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Tuble 5.12

Sodium adsorption ratio in saturation extracts of salt affected soils

prosile Nos. | SAR calenlated from i Profile Nos, BAR caleulated from
Aand = T ok i . and "_% T 77T -
depth of ‘ total iterated total iterated Jeptl of total | iterated | total iterated
sampling caticn cation sampling cation i eation
em, | _concentration | _ activities || o conecentration activities
' |
No. 1 | . No. 7

0—3 123.54 | 186.22 | 148.70 © 221.96 | 10—20 26.90 | 34.26  31.81 | 40.23
3—10 105.66 | 182.65 | 124.51 215,14 | 20—40 38.48 | 52.03 | 46.99 | 63.11
10—20 T4.57 1 12510 87.63  146.24 | 40—60 37.04 | 51.79 46.88 | 63.64
20—30 94.90 = 150,66 | 115.61 18348 | 60—30 41.29 | 56.95  51.60 | 57.47
30—40 35.41 50,47 41.11 38,37 | 80—100  30.61 | 39.95 @ 36.71 @ 4%.02
40— 50 37.64 | 54.79 43.69 = 64.09 | 100—120  59.56 | 80.04 | 71.45 97.17

{ {120—140 5097 | 66,52 | 60.69 | TAT3

3—10 097.44 | 163.18 | 117.36 | 197.49 0—10 6.48 (.99 7.20 7.73
10—20 101.16 143.33 120.18  167.60 20—40 11.48 | 12,74 + 13.05 | 14.40

40—60 14.75 | 17.26 :© 17.05 | 19.87

|
20—30 | 66.26  107.05 | 71.63  123.93

|
|
No. 2 | ‘ No. 109 ' ‘
i
|
|
|

40— 50 20.28 | 33.44 | 2300  37.53 60—s0  15.83 | 1839  18.31 | 21.12
50— 60 14.10 | 17.91 16.08  20.33 80—100 1430 | 16.10 | 16.37 | 18.30
| P 100—120 1201 | 13.70 13.63i 15.48
; 120—140 7.49 | 814 8.38 [
where @ = -22.0458; b = 1.821.

To prove the validity of this relationship, carbonate ion activities in the
saturation extracts of sodium carbonate solonchaks were computed by the
modified iteration method and calculated from equation (5.11). The averages
of carbonate ion activities after subtracting the concentrations of the MgC'()g,
(CaCOf and NaCOj ion-pairs, and calculated from the pH values of the ex-
tracts, were 1.23 - 10-3 molefl and 1.52 - 10-3 mole/l respectively.

The caleium ion activity may be caleulated by combining the equations
(5.8) and {5.11):

lg Gt = 0" — B VT — %pH (5.12)
where o = +-22.9458 + lg K¢ co,

The activity ratio of exchangeable cations depends on the sodium-calcium
activity ratio and on the pH value of the intermicellar solution in the case of
salt atfected soils containing sodium carbonate:

(IRNa)?

g =l K& 4 g ana: - g acy = 1g K§2 4 (pCa — 2pNa) (5.13)
(RCa)
RNa)? , . :
1&!!**‘1 =g K& -’ +b |1+ 2(pH — pNa) (5.14)
(RCa)
K22 = the exchange constant of caleium-sodium ion exchange
RNa, RCa = the activities of exchangeable sodium and calciuin ions
pNa, pCa = the negative logarithin of the sodium and calcium ion activity

in the intermicellar solution
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Table 5.13

The amount of exchangeable sodium in bentonite-Na,80,-CaS0, solution systems

[Na*] \ [Ca2*] L |
et [Na*] [Na*p [yma+]* B e
okl , [Cat*] [Ca™+] =) N HEE
molefl - 105 [Veaz+] | N2
mef100 g
| t
5.0 . 10-3 2.60  0.10 257 | 6.7.10-2 1.165 1.8 | 96 | 12.3
7.5 . 103 3.94 0.8 22.4 | 8.8.10-: 1.208 13.8 14.4
1.0 - 102 548 | 0.26 2.3 | 117-10-* | 1332 | 217 29.6
2.5.10°2 13.30 ©  0.61 21.9 | 29.2 - 102 1.416 26.5 26.5
7.5.1073 |  3.94 ‘ 0.13 31.0 | 12.2. 102 1.205 209 | 96 | 20.9
1.0.10" | 530 018 | 303 | 16.1.10-2 1.242 21.7 22.6
2.5-10= | 13.90 ‘ 0.48 29.0 | 40.3 . 102 1.421 335 35.2
5.0 . 10~ ‘ 3040 | 0.98 31.0 | 94.3. 102 1.678 51.9 54.1
RNa)?
and lg ( 2 a’ —b\|I + 2(pH — pNa) (5.15)
=4 1
(RCa)

