, 1985). The AI-HA complexes may have been 
unstable enough to release the AI at a rate appropriate 
for bayerite precipitation, as observed in the present 

study; however, at higher HA concentrations, struc­
tural distortions in the precipitates, similar to those 
produced by tannic acid (Kwong and Huang, 1981) 
and fulvic acid (Kodama and Schnitzer, 1980), were 
observed. The extent of the interference of HA on the 
precipitation of Al hydroxide polymorphs increased 
with the increasing pH. At pH 8.0, the formation of 
crystalline AI hydroxide polymorphs was perturbed 
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even at low HA concentrations. At pH 10.0, the for­
mation of all crystalline Al hydroxide polymorphs was 
completely prevented, even at very low concentrations 
ofHA. 
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