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A B S T R A C T

Salvinia minima is a widely distributed floating fern that bioaccumulates high concentrations of heavy
metals and is a promising species for Cr(VI) removal from polluted waters. Metal bioaccumulation
efficiency of aquatic plants can be affected by different factors such as surrounding pH and metal
concentration. In this study we investigated the effect of solution pH on the biosorption and reduction of
Cr(VI) in living plants of S. minima under both pH-stat (buffered) and pH-shift (unbuffered) conditions.
Plants were exposed to 0, 5 and 20 mg L�1 Cr(VI) concentrations for 7 days under controlled conditions at
pH 4.0, 6.0 and 7.6. Cr(VI) was determined using 1,5-diphenylcarbazide in presence and absence of
KMnO4. Cr(III) concentration was estimated as the difference between Crtotal [Cr(VI) + Cr(III)] (with
KMnO4) and Cr(VI) (without KMnO4) concentrations. Metal biosorption was significantly higher in acid
buffered solution than in unbuffered solution, but the biosorption pattern was different indicating that
solution pH could be a key factor controlling the removal of Cr(VI) by S. minima. The pH of acid unbuffered
Cr(VI)-containing solutions was significantly increased during Salvinia growth. Contrarily no significant
changes of pH were observed in unbuffered solutions without Cr(VI). Reduction of Cr(VI) to Cr(III) was
significantly higher at lower pH. Visual symptoms of Cr(VI)-induced damage were less evident at lower
pH. Results demonstrated that S. minima can survive and remove Cr(VI) at low pH values. This work
indicates that selection of suitable aquatic macrophytes for potential application in heavy metal
phytoremediation requires an additional focus regarding interactions among metal, solution pH, and
plant performance.
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1. Introduction

Increasing industrialization and technological development
during the last century has resulted in severe metal pollution of the
environment. Heavy metals such as chromium (Cr), cadmium (Cd),
lead (Pb), copper (Cu), nickel (Ni), and mercury (Hg) are nowadays
among the most important pollutants in aquatic environments
(Kabata-Pendias, 2011). Cr is one of the most toxic pollutants
commonly occurring in aquatic systems (Barrera-Díaz et al., 2012).
Anthropogenic release of Cr from industries as leather tanning,
electroplating, textile dyes, ceramic glazes, refractory bricks,
chromic acid production, wood preserving, and refractory steel,
constitute the main sources of environmental Cr pollution
(Oliveira, 2012). Cr is not destroyed by degradation and for long
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time accumulates in the environment giving an increased
contamination of soils and waters, which has raised severely the
menace of this toxic element in the last few decades (Madhavi
et al., 2013). In the environment Cr is found primarily in two
oxidation states i.e., hexavalent form [Cr(VI)] and trivalent form [Cr
(III)] (Zayed and Terry, 2003). Cr(VI) is very toxic to living
organisms, being its toxicity due to its high redox potential,
mobility, and ability to penetrate biological membranes. Cr(III) is
less toxic and acts as essential microelement in mammalians, but
in plants its role has not been elucidated yet (Das and Mishra,
2008). Increasing accumulation of Cr(VI) in the environment and
its possible repercussion on population health has lead to develop
different technologies to overcome Cr(VI) contamination. Conven-
tional physicochemical methods used in Cr(VI) removal from
contaminated wastewaters include both ion exchange resins and
electro kinetic procedures. These procedures have high cost and
lead to formation of harmful by-products (Madhavi et al., 2013).
Thus, biosorption processes appear as a more attractive technology
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for Cr(VI) removal. They are characterized by their low cost and
high capacity of metal removal, especially from solutions with low
metal concentrations (Saha and Orvig, 2010). Non-living and living
biological materials have been used to Cr(VI) biosorption, but a
literature survey revealed that most of biosorption procedures
have been performed using non-living biomass from bacteria,
fungi, seaweed, micro-algae and plants (Park et al., 2006). Among
living biomass, aquatic macrophytes (floating, emergent and
submerged) appear as suitable candidates to remove Cr(VI) from
polluted waters (Krems et al., 2013).

