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Abstract—The aim of this study is the simultaneous biosorption of Cd** and Ni*? on a dead biomass, Streptomyces
rimosus pretreated with NaOH (0,1 M). Kinetic tests were carried out for the binary mixture (cadmium-nickel) during
6 hours contact time to ensure that balance was reached. The amounts adsorbed at equilibrium were 22.8 mg Ni*'/g
and 9.86 mg Cd*'/g biomass, respectively. The biosorption depends mainly by some parameters, such as the pH, the
initial concentration of metal and the initial concentration of biomass. The isotherm of adsorption according to two
models, Langmuir and Freundlich, was carried out in our study. The results of the kinetics of adsorption show that the
experimental values are well represented by the kinetic model of pseudo-second order. This enables us to determine
the behavior of these adsorbents with respect to a real industrial effluent.
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INTRODUCTION

Water pollution by heavy metals is causing a great unquiet at
present. Indeed, heavy metals, including cadmium and nickel, pose
a serious public health problem. They are toxic even at low con-
centrations particularly in the range and tend to accumulate through-
out the food chain [1-3].

Industry is responsible for almost all releases of heavy metals in
water. The need to reduce those emissions makes use of processing
techniques such as precipitation, electrolysis, ion exchange, whose
major drawback is being relatively expensive [4].

The evolution of regulations on industrial emissions and eco-
nomic considerations has therefore motivated further research into
the treatment of industrial waste. For twenty years, various research-
ers have shown that organic materials such as biomass are able to
bind heavy metals by biosorption [5-7].

Some filamentous fungi and some other micro-organisms such
as bacteria, algae and yeasts have the ability to sequester metal cat-
ions in aqueous solution, and, this, through the special composi-
tion of their walls [8,9].

Some industrial plants produce compounds through biochemi-
cals, such as producers of enzymes, organic acids, antibiotics or
vitamins. The procedures used in obtaining these compounds men-
tioned above, discharge sludge mycelium. It is therefore particu-
larly appropriate to develop an economical process that uses these
products to perform under the depollution of industrial water loaded
with various heavy metals.
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Pollution by cadmium and nickel usually comes from several
industrial processes such as electroplating, plastics manufacturing,
nickel-cadmium batteries, fertilizers, pigments, mining and metal-
lurgical processing [10-12]. In general, these two metals are not
encountered separately but together as a mixture in the wastewa-
ter of these industries.

The biosorption of cadmium and nickel taken separately on
Streptomyces rimosus was studied by Selatnia et al. [13,14]. How-
ever, till now the biosorption of their mixture was not sufficiently
studied as stated by Aksu and Donmez [15]. So, in this work the
competitive sorption of Cd** and Ni** ions present in the same
mixture was investigated on Streptomyces rimosus to collect more
information on the biosorption of these two pollutants.

Streptomyces rimosus produces about two-thirds of all known
antibiotics. The abundance and structural diversity of antibiotic syn-
thesized by these bacteria are not found in any other bacterial genus
(16].

The process of extraction of oxytetracycline from fermentation
broth is accompanied by several phases of treatment and the for-
mation of many by-products. Large amounts of mycelium of Strepto-
myces rimosus biomass are produced by fermentation [18]. For
instance, the antibiotic complex of Médéa, Algeria (SAIDAL) pro-
duced 4 to 5 tons by fermentation.

Our choice was made on this biomass for the following rea-
sons [19]: (a) The biomass has a filamentous morphology, which
facilitates the formation of splash allowing their separation from the
aqueous phase; (b) The biomass can be regenerated, which allows
its re-use; (c) The rigid cellular wall of these gram-positive bacte-
ria contains many negative radicals which can be used as active
sites; (d) The active sites present an affinity for the divalent metal
cations; and (e) The biomass is available in great quantity and at a
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Fig. 1. Structure of the peptidoglycan [15].
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Fig. 2. Chemical structure of the teichoic acid [15].

cheap rate.

The cellular wall of the gram-positive bacteria, Streptormyces rimo-
sus is the seat of the phenomenon of biosorption. This wall con-
sists of a polymer, peptidoglycan, and teichoic acid.