The approaches used to calculate the exchange constant or the ratios
of exchangeable cationg differ in the way in which the activity of exchange-
able cations iz expressed. VANSELOW [1932] supposes that the adsorbent be-
haves as an ideal mixture of solid solutions so that the activity of exchangeable
cations can be calculated by their molar fractions. THOMAS [1965] uses the
equivalent fractions as a measure of the activity of the cations adsorbed.
LavpeLout [1965] takes the monoionic form of the soil-solution suspension
at a large ratio of diluted solution to the golid adsorbent as the standard state
of soil-electrolyte solution s¥stems.

€ terated

€ tetal

R e

M=

0 2 1 e ‘sé-}éé&)\ 3 Lué"é?'aslfﬂl 2 3 L5
alkalinity
Fig. 5.3
Dependence of caleulated and total ion concentration ratio on the alkalinity of the
solution. a) determined in the absence of NaCl; b) determined in the presence of NaCl
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Table 5.14

The solubility product of CaS0, determined in saturation extracts
saturated with gypsum

Depth of Iy Solubility product | Thermodynamic solubility product
sampling 10° + molefl 10* + (mole/l)* 10% » (molej1)*

o T s | ® a | v - a b
4060 | 2305 1 1739 | 7.33 2.02 5.81 2.83
60—80 | 147.6 | 1158 | 478 | 211 | 5.19 2.711
80—100 | 143.9 111.5 4.80 2.11 5.31 2.77

100—120 | 115.0 89.3 3.69 1.71 497 2.60
120140 | 1035 |  79.9 3.10 1.46 4.28 2.39
Average 5.07 2.67

| 8y =5.78.10"6 | 8, = 1.49 - 10-°

| B, =259.10-% | §, =6.65.10~7

a) Calculated from original concentrations of ions
b) Calculated from iterated conecentrations of ions

Citerated
€iotal
1.0+ '—0""'—' $ X Y~ X+ XXX K * R TR TR * —xxk — x— C [~
o
W&'&W
2
094
A S
‘e
~ B
084 N N
. \\ .
L] \ * -
074 . % .
~N
\ L ]
- \.\‘K
06 - LS
a® ~
L] a
a®a
R
057 : .xg‘t .
\\.-.
S~ C02+
o i 3 S e e F ' o] Racsi Saehd 7"[_-;‘;777 T GO T T T T T L |
0.01 0.1 1.0
[ mol/l
Fig. 5.4

Dependence of iterated and total ion concentration ratios on the ionie concentration
of saturation extracts
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Table 5.15

The quantities and ratio of components contributing to the cation exchange
capacity of some salt affected soils

J‘ Cation exchange capacity

Organic | i i ; :

. mgtter CaCO, | Clay ’ sie mthe\nvestlgatg_c_l samples o
Soilt; | i
otype T T Silt ggmlrc CaCO, | Total

mef100 g soil
|

Solonetz soil

|

|
_ |
l25.00 | 24.8
| |

horizon “B* 2.25 22.2 116 | 11.2 | 1.02 | 460 — 168

horizon “C”’ | 0.22 10.8 | 15.0‘ 1.26 | — 973 260

Solonetzic meadow soil ‘ i ! I |

horizon «“B” | 234 — . 30,8 | 15.1 2.5 | 2,74 | 9.63 — 34.87

horizon «C” | 033 | 8351 453 249 | 226 | 447 | — | 3.31 | 30.38
| ' l |

The GApoN equation is based on the misciple displacement of foliar water
on the surface of the adsorbent [Kerrry 1948]. The DoxnaN, ERIKSSON [cit:
Bascock 1963] and BoLT equations

