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Metal uptake by different plant species was quantified in sandmedia amendedwith biosolids in a sand-culture hydroponicmedium.
In a previous paper (Koo et al. 2006), we concluded that total quantities of organic acids were greatest in treatments containing both
plants and biosolids, with lesser amounts in treatments with plants alone, biosolids-treated media alone, and a nutrient solution-
irrigated blank medium. Biosolids enhanced organic acid production in the rhizosphere. The purpose of this study was to evaluate
how organic acids in root exudates affect the absorption of metals by selected plants. We found that the concentrations of metals in
the plant tissue grown on biosolids-treatedmediumwere always higher than that from the standardmedium, irrespective of species
and cultivar. The amount of metal transferred from the biosolids-treated medium to the plant varied with the metal element, fol-
lowing the order: Cd >Ni = Zn > Cu > Pb > Cr. Interspecies and cultivar differences in metal uptake were trivial compared to dif-
ferences induced by the treatment.Themetal uptake decreasedwith the growth period, and the kinetics ofmetal uptake, as indicated
by accumulation in corn shoots, were essentially a first order during the initial 4 weeks of growth, especially for Cd and Zn.

1. Introduction

The chemical and biological reactions occurring in the soil-
root interface play an important role in the availability ofmet-
als to plants [1]. Metal uptake by plants depends on both ed-
aphic and plant factors. Edaphic factors include metal con-
centration in soil, interactions of metal with the soil (solid)
surfaces, and the pH at the root-soil interface. Plant rootsmay
change the physical, chemical, and biological conditions of
the soil immediately adjacent to the root, commonly referred
to as the rhizosphere.The rhizosphere, in comparison to bulk
soil, is enriched with organic substances of plant and micro-
bial origin. They include organic acids, sugars, amino acids,
lipids, coumarins, flavonoids, proteins, enzymes, aliphatics,
aromatics, and carbohydrates [2–6]. Among them, the or-
ganic acids are the most abundant and highly chemically re-
active with soil constituents. The commonly found organic
acids in the rhizosphere are acetic, butyric, citric, fumaric,
lactic, malic, malonic, oxalic, propionic, tartaric, and succinic
acids [5, 7–9]. In soils, organic acids are involved in biogeo-
chemical processes that release the not-so-readily available

nutrients such as phosphorus, iron, and other micronutrients
for plant nutrition [10–12].

Organic acids in the rhizosphere affect the translocation
of metal elements in soil [13–15].They influence the acidifica-
tion, metal chelation, precipitation, and oxidation-reduction
reactions in the rhizosphere.Thus, they influence the solubil-
ity and plant uptake of metals, the dynamics of microbial
activity, rhizosphere physical properties, and root morphol-
ogy. There is increasing evidence that root exudates increase
the solubility of metals in the rhizosphere. Linehan et al. [16]
reported that concentrations of Cu, Zn, Mn, and Co in soil
solution increased when plants were present. Morel et al. [17]
and Mench et al. [18, 19] showed that corn root exudates, for
example, were capable of binding Cd in soil.

In land application of biosolid, metals are added into the
soil mainly associated with solid particles. In this case, plant
absorption of biosolids-borne metals may take place through
root extraction from those present in bulk soil solution via
solid-solution phase equilibration or at the rhizosphere and
soil interface where root exudates mobilize the solid phase
metals. Considering that metal concentrations in the soil
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solution are typically low and dissolution kinetics for metals
in soils are also commonly slow, metal absorption from the
bulk soil solution may not be the most predominant process
by which metals are taken up by plants grown in biosolids-
treated soils. Accordingly, Eaton [20] reported that plants
grown in sand nutrient culture obtained Fe and P fromwater-
insoluble minerals by absorption across the particle-root in-
terface rather than by absorption directly from the culture or
soil solution. Mench and Martin [21] found that soil Cd, Cu,
Fe, Mn, Ni, and Zn were solubilized and therefore facilitated
their uptake by root exudates of Nicotiana tabacum, N. rus-
tica, andZeamays.They also reported that Cd concentrations
in these plant species were proportional to the amounts of Cd
extracted from the soil in which they were grown. Likewise,
Krishnamurti et al. [22] demonstrated that soil Cd was mobi-
lized by low-molecular-weight organic acids such as acetic,
citric, oxalic, fumaric, and succinic acids often found in root
exudates. At the same concentration, they found that Cd re-
leased from the soil by organic acids followed the order:
fumaric > citric > oxalic > acetic > succinic.

As plants develop and roots grow in soil, biogeochemical
reactions are dynamically changing. These changes, in turn,
may affect the availability of metals in the growth medium
and their subsequent uptake by plant. For example, Koo et al.
[5] demonstrated that the nature and diversity of organic
acids from root exudates were affected by the growth stage of
the plant. Since organic acids are known to influence the
mobility of metals in soil, the purpose of this study is to elu-
cidate how the length of plant growing period, plant species,
and cultivars affect the availability of metals to plants grown
on biosolids-treated medium.

2. Materials and Methods

2.1. Culture Medium, Nutrient Solution, and Statistical Anal-
yses. Experiments were conducted in a glasshouse in which
corn plants (Zeamays L.) were cultured on a sandmedium ir-
rigated with a nutrient solution and on biosolids-treated sand
media thatwere irrigatedwith the samenutrientmediaminus
trace metals (Zn, Cu, Mn, and Ni). Plants were cultivated un-
der septic conditions, and no attempt wasmade to control the
microbial population in the culture media.

