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Abstract - The performance of Salvinia natans macrophyte to recover lead and chromium from single and
bicomponent solutions in batch and fixed bed systems was investigated. Equilibrium data were obtained through
isotherms and fitted to Langmuir, Freundlich and D-R models for a single component system. In the fixed bed
study the breakthrough curves were carried out at three different ratios of concentrations for the bicomponent
study and at the concentration of 1 mmol.L™! for the single system. In order to know the biosorption mechanism,
FT-IR analyses were performed for S. natans before and after the uptake of metal ions. The results showed
different functional groups in the biomass and the ability of these groups to bind Cr** and Pb?". Studies of the
binary system of Cr**/Pb?" are not common in the literature, which makes the experimental data obtained in this
work very important for providing information that could be used in adsorption processes.

Keywords: Lead; Chromium; Macrophyte; Batch; Fixed bed.

INTRODUCTION

Metal ions such as chromium and lead are chemi-
cal elements toxic to the environment and human
body. They belong to the most important groups of
pollutants from industrial wastewater. The harmful
potential of metals associated with their power of
accumulation in the environment and their toxic
effects, and potential damage to health are well known
and extensively studied (Axtell et al., 2003; Sheng et
al., 2004; Saygideger et al., 2005).

These kinds of pollutants are very difficult to treat
due, mainly, to the inefficiency and/or the high cost
related to the traditional methods. Biosorption is an
alternative method of treatment which has become
increasingly promising due to the large variety of
existing materials and the high affinity for metal ions
(Vieira et al., 2008; Leyva-Ramos et al., 2012).

*To whom correspondence should be addressed

Biosorption is a purification process which may in-
volve complex mechanisms that depend on the chemi-
cal and morphological characteristics of the biological
material used (Lima ef al., 2011). The term "biosorp-
tion" refers to various ways of removing pollutants
using non-active biomass, where the "sequestration"
of pollutants by the biomass of the cell wall may occur
via mechanisms of adsorption, ion exchange, chelation,
coordination, complexation, etc. (Bai and Abraham,
2001). This "sequestration" can be attributed to func-
tional groups present in the cell wall of biomass such
as carboxylates, carboxylic acids, phosphates, amines,
aldehydes (Saygideger et al., 2005; Bernardo et al.,
2009).

Among all kinds of existing biomaterials we
mention aquatic macrophytes. They have some ad-
vantages, such as being a low-cost and locally availa-
ble material. They are easy to grow in a wide range of
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temperature and pH. Moreover, many works have
shown the high affinity of the metal ions for macro-
phytes in adsorption processes (Lima et al., 2011).

Bunluesin ez al. (2007) studied the removal of Cd*
by the nonliving biomass of the aquatic macrophyte
Hydprilla verticillata. They tested batch and fixed-bed
systems. The Langmuir model fitted to the batch data
showed a maximum removal capacity, gmax, of 0.133
mmol.g”'. From fixed-bed experiments, the break-
through curves showed that H. verticillata was capa-
ble of decreasing Cd** concentration from 10 mg.L™!
to a value below the detection limit of 0.02 mg.L™".

Miretzky and Munoz (2011) evaluated the removal
of Zn*" by Eichhornia crassipes macrophyte biomass
modified by Fenton treatment. The efficiency of the
Zn** sorption process under different experimental
conditions was determined. Experimental data showed
good fit to a Langmuir model with maximum sorption
capacities of 0.114 and 0.203 mmol.g™' for raw and
Fenton activated biomass (dose 5.0 g L', pH 6.0),
respectively.

Martins et al. (2014) studied the performance of
the aquatic moss Fontinalis antipyretica for removing
cadmium and lead from simulated wastewaters. The
authors found that, for an initial metal concentration
of 10 mg.L", the uptake capacity of the moss, at equi-
librium, was the same for both metals (4.8 mg.g™).
But when the initial concentration increased up to 100
mg.L", the uptake of Pb (II) was higher than 78%.

Seolatto et al. (2014) evaluated the biosorption of
Cr'* and Ni*" by Sargassum filipendula pre-treated
with CaCl,. The authors studied kinetic and equilib-
rium characteristics of the process. Experiments were
carried out for single and bicomponent solutions in a
batch reactor at pH 3.0 and temperature of 30 °C. For
single component studies the maximum adsorption
capacities were 3.0 and 1.48 meq.g”' for Cr’* and Ni*",
respectively. In the binary system a strong competitive
behavior was observed. When both ions were present
in solution, Ni*" ions were gradually removed from
the biomass and the higher the initial concentration of
Cr’" the higher was the Ni** desorption.

Among the several existing toxic metals, we can
mention chromium and lead ions. Chromium com-
pounds are heavily used in the tanning process due to
their capacity of promoting the hardening of the skin,
providing a better preservation of the final product. As
a result, the effluents released are rich in Cr*" ions,
which represent a potential polluting source for the
environment (Freitas and Melnikov, 2006).

