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Abstract-Nickel nitrate solution is potentiometrically titrated (a) with montmorillonite, (b) without montmorillonite, in 
the nitrate solution. X-ray powder diffraction and chemical analyses are made of the products formed by the clay at various 
stages of titration. The pH values of the titration curve (a) are lower than those of curve (b) until the brucite-like hydroxy
nickel interlayer is more or less complete. The resulting product then closely resembles a chlorite. The preferential pre
cipitation of hydroxide in the interlayer region is explained in terms of the acidic character ofmontmorillonite interlayers. 
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INTRODUCTION 
Various methods have been reported for preparing 

hydroxy interlayers in expanding layer silicates. These 
methods fall into two main groups: (i) a direct cation 
exchange method, (ii) a titration procedure. In method 
(i) the mineral, dispersed in water, is reacted with so
lutions containing hydrolyzed cations; after the ex
change reaction, the excess cations are removed by 
centrifugation and washing. The method is applicable 
to cations which can be hydrolyzed extensively without 
precipitation of hydroxides. Examples are AI(OH)x and 
Fe(I1I)(OH)x in single or polymerized forms. Work 
prior to 1968 has been reviewed by Rich (1968); later 
studies include work by Sawhney (1968), Carstea et al. 
(1970), Herrera and Peech (1970), Brown and Newman 
(1973), Brindley and Sempels (1977). 

In method (ii), cations in an appropriate solution are 
added to the dispersed clay and the reSUlting clay + 
solution is then hydrolyzed by simple addition of alkali 
in a predetermined amount or by progressive titration. 
This latter procedure, which is used in the present 
work, is applicable to cations which can be hydrolyzed 
only slightly before precipitation occurs. It has been 
applied particularly in attempts to develop chlorites or 
chlorite-like phases from montmorillonite by condens
ing hydroxide sheets between the silicate layers. CaiIl
ere and Henin (1949) were pioneers in this type of 
study. Slaughter and Milne (1960) and Gupta and Malik 
(1969) made more detailed studies along similar lines. 
Attention was directed mainly towards intercalating 
Mg(OH)2 and Ni(OH)2 sheets between the silicate lay
ers. The precise mechanism of the process has not been 
established but the general consensus is that the hy
droxide is deposited on or sorbed by the silicate sur
faces. In the present work, an attempt is made to follow 
the deposition of nickel hydroxide by potentiometric 
titration, with chemical and X-ray powder diffraction 
examination of the products formed at different stages 
ofthe process. The results lead us to conclude that the 
hydroxide-forming reaction takes place primarily with-
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in the interlayers ofthe layer silicate where the reaction 
conditions are different from those in the bulk solution. 
The results are relevant to the formation of chlorite-like 
phases and so-called "intergrade" minerals in nature. 

EXPERIMENTAL 

Montmorillonite 

A Wyoming montmorillonite supplied by the Amer
ican Colloid Company under the name "VoIclay" was 
used. The montmorillonite was dispersed in distilled 
water and the <2 IL fraction was separated by sedi
mentation. This fraction was saturated with 1 M N aCI 
and the excess electrolyte was removed by centrifu
gation and washing and subsequently by dialysis. The 
cation exchange capacity (CEC) was determined on the 
Na-montmorillonite dried at 110°C. The clay was sat
urated with CaCI2 solution and the amount of ex
changed Ca2 + was determined by atomic absorption 
spectroscopy after extraction with MgCl2 solution The 
CEC thus determined, 83,5 meqllOO g, agreed well with 
the value (82.5) calculated from the Na content which 
was determined by the total analysis of the Na-mont
morillonite. 