5];?‘« are based on the model of a diffuse
™ double layer [BorT and Pacr 1965;
. LaeerWERTF and Borr 1959].
85 £ The systems do not always
sor correspond tothe conditions applied
N during the calculations of exchange-
S ablecationactivityandthe “‘exchange
50 | \ Nerco, constant”” varies more or Jess with
; . the total electrolyte concentration
e L of the solution and the molar or
to! \ equivalent fractions of the adsorbed
! % ions. The variation of the “exchange
a \ constant” is the greater the more
10 unequal the sizes and charges of the
B adsorbed and counter ions ave and
23 the higher the selectivity of the ad-
20 sorbent is to any of the ions. For
natural exchangers there are ouly
e limited concentration ranges where
10 the exchange constant proved to be
fuirly constant.
3 7 The ability of soils to adsorb
. — : cations in an exchange form is relat-
0 0os o 02 03 04 mell

s ed to the free negative charges of
Flged.9 soil particle surfaces and it is com-

Dependence of bentonite Na-24 activity as a d £t Yallosr:
percentage of the totul Na-24 activity on the Posed ot the following compo-

cquilibrium Na+ concentration in bentonite-  nents:

NaCl, NE{ZSOI andl Nagcoa solution systems — the cation exchange ca-

Horizontal axis: Na* concentration of the pacity  of the laver silicates 1in

equilibrinmm solution (me/1). Vertical axis: * ks 5 i i

S = total Na-24 activity; 8. = activity of the clay fraction of the soils,
the ecuilibrium solution
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Table 5.16

The amount of exchangeable sodium in bentonite-Na,C0, solution and
illite-Na,CO, solution suspensions

| sotatt 1 i . iyad | [Yaet]?* | Exchinge
Exchanger ! Solution mole/l ‘ pi | Alkalinity me/l | [Voat] abxlselj\la+
Bentonite I Na,CO,  2.2.10°% 8.9 1.03 1,04 1.1144 0.73
| 5.0 . 10738 9.4 3.93 | 3.56 1.1787 5.38
] 1 6.2-10°8 9.3 5.70 5.22 1.2006 12.10
| 7.9.10°3 9.6 6.95 6.95 1.2301 19.05
f21-1072 10.0 20.52 16.54 1.4041 46.13
‘ 4.7 . 1072 10.1 39,75 38.26 1.6503 89.76
Illite Na,C0, 1.0.10-3 7.8 1.03 0.95 1.1609 0.34
' 5.0.10-% 9.6 4.36 4.43 1.1795 3.36
| 7.4 .1073 10.0 G.44 6.26 1.2218 9.30
| 9.8.1073 10.0 8.31 9.13 1.2581 10,71
} 2.5.1072 10.2 22.39 20.86 1.4402 14.84
i 5.3 -10"2 | 10.4 45.19 44.34 | 1.7107 16.76
i \

— the cation exchange capacity of the compounds in the silt fraction
of the soils,

— the cation exchange capacity of the organic matter in the soils,

— the cation exchange capacity of salts sparingly soluble in water.

In the case of soils it depends on the texture, mineralogy and chemistry
of soil compounds and on the degree of dispersion of particles with the ability
to adsorb cations in an exchangeable form (Table 5.15).

Investigations carried out with phase-equilibrium systems show that the
influence of the pH value on soil colloid systems manifests itself not only in
the change in solubility of poorly soluble salts, but also influences the degree
of dispersion, the cation exchange capacity and the surface charge density of
the adsorbent too [DaraB 1965]. The distribution quotient of Na-24 decreases
as a rule with an increase in the concentration of solutions containing chlorides
and sulphates. It increases and reaches a maximum value if sodium salts
capable of alkaline hydrolysis are present in the free electrolyte solution of
phase equilibrium systems labelled with Na-24 (Fig. 5.5). From the material
balance of the system it follows, that if there is an increase in the isotope dis-
tribution quotient in spite of the increase in sodium ion concentration in the
golution this indicates an increase in the cation exchange capacity of the
adsorbent:

Se— 8 -
O L Oy Vs = MN (5.16)
St

B, = activity of the solution used for labelling, imp/min/ml

Sy, = activity of the free solution at equilibrium, imp/min/ml

Cna = sodium ion concentration in the intermicellar solution at equilibrium,

mole/l
V, = wvolume of free electrolyte corresponding to 1 g of adsorbent
M = CEC of adsorbent, me/g

=
£
\

= equivalent fraction of exchangeable sodium.
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The increase in the exchange capacity can be either apparent or actual.
By determining the sodium ion concentration and pH value of the equilibrium
golution and measuring the amount of exchangeable sodium, the product of
the selectivity coefficient and the cation exchange capacity can he calculated
if it is assumed that the activities of the exchangeable cations are related to
their equivalent fractions:

Nk [BNa o, [Natp?
Nea T[T—RNa] = % [Ca?*]

[Ca%] =num lg (15.5872 — b |/ 1 — 2pH) (5.18)

taking the value of the thermodynamic solubility product for CaCO, to he
that measured by Nakavama [1968, 1969].

