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Metal Retention and Mobility as Influenced 
by Sorne Organic Residues Added to Soils: 
A Case Study 

Luis Madrid 

INTRODUCTION 

This chapter provides a review of the present knowledge of how retention and mobil
ity of metals in soils and other environmental systems are influenced by organic sub
stances, especially those present in residues added to soils for recycling purposes, and is 
further illustrated with examples of recent research carried out with an agricultural resi
due which represents a majar concern in Mediterranean countries. 

Soil as a Sink tor Trace Metals 

As Domergue and Védy (1992) say, "mobility is a concept frequently used in soil 
science to estímate the risk of contaminatian of other envÍronmental compartments by 
toxins, and especially by heavy metals." However, the definition of mobility depends to 
a large extent on the scientific field where it is used. In the following text, we shall use 
this term in the context of the dissolved metal forms in opposition to those bound to solid 
phases, as the former are likely to be those responsible for irnmediate environmental 
risks. Nevertheless, it must be kept in mind that long distance transport of heavy metals 
occurs largely as part of fine solid partides of earth materials, causing a slow buildup of 
soil pollution (Tiller, 1989). 

Soils receive trace metals from various sources, mostly froro üthogenic origin. i.e., 
from the parent material, or from anthropogenic origin; e.g., present in fertilizers, as part 
of wastes (industrial, agricultural, or otherwise), irrigation waters, etc. (Singh and 
Steinnes, 1994). When metals enter the soils, they undergo a number of reactions, namely 
dissolution/precipitation. adsorptionldesorption, complexation, inclu sion in minerals 
through formation of solid solutions (Alloway, 1990), which determine their "final" dis
tribution in various chemical forms in the soil with very different solubilities. This final 
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distribution is frequently deseribed in terms of several fraetions, operationally defined 
aeeording to a sequential extraetion teehnique. Although different fraetionation teeh
niques have been proposed, most of them distribute the soil metals in fraetions ealled 
"soluble," "exchangeable," "bound to carbonates," "bound to ironlmanganese oxides," 
"bound to organic matter," or similar names, and that part oE the metal content which 
eannot be extraeted but by strong eoneentrated aeids is ealled "residual." Although these 
names refer to a given chemical nature, in fact the fractions cannot usually be identified 
with a definite group of ehemieal eompounds. In the past, the term "speeiation" was used 
for the proeess of distinguishing different speeies of an element, and su eh speeies eould 
be defined either operationally (by the proeedure or extraetant used) or funetionally 
(bioavailable, exehangeable, etc.). Nowadays, the term "speeiation" is preferred to be 
applied to the distinetion of speeifie ehemieal forms of an element (Ure et al., 1993). 
Figure 10.1 is an example of the fraetionation of sorne metals in Polish soils, where the 
solubility or availability of eaeh fraetion inereases from bottom to top (data from Kabata
Pendias, 1995). Regardless ofhow the fraetions are ealled, those fraetions that are more 
easily released usually aeeount for a minor proportion of the metal eontent. Therefore, as 
a consequence oE the set oE reactions mentioned aboye, soil acts as a geochemical sink for 
metals and eontrols their transport to other media (Kabata-Pendias, 1995), so that their 
persistenee in soils is high: while the residenee time of easily leaehable elements like Ca, 
Mg, etc., is usually below 300 years, for many heavy metals residenee times of several 
millennia have been reported (Bowen, 1979). Consequently, the budgets for sorne trace 
metals in soils are positive in many cases. Table 10.1 gives sorne examples for European 
soils (from Kabata-Pendias, 1995). Only in the case of sorne aeid forest soils, los ses of 
Mn or Zn are found. 

Surnmarizing, metals tend to accumulate in soils, either by long-distance transport oE 
fine solid partides or by immobilization of the soluble forms, so that a sort of "ehemieal 
time bomb" is building up. The environmental risk of su eh a ehemieal time bomb de
pends on whether various chemical "fuses" may cause a more or less sudden increase in 
solubility, passing to ground or surfaee waters, or beeoming available to plants. 

Modeling Approaches for Retention of Metals by Soils 

The use oE rnathernatical rnodels Eor a quantitative description oE the various reactions 
involved in a given process is a cornrnon practice in the study oE environrnental problerns 
(Basset and Melehior, 1990). Various models have been speeifieally developed for un
derstanding surEace reactions involving rnetals or other ionic species. Sorne oE thern, 
whieh can be illustrated by those used by Davis and Leekie (1978) and by Barrow et al. 
(1981), assurne sorne "rnechanistic" characteristics oE the retention process, e.g. , pairwise 
association bet\veen adsorbing ions and oppositely charged surEace groups, or location 
of adsorbing ions in planes of a given value of the eleetrie potential. In both models, a 
number of parameters that usually eannot be estimated by independent experiments 
have to be adjusted by sorne iterative proeedure. 

