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Abstract

Given the fact that, according to our knowledge, no study has compared the agro-environmental use of decontaminated with non-
decontaminated sludge, a greenhouse experiment was carried out to test the growth of maize (Zea mays L., G-4011 Hybrid) and bioac-
cumulation of metals in the presence of four different sludges (MUC, QUC, BEC and DAI), before and after their decontamination by a
novel process (METIX-AC). Data showed that decontaminated sludge ameliorated plant growth and biomass production, and decreased
bioaccumulation of metals, more than control soil, inorganic chemical fertilization, or conventional non-decontaminated sludge. Since
chemicals used by the METIX-AC process contained S and Fe, decontaminated sludge introduced large amounts of these elements, while
the overall presence of metals was reduced. Often, sludge dose also affected maize growth and bioaccumulation of metals. Overall, no
toxicity to plants was noticed and bioaccumulation and transfer of many metals remained below the limits reported in the literature.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Municipal Sewage sludge (MSS) is the unavoidable by-
product of municipal wastewater treatment. In the USA,
Canada and Europe alone, MSS production amounts to
some 20 million tons a year (dry solid basis) (Duvaud
et al., 1999; EEA, 1999; USEPA, 1999). Approximately
40% of MSS is used as fertilizer on North American and
Western European agricultural soils (Duvaud et al., 1999;
USEPA, 1999; Spinosa and Vesilind, 2001). Spreading
MSS on agricultural lands has several beneficial effects: it
ameliorates soil structure (Nemati et al., 2000), phosphorus
and organic matter contents (Martinez et al., 1999),
increases tree growth (Labrecque et al., 1995) and helps
restore the vegetal cover of contaminated sites (Brown
et al., 2003).
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However, MSS may contain higher levels of metals than
the limits prescribed for fertilizers (Smith and Vasiloudis,
1991; USEPA, 1993; Desjardins and Brière, 1994), and
these metals may be harmful to plants and organisms. In
the USA, as many as 1500 wastewater treatment plants
(WTP) may produce sludge exceeding US federal standards
for agricultural use (USEPA, 1990). Conventional methods
of sludge stabilization, such as aerobic or anaerobic diges-
tion, are known to be inefficient in removing heavy metals
(Chipasa, 2003). Consequently, the development of new
technologies for sludge decontamination became inevita-
ble, especially after the ban of ocean dumping of MSS.
Numerous chemical and biological processes were experi-
mented worldwide and have allowed the extraction of sat-
isfactory amounts of metals from MSS (Couillard and
Mercier, 1991; Blais et al., 1992; Tyagi et al., 1995; Xiang
et al., 2000; Naoum et al., 2001; Cho et al., 2002; Kim
et al., 2002; Lombardi and Garcia, 2002; Chan et al.,
2003). In this context, a novel decontamination process
(the METIX-AC) was recently developed and described
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Nomenclature

BEC Bécancour sewage sludge
DAI Daishowa pulp and paper wastewater sludge
DEC decontaminated sludge
FER chemical fertilization
MSS municipal sewage sludge
MUC montreal urban community sewage sludge
NAV available nitrogen
NDE non-decontaminated sludge

QUC Quebec urban community sewage sludge
SAS statistical analysis software
SLA specific leaf area
TKN total Kjeldahl Nitrogen
USEPA United States Environmental Protection

Agency
WTP wastewater treatment plant
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in a publication (Blais et al., 2004), following successful
tests performed at the Montreal WTP (Mercier et al.,
2002). Without greatly affecting the nutrient content of
MSS, the METIX-AC process significantly reduces metal-
lic contents, odor and pathogens.

A comparative study was undertaken in order to test the
agricultural use of decontaminated versus non-decontami-
nated sludge for the cultivation of maize (Zea mays L.)
under greenhouse conditions. Four sludges, collected from
different locations in the province of Quebec (Canada) were
considered, along with non-amended and inorganically
amended soils. The present data, which cover the second
part of the recorded results, specifically concern the effects
of dose enhancement and decontamination of sludge on
maize growth parameters, grain yields and bioaccumula-
tion of metals. A separate paper (Barraoui et al., 2007)
can be consulted for data dealing with the impact of decon-
tamination on sludge quality as well as that of sludge doses
and decontamination on leaching of nutrients and metals
into drainage water.

2. Methods

The materials and methods described below are agron-
omy-related (i.e., concern maize growth and bioaccumula-
tion of metals), while those concerning the effects of
decontamination on sludge quality and of dose enhance-
ment and decontamination of sludge on leaching of nutri-
ents and metals are presented in a separate paper
(Barraoui et al., 2007). The reader is also referred to that
paper for further information concerning the: (1) Descrip-
tion of the METIX-AC process for metals extraction from
sludge; (2) concentration of nutrients and metals in sludge
before and after decontamination; (3) preparation of pots,
soil, soil–sludge mixtures and chemical (inorganic) fertiliz-
ers; (4) handmade montage used for plant irrigation and
water sampling; (5) analytical methods employed for soil,
sludge and drainage water characterization.

2.1. Overview of soil and sludge characteristics

Top soil was obtained from the Montréal Botanical
Garden in Quebec. It was a neutral, black and loamy sand
soil according to USDA classification (Donahue, 1958),
and probably originated from spododols soils, since these
are the most preponderant in the region studied (Brady
and Weil, 2002). The estimated CEC/100 of soil was 27.1,
organic matter content was 10.2% and lime indices were
71 (‘‘K + Ca + Mg’’ saturation of 86.7%). The Mehlich
contents of nutrients and total concentration of metals
are reported, respectively, in Tables 1 and 2.

Four different sludges were obtained from the wastewa-
ter treatment plants (WTP) of Montreal (MUC: Municipal
non-digested physico-chemical sludge), Quebec (QUC:
Municipal non-digested mixture of primary and secondary
sludge), Becancour (BEC: Municipal aerobically digested
biological sludge) and Daishowa (DAI: Non-digested mix-
ture of primary, secondary and de-inking sludge from a
pulp and paper manufacturing plant); all located in the
province of Quebec.

2.2. Experimental conditions

Low and high doses of each sludge type, i.e., non-decon-
taminated (NDE) and decontaminated (DEC) forms, were
computed in order to supply soil with the respective equiv-
alents of 80 or 160 kg/ha of available N (NAV) (Table 1).
The NAV in sludge was approximated at ‘‘30% of
TKN + nitrate + ammonium’’, as recommended by the
Ministry of Environment of Quebec (Environnement Qué-
bec, 2004) regarding the agricultural utilization of sludge.
The weighed amount of sludge was thoroughly mixed with
a quantity of soil to obtain 2 kg of sludge–soil mixture. The
latter was then spread on the surface of soil previously
measured into plastics pots. Three controls were consid-
ered, namely non-amended soil, (‘‘control soil’’ or T0),
and two chemically fertilized soils, ‘‘FER-80’’or T1 (equiv-
alent of 80 kg/ha N) and ‘‘FER-160’’ or T2 (equivalent of
160 kg/ha N). The levels of P and K were also fixed in the
inorganic fertilizations, respectively to 55 and 75 kg/ha
(FER-80 treatment) or 110 and 150 kg/ha (FER-160 treat-
ment) (CPVQ, 1997). It should be noted that abbreviations
given in Tables 3–7 correspond to codes T0 to T18 shown
in Fig. 1. The experimental design contained 16 sludge
amendments (4 sludge · 2 forms (NDE and DEC) · 2
doses) plus three controls (T0, FER-80 and FER-160).
These 19 treatments were replicated 6 times in a partial ran-
domized block.



