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CLAY MINERAL SYNTHESIS - III 
RAPID HYDROTHERMAL CRYSTALLIZATION 
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Abstract-An aluminian smectite with about one AJ3+/Si4+ replacement per unit cell was batch­
synthesized on a large scale (lOO-gal autoclave) at 3000C and 1240 psig with reaction times of several 
hours rather than days. This rapid crystallization was related to the use of NH4 + as the charge-balanc­
ing cation and to partial F/OH substitution. The short synthesis time prompted a study of continuous 
crystallization. Either of two techniques, flow through a stirred autoclave and through a multi-staged 
reactor column, produced crystalline product; neither gave the crystallinity of the batch process. 

INTRODUCTION 

AN EARLIER paper in this series (11. Granquist and 
Pollack, 1967; see also, Granquist, 1966) described 
the hydrothermal synthesis of a randomly-inter­
stratified dioctahedral 2: 1 layer silicate, which 
contained only AP+ in octahedral sites. Charge 
imbalance caused by tetrahedral substitution of 
SiH by AP+ (about one replacement per unit cell) 
was compensated by Na+, which was present dur­
ing synthesis. Necessary reaction times were in 
the range 1-2 days. 

The present writing details: (I) a large-scale (lOO 
gal autoclave) preparation, in a reaction time of 
several hours, of a similar layer silicate with NH4 + 
as the charge balancing cation, and with partial 
F/OH substitution; and (2) continuous crystalliza­
tion of an aluminian smectite by flow through the 
lOO-gal stirred autoclave and by flow through a 
multi-stage stirred reactor column designed for this 
application. Neither of the continuous methods 
gave the crystallinity of a properly operated batch 
process. 

Wright et al. (1972) have discussed in detail the 
structure and properties of a batch product which 
differed from the synthetic mineral of this paper 
only in the degree of tetrahedral substitution. They 
described a hydrated r;mdomly interstratified 
assemblage of mica-like (10·4 A) and montmorillon­
ite-like (12·5 A) layers; the fraction of mica-like 
layers was i. The non-integral 001 sequence 
characteristic of the interstratified stacking col­
lapsed to an integral sequence with d001 = 9-4 A 
upon calcination at 650°C for 3 hr in air. The batch 
product of this paper behaved in the same way, 
except that the fraction of mica-like layers was 
very nearly i· Since the synthetic mineral has 
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been adequately described by the above authors, 
and by Granquist (1966) and Granquist and Pollack 
(1967), this paper will deal primarily with the syn­
thesis details. 

In like manner, discussion of continuous syn­
thesis will concentrate on the operational detail. 
The product was similar to that produced by the 
batch method, but contained considerable boehmite 
and amorphous silica. 

EXPERIMENT AL 
Batch operation 

Silicic acid sol, assaying 5·2% Si02 , was pre­
pared by ion-exchange of sodium silicate solution 
(Philadelphia Quartz Company N-grade, added to 
water) over a hydrogen exchange resin. Sufficient 
gibbsite, as commercial alumina trihydrate (Alcoa 
C-31), was added to this sol, with agitation, to 
bring the Si/ Al ratio to 1·4 (equivalent to about one 
AI/Si replacement per unit cell). The resulting 
slurry was charged to a lOO-gal jacketed, stirred 
autoclave, the proper amounts of NH4F and NH4-
OH added to provide an NH4/Al ratio of 0·2 and a 
F/Si = 0-1, and the autoclave heated (Dowtherm 
with electrical immersion heaters). Samples were 
drawn from the system and quenched at various 
times during the heat-up and isothermal (300°C) 
parts of the run. Figure 1 shows the observed 
temperature-time relationship and the various 
sampling points. 

The procedure was repeated with the NH4F/ 
NH40H replaced by equivalent amounts of (1) 
NaF/NaOH, (2) NaOH (similar to Granquist and 
Pollack, 1967), and (3) NH40H. The several 
samples were dried at 105°C, ground and studied 
by X-ray diffraction. 
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Fig. 1. Heating curve for lOO-gal autoclave. Some typical sampling points are indicated. 

Continuous operation 
The feed slurry was prepared by the method 

described above for the NH4F/NH40H batch 
experiment. 