Peptidoglycan (Fig. 1) is the basic structural element. It is con-
stituted of a glucosamine peptide comprising a molecule of NR
acetylglucosamine (NAG) and a molecule of acid acetylmuramic
(RAM) connected between them by a fglucosidic connection. Acid
acetyl muramic (RAM) is a short peptide chain of four amino-
acids, constituted of two alanines (Ala), a glutamic acid (Lime)
and a diaminopimelic acid L.L (DAP) [15].

Teichoic acid (Fig. 2) represents the second component of the
gram-positive bacteria. Because of its ionic property, the teichoc
acid offers active sites which adsorb the metal cations. It plays there-
fore a prominent role in the mechanism of biosorption [15].

ADSORPTION ISOTHERMS AND DIFFUSION
MODELS

1. Adsorption Isotherms

The Langmuir and Freundlich are the most frequently used iso-
therm models in the literature describing the non-linear equilib-
rium between adsorbed pollutant on the cells and pollutant in
solution at a constant temperature [19].

The Langmuir model [20] corresponds to the following equation
(Eq. (1)):
b-C,
=910 M

This equation can be simplified as:

C C
- @
9 9ub qu
The Freundlich [21] model equation is of the form:
q=ks-C." ®3)

K; and n are constants characteristic of the Freundlich equation.
Their determination is done using the following equation:

logq,=logK,+ ilogCe 4)

2. Kinetics of Adsorption

The study of the kinetics is thus of great importance to define
the effectiveness of a process. During the liquid-solid reactions, four
stages can be quoted and applied to the recovery of cadmium and
nickel as shown in Fig, 2 [22-24].

Step 1. Transfer of the cadmium or the nickel of the mass of the
fluid towards film surrounding surface of the particle of biomass;

Step 2. Transfer of the cadmium or the nickel of film towards
the surface of the particle;

Step 3. Transfer of the cadmium or the nickel of the surface of
the particle towards the sites inside the particle;

Step 4. Fixing the metal ion on the active sites by mechanisms
of complexation, adsorption and precipitation.

Generally, the second phase describes the transfer resistance
through the film; the third step is related to the model of intra partic-
ular diffusion. The first and the fourth step are fast and hence not
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Fig. 3. Representation of the biosorption stages [22-24].

limiting stages. In this study, we determined the limiting step in
the total process of adsorption [25-29].
2-1. Model of External Mass Transfer

The concentration at the surface of a material depends on the
diffusion through the boundary layer. The model proposed by
Weber and Morris [30], Mc Kay and Poots [31] and McKay et al.
[24] was chosen. This model assumes that the concentration of the
metal surface (C,) at t=0 is negligible, and thus internal diffusion is
negligible. The coefficient of external mass transfer is then defined
by the following equation:

dcC

- As(C-C ®)
With S: The specific surface of the particle per unit volume of solu-
tion (m™"). It is calculated from the following equation:

6C,

S= ©

dy Papp

2-2. Model of Intra-particular Mass Transfer

For a porous grain, size ions lower than those of the pores can
migrate inside the grain (step 3). Transport will be thus depend-
ing on the molecular diffusivity of the ions and the characteristics
of the pores. The diffusion obeys Ficks second law.

In this work, the models chosen refer to theories developed by
Weber and Morris [30] and Urano and Tachikawa [32]. From this
model the internal diffusion coefficient is calculated from the fol-
lowing equation:

Q=K )
With:
k~(59(2)" ®

P

The diffusion coefficient is calculated by determining the slope
behind the curve (q,) versus time (t). The adsorption kinetics is
modeled by Eq. (9), developed by Urano and Tachikawa [32]:

- Logm[l— (qﬂ)z} = % ©)
U
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2-3. Kinetics Models
The term of the first-order kinetics was proposed by Lagergren
[33]. This kinetic is usually expressed by the following equation:

- Logm[(qe?:qq = 2k—'13t (10)

The kinetics of second order was expressed by Ho and McKay
[34] and Aksu [35] in the case of biosorption by Eq. (11).

