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RESUMO 
 

O presente estudo incidiu sobre o uso de poliacrilatos hidrofílicos insolúveis e 
compostos de resíduos sólidos urbanos para remediar solos contaminados com 
metais. Os polímeros melhoraram o crescimento de plantas e a saúde de solo de 
uma mina ou solo contaminado com cádmio, em resultado da formação de 
microcosmos no solo onde as raízes e microrganismos podem proliferar. Um 
polímero de fraldas conduziu a resultados idênticos aos de um poliacrilato com Na+, 
mas pedaços de fraldas não funcionaram tão bem, provavelmente devido à presença 
de plástico e material fibroso. 

O transporte de polímeros em colunas de solo foi pequeno, sugerindo que o 
risco de contaminação de lençóis freáticos com polímeros é diminuto. 

A Dactylis glomerata L. conduziu às maiores actividades de várias enzimas num 
solo de mina com composto, por comparação com a Erica australis L., que inibiu as 
actividades de desidrogenase, β-glucosidase e fosfatase ácida.  

Os melhores resultados foram obtidos com polímero mais composto, mas a 
fosfatase ácida foi mais beneficiada pelo composto e a desidrogenase pelo polímero. 
A biomassa de espécies nativas foi maior quando ambos os correctivos foram 
aplicados, mas as espécies responderam diferentemente, sugerindo que a 
composição botânica é afectada pelos tratamentos. 

 

Palvaras-chave: Polímeros de poliacrilato, Composto, Solos 

contaminados, Metais pesados, Fitoestabilização. 
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ABSTRACT 

 
 
 

This thesis focuses on the use of insoluble hydrophilic polyacrylate polymers and 
compost from mixed municipal solid waste to remediate long-term 
metal-contaminated soils. Polymers improved plant growth and soil health in a 
Cd-contaminated soil and in a mine soil. This resulted from microcosms formed by 
polymers throughout contaminated soil where roots and microorganisms could 
proliferate. A polymer from diapers lead to similar growth of a native plant as a 
polyacrylate polymer with Na+

Transport of polymers in soil columns was small, suggesting that the risk of 
groundwater contamination with polymers is negligible. 

, but shredded diapers performed less well, 
presumably because of the plastic and fibrous materials present. 

Dactylis glomerata L. led to the greatest activites of several enzymes in 
compost-amended mine soil compared with Erica australis L., which impaired 
dehydrogenase, β-glucosidase and acid phosphatase activities.  

The greatest improvements in the mine soil were obtained with polymer plus 
compost, but acid phosphatase was mainly enhanced by polymer and 
dehydrogenase by compost. The greatest biomass of native species was obtained in 
soil receiving both amendments, but species responded differently to treatment, 
suggesting that botanical composition could change over time. 

 
 
 
 

 

Key words: Polyacrylate polymer, Compost, Contaminated soil, Heavy Metals, 

Phytostabilization 
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Introduction  

Although several trace elements are essential to life, most of them are toxic if 

present at large concentrations (Divrikli et al., 2003; Soylak, et al., 2004; Jamali et al., 

2008), and identified as environmental pollutants (Nedelkoska and Doran, 2000; 

Chehregani et al., 2005).  

Trace elements are not degraded and generally have very long residence times 

in soils (Adriano et al., 2004). Thus, they represent a serious threat to ecosystems 

and humans. The potential toxicity of trace elements depends on the forms they 

present in soils. The soluble and exchangeable fractions are the most important 

pools determining bioavailability and toxicity, rather than their total content.  

The presence of trace elements in soils derives both from natural and 

anthropogenic processes. With the rapid development of industry and urbanization, 

anthropogenic inputs increased everywhere. The main anthropogenic sources 

include mining and smelting; fossil fuel combustion; sewage sludge application; 

processing and manufacturing industries (especially metallurgical, electronics and 

chemical); waste disposal; application of fertilizers, fungicides and other 

agrochemicals; atmospheric deposition; waste incineration; the spillage of liquids 

such as solvents or oil; and practices of irrigation with contaminated waters (Alloway, 

1995; Scullion, 2006).          

Contaminated soil should be restored whenever possible, to resume its original 

functionality. Several technologies have been developed for this purpose (Gray et al., 

2006). The traditional method used was to change the layer of contaminated soil 

with pristine soil, or to excavate the layer of contaminated soil and backfill after 

remediation. However, these methods are often considered as costly, ineffective and 

unsustainable (Boisson et al., 1999). Alternative options have been studied, which 

are thought of as being less intrusive to soil and its surrounding, and more 

cost-effective. Examples of these are in situ electro-kinetic remediation (Acar and 
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Alshawablich, 1993; Tomoyuki Kimura et al., 2007; Wang et al., 2009; Mario et al., 

2009), in situ phyto-remediation (Cunningham, 1993; Koopmans et al., 2008; Teofilo 

et al., 2009) and in situ chemical immobilization (Castadi et al., 2005b; Xavier et al., 

2006; Garau et al., 2007; Marco et al., 2008; Cao et al., 2009; Tandy et al., 2009).  

    The aim of in situ chemical immobilization is not to remove trace elements from 

soils, but to reduce their mobility and in consequence the risk of groundwater 

contamination and bioavailability to plants and other living organisms (Castaldi et al., 

2005a; Tandy et al., 2009). A number of different amendments has been studied for 

in situ chemical immobilization, including alkaline amendments (Chlopecka and 

Adriano, 1996; Castaldi et al., 2005b), Fe/Mn oxides (McBride,1994; Usman et al., 

2006; Mench et al., 2003; Bertocchi et al., 2006), clay minerals (Castaldi et al., 2004; 

Castaldi et al., 2005a), organic matter (Sánchez-Martín et al., 2007; Madrid et al., 

2007; Alvarenga et al., 2009), and insoluble polyacrylate polymers (Varennes and 

Torres, 2000). 

The aim of this chapter is to review: (1) Soil contamination with trace elements, 

including their toxicity and sources of contamination; (2) Remediation technologies 

available, with particular emphasis on in situ chemical immobilization. 

 

1.1 Forms of trace elements in soils 

Trace elements can be present in several forms in soils. Their mobility and 

availability are controlled by many physical and chemical processes such as 

precipitation–dissolution, adsorption–desorption, complexation-dissociation and 

oxidation- reduction (He et al., 1998).  

Sequential extraction methods have been developed to characterize forms and 

mobility of trace elements, and to test the effect of remediation technologies. Based 

on these extractions, trace elements in soils can be divided into fractions, such as: (1) 

adsorbed and exchangeable; (2) bound to carbonates, (3) bound to Fe and Mn oxides 

(reducible phases); (4) bound to organic matter; (5) residual (detrital or lattice 

phases) (Tessier et al., 1979; Salomons and Forstner, 1980). The Community Bureau 

of Reference (BCR) sequential extraction method of the Standard Methods Testing 
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Programme of the European Commission divides trace elements into four fractions: 

(1) easily desorbed or dissolved; (2) bound to Mn and Fe oxides; (3) bound to organic 

matter; (4) residual (Rauret et al., 1999). 

The total content of trace elements is usually considered an important indicator 

of soil pollution. However, the fractions have different impacts on the environment 

(Tam and Wong, 1996). The phytotoxicity of trace elements is mainly related to the 

water-soluble and exchangeable fractions rather than to their total concentration in 

soils, and these two fractions should be considered as the bio-available pool 

(Flyhammar, 1998). Oxide-, carbonate-, and organic matter-bound fractions may be 

potentially bio-available, whereas the residual fraction is mainly unavailable to 

plants or microorganisms (Flyhammar, 1998). The proportions of each fraction vary 

with the type of soil and largely determine the availability and mobility of trace 

elements in soils. Many soil factors such as pH, organic matter content, amounts and 

forms of oxides and carbonates, charge characteristics, as well as mineral 

composition will influence the proportion of the different fractions, and the 

bioavailability and transport of trace elements in soils and within agro-ecosystems 

(Fageria et al., 2002).  

 

1.2 Toxicity of trace elements 

Although some elements such as Cu and Zn are essential to life, most of them 

are toxic to biota when present at large concentrations or at relatively smaller 

concentrations following long-term exposure (Majer et al., 2002). 

 

1.2.1 Toxicity to plants 

Although the relative toxicity of trace elements to plants varies with plant 

genotype and experimental conditions, when present in excessive amounts, metals 

such as Hg, Cu, Ni, Pb, Co and Cd are very toxic to higher plants and microorganisms 

(Kabata-Pendias and Pendias, 1984). They inhibit growth and impair metabolic 

activity (Clijsters et al., 1991; Samantary, 2002; Song et al., 2003; Sawidis, 2008) 

Excessive concentrations of metals result in phytotoxicity due to: (i) changes in 
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the permeability of cell membranes; (ii) reactions with sulphydryl (–SH) groups; (iii) 

affinity for phosphate groups of ADP or ATP; and (iv) replacement of essential ions 

(Manomita et al., 2004). The major processes affected by trace elements include 

seed germination, seedling growth (shoot and root growth), photosynthesis, plant 

water status, mineral nutrition, and enzymatic activities (Shaw et al., 2004; Ryser and 

Emerson, 2007; Singh and Agrawal, 2007; Salvatore et al., 2008; Kierann et al., 2009).  

 

1.2.2 Toxicity to soil organisms 

Trace elements do not degrade and can accumulate to toxic levels so as to 

influence biochemical processes and the biological community of soils. Soil 

organisms are involved in the decomposition of organic matter and nutrient cycling 

(Corte et al., 1999; Lavelle et al., 2006). The sensitivity of fauna to soil conditions 

makes them potential indicators of soil disturbances (Paoletti, 1999). Many soil 

invertebrates, including arthropods, earthworms and nematodes, have been used as 

bioindicators of heavy metal contamination (van Straanen, 1998; Spurgeon et al., 

2000; Anderson et al., 2001; Migliorini et al., 2004; Wang and Xing, 2008; Wang et al., 

2009). In general, the diversity and richness of soil organisms was reduced by soil 

contamination with heavy metals (Bargagli, 1998; Nahmani and Lavelle, 2002; 

Migliorini et al., 2004; Höss et al., 2009), with a consequent change in soil ecosystem 

functions (Cortet et al., 1999).  

 Some soil organisms may develop mechanisms of resistance to metalliferous 

soils by physiological or genetic adaptations (Caroline et al., 2003; Migliorini et al., 

2004). Thus, some invertebrates such as earthworms, collembola and isopoda have 

been investigated as bioaccumulators of heavy metals (Heikens et al., 2001; Köhler, 

2002; Caroline et al., 2003; Migliorini et al., 2004; Wang et al., 2009). However, this 

only increases the risk of contamination of the food chain by transfer of heavy 

metals to predators of soil organisms (Abdul Rida and Bouché, 1994; Edwards and 

Bohlen, 1996).  

Soil microorganisms play important roles in recycling of plant nutrients, 

maintenance of soil structure, detoxification of noxious chemicals, and the control of 
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plant pests and plant growth (Elsgaard et al., 2001; Filip, 2002). Soil microorganisms 

can respond and rapidly adapt to environmental changes, thus providing an early 

sign of soil improvement or an early warning of soil degradation.  

Pollution with trace elements can cause changes in microbial biomass and 

activity, and in the composition of the microbial community (Vig et al., 2003; 

Turpeinen et al., Lorenz et al., 2006; 2004; Wang et al., 2007; Liao and Xie, 2007; Hu 

et al., 2007). Conversely, long-term contamination may increase the tolerance of the 

microbial community (Bååth et al., 1998; Anna et al., 2009). For instance, the 

tolerance of fungi, such as arbuscular mycorrhizal fungi, to heavy metal 

contamination can play an important role in the restoration of contaminated 

ecosystems (Del Val et al., 1999; Cesar et al., 2007).  

 

1.2. 3 Toxicity to humans 

Humans are exposed to trace elements through various pathways (Wilson and 

Pyatt, 2007), but contamination of the food chain is an important route of entry into 

the human body. Acute and chronic toxicity of metals such as Cd, Hg and Pb are 

known for all life forms (Hu, 2005; Kosnett, 2007). Cadmium and Pb are carcinogens 

in humans (Waisberg et al., 2003; US, 2005) and may induce neurodegenerative 

diseases (Monnet-Tschudi et al., 2006; Bolin et al., 2006).  

It is generally accepted that the harmful effects of heavy metals result mainly 

from their interaction with proteins; some metals such as Cr, Ni and Pt are also 

known to interact with DNA. The proteins are affected by metal ions in two ways: 

the ions either bind to free thiol and other functional groups of native proteins, or 

replace Zn and other essential metal ions in metal-dependent proteins (Kägi and 

Hapke, 1984; Fraústo da Silva and Williams, 1993). 

 

1.2.4 Toxicity of some trace elements 

1.2.4.1 Lead 

Lead is a wide spread pollutant with no known functions in biological systems. 

High levels of Pb will impact the germination of seeds, and the development and 
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growth of roots and shoots (Mesmar and Jaber, 1991; Fargasova, 1994). 

Photosynthesis is also one of the most sensitive processes to Pb. The total 

chlorophyll content and the relative proportion of chlorophyll a and b were reduced, 

through inhibition of chlorophyll biosynthesis at high levels of Pb (Van Assche and 

Clijsters, 1990; Sinha et al., 1993; Ernst et al., 2000). Long-term exposure to Pb 

resulted in reduced leaf growth, a decrease in photosynthetic pigments, changed 

chloroplast structure, and decreased enzymatic activities related with CO2 

assimilation (Shearan and Singh, 1993; Parys et al., 1998).  

Severe adverse effects of Pb on soil microbial biomass, microbial growth and 

microbial community structure have been generally found even for small 

concentrations (Dar, 1996; Moreno et al., 1999; Majer et al., 2002; Renella et al., 

2004; Liao et al., 2007), although the metal is sometimes considered not to be very 

toxic towards soil microorganisms due to a small solubility and bioavailability (Nies, 

1999).  

Lead poisoning causes permanent neurological, developmental, and behavioral 

disorders in humans, particularly in children (Ma, 1996; Laidlaw et al., 2005). Recent 

work has suggested seasonal increases in children’s blood Pb related to the number 

of summer days and hence outdoor activities, and with open windows and doors 

leading to increased contact with Pb-contaminated soils (Mielke and Reagan, 1998; 

Yiin et al., 2000; Haley and Talbot, 2004). An additional pathway is through ingestion 

of Pb deposited on crops, especially roadside leafy vegetables (Laidlaw et al., 2005).  

 

1.2.4.2 Copper 

Although Cu is an essential micronutrient for plants, it has been reported to be 

among the toxic heavy metals (Li and Xiong, 2004). Excessive Cu accumulated in 

plant tissues can affect several physiological and biochemicals processes, and impair 

plant growth (Balsberg, 1989; Fernandes and Henriques, 1991). For example, excess 

Cu changed N metabolism with a reduction of total organic N (Lorens et al., 2000), 

inhibition of nitrate reductase activity (Luna et al., 1997; Mazen, 2004) and an 

increase in free amino acids. Excessive Cu can decrease the chlorophyll content and 



Literature Review 

8 
 

inhibit plant growth (Ralph and Burchett, 1998; Fargasova, 2001). Usually, Cu inhibits 

root growth more than shoot growth (Lexmond and Vorm, 1981).  

Copper is considered very toxic towards soil organisms (Gordon et al. 1994) due 

to the production of hydroperoxide radicals (Rodriguez-Montelongo et al. 1993) and 

interaction with cell membranes (Suwalsky et al., 1998). In Cu-contaminated soils 

several parameters are impaired, including soil respiration (Hattori, 1992; Kris et al., 

2007), microbial numbers and biomass (Chander et al., 1995; Pennanen et al., 1996; 

Aoyama et al., 1997) and enzymatic activities (Mathue and Sanderson, 1980; 

Carbonell et al., 2000). The toxicity of Cu to soil microorganisms is dependent on soil 

pH, clay and organic matter contents (Takashi et al., 1999; Banu et al., 2004; Sun et 

al., 2006). 

Chronic Cu toxicity is rare in humans, and mostly associated with liver damage. 

Acute Cu intoxication leads to gastrointestinal effects characterized by abdominal 

pains, cramps, nausea, diarrhea, and vomiting (Cesar, 2005). 

 

1.2.4.3 Cadmium 

Soil Cd is readily available for uptake by grain crops and vegetables (Elinder and 

Jarup, 1996). Even at small concentrations, Cd severely inhibits plant growth and 

even causes plant death by disturbing the uptake of nutrients, inhibiting 

photosynthesis via degradation of chlorophyll (Somashekaraiah et al., 1992; Sandalio 

et al., 2001) and inactivating enzymes involved in CO2 fixation (Greger and Ogren, 

1991; De Filippis and Ziegler, 1993). It was also reported that Cd toxicity induced 

oxidative damage characterized by an accumulation of lipid peroxides and oxidized 

proteins as a result of the inhibition of the antioxidant defense systems in plants 

(Sandalio et al., 2001; Vitória et al., 2001).  

Cadmium is known to be very toxic to soil microorganisms such as bacteria, 

algae and fungi (Vig et al., 2003). The toxicity of Cd is highly dependent on its 

speciation, and on physical, chemical and biological factors that affect microbial 

activity (Vig et al., 2003; Shi et al., 2007). Although a large number of studies on Cd 

toxicity to soil microorganisms had been carried out, no specific mechanism of action 
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was highlighted (Nies, 1999). The effects may be summed up under the general 

headings “thiol-binding and protein denaturation”, “interaction with calcium 

metabolism and membrane damage” and “interaction with zinc metabolism” (Nies, 

1999). Soil contamination with Cd resulted in a reduction in microbial biomass, basal 

respiration and soil enzymatic activities (Smith, 1996; Giller et al., 1998; Jose et al., 

2002; Yao et al., 2003; Liao et al., 2004; Hu et al., 2005; Zhang et al., 2009).  

Cadmium is extremely toxic to humans by impacting the respiratory system, the 

function of gastrointestina and kidneys and the reproductive system, resulting in 

bone pains, cancer, kidney failure, etc.(Johannes et al, 2006). 

 

1.2.4.4 Zinc 

Although Zn is an essential element for higher plants, it is phytotoxic at large 

concentrations, and can consequently reduce crop yield (Alloway et al., 1995). Zinc 

phytotoxicity is the most common micronutrient phytotoxicity compared to those of 

Cu, Ni, Co, Cd, or other trace elements, with the exception of Al and Mn (Chaney, 

1993). At comparable soil pH and total Zn concentrations, Zn phytotoxicity is more 

severe in plants grown in coarse- than in fine-textured soils because of the 

differences in specific Zn adsorption capacities of these soils. Continued applications 

of Zn fertilizers to sandy soils with small organic matter content led to Zn toxicity in 

plants, even though occurrence of Zn toxicity is relatively rare under field conditions 

(Rattan and Shuk, 1984).  

The toxicity of Zn towards soil microorganisms is similar to or less than the 

toxicity of Cu (Nies, 1999). Zinc contamination adversively affects soil microbial 

biomass and activity (Roman and Margaret, 1997; Smolders et al., 2004; Wang et al., 

2007). The toxicity of Zn depends on the its bioavailability, which varies with soil 

factors, such as pH, organic matter content and cationic exchange capacity (Smit and 

van Gestel, 1998; Lock et al., 2000; Smolders et al., 2004; Kris et al.,2007). Moreover, 

the presence of other metals (Van Gestel and Hensbergen, 1997; Sharma et al., 1999) 

and previous exposure to Zn or other metals (McLaughlin and Smolders, 2001; 

Salminen et al., 2001) will also affect its toxicity towards soil organisms. 
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Zinc toxicity to humans has been shown in both acute and chronic forms. 

Intakes of 150–450 mg of Zn per day have been associated with low Cu status, 

altered Fe function, reduced immune function, and reduced levels of HDL(high 

density lipoprotein) (Hamilton et al., 2000). 

 

1.2.4.5 Arsenic 

The phytotoxicity of As is affected considerably by the chemical form in which it 

occurs in soils and concentration of the metalloid; water-soluble forms being more 

phytotoxic than firmly bound forms (Tang and Miller, 1991). Arsenite, As (III), is more 

phytotoxic than arsenate, As(V), and both are more phytotoxic than organic forms.  

 Trivalent inorganic arsenic inhibits enzyme activity by reacting with the 

sulphydryl groups of proteins. The marked inhibitory effects of As(III) on 

mitochondrial respiration mediated by NAD-linked substrates appears to play a 

critical role in toxicity (Manomita, et al.,2004). Arsenic competed with P uptake and 

caused P deficiency resulting in appearance of dark red leaves (Otte and Ernst, 

1994).  

Arsenic is toxic to almost all bacteria, by inhibiting basic cellular functions, 

which are linked with energy metabolism (Walker et al., 2000), as As ions are 

structurally similar to phosphate, thus interfering with the metabolism of P (Nies, 

1999). Arsenic contamination of soils was found to decrease microbial populations 

(Hiroki, 1993; Bardgett et al., 1994), biomass and soil respiration (Edvantoro et al., 

2003; Van Zwieten et al., 2003). Inhibition on soil enzymeswas also reported (Ghosh 

et al., 2004; Oliveira and Pampulla, 2006; Bhattacharyya et al., 2008).  

The toxicity of As to humans, even at small levels of exposure, leads to skin 

diseases including an enhanced risk of cancer, liver disturbances, vision and/or 

hearing impairment (Abernathy et al., 2003). 

 

1.3 Sources of soil contamination with trace elements 

Trace elements enter soils through both natural and anthropogenic processes. 

In remote or mountainous areas, where impacts of human activity are relatively 



Literature Review 

11 
 

small, trace elements in soils are mainly inherited from parent materials (He, et al., 

2005). Some soils near mining areas have a large background of some trace elements, 

which are toxic to plants and wildlife, due to large concentrations of these elements 

in parent materials (He et al., 2005).  

With the rapid development of industry and urbanization processes in the 

world, anthropogenic inputs became increasingly problematic. In urban areas or 

agricultural land, with a long history of crop management, anthropogenic inputs are 

the main source of trace elements in soils. Anthropogenic processes include 

application of fertilizers, organic manures, and industrial and municipal wastes, 

irrigation, wet and/or dry deposition, mining, etc. These processes contribute 

variable amounts of trace elements to agro-ecosystems.  

 

1.3.1 Agricultural activity  

1.3.1.1 Irrigation with waste water and application of organic wastes as fertilizers 

Trace elements in wastewater are one of the main causes of soil contamination 

(Cao and Hu, 2000; Nan et al., 2002; Mapanda et al., 2005). In suburban areas, the 

use of industrial or municipal wastewaters is a common practice in many parts of the 

world, for example, in France, Germany, India, and China (Singh and Kurnar, 2006; 

Ingwersen and Streck, 2006; Dere et al., 2006; Li et al., 2009). However, many 

contaminants in wastewaters may accumulate in soils and consequently pose 

environmental problems, especially following repeated applications.  

Application of sewage sludge (biosolids) to soils is a recycling practice used in 

many countries, useful for the disposal of increasing amounts of municipal wastes. 

Sewage sludge contains significant quantities of organic matter and nutrients such as 

N and P and therefore increases organic C in soils and provides readily available 

nutrients for plants (Smith, 1996; Zufiaurre et al., 1998). However, sewage sludges 

contain trace elements (McBride, 2003; Fuentes et al., 2006; He et al., 2007) and  

repeated application tends to increase the level of these elements in soils and pose a 

potential threat to the environment (Doelsch et al., 2006; Walter et al., 2006; Cai et 

al., 2007; Singh and Agrawal, 2008).  
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Application of biosolids and composts has been reported to increase total 

amounts of Cu, Zn, Pb, Cd, Fe, and Mn in soils (Chander and Brookes, 1993; Valsecchi 

et al., 1995; Chaney et al., 2001).  

 

1.3.1.2 Mineral Fertilizers and Pesticides 

The application of mineral fertilizers and pesticides also contributes to the 

contamination of the environment with trace elements (Friberg et al., 1986). For 

example, phosphate rocks, especially the sedimentary rocks that are mainly used for 

the manufacture of phosphatic fertilizers, contain varying concentrations of heavy 

metals (Mortvedt and Beaton 1995; Stocia et al., 1997; Sabiha-Javied et al., 2009).  

Agrochemicals containing trace elements such Cu, Zn, Pb, and As led to soil 

contamination which can still be detected in old orchards of grape, citrus and apple 

(Alva, 1992; Carbonell-Barrachina et al., 1995; Timmer et al., 2004).  

Arsenic in treated wood can potentially leach into the surrounding soil, thus 

increasing the As load (Hingston et al., 2001; Townsend et al., 2003; Chirenje et al., 

2003).  

 

1.3.2 Industrial and mining activities 

1.3.2.1 Industrial activities 

Emissions from large industrial sources, including iron and steel industries, 

metal smelters, refineries, and foundries often have great impact on metal 

accumulation in soils.  

Nonferrous-metal smelting has been considered one of the most important 

anthropogenic sources of heavy metals (Schwartz et al., 2001). Such pollution has 

been attributed to emissions from both smelter stacks and fugitive sources such as 

stockpiles and waste heaps (Rieuwerts and Farago, 1996; Williams and Ogston, 2002; 

Cheng et al., 2009). The metals are transferred to environmental compartments, 

such as water, soil and plants, and can eventually enter human bodies through food 

chains or by direct ingestion (Bi et al., 2006; Alexandra et al., 2007; Bi et al., 2009).  

Municipal waste incinerators are likely a source of soil contamination with 
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heavy metals (Hutton et al., 1988; Reis et al., 2007). Metals can be emitted into the 

atmosphere both from chimney stacks and as fugitive emissions from such 

incinerators (Feng et al., 2000; Morselli et al., 2002).  

Pollution from automobiles is becoming a significant issue in developing 

countries (Fakayode and Olu-Owolabi, 2003; Mohammad, 2009). Emission from 

automobiles with Pb-enriched gasoline caused a significant increase in Pb 

concentration in soils along old highways and is considered as one of the major 

sources of soil contamination with Pb (Shahi et al., 1997). The concentration of 

metals such as Pb and Cd in plants increased linearly with traffic density and 

proximity to roadways (Grace Nabulo et al., 2006).  

Accumulation of heavy metals on urban surfaces arising from road dust has 

been discussed recently (Shi et al., 2008; Yasir et al., 2009).  

 

1.3.3.2 Mining activities 

Throughout the world, mining activities have contaminated soil and water 

resources with trace elements (Boisson et al., 1999; Lee and Chon, 2003; Jiang et al., 

2004; Rodríguez et al., 2009). Thus, the impact of this pollution on ecosystems has 

also been frequently investigated (Bell et al., 2001; Sheoran and Sheoran, 2006; 

Pérez-de-Mora et al., 2006; Mlayah et al., 2009; Diana et al., 2009).  

Effluent streams from pyrite mines transport large amounts of Fe2+ and SO4
2-, 

and potentially toxic trace elements including As, Cd, Pb, Zn, Cu, Hg, Sb and Se 

(Monterroso and Macías, 1998; Dinelli et al., 2001; Vega et al., 2006), which can 

adversely affect soil and water resources and endanger the health of surrounding 

ecosystems and human populations (McGrath et al., 2001; Shi et al., 2002; 

Jiménez-Rodríguez et al., 2009). Moreover, large concentrations of trace elements in 

soils around mines and mining dump materials might continuously migrate or 

disperse and contaminate soil and plants (Myung and Lain, 1996; Concas et al., 2006; 

Dudka and Adriano, 1997). 
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1.4 Remediation technologies 

Contaminated soils should be restored not only because of the adverse effects 

of trace elements on plants and soil microorganisms, but also because of the 

potential environmental problems including the risk of groundwater pollution, and 

uptake by plants with a potential contamination of the food chain.  

Several in situ and ex situ technologies were developed to remediate soils 

(Mulligan et al., 2001; Gray, et al., 2006). The traditional method is to change the 

layer of contaminated soil with pristine soil, or to excavate the layer of contaminated 

soil and backfill it after remediation. However, these are usually considered as costly, 

ineffective and environmentally-unsustainable practices (Boisson et al., 1999; 

Kucharski et al., 2005; Van Herwijnen et al., 2007). Many alternative options, which 

are thought of as being less intrusive to soil and its surrounding and more 

cost-effective, have therefore been studied, including in situ electro-kinetic 

remediation (Acar and Alshawablich, 1993), in situ phyto-remediation (Cunningham, 

1993) and in situ chemical immobilization (Giovanni et al., 2007; Bes and Mench, 

2008; Tandy et al., 2009).  

 

1.4.1 In situ electro-kinetic remediation 

Electro-kinetic remediation is an in situ technique where a weak electric current 

is passed through the soil to remove contaminants. It is one of the promising 

remediation technologies and the most effective in fine-grained and clayey soils 

(Acar and Alshawablich, 1993; Acar, 1995). Moreover, it is effective in removing 

organic compounds, heavy metals and radionuclides from soils, mine tailings, 

sludges and sediments (Acar, 1995; Reddy et al., 2001; Baek et al., 2009). 

The main mechanisms by which contaminant transport takes place are 

electroosmosis and electromigration. Electroosmosis is the movement of water from 

the anode to the cathode when an electric potential is applied due to the dipolar 

character of water molecules (Orcino and Bricka, 1998). Electromigration is the 

movement of positively and negatively charged ionic species to the electrodes of 

opposite sign.  



Literature Review 

15 
 

A number of studies used electro-kinetic remediation to restore heavy 

metal-contaminated soils (Alshawabkeh and Acar, 1996; Coletta et al., 1997; Kim et 

al., 2005; Chan et al., 2006; Ottosen et al., 2007). However, most of the studies 

focused on single metal-contamination (Yeung et al., 1996; Chung and Kang, 1999; Li 

and Li, 2000; Sawada et al., 2004; Lee et al., 2007; Wang et al., 2009) and only a few 

studies covered multi-metal contamination (Li et al., 1997; Kim et al., 2002; 

Gidarakos and Giannis, 2006; Prashanth et al., 2009). The main reason may be that 

the presence of multiple metals may impair the removal efficiency (Reddy et al., 

2001).  

