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Abstract

Ion adsorption is one of the most important characteristics of soil. There have been many
studies on ion adsorption in soils which have been carried out to elucidate the adsorption
mechanisms. However, few studies have been carried out to elucidate them by determining
changes in electric conductivity. Determining changes in electric conductivity is a more precise
method than pH determination in the adsorption mechanisms when the ionic compositions of the
solution systems are known. On the other hand, the existence of charged particles disturbs the
correct measurement of electric conduction in an aqueous solution. Thus accurate conductivity
data for solutions containing suspended solid particles are difficult to obtain using a conventional
conductivity cell and the probe of a conductivity meler.

This study deals with the development of new conductivity cells for determining electric
conductivity of electrolyte solutions containing charged particles.Three {ypes of prototype cells
were developed in this study. Each of them was devised to avoid the effect of charged particles.
Practical use of the above conductivity cells was also examined by determination of phosphate
adsorption on clay minerals at 298.156 K. Clay minerals are one of the inorganic components in
soils. Their characteristics are responsible for the chemical properties of soils. Stable conduc-
tivity data can be obtained rapidly and precisely by the three prototype cells.

This study reached the following conclusions. (i) The new procedures [or determining micro
changes in electric conductivity of electrolyte solutions containing suspended particles were
indicated. (ii) Simultaneous determination of changes in electric conductivity and pH will
become a good indicator to elucidate the mechanisms of adsorption phenomena.

Key words : changes in electric conductivity, suspension, adsorption phenomena, clay minerals,
conductivity cell

B all of them are very small in size (less than 2 um
1. Introduction . . N
in diameter). (ii) They have surface charge

Information on soil clay minerals is very im- due to isomorphic substitution.(iii) They are
portant for the conservation of the soil envi- very labile and act as the solid phase that
ronment and for the management of agricul- exhibits surface reactivity in soil (Saigusa,
tural systems. The characteristics of soil clay 1989).
minerals can be described as follows. (i) The composition of clay minerals is responsi-

They have large specific surface area because ble for the characteristics of soils. For exam-
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ple, supplement of plant nutrients, mobilities of
heavy metal ions and/or agricultural chemi-
cals, consistency of soils depend on clay miner-
als. These characteristics of soils are also con-
cerned with ion exchange and adsorption phe-
nomena. There are many studies on inorganic
and organic solute adsorption in soils. For
example, the triple layer model offers a quanti-
tative model of inorganic ion adsorption by soil
minerals (Yates et al., 1974 ; Davis et al., 1978).
However, the adsorption mechanisms of ionic
species on soils have not yet been completely
elucidated. Moreover, there have been few at-
tempts to elucidate the adsorption mechanisms
by determining changes in electric conductivi-
ty.

Changes in electric conductivity are a more
precise way than changes in pH to analyze
adsorption phenomena when the ionic compo-
sitions of the solution systems are known.
For example, structural differences in the layer
type of clay minerals were clearly reflected in
the trend of the changes in electric conductivi-
ty. On the other hand, this phenomenon
cannot be evaluated by means of changes in
pH because of differences in ion sensitivity
between electric conductivity and pH.

To determine the electric conductivity of
electrolyte solutions containing suspended
particles of clay minerals, 2a new procedure for
examining adsorption phenomena should be
studied. However, there are some prerequi-
sites for determining electric conductivity ac-
curately in the electrolyte solutions as follows
(e.g., Robinson and Stokes, 1965).

(1) Accurate temperature control.
curacy of 0.01% is sought, the temperature
should be controlled +0.005K or better through-
out the measurements.

(2) Avoidance of polarization at the elec-

If an ac-

trodes.

(3) Accuracy of the apparatus used for the
electrical measurements.