Table 1
Initial nutrients content of soil versus quantities supplied by fertilizers and sludge

Equivalent field rate Quantities added to soil (kg/ha)

DM (t/ha) NAV (kg/ha) NO�3 –N NHþ4 –N P K Ca Mg S

Chemical fertilizers FER-80 80 n/a n/a 55 75 n/a n/a n/a
FER-160 160 n/a n/a 110 150 n/a n/a n/a

MUC NDE-80 6.65 80 3.53 21.5 102 50.3 255 39.7 29.6
NDE-160 13.3 160 7.08 43.1 203 101 511 79.4 59.2
DEC-80 9.44 80 4.82 2.09 148 58.9 97.8 37.2 152
DEC-160 18.9 160 9.61 4.16 295 118 195 74.5 303

QUC NDE-80 6.32 80 3.21 23.9 60.5 39.9 144 21.8 21.8
NDE-160 12.7 160 6.62 48.1 122 80.5 289 43.9 43.7
DEC-80 8.94 80 4.50 3.06 92.5 52.9 59.8 27.3 121
DEC-160 17.9 160 9.19 6.29 185 106 120 54.8 244

BEC NDE-80 5.09 80 2.73 11.6 62.1 46.1 49.3 86.9 28.4
NDE-160 10.2 160 5.47 23.0 125 92.2 98.8 174 57.1
DEC-80 5.90 80 3.05 1.76 77.4 47.9 16.7 96.0 79.0
DEC-160 11.8 160 6.10 3.37 155 96.0 33.4 193 158

DAI NDE-80 28.8 80 15.0 9.49 26.7 35.9 669 50.0 43.9
NDE-160 57.5 160 29.9 19.0 53.2 71.6 1335 100 87.7
DEC-80 30.6 80 15.9 0.32 31.1 29.3 84.9 46.1 125
DEC-160 61.1 160 31.8 0.64 62.1 58.5 169 92.1 249

Nutrients content of soil (Mehlich III kg/ha) TKN = 0.3% 78 337 9080 761 n/a

a: the total quantities of the three forms of fertilizers (more explanation in the text).

Table 2
Total concentrations of metals in soil (mg/kg) and the equivalent field quantities supplied by sludge (kg/ha)

Conditions tested Essential metals Non-essential metals

Cu Fe Mn Na Zn Al Cd Cr Ni Pb

MUC NDE-80 3.10 198 1.35 25.4 3.24 279 0.04 0.66 0.21 0.48
NDE-160 6.19 394 2.70 50.8 6.48 558 0.08 1.33 0.42 0.95
DEC-80 1.96 430 1.25 33.4 2.20 223 0.03 0.82 0.22 0.74
DEC-160 3.89 859 2.48 66.8 4.40 445 0.06 1.65 0.45 1.49

QUC NDE-80 1.14 88.7 1.40 26.9 1.94 170 0.06 0.40 0.10 0.27
NDE-160 2.29 178 2.81 54.1 3.89 342 0.11 0.79 0.19 0.56
DEC-80 0.88 240 1.19 37.3 1.24 169 0.03 0.56 0.14 0.40
DEC-160 1.77 481 2.37 75.0 2.48 340 0.05 1.14 0.29 0.79

BEC NDE-80 7.77 120 1.43 23.3 2.44 114 0.01 0.74 0.72 0.55
NDE-160 15.6 240 2.85 46.7 4.89 228 0.03 1.48 1.45 1.11
DEC-80 2.55 197 1.19 27.9 0.96 125 0.01 1.04 0.72 0.61
DEC-160 5.11 393 2.36 55.7 1.91 250 0.01 2.07 1.43 1.20

DAI NDE-80 3.85 48.8 2.19 33.5 3.22 859 0.02 0.79 0.40 0.27
NDE-160 7.68 97.3 4.38 66.8 6.42 1719 0.04 1.56 0.80 0.55
DEC-80 4.28 88.1 0.82 35.8 1.55 670 0.00 0.84 0.53 0.37
DEC-160 8.55 177 1.62 71.4 3.09 1339 0.01 1.66 1.06 0.76

Natural content of soil (mg/kg) 22.0 22130 394 22640 8.5 53130 0.46 48.5 16.2 16.6
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2.3. Maize cultivation, growth and harvest

Maize seeds (Zea mays L., G-4011 Hybrid) were sown in
plastic pots under greenhouse controlled conditions for
about three months. This particular maize hybrid was cho-
sen because its development requirements (i.e., 2500 ther-
mal units) suit the weather conditions of the study zone.
All pots received the same amount of de mineralized irriga-
tion water regularly, by means of a programmed computer
drip system. Plants were treated against some common
insects, for example trips.

For all treatments, germination of maize seeds occurred
within one week after sowing. Male inflorescence and
spikes started to emerge seven to 8 weeks later. The magni-



Table 3
Selected leaf parameters at the mid-growth period

Conditions tested SLA
(g/cm2)

N C Dry
matter

Chlorophylls
(lg/cm2)

% a B

Control soil 133 1.16 40.0 6.80 69.1 18.0

Chemical
fertilizers

FER-80 146 1.54 39.4 8.37 114 30.3
FER-160 163 1.82 39.3 7.77 137 47.9
NDE-80 161 1.38 39.7 8.40 103 26.7

MUC
Sludge

NDE-160 180 1.73 40.1 8.85 122 30.9
DEC-80 181 1.30 39.7 9.43 109 29.7
DEC-160 165 1.65 39.1 8.95 135 56.9

d d d

QUC
sludge

NDE-80 185 1.47 39.2 7.77 108 27.4
NDE-160 183 1.57 39.9 9.28 124 31.8
DEC-80 183 1.46 39.8 9.37 103 27.4
DEC-160 180 1.74 40.3 9.42 129 31.6

d

BEC
Sludge

NDE-80 186 1.16 40.0 9.35 112 56.8
NDE-160 168 1.73 40.3 9.78 127 36.3
DEC-80 156 1.65 40.0 9.12 117 29.8
DEC-160 160 1.69 40.2 9.52 148 36.8

DAI sludge NDE-80 163 1.77 38.9 6.02 83.0 16.4
NDE-160 149 1.75 38.6 6.17 81.8 20.2
DEC-80 148 1.69 39.1 6.47 81.6 16.8
DEC-160 161 1.81 38.5 6.82 86.6 22.5

j

Dark circles (d) and squares (j) indicate significant (Pr > F less than
0.05) increasing effects of sludge dose or decontamination, respectively.
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tudes of emergences of inflorescence and spike were esti-
mated using an arbitrary scale between 0 (late or even no
emergence) and 7 (pronounced emergence). Twelve weeks
after sowing, a piece of the fourth leaf of each plant was
sampled; then dry matter content and specific leaf area
(SLA) were determined. Two weeks later, a second leaf
sampling was performed to analyze nitrogen, phosphorus,
potassium, and carbon as well as chlorophylls a and b.
Finally, plants were harvested after a period of 14 weeks,
separated into four different parts (roots, stalks, leaves
and spikes) and individual weights of these parts were mea-
sured. Roots were thoroughly cleaned to remove any par-
ticles of soil. Grain yields were evaluated by counting
and weighing the total number of grains per plant. Each
of the four parts was dried overnight at 103–105 �C, and
the content of P, K, S, Al, Ca, Cd, Cu, Cr, Fe, Mg, Mn,
Na, Ni, Pb and Zn determined. Only data regarding Al,
Cd, Cu, Cr, Fe, Mn, Na, Ni, Pb and Zn are presented
and discussed in the following section. Data regarding
nutrients are cited only for purposes of explaining the
extent to which metals were absorbed by roots and accu-
mulated in the remaining parts.
2.4. Analytical measurements

Total Kjeldahl Nitrogen was analyzed according to
APHA (1999) (method 4500-N-org). Total organic carbon
was analyzed on solid samples by a LECO CHNS-932
apparatus (Leco Corporation, St-Joseph, MI). Dry matter
was performed at 103–105 �C (2540 B method, APHA,
1999). Specific leaf area (SLA) was calculated after deter-
mining area and dry leaf mass. Chlorophylls a and b were
extracted from leaves using the sonication method (Simon
and Helliwell, 1998) and quantified following Arnon’s
method and formulas (Arnon, 1949).