Although this technique has been effective in batch and field tests (Lageman et 

al., 2005; Nystroem et al., 2005; Ho et al., 1999), it is limited for field application due 

to the high cost of the electrode conditioning solution and large energy requirement 

(Yuan et al., 2009). Moreover, the efficiency of electro-kinetic remediation is 

affected by soil properties such as pH and redox state, with contradictory results in 

the lab and field tests (Wenqin et al., 2003).  

 

1.4.2 In situ phytoremediation  

Phytoremediation is a technology that uses plants to transfer, hold or transform 

contaminants to alleviate their toxicity towards the environment (Cunningham, 

1993). For heavy metal-polluted soils, phytoremediation seems to be an 

economically and esthetically attractive in situ technique (Pulford and Watson, 2003; 

Kirkham, 2006; Lone et al., 2008).  

There are two distinct strategies in soil phytoremediation: phytostabilization 

and phytoextraction (Salt et al., 1998). In phytostabilization a cover of vegetation is 

used in moderately or heavily-contaminated sites to control soil erosion by wind and 

water. Plants suitable for phytostabilization develop an extensive root system, 

provide good soil cover, provide organic matter to the soil, increase soil aggregation, 

possess tolerance to the contaminants, and ideally immobilize the contaminants in 

the rhizosphere (Krämer, 2005; Pulford and Watson, 2003; Robinson et al., 2006). 

Phytostabilization is often performed using species from plant communities 
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occurring on contaminated sites. 

Phytoextraction is based on the use of the plants that concentrate 

contaminants in their above-ground tissues. The plant biomass is then harvested, 

dried or incinerated, and the contaminant-enriched material deposited in a special 

dumping site. The energy gained from burning the biomass could support the 

profitability of the technology, if the resulting fumes could be cleaned appropriately 

(Krämer, 2005).  

Plants used in phytoextraction are classified into two types: hyperaccumulators 

and large biomass producers. For example, plants that can contain greater than 1000 

μg Ni g-1, 500 mg Cr kg-1 and 100 mg Cd kg-1 in dry leaf tissue can be considered Ni-, 

Cr- or Cd-hyperaccumulators, respectively (Baker and Brooks, 1989; Baker et al., 

2000). In a recent review, Gardea-Torresdey et al. (2005a) summarized the 

knowledge on Cd, Cr, Cu, Hg, Ni, Pb, and Zn hyperaccumulator family/species 

identified from 1997 to 2004. Some spontaneous plants were recently identified as 

potential hyperaccumulators, for instance Prosopis sp. (Aldrich et al., 2003) and 

Salsola kali (De la Rosa et al., 2004), which were considered as potential Pb and Cd 

hyperaccumulators, respectively.  

Crops like rice, soybean and maize were also studied as potential accumulators 

to be used in contaminated arable land in countries with a large demand for food (Yu 

et al., 2006; Masaharu and Noriharu, 2009). Although with smaller metal 

concentrations in their tissue, woody plants such as willow (Julie et al., 2009；Pulford 

et al., 2002) and poplar (Komárek, 2008; Utmazian et al., 2007) compensate for this 

by their larger biomass production. Moreover, the root system of woody plants is 

more suitable for the remediation of deep soil layers than that of herbaceous species 

(Whiting et al., 2000; Pulford and Dickinson, 2005).  

Chelate-enhanced phytoextraction consists on the application of chelating 

agents to soils to enhance metal uptake by plants, by increasing their bioavailability 

and therefore obtain a greater extraction efficiency (Garbisu and Alkorta, 2001; Zhou 

and Song, 2004; Alkorta et al., 2004; Evangelou et al., 2006). However, enhanced 

mobility of Cd, Cu, Pb and Zn in soils may result in substantial groundwater pollution 
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(Wu et al., 2003; Evangelou et al., 2006; Neugschwandtner et al., 2008). Furthermore, 

the adverse effects of synthetic chelators on plant growth should also be taken into 

consideration (Grčman et al., 2001; Lai and Chen, 2005; Quartacci et al., 2006, Sun. 

et al, 2009).  

Although phytoremediation can be considered as low-cost and recommendable 

as an in situ technology for heavy metal-contaminated soils, its shortages are also 

obvious. Firstly, phytoremediation is a slow process and it may take several years to 

reach the clean-up goal (Japenga et al., 2007; Koopmans et al., 2007). Thus, it may 

not be suitable for urgent remediation of seriously contaminated soils. Secondly, in 

phytostabilization, root exudates may increase the bioavailability of contaminants 

and hence their entry into the food chain. They may also contribute to the formation 

of macropores through which contaminants may leach (Roulier et al., 2008). Thirdly, 

phytoextraction efficiency depends not only on the metal concentration in 

aboveground tissues, but to a greater extent, on the biomass yield of plants 

(Komárek et al., 2008; Neugschwandtner et al., 2008). However, hyperaccumulator 

plants are small and grow slowly, making them difficult to harvest mechanically 

(Ebbs et al., 1997). Fourthly, the culture of hyperaccumulator species may be 

hampered by their susceptibility to diseases (McGrath et al., 2000). In conclusion, 

phytoremediation should often be associated with other remediation technologies, 

such as chemical immobilization. 

 

1.4.3 Chemical immobilization  

To evaluate the environmental hazard posed by trace elements in soils, their 

regulatory limits should be based on bio-available concentrations and not on their 

total amount as it is at the present (Adriano et al., 2004). Leaching, eco-toxicity and 

bioavailability strongly depend on soil physico-chemical properties and the activity of 

soil organisms. As a result, solubility and bioavailability of trace elements is strongly 

influenced by changes in soil physico-chemical characteristics such as pH and organic 

matter content (Lombi et al., 2002a).  

In situ chemical immobilization consists on the application of various 
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amendments to increase the proportion of trace elements in the solid phase, either 

by precipitation or increased sorption, so as to decrease their solubility and toxicity 

(Oste et al., 2002; Basta and McGowen, 2004; Castaldi et al., 2005b; Tandy et al., 

2009).  

Amendments used included agricultural products such as lime (Geebelen et al., 

2003), phosphate (Boisson et al., 1999; Hettiarachchi and Pierzynski, 2002; Melamed 

et al., 2003), organic matter (biosolids, composts, manures and sewage sludge) 

(Brown et al., 2003, 2004; Farfel et al., 2005; Bertoncini et al., 2008), clay minerals 

(Edwards et al., 1999; Oste et al., 2002; Friesl et al., 2003), Fe/Mn oxides (Mench et 

al., 1994; Geebelen et al., 2003; Phillips, 1998; Lombi et al., 2002a; Gray et al., 2006) 

and polyacrylate polymers (Torres and Varennes, 1998). 

 

1.4.3.1 Lime 

Lime is a well-known amendment used in agriculture to increase soil pH. This 

effect can increase the availability of essential plant nutrients while decreasing the 

availability of some cationic metals to plants, animals and humans (Cao and Wang, 

1996; Krebs et al., 1998; Gray et al., 2006; Garau et al., 2007; Castaldi et al., 2009) 

due to enhanced soil cationic exchange capacity and metal precipitation or 

adsorption on carbonates, oxides and hydroxides (Li et al., 2004; Chlopecka and 

Adriano, 1996; Castaldi et al., 2005b).  

The efficency of lime is affected by soil properties (such as the starting pH, the 

content of clay and organic matter and the ionic exchange capacity) (Singh et al., 

1995; Narwal and Singh, 1995), the crop and the trace element in question (Pepper 

et al., 1983; Eriksson, 1988).   

Liming has limitations for soil remediation: it is inefficient in strongly acidic soils 

and it is unavailable in some regions. The natural re-acidification of soils may result 

in the release of bound metals, for example, as a result of continued influx of acidic 

water (even only slightly acidic rain water) (Gray et al., 2006).  

The concentration of metals such as Cd, Cu and Pb were inconsistently affected 

or not affected by soil liming (Andersson and Siman, 1991; Maier et al., 1997; 
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Paulose et al., 2007; Hartley and Lepp, 2008). Furthermore, the application of large 

quantities of lime can result in a reduction of the bioavailabilityof nutrients such as 

N-NH4
+, K and P which may not be beneficial for the vegetation in contaminated 

areas (Kumpiene et al., 2008). 

 

1.4.3.2 Fe/Mn oxides 

Minerals containing Fe, Al and Mn oxides are important sinks for trace elements 

in soils (McBride, 1994; Sposito, 1986; Lombi et al., 2002a; Hettiarachchi et al., 2003; 

Scheckel and Ryan, 2004). Metal sorption by these oxides is highly dependent on pH. 

Iron and Mn oxides have a greater adsorption capacity compared with Al oxides or 

with other clay minerals (Basta et al., 2005). They can form strong bonds with Pb, Cu, 

Co, Cr, Mn, Ni and Zn due to inner-sphere metal surface complexes and metal 

hydroxide precipitation (Brown and Parks, 2001; Basta et al., 2005; Kumpiene et al., 

2008).  

Several types of Fe-bearing materials have been studied, including pure metal 

oxides (Usman et al., 2006; Vishnu et al., 2009), zero-valent Fe (Mench et al., 2003; 

Kumpiene et al., 2006; Bes and Mench, 2008), waste products like steelshot 

(Geebelen et al., 2002) and red mud (Lombi et al., 2002a). Due to a large surface 

area, strong adsorptive properties, high adsorptive capacity and low cost, Fe oxides 

can be an attractive material to remove trace elements from contaminated soils or 

sediments by co-precipitation and adsorption (Chlopecka and Adriano, 1997; 

Scheinost, 2001; Sherman and Randall, 2003; Hartley et al., 2004; Hsu, 2008; Qian et 

al., 2009).  

Manganese oxides are also used as amendments to remediate contaminated 

soils. The most reactive form is synthetic birnessite (Vangronsveld et al., 1996; 

Boisson et al., 1998). Compared to other additives (hydrous ferric oxides, basic slag, 

beringite and lime) hydrous manganese oxides had the best potential to reduce 

uptake of Cd and Pb by plants (Mench et al., 1994).  

There are many industrial by-products containing Fe/Mn oxides that can be 

used as amendments to remediate contaminated soils. For example, red mud, a 
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by-product of aluminium (Al) manufacture which is rich in Fe and Al oxides was able 

to increase metal sorption, decreasing the concentration of metals in contaminated 

soils or sediments (Phillips, 1998; Lombi et al., 2002a, 2003, 2004), reducing uptake 

by plants (Müller and Pluquet, 1998; Lombi et al., 2002b; Friesl et al., 2003) and 

enhancing soil microbial populations and enzymatic activities (Garau et al., 2007).  

Biosolids contain significant amounts of sorbents (such as oxides, organic 

matter and phosphates) and have other favorable properties (e.g. pH) that reduce 

metal solubility and bioavailability (Basta et al., 2005). A number of studies showed 

that inorganic matter such as Fe/Mn oxides in biosolids played an important role in 

the sorption of metals (Hettiarachchi et al., 2002, 2003; Scheckel and Ryan, 2004).  

Some caution must be taken when using Fe/Mn oxides to remediate soils. 

Amendments such as steelshot, red mud, or biosolids contain various amounts of 

impurities like As, Pb, Cu, Zn and Ni that may dissolve or accumulate in amended 

soils (Basta et al., 2005; Geebelen et al., 2002; Kumpiene et al., 2009). This may 

actually aggravate contamination after repeated applications. Moreover, reduction 

of Fe/Mn oxides under anoxic conditions may lead to the dissolution of sorbing 

phases that may increase the release of As (Heiko and William, 2000; Pedersen et al., 

2006; Kumpiene et al., 2009) and cause mobilization of metals. Repeated application 

of large amounts of Fe/Mn oxides tends to aggravate soil acidity (Martinez and 

McBride, 1998; Kumpiene et al., 2009). 

Iron oxides such as goethite (Hartley and Lepp, 2008; Kumpiene et al., 2008), 

steelshot (Vangronsveld, 1996; Boisson et al., 1999b), Fe sulphate (Warren and 

Alloway, 2003) and iron grit (Hartley et al., 2004) are effective in the remediation of 

As-contaminated soils and reduce As concentration in plants. The As mobility in soils 

is mainly reduced by the formation of amorphous iron(III) arsenate (FeAsO4·H2O) 

(Jain et al., 1999; Sherman and Randall, 2003; Kumpiene et al., 2008). The efficiency 

of arsenic adsorption by Fe oxides was determined as Fe3+>Fe2+>iron grit>goethite 

(Kumpiene et al., 2008). Although the application of Fe oxides as a technique to 

reduce labile As can be effective, it needs to be approached with care because of 

possible mobilization of other trace contaminants (Hartley et al., 2004; Kumpiene et 
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al., 2006; Hartley and Lepp, 2008). Adverse effects in plant yield and quality were 

observed after application of iron grit and iron sulphate to As-contaminated soils 

(Hartley et al., 2004; Hartley and Lepp, 2008; Kumpiene et al., 2006).  

 

1.4.3.3 Clay minerals 

Clay minerals are naturally occurring and widely available, non-toxic, and 

inexpensive; they are integral components of soils. Due to characteristics of clays, 

their addition to soils can restore and enhance plant growth especially when the 

clays have large cationic exchange capacity (Churchman, 2002).  

Zeolites are a class of alkaline aluminosilicate minerals with porous structures 

(Joshi et al., 2002) and negative charges (Mohamed, 2001) neutralized by cations in 

exchangeable positions (Mondales et al., 1995). This exchange capacity makes them 

suitable for soil remediation (Šljivić et al., 2009). Some studies indicated that zeolites 

favored the formation of oxides, metal-carbonate precipitates and complexes, 

resulting in decreased metal solubility (Indianara et al., 2009; Chlopecka and Adriano, 

1996; Querol et al., 2006) and level of metals in plants (Castaldi et al., 2005b; 

Mahabadi et al., 2007; Li et al., 2009). 

Exchange of cations and protons was identified as the main mechanism of 

adsorption of metals by zeolites (Moirou et al., 2001; Šljivić et al., 2009). Some 

studies also found that zeolites increased soil pH and this was an important reason 

why metals became less available (Querol et al., 2006; Li et al., 2009; Shi et al., 

2009). 

Single application of a zeolite was less effective than other amendments (Fe 

oxides, compost, red mud and lime) in reducing the bioavailability of heavy metals 

(Hartley and Lepp, 2008; Vishnu et al., 2009; Garau et al., 2007). The effect of zeolite 

was unstable because the binding mechanism is purely electrostatic and affected by 

the introduction of other ions such as Ca2+ (Costantopoulou et al., 1994) and changes 

in pH (Querol et al., 2006).   

Other clay minerals such as bentonite were also studied as amendments for 

contaminated soils. Usman et al. (2004; 2005; 2006) reported that the addition of 
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Na- and Ca-bentonites to soils contaminated with heavy metals reduced their 

availability to wheat, and the effect was better than that obtained with a zeolite. 

However, field application of bentonites is limited by their high cost. 

 

1.4.3.4 Phosphates 

Application of phosphates has been reported to stabilize toxic metals, 

particularly Pb2+ (Cao et al., 2003; Kumpiene et al., 2008; Chrysochoou et al., 2007). 

The mechanisms involved include precipitation, surface complexation, ion exchange 

(between the ions in solution and the calcium ions in apatites) and the formation of 

amorphous solids (Xu and Schwartz, 1994; Ma et al., 1995; Admassu and Breese, 

1999; Hettiarachchi and Pierzynski, 2002; Cao et al., 2003; Hwang et al., 2008). 

Mineral apatites have been reported to immobilize Pb, Mn, Co, Cu, Cd and Zn 

in soils (Ma et al., 1995; Ryan et al., 2001; Seaman et al., 2001; Knox et al., 2003; 

Chen et al., 2007; Qian et al., 2009; Basta and McGowan, 2004; Zhu et al., 2004). The 

effect of a mineral apatite on a Pb-contaminated soil was dependent on its solubility 

and thus likely affected by its grain size (Chen et al., 2006). 

Poorly crystalline apatite, such as bone char apatite, might represent a low-cost, 

readily available phosphate source that could be used to remediate 

metal-contaminated soils without causing excessive P runoff (Ma et al., 1995; Ma 

and Rao, 1997b; Sneddon et al., 2005). It reduced the bioavailability of heavy metals 

in the soil (Sneddon et al., 2006), and their levels in plants (Chen et al., 2006). 

Biogenic apatite may be the best choice for immediate treatment and long-term 

maintenance of contaminated soils because it contains smaller metal concentrations 

than processed and mined rock phosphate, and is more soluble (Knox et al., 2006).  

Due to the low solubility of mineral apatite and thus low efficiency in reducing 

heavy metal bioavailability, other phosphates have been studied, including 

phosphate based salts (CaHPO4, Na2HPO4 and MgHPO4) (Wang et al., 2001), 

phosphatic fertilizers (triple-superphosphate and diammonium phosphate) (Chen et 

al., 2007; Usarat and Chongrak, 2009), H3PO4 (Yang and Mosby, 2006; Cao et al., 

2009) and superphosphate (Chang et al., 2008). 
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Some adverse effects resulting from phosphate application must be taken into 

consideration. Firstly, phosphate minerals may contain large concentrations of metals 

and other impurities (contaminants) that could be of concern when they are applied 

to soils (Knox et al., 2006). For instance, a phosphate rock contained 11, 25, 188, 32, 

10, and 239 mg kg-1 of As, Cd, Cr, Cu, Pb and Zn, respectively (Mortvedt and Beaton, 

1995). Secondly, their effect on the bioavailability of Cd, Cu, Zn and Pb was unstable 

(Boisson et al., 1999; Basta et al., 2001; Cao et al., 2003; Wang et al., 2008; Cao et al., 

2009) because the adsorption mechanisms is merely a surface complexation and ion 

exchange (Xu and Schwartz, 1994; Chen et al., 1997; Seaman et al., 2001; Cheung et 

al., 2001, 2002). Thirdly, application of soluble synthetic phosphates, such as 

phosphoric and superphosphate, may result in a significant increase in water-soluble 

P creating new environmental problems, such as eutrophication of surface waters 

(Chang et al., 2008, Chrysochoou et al., 2007). Furthermore, the mobility and 

bioavailability of other contaminants such as As must be taken into consideration, as 

phosphate may compete for adsorption sites (Boisson et al., 1999; Kalpan and Knox, 

2004; Chrysochoou et al., 2007). At last, phosphate rock apatite is very insoluble and 

might not release sufficient P to remediate soils within an acceptable time scale.  

The continual replenishment of adsorbed and exchangeable metals through 

weathering of mineral surfaces may eventually exceed the adsorptive capacity of 

amendments or outlast the presence of even a sparingly soluble phosphate resulting 

in a return of soil toxicity (Sneddon et al, 2006).  

 

1.4.3.5 Organic matter 

Organic matter can improve soil fertility and structure and decrease the 

bioavailability of metals (Shuman, 1999b; Tordoff et al., 2000; Abbott et al., 2001; 

Perez et al., 2007). The effect of organic matter depends on the particular metal and 

soil type involved, and also on the properties of the organic matter, particularly on 

its degree of humification, content of heavy metals and salts, and its effect on soil pH 

(Ross, 1994; Narwal and Singh, 1998; Almås et al., 1999; Shuman, 1999b; Walker et 

al., 2003; 2004).  
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Organic amendments such as manure, biosolids, composts and sewage sludges 

have been studied for the remediation of heavy metal-contaminated soils (Clement 

et al., 2007; Liu et al., 2009; Brown et al., 2003; Smith, 2009; Perez et al., 2007; 

Bertoncini et al., 2008).  

The mechanisms involved in the binding of metals with organic matter include 

adsorption, complexation and chelation (Adriano, 2001; Udom et al., 2004; Madrid 

et al., 2007). Sorption increases with pH because metals preferentially bind with 

ionized functional groups formed with increasing pH (Narwal and Singh, 1998; 

Pérez-de-Mora et al., 2006, Walker et al., 2004). For this reason, organic matter 

mixed with lime seems effective in the reclamation of contaminated soils (Basta et 

al., 2001). However, heavy metal mobility may be reversed in soils where organic 

matter was applied, and re-acidification may occur if amendments are not applied 

periodically (Pérez-de-Mora et al., 2006).  

 Organic amendments are associated with risks of aggravating soil, water and 

plant contamination, and causing adverse impacts on animal and human health 

(Jordao et al., 2006; Pathak et al., 2009; Bhogal et al., 2003; Ghaedi et al., 2008; 

Bardos, 2004). Amendments such as manure (Jakson et al., 2003; Bolan et al., 2004), 

composts (Smith, 2009), biosolids (Beecher et al., 2005) and sewage sludge (Ghaedi 

et al., 2008; Amir et al., 2005; Muhammad et al., 2009) often contain heavy metals. 

Repeated long-term applications of these materials may result in increased pools of 

heavy metals in soils (Iwegbue et al., 2007; Qiao et al., 2003; Kidd et al., 2007; 

Herwijnen et al., 2007; Ozores-Hampton et al., 2005) and enhanced bioavailability 

(Wei and Liu, 2005; Jordao et al., 2006). Other disadvantages associated with organic 

amendments include: ⑴ Organic matter is prone to microbial decomposition that 

may increase trace element mobility (Bertoncini et al., 2008); ⑵ Soluble organic 

compounds which form complexes with metals can increase their solubility and 

mobility (Almås et al., 1999; Shuman, 1998; Madrid et al., 2007; Ippolito et al., 2009), 

and increase the risk of food chain contamination and ground-water pollution 

(Jakson et al., 2003; Jordao et al., 2006; Bhogal et al., 2003; Sánchez-Martín et al., 

2007).  
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For example, the bioavailability of soil Cd was not affected or was slightly 

increased by a long-term application of organic amendments (McGrath et al., 2000; 

Walid et al., 2009; Liu et al., 2009). Water-soluble As increased with organic 

amendment enhancing the risk of As contamination (Jackson and Bertsch, 2001; 

Dobran and Zagury, 2006). Furthermore, excess nutrients such as N and P present in 

some organic amendments can cause eutrophication, if not used by the vegetation 

(Pathak et al., 2009).  

A variety of toxic organic pollutants (such as polycyclic aromatic hydrocarbons, 

polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans) and 

pathogenic bacteria present in sewage sludges are also a cause of concern (Pepper et 

al., 2006; Dai et al., 2007). Moreover, the effect of using composts and biosolids is 

usually associated with increases of soil pH (Narwal and Singh, 1998; Walker et al., 

2004, Pérez-de-Mora et al., 2006). Although this is usually a favourable effect, 

mobility of heavy metals may increase when re-acidification occurs. Thus it is very 

important to quantify and reduce the content of contaminants (heavy metals) in 

organic amendments before using them for soil remediation.  

 

1.4.3.6 Polyacrylate polymers 

Polyacrylate polymers are based on acrylic acid. Their chains have regularly 

distributed carboxylic groups with a degree of ionization that is dependent on pH 

(Fig.1). The negative charges on the polymers are neutralized by counter ions such as 

Na+, K+, or NH4
+.  

H  H  H  H  H  H 

|   |  |  |  |   | 

—C —C —C —C—C —C— 

|  |   |  |  |  | 

H  C  H  C  H  C 

∕ \\ ∕ \\  ∕ \\ 

O-    O OH  O O-   O 

Fig.1. Part of a chain of a polyacrylate polymer 
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Insoluble polyacrylate polymers are widely used in water treatment, hygiene 

products, architecture, food preserving and medicine due to their hydrophilicity 

(Buchholz and Peppas, 1994; Kumagai et al., 1997; Tanaka, 1997; Buchholz and 

Graham, 1998; Kuila, et al., 1999; Jin and Ma, 2001; Song et al.,2007). It is estimated 

that over 130 Gg of polyacrylate polymers are used annually (Varennes and Torres, 

2000). Hydrophilic insoluble polymers are used in agriculture as superabsorbent 

polymers to improve seed germination and plant growth (El-Amir et al., 1992; Sabrah 

et al., 1993; Sharma et al., 1993, Varennes et al., 1999; Bakass and Mokhlisse, 2001; 

Wang, 2004;). Insoluble polyacrylate polymers were also introduced as amendments 

to remediate heavy metal-contaminated soils (Torres and Varennes, 1998).  

Several changes in soil properties occur after application of polyacrylate 

polymers, including increased pH, water-holding capacity of the soil and cationic 

exchange capacity (due to the negative charges present in the polymer chains), level 

of the element present as counter ion, and retention of di- and trivalent cations 

(Varennes and Torres, 2000).  

Hydrophilic polyacrylate polymers can swell to form gels that can hold about 

20-1000 times their weight in water. The large amount of carboxylic groups is the 

main cause of water adsorption. Swelling is derived from electrostatic repulsion 

between the charges on polymer chains and from the osmotic potential of the 

counter ions (Varennes and Torres, 2000). A large proportion of the water retained is 

available to plants (Sarah, 1993; Varennes et al., 1997). Moreover, evaporation (as a % 

of available water) was reduced by application of superabsorbent polymers to soils, 

although cumulative evaporation (total water evaporated by kg of soil) increased, 

simply because amended soil contained more water (Varennes et al., 1997).  

The capacity of polymers to hold water is affected by several factors including: 

the proportion of the water adsorbed by polymers that is easily available to plants; 

the presence of soluble salts; the pressure exerted by the soil on polymers; the 

stability of polymers in soil (that will determine long-term water supply) (Varennes 

and Torres, 2000). 

It was reported that soil pH increased when using a Na+-polyacrylate polymer, 



Literature Review 

27 
 

probably due to exchanges between counter ions and H+ (Varennes et al., 1997, 

1999; Torres and Varennes, 1998; Varennes and Torres, 1999). In an acidic soil, a 

Na+-polymer increased pH more than a K+-polymer or a NH4
+-polymer (Varennes et 

al, 1999).  

Counter ions supplied by polymers increase the soil pool and may contribute to 

greater uptake by plants when the element is limiting plant growth. Moreover, a 

Na+-polyacrylate polymer increased the sorption of NH4
+ and K+ in the soil and 

enhanced desorption of P (Sun and Cui, 2004). Varennes et al. (1999) stated that the 

enhanced plant growth in uncontaminated soil amended with polymers was mainly 

due to the water and nutrients supplied by polymers. Even in contaminated soils 

these effects will also play a part, albeit secondary, in the stimulation of plant growth 

(Varennes and Torres, 2000). 

In salt solutions swelling of polyacrylate polymers is limited by the ions present 

due to a reduction in the osmotic imbalance and screening of the polymer charges by 

these ions. Simply based on charge, divalent cations depress water adsorption more 

than monovalent cations, but divalent cations also allow the formation of ionic-links 

and chelates, resulting in a further depression of water absorption (Varennes and 

Torres, 2000). The reduction of water absorption by K+, Na+ and Mg2+ was wholly or 

partly reversible, which suggested that electrostatic interactions were mainly 

involved between these cations and polymer chains (Torres and Varennes, 1998). In 

contrast, Cu chelation by an acrylic acid-acrylamide copolymer led to the collapse of 

the polymer (Ricka and Tanaka, 1985). Metal ions in free solution, such as Cu2+, Ni2+, 

Cd2+, Zn2+ and Mn2+, were rapidly adsorbed by a polyacrylate polymer and the water- 

holding capacity was irreversibly reduced (Varennes and Torres, 2000). Ionic 

cross-links and coordination bonds may have occurred in this case. The strength of 

Cu and Mn chelated with the polymer was similar to that of metal-EDTA and stronger 

than that of metal-citric acid, an organic acid often found in root exudates (Varennes 

and Torres, 2000).      

Since about ten years ago, insoluble polyacrylate polymers were tested to 

remediate artificially-contaminated soils (Torres and Varennes, 1998; Lindim et al., 
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2001; Varennes et al., 2006). In these studies, the parameters used to test the effect 

of polymers were mainly plant biomass, and levels of heavy metals in plants and soil 

solution. Enhanced plant growth and reduced availability of heavy metals in soils 

were consistently reported.  

Application of insoluble polyacrylate polymers to a long-term Cu-contaminated 

soil was studied by Varennes and Torres (1999). Enhanced growth of perennial 

ryegrass and reduced amount of water-extractable Cu in the soil were found. 

However, the concentration of water-extracteble Cu in the amended soil without 

plants was not affected, which indicated that the polymers competed with plants for 

Cu and prevented the increase of Cu in soil solution brought about by root exudates.  

Varennes and Queda (2005) were the first to report the use of 

biological/biochemical indicators to test the effect of polyacrylate polymers in a 

Cu-contaminated soil. Soil enzymatic activities and biological N2 fixation were 

improved by polymer application, and were correlated with plant growth and Cu 

concentration in plants.  

Based on previous studies, insoluble hydrophilic polyacrylate polymers seem to 

have several advantages when used as amendments in heavy metal-contaminated 

soils (Varennes et al., 2000):  

⑴ It is a fast, simple and relatively economic method.  

⑵ They are effective against several metals such as Cu, Cd, Zn and Ni, at least in 

artificially-contaminated soils. 

⑶ They also supply water and nutrients suggesting that they could help the 

establishment of plants in infertile semiarid regions. 

⑷ The bond with metals is more stable (as it is a covalent bond) than that with 

zeolites (electrostatic interactions), and polymerss are more stable in soils than 

organic matter as they are only slowly degraded by soil microorganisms (Al Harbi, 

1999). 

There were several questions that still remained unanswered:  

⑴ Would polyacrylate polymers be effective in soils contaminated over a long 

period with metals other than Cu, or in multi metal-contaminated soils?  
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⑵ What would be the effect of polymers on soil quality in these conditions?  

⑶ Could residues containing polyacrylate polymers be used successfully as soil 

amendments? 