In addition to the above prerequisites, we
have to avoid the effect of charged particles in
determining the electric conductivity of a sus-

Several scientists tried to determine
the electric conductivity of suspensions. Gu
and Yu (1991) established an identification for
charged suspensions in electrolyte solution
and derived a formula for the effective com-
plex conductivity of the systems. Bashir and
Goddard (1990) reported on the ionic conductiv-
ity of monodisperse, neutrally-buoyant sus-
pensions of ion-exchange beads both AC total-
ion conductivitly and DC specific-ion conduc-
tivity. Sonneveld et al. (1992) measured the
conductance of conductive ceramics, graphite

pension.

and metal suspensions in aqueous KOH solu-
tions by a four-electrode cell.

However, these studies were carried out in
the suspensions which compositions were com-
pletely known and the accuracy of their exper-
imental conditions (e.g. temperature control,
accuracy of the apparatus) were not enough to
elucidate the adsorption mechanisms by
determining the electric conductivity. It is
difficult to obtain electric conductivity accu-
rately by using a conventional conductivity
cell, because charged particles disturb the con-
duction in an aqueous solution.

The purpose of this study was to devise new
conductivity cells which can obtain stable and
precise data rapidly on the electric conductivi-.
ty of suspended solutions. At the same time,
we attempted to examine the behavior of ionic
species at the soil-electrolyte interface by the
determination of electric conductivity.

2. Experimental Methods

2-1. Design for new electric conductivity

cells.

Three types of conductivity cells were
developed in this study. They were devised to
avoid the effect of charged particles. The
details of each cell are described as follows.

(a) Prototype celi-1

Figure 1 shows Prototype cell-1. This cell is
developed to determine the electric conductiv-
ity of suspensions immediately after centri-
fugation. A centrifuge tube of polyethylene
was converted into a cell. The tube was 50 m/
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Fig. 1 Design of the Prototype cell-1.

in volume, 100mm in height, and 38 mm in
diameter. The dipping electrodes were made
of platinized platinum the diameter of which
was b mm and the depth of the electrodes was
50mm from the edge of the tube. They were
mounted in the lid of the centrifuge tube.
This cell separates the supernatant from the
deposition in the suspensions on centrifuga-
tion,

The adsorbent and the adsorbate were mixed
in the centrifuge tube by a stirrer in the
The tube was then
centrifuged and immediately after centrifuga-
tion, the electric conductivity of the superna-
tant solution was determined.

(b) Prototype cell-2

Prototype cell-2 was developed by Hashitani
(1978) as an apparatus for determining the
solubilities of electrolvtes (Figure 2). We ap-
plied the cell to separate the supernatant from
The cell
permits the separation of the supernatant from

thermostated system.

the deposition in the suspensions.

the deposition in the suspension by means of
filtering in a thermostated system. The di-
mensions of the cell are indicated in Figure 2.

The adsorbent and the adsorbate solution
are added onto a glass filter. A vacuum and
evacuation process is then repeated using a
syringe. After the process, the filtrate was col-
lected in the conductivity cell for determining
the electric conductivity. The characteristics
of this method include repetitions of the
vacuum process to suspend the solutions and
to collect the supernatant.

(c) Prototype cell-3

Prototype cell-3 is shown in Figure 3. The
most striking characteristic of this cell is that
determination of the electric conductivity can
be carried out immediately after the filtration
of the suspension.
200mm in height and 50mm in diameter. It
One part (A)
functions for mixing the suspension and the
other part (B) functions for determining elec-
Plati-
nized platinum electrodes whose diameter was
10 mm are mounted in (B). The details of the
operation of this cell were described as follows.

The adsorbent and the adsorbate solution
previously thermostated were added into (A).
Filter supports of stainless steel were placed on
each part of the cell.
size : 1.04m) was placed between both of the
parts. Thereafter, (A) and (B) were connected
tightly with rubber bands and vinyl tape.

The cell was allowed to stand for 30~720
minutes with stirring of the suspensions.
After the above-mentioned time, the cell was
placed upside down and suspensions were
filtered by the vacuum operation from connec-

The cell of Pyrex glass is

consists of two separable parts.

tric conductivity of the supernatant.