Chromium can exist in multiple valence states,
Cr’* and Cr*" being the most common. Cr** occurs natu-
rally in the environment and, in low concentration,
becomes an essential micronutrient for humans and

other species, while Ct®" is a toxic contaminant, being
produced only by human activity (Felter and Dourson,
1997; Brigatti et al., 2000). In addition to pollution by
tanneries, there is concern because of the ability of
Cr® to be reduced to Cr’* in the environment; in this
case, both forms are discussed with regard to toxicity
(Felter and Dourson, 1997).

Lead ions are stable in two oxidation states, Pb*"
and Pb*", but the environmental chemistry is domi-
nated by the Pb*" ion (Zambon, 2003). This metal is
potentially toxic to animals and aquatic life. It is pre-
sent in the environment as a result of a wide and ex-
tensive industrial application of chemicals, like the
employment of insecticides containing lead, PbHAsOs,
as well as the mining processes, electroplating, petro-
leum refining, pulp and paper and urban activity such
as the use of lead in gasoline and paint (Prasad et al.,
2000).

Another important observation is the small number
of works available in the literature using dead macro-
phytes for metal ion removal. Therefore, the main
objective of this work is to study the application of the
aquatic macrophyte Salvinia natans in the removal of
Pb*" and Cr*" ions from single component and binary
mixture solutions in batch and continuous fixed bed
systems. Equilibrium and breakthrough curve experi-
ments were performed. The Langmuir, Freundlich and
D-R isotherm models were applied to the batch
system and the Bohart-Adam model was fitted to the
breakthrough curves in the single component study.
Changes in functional groups present in Salvinia
natans bioadsorbent were analyzed by spectroscopy
in the infrared region (FT-IR).

MATERIALS AND METHODS
Biomass

Salvinia natans macrophyte was cultivated and
collected by the CPAA (Research Center in Environ-
mental Aquaculture) of the State University of Parana,
Brazil. After collection, the biomass was washed and
dried at 55 °C for 24 h. After this period the biomass
was sieved and fractions measuring 0.855 mm were
collected and used in batch and fixed bed experiments.

Metal Ion Solutions

The chromium and lead synthetic solutions were
prepared by dissolving Cr (NOs);.9H,O salt and
Pb(NOs), (both from Vetec) in deionized water. The
pH of the solution was adjusted to 4.0 using HNO3
(0.5 M) and NaOH (1 M). This pH was used to avoid
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precipitation of the metal ions. The presence of Cr’*
and Pb*" ions in solution was measured using an
Atomic Absorption Spectrophotometer - AA 100 -
Perkin Elmer, in the Laboratory of Environmental
Engineering — Unicamp.

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was performed to identify the
functional groups present in biomass and the changes
in these groups after the biosorption process. The
Infrared spectra were recorded in the 4000-600 cm'
region using a Thermo Nicolet instrument, model IR-
200. The ATR (attenuated total reflection) device
allows getting information about the biomass surface.

Equilibrium Assays

Equilibrium experiments for the single component
systems were conducted by mixing 100 mL of solu-
tion with different concentrations of Cr’* or Pb*
(0.025 to 4 mmol.L™") with 0.2 g of S. natans at room
temperature and pH 4. The solution with the biomass
was maintained under stirring for 2 h, time enough to
achieve adsorption equilibrium. The samples were
then centrifuged and the concentrations of the metal
ion were determined by Atomic Absorption Spectro-
photometry (AAS). The adsorption capacity was cal-
culated from Eq. (1).

(Co-Cp) ¥

g=—L (M
m

where g is the metal ion uptake (mmol.g™"), Co and Cr
are the initial and equilibrium concentrations of the
metal ion (mmol.L™"), Vis the volume of solution (L),
m 1is the weight of biosorbent (g).

Langmuir, Freundlich and Dubinin-Radushkevich
(D-R) models were used to fit the equilibrium experi-
mental data, Egs. (2). (3) e (4), respectively. Although
the Langmuir isotherm model was developed for gas
phase applications, it is widely used for liquid applica-
tion and in this study it was used as a mathematical
equation to fit the results.

bC,
_ 4 e (2)

= 1+5C,

where gg represents the concentration of Cr** or Pb**
in the macrophyte for a total coverage of available
sites (mmol.g™), b represents the Langmuir adsorption
parameter related to the biomass affinity for the
ions (L.mmol"), ¢. and C. are the equilibrium

concentrations of Cr’* or Pb*" in the solid (mmol.g™)
and fluid phases (mmol.L"), respectively. Alterna-
tively:

q.=KpCl" 3)

where Kr is the Freundlich constant, which indi-
cates the adsorption capacity of the adsorbent

1 1
-~ L
(mmol (”j.L” g "), and 1/n is the heterogeneity
factor. In the third model:

Ing, =Ing,, - Kppe” (4)

where Kpr is the porosity factor (mol>.J?), qum is the
monomolecular adsorption capacity of metal ion bio-
sorption by the biomass surface (mmol.g") and the
variable ¢ can be related to the equilibrium concentra-
tion (Eq. (5)):

g=RT1n(1+yCej (%)

where ¢ is the Polonyi potential (J.mol™), R is the
universal gas constant (8.314x107* kJ.K'.mol") and
T is the absolute temperature.