Taking the CEC value of the adsorbent to be constant, the selectivity
coefficient of sodium-caleinm ion exchange depends on the sodium saturation
of the adsorbent. This dependence can he expressed as a second rate function
between the natural logarithm of the selectivity coefficient of cation exchange
and the equivalent fraction of exchangeable sodium (Table 5.16). Integrating
this function, practically the same values are obtained for the exchange con-
stant in the case of bentonite and illite:

1
In K82 = In K’ dNy, (819
0

In K88 = —0.86044 for hentonite
In K¥2 = —1.1153 for illite.

In the case of calcium-sodium exchange, the surface properties of the
adsorbent may change with the increase in its sodium saturation. In the case
of montmorillonite the degree of hydration and the amount of adsorbed
OH - increases, while the degree of crystallization decreases with an increase
in sodium saturation [Daras 1965, 1974].

The changes in the colloid properties and in the degree of crystallization
of the solid phase also influence the activities of the exchangeable cations,
the selectivity of the adsorbent to the sodium ions and the mobility of the
cations adsorbed. According to the kinetics of Ca-45 isotope adsorption in
a bentonite-CaCl, solution equilibrium system, three part processes character-
ized by rate constants of exchange differing in their order of magnitude may
be distinguished (Table 5.17). In systems of Ca- and Na-bentonite prepared
with sodium chloride and sodium carbonate golutions, different ion adsorption
part procesges exist. Usually each of the part processes is dominated by one
of the cations taking part in the ion exchange.

The different values of the exchange rate constants of calcium and
sodium ijons in the systems indicate that the distribution of exchangeable
sodium and ealcium ions in the double layer and on the surface is not stochio-
metrically homogeneous. At a low degree of sodium saturation the sodium ions
occupy sites with low energyv and they are more mobile than the calcium ions
which are adsorbed on places with higher energy. As the sodium saturation
increases, the alkalinity of the medium and the degree of dispersion also increase,
and the sites with low mobility become accessible to the exchange of sodium.
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The existence of exchangeable cations with different mobility means that
the equilibrium of the cation exchange is influenced by the interaction between
the intermicellar and micellar solution, the diffusibility of cations in the diffuse
double layer and the mobhility of ions on the surface of the adsorbent.

The equilibrium of cation exchange, as is mentioned above, is determined
by the concentration and chemistry of the liquid phase and the composition
and surface properties of the solid phase. The equilibrium state of cation ex-
change in soils can only be characterized on the basis of detailed and exact
data related to the chemistry, physico-chemistry and mineralogy of the soils
investigated. If these soil properties change during the soil formation the cation
exchange can only be characterized as a process leading to a momentary quasi
equilibrium state between the solid and liquid phase of the goil.

When modelling the chemistry of soil salinization andjor alkalization,
measurable values such as ion activities in solution and calculable functions or
values such as the dependence of carbonic acid dissociation constants on the
ionic concentration of the solution, the thermodynamic solubility products of
sparingly soluble salts and the influence of ion-pair formation on the value
of the sodium adsorption ratio can be taken into account. Many of the factors
affecting the regime of salts and mobile sodium compounds must be simplified.
First of all, in the models it is taken for granted that the surface properties
do not change with changes in the sodium saturation of the soil. Consequently,
it is assumed that the selectivity coefficient of cation exchange is constant,
Further investigations are necessary if accurate information is to be obtained
on the variation of surface properties with variations in the degree of soil
salinity and sodicity.

Several works [Bower, GARDNER and GoeRTZEN 1957; BROOKS, GOERTZEN
and Bower 1958; FiLEr 1969, 1974; Lar and Jurivax 1971: RisrE and
Davis 19557 have been published on the modelling of the vertical movement
of water and salts in soils. The fundamental point of this model is the applica-
tion of chromatographic equations to the description of the accumulation and
leaching processes in soil columns.

5.3. Ion transporf in column models

The regularities of ion exchange processes in soils are usually studied
under static conditions.

