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The  biosorption  of  copper(II),  zinc(II),  cadmium(II)  and  lead(II)  from  aqueous  solutions  by dead  Avena
fatua  biomass  and  the effect  of these  metals  on  the growth  of this  wild  oat were  investigated.  Pseudo-
first-  and second-order  and  intra-particle  diffusion  models  were  applied  to describe  the  kinetic  data  and
to evaluate  the  rate  constants.  The  adsorption  kinetics  of  all  the  metals  follows  a  pseudo-second-order
model.
eywords:
. fatua
iosorption
eavy metals
inetics
rowth

The  adsorption  capacity  was  determined,  and  the  Freundlich  and  Langmuir  models  were  applied.  The
experimental  data  obtained  for all the  metals  are  best  described  by the  Langmuir  model.  A. fatua  was
characterized  using  scanning  electron  microscopy  (SEM),  energy-dispersive  X-ray  spectroscopy  (EDS),
and zeta  potential.  The  results  obtained  evidence  the  presence  of  Zn(II),  Cu(II),  Cd(II)  or  Pb(II)  on  the
surface  of the  weed.

The  growth  of  A. fatua  was affected  by  the  presence  of all metals.  The  decrease  in the  growth  rate  with
ration
increasing  metal  concent

. Introduction

Natural clean water sources have been diminished in the past
ecades due to anthropogenic activities. Pollution by heavy metals,
uch as cadmium(II), lead(II), zinc(II) and copper(II), has become

 vital issue due to the adverse impact of these metals on the
nvironment and also on human health [1,2]. The increasing pollu-
ion of natural water sources has prompted scientists to develop
ew alternative technologies to clean effluents before they are
ischarged into natural waters. Different chemical, biological, bio-
hemical, biosorptive and physico-chemical techniques have been
sed to remove heavy metals from wastewaters [3] and groundwa-
er [4]. However, as previously reported by Lodeiro et al., [5] many
f these techniques are not useful when the metals are present at
oncentrations between 1 and 100 mg  L−1.

Metal biosorption, which is the capacity of certain biomass to

ind heavy metals from solutions, is a feasible and economical
ption for the removal of heavy metals from polluted waters. Some
f the adsorbents reported in the literature include bacteria [6,7],
eaweeds [8,9], macrophytes [10], maze bran [11], yeast [12], nut

∗ Corresponding author. Tel.: +54 11 4576 3378/80x125; fax: +54 11 4576 3341.
E-mail addresses: dosantos@qi.fcen.uba.ar, mdsafonso@gmail.com

M.  dos Santos Afonso).

927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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 was more  noticeable  for zinc.
© 2013 Elsevier B.V. All rights reserved.

shells [13] and tobacco dust [14], etc. Therefore, it is possible to
remove and recover toxic metals from wastewaters by using dif-
ferent types of inexpensive biomass.

Avena fatua is one of the most troublesome weeds in temperate
climates, and it primarily infests spring cereals [15]. This weed can
grow in different types of soils, and it has no economic interest.
Therefore, wild oats can be used as a natural biosorbent because
they grow easily and are found in large amounts in the countryside.

The objective of the present work is to investigate the biosorp-
tion of copper(II), zinc(II), cadmium(II) and lead(II) in solutions by
dead Avena fatua biomass and the effect of these metals on the
growth of this wild oat.

2. Materials and methods

2.1. Biomass and pretreatment

A. fatua was  collected from the experimental field of the School
of Agriculture of Buenos Aires University, Argentina.

The weed seeds were separated and stored in a desiccator. The

stems, roots and leaf blades were first carefully washed with tap
water, then with monodistilled water and finally with Milli-Q water
to remove the salt, sand and microorganisms that were attached to
them, which could overestimate the adsorption results. The mate-
rial was  then dried overnight at 60 ◦C and subsequently grinded into



3 ces B:

fi
w
r
m
e

2

w
w

p
P
s

2

2

b
0
s

c
a
o
a

fi
0
w
m
t

q

w
t
g
(

a

q

w
e
w

f
Z

2

g
w
t
s

c
o
e
i
r

06 M.M. Areco et al. / Colloids and Surfa

ner particles using a homogenizer. A standard stainless steel sieve
as used to obtain particles with sizes between 1 and 2 mm.  The

esulting material was stored in closed containers in a dry environ-
ent and at room temperature until it was used in the biosorption

xperiments.

