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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.
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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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Figure 1 Effect of the concentration of polyacrylate polymers on the

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-

acrylate polymers on shoot biomass removed

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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