The concentrations of metals (Al, Ca, Cd, Cu, Cr, Fe,
Mg, Mn, Na, Ni, Pb and Zn) as well as of P, K and S in
the different maize parts were determined by atomic
absorption with a simultaneous Varian ICP-AES, Vista
model (Mississauga, Ontario, Canada). Solid samples were
digested to 0.2 g dry samples in the presence of HNO3, in a
final solution of 5% HNO3 (method 4.1.5.1; Van Loon,
1985). Quality controls were performed with certified liquid
samples (multi-elements standard, catalog number 900-
Q30-002, lot number SC0019251, SCP Science, Lasalle,
Quebec, Canada) to ensure the conformity of the stan-
dards. Quality controls for maize grains, stalks and leaves
were performed with solid samples of tomato leaves (stan-
dard reference material 1573a, Gaithersburg, MD 20899).
Quality control for maize roots was performed with solid
samples of citrus leaves (standard reference material
1572, Washington, DC 20934).
2.5. Statistical analysis

Statistical analysis was carried out using Statistical
Analysis Software (SAS) (SAS, 1989). The approach con-
sisted of performing two way analysis of variance
(ANOVA) in order to test the effect of sludge dose
enhancement and decontamination on the growth of maize
plants and on accumulation of metals in the different maize
parts. All statistical analyses were performed with a signif-
icance level of Pr 6 0.05. When effects were found to be sig-
nificant, means were compared using Tukey-Kramer’s
comparison tests and groupings were given. Factorial anal-
yses were also performed following the transformation of
drainage water data.
3. Results

3.1. Plant development at mid-growth period

The nutritional characteristics of maize plants at the
mid-growth period are shown in Table 3. All organic
amendments slightly increased the SLA, N content and
dry matter of leaves, compared to control soil, and in some
cases, even compared to corresponding chemical fertiliza-
tions. There were, however, no notable differences in C
concentrations. Chlorophylls a and b were appreciably
increased by sludge, compared to control soil, but levels
were generally lower than those obtained with chemical fer-
tilizers. In many cases, enhancement of sludge doses and/or



Table 4
Sizes (cm) and total weights (g) of the maize parts at harvest

Conditions tested Length of Diameter of Weights of

Stalks Spikes Stalks Spikes Stalks Spikesa Leaves Roots

Control soil 177 4.97 1.01 2.33 15.7 2.94 9.63 4.91

Chemical fertilizers FER-80 213 8.56 1.03 3.07 17.3 5.28 11.6 5.77
FER-160 201 9.46 1.12 3.10 24.3 5.86 12.3 8.07

MUC sludge NDE-80 220 8.61 1.27 3.08 14.6 5.91 12.5 3.00
NDE-160 216 10.4 1.35 3.26 18.0 8.17 13.7 4.83
DEC-80 217 9.75 1.29 3.10 19.2 6.81 13.3 4.45
DEC-160 210 10.2 1.39 3.14 22.0 7.56 13.3 6.27

d

QUC sludge NDE-80 200 9.63 1.05 3.16 19.6 6.03 10.7 1.68
NDE-160 216 11.2 1.33 3.43 27.3 8.54 14.2 3.94
DEC-80 226 9.19 1.28 3.12 34.2 7.53 14.8 6.73
DEC-160 210 7.37 1.39 2.94 24.5 6.73 14.3 8.42

d, j dNDE j

BEC sludge NDE-80 212 10.1 1.40 3.39 21.3 7.34 14.3 4.22
NDE-160 214 9.87 1.51 3.41 30.4 8.93 16.8 8.98
DEC-80 213 11.1 1.42 3.34 25.7 8.41 14.1 4.98
DEC-160 226 12.1 1.41 3.66 22.6 11.1 15.0 5.65

j d

DAI sludge NDE-80 150 5.14 0.92 2.02 17.5 3.23 8.96 6.33
NDE-160 152 3.84 1.01 1.71 18.9 2.25 9.33 7.32
DEC-80 157 5.06 0.99 1.89 21.4 3.13 10.0 6.07
DEC-160 173 5.06 1.05 1.64 24.8 3.23 11.5 8.90

j d2 j j

Dark circles (d) and squares (j) indicate, respectively, significant (Pr > F less than 0.05) increasing effects of sludge dose or decontamination.
a Weight of spike excludes grains.

Table 5
Number of spikes produced and yields of grains at harvest

Conditions tested Number of spikes per planta Total number of grains Total weight of grains (g) Averaged unit weight (g)

Control soil 1 46 9.39 208

Chemical fertilizers FER-80 F 1 113 24.9 226
FER-160 1 113 27.0 236

MUC sludge NDE-80 1 121 27.5 228
NDE-160 1 167 33.4 200
DEC-80 1 137 29.9 219
DEC-160 1 (3) 143 32.2 236

QUC sludge NDE-80 1 126 27.5 218
NDE-160 1 172 37.6 221
DEC-80 1 (3) 108 27.6 265
DEC-160 1 (3; 4) 97 25.3 269

dNDE dNDE j

BEC sludge NDE-80 1 137 33.3 246
NDE-160 1 162 38.7 248
DEC-80 1 (3) 147 34.1 232
DEC-160 1 233 57.4 249

d dDEC jd2

DAI sludge NDE-80 1 9 2.08 254
NDE-160 1 (0) 10 2.47 223
DEC-80 1 4 0.82 218
DEC-160 1 (2) 1 0.17 247

Dark circles (d) and squares (j) indicate significant (Pr > F less than 0.05) increasing effects of sludge dose or decontamination, respectively.
a For the replicates which generated more than one spike, the number is given in parentheses. For example, in the case of QUC sludge (DEC-160

treatment), two replicates gave 3 and 4 spikes, respectively.
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Table 6
Bioaccumulation of essential metals in four parts of maize (G: grains, L: leaves, S: stalks, R: roots), in mg/kg

Conditions tested Cu Fe Mn Na Zn

G L S R G L S R G L S R G L S R G L S R

Control soil 3.44 26.7 1.56 11.0 57.0 162 86.9 392 7.41 22.1 2.92 12.7 13.9 235 44.2 1005 31.1 58.2 21.9 13.8

Chemical
fertilizers

FER-80 2.88 19.3 3.91 6.80 44.9 211 76.9 251 6.52 25.7 2.39 6.76 4.99 212 52.2 898 23.9 39.1 5.07 9.74

MUC sludge FER-160 2.36 16.7 4.20 10.3 46.3 280 78.9 305 7.05 33.8 2.97 8.50 5.96 228 63.3 918 23.1 45.0 7.77 9.33
NDE-80 2.84 15.4 4.36 15.0 45.5 226 75.2 293 5.86 18.8 1.60 7.03 5.45 237 56.6 1132 26.0 41.7 8.94 11.7
NDE-160 2.56 17.6 10.5 9.92 45.9 265 88.7 229 5.48 21.9 2.08 5.42 5.18 213 167 839 27.1 47.4 12.0 9.64
DEC-80 3.09 19.3 7.06 5.52 55.8 214 76.2 260 6.37 35.9 2.37 6.77 7.80 213 45.1 785 28.3 49.6 8.65 8.84
DEC-160 3.11 23.0 3.19 9.66 48.1 224 76.6 259 6.47 41.7 2.67 6.63 6.89 199 14.1 706 27.9 50.7 9.79 11.8

d, j j h

QUC sludge NDE-80 2.59 21.8 0.45 8.83 45.1 218 77.7 328 5.67 23.1 1.67 6.65 9.36 225 51.2 1245 26.3 43.1 6.32 10.6
NDE-160 3.16 23.2 6.92 8.84 47.6 253 73.0 238 5.87 23.7 1.95 5.81 9.27 225 26.2 961 27.2 60.9 11.4 8.79
DEC-80 2.76 15.4 2.54 5.52 50.9 212 83.9 257 6.37 34.1 2.65 6.21 17.8 205 148 1201 28.9 42.0 7.99 6.16
DEC-160 3.23 18.6 3.05 6.10 51.1 222 79.7 247 6.99 36.6 3.60 6.88 9.12 176 20.7 763 29.0 55.1 11.5 9.38