A plot of In ey, versus &* (J*mol™?) must be linear,
with a slope of the straight line of (Kpr), and intercept
on the y axis at (Ing), providing the values of Kpr.
The parameters obtained by the linearization allow
calculation of the mean free energy of adsorption £
(kJ.mol™") per molecule of the adsorbate when it is
transferred from the solution to the biomass surface
according to Eq. (6) (Ergene et al. 2009).

(6)

The equilibrium experiments for the bicomponent
system were carried out by mixing 100 mL of solution
containing different combinations of Cr’" and Pb*
concentrations (Table 1)and 0.2 g of S. natans at room
temperature and pH 4. The mixture was maintained

Table 1: Concentrations used in the binary mix-
tures for equilibrium assays.

Metal ion concentration (mmol.L ")
Cr3+ Pb2+
0.25 0.25
0.25 0.75
0.75 0.75
1.00 2.00
2.00 1.00
2.00 2.00
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under constant stirring for a period of 2 h, time enough
to reach the equilibrium. The samples were then cen-
trifuged and concentrations of the metal ions were
determined.

Dynamic System Assays

The breakthrough curves were obtained using a 15
cm glass column with 1.5 cm of inner diameter. The
column was packed with biomass and washed with
deionized water for about 2 hours until all fine
residues of the biomass had been removed. For the
single system experiments, the column was fed with
synthetic solution of Cr** or Pb*" of 1 mmol.L" con-
centration, using a peristaltic pump, Masterflex brand,
at a flow rate ranging from 1 to 3 mL.min".

The breakthrough curves were fitted by the model
of Bohart and Adams (1920), which has an analytical
solution. This model is more appropriately used to
describe adsorption breakthrough curves in a single
component system. The model assumes that the rate
of adsorption and the concentration of adsorbed spe-
cies present in the adsorbent surface are proportional.
This model was used to describe the behavior of a
fixed bed in the removal of chromium and lead from
the experimental data, where the equation and its
solutions are shown in Table 2.

Table 2: Equation from Bohart-Adams model.

Equation Solution Reference
c__ <
C, e —ef—1
0 ¢7¢ Bohart and
0q z Adams (1920)
= - =kCy| t——
ot kC(q,-q) ’ 0( VJ apud Ruthven
P R (1984)
g B qo [1 - ij
v &L

z is the bed height (cm), v is the flow velocity
(cm.min™"), g is the porosity of the bed,  is the time
(min), k is the kinetic constant of adsorption (L.mmol
.min™") and ¢, is the sorption absorbent capacity at
equilibrium with the feed concentration (mmol.g™), ¢
is the ion concentration in the adsorbent (mmol.g™), C
is the concentration of the metal ion in the solution
(mmol.L™"), ¢, is the maximum uptake capacity of
metal per unit of mass of adsorbent (mmol.g™).

For the bicomponent system, the column was fed
with a solution containing the binary mixture with the
ratios of concentrations shown in Table 3. The flow
rate was 1 mL.min"', determined in the single system,
and the pH was 4.0. A fraction collector (FC203 Frac-

tion Collector) was used to collect aliquots at different
periods of time, which were diluted and the concentra-
tion measured. The length of the mass transfer zone
(MTZ) and the useful (g.) and total (g;) amounts
removed by the column were calculated as a function
of time according to the methodology described in
Geankoplis (1993). A mass balance was performed on
the column using the data obtained from the satura-
tion, in which the area under the curve (1 - C/Cp) until
the break point is proportional to ¢, (Equation (7)),
and the area up to the saturation of the bed is propor-
tional to ¢g; (Equation (8)). The point of rupture was
considered at a time (#,), where the concentration at
the column outlet was equivalent to 5% of the initial
feed concentration.

. 4
gy =0 Q[ Clet |y ™)
1000-m Jo C,
. t
q,= CO Q 10t 1_C|Z:L dt (8)
1000-m Jo Cy

where C|,_; is the concentration of chromium and

lead in solution at the column outlet and Cy is the con-
centration of both metals in the column feed in
mmol.L.

The mass transfer zone (MTZ) was calculated
using Equation (9) based on the ratio between q./q:.

MTZ=HL~[ —‘;—“j (9)

where H is the height of the column.

Table 3: Ratio of concentrations used in the binary
mixture for fixed-bed assays.

. Metal i trati LL!
Ratio e aC r130+n concentration (mlr::)(; )
1 1.0 1.0
1.0 2.0
3 2.0 1.0
RESULTS AND DISCUSSION

Fourier Transform Infrared Spectroscopy (FI-IR)