Each hydroponic-culture unit consisted of a reservoir
containing 100 liters of nutrient solution that supported four
10-liter size plastic pots on the cover plate of the nutrient solu-
tion reservoir. Each plastic pot had a standpipe to control the
water level and prevent overflowduring irrigation and perfor-
ations at the bottom for gravity drainage back into the nutri-
ent solution reservoir. Pots in the same treatment level re-
ceived separate biosolid treatment andwere irrigatedwith the
common irrigation solution. A biosolid compost produced by
theMetropolitanWastewater ReclamationDistrict of Greater
Chicago in 1975 was air dried and used at a rate equivalent to
20Mgha−1 in all experiments. This biosolid has been a refer-
ence material for multiple state and year studies in the past
[23], and it has considerably higher metal contents than the
contemporary biosolids. For the phosphate rock treatment,
the amendment in powder form was incorporated at the
equivalent rate of 150 kg P ha−1. The total C and N content

of this biosolid was 8.9% and 0.8%, respectively. The concen-
trations of selected metals (mg kg−1 dw) in this compost are
as follows: As, 23±1; Cd, 119±12; Cr, 1, 556±202; Cu, 767±92;
Ni, 482±31; Pb, 1, 344±40; Se, 2.8±0.3; and Zn, 4, 390±274.
All of the biosolids were air dried and screened to pass a 2mm
sieve prior to use. The added biosolids amendments were
mixed with the top two-thirds of the sand in each pot, leaving
the bottom one-third as a buffer to prevent the amendments
from being washed into the nutrient solution reservoir. An
automated watering system was set up so that the nutrient
solution was pumped from the reservoir at preset time inter-
vals to irrigate plants growing on the sand medium 5 times
per day. After irrigation, excess nutrient solution drained into
the reservoir by gravity.The stored nutrient solutionwas con-
tinuously aerated.

A modified Hoagland solution was used as the standard
nutrient solution (in mM): 2.0 Ca (NO
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4
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6

H
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4
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, and 0.0001 Na
2

MoO
4

[24, 25]. Amounts of ethylenediaminetetra acetic acid
(HEEDTA) were added tomatch trace element nutrient solu-
tion concentrations. For the biosolid treatment, Zn, Mn, Cu,
and Ni along with HEEDTA were withheld from the nutrient
solution as the biosolids contained significant amounts of
trace elements. The pH of the nutrient solution was checked
routinely and maintained at pH 6 with HCl and NaOH. Dur-
ing the course of growth, the nutrient levels in the reservoir
were checked and replenished biweekly during the first 4
weeks, weekly during the period between 4 and 8 weeks, and
twice per week for the remainder of the growing period.

The experiments were set up in blocks.Within each block,
it followed the factorial design, with biosolid treatments
(nutrient solution versus nutrient solution + biosolids) and
plants (blank versus planted) as the factors. The four pots in
each treatment combination received separate biosolid treat-
ments and irrigated with the modified Hoagland nutrient so-
lution, from a common reservoir, that represents the control-
led condition. These four pots are replicates in terms of the
biosolid treatments. For the experiment, each tank was sam-
pled at a given date that represented a treatment level, and the
four pots represented four observations made with this treat-
ment level. Student’s 𝑡-tests were used to differentiate the dif-
ference between the control and the treatment.When the dif-
ferences with respect to time were considered at the end of
the experiment, the data of each treatment was treated as a
one-way analysis of variance (ANOVA) and the time was
treated as the incremental treatment levels. Tukey’s multiple
range test determined whether the treatment, were signifi-
cantly different from one another. Similar approaches were
employed to analyze data of the second experiment in which
each biosolid was a separate treatment.The outcomes of each
biosolid were compared with the control using Student’s 𝑡-
test. Again, the differences with respect to time for each treat-
ment were tested using one-way ANOVA.

2.1.1. Plant Species Used. Depending on the experiment, corn
(Zea mays L.), durum wheat (Triticum turgidum L.), rape
(Brassica napus L.), Sudan grass (Sorghum sudanense L.),
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chickpea (Cicer arietinum L.), and Swiss chard (Beta vulgaris
L.) were grown on the three different sand media. Seeds were
placed onmoist germination towels, rolled up, and incubated
in a growth chamber. Following germination, the towels were
unwrapped and the root length of each seedling was mea-
sured. Seedlings with approximately the same root length
were selected for planting; 3–5 day old seedlings were trans-
ferred to pots and root exudates were collected at preset times
following planting. At each sampling date, plants were re-
moved from the sand culture system for root exudate and
plant tissue collection.

2.2. Biomass and Plant Tissue Samples. At the time of har-
vesting, plants were removed from the pots, separated into
shoot and root portion, rinsed with deionized water, dried to
constant weight at 65∘C for 5 days, and weighed for biomass
determination. For metal analysis using Inductively Cou-
pled Plasma Optical Emission Spectroscopy (ICP-OES) and
Atomic Absorption Spectrophotometry (AAS), aliquots of
plant tissue were digested in Teflon Parr bombs by a HNO

3

microwave digestion procedure (0.25 g dried tissue with a
mixture of 2.0mL concentrated HNO

3

+ 2.0mL H
2

O
2

+
1.0mLH

2

O in a 120mL Teflon digestion vessel for 15 minutes
and with maximum pressure of 1,037 kPa) [26].

