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4.5    Metal sorption capacity by bentonite and zeolite after biofunctionalisation with              

  Penicillium simplicissimum 

 

The description of the preparation of biosorbents based on Penicillium simplicissimum is 

given in Chapter 3. In this section, adsorption of heavy metals on zeolite/bentonite-

Penicillium simplicissimum was studied based on equilibrium and kinetic processes. 

The following parameters were assessed: pH, concentration, contact time, temperature and 

adsorbent mass. Mathematical models (pseudo 1
st
 and 2

nd
 order, Elovich, intraparticle and 

film diffusion models) were employed for the prediction and comparison of the binding 

capacity and to design the sorption process. Thermodynamic parameters as well as adsorption 

rates as a function of temperature were calculated.  

4.5.1 Growth and morphological identification of Penicillium simplicissimum  

The growth of Penicillium simplicissimum in Schott bottles after 5 days at pH 5 and 6, 

immobilized and non immobilised are shown in Figure 4.45. 

 

Figure 4.45 Growth of P. simplicissimum (a) left bottle: zeolite + liquid medium; right 

bottle: liquid medium without zeolite (b) left bottle: liquid medium without 

bentonite; right bottle: bentonite + liquid medium 

 

The fungus grew rapidly in zeolite/bentonite and produced woolly to cottony, spreading 

colonies. This indicates the possibility of the Penicillium sp. to utilise zeolite/bentonite as a 

source of nutrients. These results were confirmed by the growth curves in Figure 4.47. 
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The fungal strain was identified by using standard identification techniques such as colony 

morphology and microscopic examination under light microscope (Figure 4.46).  

On the basis of microscopic examination and morphologic characteristics, the fungal strain 

was identified as Penicillium simplicissimum. The identification was performed in the School 

of Molecular and Cell Biology. The images in Figure 4.46 showed the production of well 

defined aerial conidiophore from which a complex arrangement of branches arises. The 

chains of conidia contain several hundred spores, which are the feature of Penicillium sp. The 

conidiospores of Penicillium sp. have the following characeristics: length, 2.5 – 4.0 μm and 

width, 2.2 – 3.5μm. 

 

 

Figure 4.46   Light microscope images of sporulating culture of P. simplicissimum 

 
 
4.5.2 Bentonite-Penicillium simplicissimum 

   

     

4.5.2.1 Growth curve of P. simplicissimum on bentonite  

 

This experiment determined the optimum conditions for the growth of P. simplicissimum as a 

function of medium pH and days of incubation. The graphs in Figure 4.47 show that 100 mg 

g
-1

 of biomass were harvested after 10 days of incubation at pH 5 for the fungus grown in 

liquid medium and 60 mg g
-1

 of biomass were obtained after 5 days at pH 4. 

When the fungal biomass was grown in a matrix e.g. bentonite in the liquid medium, 600 mg 

g
-1

 of biomass were harvested after 5 days at pH 4. In general, a decrease of biomass was 
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observed after 10 days of incubation. This could be due to the lack or decrease of nutrients in 

the medium since no further nutrients were added in the growth medium. 

The growth of P. simplicissimum showed a 10-fold increase in biomass when immobilized on 

bentonite (600 mg g
-1

) at pH 4.  

 

    (a) 

 
                              

            (b) 

 
                          
Figure 4.47    Growth curves of (a) P. simplicissimum in liquid medium (b) P.simplicissimum  

in liquid medium and supported on bentonite 
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The pH of most of the polluted tailings in the Witwatersrand is around 4, meaning that P. 

simplicissimum may grow in these tailings since they contain materials like silica and some 

metals which might constitute nutrient sources for the fungal biomass. In fact, the culture 

conditions of the fungus strongly affect the chemical composition of the fungal wall and this 

may in turn affect biosorptive properties. The presence of toxic metals in the growth medium 

can also alter the cell wall composition, sometimes resulting in the production of melanins 

and increased metal-binding capacity (Hughes and Poole, 1989). 

4.5.2.2 Characteristics of the biomass 

 

i) Physical properties and elemental composition of bentonite-P. simplicissimum 

 

The surface area, cation exchange capacity and elemental composition of the bentonite 

(natural as well as modified P. simplicissimum) are given in Table 4.40.  

 

Table 4.40 Physical properties and elemental composition of natural and functionalised 

                   bentonite with P. simplicissimum 

 
 Surface 

area 

 

CEC C H N S 

 m
2
/g meq/100g % % % % 

Natural-bentonite 73.82 73.80 0.555 1.748 n.d n.d 

Bentonite- P. 

simplicissimum  

19.62 65.24 0.785 2.192 0.276 0.031 

n.d – not detected 

 

An increase in carbon and hydrogen amount was observed in the biomass compared to the 

percentage obtained in the natural bentonite. Nitrogen and sulphur were analysed in the 

biomass, indicating the presence of compounds released by the fungi, e.g. polysaccharides, 

proteins and amino acids as proven by the IR spectra. These compounds contribute to the 

increase in the percentage of C, H, N as well as sulphur in the modified bentonite. The 

cationic exchange capacity of the functionalised bentonite decreased as observed in Table 

4.40. This could probably indicate a reaction between cations in bentonite and functional 

groups present on the fungal biomass surface. This revealed the ion-exchanger character of 

the biomass. 
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ii) Zeta potential of P. simplicissimum immobilized on bentonite and zeolite  

 
 The zeta potential plots for zeolite/bentonite-P. simplicissimum are shown in Figure 4.48. 

The graphs show the presence of negative charge at the surface of the biomass for pH 2 to 8. 

The point of zero charge was depicted between pH 3 to 4 and the surface became more 

negative at pH 6. 

 

 

 
 

Figure 4.48   Zeta potential plots for bentonite-P. simplicissimum and zeolite-    

P. simplicissimum 

 

Compared to the non-functionalised zeolite surface, more negatively charged surfaces were 

observed between the pH 4 to 8.  The changes to the sign of the zeta potential of 

functionalised bentonite could be related to the presence of functional groups such as –NH, 

COO-, SH and OH on the surface of the sorbent.  

 
iii) FTIR spectral analysis 

 

The FTIR spectra of bentonite-fungal in the range of 400−4000 cm
-1

 were taken to confirm 

the presence of functional groups that are usually responsible for the biosorption process and 

are presented in Figure 4.49. 
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Figure 4.49 FTIR spectra of bentonite-P. simplicissimum 

The FTIR spectrum showed the characteristic peaks that were demonstrated for the main 

functional groups of the cell wall for the metals. The spectra disclosed biosorbent 

heterogeneity though different characteristic peaks of amino, carboxylic, thiol, hydroxyl and 

carbonyl groups. The major groups categorized according to C-O, C=O, P=O, N-H, C-N, -

CH. Table 4.41 presents the FTIR absorption bands and corresponding possible groups that 

have potential to interact with metal ions. 
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Table 4.41 FTIR absorption bands and corresponding possible groups observed on 

                  the bentonite-P. simplicissimum fungal biomass 

Wavenumber, cm
-1

 Vibration type 

3420 Carboxyl/OH  stretch and N-H stretch 

2980 Phenolic/carboxylic, S-H 

2362 -CH stretch 

1635 C=  chelate , stretching amide I band 

1521 C= chelate, stretching amide I band 

1418 Amide II band, OH bands 

1247 Symmetric bending of CH3 of the acetyl  

moiety, PO4
3-

 stretch 

1064 COO
−
 

1000 Si-O-Si stretching 

914 Al
3+ 

binding OH deformation 

797 C-H defromation 

687 OH bend 

 

 

 
4.5.2.3 Sorption studies of metals on Bentonite-P. simplicissimum (active or living) in 

batch mode  

 

The biosorption of heavy metals (Cu, Co, Cr, Fe, Hg, Ni, Zn and U) in synthetic solution was 

investigated in immobilized living and heat-killed P. simplicissimum. The effects of pH, 

metal ions concentration (isotherms), the contact time (kinetics) and temperature were 

assessed. The results obtained for single and multi-component systems are given in the 

following sections.  

4.5.2.3.1 Sorption capacities, pH and isotherms of adsorption 

i) Effect of pH 

As seen in the previous studies, the solution pH influences the solution chemistry of the 

metals, the activity of functional groups (carboxylate, phosphate, thiol and amino groups) on 

the cell wall as well as the competition of metallic ions for the binding site. Figure 4.50 
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shows the effects of the initial pH on the biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U in 

single-metal aqueous solutions.  

 
 

(a) 

 
 

 (b) 

 
              
Figure 4.50  Effect of initial pH on adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, Hg and 

U onto bentonite-P. simplicissimum (active) in single component solution (Ci 

= 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 

12h) 
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Maximum biosorption capacity was obtained around pH 4 for Ni. For the rest of the metals, 

the maximum biosorption capacity (25 mg g
-1

) was constant for the all ranges of pH studied 

(2 to 7). The functional groups found on the cell wall of the fungi revealed by FTIR spectra 

(Figure 4.48) play a major role in the biosorption process. 

Comparing the results with those obtained by Yun-guo (2008), it can be observed that 

immobilized biomass of P. simplicissimum was more effective than freely suspended biomass 

for the metals studied with a possible contribution to sorption by the immobilization matrix 

(Yun-guo et al., 2008). Yun-guo Liu found that the maximum biosorption capacities of P. 

simplicissimum were very low at low pH due to competition by protons for the binding sites. 

The studies done by Xiao-ming on copper and lead adsorption on P. simplicissimum 

immobilized within loofa sponge showed low adsorption capacity of Cu and Pb at low pH for 

the same reasons given above (Xiao-ming et al., 2008).  

In this study, the values of zeta potential obtained for bentonite-P. simplicissimum were 

negative at low pH, implying that negative charges on the biosorbent surface cause the high 

adsorption capacity even at low pH values. 

 

Figure 4.51 illustrates the effects of pH on the biosorption capacity of bentonite-P. 

simplicissimum in multi-ion solutions. A maximum adsorption capacity (25 mg g
-1

) was 

observed for the pH range studied. Contrary to the single-ion system, the adsorption capacity 

of Ni was maximum at low pH in the multi-ion system. 

 

 

 

 

 

 

 

 

 

 

 

 



201 
 

                (a) 

            
 

 (b) 

 
                 
Figure 4.51  Effect of initial pH on adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, Hg and U 

onto  bentonite-P.simplicissimum (active) in multi-component solutions (Ci = 

100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, agitation time = 12 

h) 

 

Gadd (2000) explained that cell-bound HUO2PO4
2-

 facilitated Ni adsorption by intercalative 

ion exchange into the polycrystalline lattice. It is well known that uranium forms a strong 

complex with phosphates. This functional group is depicted in the biomass (FTIR spectra). 
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ii) Effect of initial metal ion concentration  

The influence of initial metal ion concentration was investigated and the plots of initial 

concentration versus adsorption capacity at pH 3 are shown in Figure 4.52 for the single-ion 

system.  

