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ABSTRACT: Phytostabilisation of a contaminated soil with heavy metals is considered a very
appropriate technology to reduce erosion and dispersion of contaminants. A greenhouse study was
conducted to evaluate the effects of both chemical amendments (calcium silicate and brewery sludge),
and phytoremediation using the grass Brachiaria decumbens, on an industrial residue contaminated
with Zn and Cd (industrial residue). Industrial residue samples placed into 30 L containers were
amended with 20% brewery sludge, calcium silicate (2%, 3%), and 20% of brewery sludge + calcium
silicate (2.5%, 4%), and were compared to the control treatment (non-amended residue). After pH
stabilization, B. decumbens plants were grown on all treatments in order to evaluate the ability of the
species to tolerate high Zn and Cd concentrations from the residue. Samples were collected twice, at
planting and harvesting, for pH determination and simple extractions with water, sodium nitrate, acetic
acid and DTPA. Differences in Zn and Cd concentrations in extracts allowed to estimate the
concentrations of these elements in the most likely chemical forms they are found in the residue.
Alkaline and organic industrial amendments reduced Zn and Cd percentages, both in the soluble and
exchangeable fractions, as well as caused the predominance of Zn and Cd in the most stable chemical
fractions, such as complexed and precipitated compounds. B. decumbens was tolerant to Zn and Cd
from the industrial residue after addition of the amendments.

Key words: phytoremediation, inertization, contamination, heavy metals

CORRECAO QUIMICA E FITOESTABILIZACAO DE UM RESIDUO
INDUSTRIAL CONTAMINADO COM Zn E Cd

RESUMO: A fitoestabilizacdo de solos contaminados com metais pesados ¢ considerada uma boa
alternativa para reduzir a erosdo e dispersdo de contaminantes no ambiente. Foi conduzido um
experimento em casa-de-vegetacdo com o objetivo de avaliar a contengdo quimica (silicato de calcio e
lodo do biodigestor de uma cervejaria) e a fitorremediagdo pela Brachiaria decumbens, de um residuo
industrial contaminado com Zn e Cd, utilizando vasos de 30 L. Os tratamentos foram: residuo industrial
(testemunha); residuo industrial + 20% lodo; residuo industrial + silicato de calcio (2%; 3%); (residuo
industrial + 20% lodo) + silicato de calcio (2,5%; 4%). Apos estabiliza¢do do pH, foram cultivados nos
tratamentos plantas de B. decumbens, visando avaliar o potencial de tolerancia a elevadas
concentragdes de Zn e Cd presentes no residuo industrial. No plantio e colheita das plantas foram
retiradas amostras dos diferentes tratamentos para determina¢do do pH e extragdes simples com agua,
nitrato de sodio, acido acético e DTPA. A partir das concentragdes de Zn e Cd obtidas nas extragdes,
foram estimadas, através das diferencas nas quantidades extraiveis, as concentragdes de Zn e Cd nas
provaveis formas quimicas. A adi¢ao de residuos industriais, alcalino e orgénico, provocou redugdo
nas percentagens de Zn e Cd nas fragdes sollivel e trocavel, e predomindncia dos mesmos em fragdes
quimicas mais estaveis como complexados e precipitados. A B. decumbens apresentou tolerancia ao
Zn e Cd presentes no residuo industrial apds tratamento de contengdo quimica.

Palavras-chave: fitorremediag@o, inertizagdo, contaminagdo, metais pesados

INTRODUCTION fect not only the soil quality, but also several other en-

vironmental parameters. Effective and lasting in situ

Soil contamination with heavy metals is a ma- strategies have been developed for the remediation of

jor environmental problem. Their negative impacts af- soils contaminated with heavy metals. Phytoremediation

Sci. Agric. (Piracicaba, Braz.), v.64, n.5, p.506-512, September/October 2007



Phytostabilization of an industrial residue 507

has also been adopted and seems to be a promising
technique for the remediation of contaminated areas
(Gleba et al., 1999; Garbisu et al., 2002; Kamneyv,
2003). It is a harmless and low cost technique involves
the use of green plants in the management of contami-
nated soils, and can be widely used.