Autoclave. The apparatus consisted of a lOO-gal 
stirred autoclave, a Manton-Gaulin high pressure 
feed pump, a condenser for quenching the product 
slurry removed from the autoclave by a dip-tube, 
and a control valve for dropping the product slurry 
from synthesis pressure (1240 psig) to atmospheric 
pressure. The feed-rate was controlled by recycling 
part of the output of the fixed stroke pump to keep 
the heat demand within the BTU capability of the 
autoclave. The volume in the autoclave was kept 
reasonably constant by adjusting the discharge rate 
to maintain balance between the volume introduced 
and the volume removed. When steady-state con­
ditions were obtained (see later discussion), 
product was collected, dried, and studied for 
crystallinity. 

Staged reactor. A special vessel (see Fig. 5) was 
designed (RCB) for this experiment. The feed 
slurry was pumped to the vessel by a variable­
stroke 4-cylinder Hills-McCanna feed pump, with 
each cylinder operating 90° out-of-phase to mini­
mize flow variations. A preheater, consisting of a 
coil immersed in electrically heated Dowtherm, 
was placed in line between the feed pump and the 
reactor. 

The output of the vessel was controlled by an 
air-operated Fisher controller operating an air­
activated throttling valve. Two such valves and 
controllers were connected in parallel, with one 
valve doubling as stand-by and, with a set point 
higher than normal operating pressure, as a safety 
device. The operating pressure was kept about 
100 psi higher than the vapor pressure of water at 

the maximum reactor temperature (1240 psig). A 
water cooled quench condenser was located be­
tween the reactor and the throttling valve. The 
heaters were arranged in four separately controlled 
sections along the length of the reactor. The total 
assembly permitted flow up or down the column at 
various rates, controlled temperature gradients 
along the column, and varying pressures above 
those equivalent to the operating temperature. 

RESULTS AND DISCUSSION 
Batch operation 

X-ray examination of the various samples fol­
lowed the procedures described by Granquist and 
Pollack (1967) and Wright, Granquist, and Ken­
nedy (1972). Diffractometer traces (CuK", radia­
tion), obtained from the NH4F/NH40H synthesis 
at T = 270°C and at T = 300°C, t = 0 hr (i.e. just as 
the autoclave contents reached the desired reaction 
temperature, point 4 in Fig. 1), and from the 
NaF/NaOH synthesis at T = 300°C, t = 0 hr, 
appear in Fig. 2. The development of the 06 reflec­
tion for samples taken from the NH4F/NH OH 
and NaF/NaOH systems, is shown in Fig. 3. The 
basis for the relative intensities was the 300°C, 
2 hr. sample from the NH4F/NH40H system. For 
the synthesis in the presence of NaOH and NHr 
OH (i.e. no fluoride), the 06 could not be detected 
even after 12 hr at 300°C. 

Thus the use of fluoride ion, proxying for hy­
droxyl, markedly increased the rate of crystalliza­
tion. Replacement of Na by NH4 contributed a 
further increase. 

The superiority of NH4 + over Na+ is at least 
partly explained by Fig. 4, a collection of X-ray 
diffractometer traces covering the range 12-24°28. 
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Fig. 2. Diffractometer traces (CuKa radiation). NH4F /NH4 OH synthesis: Curve 1, 
sample withdrawn at 270°C (pt. 1 in Fig. 1) and quenched; Curve 2, sample withdrawn at 
300°C (pt. 4 in Fig. 1). NaF/NaOH synthesis: Curve 3, sample withdrawn at 300°C 

(pt. 4 in Fig. 1) and quenched. 
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Fig. 3. Relative intensity of 06 reflections as a function 
of synthesis time/temperature. Comparison of the 

effects ofNa and NH4. 

It is apparent that Na+ promoted the hydrothermal 
dehydration of gibbsite to boehmite. 

AI(OHh 
-H20 

) AIO(OH). 

Boehmite has proved to be slowly reactive, pre­
sumably because of unsuitable solubility under the 
experimental conditions. Thus, the Na+ -promoted 
gibbsite-boehmite conversion caused a decrease 
in the overall rate of crystallization of the desired 
smectite. 

fast 

Wb~ ,.~7ti" 
boehmite/ 

It is more difficult to account for the mineralizing 
action of the fluoride ion. The F/OH ratio probably 
controlled the relative solubilities of AP+ and Si4+ 
by pH adjustment and complex formation. The 
intriguing possibility also exists that part of the 
effect may have been entropic in origin. That is, 
as the crystal nucleated and grew, the isotropic 
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Fig. 4. Development of the silicate 11 ;02 reflection at ~4·46A (20°20). Comparison 
of the effects ofNa+ and NH4 +. 

