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KINETICS OF DISSOLUTION OF NONCRYSTALLINE OXIDES AND
CRYSTALLINE CLAY MINERALS IN A BASIC TIRON SOLUTION

Hisato HAYASHI AND MASAHARU YAMADA

Mining College, Akita University
1-1 Tegata Gakuen-cho, Akita 010, Japan

Abstract—The dissolution behavior of five noncrystalline oxides, montmorillonite, kaolinite, chlorite,
and sepiolite in a basic tiron solution was studied at pH 10.5 and 80°C. The results show that for
montmorillonite the concentrations of Al and Fe ions dissolved in the treating solution were diminished
because of cation-exchange reactions of the sample in the suspension. To explain these observations, a
mass-balance equation for the specified cation in solution was formulated, which consisted of both a
dissolution term and an ion-exchange term. The several parameters of this differential equation were
fitted to allow the calculated results to represent the experimental findings. Using these values, an equation
lacking an ion-exchange term was also solved numerically. Thus, a dissolution curve was described, which
would have been obtained had no cation exchange taken place. From these equations, the error resulted
from the cation-exchange capacity of samples in chemical dissolution methods can be evaluated. According
to this estimation, and assuming the value for a 1-hr treatment, an error of about 15% was determined
for the amount of noncrystalline components contained in the specimen in this investigation.
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INTRODUCTION 10.5 and extracting at 80°C for 1 hr. Comparing this

Crystalline and noncrystalline phases in clays and
sediments are difficult to separate physically from one
another. Chemical dissolution methods have been
widely applied to this problem, because they are rel-
atively simple to carry out. These methods have used
sodium hydroxide (Hashimoto and Jackson, 1960) and
sodium carbonate (Follett et al., 1965), pyrophosphate
(Alexandrova, 1960), and oxalate (Schwertmann, 1964)
as dissolution agents. A method using a basic tiron
solution was proposed by Biermans and Baert (1977),
who reported that the optimum condition for separat-
ing the noncrystalline from the crystalline soil fraction
was obtained using 0.1 M tiron solution buffered at pH
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method with the other methods, Kodama and Jaak-
kimainen (1982) showed that the tiron method was
more efficient in the selective dissolution of noncrys-
talline substances than the others.

The tiron method has been used in the authors’ lab-
oratory to characterize noncrystalline components in
some soils; however, an unexpected behavior was ob~
served for cation-exchangeable soils in the dissolution
of the specified oxides, that is, the amount of Al and
Fe dissolved appeared to reach a maximum and then
to decrease with time in the tiron solutions.

In the present investigation, the dissolution behavior
of several crystalline and noncrystalline substances was
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Table 1. Specimens used in dissolution experiments.
Cation-
Specific exchange
surface  capacity
area (meq/
Material (m?*/g) 100 g) Sample preparation Reference
Noncrystalline
Silica A 4.7 - <2-um fraction of ground silica glass. —
Silica B 621 - ground synthetic silica gel. -
Alumina A 351 — dried synthetic alumina sol, ground and heated at —
550°C for 24 hr.
Volcanic ash A 114 54.5 <2-pm fraction, from the Aso Volcano, Kakino, Henmi et al. (1981)
Kumamoto, Japan.
Volcanic ash B 475 340  <2-um fraction, from Kanto loam at Imaichi, Ja- Henmi et al. (1983)
pan.
Crystalline
Montmorillonite 34 99.6 <2-um fraction, Na*-saturated “Kunipia G”, Hayashi (1963)
supplied by Kunimine Industrial Company,
Yamagata, Japan.
Kaolinite 10.5 6.0 <2-pm fraction, “Kaolinite” supplied by Kampa- Oinuma and Hayashi (1968)
ku Industrial Company, Tochigi, Japan.
Chlorite 371 8.4  <2-um fraction, from Wanibuchi mine, Shimane, Sakamoto and Sudo (1958)
Japan.
Sepiolite 114 4.6  <2-pm fraction, from Kuzuu mine, Tochigi, Ja- Imai et al. (1969)

pan.

studied in a basic tiron solution. To explain these dis-
solution behaviors, a mass-balance equation of the
specified cation in liquid phases has been proposed.
This equation, which consists of both a dissolution
term and an ion-exchange term, can describe the un-
expected behavior of the concentration change and cor-
rect the measurement error caused by the cation-ex-
change capacity of samples.

