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Abstract—The effects of reaction time (2 to 72 h) and NH,*/AI** molar ratio (1.6, 2.4 and 3.2) on the
hydrothermal synthesis of ammonium-saponites are investigated. The gels are obtained by mixing pow-
ders, resulting in a stoichiometric composition, Mg;Si, ,Al;cO,,(OH),, with aqueous ammonium solutions,
with and without E to result in initial NH,*/Al** molar ratios of 1.6, 2.4 and 3.2. The solid bulk products
are characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF) and scanning electron microscopy
(SEM) combined with energy-dispersive X-ray (EDX) analysis. The cation exchange capacity (CEC) is
determined with an ammonia selective electrode and the pH of the water from the first washing is
measured. Ammonium-saponite is formed rapidly within 16 h. A higher NH,*/AI** molar ratio and the
presence of F facilitate the crystallization of saponite. Small metastable amounts of bayerite, AI(OH);,
are present at low NH,*/Al** molar ratios; after short reaction times, they disappear. During the first 4 h,
the pH decreases rapidly, then drops slowly to a constant level of approximately 4.6 after 60 h. With
increasing reaction time, saponite crystallites grow in the ab directions of the individual sheets with
almost no stacking to thicker flakes. The NH,* CEC of the solid products increases strongly within the
first 24 h. A maximum of 53.3 meq/100 g is observed. The saponite yield increases from approximately
25% after 2 h to almost 100% after 72 h.
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INTRODUCTION dicts all AP+ to be present at the tetrahedral sites, re-
placing Si**. Actually, however, Al** is additionally
built in at octahedral sites, instead of Mg?*, and even
at interlayer sites, instead of NH,". The resulting in-
corporation of excess Al drastically alters the physico-
chemical properties of the saponite, such as layer
charge, swelling, cation exchange and acidity. Incor-
poration of A3+ at other than the tetrahedral sites can
be avoided by raising the ammonium concentration.

The aims of this study are: 1) to characterize the
ammonium-saponite crystallites grown for increasing
periods of time at constant temperature and pressure,
in order to elucidate the conditions for Al incorpora-
tion in octahedral and interlayer sites; 2) to monitor
the development of the size and stacking of the indi-
vidual sheets as a function of synthesis time to cor-
roborate the sheet stacking model of Kloprogge (1992)
and Kloprogge, Breukelaar, Jansen and Geus (1993);
and 3) to force Al** exclusively into the tetrahedral
sites and ammonium into the interlayer sites by vary-
ing the NH,*/AI** molar ratio and the starting chem-
icals, and by addition of E

EXPERIMENTAL METHODS

+ This paper is a joint contribution from the Debye Institute, Saponite Synthesis
Utrecht, and Shell Research B.V., Amsterdam, The Netherlands.

In recent years, interest has increased in the synthe-
sis of smectites such as beidellite (Plee et al. 1987;
Schutz et al. 1987; Kloprogge, van der Eerden et al.
1990; Kloprogge, Jansen and Geus 1990), (fluor) hec-
torite (Shabtai et al. 1984; Sterte and Shabtai 1987)
and saponite (Suquet et al. 1977; Kloprogge 1992;
Kloprogge, Breukelaar, Jansen and Geus 1993; Klo-
progge, Breukelaar, Wilson et al. 1993). The smectites
can be applied as catalysts and molecular sieves be-
cause of their high purity and adjustable composition.

At temperatures ranging from 125 to 280 °C, Klo-
progge (1992); Kloprogge, Breukelaar, Jansen and
Geus (1993); and Kloprogge, Breukelaar, Wilson et al.
(1993) have synthesized ammonium-saponite within
72 h. They proposed a crystallization model, in which
the crystallization starts with the growth of individual
sheets. During the synthesis, individual sheets appar-
ently stack to form thick flakes, while lateral growth
continues more slowly.

A major problem with the synthesis is the incor-
poration of Al into the saponite structure. Theory pre-

f Current address: Hoevenbos 299, 2716 Zoetermeer, The Gels were prepared from homogeneous mixtures of
Netherlands. stoichiometric amounts of the powdered compounds
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Table 1. List of compounds (mol oxide) used in the starting gels.