Both biosorption and bioaccumulation occur in metal-absorb-
ing plants, but they are different processes. In the first one, metal is
accumulated on the plant surface whereas in the second one it is
accumulated either inside (intracellular accumulation) or outside
(apoplastic accumulation) of cells (Chojnacka, 2010). Biosorption is
a passive, non-energy-dependent, fast and reversible mechanism
that takes place in both living and non-living plants. It is produced
by physical adsorption, ion exchange, precipitation or complexa-
tion with ligands occurring on the biosorbent surface. By contrast,
bioaccumulation is an active, energy-dependent and slow process
that only occurs in living plants. Together, biosorption and
bioaccumulation constitute the bioremoval capacity, i.e., plant
ability to remove heavy metals. In fact, both processes are a
component part of all currently used bioremediation technologies
(Oporto et al., 2008). Biosorption is based on an ion exchange
mechanism in which protons compete with metal cations by
binding sites on the biosorbent surface. In non-living plants
depending on the solution pH, functional groups on the cell wall
can bond or release protons giving a positively or negatively
charged cell surface (Elangovan et al., 2008; Miretzky and
Fernandez Cirelli, 2010). By contrast in living plants the availability
of functional groups to bond or release protons is mainly controlled
by cellular metabolism (Krzesłowska, 2011). Notwithstanding the
cellular metabolism can be affected by solution pH, which
influences biochemical reactions involved in the protonation/
deprotonation of cell wall functional groups (Bhatia and Ashwath,
2005). To avoid metabolic alterations induced by solution pH, the
intracellular pH of plant cells is maintained within a narrow range
(7.2–7.5) that is compatible with all metabolic functions (Felle,
2001). In fact the regulation of intracellular pH, especially of the
cytoplasm, is the most basic homeostatic process that takes place
in living cells, even following various environmental disturbances
(Pittman, 2012). In addition the solution pH also affects the
mobility and availability of metal ions with cationic species being
more soluble at pH below 7.0 and anionic forms more soluble at pH
above 7.0 (Chojnacka, 2010). Therefore, the pH of polluted solution
becomes a crucial factor of the metal biosorption process in both
non-living and living plants.

Cr(VI) is known to have phytotoxic, genotoxic and cytotoxic
effects on both terrestrial an aquatic plants (Rodríguez et al., 2011;
Oliveira, 2012; Eleftheriou et al., 2013). Toxic effects of Cr(VI) are
generally attributed to its propensity to induce oxidative stress,
and also generate reactive oxygen species (ROS) in cellular systems
(Shanker et al., 2005; Prado et al., 2010a; Patnaik et al., 2013). ROS-
induced toxic effects of Cr(VI) have been extensively studied in
many plant species at both cellular and molecular levels (Zayed
and Terry, 2003; Chandra and Kulshreshtha, 2004; Shanker et al.,
2005; Oliveira, 2012; Santos and Rodriguez, 2012). In contrast
visual symptoms of Cr(VI) damage occurring in plant leaves have
been reported only for a few species (Sharma et al., 2003; Paiva
et al., 2009; Gopal and Sharma, 2014). Depending on metal
concentration visual symptoms of Cr(VI) damage can vary from
chlorotic leaves [5–10 mg L�1 Cr(VI)] to brownish-red colored
leaves with necrotic areas and even wilting [25–50 mg L�1 Cr(VI)]
(Zayed and Terry, 2003). In polluted aquatic systems changes of pH
and richness of Cr species frequently occur (Javed and Greger,
2011), so to get a better phytoremediation performance of metal-
accumulating plants will be necessary to investigate how changes
of surrounding solution pH affect both metal biosorption and plant
health. Thus, the aim of the present work was to study the effect of
solution pH on biosorption and reduction of Cr(VI) occurring in
living plants of S. minima cultivated in buffered and unbuffered
solutions. Desorption of Cr species and visual symptoms of Cr(VI)
damage were also analyzed.

2. Materials and methods

2.1. Plant material and growth conditions

Healthy plants of S. minima with similar size and weight were
collected from a heavy metal non-polluted water pond located at
500 m a.s.l (Tucumán, Argentina, 26� 500S, 65� 120W). Collected
plants were thoroughly washed with running tap water to
eliminate sediment particles and microalgae. After that, plants
were transferred to 140-L clean plastic tank filled with tap water
(130 L) for 3 days under outdoor conditions. This treatment was
performed to recovery stressed plants. Uniform plants with fully
expanded leaves were transferred to plastic trays containing
150 mL of different Cr(VI) solutions. Cr(VI) solutions were obtained
from a stock solution (500 mg L�1) prepared with analytical grade
potassium dichromate (K2Cr2O7). All metal solutions were
prepared using tap water in order to get an approximately similar
aquatic medium to that of collected plants. Similarly, plants were
not cultivated in Hoagland’s solution to avoid chelation and/or ion
competition between Hoagland ions and dichromate anion
(Cr2O7

2–) for cell wall binding sites (Prado et al., 2010b). For each
tray 15 plants with similar size and shape (�35 g FW) were
transferred from acclimation tank. Plants were exposed to 0
(control), 5 and 20 mg L�1 Cr(VI) concentrations during 7 days
under controlled conditions: 200 mmol m�2 s�1 light intensity, 12 h
dark/light cycle, 80% relative humidity and 25/20 � 1 �C day/night
temperature.