In FT-IR analyses the spectrum was obtained for
biomass before and after the biosorption process in the
simple and competitive systems. The results presented
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in Figure 1 show that the biomass has different func-
tional groups such as carboxyl, phosphate, amide,
hydroxyl and others, and some of these groups change
after biosorption process. The in natura biomass and
those saturated with metal ions for the two studied
systems presented the band at 3442 cm™ correspond-
ing to the OH vibration. The bands at 3402-3344 cm™"
are assigned to the OH stretch of polymeric com-
pounds, the band at 2924-2850 cm™ is asymmetric
and symmetric vibration of methylene (CH>), respec-
tively. The weak peak at 2360 cm™ assigned to phos-
phonates is present only in the natural macrophyte,
indicating the involvement of these groups in the
adsorption of Pb*" and Cr*"ions. The peak at 1640 cm’
corresponds to C=0 of amide. The peak at 1130-1000
cm ! is the vibration of C-O-C and O-H of polysac-
charides. The strong peaks at 1034 cm™ and 1036 cm™
correspond to alcohol groups. The 1250 cm™ peak is
the C-O stretch of carboxylic acids, the 911 cm™ peak
is the angular deformation of alkenes and appears only
in the in natura biomass. The peak at 914 cm™ is
assigned to C-X of the halogen groups. The bands <
800 cm' are the fingerprint zone which include
phosphate and sulphur functional groups (Saygideger
et al., 2005). After the biosorption process in the
single system and with the mixture of Cr’" and Pb*",
some functional groups of S. natans are lost, which
implies that these groups participate in the uptake of
both metal ions. In other words, the biomass has dif-
ferent functional groups for heavy metal binding such
as phosphonates, amide, carboxyl and carboxylates
and alkene groups (Saygideger et al., 2005). The main
groups responsible for the binding were amide, al-
kenes and phosphonates, carboxyl and alkenes.

——————— in natura Biomass
-Pb”

cr’ :

————— Bicomponent 1034'/ |

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm’l)

Figure 1: FT-IR spectra of raw S. natans and the
biomass saturated with chromium and lead.

Equilibrium Assays

Figure 2 (a)-(c) shows the biosorption isotherm of
Cr’" and Pb*" by S. natans for simple and binary sys-
tems. The model parameters for the single systems are
shown in Table 4. The results showed that the both
models, Langmuir and Freundlich, adjusted satis-
factorily to the experimental data. The Langmuir
model fitted better with a maximum biosorption
capacity of 0.331 and 0.283 mmol.g" for Cr*" and
Pb**, respectively. The better results for Langmuir
model fitting may be observed in the similarity of the
g values obtained from the model and those obtained
from the experiments (gex), as shown in Table 4.

Although the Langmuir isotherm model was
developed for gas adsorption, it is used to fit the ex-
perimental results in this work. This model suggests
homogeneity on the surface of the adsorbent. In the
Langmuir model, the parameter b represents the affin-
ity or efficiency between adsorbate and adsorbent.
High values of b are reflected by the steep initial slope
of a sorption isotherm and indicate a high affinity for
the adsorbate (Davis et al., 2003). In this work, the
high values of b, especially for lead, showed the high
affinity between the macrophyte and this metal. Alt-
hough the maximum adsorption capacity value of
chromium was slightly higher for the Langmuir model,
we can observe that the values are very close for both
metal ions. Another factor which describes the charac-
teristics of a Langmuir isotherm is the dimensionless
parameter R;. The values were obtained for both
metals and were found to be between 0 and 1, which
indicates favourable equilibrium adsorption (Hall et
al., 1966). Furthermore, the corresponding Freundlich
isotherm exponent n was greater than unity, also sug-
gesting a favourable adsorption process. For chro-
mium at pH 4 most of the ions in the ionic forms are
Cr'" and CrOH*, which is the product of the first
hydrolysis of the trivalent species, being highly ad-
sorbed as observed by Leyva-Ramos et al. (1995).

The Dubinin-Radushkevich equilibrium model
provides information on the physical or chemical char-
acter of the biosorption process. When E values are
between 8 and 16 kJ.mol” the adsorption process
takes place by chemical ion exchange while £ < 8
kJ.mol™! means that the adsorption process is physical
(Argun et al., 2007). The E value obtained in this
study was smaller than 8 kJ.mol" for both studied
ions, which means that the biosorption onto the S.
natan surface is a physical process.

The results obtained in this work are in accordance
with literature studies using biological material to
remove Cr'* and Pb*". Keskinkan et al. (2007) used
Myriophyllum spicatum and Ceratophyllum demersum
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as biosorbents, obtaining 0.224 and 0.216 mmol.g
for the removal of Pb*" and Cr**, respectively. Lima et
al. (2011) studied the removal of Cr** by the macro-
phyte Lemna minor. The tests were performed in
batch, and biosorption equilibrium was reached in 6-
7 hours. The authors obtained a maximum adsorption
capacity of 0.129 mmol.g™".
The relative average deviation (RAD) was calcu-

L. K. S. Lima, M. G. C. Silva and M. G. A. Vieira

lated with the aim of indicating if the fitting of the
models to the experimental data was adequate. The
results are shown in Table 4. It can be seen that the
Langmuir and D-R models had a smaller RAD, while
for the Freundlich model there was a significant in-
crease in the distance between the experimental and
calculated data, which implies a higher deviation. These
results confirm the better fit of the Langmuir model.