Another group of models (Amaeher et al., 1986) do not assume any particular meeha
nisrn Eor the retention reaction. Sorne oE thern use simple equations to describe equilib
riurn situations, e.g., one- or t\vo-surEace Langrnuir equation, Freundlich equation, etc. 
Others try to describe the time dependenee of the solution eoneentration of the sorbing 
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Figure 10.1. Example of fractionation of sorne metals in soils (from Kabata'Pendias, 1995, with 
permission). 

Table 10.1. Metal Budgets of Surface Soils in Europe (g ha-' yr-')' 

Ecosystern (Method) eountry ed eu Mn Pb Zn 

Pine forest (seepage water) W. Germany 3 lO -360 104 134 
Spruce forest (Iysimeter) Sweden -1 5 -600 75 -130 
Farmland (drainage water) Denmark 3 260 130 
Farmland (seepage water) Poland 2 14 90 160 360 

, From Kabata-Pendias, A., in Heavy Metals, Problems and Solutions, W. Salomons, U. Farstner, and 
P. Mader, Eds., Springer-Verlag, 8erlin, 1995, pp. 3-18, with permission. 

speciesJ assuming reversibility or irreversibility and a given reaction order. In general, 
these models are too simple and are not likely to represent the experimental data of 
retention of metals by soils satisfactorily, probably because such retention is due to many 
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difIerent reactions, as mentioned above. That is why models considering the contribu
tion oE various simultaneous, concurrent reactions are probably more realistic. In an 

exhaustive review, Selim (1992) described a number of multireaction kinetic models, 
empirical in nature, based on the assumption that a fraction of the total sites are highly 
kinetic, and the remaining sites interact slowly, irreversibly, or instantaneously with the 
adsorbing species. Sorne models inelude concurrent and concurrent-consecutive pro
cesses. Many metal retention processes are well described by this kind of model (Selim 
et al., 1990). 

METAL CONCENTRATIONS IN THE SOIL SOLUTION 

The various metal retention processes that may occur in soils cause the solution con
centration of many metals to be generalIy below the values corresponding to the solubility 
of pure components. A detailed description of the reactions controlling heavy metal solu
bility can be found eIsewhere (McBride, 1989). The occurrence of coprecipitation of met
als with the major metal oxides from soil solutions is accepted, but the nature of the 
precipitate is not well defined. It can be easily shown (Driessens, 1986) that the soIubility 
of a metal can be lowered in a mixed ionic compound relative to the solubility of the pure 
compound, and the activity of the metal compound is a function of its mole fraction. That 
means that when a metal is incorporated in an iron or aluminum oxide in trace pro por
tions, the solution concentration of the former may be several orders of magnitude below 
that expected from the solubility of the trace metal compound a&Jne (McBride, 1989). 

Various observations suggest that metals retained by oxides are concentrated at salid 
surfaces (McBride, 1978), and little or no difference is found whether they are 
"coprecipitated" or adsorbed on preexisting oxide surfaces. Formation oE surEace solid 
solutions has been shown to be the cause for Cu adsorption by calcium carbonate 
(Papadopoulos and Rowell, 1989), and by soils rich in lime (Madrid and Diaz-Barrientos, 
1992), and in both cases the resulting equilibrium concentrations are several orders of 
magnitude below that corresponding to the solubility of Cu carbonate. Figure 10.2 shows 
that, while Ca solutions in the presence of CaCOg produced equilibria located close to 
the solubility line of Cacog in solubility diagrams, Cu solutions showed a definite ten
dency to be in equilibrium with Cu(OH)" considerably less soluble than the metal car
bonate. Madrid and Diaz-Barrientos (1992) treated calcareous soils with acetate buffer 
at pH 5 to eliminate carbonates and equilibrated the original and treated soils with Cu 
solutions and subsequentlywith Cu-free soIutions, and found that all the equilibria with 
the original samples corresponded with solubilities considerably below those of the ox
ide, hydroxide or basic carbonate, while the equilibria with treated soils were close to the 
line for CuO (Figure 10.3). Lindsay (1979) estimated that the soIubility of Cu in soils 
could be described by an equilibrium: 

Soil-Cu + 2H' ;=: Cu" 

which causes a value of the ratio Cu"/(H')' of 10,·8, giving Cu" concentrations severaI 
orders of magnitude lower than those corresponding to the solubility of most Soil-Cu 
minerals. Lindsay (1979) considered it likely that "soil-Cu" could correspond to cupric 
ferrite, CuFe,04' and suggested that the corresponding Zn compound, Zn-ferrite, couId 



Metal Retention and Mobility as Influenced by Sorne Organic Residues 205 

• Equilíbrated with Cu'+ 
, Equilibrated with Ca'+ 

• 
I CuO 

10 Cu,(OH)ZC03 

Cu(OH)z 

8 

+ 

~ 
c. 