Silica/alumina

Amorph Altriiso- Mg

Sample Si0, SiO, ALQ, propoxide AlNO,), acetate Mg(NO,), Mg(OH), NH,OH NHF
LTSAP8SA 0.283 — — 0.050 — 0.250 — — 0.080 —
LTSAP9A 0.283 — — 0.050 — 0.250 — — 0.160 —
LTSAP10A 0.283 — — 0.050 — 0.250 — — 0.080 0.040
LTSAP11A — 0.283 0.025 —_ — 0.250 — — 0.080 0.040
LTSAPI12A — 0.283 0.025 — — — — 0.250 0.080 0.040
LTSAP13A 0.283 — — — 0.050 0.250 — — 0.080 —
LTSAP14A 0.283 — — — 0.050 0.250 — — 0.160 —
LTSAPISA 0.283 — — — 0.050 0.250 — — 0.080 0.040
LTSAP16A 0.283 —_— — 0.050 — 0.125 0.125 — 0.080 —
LTSAP17A 0.283 — —_ 0.050 — 0.125 0.125 — 0.160 —
LTSAPI8A 0.283 — — 0.050 — 0.125 0.125 — 0.080 0.040
LTSAPI9A 0.283 — — 0.050 — 0.250 — — 0.120 —
LTSAP20A 0.283 — —_ 0.050 — 0.250 — — 0.080 0.080

listed in Table 1, subsequently mixed with the desired
amounts of aqueous solutions of ammonium chloride
or ammonium fluoride. The Al compound was dis-
solved into the ammonium solution before mixing with
the powdered Si and Mg compounds. Due to the high
pH level of the ammonium solution, all dissolved AP+
was fourfold coordinated, which is required for incor-
poration at tetrahedral sites in saponites. The theoret-
ical composition of the ammonium-saponite is
(NH,)y sMg;(Si; 4Aly )O,,(OH),. Table 1 lists the vari-
ation in compounds used for the preparation of the
gels.

Approximately 125 g of the gel were hydrother-
mally treated in 250-mL Teflon beakers in autoclaves
at 200 °C and autogenous water pressure (approxi-
mately 10-15 bar). After cooling, the solids were
washed twice with demineralized water, followed by
centrifugation. The pH of the coexisting hydrothermal
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Figure 1. Decrease of pH (solid symbols) and development

of the NH, CEC (open symbols) as function of synthesis time
at 200 °C.
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fluid could not be determined, since the solid product
had completely absorbed the fluid. Kloprogge (1992)
and Kloprogge, Breukelaar, Jansen and Geus (1993)
have shown that the pH of the hydrothermal fluid is
only slightly lower than that of the water obtained
from the first washing procedure. Therefore, the pH of
the water of the first washing procedure was deter-
mined. The washed solid was suspended into 1 M am-
monium chloride to ensure that all exchangeable sites
were occupied by ammonium. Finally, the bulk solids
were washed twice with demineralized water to re-
move excess ammonium chloride, sedimented by cen-
trifugation and dried overnight at 120 °C.

Analytical Techniques

X-ray powder diffraction patterns were recorded
with a Philips diffractometer, equipped with PW 1700
hardware and APD 1700 software, using CuKa radi-
ation.

The CEC of the saponite was determined after ex-
change with 0.2 M NaCl by measuring the NH,* con-
tent in the resulting solution with an ammonia-selec-
tive electrode. Saponites of LTSAP8A-7, LTSAP9A-7
and LTSAP10A-7 were exchanged with AI(NO,); in-
stead of NaCl prior to XRF measurements.

Elemental analyses of Si, Al, Mg, N and F were
performed on samples prepared according to the stan-
dard method used by the Koninklijke/Shell Laboratory
Amsterdam (now called “SRTCA”) by wavelength-
dispersive XRF.

The morphology of the products obtained was in-
vestigated with a scanning electron microscope
equipped with EDX analyzers.

RESULTS

Table 2 summarizes the pH of the fluid obtained
from the first washing procedure, the cation (am-
monium) CEC and the crystalline products. The pH
decreases very rapidly during the first 16 h, fol-
lowed by a slow decrease toward a constant value
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Table 2. Experimental runs at 200 °C and autogenous water
pressure.