.2. Solutions preparation

All the chemicals were of analytical reagent grade and were used
ithout further purification. All solutions and weed suspensions
ere prepared using Milli-Q water.

Stock solutions of Cu(II), Zn(II), Cd(II) and Pb(II) were pre-
ared by dissolving CuSO4.5H2O, ZnSO4.7H2O, Cd(NO3)2.4H2O and
b(NO3)2, respectively, in Milli-Q water. The concentrations of all
olutions ranged from 0.1 mM to 7 mM.

.3. Experimental procedure

.3.1. Batch experiments
The adsorptions of Cu(II), Zn(II), Cd(II) and Pb(II) by dead A. fatua

iomass were evaluated using batch sorption experiments with
.1 g of pretreated biomass suspended in 100 ml  of the stock metal
olutions.

The suspensions were kept in constant agitation at fixed and
onstant pH, ionic strength and at room temperature. The pH was
djusted throughout the experiments using small aliquots of HCl
r NaOH solutions (0.1 M),  and the ionic strength was maintained
t a constant value of 0.1 M using KNO3.

The weed biomass was separated from the metal solutions by
ltration with cellulose nitrate membrane filters with a pore size of
.45 �m.  The final concentrations of metals in the filtered solutions
ere determined using different quantification methods, and the
etal uptake (q) was calculated from kinetics experiments using

he following mass balance equation [16]:

t =
[

(Ci − Ct) ∗ V

m

]
(1a)

here qt, Ci, Ct, V, and m are the surface coverage at a given time t,
he initial metal concentration (mM),  the metal concentration at a
iven time (mM),  solution volume (L) and weight of the dry weed
g), respectively.

For equilibrium adsorption isotherms the following mass bal-
nce equation was used:

 =
[

(Ci − Ceq) ∗ V

m

]
(1b)

here Ci, Ceq, V, and m are the initial metal concentration (mM),
quilibrium metal concentration (mM),  solution volume (L) and
eight of the dry weed (g), respectively.

Control experiments in the absence of adsorbents were per-
ormed to determine if there had been any adsorption of Cu(II),
n(II), Cd(II) or Pb(II) on the container walls.

.3.2. pH effect
The pH dependence of the metal uptake by A. fatua was investi-

ated using batch isotherm experiments in a pH range from 2 to 5.5
ith a weed concentration of 1 g L−1 and different initial concen-

rations of Pb(II), Cd(II), Cu(II) and Zn(II) (mM)  at a constant ionic
trength of 0.1 M KNO3.
The pH was measured using a Metrohm 644 pH-meter with a
ombined glass microelectrode, and the pH was adjusted through-
ut the experiments using 0.1 M HCl or 0.1 M NaOH. The biosorption
xperiments were performed in triplicate, and there were no signif-
cant differences among replicates (p < 0.01). The expressed values
epresent the average of the obtained results.
 Biointerfaces 110 (2013) 305– 312

2.4. The effect of metals on the growth of A. fatua

A. fatua seeds were germinated (Fig. S1) at 10 ◦C for 10 days in
petri dishes that were coated with blotting paper soaked in 2 ml of
a 0.200 mM gibberellin solution.

The sprouted seeds were planted in groups of 10 in pots that
contained 500 g of soil free of copper, zinc, cadmium and lead. The
pots were watered for 45 days with water (control) or solutions of
different concentrations (10, 20, 50 and 100 ppm) of Zn(II), Cu(II),
Cd(II) or Pb(II). The irrigation water volume was  the same in all pots,
and it was  calculated in order to avoid drainage. Thus, we ensure
that there is no loss of metals leading to an underestimation of the
results.

The growth was linear during the first 12 days, and the daily
growth rates (GRd) of the weeds were calculated (Eq. (2)) based on
the growth data obtained during this period.

GRd = Gt

12
(2)

where Gt is the total growth of the weeds after 12 days.
The metal transfer rate (TR) was evaluated using the following

equation [17]:

TR = Cw

Cs
(3)

where Cw is the final metal concentration in the weeds (mg kg−1 dry
weight) and Cs is the final metal concentration in soils (mg  kg−1 dry
weight).

