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HIGHLIGHTS

« Solid phase: the pseudo-first order model with constant area presents R?=0.97.
+ Liquid phase: the pseudo-first order model with variable area best fit the data.
* The Redlich-Peterson isotherm best describes the equilibrium.

Abstract: The kinetics and equilibrium of experimental data of mercury (ll) sorption using three different
macrophytes E. crassipes, E. azurea and S. ariculata were analyzed. From the kinetic models used, the
model 1, which considers the surface area of constant sorption, presents the coefficient of determination, R2,
closer to the unit (0.97). Already, in the liquid phase, the best fit of the experimental data was obtained for
model 2 (R?=0.96), which considers the variable surface area. The calculated values for the determination
coefficients indicate that the Redlich-Peterson isotherm best describes the equilibrium (R?=0.79). The results
show that the macrophyte S. ariculata surface area, which presented the highest adsorption potential
(15.77x10%*m2.g!), was far below those found in the best adsorbents. However, considering the large volume
of adsorbent material required in an industrial plant and the low cost of the analyzed adsorbents, it is
considered that the macrophytes investigated have a considerable potential for the removal of mercury from
wastewater.
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INTRODUCTION

The growth industrial activity in global scale and, consequently, the generation of effluents with high
contamination potential are leading to a considerable increase in levels of not only environmental pollution,
but also ecosystems deterioration. Among these pollutants, heavy metals such as lead, cadmium, mercury,
chromium, nickel, and others present in surface and groundwater [1] stand out. These contaminants include
Mercury (I1), generally considered to be one of the most toxic to the human health, the environment and other
organisms living in the contaminated environment [2,3]. Although it isn’t a biodegradable contaminant, there
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is a particular concern about it because of its bioaccumulation features, which can cause neurological and
renal disorders, as well as deterioration of lung functions in humans [4-6].

Due to the highly toxic characteristics presented by heavy metals in general, many techniques of removal
and recovery of them have been suggested. The most commonly used methods include
precipitation/coagulation, reduction and membrane separation [7,1]. However, many of these conventional
operations have either technical or economic limitations, especially when dealing with lower levels of
contamination.

In this context, alternative methods have been proposed for recovery of metal ions and minimization of
waste generation. Biosorption using algae as an adsorbent has shown to be an alternative tool of great
potential in the removal and recovery of heavy metals from aqueous solutions. This technique dates to 1970s,
when radioactive elements were found in algae [1]. It is based, then, on the binding capacity between the
metal and the adsorbent, the latter being alive or dead microorganisms [8], biomass [9,1], bacteria [10], fungi
[11], algae [7,12-14] or algae as a potential carbon source [15]. Among these biomaterials, the algae have
attracted special interest due to their abundance, low cost, considerable efficiency and the possibility of
recovery of the metal. Focusing on a more comprehensive knowledge of the process, suitable mathematical
models of both kinetics and equilibrium would play a fundamental role.

The objective of this study was to develop mathematical models aimed to describe both the sorption
kinetics and equilibrium of removal of mercury (1) from liquid effluents. The evaluated bioadsorbents were
freshwater aquatic macrophytes such as Eichhornia crassipes (Mart.) Solms., Eichhornia azurea and Salvinia
ariculata. A set of three kinetic models was suggested based on mass balances on mercury in the solid and
liquid phases. The rates of adsorption were of first, and second order with respect to the difference between
the concentration for a given time and the one at equilibrium. To define accurately the adsorption order and
rate constant is an essential prerequisite to the design of adsorption equipment by involving an adsorbent.
The representation of experimental data on mercury sorption equilibrium with aquatic plants, involving
classical adsorption isotherms is another important objective of this investigation, since it provides
considerable knowledge regarding the interaction between the mercury and the algae used. Thus, different
isothermal models will be investigated, such as Langmuir, Langmuir-Freundlich, Henderson and Redlich-
Peterson.