CEC
meg/
Time NHy/ Fluor/ 106
Run h Al Al pHt g Productst

LTSAP8A-1 2 16 6.34 92 S BA
LTSAP8A-2 4 16 540 138 S BA
LTSAPSA-3 8 1.6 526 182 S
LTSAP8A-4 16 1.6 5.19 238 S
LTSAP8A-S 24 1.6 508 237 S
LTSAP8A-6 48 1.6 485 225 S
LTSAP8A-7 72 1.6 477 247 S
LTSAP8SA-8 168 1.6 467 236 S
LTSAP9A-1 2 32 7.87 81 S
LTSAP9A-2 4 32 527 157 S
LTSAP9A-3 8 32 501 286 S
LTSAP9A-4 16 3.2 468 233 S
LTSAPSA-5 24 3.2 464 308 S
LTSAP9A-6 48 32 460 266 S
LTSAPSA-7 72 32 468 502 S
LTSAPSA-8 168 3.2 466 422 S
LTSAP10A-1 2 24 08 698 74 SF
LTSAP10A-2 4 24 08 514 210 SF
LTSAP10A-3 8 24 08 476 320 S
LTSAP10A-4 16 24 08 478 311 SF
LTSAP10A-5 24 24 08 472 283 SF
LTSAPI10A-6 48 24 08 473 283 SF
LTSAPI0A-7 72 24 08 464 315 SF
LTSAP10A-8 168 24 08 460 239 SF
LTSAP11A 72 24 08 486 533 SQF
LTSAP12A 72 24 08 994 521 SQFB
LTSAP13A 72 1.6 478 153 SL
LTSAPI4A 72 32 465 188 SL
LTSAP15A 72 24 08 475 207 SLF
LTSAP16A 72 1.6 452 145 SL
LTSAP17A 72 32 453 186 SL
LTSAPI8A 72 24 08 441 191 SLF
LTSAPI9A 72 24 451 219 SL
LTSAP20A 72 1.6 16 462 324 SLF

1 Measured after the first washing.

S = saponite, F = sellaite, Q = quartz, L = lizardite, B
= brucite, BA = bayerite and all experiments contain various
amounts of amorphous material.

of approximately 4.6 upon prolonged synthesis time
(Figure 1). The pH of LTSAP12A (Table 2), 9.94,
is very high when compared to that of all other ex-
periments. The pH values of the series LTSAP16A,
LTSAP17A, LTSAP18A and LTSAP19A are slightly
lower as compared to those measured with the other
experiments.

The NH,-CEC values are low, never representing
more than 35% of the theoretical CEC of 155 meq/
100 g for pure ammonium-saponite. The CEC increas-
es strongly within the first 24 h, while longer synthesis
times result in essentially constant CEC values (Figure
1). The very high (> 50 meq/100 g) CEC values for
LTSAPOA-7, LTSAP11A and LTSAP12A are remark-
able. Exchange of ammonium for aluminum instead of
sodium results in an additional lowering of the NH,-
CEC to values of approximately 3.4 meq/100 g.
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Figure 2. X-ray powder diffraction patterns with increasing
synthesis time at 200 °C; LTSAPSA.

The XRD patterns display the development of the
saponite structure with increasing synthesis time (Fig-
ure 2). LTSAP8SA (Figure 2a) exhibits bayerite after 2
h, with poorly formed crystals of saponite. After 4 h,
the amount of bayerite has decreased, and the bayerite
diffraction maxima have completely disappeared after
8 h. The XRD patterns show that the (060) saponite
reflection increases in relative intensity and sharpens
during the first 48 h. With long periods of hydrother-
mal treatment, the (060) reflection remains constant,
while the other (hkl) reflections sharpen. LTSAP9A
shows a much faster development of saponite than
LTSAP8A; XRD intensities of saponite in LTSAP9A-1
(2 h) can be compared with those of LTSAP8A-4 (16
h). LTSAPI10A is intermediate in-between LTSAPSA
and LTSAPYA.

