<. The Description of Ton Tramsport
in Soil Columns

7.1. Physical models and experiments

Characteristics of the soil sample used. - The “A” horizon (0--20 cm)
of a meadow chernozem soil from Térokszentmiklés (Hungary) was used for
s0il column models. The main chemieal and physical characteristics of the soil
are given in Table 7.1.

Preparation of the soil sample Jor model experiments. — The soil sample
was saturated with Ca2* ions by repeated treatment with N CaCl, solution.
After removing excess salt, the sample was dried and the 0.56—2 mm particle
sizo fraction was used. Soil column parameters are given in Table 7.2.

Preparation of soil columns. - Plastic tubes constructed from separate
2 em sections bound together, with the given column parameters, were uniformly
packed with 68 g of soil sample and were set up vertically.

The effluent end of the columns consisted of an aluminium screw con-
taining a filter paper resting on a perforated plexi plate and with an outlet in
the centre. The flow rate of the solutions could be controlled.

Solution treatment. —— The columns were initially saturated with CaCl,
solutions of the same concentration as the equilibrating solution. Equilibrating
NaCl solutions or NaCl—CaCl, solution mixtures were added to the top of the
columns.

A 2 cm high constant head of solution was set up at the top to ensure
a constant flow rate. The flow rate was controlled at a value of less than 4 -10-*
cm/sec. (making it possible for a local equilibrium to develop). In the case of
the columns in the present experiment, this means ~ 5 ml/hour.

During the percolation of sodium-containing salt solutions, the flow rate
after the first 24 hour period gradually decreased to a fifth of that at the he-
ginning, while at a later period of percolation it hecame more or less constant.

The study of dynamic equilibrium (Experiments I VL),

Saturation (1st part of the experiment)

a) Concentration and composition of equilibrating solutions.

Soil columns were equilibrated with solutions of the concentration and
composition given in Table 7.3. Every treatment was carried out in four repli-
cations. Two of them were used for the first part and two for the second part of
the experiment.

Experiments were carried out at two levels of solution ionic strength,
and 3 ratios between the sodium and calcium ions were set up within each
level of ionic strength.

The Na* and Ca?* concentrations in the effluent solution were continuous-
ly controlled. Break-through curves were obtained. The steady state was reach-

11*
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Table 7.1
Chemical and physical characteristies of the soil sample used
PH (H,0) 6.9 Particle density, g/em? 2.72
CaCoO, %, 1.1 Particle size distribution %,: |
Salt content %, 0.04 Loss after treatment with HCl 3.06
Organic matter %, 3.1 1—0.25 mm 0.07
CEC (me/100 g) 0.25—0.05 mm 8.11
(measured with isotope I
dilution method) 23.25 0.05—0.01 mm ! 26.67
Exchangeable Na+ 0.01—0.005 mm 9.60
(me/100 g) 0.07 0.005—0.001 mm 14.23
ESp 0.30 < 0.001 mm i 38.26
Saturation percentage (SP) 64.00 Hydraulic conductivity, em/day 1.1
Bulk density, gfem3 1.16

ed with respect to Na* ion concentration, when 600 800 ml of solution had
been percolated. The equilibrating time was between 200- 250 hours. The
columns were cut into 7 sections, each 2 ¢m in depth.

b) The components determined in each section of the soil columns and the
methods of determination.

Soil moisture was determined using the oven drying method. The soil
solution in each section was extracted and the soil was air dried. The Na* and
Ca®* cations in the extracts (using emission spectrometry and versenate
methods) and the exchangeable cations in the soil (using Ca-45 and Na-22
isotope dilution methods) were determined for each section.

In the case of the isotope dilution method the soil suspension (with
a 1 : 10 soil-water ratio) was labelled with carrier-free Ca-45 or Nu-22 isotopes.

After the izotope equilibrium was reached, the solid and liquid phases
were separated by centrifugation. The activity of a given isotope in the equi-
librium solution was determined with solid (for Na-22) or liquid (for Ca-45)
scintillation technique. The Ca®* and Na* concentrations were determined by
versenate titration and emission spectrometry analyses of parallel samples.
The amount of exchangeable calcium and sodium was calculated using the
following equation:

o
v,.c, {F . 1] c,v
Exchangeable Ca2* (Nat) = ge x 100
where
V. = volume of labelling solution
C, = concentration of the given cation in the equilibrium solution
U, = activity of the labelling solution, imp/min/ml
¢, = activity of the equilibrium solution, imp/ min/ml
C: = the concentration of the given cation in the solution which is in
equilibrium with the solid phase (for a given moisture content)
before lahelling, me/ml
¥V = volume of the equilibrium solution
g = the soil weight, g
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Table 7.2

Soil column parameters

(ieneral column parameters Model soil parameters
1. Column length (cm) 15 1. Bulk density (g/cm3) 1.1
2. Column diameter (em) 2.2 2, Pore fraction (dimensionless) 0.56
3. Weight of model soil sample 3. Pore volume (ml) 34.00
(2) 68.0 4. CEC (me/g)
(determined with isotope
dilution method) 0.225

Leaching of soil columns saturated with different sodium-containing solu-
tions (2nd part of the experiment).

a) Solutions used for leaching:

Concentration and volume of golutions are given in Table 7.3. When
leaching was carried out with 100 or 200 ml of Ca(l, solution 55—60 or 140,
hours were necessary, respectively.

b) The components determined and the methods of determination.