6 
CuC03 

CaC03 

4 

,l 

2 
6 7 8 9 

pH 

Figure 10.2. Solubility diagrams for Cu2+ or Ca" solutions equilibrated with A.R. CaCO, (from 
Papadopoulos and Rowell, 1989, with permission). 

also account for the solubili1y of Zn in soils. However, other authors (Baker, 1990; 
McBride, 1989) believe that formation of mixed oxides similar to cupric ferrite is un
likely in the conditions found in soils. There is general consensus that adsorption on the 
various surfaces present in soils is the main process responsible for the low metal solu
tion concentrations often found in many soils. Only in sorne cases with high metal load
ings do sorne solid phases determine metal solubili1y; e.g., malachite in soils with very 
high Cu contents (McBride and Bouldin, 1984; Lund and Fobian, 1991). 

FACTORS CAUSING A REVERSAl OF IMMOBllIZATlON 

Although, on a large scale, soils tend to immobilize trace metals, sorne conditions of 
the soil environment can undergo changes driving to a localized reversal of the process. 
Metals with different valences are frequently more soluble in their lower oxidation states, 
so that reductive conditions may cause a local increase in solu bility, and a decrease in pH 
will also cause an enhanced solubilization of heavy metals. A decrease in pH also causes 
a decrease in negative electric charge of variable-charge surfaces, so that a decrease in 
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Figure 10.3. Solubility diagrams lor adsorption and desorption equilibria 01 cu with soils rich in 
lime, belore and afler being treated with acetate buffer at pH 5 (Irom Madrid and Díaz-Barrientos, 
1992, with permission). 

adsorption of cations also contributes to an increase in the presence of metals in solution 
(McBride, 1989). Such effects are usually localized and easily reversed when the cause 
disappears. An example of such reversible solubilizations can be found in the case of 
sorne rivers clase to mining areas, which may show low pH values and high concentra
tions of several metals irnmediately downstream fram the mining site, but a short dis
tance further downstream the pH increases several units, metal concentrations decrease 
sharply and the bank sediments show high contents in metal compounds of low solubil
ity (Arambarri et al., 1984). 

The presence of organic compounds with functional graups with ability to form stable 
complexes with transition elements is another factor which may increase the solution 
concentration of heavy metals, and is a known fact since the end of the past century. In 
contrast with acidification or with reducing conditions, formation of soluble complexes 
may enhance the transport of metals in solution to long distances, due to the high stabil
ity frequently shown by such complexes. Frequentlya high selectivity is found in the 
interaction of complexants with metals, as shown by Xue et al. (1995), who found that 
the concentration of free Cu" in a eutraphic lake was about 106 times lower than total 
Cu concentration, whereas a substantial part of Zn was present as free Zn ions and 
weak complexes. 
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The presence of a complexing agent in waters in contact with soils or sediments may 
actively desorb metals from the solids, or hinder the adsorption processes responsible for 
metal retention. This was shown to happen in the case of synthetic complexants added to 
waters: in a study of nitriloacetic acid (NT A) as a possible alternative to polyphosphate 
in detergents, it was found that the presence of NTA in waters resulted in a significant 
increase in solubility oE metals in river sediments and a decrease in their metal-sorbing 
ability (Salomons and Farstner, 1984). Also, Davis and Singh (1995) found that when 
soil columns contaminated with Zn were leached with EDTA solutions, the metal re
tained was almost quantitatively removed. Recently, we have seen that CU added to soil 
columns is strongly removed by glyphosate, a herbicide with zwitterion structure. 