A membrane filter (pore

The electric conduc-
tivity of the filtrate was then determined with
a conductivity bridge. All of the operations
were carried out in the thermostated system.

Cell constants of the Prototype cells-1 and -
3 were determined before the experiments with
aqueous potassium chloride standard solutions
(Robinson and Stokes, 1965).

2-2. Materials

(a) Clay Samples.

Two varieties of clay minerals were selected

tor 1 using an aspirator.
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Fig. 2 Design of the Prototype cell-2.

in this study. They were tubular halloysite
and protonated montmorillonite, which had
been mined in Yunnan Province and Niigata
Prefecture, respectively. The clay samples
were washed with redistilled water before the
experiments. Table 1 shows the several pro-
perties of the clay minerals used in this study.
Table 2 shows the elemental analyses of the
clay samples. Figure 4 and Figure 5 show the
X-ray diffraction patterns of the clay samples.

(b) Reagents.

Analytical grade potassium chloride was

recrystallized from redistilled water. Potassi-
um dihydrogenphosphate (KH:PO,), calcium
dihydrogenphosphate (Ca (H,POu)), and ammo-
nium dihydrogenphosphate (NH,H,PO, were
used as phosphate solutes in this study. They
were used without further purification. The
phosphate solutions were prepared by re-dis-
tilled water.

2-3. Determination of changes in electric

conductivity.
(a) Comparison of the ability for practical
use of the prototypes.
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Prototype cells-1, -2, and -3 have been deter-
mined their ability for practical use as follow-
ing procedure. One gram of oven-dried clay
sample was used as the adsorbent and 50.00 m/
of potassium dihydrogenphosphate solutions
(0.01 and 0.1 mol dm ™3, pH 4.50) were used as the
adsorbate. The adsorbent and the adsorbate
were suspended and the changes in electric

conductivity with the phosphate adsorption
were determined by using the prototype cells.
The operation manners of the prototypes were
described in 2-1.

(b) Determinations of changes in electric
conductivity and pH with phosphate ad-
sorption on clay surface.

The adsorbates used were 0.1 mmol dm =3~
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Fig.4 X-ray diffraction patterns of tubular
halloysite.

1 mmol dm "® of dihydrogenphosphate ion solu-
tions. The electrolyte solution (50.00 m/) pre-
viously thermostated was poured into the cell
and wet purified nitrogen gas was bubbled in
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Table 1 Clay minerals used in this study
Layer Moisture  Specific Surface pH-H,O pH-KC! ApH CEC
Sample name content gravity .area

type (10gkg™) Mgm 9 (10°m*/kg)? a b a—b (cmol. kg™
Tubular halloysite 1:1 7.26 2.51 87.6 5.7 3.9 1.8 6.47
(Yunnan Prov., China)
H*-montmorillonite 2:1 11.5 2.42 102 6.0 4.9 1.1 19.7
(Niigata Pref., Japan)
D BET adsorption method (N, gas) was used. 2 CaCl, was used for saturation.

Table 2 Elemental analyses of clay minerals (10g kg ")

Sample name H,0 Si0, AlLOs CaO MgO Na,O K;0 (Fe;0s)
Tubular halloysite 13.64 46.45 39.58 <0.1 0.08 0.03 0.23 1.03
(Yunnan Prov., China)

H*-montmorillonite 5.09 73.41 17.58 1.27 2.03 0.23 0.20 2.75
(Niigata Pref., Japan)
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Fig.5 X-ray diffraction patterns of H*-

montmorillonite.

the solution for 30 minutes. Moreover, wet
purified nitrogen gas had been continued to
flow the upper part of the solution in the cell
during the determination. Seals of the con-
ductivity cell were gas-tight, so that a small

positive pressure of nitrogen could always be
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applied to completely exclude carbon dioxide
from the solution. After 30 minutes of bubbl-
ing, electric conductivities of electrolyte solu-
tions were determined as the data of initial
Then adsorbate
of clay mineral (0.1 g) was added to the solution
for mixing and the adsorption was started.
The cell stood for 720 minutes with stirring the
suspended solution and determinations of elec-
tric conductivity of the solution had been
carried out at every definite intervals (for in-
stance b, 10, 30, 60, and every 60 minutes).
Determinations of pH changes with phos-
phate adsorption on clay surfaces were carried

state (reaction time of zero).

pH meter

(——— & wetN2-gas

outlet of N2 gas \
(Il )
/

out by the apparatus shown in Figure 6. A
determination process of pH was in the same
way as that of electric conductivity.

