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ABSTRACT

The chromium biosorption capacity of a Streptomyces rimosus biomass treated with NaOH (0.1 M) was
studied in the batch mode. After pre-treatment of biomass at the ambient temperature, optimum conditions
of biosorption were found to be: a biomass particle size between 50 and 112um, an average saturation
contact time of 1h, a biomass concentration of 3g/L and a stirring speed of 250rpm .The equilibrium data
could be fitted by Freundlich isotherm equation. Under these optimal conditions, 110mg Cr3*/g biomass
were fixed. © 2005 SDU. All rights reserved.
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1. INTRODUCTION

Many industries such as coating, car, aeronautic and steel industries generate great quantities of waste
water containing various concentrations of chromium. These concentrations are usually too low to be
treated by standard methods. Chemical precipitation lead to the production of toxic sludge. Solvent
extraction techniques are not profitable for a stream containing less than 1g/L of targeted heavy metals. On
the other hand, ion exchange processes are too expensive due to the high cost of synthetic resins.

Antibiotic fermentation produces large amounts of semi-solid wastes which are normally disposed by
incineration. Such semi-solid wastes, after granulation and a heat treatment, have been used to recover and
remove heavy metals from waste water streams (Roux et al,1990; Milande et al,1993; Fourest et al,1994;
Fourest et al,1996).These researchers tested several filamentous fungi (Mucor miehei, Penicillium
chrysogenum, Aspergillus niger and Rhizopus arrhizus) to recover heavy metals from aqueous solutions.

In the literature, the capability of either living or non living organisms for fixing metal ions is widely
described. Modak et al(1996) showed that non living Aspergillus niger biomass attached to wheat bran
was selective for the extraction of copper and zinc. Guibal et al (1992) studied the biosorption of uranium
by filamentous fungus Mucor and Gardea-Torresdey et al(1996a) performed batch experiments with
inactivated cells of Mucor rouxii for Cu+2 binding. Other studies were performed with different biomaterials
as marine (Kuyucak and Volesky,1989 ; Hao et al,1994 ; Leusch and Volesky,1995; Khoshmanesh et
al,1996; Chong and Volesky, 1996), bacteria (Sautel et al,1991 ; Urrutia and Beveridge, 1993 ; Magao and
Srivostava, 1994 ; Butter et al,1995; Engl et a/,1995 ; Sag and Kutsal, 1995 ; Mishra et al,1996 ; Singleton
and Simmons, 1996 ; Thomas and Macaskie, 1996), chitosan (Jaanson-Cherrier et al,1996); humic
substances (Gardea-Torresdey et al,1996b) and sewage sludge (Remacle et al,1992 ; Solari et al,1996).
All these studies were done to remove and recover heavy metals from dilute aqueous streams by
biosorption.

In the present work, dead Streptomyces rimosus biomass treated with NaOH(0.1M) was used in
granulated form to remove Cr** from laboratory-made aqueous solutions. The effects of the physical and
chemical parameters on the biosorption were studied and the chromium binding kinetics and mechanism
were determined.
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2. DIFFUSION AND SORPTION MODELS
2.1. Sorption isotherms

The equilibrium of a solute between a liquid and a solid phase was described by various models of
sorption isotherms such as the Langmuir and Freundlich models. These models suggest a monolayer
sorption with lateral interactions between the sorbed molecules in the case of the Freundlich models: the
energetic distribution of sites was heterogeneous, due to the diversity of sorption sites or the diverse nature
of the metal ions sorbed, free or hydrolysed species. The Langmuir model supposes a monolayer sorption
with an homogeneous distribution of sorption sites and sorption energies without interactions between the
sorbed molecules.

The Langmuir model was described by the following equation:

_ b.Ce 1
qe_qm'1+b.Ce M

where
de is the adsorbed metal ion quantity per gram of biomass at equilibrium (mg/g).
dm is the maximum amount of metal ion per unit weight of biomass to form a complete monolayer on the
surface bound at high C. (mg/g).
b is a constant related to the affinity of the binding sites (I/mg) .
The Freundlich model equation was of the form:

Qe=k.C (2)
where k and n are the Freundlich’s constants characteristic of the system.

2.2. Diffusion models

Sorption kinetics were mainly controlled by various steps including diffusion processes. 3 steps can be
enumerated and applied to chromium removal (Fritz et al, 1981; Hand et al, 1983; Mc Kay,1984).

Step 1 chromium transfer from the boundary film bordering to the surface of the particle;

Step 2 transfer of the chromium from the surface to the intraparticle actives sites;

Step 3 uptake of metal ion on the active sites, via complexation, sorption and intraparticle precipitation

phenomena;

Step 1 describes film mass transfer resistance.

Step 2 is related to the intraparticle diffusion model.