Phytostabilization and phytoextraction are the
most usual phytoremediation techniques adopted for
soils contaminated with heavy metals. Phytostabilization
consists of using green plants to reduce the mobility
of contaminant agents through revegetation strategies
(Garbisu & Alkorta, 2001). In this case, the plant spe-
cies tolerance, biological cycle, rusticity and ability to
grow on unvegetated soils are characteristics that may
contribute for the success of the stabilization of plants
in soils contaminated with heavy metals. This study
aimed to (i) evaluate the chemical behavior of Zn and
Cd present in the industrial residue from a Zn indus-
try, after remediation procedures using an alkaline cor-
rective with brewery sludge, and (ii) to evaluate the
effectiveness of the residue phytostabilization with the
grass Brachiaria decumbens.

MATERIAL AND METHODS

This study analyzed an industrial residue from
the extraction process of Zn from calamine ore, situ-
ated at the Sepetiba Bay, in Rio de Janeiro, Brazil
(43°50°W and 22°56°S). Residues accumulated over
about 30 years may reach up to 2 million m’, and may
contaminate soil, plants, marine sediments and millions
of fishes and mollusks with heavy metals, even ban-
ishing fishing activities. Residue samples were col-
lected in December, 2002. A 100kg-sample was
formed joining sub-samples collected from the top,
middle and bottom of a residue pile (ABNT, 1987a),
which were later air-dried, ground and sieved through
a 2mm mesh. Organic carbon was determined as pro-
posed by Yeomans & Bremner (1988). Macronutrients,
sodium, aluminum and pH,,, (soil:water ratio 1:2.5)
were determined according to EMBRAPA (1997): Ca,
Mg and Al were extracted by KCI 1M; H + Al by cal-
cium acetate 0.5M; Na, P and K by Mehlich-1 (HCI
0,05M + H,SO, 0,0125M). The residue had the fol-
lowing properties: soil pH (soil:water ratio 1:2.5) 5.6,
1 g kg organic carbon, 2500 mmol kg' Ca, 410
mmol kg' Mg, 46 mmol_ kg' H+ Al 0 mmol_ kg
Al, 9.80 mmol_kg"' Na, 0.174 g kg P, 0.094 g kg
K. The high Ca, Mg, P and K concentrations in the
residue may be related to the high content of these nu-
trients in the calamine ore.

Samples were digested with nitric-perchloric
acid 2:1 (Scott, 1978), in order to obtain the
pseudototal contents of some heavy metals in the resi-

due. Solubilization and leaching tests were made to de-
termine soluble and leaching contents, according to
ABNT (1987b, 1987¢). The Zn, Cd, Cu, Fe, Mn and
Pb contents were determined in extracts obtained by
digestion. In the solubility test, analysis were made with
an atomic absorption spectrophotometer. Only Cd and
Pb contents were determined from extracts obtained
in the leaching test, since these elements are hazard-
ous to the environment.

To evaluate the inertization potential of the in-
dustrial residue, an alkaline industrial corrective com-
posed of calcium silicate and brewery sludge was used
as amendment to reduce Zn and Cd solubility. The cal-
cium silicate corrective was obtained from the replace-
ment of the pipeline covering of a Brazilian Oil Com-
pany. The organic carbon content in the sludge was
found to be 20%, determined through the method of
Yeomans & Bremner (1988). Both products were air
dried, ground and sieved through 2mm mesh, in or-
der to estimate heavy metals total contents and pH in
water (1:2.5). To evaluate the potential of organic mat-
ter in immobilizing heavy metals, the dose of brewery
sludge was estimated to have an amendment mixture
with organic matter representing 2% of the weight
of the pots. Calcium silicate was prepared with
the support of a neutralization curve, to obtain a bal-
ance pH value ranging from 6.5 to 7.0 in the final mix-
ture.

The experiment was carried out in a green-
house, and consisted in filling up 30L containers with
the residues and amendments according to the follow-
ing treatments: T1: Industrial residue (control); T2: In-
dustrial residue + 20% of brewery sludge; T3: Indus-
trial residue + 2% of calcium silicate residue; T4: In-
dustrial residue + 3% of calcium silicate residue; T5:
(Industrial residue + 20% of brewery sludge) + 2.5%
of calcium silicate residue; T6: (Industrial residue +
20% of brewery sludge) + 4 % of calcium silicate resi-
due. These mixtures were incubated until pH stabili-
zation, indicated by the neutralization curve over about
30 days.

