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To develop cost-eﬀective techniques that contribute to phytostabilization of severely metal-contaminated soils is a necessary task in
environmental research. Hydrophilic insoluble polymers have been used for some time in diapers and other hygienic products and
to increase the water-holding capacity of coarse-textured soils. These polymers contain groups, such as carboxyl groups, that are
capable of forming bonds with metallic cations, thereby decreasing their bioavailability in soils. The use of polyacrylate polymers
as soil amendments to restore metal-contaminated soils has been investigated in the Technical University of Lisbon since the late
nineties. Plant growth and plant nutrients concentrations, extractable levels of metals in soil, and soil enzyme activities were used to
monitor the improvement in soil quality following the application of these polymers. In contaminated soils, hydrophilic insoluble
polymers can create microcosms that are rich in water and nutrients (counterions) but only contain small concentrations of toxic
elements; the conditions of these microenvironments are favorable to roots and microorganisms. In this paper we described the
most relevant information available about this topic.
Copyright © 2009 G. Qu and A. de Varennes. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. Introduction
Contamination of soils with toxic metal elements is of
great concern to scientists and the general public. Longterm 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. Conventional 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 establishment of vegetation, it is common practice to apply
liming materials [12, 13] or lime-stabilized biosolids [10, 14].
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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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A greater pH causes an increase in soil negative charges,
resulting in enhanced cation adsorption, and in the formation 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 polyacrylamides, 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 polyacrylate 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.
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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 phytostabilization of contaminated soils, Na-tolerant species have to be
selected.
If the addition of the counter ion is taken into consideration within the experimental treatments, and proportionately 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 coarsetextured 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 deionized water [37].
Swelling of hydrophilic polymers derives from electrostatic repulsion between the charges on the polymer chains
and from the osmotic potential of the counter ions. Monovalent cations in solution reduce the osmotic imbalance and
screen the polymer charges leading to a decrease in the waterholding 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 metalcontaminated 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 containing 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
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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 movement 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 waterholding capacity of the unamended soil remained constant
(Figure 3).

5. Quality of Restored Soils
The overall improvement in soil quality should be evaluated 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 waterextractable 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.
Ratio of COOH groups
Solution : Polymer
—
1:1
10 : 1
1:1
17 : 1

Solution
2 M KCl
Ammonium acetate
Ammonium acetate
Ammonium EDTA
Ammonium EDTA

Cu removed (%)

Mn removed (%)

26
0.1
4
45
100

68
0.5
18
52
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.

Water absorption (g g−1 polymer)
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Figure 2: Dehydration of polyacrylates in the presence of diﬀerent cations: (a) water absorption by a polyacrylate polymer after equilibration
with 0.01 M salt solution, filtration, and reequilibration with de-ionized water, (b) a polyacrylate polymer in the presence of increasing
concentrations of Cr3+ (above) or Cu2+ (below).
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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 polymeramended 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
Cu
Pb
Pb, Cu, and Zn
Cd

Extracting solution
Water
0.01 M CaCl2
Water
0.01 M CaCl2

Level of metals (% of control)
11
63
64, 50, and 50
57

Reference
[39]
[22]
[40]
Unpublished results

Table 3: Enzyme activity of polymer-amended metal-contaminated soils.
Metals contaminating the soil
Cu
Cu
Cu
Pb
Pb
Pb
Pb
Pb
Pb, Cu, and Zn
Pb, Cu, and Zn
Pb, Cu, and Zn
Cd
Cd
Cd
Cd
Cd

Soil enzyme
Acid phosphatase
β -glucosidase
Cellulase
Dehydrogenase
Protease
Acid phosphatase
β -glucosidase
Cellulase
Dehydrogenase
Acid phosphatase
β -glucosidase
Dehydrogenase
Protease
Acid phosphatase
β-glucosidase
Cellulase

Increase in enzyme activity in amended soils
compared to unamended soils
1.7
1.8
Not stimulated
3.3
11
1.9
3.3
11
1.6
Not stimulated
1.5
Not stimulated
1.5
1.1
1.4
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 modulates 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 influencing the activity of soil enzymes such as phosphatases
[5, 42]. Several studies reported an increase in the activity

Reference

[46]

[22]

[40]

Unpublished results

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 insuﬃcient 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.

Metals
Cu
Cu
Pb
Pb, Cu, and Zn
Cd

Plant species
Perennial ryegrass
Annual medic
Orchardgrass
Perennial ryegrass
Orchardgrass

(a)

Growth
(×growth in unamended soil)
11
4
3000
21
6

Reference
[39]
[46]
[22]
[40]
Unpublished results

(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)
(a)

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 polyacrylate polymers may enhance plant growth in metalcontaminated 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

(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 conventional 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. Preliminary 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 waterholding 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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