Sellaite, MgF,, is observed in all patterns indepen-
dent of the synthesis time, due to the presence of E In
LTSAP10A, no bayerite is found. The XRD pattern of
LTSAPI2A also reveals quartz and brucite as second-
ary products together with very well-crystallized sap-
onite (Figure 3a). LTSAP11A contains quartz as a sec-
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Figute 3. X-ray powder diffraction patterns of a) LTSAP12A and b) LTSAP15A. Q = quartz, B = brucite, S = sellaite, L
= aluminum-lizardite.
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Table 3. XRF analyses of the run products.

MgO ALO, Sio,

Sample wt.% wt. % wt.% wt.% wt.% wt.% Si/Al
LTSAP8A-1 6.05 10.20 67.71 0.13 0.17 nat 5.86
LTSAP8A-2 7.59 7.43 72.27 0.19 0.25 na 8.60
LTSAPSA-3 8.80 5.02 48.32 0.25 0.35 na 7.52
LTSAP8A-4 9.25 5.93 51.37 0.33 0.37 na 7.65
LTSAPSA-5 13.10 6.56 67.77 0.33 0.35 na 9.13
LTSAP8A-6 18.14 8.20 62.00 0.32 0.30 na 6.68
LTSAP8SA-7 18.37 6.86 60.63 0.35 0.30 na 7.81
LTSAP8A-8 20.23 8.90 54.83 0.33 0.29 na 5.44
LTSAP9A-1 12.62 10.75 60.27 0.11 0.16 na 4.95
LTSAP9A-2 18.06 8.90 58.62 0.22 0.22 na 5.82
LTSAP9A-3 23.96 8.12 51.45 0.40 0.57 na 5.59
LTSAP9A-4 24.53 8.01 51.26 0.33 0.45 na 5.65
LTSAP9A-5 22.64 7.48 47.34 043 0.47 na 5.59
LTSAP9A-6 19.48 8.69 55.15 0.37 0.37 na 5.60
LTSAP9A-7 23.91 7.92 50.64 0.70 0.72 na 5.65
LTSAP9A-8 24.63 7.80 54.64 0.59 0.59 na 6.18
LTSAP10A-1 8.42 10.37 66.13 0.10 0.15 2.89 5.63
LTSAP10A-2 16.48 8.77 59.94 0.29 0.36 na 6.04
LTSAP10A-3 22.30 8.43 56.44 0.45 0.48 na 5.91
LTSAP10A-4 22.44 8.69 55.54 0.44 0.50 2.35 5.64
LTSAP10A-5 23.02 8.46 55.75 0.40 0.47 na 5.82
LTSAP10A-6 22.73 8.99 53.76 0.40 0.42 2.38 5.28
LTSAP10A-7 23.96 8.50 53.03 0.44 0.47 na 5.51
LTSAP10A-8 23.95 8.37 52.61 0.33 0.43 na 5.55
LTSAP11A 19.02 11.22 54.49 0.75 na na 4.29
LTSAP12A 30.26 8.80 43.58 0.73 na na 4.37
LTSAP13A 8.99 10.66 68.63 0.21 na na 5.69
LTSAP14A 17.46 9.58 61.27 0.26 na na 5.65
LTSAP15A 12.90 10.17 65.34 0.29 na na 5.68
LTSAP16A 15.87 9.50 61.53 0.20 na na 5.72
LTSAP17A 19.87 8.82 56.50 0.26 na na 5.66
LTSAP18A 18.90 8.96 58.06 0.27 na na 5.73
LTSAPSA-TE% 18.13 8.56 61.14 0.13 na na 6.31
LTSAP9A-7E} 22.44 9.95 50.64 0.14 na na 4.49
LTSAPIOA-7E% 22.36 9.48 51.79 0.13 na na 4.82
Theory$§ 31.04 7.86 52.47 2.16 5.67

1 na = not analyzed.
F Samples with the extension “E” represent analyses after exchange with aluminum nitrate.
§ Theoretical saponite composition (NH,),Mg,Si; ,Al, cO,,(OH),, which was intended in the bulk chemistry of the gel.

ondary product. The saponites of LTSAP13A, parallel with the rise in CEC, although the CEC is always

LTSAP14A and LTSAP15A contain many defects or
are very small crystallites. These series contain a sec-
ond sheet silicate, aluminum-lizardite (Mg,Al)4(Si,Al),
O4OH),, whereas LTSAP15A also contains a relative-
ly large amount of sellaite (Figure 3b). The XRD pat-
terns of LTSAP16A, LTSAP17A and LTSAP18A are
largely comparable with those of LTSAP13A,
LTSAP14A and LTSAPI15A.