MATERIAL AND METHODS

Reference Experiments

For the realization of this theoretical investigation, the adsorption of Hg (mercury) ions using aquatic
macrophytes, more specifically those from freshwater, was used the experimental data presented by
Rodrigues [16]. His work was based on the study reported by Muramoto and Oki [17], whose evaluated
species was also the object of study by Rodrigues et al. [18], where further details regarding the experimental
procedure can be found.

To summarize, the present study considered only the reported data based on Eichhornia crassipes,
Eichhornia azurea and Salvinia ariculata. Adult macrophytes were collected close to the Parana river, in the
region of Porto Rico, located in the state of Parana, Brazil (-22.76, -53.26). Due to the need to keep the plants
alive for the experiments and to promote the development and adaptation of the species to the new
environment, they were maintained for six days in nutrient solution, prepared with Hoagland and Arnon diluted
1:50. This solution provides the maintenance of the pH close to neutrality, since it favors the ionic exchanges
with the plants. Polypropylene containers of capacity of 17 liters were used to carry out the batch experimental
runs. In order to keep the conditions of temperature and humidity controlled, the experiments were conducted
in the greenhouse, located on the campus of the State University of Maringa (UEM). Once the temperature
(25 = 3 ° C) and relative humidity (89 + 3%) were set for the full development of plant species, a static system
involving the algae was simulated. The experiments were conducted with two injections of Hg (Il) at the
nominal concentrations of 500, 1000 and 2000 ppb. The second injection of mercury was performed only
after an interval of 120 hours, counted from the first injection. Algae and solution samples were obtained at
24, 48, 96, 120, 144, 168 and 216 hours in order to experimentally determine the concentrations of the heavy
metal in the solid and liquid phases.

Brazilian Archives of Biology and Technology. Vol.63: €20190091, 2020 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Sorption of mercury by Live Algae. 3

Analytical Determination

Samples containing roots, stem and macrophytic leaves were submitted to drying, milling and
subsequent destruction of organic matter [18]. This last stage of treatment of the samples occurred by wet
method, as described by Gorsuch [19] and recommended by Analytical Methods Committee [20]. The
analysis of the treated samples occurred through atomic absorption spectrophotometry, followed by a
mercury vapor generator (EAA-SGVM). The aliquots of solution removed from the vessel containing water,
mercury and macrophytes were pretreated with concentrated nitric acid for storage purposes. Afterwards,
they underwent digestion, described in detail by Omang [21], and referred to the spectrophotometer.

Mathematical Modeling of the Kinetics of the Process

The adsorption kinetics expresses the rate of removal of solute from the aqueous solution by the
adsorbent used. This relationship can be obtained by means of a material balance in the solid phase of the
adsorption bed containing water, mercury and the biosorbent. Thus, due to the need to understand the
mechanisms of adsorption and verification of eventual limitations, three different kinetic models were
proposed in this investigation. All of them involve an apparent coefficient, which theoretically is a combination
of transport resistance and solute adsorption by macrophytes. models 1 and 2 are of pseudo-first order,
widely reported in the literature, but the first one assumes a constant area of adsorption, while in the second
the area is considered variable. On the other hand, the empirical model 3 considers that the rate of adsorption
is proportional to the squared difference between the pollutant concentration at equilibrium and at a given
instant of time (t). The mathematical models have a global coefficient, which theoretically represents a
combination of transport resistances (diffusive and convective) and adsorption of mercury.

Constant surface area model — model 1

The Lagergren model [22] of pseudo first order assumes a constant area of adsorption, whose equation,
based on the adsorption capacity of the solid, after being adapted to the nomenclature of this study, is given
by:

dc,
dt

where Cs and Cse represent the concentration of the pollutant in algae at time t (s) and equilibrium,
respectively, given in ppm (parts per million) and k; is the global coefficient (1/s), parameter of the model
given by the product of the transport coefficient by constant adsorption area (1/s).

For the liquid the equation is given by:

dC dC
d—tII—OL- dtsza'kl'(cs_cse) (2)
where the concentration of Hg in the solution is C, and a is the ratio of the mass of dry adsorbent and mass
of liquid (g of adsorbent / g solution).