F- ion could enter its structural site more readily 
than the anisotropic OH- ion, which must have 
entered the same site with a particular orientation. 

Continuous operation 
Autoclave. With the assumptions of instant, 

perfect stirring, and a constant operating volume 
(i.e. rate of feed equals rate of discharge), the 
replacement of the initial (t = 0) volume Vo by 
added material in some time t is 

(1) 

The symbols have the following meaning: 8 is the 
fraction of the "holding-volume" Vo replaced in 
time t; T = Vo/k = average residence time, where k 
is the feed rate. The ratio tIT is dimensionless. For 

this experiment, it was assumed that steady-state 
conditions had been reached at 8 = 0·9, which 
corresponds approximately to tIT = 2·5. 

R. J. White (personal communication) continued 
this analysis to provide the distribution of product 
ages as a function of T. Fig. 6 demonstrates that 
optimum operation should be obtained in the range 
of T = 1·2-2·0 hr. 

A typical result was obtained at Vo = 50 gal and 
k = 12 gal/hr. Under these circumstances, T = 4, 
a value greater than optimum but prescribed by the 
maximum heat transfer obtainable. The run started 
with water in the autoclave at 300°C and 1240 psig. 
The volume in the autoclave was held near 50 gal 
by balancing volume in and volume out. Small 
samples were collected periodically and solids 
content determined to check equation (1). With 
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Fig. 5. General layout of high pressure, continuous flow- through staged reactor column. 
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water initially present, the solids content at t 
should equal 1000. The maximum deviation 
between theoretical and observed values for the 
solids content was less than 10%. 

At t = 10 hr (th = 2·5) product sample collection 
was started and continued for 1 hr (i.e. the product 
sample corresponded to the time interval t = 10-11 
hr). The product slurry was dried and examined for 
crystallinity. The X-ray diffractometer trace is 
shown in Fig. 7. 

The product from this type of continuous opera­
tion was a well-crystallized smectite mixed with 
unreacted feed components. The word "unreacted" 
is used loosely; actually, the alumina had been 
hydrothermally dehydrated from gibbsite to boeh­
mite. This contamination by the feed was expected 
because the mathematical analysis showed that 
even under optimum conditions the product would 
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Fig. 7. X-ray (CuKa) diffractometer trace from continuous run. B - boehmite. 

contain 20-25 per cent of material which had been 
in the reactor less than 0·5 hr. 

Staged reactor. The working volume of this 
vessel was approximately 6 gal; i.e. total volume of 
6·56 gal less the volume of shaft, agitators, baffles 
and head space. A typical run involved a feedrate 
of 2·5 gal/hr and thus a residence time of 2·4 hr. 
For the particular experiment described, flow was 
up the column and the temperature in each section 
was controlled at 300°C. Figure 8, a sequence of 
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B: Boehmite 
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*= Probably 16 AI (OH, Fh· 6Hi O 

c. Discharge 
62S29 
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diffractometer traces, serves as a good summary of 
the reactor performance. 

Comparison of Figs. 8a with 8b shows the effect 
of passage of the feed slurry through the preheater 
and through section 9 of the column. During this 
stage the feed was heated from about 60°C at the 
slurry reservoir to about 220°-230°C at the exit of 
the preheater and then to about 300°C during flow 
through section 9. The X-ray patterns show that 
this operation caused a small amount of hydro-
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Fig. 8. X-ray (CuKa) traces of material from sequence of stages in flow reactor. B­
Boehmite; G - gibbsite. 
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thermal dehydration of gibbsite to boehmite and 
the crystallization of a small amount of a com­
pound which is probably 16 Al(OH,Fh.6H20. 
With the exception of the peaks due to these 
compounds, 8a is similar to 8b. 