INTERACTION WITH NATURAL ORGANIC MATTER 

The behavior of natural organic polymers as humic or fulvic acids is not as straight
forward as that of simple complexants like NT A. Their action on heavy metals is two
fold: on the one hand, soluble components of the humic substances can form complexes 
which will be responsible for an enhanced solubility of metals, and, on the other hand, 
fine solid partides of humic substances or organic coatings of minerals often contribute 
to the retention (and immobilization) of metals. In either case, the interaction with the 
metal ions occurs through various kinds of functional groups present in the organic poly
mers (Senesi, 1992), and whether the interaction results in metal mobilization or immo
bilization is strongly related with the size and solubility of the organics rather than with 
the functional groups involved. Fulvic acids play an important role in the transport of 
heavy metals in water, due to their lower molecular mass and much greater solubility as 
compared to humic acids (Farstner and Wittman, 1983, and references therein). The 
stability sequence of the complexes for sorne selected cations is considered to be (Klamberg 
et al., 1989) 

Therefore, organic matterlheavy metal interactions determine three broad, dynami
cally interrelated groups of species with different influence on the availability of the 
metals for the living organisms (Figure IDA): 

(a) Solid organic surfaces can retain metals, which are not immediately available 
to plants. From this point of view, metals retained in this way behave similarly 
ta those retained by inorganic salid surfaces. However, sorne metals, e.g" 
cadmium, may show a preferential association with aqueous soIution compo
nents as compared to solid surfaces (Neal and Sposito, 1986). 

(b) Sorne components of the natural organic matter can eventually be dissolved 
and form metal complexes in solution, which in turn will be affected by 
adsorptionldesorption equilibria with the solid surfaces. Monomeric organic 
molecules (e.g., released from plant roots) or large polymers can contribute to 
these equilibria. If such complexes are slrong enough, usually the toxic effects 
of the metal are ameliorated, but it has been observed that sorne lipid-soluble 
complexes can rapidly penetrate a biomembrane, so that substances forming 
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Figure 10.4. Schematic distribution of metal species from the point of view of their availability to 
biological systems. 

this kind of complexes can cause an enhanced toxicity of the metal (Carlson
Ekvall and Morrison, 1995). 

(c) The free or weakly complexed metal ions will usually be the most bioavailable 
species. Their concentration will be influenced by the various equilibria with 
complexing species in solution and by adsorptionldesorption reactions on 
organic as well as inorganic solid surfaces. 

Another important feature that distinguishes natural organic marter is the heteroge
neity of its complexing sites. Figure 10.5 shows schematically the dependence of the 
cumulative distribution of complexing sites of fulvic acid upon their stability constants 
(based upon data of Bume, 1988). Therefore, a single value for the stability constant 
cannot be defined, although different graphical approaches for estimating apparent or 
"average" constants have been proposed (Fitch and Stevenson, 1984). Another useful 
parameter in this context is the complexation capacity, defined as the maximum quantity of 
a given metal that can be bound per gram of the substance (Perdue, 1988). The amount 
and distribution of complexing sites of natural complexants have been estimated by vari
ous techniques, especially those able to distinguish free from complexed metals. The use 
ofion-selective electrodes (e.g., Bume et al., 1977, 1980; Gamble et al., 1980; Stevenson 
and Chen, 1991; Stevenson et al., 1993) appeared to give reliable results in terms of 
applicability and sensitivity (Sterrit and Lester, 1984). Polarographic techniques have 
proved to give information of the lability of the complexes, and have been successfully 
applied to the characterization of metal complexes with humic and fulvic substances 
(Greter et al., 1979; Wilson et al., 1980; Filella et al., 1990; Pinheiro et al., 1994). Equili
bration with ion exchangers has also been used for studying metal complexation with 
organic marter. The method proposed by Schubert (1948) could be used only for mono
nuclear complexes with respect to the metal ion, but Zunino et al. (1972a, b) proposed 
sorne changes in the equations involved that allowed them to be applied to complexes of 
the type M, (ligand)b' where a and b are integers 2 1. 
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Figure 10.5. Exarnple 01 cumulative dislribution 01 metal complexing sites in a solution ollulvic 
acid as a lundion 01 their stability constants. 

EFFECT OF ORGANIC RESIDUES ON METAL SOLUBILlTV 

Land application is a widely used practice for disposal of many organic wastes. They 
frequently contain substances which improve soil fertility, although other components 
can have undesirable consequences for crops, so that research on many different aspects 
of their addition to soils has increased in the last few years. One of the points that must 
be carefully considered when such wastes are added to soils is their possible effect on 
metal mobility or solubility: such organic residues are likely to contain polymers with 
not ve'Y different properties from those of natural humic or fulvic substances, and there
fore it can be expected that metal complexes similar to those known to form with the 
latter will also be formed with such residues. In soils receiving dai'Y cattle-manure slur'Y, 
Del Castilho et al. (1993) found significant increases in the concentrations of Cd, Zn, 
and Cu in soil solutions. In the case of Cu, its concentrations were correlated with the 
dissolved organic carbon, while Zn and Cd were also influenced by low pH and high 
levels of electric conductivity. They concluded that Cu complexes showed high stability, 
and a considerable part were of high molecular weight and nonlabile. Japenga et al. 
(1992) also studied the effect of the liquid fraction of animal manure on heavy metal 
solubilization in soil, and found a significant relationship between dissolved organic car
bon and Cu concentrations in aqueous extracts (Figure 10.6). They concluded that, to
gether with pH, complexation involving dissolved, high molecular weight organic matter 
is the most important driving force for heavy metal solubilization. Metal complexation 
was also considered to be one of the causes of metalleaching from a soil in a reed bed 
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Figure 10.6, Relalionship belween dissolved organic carbon and Cu in aqueous extracts 01 a soil 
mixed wilh liquid animal manure (selected dala lrom Japenga el al., 1992). 