Potentiometric titration 

Separate 300 mg samples of Na-montmorilIonite 
(dried at 60°C) were dispersed in 30 ml of 0.1 M 
Ni(N03)2 carbonate-free solutions, and agitated by ul
trasonic vibration. One of these suspensions was ti
trated potentiometrically with 0.1 N NaOH under vig
orous stirring and with N2 gas flowing at 20°C. The pH 
value at each stage of the titration was measured by 
using the Beckman Expandomatic pH meter. The ti
trated suspension was allowed to stand for one day to 
attain equilibrium at each stage of titration before the 
pH measurement. A nickel nitrate solution (0.1 M, 30 
ml) was titrated similarly without clay for comparison. 
The other suspensions containing Na-montmorillonite 
also were titrated with 0.1 N NaOH but the titration 
was stopped at a given stage, and the pH values ofthese 
suspensions were measured after 10 days standing in 
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Table 1. Basal spacings, A, of products at various stages of titration. 

Sample Heat treatment H2O Eth. G1y 

No. 100·C 300·C SOO·C vapor vapor 

1 10.3 9.7 9.6 lS.9 17.0 

2 110 Ob 10.3b 10.3 IB.O 16.B 

3 13.0 vvb 11.3 15.S 16.4 

4 14.B vvb 12.0 14.9 14.B 

5 14.8 15.0b 12.1 14.8 14.8 

6 14.8 14.Bb 12.1 14.8 14.8 

7 14.B 14.8b 12.1 14.8 14.B 

Sample numbers 1-7, see Figure 1. 

Heat treatment, 20 hr at each temperature. 

H20 vapor, ~ 100% R.H. at 20·C, 20 hr. 

Eth. Gly. vapor, ethylene glycol vapor at ~ 40·C, 6 days. 

b, broad basal reflections; v, very 

Nz gas. These values were almost the same as those 
determined after equilibration for one day at the cor
responding stages of titration. After the pH measure
ments at the different stages of titration, the dispersed 
montmorillonites were separated and washed repeat
edly with distilled water to remove electrolyte. The re
sulting samples were used for atomic absorption anal
ysis and X-ray diffractometer study. 

RESULTS 

Titration curves 

Two titration curves, A and B, obtained respectively 
with and without the presence of clay are shown in Fig
ure 1. Curve B, without clay present, rises sharply with 
the first addition of NaOH. Precipitation of Ni(OH)z 
begins immediately. The amount of NaOH required to 
complete the titration is almost quantitative and the 
endpoint appears at a molar ratio OH/Ni = 1.97. Ti
tration curve A, with clay present, consists of two 
stages. In the first stage, the pH values are smaller than 
those of the corresponding points of curve B. In the 
second stage, curve A rises above curve B and the 
amount of NaOH required to complete the titration is 
less than that without clay. The difference in the 
amounts of NaOH between the two end points is 91 
meq/l00 g of clay. This amount is almost equal to the 
cation exchange capacity of the clay because this 
amount of nickel should be retained in the ionic form 
if nickel ions completely replace the sodium ions of the 
clay. 

X-ray powder diffraction data 

Seven different titration points are designated in Fig
ure 1 by the numbers 1-7. Basal spacings of the mont-
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Fig. 1. Titration of nickel nitrate solution (30 m1, 0.1 M solution) by 0.1 
N NaOH solution. (A) In the presence of Na-montmorillonite (300 mg); 

(B) Without clay. 

morillonites obtained under these conditions were 
measured after heating at 100°, 300°, and 500°C, each 
for periods of about 20 hr, after saturation with water 
and with ethylene glycol vapors . The results are listed 
in Table 1. 

Sample 1, see Figure 1, is the product obtained after 
addition of the nickel nitrate solution to the clay sus
pension and prior to addition of NaOH. The product is 
Ni-montmorillonite and the chemical analysis is given 
later. The basal spacings after heat treatment, exposure 
to water vapor (20°C, -100% RH, 24 hr), and exposure 
to ethylene glycol vapor (40°C, 6 days) are typical for 
a divalent ion montmorillonite. 