EXPERIMENTAL
Materials

The specimens used in the dissolution experiments
are listed in Table 1, together with their specific surface
area measured by the BET method, their cation-ex~
change capacities, and the preparation method of the
samples. Volcanic ashes and synthetic materials were
used as noncrystalline substances to carry out the ex-
periments over a wide range of specific surface area.
To examine the difference of the dissolution rate of
between crystalline and noncrystalline materials, four
clay minerals were used. The details on the clay min-
erals and the volcanic ashes were described in each
reference in Table 1. Montmorillonite was washed in
a Na,CO, solution; hence, the interlayer cation was
exchanged to Na*. Although very pure crystalline clay
minerals were used, trace quantities of noncrystalline
substances may have been present as impurities. X-ray
powder diffraction patterns of all samples were made
and are shown in Figure 1.

Tiron solution

A tiron solution was prepared as reported by Ko-
dama and Hayashi (1985). Initially, 0.1 mole of tiron
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(CsH,Na,0,S,) was dissolved in 800 ml of distilled
water, 100 ml of a 0.5 M Na,CO, solution was added,
and the solution was mixed by agitation. Finally, the
pH was adjusted to 10.5 by 4 M NaOH solution, and
the total volume was adjusted to 1 liter with distilled
water. The dissolution experiments were also per-
formed using a 0.05 M Na,CO; solution at pH 10.5,
to compare them with the results obtained using the
tiron solution.

Procedure

The tiron treatment basically followed that reported
by Kodama and Hayashi (1985). The substances in
Table 1 were dried at 105°C for 24 hr, 25 mg of the
dried specimen was weighed into a polypropylene Er-
lenmeyer flask, and after 30 ml of the basic tiron so-
lution or Na,CO; solution had been added, the total
weight of the flask was measured. The top of the flask
was loosely wrapped with aluminum foil, and the flask
was shaken in a water bath controlled at 80°C for var-
ious periods of time. As soon as the shaking was com-
pleted, the flask was rapidly cooled to room temper-
ature using an ice-water bath. The flask was weighed
after it had been wiped, and the difference in weight
between before and after shaking was assigned to the
loss of water due to evaporation. Residual solids in the
solution were separated by centrifugation at 5000 rpm
for 10 min. The supernatant was preserved for chem-
ical analyses.

Analysis

X-ray powder diffraction (XRD) patterns were ob-
tained with a Rigaku Denki X-ray diffractometer using
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Figure 1. X-ray powder diffraction patterns of (a) silica A,

(b) silica B, (c) alumina A, (d) volcanic ash A, (e) volcanic
ash B, (f) montmorillonite, (g) kaolinite, (h) chlorite, (i) se-
piolite.

Ni-filtered CuKa radiation and a scanning speed of
2'26/min. The cation-exchange capacity (CEC) was
measured at pH 7 by the procedure of Wada and Hara-
da (1969), using Ca?* for saturation.

Al and Fe ions were analyzed quantitatively by atomic
absorption spectroscopy. Because the absorption of Fe
was enhanced by the coexistence of tiron in the solu-
tion, the data were corrected using standard solutions.
Because the absorption of Al was enhanced by the
coexistence of Si, this interference was also corrected
using standard solutions. The coexistence of Fe had
almost no influence on the absorption of Al under the
condition of the analysis. Spectrophotometric deter-
mination of Si was performed using ammonium mo-
tybdate, because the sensitivity of this element was very
low in atomic absorption spectroscopy. In the spectro-
photometric determination, the absorption of Si was
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Figure 2. Dissolution behavior of silica A in tiron solution
at 80°C, pH 10.5.

virtually free from interference of Fe, Al, and tiron
under the given condition.

RESULT AND DISCUSSION

Dissolution behavior of the noncrystalline
substances

The dissolution behavior of silica A is shown in
Figure 2. In this and in Figures 3-5, measured con-
centrations of the specified ions were converted to those
in the oxide forms. These values were then divided by
the total amount (25 mg) of the sample used for ex-
traction and expressed as weight fractions. The amount
of dissolved species produced by the tiron treatment
was greater than that produced by the sodium carbon-
ate treatment. For the tiron treatment, the Si ion con-
centration in the solution began to decrease at about
6 hr. A similar decrease was found for silica B, which
consisted of silica gel. In addition, many floccules were
observed in the solution that had been treated for 6
hr. These results suggest that the flocculation involving
silica started at about 6 hr in the solution. Therefore,
treatments of more than a few hours duration should
be avoided for a precise quantification for silica-con-
taining specimens.

Figure 3 shows the dissolution behavior of volcanic
ash A and illustrates that the tiron solution dissolved
noncrystalline substances more efficiently than the so-
dium carbonate solution. The dissolution was com-
pleted in about 1 hr. Volcanic ash B and alumina A
reacted similarly, suggesting an optimum condition of
the treatment to be 80°C for 1 hr and pH 10.5, which
Biermans and Baert (1977) have shown.
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Figure 3. Dissolution behavior of volcanic ash A in tiron
solution at 80°C, pH 10.5.

