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Mathematical Modelling of Weathering Process
On Soil Water Ions Concentration

J.0. Odigure, O.D. Adeniyi

Chemical Engineering Dept. Federal University of Technology
P.M.B. 65, Minna, Nigeria

Abstract

Weathering and fertilizer applications are two factors responsible for the contribution of minerais
to soil water. As a result of chemucal reactions within the soil and in ihe presence of =xcess
water, most of these minerals could be 1omzed in aqueous solutions, and 3eached/ transterred to
other area. This paper proposes a mathematical model based on the rate of reaction that can be
used to predict the extent of soil saturation as a result of weathering of parent rock. The basic
principles of chemical thermodynamics of soil have been applied in the develooment of the

model.
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1.0 Introduction

Water on entering the soil becomes acidic due to dissolution of carbon dioxide. carbonic acid and
humid compounds. To a iarge extent water becomes acidic chiefly because of the carbonic acid
(H;CO;5) from the decomposition of organic matter. {n the lower parts of the soids strata. and
deeper in the ground, the dissolved compounds in water consist mostly of carbonate, sulphate.
calcium; magnesium, sodium and potassium ions, with (usuaily) small amounts of chlonde, iron
" and silica. Common dissolved gases inciude carbon dioxide (CO.), nitrogen (N3), oxygen {O2),
methane: (CHs), and hydrogen sulphide (H:S)[Petersen et-al, 1996; Ugoiini =t-al, 1996
Egharevba. 1999; Adeniyi, 2001].



A major contributor to the presence of ions: in- soil- water is the chemjcal weathering process.
Weathering produces a wide range of changes, minerals are- dissolved and the components
carried away in solution. This process and its eﬁ'ectiveness_ vary greatly depending on the
environment. The major objective of this research is to develop a mathematical mo;iel that could
give the: concentration of cation and consequently the extent of soil saturation as a result of

weathering.

1.1 Chemical thermodynamics of soil reactions
Chemical- thermodynamics can be used to calculate the reaction equilibrium, and to determine
the stability of minerals in a given environmental condition. The most useful tool for predicting
whether or not a soil reaction will occur is 1o compare the values of Gibbs free energy of
formation, AG% (in kJmol™) for reactants and products, to obtain g .\G§ for the soil reaction
Consider the reaction:
; A(s) + H,O © B(s) + C (ag)

Reudam (mineral) water product (mineral) soluble product

Then
AG'= TAG*[B.C] - TAG’[AH;0]

where AG®, = change in Gibbs free energy for the reaction

ZAG’ [B.C] = Sum of Gibbs free energies for all the products in their standard

states. SAG’[A.H20]= Sum of Gibbs free energies for all the reactants in their standard state.

When values of AG™ are negative, then AG (reactants) > AG® (products) and the. mineral A in
this case; is unstable-and the- reaction is likely to take piace in- the-forward direction. The driving
force of a chemical reaction is the-tendency of the-free-energy of the: system tor declineil at
equilibrium; the sum of the free- energies: of the products: equals. that: of th&runahﬁ;ig;rmants
(Ponnamperuma: 1972; Curtis: 1975; Bohn et-al; 1985; Smith et-al; 1996), ;

1.Z Excirange reactions:

Chemisorptiom is accompanied by a substitution of Ca™, Na", K* cations whose atﬁacdon with
respect to the-oxygen of the crystalline: structure is weaker because of their large- diameter
(Touray, 1980; Scheidegger and Sparks, 1996; Perry, 1997). Following Lasaga:( 1981) and.taking

n



as an example the weathering of pyroxene, Schott and Berner (1985) proposed (chemisorption
and substitution) the following expression for this surface reaction.
MiM;Si206 + 2H" < My + MiH2Sk06
The progressive rate of the reaction can be set as:
e o BTN I S R G e e !
With 6y expressed in Langmiur isotherm:
K=0n/(mu-0B) ...