The ordinary differential equations 1 and 2 can be analytically solved, by integrating from t=t;, with C=C;
and Cs=Cs to t=t, with C,(t) and Cs(t), yielding the following equations:
C (t) = Cse _(Cse - Csi ) ’ e_kl.(t_ti) (3)

S

=—k,-(C,-C,,) (1)

C/(1)=Cy+a-(C, —Cy)-(e™ ) -1) (a)

where, Csi represent the concentration of the pollutant in algae and C; the initial concentration of the mercury
in solution.

Variable surface area model — model 2

The second modeling approach derives from a phenomenological interpretation of the empirical model
of Muramoto and Oki [17], which is represented by the following ordinary differential equation:
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dC C
© e 18 .

A simple algebraic manipulation of Equation 5 leads to Equation 6:

dC C
s — k... (C -C
" G (C,-Cy) 6)

se

Since the experimental results obtained by Rodrigues et al. [18] indicate that the increase in the
adsorption time leads to a logarithmic growth of the ratio between Cs and Cse, then it can be assumed that
the Muramoto and Oki [17] is a pseudo-first-order model with logarithmic variation of the surface area and is
given by Equation 7:

dC
™ =—k,-(k;-In(t)+k,)-(C,-C,) @)
the equation of the rate of change of the Hg concentration in the liquid phase being readily obtained:
dC, dC
—=—a-—=a-k,(k,-In(t)+k,)-(C.-C 8
dt dt 2(3 () 4)(5 se) ()

The equations 7 and 8 constitute a system of ordinary differential equations, which can also be
analytically solved, resulting in the following expressions:

Cs (t) — Cse _ (Cse _ Csi) . e(kz‘[*ka't'm(t)*ks'ti'|n(ti)*kg'(t*ti)*k‘t'(t*ti)]) (9)

C,(t)=C, +a-(C.-C )_(e(kz'[’ks‘t'ln(t)+k3'ti‘In(ti)*ks'(t’ti)’kzl‘(t’ti)]) ~1) (10)
| Ml se si

where k2, ks, ks are also parameters of the model (1/s).

Pseudo-second order empirical model — model 3

Empirical models for adsorption kinetics have been frequently used in the literature [23]. The most
commonly used modeling approach deals with pseudo-second order models or Ho and McKay models [24]
and the Elovich model [25]. The pseudo-first order model, also called Lagergren's equation [22], is eventually
regarded as an empirical model in the literature [26,23], but it is important to emphasize that it can be obtained
from a material balance similar to the pseudo-first order model with constant area, making it a semi-empirical
model, since the parameters of the model were adjusted.

The pseudo-second order model is represented by the following system of differential equations:

dC 2
s —k,-(C.~C 11
dt 5( s se) (11)
dC dC
d_t|:_a. dtS :_a.ks.(cs_cse)z (12)

where ks the global coefficient, and the analytical solution is represented by Equations 13 and 14:
Csi _k5 'Cse '(Csi _Cse)'(t_ti)

CS(t): 1_k5.(Csi_Cse)'(t_ti)

(13)

Csi _kS.Cse '(Csi _Cse)'(t_ti) _
1_k5'(Csi_Cse)'(t_ti) |

C,()=C, —a- (14)
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Modeling the Equilibrium of the Process

All proposed kinetic models depend on the concentration of mercury in the solid phase in an equilibrium
condition (Cse). In order to avoid the use of experimental data in the simulation of kinetic curves, an empirical
expression was developed in order to establish a correlation between the property in question and the
operating conditions. Towards this, Equation 15 has been derived from adsorption isotherms models that
report a logarithmic dependence between the solid and liquid phase concentration of the adsorbent, such as
Henderson-Henderson-Thompson, Chen-Clayton, Henderson [27] and Temkin [28], as follows:

C,. =[b,-In(C,)]* +b,-In(C, +b,) (15)

where b are the coefficients of the empirical correlation for calculation of concentration in the solid at
equilibrium. The parameters of Equation 15 were determined by the Simplex optimization method, using as
objective function the sum of the squared differences between the calculated and experimental values of Hg
concentration in the solid phase at equilibrium.