All experiments were performed in triplicate.

2.5. Metal quantification

A Shimadzu 6800 spectrophotometer with a GF-6501 graphite
oven, ASC-6000 Hamamatshu autosampler and lead(II) and cad-
mium(II) hollow cathode lamps were used to determine the
concentrations of cadmium(II) and lead(II) in the soils, weeds
and solutions. The concentrations of zinc(II) were measured
spectrophotometrically at a wavelength of 620 nm using Zincon (2-
carboxy-2′-hydroxy-5′-sulphoformacylbenzol) as a chromogenic
reagent [18].

The concentrations of copper(II) were measured spectropho-
tometrically at 440 nm using a Shimadzu-Pharmaspec UV-1700
double-beam UV–Vis spectrophotometer with 1 g of sodium
diethyldithiocarbamate (DDTC) dissolved in ethanol–water 50% v/v
and H2SO4, 10−3 M,  as a reagent [19].

2.6. Zeta potential

Zeta potential measurements were performed with a Zeta Plus
Zeta Potential Analyzer from Brookhaven Instruments Corporation,
using 1.0 g L−1 dispersions in 10−3 M KCl as inert electrolyte. HCl or
KOH were used to adjust the dispersion pH.

2.7. Reproducibility and data analysis

Unless otherwise indicated, all of the presented data are the
mean values from three replicate experiments. The standard devi-
ations were less than 5%.

The statistical data analyses were performed using the
SigmaPlot software package and the Durbin–Watson statistical

parameter, which is a measure of the serial correlation between
the residuals. When the independent variable is time, the residu-
als are often correlated, and the deviation between the observation
and the regression line at one time is related to the deviation at the
previous time.
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For interpreting the results of the growth of weeds exposed
o different metal concentrations, one-way ANOVA analysis was
erformed using the GraphPad Prism 5.0 for Windows software
ackage. The assumptions of normality were verified using the
olmogorov–Smirnov test, and the homocedacea assumptions
ere verified using the Bartlett test.

. Results and discussion

.1. Biosorption kinetics

It is important to assess how the sorption rates vary with aque-
us free metal concentrations and how they are affected by the
orption capacity or by the sorbent character in terms of kinet-
cs [20]. Fig. 1 presents all metal uptakes by A. fatua versus time
t pH 5.5 and room temperature. The initial metal concentrations
f Zn(II), Cu(II), Cd(II) and Pb(II) were 0.81, 0.80, 0.65 and 0.30 mM,
espectively. The metal uptake equilibrium was reached in less than

 h. The adsorption profile over time for all metals is represented
y the solid lines that reach the plateau corresponding to equilib-
ium, which suggests a possible monolayer coating of metal on the
urface of A. fatua.

The uptakes of the metals were calculated using Eq. (1a), and
he maximum experimental values (qexp) for copper, zinc, cadmium
nd lead were 0.063, 0.070, 0.100 and 0.110 mmol  g−1, respectively.

.1.1. Kinetic models
The extent of biosorption depends on the initial and final equi-

ibrium states. Sorption kinetics may  be controlled by several
ndependent processes, such as chemical binding reactions of the
orbate and transport from the bulk to the surface.

The formation of a surface complex with metal ions involves
he coordination of the metal ions with donor oxygen atoms that
ompose the cell walls of the biomass, which is followed by the
elease of protons from the surface, as depicted in Eq. (4):

 SOH + Me2+
kf

� ≡ SOMe+ + H+ (4)

kb

here Me2+ is the concentration of the sorbate in solution, ≡SOH is
he sorbent surface site that is susceptible to coordination, ≡SOMe+

s the sorbate concentration in the sorbent at any time, and kf and
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ig. 1. Biosorption kinetics of metal uptake at pH 5.5 and room temperature for ( ):
u(II); ( ): Zn(II); (�): Pb(II) and ( ): Cd(II) biosorbed onto Avena fatua. Solid lines
ere calculated using the binding ligand kinetics model with the parameters shown

n Table 1. All data shown are the mean values from three replicate experiments.
elative Standard deviations were below 5% in all cases.
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kb are the kinetic constants for the forward and backward reaction
steps, respectively [9].