2

o

X = 1=Xp ot
Where 8y = fraction of the adsorption site occupied by H”
8¢ =fraction of the adsorption site that is vacant
‘<mz= fraction of surface of M sites occupied by M, cations
K= equilibrium constant for adsorption ’
Mpy= concentration of H in the solution
Xm; and xg can be expressed as 2 function of the number of moles of M, cations (nmzp) and of
hydrogen (npy) contained in the M, sites of the surface of the pyroxene that 1s:
VT TR | O PO A B
Assuming that the number of moles of pyroxenes protonated at the surface is given by:
Nioe, = DMTs— DMIs = wsennensnsommrenessnsssansssssnsbesenissassiananns 5
Where nyz and ny are the number of moles of cations released in solution from sites M, and Ma,
Schott and Berner (1985) reached the following expression:

=k K, kKo e e) 6
ll’”r
For a constant pH, equation 6 implies a linear relationship between the rate of reaction and moles

of pyroxenes:protonated at the: surface. From equation 6;

P = kG — Koo P ey 7
7i
Substituting. equations. 1 into 7 we obtain:
kx 0% = k (K20, - K'0km% e Peedy 3



B (0 292, 2 (Bop, — 202, )
x,.0; = K'6m, — K*6om;, —=2 _ms’
e

For soil sample such as clay, which can absorb water molecules and thus leave negligible site as

vacant (saturated), 8¢ becomes negligible (equation 2), consequently,

Or O =it ~ Seseee e e ¥ Sum wrrreiis o8 ke Rl e 11
Rearranging equation 9, we have

K:gl i K'.‘e! ;::
fae-—tl o L 12
8, Gn,,

Substituting equation 11 into equation 12 becomes:

K°0im;, K'6im] =
R T ot (ARSI SO i3
Komy  Kmyn_ %

“m2

a2

e N e R g R L TR 14

From equation 9

{ K:e:
X 9= mf,iK:B; -—E(n_,, -n )} ........................... 15

)lp,r

K*9: - A% (n,,, -n




Equation 19 is.a reflection of the concentration of any ion in soil relative to H', this is the extent

of soil saturation, and it is proportional to the inverse of the hydrogen ion concentration, thus

K6, ’(1- ]

ll:e

Mp=1/myg

M, = SRS

The equilibrium constant K for a given reaction can be evaluated using
TTE ST T RNt M R 10 e e M e SO AT )
AG” =-23026 RT log K s et A %2
Using R=8.314 x 10" kJmol', T=298 K
AG”=-5.705 log K
GO AGTS 705 . i o bmtsain s mat o 23
Thevalues of AGy” and AG;” for three types of clay soil are presented in table | (Ross. 1989):

Table 1: Gibb’s free energy

Soil type- AGr (KJ/mol) AG,” (KJ/mol)
_ Albite (NaAlSi;Og)- 370832 43555

2. Anorthite (CaALSiHOs) -3992.79 47614

3. Kaolinite [Al;Si,Os(OH)] 3789.07 >

Therefore the K values: for some clay can be calculated

ForAlbite:
Log K-=-AG. / 5.705= -43.555/5.705=7.635
K=232x10°
And for anerthite:
Logk =-47.614/5.705 = -8.346
K=4.51x 107



At a constant pH, equation 7 implies a linear relationship between the rate of the exchange
reaction and the number of moles of pyroxene protonated at the surface.

1.3 Dissolution reaction and pH'
The rate of reaction depends on the pH, or the activity of H™ ions or H;O' designated
respectively am. or amso.. In the case of the congruent dissolution of mmeral 6, the rate of
dissolution can be written in the form (Lasaga, 1981, 1984):

dCy/dt( dissolution) = (Ag)/V.vike ...................... 24
In which, vi is the stiochiometric content of ‘i in mineral § and Kg the overall dissolution rate of
mineral 8; Aais the surface area of mineral 8; V is the volume of solution in comact- with mineral
8; the ratio dC/dt expresses the change of concentration of element i due o.nl_v to mineral 8
(Schott and Petit. 1987). %

2.0 Results

Equation 20 was simulated usmg etpenmemal dara obtained from irrigational sites m Kerawa
small earth dam berween 1991 and 1995; 1 \hger State, Nigeria. Three cations were. con5|dered
and the resuits are presented in the tables 2-7 :

Table 2: Simulated cchéeﬁﬁaxion and pH using Phosphorus (P**)[1991/92]

Mgl T 6:=020 81=0.25 8s=0.30 Experimental
My pH | My PH | My PH My [pH
{mg/L) (mg/L) (mg/L) (mg/L)

0.000126 - | 1.45x107 [ 6.84 | 1.09x10” | 6.96 | 847x10° | 7.07 7.94x10°7] 7.10
0.100126 | 137x107 |6.86 | 1.03x107 | 698 |8.00x10° | 710 i
0.200126 | 1.30x107 |6.89 {9:71x10° | 7.01 | 7:58x10% | 712
0.300126 | 1.21x107 |6.92 |9.09x10® | 7.04- | 7.04x10% | 715
0.400126 | 1.12x107 |6.95 | 8.40x10% | 7.07 | 6.54x10% | 7 18
0.500126 | 1.02x107 |6.99 | 7.69x10% | 7.11 | 5.99x10% | 722
0600126 |9.17x10® |7.04 |6.:85x10° | 7.16 | 5.35x10% | 727
0.700126 | 7.94x10¥ | 7.10 {5.95x10° | 7.23 | 4.63x10°® | 733
0.800126 | 6.49x10° |7.19 |485x10° | 731 | 3.77x10% | 742
0.900126 | 4.59x10° | 7.34 | 3.44x10° | 7.46 | 2.67x10°% | 757