The determinations of electric conductivity
in this study were carried out by Conductivity
Bridge : Type 360 B (Fuso Seisakusho LTD.) at
a frequency of 1 kHz.All of the operations of
the conductivity experiments were carried out
in the thermostated bath (at 298.15+0.0005 K).
The temperature was monitored with quartz-
oscillator thermometer : model 2804 A (Hew-
lett-Packard).

Changes in pH were determined by a digital
pH meter HM-15A (TOA Electronics LTD.).
The temperature of another thermostat bath
was maintained at 298.15+0.001 K and the tem-
perature was also monitored with quartz-oscil-
lator thermometer : model 2801 A (Hewlett-
Packard).

3. Results and Discussion

(a) Comparison of the abilities for practical

use of the prototypes.

The results of the determinations were
shown in Figure 7 and Figure 8. All of the
prototypes showed a good performance for the
practical use respectively. There were no sig-
nificant differences in the results of conductiv-
ity data among the three prototypes. FEach of
the prototypes has their characteristic points

O Prototype cell-1
O Prototype cell-2

4 Protorype cell-3

N
pH electrodes ———»
V
U ——— polyethylene bottole
Fig. 6 The apparatus for determining changes
in pH. as follows.
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Fig. 7 Changes in electric conductivity with phosphate adsorption on tubular

halloysite (0.01 mol dm % KH,PO,).
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Fig. 8 Changes in electric conductivity wilth phosphate adsorption on H*-
montmorillonite (0.01 mol dm * KH,PO,).

Table 3 Comparison of the features of the prototypes developed in this study

Separation method of the
suspended particles from

Possibility to maintain a

Optimum concentrations
temperature during

o
electrolyte solutions

solution determination
Prototype cell-1 centrifugation possible, except the X10 *~10"*mol-dm®
centrifugation process
Prototype cell-2 filtration possible, except the collection depend on [unctions of
of the supernatant the conductivity cell
Prototype cell-3 X107%2~10 'mol-dm—3

filtration

possible, all of operatlions

With Prototype cell-1, we were able to obtain
stable conductivity data rapidly when the con-
centrations of electrolyte solutions were low.
This cell was also suitable for determining the
electric conductivity of suspensions when the
concentrations of clay were small.

The most striking features of the determina-
tions by Prototype cell-2 were their rapidity to
attain the adsorption equilibrium. They were
required to attain the adsorption equilibria for
180~360 minutes when the determinations
were carried out by Prototype cell-1 or Proto-
type cell-3 (Figure 7 and Figure 8 ). In the
same condition, Prototype cell-2 was required
for 60~180 minutes to attain the adsorption
equilibria. The time to attain the adsorption
equilibrium is owing to the repetitions of the
vacuum and evacuation processes to mix the
suspension. This is more efficient process for
establishing an adsorption equilibrium in a
short time compared with a stirring process.

Prototype cell-3 were able to obtain stable
data of electric conductivity rapidly when the
concentrations of the electrolyte solutions
were high. This cell was the most convenient
to operate for continuous determinations of
electric conductivity.

The optimum concentration of the electro-
lyte solution for determining electric conduc-
tivity was defined by the diameter size and the
interval of the electrodes. Table 3 shows the
comparison of the features of the prototypes
developed in this study.

(b) Determinations of changes in electric
conductivity and pH with phosphate ad-
sorption on clay surface.