0.3 0.3
% 02 0.2
3 2
g ]
E £
0.1 7 0.1
o Pb
Langmuir
co4 | Freundlich 0.0
0 1 2 3 4 0 1 2 3 4 5
Ce (mmol/L) Ce (mmol/L)
(a) (b)
0.30
025 °c ® hd
o
[ ]
0.20 N
e}
_I:D o)
g- 0.15 . o
& o
S 0104 °
(0]
0.05 o o o
o Pb
0.00 — T T T T T T Tt T T T T T T
00 05 10 15 20 25 30 35 40
Ce (mmol.L")
(©)
Figure 2: Equilibrium isotherms for (a) Pb*" (b) Cr** and (c) the binary system of Cr’" and Pb*".
Table 4: Langmuir, Freundlich and D-R isotherm model parameters.
Gexp Langmuir
Equilibrium (mmol.g™") qL Standard b Standard R? RL RAD
(mmol.g!) Error (L.mmol.g™) Error (%)
Pb** 0.281 0.283 0.008 16.4 2.576 0.987 0.015 13.5
Cr* 0.286 0.331 0.007 2.326 2.326 0.995 0.074 13.99
Gexp Freundlich
Equilibrium (mmol.g™) Ky Standard n Standard R? RAD (%)
(mmol-M o) (L)"" |  Error Error
Pb?* 0.281 0.231 0.016 3.730 0.618 0.905 79.7
Cr3* 0.286 0.194 0.011 2.756 0.337 0.951 53.02
Gexp Dubinin- Radushkevich
Equilibrium (mmol.g™) qm Standard Kbpr Standard E R? RAD
(mmol.g") Error (mol’.kJ?) Error | (kJ.mol") (%)
Pb** 0.281 0.280 0.094 0.018 0.001 5.350 0.973 6.37
Cr¥* 0.286 0.241 0.121 0.025 0.002 4514 0.939 13.32
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It is possible to observe that, in the competitive
system (Figure 2-(c)), Pb*" ions have higher affinity
for the active sites of the macrophyte. Thus, an
experimental ¢.,, of 0.247 was obtained for Pb*,
while for Cr’" the g.., was about 0.164. The results are
in accordance with those found by Sulaymon et al.
(2013) who studied the competitive biosorption of
lead, mercury, chromium and arsenic ions onto
activated sludge in batch. The authors found that Pb**
was always adsorbed more favourably onto activated
sludge than the other ions when present in the binary,
ternary and quaternary systems. The results indicated
that Pb’>" was the metal that experienced the least
displacement in the competitive adsorption process
and the presence of other metal ions had little
influence on the Pb*" adsorption. Figure 2-(c) also
shows this behaviour of chromium ions; there is not a
set baseline due the displacement of these ions.

The affinity of the metal ions for the biomaterial
depends on many variables (pH, ion concentration,
Pauling electronegativity, ionic radius, sofiness, etc.),
making it difficult to set an absolute sequence of
uptake in the adsorption process. Table 5 lists the
values of Cr** and Pb** ion properties which can affect
the biosorption capacity and the selective uptake.

Table 5: Physico-chemical properties of the studied
metal ions.

Ion |Electronegativity?| Ionic | Hydrated | Charge/|Softness®
radius | radius ionic
AP | Ay | radius
Cr3* 1.66 0.64 4.61 4.69 2.70
Pb2" 2.33 1.32 4.01 1.52 3.58

Kinraide and Yermiyahu (2007), ® Nightingale (1959), ¢ Misono et al. (1967).

Analyzing each property presented in Table 5, it
can be seen that, if only electrostatic interactions have
an influence on the uptake of metal ions, the strongest
binding is that with the highest charge/ionic radius
ratio. In this particular case, Cr’* should have the bet-
ter adsorption capacity. This behavior is true since
higher values of ¢, and ¢.., were observed in single
component biosorption. However, in the competitive
biosorption system, the addition of lead significantly
reduced the adsorption capacity of Cr** ions, indicat-
ing that other properties may influence the ion removal.

It is known that the more electronegative the ions,
the more attracted for the adsorbent surface they are,
which implies that Pb** ion has preference for the
biomass sites instead of Cr**. This is confirmed by the
other two properties shown in Table 5, hydrated radius
and softness. Small hydrated radius allows a better
diffusion in the adsorbent pores. Therefore, adsorption

occurs easily with small radius. Softness, measuring
the extent of binding, is called t—bonding. This means
that the removal of lead is favorable due to its higher
value of softness (Malamis and Katsou, 2013; Misono
et al., 1967). Although the most part of the properties
show that lead has more affinity than chromium, this
is true only in competitive biosorption. The results
obtained in the single component systems showed that
Cr*" is more adsorbed. However, it is also true that the
values of the adsorption capacities of lead and
chromium are close and other variables such as
surface functional groups of the macrophyte may
determine the total removal capacity. Observing the
physical-chemical properties, it is possible to define a
sequence of affinity. According to the electronega-
tivity, softness and the hydrated radius, ions of lead
have a higher affinity, while the ratio charge/ionic
radius predicts that chromium ions have more affinity.

Dynamic System Assays

In order to examine the influence of the feed flow
in the removal process, assays were carried out at flow
rates of 1,2 and 3 mL.min"'. Figure 3 shows the break-
through curves at different flow rates of operation for
the removal of Cr’* and Pb*. It was observed that
there was an influence of the flow rate on the re-
sistance to saturation. With increasing flow rate, from
1 mL.min" to 3 mL.min"", the curve rupture becomes
more marked, reducing the break point of the column.
A low break point means that the residence time of the
solution in the column was not sufficient to reach
adsorption equilibrium due to high flow, or there was
a short residence time of the column. The solution
leaves the column before equilibrium of the solute/
sorbent was achieved (Singh et al. 2012).

