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We investigated the bioremoval of Cd(II) in batch mode, using dead and living biomass of Trichoderma
viride. Kinetic studies revealed three distinct stages of the biosorption process. The pseudo-second order
model and the Langmuir model described well the kinetics and equilibrium of the biosorption process,
with a determination coefficient, R?> > 0.99. The value of the mean free energy of adsorption, E, is less than
16 kJ/mol at 25°C, suggesting that, at low temperature, the dominant process involved in Cd(II)
biosorption by dead T. viride is the chemical ion-exchange. With the temperature increasing to 40-50°C, E
values are above 16 kJ/mol, showing that the particle diffusion mechanism could play an importantrolein
Cd(II) biosorption.

The studies on T. viride growth in Cd(II) solutions and its bioaccumulation performance showed that the
living biomass was able to bioaccumulate 100% Cd(II) from a 50 mg/L solution at pH 6.0.

The influence of pH, biomass dosage, metal concentration, contact time and temperature on the
bioremoval efficiency was evaluated to further assess the biosorption capability of the dead biosorbent.
These complex influences were correlated by means of a modeling procedure consisting in data driven
approach in which the principles of artificial intelligence were applied with the help of support vector
machines (SVM), combined with genetic algorithms (GA). According to our data, the optimal working
conditions for the removal of 98.91% Cd(II) by T. viride were found for an aqueous solution containing
26.11 mg/L Cd(I) as follows: pH 6.0, contact time of 3833 min, 8 g/L biosorbent, temperature 46.5°C.
The complete characterization of bioremoval parameters indicates that T. viride is an excellent material
to treat wastewater containing low concentrations of metal.

Introduction They are released from various industrial, agricultural and domes-
Today, health and environmental impacts and risks continue to be tic sources, and constitute a continuing challenge for policy and
generated by the discharge of heavy metals in the environment. decision makers, as well as for society as a whole. Cadmium, lead,

mercury, nickel, zinc, copper and chromium were of particular
concern in the past decades in terms of environmental pollution
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and public health because of their ability to migrate among
environmental compartments, their accessibility for biological
uptake and availability to accumulate in living tissue through
the food chain [1-5]. United States Environmental Protection
Agency (U.S. EPA) has classified cadmium as a probable human
carcinogen, the chronic exposure to cadmium resulting in kidney
dysfunction, while high levels of exposure could result in death
[6]. Cadmium maximum intake by humans recommended by the
World Health Organisation (WHO) is 0.4-0.5 mg week !, while
the maximum admissible concentration in drinking water speci-
fied by the U.S. EPA is 0.005 mg/L [7].

All already established conventional methods for heavy metals
removal have several disadvantages such as high consumption of
reagents and energy, low selectivity, high operational costs and
generation of secondary pollutants [8-11]. Biosorption can repre-
sent a sustainable alternative for metal removal and/or recovery,
based on metal-sequestering properties of dead or living biomass
[12-14]. Although, there are numerous studies and research car-
ried out at laboratory and bench scales for biosorption of heavy
metals, their behavior in contact with various biosorbents and the
mechanism by which microorganisms take up metals is still rela-
tively unclear. In this context it was considered opportune to fill
some gaps in the knowledge by analyzing the features and advan-
tages of biosorption and bioaccumulation of Cd(Il) by Trichoderma
viride and provide an opportunity for alternative perspectives.

Despite the well-known potential of fungi to remove heavy
metal cations from aqueous solutions, only scarce information
is available for the cadmium biosorption and bioaccumulation by
T. viride, a mold of the family Hypocreaceae, order Hypocreales [15-
19]. The mold could be considered in the category of fungal
biocontrol agents (BCAs). These antagonistic fungi are the most
common due to their multiple BCA characteristics, namely, an-
tagonist and plant-growth simulation as it was found by Al-Taweil
et al. [20], which have studied the optimization of T. viride culti-
vation for mass-scale production for industrial biotechnological
uses on large scale.

Taking into consideration the aforementioned context, the
objectives of our experimental program were: (i) to evaluate and
discuss the effects of various factors (pH, biosorbent dosage, initial
metal concentration, contact time, temperature) on Cd(II) remov-
al efficiency and uptake capacity of dead an living T. viride in batch
operating mode; (i) to investigate the mechanism that governs
Cd(II) removal by dead and living T. viride through equilibrium
and Kkinetic evaluations combined with FTIR analysis; (iii) to
develop a general and efficient methodology based on support
vector machines (SVM) and evolutionary algorithms, particularly
genetic algorithm (GA), for modeling and optimization of the
removal process.

The simulation of Cd(II) removal process by biosorption can
offer the advantage of accurate prediction or optimal working
conditions. The importance of SVM combined with GA method-
ology can also be related to the lack of a phenomenological model
capable to work into an optimal control procedure.

Support vector machine (SVM) is a statistical learning theory
based machine learning method. SVM method has gained recog-
nition due to its features and promising generalization perfor-
mance, such as: (i) the ability to model non-linear relationships,
(ii) the dimensionality of the input space does not affect the

generalization; (iii) the regression function is related to a quadratic
programming problem whose solution is global and in general
unique [21]. Open literature presents different combinations be-
tween SVM and GA with applications in different domains. For
example, genetic algorithms can use a SVM classifier to evaluate
the fitness functions of gene subset or for SVM parameter optimi-
zation [21-23].