Effect of specific surface area on dissolution

Figure 4 shows the relation between the fraction dis-
solved and the specific surface area of the used mate-
rials. These plots fall into two groups: (1) noncrystalline
substances and (2) crystalline minerals. For noncrys-
talline substances, the greater the specific surface area
of a specimen, the greater was the dissolution. There-
fore, the surface area of the substances will be consid-
ered when the kinetics of dissolution is discussed in a
later section.

Dissolution behavior of clay minerals

The dissolution of chlorite, kaolinite, and sepiolite
was completed in about 1 hr; however, the amounts
of these specimens that dissolved were much less than
those of the noncrystalline substances. Possibly, some
of the material that dissolved was from noncrystalline
impurities in the samples rather than from the crys-
talline minerals themselves. If they had been from the
crystalline minerals themselves, each ion concentra-
tion would have increased gradually with time during
the prolonged time treatment.

On the other hand, the dissolution behavior of mont-
morillonite was quite different from those of the other
minerals (Figure S). The amounts of Al and Fe ions in
the solution rapidly increased, showed a maximum
after about 1 hr, and, then, decreased. A gradual in-
crease after the decrease was probably caused by dis-
solution of crystalline phases. The amount of Si in
solution, however, gradually increased during the dis-
solution period, probably due to dissolution of crys-
talline phases. Because montmorillonite has a high cat-
ion-exchange capacity, Al and Fe ions in solution may
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Figure 4. Relation between log specific surface area of the
used materials and weight fraction of the sum of SiO, and
AlLO; dissolved within 1 hr in the sample.

have been entered the interlayers of the mineral by
cation-exchange.

To examine this possibility, the difference in expan-
sion produced by the kinds of interlayer cations was
measured before and after the treatments: the XRD
patterns of the oriented montmorillonite were obtained
for untreated, tiron-treated (1 hr), and sodium carbon-
ate-treated (1 hr) specimens, which had been wetted
by distilled water. No 001 peak was found in the XRD
pattern of the wetted, oriented specimen of untreated
montmorillonite, because of large swelling by water
caused by the presence of Na as the chief interlayer
cation. The d(001) value was 18.8 A for the wetted
specimens of the tiron- and sodium carbonate-treated
montmorillonite samples. Na ions were probably ex-
changed by Al and/or Fe ions during the treatment.
Inasmuch as the montmorillonite used in this experi-
ment had a CEC of 99.6 meq/100 g, exchangeable Al
ions constituted about 1.7 wt. % AlL,O,, roughly cor-
responding to the difference between the maximum Al
in solution after 40 min and the minimum after 3 hr
during the tiron treatment. The cation-exchange re-
action by montmorillonite in the tiron solution appears
to have been responsible for the concentration of each
cation in the solution not being equal to the amount
actually dissolved. Consequently, the amount actually
dissolved must be estimated using kinetics based on
the factors of both dissolution and ion-exchange.

Analysis of the dissolution behavior of
montmorillonite

As shown in Figure 5, the dissolution behavior of
montmorillonite was different from that of the other
substances, because cation content of the solution was
reduced by the cation-exchange reaction. As a result,
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the measurement of ions from the noncrystalline sub-
stances by this method does not give accurate values.
The following analysis was therefore made to quan-
tify the actual dissolution of materials containing min-
erals having significant cation-exchange capacities. As-
sumptions for the analysis were as follows: (1) The
montmorillonite flakes were randomly aggregated in
solutions, and, thus, the aggregates were spherical par-
ticles of radius R. (2) Intraparticle diffusion was ex-
pressed by solid phase diffusion. (3) The rate of cation-
exchange reaction far exceeded that of diffusion. (4)
Mass transfer resistance at the particle surface was neg-
ligible. (5) The specimen consisted of montmorillonite
plus a small amount of noncrystalline oxides, and the
weight of the specimen (W) and the volume of the
solution (V) were constant during the treatment.
Intraparticle diffusion may be represented as follows:
aq _

9q 2 9q
2=
at Ds<ar2 r 6r>’

where Ds = coeflicient of intraparticle diffusion (m?/
s), q = particle phase concentration of the specified
cation (mole/kg), r = radial coordinate (m), and t =
time (s) (Bird ef al., 1961). Mass balance in solutions
can be expressed for a specified cation as:

(H

dC . _ 3WDs dq
Vv FTa kS(H(Ci — ©) R ar

2

>
r=R

where C = liquid phase concentration of the specified
cation (mole/m?), Ci = saturated concentration (mole/
m?), k = rate constant of dissolution (m/s), and S(t) =
surface area contacting with solutions (m?). The first
term on the right hand side of the equals sign is the
dissolution rate of the specified cation from the spec-
imen. The rate constant k contains factors other than
the surface area and concentration difference. The sec-
ond term is the reduction rate for the cation from the
liquid phase.