Sample 4 and subsequent samples retain a basal spac
ing of 14.8 A up to 300°C, but collapse to 12.1 A at 
500°C. They exhibit no swelling in water, water vapor, 
or ethylene glycol. The products behave in the manner 
of chlorites. The basal spacings are nearly regular and 
the recorded values are based mainly on 002,003, and 
004 reflections. The 001 reflection is weak but increases 
in intensity at 500°C in the normal manner of chlorites. 
The temperature stability is less than that of most well
developed chlorites, but the lower temperature of col
lapse to a 12.1 A spacing for the fine-grained material 
is not unusual. These results agree with those of the 
earlier investigations. In particular, the basal spacing 
of 14.8 A, which is greater than the range of spacings 
14.2-14.4 A for most chlorites, confirms the earlier re
sults. 

Samples obtained at points 6 and 7 on the titration 
curve showed the presence of NiO after heating at 
500°C. Evidently these samples contain more nickel 
than is accommodated in the interlayer sheets. When 
these samples were washed with 0.05 N HCI for 10 min 
prior to heating, no NiO was detected by X-ray powder 
diffraction. The results indicate that nickel is precipi-
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Table 2. Chemical analyses and formulae of initial Na-montmorillonite and products 1-7 (see Figure 1). 

Na-M 1 2 3 4 5 6 7 

Si02 60.6 55.9 49.6 45.0 40.3 37.3 34.6 33.0 
A1203 21.2 19.4 17.5 15.7 13.9 12.9 12.1 11.3 
Fe203 4.10 3.78 3.28 2.79 2.57 2.57 2.09 2.11 
MgO 2.59 2.30 2.01 1.82 1.68 1.55 1.46 1.41 
CaD 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Na20 2.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NiO n.d. 3.5 12.4 19.2 25.3 30.3 34.2 36.3 
H20+ 6.04 6.66 8.38 9.99 12.15 13.12 13.30 13.79 
H20- 2.81 9.52 6.71 4.65 3.54 2.67 2.58 3.03 

Total 99.88 101. 06 99.88 99.15 99.44 100.41 100.33 100.94 

Si 3.93 3.94 3.93 3.95 3.95 3.94 3.94 3.95 
A1IV 0.07 0.06 0.07 0.05 0.05 0.06 0.06 0.05 

A1VI 1.55 1.55 1.56 1.57 1.56 1.54 1.56 1.55 
Fe 0.20 0.20 0.20 0.19 0.19 0.20 0.18 0.19 
Mg 0.25 0.24 0.24 0.24 0.24 0.24 0.25 0.25 

Na 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.20 0.79 1.35 1.99 2.57 3.13* 3.50* 
OH 0.08 1.26 2.38 3.66 4.82 5.94* 6.68* 
H2O 0.31 0.52 0.58 0.74 1.14 1.24 1.09 1.17 
OH + H2O 0.31 0.60 1.84 3.12 4.80 6.06 * * 

* includes externally precipitated Ni(OH), 

tated preferentially between the silicate layers up to or 
slightly beyond point 5 on the titration curve. Beyond 
this point, the interlayer becomes saturated with nickel 
and the excess is precipitated as Ni(OHh which forms 
NiO on heating at 500°C. 

CHEMICAL ANALYSES OF PRODUCTS 
AND STRUCTURAL FORMULAE 

Analytical data obtained by atomic absorption anal
ysis for the initial Na-montmorillonite and for the sam
ples labelled 1-7 on the titration curve are given in Ta
ble 2. The formula for the original N a-montmorillonite, 
derived on the basis of the anion composition 01O(OHh, 
indicates that the silicate layer charge is -0.32 per for
mula unit. The formulae for the samples 1-7 were eval
uated assuming that the layer charges were maintained 
during the titration, and that the interlayer material has 
a composition of the form [Nix(OH)y' mH20]+O.32. Even 
at point 1 on the titration curve, prior to addition of 
NaOH, a small proportion of OH ions appears to be 
taken up with the nickel ions. From point 2 to point 5, 
increasing amounts of Ni and (OH) are taken into the 
interlayer almost up to the limit which would be ex
pected for a complete hydroxide interlayer as in chlor
ites. The limiting composition would be [Ni3(OH)s.6s0.32 
H20]+o.32 with a charge of +0.32 to balance the negative 
layer charge. 