Ierinb @

MATERIALS AND METHODS

A Streptomyces rimosus biomass is a byproduct of an antibiotic
production that was collected after fermentation. For experimen-
tal use, the biomass was washed with deionized water several
times and dried at 50 °C during 24 h. After this, the biomass was
boiled in NaOH 0.1 mol/L for 15 min. It was then washed with
generous amounts of deionized water as long as the pH of the
washing solution was near the neutral range. After washing, the
biomass was dried at 50 °C for 24 h and ground to a granulated
form by a chopper and sieved to obtain various particle sizes from
50 to 160 pm.

Stock solutions (2,000 mg/L) of the nickel and cadmium ions
under study were prepared by dissolving an appropriate weight of
pure salt (NiCl,, 6H,0 or CdCl,, 5H,0) in the desired volume of
de-ionized water. The stock solution was successively diluted with
de-ionized water to obtain the desired test concentration of metal
ion. All the chemicals used in the study were of analytical reagent
grade and all experiments were at room temperature (24+1 °C).
The batch mode was used to study the adsorption of Ni(II) and
Cd(II) on Streptomyces rimosus.

Sorption studies were conducted in a number of plugged Pyrex
glasses Erlenmeyer containing a definite volume (500 mL in each
case) of solutions of the metal ion with initial concentration of
100 mg/L. The conical flasks were then placed in a thermostatic
shaker bath (Memmert Type WB-14 equipped with a SV 1422 tem-
perature controller) and were shaken at 250 rpm for 3 hours. All
the experiments were carried out in duplicate and the average of
the values was used for further calculations.

The concentrations of metals at equilibrium were determined
by atomic absorption spectrometry at a wavelength of 228.8 nm
for cadmium and 232 nm for nickel.

Given the small size of the adsorbent used (160 um) and the
fact that the operation was conducted with sufficient agitation to
ensure good homogeneity of the system, it can be assumed that the
mass ratio of adsorbent to volume of solution remained constant
throughout the operation. All experimental results were generally

expressed as adsorption capacity “q” which we defined as follows:
Cy—
(=5 @

Posing C,=m/v; Eq. (13) becomes:

C,-C
q= Ch
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Fig. 4. Evolution of pH and the capacity of biosorption of Cd"* and
Ni’* simultaneously with time.

The elimination rate E was defined by the equation:

E= (C"C*% -100 (14)

0

RESULTS AND DISCUSSION

1. Biosorption Kinetics

The kinetic study of the biosorption of nickel and cadmium
simultaneously biomass treated with NaOH (0.1 N), is the deter-
mination of residual concentrations of ions Ni** and Cd" in solu-
tions over time. Fig. 4 represents the kinetics or biosorption of cad-
mium and nickel on biomass. Given the intimate phenomena that
can occur between the biosorbent and the solution, it seemed
interesting to follow the pH evolution during the biosorption phe-
nomenon, which was therefore displayed on the figure.

The fast kinetics is due to the high reactivity of the surface of
the biomass. Indeed, the biosorption of metals depends strongly
on the protonation or deproteinized functional groups (carboxylic,
phosphate, hydroxyl amines) present on the wall of the biomass
[36-38]. Moreover the chemical treatment of the biomass shows
that the ion exchange between Na* ions and Cd"* and Ni* is eas-
ier than the ion exchange between H' ions and Cd* and Ni".

After two hours of contact the adsorbed quantity of nickel (22.09
mg Ni**/g of biomass) was remarkably higher than that of cadmium
(9.83 mg Cd**/g of biomass). The observed difference could be due
to the high electronegativity of Ni atoms compared to that of Cd
ones, revealing an easy cationic exchange of Na'/Ni** than that of
Na'/Cd™ [39].

Concerning the pH, the decrease observed may be attributed to
the release of H' functional groups present on the wall of the bio-
mass.

2. Kinetics Models

The determination of the kinetics of adsorption of ions Cd** and
Ni** makes it possible to calculate the rates constants of adsorption
[40,41].