The transport process in the bulk solution and the film diffu-
sion through the boundary layer of the bioadsorbent are generally
considered fast processes. Therefore, intra-particle diffusion or
chemical binding reactions are the controlling steps of the adsorp-
tion mechanism.

3.1.1.1. Pseudo-first-order model. The most widely used kinetic
model for biosorption is the reversible first-order kinetic model that
was previously reported by [21]. This model is based on the solu-
tion concentration and on the cadmium(II) sorption by establishing
a balance between the liquid phase and solid biomass.

This kinetic model is based on a Lagergren pseudo-first-order
rate expression

ln(qe − qt) = ln qe − k1t (5)

where k1 is the pseudo-first-order sorption rate constant, qe is
the amount of metal ions adsorbed at equilibrium by the biomass
and qt is the amount of metal ions adsorbed at any time t. Both
qe and qt are expressed in units of mmol g−1. The overall rate
constant k1 (Table 1), in h−1, was  calculated from the slope by plot-
ting ln(qe − qt) versus t (Fig. S2.A). The determination coefficients
obtained using the Lagergren model at all of the initial concen-
trations investigated were greater than 0.9 for all of the studied
metals except for Cd(II). The experimental qexp values agree with
the calculated data (qe).

3.1.1.2. Pseudo-second-order model. Several systems respond to a
second-order kinetics model for sorption reactions. In this model,
the rate at which the adsorption sites are covered is proportional
to the square of the number of unoccupied sites, and the number of
occupied sites is proportional to the fraction of the adsorbed metal
ion. This model is represented by Eq. (6) [22]:

dqt

dt
= k2(qe − qt)

2 (6)

where k2 is the pseudo-second-order adsorption rate constant, and
qe and qt are the amount of metal ion adsorbed at equilibrium and
at given time, respectively. The sorption rate can be calculated as
the initial sorption rate when t approaches 0. Integration of Eq. (6)
gives:

t

qt
= 1

k2qe
2

+ t

qe
(7)

To calculate the second-order rate constant, k2, and the equi-
librium adsorption capacity, qe, a linear plot of t/qt against time (t)
was constructed (Fig. S2.B).

The fitting parameters for both the pseudo-first- and the
pseudo-second-order equations are listed in Table 1. The deter-
mination coefficients of the pseudo-second-order kinetics model
varied between 0.993 and 0.999, which reveals that the pseudo-
second-order model accurately represents the experimental
behavior.

In all cases, the linear regression coefficients obtained from the
fit of the pseudo-second-order model to the data are greater than
those obtained from the fit of the pseudo-first-order model.

The pseudo-second-order kinetic constant parameters obtained
for the metal adsorption by A. fatua are not comparable to others
found in the literature for other biosorbents [9,23–25].
3.1.1.3. Intra-particle diffusion model. The intrinsic adsorption on
a mineral particle suspended in water is often faster than the
transport to the interface. The thickness of the boundary layer
that surrounds the particle should be minimal, the agitation speed
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Table  1
Intra-particle diffusion, pseudo first order and pseudo second order kinetic parameters for four metals at room temperature and pH 5.5. qeq: maximum coverage concentration,
k1: pseudo first order constant, k2: pseudo second order constant, kid: intra-particle diffusion constant.

Metal Zn(II) Cu(II) Pb(II) Cd(II)

Pseudo-first order qe (mmol  g−1) 0.070 ± 0.005 0.063 ± 0.005 0.110 ± 0.005 0.100 ± 0.057
k1 (h−1) 1.58 ± 0.18 0.75 ± 0.04 4.56 ± 0.35 11.11 ± 4.19
R2 0.928 0.957 0.988 0.799

Pseudo-second order qe (mmol  g−1) 0.080 ± 0.002 0.063 ± 0.001 0.120 ± 0.002 0.1000 ± 0.0007
−1 −1

 0.007
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R2 0.993 

Intra-particle diffusion kid (mmol  h−1 g−1) 0.063 ±
R2 0.926 

hould be fast enough and the boundary layer resistance or film
iffusion should not be the rate-controlling step [26].

