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MORPHOLOGY OF NORDSTRANDITE 

p, VIOLANTE,l A. VIOLANTE,! AND J. M. TAIT2 

Abstract-Nordstran~ite was obtaine~ sy~thetically by precipitation of AI(OH)3 at pH 9.0 to 11.0 in citrate 
or malate. sys!ems Wlth.AI:. carboxyhc aCid molar ratios of 10--100 in the absence and in the presence of 
mont~onllorute. ExarrunatlOn by transmission and scanning electron microscopy showed that the nord
stra~dl~.~ad a tabular morphology in the clay-free systems with AI: carboxylic acid ratio >50. Because 
the mhi~ltmg e~ect on crystallization of the citrate or malate anion decreases with increase in pH, the 
crystal size vaned fro~ <2 ILm at pH 10 to 5 ILm at pH 11. With increasing concentration of citrate or 
malate, !he nordstrandit~ cr~stal~ became more elongated in the c-direction probably due to organic anion 
occupat~on of the coordmatlOn slte~ of .AI on the edge faces parallel to the c-axis. Irregular growth along 
th~ c-axls was probably ~ue to stenc hmdrance by the organic ligands distorting the arrangement of the 
urut layers of nordstrandlte. 

The c~taly.tic effect of montmorillonite on the formation ofnordstrandite was confinned. Nordstrandite 
synthesized m th.e presence of mon!morillo~ite at pH 9.0 presented an ill-defined ovoidal outline (0.2-0.5 
p,m?, some shOWing sh~ts ofbayente growmg from the center. At higher pH, where conditions for crys
tallme growth w.ere agam more favorable, nordstrandite crystals nucleated on the montmorillonite surfaces 
and condensed m clusters of weak face-to-face associations of plates. 

Key Words-:-Carboxyli~ acid, Electron diffraction, Electron microscopy, Montmorillonite, Morphology 
Nordstrandlte, SynthesIs. ' 

INTRODUCTION 

Van Nordstrand et al. (1956) identified a third crys
talline form of Al(OH)3 as a synthetic product in ad
mixture with gibbsite and bayerite. Papee et al. (1958) 
obtained the new material in essentially pure form by 
ageing Al gels at high pH and named it nordstrandite. 
Nordstrandite has since been synthesized in a pure state 
by reacting slightly amalgamated Al foil or noncrystal
line, precipitated aluminum hydroxide gel in an eth
ylenediamine solution (Hauschild, 1963), or by ageing 
hydrolytic precipitation products of aluminum with 
aqueous ethylene glycol (Aldcroft and Bye, 1967). Re
cently, organic chelating anions and clay mineral sur
~aces, particularly at pH >8.0, have been shown to play 
Important roles in favoring the crystallization of pure 
nordstrandite (Violante and Jackson, 1979, 1981; Vio
lante and Violante, 1980). 

Well-documented occurrences of natural nord
strandite have also been reported. The mineral has been 
identified in microscopic solution cavities in upper Mio
cene limestone on the island of Guam (Hathaway and 
Schlanger, 1962, 1965), in karst limestone Terra Rossa 
in West Sarawak, Borneo (Wall et aI., 1962), in Mon
tenegro (Tertian, 1966), in the Dinaric Alps of Croatia 
(Maric, 1967), in Hungary (Naray-Szabo and Peter, 
1967), and in Jamaica (Davis and Hill, 1974). Nord
strandite has also been found closely associated with 
dawsonite nodules in Permian marine strata of the Syd-
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ney Basin in New South Wales, Australia (Goldberry 
and Loughnan, 1970) and as fillings in thin fissures in 
dolomitic marlstone of the Green River Formation in 
northwestern Colorado (Milton et ai., 1975). 