2-1. Determination of Rate Constants of Adsorption

To determine the constant rates of adsorption, the order of the
reaction should be first determined, by plotting the curve repre-
senting Log (q,/(q,—q)) according to the time as shown in Fig. 5.

The shape of these curves suggests that the variation of the Log
(q/(q—q)) according to time is not linear. Therefore, adsorption
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Fig. 5. Constant first order speed of biosorption of the mixture Cd*
and Ni" for a treated biomass.
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Fig. 6. Constant second-order speed of biosorption of the mixture
Cd* and Ni*.

Table 1. Values of rate constants of biosorption mixture of Cd** and

Ni**
First order reaction Second order reaction
K, (s) R? K, (g/mg-s) R?
Cd" 0.0122 0.8206 0.0054 0.9493
Ni* 0.0129 0.8252 0.0046 0,9199

can be second-order and the values of the constants speeds of
nickel and cadmium are given by calculating the slopes of the right-
hand sides accounting for 1/(q,—q) according to time. These straight
lines are schematized on Fig. 6.

From this table we can conclude that the kinetics adsorption
jons Ni** and Cd** on biomass followed a second order. The pseudo-
second-order expression was successfully applied to the adsorption
of metal ions from aqueous solutions. A theoretical analysis of the
pseudo-second-order model indicated that when the initial con-
centration of solute is low; the adsorption process obeys the pseudo-
second-order model [42]. Conversely pseudo-first-order model
can be applied to higher initial concentrations. Our results are in
accordance with that stated in Azizian [42]. The rate constant of
the pseudo-second order model is a complex function of the ini-
tial concentration of the solute. For this, we have introduced a new
parameter h described by Eq. (15) [43]:

Korean J. Chem. Eng.(Vol. 35, No. 4)
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h=K,-q; (15)

Where h is the initial adsorption rate (mg/g-s) as qt/t approaches
0.

The calculation of h for the ions of Ni** gave a value of 2.24 mg/
g-s, while for the Cd ions, the value of h 0.53 mg/g-s; These values
showed that there was a competition between nickel and cad-
mium during the biosorption and that the Ni was first adsorbed.
3. Diffusion Model
3-1. Determination of the Coefficient of External Mass Transfer

To estimate the influence of external resistance, we determined
the coefficient of external mass transfer by making the assump-
tion that this stage of the process is not negligible, and it was cal-
culated at the first moments of liquid solid contact (slope in the
beginning when ty ). Indeed, this assumption is justified by the
fact that at the moment ty_,, only the external mass transfer would
have begun.

The values of the coefficients of external mass transfer /3 are given
by determining the slopes at the origin of the curved representa-
tives report C/C, according to time. Fig. 7 illustrates these results.
This last being emphasized by the following equation [17,24,41]:

(%)

=S (16)

t—>0

The linear part of the variation of C/C, according to time is rep-
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Table 2. Values of the coefficients of external mass transfer

S (m/s)
Cd* 6.37 107
Ni*? 1210

resented by Fig. 8.

The coefficient of total external transfer (£), is calculated from
the slopes of the right-hand side represented on Fig. 8.

Table 2 gathers the values of the coefficient of external mass trans-
fer of metals.

3-2. Determination of the Coefficient of Internal Mass Transfer

In the same way to estimate of the coefficients of internal diffu-
sion, we neglected resistance to the external mass transfer and the
kinetics of adsorption. According to the stirring velocity chosen,
only the internal diffusion controls the process [44]. In this case,
the mathematical equations relating to the diffusion in a sphere
can be applied. From this, two models describing the internal dif-
fusion, the model of Weber and Morris [30] and that of Urano
and Tachikawa [32] were considered.

For the application of the model Weber and Morris, we traced
q/q. according to t**. The slope of the right-hand side in the begin-
ning obtained allowed determining the value of the internal coeffi-
cient of diffusion. Fig. 9 illustrates these results.