3. Results and Discussion

3.1. Plant Uptake of Biosolid-Borne Metals

3.1.1. Metal Uptake by Corn Grown on Biosolid-Treated Med-
ium. When corn plants were grown from seed tomaturity on
the sand medium without biosolids and biosolids-treated
medium, metal concentrations in the root were considerably
higher than those in shoot (Table 1). Plants grown on bio-
solids-treated medium had significantly higher concentra-
tions of metals than those grown on the sand medium with-
out biosolids at all stages of growth. In plant tissue, accumul-
ations of Cd (in shoots and roots) andNi (in roots) were espe-
cially high for plants that received the biosolids treatment.
Except for Cd in shoots and roots of plants grown on bio-
solids-treated medium and Zn in shoots and roots of plants
grown on the sand medium without biosolids and in roots of
plants grown on biosolids-treated medium, there was a trend
for metal concentration in the plant tissue to decrease with
the length of growing period (Table 1). This decrease is an
indication of mass dilution when metal availability in the nu-
trient medium did not keep pace with the rate of biomass ac-
cumulation. For metals that were either not readily available
to the plant (such as Pb or Cr) or present only in limited
amounts (such as Cd in the sand medium without biosolids),
the amount ofmetals absorbed appeared to be limited by their
supply in the nutrientmedium.However, formetals that were
in chemical forms readily available to plants and in abundant
supply in the nutrientmedium (such as Cd in biosolids-treat-
ed medium or Zn in both sand medium without biosolids
and biosolids-treated medium), the metal concentration of
plant tissue either continued to rise with plant growth (such
as Zn in shoots of corn grown on both the sand medium

Table 1: Metal concentrations (means ± SD where 𝑛 = 4) of corn
tissues grown on sandmedia amended, without biosolids (Standard)
and with biosolids†.

Plant tissue Treatment
Time (weeks)

0–4 4–16
mg kg−1

Cd

Shoot Standard 0.38 (0.04)a 0.03 (0.004)b

Biosolids 7.25 (1.27)b 9.50 (1.09)a

Root Standard 1.85 (0.31)a 0.20 (0.02)b

Biosolids 36.5 (4.06)b 60.7 (2.82)a

Cr

Shoot Standard 1.20 (0.11)a 0.83 (0.03)b

Biosolids 2.70 (0.49)a 1.43 (0.06)b

Root Standard 1.80 (0.14)a 1.17 (0.07)b

Biosolids 13.5 (0.84)a 6.00 (1.42)b

Cu

Shoot Standard 12.0 (0.55)a 6.67 (0.13)b

Biosolids 17.0 (0.55)a 12.7 (0.80)b

Root Standard 22.0 (1.45)a 18.3 (1.20)b

Biosolids 63.5 (6.70)a 40.3 (3.97)b

Ni

Shoot Standard 14.5 (0.90)a 9.00 (0.57)b

Biosolids 44.0 (4.65)a 23.3 (2.01)b

Root Standard 19.5 (2.15)a 12.7 (0.60)b

Biosolids 276 (49.5)a 149 (41.7)b

Pb

Shoot Standard 5.50 (0.65)a 3.33 (0.27)b

Biosolids 13.5 (1.01)a 9.33 (0.71)b

Root Standard 5.50 (0.65)a 2.33 (0.37)b

Biosolids 27.1 (1.95)a 11.1 (0.27)b

Zn

Shoot Standard 30.0 (1.15)b 39.3 (0.73)a

Biosolids 161 (9.50)b 295 (9.67)a

Root Standard 58.5 (2.00)b 120 (5.00)a

Biosolids 211 (15.5)a 158 (3.67)b
†The differences of metal concentrations among the growth periods were
tested by one-way ANOVA and Student-Newman-Keuls test. Within a
row and between shoot and root, values followed by different letters were
significantly different at 𝑃 < 0.05.

without biosolids and biosolids-treated medium and in root
of the sand medium without biosolids) or remained at the
same level throughout the growing period (such as Zn in root
of grown on biosolids-treated medium). For example, Zn in
shoots and roots of corn grown on the sand medium without
biosolids and in the shoot of the biosolids-treated medium
increased with time following planting. Zinc concentrations
in the roots of corn grown on biosolids-treated medium,
however, either remained the same or decreased slightly with
time following planting (Table 1).

The amounts of metal transferred from the biosolids-
treated medium to the corn varied with the metal elements.