In the present paper, SVM method is applied for modeling the
biosorption process efficiency as function of pH, biomass dosage,
initial concentration of metal solution, contact time and temper-
ature. The model was associated with a GA as solving instrument of
the optimization procedure, consisting in determining the opti-
mum working conditions which lead to a maximum efficiency. In
addition, GA was implemented with adaptive parameters (adap-
tive genetic algorithm, AGA), that is, adaptive crossover and
mutation rates, resulting in an improvement of its performance.
Accurate results of the modeling and optimization proved the
reliability and efficiency of the SVM-AGA procedure.

Materials and methods

Microorganism, culture and growth conditions

The microbial biomass of T. viride used for heavy metals biosorp-
tion and bioaccumulation experiments was isolated from a forest
soil collected from 8 to 10 cm deep, in Iasi city, Romania. The soil
sample was diluted with sterile water and placed onto a medium
containing 30 g/L glucose, 5 g/L yeast extract, 3 g/L NaNOs3, 1 g/L
MgSO,4 7H,0, 0.5 g/L KCI and 20 g/L agar. Petri plates were incu-
bated at 28 + 2°C for 168 hours. On the basis of color, diameter of
the mycelia and microscopic observation of formation of spores
the strain was identified as T. viride [24]. Subculturing of the stock
culture from these slants was routinely done every month, incu-
bated for growth at desired temperature and time and later stored
at 4°C. Inoculum from the slants was used for the production of
stationary phase of growth in liquid culture medium for biosorp-
tion experiments. The pH of the culture medium was adjusted to
6.0 with 0.1 M NaOH, sterilized at 120°C for 20 min, inoculated
with fungi and kept at 28 + 2°C and 150 rpm for 168 hours.

Batch biosorption experiments

For biosorption experiments, T. viride biomass was inactivated on
water bath at 90°C for 1 hour, centrifuged at 10,000 rpm for
10 min and dried in an oven at 80°C for 24 hours. The dead
biomass of T. viride was prepared for biosorption as shown in a
previous paper [2]. No living colonies were found during tests,
which confirmed that T. viride biomass was dead.

The removal of Cd(II) by dead biomass of T. viride was examined
by measuring the concentration of heavy metal in batch mode at
different pH values (from 3.0 to 7.0), biomass dosages (from 1 to
10 g/L), contact time (0-72 hours) and temperatures (25°C, 40°C
and 50°C). The experiments were performed following the proce-
dure described in a previous work [2]. After sampling, the solutions
were centrifuged at 13,000 rpm for 10 min, after which the Cd(II)
concentration of the supernatant was analyzed.

For desorption studies, 8 g/L dead T. viride biomass was con-
tacted with 50 mL Cd(II) solution (50 mg/L) in 150 mL Erlenmeyer
flask. After the adsorption experiment, the biomass was separated
by centrifugation at 13,000 rpm for 10 min and washed for two
times with distilled water to remove residual Cd(II) from the
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surface. Then it was transferred to 50 mL desorbing agents: H,SOy,
HNO3, NaOH and CaCl, (0.1 M). The mixtures were shaken at
150 rpm and room temperature (25 + 2°C) for 24 hours. After
desorption, the samples were again centrifuged and analyzed to
determine Cd(II) concentration in solution [25].

Batch bioaccumulation experiments

To study the growth and bioaccumulation properties of T. viride,
5 mL of stock Cd(II) solution was supplemented to 90 mL culture
media and inoculated with 5 mL of T. viride spore suspension from
slants (7 x 10° CFU/mL) to give final Cd(I) concentrations of 25,
50, 75, 100, 150 and 200 mg/L and a final working volume of
100 mL. All the experiments were carried out in 250 mL Erlen-
meyer flasks. The flasks were incubated at 28 + 2°C for 168 hours at
150 rpm in an orbital shaker. Samples were taken at predetermined
time intervals (from O to 168 hours) for control (growth medium
without heavy metal), 25 and 50 mg/L Cd(II) and at 168 hours for
concentrations of 75-200 mg/L Cd(II). The bioaccumulation of
Cd(II) by T. viride in the pH range 4.0-7.0 was also tested. The pH
values were adjusted by the addition of 0.5 M CH3COOH and
0.1 M NaOH. The growth was monitored by the measurement of
the dry weight concentration of biomass (X, g/L) by drying at
105°C for 5 hours. All experiments were performed in duplicate
and the data presented are the average values.

Reagents and equipment

All chemicals were of analytical reagent grade and no supplementa-
ry purification was performed. We prepared a stock solution
(1000 mg/L) by dissolving Cd(NO3),-4H,O (Riedel) in distilled water.
Cd(II) concentration was determined by T60 UV-Visible Spectropho-
tometer, based on the method with xylenol orange, at 575 nm [26].
The pH measurements were performed with a Prolab2000 multipa-
rameter. The batch experiments were carried out in an IKA KS 4000
IC control orbital incubator. All glassware used for experimental
purposes was washed in 20% nitric acid and rinsed with distilled
water to remove any possible interference by other metals.

FTIR analysis

The infrared spectra of dead and living T. viride biomass with and
without metal ions were acquired using JASCO FT/IR-4200 Spec-
trometer. The powdered dried samples before and after the biosorp-
tion process were analyzed in the range 3500-600 cm ™' with a
resolution of 4cm™' by using the Attenuated Total Reflectance
(ATR) technique and placing enough sample to cover the diamond
Sensor.