The initial (I.C.) and boundary conditions (B.C.) are
as follows:

IC:att=0,q =0andC=0for0=r =R, (3

9
B.C.:att >0, gcr—l =0 forr =0, “@)
BC.,att-00,q=q; forO=r=R, (5

and

B.C att>0,q =q; forr = R. 6)

Eq. (6) corresponds to assumption (3). The value of
q on particle surfaces is equal to zero at t = 0; q quickly
reaches q;, which is a saturated value, after the start of
the experiment. Therefore, in calculation, disconti-
nuity between Eq. (3) and Eq. (6) was treated as follows:
q reached q; during the first step of numerical integra-
tion in Eq. (2).
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Figure 5. Dissolution behavior of montmorillonite. Solid
line was calculated from Eq. (2) in text using the experimental
results of Al,O, in tiron solution. Dashed line is the result
calculated without cation-exchange term in Eq. (2), using the
experimental results of ALO, in tiron solution. Parameter
values for the calculation: a = 4.0 x 10% b= 1.45;kSi=1.5
x 104 m? Ds/R? = 4.0 x 1075 /s ; and Ci = 0.719 mole/m?>.

The calculation requires first that Eq. (1) be solved
and that mass flux of the specified cation through par-
ticle surfaces be calculated. This result is then substi-
tuted in the second term of Eq. (2), in which adequate
values are substituted for a, b, kSi, Ds/R?, and Ci, such
that the calculated values closely fit the experimental
results well (see Appendix for details involving param-
eters a, b, and kSi). Next, the second term is eliminated
from Eq. (2), and the same values of the parameters
obtained above are substituted. The calculation with-
out the cation-exchange reaction is then performed.

Figure 5 also gives the calculated result which fit the
experimental results of Al,O, for the tiron solution.
The solid line corresponds to the experimental results.
The dashed line is identical to that which would have
been obtained had no cation-exchange taken place. If
the value of the 1-hr treatment is adopted as the amount
of noncrystalline components contained in the speci-
men (in accordance with the Biermans and Baert’s cri-
teria), the error is about 15%.

SUMMARY

The dissolution behavior of several crystalline and
noncrystalline substances in a basic tiron solution at
pH 10.5, 80°C was examined. For specimens contain-
ing montmorillonite, which has a high cation-exchange
capacity, the concentrations of Al and Fe ions released
from noncrystalline substances in the tiron solution
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Figure 6. X-ray powder diffraction patterns of the oriented
slide preparation of untreated, tiron-treated, and sodium car-
bonate-treated montmorillonites, wetted by distilled water.
Time for each treatment = 1 hr.

increased initially and then decreased with time. The
XRD patterns of the oriented slide preparations wetted
by H,O indicated that the interlayer cation of the spec-
imen treated in the tiron solution was exchanged by
Al and/or Fe ions. To clarify this unexpected obser-
vation, a mass-balance equation was developed for the
specified cation in solutions on the basis of dissolution
and ion-exchange. This equation approximately ex-
plained the experimental results. Furthermore, based
on this equation, the effect of the ion-exchange on dis-
solution behavior was evaluated.

Dissolution in these systems, however, is still more
complicated than described above, and problems in-
volving such reactions as ion-exchange and floccula-
tion still exist in chemical dissolution methods.
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0 t

Figure 7. Schematic diagram of assumed S(t), surface area
in contact with treatment solutions.

APPENDIX

Description of S(1)

S(t) in the first term of Eq. (2) is not specific surface area
measured by the BET method, but surface area in contact
with treatment solutions as a function of time. Such surface
areas cannot be measured; hence, a following function was
assumed in this study. Figure 7 shows a schematic diagram
of assumed S(t). Here, a new function defined by the following
equation is introduced:

P(t) = f tS(t)dt / f - S(t)dt .
0 0

P(t) is a kind of probability function and can be ap-
proximated by means of a Weibul distribution function
in consideration of the shape shown in Figure 7 as:

)

(-5
P =1 —exp{ ——]. 8)
a
Thus,
|- P v
S(t) = ;Sll exp( a)’ 9
where
Si= f wS(t)dt . (10)
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