2.2. Determination of Cr(VI) and Cr(III)

Cr(VI) and Cr(III) were determined using 1,5-diphenylcarbazide
(APHA, 2005). To Cr(III) determination, 1,5-diphenylcarbazide
method was performed in presence and absence of potassium
permanganate (KMnO4) as oxidant (Memon et al., 2006). Cr(III)
was estimated as the difference between Crtotal [Cr(VI) + Cr(III)]
(determined in presence of KMnO4), and Cr(VI) (determined in
absence of KMnO4).

In spite of that other Cr species such as Cr(II), Cr(IV) and Cr(V)
can be present, they have very short half-life and are unstable at
room temperature (Zayed and Terry, 2003). Therefore, in this study
was assumed that Crtotal corresponds to Cr(VI) + Cr(III) species only.
Reliability of colorimetric method was checked by a calibration
curve made from K2Cr2O7 standard solution in the range of
0.5 mg L�1 and 50 mg L�1 Cr(VI) concentration in presence and
absence of Cr(III). Standard deviation of calibration curve was
0.0044, which indicated a good fit of data and within an error limit
<2%. In a previous study carried out in our laboratory, no
significant difference was found in Cr(VI) concentration deter-
mined either by 1,5-diphenylcarbazide method or atomic absorp-
tion spectrometry (AAS) (Prado, 2012). To test whether the
McIlvaine buffer interferes with 1,5-diphenylcarbazide assay, a
standard curve was made from a K2Cr2O7 standard solution
prepared in 10 mM McIlvaine buffer. No differences in absorbance
values were observed. Further, Cr(VI) was determined in both Cr
(VI)-containing tap water and Cr(VI)-containing McIlvaine buffer
every day during the experimental period. No change in Cr(VI)
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concentration was observed indicating that no spontaneous
reduction of Cr(VI) occurred (not shown).

2.3. Biosorption of Cr(VI) on S. minima cell wall

The biosorption process was analyzed using living plants to
mimic conditions that occur in natural environments. The progress
of Cr(VI) biosorption was calculated as the difference between
initial Cr(VI) concentration in treatment solution and Crtotal
concentration in remaining solution for each sampling time.
Biosorption of Cr(VI) was expressed as percentage.

2.4. Effect of pH on Cr(VI) biosorption

To analyze the effect of pH on Cr(VI) biosorption two set of
experiments were performed: (i) pH-shift experiment (unbuffered
pH), (ii) pH-stat experiment (buffered pH). In pH-shift experiment,
Cr(VI) solutions (0, 5 and 20 mg L�1) were initially adjusted to
selected pH values (4.0, 6.0 and 7.6) by using 0.5 M HCl or 0.5 M
NaOH. Thereafter, pH was not adjusted until the end of the
experiment. In pH-stat experiment, Cr(VI) solutions were prepared
using a 10 mM McIlvaine buffer. This buffer was chosen to use a
unique buffer solution for all selected pH values. Buffer molarity
was relatively low to avoid addition of high amount of external ions
that may influence Cr(VI) biosorption. Selected pH values were
similar to those commonly recorded in wastewater effluents and
acid mine drainages of the Tucumán province and other provinces
of the northwest region of Argentina (unpublished data). Plants
cultivated in tap water and Cr(VI)-containing tap water were used
as controls. Every two days, tap water or McIlvaine buffer solution
was added to reach initial volume to compensate water loss by
evapotranspiration. The pH of treatment solutions was monitored
with a digital pH meter (Adwa AD1000, Hungary). Measurements
were made at 0 (immediately after to transfer plants to treatment
solutions), 3, 5, and 7 days after starting the experiment. After each
pH measurement cycle, a 5 mL sample from each treatment
solution was collected to determine residual Cr(VI) and Cr(III). Four
replications were undertaken for each Cr(VI) concentration and
each pH value.

2.5. Recovery of Cr(VI) and Cr(III)

To recovery sorbed Cr, plants were harvested at ending of the
experiment, drained on filter paper and transferred to 100 mL
deionized water. After incubate at room temperature for 15 min
under constant stirring, plants were transferred to 100 mL 0.5 M
HCl and incubated again. Finally, plants were transferred to 100 mL
0.5 M NaOH and incubated as described. Washing solutions were
used to quantify desorbed Cr(VI) and Cr(III).

2.6. Extrusion of protons

Plants grown in both tap water and Cr(VI)-containing tap water
were collected at ending of treatment period, washed thoroughly
with deionized water and used to measure proton extrusion (Chen
et al., 1990). Briefly, 10 uniform plants with intact leaves were
transferred to 50 mL of measuring solution containing 1 mM Tris–
HCl buffer (pH 7.0), 0.5 mM calcium chloride (CaCl2) and 50 mM
potassium chloride (KCl). This last one was used to get a more
significant DpH. Measuring solution was constantly stirring using a
micro magnetic stir bar. Changes of pH in measuring solution were
recorded over 30 min using a digital pH meter (Adwa AD1000,
Hungary). Proton extrusion was expressed as percentage, assum-
ing that maximum DpH obtained at 0 mg L�1 Cr(VI) concentration
(Cr-untreated plants) corresponds to 100%. Proton extrusion was
also measured after addition sodium vanadate (Na3VO4) (15 mM)
to measuring solution. Sodium vanadate is a well-known inhibitor
of plasma membrane H+-ATPase activity (Yan et al., 1998).