system continuously flooded with sewage (Wenzel et al., 1992). Barrado et al. (1995) 
also concluded that extracts from eucalyptus and oal, leaf lirter showed complexation 
abili1y for metals, and could estimate the complexing constants for various metals. 

THE CASE OF SEWAGE SLUDGE 

Addition of sewage sludge to soils was found to decrease the sorption of Cd at low 
concentrations of this metal (Neal and Sposito, 1986). In soils treated with sewage sludge 
and artificially contaminated with high doses of Cu in the form of Cu carbonate, Cheshire 
et al. (1994), using electron magnetic resonance, found evidence of Cu solubilization 
through complexation. The results for organically bound Cu in the soil solution indicate 
oxygen ligand coordination in equatorial arrangement. Keefer et al. (1994) also found 
significant metal-organic association in soils amended with sewage sludge, and McGrath 
and Cegarra (1992) observed large increases in the most soluble fractions of metals in a 
soil with long-term applications of sewage sludge. They found that the fractionation of 
metals in the original sewage sludge differed from that observed in the soil treated with 
the residue. 

Frequently, sewage sludges have relatively high metal contents, so that their effect on 
metal mobili1y in soils has been often attributed to the metals present in the residue itself: 
Sposito et al. (1982) concluded that the accumulation of metals in soils amended with 
sewage sludge was governed by the metal content in the sludge, and Cavallaro et al. 
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Table 10.2. Exarnples of Maxirnurn Permissible Concentrations of Sorne Metals in 
Soil afler Application of Sewage Sludge (rng kg-') 

Soil pH Country Cd Cu Ni Pb Zn 

5.0-5.5 UK' 80 50 200 
5.5-6.0 UK' 100 60 250 
6.0-7.0 UK' 135 75 300 
> 7.0 UK' 200 110 450 
> 5.0 UK' 3 300 
< 7.0 Spainb 1 50 30 50 150 
> 7.0 Spainb 3 210 112 300 450 

, Data selected fram Department 01 the Enviranment, Code of Pradice for Agricultural 
Use of Sewage Sludge, HMSO Publicatians, Landan, 1992, p. 6. 

b Data selected lram Boletin Oficial del Estado, No. 262, Madrid, 1990, p. 3234. 

(1993) found that in creases in Mehlich-3 extractable Cu and Zn in soils treated with 
sewage sludge were similar to the amounts of these metals added in the residue. Most 
countries have established regulations concerning the use of sewage sludge on the basis 
of the maximum permissible contents of potentially toxic elements in soil after applica
tion of sewage sludge (Table 10.2) and annual rate of addition of such toxic elements, so 
that no legallimit exists if the sewage sludge added to a soil shows a low content in toxic 
metals. It is thus forgotten that solubilization of the metals already present in the soil can 
be enhanced by complexation, as shown by sorne of the authors quoted in the previous 
paragraph. This lack of attention paid to the effect of soil management practices, espe
cially the use of sewage sludge, on the solubility of the metals present in amounts below 
the legallimits in the soil has been claimed by several authors (McBride, 1994; Evans et 
al., 1995), and has be en favored by the conclusions of sorne authors, who even found a 
de crease in metal mobility in sorne cases (Emmerich et al., 1982; Saviozzi et al., 1983; 
Hooda and Alloway, 1994). 