⑷ What would be the risk of downward migration of polymers in soils?  
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Objectives and hypotheses tested 

 

The general objective of the thesis was to study the use of hydrophilic polymers 

on their own, or together with compost produced from mixed municipal solid wastes, 

to promote the establishment of a vegetation cover (phytostabilization), and to 

improve the quality of metal-contaminated soils.  

In particular, the thesis is focused on the following aspects: 

1. Soil contaminated with Cd is a serious global issue due to its mobility and toxicity 

to plants and soil organisms. In China, there are 13000 hm2 of Cd-contaminated 

soils in 11 Provinces, thus presenting a serious health threat to humans. The use 

of polymers to remediate long-term Cd contaminated soils had not been 

evaluated previously. The objectives of this study were to investigate if insoluble 

polyacrylate polymers could enhance soil and plant (sorghum) health. The 

hypotheses tested were: 1) polymers would compete with plants for Cd uptake, 

thereby improving plant biomass and decreasing the oxidative stress associated 

with large levels of Cd in plants Cd; 2) the quality of the soil would increase due 

to sorption of soluble Cd by the polymers, and this would be translated by 

enhanced enzymatic activities; 3) the greater plant biomass obtained in amended 

soil would allow a greater phytoextraction of Cd by sorghum.  

2. The abandoned São Domingos mine is located in the Iberian Pyrite Belt near the 

border between Portugal and Spain. There was no information about the effect 

of insoluble polyacrylate polymers on the remediation of mine soils. The 

objectives of this study were to choose the rate of insoluble polyacrylate 

polymers to use in the remediation of a mine soil and to determine the effects of 

treatment on soil quality. The hypotheses tested were: 1) polymer application 

would increase the water-holding capacity of the soil and decrease the 

bioavailability of trace elements; 2) plant biomass (orchardgrass) and soil quality 



Objectives and hypotheses tested 

32 
 

would improve as a consequence; 3) there would be a rate of polymer application 

that would lead to the best results. 

3. To access the use of polymers for land rehabilitation, it was important to 

investigate their effect on native plant species. The objective of this study was to 

test in semi-field conditions the effects of polymers on a mine soil sown with a 

mixture of several indigenous species over two growth cycles (Spring-Summer 

and Autumn-Winter). The hypotheses tested were: (1) the response of each 

species could be different, and influenced not only by treatment but also by 

season; 2) soil quality will be influenced by the plant cover.  

4. Commercial polyacrylate polymers cost about two Euros per kilogram, 

corresponding to eight Euros per ton of soil if a rate of 0.4% were used. Although 

the total value is substantially smaller than that of conventional engineer 

approaches, cheaper alternatives should be sought when extensive areas of land 

are considered. Many diapers contain superabsorbent polymers that could be 

tested to remediate mine soils. In this study we chose one make of diapers which 

contained hydrophilic polymers with Na+ as counter ion and similar holding-water 

and chelating capacities as those of an insoluble polyacrylate polymer available in 

the lab. The objectives of the study were to compare the polymer from diapers or 

shredded diapers with the polyacrylate polymer. The hypotheses tested were: 1) 

the polymer from diapers would have a similar effect on plant growth 

(Spergularia purpurea) and soil quality as the insoluble polyacrylate polymer; 2) 

shredded diapers would also be able to remediate the soil, albeit with less 

efficiency, due to the presence of plastic and fibrous materials. 

5. Only a few studies had reported changes in microbial activity or soil enzymes 

after application of compost to mine soils. The objectives of this study were to 

determine if compost from mixed municipal solid waste could be used to 

enhance plant (orchardgrass and Erica australis) growth and increase the quality 

of a mine soil. The hypotheses tested were: 1) compost application and a plant 

cover would increase soil enzymes compared with their activities in unamended 

bare soil; 2) continuous grass cultivation would lead to greater enzymatic 
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activities in the soil than would be present under a slow growing shrub. 

6. Application of composts to mine soils is a common practice because they can 

increase plant growth by providing nutrients and adsorbing metals. Little was 

known about the combined use of compost and polyacrylate polymers to 

remediate mine soils. The objectives this study were to compare the effects of 

polyacrylate polymers, compost from mixed municipal solid waste, either in 

combination or separately, on the growth of native species and on the quality of 

a mine soil. The hypotheses tested were: 1) amendments and a plant cover would 

increase microbial biomass and soil enzymes compared with their values in 

unamended bare soil; 2) plant species would respond differently to amendments 

and this would be translated into the belowground biodiversity. 

7. Insoluble polyacrylate polymers are very stable in soils. The small size of polymers 

particles, in particular after sorption of metals, meant that they could move to 

deeper soils layers, and even reach groundwater. The transport of polymers in 

soil columns had not been investigated before. The hypotheses tested were: 1) if 

there were downward transport of polymers after washing soil columns,  the 

content of organic carbon and Cu concentration (when using Cu-polymers) in the 

different soils layers would change compared with those of an unamended 

control soil; 2) the analysis of leached solutions could be used to assess the 

stability of Cu sorption by polymer. 
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Improvement in soil and sorghum health following the 

application of polyacrylate polymers to a 

Cd-contaminated soil 
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Contamination of soils with cadmium (Cd) is a serious global issue due to its high mobility and toxic-
ity. We investigated the application of insoluble polyacrylate polymers to improve soil and plant health.
Sorghum was grown in a Cd-contaminated sandy soil. Polyacrylate polymers at 0.2% (w/w) were added
to half of the soil. Control soil without plants was also included in the experiment. Growth of sorghum
was stimulated in the polymer-amended soil. The concentration of Cd in the shoots, and the activities
of catalase and ascorbate peroxidase decreased in plants from polymer-amended soil compared with
unamended control. The amount of CaCl2-extractable Cd in the polymer-amended soil was 55% of that
in the unamended soil. The Cd extracted in sorghum shoots was 0.19 mg per plant grown on soil without
polymer and 0.41 mg per plant grown on polymer-amended soil. The total amount of Cd removed from
each pot corresponded to 1.5 and more than 6% of soil CaCl2-extractable Cd in unamended and polymer-

amended soil, respectively. The activities of soil acid phosphatase, �-glucosidase, urease, protease and
cellulase were greatest in polymer-amended soil with sorghum. In conclusion, the application of poly-
acrylate polymers to reduce the bioavailable Cd pool seems a promising method to enhance productivity
and health of plants grown on Cd-contaminated soils.

© 2009 Elsevier B.V. All rights reserved.
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Table 1
Characteristics of the soil used in the experiment.

Texture Sand

Organic C (g kg−1) 1.4
pHa 6.3
Total Cd (mg kg−1) 20.4
Extractable Cd (mg kg−1)b 9.8
Extractable P (mg kg−1)c 5.7
Extractable K (mg kg−1)c 25

a A water: soil ratio of 2.5 (v/m) was used.
b Extraction with 0.01 M CaCl2.
c Extraction with 0.1 M ammonium lactate + 0.4 M acetic
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Fig. 2. Soil CaCl2-extractable Cd and activity of hydrolytic enzymes expressed per hour and gram of dry soil. In each figure, values followed by the same letter are not
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Abstract

We investigated the effects of different application rates of insoluble hydrophilic polyacrylate polymers

on plant growth and soil quality from a Pb-contaminated mine soil. The polymer increased the water-

holding capacity of the soil from about 250 g ⁄kg in unamended soil to almost 1000 g ⁄kg in soil with

0.6% polymer. However, the capacity of the polymer to retain water decreased progressively, presum-

ably as the polymer sorbed Pb. Growth of orchardgrass (Dactylis glomerata L. cv. Amba) was stimu-

lated in the polymer-amended soil. The greatest accumulated biomass over four cuts was obtained in

soil amended with 0.4% of polymer. After orchardgrass had been growing for 101 days, the amounts

of CaCl2-extractable Pb present in the polymer-amended soil were 15–66% of those in the unamended

soil, depending on polymer application rate. The number of bacteria culturable on agar enriched with

‘Nutrient’ and yeast extract, and the activities of dehydrogenase, phosphatase, b-glucosidase, protease
and cellulase increased following polymer application. In contrast, urease activity was impaired by

polymer application, presumably due to the presence of ammonium as a counter ion. Principal compo-

nent analysis was used to compare the effects of the different rates of polymer application. Overall,

the application of 0.2 or 0.4% polymer resulted in closer values for the indicators of soil quality used

than the treatment with 0.6% polymer.

Keywords: Orchardgrass, mine soils, polyacrylate polymers, remediation, soil quality, enzymatic

activities

Introduction

The S. Domingos mine is located in the Iberian Pyrite Belt

near the border between Portugal and Spain. Modern extrac-

tion of Cu began in the 19th century and took place until

1966 when the mine was closed because of the exhaustion of

its ore. The mine tailings were left without any treatment or

containment, and a large area of land (at its peak the mine

occupied about 100 ha) is contaminated with a wide range of

trace elements.

Soil contamination with trace elements affects plant

growth and has toxic effects on soil organisms. When the

polluted area is large, as in this case, in situ remediation tech-

nologies are usually considered. The addition of different

amendments into soils precipitates or increases metal sorp-

tion therefore decreasing the proportion of the total element

in soil solution. These amendments include additives used in

agriculture such as lime (Geebelen et al., 2003) and organic

matter (Farfel et al., 2005), and industrial products such as

zeolites (Friesl et al., 2003).

In the last decade, a new technique for in situ soil remedia-

tion, based on insoluble polyacrylate polymers, was proposed

(Torres & de Varennes, 1998; de Varennes & Torres, 1999;

Lindim et al., 2001; de Varennes & Queda, 2005; de Var-

ennes et al., 2006).

Polyacrylate polymers are based on acrylic acid, and are

composed of chains with regularly distributed carboxylic

groups: (-CH2CHCOOH-)n.

The degree of ionization of these groups depends on pH,

and the negative charges formed are neutralized by Na+,

K+ or NH4
+.

Large molecular weight insoluble polyacrylates swell to

form gels that contain many times their weight in water.

They are used in diapers, paper towels and feminine

products. It is estimated that over 130 Gg of polyacrylates
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are used annually in such products (Martin, 1996). Hydro-

philic polymers are also marketed as ‘superabsorbent poly-

mers’, with different trade names, for incorporation into soils

and substrates when an increase in the water-holding capa-

city is desirable.

In free solution, the ionic species of several metals,

including copper and zinc, are rapidly trapped within an

insoluble polyacrylate polymer and not released upon subse-

quent incubation of the polymer particles with water (Torres

& de Varennes, 1998; de Varennes & Torres, 2000). This

capacity to chelate metal cations suggests that these poly-

mers could be used for in situ remediation of metal-contam-

inated soils.

Hydrophilic insoluble polymers may enhance plant growth

by three main processes:

1 increased water-holding capacity of the soil and an

enhanced supply to plants (Boatright et al., 1997; de Var-

ennes et al., 1999; Al-Humaid & Moftah, 2007);

2 increased supply of the cation present as counter ion (Sil-

berbush et al., 1993; de Varennes et al., 1999);

3 decreased bioavailability of trace elements (Torres & de

Varennes, 1998; Lindim et al., 2001; de Varennes & Que-

da, 2005; de Varennes et al., 2006).

There is no information on the effect of polyacrylate poly-

mers on mine soils. The objectives of this study were: to

choose the rate of polyacrylate polymer to be used in the

remediation of a contaminated mine soil and to determine

the effect of treatments on soil quality. Several parameters

related to soil quality can be used to monitor in situ remedia-

tion of contaminated sites. In this study, we chose to mea-

sure the effects of polymer application on plant biomass,

bioavailable Pb, several hydrolytic enzymatic activities

related to the C, N and P cycles, culturable bacteria and

fungi, and soil dehydrogenase activity.

Material and methods

Soil from the S. Domingos mine was used in the experiment

(Table 1). The soil was passed through a 2-mm sieve and

received a basal dressing of 125 mg P and 25 mg Mg ⁄kg of

soil. The nutrients were supplied as calcium dihydrogen

phosphate and magnesium sulphate, respectively.

Polyacrylate polymers with K+ (210 mg K ⁄ g of polymer)

or NH4
+ (100 mg N ⁄ g of polymer) as counter ions were

added at 0.1, 0.2 or 0.3% each to half of the soil. The poly-

mers retained about 380 g of distilled water per grams of dry

polymer. They had linear chains with molecular weights of

about 40 million. The chains were not cross-linked, but

joined together by physical entanglement. Fifty-five per cent

of the particles had diameters over 0.5 mm, and only 1%

had diameters smaller than 45 lm.

The soil that received the largest amount of polymer was

not supplied with additional K or N, while the other treat-

ments received potassium sulphate and ammonium nitrate to

compensate for the difference in K and N supply, so that all

pots received 630 mg K and 300 mg N ⁄kg of soil.

For each treatment, three replicate pots (upper diameter:

21 cm; height: 18 cm) were filled with 4 kg of soil. Orchard-

grass (Dactylis glomerata L. cv. Amba) was sown and plant

number was adjusted to 60 per pot 3 weeks later. The pots

were kept in a glasshouse (minimum temperature: 15 �C;
maximum temperature: 30 �C) without supplemental lighting,

and weighed at least every other day. Water was supplied

when the water retention capacity in the pots without poly-

mer reached 20–25% of the maximum. Water was then

added to all pots until it started trickling from the bottom of

the pot.

Plant shoots were cut 41, 62, 82 and 101 days after sow-

ing, washed with de-ionized water, dried at 65 �C and

weighed. After each cut, another 100 mg N ⁄kg of soil, as

ammonium nitrate, was added as a top dressing.

At the end of the experiment, the soil was passed through

a 2-mm sieve. Fresh soil subsamples were analysed for dehy-

drogenase activity according to Tabatabai (1994), for cultur-

able heterotrophic bacteria by plating in a ‘Nutrient’ and

yeast extract agar, and for culturable fungi by plating in a

malt and yeast extract with rifampicin, according to Pochon

& Tardieux (1962), with incubation periods of 48 h at 27 �C
for bacteria and 7 days at 27 �C for fungi.

Other soil subsamples were frozen until analysed for sev-

eral enzymatic activities. Cellulases were determined accord-

ing to Hope & Burns (1987). Cellulases are enzyme systems

that degrade cellulose and release reducing sugars as the end

product. In the context of this study, the term refers to the

combined action of endo-1,4-b-d-glucanase (EC 3.2.1.4), exo-

1,4-b-d-glucanase (EC3.2.1.91) and b-d-glucosidase (EC

3.2.1.21) on Avicel, a purified depolymerized alpha cellulose.

Acid phosphomonoesterase (EC 3.1.3.2) and b-glucosidase
(EC 3.2.1.21) were measured by incubating the soil with a

substrate containing a p-nitrophenyl moiety according to

Eivazi & Tabatabai (1977, 1988). Acid phosphomonoesterase

(acid phosphatase) catalyses the hydrolysis of organic P

esters and anhydrides of phosphoric acid into inorganic P.

b-glucosidase is involved in the final step of cellulose degra-

dation and catalyses the hydrolysis of carbohydrates with

b-d-glucoside bonds like cellobiose, providing energy sub-

strates for soil heterotrophic microorganisms.

Table 1 Characteristics of the soil used in the experiment

Texture Sand

Organic C (g ⁄ kg) 1

Kjeldhal-N (g ⁄ kg) 0.3

pH water (1:2.5) 4.1

Total Cu (mg ⁄ kg) 91

Total Zn (mg ⁄ kg) 47

Total Pb (mg ⁄ kg) 6200
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Urease (EC 3.5.1.5) was determined according to Kandeler

& Gerber (1988). Urease catalyses the hydrolysis of urea to

CO2 and NH3.

Proteases were measured according to Ladd & Butler

(1972) using casein as substrate. The term includes several

enzymes that catalyze the hydrolysis of proteins and oligo-

peptides to amino acids.

A subsample of the soil from each pot was air-dried and

analysed for pH in water (1:2.5) and CaCl2-extractable Pb.

Soil samples (4 g) were shaken with 40 cm3 of 0.01 m CaCl2
for 2 h. The extract was filtered through Whatman No. 6

paper and analysed for Pb by atomic absorption spectropho-

tometry with a graphite furnace.

Statistics

All data were analysed for variance by the general linear

model and mean separation was performed using the New-

man–Keuls test at P £ 0.05. Principal component analysis

(PCA) and cluster analysis were performed to detect the key

parameters contributing to data variability, and compare the

effects of treatments to identify the best level of polymer to

use in soil remediation.

Results

Water content

The maximum water-holding capacity of the unamended soil

was about 250 g ⁄kg (1000 g per pot). The incorporation of

0.2% polymer increased the water-holding capacity to about

twice that value at the beginning of the experiment. This

capacity decreased progressively, so that at the end of the

experiment, the soil retained only about 20% more water

than the unamended control (Figure 1).

Because of volume limitation, the pots with soil that

received 0.4 or 0.6% polymer could not be brought to full

water-holding capacity at the beginning of the experiment.

The water supplied was increased daily as polymer swelling

decreased and more space became available in the pots, until

the water applied was enough to saturate the soil and poly-

mer. This occurred about 35 and 60 days after the beginning

of the experiment for soil with 0.4 and 0.6% polymer,

respectively (Figure 1).

The maximum water-holding capacity of the soil with

0.4% polymer varied from 690 to 370 g ⁄kg during the exper-

iment, and the equivalent values for soil with 0.6% polymer

were 1000 and 680 g ⁄kg, respectively.

Plant growth

Plants from unamended soil grew poorly, and had thin chlo-

rotic leaves that became progressively necrotic. Growth of

orchardgrass in amended soil was always greater than in

unamended soil (Figure 2). In the first cut, the greatest shoot

biomass corresponded to plants grown in soil that had

received 0.2% of polymer, while in the second and third cuts

the greatest biomass was obtained in treatments with 0.4%

polymer. In the fourth cut, the treatments corresponding to

0.4 and 0.6% polymer led to similar plant biomass.

The greatest accumulated biomass over the four cuts was

obtained in plants grown in soil with 0.4% polymer (31.0 g

per pot), which was more than 3000 times greater than

biomass of plants from soil with no polymer.

Soil parameters

The soil pH increased from 3.8 in unamended soil to 6.0 in soil

that received 0.6% polymer (Table 2). After plant growth for

101 days, the amount of CaCl2-extractable Pb in the una-

mended soil was 1.6–6.7 times greater than that from soil

amended with 0.4 and 0.6% polymer, respectively (Table 2).

The number of culturable bacteria and the activities of

acid phosphatase, b-glucosidase and cellulase increased with

polymer application rate (Tables 2 and 3), while the number

of culturable fungi was greatest in soil amended with 0.2%

polymer, and similar in the other treatments (Table 2). Thus

bacterial numbers responded more to polymer application

than fungal numbers, likely as a result of enhanced water

content and higher pH. It is well known that fungi are more

tolerant of acid conditions and less sensitive to soil moisture

levels than bacteria (Doran, 1980).

The dehydrogenase activity was greatest in soil amended

with 0.2 and 0.4% polymer, and the protease activity was con-

siderably enhanced in amended soil, irrespective of polymer

level (Table 3). In contrast, the urease activity was inhibited by

polymer application, with the smallest values in soil amended

with 0.2 and in particular in soil with 0.4% polymer (Table 3).

Comparison between treatments

Principal component analysis was carried out on plant bio-

mass and 10 soil variables to assess the influence of each
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amount of water in each pot containing contaminated soil.
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treatment on soil quality. The accumulated biomass, pH,

bacterial numbers and activities of cellulase, phosphatase,

b-glucosidase and protease had large positive loading coeffi-

cients on PC1. Urease activity and CaCl2-extractable Pb had

large negative loadings on PC1. Fungal numbers and dehy-

drogenase activity had large positive loadings on PC2

(Table 4).

The first component (PC1) explained 59.8% and the sec-

ond component (PC2) 24.0% of the variance of the original

variables. The 11 variables could thus be reduced to two

principal components, as they explained about 84% of the

total variance. Unamended soil was located on the left side

of the PCA map, with Euclidian distances between replicates

smaller than 0.2, but separated from amended soil by the

Euclidian distance of almost two (Figure 3). This meant that

unamended soil was uniform and had very different values

for parameters with high loadings on PC1 compared with

amended soil samples, which were located on the centre or

the right side of the map.

The treatments corresponding to 0.2 and 0.4% poly-

mer were located on the upper side of the map, in the

positive part of PC2, with the Euclidian distance between

them of about 0.5. The treatment corresponding to 0.6%

polymer was on the positive side of PC1 but on the

negative side of PC2, with the Euclidian distance to the

treatments corresponding to 0.2 and 0.4% polymer of

about 1.8.

Discussion

Natural background concentrations of Cu, Zn and Pb in

soils range from 2–200, 10–300 and 10–200 mg ⁄kg, respec-

tively (Srivastava & Gupta, 1996). The mine soil can be con-

sidered as contaminated with Pb, but not with Cu or Zn. It

seems probable that copper extraction removed most of the

Cu and probably part of the Zn originally present. In conse-

quence, only the changes in soil Pb were monitored in the

present work.

Soil Pb levels above 530 mg ⁄kg (‘Interventional Level’) are

considered to be toxic for humans, plants and soil organisms

according to the Dutch Soil Protection Law (Broos et al.,

1999). The level of total Pb present in the soil used in this

experiment (6200 mg ⁄kg soil) is indicative of extreme

pollution, and the site can even be considered as ‘chemical

waste’ (Broos et al., 1999). It is therefore not surprising that

a vegetation cover could not be established in unamended

soil. Orchardgrass grew very poorly and the plants became

progressively necrotic.

Irregular rainfall in the region where the mine is located is

a further limitation for the establishment of plants. In the

present experiment, we tested if the application of hydro-

philic polyacrylate polymers could overcome these two con-

straints: high levels of Pb and water stress.

The polymers used had K+ and NH4
+ as counter ions.

To make sure that plant growth would not be stimulated by

increased supply of nutrients, the total amount of K and N

applied to the soil, either as mineral fertilizer or as part of

the polymers, was the same in all treatments. We assumed

that the nutrients in the polymers had the same bioavailabil-

ity as that directly applied to soil, as already shown in a pre-

vious work (de Varennes et al., 2006). In consequence, the

effects observed should result from differences in water sup-

ply and bioavailability of trace elements.

To simulate dryland conditions, enough water was sup-

plied to saturate the soil (and polymer) but with intervals of
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Figure 2 Effect of the concentration of poly-
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at each cut (left) or accumulated biomass

(right) of orchardgrass grown in contami-

nated soil.

Table 2 Effect of the concentration of polyacrylate polymers on soil

pH, number of culturable heterotrophic bacteria and fungi, and

CaCl2-extractable Pb at the end of the experiment

Level of

polymer (%) pH

Bacteria

CFU · 105 ⁄ g
Fungi

CFU · 105 ⁄ g
Extractable

Pb (mg ⁄ kg)

0 3.8 c 7 c 2 b 0.87 a

0.2 4.0 bc 67 b 19 a 0.57 b

0.4 4.3 b 70 b 9 b 0.55 b

0.6 6.0 a 250 a 7 b 0.13 c

Values in a column followed by the same letter are not significantly

different as estimated by the Newman–Keuls test at P < 0.05. CFU,

colony forming units.
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several days between irrigations. These took place when the

control pots with unamended soil reached a weight corre-

sponding to 20–25% of their maximum water-holding capa-

city. In this way, plants should suffer from water stress, as is

common in Mediterranean conditions, unless the polymer

was able to retain and provide additional water. Following

polymer application, the maximum water-holding capacity

increased from 250 g ⁄kg in unamended soil to 1000 g ⁄kg in

soil with 0.6% polymer. This additional water contributed

no doubt to enhanced plant growth. However, it might also

have impaired air permeability and oxygen availability to

roots. This was probably the reason why plant biomass in

the first cut was smaller in treatments corresponding to

higher levels of polymer than in the treatment with 0.2%

polymer.

The water-holding capacity of the amended soil decreased

progressively, presumably as a result of polymer collapse due

to chelation of Pb (de Varennes & Torres, 2000). The joint

effect of the polymer on soil pH (an increase from 3.8 in

unamended soil to 6.0 in soil with 0.6% polymer) and sorp-

tion of trace elements should decrease their bioavailability,

and in fact the amount of CaCl2-extractable Pb decreased in

amended soil (Table 2).

The increase in soil pH was presumably because of the

exchange of counter ions present in the polymer (K+ and

NH4
+) for acidic ions in soil solution, as observed before

(de Varennes & Torres, 1999).

CaCl2-extractable metals are considered as the mobile frac-

tion, also referred as the ‘effective bioavailable metal fraction’

(Pueyo et al., 2004). This fraction is actually more important

than the total content of metals, as plant uptake will take

place from this pool. Application of polyacrylate polymers

reduced bioavailable Pb from 15 to 66% of those in the

unamended soil, depending on the polymer application rate.

The soil environment became more favourable for plant

growth, as Pb was removed from soil solution and the access

to water and oxygen became more balanced. In consequence,

in the fourth cut the greatest plant biomass was obtained in

treatments with 0.4 and 0.6% polymer.

Enhanced plant growth with a corresponding increase in

root exudates that supply C to soil organisms, and the smal-

ler bioavailability of Pb should stimulate microbial activity

and soil enzymes. Most soil enzymes are inhibited by high

levels of trace metals in soils (Kandeler et al., 1997; Huang

& Shindo, 2000; Belén-Hinojosa et al., 2004). With the

exception of urease, all soil biological parameters responded

Table 3 Effect of the concentration of polyacrylate polymers on enzymatic activities in contaminated soil at the end of the experiment

Level of

polymer (%) Dehydrogenase Phosphatase b-glucosidase Urease Protease Cellulase

0 0.45 b 0.354 c 0.087 d 10.79 a <0.001 b 0.012 d

0.2 1.51 a 0.555 b 0.161 c 1.40 c 0.012 a 0.088 c

0.4 1.50 a 0.664 b 0.287 b 0.21 d 0.011 a 0.131 b

0.6 0.81 b 1.151 a 0.320 a 2.67 b 0.016 a 0.182 a

Values in a column followed by the same letter are not significantly different as estimated by the Newman–Keuls test at P < 0.05; units of

enzyme activity: dehydrogenase – lg triphenylformazan ⁄ g 16h; acid phosphatase and b-glucosidase – lmol p-nitrophenol ⁄ gh; urease – lg

NH4
+–N ⁄ g 2h; protease – lmol tyrosine ⁄ g 2h; cellulase – lmol glucose ⁄ g 16h.

Table 4 Loadings for each variable along PC1 and PC2 which

resulted from principal component analysis

Variable PC1 PC2

Accumulated biomass 0.7967a 0.5597

Urease activity )0.8779a )0.4497
pH 0.7054a )0.6379
CaCl2-extractable Pb )0.8721a 0.2099

Cellulase activity 0.9279a )0.2163
Dehydrogenase activity 0.5223 0.7652a

Phosphatase activity 0.7415a )0.4383
Glucosidase activity 0.8591a )0.0875
Protease activity 0.9428a 0.0267

Bacteria 0.7485a )0.5295
Fungi 0.1028 0.7431a

PC1, first principal component; PC2, second principal component.
aCorrelations are significant (correlation coefficient >0.7).
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to treatments and their values were greater in amended soil

than in control.

Principal component analysis was used to compare the

effect of each treatment on soil quality. The top right of the

PCA map corresponded to the greatest values of plant bio-

mass, soil pH, activities of dehydrogenase, cellulase, acid

phosphatase, b-glucosidase, protease, number of culturable

bacteria and fungi and smallest value of CaCl2-extractable

Pb and urease activity (Table 4). With the exception of ure-

ase, whose activity was depressed by polymer application,

presumably due to the presence of ammonium as the counter

ion, all the other indicators suggest that the further to the

right and top of the PCA map a treatment is located the

greater the quality of the soil.

The three replicates of each treatment were closely

grouped (Euclidian distances <0.5), while these groups

were located in different positions on the PCA map, with

Euclidian distances between them ‡0.6. The controls were

situated on the left of the map (Figure 3). The greater the

polymer application rate, the further to the right and bot-

tom of the map was the treatment located, i.e. towards the

positive side of PC1 and negative side of PC2. This meant

that no treatment could be considered superior to others.

The treatments corresponding to 0.2 and 0.4% polymer

were closer (Euclidian distance between them of about 0.5)

than control or the treatment corresponding to 0.6% poly-

mer (Euclidian distances >1.5). These treatments (0.2 and

0.4% polymer) were the only treatments that were located

on the positive side of PC2, and were considered the appli-

cation rates that represented the best balance between the

effects of polymer on water supply, plant growth and soil

quality.

Many remediation methods have been proposed, and it is

difficult to choose the most appropriate technology for a

particular site. In the case of severely contaminated soils, the

main emphasis has to be put on the establishment of a vege-

tation cover to prevent wind erosion and decrease run-off

and leaching.

Controlling metal availability by liming is insufficient in

pyrite sites as these have the potential to generate further

acidity (Scullion, 2006).

Application of composts or biosolids is common, and will

remain a popular method. They usually increase plant

growth by providing nutrients and adsorbing metals, but

after degradation of the organic matter, the metals become

available again to plants and soil organisms. They might

even increase the bioavailability of some metals (Clemente

et al., 2003). In contrast, polyacrylate polymers are more sta-

ble in soils, although they can also be slowly degraded by

white-rot fungi (Cameron & Aust, 1999).

The main advantage of polyacrylate polymers over other

amendments is that they seem to provide a microcosm, rich

in water and with lower concentrations of trace elements,

where roots and microorganisms can proliferate.

The comparative analysis of costs between different reme-

diation technologies is hampered by the lack of reports on

long-term remediation experiments. Conventional engineering

approaches are said to cost between $50 and $500 per ton of

soil (Cunningham & Ow, 1996), while Salt et al. (1995)

reported that remediation of one acre of land using phyto-

extraction would cost between $60 000 and $100 000, com-

pared with $400 000 for soil excavation and storage alone.