2.7. Visual symptoms of Cr(VI) effects

At 0, 3 and 7- d cultivation period, plants were carefully
observed to establish visual symptoms of metal effects. Analysis of
temporal pattern of visual symptoms was performed from a
photographic record obtained with a digital camera (Sony DSC-
S60, Japan). Photographs of control and Cr(VI)-exposed plants were
taken under white light (fluorescent lamps) at the same time.
Images were edited to background subtraction and also to correct
the contrast and brightness. Image processing was performed
using the Corel PHOTO-PAINT X3 software (Corel Inc., USA)

2.8. Statistical analysis

Data are means of three independent replicates. Data were
processed by analysis of variance (ANOVA) and means were
compared using the Tukey’s test at 5% level (p < 0.05).

3. Results and discussion

3.1. Biosorption of Cr(VI) on S. minima cell wall at different pH

In a previous work carried out in our Laboratory was
demonstrated that S. minima cultivated in a Cr(VI)-containing
tap water solution was able to accumulate on the surface of lacinias
(root-like structures) up to 6 fold more chromium than fronds
(Prado, 2012). Agreeing with this result in a previous work Olguín
and co-workers demonstrated that the predominant mechanism of
Pb(II) removal by living S. minima was the surface adsorption
(Olguín et al., 2005). The removal of metals from metal-containing
solutions by living aquatic macrophytes includes two major
processes: (a) a metabolically-independent mechanism that
occurs on the plant surface (biosorption), and (b) an energy-
dependant process that takes place inside the plant (bioaccumu-
lation) (Chojnacka, 2010). Although adsorption is a binding
physicochemical reversible process between dissolved ions from
an aqueous solution and binding sites on the adsorbent surface
(Nibou et al., 2010), biosorption is a more complex phenomenon
that includes adsorption, absorption, surface complexation and ion
precipitation onto the cell wall (Fomina and Gadd, 2014). The
biosorption of heavy metals by both living and non-living plants
closely depends on cell wall composition that varies notably with
plant age and among species (Guigues et al., 2014), and
physicochemical characteristics of the metal solution (Davis
et al., 2003). Proton-metal cation exchange mechanism is the
major trait of the metal biosorption process on the cell wall
(Meychik and Yermakov, 2001). Depending on the solution pH,
binding sites on the cell wall can be pronated or deprotonated
giving a positively or negatively charged biosorbent surface
(Miretzky and Fernandez Cirelli, 2010). At low pH values the
protonation of cell wall binding sites becomes significant, and then
an increased availability of anion binding sites occurs. In this
condition the biosorption of metal cations such as Cu2+, Cd2+, Ni2+,
Co2+, Hg2+ and Al3+ is often reduced due to competition between
dissolved cations and solution protons. Conversely, anionic species
like TcO4

�, PtCl43�, CrO4
2�, HCrO4

�, Cr2O7
2–and SeO4

2� show an
increased biosorption rate (Fomina and Gadd, 2014). When the pH
of solution increases, metal binding sites are deprotonated and
then the availability of anion binding sites decreases (Elangovan
et al., 2008). In strong acidic conditions (pH 2.0–3.6), hydrogen
chromate (HCrO4