For the model of Urano and Tachikawa [23], the internal coeffi-
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Fig. 9. Variation of q/q, according to time.
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Fig. 8. Linear part of the variation of C/C, according to time.
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Fig. 10. Variation of log10 (1-(q/q,)) according to time.
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Table 3. Values of the coefficients of internal diffusion

D,, (m?/s) D, (m?/s)
Cd™ 991072 336107
Ni* 7.12107* 343107

| Crni?*= 100 mg/L

.....‘----.-_._._
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Cs(mg/l)

* Experimental result
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Fig, 11. Diffusion and kinetics models adsorption of Ni’* on the bio-
mass treated.
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Fig. 12. Diffusion and kinetics models adsorption of Cd** on the bio-
mass treated.

cient of diffusion of the east obtained by the slope of the linear part
log10 (1-(q/q.)) according to time, as shown in Fig. 10.

Table 3 includes values for the internal diffusion coefficients D,,
and D, This table shows that the resistance to external mass trans-
fer was negligible compared to internal distribution. So, we must
compare the experimental results with those calculated by the kinetic
and diffusional models.

This comparative study is illustrated in Figs. 11 and 12. From these
figures, it can be concluded that the kinetic model described accu-
rately the experimental results, and hence this step limits the rate of
adsorption.

4. Influence of Initial pH on the Biosorption of the Cadmium-
nickel Mixture

Former studies on the biosorption of heavy metals show that the
pH is an important parameter affecting the process of biosorption
[45,46]. This fact can be explained by the strong relation between
the biosorption and the number of negative charges on the sur-
face of the biomass, which themselves are in relation to the func-

aHNickel *Cadnim
r 12
A
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A 15 ] . .
g . L » 6 Lx]
10 ‘ 5
o . " & 4 F
5 a & 5
0 . 0
1 3 5 T 9 11
Initial pH

Fig. 13. Influence of the initial pH of the solution on the capacity of
biosorption of the mixture Cd** and Ni'”.

tional groupings. The ionic shape of metal in solution and the electric
charge of the biomass depend on the pH of the solution. The bio-
sorption of heavy metals can be the effect of the ionization and the
negative charge of the functional groupings being useful like sites
of fixing of heavy metals.

The influence of the concentration of hydrogen ion on the bio-
sorption of the mixture Cd* and Ni" was studied by changing the
pH of the solution into metal pH of the solution pH=1 to 11. The
experimental results are represented on Fig. 13.

For nickel, one notes the increase in the capacity of adsorption
with the increase in the pH to reach a maximum of adsorption for
a basic (pH=12); it was similar for cadmium, except that the capacity
of adsorption was less marked.

The low capacity of adsorption of cadmium and nickel for very
acid pH (<5) can be explained by the quantity of existing H" ions
in the solution; these ions limit the release of the H" ions of the func-
tional groupings (COOH and OH), which cannot thus fix the met-
als cations. For the free doublets of the (NH,) groups, there is a com-
petition between the H+ protons and the cations Cd* and Ni*,
which makes the biosorption slow. The more the pH of the solu-
tion increased, the more the probability of adsorption of the metal
cations increased. It can be noted that for pH<5 the retention of
the metal ions was low. The capacities of biosorption were improved
for pH>5 [35,36,39].

l * Cadmium anickel
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Fig. 14. The influence of the stirring velocity on the biosorption of
Cd”?and Ni,
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5. Influence of the Stirring Velocity

To locate the influence of the stirring velocity on the capacity of
adsorption of the mixture Cd"* Ni'*, the stirring velocity between
100 and 500 rpm can be varied. The evolution of the capacity of
adsorption according to the stirring velocity for the mixture Cd"
and Ni" is represented in Fig, 14.

The simultaneous presence of the ions Cd"™ and Ni* gives the
best capacity of fixing to 250 tr/min. For speeds lower than 250
rpm, the low capacities of fixing can be explained by the decanta-
tion of the powders of adsorbents, which makes resistance diffu-
sion around the solid important. While for strong stirring velocities,
the vortex phenomena occurred and the suspension was no lon-
ger homogeneous, which made adsorption difficult.

6. Influence of Concentration of Biosorbent

We studied the influence of the concentration of biosorbent on
the capacity of adsorption of the mixture Cd* and Ni””. The results
obtained are presented in Fig. 15.