In general, in situ remediation is considered less expensive

than ex situ remediation. Polyacrylate polymers cost about 2

Euros ⁄kg, corresponding to a cost of 8 Euros ⁄ ton of soil if a

rate of 0.4% was used. Moreover, the polymers could be

applied in sowing rows only, decreasing even further the

cost. This cost is very favourable when compared to engi-

neering approaches or the simple excavation and storage of

the soil. It is also less expensive than phytoextraction. How-

ever, the aims of these methods are very different and apply

to soils with contrasting levels of contamination. It would be

impossible to remediate a mine soil using phytoextraction

because it would be too costly and time-consuming. There-

fore, the use of polyacrylate polymers seems an attractive

and inexpensive alternative to other remediation methods

for severely contaminated sites in locations with irregular

rainfall.

Conclusions

We showed that the application of insoluble hydrophilic

polyacrylate polymers can be considered a new method for

in situ remediation of mine soils. Polymer application rates

of 0.2–0.4% were considered sufficient as they led to a large

improvement in plant growth and soil quality.
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We evaluated the use of polyacrylate polymers to aid 
phytostabilization of mine soils. In a pot experiment, perennial 
ryegrass was grown in a mine soil and in uncontaminated soil. 
Growth was stimulated in the polymer-amended mine soil 
compared with an unamended control, and water-extractable 
levels of soil Cu and Zn decreased after polymer application. 
In an experiment performed in six 60-cm-diameter cylinders 
fi lled with fertilized mine soil, polymers were applied to three 
cylinders, with the remainder used as unamended control. 
Total biomass produced by indigenous plant species sown in 
polymer-amended soil was 1.8 (Spring-Summer) or 2.4 times 
(Fall-Winter) greater than that of plants from unamended 
soil. Th e application of polymers to the mine soil led to the 
greatest activity of soil enzymes. Soil pH, biomass of Spergularia 
purpurea and Chaetopogon fasciculatus, and activities of protease 
and cellulase had large loadings on principal component (PC)1, 
whereas growth of Briza maxima and the activities of urease, 
acid phosphatase, and β-glucosidase had large loadings on PC2. 
Th e treatments corresponding to controls were located on the 
negative side of PC1 and PC2. Amended treatments were on 
the positive side of PC2 (Spring-Summer) or on the positive 
side of PC1 (Fall-Winter), demonstrating diff erential responses 
of plants and soil parameters in the two growth cycles.

Use of Insoluble Polyacrylate Polymers to Aid Phytostabilization of Mine Soils: 
Eff ects on Plant Growth and Soil Characteristics

G. Qu, A. de Varennes* and C. Cunha-Queda Technical University of Lisbon

Soil contamination with trace elements has toxic eff ects on 

plants and soil organisms. Th e addition of various amendments 

to soils precipitates metals or increases metal sorption, thereby 

decreasing the proportion of the total element in soil solution. 

Some of the amendments studied include lime (Geebelen et al., 

2003), organic matter (including biosolids, compost, and manure) 

(Farfel et al., 2005), and insoluble hydrophilic polyacrylate 

polymers (Guiwei et al., 2008).

Polyacrylate polymers are composed of chains of acrylic acid 

with regularly distributed carboxylic groups neutralized by Na+, 

K+, or NH
4

+. Large-molecular-weight insoluble polyacrylates 

swell to form gels that contain many times their weight in water. 

Th ey are used in diapers, paper towels, and feminine products. It 

is estimated that over 130 Gg of polyacrylates are used annually in 

such products (Martin, 1996).

A previous study showed that the application of polyacrylate 

polymers to a mine soil heavily contaminated with Pb enhanced the 

growth of orchardgrass and improved the quality of the soil as evalu-

ated by the activities of dehydrogenase, phosphatase, protease, cellu-

lase, and β-glucosidase enzymes (Guiwei et al., 2008). Th is seemed to 

result from a decrease in the bioavailable Pb and greater water content 

in amended soil compared with soil without polymer.

Several parameters related to soil quality can be used to monitor 

rehabilitation of contaminated sites (Pascual et al., 2000; Perez-de 

Mora et al., 2005; de Varennes and Queda, 2005; Hernández-

Allica et al., 2006). In the present work, we measured the eff ects 

of polymer application on plant biomass production, levels of 

metals in plants and soil solution, and activities of several hydro-

lytic enzymes. Criteria for choosing enzymes were based on previ-

ous experience of their sensitivity to management of mine soils 

(Guiwei et al., 2008). Dehydrogenase is an intracellular enzyme 

used as an index of overall microbial activity (Nannipieri et al., 

2003), whereas other hydrolytic enzymes exist both within viable 

cells and outside living cells. Cellulases are enzyme systems that 

degrade cellulose, an important plant-derived input into soils. 

β-Glucosidase plays a critical role in the release of sugars that act 

as an energy source for soil micro-organisms. Protease and urease 

are involved in the release of inorganic N, and acid phosphatase is 

involved in P cycling in acid soils. Th ese enzymes are commonly 

used to assess soil quality (Gil-Sotres et al., 2005). Th eir activity 

represents an integration of the accumulated changes that have 

occurred as a result of soil management.

Abbreviations: DM, dry matter.
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In this study, we evaluated the use of polyacrylate polymers 

to aid phytostabilization of soils contaminated with trace ele-

ments. We investigated (i) the mode of action of polymers by 

evaluating the levels of trace elements in soils and plants and 

(ii) the eff ect of polymer on soil enzymatic activities when na-

tive plant species were present.

Material and Methods
Experiment 1

Two soils were used in the fi rst experiment: a cropped soil and 

a soil taken from the São Domingos mine (37°40'N, 7°30'W), a 

pyrite mine located in the Iberian Pyrite Belt near the border with 

Spain, one of the most important massive sulfi de metallogenic ar-

eas in the world (Barriga et al., 1997). Both soils were sandy, acidic, 

and poor in organic matter and plant nutrients (Table 1). Th e total 

concentrations of Cu, Zn, and Pb were analyzed by Activation 

Laboratories Ltd. (Actlabs, Canada). Samples of 20 g of soil were 

digested with the four-acids procedure (HF 50%, HClO
4
 60%, 

HNO
3
 70%, and HCl 37%), and the solutions were analyzed by 

inductively coupled plasma optical emission spectrometry (detec-

tion limits of 1 mg L–1 for Cu and Zn and 30 mg L–1 for Pb). 

Blanks and certifi ed materials were run in parallel.

Natural background concentrations of Cu, Zn, and Pb in 

soils range from 2 to 200, 10 to 300, and 10 to 200 mg kg–1, 

respectively (Srivastava and Gupta, 1996). Th e mine soil can 

therefore be considered as contaminated with Pb, Cu, and Zn, 

whereas the cropped soil had normal concentrations of these 

trace elements (Table 1).

Soils were passed through a 5-mm sieve. Insoluble hydrophilic 

polyacrylate polymers with K+ (210 mg K g–1 of polymer) or NH
4
+ 

(100 mg N g–1 of polymer) as counter ions were added at 0.2% 

(0.1% of each polymer) to part of each soil. Both soils received a 

basal dressing of 100 mg P and 30 mg Mg kg–1 of soil supplied as 

calcium dihydrogen phosphate and magnesium sulfate.

Th e basal dressing with N and K diff ered between treatments. 

About half of the uncontaminated soil collected received 56 mg N 

and 140 mg K kg–1 in amended and unamended treatments (i.e., 

without compensation for counter ions present in the polymer). 

In the mine soil and in the remainder of the uncontaminated soil, 

100 mg N and 210 mg K kg–1 of soil were applied only to soil 

not amended by polymers because these supplied an equivalent 

amount of counter ions to amended soils. Th e nutrients were sup-

plied as ammonium nitrate and potassium sulfate.

For each treatment, three replicate pots (upper diameter, 

16 cm; height, 14 cm) were fi lled with 2 kg of each soil. Peren-

nial ryegrass (Lolium perenne L. cv. Victorian) was sown, and plant 

number was adjusted to 40 per pot 2 wk later. Th e pots were kept 

in a glasshouse in the Instituto Superior de Agronomia (minimum 

temperature, 8°C; maximum temperature, 25°C) and watered 

daily to maintain 70% of the water-holding capacity of the soils.

Th e shoots were cut 56 d after sowing. Th e plant material was 

washed with deionized water, dried at 65°C, weighed, and ground. 

Th e concentration of N in the shoots was determined in subsam-

ples by the Kjeldhal method. To determine the concentration of 

other elements, other subsamples were ashed at 450°C and twice 

digested in 10 mL of 3 mol L–1 HCl at 90°C, and the volume 

was adjusted to 100 mL with deionized water following standard 

methods (Association of Offi  cial Agricultural Chemists, 1990). 

Th e concentration of K, Cu, Zn, and Pb in shoots was measured 

by fl ame atomic absorption spectrometry. Two independent repli-

cates were performed on each sample; blanks and a control sample 

(to check the accuracy of the method) were measured in parallel.

At the end of the experiment, soils were passed through a 

2-mm sieve. A subsample of the soil from each pot was air-

dried and analyzed for pH in water (1:2.5). Soil samples (40 g) 

were shaken with 60 cm3 of deionized water for 2.5 h. Th e ex-

tract was fi ltered through Whatman no. 6 paper and analyzed 

for Cu, Zn, and Pb by fl ame atomic absorption spectropho-

tometry. Th ree independent replicate analyses were performed 

on each sample; blanks were measured in parallel.

Experiment 2
A sandy soil collected in the São Domingos mine (37°40'N, 

7°30'W) was used in a semi-fi eld experiment. Th e soil was 

acidic and poor in organic matter and plant nutrients and had 

a large total content of Pb (Table 1). Unlike the soil used in 

Experiment 1, the levels of Cu and Zn were within normal 

concentrations in soils. Six cylinders, 50 cm long and with a di-

ameter of 60 cm, were buried in the soil to a depth of 45 cm in 

an area protected with a net (to prevent access to vermin) close 

to the glasshouse used in Experiment 1. Th e top soil present 

in the cylinders was removed to a depth of 25 cm. Th e mine 

soil was homogenized by mixing and received a basal dressing 

of 125 mg P and 25 mg Mg kg–1 of soil. Th e nutrients were 

supplied as calcium dihydrogen phosphate and magnesium 

sulfate, respectively. Polyacrylate polymers with K+ (210 mg K 

g–1 of polymer) or NH
4

+ (100 mg N g–1 of polymer) as counter 

ions were added at 0.4% (0.2% of each polymer) to half of 

the soil. Th e soil that received polymer was not supplied with 

additional K or N, and the remaining soil received potassium 

sulfate and ammonium nitrate to compensate for the diff er-

ence in K and N supply so that all soil received 420 mg K and 

200 mg N kg–1.

Each cylinder was fi lled with 65 kg of soil, corresponding to a 

height of approximately 25 cm. Th e soil was sown with four dif-

ferent species, the seeds of which were collected the previous June 

from the mine site. Briza maxima L. and Chaetopogon fasciculatus 
(Link) Hayek are annual grasses in the family Poaceae. Spergularia 
purpurea (Persoon) G. Don fi l. is an annual or biennial dicot in 

the family Caryophyllaceae. Andryala integrifolia L. is an annual 

to perennial belonging to the family Asteraceae. Th ey are found in 

poor soils in the Mediterranean area. Briza maxima is sometimes 

Table 1. Characteristics of the soils used in the two experiments.

Experiment 1 Experiment 2

Mine soil Uncontaminated soil Mine soil

Texture sand sand sand

Organic C, g kg–1 6.0 5.8 1

pH water, 1:2.5 5.2 5.4 4.1

Total Cu, mg kg–1 583 101 91

Total Zn, mg kg–1 1230 88 47

Total Pb, mg kg–1 7600 136 6200
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grown as an ornamental plant, and S. purpurea is used as a medici-

nal plant in Morocco (Jouad et al., 2001; Eddouksa et al., 2003).

Fifty seeds of each species were broadcast in each cylinder on 

24 Apr. 2007, and the shoots were harvested 4 mo later. Th e same 

species were sown again on 27 Oct. 2007, and the shoots were 

harvested 5 mo later. At each harvest, the plants were separated by 

species, washed with deionized water, dried at 65°C, and weighed.

Mean air temperature during the experiment varied from a 

minimum of 11.7°C in January 2008 to a maximum of 22.8°C 

in August 2007 (Fig. 1). Precipitation was nil or very small in 

July, August, and October 2008 and was greatest in February 

2008 (168.9 mm). Potential evapotranspiration during the ex-

perimental period was estimated based on an evaporation class 

A pan. Rescue irrigation was performed when it did not rain 

to prevent water stress, in particular during the growth cycle in 

Spring-Summer (Fig. 1).

At the end of each growth cycle, samples of soil were col-

lected and passed through a 2-mm sieve before analysis. Four 

independent replicates were analyzed from each sample and 

enzymatic activity was determined.

Fresh soil subsamples were analyzed for dehydrogenase activ-

ity according to Tabatabai (1994). Other soil subsamples were 

frozen until analyzed for several enzymatic activities. Cellulases 

were determined according to Hope and Burns (1987). Th e 

term refers to the combined action of endo-1,4-β-D-glucanase 

(EC 3.2.1.4), exo-1,4-β-D-glucanase (EC 3.2.1.91), and β-D-

glucosidase (EC 3.2.1.21) on Avicel, a purifi ed depolymerized 

α cellulose.

Acid phosphomonoesterase (EC 3.1.3.2) and β-glucosidase 

(EC 3.2.1.21) were measured by incubating the soil with a 

substrate containing a p-nitrophenyl moiety (Eivazi and Taba-

tabai, 1977; 1988). Acid phosphomonoesterase (acid phospha-

tase) catalyzes the hydrolysis of organic P esters into inorganic 

P. β-Glucosidase catalyzes the hydrolysis of carbohydrates with 

β-D-glucoside bonds.

Urease (EC 3.5.1.5), which catalyses the hydrolysis of urea 

to CO
2
 and NH

3
, was determined according to the method 

described by Kandeler and Gerber (1988).

Statistics
All data were analyzed for variance by the General Linear 

Model, and mean separation was performed using the New-

man-Keuls test at p ≤ 0.05. Pearson correlation coeffi  cients 

were calculated between nutrients in soil and plant shoots in 

Experiment 1 and between plant growth, soil pH, and enzy-

matic activities in Experiment 2. Principal component analysis 

was used to detect key parameters contributing to data vari-

ability and to identify the main eff ects of treatment on soil pa-

rameters and plant growth in Experiment 2.

Results
Experiment 1

Th e growth of perennial ryegrass in uncontaminated soil de-

pended on treatment. Th e accumulated biomass was the same 

in soil with or without polymer when the amounts of K and 

N supplied by the polymer were taken into consideration and 

were compensated for in the basal dressing (Fig. 2). When the 

same amount of K and N were applied in the basal dressing to 

both treatments (with and without polymer), plants grew bet-

ter in the amended soil (Fig. 2).

Th e concentrations of N and K in the shoots were similar in all 

treatments with uncontaminated soil (31 g K and 32 g N kg–1 dry 

matter [DM]), and the amount of K and N in shoots was strongly 

correlated with shoot biomass (r = 0.83 for K; r = 0.96 for N).

Plants from unamended mine soil grew poorly and had 

thin chlorotic leaves that became progressively necrotic. Th e 

incorporation of the polymers into the mine soil resulted in in-

Fig. 1.  Mean air temperature, potential evapotranspiration, 
precipitation, and irrigation during two growth cycles of native 
species in a mine soil.

Fig. 2.  Shoot biomass of perennial ryegrass (as a percentage of growth 
in uncontaminated soil) grown for 56 d in uncontaminated 
soil (Uncont) and in a mine soil with or without polyacrylate 
polymers. —Comp, complete basal dressing without 
compensation for the counter ions present in polymers; +Comp, 
basal dressing without N and K when polymer was applied 
to compensate for the counter ions present in the polymer. 
Columns with the same letter are not signifi cantly diff erent as 
estimated by the Newman-Keuls test at p < 0.05 (n = 3). Bars 
show ±1 SD.
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creased growth of perennial ryegrass, although plant dry weight 

was smaller than that from uncontaminated soil with the same 

amounts of N and K (Fig. 2).

Th e pH of both soils was unaff ected by polymer applica-

tion. Th e amounts of water-extractable Cu and Zn present in 

the unamended mine soil were 2.8 and 2.5 times greater, re-

spectively, than those from amended mine soil. In uncontami-

nated soil, polymer application led to a decrease in the level of 

water-extractable Zn, which was refl ected in a smaller concen-

tration of this metal in shoots of perennial ryegrass grown in 

amended uncontaminated soil (Table 2). Th e water-extractable 

Pb was below the detectable limit in both soils (Table 2).

Plants grown in unamended mine soil were not analyzed 

because of the small biomass produced. Plants from amended 

mine soil had a similar concentration of Cu in the shoots than 

plants from uncontaminated soil, but the concentrations of Pb 

and Zn were greater (Table 2).

Experiment 2
Plant growth was enhanced by polymer application to the 

mine soil in both cycles (Table 3). Total biomass produced in 

amended soil was 1.8 (Spring-Summer) and 2.4 times (Fall-

Winter) greater than that of plants from unamended control.

Andryala integrifolia did not germinate in cycle 1, and its con-

tribution to total biomass was small in cycle 2. Briza maxima grew 

well in amended soil in Spring-Summer, but again its contribu-

tion toward total biomass was negligible in cycle 2. In contrast, 

S. purpurea grew well during Fall-Winter in amended soil but did 

not respond to treatment in the fi rst cycle. Chaetopogon fasciculatus 
also accumulated a greater biomass in Fall-Winter than in Spring-

Summer, and it always responded to polymer application (Table 3).

Soil pH at the end of both cycles was 5.0 in unamended 

control, but it increased after polymer application to 5.6 at the 

end of cycle 1 and to 5.9 at the end of cycle 2.

Principal component analysis showed that 80% of data vari-

ability could be explained by the fi rst two components. Th e 

treatments corresponding to unamended controls were close 

together on the negative side of PC1 and PC2, whereas treat-

ments corresponding to amended soil in cycle 1 were on the 

positive side of PC2, and those of cycle 2 were on the positive 

side of PC1 (Fig. 3). Dehydrogenase had small loadings on 

both axes, whereas the other parameters had large loadings on 

one of the two principal components (Table 4).

Th e activities of urease, protease, acid phosphatase, celullase, 

and β-glucosidase increased after polymer application to the 

mine soil (Fig. 3). Th e activity of phosphatase was similar in 

both cycles, as were cellulase and β-glucosidase in unamended 

soil. In amended soil, the activities of urease and β-glucosidase 

decreased from cycle 1 to cycle 2, and the opposite was true for 

protease and cellulase. Dehydrogenase activity was similar in 

soil with or without polymer in the fi rst cycle, but in cycle 2 it 

decreased in the absence of polymer (Fig. 4).

Soil pH and growth of C. fasciculatus were correlated with 

the activities of protease and cellulase (r > 0.60), and growth of 

B. maxima was correlated with β-glucosidase activity (r = 0.82).

Discussion
Experiment 1

To examine the use of insoluble hydrophilic polyacrylate 

polymers for land rehabilitation, it was important to under-

stand the mechanism by which plant growth was stimulated 

in metal-contaminated soils. Hydrophilic polymers may en-

hance plant growth by increasing the water-holding capacity 

of the soil (Boatright et al., 1997; Johnson and Piper, 1997; de 

Varennes et al., 1999; Guiwei et al., 2008). We excluded the 

possibility of enhanced plant growth in amended soil being 

explained by additional water supply by the polymer by apply-

ing water daily so that plants never suff ered from water stress.

Soil pH was not a factor responsible for the diff erences ob-

served in plant growth because the polymers applied at 0.2% 

had no eff ect on the pH of either soil.

Polyacrylate polymers supply the counter ions present (Sil-

berbush et al., 1993; de Varennes et al., 1999). Indeed, it was 

observed that in uncontaminated soil, plant growth was related 

to the supply of K and N by the polymers or the basal dress-

Table 2. Levels of Pb, Zn, and Cu in shoots of perennial ryegrass and in soil (water-extractable) with or without 0.2% polyacrylate polymers.

Polymer

Concentration in shoots Concentration in soil

Soil Zn Cu Pb Zn Cu Pb

———————————————————— mg kg–1 ————————————————————

Uncontaminated – 68 b† 12 a 1.0 b 0.21 c 0.1 c <0.1

+ 58 c 13 a 1.9 b 0.11 d 0.1 c <0.1

Mine – na‡ na na 39 a 0.5 a <0.1

+ 176 a 12 a 20 a 14 b 0.2 b <0.1

† Values in a column followed by the same letter are not signifi cantly diff erent as estimated by the Newman-Keuls test at p < 0.05.

‡ Not analyzed.

Table 3. Shoot biomass of native species (grams per cylinder) in two growth cycles with and without application of 0.4% polyacrylate polymers.

Cycle Polymer Andryala integrifolia Briza maxima Chaetopogon fasciculatus Spergularia purpurea Total biomass

1 – nd† 1.6 b‡ 1.4 c 11.6 b 14.6 d

1 + nd 12.7 a 6.0 b 7.9 b 26.6 b

2 – 0.7 b 0.2 c 7.9 b 11.4 b 20.2 c

2 + 1.1 a 0.7 bc 25.3 a 20.5 a 47.6 a

† Not detected.

‡ Values in a column followed by the same letter are not signifi cantly diff erent as estimated by the Newman-Keuls test at p < 0.05. 
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ing. When the same amount of these nutrients was applied to 

the unamended soil as present in the polymers added to the 

amended soil, biomass accumulation in the shoots of perennial 

ryegrass was the same in both treatments. When the supply of 

N and K was not balanced by diff erential basal dressing, the 

accumulated biomass refl ected the diff erent amount of avail-

able nutrients. Th is was further demonstrated by the fact that 

biomass accumulation was signifi cantly correlated with total 

amounts of N and K present in the shoots.

To study the eff ect of polyacrylate polymers on contaminated 

soils, it is therefore important to avoid water stress and to com-

pensate for the supply of counter ions present in polymers by 

carrying out a diff erential basal dressing, as done in this study.

Perennial ryegrass can be used in pastures and as forage, and 

in fertile soil it produces a large yield. Conversely, this grass could 

not be established in the unamended mine soil because shoots 

were chlorotic and very small and became necrotic at the end of 

56 d. Th e biomass produced was so small that the mineral com-

position of the shoots could not be determined. Th e incorpora-

tion of polymers into this soil protected perennial ryegrass from 

excessive levels of the metals. As a result, plant growth in poly-

mer-amended mine soil was signifi cantly increased (21 times) 

compared with the unamended control. Enhanced growth of 

perennial ryegrass in mine soils when they received biosolids or 

compost has been observed in other studies (Alvarenga et al., 

2008; Santibanez et al., 2008).

Th e concentrations of Zn (176 mg kg–1) and Cu (12 mg kg–1) 

in the shoots of plants from amended soil could be consid-

ered to be within the normal range (Marschner, 1995). Th e 

concentration of Pb in the shoots (20 mg kg–1 DM) was still 

considerably greater than that in shoots from plants grown in 

uncontaminated soil (0.4 mg kg–1 DM) or the Pb content of 

many crops (around 1 mg kg–1 DM) (Srivastava and Gupta, 

1996). Th is might be the reason why biomass accumulation 

in polymer-amended mine soil was smaller (84%) than that of 

plants grown in uncontaminated soil.

Th e eff ect of polymers on the bioavailability of trace elements 

was evaluated by their concentration in aqueous extracts of bulk 

soil. Th e amount of trace elements extracted by water represent-

ed a small proportion of the total content (3% for Zn, 0.1% 

for Cu, and <0.001% for Pb). Th is was expected because these 

metals are usually present in insoluble forms, with only a small 

concentration in soil solution (Srivastava and Gupta, 1996).

Th e concentrations of water-extractable Zn and Cu decreased 

to about 40% of those in unamended mine soil (the concentra-

tion of Pb was bellow the detectable limit of 0.1 mg kg–1 of soil). 

Th is decrease may seem insuffi  cient to explain such an enhanced 

growth of perennial ryegrass as a result of soil amendment. 

Polyacrylate polymers seem to provide microcosms throughout 

contaminated soil that are rich in water and nutrients (counter 

ions) but only contain small concentrations of toxic trace ele-

ments (because these are chelated by polymer chains) and where 

roots and micro-organisms can proliferate. In fact, the polymer 

particles in amended mine soil were completely penetrated and 

enmeshed with roots. Th is means that the eff ects that we report 

for the bulk soil are likely to be a poor representation of the 

conditions in the rhizosphere because polymer particles may 

act as screens around roots. Th is is supported by the fact that a 

polyacrylate polymer did not decrease water-extractable Cu in a 

Cu-contaminated vineyard soil in the absence of plants. Plant 

exudates solubilized Cu, and polymer particles competed with 

plants for Cu uptake (de Varennes and Torres, 1999).

Having established the mechanism by which polyacrylate 

polymers may enhance plant growth in metal-contaminated 

soils, we studied the eff ect of this amendment on the growth of 

native plant species and on soil enzymatic activities.

Experiment 2
In the second experiment, water was applied to meet plant 

needs so that plants never suff ered from water stress. Soil pH was 

enhanced by polymer application. Th is was due to exchange be-

tween counter ions and acidic ions in the soil, as observed in acid 

soils (Guiwei et al., 2008). Th is may have contributed to diff er-

ences observed in plant growth and soil enzymatic activities.

Th e species used in the second experiment are present in the 

São Domingos mine and are tolerant of the conditions typical of 

soils developed on pyrite mines in the Mediterranean basin. If 

their establishment could be promoted by polyacrylate polymers 

as shown for a fast growing grass, they could stabilize areas that 

Fig. 3.  Principal component analysis of treatments at the end of each 
growth cycle of native species in a mine soil with (amended) or 
without (unamended) 0.4% polyacrylate polymers.

Table 4.  Loadings for each variable along PC1 and PC2 resulting 
from principal component analysis of soil parameters and 
plant growth.

PC1† PC2

Soil pH 0.822‡ 0.512

Dehydrogenase –0.086 0.564

Urease 0.209 0.844‡

Protease 0.914‡ 0.213

Phosphatase 0.682 0.719‡

Cellulase 0.914‡ 0.271

β-glucosidase 0.180 0.970‡

Briza maxima –0.055 0.799‡

Chaetopogon fasciculatus 0.902‡ –0.203

Spergularia purpurea 0.738‡ –0.332

† PC1, fi rst principal component; PC2, second principal component.

‡ Marked correlations are signifi cant (correlation coeffi  cient >0.7).
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remain bare and prevent wind and water erosion. Mendez et al. 

(2007) also used a native species (Atriplex lentiformis (Torr.) S. 

Wats.) to stabilize a soil developed on lead–zinc mine tailings.

Th e results showed that plant growth was enhanced in 

both cycles by polymer application. Briza maxima seemed to 

respond better to the high temperatures of Spring-Summer, 

whereas C. fasciculatus and S. purpurea (amended soil only) 

grew better in Fall-Winter. However, in this experiment, irriga-

tion was performed during the hot dry months to compen-

sate for the small precipitation typical of the Mediterranean 

climate, whereas in fi eld conditions plants usually die or are 

dormant in the summer. Th erefore, of the four species tested, 

S. purpurea and C. fasciculatus seemed the most promising for 

phytostabilization of these soils. Th eir biomass accumulation 

in polymer-amended soil was considerably greater (1.8 and 3.2 

times, respectively) than that of controls during the Fall-Win-

ter cycle. Although they die in the summer, they still provide 

cover to the soil surface to protect from erosion.

Annual species are an obvious choice to obtain a fast plant 

cover while perennials are developing. Th ere is a need to estab-

lish that the polymers support the early development of indig-

enous plants such as Cistus and Erica.

Most soil enzymes are inhibited by high levels of trace metals 

(Kandeler et al., 1997; Huang and Shindo, 2000; Belén-Hinojo-

sa et al., 2004). Th e lower level of trace elements in soil solution 

after polymer application and the establishment of a plant cover 

(that produces root exudates) should contribute to a more favor-

able environment for soil microorganisms and stimulate the ac-

tivity of soil enzymes. Indeed, polymer application enhanced the 

activity of all enzymes tested except dehydrogenase in cycle 1.

Th e overall eff ect of polymer application could be assessed by 

principal component analysis. Unamended controls from cycles 

1 and 2 were located close together on the negative quadrant of 

PC1 and PC2. Th is meant that plant growth and soil enzymes 

with large loadings on the PCs (growth of B. maxima, S. pur-
purea, and C. fasciculatus and urease, protease, acid phosphatase, 

cellulase, and β-glucosidase) were similar in both cycles in un-

amended soil. In contrast, amended treatments from cycles 1 

and 2 were located separately on the principal component analy-

sis map, probably due to the combined infl uence of temperature, 

Fig. 4.  Enzymatic activities of the mine soil at the end of each growth cycle. For each enzyme, columns with the same letter are not signifi cantly 
diff erent as estimated by the Newman-Keuls test at p < 0.05 (n = 3). Bars show ±1 SD. PNP, p-nitrophenol; TPF, triphenylformazan. 
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soil pH, and a diverse plant community in both cycles, with a 

corresponding impact on belowground microbial populations. 

Soil pH, protease, cellulase, and growth of C. fasciculatus and 

S. purpurea had large loadings on PC1, whereas urease, acid 

phosphatase, β-glucosidase, and growth of B. maxima had large 

loadings on PC2. Although the enzymes tested (except dehydro-

genase) exist within viable cells and outside living cells, they are 

primarily derived from soil micro-organisms (Cao et al., 2003).

Th e application of 0.4% polyacrylate polymers infl uenced soil 

pH, with an increase of almost one unit by the end of cycle 2. 