Quantification of metal removal
Metal uptake and removal efficiency by dead and living T. viride
were determined according to Eqns 1-3 [2,27]:

C-C

eZTeV (1
Gi-C

g ="V @)

R(%) = S =S¢ 100 3)

where g, represents the amount of metal removed from solution
(mg/g) at equilibrium and ¢, at time t; R(%) is the biosorption
efficiency; C;, C, and C, are the concentration (mg/L) of metal ions
in the initial solution, at the equilibrium and respectively, at time
t; V (L) is the volume of the solution; m (g) is the amount of
biomass used in the experiment.

The results employing the comparative growth and bioaccu-
mulation of Cd(II) by T. viride were expressed as units of dried cell
mass, X (g/L).

Desorption efficiency was given by (Eqn 4) [2]:

amount of metal ions desorbed

D = 1 4
(%) amount of metal ions adsorbed x 100 @)

Biosorption kinetics

In this investigation, the Lagergren first-order model (Eqn 5), Ho
pseudo-second order model (Eqn 6) and Elovich equation (Eqn 7)
were applied to test the biosorption kinetic data to examine the
mechanism involved in Cd(II) biosorption by dead biomass of T.
viride [28,29].

k

where k; is the rate constant of the pseudo-first order equation
(min~"). The adsorption rate constants can be determined experi-
mentally by plotting log(q. — q.) versus t.
t 1 1 ¢

g ki q

where k; is the rate constant of pseudo-second order adsorption
(g/mg min). If pseudo-second order kinetic is applicable, the
plot t/q; against t of Eqn 6 should give a linear relationship, from
which g.and k,, can be calculated from the slope and the intercept
of the straight line resulting from the graphical representation of
Eqn 6.

1 In(ap)  Int
aQ B B

where « is the initial adsorption rate (mg/g min) and g is the
desorption constant (mg/g min) during one experiment. The con-
stants « and B can be calculated if a plot of g; versus In t is linearly
correlated, according to Eqn 7.

(6)

(7)

Biosorption isotherms

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R)
isotherm models in the linearized forms were selected to fit the
experimental data.

The Langmuir isotherm can be linearized as Eqn 8 [23]:

Ce _ L C, + 1 8)
G dm  Kigy

where K; (L/g) is a constant related to the adsorption/desorption
energy and ¢,, (mg/g) is the maximum sorption upon complete
saturation of the biomass surface.

To determine whether the batch sorption system is viable, we
used the adimensional parameter R, (Eqn 9), denoted as a separa-
tion factor, and which can be computed from Langmuir isotherm,
as an indicator of the nature of the sorption process [30].

1

Ro=—
L 1+ K C;
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where Ry > 1: unfavorable conditions for sorption; Ry = 1: linear
isotherm; R; = O: irreversible isotherm; O < R; < 1: favorable iso-
therm.

The Freundlich isotherm model can be linearized in the form of
Eqn 10 [31]:

logq = logkr + %log C. (10)

where k; (mg'™" g~' L") is the sorption capacity when equilibrium

concentration of metal ion, C, =1 and n represents the degree of

dependence of sorption on the equilibrium concentration.
Temkin isotherm can be expressed in the linear form as Eqn 11

[31]:

q, =BInKr +BInC, 11)

where Kris the equilibrium binding constant corresponding to the
maximum binding energy and constant B is related to the heat of

adsorption.
The D-Risotherm is described in the linear form by Eqn 12 [32]:
Ing=Ing,, — g* 12)

where g and ¢, are defined above and ¢ is the Polanyi potential,
expressed by Eqn 13:

e:RTm(1+é) (13)

where R is ideal gas constant (8.3145 J/mol K) and T is the absolute
temperature (K).q,, is denoted as the saturation limit and may
characterize the total specific volume of sorbent micropores. g is
the activity coefficient (mol®/kJ?) related to the adsorption mean
free energy, E (the free energy change required during the transfer
of 1 mole of solute from solution to the solid surface, Eqn 14).
E= L (14)
V2B

The magnitude of E (kJ/mol) allows the estimation of the type of
biosorption reactions. If E is in the range of 8-16 kJ/mol, biosorp-
tion is governed by chemical ion-exchange. When E < 8 kJ/mol,
physical forces may be determinant in metal ion uptake. If
E > 16 kJ/mol, biosorption may be dominated by particle diffusion
[2,32].

Thermodynamic parameters
Thermodynamic parameters were evaluated using Eqns 15 and 16:

AG® = —RTInK, (15)
AS®  AH®

where AG?, AH®, AS® and T are the Gibbs free energy, enthalpy,
entropy and the temperature in Kelvin, respectively. The slope and
intercept of In K, vs. 1/T plots give the values of enthalpy (AH?)
and entropy (AS®), respectively.

The distribution coefficient (K;) is calculated considering the
concentration of heavy metal in suspension (C;) and that of heavy
metal in supernatant (C,) after centrifugation, according to Eqn 17:

L G-CV
T C, m a7)

Kq

where Vis the volume of the solution (L) and m is the mass of dead
biomass (g) [31].