The XRF analyses (Table 3) reveal a systematic
change in bulk composition with synthesis time. During
the first 8 h, SiO, and AlL,O; decrease, whereas MgO and
N increase. Longer synthesis times have no influence on
the composition within the series LTSAP9A and
LTSAPI10A. For LTSAP8A, SiO, and Al,O; continue to
drop and MgO and N to increase slowly with time. The
increase of the N content of the solids runs more or less
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lower than the analytically assessed N content. The XRF
analyses after cation exchange of Al** for [NH,]* display
only a slight decrease of Mg.

SEM (Figure 4) illustrates 2 examples of the prod-
ucts formed after 72 h (LTSAP8A-7, LTSAP9A-7,
LTSAP12A, LTSAP14A and LTSAP19A). All samples
consist of large (up to 100 pm) amorphous particles
overgrown with clusters of small flakes (diameter <
10 pm). Some smooth flakes have a diameter > 20
pm. The EDX analyses, although providing only rel-
ative amounts, reveal that the large amorphous parti-
cles contain only SiO,, with some MgO on their sur-
faces. The large flakes consist of Si0O,, Al,O, and MgO
of a weight ratio of 3:0.5:1. The small flakes also con-
tain SiO,, AL,O; and relatively more MgO as compared
to the large flakes.
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Figure 4. SEM photographs of LTSAP12A and LTSAP14A.

DISCUSSION

The synthesis of ammonium-saponite was success-
ful in all experiments, although the amount formed
and the sharpness of the XRD patterns depended
strongly upon synthesis time, ammonium concentra-
tion and the constituents of the initial gels.

During the first 4 h of the hydrothermal treatment,
the pH decreases sharply, due to the release of mainly
acetate ions, while part of the Mg is incorporated into
the crystallizing saponite. After 4 h, the pH has
reached levels between 6.4 and 5.4, the exact range in
which Al(OH), has its minimum solubility (Hem and
Roberson 1967). The drop in pH explains the forma-
tion of bayerite in LTSAP8A-1 and LTSAP8A-2. After
8 more h, the bayerite disappears as a separate phase.
The bayerite may dissolve due to the removal of Al
from the solution by incorporation of octahedral Al
into the saponite structure. Alternatively, the small
bayerite units may be incorporated as a kind of octa-
hedral building unit. The second alternative is favored,
because AI(OH), has a very low solubility when the
pH is between 6.4 and 5.4 (Hem and Roberson 1967).
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The incorporation of octahedral Al in the saponite
structure, as established by Kloprogge (1992); Klo-
progge, Breukelaar, Jansen and Geus (1993); and Klo-
progge, Breukelaar, Wilson et al. (1993), is caused by
the formation of bayerite during the first hours of the
hydrothermal treatment. It has been suggested that the
formation of bayerite is due to the fact that the Al of
the isopropoxide remains sixfold coordinated during
gelling. The series LTSAP8 shows that the incorpo-
ration is not prevented by dissolving the Al compound
in basic ammonium solution, which forces the Al**
into a tetrahedral coordination, before being mixed
with the other compounds in the gel preparation meth-
od.

In the series LTSAP9A and LTSAP10A, no bayerite
is observed. The very rapid crystallization of saponite
and the resulting drop in pH to levels below 5.3 within
the first 4 h may prevent the formation of bayerite or,
alternatively, the initially formed bayerite has already
disappeared after 2 h.

Based on the fact that magnesium nitrate and acetate
are highly soluble within the observed pH range and
assuming that almost all Mg apparent in the XRF bulk
analyses has been incorporated into the octahedral
sites of the saponite structure, one may calculate the
saponite yield in the solid products (Table 4) with the
data of Kloprogge, Breukelaar, Jansen and Geus
(1993) for pure ammonium-saponite of identical com-
positions. After correction for adsorbed water, their
pure ammonium-saponite contains 17.07 wt% Mg
(31.04 wt% MgO). The trend of increasing percent-
ages with increasing synthesis time runs parallel with
the increase in CEC of the bulk product.