 (a) 
 

                   
                                                                      

         (b) 

              
 

Figure 4.52     Effect of concentration on the adsorption of (a) Cu, Ni, Zn, Co and (b) Cr, Fe, 

Hg and U in single component solutions onto bentonite-P. simplicissimum 

(active)(pH = 3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time 

= 12 h) 
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Figure 4.52 shows that all the curves have the same trend. The biosorption of Cu, Ni, Zn, Co, 

Fe, Hg, Cr and U increased with increasing initial metal concentration.  Even though the 

trend was the same for all the metal ions, high biosorption capacities were observed for zinc 

and iron compared to other metals. 

A low uptake of Ni, Hg and U was observed with a saturation point. For these metals, the 

uptake decreases until an initial concentration of 200 mg L
-1

 for Ni and Hg; 400 mg L
-1

 for U, 

most probably because of xenobiotic effects. 

The effect of initial metal ion concentration on the biosorption of Cu, Ni, Zn, Co, Fe, Hg, Cr 

and U on bentonite-P.simplicissimum in a multi-ion system is illustrated in Figure 4.53. The 

adsorption capacity increases linearly with an increase in initial metal ion concentration. The 

uptake of Ni, Hg and U did not reach the saturation point as seen in the single-ion system. 

The xenobiotic effect seemed to be inhibited by the presence of competing ions. This 

phenomenon has not yet been fully understood, but synergistic effects are likely to be playing 

an important role in reducing the xenobiotic effects. 

The main chemical groups in biomass which are able to take part in biosorption are 

electronegative groups such as the hydroxyl or sulfhydryl groups, anionic groups such as 

carboxyl or phosphate groups and nitrogen-containing group such as amino groups. Carboxyl 

and phosphate groups are considered to be important binding sites for metal ions. 

Nonetheless, the interior of the cell also contains many components which bind metals so that 

treatments which permeabilize the cell, such as grinding increase the uptake of metals. The 

thee-dimensional structure of binding sites also appears to be significant as ionic radius 

affected the biosorption of ions by P. simplicissimum (Wang and Chen, 2006; 2009).  

In fact, the application of surface complexation modelling or a linear programming approach 

to specific chemical and electrostatic interactions occurring at the solution-cell-wall interface 

can also be applied to biosorption phenomena (Wang and Chen, 2009, Prescott et al., 2002). 

Chemisorption is enhanced when phosphates are produced biologically. The produced 

phosphate precipitates metals as phosphates and this is effective for a range of metals as well 

as radionuclides. A mixture of accumulative and chemisorptive mechanisms contributes to 

the overall process (Gadd, 2000; Lyod and Lovley, 2001).  
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(a) 

      
                

        (b) 

       
                                  
Figure 4.53   Effect of concentration on the adsorption of (a) Cu, Ni, Zn, Co and (b) Cr, Fe, 

Hg and U
 
in multi component solutions onto bentonite-P.simplicissimum 

(active) (pH = 3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time 

= 12 h) 

 

 

 

 

 
 

 

0

5

10

15

20

25

0 100 200 300 400 500 600

q
e
 (
m

g
 g

-1
)

Initial concentration (mg L-1)

Cu

Ni

Zn

Co

 

0

5

10

15

20

25

0 100 200 300 400 500 600

q
e
 (
m

g
 g

-1
)

Initial concentration (mg L-1)

Fe

Hg

U

Cr



205 
 

iii) The isotherms of adsorption for metal ions on bentonite-P. simplicissimum 

 

 

Biosorption isotherms of Cu, Cr, Co, Fe, Hg, Ni, Zn and U by living biomass of P. 

simplicissimum immobilized on bentonite are shown in Tables 4.42 and 4.43 in a single-metal 

systems and multi-component systems, respectively. 

The adsorption constants of Langmuir, Freundlich, D-R and coefficients partition models and 

their correlation coefficients (r) were calculated. 

 

Table 4.42 Parameters of Langmuir, Freundlich, D-R and distribution coefficient  

                   models for the adsorption of metals on bentonite-P. simplicissimum in a 

                    single metal system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.008 0.089 0.046 0.167 0.166 0.007 0.234 0.053 

B 1.733 2.381 2.397 3.195 2.037 2.431 8.245 2.223 

b 2184 26.63 52.23 19.16 12.31 335.9 35.19 41.68 

qm (mol/kg) 0.577 0.419 0.402 0.313 0.491 0.412 0.121 0.449 

ΔGo (kJ/mol) -19.06 -8.136 -9.805 -7.319 -6.221 -14.42 -8.827 -9.247 

Δq (%) 75.97 75.96 76.01 75.91 75.94 76.06 75.93 76.04 

r 0.610 0.967 0.966 0.745 0.845 0.994 0.726 0.995 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.132 0.139 0.151 0.109 0.141 0.146 0.097 0.153 

B 0.177 0.319 0.283 0.438 0.354 0.230 0.471 0.277 

Kf 1.356 1.377 1.416 1.286 1.384 1.401 1.252 1.423 

n 5.652 3.126 3.532 2.282 2.825 4.341 2.124 3.609 

ΔGo (kJ/mol) -14.01 -7.749 -8.755 -5.658 -7.004 -10.76 -5.266 -8.947 

Δq (%) 70.79 58.11 49.97 69.20 52.82 65.89 46.75 47.37 

r 0.988 0.984 0.994 0.996 0.998 0.960 0.996 0.992 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.322 0.229 0.206 0.220 0.237 0.269 0.051 0.184 

B -0.002 -0.006 -0.005 -0.008 -0.007 -0.003 -0.009 -0.005 

Xm (mol/kg) 1.380 1.258 1.229 1.246 1.267 1.308 1.051 1.202 

Es (kJ/mol) 14.65 8.927 10.02 7.748 8.133 12.09 7.619 10.12 

Δq (%) 45.30 22.71 15.48 26.61 19.09 32.66 7.814 13.45 

r 0.916 0.990 0.995 0.998 0.995 0.969 0.997 0.997 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 7.122 4.103 4.814 2.880 3.310 6.622 3.036 4.952 

B 2534 1099 1431 5432 944.1 5647 2996 635.1 

ΔGo (kJ/mol) -17.66 -10.17 -11.93 -7.139 -8.207 -16.42 -7.526 -12.27 

Kdo 1238 60.48 123.2 17.81 27.41 751.5 20.82 141.4 

Δq (%) 85.42 71.14 67.19 83.15 72.49 78.81 71.62 70.41 

r 0.564 0.950 0.952 0.764 0.820 0.969 0.713 0.962 
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The correlation coefficients show that the biosorption process is better defined by the 

Freundlich and D-R isotherms with r > 0.950. In addition, the adsorption of Cu, Co, Zn and 

Cr is described by the Langmuir and partition coefficient isotherms. Biosorption of the 

former occurs in monolayer or multilayer coverage on a heterogenous surface. The values of 

n (2.124 – 5.652) indicate that the process is beneficial; the values of 1/n < 1 assuming that 

metals are bound though weak free energies. 

The biosorption process was spontaneous; Gibb’s free energies calculated from the 

Freundlich model were negative for all the metals analyzed. The values of the mean free 

energy (Es) of biosorption range from 8 to 16 kJ mol
-1

, confirming an ion exchange 

mechanism. With respect to the distribution coefficient, the sequence is as follows: Fe
 
> Zn > 

Cr
 
> Co

 
> Cu

 
> Ni

 
> U > Hg. The uptake capacity, qmax (mol kg

-1
), calculated from the 

Langmuir isotherm decreased in this sequence: Fe
 
>Ni > Cr

 
> Cu > Zn > Co > Hg

 
> U. The 

uptake depends on the affinity of the metal towards the binding sites and also depends on the 

nature and the amount of functional groups present on the surface of the biosorbent. 

The main ligands found in the cell wall of fungi in general are (Talaro and Talaro, 2002):  

a. Hydroxyl    (ROH)             Carbohydrates, alcohols 

b. Carboxyl    (RCOOH)        Fatty acids, proteins 

c. Amino       (RCH2NH2)     Proteins, nucleic acids 

d. Ester     (RCOOR)              Lipids 

e. Sulfhydryl  (RCH2SH)      Cysteine (amino acid), proteins 

f. Carbonyl, terminal end   (RCOH)       Aldehydes, polysaccharides 

g. Carbonyl, internal (RCOCH3)        Ketones, polysaccharides 

h. Phosphate (ROH2PO3)              DNA, RNA, ATP 

 

Metal biosorption by biomass mainly depends on the components on the cell, especially 

though cell surface and the spatial structure of the cell wall. According to the Hard and Soft 

Acid Base Principle, hard ions, such as Cr
3+

, UO2
2+

 could form stable bonds with OH−, HPO4 

2−
, CO3

2+
, R–COO

−
 and =C=O, which are oxygen-containing ligands. In contrast to hard ions, 

soft ions such as Hg
2+

 form strong bonds with R–S
−
, –SH

−
, NH2

 −
 and imidazole, which are 

groups containing nitrogen and sulfur atoms. Borderline or intermediate metal ions such as 

Fe
3+,

 Cu
2+

, Ni
2+

, Zn
2+

 and Co
2+

 could bind the thee types of ligands with different 
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preferences. Hard ions mainly show ionic nature of binding, whereas soft ions binding exhibit 

a more covalent degree (Nieboer and Richardson, 1980; Pearson, 1963; Remacle, 1990 

Various polysaccharides exist in fungi cell walls; they have been proved to play a very 

important role in metal binding. Some functional groups have been found to bind metal ions, 

especially the carboxylic groups. Other components include proteins, lipids, and pigments. 

This diversity is reflected by the presence of a range of distinct potential metal complexation 

sites, e.g., carboxylate, phosphate, sulfhydryl, and amine groups. 

As a consequence, the Irving-Williams series [Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II)] 

derived from the stability constants of transition metals with N donor ligands and often 

referred to in relation to metal adsorption to micro-organisms may not strictly apply to 

surfaces rich in oxygen-containing ligands, where more stable bonds form with hard ions 

(Shumate and Strandberg, 1985; Remacle, 1990).  

The surface heterogeneity of the fungal cell wall in addition to both ionic and covalent 

bonding of the metal ions, correlates with the known chemically multi-phasic nature of the 

wall and indicates the presence of a range of distinct potential binding sites. Carboxylate and 

phosphate moieties have been proposed as the major functional groups responsible for metal 

adsorption in denatured fungal biomass (Tobin et al., 1990). However, these are hard 

(oxygen-containing) ligands, and it is unlikely that they alone could account for the large 

degree of covalent bonding reported here. The degree of covalency in metal-cell wall 

interactions is known to be much greater in live than in dead fungi (Avery et al., 1992) and it 

is probable that here, covalent bonding to intact cells was a consequence of metal 

complexation with the additional soft amine and sulfhydryl ligands that are active on the cell 

surfaces of live microorganism. 

The present results indicate that the complex characteristics of microbial metal uptake 

correlate well with, and can be accounted for by, considerations based on the hard and soft 

principle. In addition to relating the nature of bonding and strength of interaction of 

individual metal ions to the various types of functional group present in cell walls, broader 

application of the hard and soft principle is relevant to the availability to micro-organisms of 

both potentially toxic and biologically essential ions in complex ligand-containing media. 