Step 3 is a rapid, non limiting phase.

Various models of diffusion were studied, including single steps of external diffusion or intraparticle
diffusion or combined phenomena (Van Vliet et a/,1980; Mattews and Weber,1984; Mc Kay and
Bino, 1988 ; Glover et al,1990; Mc Kay and Allen,1990 ).

The aim of this study was to select the main limiting step in the overall sorption process.

2.2.1. External mass transfer diffusion model

This model, as an application of the Fickien’s laws, expresses the evolution of the concentration of the
solute in the solution C (mg/L), as a function of the difference in the concentrations of the metal ion in the
solution C, and at the particle surface, Cs(mg/L), according to the equation 3 (Weber and Morris,1962; Mc
Kay and Poots, 1980; Mc Kay et al,1986).

%—(t::—ﬂ 5.(C—Cs) (3)

where
B is the mass transfer coefficient (m/s)
S the surface area of the biomass per unit solution volume (m™')

The coefficients are determined after making some assumptions such as a surface concentration Cg
negligible at t=0, a concentration in solution tending to the initial concentration Co, and also negligible
intraparticle diffusion. So the previous equation can be simplified to

5=_6m (5)
d p. Papp
where
m is the sorbent mass concentration in the solution (kg/m?3).
d, particle size diameter (m).
Papp is the apparent density of the sorbent (kg/m?3).
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2.2.2. Intraparticle mass transfer diffusion model

In this work, the models chosen refer to theories developed by Weber and Morris (1962), Mc Kay and
Poots (1980) and Urano and Tachikawa (1991).

According to the intraparticle diffusion model proposed by Weber and Morris (1962), the initial rate of
intraparticle diffusion was calculated by linearization of the curve q=f(t®).

=K.t ** (©)

where
q is the amount of adsorbed metal ion on the biomass at time t (mg/g)
t time (s).
K; is the diffusion coefficient in the solid (mg/g.s'/?).
Another kind of intraparticle diffusion model was proposed by Urano and Tachikawa (1991). The
sorption kinetics were modelled according to the following equation.

_LOgu) |:1_(y)2:|=ﬂmlzt (7)
%) | 23 dp

where D; is the diffusion coefficient in the solid (m?/s).
2.3. Kinetic modelling

The first-order rate expression of Lagergreen(1898); Ho and Mc Kay(1999); Aksu (2001), based on solid
capacity was generally expressed as follows:

-Log o [J(qe—q }:k‘,t (8)
Qe 23
where k; is the rate constant of first-order biosorption (s').
The first-order equation was generally applicable over the initial 20-30min of the sorption process.
The pseudo second-order equation is also based on the sorption capacity of the solid phase (Aksu,
2001; Ho and Mc Kay, 1983; Yakup et al, 2001). The pseudo second-order kinetic rate was expressed as:

e

where k; is the rate constant of second -order biosorption (g/mg.s).

3. METHODS AND MATERIALS

S. rimosus biomass produced during oxytetracyclin antibiotic production was collected after
fermentation. This biomass was washed with distilled water and dried at 50°C during 24 hours. It was then
crushed and sieved in order to select a fraction with particle diameters between 50 and 112pum.This
biomass was then treated with NaOH (0.1N) during 30 min and once again dried and sieved to obtain the
particle size fraction between 50 and 112um. The physical and chemical properties of this biosorbent are
shown in Table1.

The biosorption tests were carried out in closed system. A known amount of Cr3* prepared with CrCl; salt
was added to the suspended biomass in solution until adsorption equilibrium was reached. Equilibrium and
kinetic curves were plotted by monitoring the Cr3>* residual concentration as a function of time. A magnetic
stirrer was used to homogenize the mixture. For all the experiments, initial Cr** and biomass concentrations
were fixed at 100mg/L and 3g/L respectively.

Cr** residual concentrations in solution were determined using a Unicam 939 Atomic Absorption
Spectrophotometer with a wavelength at 357.9nm.

All the experiments were carried out at unadjusted pH. Infrared Spectra were obtained with the help of a
Perkin-Elmer FTIR 1650.

Table 1
The Physical and chemical characteristics of the biomass
Untreated biomass = NaOH-treated biomass

Particle size(um) 50-112 50-112
Humidity (%) 3.2 4.4
Density 0.43 0.41
Surface area per unit solution volume (m™') 516 542
Zeta potential (Volt) -0.062 -0.082
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4. RESULTS AND DISCUSSION
4.1. IR spectral analysis

In order to find out which functions were responsible for the chromium adsorption, IR analysis of the
biomass was carried out. Figure 1 and 2 show the IR spectra and the various functional groups
corresponding to the absorption bands. The frequencies of vibrations and their corresponding groups are
presented in Table 2.