In nature, exchange reactions are accompanied by the movement of soil
moisture. Because of the presence of different readilv dissociable inorganic and
organic salts, the liquid phase of the soil (soil solution) is characterized by the
properties of strong electrolytes. ‘

In the vertical transport of solutions through soils, a dvnamic interaction
occurs between the ions of the solution and those adsorbed on the surface of
the solid phase.

The vertical transport of ions in sifu is a complex process, the result of
downward and upward solution movements.

Jon transport occurs by means of mass flow (ions move together with
the water stream), diffusion (ions move due to the concentration gradient) or
both. Diffusion, together with other tactors such as veactions with the ex-
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change complex of the soil, hydrodynamic disturbances, tortuosity, etc.,
eventually causes a considerable dispersion. Dispersion, the physical properties
of the soil (e.g. the pore volume) and the variable solution flux determine the
flow rates occurring in the soil profile. At high values of flow rate, transport
by diffusion is negligible compared with transport by mass flow, whereas at
low flow rates, transport by diffusion may be the dominant process.

The salt concentration of the soil solution is also a variable factor. It
influences the equilibrinim hetween adsorbed and non-adsorbed ions and thus
the rate of the transport process in the soil.

Transport phenomena are usually described with reference to column
models. The soil is considered as a system consisting of a non-moving porous
solid phase with a considerable surface area and a moving liquid phase. The
material nptake and release governed by the interactions between the two
phases can be described by the equations found for ion exchange chromato-
araphy. However, the theories valid when chromatography column operation
is applied in the ionic separation processes of homogeneous synthetic ion ex-
changer resins can only be used for ion exchange processes in soil systems if
certain simplifications and approximations are made. Therefore, the validity
and applicability of chromatography models and theories for the particular
transport problem must be checked by soil column experiments under well-
defined conditions. On the other hand, soil column experiments also have their
technical difficultics, because of the changes in the physical, physico-chemical
and colloid properties of the solid phase of the soil during percolation and
consequently (e.g. in the case of percolation with Na *-containing salt solu-
tions), due to the gradual decrease in the flow rate. Therefore, some simplifica-
tions (e.g. the use of soil-sand mixtures) are necessary [FiLep 1969; POELSTRA
and FrRisser 1965; RipLy 1975].

The coluwmn process. — When a column of exchanger saturated with one
kind of cation A’ is eluated with a solution containing a second ionic species
“B”, the “B” ions present in the influent solution will gradually replace the
ions originally present in the column. As this percolation will cause a repeated
adsorption and desorption of ions, the replacement of “A” by “B” will proceed
from the top to the bottom. Thus, after the process has been operative for
some time, the following three zones may be distinguished:

1. A zone where all “A” ions have been replaced hy “B”.

2. A transition zone, where ions “A” and “B” oceur together and where
the relative amount of “A” increases with depth.

3. A zone where it is still only “A” ions which are present.

The depth of the appearance of the different zones and their thickness is
greatly affected by the ion exchange power of the interacting cations [FiLep
1972; vax pER MoLEX 1957].

The changes in the amount of adsorbed cations may be graphically repre-
sented in the following ways:

1. By isochrones, giving the change in the distribution of adsorbed cations
with depth at a fixed time. Isochrones referring to the ions displaced from the
column are known as rear houndaries, whereas those referring to the influent
ions are denoted as front boundaries.

2. By isoplanes giving the change in adsorbed cations with eluate volume
(or in the case of steady flow, with time) at a fixed depth.

8
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3. In the same way the variations in solution composition may be given.
The isoplane of the solution corresponding to the bottom of the columns gives
a picture of the changes in the composition of the effluent; if the isoplane
refers to the influent ion, it is generally known as the break-through curve.

4. The relation between adsorbed ions and the ions in the solution may
be given in the usual way by adsorption isotherms. The distribution of the
various cation pairs at equilibrium and the shape of the isotherm (in the case
of cations with different valences) depends on whether the cation of higher
valence or that of lower valence is the exchangeable or the counter ion at the
beginning of the process,

The shape of the break-through curve is affected mainly by the character
of the ion exchange, the flow rate and concentration of the solution, the rate
of ion exchange and the length of the column.

The use of chromatography theories allows:

a) the prediction of a component in the effluent,

b) the calculation of the amount and distribution of the component
adsorbed on the solid phase within the column,

c) the caleulation of the concentration and distribution of the same com-
ponent in the liquid phase.

T'heories of column operation. — When using chromatographic transport
theories, it is necessary to select the proper theory, because when a theory
derived for a given situation is applied to a problem connected with a different
situation, no acceptable agreement hetween theory and experiment can be
expected [FRissEL and PorLsTRA 1967].