A MEDITERRANEAN CONCERN: OLlVE MILL WASTEWATER 

Setting Up the Pl'oblem 

In areas with extensive production of olive oil, disposing of the residues from manufac
turing plants for this agricultural product represent a majar concern. The traditional pro
cedure implies generating large amounts of wastewater (called a!pechin, from now on 
OMW) with extremely high BOD and other undesirable properties which have caused 
the existence of regulations prohibiting its disposal in rivers since 1981. Every year, about 
10 million tons of this waste have to be disposed of in the Mediterranean countries, mainly 
by storing them in evaporation ponds, composting the resulting sludge with other plant 
refuse or, in countries where the production of this residue is not especially high, dis
charging them into watercourses. In recent years, olive oil production plants are being 
adapted for new techniques using much smaller volumes of water, so that production of 
OMW is decreasing sharply, but its disposal must still be considered until total substitu
tion of the old manufacturing plants, and the existence of small factories which cannot 
afford the changes cannot be forgotten, at least during several years in the near future. 
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While the effect of sewage sludge on heavy metal availability has been extensively 
studied, as surnrnarized in the previous section, literature on the relationships between 
heavy metals and OMW is scarce, although in the last few years sorne authors have 
found evidence of signiflcant metal solubilizing effects of this residue, both when added 
to soils and when present in freshwaters. OMW is a slightly acid (PH 4-5), dark-colored 
aqueous phase with highly variable composition, containing 10-15% organic marter and 
1-2% of mineral salts. Its contents in heavy metals is usually negligible, except Fe (10-
20 mg L-1

), Mn « 5 mg L-1
), and Zn « 2 mg L-1

). Several authors have given detailed 
descriptions of the eomposition of this waste (e.g., Gonzalez-Vila et al., 1992; Martinez
Nieto and Garrido-Hoyos, 1994). 

Effect of OMW on Metal Retention Properties of Soils 

As with other organie wastes, one of the first ideas that emerge when recycling OMW 
is considered is its application to soils as fertilizer, and it has been frequently used to 
irrigate olive trees. Considering previous knowledge of the nature of this residue, Saiz
Jiménez et al. (1987) deemed it of interest to carl}' out a detailed study of its ehemical 
composition in order to evaluate its potential value as soil fertilizer. They concluded that 
the composition of the humic fraction was different from soil humic aeids, but still sug
gested that the residue had good properties as fertilizer. On a relatively short-term basis, 
applieations of a eomposted olive milI sludge to soils have be en found to cause no harm
fuI effects on plants, the improvement of soil physical properties is apparent, and signifi
cant increases are found in soil organic N. Also, increases in available Cu, Zn, Mn, and 
Fe determined by DTPA extraction have been observed (Martín-Olmedo et al., 1995). 
In a study specifically oriented toward the effect of OMW on metal availability, Pérez 
and Gallardo-Lara (1993) found that although OMW initially caused a slight deerease 
in Zn availability and hardly any effect on Cu availability, a significant residual inerease 
in Cu availability was observed after growing barley and I}'egrass. 

A fundamental aspect that must be considered is whether the presence of OMW af
feets the action of soils as a sink of heavy metals which are added in soluble forms. 
Madrid and Díaz-Barrientos (1994) chose three soils (called A, B, and C) with widely 
differing contents in organic matter, carbonate, and c1ay fraction and CECs for that 
purpose. Soil A had be en manured in the field with 150,000 kg ha- l of a compost ob
tained from OMW and other plant refuse, and soil B had received a similar dos e of raw 
OMW. Soil C was untreated. Moreover, samples of the three soils were aged in vitro 
with freeze-dried OMW in a proportion corresponding to twice the dose received by 
soils A and B in the field. The reaction of several metals with the original, manured, and 
aged samples was studied. Figure 10.7 shows the results for the adsorption isotherms 
obtained for Cu and Zn. 

The adsorption of these two metals was strongly decreased by mixing and aging the 
soils with OMW, while manuring with OMW or compost obtained from it only caused 
a significant decrease in the case of Zn. Manuring even caused a slight increase in Cu 
adsorption by soil A. The pH values of the adsorption experiments did not show differ
ences large enough to explain the differences in adsorption. The authors suggested that 
the decrease in adsorption when OMW was added in large doses could be the result of 
coating the sorbing surfaces with organic rnatter. However, in the samples containing 
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OMW sorne oversaturation was found in Cu experiments with two of the soils, both in 
the adsorption and the desorption steps, with respeet to the Cu eompounds likely to 

formo This result suggests that formation of soluble eomplexes eould also eontribute to 
the deerease in adsorption of this metal. 