The soil solution in each 2 em section was extracted and the zoil was air
dried. The Na* and Ca?* concentrations in the solution and the amount of
exchangeable Na* and Ca?* were determined in the same way as in the 1st
part of the experiment.

The data measured in each section and the main paraineters of the colwinns
are given in Tables 7.4 and 7.5.

The concentration of Na*t and Ca?*t and the amount of exchangeable
Na+ and Ca®* are given in me/ml and me/g respectively. For plotting the ion
exchange isotherm, the relative value of Na* concentration in the liquid phase

+ .
X = -—L , and that of exchangeable Na* in the solid phasge
Nat -+ Ca?*)
ol v +
= Exchangeable Na ) were used.
Exchangeable Nat 4 Exchangeable Ca®+

Study of non-equilibrivm systems (Experiments VII - XII).

Saturation (1st part of the experiment)

a) Concentration and composition of the solutions. The ionic strength and
volume of the NaCl solutions used is given in Table 7.6.

For the percolation of 100 ml of solution 25 hours, for that of 200 ml 55
hours, and for that of 300 ml 82 hours were necessary. The flow rate was
about 1 em/hour. During the experiment a continuous decrease was observed
(down to 0.4 em/hour).

After the predetermined amount of exchanging sclution had heen added
to the column, the flow was terminated and the columns were cut into 7 sec-
tions, each 2 em in depth. ,

b) The components determined in each section of the soil columns and
the methods used.
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Table 7.3

Experiment for the study of dynamie equilibrium
Percolating solution parameters in the 1st and 2nd part of the experiment

2nd part of the experiment

1st part of the experiment (saturation) (leaching)
Experi- :iﬁﬂg Toniestrength |- R o y GaCl, solutions used for
ment | of concentration Na:Ca leaching
No columns ratio o s
mole/l 5
SUNVISNI . B | -concentration volume
of equilibrating solution | mefml ml
i _ . E—— e o
L 1 1.21-.10-1 | 1.04 - 1071 NaCl Cut into sections and
2 solution analysed after
. ) sa.i_s_uration
3 | 100
4 1.09 .10~ | 200
I1 1 |/1.18.10"1 | 826102 | 9.3.10"3 9.14 Cut into sections and
2 (~~10} analysed after
| saturation
s \
3 1.09 -10-2 100
4 200
III 1 1.14 - 10-t | 9.13.10"2 | 2.1.10"2 43.50 Cut into sections and
2 (~50) analysed after
saturation B
3 1.09-10-2 | 100
4 | 200
v 1 9.50 - 10—3% | 9.50 - 10~3 | 9,50 . 10-3 NaCl Cut into sections and
2 solution analysed alter
- saturation -
3 1.00 . 102 100
4 200
v 1 1 9.39 - 10-3| 8.42.10% | 92.10~¢ 9.33 Cut into sections and
| 2 (~10) analysed after
saturation
3 0.85 . 103 100
4 | 200
VI 1 1.07-10-2 | 9.65.103 | 1.9.10~¢ 51.6 Cut into sections and
2 (~50) analysed after
satﬁ@fmtion
3 100107 | 100
4 200

The moisture content was determined using the oven drying method.
The soil solution was extracted and the soil was air dried. The Ca?* and Na*
concentration in the solution and the amount of exchangeable Na* and Ca2+
was determined in the above-mentioned way using the same methods.
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The concentration values (me/ml), the exchangeable cation values (me/g)
and the main parameters of the columns are given in Table 7.6.