The chromatography theories applied in soil science can be divided
according to the presence or absence of the following simplifying character-
istics of the system:

a) The existence of an instantaneous, local equilibrium between the ad-
sorbed ions and those in the solution phase.

b) The validity of the linear adsorption (or exchange) isotherm.

¢) The consideration of convection only (ignoring diffusion and fluid
dispersion flux).

1. The presence of all three simplifications, a), b) and ¢) is the simplest
case and can justly be termed “chromatography”. In this case an adsorption
band does not change shape even in homogeneous material; for soils this
combination does not reflect the true situation.

2. The absence of b) and the presence of simplifications a) and ¢) is also
very unlikely, as diffusion dispersion processes are usually involved in the
soil. Only at high liquid velocities can the diffusion process be ignored, but
in this case the existence of the exchange reaction may be doubtful.

3. The presence of b) and the absence of a) and c¢)is probably the right
combination in many cases (e.g. for transport of herbicides, microelements and
radioactive tracers), because of the validity of the linear adsorption curve.
This will not be the case for certain macroelements, so for the transport of
these,

4. the absence of any of the above simplifications would be the right
solution.

The theoretical approach, however, is very complex in this case, so most
of the theories are only applicable to case 3.
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Two distinct approaches to cation transport based on the treatment of
the rate of cation exchange are recognized in the literature: the equilibrium
approach and the kinetic approach. The first model applied by RisLE and
Davis [1955] to ion exchange in soil profiles was proposed by DE VAULT [1943].
It requires that a dynamic equilibrium should exist between the ions in solu-
tion and in the adsorption phase. The theory was developed for ion exchange
chromatography in ideal columns in which the thickness of the theoretical
plates was assumed to be infinitesimal. The effect of diffusion, dispersion,
channelling and turbulent flow are ignored.

The theory starts with the material balance over a crogs-sectional layer
of the column of thickness 9z [pDE VavurT 19437:

R AT 5.20)
8z = oV ' av

where ¢ = local concentration of the given ion in the solution phase
q = local concentration of the given ion in the solid phase
z = distance from the top of the column
w = pore fraction
V = volume of solution fed into the column.

The general solution of this equation is:

z = S(c) + H_Y,___ (5.21)
o+ pf’(c)
where @ = the amount of adsorber per unit of length
/’(¢) = the derivate of f(c) with respect to ¢
f(e) = the adsorption isotherm defined in such a way that ¢ = ¢f(c)
S(¢) = any function determined by the initial distribution of the

solute through the column.

Dz Vaurr [1943] shows that adsorption isotheris with positive curvature
eventually give diffuse front houndaries, whereas negative curvatures give
front boundaries which remain constant or even become sharp. Rear bound-
aries show the opposite situation. With o linear isotherm the shape of the
houndaries remains unchanged as the houndary moves.

RisLE and Davis [1955] have used DE Vaurr’s theory in soils with
varying degrees of success. They derived the adsorption isotherm for the equi-
librium constant of an ion exchange system. FiLep [1969] used the above-
mentioned theory for the calculation of break-through curves in Ca soil columns
percolated by Na-containing salt solutions. He showed that the theory could
be adapted only when assuming complete equilibrium between the two phases
and for the exchanpge of only two cations. The main limitation of pE VauLr's
theory is, that in practice (e.g. in the soil) not only isotherms with positive
curvature, but also linear isotherms and those with negative curvatures give
diffuse boundaries. Apparently the ideal case of infinitesimal plate thickness

g%
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is not fulfilled in actual columns in which disturbing factors such as finite grain
size, diffusion in the solution and non-equilibrium are operative.

These disturbing factors may be taken into account by introducing a
finite plate thickness using the Marrin and SY~eE [1941] chromatography
model. In applying the plate concept, the column is assumed to consist of
a series of independent plates of equal height, in which an equilibrium is
established between the components of the two phases. MARTIN and SYNGE
[1941] show that the distribution of a solute obeys the laws of probability.