The synthetic (Lippens, 1961; Bosmans, 1970; Schoen 
and Roberson, 1970) and natural forms of nordstrandite 
have usually been characterized by X-ray powder dif
fractometry, but difficulties have arisen due to the gen
eral similarity of the diffraction patterns of the several 
AI(OH)3 polymorphs. Moreover, nordstrandite and 
gibbsite cannot be distinguished easily by their thermal 
behavior, and their differential thermal curves are of 
limited diagnostic value (Bamhisel and Rich, 1965; Hsu, 
1977). According to Milton et ai. (1975), the similarity 
of many of the properties of nordstrandite to those of 
gibbsite suggest that nordstrandite is probably "an un
recognized constituent" in many natural environ
ments. 

The electron microscope has been used for distin
guishing gibbsite, bayerite, and nordstrandite, because 
particles of these polymorphs can be differentiated with 
a fair degree of confidence by their morphology (Ald
croft and Bye, 1967; McHardy and Thompson, 1971). 
However, no detailed electron micrographs of natural 
nordstrandite have been published, and only a few elec-
tron-optical investigation have included synthetic mix
tures containing this phase. Lippens (1961), Hauschild 
(1963), and Schoen and Roberson (1970) claimed that 
nordstrandite occurs as rectangular plates or in the form 
of elongate, platy parallelograms. However, Violante 
and Jackson (1979, 1981) and Violante and Violante 
(1980) found that the synthesis of nordstrandite in the 
presence of chelating carboxylic acid anions produced 
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Figure 1. (a) Transmission electron, (b) Pt/C-shadowed rep
lica, and (c) scanning electron micrographs of nordstrandite 
synthesized at pH 10.0 and Al : citric acid molar ratio = 50. 

~ 0 .04 !-1m 
Figure 2. (a) Transmission electron micrograph of Pt/C
shadowed replica and (c) transmission electron micrographs 
of nordstrandite (pH 10.0 and Al : malic acid molar ratio = 10) 
with crystal shape more elongated parallel to the c-axis; (b) 
electron diffraction pattern from particle in (c). The arrows in 
(a) and (c) indicate the direction of the c-axis. The diffraction 
rings in (b) are from aluminum used as an internal standard. 
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Figure 3. (a) . Transmission electron micrograph of Pt/C
shadowed. replica of complex nordstrandite crystal (pH 10.3 
and AI : citric acid molar ratio = 10) showing growth in the 
c-direction (arrowed) with irregular extent of growth in the (001) 
plane; (b) transmission and (c) scanning electron micrographs 
ofnordstrandite(pH 11.0 and AI : citric acid molar ratio = 10) 
showing distortion of the arrangement of unit layers. 
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Figure 4. X-ray powder diffractograms of oriented aggre
gates showing variation in relative intensity of the 4.79-A peak 
(00 I) due to modification of crystal shape of nordstrandite syn
thesized: (a) at pH 10.0 and Al : malic acid molar ratio = 10, 
and (b) at pH 10.0 and AI : citric acid molar ratio = 50. 

roughly rectangular crystals and that, with the addition 
of clay to the system, either ovoidal particles or clusters 
of acicular crystals were obtained, depending on pH. 

The aim of the present work was to determine by 
electron microscopy the crystal morphology of nord
strandite synthesized under different conditions, so that 
the mechanisms of formation ofthis mineral in soils and 
sediments may be better understood. 

MATERIALS AND METHODS 

Nordstrandite was synthesized using the method de
scribed by Violante and Jackson (1979) . Aluminum hy
droxide was precipitated between pH 9.0 and 11.0 by 
adding 0.1 M NaOH with stirring to a mixture of AICl3 

and citric or malic acid in the absence or presence of 
montmorillonite (16 meq Allg clay) at 25°C. The mont
morillonite used was from Upton, Wyoming, and was 
pretreated as described by Violante and Jackson (1981.). 
The final concentration of Al was 0.01 M; the citrate or 
malate concentration was varied to give Al : carboxylic 
anion molar ratios of 10-100. The samples were aged in 
polyethylene bottles for 60 days during which time the 
pH was held constant by the addition of 0;1 M NaOH 
or HCI. The material was washed free of chloride with 
deionized water and examined by X-ray powder dif
fraction and electron microscopy. 