Brachiaria decumbens seeds were sown on
sterilized sand. Thirty-day-old seedlings were trans-
ferred of the pots and grown for other 45 days. Pots
were irrigated manually up to 80% of the field capac-
ity. Residues were sampled twice, at planting and at
harvesting of B. decumbens, for the determination of
the pH in water (1:2.5) and the performance of simple
extractions, using the following extractors: (i) water,
(i) sodium nitrate 0.1 mol L (Keller & Védy, 1994);
(ii1)) DTPA (Lindsay & Norvell, 1978); and (iv) acetic
acid 0.043 mol L (Ure et al., 1993). The Cd and Zn
contents in the extracts were determined through
atomic absorption spectrophotometry.
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Differences in Zn and Cd concentrations in
extracts allowed to estimate the concentrations of these
elements in the most likely chemical forms they are
found in residues. The chemical fractions were defined
as: F1: extraction with water = fraction soluble in wa-
ter; F2: extracted with NaNO, — extracted with water
= exchangeable fraction; F3: extracted with DTPA —
extracted with NaNO, = fraction predominantly asso-
ciated to the surface of Fe oxides and to more stable
organic compounds, due to the formation of inner-
sphere complexes; F4: extracted with acetic acid — ex-
tracted with NaNO, = fraction predominantly associ-
ated to carbonate precipitates; F5: total - ¥ of frac-
tions (F1; F2; F3 and F4) = fraction associated to
Fe compounds with high crystallinity degree (Residual
fraction). After harvest, shoots and roots were re-
moved and dried in an oven at 70°C for 48h. Cd and
Zn contents were determined by digestion of dried
plant material in concentrated HNO,-HCIO, 6:1
(Tedesco et al., 1995). Metals-ion concentrations were
determined by atomic absorption spectrophotometry.

The experiment was performed in a completely
randomized statistical design involving four replicates.
Statistical analyses were performed using SAEG
(Sistema para Andlises Estatisticas e Genéticas), ver-
sion 5.0. Differences among means were determined
by analyses of variance. Pearson’s correlation coeffi-
cients were used to express the associations of quan-
titative variables.

RESULTS AND DISCUSSION

High total concentrations of Zn, Cd, Fe, Mn
and Pb were found in the industrial residue (Table 1).
Soluble concentrations of Zn and Cd were found to
be high as well, since these are elements that can be
more easily leached, with a high risk in contaminating
the local environment, especially the groundwater.

The leaching test presented high Cd concen-
trations that can be lost in great amounts. According
to the ABNT norms, a hazard ranking could be adopted
for this residue based on Cd and Pb concentrations.
In the ABNT ranking, a non-hazard residue should have
a Cd leaching concentration below 0.5 mg kg '. There-
fore, as the Cd residue concentration found here is al-
most ninety-fold the established limit in the leaching
test, the residue should be classified as belonging to
the hazard class I residue — hazardous (ABNT, 1987d),
and should be stored adequately. Remediation tech-
niques should also be adopted to reduce residue tox-
icity.

In relation to Pb, despite the high total Pb con-
tent in the residue, the leaching concentration remained
below 5 mg kg, which is considered within accept-
able limits (ABNT, 1987c). Both the brewery sludge
and the calcium silicate used as chemical amendments
to the industrial residue presented low heavy metal
concentrations (Table 2) and are not considered dan-
gerous.

Residue Inertization

There was a reduction in Zn and Cd percent-
ages (Figure 1) in fractions of high bioavailability, F1
(soluble in water) and F2 (exchangeable). The reduc-
tion was more significant for treatments with pH 7.0
(treatments 4 and 6) (Table 3), especially when or-
ganic matter was added (treatment 6), suggesting that
pH and organic matter content affected Zn and Cd
complexation and precipitation in this residue.

The residue pH tended to decrease from plant-
ing to harvesting stages (Table 3), probably due to the
exudation of compounds by the root system. The de-
crease in fractions F1 and F2 was followed by in-
creases on fractions of lower solubility, especially F3
and F4 (Figure 1). Since heavy metal precipitation,
complexation and adsorption are favored by both the

Table 1 - Heavy metal total and soluble concentrations in the industrial residue.

