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BUFFER PROPERTIES OF SOIL MINERALS.
PART 1. THEORETICAL ASPECTS
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Abstract. The key quantitative characteristics of the theory of buffer action for polycomponent mono- and two-
phase systems have been derived. It is shown, that the buffer properties in relation to the solid phase components
are amplified with an increase of solubility due to protolytic or complex formation equilibria in saturated
solutions. It has been established, that the buffer capacities of components are mutually proportional, whereas for
heterogeneous systems these relationships depend on the stoichiometric composition of solid phases. The deduced
equations can be applied to the assessment of buffer action of the systems “natural mineral — soil solution”,
containing soluble and insoluble chemical species. A number of the important conclusions concerning the
investigated buffer systems have been made. The obtained results are of interest for soil scientists and ecologists.
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Introduction

The capacity of buffer systems to oppose (resist) to the variation of their composition (usually to pH changes)
by influence of external fluxes of chemical compounds of natural or anthropogenous character, that shift chemical
equilibria, is called buffer property, and its efficiency — buffer action. The buffer action of soil is one of its
fundamental physicochemical characteristics. The soil buffer action composes of the buffer action of a set of mineral
and organic components, presented by solid, liquid and gaseous compounds. The buffer capacity of soils in relation
to chemical compounds is defined by the content of chemical elements in the soil solution (the parameter of
intensity) as well as by the content of mobile compounds of these elements in solid phases (the parameter of
capacity). The buffer capacity of soils can be discovered by the fact that the increase of amounts of toxic metals
(TM) is not accompanied by an increase of their content in plants; the different buffer action of the soils in relation to
one element is manifested in unequal toxic concentrations for plants. The same soil can possess different buffer
action in relation to different metals.

The chemical basis of the soil buffer capacity in relation to any chemical element is the nature of the
equilibrium which is established between two groups of mobile compounds of an element. The analysis of the nature
of buffer capacity of soils in relation to pollutants is essentially reduced to the analysis of laws of their absorption by
soils. The more and more strongly the soil can keep pollutants, the more actively they go away from the soil solution
into the composition of solid phase compounds, the better the soil resists to the increase of the concentration of
polluting substances in its solution.

The problem of determination of the soil buffer capacity allows calculating the pollutant amounts which
delivery does not essentially break the natural character of soil functioning, being the major one in the soil science,
ecology and wildlife management. The complexity of the soil solution composition containing mineral phases and a
large set of involved chemical compounds determine the possibility of simultaneous chemical reactions along with
the capacity of solid phases of minerals to maintain relatively constant the aqueous solution composition. Under real
conditions the buffer action of natural heterogeneous aqueous systems is expressed so as the consumption of any
element from solution causes the partial dissolution of solid phases and as a result the composition of the solution is
restored. Despite of an abundance of the information on buffer systems, the quantitative theory of buffer action has
been developed only for mono-phase systems [1, 2]. The buffer action of mono-phase buffers is usually based on
protolytic equilibria between water, a weak acid or base or ampholytic compound and their conjugate pairs. The
widespread use of buffers as well as the variety of chemical processes and phenomena associated with a certain
acidity of solutions explains the constant interest in designing and studying new buffer systems.

Unlike the classical mono-phase buffer systems in which the buffer components are dissolved in a unique
phase, in two-phase (heterogeneous) buffers they are distributed between two phases: in aqueous phase and solid
(gaseous or liquid), insoluble phase. The aqueous (buffer) phase contains all the charged particles and a restricted
quantity of electro-neutral species. The solid phase contains in significant quantities only electro-neutral particles and
serves as their reservoir by means of which the equilibrium is adjusted and one of parameters of buffer system is
maintained constantly [2-9]. The buffer action of two-phase systems is based on the shift of complex equilibrium,
both homogeneous, and heterogeneous in the aqueous phase and between phases, respectively. By increasing the
acidity of solution the role of simultaneous proceeding protolytic reactions with participation of salt anions increases;
with an increase of alkalinity the contribution of complex formation reactions occurring with participation of salt
cations amplifies. The humic acids and especially fulvic acids, occurring in soil solutions, essentially raise the
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solubility of metals and assist their moving in soils in the form of organic-mineral complexes, reducing thus the
buffer action of soils in relation to heavy metal ions.

Authors [6] have proved that the buffer capacity is a special case of the sensitivity analysis, as a more general
theoretical approach, which studies the answer of system to various external perturbations (as for example, the
variation of the certain component concentration). We believe that it is more correct to consider, as a potential
reservoir of buffer heterogeneous systems, the complex chemical heterogeneous equilibria with participation of solid
phases [7]. Unfortunately, so far there are a small number of studies dedicated to the systematic investigations and
the development of theoretical aspects of the buffer action for two-phase systems [1-9]. Besides, in the majority of
these studies only the pH — buffer properties of heterogeneous systems were investigated. The concept of “buffer
action” helps to find out which reactions control the composition of natural waters, including soil solutions [10-16].
The parameters of buffer action are integrated functions of all the soil chemical components by virtue of their
capacity, by means of chemical reactions and sorption-desorption processes, to extinguish or strengthen the effect of
entered pollutants [17].