Th e strongest correlations of soil pH (r > 0.90) were with the ac-

tivities of protease and cellulase, the two enzymes whose activity 

in amended soil was greater in cycle 2 than in cycle 1. Perez-de 

Mora et al. (2005) reported an increase in the activities of dehy-

drogenase, arylsulphatase, and β-glucosidase after application of 

sugarbeet lime (70–80% CaCO
3
) to a heavy-metal–contaminated 

soil, showing that an increase in soil pH can enhance soil enzymes.

Growth of C. fasciculatus was also related with soil pH 

(r = 0.61) and with the activities of protease (r = 0.74) and cel-

lulase (r = 0.71), showing that the greater biomass of this plant in 

amended soil, in particular in cycle 2, infl uenced these two en-

zymes. Growth of B. maxima was correlated with β-glucosidase 

activity (r = 0.82), suggesting that the smallest presence of this 

plant in cycle 2 was the reason for the declining activity of this 

enzyme in amended soil of cycle 2. In conclusion, soil enzymes 

responded to polymer application because of changes in soil pH 

or as a response to changes in plant communities.

Th e overall microbial activity, as evaluated by dehydrogenase 

activity, remained constant in cycle 1 and in amended soil in 

cycle 2 but decreased with time in soil without polymer, with-

out a corresponding decline in other soil enzymatic activities. 

Because the value corresponded to the average of 12 indepen-

dent determinations, this is not just a statistically signifi cant 

result but strongly suggests a change in microbial communi-

ties that deserves further investigation. An increase in microbial 

biomass can result from application of organic matter or fertil-

izer to metal-contaminated soils (Clemente et al., 2007), but a 

change in microbial communities after application of compost 

and re-vegetation of a mine soil was also reported (Mendez et 

al., 2007). Rosario et al. (2007) suggested that plant cover rath-

er than amendment (compost) was the driving factor aff ecting 

bacterial community composition in a mine tailing.

It is not easy to choose the most appropriate remediation meth-

od for a particular site. In the case of soils developed on pyrite mine 

tailings, a vegetation cover needs be established to prevent wind 

erosion and to reduce raindrop impacts. Vegetation can protect the 

soil from structural degradation that encourages surface run-off  

and increases soil water defi cits that can further decrease run-off  

and the risk of leaching of benefi cial and toxic elements. Th e ap-

plication of amendments becomes necessary for the development 

of a plant cover that will also improve the physical, chemical, and 

biological properties of these soils (Borden and Black, 2005).

In the present work, we used polymers that were synthe-

sized at our request. Commercial polyacrylate polymers cost 

about two Euros per kilogram, corresponding to eight Euros 

per ton of soil when a rate of 0.4% is used. Although the total 

value is substantially smaller than that of conventional engi-

neering approaches, which cost at least 40 Euros per ton of 

soil (Cunningham and Ow, 1996), cheaper alternatives should 

be sought when extensive areas of land are considered. Many 

diapers contain polyacrylate polymers, and these could become 

a potential local source of polymers at zero cost. Th e use of 

diapers to remediate mine soils is under investigation.

Application of composts to mine soils is common because 

they can increase plant growth by providing nutrients and ad-

sorbing metals (Alvarenga et al., 2008; 2009), although they 

might increase the bioavailability of some metals (Clemente 

et al., 2003). Th e combined use of composts with polyacrylate 

polymers is also under investigation.

Polyacrylate polymers are quite stable in soils, although they 

can be slowly degraded by white-rot fungi (Cameron and Aust, 

1999). Although further studies are needed to investigate the 

duration of the treatment, this work shows that the polymer 

was stable in the mine soil for at least 11 mo.

Conclusions
We have shown that the application of insoluble hydro-

philic polyacrylate polymers promoted the establishment of a 

plant cover in a mine soil. Together with previous results deal-

ing with growth of orchardgrass in a Pb-contaminated mine 

soil (Guiwei et al., 2008), our results support the view that the 

application of polyacrylate polymers can aid the phytostabiliza-

tion of metal-contaminated sites.
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a b s t r a c t

We used hydrophilic polymers from diapers to aid the establishment of an indigenous plant (Spergularia
purpurea (Persoon) G. Don fil.) in a soil from a pyrite mine. Lysimeters were filled with the mine soil
with no amendment (control), with a polyacrylate polymer, with a polymer removed from diapers, and
with shredded diapers. The establishment of a plant cover was faster in soil amended with polymer from
diapers, and 85 days after sowing the soil was completely covered in all treatments except control. The
concentrations of trace elements in plant shoots decreased in amended soil. The activities of soil acid
phosphatase, �-glucosidase, protease and cellulase were greatest in soil amended with the polyacrylate
polymer or with polymer removed from diapers, while the application of shredded diapers leads to
values that were in general intermediate between these treatments and unamended control. Basal- and
substrate-induced respirations, and dehydrogenase were greatest in soil amended with polymers, but
the presence of a plastic film and fibrous materials from shredded diapers prevented any improvement
in these parameters compared with unamended soil. In the second experiment, we evaluated the risk
of downward movement of polymers in columns of a sandy soil. Polymer from diapers, with or without
Cu, was placed at a 10 cm-depth. Five leaching cycles with artificial rain took place and leachates were
analyzed for organic matter and Cu. At the end of the experiment, the soil columns were sliced and each
layer was analyzed separately. Some repacking of soil and polymer particles took place, but there was no
indication that polymers moved to any great depth in soil columns.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Disposable diapers have an outer plastic film, an absorbent layer
of cellulose pulp and hydrophilic polymers, and a layer nearest to
the skin that transfers wetness to the inner layer. The hydrophilic
polymer is usually a Na+ polyacrylate. It is estimated that over
130 Gg of polyacrylates is used annually in diapers, paper towels
and feminine products [1]. At present, used diapers are not recy-
cled and are placed in landfills, representing about 4% of municipal
solid waste [2]. If they could be used to restore contaminated soils,
this would represent a novel process to reuse disposable diapers.

The application of pure hydrophilic polyacrylate polymers is
known to enhance plant growth by increasing the water-holding
capacity of soils [3–5] and by supplying the cation present when
this is a plant nutrient, such as K+ or NH4

+ [4,6].

∗ Corresponding author at: Instituto Superior de Agronomia, Tapada da Ajuda,
1349-017 Lisbon, Portugal. Tel.: +351 21 3653548; fax: +351 21 3653180.

E-mail addresses: amdevarennes@gmail.com, adevarennes@isa.utl.pt
(A. de Varennes).

In metal-contaminated soils, polyacrylates decreased the
bioavailability of cationic trace elements [7]. The polymers pro-
vided microcosms throughout contaminated soil that were rich in
water but only contained small concentrations of trace elements (as
these were chelated by the carboxylic groups in polymer chains),
and where roots and microorganisms could proliferate [8].

It is not easy to choose the most appropriate method to restore
a particular site, but in the case of soils developed on pyrite mines,
a vegetation cover needs be established to prevent wind erosion
and reduce raindrop impacts. Vegetation can protect the soil from
structural degradation that encourages surface run-off, and take
up water further decreasing run-off and the risk of leaching of
both beneficial and toxic elements. The application of amendments
becomes necessary for the development of a plant cover [9]. If
the establishment of native species could be promoted, they could
stabilize areas that remain bare. This was the approach taken by
Mendez et al. [10] who used a native species (Atriplex lentiformis
(Torr.) S. Wats.) to stabilize a soil developed on lead–zinc mine
tailings.

The objectives of the first experiment were: (i) to identify
whether polymers from disposable diapers could be used to
enhance growth of a native plant in a pyrite mine soil; (ii)

0304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.02.031
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Table 1
Characteristics of the soil used in the experiment.

Texture Sand

Organic C (g kg−1) 1
pH water (1:2.5) 4.1
Total Cu (mg kg−1) 91
Total Zn (mg kg−1) 47
Total Mn (mg kg−1) 17
Total As (mg kg−1) 2730
Total Pb (mg kg−1) 6200

Total elements were analyzed by digestion of soil with
a mixture of strong HCl, HF, HNO3 and HClO4 and the
solutions analyzed by ICP-AES.

to determine the effect of amendments on soil quality. We
hypothesized that the polymer would increase plant growth, and
this would be reflected in soil microorganisms and enzymatic
activities. Indeed, a plant cover is frequently associated with
increased enzymatic activity. For example, the presence of Agrostis
stolonifera L. restored microbial properties of a soil contaminated by
a mine accident [11].

Indicators of soil quality are used to monitor rehabilitation of
contaminated sites [7,11,12]. In the present work, we measured the
effects of polymer application on plant biomass production, levels
of elements in plant shoots, microbial basal and substrate-induced
respirations (SIR), dehydrogenase activity, and several hydrolytic
enzymes related with C, N and P cycling.

If the polymer particles were mobile in soils, they could reach
groundwater and represent a novel source of contamination with
trace elements. The objective of the second experiment was to eval-
uate the risk of downward migration of polymers from disposable
diapers in a coarse-textured soil.

2. Materials and methods

2.1. Experiment 1

The soil was taken from the São Domingos mine (latitude
N37◦40N and longitude 7◦30W), a pyrite mine located in the Iberian
Pyrite Belt near the border with Spain, one of the most important
massive sulfide metallogenic areas in the world [13]. About 52%
of the soil consisted of material coarser than 2 mm. The fine earth
component of the soil was classified as sandy, acidic and poor in
organic matter (Table 1).

The total concentrations of several trace elements were ana-
lyzed by Activation Laboratories Ltd. (Actlabs, Canada). Samples
of 20 g of soil were digested with the 4-acids procedure (HF 50%,
HClO4 60%, HNO3 70% and HCl 37%) and the solutions analyzed by
inductively coupled plasma optical emission spectrometry (detec-
tion limits of 1 mg l−1 for Cu, Mn and Zn, 3 mg l−1 for Pb and
0.5 mg l−1 for As). Blanks and certified materials were run in paral-
lel. The soil was mainly contaminated with Pb and As, as the total
levels present exceeded natural background concentrations in most
soils [14].

Twelve lysimeters 50 cm long and with a diameter of 60 cm were
buried in the soil to a depth of 45 cm in an area protected with a
net (to prevent access to vermin). The top soil present in the cylin-
ders was removed to a depth of 25 cm. Unsieved mine soil was
homogenized and divided into four treatments: (a) a negative con-
trol with no addition of polymers (NC); (b) a positive control with a
polyacrylate polymer synthesized at our request by Marion Rous-
sel Ltd, applied at 0.3% (m/m) by thoroughly mixing with soil (PC);
(c) polymer removed from 25 diapers (for each lysimeter), corre-
sponding to the same level as before (PD); (d) twenty-five diapers
per lysimeter, shredded into 5 cm fragments (SD).

The control polymer had linear chains of polyacrylate with
molecular weights of about 40 million. The chains were not cross-
linked, but joined together by physical entanglements. Fifty-five
per cent of the particles had diameters over 0.5 mm, and only 1% had
diameters smaller than 45 �m (information supplied by the manu-
facturer). The polymer retained 438 g of distilled water or 12.4 g of
synthetic urine (Table 2) per g of dry polymer. It contained Na+ as
counter ion (102 mg g−1 of polymer) and was able to chelate about
300 mg of Cu2+ per g of polymer.

About 20% of the dry weight of diapers corresponded to
hydrophilic polymers and the rest was plastic and fibrous mate-
rial. The polymer in the diapers was of unknown composition, but
it was probably a polyacrylate as it had many negative charges pro-
vided by chemical groups with the capacity to chelate cationic trace
elements. It contained Na+ as counter ion (136 mg g−1 dry polymer)
and had a chelating capacity corresponding to 320 mg Cu2+ per g
of polymer. It was able to retain 530 g of distilled water or 13.7 g of
synthetic urine per g of dry polymer.

Each lysimeter was filled with 60 kg of soil, corresponding to
a height of approximately 25 cm. The treatments were assigned
according to a completely random design. Each lysimeter received
2 l of synthetic urine (Table 2) and after two weeks of incuba-
tion, each received 10 l of de-ionized water per week during one
month.

One hundred and twenty seeds of Spergularia purpurea (Per-
soon) G. Don fil., collected from the mine site, were sown in each
lysimeter on the 1st of April 2009. This is an annual or biennial dicot
in the family Caryophyllaceae found in poor soils in the Mediter-
ranean area, and used as a medicinal plant in Morocco [15,16].

Photographs of each lysimeter were taken on 19th and 26th of
May, and on 2nd, 9th, 16th and 23th of June 2009 to evaluate soil
cover. A transparent milimetric graph paper was superimposed on
each photograph and the amount of covered soil quantified as a
percentage of the total area of soil.

Mean air temperature during the experimental period varied
from a minimum of 14.7 ◦C in April 2009 to a maximum of 21.6 ◦C
in June 2009. Precipitation was 33, 48 and 38 mm during April, May
and June, respectively. Potential evapotranspiration estimated dur-
ing the experimental period was 395 mm, based on an evaporation
class A pan. Rescue irrigation (35 mm of water) was carried out each
time it did not rain for five consecutive days to prevent water stress,
in a total of nine applications.

The shoots were cut on 24th June 2009, washed with de-ionized
water, dried at 65 ◦C, weighed and ground. The mineral concen-
tration in shoots was determined following standard methods
[17]. Two independent replicates were performed on each sample;
blanks and a control sample (to check the accuracy of the method)
were measured in parallel.

The concentration of N in the shoots was determined by the
Kjeldhal method (Selecta Pro-Nitro M). The concentration of P was
determined in samples which were ashed at 450 ◦C, twice digested
in 10 ml of 3 M HCl at 90 ◦C, and the volume adjusted to 100 ml with
de-ionized water. Phosphorus was then quantified spectropho-
tometrically by the molibdovanadate assay at 420 nm (Hitachi

Table 2
Composition of the synthetic urine.

Salt Concentration

NaCl 14.1 (g l−1)
KCl 2.8 (g l−1)
Urea 17.3 (g l−1)
NH3 (25%) 1.9 (ml l−1)
CaCl2 0.6 (g l−1)
MgSO4 0.43 (g l−1)

The solution was made up to 1 l with 0.02 M HCl.
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U-2000 spectrophotometer). The concentration of other elements
in shoots was measured by flame atomic absorption spectrome-
try (graphite furnace for As) (Unicam Solaar M) after digestion of
0.5 g of the plant material with 5 ml of concentrated nitric acid in a
microwave (CEM MDS-2000) for 45 min.

At the end of the experiment soils were passed through a 2-mm
sieve. A sub-sample of the soil from each lysimeter was air-dried
and analyzed for pH in water (1:2.5).

Fresh soil samples were analyzed for dehydrogenase activity
according to [18]. Two independent replicates were analyzed from
each sample. Soils were incubated for 16 h, at 25 ◦C, with 0.1% (w/v)
triphenyltetrazolium chloride in Tris-buffer (0.1 M, pH 7.6), and the
triphenylformazan formed was quantified spectrophotometrically
at 546 nm. Dehydrogenase activity corresponds to the overall activ-
ity of intracellular enzymes that catalyze oxidoreduction reactions
of organic compounds.

Other fresh soil sub-samples were analyzed for microbial res-
piration using the MicroRespTM Soil Respiration System [19] and
an incubation period of 6 h. The substrates used (150 �l per well)
were water, trehalose, fructose, cysteine, amminobuturic acid,
galactose, ascorbic acid, arginine, citric acid, glucose, lysine and
acetylglucosamine, at concentrations of 0.2% (m/v). Five indepen-
dent replicates were performed from each sample and substrate.

Other soil fresh samples were frozen at about −20 ◦C until
analyzed for several enzymatic activities. Cellulases were deter-
mined according to [20]. The term refers to the combined action
of endo-1,4-�-D-glucanase (EC 3.2.1.4), exo-1,4-�-D-glucanase (EC
3.2.1.91) and �-D-glucosidase (EC 3.2.1.21) on Avicel (Fluka), a puri-
fied depolymerised alpha cellulose, for 16 h at 40 ◦C, in a 0.1 M
acetate buffer (pH 5.5, 0.2% NaN3). The released reducing sugars
were determined spectrophotometrically at 520 nm, after addition
of copper(II) and molybdo-arsenate.

Acid phosphomonoesterase (EC 3.1.3.2) and �-glucosidase (EC
3.2.1.21) were measured by incubating the soil with a substrate
containing a p-nitrophenyl moiety [21,22]. Acid phosphomo-
noesterase (acid phosphatase) catalyzes the hydrolysis of organic
P esters into inorganic P. �-glucosidase catalyzes the hydrolysis
of carbohydrates with �-D-glucoside bonds. For acid phosphatase,
the soil was incubated with p-nitrophenyl phosphate in modified
universal buffer (pH 6.5) at 37 ◦C. After 1 h, 0.5 M CaCl2 was added
to stop the reaction and the p-nitrophenol released was extracted
with 0.5 M NaOH and measured spectrophotometrically at 400 nm.
For �-glucosidase the procedure was the same, except that the
substrate used was p-nitrophenyl-�-D-glucopyranoside, and the
p-nitrophenol released was extracted with 0.1 M THAM-NaOH, pH
12.0.

Protease activity was determined after the incubation of 1 g of
soil with sodium caseynate (2%, w/v) in Tris-buffer pH 8.1, during
2 h at 50 ◦C [23]. The tyrosine formed reacted with the Folin-phenol
reagent to form a blue complex, which was determined spec-
trophotometrically at 700 nm. The term protease includes several
enzymes that catalyze the hydrolysis of proteins and oligopeptides
to amino acids.

Four independent replicates were analyzed from each sample
and hydrolytic enzymatic activity.

2.2. Experiment 2

Twelve black plastic sleeves 50 cm long and with a diameter of
10 cm were filled with a sandy soil to form a soil column with a
height of 30 cm. A 1 cm layer of hydrophilic polymers from diapers
was placed in the soil columns at a depth of 10 cm. Four treatments
with three replicates each (soil columns) were prepared: (a) 10 g
of polymer removed from disposable diapers (polymer); (b) 10 g of
the polymer from diapers with Cu (polymer–Cu); (c) 12 g of ground
polymer with Cu (ground polymer–Cu).

Fig. 1. Soil cover (% of total area) during the experimental period. NC—negative con-
trol with no addition of polymers; PC—positive control with a polyacrylate polymer;
PD—polymer from diapers; SD—shredded diapers. Values corresponding to the same
date followed by the same letter are not significantly different as estimated by the
Newman–Keuls test at p<0.05.

To prepare the polymer with Cu, this was put in a solution with
0.1 M CuSO4 (40 ml per g of dry polymer) for two days, washed four
times with de-ionized water and dried at 65 ◦C to constant weight.
While the particles in the original polymer passed through a 1 mm
sieve, the particle size of polymer with Cu was further reduced to
0.5 mm. Part of the polymer with Cu was then ground in a mortar
and pestle to obtain particles that passed through a 0.2 mm sieve.

The soil columns were leached five times during the experiment
with a solution similar to local rain (pH 4.8, and in �M: 5.0 Ca2+,
3.2 K+, 12.5 Cl−, 7.5 Na+, 1.2 Mg2+, 5.3 SO4

2−, 23 NO3
− and 23 NH4

+).
Each time, 2 l of artificial rain was applied per soil column, corre-
sponding to about eight soil pore volumes. However, in the first
leaching cycle 3 l of artificial rain had to be applied in the treat-
ment “Polymer” to compensate for the water sorbed by the polymer
particles.

The leachates collected were filtered and analyzed for Cu by
flame atomic absorption spectrometry (Unicam Solaar M), and for
organic matter content by oxidation with KMnO4 and titration with
FeSO4, according to official guidelines [17].

At the end of the experiment the layer corresponding to the
polymer was removed and the soil columns sliced into 0–10 cm,
10–15 cm, 15–20 cm, 20–25 cm and 25–30 cm layers. Each layer
was analyzed for organic matter content as before, and Cu was
extracted using 5 g of soil and 50 ml of 0.05 M EDTA, and analyzed
as already described.

2.3. Statistics

All data were analyzed for variance by the General Linear
Model (GLM) and mean separation was performed using the
Newman–Keuls test at p≤0.05.

3. Results

3.1. Experiment 1

Plant growth was faster in soil amended with polymer from dia-
pers (PD treatment) and until 56 days after sowing the soil cover (as
a % of total soil area) was greatest in this treatment compared with
all others (Fig. 1). The treatment with polyacrylate polymers (PC)
was the second best, and the soil cover was greater than that of the
treatment with shredded diapers (SD) until 70 days after sowing.
Afterwards, the soil cover was similar in all treatments with poly-
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Table 3
Shoot biomass and soil pH at the end of the experiment.

Treatment Biomass per plant (g) Biomass per lysimeter (g) Soil pH

NC 0.67c 20c 4.7b
PC 1.81a 110a 6.7a
PD 1.82a 102a 6.6a
SD 1.47b 75b 6.6a

NC—negative control with no addition of polymers; PC—positive control with a poly-
acrylate polymer; PD—polymer from diapers; SD—shredded diapers. Values in a
column followed by the same letter are not significantly different as estimated by
the Newman–Keuls test at p<0.05.

mer (PD, PC and SD). By the end of the experiment, the whole soil
was covered when polymers were present, while in unamended
soil (NC) about half of the soil remained bare (Fig. 1).

The application of polymers (PD and PC) led to the greatest
biomass per plant and total biomass in each lysimeter (Table 3).
In contrast, the SD treatment, although better than the negative
control (NC), led to a biomass that was only three quarters of that
obtained when the polymer was removed from the diapers.

The concentration of Na in the shoots increased when polymer
was applied (Table 4). The concentration of all other elements ana-
lyzed was smaller when polymer was applied than in plants from
unamended control.

Polymer application enhanced soil pH (Table 3) and the activity
of hydrolytic enzymes (Fig. 2). Soil amended with SD had greater
enzymatic activities than unamended control (NC), but smaller
than when polymer was removed from diapers (Fig. 2).

Fig. 2. Soil enzymatic activities at the end of the experiment. NC—negative control
with no addition of polymers; PC—positive control with a polyacrylate polymer;
PD—polymer from diapers; SD—shredded diapers. For each enzymatic activity, val-
ues followed by the same letter are not significantly different as estimated by the
Newman–Keuls test at p<0.05.

Fig. 3. Microbial basal and substrate-induced respirations at the end of the exper-
iment. NC—negative control with no addition of polymers; PC—positive control
with a polyacrylate polymer; PD—polymer from diapers; SD—shredded diapers. For
each substrate, values followed by the same letter are not significantly different as
estimated by the Newman–Keuls test at p<0.05.

Soil microorganisms benefited from the application of
hydrophilic polymers (Figs. 2 and 3). Microbial activity, as
evaluated by dehydrogenase, and microbial respiration (basal
or induced by all C sources used) increased after application of
polymer removed from diapers or of polyacrylate polymer. Overall,
the PD treatment led to the greatest SIR (with trehalose, cysteine,
amminobutiric acid, galactose and ascorbic acid) (Fig. 3). The
application of shredded diapers, however, led to values of dehy-
drogenase and microbial respiration that were not significantly
different from those of unamended soil (Fig. 2).

3.2. Experiment 2

The concentration of Cu and OM in soil leachates decreased
from cycle 1 to 5 (Fig. 4). The concentration of Cu was greater in
polymer–Cu in cycle 2 compared with the other two treatments,
but became similar afterwards (Fig. 4A). The presence of polymer
(without Cu) decreased the concentration of OM in cycle 1 (pre-
sumably because some OM was retained by the polymer), but there
were no differences between treatments later on (Fig. 4B).

All soil layers had similar Cu contents, except the 10–15 cm
layer where the treatments of polymer with Cu led to a greater
concentration of the metal in the soil, in particular when polymer
was ground (Fig. 4C). All soil layers had the same organic matter
concentration, corresponding to an overall mean of 9.7 g kg−1 dry
soil.

4. Discussion

We evaluated the use of hydrophilic polymers from diapers to
aid the establishment of an indigenous plant (S. purpurea) in a soil
from a pyrite mine. The acidity and the large load of trace elements
usually impair plant growth in these sites [8,24–26].

An annual species was an obvious choice to obtain a fast plant
cover in contaminated soils while perennials are slowly developing.
The species used in the present study was already present in the
São Domingos mine, and is tolerant of the conditions typical of soils
developed on pyrite mines in the Mediterranean basin.

To reflect more closely field conditions, all treatments received
synthetic urine (that would have been present in used diapers) and
then lysimeters were watered during a period of one month to
mimic rain before sowing took place. The results showed that soil
cover and plant growth were greatly enhanced by polymer appli-
cation (Fig. 1 and Table 3). Biomass accumulation by S. purpurea in
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Table 4
Shoot mineral composition.

Treatment N P K Ca Mg Na Zn Mn Cu Pb As

g kg−1 mg kg−1

NC 2.7a 3.0a 27a 3.8a 3.7a 15b 91a 121a 11a 97a 42a
PC 2.1b 1.1b 12b 2.9bc 2.8b 22a 70b 56b 7b 46b 16b
PD 2.1b 1.5b 14b 2.6c 3.0b 22a 70b 51b 6b 52b 21b
SD 1.7c 1.1b 14b 3.3b 2.7b 20a 66b 54b 7b 43b 16b

NC—negative control with no addition of polymers; PC—positive control with a polyacrylate polymer; PD—polymer from diapers; SD—shredded diapers. Values in a column
followed by the same letter are not significantly different as estimated by the Newman–Keuls test at p<0.05.

Fig. 4. Copper and organic matter concentrations in leachates (A and B) and Cu
concentration in soil layers (C). Values for each leaching cycle or soil layer followed
by the small letter or for each treatment followed by the same capital letter are not
significantly different as estimated by the Newman–Keuls test at p<0.05.

polymer-amended soil was considerably greater (four–five times)
than in unamended control soil. Although this species will die in
the summer, if it were not harvested it would still provide cover to
the soil surface to protect it from erosion.

Hydrophilic polymers may enhance plant growth by increasing
the water-holding capacity of soils [3,4,8]. This may have con-
tributed to differences observed in plant growth, although plants
never suffered from a severe water stress, as water was applied
when it did not rain during five consecutive days, to compensate
for evapotranspiration.

Soil pH was enhanced by polymer application (Table 3). This
was due to exchange between counter ions (Na+) in the polymers
and acidic ions in the soil, as observed before in acid soils [8]. This
may also have contributed to differences observed in plant growth
and soil enzymatic activities as discussed later. However, the main
reason for enhanced growth was probably the presence of micro-
cosms formed by polymers throughout contaminated soil, rich in
water and with small concentrations of trace elements, where roots
could proliferate. In fact, the concentration of all elements in shoots
(except Na) was smaller in plants from amended soil compared
with those from unamended control (Table 4). There is no infor-
mation on the normal concentrations of nutrients for this species,
but the greater mineral contents in plants from unamended con-
trol probably derived from a concentration effect in consequence of
smaller growth, i.e. the nutritional status of plants from amended
soil was likely closer to the optimum than that of plants from
contaminated unamended soil. The most evident exception was
N concentration in the SD treatment. This was smaller than the N
concentration in the PC and PD treatments, although plant biomass
was greater in the latter (Table 4). The presence of fibrous materi-
als probably led to N immobilization by soil organisms, decreasing
the level of plant available N. In future, when applying shredded
diapers, a N fertilizer should also be supplied.

S. purpurea behaved as a natrophilic species as polymer appli-
cation increased the concentration of Na in the shoots (Na+ was
present as counter ion in both polymers) and decreased the concen-
tration of K, with no apparent negative effect on plant growth [27].
Natrophilic species with economic interest are an obvious choice
when polymers with Na+ are applied.

The activities of soil acid phosphatase, �-glucosidase, protease
and cellulase were greatest in soil amended with the polyacrylate
polymer or with polymer removed from diapers, while the appli-
cation of shredded diapers leads to values that were in general
intermediate between these treatments and unamended control
(Fig. 2). Soil hydrolytic enzymes exist both within viable cells and
outside living cells and they are primarily derived from microorgan-
isms [28]. They are commonly used to assess soil quality [29]. Most
soil enzymes are inhibited by high levels of trace metals [30,31].
Pérez-de Mora et al. [11] reported an increase in the activities of
arylsulfatase and �-glucosidase following application of sugarbeet
lime (70–80% CaCO3) to a heavy-metal-contaminated soil, showing
that an increase in soil pH can also enhance soil enzymes.

In the present experiment, the establishment of a plant cover
(that produces root exudates), the enhanced soil pH, and the micro-
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cosms (rich in water and with small levels of trace elements)
provided by polymer particles, seemed to be the main explanations
for the stimulation of soil hydrolytic enzymes. However, basal-
and substrate-induced respirations, and dehydrogenase (related
to microbial activity) were greatest in soil amended with poly-
mers, but the presence of a plastic film and fibrous materials from
shredded diapers prevented any improvement in these parameters
compared with unamended soil. This means that soil microorgan-
isms were more sensitive to the materials present in diapers that
were soil hydrolytic activities.

In experiment 2, the risk of downward movement of polymers in
coarse-textured soils was evaluated. All treatments received syn-
thetic rain to reflect more closely field conditions, with five leaching
cycles corresponding each to about eight soil pore volumes. The
polymer from diapers swelled when water was applied, so that the
layer occupied by the polymer increased from 1 cm to about 12 cm.
The same did not occur in polymer–Cu as the presence of the metal
prevented expansion of the polymer [32].

The analyses of leachates suggested a fast movement of soluble
fractions of Cu and OM in soil columns, with the greatest amounts
present in leachates of cycles 1 and 2 (Fig. 4A and B).

The analysis of soil layers indicated that some polymer with
Cu had moved from its original position to the layer immedi-
ately below (10–15 cm layer), but it was absent in the next layer
(15–20 cm) as there were no significant differences between treat-
ments for the top (0–10 cm) or the deeper soil layers (Fig. 4C). The
amount of polymer in the 10–15 cm layer was small, as it did not
even lead to a significant increase in the OM content.