Table 7.4

Analytical data of experiments in equilibrium systems (Nos I—VI)
Part 1. Saturation. (Average values)

Fxperiment
No

1
II
I1I
v
v
VI

Experiment No
and depth of
column em

Ionic strength of | Ratio of Na:Ca s Mean flow rate at the
L : oA I .

equmg:lﬁgilgn ot 13:311il1:1;ab:ng t?xlxlxlelal,bhr;ggn start | end
mole/fl solution of the experiment, cmfh
1.21 .10t — ! 200 1.05 0.20
1.18 . 101 10 | 192 1.05 0.20
1.14 . 1071 50 ‘ 196 1.05 0.20
9.5 . 108 —_ | 236 1.44 0.36
9.39 - 102 10 - 1.44 0.36
1.07 - 10—2 50 236 1.44 1.36

Concentration of cations Ixchangesble cations

Moisture in the solution
weight %' mefml - 10* mefg - 102 o
Nat \ Cat+ Nat \ Caz+ -

49.31 139.50 | 2.20 14.40 | 5.90
44.50 127.52 ! 3.15 12.95 ‘ 5.95
36.20 126.54 | 4.20 11.80 | 7.50
42.01 113.00 | 5.60 11.25 8.15
39.60 112.50 65.35 10.45 | 7.90
42.31 101.00 7.80 10,40 | 9.75
48.40 129.52 10.45 6.90 13.30
36.55 92.50 5.85 12.95 | 10.10
33.95 83.07 9.45 10.80 | 10.25
36.33 86.52 11.00 10.35 I 11.35
38.18 92.05 11.30 79.50 ' 13.40
37.72 96.00 | 12.65 830 | 1560
39.03 91.02 l 14.60 8.70 13.40
47.61 109.00 14.55 8.30 13.65
48.76 113.00 4.32 12.25 9.50
46.11 119.00 4.06 12.80 7.40
44,50 119.04 4.00 12.60 6.85
44.15 115.05 h.81 13.20 8.10
43.17 93.03 5.52 12.45 7.40
49.76 117.00 6.53 9.95 6.20
57.35 128.04 5.50 7.90 9.15
48.70 10.60 1.02 4.62 15.50
49.60 10.75 1.08 4.25 15.95
48,80 9.75 1.27 3.68 16.50
51,50 10.10 1.22 3.43 16.75
52.60 9.35 1.38 3.10 15.95
56.30 9.55 0.97 2.70 16.15
55,40 10.20 1.01 2.27 16.55
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Table 7.4 continued

Concentration of cations
in the solution

xch 1 i
Experiment No Exchangeable cations

snd depth of e R R T
Na+ | Caz+ | Na+ | Catt+
5 |
0—2 i 49.60 9.15 1.92 3.00 14.50
24 50.30 8.80 1.92 2.42 14.60
4—6 30.60 9.60 1.97 2.30 15.00
6—8 - 48.70 9.15 | 1.87 1.40 15.55
8—10 1 49.60 8.80 , 1.72 1.40 15.15
10—12 51.20 $.80 1 1.90 1.30 16.50
12— 14 50.60 8.95 \ 1.97 1.30 16.00
V1
0—2 48.6 10.05 1.93 3.53 14.15
94 51.2 10.70 | 1.83 3.15 16,10
4—6 51.3 10.40 1.93 3.20 16.90
6—8 54.2 9.00 ‘ 1.73 2.60 16.70
8—10 56.3 8.85 . 1.22 2.55 17.80
10—12 51.6 8.25 ' 1.17 1.80 17.75
12—14 ; 52.4 9.50 1.38 2.25 18.00
i

Simplificalions of the physical model:

1. Equilibrium between the ions in the solution and those adsorbed on the
surface in each column section.

2. The flow rate of the exchanging solutions was the same during the
above-mentioned periods (i.e. the first 24 hours and the later period of the
experiment).

3. The CEC and the moisture content of the soil was the same within
the column.

Experimental results. — The vertical distribution of Na+ and Ca2+ ion
concentrations in the solution and that of exchangeable Na* and Ca2?+ in
columns equilibrated with solutions containing NaCl—CaCl, at ionic con-
centrations of 1.10~" and 1 - 10-2 mole/1 is demonstrated in Table 7.4 (1st
part of experiment).

The Na* and Ca?* concentrations in the solution are uniformly distri-
buted (within the error of analyses) along the soil eolumn. The distribution is
similar to that of the moisture.

The distribution pattern of exchangeable sodium can be characterized
by a chromatographic curve, the shape of which corresponds to the unfavour-
able isotherm of the Na*t— Ca?t exchange: A sharp maximum in exchangeable
sodium content can be found in the top lavers of the column which are in
direct contact with the solution. In the lower parts of the column, the ratio
between the exchangeable Na* and the sodium content of the solution is
shifted in favour of the latter,

The degree of sodium saturation increases with the ionic strength of the
equilibrating solution. In the case of equilibration with a 1 - 10-! mole/l
solution, the maximum sodium saturation in the top layer of the column is
60%, in the case of equilibration with a 1 - 10-2 mole/l solution it amounts
to 20%,.
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At the same level of solution ionic strength, the degree of sodium satura-
tion increases with the Na : Ca ratio in the solution.