d j j d d

BEC sludge NDE-80 2.91 21.8 3.21 10.0 49.1 236 82.9 265 5.83 25.7 2.24 6.80 8.70 211 30.9 850 27.3 49.0 11.6 14.1
NDE-160 3.08 19.4 9.86 10.9 50.8 252 79.2 271 6.69 45.1 3.21 7.98 6.14 187 17.6 721 27.8 51.0 11.6 11.8
DEC-80 2.53 15.6 3.65 10.8 44.9 209 79.1 198 6.35 42.6 3.24 6.84 5.90 166 29.3 699 23.3 38.1 6.89 8.88
DEC-160 2.42 19.8 2.79 10.9 45.5 190 77.5 244 5.86 58.6 2.56 7.90 7.36 155 26.0 740 22.1 50.2 6.46 11.7

h h d, j h h h

DAI sludge NDE-80 4.52 23.6 2.59 11.4 63.5 179 79.3 319 8.36 30.4 3.31 8.89 7.25 202 29.3 578 40.3 72.4 24.3 15.6
NDE-160 3.92 20.9 7.01 8.65 50.9 190 77.9 221 7.69 43.1 3.98 7.24 7.42 202 21.6 514 33.7 81.2 31.1 21.0
DEC-80 3.52 25.1 16.3 21.3 65.1 167 87.7 241 7.79 37.1 4.45 8.09 8.29 166 14.9 527 33.9 79.5 34.2 32.8
DEC-160 3.33 13.5 2.41 11.5 71.4 176 80.7 252 8.41 55.8 6.64 10.6 11.1 185 30.7 480 36.1 70.2 28.7 22.0

d, j d, j h

Dark circles (d) refer to significant (Pr > F less than 0.05) increasing effect of sludge dose. Dark and open squares (j, h) indicate, respectively, significant (Pr > F less than 0.05) increasing or decreasing
effect of decontamination.
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Table 7
Bioaccumulation of non-essential metals in four parts of maize (G: grains, L: leaves, S: stalks, R: roots), in mg/kg

Conditions tested Al Cda Cr Ni Pb

G L S R L G L S R G L S R G L S R

Control soil 0.59 156 21.8 520 <LDb 0.36 4.55 0.76 1.97 0.63 4.11 <LD 1.79 <LD 1.87 1.92 <LD

Chemical fertilizers ER-80 <LD 188 8.98 299 0.16 0.17 4.65 0.58 0.67 0.30 3.92 <LD 0.43 0.57 2.30 1.50 1.28
FER-160 2.62 247 9.75 377 0.16 0.17 4.35 0.64 1.17 0.31 3.48 <LD 1.42 0.30 2.23 0.80 <LD

MUC sludge NDE-80 2.99 228 10.5 372 0.16 0.25 4.93 0.54 1.04 0.33 3.85 <LD <LD 0.30 1.93 1.17 <LD
NDE-160 2.13 268 23.7 252 0.16 0.17 4.57 3.38 1.03 0.51 3.39 6.81 <LD <LD 3.02 1.05 <LD
DEC-80 3.53 208 9.99 263 0.16 0.20 4.41 0.68 0.86 0.67 3.91 <LD <LD 0.27 2.92 1.49 <LD
DEC-160 <LD 227 8.25 257 0.16 0.17 4.58 0.51 1.54 0.37 4.85 <LD 2.82 <LD 2.11 0.97 <LD

QUC sludge NDE-80 5.54 218 8.46 389 0.19 0.23 4.43 0.57 0.99 0.39 4.04 <LD 0.97 0.15 1.58 1.97 1.35
NDE-160 3.74 254 9.08 251 0.27 0.17 4.45 0.44 1.06 1.04 4.54 1.24 <LD <LD 2.96 1.83 <LD
DEC-80 3.74 202 10.7 309 0.16 0.18 5.87 0.98 1.27 0.62 4.40 2.69 0.46 1.69 1.95 0.41 <LD
DEC-160 2.98 195 9.49 260 0.19 0.31 4.69 0.62 1.21 0.84 3.56 0.78 <LD <LD 2.30 <LD <LD

d, h j

BEC sludge NDE-80 2.81 242 18.2 319 0.12 0.27 5.34 1.03 1.88 0.43 4.04 1.60 2.49 <LD 1.93 1.73 3.42
NDE-160 7.69 243 11.2 310 0.16 0.20 5.39 0.78 1.35 0.45 4.09 2.27 <LD 0.32 2.14 <LD <LD
DEC-80 5.22 184 10.7 174 <LD 0.13 4.59 0.62 0.94 0.42 3.42 1.64 <LD <LD 3.20 <LD <LD
DEC-160 3.27 154 13.6 258 0.16 0.97 4.96 1.32 1.23 0.40 3.61 <LD <LD 0.35 2.00 3.98 <LD

h h h h

DAI sludge NDE-80 9.13 162 6.44 458 0.16 0.14 3.13 0.36 1.29 0.47 3.31 <LD 2.29 0.98 1.50 <LD <LD
NDE-160 2.24 165 7.78 274 0.16 0.11 2.79 0.41 0.89 0.40 3.47 2.07 <LD 0.55 1.57 1.49 <LD
DEC-80 4.08 135 7.29 305 0.17 0.11 2.85 0.62 0.97 0.33 3.50 3.37 1.42 <LD 2.26 1.82 0.84
DEC-160 3.14 128 8.37 401 <LD 0.19 2.72 0.70 0.96 0.45 3.80 <LD <LD 0.70 1.47 <LD <LD

s j

Dark and open circles (d, s) refer, respectively, to significant (Pr > F less than 0.05) increasing or decreasing effect of sludge dose. Dark and open squares (j, h) indicate, respectively, significant
(Pr > F less than 0.05) increasing or decreasing effect.

a Cadmium was detected only in leaves.
b LD means limit of detection.
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Fig. 1. Biomass/roots formation at harvest as affected by soil amendments.
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decontamination slightly increased one of the mentioned
parameters.

Statistically, there were no differences between low and
high sludge doses and between non-decontaminated and
decontaminated sludge, with respect to SLA and C con-
tent. The contents of N (Pr > F = 0.0411) as well as chloro-
phylls a (Pr > F = 0.0067) and b (Pr > F = 0.0129) were
significantly increased by the enhanced MUC sludge dose,
while only chlorophyll a (Pr > F = 0.0032) content was sig-
nificantly increased by doubling the QUC sludge dose.
Decontamination of DAI sludge significantly increased
dry matter (Pr > F = 0.0126) of leaves.
3.2. Biomass production at harvest

The use of MUC, QUC and BEC sludge amendments
generally tended to increase the size of stalks and spikes
as well as the weight of stalks, spikes and leaves at harvest,
compared to control soil and chemically fertilized soils
(Table 4). The weight of roots was affected differently
depending on the sludge type and whether it was decon-
taminated or not. With DAI sludge, an imperceptible effect
or a limited decrease occurred in the cited parameters of
stalks, spikes and leaves, but a more appreciable increase
occurred in root weight.

Statistically, enhancing the dose of MUC sludge signifi-
cantly increased the weight of spikes (Pr > F = 0.0374),
while that of QUC sludge similarly affected stalk diameter
(Pr > F = 0.0044) and spike weight (Pr > F = 0.0373)
(non-decontaminated form only). Enhancing the BEC
sludge dose significantly increased spike weight (Pr > F =
0.0275), producing the heaviest spikes in the presence of
a high level of decontaminated BEC sludge (160 kg/ha
Nav). With respect to the decontamination effect, there
were significant increases in stalk diameter (Pr > F =
0.0251) and root weight (Pr > F = 0.0202) in the case of
QUC sludge, while significant increases in spike length
(Pr > F = 0.0060) occurred with BEC sludge, producing
the longest spike in the presence of a high level of decon-
taminated BEC sludge (160 kg/ha Nav). Finally, DAI
sludge decontamination significantly increased the length
(Pr > F = 0.0260) (160 kg/ha Nav), diameter (Pr > F =
0.0050) and weight (Pr > F = 0.03260) of stalks.
3.3. Fructification and grain production

For simplification purposes, data relating to fructifica-
tion (emergence of male inflorescence and spikes) is not
presented, but discussed briefly below. It was observed that
emergences of those components occurred late in the case
of non-amended pots as well as for those amended with
chemical fertilizers and DAI sludge. The earliest appear-
ances were observed for the remaining sludge amended
pots, especially decontaminated BEC sludge. Moreover,
dose enhancement and decontamination of most tested
sludge generally tended to accelerate emergence of the male
inflorescence.