SVM-AGA methodology

One alternative approach for system predicting is the technique of
SVM based on the structural risk minimization (SRM) principle.
On the basis of this principle, SVM achieves an optimum network
structure by striking a right balance between the quality of the
approximation of the given data and the complexity of the ap-
proximating function. The SVM reveals the underlying statistical
relationships among variables corrupted by random error [33].
This technique was chosen in this paper based on the fact that it
alleviates the main drawback of parametric regression referring to
the mismatch of assumed model structure and the actual data. In
nonparametric regression, a priori knowledge about the process
(chemical and physical laws that govern it) is not required. It
addition, SVM is recommended for its high generalization capa-
bility, that meaning the chance to obtain accurate models. An-
other advantage of the method is the small number of parameters
that the user has to choose: type of kernel with its parameters and a
cost parameter, C, which defines the balance between tolerance for
training errors and generalization capability. There are three types
of kernel functions commonly used in SVM implementations:
linear, polynomial and radial basis function (RBF) kernels.

SVM applied here for modeling purpose correlates the biosorp-
tion process efficiency (output) with pH, biomass dosage, initial
concentration of metal solution, contact time and temperature
(inputs).

The RBF kernel has been selected for the modeling of the data,
as is the most commonly used one by SVM practitioners and it
has been reported to provide the best results. The equation
which characterizes the RBF kernel function is given bellow
(Eqn 18):

K(xi,%;) = exp(—y||x — x;|*), y>0 (18)

where x; and x; are training vectors and y is kernel parameter.

The cost parameter, C, is added, being the only free parameter of

SVM.

The simulation experiments in this paper were performed using
the SVR algorithm (SVM for regression) provided in LIBSVM library
[34]. The package offers two variants of the algorithm, but the &-
SVR variant is chosen, where ¢ is a parameter of the loss function
with values in [0,inf). The SVM model was associated with a GA as
solving instrument of the optimization procedure. GA was imple-
mented with adaptive parameters (adaptive genetic algorithm,
AGA), that is, adaptive crossover and mutation rates, resulting
in an improvement of its performance. The SVM-AGA method was
further developed for determining the optimum working condi-
tions, which lead to the maximum process efficiency. This opti-
mization procedure is as follows:

* A new chromosome is initialized or evolved, with five real-
valued genes, corresponding to pH, biomass dosage, initial
concentration of metal solution, contact time and temperature.

+ The corresponding fitness function is computed by applying
these five values as inputs to the SVM model; the fitness
function is the process efficiency (output of the model).

+ The chromosome is further processed by the evolutionary
algorithm operators.

Because of the interpolation capabilities of the model, the
optimization method could search in a flexible way the solution
space.
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Results and discussion

Biosorption of Cd(ll) by dead biomass of T. viride

Effect of initial pH on Cd(ll) removal

Metal binding sites on the cell surface and the chemistry of metal
in solution are influenced by the pH of the solution. To study the
effect of pH on Cd(II) biosorption by dead fungal biomass, uptake
and biosorption efficiency of Cd(II) (100 mg/L) on the biosorbent
as a function of pH was examined in the pH ranges of 3.0-7.0 with
a contact time of 72 hours, at room temperature (25°C) and using
8 g/L biosorbent dosage. The working pH range above 7.0 was
avoided due to possibility of metal precipitation on biomass
surface, making the sorption studies impossible. Metals biouptake
and the ecotoxicological effects in aqueous solutions depend
strongly on their speciation. The speciation diagram indicates
that Cd** is the only dominant specie up to pH 10.0 [35]. The
biosorption capacity of T. viride biomass was strongly affected by
the initial pH of aqueous metal solution; it was found to increase
with the pH, exhibiting a maximum of 7.31 mg/g at pH 6.0. The
removal efficiency at pH 6.0 was 57.92% (Fig. la). A further
increase in pH adversely affected the biosorption capacity of T.
viride. This is due to the cell wall ligands, which at low pH were
closely associated with the hydronium ions H;0* and, due to some
repulsive forces, which restricted the approach of metal cations.
Increasing pH favors the negative charge of ligands (carboxyl,
phosphate, amino groups), which subsequently attract the posi-
tively charged metal ions, and promotes their biosorption on cells
surface [25]. A similar effect of pH has also been observed when
other kinds of biomasses were employed as biosorbents for Cd(II)
removal from aqueous solutions [36]. Under these considerations,
the further biosorption experiments for Cd(II) removal from aque-
ous solution by dead T. viride biomass for were carried out at pH
6.0.

Effect of biomass dosage on Cd(ll) removal

For the determination of the optimum biomass dosage, different
amounts of dead T. viride in the range 1-10 g/L were suspended in
50 mL Cd(II) solution of 100 mg/L, at pH 6.0, for 72 hours and at
25°C. Figure 1b shows the effect of biomass dosage on sorption
capacity and the removal efficiency of Cd(II) by fungal biomass.
Biomass dosage significantly influenced Cd(II) sorption. At 1 g/L T.
viride, the removal efficiency was found to be 7.45% and greatly
increased to 57.92% with further increasing the biosorbent con-
centration to 8 g/L. When the biosorbent dosage was increased to
10 g/L, the removal efficiency further increased to 58.2%, but at
this biosorbent dosage the sorption capacity decreased to 6.12 mg/
g as shown in Fig. 1b. At low biosorbent dosages, the sorption on
the surface is saturated faster showing a higher uptake (q.) value.
Any increase in biosorbent dose makes available more active sites,
but the metal uptake will decrease. This behavior could be the
consequence of biosorbent available area aggregation or overlap-
ping, and also to a possible increase of the diffusional route,
causing a poorer Cd(II) uptake [25]. Thus, in the next experiments,
the optimum biosorbent dosage for Cd(II) removal was selected as
8 g/L dead T. viride.