4 Applied and Environmental Soil Science

Based on the mass of metals that was present in the plant
growth medium and absorbed by corn, the percentage of the
biosolids-borne metals in the rhizosphere that was absorbed
by corn was calculated (Figure 1). They were indicators of the
phytoavailability of biosolids-borne metals and followed the
order: Cd>Ni =Zn>Cu>Pb>Cr. For corn seedlings grown
to maturity on biosolids-treated medium, the amounts of
metals absorbed by the plants were 14.2, 0.01, 1.63, 9.77, 1.36,
and 8.60% of total Cd, Cr, Cu, Ni, Pb, and Zn in the rhizos-
phere, respectively. In the root environment, mucigel was re-
ported to be an accumulation site for heavy metals [6, 27].
Mucigel can modify the flux of metal cations to the root. Due
to the viscous nature of this compound, diffusion of metals
can probably be hindered. Furthermore, because of complex-
ing reactions, diffusion of metals (such as Pb and Cu) having
high affinity for themucilage can decrease in the rhizosphere,
while Cd could easily diffuse to the root surface. This way
mucigels can act as a selective filter formetals.Morel et al. [27]
reported that Pb uptake by corn was minimal despite its high
concentration in biosolids-treated soil, compared to Cd.
Similarly, Cd and Zn can readily form organometallic com-
plexes with organic acids from root exudates facilitating their
diffusion to roots [28].

The how availability of Pb and Cr to corn in biosolids-
treated soil can be explained by the formation of relatively
stable complexes or chelation that results from the interaction
with organic matter and redox reaction in the case of Cr. Cer-
tain metals (e.g., Cu and Pb) exhibit high affinities for soil
organic matter, where soluble and insoluble complexes bet-
ween the metals and organic matter may form. Thus, indige-
nous soil organicmatter and the added biosolids can affect the
binding ability for metals in biosolids-treated soils. The
majority of Pb immobilized by biosolids-treated soils is be-
lieved to be associated with organic matter [29]. Then, be-
cause of the strong affinity of Pb for organic matter and its
generally immobile nature, Pb can be expected to accumulate
in the surface layer of biosolids-treated soils and is less phy-
toavailable. Chang et al. [30] found that in cropped soils treat-
ed continuously for 6 years with municipal sewage sludge,
>90% of the applied Pb was found in the surface 0 to 15 cm,
the zone of application. In contrast to Pb, biosolids treatment
in soil resulted in significant increase in uptake of Cd, Ni, and
Zn by plant tissues, since biosolids lead to higher acidification
of rhizosphere by release of organic acids [5, 21, 31].

The moisture content of soils also influences their reten-
tion for metals (e.g., Cr and Mn) through oxidation-reduc-
tion reactions.Hexavalent chromium,Cr(VI), ismore soluble
andmobile in soils andmore available to plants than trivalent
chromium, Cr(III). While Cr(III) strongly binds with soil
particles, Cr(VI) is very weakly adsorbed and therefore read-
ily available for plant uptake [32]. Chromium(VI) can be re-
duced to Cr(III) in the biosolids-treated soils because of the
presence of organic matter acting as an electron donor
[33, 34]. Bolan et al. [35] demonstrated that the addition of
organic manure enhanced reduction of Cr(VI) to Cr(III) that
resulted in higher insoluble fractions and lower plant uptake
of the element from soils. Although atypical of arable land
condition, elemental concentrations in soil solution extracted
similarly from biosolids-treated soil indicated the decreased
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Figure 1: Metal removal by corn shoot and root grown on sand
media amended with biosolids.

solubility of Cd, Cu, and Zn but increased solubility of Mn
and Cr under reducing conditions [36].

The rate ofmetal uptake,measured as the amount ofmetal
absorbed per unit biomass (data in [5]), increased during the
plant growing period (𝜇g g−1 2wk−1) (Table 2). The rates of
absorption of Cd in shoots of corn grownon biosolids-treated
medium and Zn in shoots of corn grown on the sandmedium
without biosolids remained rather constant for the first 8–12
weeks. For Cd accumulation in shoots and roots in the sand
medium without biosolids where the supply was limited,
there was insignificant additional Cd uptake after the first 4
weeks of growth, after which additional uptake was not de-
tected (Table 2). When the Cd supply was not limiting (i.e.,
biosolids treatments), the uptake rate of Cd remained rela-
tively constant over the entire growing period (0–12 weeks for
roots and 0–16 weeks for shoots). When Zn supply was not
limiting (such as shoots in the sand medium without bio-
solids and biosolids-treated medium), the uptake rate of Zn
by corn shoots also remained constant over the same period.
Toward the end the growing season, however, there was a ten-
dency for the accumulation rate of the shoot to rise as the pro-
duction of biomass slowed down, while at the same time the
transpiration and translocation of metals continued.

The uptake rate for Zn was considerably higher than that
for Cd (Table 2); the latter rates for shoots and roots from
biosolids treatment were 5–7 and 25–79𝜇g g−1 2wk−1, re-
spectively, and the rates from the same treatment for Zn were
127–687 and 31–235 𝜇g g−1 2wk−1 for shoots and roots, re-
spectively. In the sand medium without biosolids where Zn
was supplied, the Zn accumulation in shoots remained steady
until the 12th week. The biosolid and nutrient solution rep-
resent different source term for the heavy metals of interest.
While metals in nutrient solution are totally soluble, those in
the biosolids had to be solubilized before they become phy-
toavailable. Despite this discrepancy in the source term, Zn
uptake frombiosolidwas substantially higher (127–687𝜇g g−1
2wk−1) than from the solution (19–63 𝜇g g−1 2wk−1). In the
sand medium without biosolids, Pb was not supplied but was
present in the trace amounts in reagents used. Thus, the
amount of Pb absorbed appeared to be limited by their supply
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Table 2: Metal uptake rates (means where 𝑛 = 4) by corn grown on sand media amended, without biosolids (Standard) and with biosolids at
different growth stages†.