Table 7.5

Analytical data of experiments in equilibrium systems (Nos I—VI)

Part. 2. Leaching

Percolation time for

Experiment  Concentration of equilibrat-|  Mean flow rate 100 ml ‘ 200 ml
No | ing CaCl, solution me/ml em/hr (sample No 3) (sample No 4)
‘ solution, hours
1 1.09 - 10-2 0.44 52 | 135
11 1.09 - 10— 0.41 58 140
111 1.09 . 102 0.40 — 129
v 1.00 - 102 0.38 64 145
v 0.99.102 0.40 65 i 138
VI 1.00 . 10~ 0.46 62 | 136
Sample No 3 Sample No 4
Experiment = [ 2 = 2 -
No and Mois- Concentration | pycnangealle o, | “Coneentration.of Iixchangeable
depth of s of cation in the | catione PRl cation in the cations
column weight | solution welait solution X o
ey ] | mefinl - 10% _mclg -_1_{11 w8 me/ml * 10 mefg * 10
] war | cer | Cat+ ° NXat | Car+ Na¥ | Cat
I ! i
0—2 | 61.95 | 475 | 24 5.3 7.4 6739 | 36.1 6.2 3.2 | 146
2—4 62.46 59.0 2.0 8.4 T4 | 71.83 | 420 3.4 3.2 16.2
4—6 58.40 57.1 2.0 9.5 6.9 | 61.14 51.4 1 3.6 9.4 10.6
6—8 53.40 | 62.0 2.0 10.6 7.6 61,07 56.0 i 4.0 10,5 . 10,1
8—10 | 47.20 | 750 | 3.6 11.8 7.2 | 58.59 | 78.2 | 4.5 | 107 8.9
10—12 44,46 | 804 4.6 12.8 8.1 [ 63.03 80.1 ‘ 4.8 10.8 | 0.6
12—14 46.41 | 121.1 8.5 12.9 8.9 | 70.53 85.1 ! 6.1 ‘ 10.2 9.5
II i : \ ]
0—2 21.90 | 25:1 6.0 3.7 14.7 I 37.19 35.2 | 9.0 | 2.8 15.2
2—4 22.95 |, 30.0 ;5.0 4.3 10.2 i 36,72 25.0 9.0 2.9 16.1
4—6 23.20 | 40.0 6.0 5.5 8,9 | 37.42 52.0 6.0 4.4 9.2
6—8 | 2510 | 353 | 5.0 6.5 10.6 | 4117 | 220 60| 6.5 101
8—10 25.50 ! 47.0 6,0 6.3 11.3 E 43.09 22.0 6.0 | 6.0, 10.6
10—12 23.50 | 333 6.0 7.3 14.3 | 48.41 21.2 | 6.0 | 6.5 121
12—14 | 27.90 |  33.1 6.0 6.3 14.6 ‘ 58.16 21.0 7.0 5.8 12.2
111 i |
0—2 | } 57.80 68.1 ‘ 14.1 3.2 1 178
24 . ; | 69.37 | 710 8.2 6.2 112
4—0 ! | 59.47 70.4 9.1 10.5 8.9
6—8 ! | 5510 | 913 76| 107 | 88
8—10 i ‘ 53.45 106.0 4.1 13.7 0.6
10—12 J 53.75 111.0 1 4.2 8.3 8.5
12—14 | | 71.00 111.1 ‘ 4.2 10.9 9.8
v | |
0—2 52.65 ! 3.3 4.1 0.68 | 18.7 48.16 1.9 . 7.8 0.18 | 21.5
2—4 54.42 4.2 4.1 0.52 | 17.6 52,50 3.3 ‘ 6.1 0.29 | 21.7
4—06 58.16 4.9 4.1 0.71 17.0 (61.42 3.1 5.4 043 | 225
6—8 62.05 ‘ 6.9 2.5 1.31 16.7 | 50.61 3.1 4.1 0.62 © 19.8
8—10 | 58.42 9.3 1.2 1.93 16.3 | 48.90 2.6 ‘ 5.2 0.89 20,5
10—12 | 55.16 9.5 4.1 2.32 159 | 49.51 4.5 | 3.1 1.38 | 20,7
12—14 52.70 9.1 8.3 4.95 16.3 48.16 8.8 ’ 1.6 2.73 18.7
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Table 7.5 continued