Effect of contact time and temperature on Cd(ll) removal
Figure 2 shows the comparative data of the effect of contact time
and temperature on biosorption capacity of T. viride biomass at
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FIGURE 1

Effect of solution pH (a) and biomass dosage (b) on Cd(ll) biosorption by
dead T. viride (Cd(Il) concentration: 100 mg/L; temperature: 25°C; contact
time: 72 hours).

25 mg/L (Fig. 2a), 50 mg/L (Fig. 2b) and 100 mg/L (Fig. 2¢). In this
plot, it is apparent that there are three stages in the sorption
kinetics for all three cadmium concentrations. The first stage of
biosorption is faster, and takes place in the first 2-3 hours for all
metal concentrations used. During the first 48 hours the initial
process of external mass transfer was very slow and is termed as the
second stage of sorption. The third stage of sorption (48-72 hours)
was found to be clearly separated by a plateau depending on the
availability of metal ions in the solution for sorption [37]. The 3rd
stage of sorption was saturated around 2.7-3.2 mg/g for 25 mg/L
Cd(II) and 25-50°C, at 4.55-6.1 mg/g for S0 mg/L Cd(Il) and 25—
50°C and at 7.3-7.8 mg/g for 100 mg/L Cd(Il) and 25-50°C. By
contrast, the biosorption efficiency of T. viride increased with rise
in temperature from 83% to 99.99% for 25 mg/L, from 69.1% to
88.5% for 50 mg/L and from 57.92% to 63.55% for 100 mg/L,
respectively, during 72 hours of contact time. These results indi-
cated the endothermic nature of Cd(Il) biosorption onto dead T.
viride biomass. Similar endothermic nature of the biosorption
process was also reported for other metal-biomass systems [31].
The sorption capacity of T. viride could boost with the tempera-
ture, due to the generation of a larger number of active sites on the
sorbent surface available for sorption, increase of porosity and
enlargement of the total volume of pores. In addition, a reduction
in the thickness of the boundary layer surrounding the sorbent can
be registered with temperature increasing. As a result, a decrease of
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FIGURE 2

Effect of contact time and temperature on Cd(ll) biosorption by dead T. viride:
(a) 25 mg/L Cd(ll); (b) 50 mg/L Cd(ll); (c) 100 mg/L Cd(ll) (pH 6; biomass
dosage: 8 g/L; contact time: 72 hours).

mass transfer resistance in the boundary layer could occur [32]. At
low temperature values, the adsorption sites with lower active
energy were first occupied, and the other sites with higher active
energy were occupied with the increase of temperature [31].

Biosorption kinetics, isotherms and thermodynamic parameters

Table 1 lists the results of kinetic parameters for different Cd(II)
concentrations and temperatures. It is clear from these results that
the correlation coefficient values (R?) for the pseudo-second order

model applied for Cd(II) biosorption by dead T. viride are very high
(0.92-0.99), suggesting that this model fits well with the experi-
mental data. The pseudo-second order model is in agreement with
chemisorption being the rate controlling step [28].

The biosorption equilibrium investigations were conducted in
aqueous solutions with pH 6.0, Cd(Il) concentration of 25—
500 mg/L, for 72 hours and temperature ranging from 25 to
50°C. The sorption equilibrium was described by sorption iso-
therms whose constant values depend on the surface properties.
Sorption isotherm studies offer valuable information on the path-
ways of adsorption, reactions and on the capacity of the sorbent
[2,30-32]. From Fig. 3a, it can be seen that the sorption capacity
sharply enhances with the increase of equilibrium concentration;
then, it grows up slightly, approaching the maximum.

The parameters corresponding to different isotherm models for
the biosorption of Cd(Il) on T. viride are presented in Table 2. It is
obvious from the R? values (>0.99) that Langmuir model is suit-
able for describing the batch mode biosorption of heavy metal
onto the biomass of dead fungi.

The Langmuir model estimates the sorption capacity of the
sorbent used by considering sorbate uptake as occurring on a
homogeneous surface. A monolayer sorption process is suggested,
without any interaction among the molecules adsorbed on the
sorbent surface. Moreover, the Langmuir model presumes homo-
geneous adsorption energies onto the surface, without any trans-
migration of the adsorbate [38]. The values of separation factor, Ry,
between O and 1 indicated favorable biosorption conditions
(Fig. 3b). The maximum monolayer biosorption capacities (q,,)
of the biosorbent for Cd(Il) in batch mode are 8.86 mg/g,
10.16 mg/g and 10.95mg/g at 25, 40 and 50°C, respectively.
The increasing values of g, with temperature indicated the endo-
thermic nature of the process (Table 2).

The application of D-R model allowed the calculation of the
mean free energy E (kJ/mol) of sorption per molecule of sorbate. In
our study, the value of E at 25°C is less than 16 kJ/mol (15.82 kJ/
mol), whereas at 40°C and 50°C it is above 16 kJ/mol (19.32 kJ/mol
and 19.75 KJ/mol, respectively). This behavior suggests that at low
temperature chemical ion-exchange is the dominant process in-
volved in Cd(II) biosorption by dead T. viride and with increase in
temperature particle diffusion mechanism could play an impor-
tant role.