Data recorded at harvest (Table 5) indicates that, except
for DAI sludge, organic amendments seemed to increase
the number and total weight of grains more than control
soil, and in several cases even more than corresponding
chemical fertilizations. Consequently, the weakest mea-
sured parameters for grains at harvest corresponded to
the DAI sludge treatments, while the highest yields were
obtained with the BEC sludge amendments.

Statistically, the total number and weight of grains were
significantly increased (Pr > F = 0.0436 and 0.0420, respec-
tively) with dose enhancement of non-decontaminated
QUC sludge. Similar increases were also noted with BEC
sludge (Pr > F = 0.0085 and 0.0318, respectively), but the
effect on the total weight of grains was restricted to the
decontaminated sludge form. Decontamination of QUC
sludge significantly increased the average unit weight of
grains (Pr > F = 0.0313), while that of BEC sludge
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increased the total weight of grains (Pr > F = 0.0318), but
only at a high sludge rate (160 kg/ha Nav). Here again,
the highest total number and weight of grains were
obtained with the decontaminated BEC sludge at a high
rate (160 kg/ha Nav).
3.4. Bioaccumulation of essential metals

In the absence of any amendment, Cu, Mn and Zn
tended to migrate mostly to leaves; the lowest concentra-
tions of Cu and Mn were in stalks and of Zn in roots
(Table 6). Meanwhile, Fe and Na were confined mainly
to roots, and their lowest content was in grains. The use
of chemical fertilizers did not affect the main target of
essential metals, except for Cu, for which the lowest con-
tent was in grains rather than stalks, and Zn, which accu-
mulated less in stalks than in roots. With few exceptions,
sludge additions did not change the maize parts where
essential metals tended to be stored, but provoked slight
shifts. All sludge decreased Cu in leaves, but only MUC,
QUC and BEC sludge also decreased its concentration in
grains. As was the case with inorganic fertilizations, most
of the MUC, QUC and BEC sludge amendments led to
the lowest concentration of Cu in grains rather than in
stalks. Moreover, all sludge increased Fe in leaves, while
only MUC, QUC and BEC sludge decreased Fe content
in roots, stalks and grains. Similarly, all organic amend-
ments increased and decreased Mn, respectively in leaves
and roots, but most (especially MUC, QUC and BEC
sludge) also decreased this metal in stalks and grains. All
sludges decreased Na in stalks, leaves and grains. Only
MUC, QUC and BEC sludge decreased Zn levels in all
maize parts, and the opposite was observed with DAI
sludge.

Statistically, when significant (Pr 6 0.05) increases were
caused by dose enhancement or decontamination of sludge,
this occurred specifically in stalks or leaves. Any significant
(Pr 6 0.05) decrease was due only to decontamination, and
mainly occurred in grains. When doubling the QUC sludge
dose, significant increases of Cu in stalks (Pr > F = 0.0064)
as well as Zn in leaves (Pr > F = 0.0285) and stalks
(Pr > F = 0.0131) occurred. Enhancing the doses of
MUC and BEC sludge significantly increased Mn in leaves
only (Pr > F = 0.0319 and 0.0046, respectively), while
enhanced doses of DAI sludge simultaneously increased
Mn in stalks (Pr > F = 0.0068) and leaves (Pr > F =
0.0120). MUC and DAI sludge decontamination signifi-
cantly increased Mn in stalks (Pr > F = 0.0129 and
0.0209, respectively) and leaves (Pr > F = 0.0001 and
0.0018, respectively), but decreased Na in leaves
(Pr > F = 0.0286 and 0.0008, respectively). Decontamina-
tion of QUC sludge also increased Mn in stalks (Pr > F =
0.0334) and leaves (Pr > F = 0.0001). Decontamination of
BEC sludge significantly increased Mn, but only in leaves
(Pr > F = 0.0003), while it decreased Cu (Pr > F =
0.0127) and Fe (Pr > F = 0.0078) in grains, as well as Na
in leaves (Pr > F = 0.0437), and Zn in stalks (Pr > F =
0.0064) and grains (Pr > F = 0.0131).

3.5. Bioaccumulation of non-essential metals

Firstly, in the absence of any amendment, In the absence
of any soil amendment, Cd was undetectable in any maize
part, even leave (Table 7). Both Al and Cr accumulated less
in grains, and primarily in roots and leaves, respectively.
The lowest and highest Ni contents were observed, respec-
tively, in stalks and leaves, while Pb was not detected in
roots and grains, but accumulated in stalks or leaves. The
use of inorganic fertilizers slightly increased Cd content
of leaves, but had no apparent effect on the maize parts
where the lowest and highest concentrations of the remain-
ing non-essential metals were retrieved. Except for a few
cases, sludge did not affect the main targets of non-essential
metals, although they caused slight shifts in their concen-
trations. First, sludge tended to decrease Al in roots and
stalks, and the metal became more abundant in grains,
especially with some DAI sludge amendments, compared
to control soil. Similarly, all sludge additions slightly
increased Cd level in leaves, particularly with QUC sludge
treatments, but the metal was still undetectable in the
remaining maize parts. Cr and Ni contents generally
decreased in roots and grains following all sludge addi-
tions, while their concentrations in leaves were slightly
affected, especially with DAI sludge, which tended to
decrease them. The Pb level in all maize parts showed no
clear tendency following sludge additions.

Statistically, significant (Pr 6 0.05) changes occurred
mostly in leaves, then in stalks or roots, but never in grains.
Dose enhancement of QUC and DAI sludge significantly
increased Cd (Pr > F = 0.0495) and reduced Cr (Pr > F =
0.0380), respectively, in leaves. Decontamination of QUC
sludge significantly reduced Cd in leaves (Pr > F =
0.0331), but increased Cr in stalks (Pr > F = 0.0278).
BEC sludge decontamination significantly decreased Cd
(Pr > F = 0.0260) and Ni (Pr > F = 0.0347) in leaves as
well as Al in leaves (Pr > F = 0.0397) and roots (Pr > F =
0.0215). DAI sludge decontamination significantly
increased Cr in stalks (Pr > F = 0.0482).

4. Discussion

The literature covers an extensive number of studies
dealing with the effects of conventional sludge on plant
growth as well as on the phytoavailability of naturally pres-
ent and sludge-borne metals. Many studies of sludge
decontamination for metals removal also exist. Yet, to
our knowledge, no study has compared the agro-environ-
mental use of decontaminated with non-decontaminated
sludge. Consequently, the following discussion only deals
with studies of conventional sludge.

According to data recorded in the current study, leaf
parameters at the mid-growth period as well as those at
harvest were never negatively affected by the use of decon-
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taminated rather than non-decontaminated sludge. How-
ever, some of the biometric measurements corresponding
to decontaminated sludge amendments exceeded those of
control soil and even those of chemical fertilizations and
non-decontaminated sludge amendments. Generally, the
selected parameters (sizes of stalks and spikes, weight of
the four maize parts) were higher for the sludge-amended
rather than non-amended pots, and there were significant
(Pr 6 0.05) increases following decontamination and/or
dose enhancement of a given sludge. For example, the
dry matter of leaves rose with all sludge additions, and even
if the lowest results were achieved with DAI sludge, decon-
tamination of the latter significantly (Pr 6 0.05) increased
that parameter. This confirms that, by affecting the native
naturally present concentrations of nutrients in soils
(Kabata-Pendias and Pendias, 2001), sludge can enhance
the growth of maize (Mazen, 1995) and alleviate its bio-
mass production (Pigozzo et al., 2000). Among nutrients
of primary importance, approximately 80–85% of N and
K and 5% of P may be absorbed by maize from soil (Her-
nandez et al., 1991). The tested soil contained appreciable
amounts of N, P and K (but also of Ca, Mg and S) which
influence parameters of plant development, such as chloro-
phylls content, stalk size, biomass weight and grain yield
(Hopkins, 1999). However, the use of MUC, QUC and
BEC sludge seemed to ameliorate the growth conditions
of maize, since, when the doses of these biosolids were
enhanced, significant (Pr 6 0.05) increases occurred in the
chlorophyll content of leaves, for example. Even if the
METIX-AC process significantly (Pr 6 0.05) decreased
concentrations of NHþ4 , K, Ca and Mg in decontaminated
sludge (Barraoui et al., 2007), biosolids still contained sat-
isfactory levels of these elements, and significantly
(Pr 6 0.05) higher quantities of S, because of the chemicals
required by the METIX-AC process. The availability of P
is particularly important for plants, because it influences
stalk size (Hopkins, 1999), SLA level and secondary
(adventitious) root formation (Pellerin et al., 2000). Given
that P is more available when bound to mineral rather than
organic phases (Vetterlein et al., 1999), and since decon-
taminated MUC, QUC or BEC sludge more or less
increased many of the mentioned biometric parameters,
the P added during decontamination probably existed in
available forms.