Metal Plant tissue Treatment
Time (weeks)

0–2 2–4 4–8 8–12 12–16
𝜇g g−1 2wk−1

Cd
Shoot Standard 0.5a 0.2b n.d.‡ n.d.‡ n.d.‡

Biosolids 7.0a 7.0a 5.0a 5.0a 6.0a

Root Standard 1.9a 1.8a n.d.‡ n.d.‡ n.d.‡

Biosolids 36b 37b 25b 38b 79a

Cr
Shoot Standard 1.3a 1.0a 0.4b 0.4b 0.4b

Biosolids 1.9a 1.6b 0.5c 0.5c n.d.‡

Root Standard 3.6a 1.7b 0.7c 0.7c 0.7c

Biosolids 16a 10b 3.0c 3.0c n.d.‡

Cu
Shoot Standard 13a 10a 3.0b 3.0b 3.0b

Biosolids 19a 15b 7.0c 5.0c 6.0c

Root Standard 23a 20a 10b 8.0b n.d.‡

Biosolids 71a 54b 22c 16c 12c

Ni
Shoot Standard 16a 12a 5.0b 4.0b 4.0b

Biosolids 52a 35b 10c 11c n.d.‡

Root Standard 20a 19a 6.0b 5.0b n.d.‡

Biosolids 321a 215b 81c 59d 16e

Pb
Shoot Standard 6.0a 5.0a 2.0b 1.0b 2.0b

Biosolids 15a 12b 5.0c 4.0c 5.0c

Root Standard 6.0a 5.0a 1.0b 1.0b n.d.‡

Biosolids 37a 14b 6.0c 4.0c 5.0c

Zn
Shoot Standard 30b 30b 21b 19b 63a

Biosolids 157b 165b 127b 185b 687a

Root Standard 58a 60a 57a 73a n.d.‡

Biosolids 235a 179b 81c 76c 31c
†The differences of metal rates among the time periods were tested by one-way ANOVA. Within a row and between shoot and root, values followed by same
letters were not significantly different at 𝑃 < 0.05.
‡Metal uptake rate was not detected in this period.

in the growing medium, resulting in its uptake continuously
decreasing over the entire growing period of 0–8 weeks
(Table 2).

The uptake rates for Cr, Cu, Ni, and Pb by corn shoots
and roots from biosolids-treated medium decreased with the
increasing length of growing period (Table 2). It appeared that
the solution concentration of these metals and, therefore, its
availability to the corn, were controlled by the rate of dis-
solution of biosolids-borne metals. Their uptake rates tended
to follow a first order reactionmodel in that the rate of uptake
gradually decreased over time as their available pool progres-
sively diminished in the rhizosphere. Once the available pool
was exhausted, the rate of Cr and Pb absorption decreased
considerably. The persistent low concentrations of Pb and Cr
in the aqueous phase of the sand indicate their slow dissolu-
tion/desorption kinetics from the biosolid.

Among the metals, Cd and Zn generally accumulated in
plant tissue due to their high contents in biosolids, theirmob-
ility, and ease of uptake by the plants. On the other hand, Cu,
Cr, Ni, and Pb exhibited decreased uptake due to their una-
vailable nature from the biosolids. Because of similarity in the
biogeochemical behavior of Zn and Cd in biosolids-treated

soils, they exhibited a similar pattern of uptake in plants [29].
Metal contents of crops grown on biosolids-treated soils are
generally a function of the annual biosolids loading rate.
However, long-term changes in certain soil properties can
also occur to affect the biogeochemical behavior of themetals.
For example, an increase in soil pH can reduce metal phytoa-
vailability and accumulation in plant tissue in spite of a pro-
gressive rise in the totalmetal contents in soil.The cumulative
metal input into the soil is also a major factor determining
metal uptake by plants [5, 37, 38]. Perceived as typical for bio-
solids-borne metals, metal concentration in plant tissue may
approach a leveling pattern (i.e., a plateau) with progressive
metal input, indicating some buffering influence of the bio-
solids organic matter on phytoavailability. In this respect,
Chang et al. [38] established a nonlinear regressionmodel for
Swiss chard, radish, and tubers grown in a long-term experi-
ment where compostedmunicipal sewage sludgewas applied,
at increasing rate, into the soil.

3.1.2. Metal Uptake by Wheat Cultivars Grown on Biosolid-
Treated Medium. Themetal concentration in the plant tissue
of three wheat varieties (e.g. cv. Chinese Spring, cv. Yecora
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Rojo, and Triticum aestivum) varied with the treatment,
metal element, plant part, and length of plant growth. In
general, the metal concentrations in tissues harvested from
the biosolids treatment were higher or equal than those from
the sand medium without biosolids (Table 3). As expected,
metal concentrations in the roots of the wheat cultivars at
4th, 8th, and 12th week were considerably higher than those
in the corresponding shoots except for Cd and Cr, which
were similar in both tissues when grown on the sandmedium
without biosolids. In all cases, metal concentrations in tissues
of the cultivars were highest at the 4th week, decreasing
progressively afterward.