To describe two or multi-metal ions biosorption system, various extended Langmuir models 

(also called competitive Langmuir model) or Freundlich type models have been developed 

(Aksu et al., 1997; Chong and Volesky, 1995; Pagnanelli et al., 2002; Volesky, 2003). It was 
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not relevant to use these empirical models here since they hardly reflect the sorption 

mechanism. 

 
Table 4.43 Parameters of Langmuir, Freundlich and D-R and distribution coefficient 

models for the adsorption of metals on bentonite-P. simplicissimum in multi-

ion system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.104 0.084 0.087 0.282 0.129 0.084 0.127 0.118 

B -0.299 2.002 2.619 -5.074 1.151 1.518 9.381 0.255 

b 2.853 23.79 30.22 17.99 8.935 18.16 74.03 2.157 

qm (mol/kg) 3.340 0.499 0.382 0.197 0.868 0.658 0.106 3.922 

ΔGo (kJ/mol) -7.852 -7.856 -8.449 -5.236 -5.429 -7.186 -10.67 -1.906 

Δq (%) 75.92 65.94 76.01 58.97 75.92 75.99 75.96 75.92 

r 0.917 0.775 0.722 0.976 0.587 0.865 0.594 0.659 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.071 0.141 -0.013 0.108 0.139 0.136 0.078 0.091 

B 0.284 0.318 0.229 0.469 0.336 0.319 0.414 0.294 

Kf 1.179 1.384 0.969 1.284 1.377 1.368 1.198 1.235 

n 3.511 3.138 4.356 2.131 2.978 3.133 2.415 3.395 

ΔGo (kJ/mol) -8.704 -7.778 -10.79 -5.281 -7.382 -7.766 -5.988 -8.417 

Δq (%) 34.89 59.39 55.72 4.056 9.286 6.651 71.99 13.66 

r 0.975 0.991 0.836 0.993 0.986 0.984 0.823 0.979 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.294 0.282 -0.767 0.336 0.347 0.317 -0.042 0.335 

B -0.006 -0.006 -0.002 -0.009 -0.007 -0.006 -0.007 -0.008 

Xm (mol/kg) 1.342 1.325 0.464 1.399 1.416 1.373 0.959 1.399 

Es (kJ/mol) 8.819 8.836 15.27 7.220 8.207 8.730 8.500 8.562 

Δq (%) 55.52 24.01 84.59 56.47 34.96 33.52 78.79    24.68 

r 0.976 0.991 0.801 0.990 0.981 0.977 0.809 0.981 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 0.875 3.839 5.639 1.549 3.009 3.424 3.119 2.014 

B 9949 1825 -187.5 8446 2058 3010 9560 5006 

ΔGo (kJ/mol) -2.168 -9.514 -13.98 -3.841 -7.461 -8.489 -7.731 -4.993 

Kdo 2.397 46.43 28.13 47.09 20.28 30.71 22.61 7.493 

Δq (%) 72.17 89.32 45.95 64.73 92.31 78.75 81.28 60.87 

r 0.941 0.775 0.960 0.989 0.594 0.463 0.392 0.609 

 
 
 
4.5.2.3.2 Effect of contact time and kinetic of adsorption 

i) Effect of contact time 

 

The effects of contact time on Cu, Co, Cr, Fe, Hg, Ni, Zn and U uptake capacity by P. 

simplicissimum immobilized on bentonite are given in Figures 4.54 and 4.55 for single-ion and 

multi-ion systems, respectively. The graphs show that the biosorption capacity increased with 
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increasing contact time and a large amount of metal ions was adsorbed in the first 30 min. 

Equilibrium was reached after which no more metal ions were adsorbed. As observed in the 

previous experiments, the adsorption capacities of Ni, Hg and U were less than those for other 

metals for the reasons explained in the previously. 

 

(a) 

            
                            

(b) 

 
                             
Figure 4.54 Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co and (b) Cr, 

Fe, Hg and U on bentonite-P. simplicissimum (active) in single component 

solutions (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 

150 rpm) 
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Biosorption from multi-metal ions solution was investigated using a medium containing 100 

mg L
-1

 of each metal ion.  The results of the multi-component system are given in Figure 4.55. 

A similar trend was obtained as for the single-metal system regarding the mechanism, that is, 

fast adsorption during the first 30 minutes followed by a slow down. Maximum adsorption 

capacity was observed for all the metals. Seemingly, the presence of certain ions enhanced the 

adsorption efficiency of Ni, Hg and U. The results clearly showed that the combined action of 

multiple ions was synergistic. A contrary phenomenon was observed when these metals were 

adsorbed on the non-immobilized P. simplicissimum. Further investigation was performed and 

findings are given in the following section.  
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 (a) 

 
                                                                          

(b) 

 
                                

Figure 4.55     Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co, (b) Cr, Fe, Hg 

                        and U on bentonite-P. simplicissimum (active) in multi-ion solutions (Ci = 

100 L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm) 

 

 

ii) Kinetics of metal adsorption on bentonite-P. simplicissimum (in single- and 
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diffusion models were used to fit the experimental data. The kinetic constants are presented 

in Table 4.44. In most cases, the pseudo-second order model predicts the behaviour over the 

whole time adsorption and is in agreement with chemisorption mechanism being the 

controlling step, except for nickel, mercury and uranium. 

  

Table 4.44 Kinetic constants for the adsorption of metal ions on bentonite-P. 

simplicissimum in single-ion system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.578 -2.912 -3.253 -2.201 -1.670 -3.381 -2.068 -2.691 

B -0.005 -0.008 -0.009 -0.009 -0.004 -0.011 -0.003 -0.011 

qe (mol/kg) 0.003 0.001 0.001 0.006 0.021 0.004 0.009 0.002 

K1 0.019 0.018 0.020 0.020 0.009 0.025 0.007 0.025 

Δq (%) 90.41 91.43 92.08 21.17 60.61 92.15 77.05 90.89 

r 0.748 0.764 0.744 0.991 0.904 0.797 0.929 0.810 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 7.434 4.535 1.279 1872 2214 0.932 -1209 2.934 

B 11.20 12.73 11.79 76.94 27.79 13.09 105.3 10.43 

qe (mol/kg) 0.089 0.079 0.085 0.013 0.036 0.076 0.009 0.096 

K2 16.88 35.72 108.7 0.316 0.348 184.1 0.917 37.06 

Δq (%) 0.242 0.412 0.039 92.28 88.02 0.07 41.04 0.116 

r 1.000 1.000 0.999 0.715 0.875 1.000 0.755 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.013 0.012 0.013 -0.001 -0.009 0.012 -0.004 0.015 

B 0.015 0.014 0.015 0.002 0.005 0.013 0.001 0.017 

b 64.52 73.13 67.72 630.7 193.6 75.18 787.8 59.95 

a 0.037 0.033 0.036 0.001 0.002 0.032 0.003 0.040 

Δq (%) 16.33 16.41 16.71 33.47 71.61 16.72 10.79 16.59 

r 0.965 0.729 0.879 0.964 0.874 0.809 0.981 0.956 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.035 0.031 0.034 0.001 -0.011 0.030 -0.005 0.038 

B 0.005 0.004 0.001 0.001 0.002 0.004 0.001 0.005 

Id 0.035 0.031 0.034 -0.001 -0.011 0.030 -0.005 0.038 

Kp 0.005 0.004 0.004 0.001 0.002 0.004 0.001 0.005 

Δq (%) 29.40 29.39 31.29 22.59 70.64 29.29 90.74 29.32 

r 0.830 0.735 0.823 0.962 0.729 0.883 0.791 0.725 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.426 -1.513 -1.731 -1.345 -0.624 -2.065 -0.433 -1.928 

B -0.012 -0.014 -0.018 0.002 0.003 -0.018 0.001 -0.014 

If -1.426 -1.513 -1.731 -1.345 -0.624 -2.065 -0.434 -1.928 

Kf 0.012 0.014 0.017 0.001 0.001 0.018 -0.001 0.014 

Δq (%) 47.11 48.97 50.44 6.037 21.06 46.13 24.38 42.88 

r 0.783 0.663 0.743 0.991 0.962 0.796 0.929 0.810 
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The adsorption of uranium is well described by the Elovich model whereas; the experimental 

data for mercury fitted well the pseudo-first order, elovich, intraparticle diffusion and film 

diffusion models. The adsorption of nickel followed the film diffusion model. 

The rate constants of pseudo-second order (k2) were found to be higher than those calculated 

for the pseudo-first order. Zn had the highest rate constant (184.1 mg min
-1

) while Hg had the 

lowest (0.715 mg min
-1

). The rate constants (k2) decreased in the sequence: Zn > Co > Cr > 

Cu > Fe > U > Ni > Hg. Besides, the Elovich coefficients a and b, were calculated and the 

values of a did not follow the same sequence as that for the for the rate constants (k2), except 

for uranium, nickel and mercury. The initial rates (Kp) calculated from the intraparticle 

diffusion kinetic model range between 1.10
-3

 and 5.10
-3

 mol kg
-1

 min
0.5

. These initial rates 

decreased in the order of: Fe ~ Cr > Cu ~ Zn ~ Co > Ni > U ~ Hg
2+

. Contrary to natural 

bentonite, the boundary layer thickness between the bulk solution and the adsorbent particle 

increases with the initial rate. 

The kinetic constants for the biosorption in multi-ion system are listed in Table 4.45. The 

results showed that biosorption of metal ions from a multi-metal solution followed the 

pseudo-second order kinetic for all the metal ions studied. The correlation coefficients for the 

pseudo-second order were close to unity for most cases. Biosorption of Fe, Zn, Hg and Cr 

could be described by the Elovich model as well with r > 0.950, implying a chemisorption 

mechanism.  
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Table 4.45 Kinetic constants for the adsorption of metal ions on bentonite-P. 

simplicissimum in multi-ion system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.622 -3.517 -3.458 -3.998 -2.513 -2.958 -3.078 -3.070 

B -0.008 -0.012 -0.009 -0.005 -0.007 -0.009 -0.007 -0.010 

qe (mol/kg) 0.002 0.0.005 0.001 0.002 0.003 0.001 0.001 0.001 

K1 0.019 0.027 0.020 0.021 0.016 0.021 0.017 0.023 

Δq (%) 90.57 92.27 92.27 92.27 90.01 91.48 89.64 91.89 

r 0.761 0.704 0.671 0.743 0.696 0.731 0.754 0.709 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 5.762 0.496 0.761 2.953 11.99 3.115 67.84 1.239 

B 11.18 12.72 11.79 40.13 11.79 13.08 47.82 10.41 

qe (mol/kg) 0.089 0.079 0.085 0.025 0.085 0.076 0.021 0.096 

K2 21.69 325.67 182.6 545.3 11.61 54.94 33.71 87.49 

Δq (%) 0.149 0.032 0.09 0.009 0.625 0.045 1.511 0.038 

r 1.000 1.000 1.000 1.000 1.000 0.998 1.000 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.014 0.012 0.013 0.004 0.012 0.012 0.003 0.015 