Currently, extensive information on negative (harmful) transformations of soils, as a result of progressing acid
and alkaline loads (in the form of mineral fertilizers, chemicals for protection of plants and industrial emissions
dropping out with atmospheric precipitation) has been gathered. Thus, the quantitative assessment of the acid-base
buffer action, revealing the degree of influence of the systematic use of fertilizers and technogenic pollution by
substances of the acid and alkaline nature is an actual problem of the agrology. Besides, the buffer action of soils
contains important information on the processes of soil formation (their orientation and intensity) which is used for
the soil diagnostics and classification [17].

The aim of the present paper has been to develop the quantitative aspects of the buffer action of various
components of homogeneous and heterogeneous systems and to establish their interrelation.

Theory
As a criterion for quantitative assessment of the intensity of buffer action of the studied multicomponent

heterogeneous systems, one can use the value of the buffer capacity ﬂis (the superscript index “‘S” specifies the
presence of solid phases), which can be defined as a partial derivative

5 :[ oc? ]
1 . B
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where Cio and [i] denote the initial (analytical) concentration in mixture and equilibrium concentration of the

component "i"of solid phase, correspondingly, at the same time the subscript index shows that the initial
concentrations of other components of the mixture are maintained constant.

We will examine the process of formation of the sparingly soluble salt of arbitrary stoichiometric
composition M, A,s) (M —metal ion, A—anion of salt):

M Ansy =MM +nA, Ks =[M]"[A]". )

The following set of possible simultaneous reactions in the saturated solution is taken into account:

M +iH,0 = M (OH); +iH, K; =[M(OH);,J[H] /[M] )
A+jH=H,A K, =[H,A/[AIH]) ?3)
M+gA+rH =MH, A, K, =[MH, A J/[MIH]A]) (4)
H,O =H +OH, K, =[H][OH]. (5)

For the sake of simplicity, the charges of species are omitted. Near to the reaction equations the corresponding
equilibrium constants are specified. The mass balance (MB) conditions in this system can be formulated by the
following equations:
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Cy =ACy +Cy =ACy + > D iM;(OH);1+ D" D [MH A;] (6)
i=l j=0 g=1 r=0
CA_ACA+CA_ACA+ZHA+ZZq MH A, ] (7)
q=1r=0

CY =[H1- [OH]+ZI[H A= D JIMi(OH) 1+ D> rIMH, A ] @®)

i=l j=I g=1 r=1

[33EL
|

The quantity C; represents the residual concentration in solution of the ion “i”, e.g. the total concentration of all the

species, containing a given ion, while AC; is its molar quantity in the solid phase in 1 L of solution [5-8, 19, 20]. In
the equations (8) CE, denotes the excess of H'ions in relation to hydroxyl ions in two-phase

mixtures (C; = —CQy ). The square brackets designate the equilibrium concentrations of species in solution.
From the stoichiometric composition of the solid phase, the following ratio is obtained:

AC AC
S _BFA o ac, =2 acy, )
m n m
On the basis of the written equations it is possible to deduce the formulas for calculating the buffer capacity in
relation to any component of the mixture. Firstly, the analysis of the deduction of the expression for the buffer
capacity towards the metal ion (or the metal ion buffer capacity) will be examined. Taking the logarithm and

differentiating the expression for the solubility product (1) onIn[M ], one can find:

oIn[M ] =0=m+n =-—. (10)

dlnKg _ Oln[A] . OI[A] m
oo oo oln[M]’ dIn[M] n

The subscript indices symbolize the conditions Cf; =const,C{ = const , which are further omitted. Differentiating
the MB equation (6) on In[M ], one can obtain the partial derivative:

Cy s 0AC
R IR o M D o

i=1 j=0 q=1r=0
(11)
; OlnlH [ > > TiM(0H) ] ZZ fIMH, Ay] ——ZZq MH, A ]
alnM] i=1 j=1 =1r=0 q=1r=0

The deduced equation (11) contains two unknown terms:

51 oIn[H] 0AC,,
M~ 1 6In[M] o1n[M]