The calculated MTZ and adsorbed quantities are
shown in Table 6. From Figure 3 it can be noted that,
with the flow rate of 3 mL.min"', a higher value of
MTZ was obtained and there was a higher resistance
to mass transfer for both metal ions. This means that,
at higher flow rates, the removal process is not
favourable. The smallest MTZ was found at the flow
rate of 1 mL.min"', with g, values of 0.138 and 0.078
mmol.g”' for Pb** and Cr'*, respectively. Lead showed
smaller values of MTZ and higher values of ¢, and ¢,
which implies that this ion has more affinity by the
biomass.

The difference between the single component
batch experiments and fixed bed data can be observed
in the ion selectivity. In the equilibrium experiments,
Cr’* had a higher removal from solution while in fixed
bed, the Pb*" ion showed better results.
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Figure 3: Breakthrough curves at different flow rates of operation for the removal of (a) Cr’* and (b) Pb*".

Table 6: Lead and chromium removal efficiency parameters in fixed bed.

Metal ions
Pb** Cr¥*
Flow rate MTZ qu qr MTZ qu qr
(mL.min™") (cm) (mmol.g") (mmol.g) (cm) (mmol.g!) (mmol.gh)
1 1.448 0.138 0.152 3.933 0.078 0.105
2 7.030 0.144 0.272 9.017 0.054 0.135
3 10.249 0.041 0.128 10.33 0.027 0.088

In order to examine the influence of the feed con-
centration on the biosorption process using fixed bed
for binary mixtures, experiments were performed at
3 different ratios of concentrations at a flow rate of
1 mL.min" and pH 4. Figure 4 shows the break-
through curves at the experimental conditions for the
removal of Cr’* and Pb?". It can be observed that, for
all ratios of concentrations, the time for saturation was
higher for lead. When concentration of Cr** increased,
the time for saturation of both metal ions in the col-
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umn decreased. The same happened when the concen-
tration of Pb?" increased. Thus, when the concentra-
tion of metal ions was increased in solution, there was
a greater competition for active sites of the biomass.
These results are similar to those found by many
researchers in single and competitive biosorption
systems in columns with different metal ions and
using different adsorbents (Vijayaraghavan et al., 2005;
Carmona et al., 2012; Vilar et al., 2008). The higher bio-
sorbent affinity for Pb*" can cause Cr’* displacement
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Figure 4: Breakthrough curves for the removal of Cr’* and Pb** for (a) ratio 1, (b) ratio 2 and (c) ratio 3.

from the biosorbent surfaces. As can be observed in
Figure 4, after a period of time the chromium ion con-
centration starts to decrease. Comparing these results
with those found in fixed bed for single component
experiments, lead is always adsorbed better and
causes a higher displacement of chromium ions. This
effect was observed in batch competitive experiments
and explained by the properties of each ion studied
and confirmed by the b constant of the Langmuir
model that showed a higher affinity of the Pb*" ion.
The maximum MTZ value corresponds to the bed
height (H;) (Equation (9)). The smaller the MTZ, the
higher the efficiency of mass transfer. The parameters
obtained from experimental data are shown in Table
7. From the data, it can be observed that the higher
value of MTZ, or resistance to mass transfer, is for
Cr*" at ratio 3, where the chromium concentration is
higher. This is true since the residence time of
chromium in the column was lower. For the three
ratios, the MTZ for chromium was higher than for
lead. The higher MTZ for lead was found when the
concentrations for both metals were equal (ratio 1).
However, at this condition a better result of ¢, (about
0.125 mmol.g™") for lead was obtained. This value can
be explained since at this ratio the time for saturation
was higher in the column. Vilar et al. (2008) found a

similar result for a binary system of Cu’" and Pb**
removal from aqueous solution by the algae Gelidium.
The authors found that the biomass had more affinity
for lead ions and also a lower MTZ than for copper.

Subsequently, the breakthrough data obtained for
the single component experiments shown in Figure 3
were fitted by the Bohart-Adams model. The fitting
curves obtained from the model are shown in Figures
5 and 6 for Cr’*and Pb**, respectively. The parameters
of the fitted model are shown in Table 8.

According to Table 8, the constant k value for lead
ions was smaller when the flow was 2 mL.min"', where-
as they are close with the flow rates of 1 mL.min" and
3 mL.min". Analyzing the ¢ parameter, it can be seen
that the concentration of lead in the adsorbent was
higher at the flow rate of 1 mL.min"', the concentra-
tion decreasing when the flow was increased. This
fact shows that a smaller flow rate increased the lead
removal rate. The opposite happens with chromium
ions, where the greater the flow rate, the greater are
the values of k and ¢. Both the experimental and the
model curves shown in Figures 5 and 6 indicate that
Cr** is the weakest adsorbed component and Pb*" is
the strongest adsorbed component since the break-
point of chromium is the lowest value for all flow
rates.

Table 7: Chromium and lead adsorption parameters in fixed bed.