The increase in the concentration in biomass influences posi-
tively the rate of elimination of the ions up to a value of 3 g/L (Fig.
15). Starting from this optimal concentration in biomass, an im-
provement of the percentage of the removal of the Cd"* and Ni*
ions can be noted. This can be explained by the saturation of the
biosorbent.

7. Influence of the Initial Cd"* and Ni'* Concentrations
To determine the effectiveness of adsorption of the biomass treated
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Fig. 17. Variation of the capacity of biosorption of Cd"* and Ni*
according to the initial concentrations of Ni*.

with respect to the cadmium mixture and nickel, the behavior of
the biomass according to the various initial metal concentrations
was determined. The concentration of the investigated metal was
varied in the range 10 to 800 mg/L, while the other was kept at a
given concentration (Figs. 16 and 17).

As observed, an increase of the quantity adsorbed according to
its initial concentration, followed by a step corresponding to the
saturation of the active sites of the biomass.

8. Analysis of the Adsorption Isotherms

The linear form of the Langmuir equation was considered; the
results are displayed in Fig. 18.

The Freundlich isotherm is represented by plotting in (q,) ver-
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Fig. 15. The influence of the concentration of the biomass treated
on the rate of biosorption of the mixture Cd*> and Ni*.
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Fig. 16. Influence initial concentration in Cd** ions on the capacity
of biosorption Cd"> and Ni* of the treated biomass.
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Fig. 18. Langmuir isotherm of the mixture Ni** and Cd*".
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Fig. 19. Freundlich isotherm of the mixture Ni’* and Cd™".
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Table 4. Values of model parameters of Langmuir and Freundlich
models

Langmuir Freundlich
b G R? K n R?

Cd" 003 165 0994 383 442 0644
N 008 285 0998 784 444 0885

sus In (C,), as shown in Fig. 19.

The parameters characterizing the models of Langmuir and
Freundlich are given in Table 4.

These results, allowed us to establish that the model followed
was the Langmuir isotherm model, owing to the higher correlation
coefficients obtained if compared to the Freundlich model.

An essential characteristic of the Langmuir isotherm can be
expressed in terms of a dimensionless constant called the separa-
tion factor and defined by the equation below (Eq. (17)):

_ 1
T 1+b-C,

R, 17)
where C, is the initial concentration of the adsorbate (mg-L™") and
b is the Langmuir constant (L-mg '). A separation factor R;>1
indicates that the adsorption is unfavorable; if R;=1 the adsorp-
tion is said to be linear, adsorption is said to be favorable when
0<R;<1. And a zero separation factor (R;=0) indicates that adsorp-
tion is irreversible [47]. In our case, the values of R; were between
0 and 1 (0.25 for cadmium and 0.11 for nickel), which shows favor-
able adsorption for both metals, but the adsorption of nickel was
more intense than that of cadmium on the basis of the lower R,
value for Ni if compared to that of Cd. From this, in the mixture
solution the biosorption of Ni by Streptomyces rimosus was com-
paratively more than that of Cd.

The correlation coefficients R* of the Freundlich model were
lower than that of Langmuir model, confirming that the adsorp-
tion of heavy metals on Streptomyces rimosus treated with NaOH
follows the Langmuir model rather than Freundlich model.

9. Comparison of Cd** and Ni'* Adsorption Capacity by Dif-
ferent Adsorbents

The maximum adsorption capacities of different adsorbents for
the removal of Cd** and Ni** were compared with extensive reports
in the literature; the values of adsorption capacities are shown in
Table 5. The experimental data of this present study are compara-
ble to the reported values. Nevertheless, the maximum adsorption
capacity q,, (mg/g) is usually calculated from an adsorption iso-
therm equation, based on equilibrium data. Also, it can be noticed
that modification of the adsorbents could also improve Cd** and
Ni*? adsorption capacity.