Zn Cd Fe Mn Pb
------------------------------------------------ Mg K m e oo e e
Industrial 22,294 .4 175.2 79,986.7 5,525.6 2,486.8
Solubility test 1,755(7.9) 31.7(18) 0.10(0.08) 0.93(0.04) 34.1(0.6) 0.93(0.04)
Leaching test 43.4 1.60
Numbers in parentheses mean the percentage of total concentration.
Table 2 - Heavy metal concentration and pH in amendments.
Amendments Zn Cd Cu Fe Mn Pb pH,,,
———————————————————————————————————————————————— mg Kg ' oo e
Sludge 279.5 1.7 376.2 18,8446 203.8 92.7 5.8
Calcium silicate 29.7 1.5 1.0 0.0 94.7 23.0 9.6
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Figure 1 - Zn and Cd percentage of total concentration in the treatments and chemical fractions at both planting and harvesting times of

Brachiaria decumbens.

T1: Industrial residue (control); T2: Industrial residue + 20% of brewery sludge; T3: Industrial residue + 2% of calcium silicate residue; T4:
Industrial residue + 3% of calcium silicate residue; T5: (Industrial residue + 20% of sludge from a brewery factory) + 2.5% of calcium silicate
residue; T6: (Industrial residue + 20% of brewery sludge) + 4 % of calcium silicate residue. Vertical bars represent SE (n = 3).

pH raising and the presence of organic matter (Walker
et al., 2003), the addition of both alkaline and organic
products probably enhanced the transference of Zn and
Cd from the more soluble to the less soluble fractions
(Table 4). Fractions F1 and F2 were negatively cor-
related with pH, while fractions F3 and F4 were posi-
tively and significantly correlated with pH (Table 4).

In fraction F3, Zn and Cd percentages were
found to be higher when organic matter and the alka-
line products were simultaneously added (TS5 and T6),
suggesting that organic matter forms more stable com-
plexes (inner-sphere) and higher pH enhances residue
cation exchange capacity (CEC). Zn and Cd percent-
ages were higher in fraction F3 than in fractions F1
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and F2, when organic matter and the alkaline product
were simultaneously added. The organic matter may
also form soluble complexes (chelates) with heavy

Table 3 - Values of pH in samples of the treatments at
planting and harvesting times of Brachiaria

decumbens.

Treatments Planting Harvesting
T1 6.05 = 0.03 5.70 £ 0.10
T2 6.23 £ 0.06 6.04 + 0.14
T3 6.33 £ 0.12 6.22 £ 0.13
T4 7.03 £ 0.11 6.83 £ 0.28
TS 6.42 £ 0.18 6.18 £ 0.13
T6 7.10 £ 0.10 7.13 £ 0.21
CV* 4.5214 8.3091

T1: Industrial residue (control); T2: Industrial residue + 20% of
brewery sludge; T3: Industrial residue + 2% of calcium silicate
residue; T4: Industrial residue + 3% of calcium silicate residue;
T5: (Industrial residue + 20% of sludge from a brewery factory)
+2.5% of calcium silicate residue; T6: (Industrial residue +20%
of brewery sludge) + 4 % of calcium silicate residue. All the
values are mean of four replicates £SE.

*coefficient of variation.

Table 4 - Pearson correlation coefficients among the
chemical fractions and pH of the treatments
cultivated with Brachiaria decumbens.

Zinc Cadmium
pH X F1 -0.6414%* -0.5911*%*
pH x F2 -0.5914%* -0.6277%*
pH X F3 0.4083%** 0.3849%**
pH x F4 0.5727%%* 0.6554%*
pH X F5 -0.0659" 0.0451

** significant at P < 0.01; * significant at P < 0.05; ™ not
significant.

Santos et al.

metals, which may either precipitate at high pH. A re-
duction on heavy metal solubility, as Zn and Cd, by
organic matter addition was also observed by Yamada
et al. (1984) and Mesquita (2002). Studying the Cu
complexation in humic substances, Grimm et al.
(1991) verified that at low pH (2.5), the surface was
mostly occupied by H'; however, at higher pH (4.5),
bonding sites were rather occupied by Cu, due to the
reduction on the competition with protons. High H"
concentration at low pH values resulted in less Hg'
complexed by humic substances (Yin et al., 1997).