The rate constant for intra-particle diffusion (kid) is given by

t = kid(t)1/2 (8)

here qt is the amount of metal adsorbed at time t, which is
he sorption time. Plots of q versus t1/2 for lead(II), zinc(II), cad-

ium(II) and copper(II) are shown (Fig. S2.C). An initial portion
ith a steep slope that corresponds to intra-particle diffusion, fol-

owed by the plateau at equilibrium, is observed in this figure. The
nitial segment of the curve with a sharp slope (from 0 to 1 h) is
ttributed to surface adsorption, where the intra-particle diffusion
s the rate-controlling step followed by a plateau that corresponds
o equilibrium. The same behavior was observed by Areco and dos
antos Afonso [26] for the same metals adsorbed by Gymnogongrus
orulosus. The intra-particle diffusion rate was obtained from the
lope of the linear region of the curve.

The determination coefficient (R2) obtained ranged between
.926 and 0.997. The curves passed through the origin, which

ndicates that diffusion through the pores is the limiting fac-
or. However, the linear regression values were lower than those
btained for the pseudo-second-order model. The results suggest
he existence of a chemically controlled reaction mechanism [27],
lthough we cannot exclude some degree of an intra-particle dif-
usion contribution.

The determination coefficients for the pseudo-second-order
inetic model were greater than those for the intra-particle
iffusion model (Table 1), which suggests a chemical reaction
echanism [27]. This result would indicate that the sorption of
etal cations is a complex mixture of surface chemisorption on

he boundary layer of the weed particle and intra-particle diffusion
26].

.2. Sorption batch models

The relationship between the metal uptake and the sorbate
quilibrium concentration at constant temperature is known as the
dsorption isotherm. The quality of a certain biomass is related to
ts adsorbent capacity, and is based on the system material balance
dsorption: the sorbate that disappears from solution must be in
he adsorbent. Using this assumption, the qmax.exp (Eq. (1b)) values
or the adsorption of copper, zinc, cadmium and lead by A. fatua
ere calculated (0.27, 0.25, 0.73 and 0.84 mmol  g−1, respectively).

here are a considerable number of expressions that describe
dsorption isotherms. Here, the Langmuir and Freundlich, models
ere applied to the equilibrium data.
.2.1. Langmuir model
The Langmuir isotherm model indicates a reduction of the avail-

ble interaction sites as the metal ion concentration increases
16 ± 3 18 ± 4 48 ± 13
0.994 0.998 0.999
0.034 ± 0.003 0.169 ± 0.006 0.180 ± 0.027
0.942 0.997 0.954

[28]. The Langmuir isotherm assumes monolayer adsorption and
is determined by using the following equation:

q = qmax L ∗ KL ∗ Ceq

(1 + KL ∗ Ceq)
(9)

where qmaxL is the maximum metal uptake (mg  g−1 or mmol g−1)
which reflects the maximum surface sites on the solid phase occu-
pied by the adsorbate, Ceq (mmol  L−1) is the metal concentration at
equilibrium in the aqueous media and KL (L mmol−1) is the Lang-
muir equilibrium constant, which is related to the free energy of
the reaction.

The adsorption isotherms of A. fatua fitted by the Langmuir
model (Eq. (9)) of copper, zinc, cadmium and lead are depicted (Fig.
S3.A), and the resulting parameters are presented in Table 2. The
maximum coverage, qmaxL, follows the sequence Pb > Cd > Cu ∼ Zn.
The obtained values are similar to those obtained experimentally
(Table 2). The maximum adsorption capacities are greater than
some cited in the literature for other biosorbents [29,30].

3.2.2. Freundlich model
The Freundlich model predicts multilayer adsorption on the sur-

face of the adsorbent. The process is represented by Eq. (10):

qe = KFC1/n
eq (10)

where KF is the Freundlich constant that reflects the adsorption
capacity and 1/n is the index or degree of heterogeneity. Linear
regression analysis was used for treating the isotherm data (Fig.
S3.B). Eq. (11) shows the linear form of the Freundlich isotherm
used:

ln qe = ln KF +
(

1
n

)
ln Ceq (11)

The values of KF, 1/n  and the determination coefficient (R2) of
the Freundlich isotherm are given in Table 2.