Tabie:3: Simulated concemration and pH using Nitrogen (N)[1991/92]

et . By=0.20 - By=0.25 81=0.30 Expenmental |
M pH | Ma PH | My pH [Ms — pH |
mg/L) (mg/L) {mg/L) (mg/L) |
0.00000198:| 1.45x10" | 6.84 | 1.09x107 | 6.96 8.47x10° | 7.07 | 7.94x10™ | 7.10
010000198 | 1.37x107 | 6.86 | 1.03x107 | 6.98 | 8.00x10° | 7.10 i
020000198 | 1.30x107 | 6.89 | 9.71x10¥ | 7.01 | 7.58x10™ | 7.12
030000198 | 1.21x107 | 6.92 | 9.09x10° | 7.04 | 7.04x10% | 7.15 ;
040000198 | 1.12x107 | 6.95 | 8.40x10® | 7.07 | 6.54x10™ | 7.18 !
0.50000198 | 1.02x107 | 6.99 | 7.69x10® | 7.11 | 5.99x10® | 7.22
0.60000198 | 9.17x10% | 7.04 | 6.85x10® | 7.16 | 5.35x10® | 7.27
0.70000198. | 7.94x10% | 7.10 | 5.95x10® | 7.23 | 4.63x10™ | 7.33
0'80000198 | 6.49x10% | 7.19 | 4.85x10% | 731 |3.77x10° | 7.42
0.90000198 | 4.59x10% | 734 |3.44x10® | 746 | 267x10® | 7.57 |
Table4: Simulated concentration and pH using Potassium (K™)[1991/92
DEpxd Tpxe. 0=0.20 8y=0.25 8y=0.30 }§ | Expenmental
M pH | M pH | My pHE | My pH
(me/L) (mg/L) (mg/L) (me/L)
6.84 | 1.09x10” 1 6.96 | 8.47x10° | 7.07 | 7.94x10™ 7.10 |
6:86 | 1.03x107 | 6.98 | 8.00x10° | 7.10 |
19.71x10% | 7.01 | 7.58x10° | 7.12 '
- 9.09x10° | 7.04: | 7.04x10° | 7.15 i
8.40x10° | 7.07 | 6.54x10° | 7.18 |
769x10% | 7.11 | 5.99x10% | 722 !
685x10° | 7.16 | 535x10° | 7.27 j
| 595x10% | 7.23 | 4.63x10% | 733 A
“la85x10% | 731 | 3.77x10° | 7.42 i
5 | 3:44%10% | 746- | 2.67x10° | 7.57

centratior and pH using Phosphorus (P>

[1991/95]

B85=025

8=030

Experimental

¥ | M
_{ (me/)

pH

Mg pH
(mg/L)

My | pH
(mgL) |

| 971x10°%
1 9:09%10°>

1.09%107"
1.03x107

6.96-
6.98
7.01
7.04«
7.0T
7211
716
723
7.31

2.40x10°°
7.69x10° |
6:35x10%
5.95x10°
4.35%x10°%

 7.04x10°

3.44x10% | 7.46

3.47x10°
8.00x10°®
7.58x10®

7.07
7.10
72
7215
7.18
722
727
7.33
742
7.57

6.54x10%
5.99x10®
5.35x10%
4.63x10°
3.77x10°®
2.67x10®

8.91x10¥ | 7.05 |
|
i

%
|

1




Table 6: Simulated concentration and pH usi Nitrogen (N")[1991/95}
[ Ditpe/ T 61=0.20 85=0.25 8:=0.30

Experimental

My

(mg/L)

pH

My pH-

0.00000213
0.10000213
0.20000213
0.30000213
0.40000213
0.50000213
0.60000213
| 0.70000213

0.80000213
. 0.90000213

1.45x%107
1.37x107
1.30x107
1.21x107
1.12x107
1.02x107
9.17x10°®
7.94x10°%
6.49x10%®
4.59x10®

6.84-
6.86
6.89
6.92
6.95
6.99
7.04
7.10
7.19
7.34

6.98
7.01
7.04
7.07
711
7.16
7.23
7.31
746

1.03x107
9.71x10%
9.09x10°
8.40x10°*
7.69x10%
6.85x10°
5.95x10%
4.85x]10%
3.44x10°®

(mg/L) (mg/L)
1.09x107 [6.96

My
8

pH

My g pH
(mg/L) .