At harvest, grain yield was significantly (Pr 6 0.05)
increased with dose enhancement and/or decontamination
of QUC and/or BEC sludge. Similarly, Akrivos et al.
(1999) observed an increase in maize grain yield when
applying 10 t/ha of sludge. In the current study, even with
lower sludge doses (namely 5.90 t/ha), decontaminated
BEC sludge generated more than three times the number
of grains than control soil, and approximately 1.3 times
more than the equivalent rate of inorganic fertilizer. The
use of DAI sludge, however, whether decontaminated or
not, did not result in satisfactory grain yield, even if the
applied doses exceeded 28 t/ha. This may be explained by
the fact that, since it was nutritionally poor, DAI sludge
supplied the lowest concentrations of nutrients to soil,
and the light physical structure of that sludge caused a high
loss of drainage water, and hence significant (Pr 6 0.05)
leaching of nutrients (Barraoui et al., 2007).

Given the importance of nutrient balance in soil for
optimal plant growth, one may consider the ratio of aerial
parts (stalks + leaves) weight to that of roots. This param-
eter is important, because an excess of N is known not only
to delay flowering, but also to stimulate biomass produc-
tion (high aerial parts/roots ratio), whereas an excess of
P increases root formation (Hopkins, 1999). In general,
inorganic and organic amendments increased biomass pro-
duction, compared to control soil, but the lowest results
were observed with DAI sludge amendments (Fig. 1).
Moreover, as is well-established, an excess of nutrients
reduces biomass production, and this is clearly evident in
the current study: when doubling the dose of chemical fer-
tilizers or that of MUC, QUC and BEC sludge, the ratio
mentioned decreased. MUC and QUC sludge decontami-
nation also decreased that ratio, while increases were
observed with decontaminated BEC sludge, where a higher
ratio was obtained with a low dose of this sludge. The most
favorable conditions for optimum growth of maize were
expected to involve the use of decontaminated BEC sludge;
there are two reasons for this expectation. First the lowest
rate that supplied the required Nav amount corresponded
to the decontaminated form of BEC sludge. Second, this
sludge rate simultaneously provided the lowest C/N ratio
to soil, a ratio known to be agriculturally important for
the development of plants (Brady and Weil, 2002).

With respect to the uptake and bioaccumulation of
essential metals, it should be stressed that, except for a
few cases, most of the MUC, QUC and BEC sludge treat-
ments had similar effects on the levels of metals in maize
part (s), and nearly all of these effects were opposite to
those caused by the DAI sludge amendments. Recorded
data showed that Cu, Mn and Zn tended to be stored nat-
urally in leaves, while Fe and Na remained in roots. These
trends were not greatly affected by the use of either inor-
ganic or organic amendments. Controversy exists in the lit-
erature, however, regarding the effects of sludge additions
on the accumulation of metals. For example, while
increases have been reported for Cu, Fe, Mn and Zn levels
in plants following sludge application (Pigozzo et al.,
2000), a decrease has been observed for Mn, with no signif-
icant effects for Cu, Fe and Zn (Hernandez et al., 1991).
Differences in experimental conditions probably explain
such divergences.

In the current study, MUC, QUC and BEC sludge
amendments decreased the Cu level in leaves and grains,
compared to control soil, while enhancement of the QUC
sludge dose significantly (Pr 6 0.05) increased metal in
stalks. Webber (1988) reported that for an input of 240–
320 kg Cu/ha, metal may increase in all maize parts, except
in grains, by up to 2 mg/kg. In particular, the low dose of
decontaminated DAI sludge increased Cu in roots and
stalks, respectively, by 10 and 15 mg/kg, while the remain-
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ing organic amendments led to less of an increase of Cu
storage. An increase of Cu in grains (of about 1 mg/kg)
was recorded only with the DAI sludge amendments. How-
ever, the use of decontaminated rather than non-decontam-
inated MUC, QUC and BEC sludge generally tended to
decrease Cu contents in all of the maize parts. As was the
case with inorganic fertilizations, high doses of all non-
decontaminated sludge led to such high increases of Cu
in stalks that the lowest concentration of metal was
retrieved in grains rather than in stalks. More specifically,
the highest input of Cu (15.6 kg/ha) was from the non-
decontaminated BEC sludge at 160 kg/ha Nav, and this
increased Cu in stalks (8.30 mg/kg), but decreased it in
leaves and grains, respectively, by 7.30 and 0.36 mg/kg.
When using the same rate of decontaminated BEC sludge,
just 5.11 kg/ha of Cu was supplied, and metal content in
stalks increased only by 1.23 mg/kg, while decreasing in
leaves and grains, respectively, by 6.90 and 1.02 mg/kg.
This suggests that Cu derived from decontaminated sludge
was probably less phytoavailable, since its translocation
toward stalks and its storage in grains were diminished sig-
nificantly (Pr 6 0.05). Furthermore, the transfer coefficient
of Cu (ratio of the plant/soil concentrations), which is nor-
mally in the range of 0.01–0.05 for maize seedlings (Hen-
ning et al., 2001), was moderately high, especially for
control soil, but was slightly decreased by the addition of
sludge. In all cases, Cu accumulation in maize parts was
much lower than its toxicity limits of 20–100 mg/kg (Her-
nandez et al., 1991, 1999).

The use of MUC, QUC and BEC sludge increased levels
of Fe in leaves and decreased it in roots, stalks and grains,
compared to control soil. The use of the decontaminated
form of BEC sludge alone significantly (Pr 6 0.05) reduced
Fe in grains. Availability of Fe to plants is crucial, because
it plays an important metabolic role in, for example, N fix-
ation and enzyme synthesis (Hopkins, 1999). The signifi-
cant (Pr 6 0.05) increase of Fe in maize leaves indicates
that Fe2+, which was supplied to soil by decontaminated
sludge (because H2SO4 was required by the METIX-AC
process), was probably readily absorbed by roots and rap-
idly transferred to leaves. This is supported by the fact that
roots are able to reduce Fe3+ to Fe2+ in order to facilitate
metal uptake (Kabata-Pendias and Pendias, 2001). For all
treatments, the transfer coefficients of Fe were extremely
low. More specifically, the concentration of Fe in grains
was in the range of 25–80 mg/kg, which has been reported
for cereal grains (Kabata-Pendias and Pendias, 2001).
Finally, as will be discussed later, the presence of high Fe
levels in decontaminated sludge may depress the accumula-
tion of other metals.