Ratio Metal MTZ qu qr

Ton (cm) (mmol.g") (mmol.g")

1 Cr* 8.169 0.108 0.237
Pb2* 6.994 0.125 0.234

2 Cr¥* 9.352 0.124 0.329
Pb%* 6.286 0.098 0.169

3 Cr¥* 9.678 0.034 0.096
Pb?* 5.643 0.074 0.119
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Figure 6: Fitting of the Bohart-Adams model for breakthrough curves obtained for Cr’* removal by the bed
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Table 8: Bohart-Adams parameters obtained for
the three flow rates studied.

Parameters Flow rate
1 mL.min!|2 mL.min"!|3 mL.min"!
Pb* k (L. mmol'.min") | 0.0150 0.0088 0.0165
g (mmol.g™") 120 76 33
Pt k (L.mmol"".min"") 0.0189 0.0291 0.0301
g (mmol.g) 20 21.5 23
CONCLUSIONS

This work evaluated the removal of single compo-
nent and bicomponent mixtures of chromium and lead
using the aquatic macrophyte Salvinia natans in batch
and dynamic systems. From the FT-IR characteriza-
tion, we observed that the biomass has different func-
tional groups for heavy metal binding such as phos-
phonates, carboxylates, amide and hydroxide groups
and these groups participate actively in the biosorp-
tion process. The single component equilibrium data
showed that Cr’* has a slightly higher removal capac-
ity by the macrophyte than Pb*". The competitive
isotherm showed that, during the biosorption process,
there was the displacement of chromium due to the
addition of lead, which implies a higher affinity of
lead ions for the active sites of the biomass. The fixed-
bed experiments in single component systems showed
that the greater the flow rate, the lower the time of
saturation of the metals in the column and the greater
the MTZ. In fixed bed competitive systems, the con-
centration of metal ions has an influence on the
adsorption process. The higher the concentration of
metal ions the lower is the metal removal capacity of
the column for both ions. The MTZ was higher for
chromium ions for all the three ratios of concentration

studied. The experimental data showed that properties
such as ion concentration, Pauling electronegativity,
ionic radius, hydrated radius and softness have strong
influence on the adsorption process, leading to higher
or lower metal ions removal. Results showed the
possibility of using the aquatic macrophyte Salvinia
natans in batch and fixed-bed systems.

ACKNOWLEDGEMENTS

The authors acknowledge the financial support re-
ceived from CNPq and the Foundation for Research
Support of Sdo Paulo State (FAPESP), for this research.

REFERENCES

Argun, M. E., Dursun, S., Ozdemir, C. and Karatas, M.,
Heavy metal adsorption by modified oak sawdust:
Thermodynamics and kinetics. J. Hazard. Mater.,
141, p. 77 (2007).

Axtell, N. R., Sternberg, S. P. K. and Claussen, K.,
Lead and nickel removal using Microspora and
Lemna minor. Bioresour. Technol., 89(1), p. 41
(2003).

Bai, R. S. and Abraham, E., Biosorption of Cr (VI)
from aqueous solution by Rhizoupus nigricans.
Bioresour. Technol., 79, p. 73 (2001).

Bernardo, G. R. R., Rene, R. M. J. and Catalina, A. T.
M., Chromium (IIT) uptake by agro-waste bio-
sorbents: Chemical characterization, sorption-de-
sorption studies, and mechanism. J. Hazard.
Mater., 170(2-3), p. 845 (2009).

Bunluesin, S., Kruatrachue, M., Pokethitiyook, P.,
Upatham, S. and Lanza, G. R., Batch and continuous

Brazilian Journal of Chemical Engineering Vol. 33, No. 03, pp. 649 - 660, July - September, 2016



660 L. K. S. Lima, M. G. C. Silva and M. G. A. Vieira

packed column studies of cadmium biosorption by
Hydrilla verticillata biomass. J. Biosci. Bioeng.,
103, p. 509 (2007).

Carmona, M. E. R., Silva, M. A. P, Leite, S. G. F.,
Echeverri, O. H. V., Lopez, C. O., Packed bed re-
distribution system for Cr(IIT) and Cr(VI) biosorp-
tion by Saccharomyces cerevisiae. J. Taiwan Inst.
Chem. Eng., 43, p. 428 (2012).

Davis, T. A., Volesky, B. and Mucci, A., A review of
the biochemistry of heavy metal biosorption by
brown algae. Water Research, 37, p. 4311 (2003).

Felter, S. P. and Dourson, M. L., Hexavalent chromium-
contaminated soils: Options for risk assessment
and risk management. Regul. Toxicol. Pharmacol.,
25, 43-59 (1997).

Freitas, T. C. M. and Melnikov, P., Usage and recycling
of chromium at tanneries in Mato Grosso do Sul.
Brazil. Eng. Sanit. Ambient., 11, 305-310 (2006).

Geankoplis, C. J., Transport Processes and Unit Opera-
tions. 4th Ed., EUA, PTR, Prentice Hall, (1993).

Keskinkan, O., Goksu, M. Z. L., Yuceer, A. and
Basibuyuk, M., Comparison of the adsorption ca-
pabilities of Myriophyllum spicatum and Cera-
tophyllum demersum for zinc, copper and lead.
Eng. Life Sci., 7, p. 192 (2007).