The equilibrium concentrations of mercury in the solid and liquid phases were obtained at room
temperature and at pH close to 7.0. However, the effects of the adsorbent type (macrophyte) and the initial
concentration of mercury in the liquid and solid phase on the equilibrium ratios were also investigated. The
fraction of the solid surface covered by mercury as a function of the concentration in the liquid phase was
represented by four different isotherms, which can be observed in Table 1 [28-31], which are defined in Egs.
16 to 19, respectively, where c; are the empirical equilibrium constants:

Table 01. Types of isotherms used for process equilibrium analysis.

Isotherm Equilibrium Equation Equation
L . Cse _ C1 'Cle 16
angmdlr Csemax 1+C1 'Cle (19)
Langmuir- Ce _ G (Cy)” 17
Freundlich Comax  1+C, '(C|e) 3

C 1

Henderson = =[C4 -In(C, )]CS (18)
Csemax
Cse C6 'Cle

Redlich-Peterson (29)

Cemsc  1+C4-(C, )°7

The maximum concentrations of mercury in the solid phase, at equilibrium, Csemax, for each macrophyte
were observed when the kinetic tests were carried out at the maximum initial concentrations of the metal in
the liquid phase. However, after the second addition of the pollutant, a variation of Csemax Was observed, with
maximum value again evidenced at the maximum value of C;.

The surface area of 1 g of biosorbent can be estimated from the maximum concentration of Hg at
equilibrium, in the solid phase and after the second addition of mercury. Equation 20 summarizes the
calculation procedure, which is reported in detail by Barrow [29]:

2
A|[ Clim ] (608107 |( MW, ( 1 js (20)
10°-py,, 24.8 10°-p,, ) 6.03-10%

where Csemax for k = 2 is the maximum equilibrium concentration of HgCl; in the solid phase in ppm after the
second injection of mercury, PMyg is the molecular mass of HgCl» (271,52 g / mol) and pwg is the density of
HgCl. (5440 g.I") [32].

Adjusting Model Parameters

The parameters of the models must be chosen to minimize the distance between the observed value
and the value predicted by the model [33]. Thus, all parameters were determined in order to minimize the
objective function represented by Equation 21, as follows:
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N Cgalc,i _ C:xp,i 2 N Ccalc,i _ Cexp,i 2
f = Z[ Cexp,i j ) Z( I Cexp,i : (21)
s |

i=1 i=1

where N is the total number of experiments involving simultaneous measurements of Cs and C,, calculated
by the models (Cs%¢!,C©@¢") and the data obtained experimentally (Cs&®,C#®), The Simplex Method was
used in all optimization calculations of the above functions.

In the parameter estimation procedure of ki, the values of Cs(t) were calculated by Equation 3, while
those of Ci(t) were estimated by an alternative expression given by Equation 22:

C| (t) = Cle _(Cle - Cn )'ekl‘(t_ti) (22)
which was obtained by solving the Equation 23:

dC
d—t' =k,-(C,-C,) (23)

The values of C4(t) involved in the adjustment of parameters ks, ks, ka were calculated by Equation 9, while
those of Cs(t) were estimated by an alternative expression to Equation 10, resulting in Equation 24:

CI ()= Cle + (Cle - Cli) . @Ko Tka () +kg GIn (8 ) ks (14K (1)1 (24)
obtained by solution of Equation 25:
dC
d_tlzk2’(k3'|n(t)+k4)'(cl_cle) (25)

In the adjustment of parameter ks, the calculated values of Cs(t) were obtained by Equation 13, while
Equation 14 was replaced by Equation 26, as follows:

Cli _(_aks)'Cm '(Cli _Cle)'(t_ti)

CI (t) = _k (26)
1_( 5)'(C|i_Cle)'(t_ti)
a
which represents the solution of Equation 27:
dC, K, 2
I __35.(C -C 27
- o (G=Ce) (27)