X-ray powder diffraction (XRD) was carried out us
ing an Ital-Structures diffractometer with Ni-filtered 
CuKa radiation generated at 40 k V and 26 rna. The sam
ples were prepared as orientated aggregates by sedi
mentation onto glass slides. Transmission electron mi
croscope (TEM) specimens were prepared by drying a 
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Figure 5. Nordstrandite synthesized at pH 9.0 and AI: citric acid molar ratio = 100, in the presence of montmorillonite: (a) 
transmission electron micrograph of PtiC-shadowed replica of ovoidal particles; (b) electron diffraction pattern from ovoidal 
particle; (c) transmission electron micrograph of ovoidal particle with electron dense center; (d) transmission electron micro
graph of PtiC-shadowed replica of ovoidal particles with projections. 

drop of dilute suspension onto a carbon or carbon-alu
minum film supported on a copper grid. Carbon replicas 
were prepared from material dried from suspension onto 
a glass slide, shadowed with PtlC at tan- 1 1/3, then 
backed with a film of carbon. The slide was placed gently 
into a HFIHCI bath where the carbon film floated off 
the slide and the sample dissolved from the replica film. 
Mter washing, the film was picked up on a specimen 
grid. For scanning electron microscope (SEM) studies, 
the samples, dried on glass cover slips, were mounted 
on aluminum stubs and sputter-coated with gold. TEM 
and SEM instruments used were a Philips EM 300, a 
Siemens Elmiskop 102 and a Cambridge S4 stereoscan. 

RESULTS AND DISCUSSION 

The synthesis of pure nordstrandite by the above 
method proved difficult. The particular examples quot
ed are those which yielded a high percentage (>90%) 

of nordstrandite and only a small percentage of gibbsite 
andlor bayerite. Citric acid more effectively inhibits the 
crystallization of AI(OH)3 than malic acid because of 
its slightly higher chelating power for Al ions (Violante 
and Violante, 1980). However, under the conditions 
employed here, the resulting morphology was indepen
dent of whether malic or citric acid was used. 

Nordstrandite synthesized in clay-free systems 

A nearly rectangular outline (length <2 /Lm) char
acterizes nordstrandite synthesized at pH 10 and at an 
AI: citric acid ratio =50 (Figure la). TEM micrographs 
ofPt/C-shadowed replicas (Figure Ib) and SEM micro
graphs (Figure Ie) of the same sample show that the 
crystals have a tabular morphology. The crystals formed 
at pH 11.0 were usually larger (as large as 5 /Lm) than 
those obtained at lower pH because the inhibiting effect 
on crystallization of the chelating carboxylic acid anion 
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decreased as the pH increased (Violante and Violante, 
1980). 

With increasing concentration of chelatiog organic 
anions (AI: carboxylic acid ratio <50) and at pH ~ 10.0, 
the nordstrandite crystals were more distinctly elon
gated. For example, Figure 2a shows the morphology 
of small particles ( < 1 /Lm) of nordstrandite synthesized 
at an AI : malic acid ratio = 10 and pH 10.0. A typical 
selected area electron diffraction (SAD) pattern (Figure 
2b) from one ofthese nordstrandite particles (Figure 2c) 
gave a repeat distance of 4. 79 A in the direction of elon
gation of the crystal. This pattern was indexed on the 
basis of the simple unreduced triclinic unit cell (as de
scribed by Bosmans, 1970) which allows direct com
parison of the basal spacing d(001) =4.79 A of nord
strandite with those of the other AI(OH)3 polymorphs, 
viz. d(002) =4.85 A for gibbsite and d(OOI) =4.72 A for 
bayerite. Therefore, these nordstrandite crystals are 
elongated in the crystallographic c-direction with the 
c-axis parallel to the plane of the supporting film. Parfitt 
et al. (1977) identified the active sites for anion adsorp
tion on gibbsite as being on edge faces rather than (001) 
faces. Because nordstrandite has essentially the same 
structure on the (001) face as gibbsite, the active co
ordination sites 00 the former are also likely to be on 
edge faces parallel to the c-axis. If the chelating organic 
anions occupied these edge sites during nordstraodite 
crystallization then growth in the (001) plane could be 
inhibited and growth in the c-direction favored. Nord
strandite synthesized at an Al : citric acid ratio = 10 at 
pH 10.3 (Figure 3a) and at pH 11.0 (Figure 3c) produced 
some complex crystals with the same general growth in 
the c-direction but with the extent of growth in the (001) 
planes quite irregular. This irregular and, on certain 
crystals, step-wise growth (Figure 3b) along the c-axis 
could be due to steric hindrance by the organic ligands 
distorting the arrangement of the unit layers (Ng Kee 
Kuang and Huang, 1979). 