Table 2
IR absorption bands and corresponding possible groups
Frequency(cm™) Functional group

3431.58
2919.49
2852.92
1623.90
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Figure 1. Spectrum 1: Infrared spectrum of the NaOH-treated biomass
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Figure 2. Spectrum 2: Infrared spectrum of untreated biomass
4.2. Chromium biosorption kinetics

As can be seen from Figure 3, chromium biosorption kinetics was very fast suggesting very active
surface phenomena of the biomass. In fact, this biomass cell walls were made of great molecules
(peptidoglycane) linked with techoid acid and polysaccharides. These molecules possess functional groups
which can adsorb heavy metals.These groups are of the type(-NH), carboxylate anions (-COO"), hydroxy (-
OH) and others (-C-N), (-C-O), (-C-H),(-C=0) which present different affinities towards metallic ions. Figure3,
shows adsorption kinetics of the biomass.
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Figure 3.Time evolution of the biosorption capacity and pH during the experiments (0=250rpm,
Co(Cr¥)=100mg/L, C biomass=3g/L, PS : 50-112um)

The metal biosorption depends strongly on the protonation or unprotonation of the functional groups on
the cell wall i.e., carboxylic, hydroxyl and amino groups (Guibal et al,1992; Sautel et al,1991; Fourest and
Volesky, 1997; Fourest and Roux, 1992).The ionic forms of the metal in solution and the electrical charge of
the biomass depend of the solution pH.

The chemical treatment of the biomass with NaOH (0.1N) shows that in the sodium form, the ion
exchange sites were more easily able to exchange this cation (Na+) with ions Cr3>* than when the ion
exchange sites were protonated.
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pH variations during the experiment are shown in Figure 3. The following deductions can be made:
> The adsorbed quantity tends to a value 24.47mg Cr3*/g biomass, corresponding to pH of 5.4. At the

very beginning of the experiment, the pH falls from 10.32 to a value of 5.4. This can be explained by H+

liberation of some compounds of the biomass in solution suggesting that the biosorption mechanism
was a ion exchange type between H+ ions and Cr** ions.

> After a short time, solution pH stabilizes at the value of 5.4 and other biosorption mechanisms can
occur. Among those, we can mention complexation , electrostatic attraction and ion exchange between

Na+ ions and Cr** ions.

In our study, the biosorption mechanisms like ion exchange and complexation as well as electrostatic
attractions seem to be the most occurring phenomena. Among the chemical groups possibly involved in
such phenomena’s were the (-COO"), (-OH), (-NH), (C-O-),(-C=0) groups, which were active sites for the Cr>*
sorption.

4.3. Biosorption rate constant

The adsorption kinetics over 30 min of the sorption process was found to be of the first order. The
corresponding rate constant was found to be k;=2.5.103 s™'.
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Figure 4. Logo[qe/(qe-q)] versus time (t) for the NaOH-treated biomass.

4.4. External mass transfer coefficient

By plotting the slope values at C=0 of the plot (C/Co) =f(t) , we can deduce the values of the external
mass transfer coefficients p. The corresponding value of the external mass transfer was p = 2.76.10°° m/s.
The low values of the external mass transfer coefficient means that the resistance to the external mass
transfer was quite important.
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Figure 5. (C/C,) versus time (t) according to the external mass transfer resistance model.
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4.5. Intraparticle diffusion coefficient

When considering only the initial period according to Weber and Morris(1962) model, the rate constant
of intraparticle diffusion K; has been determined by a plot q=f(t®).

The intraparticle diffusion coefficient D; was computed by plotting Log o[ 1-(q/qe)?] as a function of the
time according to Urano and Tachikawa(1991) model.

Values of K; and D; are given in Table 3.

Table 3
Values of K; and D; for the NaOH-treated biomass.
K; D;
(mg /g.s'?) (m?/s)
NaOH-treated biomass 0.76 2.85.10°'3

The low values of K; et D; coefficients suggest that the intraparticle diffusion was negligible in
comparison with the external mass transfer phenomena .
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Figure 6. q versus t ®° according to the Weber and Morris model
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Figure 7. Log o [1-(q/qe)?] versus time (t) according to the Urano and Tachikawa model
4.6. Effect of initial pH on Cr>* biosorption
Figure8, below shows that the Cr®* adsorbed quantity increases with increasing initial solution pH. This

can be explained by the strong relation between the biosorption and the number of negative charges at the
biomass surface which is itself related with the functional groups.
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The maximum of the Cr®* adsorbed quantity at the surface of the biomass was 25.2mg Cr*>*/g biomass.
This maximum occurs at pH=11. There is a sharp increase of the adsorbed quantity from pH=4, which
correspond to the dissociation of functional group or their deprotonation .