The obtained degree of heterogeneity (1/n) for each of the metals
ranged between 0 and 1, which indicates that this model could be
used for interpreting the data; however, the obtained determina-
tion coefficients were less than those obtained using the Langmuir
model (Table 2).

The experimental results revealed that the biosorption
isotherms of the A. fatua series is Pb > Cd> Zn ∼ Cu, and the same
sequence was obtained for the KL values (Table 2). The maximum
coverage values obtained for copper and zinc were similar. This
result may indicate that the affinities of both metals for the func-
tional groups of the cell wall of the weed are also similar. However,
the affinity for lead is greater than that for cadmium, and the maxi-

mum  coverage follows a similar behavior. This result could indicate
that lead and cadmium are adsorbed onto the same type of sites on
the cell walls of the weed. However, the bonding energy for the
formations of the complexes on the surface is higher for lead than
for cadmium.
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Table  2
Fitting parameters for Langmuir and Freundlich isotherm equations and thermodynamics parameters for the adsorption of Zn(II), Cu(II), Pb(II) and Cd(II) on Avena fatua at
pH  5.5, constant ionic strength and room temperature.

Me Langmuir Freundlich

q = qmax∗KL∗Ce
(1+KL∗Ce) q = KFCe

1/n

qmax mmol g−1 KL L mmol−1 �G◦
L kJ mol−1 R2 KF mmol(n−1)/nL1/ng−1 1/n  R2

Zn 0.36 ± 0.04 0.36 ± 0.04 −14.58 0.958 0.10 ± 0.009 0.47 ± 0.07 0.918
Cu  0.36 ± 0.09 0.36 ± 0.06 −14.58 0.950 0.09 ± 0.008 0.44 ± 0.06 0.941
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Pb  1.02 ± 0.14 2.50 ± 0.95 −19.38 

Cd  0.94 ± 0.06 0.93 ± 0.07 −16.93 

Among the two isotherm models used, the Langmuir model
hows the best determination coefficients and a better description
f the experimental results.

Stumm and Morgan [31] have suggested that the tendency of
lkaline and alkaline earth cations to be adsorbed increases with
he ionic radius of the ion. Essentially, the 2+ oxidation state com-
lexes of the first transition series become more stable as the size
f the metal ion decreases, although there are other effects that
rise from crystal/ligand field theory. The stability of coordina-
ion complexes increases from calcium to copper and subsequently
ecreases for zinc, which indicates that the coordination complexes
f zinc are less stable than copper complexes. The tendency to
orm surface complexes, such as those formed between weeds
nd metals, may  be compared with the tendency to form corre-
ponding inner-sphere solute complexes [31]. KL and the formation
onstants of aqueous metal sulfate and/or carboxylate complexes
31] showed a similar increasing trend. However, for hydroxyl
roups, an inverse behavior is observed when KL is compared to
he formation constants of aqueous metal hydroxyl complexes [31].
hese results indicate that sulfated and/or carboxylated groups are
he main coordination centers on cell walls.

.3. pH influence

The influence of the solution pH on the adsorption of copper,
inc, cadmium and lead by A. fatua was studied. The uptake of metal
s maximal at pH values greater than 5. Under acidic conditions,
he majority of the binding sites are occupied by protons, which

eans that the functional groups of the cell walls are protonated.
s a consequence, the biosorbent capacity of the weed for metals
ecreases. The metal biosorption dependence on pH is also related
o the chemical speciation of the metals in solution [26].

The adsorption of Cu(II), Zn(II), Cd(II) and Pb(II) by A. fatua is
H dependant because they increase with pH (Fig. 2). Although

ndustrial effluents can have a wide range of pH values, in nature,
he acidic conditions of waters and streams are controlled by the

inerals in the basin, by atmospheric acid gas dissolution (CO2)
nd by some chemical species with acid–base properties present
n natural waters, which could facilitate the metal adsorption by
atural weeds. Furthermore, the optimal pH for metal adsorption

s determined by the metal salts solubility and the precipitation of
hydr)oxide and other slightly soluble salts.