Sack et al. [33] stated that more than 99% of a polyacrylate
polymer was retained in a sandy soil column, but these authors
only analyzed leachates and applied polymer without any metal
that would decrease the size of polymer particles. This means that
no information on the movement of polymer particles within soil
columns was previously available.

The results obtained suggest some repacking of polymer and soil
particles during the leaching process, which was visible when the
columns were sliced in the treatments corresponding to polymer
with Cu, with some intrusion of the blue color into the soil layer
immediately below. There was no indication that any polymer was
leached out or even that it would have reached deeper layers. In fact,
if there were a significant downward movement of polymers, this
should have been more evident in the ground polymer–Cu treat-
ment as this corresponded to the smallest size of polymer particles.
If anything, this treatment showed a tendency for slightly smaller
values of Cu in leachates compared with the polymer–Cu treat-
ment, presumable because the specific area of particles increased,
thus facilitating Cu sorption.

5. Conclusions

We have shown that the application of hydrophilic polymers
from disposable diapers promoted the establishment of a plant
cover in a pyrite mine soil, supporting the view that these can aid
phytostabilization of these sites. Soil hydrolytic enzymatic activ-
ities were enhanced, but studies are still needed to treat diapers
and decrease the toxicity towards soil microorganisms (translated
by dehydrogenase activity, and basal and substrate-induced respi-
rations) associated with the presence of a plastic film and fibrous
materials when shredded diapers are used.

The risk of downward movement of hydrophilic polymers in
soils seems to be small, although some repacking of soil and poly-
mer particles might take place, transporting the polymer to a
slightly deeper soil layer than where it was applied. Further studies
are needed to investigate the possibility of movement of polymer
particles due to preferential flow.
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ENZYMATIC ACTIVITY OF A MINE SOIL VARIES
ACCORDING TO VEGETATION COVER AND LEVEL
OF COMPOST APPLIED

Amerilis de Varennes, Maria Manuela Abreu, Guiwei Qu, and
Cristina Cunha-Queda
Instituto Superior de Agronomia, Technical University of Lisbon (TULisbon),
Tapada da Ajuda, Lisboa, Portugal

We applied three doses of compost from mixed municipal solid waste (0, 15, and 30 g kg−1 of
soil) to a soil developed on pyrite mine wastes. Part of the soil was planted with young Erica
australis L. collected at the mine; part was fertilized with N-P-K-Mg and sown with Dactylis
glomerata L. Bare soil without mineral fertilization was included in the experiment, as
well. Compost application to bare soil increased pH, provided plant nutrients, and enhanced
the activity of the six soil enzymes tested. Growth of D. glomerata, and E. australis was
stimulated in compost-amended soil compared with unamended controls. The presence of
D. glomerata led to the greatest activities of soil acid phosphatase, β-glucosidase, and
cellulase compared with bare soil or with soil with E. australis. The presence of E. australis
increased the activities of protease and cellulase in amended soil, compared with control, but
it impaired dehydrogenase, β-glucosidase, and acid phosphatase activities. These negative
impacts probably derived from phenolic compounds known to be released from roots of this
species. The survival strategy of this species seems to include a small need for P in the shoots,
and the release of exudates that impair microbial activity and P cycling.

KEYWORDS amendment, Erica australis, Dactylis glomerata

INTRODUCTION

Municipal solid wastes can promote the establishment of plants in degraded soils by
providing essential nutrients for plant growth, raising the pH, and decreasing the bioavail-
ability of trace elements by chelation (Illera et al., 2000; Gaskin et al., 2003; Walker,
Clemente, and Bernal., 2004; Pérez-de-Mora et al., 2006a, 2007). A few studies have re-
ported changes to microbial activity or soil enzymes after compost application to mine soils
(Pérez-de-Mora et al., 2005, 2006b). There seems to be little information that focuses on
the effect of different plant species, with or without application of compost, on enzymatic
activities of mine soils (Alvarenga et al., 2009).

A number of enzymes catalyze biochemical reactions related to nutrient cycling in
the soil. They can be used as indicators of soil quality because of their relationship with
soil biology and rapid response to changes (Gil-Sotres et al., 2005). Criteria for choosing

Address correspondence to A. de Varennes, Instituto Superior de Agronomia, Technical University of Lisbon
(TULisbon), Tapada da Ajuda, 1349-017 Lisboa, Portugal. E-mail: adevarennes@isa.utl.pt
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enzymes were based on previous experience of their sensitivity to management of soils
developed on pyrite wastes (Guiwei, de Varennes, and Cunha-Queda, 2008). Dehydroge-
nase is an intracellular enzyme used as an index of overall microbial activity (Nannipieri,
Kandeler, and Ruggiero, 2002). Acid phosphatase, cellulase, β-glucosidase, protease, and
urease exist both within viable cells and outside living cells (the assays carried out usu-
ally do not distinguish between these two groups). They are primarily derived from soil
microorganisms, plant roots, and plant and animal residues (Cao, Sun, and Yang, 2003).
Cellulases are enzyme systems that degrade cellulose, an important plant-derived input into
soils. β-glucosidase plays a critical role in the release of sugars that act as energy source
for soil microorganisms. Protease and urease are involved in the release of inorganic N, and
acid phosphatase in P cycling in acid soils.

In the present experiment, the soil used came from the São Domingos mine which is
located in the Iberian Pyrite Belt, one of the most important massive sulfide metallogenic
areas in the world (Barriga, Carvalho, and Ribeiro, 1997). The mine was explored for Cu
and S during the 19th and 20th centuries, until exploration was discontinued in 1966 (Matos
and Martins, 2006). The processing of the ore produced large amounts of waste materials
that were deposited on the land surface. A large area of land became contaminated with
several trace elements and only supports sparse vegetation—especially on the remnants of
the piles of slag materials (Abreu, Tavares, and Batista, 2008).

For this study, we chose two different species with contrasting characteristics. Dactylis
glomerata L. (orchardgrass) is a perennial grass that can be used for pasture, hay, green
chop, or silage. It is considered an excellent feed for livestock because of its large yield and
sugar content. D. glomerata is not present in the mine and does not survive in this soil if
no fertilizer is applied (unpublished results). Therefore, it represents an introduced species
requiring frequent addition of mineral fertilizers to be productive.

Erica australis L. is a shrub growing up to 3 m in height and common on the heathlands
of the Iberian Peninsula and North Africa. It can grow on acidic infertile shallow soils, and
it is very resilient to various disturbances. It is able to recover rapidly after fire damage
(Cruz and Moreno, 2001) and tolerates large soil contents of Al, As, Pb, Sb, and Mn (Abreu
et al., 2008). This plant is already present in the mine area, reaching heights of 0.5 to 2 m,
depending on the particular substrata. It is considered an ornamental plant but it can be
eaten by wild fauna (Paton et al., 1999). Extracts from Erica species are also known to have
anti-inflammatory and antinociceptive activities (Akkol, Yesilada, and Guvenc, 2008).

The objectives of the present work were: i) to identify whether compost from mixed
municipal solid waste could be used to enhance plant growth in a mine soil; ii) to determine
the effect of D. glomerata and E. australis on soil enzymes. We hypothesized that compost
application and a plant cover would increase soil enzymes compared with their activity in
unamended bare soil. We also hypothesized that continuous grass cultivation (D. glomerata)
would lead to greater enzymatic activities in the soil than would be present under a slow
growing shrub (E. australis).

MATERIALS AND METHODS

Soil

About 300 kg of topsoil developed on waste materials from gossan was collected
from one location in the São Domingos mine. The soil was acidic, poor in organic matter
and plant nutrients, and it had large total contents of Pb and As (Table 1). However, in these
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Table 1 Characteristics of the soil and compost used in the experiment (mean ± standard deviation)

Soil3 Compost3

Texture Sandy loam —
pH water1 4.8 ± 0.1 7.7 ± 0.1
Organic matter2 (g kg−1) 0.22 ± 0.01 442 ± 6
Total N (g kg−1) 0.01 ± 0.002 17 ± 1
Total P (g kg−1) 0.44 ± 0.03 3.6 ± 0.4
Total K (g kg−1) 3.1 ± 0.2 30 ± 2
Total Ca (g kg−1) 0.2 ± 0.07 27 ± 3
Total Mg (g kg−1) 0.3 ± 0.01 4 ± 0.2
Total Na (g kg−1) 0.3 ± 0.01 6.9 ± 0.3
Total Fe (g kg−1) 69 ± 1 13 ± 1
Total Mn (mg kg−1) 17 ± 4 240 ± 12
Total Cu (mg kg−1) 91 ± 16 117 ± 19
Total Zn (mg kg−1) 47 ± 4 273 ± 30
Total Pb (mg kg−1) 6160 ± 587 224 ± 23
Total As (mg kg−1) 2730 ± 148 15 ± 2

1The ratio was 1:2.5 for soil and 1:5 for compost; 2dry combustion for soil and dry weight loss at
550◦C for compost; and 3three independent samples were analyzed.

soils the solubility of Pb and As is very small; on average, only 0.2% of the total As and
1.6% of the total Pb can be considered as available (Abreu et al., 2008).

Compost

Compost produced from mixed municipal waste was used. It had a pH of 7.7 and
was rich in plant nutrients (Table 1). The metal concentrations in the compost were below
the maximum limits allowed by the 2nd Draft of the Directorate General-Environment
for the European Commission (CEC, 2001) for compost from mixed municipal solid, and
also below the limits established by the European Union (EEC, 1986) for sewage sludge
acceptable for agricultural use. It is also important to observe that total levels of Pb and As
in the compost were considerably smaller than those in the mine soil.

Experimental Design

The soil was air dried, passed through an 8-mm sieve, homogenized thoroughly by
mixing, and divided into three parts: one did not receive any compost, while the other two
received compost at 15 or 30 g kg−1 of soil (dry weight basis). The compost was mixed with
the soil by hand. Treatments for each compost level were bare soil, soil with D. glomerata
grown for 6 months, and soil with E. australis grown for 12 months. For each treatment,
four replicate pots (upper diameter: 21 cm; height: 18 cm) were filled with 4 kg of soil.
Thirty-six pots were prepared, of which twelve pots (four per compost level) were left bare.

Young plants of Erica australis L. (about 10 cm high) were collected from the São
Domingos mine and one planted in each of 12 pots with soil without mineral fertilizer
(four per compost level). Plant shoots from each treatment were collected 12 months after
planting.

The remaining soil received a basal dressing of 100 mg N, 100 mg P, 120 mg K, and
30 mg Mg kg−1 dry soil, supplied as ammonium nitrate, calcium dihydrogen phosphate,
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potassium sulfate, and magnesium sulfate, respectively. Dactylis glomerata L. cv. Amba
was sown in 12 pots (four per compost level), and the plant number was adjusted to 60 per
pot two weeks later. Four cuts were carried out at 93,120,148, and 176 days after sowing.
The cuts were made 2 cm above the soil surface, to allow plant re-growth. After each of
the first three cuts, 100 mg N kg−1 dry soil was added as ammonium nitrate.

All pots were kept in an outdoor area protected with a net and taken to an adjacent
glasshouse when it rained. They were watered daily to maintain 60% of the water-holding
capacity of the original soil.

Sample Analysis

Collected shoots were washed with de-ionized water, dried at 65◦C, weighed, and
ground. A subsample (0.5 g) of each sample was digested with 5 mL of concentrated nitric
acid in a microwave oven for 45 min. The solution was then analyzed for P by inductively
coupled plasma—atomic emission spectrometry.

At the end of six and twelve months (growth periods for D. glomerata and E. australis,
respectively) the soil from corresponding pots, and the samples from the pots of bare soil
were passed through a 2-mm sieve. Fresh soil sub samples from all pots were analyzed
the same day for dehydrogenase activity according to Tabatabai (1994). The method is
based on the reduction of 2,3,5-triphenyltetrazolium chloride to triphenylformazan after
incubation with the soil at 25◦C in the dark for 16 hours.

Other soil sub samples were frozen at −20◦C until analyzed for several enzymatic
activities. Cellulases were determined according to Hope and Burns (1987). In the context of
this work, the term refers to the combined action of endo-1,4-β-D-glucanase (EC 3.2.1.4),
exo-1,4-β-D-glucanase (EC 3.2.1.91) and β-D-glucosidase (EC 3.2.1.21) on Avicel, a
purified depolymerized alpha cellulose. The reducing sugars released after an incubation
period of 16 hours at 40◦C were quantified.

Acid phosphomonoesterase (EC 3.1.3.2) and β-glucosidase (EC 3.2.1.21) were mea-
sured by incubating the soil with a substrate containing a p-nitrophenyl moiety according to
Eivazi and Tabatabai (1977, 1988). The p-nitrophenol released after incubation with the soil
for 1 hour at 37◦C was quantified. Acid phosphomonoesterase (acid phosphatase) catalyses
the hydrolysis of organic P esters. β-glucosidase catalyses the hydrolysis of carbohydrates
with β–D-glucoside bonds.

Urease (EC 3.5.1.5), which catalyses the hydrolysis of urea to CO2 and NH3, was de-
termined according to Kandeler and Gerber (1988). The ammonia released after incubation
of the soil with a urea solution for two hours at 37◦C was determined by colorimetry.

Proteases were measured using sodium caseinate as substrate. The amino acids re-
leased after incubation with soil for two hours at 50◦C were quantified (Ladd and Butler,
1972).

For all enzymatic determinations, controls with soil were run in parallel, but substrate
was only included after the incubation period. Four independent replicates were analyzed
for each soil sample.

A sub-sample of the soil from each pot was air-dried, sieved through a 2-mm sieve,
and analyzed for pH in water (1:2.5).

Trace elements were extracted from these air-dried sub-samples using a single leach-
ing cycle with de-ionized water (1:50 (m/v) solid-to-liquid ratio, six hours under constant
agitation, at room temperature). The leachate was separated by centrifugation, filtered and
analyzed for P colorimetrically by the molybdo-vanadate method, for Ca, K, Mg, Cu, Fe,
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ENZYMATIC ACTIVITY OF A MINE SOIL 375

Mn, Zn, and Pb by flame atomic absorption spectrometry, and for As by atomic absorption
spectrometry with a graphite furnace. Two independent replicates were performed for each
soil sample; blanks and reference samples were measured in parallel. Detection limits were
in mg L−1: 0.2 (P, Na, and Mg), 2 (Mg, Cu, Fe, and Mn), 0.5 (K, Zn, and Pb), and 0.01 (As).

Data Analysis

All data were analyzed for variance by the General Linear Model (GLM), and mean
separation was performed using the Newman-Keuls test at p ≤ 0.05. Principal Component
Analysis (PCA) was performed to identify the effects of the two plant species and compost
application, as well as to detect key parameters that contribute to data variability.

RESULTS

Plants

Applying compost to the fertilized soil resulted in increased growth of D. glomerata
compared with that in unamended control (Figure 1). Plant biomass accumulated over four
cuts was about 1.7–1.8 times greater in compost-amended soil compared with biomass of
plants from unamended soil.

Compost application to unfertilized soil had even a greater effect in E. australis
growth. After twelve months, the biomass accumulated in the shoots from soil amended
with compost (15 g kg−1 of soil) was 10 times that of plants from unamended soil (Figure
1). The greatest level of compost resulted in the appearance of leaf chlorosis in the tip of
shoots of E. australis.

The P concentration in the shoots of D. glomerata was considerably greater than in
those of E. australis (Figure 1). In both plants the P concentration tended to be smaller when
compost was applied, although for E. australis this only reached a statistically significant
difference when the greater rate of compost was applied.
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Table 2 Effect of compost application and Dactylis glomerata on soil pH

Soil pH

Compost (g kg−1 of soil) With D. glomerata Bare soil

0 4.3 cB 4.8 cA
15 5.1 bB 6.3 bA
30 5.9 aB 6.7 aA

Values in a column followed by the same small letter or in a row followed by the same
capital letter are not significantly different as estimated by the Newman-Keuls test at p < 0.05.

Soil Chemical Characteristics

In bare soil, the pH increased from 4.8 to 6.7 following compost application (Table
2). While the presence of E. australis had no effect on soil pH (data not shown), there was
a decrease between 0.5 and 1.2 in the values of soil pH when D. glomerata was grown for
six months (Table 2).

The water-extractable levels of As, P, Fe, K, Ca, Mg, and Na increased in bare soil
following compost application, while those of Mn, Cu, Zn, and Pb were not affected by
compost application or plant cover, with average values 1.44, 3.07, 1.13, and 0.65 mg kg−1

dry soil, respectively (Table 3). The presence of a plant cover decreased the levels of As, P,
Fe, K, Ca, Mg, and Na (data not shown).

Soil Enzymes

Compost application and a plant cover affected the activity of all soil enzymes
tested (GLM, p < 0.05). The dehydrogenase activity in unamended bare soil was small
and remained constant from six to twelve months after the beginning of the experiment
(Figure 2), with an average value of 1.17 µg triphenylformazan 16 h−1g−1 dry soil. Compost
application to bare soil enhanced 8 times the dehydrogenase activity at the end of 12 months.

While the presence of D. glomerata further enhanced dehydrogenase activity, the
opposite was true for E. australis as dehydrogenase activity was inhibited between 61 and
68% for all compost application levels (Figure 2).

Activity of all other enzymes also increased following compost application. With
the exception of urease, the enzymes had a smaller activity in bare soil after 12 months
than at six. The presence of D. glomerata led to the greatest enzymatic activities of acid
phosphatase, β-glucosidase and cellulase, compared with bare soil or with soil with E.
australis (Figure 2).

Table 3 Effect of compost application to bare soil on water-extractable elements

Water-extractable elements (mg kg−1 of soil)

Compost (g kg−1 of soil) P As Fe K Ca Mg Na

0 6.6 c 3.4 c 2.8 b 20 c 19 b 2.7 b 79 c
15 19.3 b 10.9 b 4.5 a 174 b 19 b 4.8 b 111 b
30 29.6 a 14.0 a 5.4 a 345 a 39 a 8.8 a 147 a

Values in a column followed by the same small letter are not significantly different as
estimated by the Newman-Keuls test at p < 0.05.
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Figure 2 Soil enzymatic activities in bare soil (after 6 and 12 months) and after growth of Dactylis glomerata
for 6 months and Erica australis for 12 months, in a mine soil with three different levels of compost (0, 15
and 30 g kg−1 of soil, dry weight basis). For each enzymatic activity, columns with the same letter are not
significantly different as estimated by the Newman-Keuls test at p < 0.05; PNP: p-nitrophenyl phosphate; TPF:
triphenylformazan; None: bare soil.

There was an interaction between the effects of E. australis and compost on some soil
enzymes (GLM, p < 0.05). In unamended soil, the presence of E. australis had no effect
on β-glucosidase and cellulase, while in compost-amended soil the activity of cellulase
increased if E. australis were present (Figure 2). Urease was not affected by E. australis

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
Q
u
,
 
G
u
i
w
e
i
]
 
A
t
:
 
0
8
:
5
0
 
2
5
 
A
p
r
i
l
 
2
0
1
0



378 A. DE VARENNES ET AL.

Table 4 Loadings for each variable along principal components 1 and 2 (PC1 and PC2)
resulting from Principal Component Analysis of plant and soil parameters

PC 1 PC 2

DM of shoots 0,9475∗ 0,0170
P in shoots 0,7845∗ −0,5592
Soil pH −0,2003 0,9511∗
Dehydrogenase 0,8436∗ 0,4530
Phosphatase 0,9741∗ −0,1536
β-glucosidase 0,9843∗ −0,0878
Cellulase 0,8395∗ −0,0690
Protease 0,4462 0,8611∗
Urease 0,4525 0,3111

∗Marked correlations are significant (correlation coefficient > 0.7).

while protease was stimulated. The acid phosphatase activity was impaired by this plant in
unamended soil and in soil with 30 g compost kg−1 of soil, and β-glucosidase was impaired
in amended soil with 15 g of compost per kg of soil (Figure 2).

Based on principal component analysis (PCA), measured parameters all had signifi-
cant positive loadings on either PC 1 or PC 2, except urease activity that had small loadings
on both axes (Table 4). The treatments corresponding to D. glomerata were located on the
right quadrants (positive side of PC 1) while those of E. australis were on the left quadrants
(negative side of PC 1) (Figure 3). Compost application resulted in a shift from the lower

D. glomerata 0

D. glomerata 15

D. glomerata 30

E. australis 0

E. australis 15

E. australis 30

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

PC 1

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

P
C

 2

Figure 3 Effects of the two plant species (Dactylis glomerata and Erica australis) and compost application on
plant and soil parameters evaluated by Principal Component Analysis. PC 1 and PC 2—principal components 1
and 2, respectively; 0, 15 and 30 indicate the amount of compost applied (0, 15 and 30 g kg-1 dry soil, dry weight
basis).
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quadrants (negative side of PC 2) to the upper quadrants (positive side of PC 2) and from
the left towards the right (with the exception of E. australis grown with the two levels of
compost that were in the same position relative to PC 1).

DISCUSSION

Plant Growth

In most cases reported in the literature, in soils derived from wastes produced by
pyrite mining it is the acidity of soils and the large load of trace elements that impair plant
growth (Clemente, Almela, and Bernal, 2006; Walker et al., 2004; Pérez-de-Mora et al.,
2006a, 2007; Guiwei et al., 2008; Alvarenga et al., 2009). In the present experiment, soil
pH (4.8), and the labile pool of trace elements evaluated by aqueous extraction were not
the main limiting factor for the establishment of a plant cover. D. glomerata accumulated a
large biomass even when only mineral fertilizers were applied to the soil. This suggests that
lack of plant nutrients—namely N, P, K, and Mg—was one of the main constraints to plant
growth on that site. An intensive approach using a fast growing plant such as D. glomerata,
and a regular input of mineral fertilizers, could maintain permanent grassland. A less
intensive solution, using only compost from mixed solid waste, could be used to promote
growth of E. australis.

Effects of Compost

Application of compost from mixed solid waste had three main effects on the soil:
i) it increased soil pH; ii) it provided plant nutrients; and iii) it provided organic C to soil
organisms. Additionally, it might have improved soil physical characteristics.

The compost had a pH of 7.7 and corrected soil acidity until the end of the experiment
in bare soil or in soil with E. australis. In contrast, soil pH decreased after growth of
D. glomerata for 6 months showing that although organic matter contributes to soil buffer
capacity (Madejón et al., 2006), it was not enough to counterbalance the effect of root
exudates and imbalances between cation and anion uptake. However, as stated previously,
soil pH did not seem to represent a main constraint to plant growth.

The compost provided plant nutrients that seem to explain the enhanced growth of
D. glomerata and E. australis on amended soil (1.8 and 10 times the biomass of plants
from unamended soil, respectively). Over four cuts (six months) the biomass accumulation
by D. glomerata was considerably greater than that of E. australis over 12 months but, as
already stated, it will not grow without mineral fertilizers in this soil. The growth of E.
australis was much slower, and plants presented chlorosis with the greatest level of compost
application (30 g kg−1 of soil), probably due to salinity (resulting from a large increase in
labile pools of K and Na) or a greater soil pH that will decrease the bioavailability of P and
cationic micronutrients. In fact, P concentration in the shoots of E. australis was smaller
when the plants were grown with the greatest level of compost. The P content in shoots
decreased from 39 to 25 mg per plant when soil received 30 g instead of 15 g of compost
kg−1 of soil. In PCA (Figure 3) E. australis grown with the two levels of compost are
situated in the same location on the PC 1 axis, suggesting that the greatest level of compost
did not improve the parameters with large loadings on this PC (Table 4).

Since acidity is one of the most important factors controlling solubility and
adsorption-desorption of metals in soils (Walker et al., 2004) compost application was
expected to decrease the levels of water-extractable metals. However, in this experiment
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the levels of Pb, Cu, Zn, and Mn were not affected by addition of compost. Pérez-de-Mora
et al. (2007) also did not observe any effect on labile Pb following compost application to
a contaminated soil, although the levels of Cu and Zn did decrease.

Although the failure of compost to alter the availability of toxic elements was unex-
pected, our results indicate that the differences observed in plant growth and soil enzymes
cannot be attributed to immobilization by compost of the metals analyzed. It is important
to note that at the same time, labile pools of Mn, Cu, Zn, and Pb were not increased by
application of the compost although it contained large amounts of these metals.

The level of water-extractable As increased up to four times following compost
application, as reported by other authors (Pérez-de-Mora et al., 2007). This increase in
available As did not seem an important factor in this particular case, as plant growth and
soil enzymes were apparently not impaired by the levels of available As present in the soil.
In fact, the increase in water-extractable As represented only a small proportion of the total
soil pool (about 0.2%).

Compost application increased all soil enzymatic activities studied. This was not
surprising and agrees with results from other authors (Pérez-de-Mora et al., 2005, 2006b).
This increase was more pronounced for protease and dehydrogenase (10 and 8 times,
respectively, the activity in bare soil without compost) than for the remaining enzymes
(whose activity increased between two and three times following compost application).
Protease and dehydrogenase were also the enzymes whose activity increased most when a
compost from mixed municipal waste was added at 25, 50, or 100 t ha−1 to a soil developed
on another pyrite mine (Alvarenga et al., 2009).

The microbial activity (as evaluate by the level of soil dehydrogenase) was similar
in bare soil at 6 and 12 months for each level of compost. In contrast, the activities of the
other enzymes (except urease) were generally smaller at 12 months after the beginning of
the experiment than after 6 months, suggesting an exhaustion of labile organic matter and
a change in microbial communities that deserves further investigation.

The PCA analysis reflected the main effects of compost application on soil parame-
ters: an increase in PC 2 loadings, related with soil pH and protease activity, and an increase
in PC 1 loadings, related with the other soil parameters (except urease) but also dependent
on plant species as discussed bellow (Figure 3 and Table 4).

Differential Impact of Plant Type

The presence of D. glomerata led to the greatest values of dehydrogenase, acid
phosphatase, β-glucosidase, and cellulase. As these parameters had large loadings on PC
1, D. glomerata was represented on the right quadrants of the PCA map (Figure 3), clearly
separating the effects of this species from those of E. australis.

The great value of those soil enzymes in the presence of D. glomerata probably
resulted from the new supply of labile organic compounds due to root exudates, together
with the effect of the mineral fertilization carried out. Application of fertilizers (N, P, and
K) do not have a clear effect on their own, as they can sometimes enhance and other times
inhibit soil enzymes (Yang et al., 2008; Iyyemperumal and Shi, 2008). Plant growth is
frequently associated with an increase in enzymatic activity. For example, the presence
of Agrostis stolonifera L. restored enzymatic properties of a soil contaminated by a mine
accident (Pérez-de-Mora, 2005). Extended growth of grasses usually results in a great
activity of most soil enzymes (Bandick and Dick, 1999; Acosta-Martı́nez et al., 2007).
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The effect of E. australis on soil enzymes was considerably more complex than that
of D. glomerata. Roots exudates were apparently toxic to soil microorganisms resulting
in decreased activity of dehydrogenase, acid phosphatase, and β-glucosidase. As a result,
treatments corresponding to E. australis were located on the left quadrant of the PCA map
(Figure 3).

Four phenolic compounds (p-hydroxybenzoic acid, protocatechuic acid, vanillic acid
and p-coumaric acid) were detected in soil associated with E. australis (Carballeira, 1980).
These compounds seem to be connected with allelopathic effects as aqueous extracts from
the soil used by Carballeira (1980) inhibited the germination of Trifolium pratense L.
and Phleum pratense L. Whether or not these compounds inhibit soil microorganisms is
unknown so far.

In unamended soil, β-glucosidase, cellulase and urease did not respond to the presence
of E. australis, but with the simultaneous presence of compost and E. australis the activity of
cellulase was greater than in bare amended soil. The presence of this species also stimulated
protease activity for all levels of compost. Did compost react with the phenols or other toxic
compounds present in root exudates? It has been reported that the potential bioavailability
of phenolic compounds is controlled by sorption-desorption processes involving both clay
and soil organic matter (Cecchi et al., 2004). It is possible that compost application provided
additional sorption sites and decreased the toxicity of root exudates towards soil enzymes
and microorganisms. However, if this happened it did not protect acid phosphatase and
β–glucosidase that were impaired by E. australis, either directly or due to decreased
microbial activity.

In conclusion, a fast growing crop as D. glomerata will rapidly enhance soil enzymes
and microbial activity, but represents an intensive approach requiring frequent inputs of
mineral fertilizers. In contrast, the growth of E. australis can be promoted by application of
compost from mixed solid waste at a rate of 15 g kg−1 dry soil. The small need for P in the
shoots, compared with D. glomerata or other crops (Marschner, 1995), and the impaired
P cycling in the soil (small phosphatase activity) represent a competitive advantage of this
shrub over other plant species, that allows it to survive in soils with very low levels of
P. Its growth, as well as all soil enzymes tested, was enhanced in compost-amended soil
compared with unamended bare soil, indicating an improvement in soil quality, albeit less
than that obtained with D. glomerata.
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Abstract Many soils derived from pyrite mines
spoils are acidic, poor in organic matter and plant
nutrients, contaminated with trace elements, and
support only sparse vegetation. The establishment of
a plant cover is essential to decrease erosion and the
contamination of water bodies with acid drainage
containing large concentrations of trace elements. We
tested the application of compost and polyacrylate
polymers to promote the growth of indigenous plant
species present in the mine area. Soil treatments
consisted of unamended soil (control), soil with
mineral fertilizers only, soil with fertilizer plus
compost, soil with fertilizer plus polyacrylate poly-
mers, and soil with fertilizer plus both amendments.
Half of the soil was grown with Briza maxima L.
(greater quaking grass), Chaetopogon fasciculatus
(Link) Hayek (chaetopogon), and Spergularia pur-
purea (Persoon) G. Don fil. (purple sandspurry),
while the remainder was left bare. In the absence of
plants, the greatest improvements in soil conditions
were obtained by the application of both amendments,
which was associated with the greatest values of
protease, acid phosphatase, and β-glucosidase, where-
as the activity of cellulase and microbial respiration
were similar in soil amended with compost or

polymer. Dehydrogenase activity was greatest in soil
with compost (with or without polymer), whereas
urease activity was impaired by both amendments. In
the presence of plants, the application of both
amendments led to the greatest activities of protease,
urease, β-glucosidase, cellulase, and microbial respi-
ration, but acid phosphatase was mainly enhanced by
polymer and dehydrogenase was increased by com-
post. Plant growth was stimulated in all treatments
compared with unamended soil, but the greatest value
for total accumulated biomass was obtained in
fertilized soil receiving both amendments. However,
species responded differently to treatment: while the
growth of B. maxima was greatest in soil with
compost and polymer, the growth of C. fasciculatus
responded better to soil with compost, and S.
purpurea grew better in polymer-amended soil. The
amendments tested improved the quality of a mine
soil and stimulated plant growth. However, botanical
composition likely changes over time with amend-
ments, and this needs to be considered when a large
scale application of amendments is projected.