Comparison of Figs. 8b with c illustrates the 
result of travel through the rest of the column. Note 
that no trace of the gibbsite peak at 4·89 A remains; 
the strongest boehmite line at 6·19 A is less intense 
in 8c than in 8b; the lines due to 16 Al(OH,Fh. 
6H20 have disappeared; and the product is well­
crystallized in the a-b plane, but poorly organized 
in the c-direction. The product was judged well­
crystallized by the absence, with the exception of a 
small amount of boehmite, of crystalline alumina 
phases, and the intensity of the 11 ; 02, 13; 20, and 
33 ; 06 reflections. The statement that the organiza­
tion in the c-direction was poor is based on the 
broad low-intensity (001) reflection. Local (001) 
order over sequences of several platelets (i.e. 
mica-like assemblies) must occur, however, for 
the (hkl) reflections to appear. 

batch crystallized at 300°C in reaction times of 
several hours. A similar product can be synthesized 
continuously in either a standard batch-type 
autoclave adapted to continuous flow, or in a 
specially designed staged-reactor. Extension of 
these results to other 2: 1 (and perhaps 1: 1) 
silicates should be straightforward. 

SUMMARY 
By proper control of the ionic environment, an 

aluminian dioctahedral 2: 1 layer silicate can be 
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Resume- Vne smectite alumineuse contenant environ un remplacement AJ3+/Si4+ par maille a ete 
synthetisee a grande echelle par un processus de lit mobile (autoclave de 100 gal) a 300°C et 1240 psig 
en necessitant des temps de reaction de plusieurs heures au lieu de plusieurs jours. Cette cristallisa­
tion rapide a ete reliee a l'utilisation de NH.+ comme cation compensateur et a une substitution par­
tie lie F/OH. Le temps de synthese qui est court incite a etudier la cristallisation continue. Chacune 
des deux techniques suivantes, ecoulement a travers un autoclave avec agitation et ecoulement a 
travers un reacteur colonne a plusieurs etages, foumit un produit cristallin; aucune des deux ne donne 
la cristallinite du processus a lit mobile. 

Kurzreferat-Ein Aluminium-Smectit mit etwa einem AJ3+/Si4+ Ersatz pro Einheitszelle wurde 
chargenmassig im Grossmaszstab (lOO Gallonen Autoklav) bei 300°C und 1240 psig, mit Reaktions­
zeiten von einigen Stunden eher als Tagen, synthetisiert. Diese rapide Kristallisation stand in Bezie­
hung zu der Verwendung von NH.+ als dem ladungsausgleichenden Kation und zu teilweisem F/OH 
Austausch. Die kurze Synthese veranlasste zu einer Studie kontinuierlicher Kristallisation. Jede der 
beiden Methoden: Stromung durch einen Riihrautoklaven sowie durch eine mehrstufige Reaktor­
kolonne, lieferte ein kristallines Produkt. Keine ergab die Kristallinitat des Chargenprozesses. 

PellOMe - IToPl\HH aJIlOMOMOHTMOPIDIJIOHHTOBOIt rJIHHhI c npH6JI1{3HTeJIhHO O,nHHM AP + jSi4 + 06MeHOM 
Ha e,nHHHl\Y HqeltKH cHHTe3HpOBaJIacb B KpYIIHora6apHTHoM aBTOKJIaBe eMKOCThlO 100 rarrrrOHOB rrpH 
TeMrreparype 300°C H ,n;aBJIeHHH 1240 cPYHT/,n;IOItM2 co BpeMeHeM peaKl.\HH HeCKOJIhKO qaCOB, a He ,n;HeH. 
3Ta 6hICTPaH KPHCTaJIJIH3al.\HR rrpOH30IIIJIa 6JIaro,n;apH HCIIOJIh30BaHHlO NHt B KaqeCTBe 6aJIaHcHpylO­
Il\ero 3arpy3Ky KaTHOHa H 6JIaro,n;apH QaCTHqHOMY 3aMeIl\eHHlO F/OR. KopOTKoe BpeMSI CHHTe3HpOBaHHSI 
IIOBeJIO K H3yqeHHlO HenpephIBHOH KPHCTaJIJIH3al\HH. ITo JIlO60MY H3 3THX MeTop,oB, IIponycKy qepe3 
nepeMeIIIHBaeMhIH aBTOKJIaB HJIH Qepe3 MHorocTYIIeHqaTYIO peaKl\HOHHYIO KOJIOHHY, IJOJIyqHJIH KpHcTa­
JIJIl{qecKHH IIpO,n;YKT, HO HH TOT HH ,n;pyroil: MeTO,n; He ,n;aJIH KPHCTaJIJIHqnOCTH rrepHo,n;HqecKoro npOl\ecca. 
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