.4. Cu(II), Zn(II), Cd(II) and Pb(II) effects on A. fatua growth

The presence of heavy metals in natural environments generates
isturbances in both the environment and human health. Plants,
ncluding weeds, are susceptible to different contaminants, such as
eavy metals; they produce metabolic changes that affect respira-
ion, photosynthesis, stomata opening and growth [32].

The effect of different concentrations of Cu(II), Zn(II), Cd(II) and
b(II) on the growth of A. fatua at pH 5.5 is shown (Fig. S4).
0.882 0.59 ± 0.009 0.58 ± 0.10 0.857
0.967 0.16 ± 0.01 0.48 ± 0.05 0.945

The effects of metals on the growth of A. fatua were statistically
evaluated using Kolmogorov–Smirnov and Bartlett tests and were
finally analyzed using one-factor ANOVA.

The growth rate of the plants irrigated with 10 and 50 ppm of
Cu(II) did not present significant differences with respect to the
control, although those irrigated with 100 ppm of Cu(II) were sig-
nificantly different (p < 0.05) from the control (Fig. S4.A).

The results demonstrate that copper affects the growth of A.
fatua, although in this case, the effects on the growth of the weeds
are only detectable at high concentrations of copper.

The weeds irrigated with 10 ppm of Zn (II) (Fig. S4.B) did not
exhibit significant differences with respect to the growth of the con-
trol weeds, although the growth of the weeds irrigated with 50 ppm
(p < 0.01) and 100 ppm (p < 0.001) differed significantly with those
irrigated with tap water (control). These results indicate that the
presence of Zn(II) also affects the growth of the weeds, and the
effect increases with the increase of the zinc concentration.

The growth of A. fatua was also evaluated in the presence of
Cd(II). In this case, the adverse effects were significant (p < 0.01)
with respect to the control, only at low metal concentration
(10 ppm) among the tested concentrations (Fig. S4.C). High Cd(II)
irrigation concentrations make the levels of metals in the weeds
and soils increase (Table S1), but the growth of A. fatua is only
affected at low Cd(II) irrigation concentrations.

Different Pb(II) concentrations do not appear to affect the
growth of A. fatua (Fig. S4.D). The final Cd(II) and Pb(II) concentra-
tions in soils and weeds increases as the concentrations of metals
increases in the irrigated water (Figs. S4.C and D and Table S1).
These metals are accumulated in soils, and the final concentra-
tions reached are similar to those observed in contaminated soils
in nature [33,34]. The amounts of Cd(II) and Pb(II) retained by A.
fatua are considerably greater than those reported in the literature
for other types of biomass [17,32,35,36].

A. fatua absorbs more lead than cadmium under the same exper-
imental conditions (Table S1). This result may  be due to the uptake
of heavy metals by plants from soils, which depends on whether
they are present in a chemical species that can be absorbed by the
plants. Furthermore metals can be strongly attached to soil par-
ticles, which make the translocation of the metals to the plants
difficult. The mineral composition of the soils, the pH, the redox
potential, the temperature and the humidity also affect the absorp-
tion of metals by plants. [32].

The cadmium and lead transfer rates from the soils to the weeds
were calculated from the data in Table S1, using Eq. (3).

The transfer rates obtained were 6.91, 2.78 and 4.06 for watering
cadmium concentrations of 10 ppm, 50 ppm and 100 ppm, respec-
tively, and 22.60, 13.80 and 7.98 for watering lead concentrations
of 10 ppm, 50 ppm and 100 ppm, respectively.
The lead transference rate decreases when the watering metal
concentration increases; this may  be due to the metal interac-
tions with the soil particles, which would explain why the weed
growth is not affected by an increase in the lead concentration of
the irrigation water.
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Fig. 2. Cu(II), Zn(II), Cd(II) and Pb(II) adsorption isotherms at pH 2: ( ); 3: ( ); 4: ( ) and 5.5: ( ). All data shown are the mean values from three replicate experiments.
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The obtained TR values were greater than those reported in the
iterature for other plants [32,36,37].

The volume of irrigation water is very small with respect to the
oil volume; therefore, almost all of the metal added to the pot is
etained by the soils and fails to reach the equilibrium conditions,

 /= K and Q < K. Therefore, the amount of bioavailable metal to be
bsorbed by the plant is always the same.