The Equations 23, 25 and 27 were respectively obtained by replacing Cs(t) given by Equation 28 in
Equations 2, 8 and 12, as follows:

cs(t)=C'T“) (28)

The variable a was determined in order to reproduce data of variation of mercury concentration in the
liquid phase in each different experimental condition investigated, involving Equation 4 to calculate Ci(t).
Different values of o were obtained as a function of the initial concentrations in the liquid and solid phases
by the Levenberg-Marquardt Method. The parameters of Equation 29, presented below, were adjusted with
the Simplex optimization method to reproduce the o data obtained for the different macrophytes as a function
of the initial concentrations of mercury in the solid and liquid phases:

a=[a,-In(C;)]” +a,-In(C, +a,) (29)

where a; are the coefficients of empirical correlation.
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RESULTS

The step of analysis of the mechanism involved in the process, as well as the determination of adsorption
rate, play an important role in the choice of the process to be used in the treatment of contaminated effluents.
In addition, the mathematical model is of fundamental importance to provide realistic information regarding
residence time, concentration profiles, among other data. Therefore, in order to study the pollutant removal
characteristics of aqueous solutions promoted by the different types of algae studied, the concentrations of
Hg in solution and algae were evaluated. For this, the profiles of Hg concentration as a function of adsorption
time were constructed for the macrophytes E. crassipes, E. azurea and S. ariculata, which can be observed
in Figures 1 to 3. The experimental data are compared with the results obtained from the pseudo-first order
model with constant area (model 1), pseudo-first order model with variable area (model 2) and pseudo-
second order model (model 3), whose parameters are reported in Table 2.

Table 2. Parameters of pseudo-first order models with constant area (model 1), pseudo-first order with variable area
(model 2) and pseudo-second order (model 3).

Model k1 kz k3 k4 k5
1 0.07067 - - - -
2 - 0.08636 0.1031 0.6277 -
3 - - - - 0.002917

In addition to the constants reported in Table 2, all proposed models depended on the correct estimation
of Cse by application of Equation 15, whose parameters are reported in Table 3.

Table 3. Empirical correlation coefficients (Equation 15) for the calculation of Cse in the different investigated conditions.

Macrophyte b1 b> b3 bs

E. crassipes 0.673 3.381 74.370 0.490
E. azurea 0.505 4.457 42.100 0.0411
S. ariculata 1.205 2.892 81.433 0.505

The calculation of the concentration of mercury in the liquid phase as a function of the concentration in
the solid phase in equilibrium with Equations 4, 10 and 14 involved values of o determined by Equation 29,
with parameters presented in Table 4.

Table 4. Empirical correlation coefficients (Equation 29) for calculating the ratio in the different investigated conditions.

Macrophyte ai az as as

E. crassipes 0.224 3.477 -0.496 0.0116
E. azurea 0.277 2.820 -0.889 2.327
S. ariculata 0.175 3.768 -0.106 0.164

Figures 1 to 3 show the solid and liquid phase concentration profiles and the strong dependence of the
investigated models with the correct estimation of the Hg concentration in the solid phase at equilibrium. The
largest differences between the calculated and experimental values of concentration in the solid for E. azurea,
observed in Figure 2 (a) for C;=500 ppb and C;=1000 ppb, are clearly attributed to a failure to estimate this
variable through the proposed empirical equation.

Cl (ppm)

t(h) 1 (h)
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(a) (b)
Figure 1. Kinetic of the sorption of Hg for E. crassipes: (a) in the solid and (b) in the liquid. Color black: Ci = 500 ppb;
Color green: Cii = 1000 ppb; Color red: Cii = 2000 ppb. Symbols: experimental results; continuous line: model 1; Dashed
line: model 2; dotted line: model 3.