Keywords Enzymatic activities . Compost .

Mine soil . Polyacrylate polymers

1 Introduction

Many soils derived from pyrite mines spoils are
acidic, poor in organic matter and plant nutrients, and
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contaminated with trace elements. The establishment
of a plant cover is essential to protect the soil surface
and increase evapotranspiration, thereby decreasing
wind and water erosion and contamination of water
bodies with acid drainage. One approach is to add soil
amendments that precipitate or increase metal sorp-
tion thereby decreasing the proportion of the total
element in soil solution. Some possible amendments
include materials used in agriculture such as lime
(Geebelen et al. 2003), organic residues (Farfel et al.
2005), and industrial products such as zeolites (Friesl
et al. 2003) and insoluble polyacrylate polymers
(Guiwei et al. 2008).

Large molecular weight insoluble polyacrylate
polymers are composed of long chains with regularly
distributed carboxylic groups, neutralized by Na+, K+,
or NH4

+. They swell to form gels that contain many
times their weight in water and are used in diapers,
paper towels, and feminine products. It is estimated
that over 130 Gg of polyacrylates are used annually in
such products (Martin 1996). Hydrophilic polymers
are also marketed as “superabsorbent polymers,”
under different trade names, for incorporation into
soils and substrates when an increase in the water-
holding capacity is desirable.

Hydrophilic insoluble polymers enhance plant
growth by increasing the water-holding capacity of
the soil (Al-Humaid and Moftah 2007; Boatright et al.
1997; de Varennes et al. 1999), supplying the cation
present (de Varennes et al. 1999; Silberbush et al.
1993), and decreasing the bioavailability of some
trace elements (de Varennes and Queda 2005; de
Varennes et al. 2006; Lindim et al. 2001). Recently,
Guiwei et al. (2008) reported that mixed cation
polyacrylate polymers promote the growth of orchard
grass in a mine soil.

The amount of municipal solid wastes generated
every year in the EU-15 is about 200 million tonnes
(DG Env.A.2. 2003) and environmentally sound
strategies for their recycling must be developed. The
use of composts produced from mixed municipal
solid wastes in agriculture can have adverse effects as
the trace elements present impair the agro-ecosystem
and can be taken up by edible plants (Gaskin et al.
2003; Korboulewsky et al. 2002). An appropriate
alternative is to use them in land rehabilitation
(Pichtel et al. 1994). They promote the establishment
of a vegetation cover by providing essential nutrients
for plant growth, raising the pH, and chelating toxic

metals (Alvarenga et al. 2008a; Brown et al. 2003;
Clemente et al. 2006; Walker et al. 2003; Wong
2003).

Several studies have evaluated the effect of organic
amendments (such as compost from municipal solid
waste or biosolids) on heavy metal-contaminated
mine soils. Most of them focused on the effect of
amendments on bioavailability of trace elements
(Alvarenga et al. 2008a; Brown et al. 2003; Gaskin
et al. 2003; Illera et al. 2000; Pérez-de-Mora et al.
2006b, 2007; Walker et al. 2003, 2004) while only a
few reported changes on microbial activity and soil
enzymes (Alvarenga et al. 2008b; Garcia-Gil et al.
2000; Pérez-de-Mora et al. 2005, 2006a).

Soil enzymes catalyze biochemical reactions that
are often related to nutrient cycling in the soil. They
can be used as indicators of soil quality because of
their relationship to soil biological processes and
rapid response to changes. No information seems to
be available on whether promoting the growth of
indigenous plants impacts microbial growth and
enzymatic activities of mine soils.

The soil used came from the S. Domingos mine
which is located in the Iberian Pyrite Belt. It was
explored during the nineteenth and twentieth centuries
for Cu until exploration was discontinued in 1966. The
processing of the ore produced large amounts of waste
rock and tailings which were deposited on the surface.
A wide area of land became contaminated with trace
elements and only supports sparse vegetation.

We chose three different species already present in
the mine. Briza maxima L. (greater quaking grass) and
Chaetopogon fasciculatus (Link) Hayek (chaetopogon)
are annual grasses in the family Poaceae. Spergularia
purpurea (Persoon) G. Don fil. (purple sandspurry) is
an annual or biannual dicot in the family Caryophylla-
ceae. They are found in poor soils in the Mediterranean
area. The first is sometimes grown as an ornamental
plant, and the last is used as a medicinal plant in
Morocco (Eddouksa et al. 2003;Jouad et al. 2001).

The objectives of the present work were: (1) to
identify whether compost from mixed municipal solid
waste and polyacrylate polymers either in combina-
tion or separately could be used to enhance plant
growth in a mine soil and (2) to determine the effect
of amendments and plants on soil health. We
hypothesized that amendments and a plant cover
would increase microbial biomass and soil enzymes,
compared with their values in unamended bare soil.
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2 Material and Methods

Soil used in the experiment was taken from the S.
Domingos mine. The soil was acidic, poor in organic
matter and plant nutrients, and with large total
contents of Pb and As (Table 1).

The compost used was derived from unsorted
municipal wastes. It had a pH of 8.0 and was rich in
plant nutrients but had large contents of Na, Mn, Cu,
Zn, and Pb (Table 1). According to the Working
Document on Biological Treatment of Biowaste—2nd
Draft (DG Env.A.2. 2001) of the Directorate-General
Environment of the European Commission, applica-
tion of compost from mixed municipal solid should
be restricted to land that is not destined for food and
fodder production. The compost used falls into this
class, considered as “stabilized biowaste” and has
metal concentrations below the maximum limits
allowed by the DG Env.A.2. (2001) for this quality
class (600 mg Cu, 500 mg Pb, and 1,500 mg Zn kg−1

dry weight). It is important to note that Pb and As
levels in compost were considerably lower than those
in the mine soil.

The soil was air-dried and passed through a 2-mm
sieve and was divided into five parts: one was used
without any addition of fertilizers or amendments,
while two received a basal dressing of 200 mg N,
125 mg P, 420 mg K, and 25 mg Mg kg−1 of soil,
supplied as ammonium nitrate, calcium dihydrogen
phosphate, potassium sulfate, and magnesium sulfate,

respectively. One of the latter received compost 15 g
kg−1 of soil (dry weight basis). The remaining two
parts received P and Mg at the same rate as before and
0.4% of polyacrylate polymers (half with K+ as
counter ion and half NH4

+). These provided the same
amount of potassium and nitrogen as the mineral
fertilization. Compost at the same rate as before was
applied to half of the soil with polymer. In the end,
five treatments were obtained: no fertilizer or amend-
ment, mineral fertilizer only, fertilizer plus compost,
fertilizer plus polyacrylate polymers, and fertilizer
plus both amendments. For each treatment, eight pots
(upper diameter=21 cm; height=18 cm) were filled
with 4 kg of soil.

All pots were saturated with deionized water,
covered, and left to drain for 24 h. They were then
weighed every day, and water was applied to maintain
75% of the water-holding capacity of each soil
treatment. Pots were kept in an outdoor area protected
with a net and taken to an adjacent glasshouse when it
rained.

After 1 month of incubation, half of the pots (four
per treatment) were left without plants and used as
control (bare soil). The remaining pots were sown
with B. maxima L., S. purpurea (Persoon) G. Don fil.,
and C. fasciculatus (Link) Hayek. Three cuts were
carried out at 40, 90, and 125 days after sowing. After
the second cut, 50 mg N kg−1 of soil was added as
ammonium nitrate.

Collected shoots were separated by species,
washed with deionized water, dried at 65°C, and
weighed. At the end of the experiment, the soil was
collected and passed through a 2-mm sieve prior to
analysis.

Fresh soil subsamples from all pots were analyzed
for dehydrogenase activity according to Tabatabai
(1994). Basal respiration was determined using the
MicroResp apparatus (Campbell et al. 2003).

Other soil subsamples were frozen until analyzed
for several enzymatic activities.

Criteria for choosing enzymes were based on
previous experience of their sensitivity to manage-
ment of mine soils (Guiwei et al. 2008). Dehydroge-
nase is an intracellular enzyme used as an index of
overall microbial activity (Nannipieri et al. 2002).
Cellulases are enzyme systems that degrade cellulose,
an important plant-derived input into soils. β-
glucosidase plays a critical role in the release of
sugars that act as energy source for soil micro-

Table 1 Characteristics of the soil and compost used in the
experiment

Soil Compost

Texture Sandy loam –

pH water 4.1 8.0

Organic C (g kg−1) 1.1 329

Total P (g kg−1) 0.44 7.9

Total K (g kg−1) 3.1 16

Total Ca (g kg−1) 0.2 95

Total Mg (g kg−1) 0.3 13

Total Na (g kg−1) 0.3 12

Total Mn (mg kg−1) 17 240

Total Cu (mg kg−1) 91 273

Total Zn (mg kg−1) 47 560

Total Pb (mg kg−1) 6160 307

Total As (mg kg−1) 2730 15
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organisms. Protease and urease are involved in the
release of inorganic N and acid phosphatase in P
cycling in acid soils.

Cellulases were determined according to Hope and
Burns (1987). In the context of this work, the term
refers to the combined action of endo-1,4-β-D-
glucanase (EC 3.2.1.4), exo-1,4-β-D-glucanase (EC
3.2.1.91), and β-D-glucosidase (EC 3.2.1.21) on
Avicel, a purified depolymerized alpha cellulose.

Acid phosphomonoesterase (EC 3.1.3.2) and β-
glucosidase (EC 3.2.1.21) were measured by incubat-
ing the soil with a substrate containing a p-nitrophenyl
moiety (Eivazi and Tabatabai 1977, 1988). Acid
phosphomonoesterase (acid phosphatase) catalyzes
hydrolyses of organic P esters and anhydrides of
phosphoric acid into inorganic P. β-glucosidase cata-
lyzes the hydrolysis of carbohydrates with β-D-
glucoside bonds.

Urease (EC 3.5.1.5), which catalyzes the hydroly-
sis of urea to CO2 and NH3, was determined
according to the method described by Kandeler and
Gerber (1988).

2.1 Statistics

All data were analyzed for variance by the general
linear model, and mean separation was performed
using the Newman–Keuls test at p≤0.05. Principal
component analysis (PCA) and cluster analysis were
performed to detect key parameters contributing to
data variability and relationships among plant species,
soil microbial respiration and activity, and soil
enzymes. These analyses were also used to identify
the best treatment to improve soil quality.

3 Results

3.1 Plant Growth

Plants grew very poorly in unamended unfertilized
soil, and B. maxima did not even survive (Table 2).
Application of mineral fertilizer alone resulted in
increased growth of all three species, with a total
biomass of 20.8 g/pot—23 times greater than that of
control. Application of compost or polymer together
with mineral fertilization enhanced biomass accumu-
lation further by about 69%, but total biomass
accumulation was greatest in fertilized soil containing

both amendments—46.6 g/pot. The three species
responded differently to treatments. Plant biomass
accumulated over three cuts was greatest for B.
maxima in soil with polymer and compost, while C.
fasciculatus responded better to soil with only
compost, and S. purpurea preferred polymer-
amended soil (Table 2).

3.2 Microbial Respiration and Activity

The dehydrogenase activity in unamended bare soil
was small and not affected by a plant cover (Fig. 1).
Mineral fertilizer application slightly increased dehy-
drogenase activity, while the presence of polymer or
compost increased it further. The greatest value was
obtained in compost-amended soil with plants present
(Fig. 1). Plants enhanced soil dehydrogenase activity
in treatments with mineral fertilizer except when both
compost and polymer were also present.

Microbial respiration (basal respiration) was al-
ways enhanced by the presence of plants. It also
increased in all treatments compared with unfertilized
unamended soil. Its greatest value was obtained in
soil containing both polymers and compost, but there
were no significant differences among the other three
treatments that received fertilizer (Fig. 1).

3.3 Soil Enzymes Associated with Nutrient Cycling

In bare soil, phosphatase and β-glucosidase did not
respond to mineral fertilizer application, whereas it
increased urease, protease, and cellulase activities
(Fig. 2). The greatest activities of protease, phospha-
tase, and β-glucosidase in bare soil were obtained in
soil receiving both amendments. Cellulase responded
similarly to both amendments, while the greatest
value for urease was obtained in fertilized bare soil,
followed by bare polymer-amended soil (Fig. 2).

The presence of plants stimulated the activities of
all enzymes except urease relative to values in bare
soil (Fig. 2). With plants present, the application of
both amendments resulted in protease, β-glucosidase,
and cellulase having the greatest activity in soil.
Phosphatase achieved its greatest activity in polymer-
amended soil and in the presence of plants, whether or
not compost was also applied. In contrast, urease
activity was greater in bare soil compared with that
with plants for all treatments except control, where
plants grew very poorly. In the latter case, there were
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no significant differences between either treatment
(with or without plants).

3.4 Relationships among Parameters

As the relationships between parameters obtained in
bare soil or in unamended soil with plants were not
different, the data were analyzed together. The four
replicates of each treatment were close to each other,
with linkage distances smaller than 0.6. Overall, the best
treatment in bare soil was obtained by the application of
both amendments as this treatment was on the upper
right quadrant of the PCA map, corresponding to the
greatest loadings for all soil parameters tested with the
exception of urease (Table 3).

The relationship between soil parameters in fertil-
ized or amended soil changed when plants were
present. The four replicates of each treatment were
again grouped together, with linkage distances smaller
than 0.7. Soil parameters had all positive loadings on
either PC 1 or PC 2 (Table 4), and the best treatment

to improve soil quality should be, therefore, located
on the upper right quadrant of the PCA map. The
treatment with both amendments was located farthest
to the right (positive side of PC 1), but the treatment with
compost on its own was further up on the positive side of
PC 2 (Fig. 3) due to the large loading of dehydrogenase
activity (Table 4). This seems to be related to the fact
that the loadings of parameters corresponding to
biomass accumulation were different for each species
(Table 4) and reflected the results already presented: B.
maxima was favored by both amendments (a positive
loading on PC 1), C. fasciculatus by compost (a positive
loading on PC 2) and S. purpurea by polymer
application (a negative loading on PC 2).

4 Discussion

The total contents of Pb and As in the mine soil were
much greater than the maximum allowable in soils to
be used in the production of crops or fodder (Dudka

Table 2 Biomass accumulation (g/pot ± 1 SD) by three species grown for 125 days (three cuts) in a mine soil with five different
treatments

Treatment B. maxima C. fasciculatus S. purpurea Total biomass

None NF 0.2±0.1 c 0.7±0.4 c 0.9±0.4 d

MF 3.4±1.1 d 11.6±1.2 b 5.8±3.3 b 20.8±1.9 c

MF + Polymers 11.0±1.1 b 14.0±0.5 b 10.0±1.5 a 34.9±0.7 b

MF + Compost 8.2±1.5 c 23.7±3.5 a 3.4±1.7 b 35.3±4.6 b

MF + Polymers + Compost 27.2±1.5 a 14.6±2.8 b 4.9±1.7 b 46.6±2.1 a

Values in a column followed by the same letter are not significantly different as estimated by the Newman–Keuls test at p<0.05

MF mineral fertilizer, NF not found
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and Miller 1999). Therefore, the most effective
approach to improve soil quality and decrease erosion
seemed to be the promotion of the growth of plants
already present in the area. This was the approach
taken in this experiment.

The small pool of plant nutrients in the mine soil
was a major limiting factor for plant growth. In
consequence, plant growth was greatly stimulated
even by the application of mineral fertilizer. The joint

effect of plants with their root exudates and mineral
nutrients led to enhanced values of all soil parameters
tested—microbial respiration and activity (as evaluat-
ed by dehydrogenase) and soil enzymes related with
nutrient cycling. Application of fertilizers (N, P, and K)
do not necessarily have a clear effect on their own, as
they can sometimes enhance and other times inhibit soil
enzymes (Iyyemperumal and Shi 2008; Yang et al.
2008). In the present experiment, fertilizer application
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to bare soil resulted in increased activities of urease,
cellulase, and protease and enhancement of microbial
respiration and activity. However, with the exception of
urease, the increase was modest compared with that
obtained in amended soil. Urease had the greatest
activity in fertilized unamended bare soil.

The presence of plants is frequently associated
with increased enzymatic activity. For example, the
presence of Agrostis stolonifera L. restored microbial
properties of a soil contaminated by a mine accident
(Pérez-de-Mora et al. 2005). In the present experi-
ment, plants stimulated microbial respiration and the
activities of protease, acid phosphatase, and cellulase
even in soil without any fertilizer or amendments.

Application of compost from mixed solid waste
increased soil pH (from 4.5 to about 6.5), and
provided plant nutrients (data not shown). It would
be expected to introduce organic C and microorgan-
isms into the soil, resulting in a large difference in
dehydrogenase activity between bare soil and soil
amended with compost. Importantly, polymer appli-
cation also increased dehydrogenase activity and
basal respiration in bare soil compared with soil
receiving only mineral fertilizer. Although they
contain organic C, polyacrylate polymers are only
slowly degraded in soils (Martin 1996) and will not
contribute to carbon nutrition of soil organisms to any
great extent. Except in unfertilized controls, mineral
fertilizer application in treatments without polymers
compensated for the presence of counter ions NH4

+

and K+. Therefore, the direct effects of polymer
application could only be due to the capacity to retain
water and chelate trace elements (de Varennes et al.

1999; de Varennes et al. 2006). It appears that these
effects led to the formation of microsites rich in water
and with smaller concentrations of trace elements that
favor plants and soil organisms (Guiwei et al. 2008).

Enhanced activity of soil enzymes following
compost application is consistent with the results of
Pérez-de-Mora et al. (2005, 2006a). There is no
previous information on the effects of polymer
application to bare mine soil.

Principal component analysis showed large posi-
tive loadings of all bare soil parameters except urease
on either PC 1 or PC 2, suggesting that the greatest
improvement in soil quality was obtained in fertilized
soil receiving both amendments, as this treatment was
located on the upper right quadrant of the PCA map
(Fig. 4). Urease had a large negative loading on PC 2,
consistent with the report of Dick et al. (1988) who
suggested that urease activity decreases with the
addition of the end product of the enzymatic reaction
(NH4

+). The activity of this enzyme activity was
impaired by polyacrylate polymers containing ammo-
nium as counter ion (Guiwei et al. 2008), while
mineralization of compost will also result in the
release of ammonium ion. Urease is also inhibited
by soil salinity (Cookson 1999), which can increase
following compost application (Alvarenga et al.
2008a). The presence of plants reversed the response
of urease, with greatest values in amended soil,
presumably because uptake by plants decreased the
level of ammonium, potassium, and sodium in soil.

Table 4 Loadings for each variable along PC1 and PC2
resulting from principal component analysis of parameters in
fertilized or amended soil with plants

Variable PC 1 PC 2

B. maxima 0.9484* 0.0174

C. fasciculatus 0.03980 0.8616*

S. purpurea 0.0153 −0.8488*
Urease activity 0.9348* 0.2033

Phosphatase activity 0.8523* −0.2596
Glucosidase activity 0.9620* 0.0139

Dehydrogenase activity 0.1845 0.9451*

Cellulase activity 0.9738* 0.0772

Protease activity 0.9286* 0.3292

Microbial respiration 0.9148* 0.1430

PC1 first principal component; PC2 second principal component
aMarked correlations are significant (correlation coefficient >0.7)

Table 3 Loadings for each variable along PC1 and PC2
resulting from principal component analysis of parameters in
bare soil or in unfertilized soil with plants

Variable PC 1 PC 2

Urease activity −0.0180 −0.8426a

Phosphatase activity 0.1783 0.7675a

Glucosidase activity 0.8657a 0.1845

Dehydrogenase activity 0.4390 0.7497a

Cellulase activity 0.9564a 0.0716

Protease activity 0.9352a 0.2750

Microbial respiration 0.8795a 0.2143

PC1 first principal component; PC2 second principal component
aMarked correlations are significant (correlation coefficient >0.7)
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The presence of plants also changed the relation-
ship between soil parameters, probably because the
three species responded differently to amendments.
This was not trivial as biomass accumulation in the
best treatment for each species was at least 60%
greater than the second best.

In the presence of plants, no amendment could be
considered to be superior to the other. Application of
both compost and polymer stimulated the growth of
B. maxima and was related to the greatest values for
most soil parameters, while the treatment with
compost on its own favored the growth of C.
fasciculatus and led to the greatest value of dehydro-

genase activity. Polymer application was related to the
greatest biomass accumulation by S. purpurea but led
to smaller or similar values of soil parameters,
compared to the other two treatments.

The differential effects of treatments on dehydro-
genase and basal respiration suggest a change in
microbial communities, which is reinforced by the
effects on soil enzymes. This aspect deserves further
investigation.

In conclusion, the amendments tested improved the
quality of a mine soil and stimulated plant growth.
However, changes varied according to the dominant
plant species and type of amendment. This interaction
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should be taken into consideration when a large scale
application of amendments is projected, as it could
lead to loss of biodiversity. Conversely, if amend-
ments are managed carefully, they could be used to
increase the contribution of more valuable species.

Acknowledgements This study was funded by the project
PPTDC/AMB/57586/2004 from the Fundação para a Ciência e
a Tecnologia (FCT). Qu Guiwei is grateful for the grant SFRH/
BD/21430/2005 from the FCT. We thank Paula Gonçalves
Silva for technical assistance.

References

Al-Humaid, A. I., & Moftah, A. E. (2007). Effects of
hydrophilic polymers on the survival of buttonwood
seedlings grown under drought stress. Journal of Plant
Nutrition, 30, 53–66.

Alvarenga, P. M. L. F., Goncalves, A. P., Fernandes, R. M. C.
S., de Varennes, A., Duarte, E. C. N. F. A., Vallini, G., et
al. (2008a). Effect of organic residues and liming materials
on metal extraction from a mining-contaminated soil.
Bioremediation Journal, 12, 58–69.

Alvarenga, P., Palma, P., Gonçalves, A. P., Baião, N.,
Fernandes, R. M., de Varennes, A., et al. (2008b).
Assessment of chemical, biochemical and ecotoxicological
aspects in a mine soil amended with sludge of either urban
or industrial origin. Chemosphere, 72, 1774–1781.

Boatright, J. L., Balint, D. E., Mackay, W. A., & Zajicek, J. M.
(1997). Incorporation of a hydrophilic polymer into annual
landscape beds. Journal of Environmental Horticuture, 15,
37–40.

Brown, S. L., Henry, C. H., Chaney, R., Compton, H., &
Volder, P. S. D. (2003). Using municipal biosolids in
combination with other residuals to restore metal-
contaminated areas. Plant and Soil, 249, 203–215.

Campbell, C. D., Chapman, S. J., Cameron, C. M., Davidson,
M. S., & Potts, J. M. (2003). A rapid microtiter plate
method to measure carbon dioxide evolved from carbon
substrate amendments so as to determine the physiological
profiles of soil microbial communities by using whole soil.
Applied and Environmental Microbiology, 69, 3593–3599.

Clemente, R., Almela, C., & Bernal, M. P. (2006). A
remediation strategy based on active phytoremediation
followed by natural attenuation in a soil contaminated by
pyrite waste. Environmental Pollution, 143, 397–406.

Cookson, P. (1999). Spatial variation of soil urease activity
around irrigated date palms. Arid Soil Research and
Rehabilitation, 13, 155–169.

de Varennes, A., & Queda, C. (2005). Application of an
insoluble plyacrylate polymer to copper-contaminated soil
enhances plant growth and soil quality. Soil Use and
Management, 21, 410–414.

de Varennes, A., Torres, M. O., Conceição, E., & Vasconcelos,
E. (1999). Effect of polyacrylate polymers with different
counter ions on the growth and mineral composition of
perennial ryegrass. Journal of Plant Nutrition, 22, 33–43.

de Varennes, A., Goss, M. J., & Mourato, M. (2006).
Remediation of a sandy soil contaminated with cadmium,
nickel and zinc using an insoluble polyacrylate polymer.
Communications in Soil Science and Plant Analysis, 37,
1639–1649.

Dick, R. P., Rasmussen, P. E., & Kerle, E. A. (1988). Influence
of long-term residue management on soil enzyme activi-
ties in relation to soil chemical properties of a wheat-
fallow system. Biology and Fertility of Soils, 6, 159–164.

DG Env.A.2. (2001). Working document of biological treat-
ment of biowaste – 2nd draft. Directorate-General Envi-
ronment, http://europa.eu.int/comm/environment/waste/
facts_en.htm, Accessed 10 September 2002.

DG Env.A.2. (2003). Draft discussion document for the AD HOC
meeting on biowastes and sludges. Directorate-General
Environment. http://forum.europa.eu.int/Public/irc/env/soil/
library?l=/biowastesandssludge/adshocsmeetings1516sjanu/
draftsdiscussionsdocumen/_EN_1.0_&a=d Accessed on 15
May 2005.

Dudka, S., & Miller, W. P. (1999). Permissible concentrations
of arsenic and lead in soils based on risk assessment.
Water, Air and Soil Pollution, 113, 127–132.

Eddouksa, M., Jouada, H., Maghrania, M., Lemhadria, A., &
Burcelinb, R. (2003). Inhibition of endogenous glucose
production accounts for hypoglycemic effect of Spergu-
laria purpurea in streptozotocin mice. Phytomedicine, 10,
594–599.

Eivazi, F., & Tabatabai, M. A. (1977). Phosphatases in soils.
Soil Biology and Biochemistry, 9, 167–172.

Eivazi, F., & Tabatabai, M. A. (1988). Glucosidases and
galactosidases in soils. Soil Biology and Biochemistry,
20, 601–606.

Farfel, M. R., Orlova, A. O., Chaney, R. L., Lees, P. S. J.,
Rohde, C., & Ashley, P. (2005). Biosolids compost
amendment for reducing soil lead hazards: A pilot study
in urban yards. Science of the Total Environment, 340, 81–
95.

Friesl, W., Lombi, E., Horak, O., & Wenzel, W. (2003).
Immobilization of heavy metals in soils using inorganic
amendments in a greenhouse study. Journal of Plant
Nutrition and Soil Science, 166, 191–196.

García-Gil, J. C., Plaza, C., Soler-Rovira, P., & Polo, A. (2000).
Long-term effects of municipal solid waste compost
application on soil enzyme activities and microbial
biomass. Soil Biology and Biochemistry, 32, 1907–1913.

Gaskin, J. W., Brobst, R. B., Miller, W. P., & Tollner, E. W.
(2003). Long-term biosolids application effects on metal
concentrations in soil and bermudagrass forage. Jouirnal
of Environmental Quality, 32, 146–152.

Geebelen, W., Adriano, D. C., van der Lelie, D., Mench, M.,
Carleer, R., Clijsters, H., et al. (2003). Selected bioavail-
ability assays to test the efficacy of amendment-induced
immobilization of lead in soil. Plant and Soil, 249, 217–
228.

Guiwei, Q., de Varennes, A., & Cunha-Queda, C. (2008).
Remediation of a mine soil with insoluble polyacrylate
polymers enhances soil quality and plant growth. Soil Use
and Management, 24, 350–356.

Hope, C. F. A., & Burns, R. G. (1987). Activity, origins and
location of cellulase in a silt loam soil. Biology and
Fertility of Soils, 5, 164–170.

Water Air Soil Pollut



Illera, V., Walter, I., Souza, P., & Cala, V. (2000). Short-term
effects of biosolid and municipal waste applications on heavy
metals distribution in a degraded soil under semi-arid
environment. Science of the Total Environment, 255, 29–44.

Iyyemperumal, K., & Shi, W. (2008). Soil enzyme activities in
two forage systems following application of different rates
of swine lagoon effluent or ammonium nitrate. Applied
Soil Ecology, 38, 128–136.

Jouad, H., Lacaille-Dubois, M. A., & Eddouks, M. (2001).
Chronic diuretic effect of the water extract of Spergularia
purpurea in normal rats. Journal of ethnopharmacology,
75, 219–223.

Kandeler, E., & Gerber, H. (1988). Short-term assay of soil
urease activity using colorimetric determination of ammo-
nium. Biology and Fertility of Soils, 6, 68–72.

Korboulewsky, N., Dupouyet, S., & Bonin, G. (2002).
Environmental risks of applying sludge compost to
vineyards: Carbon, heavy metals, nitrogen, and phospho-
rous accumulation. Journal of Environmental Quality, 31,
1522–1527.

Lindim, C., de Varennes, A., Torres, M. O., & Mota, A. M.
(2001). Remediation of a sandy soil artificially contami-
nated with cadmium using a polyacrylate polymer.
Communications in Soil Science and Plant Analysis, 32,
1567–1574.

Martin, E. (1996). Environmental impact studies of the disposal
of polyacrylate polymers used in consumer products.
Science of the Total Environment, 19, 225–234.

Nannipieri, P., Kandeler, E., & Ruggiero, P. (2002). Enzyme
activities and microbiological and biochemical processes,
in soil. In R. G. Burns & R. P. Dick (Eds.), Enzymes in the
environment: Activity, ecology and applications (pp. 1–
33). New York: Dekker.