The nordstrandite crystals with distinct elongation in 
the c-direction gave a much lower relative intensity for 
the 4.79 A reflection (001) in the XRD pattern (Figure 
4a) compared with nordstrandite crystals of tabular 
morphology (Figure 4b). This lower intensity was due 
to the preferred orientation adopted by the elongated 
crystals during sedimentation of the material on to the 
glass slides. 

Nordstrandite synthesized in the 
presence o f montmorillonite 

The catalytic effect of montmorillonite on the for
mation ofnordstrandite and its influences on the crystal 
habit (Violante and Jackson, 1979, 1981) have been 
confirmed. An ill-defined ovoidal outline characterizes 
nordstrandite crystals (usually 0.3-0.5 /Lm) synthesized 
at pH 9.0 and at an AI: carboxylic acid ratio >50 in the 
presence of montmorillonite (Figure Sa) . Electron dif-

a 

~ 0.20 j.Jm 

b 

) 

c 

Figure 6. Nordstrandite synthesized at pH 10.0 and AI : citric 
acid molar ratio = 80, in the presence of montmorillonite: (a) 
transmission electron micrograph and (b) transmission elec
tron micrograph of PtlC-shadowed replica of clusters of elon
gated crystals of nordstrandite; (c) transmission electron mi
crograph of PtlC-shadowed replica of aggregate of gibbsite 
crystals. 
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fraction patterns from these particles gave a hexagonal 
network of spots with a repeat spacing of 4.33 A (Figure 
5b), representing the ab plane of nordstrandite. The 
preferred orientation for these ovoids is thus approxi
mately perpendicular to that of the c-elongated nord
strandite crystals discussed above. 

Some of the ovoidal particles are more electron dense 
in the center than at the edges (Figure 5c). PtlC repli
cations best show their exact morphology. Particles of 
varying length and thickness project from the center of 
the ovoids (Figure 5d). The T-shaped particle to the right 
in Figure 5d is an edge-on ovoid with projection. These 
projections are roughly cone-shaped (height <0.3 /Lm) 
with their apexes toward the adjoining ovoids. Other 
work in this laboratory suggests that the cone-shaped 
material may be bayerite that has co-crystallized with 
the ovoidal nordstrandite. Larger grains, commonly >5 
/Lm, are also present in some samples and appear to be 
polycrystalline aggregates similar to the "round pel
lets" in the soil from West Sarawak (Wall et al., 1962). 

At pH 10-11, where the inhibiting effect of the che
lating organic anions on crystallization was decreased, 
particles of nordstrandite nucleated on the montmoril
lonite surfaces and condensed to form polycrystalline 
units. The clusters of nordstrandite particles appear to 
be formed by a weak face-to-face association of thin 
plates (Figures 6a and 6b) whose principal faces are 
probably (001) planes. In this same sample, aggregates 
of small, platy crystals (Figure 6c) have been identified 
as gibbsite and are clearly distinct from the nordstrand
ite clusters. Violante and Jackson (1979) also identified 
gibbsite and nordstrandite by XRD in samples synthe
sized under similar conditions. 