–) is the prevalent anionic species that subse-
quently shifts to chromate (CrO4

2–) and (Cr2O7
2–) species under

rising pH. At pH higher than 7.0, Cr2O7
2– is the predominant species



Fig. 2. Time-dependant biosorption of Cr(VI) at different pH in both pH-stat and
pH-shift conditions. Cr(VI)-containing tap water was included as control. Bars
indicate standard deviation. Different letters on bars indicate significant differences
at p < 0.05 (n = 6). Lowercase letters are used to denote significance at 5 mg L�1 Cr
(VI) concentration and uppercase letters to denote significance at 20 mg L�1 Cr(VI)
concentration.
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found in aqueous solutions (Kota�s and Stasicka, 2000). Agreeing
with these findings our data show that after a 7-d cultivation
period under buffered (pH-stat) and unbuffered (pH-shift)
conditions, highest and lowest biosorption percentages of Cr(VI)
on the cell wall of S. minima plants occur at pH 4.0 and 7.6
respectively, in both 5 and 20 mg L�1 Cr(VI) (Fig. 1). By comparison
with biosorption percentage obtained from a Cr-containing tap
water solution (control), biosorption percentage found at pH
4.0 under pH-stat condition was significantly higher than the
control whereas under pH-shift was significantly lower. In
addition, decreases of biosorption percentages at pH 6.0 and
7.6 were more pronounced under pH-shift condition compared
with pH-stat condition (Fig. 1). Time-dependant pattern of Cr(VI)
biosorption under pH-stat and pH-shift conditions is shown in
Fig. 2. In pH-stat condition the biosorption of metal was faster at
pH 4.0 than that at pH 6.0 and 7.6. After a 3-d treatment period,
biosorption percentages were 68% and 78% in presence of 5 and
20 mg L�1 Cr(VI) concentrations, respectively. In pH-shift condi-
tion, Cr(VI) biosorption was faster at pH 6.0 reaching a 43%
biosorption after a 3-d treatment period with 5 mg L�1 Cr(VI)
concentration; while in presence of higher Cr(VI) concentration, it
was faster at pH 7.6 (17%). For all cultivation conditions lower
biosorption percentages always occurred at higher Cr(VI) concen-
tration. Although this result seems to be unexpected, can be
explained by assuming that at low Cr(VI) concentration a relative
higher number of binding sites are available on the cell wall. In this
condition more Cr ions can bind to adsorption sites giving a higher
biosorption percentage. However, it can also be explained by
assuming that at high Cr(VI) concentration, Cr ions diffuse to cell
wall through an intraparticle diffusion gradient and also greatly
through hydrolyzed Cr ions themselves that diffuse slower. On a
time-based comparison, at 20 mg L�1 Cr(VI) concentration less Cr
ions may reach metal binding sites on the cell wall than at 5 mg L�1

Cr(VI) concentration, and then S. minima becomes more efficient to
remove Cr(VI) from dilute solutions.
. 1. Biosorption of Cr(VI) on S. minima cell wall after a 7-d cultivation period in Cr
)-containing tap water (control) and both Cr(VI)-containing buffered and
uffered solutions. Different letters on bars indicate significant differences at

 0.05 (n = 6). Lowercase letters are used to denote significance in buffered
ution (pH-stat condition) and uppercase letters to denote significance in
uffered solution (pH-shift condition).
3.2. Changes of solution pH and extrusion of protons triggered by S.
minima

Differences observed in biosorption percentages and time-
dependant biosorption patterns with all Cr(VI)-containing sol-
utions (Figs. 1 and 2), indicate an indubitable involvement of both
buffering capacity of treatment solutions and plant metabolic
activity in the biosorption process of Cr(VI) that takes place on the
cell wall of living Salvinia plants. Under pH-shift condition the
buffering capacity of treatment solution does not occur, and then
the pH of root surrounding solution (rhizosphere) becomes
controlled by metabolic activity. Enhanced secretion of organic
anions (e.g., citrate, malate, oxalate) by roots has been recognized
as common trait of heavy metal-stressed plants (Zeng et al., 2008;
Javed and Greger, 2011). Besides direct complexation with metal
Fig. 3. Temporal evolution of proton extrusion from S. minima plants after a 7-d
cultivation period in Cr(VI)-containing tap water and tap water without Cr(VI).
Different letters on bars indicate significant differences at p < 0.05 (n = 6).



Fig. 4. Time-dependant pH change of treatment solution under pH-shift condition
during the cultivation of S. minima in presence and absence of Cr(VI). (a) starting pH
4.0; (b) starting pH 6.0; (c) starting pH 7.6. Bars indicate standard deviation at
p < 0.05 (n = 6).
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cations, organic anions interact with functional groups (binding
sites) of the cell wall affecting their protonation/deprotonation
status, and with free protons that modifies the pH of root
surrounding solution (rhizosphere) (Hinsinger et al., 2003). Under
buffered conditions there are no pH changes and then organic
anions only interact with cell wall functional groups giving either
protonated or deprotonated binding sites according to the solution
pH. In contrary under unbuffered conditions organic anions
interact with both cell wall and free protons (Yang et al., 2013).
In this context, under unbuffered acidic conditions organic anions
bind protons increasing the pH of surrounding solution (rhizo-
sphere alkalization) that affects the protonation/deprotonation
status of the cell wall and also the solubility and availability of
Table 1
Biosorption of Cr(VI) by S. minima plants cultivated in Cr(VI)-containing tap water (contr
controlled environment. Biosorption percentages were calculated based on determination
row percentage values followed by the same lowercase letter are not significantly diff
significantly different, p < 0.05 (n = 6).