CONCLUSION

The present work shows the use of biosorption as a promising
method for Ni** and Cd*" removal from waste water. In addition,
biomass is a cheap source of biosorbent. If it is available as a waste
from other fermentation industries which represents further advan-
tage to the process, regarding to the cumulative costs and simplicity
of the technology. The non-living biomass of Streptormyces rimo-
sus was shown to be an efficient biosorbent for Ni** and Cd*" ions
with a promising biosorption capacity. The sorption of the mix-
ture Cd** and Ni** on the biomass treated allows one to conclude
that the equilibrium adsorption of ions Cd** and Ni* is reached
after 3 hours. The amounts adsorbed at equilibrium were 22.8 mg
Ni*'/g and 9.86mg Cd**/g biomass, respectively. The obtained
results also showed that initial pH, stirring velocity, concentration
of biosorbent and initial concentration in ions Cd” and Ni*
affected the uptake capacity of the biosorbent.

Table 5. Adsorption capacities of different adsorbents for the removal of Cd** and Ni"” from water

Adsorbent Ni* (mg/L) Ccd* (mg/L) Q,, (mg/g) Source
100 / 17.96 (48]
/ 100 14.19 [48]
Pseudomonas spp. 2
100 7.35 for Ni (48]
100 8.89 for Cd"
Galerina. marginata 200 / 3.30 [49]
Sphaerotilus natans 200 / 19.00 [49]
) 9.86 for Cd" ,
Streptomyces rimosus 100 100 2.8 for N This study
) 42,09 for Cd*
Grapefruit peel 100 100 1613 for Ni’ [50]
. 4.11 to 32.63 for Cd"
Actinomycessp 50 to 400 50 to 400 71 to 36.55 for Ni [51]
) 3.96 to 38.71 for Cd"
Bagcillus sp. 50 to 400 50 to 400 408 o 32.8 for Ni [51]
Marine bacteria Enterobacter cloaceae / 100 65% [52,53]
Marine bacteria Shewenellaoneidensis / 100 80% [54]
Ensifermeliloti 100 / 85% [55]
Paenibacillusjamilae / 100 21 [56]
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The suitability of a pseudo-second-order chemical reaction for
the sorption of Ni** and Cd* ions onto this biomass is apparent,
as this kinetic model describes adequately the largest part of the
process.

The Freundlich and Langmuir adsorption models were employed
for the mathematical description of biosorption equilibrium data,
regarding the biosorption of Cd** and Ni** ions onto Streptonyces
rimosus. The calculated isotherm constants were used to compare
the biosorption capacity for the removal of Cd** and Ni** ions.
The present results demonstrate that the Langmuir model describes
more accurately than the Freundlich model the adsorption equi-
librium data in the examined concentration range.

The promising results obtained using this biosorbent may be
therefore enhanced through the improvement of the chemical modi-
fication. For this purpose, investigations dealing with the heat-treat-
ment of the biomass in order to improve its surface characteristics
are in progress in the laboratory.

NOMENCLATURE

: specific surface biomass [m/g]

: constant on the affinity of adsorption sites [L/mg]
: residual metal in solution [mg/L]

: concentration of biosorbent [g/L]

: concentration of equilibrium adsorption [mg/g]

: initial concentration of metal [mg/L]

: concentration of solute in the solid particle [g/m’]
: particle diameter [m]

: internal diffusion coefficient [m?/s]

: internal diffusion coefficient [m?/s]

:removal rate of metal ions [%)]

: constant feature of the Freundlich equation

: rate constant of the first order biosorption [s ]

: rate constant of second order biosorption [g/mg:-s]
- diffusion coefficient in the solid particle [mg/g-s"*]
n :constant feature of the Freundlich equation

q  :biosorption capacity of biomass [mg/g]

q.  :quantity of metal ions adsorbed [mg/g]

q, :maximum quantity of metal ions [mg/g]

R*  :factor correlation

S :specific surface of particles adsorbed per unit volume of solu-
tion [m*/m’]

ZEHOOLO00000F >

I

ARAARA

t : time for biosorption [min]
v :volume of metal solution [mL]
B : coefficient of external mass transfer [m/s]

r, : mass density of solid particles [g/cm’]
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