The use of Mg(OH), in LTSAP12A resulted in the
high pH levels observed. The high pH adversely af-
fects the saponite crystallinity. The presence of bruc-
ite, which is due to the low solubility of magnesium
hydroxide, explains the high Mg content observed
with the XRE

The decreasing differences in N contents, based on
XRF and CEC determinations with increasing synthe-
sis time, indicates that a part of the ammonium resides
in nonexchangeable sites, or possibly amorphous ma-
terial, which agrees with the data of Kloprogge (1992)
and Kloprogge, Breukelaar, Jansen and Geus (1993).

The data of this study point to the following crys-
tallization model. The saponite crystallization starts
with the formation of separate sheets with hexametric
rings containing Si and Al in distributions determined
by the Loewenstein rule (Loewenstein 1954) together
with bayerite. During the first period, the separate
sheets grow mainly in the ab directions. Meanwhile,
the bayerite sheets are incorporated as building units,
instead of brucite sheets, into the saponite structure,
resulting in a considerable amount of octahedral Al
and the absence of Mg in the saponite structure. Later,
stacking occurs as indicated by the increasing inten-
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Table 4. Ammonium-saponite content (in %) of the solid
product determined from the Mg content and corresponding
CEC values for the ammonium-saponite.

NH,-CEC
Sample Sap % meq/100 g
LTSAP8A-1 25.2 36.5
LTSAP8A-2 30.4 45.4
LTSAP8SA-3 34.8 523
LTSAP8A-4 48.2 49.4
LTSAPS8A-5 519 45.7
LTSAP8A-6 70.7 31.8
LTSAP8SA-7 73.5 33.6
LTSAP8A-8 82.5 28.6
LTSAP9A-1 52.3 155
LTSAPSA-2 72.5 21.7
LTSAP9A-3 97.7 293
LTSAP9A-4 99.5 234
LTSAPY9A-5 99.4 31.0
LTSAP9A-6 80.1 332
LTSAP9A-7 98.7 50.9
LTSAPY9A-8 96.3 43.8
LTSAP10A-1 34.6 21.4
LTSAP10A-2 66.7 315
LTSAP10A-3 87.5 36.6
LTSAP10A-4 88.4 35.2
LTSAP10A-5 90.0 31.4
LTSAP10A-6 90.7 312
LTSAP10A-7 95.5 33.0
LTSAP10A-8 96.0 249

sities of the (hkl) reflections relative to (060). The low
NH,-CEC values indicate the presence of other inter-
layer cations, most probably Al. This is supported by
the XRF analyses, which exhibit low MgO and high
Al,O; contents as compared to the theoretical values.
The cation exchange experiments with aluminum ni-
trate result in nearly no exchange of Mg, demonstrat-
ing that practically no Mg was available as an inter-
layer cation. This model is largely in accordance with
the model proposed by Kloprogge (1992); Kloprogge,
Breukelaar, Jansen and Geus (1993); and Kloprogge,
Breukelaar, Wilson et al. (1993), who established the
exact Al distribution with Al and ?*Si MAS-NMR.

CONCLUSIONS

1) The crystallinity of synthetic ammonium-saponite
depends strongly on synthesis time, ammonium
concentration and initial constituents of the gel.

2) During the synthesis, the pH decreases strongly due
to the formation of acetic acid, which results in the
formation of bayerite.

3) The use of magnesium hydroxide leads to an almost
constantly high pH level, which leads to the pres-
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ence of brucite in the solid products due to its low
solubility.

4) A crystallization model is proposed in which: 1)
separate sheets with hexametric rings containing Si
and Al are formed, followed by lateral growth; 2)
incorporation of bayerite as an octahedral building
unit proceeds; 3) separate sheets are subsequently
stacked; and 4) remaining Al from the solution is
incorporated as interlayer cations together with a
small amount of ammonium.
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