Initial conc. (mg L�1) Biosorption (%)

(Based on Cr(VI) determination) 

Control (tap water) 

5 73.5 � 2.9aB
20 63.7 � 2.0aC

pH-stat (buffered solution) 

pH 4.0 pH 6.0 pH 7.
5 88.2 � 2.4aA 71.6 � 3.1bB 34.1 �
20 86.7 � 2.8aA 63.2 � 2.1cC 23.8 �

pH-shift (unbuffered solution) 

pH 4.0 pH 6.0 pH 7.
5 63.1 � 1.4aC 53.9 � 1.5bD 46.1 �
20 54.2 � 1.2aD 46.2 � 1.5bE 23.5 �
metal ions. We did not measure the release of organic anions by S.
minima, and then we cannot confirm their involvement in the
regulation of rhizosphere pH.

Beyond the role of organic anions to regulate the rhizosphere
pH in heavy metal-exposed plants, the release of protons
associated to plasma membrane H+-ATPase activity also contrib-
utes significantly to this regulation (Janicka-Russak et al., 2008).
Proton extrusion was significantly inhibited by Cr(VI) in Salvinia
plants. Maximum inhibitions (�55.4% and �63.9%) for 5 and
20 mg L�1 Cr(VI) concentrations were observed 25 min after
beginning the recording of DpH. From this time on, proton
extrusion stayed unchanged (Fig. 3). Addition of Na3VO4 also
reduced strongly proton extrusion (�62.3%) being similar at the
two Cr(VI) concentrations (Fig. 3). This indicate that proton efflux
in Cr(VI)-exposed S. minima is mainly associated to plasma
membrane H+-ATPase activity. Cr(VI)-induced inhibitions of
plasma membrane H+-ATPase activity and proton extrusion have
also been observed in other plant species (Rai et al., 2004; Najafian
et al., 2012). By assuming that plasma membrane H+-ATPase
activity contributes to establish the rhizosphere pH in Cr(VI)-
exposed plants and depending on initial solution pH, different
temporal pH change patterns occurred in treatment solutions
under pH-shift condition during the cultivation of S. minima
(Fig. 4). Starting from pH 4.0, after a 7-d cultivation period, the pH
of treatment solution increased by about 3.0 pH units, while in
unbuffered solution without Cr(VI) only increased by 1.8 pH units
(Fig. 4a). Starting from pH 6.0, the pH of treatment solution
increased about 1.5 pH units in the presence of Cr(VI) whereas in
absence of metal no significant change was observed (Fig. 4b).
Starting from pH 7.6, the value of solution pH only increased
slightly (0.2 pH unit) in presence of 20 mg L�1 Cr(VI) concentration,
while in presence of 5 mg L�1 decreased slightly. In absence of Cr
(VI) a pronounced decrease of pH value was observed (Fig. 4c). Of
interest, in absence of Cr(VI), solution pH tends to reach a similar
value independently of starting pH value (Fig. 4a-c). According
with Jones (1998) under stress conditions the rhizosphere pH
changes strongly whereas under unstressed conditions tends to
maintain a constant value. Under pH-stat condition there were no
pH changes in presence and absence of Cr(VI) (not shown). Lack of
pH changes under pH-stat condition does not necessarily mean
that Salvinia plants do not release protons, because they may have
been consumed in chemical reactions that contribute to buffering
capacity of the treatment solution. Further studies are needed to
establish contribution of proton extrusion and plasma membrane
H+-ATPase activity to maintain the homeostasis of rhizosphere pH
in Cr-exposed aquatic macrophytes.
ol) and both Cr(VI)-containing buffered and unbuffered solutions during 7 days in a
s of Cr(VI) and Crtotal [Cr(VI) + Cr(III)] in remaining treatment solutions. Within each
erent. Within each column values followed by the same uppercase letter are not

(Based on Crtotal determination)

Control (tap water)
73.9 � 3.0aA
63.7 � 2.5aB

pH-stat (buffered solution)
6 pH 4.0 pH 6.0 pH 7.6

 1.8dF 77.8 � 3.1bA 69.7 � 3.4bA 31.6 � 2.2dE
 2.3eG 73.6 � 2.7bA 59.9 � 2.2cB 24.1 � 1.9eF

pH-shift (unbuffered solution)
6 pH 4.0 pH 6.0 pH 7.6

 3.7cE 63.2 � 1.1aB 53.9 � 1.8bC 46.4 � 2.1cD
 2.1cF 53.7 � 1.5aC 42.5 � 3.1bD 22.1 � 2.9cE



Fig. 5. Total Cr recovered (Crrec) from S. minima plants cultivated under pH-stat and
pH-shift conditions after washed with deionized water, HCl and NaOH. Bars indicate
standard deviation. For each Cr(VI) concentration and for each pH condition,
different letters on bars indicate significant differences at p < 0.05 (n = 6). Lowercase
letters are used to denote significance in pH-stat condition and uppercase letters to
denote significance in pH-shift condition.
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3.3. Reduction of Cr(VI) by S. minima