Sample No 3 Sample No 4
Ex]?eriment ‘ 07 ;x I 10;) B hi A Concentrati of | -‘x:‘imnz‘r
dI:J;tgmoif )tlgll,f,' I ocf cl;[:t?oxi_frr the Lxcca:ff:; - LtI(’is‘ ga;ieont 1?11:1%23& . catio]:s? e
column weight ‘ n galtshiony 3 2 WEL':Slth seltkion 3 2
em op | meml-100 | mefg.10* | WESME | me/mi. 10 . Tefe-10 :
‘ Na+ Ca?+ Na+ | Ca2+ ” Na+ | Ca+ | Na+ T Ca?+
A4 |
0—2 46.51 2.6 0 5.1 0.25 21.6 44.65 2.2 6.2 0.10 22.1
2—-4 48.92 2.9 4.8 0.23 24.2 45.56 2.6 5.8 0.12 22.3
46 53.63 3.5 5.2 0.23 24.8 49.55 3.5 5.8 0.23 23.4
6—8 41.52 3.8 4.7 | 0.29 22.5 53.61 3.5 3.6 0.22 22.1
8§—10 38.76 38 5.2 0.34 17.7 58.45 3.8 3.9 | 0.31 19.5
10—12 42.50 6.1 1 3.6 0.59 18.9 49,61 3.8 5.4 0.24 21.8
12—14 | 46.40 78| 21 0.96 | 19.3 | 46.50 3.9 5.9 031 199
| |
VI ! \
0—2 53.16 | 24 58 0.28 19.5 51,65 1.6 5.3 0.20 24.1
2—4 52.65 3.5 ‘ 5.1 0.32 19.5 52.65 1.3 7.1 0.30 234
4—06 60.70 I 3.6 4.2 0.31 21.0 48,76 3.4 5.2 0 0.18 23.8
6—8 54.65 ! 5.5 ! 2.1 0.67 | 20.8 49.52 4.5 3.5 I 0.35 23.7
8—10 53.52 59 | 2.9 0.90 19.2 5H3.45 5.1 5.2 I 0.25 19.5
10—12 58.40 9.9 1.1 1.47 19.8 55.16 5.4 4.7 0.35 234
1214 52.16 i 9.1 0.8 2.90 t 17.5 52,10 6.1 4.1 i 0.51 23.1

Regardless of the concentration of the equilibrating NaCl - CaCl, solu-
tions, Na* could not be removed from the soil column by treating with distilled
water. The water did not penetrate into the 2—3 c¢m top layers. This shows,
in accordance with our earlier work [REpLY and SzaBorcs 1974], that an in-
crease in sodium saturation in the upper layers of the column is accompanied
by eertain changes in the colloid properties of the soil. After percolating the
colummns with different volumes of CaCl, solutions, the maximum of exchange-
able Na™ becomes less clearly defined and moves to the deeper layers (Table
7.5, second part of the experiments). This can also be clearly seen when the
concentration of the leaching CaCl, solution is lower than that of the equilibrat-
ing solution, or if the volume of leaching solution is about twice the total
moisture capacity (Table 7.5, sample No. 3).

The corresponding data measured in non-equilibrium systems with the
same parameters (Table 7.6) represent the gradual development of the ahove-
mentioned distribution pattern of sodium and calcium ions both in the solu-
tion and in exchangeable form.

The mathematical model of the approximative description of the flow
phenomena and ion exchange processes taking place under the conditions of
the demonstrated experimental system and the problems and possibilities of

deseribing mass transport processes in such systems are presented in Chapter
7.2.



171

Table 7.6

Analytical data of experiments in non-equilibrium systems (Nos. VII—XII)
Part 1. Saturation

Percolating NaCl solution Duration ‘\’olu?;e.of Mean flow rate at the
: e tipg |——m——
Exp;r;-fﬂent Ionic strength } Nat coneentration e;’;eﬁg’fnt Nagl) 50111]1- start | end
L L M s O — tio — . | - -
mole(l i hours :ufl of the experiment cm/h
' ‘ — _
VII j 26 100 1.1 0.406
VIIL 1.17 . 101 9.21 .10 58 200 0.985 0.35
IX | | s 300 115 | 088
by ‘ 24 100 117 | 0.42
X1 1.20 .10~ | 9.85.10-% 52 200 114 | 0.39
XI1 ‘ 80 300 1.15 \ 0.36
a [ T - T
Concentration of catio; ) Concentration of cations - .
Depth of " h:;l the solution on Exchangsable ‘oillons ninnthe snll:.ltinn Fixchangeable cations
column mefml + 10* mefg - 10* mefml « 103 mefg + 102
cm = Nat Cat+ Na+ l Caz+ Na+ | . Can2+ i Na+ l Cat+
Experiment No. VIL Experiment No. VIII
P
0—2 109.1 8.2 59 | 189 115.0 ‘ 7.5 6.6 | 15.4
24 1004 | 151 31 | 179 90.4 11.7 46 | 247
4—6 93.0 | 26.0 1.9 27.5 109.5 | 17.7 2,3 | 17.9
6—8 840 | 34.0 3.3 1 24.3 99.1 | 22.7 26 | 16.5
8§—10 45.2 | 39.0 2.6 24.6 87.0 17.2 2.9 16.8
10—12 26.5 | 37.0 3.1 | 227 100.5 20,0 1.9 18.2
1214 25.0 | 39.0 1.0 | 219 115.0 209 1.6 21.8
Experiment No. IX Experiment No. X
0—2 107.6 3.0 13.4 7.5 11.3 10.6 ! 1.0 23.6
2—4 76.0 | 1.1 11.2 9.1 121 1 123 | 2.0 35.1
4—6 93.2 8.0 11.0 15.0 8.6 | 9.0 0.7 22.4
6—8 93.1 | 9.0 71 | 111 7.2 | 9.1 0.7 18.3
8—10 97.0 10.0 7.0 12.1 6.3 10.6 0.4 23.0
10—12 83.0 12.0 7.0 [ 12.3 6.1 11.1 0.3 23.0
12—14 103.2 17.0 4.5 | 131 3.2 11.0 0.2 25.2
Experiment No. X1 Experiment No, XII
0—2 14.1 5.1 5.0 ‘ 26.2 23.4 0.5 18.2 13.5
2—4 10.5 4.0 3.0 31.0 24.1 1.0 16.0 16.2
4—6 12.3 5.0 20 | 258 14.0 2.0 14.3 20.1
6—8 101 43 2.0 ‘ 26.9 9.6 3.0 122 | 214
8—10 10.0 4.1 1.7 23.7 11.3 4.0 14.0 | 203
10—12 7.6 4.2 1.8 | 210 10.5 3.0 12.1 22.2
1214 90 7.0 12 | 211 10.2 5.0 110 | 283