Cs (ppm)

Cl (ppm)

t{h) L{h)

(a) (b)
Figure 2. Kinetic of the sorption of Hg for E. azurea: (a) in the solid and (b) in the liquid. Color black: Cii = 500 ppb; Color
green: Cji = 1000 ppb; Color red: Cii = 2000 ppb. Symbols: experimental results; continuous line: model 1; Dashed line:
model 2; dotted line: model 3.

t{h) t(h)

(a) (b)
Figure 3. Kinetic of the sorption of Hg for E. ariculata: (a) in the solid and (b) in the liquid. Color black: Ci = 500 ppb;
Color green: Cii = 1000 ppb; Color red: Cii = 2000 ppb. Symbols: experimental results; continuous line: model 1; Dashed
line: model 2; dotted line: model 3.

However, the correct representation of the kinetic concentration profiles by the suggested models, as
well as the negligible deviations between experimental and calculated values of Cs, can be observed in
Figure 4, indicating the validity of Equation 15 for calculating the data of equilibrium in the solid phase in the
different conditions adopted in the experiments.

e 1000 |5
Q S A

o i
— p{!
T 6N

@ v .l

5 g~
—= 4 AT

= u QEREY

: W) e

8 Cva?

. =g -y
\3 0 B

0 204} N 600 800 100

Cse experimental (ppm)

Figure 4. Comparison between calculated and experimental values of Hg concentration in the solid phase at equilibrium
for the macrophytes investigated.

In order to evaluate which model best describes the experimental data, the determination coefficients
were calculated, according to Table 5, which, closer to the unit, the better the quality of the data fitting.
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Table 5. Determination coefficients obtained for the different analyzed models, for the solid and liquid phases.
Determination coefficient (R?)

Model 1 2 3
Solid phase 0.97 0.97 0.96
Liquid phase 0.93 0.96 0.93

Thus, model 1, which involves only two adjustable parameters (ki e o) (compared to four parameters of
model 2 and two parameters of model 3), represents the concentrations of Hg in the solid phase with smaller
deviations from the data experimental results, since it presents the closest to 1 determination coefficient.
However, the lowest deviations from the experimental data were obtained for the model 2. The surface area
growth as a function of time, adopted empirically, should in fact result in a higher rate of adsorption of Hg
when considered the same experimental conditions and a same time of test, as is systematically evidenced
in the kinetic curves.

The behavior of the pseudo-second order model is also readily understood. As the concentration
variation in the solid phase, as well as in the liquid phase, is proportional to the square of the concentration
gradients, naturally the slopes of the kinetic curves are more abrupt in the initial periods of adsorption.

In agreement with the reported results of Crini and Badot [34] it is evidenced that the pseudo first order
model, which is represented by an algebraic expression similar to Equation 3, considers that the adsorption
is attributed to a gradient of concentration between the surface of the adsorbate and the solution [34]. In
addition, it is assumed that generally this model adequately represents the adsorption results only in the initial
stages, when theoretically the external convection controls the process [23]. This last hypothesis is a possible
reason that makes the pseudo-first order constant area model the most able to represent the experimental
results obtained, since it is accurate in the period of constant adsorption velocity that the other models fail to
reproduce the experimental behavior.

The pseudo-second order model theoretically considers the external and internal mass transfer [24], in
addition to admitting chemosorption as the dominant stage [34], which usually causes it to be preferred to
model 01 by many authors [23]. However, since a single value has been obtained for the effective mass
transport coefficient for the different types of macrophytes, it is probable that external convection is the
dominant stage in the mercury adsorption process by the studied macrophytes.

The Elovich model [25] assumes that the adsorption rate decreases due to saturation of the active
surface sites. Since this phenomenon is represented in the pseudo-first-order variable-area model, one can
assume that they are analogous. However, the residual difference between the concentration values
calculated by model 1 and 2 indicates that the reduction of the surface area has no effect on adsorption
kinetics.

In Figures 1 to 3, it is also important to note that the consecutive feedings of mercury in the time in the
bed of adsorption, at time zero and 120 h, are treated discontinuously by the proposed models. The increase
in the concentrations in the solid phase after the second feed are attributed to the increase in the equilibrium
concentration. Similarly, an increase in the equilibrium concentrations due to the increase in the initial
concentration of Hg in the liquid phase, responsible for higher amounts of Hg in the solid phase, will be
treated.