MUC, QUC and BEC sludge simultaneously increased
Mn concentration in leaves, and decreased it in roots,
stalks and grains, compared to control soil. Moreover, with
dose enhancement and/or decontamination of one of the
four sludge, Mn significantly (Pr 6 0.05) increased in
leaves and/or stalks. However, Mn increase in stalks
seemed to be insufficient to inhibit Ca translocation toward
the stalk apex, or to compete with assimilation of Fe and
Mg by plants (Hopkins, 1999). This may be explained by
the fact that Mn concentrations in soil as well as the
amounts supplied by sludge were lower than those of Ca,
Mg and Fe. Jarausch-Wehrheim et al. (2000) noted that
Mn initially accumulates in maize roots, but is slowly
transferred to aerial parts, leading to 10 and less than
5 mg Mn/kg in grains, respectively, for control and sludge
amended soils. In the current study, up to 7.41 mg Mn/kg
was detected in grains from control plants; MUC, QUC
and BEC sludge amendments decreased its level, though
was not the case with DAI sludge. The transfer coefficients
of Mn were extremely low for control and all sludge
amendments. Mn accumulation in all maize parts was
much lower than its toxicity limits of 100–400 mg/kg (Her-
nandez et al., 1991, 1999).

The use of sludge amendments generally decreased Na
concentration in leaves and grains, compared to control
soil, while random trends were observed for Na in roots
and stalks. Moreover, decontamination of MUC, BEC
and DAI sludge significantly (Pr 6 0.05) reduced Na in
leaves. It is known that sodium chloride accentuates Cd
uptake by plants (Kabata-Pendias and Pendias, 2001),
but an extremely weak correlation was calculated between
Na and Cd in leaves in the present study. The adverse
effects of Na can, indeed, be counterbalanced by the pres-
ence of Ca and Mg (Brady and Weil, 2002). This probably
occurred in the soil tested in this case, since it contained
higher total concentrations of Ca and Mg than Na, and
also because sludge supplied much greater quantities of
these two nutrients than Na. Moreover, significant
(Pr 6 0.05) quantities of Na remained confined in roots,
and sludge additions did not greatly affect this Na storage.
This suggests that the maize plants probably used this con-
finement as a strategy in order to avoid an excessive accu-
mulation of Na in their aerial parts, and thereby to prevent
toxic conditions. However, whatever the maize part consid-
ered, transfer coefficients of Na were very low for both
non-amended and amended soils.

The use of MUC, QUC and BEC sludge decreased Zn
levels in all maize parts, compared to soil, but enhancement
of the QUC sludge dose increased Zn in leaves and stalks.
Except for DAI sludge amendments, our findings are sup-
ported by the work of Jarausch-Wehrheim et al. (1999),
who found that Zn is transferred less from sludge treated
soil to maize leaves than from other soil amendments.
Addition of decontaminated BEC sludge at a low rate
(80 kg/ha Nav) decreased Zn level in leaves by 35%, while
a 37% increase occurred under similar conditions with
DAI sludge. Bioaccumulations of Zn were, however, much
lower than the concentrations of 500, 400 and 50 mg/kg,
measured by Jarausch-Wehrheim et al. (1999), respectively,
in maize roots, leaves and grains. However, the transfer
coefficient of Zn to leaves exceeded normal values of 1–2
(Henning et al., 2001), specifically for the control and the
chemical fertilization treatments, but MUC, QUC and
BEC sludge additions appreciably decreased this transfer.
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Moreover, the Zn accumulation in all maize parts was
much lower than its toxicity limits of 400–1000 mg/kg
(Hernandez et al., 1991, 1999). Maize is known to be mod-
erately tolerant of Zn (Sabey, 1980; Tlustos et al., 2001),
and substrates that contain high Fe levels may depress
Zn uptake by maize by up to 80% (Chlopecka and Adri-
ano, 1996). This could be the case in the present study,
since the METIX-AC process significantly (Pr 6 0.05)
increased Fe in decontaminated sludge, as a result of the
use of ferric chloride as an oxidant agent. Consequently,
the use of decontaminated BEC sludge, for example, signif-
icantly (Pr 6 0.05) decreased Zn in stalks and grains.

Concerning non-essential metals, data showed that Cd
was detected exclusively in leaves, and that the highest level
of Al was in roots, while that of Cr, Ni and Pb was in
leaves. Except for a few cases, the use of inorganic and
organic amendments had no apparent effect on the main
targets of non-essential metals, but some minor decreases
and increases were noticed.

Sludge generally transferred part of Al to leaves and
grains, and reduced its content in roots and stalks. The
main target of Al was roots, and this agrees with
Kabata-Pendias and Pendias (2001). Although some of
the recorded levels of Al in grains exceeded the normal con-
centration of 2.6 mg/kg (Kabata-Pendias and Pendias,
2001), Al was detected in grains in only one or two repli-
cates out of six. Furthermore, Al transfer coefficients did
not exceed 0.01 following any treatment. Al could limit
Cu uptake by roots, because of the presence of toxic con-
centrations of Al, but this mainly occurs in acidic soils
(Kabata-Pendias and Pendias, 2001). In the conditions
tested, i.e., with a neutral soil pH, Al should not cause a
toxic effect.

Among non-essential metals, Cd is one of the most stud-
ied, because it may limit plant productivity (Boukhars and
Rada, 2000), and is readily transported through the food
chain. In the present study, sludge additions (especially
non-decontaminated QUC sludge) slightly increased the
Cd level in leaves, and the metal was not detected in other
plant parts. This corroborates the findings of Kabata-Pen-
dias and Pendias (2001), who stated that Cd transfers rap-
idly from roots to aerial parts, particularly leaves. Addition
of as little as 28.1 mg Cd/kg is considered to cause Mg defi-
ciency in maize, and the latter can then delay plant growth
by decreasing its photosynthetic activity (Ferretti et al.,
1993). The presence of appreciable levels of Cd can also
reduce the length of roots and provoke chloroplast altera-
tions (Rascio et al., 1993). In the present study, no defi-
ciency of Mg was observed in plants, nor was there a
decrease in chlorophyll content or in the length of roots,
all of which could be caused by Cd. However, it has been
reported that addition of 4–7 kg Cd/ha does not affect
the metal’s accumulation in grains, but its content in stalks
can be increased by 40–160 mg Cd/kg (Webber, 1988). In
the current study, no more than 0.11 kg Cd/ha was sup-
plied by sludge, and the metal was not detected either in
stalks or in grains, and less than 0.28 mg Cd/kg was
retrieved from leaves. Also, the maximum transfer coeffi-
cient of Cd was less than 0.4. It is known that Zn generally
depresses the effects of Cd (Kabata-Pendias and Pendias,
2001), and this can be checked by computing the Cd/Zn
ratio. This ratio was lower than 1%, and this explains
why Cd values (less than 0.28 mg/kg) were less than the
toxicity limit of 5 mg/kg (Kabata-Pendias and Pendias,
2001).

Cr mostly accumulated in leaves and was not signifi-
cantly (Pr 6 0.05) affected by MUC, QUC and BEC sludge
additions, but DAI sludge amendments caused a decrease.
All sludge amendments decreased Cr in roots and grains. If
Cr exists in soil in unavailable Cr(III) form, it is not easily
assimilated by plants (Sabey, 1980). Since sequential
extraction of metals was not performed on tested soil and
sludge, it is not possible to establish the fractional distribu-
tion of that metal precisely. However, considering that the
presence of up to 736 kg Cr/ha does not affect its uptake by
maize (Webber, 1988), we can suppose that the low quan-
tities (maximum of about 2 kg/ha) of the metal supplied by
sludge should not have affected its accumulation in maize,
even if QUC and DAI sludge decontamination significantly
(Pr 6 0.05) increased Cr content in stalks. Moreover,
recorded Cr concentrations (0.1–0.3 mg/kg for grains and
2.6–5.9 mg/kg for leaves) were mostly lower than the toxic-
ity limits of metal in corn, which are reported to be in the
range of 4–8 mg/kg (Kabata-Pendias and Pendias, 2001).
The transfer coefficient of Cr to leaves reached 0.14, and
did not exceed 0.04 in stalks and roots.