Since we cannot say exactly at what point on the ti
tration curve free Ni(OHh is first formed but only that 
it must occur between the points 5 and 6, therefore we 
can claim only that the interlayer nickel ions must ex
ceed 2.57 per formula unit and probably approach close 
to the ideal value of 3.0. We observe also that the com
bined OH + H20 in the interlayer approaches closely 
to 6.0. It is understandable that as the interlayer ap
proaches a full complement of nickel ions, the final fill
ing ofthe interlayers may take place slowly, i.e., a ki
netic factor may be involved. 

DISCUSSION 

The X-ray and chemical data support the conclusion 
that nickel hydroxide is precipitated preferentially be
tween the silicate layers until an almost complete bru
cite-like sheet is developed. The final stage of the re
action may be kinetically controlled. The difference 
between the two titration curves in Figure 1 suggests 
a possible mechanism of the reaction. The important 
fact is that the medium remains more acid, (lower pH), 
when clay is present in the titrating system. 

The immediate reaction between Na-montmorillon
ite and the nickel nitrate solution is the conversion of 
the clay to Ni-montmorillonite; the completeness of 
this reaction is shown by the chemical analysis of prod
uct no. 1. 
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It is known that water of hydration associated with 
interlayer cations is polarized and tends to be disso
ciated to a greater extent than in normal solutions (see 
Ducros and Dupont, 1962; Mortland et al., 1963; Touil
laux et al., 1968; Yamanaka et al., 1974). This process 
can be represented as follows: 

Ni2+ _ OH ~ [Ni(OH)]+ + H+ (1) 

I 
H 

The dissociated protons may be ion-exchanged or neu
tralized and further Ni ions taken up by the clay as the 
titration proceeds. The reaction then proceeds as fol
lows: 

[Nix(OH)ymH20]+o.32 + Ni2+ + 2 H20 _ 
(interlayer) (sol.) 

[Nix+l(OH)Y+2·mH20]+o.32 + 2 H+ (2) 
(interlayer) 

The fully developed brucite-like interlayer may have 
the composition [NiaC0H)5.68(H20)o.32]+o.32. 

The successful development of the titration curves 
shown in Figure 1 requires that NaOH be added slowly 
and with vigorous stirring in order to avoid local in
creases of pH which would carry curve A above curve 
B prior to completion of the reaction. However, if this 
should happen locally and some Ni(OH)2 be precipi
tated prior to completion of the internal reaction, the 
acidity ofthe system as a whole may be sufficient to re
dissolve this premature Ni(OH)2 and reestablish true 
equilibrium. Avoidance of local concentrations of 
NaOH, however, is difficult to ensure and therefore 
sufficient time to maintain equilibrium at each stage of 
titration is very important. The exact cross-over point 
of curves A and B is rather uncertain. Therefore the 
fact that sample 5, after the cross-over point, contains 
only 2.57 nickel ions as compared with 3.0 for a full 
layer, is not altogether surprising. It is satisfactory that 
sample 6 clearly shows externally precipitated 
Ni(OH)2' 

In the present study and in all previous work, the 
enlarged basal spacing of the product, about 14.8 A, as 

compared with 14.2-14.4 A for true chlorites has been 
observed. Both Slaughter and Milne (1960) and Gupta 
and Malik (1969) attributed the result to "the necessity 
of accommodating the original exchange cations of the 
montmorillonite used." This suggestion is certainly not 
valid in the present work. It seems more likely that the 
presence of water molecules causes the slightly in
creased basal spacing. 

ACKNOWLEDGMENTS 

This work was undertaken with the support of a 
Grant-in-Aid from W. R. Grace & Co. to whom we ex
press our thanks, and with assistance from National 
Science Foundation Grant DMR 74-00340. 