The different morphologies presented here are sim
ilar to those observed in nordstrandite from natural en
vironments. For example, Hathaway and Schlanger 
(1962) and Milton et al. (1975) reported nordstrandite 
in the form of radiating clusters of platy or bladed crys
tals. The present study and those by Violante and Jack
son (1979, 1981) confirm the suggestion by Hathaway 
and Schlanger (1965) that clay surfaces may act as nu
cleation centers for the growth of radiating clusters of 
nordstrandite crystals. The latter authors also noted the 
presence of several nordstrandite crystals which were 
not in contact with clay coatings. These crystals had 
tabular morphology with well-defined faces and would 
therefore appear to be similar to the nordstrandite ob
served in the present study in the clay-free prepara
tions. 
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Pe3IOMe-Hop,LICTpaHAHT 6bJJl rrOJIyqeH CHHTeTHqeCKH rrYTeM OCaJKAeHH~ AI(OHh rrpH pH OT 9 ,LIO 11 B 

QHTpaTHblx H MaJIaTHbIX cHcTeMax C MOAAPHbIMH OTHOIlleHH~MH Al : Kap60KCHJIOBM KHCJIOTa rrop~a 
10-100 rrpH OTCYTCTBHH H B rrpHCyTCTBHH MOHTMOpHJIJIOHHTa. llCCJIe,LIOBaHH~ rrpH rrOMO~ 3JIeKTpOHHOH H 

cKaHllpYIOIl\eH MIIKpOCKorrllH rrOKa3aJIH, qTO Hop,LICTpaH,LIIiT HMeeT rrJIaCTHHqaTYIO MOp!j>OJIOrHIO B rJIHHO

CB060AHbIX CHCTeMax C OTHOIlleHHeM AI : KapfioKCHJIOB~ KIICJIOTa >50. TOPM03~IQHH 3!j>!j>eKT Ha KPHCTaJI

JIH3aI\HIO QHTpaTHblx H MaJIaTHbIX aHHOHOB YMeHbIllaeTC~ C POCTOM BeJIllqHHbI pH H rr03TOMY pa3MepbI 

KPIiCTaJIJIOB 113MeImJIliCb OT <2 /LM rrpH pH = 10 ,LIO 5 /LM rrpH pH = 11. C YBeJIHqeIIHeM KOIIQeHTPaQlIH 

QHTpaTa HJIH MaJIaTa KPHCTaJIJIbI IIOp,LIcTpaII,LIHTa CTaIIOBHJIHCb fioJIee BbIT~HYTbIMH B C-HarrpaBJIeIIHH, 

BepO~THO, 3a CqeT 3a~TH~ OpraHHqeCKHMH aIIHOHaMH KOop,LIHIIaQHOIIIIbIX MeCT Al Ha KpaHHHx rp~x, 
rrapaJIJIeJIbIIbIX K C-OCH. HeperYAApIIbIH POCT B,LIOJIb C-OCH fibJJl, BepO~THO, pe3YJIbTaTOM rrpOCTpaHCTBeH

Horo 3aTpY,LIIIeIIH~ OpraHHqeCKHMH JIHraH,L\aMH, HapYIIIaIO~MH pacrrOJIO)KeHHe 3JIeMeHTapHbIX CJIOeB 

HOP,LICTpaH,L\HTa. ITO,LITBep)K,LIeIIO KaTaJIHTHqeCKOe BJI~HHe MOHTMOPHJIJIOHHTa IIa 06pa30BaIIHe HOP,LI

CTpaII,LIHTa. Hop,LICTpaH,L\HT, CHIITe311pOBaHHbIH B rrpHCYTCTBIiH MOHTMOPHJIJIOHHTa rrpll pH =9, rrpe,LI

CTaBAAJI rrJIoxo-orrpe,LIeJIeHIIbIH ~HQe06pa3HbIH KOIITYP (0,2-0,5 /Lm), HeKoTopblH HMeIO~H KOJIOHKII 

6auepHTa, BblpaCTaIO~e H3QeHTpa. ITPII 60JIbIIIHX pH, Kor,LIa yCJIOBH~ KPHCTaJIJIHqeCKOrO pOCTa fibIJIH 

CHOBa 60JIee 6JIarOrrpH~TIIble, KPHCTaJIJIbl Hop,LIcTpaH,L\HTa HaqHHaJIHCb Ha rrOBepXHOCT~X MOHTMOPHJIJIO

HHTa H KOH,LIeIICHpOBaJIHCb B KJIaCTepbI co CJIa6b1MH CB~3~MH rpaIIb K rpaHH. [E.C.] 