The effect of the initial concentrations on both phases is clearly shown in Figure 5. As already reported
by other authors [26,35], the increase of the initial concentration of the solution of adsorbate causes an
increase of the equilibrium concentration.

800

E00

(ppm)
|
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~

0 500 1000 1500 2000 2500 3000
Cii (ppb)

Figure 5. Effect of initial adsorbate concentration on the liquid (Cii) and solid phase (Csi) on the calculated concentration
(lines) and equilibrium experimental (symbols) for E. crassipes. Continuous line and lozenges: Csi = 0.0 ppm (1t injection
of Hg); dashed line and squares: Csi = 73 ppm (2" injection of Hg).
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The Figure 5 also demonstrates the growth of Cse when the macrophytes already subjected to contact
with mercury, that is, with initial concentrations of Hg other than zero, were again immersed in adsorbate
solutions larger than the equilibrium ones. This fact is attributed to the increase of the Hg concentration
gradient between the phases, which causes a greater mobility of adsorbate in the solution, promoting the
occupation of active sites not found by the remaining mercury in the liquid phase in the first state of equilibrium
observed in the temporal profile concentration in the solid phase.

Furthermore, the Figure 5 shows that increasing the initial concentration of the pollutant in the solution
increases the Hg concentration at equilibrium. Since a greater amount of mercury is being adsorbed in the
solid phase due to the increase of this factor, in the same proportion increases the quantity of pollutant to
leave the liquid phase. In this sense, the model assumes that a larger mass of adsorbent should be present
in the control volume, as reported in Figure 6. Also, it must be emphasized that the macrophyte mass in the
solutions cannot have increased as a function of the increase of the initial concentration of mercury.

Therefore, Figure 4 validates Equation 15 for Cse calculation, Figure 6 gives consistency to the results of
the ratio o obtained by Equation 29. Despicable deviations are observed between the calculated and adjusted
values of a to keep the mass of mercury constant in the control volume.
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Figure 6. Relationship between the values of a adjusted and obtained by the empirical equation.

In fact, results obtained after consecutive mercury feeds at similar initial concentrations, reported in
Figure 7, indicate a mortality of macrophytes due to the presence of mercury, as reported by Muramoto and
Oki [17] and Mendes et al. [36]. This evidence can be observed by the reduction of the ratio due to the
increase of the initial concentration of the pollutant in the liquid phase, for a constant ratio between the mass
of adsorbent and water in the solution.

a=103" (mag) Mag)
@

=

500 1000 1500 2000 2500 3000

Ciji (ppd)

Figure 7. Effect of initial adsorbate concentration on the liquid (Cii) and solid (Csi) phase on the ratio o calculated with
Equation 10 and adjusted to reproduce profiles of mercury concentration in the liquid phase for E. crassipes. Continuous
line and lozenges: Csi = 0.0 ppm (15t injection of Hg); dashed line and squares: Csi = 73 ppm (2" injection of Hg).

Already the Figure 8 show the equilibrium isotherms adjusted for the three types of macrophytes.
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Figure 8. Equilibrium isotherms at room temperature for: (a) E. crassipes, (b) E. azurea, (c) S. ariculata. Line with short
strokes: Langmuir; line with long strokes: Langmuir-Freundlich; dotted line: Henderson; solid line: Redlich-Peterson.

In order to evaluate the quality of fit, the mean determination coefficients for Langmuir, Langmuir-
Freundlich, Henderson and Redlich-Peterson isotherms were calculated, whose values are 0.71, 0.78, 0.77
and 0,79, respectively. Thus, the calculated values for the determination coefficients indicate that the Redlich-
Peterson isotherm best describes the equilibrium ratio between Hg concentrations in the solid and liquid
phase. The parameter c; of the Langmuir-Freundlich equation characterizes the degree of surface
heterogeneity [37]. The lower the value of this parameter, the better the adsorptive features of the material
[26]. In fact, the results of c3 show, as already observed in the kinetic profiles of mercury concentration, that
S. ariculata has the highest adsorption capacity of this pollutant since for this macrophyte c; = 1.55, while for
the other the value is greater than 1.79. Despite this fact, values of cs higher than unity indicate adsorbents
with poorer sorption characteristics.