The thermodynamic data are listed in Table 3. The positive
variation of enthalpy (AH®) with temperature indicates an endo-
thermic process of Cd(II) removal from solution, while the positive
variation of Gibbs free energy (AG®) reveals a non-spontaneous
process. The positive values of entropy (AS°) reflect the affinity of
T. viride toward Cd(II) ions in aqueous solution and may suggest
some structural changes of the adsorbent [39].

Desorption of Cd(ll) from T. viride biomass

Four different agents (0.1 M) were tested for desorption of Cd(II)
from dead T. viride biomass in two cycles, H,SO,4, HNO3, NaOH and
CaCl, (Fig. 4). Maximum desorption of Cd(II) occurred with HNO3
followed in decreasing order by H,SO4, CaCl, and HNO3. To assess
the reusability of the biomass in consecutive cycles, a second cycle
was performed, involving all eluants. Although in the first and
second cycle NaOH had a small influence in the desorption of
Cd(IT) from the biomass with a desorption efficiency of 15.3%, it
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TABLE 1
Kinetic parameters for Cd(ll) biosorption by dead T. viride

Initial concentration (mg/L) Kinetics Parameters Temperature
25°C 40°C 50°C
25 Pseudo-first-order ge (Mg 9*1) 2.6826 2.6248 2.8711
ky (min™") 475 % 107> 9.14 x 10~ 15.19 x 107
R 0.9510 0.6256 0.8113
Pseudo-second-order ge (mgg™) 0.3186 0.8196 1.2226
ky (@mg~" min~") 0.0056 0.0021 0.0027
h (mgg ' min~") 0.0005 0.0026 0.0041
R? 0.9265 0.9709 0.9854
7 Elovich equation a (mgg ' min™") 0.6796 0.0091 0.0142
8 B (mgg 'min") 17.3340 6.7426 47194
S R? 0.8305 0.9138 0.9464
-;!? 50 Pseudo-first-order ge (Mg g”) 3.2628 4.4477 44712
o ky (min~") 554 x 107> 7.34 x 107° 964 x 107*
R? 0.8528 0.7695 0.8979
Pseudo-second-order ge (mgg™) 1.4986 2.1239 2.2709
k, (@ mg™" min™") 0.0481 0.0150 0.0097
h(mgg 'min7") 0.1079 0.0677 0.0504
R? 0.9996 0.9974 0.9938
Elovich equation a (mgg~ ' min~") 39932.49 22.4997 10.0771
B (mgg 'minT") 13.1873 57339 5.0150
R? 0.6543 0.9557 0.8869
100 Pseudo-first-order ge (mgg™) 6.0686 6.8509 6.7704
ki (min™") 725 x107° 13.96 x 10> 16.99 x 10~*
R? 0.7953 0.7245 0.7618
Pseudo-second-order ge (Mg 9*1) 1.7135 26225 29376
ky (@mg~" min~") 0.0206 0.0010 0.0013
h(mgg 'min7") 0.0606 0.0073 0.0115
R? 0.9987 0.9614 0.9673
Elovich equation a(mgg'min~") 1.6627 0.0250 0.0435
B (mgg 'min7") 5.0289 2.0386 1.7827
R? 0.6874 0.8766 0.8991

increased the sorption in the second cycle from 69.4% (achieved in
the first cycle) to 78.3%. This consequence suggests that a pre-
treatment of the biomass would enhance the sorption capacity of
T. viride toward cadmium ions.

The rest of the desorbing agents decreased the sorption efficien-
cy with 50.2-64.2%, indicating that the use of desorbing agents is
not useful for the reusability of the biomass and other consider-
ations have to be taken into account.

Biosorption of Cd(ll) by living biomass of T. viride

Effect of initial pH on Cd(ll) removal

Taking into consideration the previously mentioned importance
of the pH in metal biosorption and bioaccumulation processes,
experiments were undertaken at different pH values of the metal
solutions in broth.

In the experiments, the initial pH values in the range 4.0-7.0
were adjusted before the addition of the viable T. viride. The
growth and removal efficiency of T. viride is shown in Fig. 5a. T.
viride was able to bioaccumulate 100% of 50 mg/L Cd(Il) at pH 6.0.
Moreover, the growth of the microorganism in the presence of
Cd(II) was estimated at 13.37 g/L. These values were similar to the
growth of the microorganism in the absence of Cd(Il), indicating
that at this point (pH 6.0 and 50 mg/L Cd(II)) T. viride could
tolerate the metal ion.

For lower pH values (4.0-5.0), a decrease in the metal uptake
capacity and growth of T. viride were noticed. Only 20-40% Cd(II)

was bioaccumulated by the living microorganism. The low bioac-
cumulation capacity at this low pH wvalues is attributed to the
competition of hydrogen ion with metal ion on the sorption site.
Thus, at lower pH, negative charge intensity on the site is dimin-
ished as a result of binding sites protonation, resulting in the
reduction or inhibition of metal ion binding [40].