The addition of calcium silicate significantly
increased Zn and Cd percentages in fraction F4,
whether the organic matter was added or not. On the
other hand, there was no difference in these clement
contents between treatments in which only calcium sili-
cate was added (T3 and T4) and treatments in which
the organic product was simultaneously added (T 5
and T6), suggesting that pH increases were mostly re-
sponsible for the increase on the Zn and Cd contents
in this fraction. The residue pH was important for Zn
precipitation. Both Zn and Cd present in this residue
were mostly found in fraction F5. As there was no
significant difference among treatments and the con-
trol, the formation of more stable complexes was sug-
gested not to be the only form to retain Zn and Cd in
the residue. Addition of amendments had beneficial ef-
fects on the growth of Brachiaria decumbens plants
because all treatments with amendments had a higher
yield in relation to the control (Table 5).

The phytotoxicity symptoms increased in se-
verity as plants grew, as already described by Alkorta
et al. (2004) and reduced with both the addition of al-
kaline reaction and organic products. Plants of the
control treatment died five days after transplantation.
In T3, plants were gradually affected by the contami-
nated residue. Toxicity symptoms included severe chlo-

Table 5 - Dry weight and Zn and Cd accumulation in Brachiaria decumbens parts in the treatments.

Treatments Dry weight Zn accumulation Cd accumulation

Shoot Root Shoot Root Shoot Root
----------- g pot! —---meeeeo- e MG PO e

T1 X X X X X X

T2 0.92 £ 0.01 0.05 + 0.04 1.69 £ 0.16 0.36 + 0.29 0.05+ 0.01 0.005+0

T3 X X X X X X

T4 5.84 £ 0.97 2.90 + 0.7 14.02 £3.99 28.05 + 8.64 0.38 £+ 0.06 0.44 £0.10

TS5 2.54 £ 1.19 0.51 + 0.33 7.69 £ 3.6 3.16 £ 1.75 0.09 + 0.04 0.06 + 0.04

T6 8.25 + 1.88 3.52 + 0.45 21.85 £ 6.68 21.45+ 1.89 0.55+0.10 0.34+0.14

T1: Industrial residue (control); T2: Industrial residue + 20% of brewery sludge; T3: Industrial residue + 2% of calcium silicate residue;
T4: Industrial residue + 3% of calcium silicate residue; T5: (Industrial residue + 20% of sludge from a brewery factory) + 2.5% of
calcium silicate residue; T6: (Industrial residue + 20% of brewery sludge) + 4 % of calcium silicate residue. All the values are mean of

four replicates +SE.
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rosis, and plant death. Treatments with pH 7.0 (T4 and
T6) showed high dry matter yield of B. decumbens,
indicating that the pH value was important to reduce
the solubility of the heavy metals. The treatment of or-
ganic matter and the alkaline residue simultaneously
added (T6) presented the highest dry matter yield, sug-
gesting that the organic matter was also important in
reducing the bioavailability of heavy metals and improv-
ing the physical characteristics of the residue, like
structure and porosity, preventing residue compaction,
and promoting a better development of roots and a
higher crop yield.

The amendment addition affected the extrac-
tion of Zn and Cd by plants in the different treatments
(Table 5). The increment in dry matter for plants
growing on substrate with alkaline and organic amend-
ments simultaneously added (T6) increased the Zn and
Cd accumulation in plants, corroborating to the am-
ortization effect of the alkaline reaction (calcium sili-
cate) and organic (brewery sludge) products on the
phytotoxicity of the heavy metals, thus promoting plant
growth. Despite the lower solubility of Zn and Cd in
treatments with higher addition of alkaline and organic
amendments (Figure 1), the accumulation of these el-
ements was higher in T4 and T6 (Table 5), probably
due to a better plant development under these treat-
ments and a better established root system, which have
resulted in a higher heavy metal uptake. Plants may
regulate the solubility of heavy metals in the rhizo-
sphere through acidification due either to the H" ex-
trusion or to the exudation of organic compounds from
roots (Yang at al., 2005). Despite the lower root mass
production (Table 5), Zn accumulated in roots more
than in aboveground biomass, or even more, particu-
larly when Zn concentration in the roots was higher.

As a conclusion, application of amendments
to the contaminated residue promoted the growth of
B. decumbens plants by reducing the availability of Cd
and Zn in the residue. The present study emphasizes
the inertizing action of both the calcium silicate and
the brewery sludge on heavy metal toxicity, in soils
cultivated with B. decumbens.
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