7.2, Mathematical description and calculations

The mathematical modelling procedure applied to the experiments in the
previous section is given in Chapter 6. The method used for synthetic model
sequence generation consists of a successive approximation. The calculated
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results are compared with the experimental data of Chapter 7.1. The processes
taken into consideration are the transport processes discussed in Chapter 6.2
and ion exchange. The number of processes included in the SM (synthetic mo-
del) is to be expanded successively by comparing the calculated and experi-
mental data, following every step of the iterations. When proper agreement is
achieved between the computed and measured values it means that all the
main processes have been included.

Of course, it may well oceur that with the introduction of all the processes
of ion transport and exchange mentioned above, no fair agreement will exist
between theoretical and experimental data. In this case, either some of the
models of the processes are unsuitable and should be checked again, or it is
necessary to introduce processes of a different nature and include models of
the latter in the SM.

The first variation takes into account convective transport and instan-
taneous ion exchange. Using equations (6.49), (6.45) and (6.50) the system
of SM equations (6.67) —(6.70) discussed previously in Chapter 6.3 is con-
structed. Among the parameters given in (6.61) only e, S and & are to be
determined. The respective values of & and S of each of the lavers 0—2 cm,
2—4 cm, ete. are known from the experiments. Tt is further assumed, however,
that e and S donot depend on the vertical axis hut are taken to be the mean
values for all experiments of Chapter 7.1: & = 0.45; § = 0.22 kg-eq/m3 of soil.
The assumption seems to be valid because:

— the variability of S and & values is relatively small (Fig. 7.1),

— if § and ¢ are selected from the data of each particular layer, the mean
value would involve a lower error than the deviation between two parallel
determinations in the same layer,

— calculations for SM are carried out for lavers less than 2 em thick,

— vertical changes in ¢ and § values may also occur within a 2 em layer
because layers of less than 2 cm were not analysed.

P %
16!
54

0- m e
010 0.14 018 022 026 030
Cation exchange capacity

Fig. 7.1

Histogram of the distribution of CEC values in each 2 em layer of soil columns

Values for Q(t) of 0.05 m/day on the first day, and of 0.01 m/day on
succeeding days were taken.

The solution of the system of SM equations given by equation (6.65)
for the experimental conditions is illustrated in Figure 7.2, Qualitative agree-
ment between the calculated and experimental values exists for each layer,
except in the top section of the column. The estimated curves correspond to
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higher values than those constructed from the experimental data. Such devia-
tions do not mean that the isotherm is unsuitable, but that all the processes
have not yet been included in the SM. The Garox ion exchange isotherm is
applied for further computation.

As the SM used still does not produce acceptable agreement between the
experimental and calculated data, the number of processes must be expanded.
First, processes which can be estimated in advance to have an effect on the
studied phenomenon, such as molecular diffusion and hydrodynamic disper-
sion (see Chapter 6.3), together with processes which lead gradually to an ion
exchange equilibrium between the soil particles and the solution, are included
in the SM. The coefficient of molecular diffusion has the value D, = gD,
where S = 0.67 and D =1.73 - 104 m%’dav for chloride [Rosk and
Passioura 1971; GAMAYU\OV 1973]. fu(n) = n is taken for the calculation of

@
Dy =1fym) - D; where n= AQ
é
0.1 em, which corresponds to “the average diameter of the macroaggregates
in the experiments and is the same as that introduced by RosE and PAssioura
[1971] for well-structured soil (the bulk density of soil in columns corresponds
to a well-structured ploughing horizon). In this case, the BRENNER number in

. It is assumed that the value of @ is equal to
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Fig, 7.2

Pattern of sodium saturation along the soil column caleulated by a SM including only

convective transport and instantaneous ion exchange, 1. caleulated with (6.18), 2, eaI—

culated with (6.19), 3. calculated with (6.20) isotherms, 4. measured values. D.8.8. =
degree of sodium saturation
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the experiments is approximately 10— 25. With these values of the BRENNER
number (see Fig. 6.9) it can be assumed that the contribution of the two pro-
cesses mentioned above will be relatively small.