Selim et al. (1990) eonsidered the adsorption reaetions eaused by several kinds of 
surfaees, with different kinetie eharaeteristies. Madrid and Díaz-Barrientos (1996) ex
amined whether the effeet of OMW on the metal-sorbing properties of soils manifested 
itself when the multireaetion model (MRM) of Selim et al. (1990) was applied to bnetie 
data of Cu adsorption by two soils whieh had reeeived OMW eompost. The MRM model 
distinguished several fractions in the amount sorbed: Se' that reacts /linstantaneously" 
with the sorbate in solution, deseribed by a Freundlieh equation with a distribution eoef
ficient K,¡ and exponent b (Equation 1); SI and S2' whieh reaet kinetieally and reversibly 
with the solution at difIerent rate, deseribed by the forward and baekward rate coeffi
cients k I and k2 for SI and k3 and k. for S2' and reaetion orders n and m respectively 
(Equations 2 and 3); and finally Si,,' whieh reacts kinetically and irreversibly with the 
solution by a first order reaetion, described by arate eoefficient k, (Equation 4). The 
original model considered that sorne of the fraetions could undergo other eonsecutive 
reactions, generating further fractions, but Madrid and Díaz-Barrientos (1996) found 
out that this latter assumption did not increase the pereentage of variance explained 
when the model was applied to their data. The mathematical structure of the model as 
used by Madrid and Diaz-Barrientos (1996) is summarized below, where p and 8 repre
sent the bulk density and water content of the soil in the experiments. 

(1) 

(2) 

(3) 

(4) 

Table 10.3 shows the parameters estimated by Madrid and Díaz-Barrientos (1996) 
for their original samples and those treated with OMW compost. It can be observed that 
addition of OMW to the soils causes signifieant changes on sorne of the parameters: the 
instantaneous distribution coefficient K,¡ is strongly inereased by a factor of 50 in both 
soils; the irreversible fraction Sirr becomes irrelevant, and the rate coefficients oE the 
kinetic fraction SI are significantly deereased. s2 does not show any signifieant effect. 
Madrid and Díaz-Barrientos (1996) concluded that the Cu-immobilizing action of the 
soils was altered by the presence of composted OMW, probably by the presenee of new 
solid, organie surfaces, which reaet instantaneously with the metal in solution. The de
penden ce cf the instantaneous fraction upon the solution concentration cf Cu means that 
the metal adsorbed by the soil with OMW must easily come into solution if its eoneen
tration decreases, in contrast with the behavior of the untreated soils, which hardly re
lease Cu by dilution. The disappearanee of fraetion Sirr also means a deerease in the 
immobilization of the metal. 
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Table 10.3. Average Value5 ofthe Model Parameter5. k, to k. and k" h-'; b, n and m, dimension
le .. ; K", mg kg-' • 

Parameter5 of Each Fraction of the Model 
5, 5, 52 51rr 

Soil Kd b k, k2 n k3 k. m ks R2 

A orig. 9 0.4 24.5 2.79 0.3 0.33 0.13 0.7 0.04 0.998 
A comp. 440 0.4 1.82 0.79 0.4 0.50 0.04 0.5 O 0.997 
e orig. 18 0.4 28.4 1.15 0.4 0.61 0.08 0.7 0.15 0.995 
e comp. 925 0.9 9.7 0.45 0.4 0.77 0.05 0.4 O 0.994 

• From Madrid, L. and E. Díaz-Barrientos, Toxico/. Enviran. Chem. 54, pp. 93-98, 1996, with 
permission. 

OMW in tlle AqueoLls Pllase as a Mobilizing Agent of 
Insoluble Metal Forms 

Although discharges oE OMW in watercourses is prohibited, its accumulation in ponds 
may cause a slow migration DE its soluble components to groundwaters. Moreover, acci
dental releases oE significant amounts into rivers do occur. Thus, another important point 
that must be considered is the solubilization DE metals in "irnmobile" forros when in con
tact with water containing OMW. Bejarano and Madrid (1992, 1996a) studied the solu
bilization oE heavy metals Erom river sediments, with high metal contents due to their 
location close to mining sites, when treated in vitro with dilute solutions oE OMW. These 
solutions were prepared Erom Ereeze-dried OMW and adjusted at pH values between 3 
and 5, considering the slightly acid pH oE the residue. They Eound that sorne metals, e.g., 
Mn or Zn, were not solubilized by the residue, and in the case oE Mn the sediment even 
retained part oE the metal originally present in the OMW. On the contrary, Cu, Fe, and 
Pb Erom the sediments were solubilized when in contact with OMW solutions. The pres
ence oE OMW Eavored Pb solubilization at any pH, while Cu and Fe were dissolved to a 
greater extent than in the absence oE OMW only at the higher pH tested. Considering 
that the solubility oE these metals usually increases at lower pH values, this result sug
gests that the solubilization oE these two metals can be related with the Eormation oE 
soluble complexes with OMW components. Figure 10.8 shows a summary oE the results 
obtained by the authors Eor Pb and Cu. In the second paper mentioned (Bejarano and 
Madrid, 1996a) the authors showed that the amounts solubilized by OMW were compa
rable with the metals originally present in the sediments in Eorms bound to carbonates 
and to oxides, according to a conventional fractionation technique. 