Growth of T. viride in the presence of Cd(ll)

We investigated the growth of T. viride and Cd(II) bioaccumulation
as a function of initial metal ion concentration. Figure 5b shows
the growth profiles of T. viride in a medium without heavy metal
(control) and for a growth medium containing 25 and 50 mg/L
Cd(I), during 168 hours.

The control culture of T. viride contained 1.3 g/L biomass in the
first day of cultivation, which increased to 13.03 g/L after
80 hours. The addition of Cd(II) into the T. viride enriched medium
resulted in a slower growth of the microorganism, in the time
interval of 60-144 hours, but then biomass reached 14.56 and
13.37 g/L after 168 hours, when the medium contained 25 and
50 mg/L metal ions, respectively. T. viride was able to remove 100%
Cd(II) from solutions containing 25 and 50 mg/L Cd(Il). Our
results also indicated that T. viride could tolerate cadmium con-
centrations up to 200 mg/L (Table 4). The removal efficiency of
Cd(Il) bioaccumulation efficiency decreased from 100% to
21.27%, with any increase in metal concentration from 25 to
200 mg/L. Also the growth of T. viride was affected by the presence
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of 200 mg/L Cd(II), reaching to 6.99 g/L biomass. This behavior can

12 be met in the cases of other metals and microorganisms. Arunaku-

—m—25°C (a) S .
1_e—40°C mara et al. [41] reported that the growth of Spirulina platensis was
10{—A—50°C inhibited by Pb®*" at high concentrations. El-Helow et al. [42]

determined that a Bacillus thuringiensis culture was able to remove
2.05-6.8 mg of cadmium per gram of biomass, respectively.

Increasing concentrations of the metal ion in solution resulted
in a reduction of the bioaccumulation efficiency. Table 4 shows
6| that in the presence of 25, 50, 75, 100, 150 and 200 mg/L in
168 hours, T. viride culture was able to accumulate 1.54, 3.48,
4.02, 5.89, 7.85 and 4.17 mgca/8biomass, respectively.

q, (mg/g)

4 =
These values indicate that living T. viride is more effective for §
o
1 Cd(II) removal when compared with the performance reported for <
24— 77T T T T T T other microbial biomasses. §
0 50 100 150 200 250 300 350 400 450 500 &
C, (mg/L) . . ) =
¢ Mechanism of Cd(ll) removal by dead and living biomass of T.
038 - viride
(k) —=—25°C The interaction mechanism between the metal ions and dead and
0301 : ;g ug living cells of T. viride was investigated by using Fourier Transform

0.25 4 Infrared (FTIR) spectroscopy. Functional groups present on the cell
surface were identified by FTIR spectroscopy as each group has a
unique energy adsorption band [43].
apo For the detection of active sites involved in biosorption process,
FTIR spectra of the unloaded and metal-loaded biomass of dead
0.10 4 and living T. viride were analyzed. The IR spectra (Fig. 6) are highly
complex, reflecting the complex nature of the biomass. Three
prominent peaks, in the unloaded T. viride biomass were noticed
at 3248.50, 1632.44 and 1013.40 cm ', The peak 3248.5 cm ™' was
stronger due to amine group (NH stretching) and hydroxyl group
vibrations (OH stretching) which was reported to occur at 3550-
3230 cm™'. The peak at 2931.2 cm ™! is defined by C-H stretching
vibrations which occur at 3000-2700 cm™~'. The peaks between

0.20

0.05

4
e

0.00 +—————+—F—+—F—+—F——————T——T——T—
0 50 100 150 200 250 300 350 400 450 500 550
C, (mg/L)

FIGURE 3

Equilibrium characteristics for Cd(ll) biosorption by dead T. viride: (a)
equilibrium isotherm for Cd(ll) biosorption by dead T. viride (pH 6; biomass
dosage: 8 g/L; contact time: 72 hours); (b) separation factor profile for Cd(ll)
biosorption by dead T. viride at various temperatures.

1900 and 1550 cm ™" are indicative for carbonyl (C=O) stretching
vibration, while that corresponding to 1632.4cm™' and
1372.1 cm ™! are supposed to be caused by C=O stretching mode

of carboxyl group conjugated to a -NH deformation mode result-
ing in -CO-NH-, indicative of amide bond formation [44,45]. A
characteristic peak was detected at 1013.4 cm !, representing the

TABLE 2
Isotherm parameters for Cd(ll) biosorption by dead T. viride at different temperatures
Temperature qm (mg/g) K. (L/mg) R?
Langmuir isotherm 25°C 8.86 0.0958 0.9997
40°C 10.16 0.1089 0.9990
50°C 10.95 0.0895 0.9948
Temperature n Kr (mg/g(L/mg)"'") R?
Freundlich isotherm 25°C 5.8944 3.3998 0.6598
40°C 2.2833 6.5632 0.9425
50°C 2.6760 7.1586 0.8968
Temperature K7 (L/mol) B R?
Temkin isotherm 25°C 1.00013 251.3 x 10° 0.7218
40°C 1.00014 289.7 x 10° 0.9491
50°C 1.00014 288.9 x 10° 0.9489
Temperature qm (Mg/g) B R?
D-R isotherm 25°C 13.82 1.99 x 107° 0.7307
40°C 13.21 133 x107° 0.9637
50°C 13.57 128 x 107° 0.9528
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TABLE 3

Thermodynamic data of Cd(ll) biosorption by dead T. viride at different initial concentrations