When a substance originally present only at the top of the column is
eluated, the binomial (BErwourri) distribution is obtained. After s large
amount of liquid has passed through a large number of theoretical plates, the
distribution approaches the curve of error. If initially the column was evenly
loaded with solute, the terms of the Bernoulli distribution should be sum-
mated; when a large number of plates has been passed, the error curve should
be integrated into the error function. Tn this case, the point at which the con-
centration has decreased to half of its original value, is travelling downward
with constant speed, and at the same time the boundary is gradually broaden-
ing. GLUECKAUF [1955] has used the plate concept in the evaluation of satura-
tion curves, elution separations, ete. For the case of a linear adsorption iso-
therm, local equilibrium and continuous flow, GLUECKAUF's general equation is

[6‘)‘(@)] +{@] _k('afc] R (5.22)
8V b'e _8X v ,8X2 Vv

where /i represents half the thickness (in g/lem?) of the theoretical unit from
the plate theory.
For non-equilibrium cases another differential equation was obtained.
The solution of the equation for the eluation of columns with homogene-
ous salt profiles was given by GLUECKAUF [1955] in the following way:

C= S erfe? _41 N - N erfe p,tl ["N:| (5.23)
2 I"2p |'2p
C = the concentration of the component in the liquid phase of the
column (layer), mg/ml
(', = the initial concentration of the component in the liguid phase
of the column (layer), mg/ml
i) total amount of the component, mgfg dry material

V= the volume of eluating solution, ml/ecm?

X the weight of the adsorhent per surface unit of the column, dry
material gfem?

2L = the thickness of theoretical plates (N = 1/2 k)

v = the volume of the liquid phase at the given depth of column,
mlfem?

P = % the ratio of the volume of the eluating solution to that of the

liquid phase.
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The error function:

2 n

erffen =1 — e~ du (5.24
V=4 )
In the case of ¥V > 4
C= Co erfe p{_il VN (5.25)
2 lep

The theory was applied by vAN DER MorLEN [1956, 1957] to calculate
the desalinization of Dutch soils and satisfactory agreement was found between
the theoretical and experimental values. With certain modifications, the solu-
tion of the general equation is also possible in some cases of non-linear adsorp-
tion, e.g. the replacement of an ion by another with greater adsorption power,
such as the exchange of Na* by Ca?*. In the reverse case, e.g. when strongly
adsorbed Ca?* ions are replaced by less strongly adsorbed Nat ions, no theo-
retical description of the phenomena is available.

Since the above-mentioned equilibrium theories assumed convection to
be the dominant effect in the ion transport, the chromatography model of
Lapipus and AMUNDSON [cit: FrIssEL and POELSTRA 1967] involves the fluid
dispersion effect. The model considers the case of a linear exchange isotherm.

The equation based on the material balance over a layer 4z is:

aC _ o 0S|
D _v_c=8_0..r_£___' (5.26)
oz oz of w oF
where
¢ = the concentration of the counter cation in the solution, me/cm?
S = the amount of cation adsorbed per unit weight of the exchanger,
me/g
z = the depth of the column along the direction of flow, cm
t = time, in hours
D = the fluid dispersion coefficient, cm? hour
? = the average pore velocity, cm/hour
o = bulk density, g/em3
@ = pore fraction.

In some particular cases analytical solutions may exist for linear exchange
isotherms but in general numerical solutions with defined initial and boundary
conditions are applied both to linear and, with some modifications in the
material balance equation, to non-linear exchange isotherm conditions [La1
and JURINAK 1971].

The chromatography model originally developed by THoMAs and ox-
tended by HresTER and VERMEULEN [1952] is a kinetic approach. The kinetics
of second order reactions are applied to the rate of adsorption. This model also
considers convection to be the dominant effect in ion transport processes.

The ion exchange between the non-moving solid phase and the moving
liquid phase is characterized by two partial differential equations. Firstly:
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[BCaA] _ [%9a 3Ca 5.97
[az Jv Q[GV],H[W]I i

This equation expresses the fact that any loss of ion “A” from the solu-
tion flowing through an infinitesimally thin section must be equal to the gain
of “A” in the solid phase.

The other differential equation expresses the ratio between the cations
in the solution and those on the exchanger.

For ions of equal valencies the following approximation can be made:

BQA 1 =
== =k C ——q.,C 28
[ ” l kn[ AdA IKQA B:I (5.28)

Ag

In the case of equilibrium =2 = 0 and the equation will be of the mass
at

action type.

Ca, Cg = the concentration of ion “A” or “B” in the liquid phase at the
given depth of column, me/cm?
[ = length of column, em

ga= the concentration of ion “A” in the solid phase
¢ = bulk density, g/cm?
V = the volume of solution fed into the column, ml/em?
f = the ratio of the solution to the total volume of the column (di-
mensionless).
K = the jon exchange constant (dimensionless)
kyin = ion exchange rate constant, ml/me/min.