.5. Surface characterization

Scanning electron microscopy (SEM) images were used for
he surface analysis of A. fatua, as shown in Fig. S5. The SEM
mages were collected by applying 5 kV of voltage with differ-
nt magnifications to clarify the surface. These figures reveal the
brous superficial structure of the weed biomass where the metal
ations could be adsorbed. The energy-dispersive X-ray spectro-
copic (EDS) images for the weed before and after adsorption are
resented in Fig. 3. A. fatua does not present any metal adsorbed
n the surface before being treated with metals. The images col-
ected after the adsorption experiments reveal the presence of the
ifferent metals used in the experiments, which indicates that the
etal cations are adsorbed on the surface of the weed and is fur-
her evidence for the adsorption of Zn(II), Cu(II), Cd(II) and Pb(II) by
. fatua.

Also, EDS of A. fatua (Fig. 3) do not show the presence of S, N or P
n the cell wall, since thedispersive energies of these elements are
.30, 0.40 and 2.01 keV, respectively.
The zeta potential curves for the A. fatua samples with and with-
out Cu(II) are shown in Fig. 4. A pH dependent curve was observed
for all the samples. For A. fatua aqueous suspension the zeta poten-
tial value obtained was increased from −10 mV for pH around 3
till −23 mV  for pH near 6. The zeta potential is a measured of the
net surface charge that is a balance between positive and nega-
tive surface sites. The point of zero charge (pzc) is around 2.8 pH
units for A. fatua showing that the functional groups in the cell wall
were highly deprotonated and negatively charged, indicating that
the major binding sites are acidic groups. The binding groups with
pKa values below 4.7 are the carboxyl ( COOH, pKa = 1.7–4.7), sul-
fonate ( SO3, pKa = 1.3), phosphonate ( PO(OH)2, pKa = 0.9–2.1 and
6.1–6.8) and phosphodiester ( POOH, pKa = 1.5) [38]. However as
EDS do not show evidence of the presence of S, or P on the surface,
the main binding group present in the cell wall of A. fatua could be
the carboxyl group.

At constant pH, the zeta potential value became more positive
with the increase in copper concentration (Fig. 4). This indi-
cates that copper surface coordination is by electrostatic attraction
between the negative charge on the biomass and positive metal
cations and/or by ionic exchange mechanism where a copper ion is
replacing a proton from the surface of the cell wall as is outlined in

Eq. (15).

R − COOH + Cu2+ � R − COOCu+ + H+ (15)

As a consequence of that, a positive remaining charge could be
located on the surface, being the zeta potential value more positive.
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Fig. 3. A. fatua EDS images of: (A) before treatment; (B), (C), (D) and (E) after Zn(II),
Cu(II), Cd(II) and Pb(II) adsorption, respectively.
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Fig. 4. Zeta potential curves for copper adsorption on A. fatua at 100 ppm: ( );
50  ppm: ( ) and the control without copper: (�).

4. Conclusions

A. fatua can be used as an efficient adsorbent for heavy metals
such as Zn(II), Cu(II), Cd(II) and Pb(II) and the differences in the
metal adsorption are due to the different affinities of the metals for
the functional groups present in the weed cell wall.

The pH plays a significant role in biosorption. The process is
enhanced at pH values close to the physiological values rather than
at acidic pH values probably due to a competition between protons
and metal ions for the binding sites present in the cell wall of the
weeds.

As the majority of metal with ecological relevance are
hydrophilic, their transport through the biological membranes are
mediated by specific proteins [39]. In any case, the adsorption
processes in the absence of biological activities cannot be underes-
timated.

Another important consequence of biosorption is the bioaccu-
mulation of the adsorbed metals in the weed and along the trophic
chain; however, to determine these types of effects, it is necessary
to measure the amount of metals present in the roots, stems and
leaves to evaluate the translocations rates of metals from the roots
to the leaves and then use this data to evaluate if it is possible to
transfer the metals to the food chain via herbivory.

The presence of zinc, copper and cadmium in soils affects the
growth of A. fatua at different concentration levels. Thus, A. fatua can
grow in soils contaminated with heavy metals, and because of its
capacity to adsorb these metals it can be used as an indicator for the
presence of heavy metals in soils and as a remediation technique.
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