C; (mol/L) AH® (kJ/mol) AS® (J/mol K) AG° (kJ/mol)
298.15K 313.15K 323.15K
444 x 1074 56.12 178.19 2.99 0.31 —1.46
8.89 x 10°* 11.61 7.79 432 415 403
17.79 x 1074 12.14 16.30 7.28 7.03 6.87
26.68 x 104 12.69 14.32 842 8.20 8.06
44.48 x 10°* 11.87 6.71 9.89 9.76 9.70
16 T T T T
(a) ° 100
100 - 144 _—
| 90
90
80 - % 12 )
= 70 g 10 - 70
% 60+ % s F60 5
5 50+ g 2
S 5 5o ~
£ 40 O 64
* a0 ) . 40
£ 4 /l [ ]
20 s / )
101 2 2 4 20
T s1% D1% s2% D2% ° : i . ‘ 10
mH25040.1M 69.40 68.7 7.8 475 4 6 7
@ HNO3 0.1 M 69.40 69.3 19.2 17.1 pH
T NaOH 0.1 M 69.40 15.3 78.3 6.6 16
0CaCl20.1M 69.40 41.5 5.2 64.2 —=a— control (b)
144 ——25mg/L
| —a—50mgiL
—~ 124
FIGURE 4 3
Sorption-desorption profiles of Cd(ll) by dead T. viride biomass (Cd(ll) & 10
concentration: 100 mg/L; biomass dosage: 8 g/L; temperature: 25°C). g . 1
; ]
8 6
173
P-OH stretching vibration of phosphate groups. The FTIR spec- é
. . . 44
trum of T. viride loaded with Cd(Il) showed shifts of several peaks 2
when compared with unloaded biomass; these shifts are not 2
meaningful, which implies that heavy metal removal by the 0
microorganism is predominately made by electrostatic interac- 0 20 40 6 8 100 120 140 160 180
tions. When Cd(Il) ion is retained on the biomass, the peaks Time (h)
corresponding to 2853.24-2854.21 cm~! (C-H stretching vibra-

tions) and 1741.40-1744.46 cm ™! (C=0 stretching vibration) be-
come more prominent; these mean that when Cd(Il) interacts with
dead and living T. viride the structure becomes more ‘relaxed’. The
characteristic peak detected at 1013.4 cm ™' and representing the
P-OH stretching vibration is significantly reduced; this means that
the phosphate groups are definitely implied in the removal process
of Cd(Il) from aqueous solutions by dead and living T. viride.

These results are confirmed by the experimental data, very well
fitted by the Langmuir model, which suggests that the uptake
occurs on a homogeneous surface by monolayer sorption without
interactions among the adsorbed molecules. The values of mean
free energy, E (kJ/mol), indicate that chemical ion-exchange is the
dominant process involved in Cd(II) biosorption at 25°C and with
an increase in temperature particle diffusion mechanism could
have taken an important role.

Optimization results
The performance of SVM is heavily dependent on the model’s

parameters; consequently, their selection is an important

FIGURE 5

Behavior of T. viride and Cd(ll) as partners during metal immobilization by
living biomass: (a) effect of solution pH on Cd(ll) removal and growth of T.
viride biomass; (b) growth of T. viride at various initial Cd(ll) concentrations.

TABLE 4

Effect of initial Cd(ll) concentration on metal uptake (g.), metal
removal efficiency (R%) and growth of T. viride (X, g/L)

C; (mg/L) T. viride
9. (mg/g) R (%) X (g/L)

Control - - 13.03
25 1.54 100 14.56
50 348 100 13.37
75 4.02 69.87 12.95
100 5.89 76.63 11.82
150 7.85 7294 11.05
200 417 21.27 6.99
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TABLE 5

Optimization results for Cd(ll) removal by T. viride

No. Population Number of Tournament pH Biomass Time Temp. Initial conc. Efficiency
dimension generations dimension dosage

1 20 20 2 5.85 841 3380 48 36.69 90.45

2 50 20 2 5.63 7.87 3867 46.5 30.60 94.98

3 100 100 2 6.00 8.01 3848 46.5 28.14 98.33

4 100 100 4 6.00 8.00 3833 46.5 26.11 98.91

TCH

3500 3000 2500 2000 1500 1000
Wavenumbers cm™)

FIGURE 6
FTIR spectra of (a) dead T. viride + Cd(ll); (b) living T. viride + Cd(ll); (c) T. viride.

requirement. The SVR model parameters, C and y, were selected by
performing cross-validation on the data. The best performance was
obtained with C = 64 and y = 1, leading in the testing phase to MSE
(mean squared error) = 0.85 and R* = 0.919. These errors are con-
sidered acceptable to continue with the addition of SVM model in
the optimization procedure.

An important step in using GA as optimization solving method
is the determination of the best values for its control parameters:
number of generations, dimension of initial population, crossover
and mutation probabilities. The last two are obtained automati-
cally, based on adaptive feature implemented in GA, but tourna-
ment dimension is a supplementary parameter, corresponding to
the chosen selection method (tournament selection).

Table 5 contains the best optimization results, meaning opti-
mum values for the operating variables (pH, biomass dosage,
contact time, temperature and initial concentration) which lead
to a maximum efficiency of the process. For the crossover and
mutation rates, the values determined in an autoadaptive manner
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