The adsorption equation can also be used as the starting point. The theory
is also valid for non-linear adsorption isotherms. For each type of adsorption
isotherm the front becomes increasingly diffused in time.

On the basis of the above two equations a series of dimensionless param-
eters are defined during the derivation. In order to simplify the caleulations
HiesTER and VERMEULEN [1952] gave break-through curves in the form of
graphs as a function of any of the above parameters. Numerical solutions are
also evaluated. The validity of the kinetic theory of HigsrEr and VERMEULEN
was proved by BowEr et al. [1957] for the calculation of the effluent com-
position in the case of Mg-Ca and Na-Ca ion exchange in homoionic and biionic
soil systems. A fair agreement between the theoretical and experimental data
was obtained, FILEP [1969, 1974] also found a good agreement between experi-
mental break-through curves and calculated ones on the basis of the HIESTER
and VERMEULEN [1952] kinetic approach.

When modelling ion transport care must be taken to select a proper
model which makes it possible to take into account most of the factors deter-
mining the mass transport in soil columns.

In most cases, the differential equations describing the rate of movement
of the solvent and the solute have no general solutions. Numerical approaches
must be employed with determined boundary conditions.

The computation of this kind of solution provides greater possibilities
for the quantitative description of soil processes.
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List of Symbols

the activity of exchangeable “A” cation

the activity of exchangeable “B” cation

the local concentration of the counter ion in the solution phase of the
column [me/ml]

the concentration of the ion “i”” [molefl]

the initial concentration of the counter ion in the solution phase of
the column [me/ml]

sodium ion concentration in the intermicellar solution in equilibrium
[mole[l]

the error function

ionic coneentration of the electrolyte [mole/l]

exchange constant

the thermodynamic exchange constant

the solubility product of the salt Cvy « Avg

thermodynamic exchange constant of Ca?*-Na* exchange

the solubility product of CaCO,

the first and second constants of carbonate ion hydrolysis

the firgt dissociation constant of carbonic acid

the second dissociation constant of carbonic acid

the ion activity product of water

selectivity coefficient of Na*-Ca?* exchange

K, K,, K, exchange rate constant in the 1st, 2nd, 3rd part processes [sec—!]

M

N
NNa
(RCa)
(RNa)
S

S(e)

wmon
(=T

<l <d<H

P

8

c)
(c)
Q)

ey —~ e

E
(

CEC of the adsorbent [me/g]

the number of plates [NV = 1/2 k]

equivalent fraction of exchangeable sodium

the activity of the exchangeable Ca

the activity of the exchangeable Na

the amount of cation adsorbed per unit weight of the solid phase
[me/g]

any function determined by the initial distribution of solute through
the column

activity of the free solution in equilibrium [imp/min/ml]

activity of the solution used to label the system with Na-24 [imp/
minfml]

CEC of the adsorbent [me/100 g]

volume of the solution fed into the column [mlfem?]

volume of free electrolyte per 1 g of adsorbent

the volume of the liquid phase at a given depth of the column

[ml/em?

the weight of the solid phase per surface unit of the column [dry
material g/em?]

constant

constant

ratio of the solution to the total volume of the column [dimension-
less]

the adsorption isotherm defined in such a way that ¢ = @flc)

the derivate of f(¢) with respect to ¢

the total amount of the ion [mg/g dry material]
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2

U

r——./—-e-ergmef\-:{\x
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Uy, Vp, Yy

the thickness of the theoretical plates
ion exchange rate constant [sec—1]
length of the column [¢m]

the valence of the cation

the valence of the anion

the number of steps of iteration

the ratio of the volume of the eluating solution to that of the liquid
phase

g (Ca®*)

—lg (Na*)

local concentration of the ion (A, B) adsorbed on the solid phase
[meflaver]

time [hours]

rate of exchange in the Ist, 2nd, 3rd part processes [g atom sec—1]
average pore velocity [em/hour]

distance from the top of the column along the direction of flow [cm ]
the activity coefficient of the ion

the number of cations in the salt

the number of anions in the salt

bulk density [g/em3]

the weight of the solid phase per unit length of column [g/em3]

pore fraction (dimensionless)

activity of ions in the solution [mole/l]

concentration of ions in the solution [molef1]