For their determination, the MB equations (7) and (8) are differentiated on In[M ]:

q=1r=0

__Z[H Al _m Zq [MH, A] ZZQ[MHrAq],

gq=1r=0

Ca oD OACy _ dIn[H
[aln[M]JCO o =0 oM amuvu[z [HiAl+ > > ra[MH, A
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whence
OACy _ mdln[H]
oln[M]  n &In[M (ZI[H Al +Z;r2;rq (MM, Ay] ]
‘ (12)
—Z[H A]+ ZZq [MH, Aq]——ZZq[MH Al
q=1r=0 q=1r=0
After that,
acy dIn[H] 5 .
=0= H]+[OH]+ » I°[H,A]+ [M;(OH); + r’[MH
{am[M]JCO o am[M][[ JrIon] = Fi i MO qz;; o
—zzu [M;(OH);] ——ZI[H Al +zz rIMH, A, ] 1-n rg[MH, A, ] 13)
i=1 j=0 a=1r=1 N
From the equation (13), it follows:
DM (OH) ] Z[ Al- D IMH AT+ Zqu MH, A, ]
Oln[H :|110 q=1 r=1 L e (14)
dIn[M] [H OH]+ZI [H AT+ YD M (OH) 1+ D) r[MH Al
i=l j=0 gq=1 r=1
Substituting the expression (14) in the equation (13), after some rearrangements, one can obtain:
D HHIM; (OH) 1+ ZI[H Al- D> rMH Aq]+—Zqu[MH Al
5ACM:_E|110 q=1 r=1 q=1 r=1
oIn[M]  n [H]+[OH]+ZI [H, A]+ZZ] [M{(OH);1+ D> r*[MH A ] 0
i=1 j=0 gq=1r=1
(ZI[H Al+ DD rgIMH, A J+—Z[H A]+Z(m q’ jzz [MH, A,]
q=1r=0 q=1r=0

Further, substituting the obtained expressions for dIn[H]/0In[M] (14) and 0AC,, /0In[M] (15) into the equation

(11), after a series of transformation, one can finally get:

{ZZIJ[M (OH); 1+ ZI[HA 3 S HMH, A+ Zqu[MHAqJ

,38= i=l j=0 g=1 r=1 g=1 r=1 n

M [H] +[OH]+ZI [HAT+ Y D IPIM{(OH) 1+ ) D P [MH A ] (16)

i=1 j=0 g=1 r=l1
+—2[H Al +Z[— 2—+1JZZ[MH Al+ D iP[M;(OH);]
g=1 r=0 i=l j=0
or
=gy -2 (17)
402

where ¢,,¢, and @; denote the following concentration functions:

o= iilM;(OH); +—Z HIAI= DD rIMH A +—Zqu MH, A,]

i=1 j=0 q=1 r=1 q=1 r=1
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9y =[H]+[OH]+ Y IP[H{A]+ > > J*[M{(OH) 1+ D D r*[MH A ] (18)

1=1 i=1 j=0 gq=1r=1

m2
¢3=—ZZ[H|A]+Z(
N =1

Similarly, it is possible to prove that, for the buffer capacity towards proton, the following expression is valid:

2,2
mng —2%+1)ZZ[MHrAq]+ZZiZ[Mi(OH)j]

g=1r=0 i=1 j=0

0 2
L) gy, (19)
Oln[H] ci ct

For the buffer capacity towards the anion of the solid phase one can deduce:

2 2 2 2 2 2

n n n n

ﬂi: 2¢3_ z(pl = 2[¢3_¢1J: 2ﬂl\s/| (20)
m m @ m %) m

On the basis of obtained equations (17), (19) and (20) the following remarkable conclusion follows: the buffer
capacities towards different components are reciprocally proportional, while the buffer capacities in relation to the
ions of the solid phase are interconnected through its stoichiometric coefficients:

Ba _ P @2n
2 2

n m

It is worthy to mention that the obtained relations are only valid in the presence of the mineral (solid

phase) M, A, s, . The thermodynamic stability area of the latter is determined by the value of the Gibbs energy of the
overall process (1)-(5) [5, 21-23]:

r r
AGg 1oy =—MRT In Cgﬂ —nRT In C’j (22)
Cwm Ca

The solid-phase is stable if AGg {4 >0.The condition AGg 4ot = 0 corresponds to the beginning of its dissolution

and (or) sedimentation.
The analysis of the derived equations shows that the buffer capacities ﬁ’is grow with the increase of the precipitate
solubility, e.g. by rising the residual concentration of the component of minerals.

Conclusions

On the basis of the method of residual concentrations, the original mathematical expressions for the
quantitative estimation of buffer capacities towards both components of the mineral phase were deduced.

The quantitative bases of the theory of buffer action for heterogeneous systems are stated. It is established,
that buffer properties in relation to components of the solid phase amplify with the increase of the solubility. The
buffer capacity of any component is a complex function of the equilibrium composition of multicomponent
heterogeneous systems.

It is proved that the buffer capacities of components are mutually proportional and for heterogeneous systems
these relations depend on the stoichiometric composition of the solid phases (minerals).

The use of results of this research allows predicting the variations of the composition and response of the soil
environment at the technogenic loads increasing.
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