Intertreatment differences among the metal contents
were greater than the intercultivar differences (Table 3). For
example, total uptake of metals in the shoots from the bio-
solids treatment varied by factor of 2-3 (Figure 2). Based on
the differences between the mass of metals present in the
growth medium and that absorbed by wheat tissue, the per-
centage of metals that was absorbed could be calculated. It
became apparent that the extent of phytoavailability of the
metals derived from the biosolid follows the order: Cd >Ni =
Zn = Cu > Pb > Cr (Figure 2). The least bioavailability of Pb
andCr to plants follows the general trend reported in the liter-
ature because of their strong complexation with organic mat-
ter compounds [29] and more specifically the effective role
of organic matter, in this case in the form of biosolid, to serve
as electron donor for the reduction of Cr(VI) to its immobile
and largely unavailable form, Cr(III) [35]. A similar trend for
corn (Figure 1) grown on biosolids-treated medium was ob-
served. Because of the lower biomass, the amounts of metals
removed by wheat plants were considerably lower than that
for corn (Table 2). In general, cv. Chinese Spring removed
greater amounts of metals than the other two cultivars
(Figure 2). The total content in shoots followed the following
order:

Cd: cv. Chinese Spring = Triticum aestivum > cv.
Yecora Rojo
Cr: cv. Chinese Spring = Triticum aestivum > cv.
Yecora Rojo
Cu: cv. Chinese Spring > Triticum aestivum = cv.
Yecora Rojo
Ni: cv. Chinese Spring > Triticum aestivum = cv.
Yecora Rojo
Pb: cv. Chinese Spring > Triticum aestivum > cv.
Yecora Rojo
Zn: cv. Chinese Spring > Triticum aestivum > cv.
Yecora Rojo.

The higher uptake by cv. Chinese Spring can be attributed to
its longer vegetative growth period. For example, cv. Yecora
Rojo and Triticum aestivum reached maturity at the 10–12
week, while cv. Chinese Spring did not reach maturity till the
end of the 12th week.

Generally, the uptake rates for the wheat cultivars varied
with the growth period (Table 4). Except for Pb and Cr, up-
take was higher at the earlier part of the growth period (0–4
weeks), decreasing over time. Again, this indicates the lower
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Figure 2: Metal removal by shoots of three wheat cultivars grown
on sand media amended with biosolids for 12 weeks (the differences
of metal removal among the wheat cultivars were tested by one-
way ANOVA test and values followed by same lower letter were not
significant different at 𝑃 < 0.05).

solubility and subsequent availability of Pb and Cr from the
biosolid to the plant.

3.1.3. Metal Uptake by Six Plant Species Grown on Biosolid-
Treated Medium. Six plants (Zea mays, Triticum turgidum,
Brassica napas, Sorghum sudanense,Cicer arietinum, andBeta
vulgaris) grown on biosolids-treated medium accumulated
greater amounts of metals in both shoots and roots compared
to the sand medium without biosolids and phosphate rock
treatments (Table 5). The metal concentrations in roots were
considerably higher than in the shoots. Generally, metal con-
centrations in plant tissues for respective treatmentswere bio-
solids-treated>phosphate rock-treated= sandmediumwith-
out biosolids. The monocots (Zea mays, Sorghum sudanense,
and Triticum turgidum) were not able to use the P in phos-
phate rock as effectively as the P from the nutrient solution
(Table 6), consequently lowering the biomass yield [5].On the
other hand, dicots (Cicer arietinum, Brassica napas, and Beta
vulgaris) used the P in phosphate rockmore effectively.These
discrepancies resulted in the P availability following the
trend: phosphate rock-treated > biosolids-treated > sand
medium without biosolids for the dicots and biosolids-treat-
ed > phosphate rock-treated = sand medium without bio-
solids for the monocots (Table 6). Unlike the metals, the P
concentrations in the shoots were considerably higher than
those in the roots.

The organic acids in root exudates are considered impor-
tant for the solubilization of sparingly soluble P in phosphate
rock [5]. The factors most likely to limit phosphate rock dis-
solution are insufficient pH buffering and/or P sorption
capacity and increase in Ca2+ activity in the soil solution
around phosphate rock particles. Phosphate rocks have been
reported to be more effective in supplying P to dicots (i.e.,
white clover) than tomonocots (i.e., wheat and barley) [5, 39].
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Table 3: Metal concentrations (means where 𝑛 = 4) of three wheat cultivars grown on sand media amended, without biosolids (Standard)
and with biosolids†.

Plant tissue Treatment

Duration (weeks)
0–4 4–12

Chinese
Spring

Triticum
aestivum

Yecora
Rojo

Chinese
Spring

Triticum
aestivum

Yecora
Rojo

mg kg−1

Cd

Shoot Standard 2.53a 2.55a 2.56a 0.56b 0.75b 1.01a
Biosolids 24.6a 29.8a 24.4a 6.06b 8.75a 8.47a

Root Standard 2.63a 2.64a 2.84a 0.75a 0.78a 0.72a

Biosolids 41.8a 39.3a 26.1b 18.0a 12.9c 15.8b

Cr

Shoot Standard 1.75a 1.73a 1.75a 1.54a 1.15b 1.52a
Biosolids 2.77a 2.70a 2.69a 1.51a 1.56a 1.52a