8:47x10™
8.00x10°®
7.58x10®
7.04x10°*
6.54x10°

7.07
7.10
7.12
75
7.18

5.99x10%
5.35x10°%
4.63x10°*
3.77x10%
2.67x10%

722
27
7.33
7.42

7.57

8.91x10™ | 7.05

1

Table 7: Simi

ulated concentration and pH using Potassium

(K)[1991/95

{ )
]i NHpx/ Npx
i

B8y=0.20

By=0.25

8s=0.30

My

(me/L)

pH

pH

My
(mg

| pH

' 0.00000484
| 0.10000484
| 0.20000484
{ 0.30000484
! 0.40000484
| 050000484
0.60000484
0.70000484
0.80000484
0.90000484

1.45x107
1.37x107
1.30x107
1.21x107
1.12x107
1.02x107
9.17x10®
7.94x10®
6.49x107®
4.59x10°%

.6.86

6.92

7.04

7.34

6.84 | 1.
6.89

6.95"
6:.99 | 7.

7.10 | 5.
7.19 |4,

{mgfl-)
1 847x10%
/1 8.00x10*
75810

Egperimental |
Vi~ 1 | pH
(mg/L) &

7.07
7.10
4 7.12
21715

1718
722
1727
733
17425
157

8.91x10‘¥§ 7.05

1y

3.0 Discussion-of resuit

" s e At ©n.

extent of soil saturation) of the site occupxed:
censidered: under- this model (based. on equation 20); thus: giving: three- dxﬂ'erenf_._:pH‘ and' My
(concentration of H") simulated values, as presented: in: tables 2 to- 7. The:

cation was kept:constant for different extent of saturation (Aduﬁyi; 2001).

by H™ were

fraction (xaa) of the

Comparative- analysis: of possible: change: in- the retentive- ability- of: thes soil for va;;ious-ﬁcations-
between the year 1992 and 1991 at Kerawa damr for different Dtipw/ N, are-presented:in table-2 to

4. Likewise the relative change in concentration

for three cations between: the year 1995 and



1991 for the-same Kerawa dam are presented in-table 5 to 7. Simulated resuits for the site shows

the same patterns. of concentration change (My) and pH for the years under review

Table 2 shows the simulated soil water pH values in Kerawa dam {1991/92) for various extent of
soil saturation using phosphorus (P*). The nup/npx fractions used for simulation were varied
from-0.000126:to 1.0. Results in table 2 showed that the optimum extent of soil saturation that
best fit the experimental pH value was. 0.25 and the corresponding nudNyx vaiue was berween
0.4 - 0.5. Fractions higher than this lead to higher pH values. The optimum My value was
between 8.40 x 10% t0 7.69 x 10 mg/L.

The resuits reveal that the higher the: fraction of nyuy/na, the higher the My and oH values. Full
saturation’ car: be-achieved at 8;-=1.0 and the corresponding Mg and pH"{ill then be zero. For
- thesyear 1991/92 thezoptimumr value of saturation that gave the H™ conCentration close to an

E;, .expéxﬁ;nﬂakpl-h_valua of 7.10; assuming; extent of soil saturation of 0.3 was at 0.100126.

' Betweerr 1991/95 thesvalue was 07100141 this-gives:a difference of 0.000015 for myix/ny ~ This
ﬁﬁ'&umranamsa relativelys thes same: for other pH: and extent of soil samration values

éteéé:amﬁ‘experiméhtahvalhes withinr the saturation limit 8x as presented in

gﬁ%téﬁtﬁéféc&thaﬁthé rate of dissolution of these minerals from the

fh"‘aﬁmg(tj requireditos dissolve a:unit crystal of the parent rock is 432 x 107 years

245 Thex rater of dissolution of the parent mineral is therefore very siow;

concentratiorr changesis therefore mainly-as a result of external influences:



4.0 Concinsion:

From this work; the following conclusions can be deduced; the depletion of ions m soil is greatly
dependent o the-type of soil, pH of the soil water, interaction amongthe: cations‘f present in soil
and: removal by leaching, plants and living organis;'ns. It is almost independent on- the rate of
weathering of the parent rock and dependent on external factors. The developed mathematical
model, to a good extent showed the contribution of weathering process to the soil cation

concentratiom at a given extent of soil saturation.
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