B 0.016 0.014 0.015 0.004 0.015 0.013 0.004 0.017 

b 64.34 73.01 67.72 230.5 67.94 75.19 275.5 59.79 

a 0.037 0.033 0.036 0.011 0.034 0.032 0.008 0.041 

Δq (%) 16.42 16.76 15.55 16.75 15.85 16.62 15.24 16.70 

r 0.951 0.805 0.882 0.959 0.867 0.961 0.773 0.954 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.035 0.031 0.034 0.010 0.035 0.030 0.008 0.038 

B 0.005 0.004 0.003 0.001 0.005 0.004 0.001 0.005 

Id 0.035 0.014 0.034 0.010 0.035 0.060 0.008 0.038 

Kp 0.005 0.004 0.003 0.001 0.005 0.004 0.001 0.005 

Δq (%) 29.37 29.28 28.35 26.29 29.56 29.32 29.75 29.30 

r 0.728 0.722 0.732 0.732 0.840 0.724 0.754 0.723 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.560 -2.187 -1.747 -1.800 -1.270 -1.709 -1.356 -1.862 

B -0.013 -0.020 -0.019 -0.019 -0.011 -0.015 -0.010 -0.017 

If -1.559 -2.187 -1.747 -1.799 -1.271 -1.709 -1.356 -1.862 

Kf 0.013 0.019 0.019 0.018 0.011 0.015 0.010 0.017 

Δq (%) 45.73 46.11 53.51 50.87 48.33 46.41 45.25 46.79 

r 0.761 0.731 0.607 0.642 0.696 0.731 0.754 0.791 

 
 
 
4.5.2.3.3 Effect of temperature and thermodynamic parameters 

 

i) Effect of temperature 

 

The biosorption of metals on P. simplicissimum immobilized on bentonite was investigated at 

temperatures varying from 25 to 60 
o
C in single- and multi-metal ion systems. It was shown 

that the uptake amount of all metal ions increased with increasing temperature (Figure 4.56), 
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except for Cu and Fe. Biosorption of Cu and Fe was not affected by the variation of 

temperature. A similar trend was observed for the biosorption of the metals studied in a 

multi-metal system. Quintelas et al. (2009) observed a similar trend for the study performed 

on the adsorption of Cr, Cd, Fe and Ni on an Escherichia coli biofilm supported on zeolite. 

 
 

 (a) 

             
          

(b) 

   
 
Figure 4.56 Effect of temperature on adsorption of heavy metals onto bentonite-

P.simplicissimum (active) in single component solutions (pH = 3, Ci = 100 mg 

L
-1

, agitation rate = 150 rpm, contact time = 12 h) 
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The biosorption of Cr, Zn, Ni, Hg, Co and U was endothermic; these results were confirmed 

by the positive values of enthalpy change. The sorption of these ions may involve not only 

physical but also chemical sorption. This effect may be caused by the increase of active sites 

due to bond rupture at higher temperatures (Waswar, 2010; Malkoc and Nuhoglu, 2005). 

  

Figure 4.57 showed that the adsorption capacity of metal ions in multi-metals system was not 

affected by the temperature. A small increase of adsorption capacity of Ni
 
was observed from 

25 to 40 
o
C. 
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(a) 

 
 

                (b) 

 
 
Figure 4.57 Effect of temperature on adsorption of heavy metals onto bentonite-P. 

                         simplicissimum (active) in multi component solutions (pH = 3, Ci = 100 mg  

                       L
-1

, agitation rate = 150 rpm, contact time = 12 h)  
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temperature. The calculated values in single-metal systems as well as in multi-metal systems 

are presented in Tables 4.46 and 4.47, respectively. 

The negative values of activation energy (Ea) obtained from the Arrhenius equation (3.34) 

showed that the adsorption occurs at low binding sites. The adsorption of Fe
 
was a 

chemisorption process wit Ea > 40 kJ mol
-1

 and the process was exothermic with a decrease 

in degree of freedom as the calculated value of entropy was negative. 

 
Table 4.46 Thermodynamic parameters of metal ions adsorption on bentonite-P. 

simplicissimum in single-ion system 

  Ea ∆H
o
 ∆S

o
     ∆G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K.mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu -18.53 110.6 0.275 -16.89 -17.10 -17.96 -18.84 

Ni -62.93 375.6 1.110 -0.705 -0.083 -3.916 -5.906 

Zn -111.8 667.4 1.953 -5.172 -14.83 -15.59 -16.92 

Co -59.40 354.5 1.030 -5.022 -6.046 -8.748 -11.26 

Fe 54.08 -322.8 -1.008 -18.76 -16.74 -15.45 -13.08 

Hg -30.29 180.8 0.521 -4.102 -4.402 -5.003 -7.284 

U -27.84 166.2 0.487 -0.997 -1.953 -3.351 -3.922 

Cr -94.32 562.9 1.643 -5.529 -6.597 -14.77 -15.44 

 
 

The negative ∆G
o
 values of metal ions studied at various temperatures proved that the 

adsorption processes were spontaneous, and the values of ∆G
o
 (Table 4.46) increased with an 

increase in temperature.   

The positive value of ∆H
o
 showed the endothermic nature of biosorption. The positive values 

of ∆S
o
 suggested increased randomness at the solid/solution interface during the biosorption 

of metal ions on bentonite - P. simplicissimum. 

  

In multi-metal systems (Table 4.47), the values of Ea calculated from the Arrhenius were 

negative for Ni, Zn and Co. The results showed Ea < 40 kJ mol
-1

 for Hg and U suggesting a 

physisorption process. Activation energies values obtained for Cu, Fe and Cr were higher 

than > 40 kJ mol
-1 

implying a chemisorption process. Contrary to the results for the single-

metal system, the adsorption was exothermic with negative values of enthalpy except Co, Ni 

and Zn for which the process was endothermic. The Gibbs free energy for these metals 

increased with increasing temperature. For the rest of the metal ions, ∆G
o
 decreased with 
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increase of temperature. The negative values of ∆G
o
 indicated that the adsorption process was 

spontaneous. The values of entropy of reaction were positive for Co, Ni and Zn, increasing 

the randomness of the degrees of freedom. This could explain the negative values of 

activation energy obtained for these metals. The rate of adsorption given in Table 4.48, 

showed a decrease with increasing temperature for cobalt, nickel and zinc. The opposite 

phenomenon was observed for the rest of the metal ions, that is, an increase of adsorption rate 

with the increase of temperature. 

 
Table 4.47 Thermodynamic parameters of metal ions adsorption on bentonite- 

                  P.simplicissimum in multi-metal system 

 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K.mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu 75.16 -448.6 -1.391 -22.73 -22.83 -21.39 -14.84 

Ni -76.49 456.5 1.325 -7.234 -7.746 -11.38 -15.27 

Zn -55.23 329.6 0.926 -15.44 -18.78 -20.58 -21.24 

Co -42.83 255.6 0.721 -10.94 -14.25 -15.34 -15.44 

Fe 63.25 -377.5 -1.187 -24.65 -22.46 -21.27 -18.01 

Hg 36.80 -219.6 -0.704 -18.70 -17.13 -15.79 -14.83 

U 39.53 -236.0 -0.759 -21.16 -20.56 -19.68 -17.01 

Cr 76.61 -457.3 -1.423 -24.87 -21.67 -20.54 -16.82 

 
 
The rate of adsorption at different temperature was calculated and listed in Tables 4.48 and 

4.49 for single-metal as well as multi-metal systems. 

 
Table 4.48 The reaction rate of the adsorption of metal ions on bentonite- 

P.simplicissimum in single-metal system 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.568 0.575 0.604 0.633 

Ni 0.047 0.056 0.147 0.206 

Zn 0.184 0.499 0.524 0.569 

Co 0.179 0.210 0.296 0.379 

Fe 0.631 0.563 0.519 0.440 

Hg 0.152 0.161 0.179 0.249 

U 0.076 0.097 0.132 0.147 

Cr 0.194 0.227 0.497 0.519 
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In the adsorption of a single metal, the rate of adsorption increases with the increase of 

temperature. This may be attributed to the enlargement of pore size and/or activation of the 

adsorbent surface. A decrease of the reaction rate was obtained for adsorption of Fe, probably 

due to the exothermic nature of the process. 

 

Table 4.49 presents the rate of adsorption of metal on bentonite-P. simplicissimum at 

different temperatures in multi-metal systems. 

 
Table 4.49 The reaction rate of the adsorption of metal ions onto bentonite-   

P.simplicissimum 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.764 0.768 0.719 0.499 

Ni 0.248 0.264 0.383 0.514 

Zn 0.519 0.631 0.692 0.714 

Co 0.369 0.479 0.516 0.519 

Fe 0.829 0.755 0.715 0.605 

Hg 0.629 0.576 0.531 0.499 

U 0.711 0.691 0.662 0.572 

Cr 0.836 0.728 0.691 0.565 

 

 

The results show two trends. The first was a decrease of adsorption rate with the increase of 

temperature observed for Ni, Zn, Fe, Hg, Cr and U. This could be explained by the 

exothermic nature of the process given by a negative enthalpy. Increases of temperature will 

disfavour metal adsorption. On the other hand, the adsorption rates of Cu and Co increase 

with an increase of temperature. 

 

 

4.5.2.4 Sorption of metals on bentonite-P. simplicissimum (inactive or heat-killed) in 

batch mode 

 
A comparative study was done between bentonite-P. simplicissimum (living) and the 

bentonite-P. simplicissimum (inactive or heat-killed). The effects of pH, initial metal 

concentration, contact time and temperature were investigated in single-metal as well as 
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multi-metal systems. Similarities and differences are assessed in the following section for 

each parameter. 

 

4.5.2.4.1 Sorption capacities, pH and isotherms 

i) Effect of pH 

The adsorption capacities of Cu, Co, Cr, Fe, Hg, Ni, Zn and U on bentonite-P.simplicissimum 

(inactive) are presented in Figure 4.58. 

High adsorption efficiency was observed for the heat-killed fungi immobilized on bentonite, 

2 times higher in magnitude than the adsorption of metal onto the bentonite-living P. 

simplicissimum system. The difference could be due to the amount of available functional 

groups or binding sites on the surface of the biomass. The adsorption of metals on living 

fungi was greatly influenced by the metabolism which does not occur when the biomass is 

inactive. Some authors (Leitão, 2009; Pócsi, 2011; Wang and Chen, 2009; Vijayaraghavan 

and Yun, 2008) confirm that when the metabolism stops, compounds from the intracellular 

appear on the surface of the biomass, causing a large surface area as consequence. This 

makes the inactive fungi more efficient in terms of metal binding. Besides, the xenobiotic 

effect is eliminated in that case. 

The adsorption capacities were constant for Co, Zn and Fe and maximum adsorption 

capacities were observed at around pH 5 for Ni, Cu, Cr, Hg and U. Good adsorption was 

obtained even at low pH (< 3), as seen before, the presence of acidic functional groups like 

carboxyl, phosphoryl and amino groups on the surface of the biomass are directly responsible 

for the reactivity of fungal cells.  