Metal biosorption percentage obtained on the basis of Cr(VI)
concentration remaining in the treatment solution at ending of the
experimental period at pH 4.0 and pH.stat condition was
significantly higher than that obtained using Crtotal [Cr(VI) + Cr
(III)] remaining concentration. No significant changes were found
at pH 6.0 and 7.6 (Table 1). This lead us to assume that a plant-
related reduction of Cr(VI) to Cr(III) must be occurring in S. minima
grown in a relatively strong acidic solution. Taking account the
possibility that the reduction of Cr(VI) can occur spontaneously in
Cr(VI)-containing solutions, we determined both Cr(VI) and Crtotal
in plant-free Cr(VI)-containing solutions maintained under similar
growth conditions. No reduction of Cr(VI) was detected at the three
pH values (not shown). This confirms that a Salvinia-mediated Cr
(VI) reduction occurred at the lower pH. Supporting our result, it
has been proven that when Cr(VI) comes in contact with
biomaterials in strong acidic solutions can be easily reduced to
Cr(III) due to its high redox potential (+1.33 V at pH 1.5–3.7).
Contrarily in weak acidic solutions (pH 5.5–6.5) there is no
reduction of Cr(VI) due to its low redox potential (�0.13 V at pH
6.0) (Park et al., 2006). Agreeing with this finding in the present
work Cr(III) was not detected when the pH of remaining Cr(VI)-
containing solution was 6.0 (Table 1). Plant-mediated Cr(VI)
reductions under strong acidic conditions have also been reported
for other plant species (Lytle et al.,1998; Aldrich et al., 2003; Popuri
et al., 2007; López-García et al., 2013).

3.4. Recovery of biosorbed Cr species

Total Cr recovery (Crrec) from Salvinia plants exposed to Cr(VI)
during 7 days in buffered and unbuffered Cr(VI)-containing
solutions as well as in Cr(VI)-containing tap water, by using
deionized water, 0.5 M HCl and 0.5 M NaOH as desorbents is shown
in Fig. 5. Higher amounts of biosorbed chromium were released by
washing either with deionized water or HCl, whereas the lower
amount was released by alkaline washing. Analysis of recovered Cr
indicates that both Cr(III)rec and Cr(VI)rec species were present in
washing solutions (Fig. 6). In pH-stat condition, desorption of Cr
(VI)rec was significantly lower at pH 4.0. A decreased recovery of Cr
(VI) surely reflects an increased Cr(VI) reduction. Confirming this
assumption, higher amounts of Cr(III)rec were obtained by acid
Fig. 6. Recovery of Cr(VI)rec and Cr(III)rec from S. minima plants after washed with deio
standard deviation. For each Cr species and for each Cr(VI) concentration in treatment 

Lowercase letters are used to denote significance in Cr(VI)rec species and uppercase let
washing from plants grown at pH 4.0 (relatively strong acidic
condition) in both 5 and 20 mg L�1 Cr(VI) concentrations. By
contrast at pH 6.0 (weak acidic condition) the recovery of Cr(III)rec
was much lower than that at pH 4.0 (Fig. 6). Although this may
indicate that Cr(III)rec desorbed from Salvinia plants is mainly
produced by a pH-dependant reduction of Cr(VI), the decreased
recovery of Cr(VI)rec could also be explained by the statement of
Park et al. (2004). According to Park’s statement when there is a
small number of electron-donor groups on the biomass surface or
free protons in the aqueous phase, Cr(VI) can remain bound on
biomass surface without reduction, and then a less amount of Cr
(VI) is released by wash. Since Cr(III)rec was also recovered from
plants grown at pH 7.6 it can assume that a pH-independent
nized water, HCl and NaOH in both pH-stat and pH-shift conditions. Bars indicate
solution, different letters on bars indicate significant differences at p < 0.05 (n = 6).
ters to denote significance in Cr(III)rec species.
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reduction of Cr(VI) also occurs on Salvinia surface (Fig. 6). pH-
dependant and pH-independent reductions of Cr(VI) have been
observed in some aquatic macrophytes (Lytle et al., 1998; Zazo
et al., 2008; Espinoza-Quiñones et al., 2009). Similarly, the higher
release of Cr(VI)rec with deionized water from Salvinia plants
grown at pH 7.6, could indicate that Cr2O7

2– ions are maintained on
lacinia surface by physical binding (adsorption), by weak binding
to cell wall functional groups and/or by slightly complexation with
secreted organic acids. In support of the more labile retention of Cr
(VI) on S minima surface at pH 7.6, recently was communicated that
Fig. 7. Temporal pattern of visual symptoms of Cr(VI)-induced damage occurring in S. m
(VI)-containing tap water (control). (a) 0-d treatment time; (b) 3-d treatment time; (c
in the hyperaccumulator aquatic macrophyte Callitriche copho-
carpa growing in presence of Cr(VI), 34% of biosorbed Cr was found
in water soluble fraction whereas another 23% occurred as easily
mobile fraction (Augustynowicz et al., 2013).