Root Standard 1.77a 1.76a 1.81a 1.45a 1.44a 1.44a

Biosolids 34.5b 42.7a 33.2b 12.2a 9.11b 4.99c

Cu

Shoot Standard 16.0a 15.5a 16.0a 4.44b 4.46b 5.07a
Biosolids 27.7a 27.4a 20.0b 9.50a 7.73b 6.41c

Root Standard 17.4a 17.3a 17.7a 12.0a 12.5a 10.3b

Biosolids 79.9a 77.1a 77.5a 64.8a 59.9b 60.9b

Ni

Shoot Standard 21.1a 21.4a 21.2a 9.82a 9.72a 9.20a
Biosolids 64.9a 54.6b 54.9b 40.5a 34.5b 34.3b

Root Standard 52.5a 52.6a 53.7a 34.4a 34.6a 35.1a

Biosolids 135a 158a 154a 112a 120a 118a

Pb

Shoot Standard 2.62a 2.41a 2.63a 1.49b 1.41b 1.93a
Biosolids 12.6a 10.2b 10.8b 7.49a 7.13a 6.57b

Root Standard 2.69a 2.72a 2.87a 1.67b 2.03a 2.23a

Biosolids 14.2a 16.2a 16.6a 9.24a 10.9a 10.0a

Zn

Shoot Standard 45.7a 43.4a 42.9a 31.5a 28.7a 31.3a
Biosolids 319a 338a 271b 124a 144a 125a

Root Standard 68.5a 60.3b 51.0c 28.5a 28.5a 32.7a

Biosolids 610a 682a 633a 304a 342a 286a
†Thedifferences ofmetal concentrations among the growth periodwere tested by one-wayANOVAand Student-Newman-Keuls test.Within a row and between
shoot and root of each growth periods, values followed by a different letter were significantly different at 𝑃 < 0.05.

Table 4: Metal uptake rates (means where 𝑛 = 4) by shoots of three wheat cultivars grown on sand media amended with biosolids†.

Time (week) Variety of wheat
Metal accumulation

Cd Cr Cu Ni Pb Zn
𝜇g g−1 4wk−1

4
Chinese Spring 12Ac 2Ae 14Ac 32Ab 6Ad 160Aa

Triticum aestivum 15Ac 2Ae 14Ac 27Ab 5Ad 169Aa

Yecora Rojo 12Ac 2Ae 10Bc 27Ab 6Ad 136Ba

8
Chinese Spring 4Bc 1Ad 4Ac 23Ab 5Ac 96Ba

Triticum aestivum 6Ac 1Ad 3Ac 21Ab 4Ac 116Aa

Yecora Rojo 7Ac 1Af 2Be 21Ab 4Ad 104Aa
†The differences of metal uptake rate among the wheat cultivars were tested by one-way ANOVA. In each column of each growth time for cultivars, values
followed by same upper case letter were not significantly different at 𝑃 < 0.05. The differences of the metal uptake rates among the metals in same cultivars
were tested by one-way ANOVA. In each row, time, and cultivar, values followed by different lowercase letter were significantly different at 𝑃 < 0.05.
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Table 5: Metal concentrations (means where 𝑛 = 3) of six plant species grown on sand media amended, without biosolids (Standard), with
biosolids, and with phosphate rock†.

Plant Treatment
Cd Cr Cu Ni Pb Zn

Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root
mg kg−1

Chickpea
Standard 1.7b 1.0c 1.5b 1.6c 4.9b 9.0b 22b 51b 3.1b 6.2b 15c 38b

Biosolids 14a 34a 3.7a 17a 16a 51a 50a 172a 9.1a 13a 201a 636a

Phosphate rock 1.6b 1.7b 0.8c 2.1b 4.8b 6.8c 3.9c 26c 2.3c 1.5c 25b 36b

Rape
Standard 1.9c 1.1c 1.4c 1.2c 6.5b 11c 8.5b 38b 1.1c 2.6b 30b 34b

Biosolids 16a 23a 4.2a 77a 16a 93a 25a 104a 13a 31a 253a 344a

Phosphate rock 2.5b 2.2b 1.9b 3.6b 3.4c 8.4b 3.9c 36b 3.6b 1.0c 19c 23c

Swiss chard
Standard 1.4c 1.1c 0.9b 1.7c 9.8b 17b 12b 38b 2.4c 5.0b 21b 32b

Biosolids 29a 56a 4.6a 34a 23a 241a 27a 399a 6.0a 13a 335a 676a

Phosphate rock 2.2b 3.6b 1.5b 3.9b 7.8c 13c 4.9c 35b 3.7b 2.8c 22b 33b

Corn
Standard 1.2c 1.6c 1.1b 1.3b 4.9b 18b 12c 24c 1.9b 7.8b 25b 32b

Biosolids 22a 33a 1.3a 45a 12a 58a 41a 242a 11a 21a 226a 479a

Phosphate rock 1.4b 2.5b 0.7c 1.0c 4.5b 8.6a 20b 40b 2.1b 0.2c 22c 18c

Sudan grass
Standard 1.7c 1.1c 1.6a 1.3c 8.1b 11b 21b 21c 1.4c 5.1b 27c 29b

Biosolids 20a 29a 1.7a 26a 12a 88a 65a 184a 7.0a 11a 316a 598a

Phosphate rock 4.9b 3.8b 1.6a 1.8b 9.2b 11b 22b 45b 2.8b 2.2c 51b 29b

Durum wheat
Standard 1.8c 2.0c 2.0b 1.2c 14b 16b 23b 61b 2.3b 2.6b 37b 42b

Biosolids 26a 31a 3.2a 42a 18a 91a 73a 168a 12a 20a 249a 614a

Phosphate rock 2.7b 3.1b 1.3c 1.5b 11c 17b 23b 39c 3.0b 3.2b 36c 39b
†The differences of the metal concentrations among the treatments for each plant were tested by one-way ANOVA. In each column of each plant and among
the treatments, values followed by same lowercase letter were not significantly different at 𝑃 < 0.05.