The increases of adsorption capacity observed around pH 5 for most of the cases could be due 

to the dissociation of most of the functional groups present on the biomass surface. The 

sequestration of metals in solution depends on the dissociation of the functional groups, 

which is higher at high pH. 
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(a) 

 
                 

(b) 

 
Figure 4.58 Effect of initial pH on adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, Cr and 

U onto bentonite-P. simplicissimum (inactive) in single component solutions 

(Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, agitation 

time = 12 h) 

 

 

The results illustrated in Figure 4.59 for the adsorption of metal ions from the multi-ion 

solutions showed a constant adsorption capacity for the pH range studied (2 -7).  As 

explained in the previously, the presence of functional groups with lone pairs of electrons 

constitute a proton shuttle and the change in pH does not affect the adsorption of metals. A 
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slight increase of adsorption capacity was observed for Ni at pH 5. It can be assumed that at 

this pH, nickel forms hydroxyl species in aqueous solution. With the presence of different 

functional groups at the surface of the biomass, as proven by FTIR analysis, further 

investigations are needed to determine the nickel species formed at such conditions.  

 

 (a) 

               
                   

               (b) 

               
           

Figure 4.59 Effect of initial pH on adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, Cr and 

U onto bentonite-P. simplicissimum (inactive) in multi-component solutions 

(Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, agitation 

time = 12 h) 
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ii) Effect of initial metal ions concentration  

 

Equilibrium sorption isotherms of Cu, Ni, Zn, Co, Fe, Hg, U and Cr by bentonite- 

P.simplicissimum (inactive) with no pH control are shown in Figure 4.60. 

 

 (a) 

            

 (b) 

 
 
Figure 4.60 Effect of concentration on the adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, 

Cr and Uonto bentonite-P. simplicissimum (inactive) (in single-metal solutions 

( pH 3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 
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Biosorption isotherms represent the equilibrium distribution of metals between the aqueous 

and solid phases, when the concentration increases. Adsorption capacities increased when the 

initial concentration increased as long as binding sites were not saturated. The results 

illustrated in Figure 4.60 showed that the binding sites were not saturated for a concentration 

up to 500 mg L
-1

. Further experiments are needed to determine the saturation concentration 

for the metals. Higher adsorption capacities were obtained compared to those obtained for the 

living biosorbent. These results show that metal accumulation by the novel biosorbent could 

be by a chemical, equilibrated and saturatable mechanism.  

 
The biosorption of metal ions onto bentonite-P. simplicissimum in a multi-metal system 

followed a similar trend as for the single-metal system and the results are presented in Figure 

4.61.   
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(a) 

 
 

                       (b) 

 
                           

Figure 4.61   Effect of concentration on the adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, 

Cr and U onto bentonite-P. simplicissimum (inactive) in multi-component 

solutions ( pH 3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time 

= 12 h) 

 

The presence of competing ions did not affect the adsorption efficiency of the biomass for the 

metals studied; a synergic effect was rather observed, mainly for the adsorption of uranium 

and nickel. This differed from observations in a study performed by Ting et al. (2008) on the 

adsorption of metal ions on non-immobilized P. simplicissimum which showed that the 
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combined action of multiple ions was antagonistic, due to competition for adsorption sites on 

the cell surfaces and/or the screening effect by the competing metal ions. 

The immobilisation of fungi on bentonite increased the adsorption efficiency and also due to 

various metal-binding sites added to the ion-exchange possibility, reduced the competition for 

metal ions. The selection of metal ions for a given binding site depends strongly on the 

HSAB principle as explained before.   

The adsorption isotherms were described using the Langmuir, Freundlich, D-R and 

distribution coefficient models. The calculated constants and the different parameters in 

single- and multi-metal systems are listed in Tables 4.50 and 4.51, respectively. Biosorption 

of Fe and Co is described by the four isotherms mentioned above with correlation 

coefficients, r > 0.970. Except for nickel, all the metal ions are well described by the 

Freundlich isotherm. The experimental data for most of the metal ions fitted well the D-R 

isotherm, except for mercury and nickel. Biosorption of Ni followed the Langmuir and 

distribution coefficient isotherms. At this stage, we assume that biosorption is a complex 

process with various mechanisms. The assumptions on which the Langmuir model is based 

are: 

- Metal ions are chemically adsorbed at a fixed number of well defined sites 

- Each site can hold one sorbate ion 

- All sites are energetically equivalent 

- There is no interaction between ions adsorbed on neighbouring sites 

None of the metals studied followed strictly the Langmuir isotherm; thus proving the 

complexity of the process. 

Based on the maximum amount adsorbed (qmax/ mol kg
-1

) calculated from the Langmuir 

isotherm (Table 4.50), the decreasing sequence of uptake values is: Cu > Zn > Cr > Ni > Fe > 

Co > U > Hg.  

The values of 1/n, less than unity were obtained mostly for the immobilized biomass.  The 

values of the apparent energy (Es) calculated from the D-R isotherm depicts a physisorption 

process (8 < Es < 16 kJ mol
-1

), except for the adsorption of chomium with Es of 18.24 kJ 

mol
-1

. The distribution coefficient values were in the decreasing order of: Ni
 
> Fe > Cr>> Co 

> Zn > Cu > Hg > U.  Kdo values were high for Ni, Fe and Cr, implying strong bonds. 
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Table 4.50 Parameters of the Langmuir, Freundlich and D-R models for the adsorption 

of metals on the bentonite-P. simplicissimum (inactive) in a single metal 

system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.012 0.005 0.012 0.025 0.002 0.004 0.105 0.0004 

B 2.259 0.007 2.385 9.254 2.166 0.474 5.516 0.867 

b 192.3 0.164 202.9 368.7 890.3 1201 52.49 2161 

qm (mol/kg) 0.443 6.091 0.419 0.108 0.462 2.108 0.181 1.152 

ΔGo (kJ/mol) -13.03 -13.32 -13.17 -14.65 -16.84 -17.58 -9.817 -24.74 

Δq (%) 60.63 75.91 76.06 75.98 14.77 75.91 75.92 75.91 

r 0.982 0.613 0.982 0.672 0.989 0.693 0.439 0.657 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.157 0.062 0.155 0.081 0.124 0.0695 0.104 0.078 

B 0.233 0.171 0.237 0.327 0.193 0.165 0.419 0.129 

Kf 1.439 1.155 1.430 1.024 1.330 1.174 1.270 1.198 

n 4.289 5.877 4.226 3.056 5.190 6.044 2.386 7.711 

ΔGo (kJ/mol) -10.63 -14.57 -10.47 -7.577 -12.86 -14.98 -5.916 -19.11 

Δq (%) 11.16 10.35 28.55 35.61 81.42 29.9 9.03 5.689 

r 0.974 0.966 0.974 0.936 0.867 0.973 0.999 0.978 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.273 0.249 0.259 -0.124 0.294 0.275 0.165 0.308 

B -0.004 -0.002 -0.004 -0.005 -0.002 -0.002 -0.007 -0.002 

Xm (mol/kg) 1.314 1.283 1.296 0.883 1.343 1.317 1.179 1.362 

Es (kJ/mol) 11.75 14.57 11.72 10.50 13.58 15.13 8.224 18.24 

Δq (%) 26.22 29.46 25.57 72.22 53.37 18.81 18.18 25.70 

r 0.982 0.969 0.982 0.823 0.889 0.976 0.998 0.975 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 7.122 5.057 6.194 4.277 7.849 5.868 3.351 7.100 

B 2534 9898 3478 3721 6025 1673 8071 1414 

ΔGo (kJ/mol) -17.65 -12.54 -15.36 -10.60 -19.46 -14.54 -8.308 -17.61 

Kdo 1238 157.2 490.2 71.99 2564 353.7 28.55 1212 

Δq (%) 70.79 55.21 39.77 63.39 69.91 65.01 77.57 81.81 

r 0.990 0.648 0.990 0.513 0.960 0.658 0.425 0.698 

 
 
 
In the multi-metal system (Table 4.51), the biosorption of Cu, Co, Hg, Ni, Zn and U followed 

the Langmuir, Freundlich and D-R isotherms. In general, the Freundlich isotherm described 

the biosorption of all the metal ions with r > 0.950. The sequence of the maximum amount of 

metal adsorbed by bentonite-inactive P. simplicissimum is: Fe > Cr > Cu > Co > Ni > Zn > U 

> Hg. The selectivity depends on factors such as: the chemical properties of each metal (e.g. 

valence, atomic weight, and ionic radius), properties of the biomass (e.g. structure, functional 

groups, surface area) (Sari et al., 2007). The free energy of adsorption obtained from the D-R 

isotherm ranged from 12.75 to 16.25 kJ mol
-1

, that is, the energy range for the ion exchange 

mechanism. A similar trend was observed for the living fungi. The 1/n values were less than 
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unity, confirming the feasibility of the process. The decreasing sequence of the distribution 

coefficients is: Zn > Ni > Co > U > Cr > Fe > Cu > Co. Kdo values were 100 times more than 

those obtained with the living P. simplicissimum immobilized on bentonite. 

 

Table 4.51 Parameters of the Langmuir, Freundlich and D-R models for the adsorption 

of metals on the bentonite-P. simplicissimum (inactive) in multi-metal system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.008 0.003 0.014 0.012 0.009 0.006 0.004 0.003 

B 1.369 2.049 2.238 8.649 2.521 2.722 8.473 1.443 

b 1557 711.9 159.2 746 258.2 437.9 2232 4426 

qm (mol/kg) 0.730 0.488 0.447 0.116 0.396 0.367 0.118 0.693 

ΔGo (kJ/mol) -18.22 -16.28 -12.57 -16.39 -13.77 -15.07 -24.82 -20.81 

Δq (%) 75.97 34.46 76.05 27.31 26.04 40.62 76.02 75.96 

r 0.655 0.974 0.972 0.998 0.996 0.999 0.974 0.796 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.073 0.133 0.156 0.027 0.124 0.131 0.102 0.110 

B 0.163 0.208 0.242 0.257 0.193 0.196 0.244 0.157 

Kf 1.183 1.358 1.432 1.065 1.331 1.353 1.266 1.290 

n 6.121 4.803 4.135 3.890 5.173 5.100 4.088 6.375 

ΔGo (kJ/mol) -15.17 -11.91 55.15 -9.644 -12.82 -12.64 -10.13 -15.80 

Δq (%) 17.16 77.97 0.977 9.639 24.37 30.63 64.30 37.51 

r 0.986 0.958  0.995 0.988 0.973 0.978 0.969 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.203 0.349 0.239 -0.645 -0.189 -0.128 0.187 0.366 

B -0.002 -0.003 -0.004 -0.002 -0.002 -0.002 -0.003 -0.002 

Xm (mol/kg) 1.226 1.417 1.271 0.525 0.828 0.880 1.205 1.442 

Es (kJ/mol) 15.12 12.75 11.55 14.64 16.29 15.97 13.67 15.46 

Δq (%) 81.21 44.67 22.24 35.12 18.32 22.73 26.83 32.56 

r 0.782 0.967 0.981 0.997 0.984 0.973 0.982 0.955 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 7.464 6.988 6.103 8.142 8.481 8.637 8.365 8.267 

B 2385 2727 2480 -9531 -3812 -4441 1128 3867 

ΔGo (kJ/mol) -18.50 -17.32 -15.13 -20.18 -21.03 -21.41 -20.74 -20.49 

Kdo 1744 1084 447.2 3436 4826 5637 4294 3890 

Δq (%) 78.49 33.88 82.58 70.12 71.96 70.74 32.81 56.49 

r 0.521 0.944 0.900 0.829 0.831 0.780 0.970 0.743 

 

4.5.2.4.2 Effect of contact time and kinetics of adsorption 

i) Effect of contact time 

The effects of contact time on Cu, Co, Cr, Fe, Hg, Ni, Zn and U uptake capacity by inactive 

P. simplicissimum immobilized on bentonite are illustrated in Figures 4.62 and 4.63 for 

single-metal and multi-component systems, respectively. 
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Figure 4.62 showed a similar trend to that observed previously, that is, with 2 steps 

characterizing the biosorption process: a fast one with 99 % of metals adsorbed within the 30 

first minutes and then a slow one when the equilibrium was reached. 