All sludge generally decreased Ni in roots and grains. As
has been previously demonstrated (Kabata-Pendias and
Pendias, 2001), leaves are the principal target of Ni, even
if its level was decreased in this case by the DAI sludge
amendments. As with Al in grains, Ni was detected in roots
or stalks only in one or two replicates, and this suggests a
high mobility of this metal. Furthermore, it was established
that although Ni requirements by plants during the whole
growth cycle are very low (200 ng), the metal can readily
accumulate in plants, and reach 0.05–5 mg/kg (Hopkins,
1999). Without any sludge amendment, 16.2 mg/kg of Ni
was measured in tested soil, i.e., it contained more than
the required amounts of Ni (about 81 · 103 times the
plants’ needs). Slightly more than 4 mg/kg of the metal
was detected in leaves of plants grown in control soil, but
many sludge amendments led to some decreases, possibly
because sludge supplied low amounts of metals, which
may have caused a certain dilution of metal in the soil solu-
tion. Ni significantly (Pr 6 0.05) decreased in leaves follow-
ing the use of decontaminated BEC sludge. Care must be
taken with Ni addition to soil, because at low doses, leaf
chlorosis may occur, while at high rates and when in pro-
longed contact with roots, necrosis of maize leaves and loss
of chlorophylls may result (Baccouch et al., 1998). In the
present study, there was no chlorosis, nor any necrosis of
leaves. Moreover, an addition of 536 kg Ni/ha is reported
to increase its accumulation in maize stalks and grains by
1 mg/kg (Webber, 1988). The highest amount of Ni added
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was 1.43 kg/ha (with decontaminated BEC sludge), but this
treatment decreased Ni content of grains by 0.23 mg/kg,
compared to control soil, and did not increase metal in
stalks. Ni toxicity level can range from 10 to 100 mg/kg,
depending on the plant (Kabata-Pendias and Pendias,
2001), but much lower concentrations were observed in
the present study. As mentioned above, Ni accumulated
mostly in leaves, without exceeding 5 mg Ni/kg. The trans-
fer coefficients of metal were also very low, especially for
grains and roots, but attained 0.4 for leaves. Ni/Fe ratios,
which have been reported to be more indicative of Ni tox-
icity than metal concentration (Kabata-Pendias and Pen-
dias, 2001), were close to 0.02 with all treatments.

Pb was retrieved mostly in stalks and leaves, but gener-
ally not in roots or grains. Some sludge amendments
increased Pb level in leaves, while others decreased it, but
variations remained insignificant. Our results differ from
previous studies that reported finding Pb stored in roots,
at levels that increased parallel to its concentration in the
soil solution. Poor solubility and mobility of metal (Hen-
ning et al., 1999) makes its translocation to the aerial parts
very limited (Kabata-Pendias and Pendias, 2001), and only
0.45% of Pb input supplied by a given sludge may transfer
to plants (Tlustos et al., 2001). The maximum rate of metal
added to soil in the present study (1.49 kg Pb/ha or 42 lg
Pb/pot) was supplied by the decontaminated MUC sludge
at a high dose (160 kg/ha Nav). However, the quantity of
Pb corresponding to that amendment accumulated in
leaves alone reached 2300 lg, exceeding the supplied
amount of 42 lg. This suggests that there was an external
source of Pb contamination, possibly the insecticide
sprayed a few weeks before harvesting the plants, or con-
tamination of the medium during analyses of plants. As
with Al and Ni, Pb was detected in roots, stalks or grains
only for one or two replicates out of six. Moreover, the
highest level of Pb input into soil (1.49 kg/ha) is still extre-
mely low, compared to the rate of 450 kg Pb/ha reported to
cause no significant impact on metal uptake by maize
(Webber, 1988). Furthermore, the bioavailability of Pb
should be reduced by the presence of high P levels (Sabey,
1980; Akrivos et al., 1999), since the METIX-AC process
significantly (Pr 6 0.05) increased that nutrient in decon-
taminated sludge. Overall, Pb content in leaves (a maxi-
mum of 3.20 mg/kg) did not exceed toxicity limits of 30–
300 mg/kg (Henning et al., 1999). Moreover, the transfer
coefficients of Pb were below the normal range of 0.01–
0.05 (Henning et al., 2001), except for leaves, where they
reached 0.18.

In addition to the previous discussion of the individual
effects and dual interaction of metals and their accumula-
tion in maize tissues, it is important to consider more com-
plex inter-metallic reactions. Such interaction can multiply
the individual effects of metals in soil (Beckett and Davis,
1982), which may lead to conditions of toxicity. The ‘‘Zn
equivalent’’ principle (Sabey, 1980), which consists of sum-
ming the concentrations of ‘‘1*[Zn] + 2*[Cu] + 8*[Ni]’’,
is a useful interpretive tool. At a soil pH of 6.5, there
should be no toxicity conditions if this sum is below
250 mg/kg. Similarly, Beckett and Davis, 1982 found no
elevation of Cu, Ni and Zn toxicities if the concentration
of each metal did not exceed its individual toxicity limit
by 50–60%. Application of either the ‘‘Zn equivalent’’ prin-
ciple or Beckett and Davis’s findings to current data con-
firmed that addition of non-decontaminated as well as
decontaminated sludge did not result in toxic conditions.

Overall, it was demonstrated that when amending soil
with decontaminated rather than non-decontaminated
sludge, the risk of soil enrichment by metals and the uptake
of these chemicals by plants can be minimized. For exam-
ple, decontamination of MUC and QUC sludge prior to
their spreading may decrease Cd input into soil by 19%
and 38%, respectively. Similarly, decontamination can
reduce the uptake of Zn from BEC sludge by up to 50%.
Data from the present study show that the use of decon-
taminated sludge actually decreased the uptake of several
metals by roots and their ultimate translocation toward
aerial parts of maize, compared to controls and to treat-
ments using non-decontaminated sludge. This was due
not only to the lower metal content in decontaminated
sludge, but likely also to additional factors, such as the
presence of higher P levels in the decontaminated sludge,
which are known to limit the availability of metals (Sabey,
1980; Akrivos et al., 1999).

5. Conclusions

MUC, QUC, BEC and DAI sludge (non-decontami-
nated versus decontaminated), each of a different origin,
were tested for use in maize cultivation in a greenhouse
experiment, and the subsequent accumulation of metals
was studied. Sludge was decontaminated by a novel pro-
cess, the METIX-AC, developed in our laboratory. The
experiment considered two sludge application rates as well
as non-amended and inorganically amended soils having a
N rate similar to that of sludge.

Decontaminated sludge stimulated maize growth better
than did soil and fertilization controls, and results were
similar to, or often better than those of the non-decontam-
inated sludge. The METIX-AC process decreased metal
content far more than nutrient levels. Some beneficial
elements (P, S and Fe) were increased, because of the
chemicals added during decontamination. Consequently,
decontaminated MUC, QUC and BEC sludge supplied soil
with up to 17% of P, while metal input, e.g., Zn, decreased
by up to 55%. Many of the selected biometric parameters,
biomass and the produced grains were positively affected
by dose enhancement or decontamination of most of the
sludge. Regarding metal accumulation, decontaminated
sludge significantly (Pr 6 0.05) increased just Mn and Cr,
respectively, in stalks and leaves and in stalks only. Other
metal levels decreased, especially non-essential metals.
Most of the significant (Pr 6 0.05) effects of enhancing
sludge dose reflected as increases in the accumulation of
many essential metals. Overall, metal levels in all maize



D. Barraoui et al. / Bioresource Technology 99 (2008) 1450–1464 1463
parts were inferior to toxicity limits, and transfer coeffi-
cients were low.

Decontaminated BEC sludge had the greatest impact on
mid growth parameters (appearance of male and female
organs, size of spikes), biomass production (ratio of aerial
parts/roots weights), and yield (total number and weight of
grains). This was probably due to the fact that BEC sludge
supplied the lowest C/N ratio to soil. DAI sludge was the
least effective treatment, both for maize growth and bioac-
cumulation of metals. This is probably due to the poor
quality of that sludge and/or to its physical structure,
which accentuated water drainage and consequently leach-
ing of nutrients.

Field studies will be required to establish the effective-
ness of the METIX-AC process for producing safer bioso-
lids. Experiments on metals speciation, before and after
sludge decontamination, as well as the use of naturally
and artificially loaded sludge, could suggest useful guide-
lines for the agricultural recycling of these biosolids.
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