Dicots can acidify their rhizosphere more effectively when
they fix nitrogen. Nitrogen enters the root as an uncharged
molecule, and an excess of cations over anions can be ab-
sorbed by the root to balance the negative charge on newly
formed proteins and organic acids, which are products of car-
bon and nitrogen assimilation. The excess cation uptake is
balanced by a net H+ efflux into the rhizosphere [40, 41].
Some organic acids (i.e., citric and malic) are well known for
their capacity to desorb phosphate rock from sesquioxide
surfaces by anion exchange [42]. Combinations of both de-
sorption and chelation are responsible for phosphate rock
mobilization. The capacity of organic acids in root exudates
also depends on their concentration per unit volume of soil.
Thus, it can be anticipated that with increasing density of root
hairs or of lateral roots, the likelihood of organic acids mob-
ilizing phosphate rock becomes higher [5, 43]. In the previous
paper [5], we reported that the composition of root-borne
dicarboxylic organic acids (i.e., succinic, tartaric, and oxalic)
varied between dicots and monocots and the total amount
and production rate of organic acids from dicots were higher
than those from monocots.

Data suggest the occurrence of interspecific variation
in metal uptake (Table 5). For Cd, which is generally read-
ily absorbed by plants, the average concentrations among the
six species varied between 1.11–1.85, 13.9–29.4, and 1.38–4.87
mg kg−1 for the sand medium without biosolids, biosolids-
treated, and phosphate rock-treated medium, respectively
(Table 5). The slightly higher Cd concentration in the shoots
from phosphate rock treatment (versus nutrient solution)
may be reflecting the presence of trace amounts of Cd in

the phosphate rock. Plant absorption of Cu, Ni, Pb, and Zn
followed a similar trend. As in corn, Cr was not accumulated
in the shoots, and the differences in tissue concentrations
between the treatments were considerably smaller. For exam-
ple, Cr concentrations in shoots were 0.86–1.96, 1.31–4.61, and
0.79–1.91mg kg−1 for the sand medium without biosolids,
biosolids-, and phosphate rock-treatedmedium, respectively.
In the roots, as expected, Cr concentrations were 1.16–1.73,
16.8–77.1, and 1.02–3.86mg kg−1 for the sandmediumwithout
biosolids, biosolids treatments, and phosphate rock treat-
ments, respectively. The trendy greater accumulation of met-
als in the roots is consistent with the general observation in
the literature [29].

4. Conclusions

In this study, metal concentration in plant roots generally
exceeded those in the shoots, irrespective of treatment.
Exception was Cd in the shoots for the dicots. The amounts
ofmetal transferred from the biosolids-treatedmedium to the
plant varied with the metal element and followed the order:
Cd > Ni = Zn > Cu = Pb > Cr. For corn grown on biosolids-
treated medium, the amounts of metals removed by the plant
were 14.2, 9.8, 8.6, 1.6, 1.4, and 0.1% of the biosolids-borne
metals in the rhizosphere, respectively, for the metals above.
Interspecies and intercultivar differences in the metal uptake
were trivial compared to intertreatment variations. Uptake
rates for Cd and Zn by corn shoots remained constant for
the first 8–10 weeks and tended to increase toward the end
of the growth period. Among the metals examined, Pb and
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Table 6: P concentration of six plant species grown on sand media
amended, without biosolids (Standard), with biosolids, and with
phosphate rock†.

Plant Treatment Shoot Root
mg kg−1

Chickpea
Standard 1,260c 922.0c

Biosolids 2,044b 1,137b

Phosphate rock 2,580a 1,513a

Rape
Standard 1,743c 1,564c

Biosolids 2,189b 2,203b

Phosphate rock 3,354a 2,707a

Swiss
chard

Standard 1,753c 1,372c

Biosolids 2,141a 3,261a

Phosphate rock 2,029a 2,631b

Corn
Standard 1,198a 707.0b

Biosolids 1,192a 763.0a

Phosphate rock 638.0b 556.0c

Sudan
grass

Standard 1,088b 676.0b

Biosolids 1,138a 814.0a

Phosphate rock 756.0c 553.0c

Durum
wheat

Standard 1,744b 956.0b

Biosolids 2,537a 1,716a

Phosphate rock 783.0c 638.0c
†Thedifferences of the P concentrations among the treatments for each plant
were tested by one-way ANOVA. In each column of each plant and among
treatments, values followed by same lowercase letter were not significantly
different at 𝑃 < 0.05.

Cr apparently were only sparingly soluble from their biosolid
source as indicated by their waning uptake as the growth
period progressed.
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