Under pH-shift condition the most remarkable trait was the
strong decrease observed in the recovery of Cr(III)rec from plants
grown at pH 4.0, when comparing with plants grown at the same
pH under pH-stat condition (Fig. 6). Decreased recovery of Cr(III)rec
under pH-shift condition could be explained by the Cr-induced rise
of solution pH occurring during the plant growth (Fig. 4a). This
inima plants cultivated in both Cr(VI)-containing buffered solution (pH-stat) and Cr
) 7-d treatment time.
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would confirm our assumption that in Cr(VI)-exposed S. minima, Cr
(III) is mainly generated by a pH-dependant reduction of Cr(VI)
onto the plant surface. After three desorption washes, total
recovered Cr was lower than total biosorbed Cr (Crtotal > Crrec) by
assuming that Crtotal corresponds to 100% of Cr species in both pH-
stat and pH-shift conditions (not shown). This indicates that a
certain amount of biosorbed Cr was retained either on lacinia
surface or accumulated inside the plant. Agreeing with this last, in
a previous study we demonstrated a Cr accumulation in fronds of S.
minima cultivated in Cr(VI)-containing tap water (Prado et al.,
2010b).

3.5. Effect of pH on visual symptoms of Cr(VI) damage

Fig. 7 shows visible symptoms of Cr(VI) damage in fronds of S.
minima cultivated in both Cr(VI)-containing buffered solution (pH-
stat condition) and Cr(VI)-containing tap water solution (control).
After a 3-d treatment time, symptoms of Cr(VI) damage were
clearly visible in plants under pH-stat condition. Plants were less
affected at pH 4.0 and 6.0. Cr(VI)-exposed plants at pH 7.6 showed
severe chlorosis symptoms that starting from margins were
extending toward central portion of lamina. Many fronds show a
central brown spot that was extended to whole frond that finally
acquired a brownish-red coloration also showing some necrotic
spots (Fig. 7b). In control plants visual symptoms of Cr(VI) damage
were not observed. After a 7-d treatment period, plants grown at
pH 6.0 and 7.6 in Cr(VI)-containing buffered solution acquired a
dark brown color and became brittle; while plants grown at pH 4.0
show less damage symptoms. Control plants showed minor
damage symptoms (Fig. 7c). This indicates that pH-dependant
deleterious effects were stronger than Cr-dependant effects
(Fig. 7a-c). Supporting this assumption, plants grown in free-
metal buffered solutions showed similar damage symptoms than
those grown in Cr(VI)-containing buffered solutions (not shown).
Cr-exposed lacinias under pH-stat condition showed a healthier
appearance than fronds. Like fronds, symptoms of damage were
less severe at pH 4.0 (not shown). This could indicate that lacinias
are more tolerant to Cr(VI) than fronds in acidic solutions. Many
industrial wastewater effluents and acid mine drainages that
contain Cr(VI) are strongly acidic (Barrera et al., 2006), then less
occurrence of damage symptoms in lacinias at low pH could signify
an acquired trait of plants to enhance Cr(VI) tolerance in polluted
aquatic systems. Under pH-shift condition, damage symptoms
were very similar to those observed in control plants (not shown).
Visual symptoms induced by other heavy metals i.e, Zn, Co, Cd and
As have been communicated for S. auriculata and S. cucullata
(Guimarães et al., 2006; Phetsombat et al., 2006; Wolff et al., 2009,
2012). However, most of these studies were made without
considering the pH of solution, and then this study can be
considered as the first communication on visual symptoms of Cr
(VI)-induced damage occurring in a Salvinia species grown at
different pH values.

4. Conclusions

From the present study S. minima appears as suitable species to
removal Cr(VI) from acidic aqueous solutions. Results demon-
strated a good adaptation of Salvinia to tolerate Cr(VI) and also
survive at low pH values, frequently occurring in metal polluted
wastewater effluents and acid mine drainages. Evaluated param-
eters represent a relevant approach to enhance the knowledge on
plant performance under adverse environmental conditions which
can constrain the sustainability of phytoremediation process
under a changing pH scenario. Results are sufficiently promising to
justify future works to evaluate the performance of S. minima to
removal Cr(VI) from acidic wastewater at field conditions and even
on a pilot scale, with the monitoring of a greater number of
parameters than the studied in this work. Results also indicate that
selection of suitable aquatic macrophytes for potential application
in heavy metal phytoremediation requires an additional focus
regarding interactions among metal, solution pH, and plant
performance.
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