For low pH values, one may consider an adsorption competition between H+ protons and metallic ions
on the active sites on the cell wall of the biomass, as it has been suggested by many others authors ( Guibal
et al,1992; Sautel et al,1991 ; Fourest and Volesky, 1997 ; Fourest and Roux,1992 ; Benedetti et al,1995,;
Fourest and Volesky, 1996; Huang et al,1988).
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Figure 8. Effect of initial pH on the Cr®* adsorption capacity by the NaOH-treated biomass (0v=250rpm,
Co(cr3+)= 1 Oomg/l-, C biomass=3g/]-r PS: 50-1 1ZIJm)

4.7. Effect of stirring speed on Cr** biosorption

The effect of stirring speed on biomass adsorption capacity was studied. Optimal value of adsorption
capacity was obtained for a stirring speed of 250rpm (Figure9). This stirring speed was used in all our
experiments. A moderate speed gives the best homogeneity for the mixture suspension. At high stirring
speed, vortex phenomena occurs and the suspension was no longer homogenous which makes the
adsorption of Cr** difficult.
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Figure 9. Effect of stirring speed on the biosorption capacity of the NaOH-treated biomass
(Co(Cr*)=100mg/L, C piomass=3 /L, PS: 50-112um)

4.8. Influence of biomass concentration

Figure 10, shows the metallic ions elimination in weight per cent as a function of biomass concentration.
This graph shows the increase of the metal ions removal with the concentration of the biomass. A plateau
appears starting at a concentration of biomass equal to 3g/L. This can be explained by considering a partial
aggregation which takes place at high biomass concentration causing a decrease of the actives sites.
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Figure 10. Effect of the biomass concentration on the biosorption capacity of the NaOH-treated biomass
(®#=250rpm, C,(Cr*)=100mg/L, PS: 50-112pm)

4.9. Influence of the initial Cr3* concentration

Many studies have shown that for low Cr** concentrations, the quantity of adsorbed Cr3* par unit mass
of biosorbent was directly proportional to the ionic concentration in solution.
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Figure 11. Influence of initial concentration of Cr*>* on the biosorption capacity of the NaOH-treated biomass
(0=250rpm, C piomass=3g/L, PS: 50-112pm)

Figure11 shows that the quantity of adsorbed Cr*>* per unit mass of biosorbent increases when the initial
Cr** ions concentration increases.

This study shows that it possible the saturation of the active sites of the biomass and to obtain the
maximum of Cr** ions adsorption capacity of the biomass. In our study, initial Cr** concentration varies from
20 to 800mg/L. As can be seen from Figure 11, the maximum quantity of adsorbed Cr3®* on biomass was
around 110mg Cr3*/g biomass.

4.10. Adsorption isotherm analysis

In order to optimize the biosorption process parameters, we have modelised the equilibrium curve
(Figure 12). Two equations of isotherms of Langmuir and Freundlich were tested.
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Figure12. Adsorption data of Cr** onto the NaOH-treated biomass (0=250rpm, C piomass=38/L, PS: 50-112pum)
The isotherm curve shows a limiting biosorption capacity attained at Cr3* equilibrium concentration of

about 370mg/L. Figure 13 and 14 are the transformed forms of these models which permit to calculate
Langmuir’s constants(qm et b ) and Freundlich constants(k et n) .

Ce/qe (g/L)

0 200 400 600 800
Ce (mg/L)

Figure13. Application of the Langmuir equation to the adsorption data of Cr* onto the NaOH-treated
biomass

Ln ge
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Figure 14. Application of the Freundlich equation to the adsorption data of Cr** onto the NaOH-treated
biomass
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Table 4 shows the values of the computed constants.

Table 4

Sorption isotherm coefficients of Langmuir and Freundlich models
Langmuir Freundlich
m (Mmg.g™) b(L.mg™) R? k(lLg™") 1/n R?
140.85 6.2.10° 0.93 2.66 0.60 0.98

Values of coefficients of correlation R? shows that the Freundlich’s models, fits best our experimental
data.

5. CONCLUSIONS

S. rimosus dead biomass treated with NaOH (0.1 M) was an efficient adsorbent of Cr3* in dilute solutions.
Up to 110mg of chromium can be fixed by each gramme of NaOH-treated biomass. The cell walls of this
biomass contains anionic groups such as (-COO’, -C-O, -NH, -C=0,-OH) whose adsorbent ability towards
Cr* ions was fairly high. Adsorption was moreover influenced by various parameters such as initial pH,
initial Cr** concentration, biomass concentration and stirring speed. The results obtained during this study
show that this method of eliminating Cr*>* ions is very promising and confirm the technical and economic
interest compared to the conventional processes such as the ion exchange on resins.
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