Kinraide, T. B. and Yermiyahu, U., A scale of metal
ion binding strengths correlating with ionic charge,
Pauling electronegativity, toxicity, and other physi-
ological effects. Journal of Inorganic Biochemis-
try, 101, p. 1201 (2007).

Leyva-Ramos, R, Landin-Rodriguez, L. E., Leyva-
Ramos, S. and Medellin-Castillo, N. A., Modifica-
tion of corncob with citric acid to enhance its
capacity for adsorbing cadmium(Il) from water
solution. Chem. Eng. J., 180, p. 113 (2012).

Lima, L. K. S., Kleiniibing, S. J., Silva, E. A. and
Silva, M. G. C., Removal of chromium from waste-
water using macrophyte Lemna minor as bio-
sorbent. Chem. Eng. Trans., 25, p. 303 (2011).

Malamis, S. and Katsou, E., A review on zinc and
nickes adsorption on natural and modified zeolite,
bentonite and vermiculite: Examination of process
parameters, kinetics and isotherms. Journal of
Hazardous Materials, 252-253, p. 428 (2013).

Martins, R. J. E., Vilar, V. J. P. and Boaventura, R. A.
R., Kinetic modelling of cadmium and lead re-
moval by aquatic mosses. Brazilian Journal of
Chemical Engineering, 31(1), p. 229 (2014).

Miretzky, P. and Mufioz, C., Enhanced metal removal
from aqueous solution by Fenton activated macro-
phyte biomass. Desalination, 271, p. 20 (2011).

Misono, M., Ochiai, E., Saito, Y. and Yoneda, Y., A
new dual parameter scale for the strength of Lewis
acids and bases with the evaluation of their soft-
ness. J. Inorg. Nucl. Chem., 29, p. 2685 (1967).

Nightingale, E. R., Effective radii of hydrated ions.
Phenomenological theory of ion salvation. J. Phys.
Chem., 63, p. 1381 (1959).

Pérez Marin, A. B., Aguilar, M. 1. Meseguer, V. F.,
Ortuno, J. F., Saez, J. and Lloréns, M., Biosorption
of chromium (III) by orange (Citrus cinensis) waste:
Batch and continuous studies. Chem. Eng. J., 155,
p- 199 (2009).

Prasad, M., Saxena, S., Amritphale, S. S. and Navin
Chandra., Kinetics and isotherms for aqueous lead
adsorption by natural minerals. Ind. Eng. Chem.
Res., 39, p. 3034 (2000).

Ruthven, D. M., Principals of Adsorption and Adsorp-
tion Processes. New York: John Wiley & Sons
(1984).

Saygideger, S., Gulnaz, O., Istifli, E. S., Yucel, N.,
Adsorption of Cd(II), Cu(Il) and Ni(Il) ions by
Lemna minor L.: Effect of physicochemical envi-
ronment. J. Hazard. Mater., 126(1-3), p. 96 (2005).

Seolatto, A. A., Martins, T. D., Bergamasco, R., Tava-
res, C. R. G., Cossich, E. S. and da Silva, E. A., Bio-
sorption study of Ni** and Cr’* by Sargassum fili-
pendula: Kinetics and equilibrium. Brazilian Jour-
nal of Chemical Engineering, 31(1), p. 211 (2014).

Sheng, P. X., Ting, Y. P., Chen, J. P., Hong, L.,
Sorption of lead, copper, cadmium, zinc and nickel
by marine algal biomass: characterization of bio-
sorptive capacity and investigation of mecha-
nisms. J. Colloid Interf. Sci., v. 275, p. 131-141
(2004).

Singh, A., Kumar, D. and Gaur, J. P, Continuous
metal removal from solution and industrial efflu-
ents using Spirogyra biomass-packed column re-
actor. Water Research, 46(3), 779 (2012)

Sulaymon, A. H., Yousif, S. A. and Al-Faize, M. M.,
Competitive biosorption of lead mercury chro-
mium and arsenic ions onto activated sludge in
batch adsorber. Aquatic Science and Technology,
1(1), p. 30 (2013).

Vieira, M. G. A., Oisiovici, R. M., Gimenes, M. L. and
Silva, M. G. C., Biosorption of chromium(VI) using
a Sargassum sp. packed-bed column. Bioresour.
Technol., 99, p. 3094 (2008).

Vijayaraghavan, K., Jegan, J., Palanivelu, K. and Velan,
M., Batch and column removal of copper from
aqueous solution using a brown marine alga Turbi-
naria ornate. Chem. Eng. J., 106, p. 177 (2005).

Vilar, V. J. P, Loureiro, J. M., Botelho, C. S. M. and
Boaventura, R. A. R., Continuous biosorption of
Pb/Cu and Pb/Cd in fixed-bed column using algae
Gelidium and granulated agar extraction algal
waste. J. Hazard. Mater., 154, p. 1173 (2008).

Zambon, G. A., Remogdo de Chumbo (Pb*") Utilizando
Zeolita Natural Clinoptilolita. Ph.D. Thesis, State
University of Campinas (2003). (In Portuguese).

Brazilian Journal of Chemical Engineering