 
(a) 

 
                 

(b) 

 
               
Figure 4.62    Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, 

Cr and U onto bentonite-P. simplicissimum in single component solutions ( pH 

3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 

 

As observed for the living fungi, the biosorption of Ni, Hg and U was lower than that for 

other metal ions. As explained, the adsorption depends on the chemistry of the metal in 
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aqueous solution as well as the amount and nature of functional groups present on the 

biomass surface. 

 
The biosorption of Cu, Ni, Zn, Co, Fe, Hg, Cr and U on bentonite-P.simplicissimum 

(inactive) with respect to the contact time is illustrated in Figure 4.63. The results showed the 

same trend as for the biosorption of metal ions in living fungi immobilized on bentonite. The 

increase in adsorption capacity for Ni, Hg and U could be due to some synergistic effect. 

 
(a) 

 
                        (b) 

 
             

Figure 4.63      Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co and Fe, Hg, Cr  

and U onto bentonite-P.simplicissimum in multi component solutions (pH 3,  

Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 
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ii) Kinetic modelling of metal ions adsorption on bentonite-P. simplicissimum 

(inactive) in single- and multi-component systems 

 
Batch kinetic data was fitted to the models by non-linear regression analysis using software 

Stastistica (Release 5.0) and Excel. Tables 4.52 and 4.53 present the rate constants, amount 

adsorbed and statistical parameters calculated for the kinetic models used to analyse the 

experimental data. 

Table 4.52 Kinetic constants for the adsorption of metal ions on bentonite-P.     

simplicissimum (inactive) in single-metal systems 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.107 -3.662 -2.884 -2.286 -1.738 -2.640 -2.857 -2.326 

B -0.007 -0.010 -0.007 -0.006 -0.008 -0.013 -0.004 -0.008 

qe (mol/kg) 0.008 0.003 0.001 0.005 0.018 0.002 0.001 0.005 

K1 0.017 0.023 0.017 0.014 0.019 0.031 0.009 0.018 

Δq (%) 86.09 92.37 91.47 65.86 74.06 90.09 74.92 88.94 

r 0.852 0.819 0.655 0.921 0.954 0.886 0.884 0.783 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 26.19 0.464 4.304 2189 98.32 4.065 1330 12.12 

B 11.26 12.71 11.82 52.34 12.67 13.07 238.5 14.46 

qe (mol/kg) 0.089 0.079 0.085 0.019 0.079 0.076 0.004 0.096 

K2 4.837 348.1 32.43 1.251 1.632 42.05 42.75 9.024 

Δq (%) 0.519 0.023 0.187 50.06 3.673 0.175 13.87 0.385 

r 1.000 1.000 1.000 0.984 0.999 1.000 0.978 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.012 0.012 0.013 -0.001 0.007 0.012 -0.001 0.014 

B 0.015 0.014 0.015 0.003 0.013 0.013 0.001 0.017 

b 65.30 72.99 67.96 323.8 75.16 75.17 1475 60.33 

a 0.034 0.034 0.036 0.003 0.023 0.032 0.001 0.038 

Δq (%) 14.98 16.77 16.59 69.99 11.24 16.52 71.11 15.79 

r 0.959 0.808 0.990 0.787 0.900 0.892 0.815 0.963 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.032 0.031 0.034 0.002 0.023 0.030 -0.001 0.036 

B 0.005 0.004 0.004 0.001 0.004 0.004 0.004 0.005 

Id 0.032 0.031 0.034 0.002 0.023 0.030 -0.001 0.036 

Kp 0.005 0.004 0.004 0.001 0.004 0.004 0.004 0.005 

Δq (%) 29.76 29.28 29.33 60.58 30.94 29.34 74.41 29.56 

r 0.756 0.722 0.724 0.875 0.828 0.727 0.753 0.741 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.297 -1.943 -1.412 -0.994 -1.340 -2.328 -0.621 -1.388 

B -0.008 -0.021 -0.014 -0.003 -0.005 -0.013 -0.001 -0.010 

If -1.297 -1.943 -1.412 -0.994 -1.339 -2.327 -0.621 -1.388 

Kf 0.008 0.021 0.014 0.003 0.005 0.013 0.001 0.011 

Δq (%) 44.01 52.06 51.06 45.08 40.46 40.08 94.37 45.31 

r 0.852 0.619 0.655 0.951 0.953 0.886 0.883 0.783 
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The pseudo second-order described best the kinetics of adsorption for most of the metal ions 

studied with a correlation coefficient close to unity. The difference with the living biomass 

was that adsorption of uranium and mercury on living fungi was not described by the pseudo 

second-order. The amount of metal ions adsorbed qe (mol kg
-1

) and the rate constant K2 (mg 

min
-1

) were higher for the pseudo second-order model compared to those obtained for the 

pseudo first-order model. A similar trend was observed in the adsorption of metals in living 

biomass immobilized on bentonite. 

The kinetics of the adsorption of mercury and nickel on dead biomass were also described by 

the film diffusion model as observed for the living biomass. The results showed that the 

kinetics of Fe, Co and Cr adsorption on dead biomass followed the Elovich models as well. 

On the other hand, the adsorption of Hg followed the film diffusion kinetic model. 

 

In multi-metal system, the different kinetic constants and parameters for the biosorption of 

metal ions on bentonite-P.simplicissimum (inactive) are presented in Table 4.53. The results 

show that the process followed the pseudo-second order model with r > 0.985 for all the 

metal ions studied like for the immobilized living biomass. The Elovich model also describes 

the kinetics of most of the metal ions except for Fe
3+

 and Zn
2+

. In general, the rate constants 

calculated from the pseudo-second order model were higher than those obtained for the living 

biomass. Cu and Zn gave higher rate constant for the living biomass, whereas, in the inactive 

fungi, Fe exhibits the highest rate constant. 
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Table 4.53 Kinetic constants for the adsorption of metal ions on bentonite-P. 

  simplicissimum) inactive in multi-metal systems 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -3.970 -2.642 -3.472 -3.796 -2.563 -2.783 -3.861 -3.377 

B -0.012 -0.007 -0.010 -0.007 -0.008 -0.009 -0.009 -0.009 

qe (mol/kg) 0.003 0.002 0.001 0.001 0.003 0.002 0.003 0.002 

K1 0.027 0.016 0.022 0.016 0.017 0.021 0.021 0.022 

Δq (%) 92.49 90.49 92.27 92.12 90.21 90.93 92.08 92.25 

r 0.633 0.708 0.647 0.576 0.746 0.756 0.679 0.638 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.112 9.624 0.611 7.657 8.831 5.135 6.441 0.625 

B 11.17 12.78 11.79 40.21 11.84 13.09 47.67 10.41 

qe (mol/kg) 0.089 0.078 0.085 0.025 0.085 0.076 0.021 0.096 

K2 1114 16.98 227.2 211.09 15.87 33.35 352.8 173.2 

Δq (%) 0.002 0.305 0.010 0.069 0.211 0.196 0.044 0.015 

r 0.996 0.995 0.997 0.998 0.986 1.000 0.998 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.014 0.012 0.013 0.004 0.013 0.012 0.003 0.015 

B 0.016 0.014 0.015 0.004 0.015 0.013 0.004 0.017 

b 64.14 73.65 67.68 231.1 68.21 75.25 273.8 59.76 

a 0.038 0.032 0.036 0.011 0.035 0.032 0.009 0.041 

Δq (%) 16.79 16.27 16.77 15.69 16.26 16.45 16.69 16.76 

r 0.910 0.954 0.957 0.951 0.960 0.874 0.971 0.951 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.036 0.031 0.034 0.010 0.033 0.030 0.008 0.038 

B 0.005 0.004 0.004 0.001 0.004 0.004 0.001 0.005 

Id 0.036 0.031 0.034 0.010 0.033 0.030 0.008 0.038 

Kp 0.005 0.004 0.004 0.001 0.004 0.004 0.001 0.005 

Δq (%) 29.27 29.42 29.23 29.31 29.42 29.37 29.30 29.28 

r 0.721 0.731 0.722 0.723 0.731 0.728 0.723 0.722 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.286 -1.335 -1.901 -1.422 -1.405 -1.667 -1.764 -1.841 

B -0.024 -0.012 -0.019 -0.017 -0.012 -0.013 -0.017 -0.019 

If -2.286 -1.335 -1.900 -1.422 -1.405 -1.666 -1.764 -1.841 

Kf 0.024 0.012 0.019 0.016 0.012 0.013 0.017 0.019 

Δq (%) 51.14 48.47 50.53 55.96 46.91 45.23 48.35 51.19 

r 0.633 0.708 0.647 0.578 0.746 0.756 0.679 0.640 

 
 
 
4.5.2.4.3 Effect of temperature and thermodynamic parameters 

 

i) Effect of contact time 
 

Experiments were conducted at four different temperatures (25, 30, 40 and 60
o
C) in single-

metal and multi-metal systems. The results illustrated in Figure 4.64 showed that the 

biosorption of Cu, Zn, Co, Cr and Fe was not affected by temperature. 
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(a) 

 

 (b) 

 
Figure 4.64 Effect of temperature on the adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, 

Cr and U onto bentonite-P.simplicissimum (inactive) in single component 

solutions (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 

rpm) 

 

The adsorption capacities were constant though the temperature changes. An increase in the 

uptake of Ni and U was observed at 40
o
C. Besides, the uptake of mercury on bentonite-

inactive P. simplicissimum decreased with an increase of temperature. This phenomenon was 

not observed for the adsorption performed on living biomass. 
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In the multi-metal system (Figure 4.65), the maximum adsorption capacities were not 

affected by the change of temperature. Similar results were obtained for the living biomass. 