The specific surface areas of the biosorbents indicated in Table 6 corroborate the adsorptive capacities
of the same. The larger surface area of E. crassipes than that of E. azurea explains the lower value of c; of
the first plant when compared to that of the second. In addition, as indicated by the analysis of c; values, the
macrophyte with the highest adsorption potential presents a surface area well below those found in the best
adsorbents. Despite this, considering the volume and cost of material required in a heavy metal treatment
plant, it is considered that the macrophytes investigated have considerable potential for removal of mercury
from wastewater.

Table 6. Surface area per g of biosorbent according to Equation 20.

Macrophytes Csemax (K=2) (ppm) A (m2.g?)
E. crassipes 713.5 6.06x10*
E. azurea 698.5 5.93x10*
S. ariculata 1858.1 15.77x10*

The data set reported by Rodrigues [16] refers to the experimental data obtained for the concentration
of mercury in the different types of macrophytes at predetermined time intervals.

Similarly, the potential of mercury removal using living algae has been investigated by several authors
[14,39-41]. Skinner et al.[39] evaluated use of four different types of living algae, including E. crassipes, in
the mercury removal in agueous solutions with different initial concentrations. The experiments were carried
out at constant temperature (22°C) and pH near neutrality, resulting in a positive correlation, where the higher
the level of exposure to mercury, the greater the removal. Kamal et al.[41] also worked with living plants,
constant temperature (17°C) and reported the dependence between the rate of removal of heavy metals and
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the initial concentration of the contaminant in the medium, similarly to the results of the study here reported.
Furthermore, Ghabbour et al. [40] suggested that E.crassipes exhibits binding properties with the metals,
stressing its features as a contaminant sorbent. In addition, complementary studies, varying experimental
conditions such as pH, medium temperature, type and concentration of algae, initial concentration of the
solution among others, were suggested in order to better explore the potential of living algae.

CONCLUSION

The three different mathematical models proposed successfully described the influence of the
investigated factors (macrophyte type, adsorption time, initial concentrations of mercury in the liquid and solid
phases) on the dynamics of the process. It was verified, through the analysis of the determination coefficients,
that the model 1 represented the concentrations of Hg (ll) in the solid phase with smaller deviations in relation
to the experimental data. In the liquid phase, the smallest deviations were observed by model 2. Even so,
the observed differences between the kinetic profiles calculated with the different models were only residual.

In equilibrium conditions, the relationships between the mercury concentrations in the fluid phase and
the adsorbent at ambient temperature conditions were correctly described by the adsorption isotherms of
Langmuir, Langmuir-Freundlich, Henderson and Redlich-Peterson. The coefficient of determination closest
to the unit was obtained by the Redlich-Peterson model, although the Langmuir and Freundlich isotherms
are the most widely used. The c; parameter of the Langmuir-Freundlich equation, which characterizes the
degree of surface heterogeneity [37], reveals that S. ariculata has the highest adsorption capacity of mercury,
since for this macrophyte c3 = 1.55, while for the others the value is higher than 1.79. The specific areas of
adsorption calculated, the maximum concentration of mercury at equilibrium for the different macrophytes
and the kinetic profiles of mercury concentration corroborate this evidence. The value of parameter c; greater
than unity and the reduced surface areas indicate that the biosorbents in question have poor sorption
characteristics.

However, considering the large volume of adsorbent material required in a heavy metal treatment plant
and the, as also observed by Kadirvelu et al.[15], low cost of the analyzed adsorbents it is concluded that the
macrophytes investigated can be used as alternative for the removal of mercury from wastewater.
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