Equation (6.45) is applied to describe the kinetics of ion exchange.
Other derivations for the kinetics of ion exchange are given in the literature
[Darar 1974]. When this method of caleulation is introduced specific experi-
mental data are necessary. The present svstem does not need this type of
detailed analysis. As was proved by Darap [1974], three part processes of ion
exchange exist with characteristie rate constants of 10-2, 10-2% and 10-¢
sec—1. The different rates of ion exchange in the soil-solution system are con-
nected not only with processes related to the solid phase of the soil, but also
with the rate of exchange of compounds between solutions with different
mobilities. This part process is greatly affected by the fact that diffusion on
the surface of the exchanger is the slowest of the processes leading to equilib-
riun. In this case, it can be assumed that it does not take more than one day

eLk,

to reach equilibrium in ion exchange. Consequently, the parameter { =

has an approximate value in the range of 10 --10% In accordance with Figure
6.10, using these values of {, a slight influence of the kinetics of ion exchange
on the whole process can be expected. To take this into account it is enough
to use a rate constant of exchange with the value £, = 1 day-1.

A SM including the above-mentioned processes can be described with the
system of equations helow:

E;O Q(L H?‘C E‘JG
&— :eD” g+ — - ﬁQ’—
ot eDy da? ox
de Qa % o as
8_,_]::81)." ﬁ+ ,_;_er .r_l
ot ED# ax dx at
os
',_; == ke(‘?g o 81)
(94
Clico=10C ¢ ‘x-:o =&

The parameters of the SM are determined. The numerical solution with the
RASNA programme (Appendix 3) leads to the results given in Figure 7.3. The
figure reflects that the processes additionally included contribute only slightly
to the migration of compounds in soil columns,

The change caused by the inclusion of the above processes in the SM is not
sufficient to bring about agreement between the calculated and measured
data.

Consequently, the mass exchange between the stagnant and transfer
parts of the solute in the interparticle space has to he taken into account.
Model 3, which is suitable for the description of experiments of this sort (see
6.2), is used, and (6.81)— (6.87) is obtained as a system of SM equations. Ad-
ditional parameters ¢, k; and §/s should be determined by introducing the new
processes mentioned above. It is assumed that 8§ = éf¢, and that values of
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¢ and kg chosen to fit one of the treatments are then applicable for the cal-
culations throughout the whole experiment. The choice of the mentioned values
is accomplished iteratively as all the SM equations are being solved. Tt has
been obtained that é = 0.21, kg = 1.25 day~1 The distributions of exchange-
able sodium in the soil column calculated with the RASNA programme (Ap).
3) are compared with the measured values (Fig. 7.4). It is clear that the intro-
duction of mass exchange between the two phases of the interparticle space
considerably improves the agreement between the experimental and computed
values.

For the correct prediction of experimental data in the column model,
the mass exchange between the stagnant and transfer zones must he taken

CHSS

Fig. 7.3

Effect of the introduction of molecular diffusion, hydrodynamic dispersion and the

kinetics of ion exchange into the SM. 1. SM with convective transport and instantaneous

ion exchange, 2. SM after the introduction of additional processes, 3. measured values,
D.S.8. = ¥ = degree of sodium saturation on the solid phase of the soil

into consideration. Further SM improvement may be attained by developing
the transport and ion exchange models. In particular, when a break ohserved
if ¥ varies from 0.35 to 0.45 may De related to a local jump in the

% derivative and the sodium selectivity coefficient Na at X = 0.9. Re-

gardless of this, an improvement in the SM may he achieved by an extension
of the processes included, that is, by considering the effect of salt composition
on the geometry of the interparticle space, and the rate and volume of mass
exchange between the stagnant and transfer zones. It is known [DaARAB and
FEerENCZ 1969 ] that a high sodium saturation percentage in the soil is associated
with a number of processes (soil colloid peptization, swelling, hydration, de-
flocculation, ete.) which cause a total change in the structure and water perme-
ability of the soil.

A simple example shows how modelling depends on these processes.
Considering convective transport and instantaneous ion and mass exchange
between the two zones and assuming that:
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(i) the ratio of the transfer zone volume to the pore volume depends on
the degree of sodium saturation, i.e. & = &( ¥); with an increase in the exchange-
able sodium, the transfer zone shrinks, and part of its pore volume is appro-
priated by the stagnant zone.