 

(a) 

 
 

(b) 

 
                       

Figure 4.65 Effect of temperature on the adsorption of (a) Cu, Ni, Zn, Co and (b) Fe, Hg, 

Cr and U  onto  bentonite-P.simplicissimum (inactive) in multi-component 

solutions (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 

rpm) 

 

 

 

0

5

10

15

20

25

30

20 30 40 50 60 70

q
e
 (
m

g
 g

-1
)

Temperature (oC)

Cu

Ni

Zn

Co

 

0

5

10

15

20

25

30

20 30 40 50 60 70

q
e
 (
m

g
 g

-1
)

Temperature (oC)

Fe

Hg

U

Cr



237 
 

ii) Thermodynamic parameters 

Thermodynamic parameters, i.e. activation energy Ea, enthalpy (heat of adsorption) ∆H
o
, 

entropy change ∆S
o
 and the free energy ∆G

o
  for the biosorption of Cu, Co, Cr, Hg, Fe, Ni, 

Zn  and U  in single-metal and multi-metal systems were calculated and the results are 

presented in Tables 4.54 and 4.55. 

 

Table 4.54 Thermodynamic parameters of metal ions adsorption on bentonite-  

  P. simplicissimum (inactive) in single-metal system 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K.mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu -25.23 150.6 0.509 -16.46 -16.66 -18.22 -19.11 

Ni -43.74 261.0 0.801 -1.319 -2.729 -3.909 -5.914 

Zn -32.50 194.0 0.647 -18.19 -20.19 -21.06 -21.60 

Co -25.34 151.2 0.522 -19.98 -21.09 -21.60 -22.64 

Fe -17.70 105.6 0.379 -18.80 -19.38 -20.04 -20.66 

Hg -30.74 -183.5 -0.544 -5.447 -3.923 -3.366 -2.217 

U -11.29 67.39 0.214 -2.723 -3.023 -3.375 -3.909 

Cr -32.77 195.6 0.647 -16.57 -17.55 -18.76 -20.01 

 

 

The results show that biosorption of metal ions on inactive biomass is an endothermic 

process, except for Hg, for which a negative value of enthalpy was obtained. The exothermic 

nature of the mercury adsorption was proven by the decrease of mercury uptake when the 

temperature increases. The negative values of activation energies suggest that the biosorption 

occurs at low energy binding sites. The values of free energy ∆G
o
 for these processes become 

more negative with increasing temperature which indicates the spontaneity of the process. As 

observed for the living biomass, positive values of entropy suggest an increase of randomness 

except for mercury with a negative value of entropy, suggesting a decrease in the degrees of 

freedom.  

Biosorption of metal ions from a multi-metal system occurs at low binding sites as seen in 

Table 4.55 with negative values of activation energy, except for Fe, Hg and U, with positive 

values of activation energy. A similar phenomenon was observed for the biosorption on 

living biomass, except for chomium with a very low activation energy compared to the Ea 
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values obtained for the living biomass where a chemisorption process was depicted. The 

process was endothermic for Cu, Ni, Zn, Co and Cr with a positive heat of adsorption.  

 

Table 4.55 Thermodynamic parameters of metal ions adsorption on bentonite- 

                  P. simplicissimum (inactive) in multi-metal system 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K.mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu -26.31 157.0 0.541 -20.56 -21.06 -21.52 -23.32 

Ni -45.39 270.9 0.856 -9.585 -9.890 -13.66 -14.35 

Zn -45.69 272.7 0.883 -16.80 -20.56 -21.06 -21.60 

Co -18.88 112.7 0.405 -20.31 -21.06 -21.24 -22.30 

Fe 30.33 -181.0 -0.485 -22.73 -21.40 -20.24 -19.55 

Hg 15.94 -95.12 -0.246 -14.84 -13.70 -13.66 -13.16 

U 66.76 -398.5 -1.143 -24.55 -22.93 -20.56 -17.54 

Cr -14.31 85.38 0.321 -20.04 -21.06 -21.24 -21.54 

 

 

The negative values of entropy obtained for Fe, Hg and U show a decrease in the degrees of 

freedom of the metal ions which gives rise to a negative entropy change. These results 

implied that the metals are stabilised on the solid surface since the decrease in the degrees of 

freedom is attributed to immobilization of metal ions. Positive entropy values were obtained 

for Cu, Ni, Zn, Co and Cr, a trend similar to that observed for the living biomass. 

 The values of free energy for these processes were negative, confirming the spontaneous 

nature of the processes. The positive values of entropy change for Cu, Ni, Zn, Co and Cr 

suggested an increase of randomness at the interface of biomass and metal solution during the 

adsorption of metals.  

The rate of reaction increased with an increase of temperature except for Fe, Hg and U as 

seen in Table 4.56. 
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Table 4.56 Rate of adsorption in a single-metal system at different temperatures 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.691 0.708 0.723 0.784 

Ni 0.324 0.334 0.460 0.483 

Zn 0.565 0.691 0.708 0.726 

Co 0.683 0.708 0.714 0.750 

Fe 0.764 0.719 0.681 0.657 

Hg 0.499 0.461 0.460 0.443 

U 0.825 0.771 0.691 0.590 

Cr 0.674 0.708 0.714 0.724 

 

The rate of the biosorption shown in Table 4.57 increases with increasing temperature, but an 

opposite trend was observed for Fe, Hg and U. This could be explained by the exothermic 

character of the process. 

 

Table 4.57 Rate of adsorption in a multi-metal system at different temperatures 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.554 0.560 0.613 0.643 

Ni 0.083 0.116 0.147 0.206 

Zn 0.612 0.679 0.708 0.726 

Co 0.672 0.709 0.726 0.761 

Fe 0.632 0.652 0.674 0.695 

Hg 0.192 0.147 0.132 0.103 

U 0.116 0.123 0.132 0.147 

Cr 0.557 0.590 0.631 0.673 

 

 

 

4.5.2.4.4 Metal biosorption as a function of culture age  

In order to see the effect of culture age on heavy metal adsorption, a biosorption study of 

heavy metals onto heat-killed P. simplicissimum immobilized on bentonite was performed 

with respect to the growth days in multi-metal solutions. The solution contains 100 mg L
-1

 of 

each metal ion, the pH, the temperature and agitation time were fixed at 3, 25
o
C and 12 h, 

respectively. The results obtained after 2, 5 and 20 days of growth are shown in Figure 4.66.
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              (a) 

 

 

(b) 

 
                     

Figure 4.66 Effect of growth days of the biomass on the adsorption of metals (a) Cu, Ni, Zn 

and Co (b) Fe, Hg, U and Cr 

 

The results show that a maximum adsorption capacity was obtained for metal ions adsorbed 

on biomass harvested after two days of culturing, except for nickel. The uptake of mercury, 

copper and cobalt was less for the biomass harvested after 20 days. This is due to the 

decrease of compounds containing functional groups reponsible for binding these metals. 

Maximum uptake of nickel was obtained with the biomass obtained after 5 and 20 days. 
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Biosorption of zinc, uranium and iron was maximal using the biomass grown after 2, 5 and 

20 days respectively.  

Experiments on the effect of biomass dose as well as the regeneration of the biomass were 

performed using zeolite. Since a similar trend was observed for bentonite, the results were 

given only for zeolite and are presented in the coming section. 

 

 

4.5.3 Zeolite-P. simplicissimum  

 

4.5.3.1 Growth curve of P. simplicissimum 

 

The growth rate of the fungal culture in natural zeolite as a function of the number of days 

and medium pH was assessed. As for the natural bentonite, optimum growth conditions were 

determined and the plots are presented in Figure 4.67. 

A similar trend was obtained as that observed for the Penicillium grown on natural bentonite 

since their mineral compositions are not different. The biomass harvested at pH 4 after 5 days 

of growth on natural zeolite was 10-fold higher than that obtained with the fungal biomass 

grown without matrix. A decrease of biomass was observed after 10 days of growth due to 

the decrease of nutrients in the medium. These results are confirmed later by FTIR analysis.   
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 (a) 

 

                 (b) 

 

Figure 4.67     Growth curves for (a) P. simplicissimum in liquid medium  

                      (b) P. simplicissimum in liquid medium supported on zeolite 

 
 

4.5.3.2 Characteristics of the biomass 

 

i) Physical properties and elemental composition of zeolite-P. simplicissimum 

 

The elemental composition of natural zeolite as well as zeolite-P.simplicissimum is presented 

in Table 4.58. 
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Table 4.58 Elemental composition of natural zeolite and zeolite-P. simplicissimum  

 
 Surface 

area 

CEC C H N S 

 m
2
/g meq/100g % % % % 

Natural-zeolite 0.692 82.50 0.388 2.295 n.d n.d 

Zeolite- P. 

simplicissimum 

0.386 61.06 0.578 2.361 0.254 0.035 

n.d-not detected 

 
 

The % of C was high in the biomass; these results confirm the presence of organic 

compounds released by the fungi as revealed with the IR spectra.  

 

ii) Zeta potential of P. simplicissimum immobilized on zeolite 

 

The plot of zeta potential for zeolite-P. simplicissimum is shown in Figure 4.48.  The PZC 

was obtained at pH 2 and 7. A positive surface charge was obtained between pH 2 and 7. A 

negative charge was obtained below pH 2 and above pH 7.  

 

iii) FTIR spectral analysis 

 

The infrared spectra of the biomass pointed to more compounds released after 10 days of 

inoculation and confirmed the presence of functional groups with lone pairs of electrons that 

are available to bind to the positive divalent metal ions. These include: hydroxyl, carbonyl, 

carboxyl, amine, imidazole, phosphate groups as seen in Figure 4.68. 
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Figure 4.68 FTIR for zeolite-P.simplicissimum 

 

Table 4.59 presents the functional groups such as carboxyl (COOH), amid (-NH2), phosphate 

(PO4 
-3

) and hydroxyl (-OH) that can interact with metal ions. 

 

Table 4.59 FTIR absorption bands and corresponding possible groups observed on 

                  the zeolite-P. simplicissimum fungal biomass 

Wavenumber, cm
-1

 Vibration type 

3666 Carboxyl/OH  stretch and N-H stretch 

2982 Phenolic/carboxylic, S-H 

2359 -CH stretch 

1716 C=  chelate , stretching amide I band 

1507 C= chelate, stretching amide I band 

 Amide II band, OH bands 

966 Si-O-Si stretching 

797 C-H bending 

687 OH bend 

 

 



245 
 

4.5.3.3 Sorption studies of metals on Zeolite-P. simplicissimum (active or living) in batch 

mode  

 

The biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U on the active as well as inactive form of 

zeolite- P. simplicissimum was investigated. The pH, effect of metal concentration 

(isotherms), the contact time (kinetics) and the temperature were assessed. The results 

obtained for the active form in a single- and multi-systems are given in the following 

sections. 

 

4.5.3.3.1 Sorption capacities, pH and isotherms of adsorption 

i) Effect of pH 

The effect of pH on the biosorption of heavy metal ions on zeolite-P.simplicissimum in a 

single ion system are shown in Figure 4.69. 

As explained previously, the presence of functional groups such as carboxylate, phosphate, 

amino and thiol groups on the surface of the biomass are responsible for binding the metals. 