Figure 9~Figure 12 show the resuits of
changes in electric conductivity and pH with
phosphate adsorption on clay surface. The
data of electric conductivity were obtained by
Prototype cell-1. Prototype cell-1 and Proto-
type cell-3 were used for these experiments.
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Fig. 10 Changes in electric conductivity with phosphate adsorption on H*-montmorillonite.
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The obtained data by both cells were in agree-
ment with ranges in the experimental error.
However, Prototype cell-1 could obtain stable
conductivity data more rapidly than Prototype
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because the former did not need filtr-

obtained results are as follows.
of electric conductivity increased with

The
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Fig. 12 Changes in pH with phosphate adsorption on H' -monimorillonite.

phosphate adsorption in the initial 5~10
minutes. Then the graph showed a gradual
curve and reached to a plateau after 360~720
The values of pH showed a pro-
nounced decrease at the beginning of the reac-
Then the pH began to increase and

reached to a plateau at lower value than the

minutes.
tion.

initial pH. Changes in electric conductivity
and pH were depended on following condi-
tions, (1) layer types of clay minerals, (ii} con-
centrations of phosphate solutions, and (iii)
counter ions of phosphate.

(i) Layer types of clay minerals.

Protonated montmorillonite (2:1 type)
showed pronounced changes in electric con-
ductivity and pH tubular
halloysite (1:1 type) (Figure 9~12).
nated montmorillonite retained interlayer ca-
tions in the layer structure. Release of the
cations and the cation exchange reaction
would occur at the interface.

(ii) Concentrations of phosphate solutions.

The solutions of 1mmol dm~® phosphates
showed pronounced changes in electric con-
ductivity and pH compared to 0. mmol dm™*
of phosphates (Figure 9~12). These pro-
perties depended on the concentration of the

compared to
Proto-

ion species in the solution.

(ii) Counter ions of phosphates.

KH.PO, and NH4H.PO, showed similar be-
havior of changes in eleciric conductivity and

Ca(HyPO4): showed the different behavior

(Figure 9 and Figure 10). This distinction
depended on the differences of counter ions of
phosphates. Namely, K™ and NH,~ were not
strongly hydrated in the aqueous solutions,
but Ca?* was hydrated in the aqueous solu-
Furthermore, K* and NH;~
trapped into hexagonal cavity that is built into
layer silicate surfaces 2:1 type clay (e.g,
McBride, Murray. 1994). These differences of
counter cation properties could determine the
changes in electric conductivity.

Following assumptions of the mechanisms of
phosphate adsorption on clay surface were
concluded from the above results of (1 )~(iii).
At the beginning of the adsorption, exchange
reaction had occurred between counter cations
of solutes and other cations already adsorbed
on clay surfaces, rather than anion exchange.
Because the mobilities of the counter cations
were more rapid than that of H,PO,~ Thus H~
release had occurred and the values of pH were
decreased and the values of electric conductiv-
ity were increased. After the cation exchange,
the adsorption of H,PO; had begun and
released OH™ made increase the value of elec-

tions. were

tric conductivity and pH.

The values of electric conductivity and pH
showed tendency to gradual decrease when the
adsorption reactions had attained to the equi-
librium. In the acidic condition, AI** and Fe®*
were released from the clay minerals to the

suspension. These cations formed slightly
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soluble salts by following reactions.
AP+ H,PO, ™ +2H,O0—2H * + AI(OH),H,PO,
Fe3 ‘ +H2PO1 "*”2IT‘I_JO_>ZI‘17r +FC(OH)2H2PO4

4. Conclusions.

The following conclusions were obtained in
this study.

(i) This study showed the new procedures
for determining the electric conductivity of
electrolyte solutions containing suspended
particles. The procedures include filtration or
centrifugation. Moreover, we can determine
the micro changes in electric conductivity of
the order of 1073~10"% Sm .

(ii) The above results show that it is possi-
ble to analyze adsorption phenomena from
changes in electric conductivity. To deter-
mine both the eleciric conductivily and pH at
the same time is a more efficient procedure for
elucidating the adsorption phenomena.
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