(i) with a further increase in the sodium content the “expropriated”
pores do not exchange with the moving solute.

It is assumed, as above, that the ratio between the sorption capacities
of the two zones is equal to that between the corresponding pore volumes.
If the total concentration € is constant, the mass conservation equation is as
follows:

where F = S/eC and the variable #iy, is the total sodium content in the
stagnant zone, which, owing 1o the assumption made, satisfies the following
equation:
©n fE | 2 .
—=0—=(X+ EY)
il ct

The SM equation has the following form:

8@ X) -
B (L)
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ot
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il ct

which is analogous to (6.67). With the conditions (6.70)and X = x , this equation

has o solution formally corresponding to (6.65). However, if it is to be applied,

the relationship between ¢ and ¥ has to be known. To determine this, a corol-

lary of (7.1) is applied:

, X
.9 aYJdt ek )[1+E‘%]JX

t
m(zx, t) (
0 0

C

i.e. m depends only on X (or V), which is actually present in the transfer

. < xz . .
zone. In other words, it depends on § =-—. The relationship between m and

g
& may also be found from experimental data (with the value of ¢ corresponding
to the end point of the experiment, 0 < x < 0.14). Let us assume that m,(&)
represents the experimental function. It follows from (6.65) that:

dy

¥ ‘dX
H=0C[él148%
A Ogg[ TR

X
X = (2=
k=%

From the last equation funection £§(X), corresponding to the experimental data,
may be found, if m(f) is replaced with m,(Z). When compared with (6.65)
it gives ¢(¥). From the experiments discussed in Chapter 7.1, the linear func-
tion is satisfactory:

é=¢e(l —0.557) (7.2)
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The data caleulated using (6.65) with regard to £(Y) are presented in Figure
7.5. It can be seen that the exactness in the approximation of the experimental
and calculated data is comparable if the model (6.81 -6.87) is applied (Fig. 7.4).
The two systems of SM equations discussed here include two limiting cases of
mass exchange between zones, namely:

(6.81 - 6.87) — The independence of the pore volume of the zones from
the composition of the exchangeable cations, and o constant rate of mass
exchange between the two zones.

(7.1,7.2,6.70) — The simple zone volume depends on the degree of sodium
saturation. The initially infinite mass exchange rate is reduced to zero in sub-
sequent moments.

In practice some intermediate situation seems to take place. Theratio of the
volumes of the two interparticle space zones is determined by the cation com-
position in the stagnant zone and in the transfer zone. It is also affected by the
whole process of eation replacements; the mass exchange rate hetween the
zones is higher in the first than in the subsequent moments, as certain pores
adsorb sodium in a non-mobile form. The agreement between the experimental
and theoretical values in both cases proves the possibility of an adequate
description of the sodium saturation in the soil column by estimating the zone
volume ratio and the average mass exchange rate. The lack of agreement
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Results of modelling when mass exchange between the stagnant and transfer zones of
the interparticle space is introduced into the SM. 1. including mass exchange between the
zones, 2. SM including only convective transport and instantaneous ion exchange, 3.
measured values. D.S.8. = ¥ = degree of sodium saturation on the solid phase of the soil
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between the calculated and experimental data on replacing the sodium by
calcium ions (Fig. 7.6) in the soil column, indicates that irreversible changes in
interparticle space geometry can play a definite role and that further improve-
ment in the model is necessary. Naturally, a new mass of experimental data is
needed to determine whether the influence of the new processes to be included
can be characterized by constants or if they are functions of the solute composi-
tion.
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Results of modelling when the dependence
of the volumes of the stagnant and trans-

Results of modelling the Ca— Na exchange
phase of the experiments. 1. ealculated,

fer zones on the degree of Na saturation 2, measured values D. S. S, — degree of
is taken into account, An experiment. with sodium saturation of the solid phage of
0.1 ~ solution. 1, Cgyt Cny =0, 2, Cgy ¢ the soil.

Cna = 0.02, 3. calculated data.

The contents of this chapter show that the modelling of solute migration
in the soil by the methods of mathematical chromatography represents an
iterative process of consecutive improvement of SMs. It is based on the concepts
held by soil science on the limiting processes of migration and the interaction
of these processes. The mathematical modelling of solute migration is closely
related to physical modelling, since it is based on physical models and describes
certain processes and phenomena of the migration as a whole; mathematical
modelling, in turn, influences physical modelling. It helps in the planning of
experiments to obtain information on the effect of certain processes. Both the
methods for solving mathematical chromatography problems, and the methods
for the physical modelling of solute migration in soils, are fairly well developed
and are constantly improving. Consequently, the method of modelling can be
characterized as an effective tool for the study of solute migration in soils.