Pérez-de-Mora, A. P., Ortega-Calvo, J. J., Cabrera, F., &Madejón,
E. (2005). Changes in enzyme activities and microbial
biomass after “in situ” remediation of heavy metal-
contaminated soil. Applied Soil Ecology, 28, 125–137.

Pérez-de-Mora, A. P., Burgos, P., Madejón, E., Cabrera, F.,
Jaeckel, P., & Schloter, M. (2006a). Microbial community

structure and function in a soil contaminated by heavy
metals: Effects of plant growth and different amendments.
Soil Biology and Biochemistry, 38, 327–341.

Pérez-de-Mora, A., Madejón, E., Burgos, P., & Cabrera, F.
(2006b). Trace elements availability and plant growth in a
mine-spill-contaminated soil under assisted natural reme-
diation II. Plants. Science of the Total Environment, 363,
38–45.

Pérez-de-Mora, A., Madrid, F., Cabrera, F., & Madejón, E.
(2007). Amendments and plant cover influence on trace
element pools in a contaminated soil. Geoderma, 139, 1–
10.

Pichtel, J. R., Dick, W. A., & Sutton, P. (1994). Comparison of
amendments and management-practices for long-term
reclamation of abandoned mine lands. Journal of Envi-
ronmental Quality, 23, 766–772.

Silberbush, M., Adar, E., & de Malach, Y. (1993). Use of a
hydrophilic polymer to improve water storage and avail-
ability to crops grown in sand dunes. I. Corn irrigated by
trickling. Agricultural Water Management, 23, 303–313.

Tabatabai, M. A. (1994). Soil enzymes. In S. H. Mickelson & J.
M. Bigham (Eds.), Methods of soil analysis, part 2 (pp.
775–833). Madison: SSSA.

Walker, D. J., Clemente, R., Roig, A., & Bernal, M. P. (2003).
The effects of soil amendments on heavy metal bioavail-
ability in two contaminated Mediterranean soils. Environ-
mental Pollution, 122, 303–312.

Walker, D. J., Clemente, R., & Bernal, M. P. (2004).
Contrasting effects of manure and compost on soil pH,
heavy metal availability and growth of Chenopodium
album L. in a soil contaminated by pyritic mine waste.
Chemosphere, 57, 215–224.

Wong, M. H. (2003). Ecological restoration of mine degraded
soils, with emphasis on metal contaminated soils. Chemo-
sphere, 50, 775–780.

Yang, L., Li, T., Li, F., Lemcoff, J. H., & Cohen, S. (2008).
Fertilization regulates soil enzymatic activity and fertility
dynamics in a cucumber field. Scientia Horticulturae, 116,
21–26.

Water Air Soil Pollut



40 
 

 
 
 

Chapter 9  
 
 
 
 
 
 

Use of Hydrophilic insoluble polymers in the 

restoration of metal-contaminated soils 

Use of Hydrophilic insoluble polymers in the restoration of metal-contaminated soils



Hindawi Publishing Corporation
Applied and Environmental Soil Science
Volume 2009, Article ID 790687, 8 pages
doi:10.1155/2009/790687

Review Article

Use of Hydrophilic Insoluble Polymers in the Restoration of
Metal-Contaminated Soils

Guiwei Qu1, 2 and Amarilis de Varennes1

1 Technical University of Lisbon, Tapada da Ajuda, 1349-017 Lisboa, Portugal
2 Soil and Environmental College, Shenyang Agricultural University, 110161 Shenyang, China

Correspondence should be addressed to Amarilis de Varennes, adevarennes@isa.utl.pt

Received 22 April 2009; Revised 24 June 2009; Accepted 19 September 2009

Recommended by Liliana Gianfreda

To develop cost-effective techniques that contribute to phytostabilization of severely metal-contaminated soils is a necessary task in
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most relevant information available about this topic.
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1. Introduction

Contamination of soils with toxic metal elements is of
great concern to scientists and the general public. Long-
term intake of contaminant metals by humans may lead to
chronic effects, although maximum acceptable limits in food
were already established for several toxic elements by the
European Food Service Authority and the U.S. Food and
Drug Administration.

Effects of metals on ecosystems and biological resources
are also increasingly recognised [1–6]. Metals do not degrade
as organic compounds do and have long residence times
in soils. They can however exist in different forms, being
water soluble (ionic and chelated with soluble compounds),
adsorbed on soil surfaces, chelated by insoluble organic
matter, precipitated, occluded by soil oxides and hydroxides,
present in living organisms or residues, and as part of
primary and secondary minerals [7]. Factors that influence
the flow of metals from solid phases towards soil solution will
govern their mobility and bioavailability [7].

Ideally, a contaminated soil should be restored to regain
its original potential, but this can be a very expensive
process, and thus depends not only on the expected benefit
of the cleanup and future value of the soil, but also on
political and public awareness of the problem. Conven-
tional remedial approaches to severely metal-contaminated
soils involve removal and replacement of soil with clean
materials or capping the soil with an impermeable layer to
reduce exposure to contaminants [8], although these are
not considered the most economically or environmentally
sound solutions available. According to Tordoff et al. [9],
only through the establishment of a vegetation cover to
stabilise metal-contaminated soils, a successful long-term
rehabilitation will be achieved. However, as these sites are
very unfavorable environments for plants, soil amendments
are usually needed to reduce the bioavailability of metals and
restore the ecological function of the soil [10, 11].

When soil acidity is the main constraint for the estab-
lishment of vegetation, it is common practice to apply
liming materials [12, 13] or lime-stabilized biosolids [10, 14].

http://www.hindawi.com/journals/aess/�
http://mts.hindawi.com/�
http://www.hindawi.com/journals/aess/contents.html�
http://www.hindawi.com/93601527.html�
http://www.hindawi.com/96473687.html�
http://www.hindawi.com/�


2 Applied and Environmental Soil Science

A greater pH causes an increase in soil negative charges,
resulting in enhanced cation adsorption, and in the forma-
tion of hydroxyl species of metal cations that are less soluble
or have greater affinity for adsorption sites.

In most cases, a correction of soil pH is not sufficient,
and organic amendments are used to improve soil physical,
chemical, and biochemical properties [5, 6, 8, 10, 12].
Organic amendments can decrease metal bioavailability, by
shifting from “plant-available” forms, extractable with water
or solutions of neutral salts such as CaCl2, to less soluble
forms. The extent and consequences of the changes depend
upon the particular metal and soil type, and also upon the
characteristics of the amendment used.

Biodegradable organic residues, such as manure and
biosolids, can promote plant growth by adding essential
nutrients for plants, increasing the organic matter content
of the soil, raising the pH, increasing the water-holding
capacity, and decreasing metal bioavailability [15–19].

Synthetic polymers, such as polyacrylates or polyacry-
lamides, are another type of organic materials. Some of these
polymers have large molecular weights and swell to form gels
that contain many times their dry weight in water. They are
marketed as “superabsorbent polymers”, with different trade
names, for incorporation into soils and substrates.

YunKai et al. [20] reviewed the effects of application of
insoluble polymers to agricultural soils and crops. In this
paper, we will describe the information available on the
effect of hydrophilic insoluble polymers on plant growth
and quality of metal-contaminated soils, with particular
emphasis on polyacrylates, derivatives of acrylic acid with
long chains containing carboxylic groups neutralized by Na+,
K+, or NH4

+. They are used as soil amendments but also in
diapers, paper towels, and feminine products. It is estimated
that over 130 Gg of polyacrylates are used annually in such
products [21].

Most of the information on the use of polyacrylate
polymers to restore metal-contaminated soils derives from
research carried out since the nineties in the Technical
University of Lisbon. Hydrophilic insoluble polymers may
enhance plant growth by three main processes: (i) increased
supply of the nutritional cation present as counter ion, (ii)
increased water-holding capacity of the soil and an enhanced
supply to plants, (iii) decreased bioavailability of toxic metals
due to chelation and ionic bonding.

In neutral or slightly acidic soils, the application of poly-
acrylate polymers does not change soil pH, but in very acidic
soils, polymers can increase pH by exchange of soil acidic
cations with counter ions present in the polymer network
[22]. This will also contribute to a smaller availability of
toxic metals, although this effect is less important than their
sorption by polymer.

2. Supply of the Cations Present as Counterions

Hydrophilic anionic polymers supply the cations present
as counterions, which may contribute to plant nutrition
if those elements are limiting plant growth. Enhanced
plant content of the cation present in polyacrylates and
polyacrylamides has been observed [23–26]. For example,
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Figure 1: Yield and Na concentration of perennial ryegrass grown
in a soil without or with 0.07% sodium polyacrylate polymer. A and
B for dry matter, and a and b for Na concentration—statistically
different as evaluated by the Newman-Keuls test at P < .05.

perennial ryegrass (Lolium perenne L.) grown in a sandy
loam soil with 0.07% of a polyacrylate polymer with Na+

as counter ion (105 mg Na g−1 dry polymer) accumulated
more Na than when it was grown in the same soil without
polymer. As ryegrass is a natrophilic species [27], plant
growth was also enhanced (Figure 1). However, unlike K+

or NH4
+, the presence of Na+ as a counter ion represents

a disadvantage for most plant species. As discussed later,
if polymers with Na+ are to be used in phytostabiliza-
tion of contaminated soils, Na-tolerant species have to be
selected.

If the addition of the counter ion is taken into consider-
ation within the experimental treatments, and proportion-
ately less of the ion is added in the basal dressing, the positive
yield difference is annulled (if water is not limited); usually
the concentration of the element in shoots is the same in soil
with or without polymer [28].

3. Water-Holding Capacity of the Soil

The use of hydrophilic polymers has been tested for some
years to increase the water-holding capacity of coarse-
textured soils [29–34]. The capacity of hydrophilic polymers
to provide water to plants depends on the proportion of
water held by the polymer that is easily available to plants,
the pressure the soil exerts on the polymers and the presence
of soluble salts.

In deionized water, some hydrophilic polymers can swell
to retain 400 times or more of their dry weight as water
[31, 35, 36]. When incorporated into soils, this gives rise
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to an increase in the water-holding capacity of the soil.
For example, plant available water, as estimated by the
difference between the amounts of water retained at −10
and −1500 kPa, increased three folds when a polyacrylate
polymer was incorporated into a sandy soil at 0.2% mixture
with dry soil, compared with unamended control [37].
However, the expansion of the polymers is affected by the
pressure exerted by the soil. For example, water retention
was reduced from 258 to 65 g water g−1 dry polymer when
a polyacrylate polymer was uniformly incorporated into
20 cm-high soil columns, instead of being expanded in de-
ionized water [37].

Swelling of hydrophilic polymers derives from electro-
static repulsion between the charges on the polymer chains
and from the osmotic potential of the counter ions. Mono-
valent cations in solution reduce the osmotic imbalance and
screen the polymer charges leading to a decrease in the water-
holding capacity of the polymer, but on re-equilibration with
de-ionized water, the polymers swell again [35]. Divalent
or trivalent cations can lead to an irreversible collapse of
polymers as discussed below.

4. Bioavailability of Toxic Metals

While stimulation of plant growth in uncontaminated sites
derives mainly from the enhanced supply of water and
nutrients brought about by hydrophilic polymers, in metal-
contaminated soils, the bioavailability of toxic elements is
critical for plant production.

In aqueous solutions, cations are rapidly trapped inside
polyacrylates. Although hydration of the polymer decreases
when exposed to monovalent cations, such as K+ and Na+,
on re-equilibration with de-ionized water, the polymer swells
again. In contrast, exposure to metals such as Cu, Ni, Cd,
Zn, Mn, and Cr can lead to an irreversible collapse of the
polymer (Figure 2). These metals form ionic crosslinks and
coordination bonds with carboxylic groups in polyacrylates
that prevent reexpansion of the polymer.

The first report on the chelation of a trace element by
a polyacrylate polymer dates from 1954 and involves cupric
ions [38]. A proportion of four carboxylic groups from
polymer chains to each Cu ion was measured [36] suggesting
that this is the number of ligands that participate in the
formation of each complex.

The strength of the bonds between metals and polymer
chains may be investigated by equilibrating the polymer con-
taining a particular metal with different solutions capable of
removing the element via cationic exchange or competition
for chelation (Table 1).

An ionic solution (2 M KCl) providing a large excess
of monovalent cations and commonly used to extract
exchangeable cations in soil removed only 26% of the Cu but
68% of the Mn were held by a polyacrylate polymer (Table 1).
Probably these ions were in exchangeable positions, held by
electrostatic interactions.

To test the presence of covalent bonds between metals
and polymer chains, acidic solutions with carboxylic groups
were used. Ammonium acetate, with a single carboxylic
group, did not compete with the polymer for the ions to

any great extent. In contrast, ammonium EDTA, a strong
chelator, removed all the Cu and Mn present in the polymer
when the ratio of carboxylic groups was 17 : 1. When the
ratio was equal to one, the solution of EDTA removed about
half of the Cu and Mn present, suggesting that the strength
of the polymer-metal bond is similar to that with EDTA.
Probably, ions were linked by both ionic and covalent bonds
within the polymer network; the proportion of these bonds
depends on the type of metal.

The sorption of cations in free solution is a very fast
process taking place within a few minutes and resulting in
a visible collapse of the polymer. In contrast, this process
is much slower when polymers are applied to soil, as the
amount of the metal in solution is very small, and the move-
ment of metals in soil is much slower than in free solution.
In consequence, the time taken for the polymers to collapse is
extended over a large period of time, but the process can still
be followed, as the water-holding capacity of the soil slowly
declines due to the formation of ionic bridges and chelates
between metals and polymer particles. This can be measured
by weighing the soil after it has been saturated with water. In
a mine soil with 0.4% polyacrylate polymers, a decrease in
maximum water-holding capacity from almost 700 mL kg−1

of soil to less than 400 mL kg−1 of soil was followed
during approximately 60 days, while the maximum water-
holding capacity of the unamended soil remained constant
(Figure 3).

5. Quality of Restored Soils

The overall improvement in soil quality should be evalu-
ated not only by determining soil chemical characteristics,
measured by conventional analytical tests and extraction
procedures, but also by determining habitat functions [8,
11]. In fact, chemical analysis is insufficient to evaluate
potential ecological risks, since the combined effects of the
different contaminants are not taken into consideration.

The effects of polyacrylate polymers on the quality of
metal-contaminated soils have been accessed by measuring
the activity of soil enzymes as well as determining levels of
metals and plant growth.

The extractable levels of toxic metals in soils decreased
following polymer application (Table 2). Depending on the
extracting solution, metal and soil type decrease between
11% and 64% of the content of the unamended soil was
observed. For example, in a loamy sandy vineyard soil heavily
contaminated with Cu (230 mg EDTA-extractable Cu kg−1

soil), the application of 0.1% polyacrylate polymer led to
a decrease in the level of water-extractable Cu from 7.32
to 0.79 mg kg−1 of soil (11% of unamended soil) [39]. In
a multicontaminated sandy mine soil, the levels of water-
extractable Pb, Cu, and Zn also decreased considerably, from
25, 0.8, and 0.2 to 16, 0.4, and 0.1 mg kg−1 of soil, respectively
[40].

Soil enzymes catalyze biochemical reactions that are
often related to nutrient cycling in soil (N, P, and C). These
nutrients are generally essential to plants or soil organisms.
The enzyme activity can be used as indicators of soil quality
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Table 1: Copper and manganese removed from a polyacrylate polymer∗ with different solutions.

Solution
Ratio of COOH groups

Cu removed (%) Mn removed (%)
Solution : Polymer

2 M KCl — 26 68

Ammonium acetate 1 : 1 0.1 0.5

Ammonium acetate 10 : 1 4 18

Ammonium EDTA 1 : 1 45 52

Ammonium EDTA 17 : 1 100 100
∗

Polymer was expanded in 5 mM CuSO4 or MnSO4 for 48 hours, excess water removed by filtration, and the polymer was left to equilibrate with the different
solutions for 72 hours. These were filtered and the amount of Cu and Mn was analyzed in the filtrates by atomic absorption spectrometry.
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Figure 3: Changes in the water content of a mine soil without or
with 0.4% polyacrylate polymers.

because of their relationship with soil biological processes
and rapid response to changes [4, 41, 42].

The activity of soil enzymes usually increases in polymer-
amended soils (Table 3). Dehydrogenase is an oxidoreductase
present only in viable cells. Therefore, it can be used as an
index of overall microbial activity [4, 43]. Dehydrogenase
was not stimulated by polymer application to a sandy soil
with a total content of about 20 mg Cd kg−1 (of which about
half was water-extractable), but it was enhanced in mine soils
contaminated with Pb, or with Pb, Cu, and Zn, compared
with the enzyme activities of the unamended control soil
(Table 3). Although Cd is toxic towards soil microorganisms,
severe adverse effects have generally only been detected at
greater Cd concentrations than those of the monitored soils
[44].

Other hydrolytic enzymes are present outside or inside
living microbial cells [45]. Cellulases are enzymes that
degrade cellulose, an important component of plant
residues. β-glucosidase activity plays a critical role in the
release of glucose that acts as energy source for soil
microorganisms. Protease activity is involved in the release
of amino acids (an important source of mineral N), and
acid phosphatase is involved in the release of inorganic P
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Table 2: Extractable levels of metals in contaminated soils.

Metals contaminating the soil Extracting solution Level of metals (% of control) Reference

Cu Water 11 [39]

Pb 0.01 M CaCl2 63 [22]

Pb, Cu, and Zn Water 64, 50, and 50 [40]

Cd 0.01 M CaCl2 57 Unpublished results

Table 3: Enzyme activity of polymer-amended metal-contaminated soils.

Metals contaminating the soil Soil enzyme
Increase in enzyme activity in amended soils

Reference
compared to unamended soils

Cu Acid phosphatase 1.7

Cu β -glucosidase 1.8 [46]

Cu Cellulase Not stimulated

Pb Dehydrogenase 3.3

Pb Protease 11

Pb Acid phosphatase 1.9 [22]

Pb β -glucosidase 3.3

Pb Cellulase 11

Pb, Cu, and Zn Dehydrogenase 1.6

Pb, Cu, and Zn Acid phosphatase Not stimulated [40]

Pb, Cu, and Zn β -glucosidase 1.5

Cd Dehydrogenase Not stimulated

Cd Protease 1.5

Cd Acid phosphatase 1.1 Unpublished results

Cd β-glucosidase 1.4

Cd Cellulase 2.9

in acid soils. Apart from cellulase activity of a vineyard
soil contaminated with Cu and acid phosphatase activity of
a mine soil contaminated with Pb, Cu, and Zn, all other
enzyme activities were stimulated by polymer application
(Table 3).

Although they contain organic C, polyacrylate polymers
are slowly degraded in soil [21] and thus the contribution to
carbon nutrition of soil organisms is small.

Heavy metals interact with hydroxyl and sulfydryl groups
and with nitrogen-containing ligands of enzymes, inhibiting
their activity [2, 42, 47–49]. The decrease in the levels of
metals in soil solution brought about by polymer application
may thus be responsible for the stimulation of the activity
of soil enzymes. However, high levels of toxic metals are not
always associated with smaller enzyme activities in soil. For
example, Belén-Hinojosa et al. [2] reported that the activities
of arylsulfatase and alkaline phosphatase were similar in
contaminated and in restored soils, while Kizilkaya et al. [3]
found that urease activity was not correlated with the content
of metals in arable soils.

According to Belén-Hinojosa et al. [1], soil type modu-
lates the effect of metals on soil enzyme activity, explaining
the contradictory results obtained by different authors.
Organic matter content seems to be a major factor influ-
encing the activity of soil enzymes such as phosphatases
[5, 42]. Several studies reported an increase in the activity

of hydrolases following the addition of organic materials to
soils [5, 6, 41, 50]. The revegetation of metal-contaminated
soils also leads to enhanced activity of several soil enzymes
[4–6, 51]. This may result from indirect effects on enzymatic
activity due to the stimulation of microbial activity by the
greater plant growth and consequent increases in the amount
of root exudates and plant residues reaching the soil.

Enhanced growth of several plant species has been
shown in metal-contaminated soils following application
of polyacrylate polymers, including cultivated species such
as perennial ryegrass, annual medic (Medicago polymorpha
L.) and orchardgrass (Dactylis glomerata L.) grown in
soils contaminated with Cu, Cd, Pb or multi-contaminated
(Table 4). Depending on soil and plant species, the increase
in plant growth varied between 4 and 3000 times than that of
plants grown in unamended soil. The greatest increases were
obtained in mine soils (Figure 4).

The modest decrease in the level of extractable metals in
soils following polymer application (Table 3) may be insuffi-
cient to explain such an enhanced plant growth. Polyacrylate
polymers seem to provide microcosms, rich in water and
nutrients, and with small concentrations of toxic metals,
where roots and microorganisms can proliferate. In fact, the
polymer particles in amended soils are completely penetrated
and enmeshed by roots. This means that the effects observed
in bulk soil are very likely only a poor representation of
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Table 4: Relative growth of several cultivated species grown in soils contaminated with metals.

Growth

Metals Plant species (×growth in unamended soil) Reference

Cu Perennial ryegrass 11 [39]

Cu Annual medic 4 [46]

Pb Orchardgrass 3000 [22]

Pb, Cu, and Zn Perennial ryegrass 21 [40]

Cd Orchardgrass 6 Unpublished results

(a) (b)

Figure 4: Growth of perennial ryegrass (a) and of orchardgrass (b) in mine soils without (left of picture) or with 0.2% (right of picture) of
polyacrylate polymers.

(a) (b)

Figure 5: Growth of three species native to soils derived from a
pyrite mine. Mine soil received 0.4% of polyacrylate polymers (a)
or was left unamended (b).

the conditions in the rhizosphere, as polymer particles may
act as screens around roots. This is supported by the fact that
a polyacrylate polymer did not decrease water-extractable
Cu in a Cu-contaminated vineyard soil in the absence of
plants. Plant exudates solubilized Cu and polymer particles
competed with plants for Cu uptake [39].

Having established the mechanisms by which poly-
acrylate polymers may enhance plant growth in metal-
contaminated soils, it was important to investigate the
growth of plant species adapted to metal-contaminated sites
as a result of polymer application. Seeds of Chaetopogon
fasciculatus (Link) Hayek, Spergularia purpurea (Persoon)
G. Don fil., and Andryala integrifolia L. were collected in
a soil developed on pyrite mine wastes and were grown
in cylinders (60 cm diameter) with the mine soil either
unamended or with 0.4% of polyacrylate polymers. Plant
growth was stimulated in amended soil and the observed
increase was enough to provide a full soil cover after five

(a) (b)

Figure 6: Growth of Spergularia purpurea in a soil derived from a
pyrite mine. Mine soil received 0.3% shredded diapers per kg of soil
(a) or was left unamended (b).

months as opposed to a soil that remained partially bare
(Figure 5).

Commercial polyacrylate polymers cost about two Euros
per kilogram, corresponding to eight Euros per ton of soil
when these polymers are applied at a rate of 0.4%. Although
the total value is substantially smaller than that of conven-
tional engineering approaches, which cost at least 40 Euros
per ton of soil [52], cheaper alternatives should be sought
when extensive areas of land are considered. Many diapers
or similar products contain polyacrylate polymers [21] and
these could become a potential local source of polymers at
low cost. The use of residues containing polyacrylates to
remediate mine soils is presently under investigation. Prelim-
inary results suggest that shredded diapers can promote the
growth of S. purpurea, which seems to tolerate the presence
of Na+ as counter ion (Figure 6).

Polyacrylate polymers are quite stable in soils, although
they can be slowly degraded by white-rot fungi [53].
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Although further studies are needed to investigate the
duration of treatments, we have already known that they
persist for at least one year (unpublished results).

6. Conclusions and Outlook

In conclusion, the application of hydrophilic insoluble
polymers promotes plant growth due to increased water-
holding capacity of the soil and enhanced supply of cations
present as counter ions. The establishment of a plant cover
in metal-contaminated soils is further promoted by the
formation of microsites rich in water and nutrients and
with a low level of toxic elements. This leads to a faster
establishment of plants that provide full soil coverage that
stabilizes the soil and enhances its quality.
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toxic spill,” Soil Biology and Biochemistry, vol. 36, no. 10, pp.
1637–1644, 2004.

[3] R. Kizilkaya, T. Askn, B. Bayraklı, and M. Saglam, “Micro-
biological characteristics of soils contaminated with heavy
metals,” European Journal of Soil Biology, vol. 40, no. 2, pp. 95–
102, 2004.

[4] I. Izquierdo, F. Caravaca, M. M. Alguacil, G. Hernández, and
A. Roldán, “Use of microbiological indicators for evaluating
success in soil restoration after revegetation of a mining area
under subtropical conditions,” Applied Soil Ecology, vol. 30, no.
1, pp. 3–10, 2005.
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[6] A. Pérez-de-Mora, P. Burgos, E. Madejón, F. Cabrera, P.
Jaeckel, and M. Schloter, “Microbial community structure and
function in a soil contaminated by heavy metals: effects of
plant growth and different amendments,” Soil Biology and
Biochemistry, vol. 38, no. 2, pp. 327–341, 2006.

[7] P. C. Srivastava and U. C. Gupta, Trace Elements in Crop
Production, Science, Lebanon, Ohio, USA, 1996.

[8] S. Brown, M. Sprenger, A. Maxemchuk, and H. Compton,
“Ecosystem function in alluvial tailings after biosolids and
lime addition,” Journal of Environmental Quality, vol. 34, no.
1, pp. 139–148, 2005.

[9] G. M. Tordoff, A. J. M. Baker, and A. J. Willis, “Current
approaches to the revegetation and reclamation of metallifer-
ous mine wastes,” Chemosphere, vol. 41, no. 1-2, pp. 219–228,
2000.

[10] N. T. Basta, R. Gradwohl, K. L. Snethen, and J. L. Schroder,
“Chemical immobilization of lead, zinc, and cadmium in
smelter-contaminated soils using biosolids and rock phos-
phate,” Journal of Environmental Quality, vol. 30, no. 4, pp.
1222–1230, 2001.

[11] S. Brown, R. L. Chaney, J. G. Hallfrisch, and Q. Xue, “Effect of
biosolids processing on lead bioavailability in an urban soil,”
Journal of Environmental Quality, vol. 32, no. 1, pp. 100–108,
2003.

[12] M. H. Wong, “Ecological restoration of mine degraded soils,
with emphasis on metal contaminated soils,” Chemosphere,
vol. 50, no. 6, pp. 775–780, 2003.

[13] P. Alvarenga, P. Palma, A. P. Gonçalves, et al., “Assessment of
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General Conclusions 

 

1. Insoluble hydrophilic polyacrylate polymers improved soil quality and sorghum 

growth in a Cd-contaminated soil. The concentration of Cd in the shoots and the 

activities of catalase and ascorbate peroxidase were smaller in plants from amended 

soil. The presence of a plant cover and the decrease in soil bioavailable Cd following 

polymer application resulted in improved soil health as shown by a greater activity of 

soil hydrolitic enzymes related to C, N and P cycles. Moreover, sorghum could be 

used to extract Cd from the soil as the bioavailable soil pool was depleted by more 

than 6% over a period of two months. 

 

2. The polyacrylate polymers also promoted plant growth in a mine soil due to 

increased water-holding capacity of the soil and enhanced supply of cations present 

as counter ions. The establishment of plants was further promoted by the formation 

of micro-sites rich in water and nutrients and with a low level of toxic elements. Both 

indigenous plants and orchardgrass responded to polymer application. 

 

3. A hydrophilic polymer from diapers with similar properties to Na polyacrylates 

improved plant growth and the quality of a mine soil. However, the use of shredded 

diapers did not enhance microbial activity or respiration, presumably due to the 

presence of plastic and fibrous materials. 

 

4. Compost application to bare mine soil increased pH, provided plant nutrients and 

enhanced hydrolytic enzymatic activities. A fast growing crop (D. glomerata) rapidly 

enhanced soil enzymes and microbial activity, but represented an intensive approach 

requiring frequent inputs of mineral fertilizer. In contrast, the growth E. australis was 

promoted by application of compost at a rate of 15 g kg-1

 

 dry soil.  

5. The use of insoluble polyacrylate polymers was compared with compost from 

mixed municipal solid waste. They both improved the quality of the mine soil and 
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stimulated plant growth. However, the type of amendment influence the botanical 

composition and this was reflected in belowground organisms. This interaction 

should be taken into consideration when a large scale application of amendments is 

projected as it could lead to loss of biodiversity. Conversely, if amendments were 

managed carefully, they could be used to increase the contribution of more valuable 

species.  

 

6. The transport of a polyacrylate polymers and a hydrophilic polymer from diapers 

was negligible in soil columns, even when they were forming chelates with copper. 
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Future prospects 
 

Based on the results obtained so far, several lines for future research can be 

highlighted: 

1. It was clear that polymers enhanced the growth of herbaceous species, but their 

effect on shrubs is unknown so far. The comparison between the two 

amendments, compost and polymers, and their joint effect on growth of native 

shrubs would be an interesting objective of research.  

2. The optimum proportion of the two amendments has not been studied. The cost 

of polymers could eventually be reduced by adjusting the proportion of the two 

amendments. 

3. A polymer from diapers had similar effects on the remediation of a mine soil as a 

polyacrylate polymer. However, it may not be practical to remove the polymer 

from diapers. The treatment of diapers to reduce the toxicity associated with 

plastic and fibrous material should be investigated. 

4. Compared with mine soils, bare mine tailings are even more austere 

environments that provide a greater challenge for remediation. The effect of 

polymers and composts on mine tailings, albeit with other amendments, should 

be studied. 

5. The results obtained suggest that changes in aboveground diversity translate into 

belowground communities. The use of molecular approaches to study microbial 

communities should be envisaged in the context of soil restoration. 
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