Resiimee-Nordstrarrdit wurde durch Ausfallung von AI(OHh bei pH 9,0 bis 11,0 in Citrat- oder Malat
systemen mit Molverhiiltnissen AI: Carboxylsaure von 10-100 in Abwesenheit und Anwesenheit von 
Montmorillonit synthetisiert. Untersuchungen mittels Transmissions- und Rasterelektronenmikroskopie 
zeigen, daB der Nordstrandit in Ton-freien Systemen mit einem AI: Carboxylsaure-Verhiiltnis >50 eine 
tafelige Morphologie hat. Da der Inhibitationseffekt der Citrat -, oder Malationen auf die Kristallisation mit 
zunehmendem pH abnimmt, schwankt die KristallgroBe von <2 /Lm bei pH 10 bis 5 /Lm bei pH 11. Mit 
zunehmender Citrat- oder Malatkonzentration sind die Nordstranditkristalle mehr Ianggestreckt in Rich
tung der c-Achse, was wahrscheinlich darauf zuriickzufiihren ist, daB die organischen Anionen die Koor
dinationsplatze von Al auf den Randflachen parallel zur c-Achse besetzen. Das unregelmliBige Wachstum 
in Richtung der c-Achse ist wahrscheinlich auf sterische Hinderung durch die organischen Liganden zu
riickzufiihren, was zu einer Storung der Anordnung der Einheitsschichten von Nordstrandit fiihrt. 

Der katalytische Effekt von Montmorillonit auf die Bildung von Nordstrandit wurde bestatigt. Nord
strandit, der in der Anwesenheit von Montmorillonit bei pH 9,0 synthetisiert wurde, zeigt einen schlecht 
ausgebildeten eiformigen UmriB (0,2-0,5 /Lm), einige zeigen Bayeriteinlagerungen, die vom Zentrum aus 
wachsen. Bei hohen pH-Werten, wo die Bedingungen fiir das Kristallwachstum wieder giinstiger waren, 
wuchsen die Nordstranditkristalle auf den Montmorillonitoberflachen auf und verdichteten sich zu Aggre
gaten aus schwachen Flache zu Flache Assoziaten der Blattchen. [U.W.] 

Resume-La nordstrandite a ete obtenue synthetiquement par la precipitation d' AI(OHh it un pH de 9,0 it 
11,0 dans des systemes citrate ou malate avec des proportions molaires d'AI: acide carbolyxique egales it 
10-100 en I'absence et en la presence de montmorillonite. L'examen par microscopie it transmission, et 
balayante it electrons a montre que la nordstrandite avait une morphologie tabulaire dans les systemes sans 
argile avec la proportion Al : acide carboxylique >50. Parce que l' effet inhibant de I' anion citrate ou malate 
sur la cristallisation decroit avec une augmentation de pH, la taille du cristal a varie de <2 /Lm au pH iO it 
5 /Lm au pH 11. Avec I'accroissement de la concentration de citrate ou de malate, les cristaux de nord
strandite sont devenus plus allonges dans la direction-c, probablement it cause de I'occupation par I'anion 
organique des sites de coordination d'AI sur les faces de bordure paralleles it I'axe-c. La croissance irre
guliere Ie long de l'axe-c etait probablement due it un empechement sterique par les ligands organiques 
deformant I'arrangement de couches unitaires de nordstrandite. 

On a confirme I' effet catalytique de la montmorillonite sur la formation de nordstrandite. La nordstrandite 
synthetisee en presence de montmorillonite au pH 9,0 a presente un contour ovoide mal defini (0,2-0,5 
/Lm), montrant en partie des tiges de bayerite croissant it partir du centre. A un pH plus eleve, Iorsque Ies 
conditions pour Ia croissance cristalline etaient it nouveau plus favorables, les cristaux de nordstrandite 
ont nuclee sur les surfaces de montmorillonite et se sont condenses en groupes de faibles associations de 
plaques face it face. [D.J.] 
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