The hypothesis oE complexation by OMW components had be en previously checked 
by Cabrera et al. (1986). Using the cation-exchange resin method oE Zunino et al. (1972b), 
they Eound that the Ereeze-dried residue showed a complexing ability oE 0.66 mmol oE Cu 
per gram oE OMW. Bejarano and Madrid (1996b) studied the time-dependence oE the 
releas e oE several metals by solutions with three diEEerent OMW concentrations Erom a 
river sediment, and the resulting solutions were filtered through C-18 reverse-phase 
cartridges. The metals complexed by polymers present in the OMW, especially those 
Eorming less labile complexes, were supposed to be retained by the cartridges, together 
with the uncomplexed organic polymers. Previously they checked that no Eree metal was 
retained in the cartridges. Figure 10.9 summarizes the results Eor Cu, Mn, and Zn. The 
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Figure 10.8. Pb and Cu dissolved lrom a river sediment by solutions 01 various OMW concentra
tions and pH values (from Bejarano and Madrid, 1992, with permission). 

authors concluded that most of the Cu and Zn released into solution by the OMW was 
in complexed forms, as nearly 100% of both metals were retained by the cartridges. In 
the case of Mn, only about 50% of the metal dissolved by OMW was retained by the 
cartridges, suggesting that complexation was less complete or that the complexes formed 
were more labile. 

Considering that sorne of the results commented on in this and the previous section 
suggest that sorne components of OMW do form complexes witb several metals, Bejarano 
and Madrid (1996c) applied the techniques of Zunino et al. (1972a,b) to determining the 
complexation parameters of this residue for several metals. They found that the maxi
mum complexing ability (MCA) was inversely related with the ionic radii of the metal 
ions, and a direct dependence between the logarithm of the conditional stability con
stants and the metal electronegativity (Figure 10.10). This latter result agrees with the 
fact that the stability of complexes formed by a given ligand with a series of metals is 
expected to increase with the electronegativity of the metals (Irving and Williams, 1948), 
thus showing indirectly that complexation by OMW does occur. The authors concluded 
that the "average" complex formed is mono-nuclear, with a bidentate bond for Cu2 •• For 
other larger M 2

-+ ions, a progressive steric hindrance seems to existo 
This simple model of a mono-nuclear, bidentate complex between the "average" com

ponent of OMW and a metal ion was further developed elsewhere (Bejarano and Madrid, 
1996d). The reaction was assumed to be 

K ML 
[ML] 
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A double acid dissociation was assumed for the organic ligand, defined by two acid 
dissociation constants. From Cu2 ... and Zn2

+ data of experiments similar to those men
tioned aboye with reverse-phase cartridgest estimates of free metal concentration [M2+] 
and, by difference, of complexed metal [ML] were obtained. Totalligand concentra
tions were considered to be those of the residue (in g L-1). By an iterative, computer 
simplex method the autbors obtained values for the conditional constant KML and the 
two acid dissociation constants. The graphs in Figure 10.11 show the experimental data 
and the corresponding calculated solution compositions. As can be seen, the model was 
a good approximation to the behavior of OMW as complexant. The values of the stabil. 
ity constants obtained by this model (Bejarano and Madrid, 1996d) and by a cation 
exchange resin (Bejarano and Madrid, 1996c) were reasonably congruent despite the 
different techniques and conditions, and agreed with that previously obtained for Cu2

• 

by Bejarano et al. (1994) using voltammetric techniques. 

SUMMARY 

During the last decades, the view of land as a sink for any waste has been ruled out as 
erroneousJ and concem for the long-term environmental hazards of accumulation of 
wastes has gained increasing importan ce. In the preceding pages we have tried to show 
that, even though soils can "fix" large quantities of potentially toxic metals, acting as a 
barrier against metal pollution of ground and surface waters, organic matter, either natural 
or, especially, added to soils, is a very important factor able to change the status of the 
metals in tbe system. Whether such change is in the direction of increasing the fixation of 
metals or of mobilizing them depends on several circumstances, hut many studies sug
gest that the presence of soluble organic matter generally increases metal mobility through 
formation of soluble complexes. Therefore, those processes for maturing organic wastes 
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previous to their use as soil amendments must be aimed, among other purposes, at mini
mizing the proportion of soluble components. Thus, the mobilizing acrion will also be 
minimized and the resulting highly polymerized, sparingly soluble organic wastes will 
contribute to immobilize metals and consequently will help to keep a low bioavailability 
of such potentially toxic elements. 
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