REFERENCES 
Brindley, G. W. and Semples, R. E. (1977) Preparation and properties 

of some hydroxy-aluminum beidellites: Clay Minerals U,229-237. 
Brown, G. and Newman, A. C. D. (1973) The reactions of soluble 

aluminum with montmorillonite. J. Soil Sci. 24, 339-354. 
Caillere, S. and Henin, S. (1949) Formation of chlorite from mont

morillonite: Mineral. Mag. 28,612-620. 
Carstea, D. D., Harward, M. E. and Knox, E. G. (1970) Comparison 

of iron and aluminum hydroxy interlayers in montmorillonite and 
vermiculite: I. Formation: Soil Sci. Soc. Am. Proc. 34,517-521. 

Ducros, P. and Dupont, M. (1962) Study of protons in clay by nuclear 
magnetic resonance (NMR): Bull. Groupe Fr. Argiles 13, 59-63. 

Gupta, G. C. and Malik, W. U. (1969) Transformation of montmoriI
lonite to nickel-chlorite: Clays & Clay Minerals 17, 233-239. 

Herrera, R. and Peech, M. (1970) Reaction of montmorillonite with 
iron (Ill): Soil Sci. Soc. Am. Proc. 34, 740-742. 

Mortland, M. M., Fripiat, J. J., Chaussidon, J. and Uytterhoeven, J. 
(1963) Interaction between ammonia and the expanding lattices of 
montmorillonite and vermiculite. J. Phys. Chem. 67,248-258. 

Rich, C. 1. (1968) Hydroxy interlayers in expansible layer silicates: 
Clays & Clay Minerals 16, 15-30. 

Sawhney, B. L. (1968) Aluminum interlayers in layer silicates. Effect 
of OH! Al ratio of AI solution, time of reaction, and type of structure: 
Clays & Clay Minerals 16, 157-163. 

Slaughter, M. and Milne, I. H. (1960) The formation of chlorite-like 
structures from montmorillonite: Clays & Clay Minerals 5,114-124. 

Touillaux, R., Salvador, P., Vandermeersche, C. and Fripiat, J. J. 
(1968) Study of water layers adsorbed on Na- and Ca-montmorillon
ite by the pulse NMR technique: Israel J. Chem. 6, 337-348. 

Yamanaka, S., Kanamaru,F. and Koizumi, M. (1974) Role of inter
layer cations in the formation of acrylonitrile-montmorillonite com
plexes: J. Phys. Chem. 78,42-44. 

Pe3IDMe- PaCTBOp a30THOKHcnoro HHKenH 6~ nOTeH~HOMeTpHqeCKH THTpOBaH /a/ C 
MOHTMOpHnnOHHTOM H /B/ 6e3 MOHTMOpHnnOHHTa B pacTBOp HHTpaTa.ilonyqeHH~e H3 
rnHH~ npO~YKT~ 6~H Hccne~OBaH~ B nOpOmKe MeTO~OM ~H~paK~HH peHTreHOBCKHX 
nyqea H XHMHqeCKHMH aHanH3aMH.3HaqeHHH pH KpHBOa THTpOBaHHH /a/ MeHbme,qeM 
KpHBOa /B/,nOKa 60nee HnH MeHee He 3aBepmHTCH ~OpMHpOBaHHe 5pYCHTono~o6Horo 
npocnoH rH~pOOKHCH HHKenH.ilocne 3Toro nonyqeHH~ npO~YKT 6nH3KO HanOMHHaeT 
xnOPHT.ilpeHMy~ecTBeHHoe oc~eHHe rH~pOOKHCH Me~y cnOHMH oGbHCHHeTCH KHC
nOTHOa cpe~oa,cy~eCTBYlo~ea Ha IlOBepXHOCTHX cnoeB MOHTMopHnnOHHTa. 
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