A maximum adsorption capacity was obtained for Cu, Zn, Co, Fe and Hg for all regimes of 

pH studied (pH 2 to 7). Although a positive surface charge was measured at this pH range, 

this did not affect the biosorption of metal ions. The ion exchange process could explain the 

high amount of metal ions adsorbed in such conditions.   

A maximum amount of nickel was adsorbed at pH 3 and then a decrease of adsorption 

capacity was observed at pH 4 to 7. This phenomenon could be an adsorption followed by 

desorption at high pH due to breakdown of weak bonds. The uptake of uranium and chomium 

increased with the increase of pH, at pH 4 and 5, respectively.  
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 (a) 

 
                

 (b) 

 
                
Figure 4.69  Effect of initial pH on adsorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg and 

U onto zeolite-P. simplicissimum (active) in single component solution (Ci = 

100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 

h) 

  

The effect of pH on the biosorption capacity of heavy metal ions on zeolite-P.simplicissimum 

in a multi-metal system are illustrated in Figure 4.70. As for the bentonite-P.simplicissimum, 

the uptake of metal ions studied was maximal for all the ranges of pH studied. The 

synergistic effect was also observed in such a system. 
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      (a) 

                
                    

(b) 

         
                   

Figure 4.70 Effect of initial pH on adsorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg and 

U zeolite-P.simplicissimum (active)  in multi component solution (Ci = 100 mg 

L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 

 

 

 

ii) Effect of initial metal ion concentration 

 

The plots of initial concentration metal ion concentration versus adsorption capacity in 

single-metal solutions are given in Figure 4.71.  
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 (a) 

 
 
(b) 

 
                   

Figure 4.71    Effect of initial concentration on adsorption of (a) Cu, Co, Ni and Zn (b) Cr, 

Fe, Hg and U onto zeolite-P. simplicissimum (active)  in single component 

solution (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 

rpm, agitation time = 12 h) 

 
In general, linear curves were observed for most of the cases, meaning an increase of metal 

uptake with an increase of initial metal concentration. A decrease of adsorption capacity was 

seen for Ni and U up to an initial concentration of 200 mg L
-1

 for both metals, due probably 

to the xenobiotic effect as explained previously.  
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The results obtained for the plots of initial concentration metal ions versus adsorption 

capacity for multi-metal solutions are shown in Figure 4.72.  

 

(a) 

             
                  

 (b) 

    
                

Figure 4.72    Effect of initial concentration on adsorption of (a) Cu, Co, Ni and Zn (b) Cr, 

Fe, Hg and U onto zeolite-P. simplicissimum (active)  in multi component 

solution (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 

rpm, agitation time = 12 h) 
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The uptake of metal ions in such a system increased linearly with an increase of metal ions 

concentration. The presence of competiting ions inhibits the xenobiotic effect observed for Ni 

and U in a single-ion solution. Further explanations were given in section 4.5.2.3. 

 

iii) The isotherms of adsorption for metal ions on zeolite-P. simplicissimum (living) 

 

The biosorption constants for the Langmuir, Freundlich, D-R and partition coefficient models 

as well the correlation coefficient were calculated for a single-metal and multi-metal systems 

are given in Tables 4.60 and 4.61, respectively. 

 

Table 4.60 Parameters of Langmuir, Freundlich and D-R and correlation coefficient for 

the adsorption of metals on zeolite-P. simplicissimum (active)  in a single 

metal system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.012 0.007 0.004 0.025 0.002 0.001 2.115 4.015 

B 2.259 0.315 0.952 9.254 2.166 0.474 80.13 0.868 

b 192.3 404.2 2154 368.7 890.3 1201 37.88 2162 

qm (mol/kg) 0.443 3.174 1.051 0.108 0.462 2.108 0.013 1.152 

ΔGo (kJ/mol) -13.04 -14.88 -19.03 -14.65 -16.84 -15.58 -9.009 -24.74 

Δq (%) 76.06 75.91 75.29 75.98 76.15 75.92 76.06 75.91 

r 0.982 0.554 0.668 0.672 0.989 0.690 0.609 0.659 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.158 0.058 0.064 0.081 0.124 0.069 -0.008 0.078 

B 0.233 0.169 0.158 0.327 0.193 0.165 0.628 0.129 

Kf 1.439 1.143 1.159 1.204 1.330 1.174 0.981 1.198 

n 4.289 5.910 6.314 3.056 5.190 6.044 1.592 7.711 

ΔGo (kJ/mol) -10.63 -14.65 -15.65 -7.577 -12.87 -14.98 -3.946 -19.11 

Δq (%) 60.12 111.4 107.1 61.03 81.41 42.99 80.72 56.81 

r 0.974 0.877 0.839 0.956 0.867 0.973 0.669 0.978 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.273 0.229 0.244 -0.123 0.295 0.275 -0.531 0.309 

B -0.004 -0.002 0.002 -0.005 -0.003 -0.002 -0.115 -0.002 

Xm (mol/kg) 1.314 1.258 1.277 0.883 1.343 1.317 0.588 1.362 

Es (kJ/mol) 11.75 14.65 15.42 10.50 13.58 15.13 6.542 18.24 

Δq (%) 26.22 95.16 87.44 72.22 52.38 61.88 50.14 75.26 

r 0.982 0.857 0.847 0.983 0.889 0.976 0.685 0.976 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 6.195 5.089 7.018 4.277 7.849 5.868 2.163 7.102 

B 3296 9815 8653 3720 6025 1673 204.9 1414 

ΔGo (kJ/mol) -15.36 -12.62 -17.39 -10.60 -19.45 -14.55 -5.364 -17.61 

Kdo 490.2 162.3 1117 71.99 2564 353.7 8.705 1212 

Δq (%) 70.79 114.3 96.68 63.39 82.69 81.99 91.64 81.52 

r 0.990 0.508 0.552 0.632 0.961 0.658 0.623 0.698 
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The high coefficients of correlation values (R
2
 > 0.95) for most of the studied metals except 

Ni suggested that the Freundlich isotherm provides a good model of the adsorption process 

for the metal ions studied. The calculated values of n range from 1.592 to7.711 with the 

values of 1/n < 1, suggesting that the metal binding is characterized by weak free energies. 

The biosorption of Fe was described by all the models used to fit the experimental data as 

well; numerous mechanisms contribute to the adsorption of Fe on the zeolite-

P.simplicissimum as seen before. The biosorption data of Ni fitted well the Langmuir 

isotherm assuming that the uptake of nickel occurs on a homogenous surface by monolayer 

adsorption without any interaction between adsorbed ions. The distribution coefficient could 

as well describe the Ni biosorption with a correlation coefficient > 0.950.   

The maximum amount of metal ions adsorbed (qm) on zeolite-P.simplicissimum (active) 

obtained from the Langmuir isotherm decreased in the following order: Cu > Zn > Cr > Co > 

Ni > Fe >Hg > U. The free energy of adsorption calculated from the D-R isotherm was in the 

range of values of the ion exchange mechanism (8 – 16 kJ mol
-1

), except for U and Cr with an 

adsorption free energy of 6.542 and 18.14 kJ mol
-1

, respectively. The distribution coefficient 

decreased in the following:  Ni, Cr, Co, Fe, Zn, Cu, Hg and U.  

In the multi-metal system (Table 4.61), the biosorption of Fe, Co, Zn and Cr followed the D-

R isotherm; assuming that the adsorption occurs on heterogeneous surface energy. 

The experimental data of Co and Zn fitted well the Langmuir isotherm, whereas, Fe and Cr 

were described better by the Freundlich isotherm. These results prove that the biosorption of 

metal ions on P.simplicissimum (active) immobilized on zeolite occurs though different 

mechanisms. The uptake of metal ions on zeolite-P simplicissimum (active) followed the 

sequence: Ni > Cu > Cr > Fe > U > Co > Zn > Hg. The values of Kdo were very high for Co 

(74363), Zn (22301), Cr (18335) and Fe (8465) compared to those obtained for Ni (229.8), 

Cu (13.01), Hg (10.99) and U (44.15). 
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Table 4.61 Parameters of Langmuir, Freundlich and D-R and correlation coefficient 

models for the adsorption of metals on zeolite-P. simplicissimum (active) in 

multi-metal systems 

Langmuir 

Isotherms 

 

Fe 

 

Cu 

 

Co 

 

Hg 

 

Ni 

 

Zn 

 

U 

 

Cr 

A 0.003 0.001 0.001 0.001 0.006 0.001 0.001 0.001 

B 1.749 1.325 2.337 4.188 0.899 2.863 1.974 1.357 

b 47586 22932 18993 6438 142.8 2871 3298 62002 

qm (mol/kg) 0.572 0.755 0.427 0.239 1.112 0.349 0.507 0.736 

ΔGo (kJ/mol) -26.69 -24.89 -24.42    -21.74   -12.29 -19.73 -20.08 -27.35 

Δq (%) 70.96 75.94 16.28 75.94 75.93 76.24 75.92 75.95 

r 0.705 0.757 0.998 0.738 0.823 0.989 0.731 0.781 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.111 0.027 0.154 0.029 0.094 0.141 0.039 0.093 

B 0.137 0.133 0.149 0.229 0.208 0.173 0.240 0.127 

Kf 1.290 1.065 1.429 1.070 4.795 1.384 1.095 1.239 

n 7.263 7.496 6.679 4.362 1.242 5.791 4.165 7.863 

ΔGo (kJ/mol) -18.01 -18.58 -16.56 -10.81 -11.89 -14.35 -10.32 -19.49 

Δq (%) 17.73 85.22 65.49 83.95 12.89 53.18 107.2 97.56 

r 0.974 0.930 0.948 0.885 0.891 0.958 0.908 0.968 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.339 0.119 0.238 0.123 0.317 0.053 0.157 0.345 

B -0.002 -0.002 -0.001 -0.003 -0.003 -0.002 -0.003 -0.001 

Xm (mol/kg) 1.403 1.127 1.269 1.131 1.373 1.055 1.170 1.421 

Es (kJ/mol) 18.18 18.36 18.55 13.49 11.98 17.16 13.26 18.79 

Δq (%) 34.43 52.24 35.88 89.79 59.01 29.74 87.76    70.43 

r 0.980 0.931 0.955 0.887 0.897 0.968 0.911 0.973 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 9.044 2.566 11.21 2.392 5.437 10.02 3.787 9.816 

B 786402 364969 3477 786892 39273 -22365 736737 968719 

ΔGo (kJ/mol) -22.42 -6.361 -27.81 -5.931 -13.48 -24.82 -9.389 -24.33 

Kdo 8465 13.01 74363 10.94 229.8 22301 44.15 18335 

Δq (%) 89.13 95.81 80.45 74.96 87.33 74.87 95.61 105.7 

r 0.735 0.837 0.887 0.726 0.717 0.984 0.676 0.695 

 

 

 
 
4.5.3.3.2 Effect of contact time and kinetics of adsorption 

 

i) Effect of contact time 

 

The effect of contact time on the uptake capacity of Cu, Co, Cr, Fe, Hg, Ni, Zn and U by 

active P. simplicissimum immobilized on zeolite is illustrated in Figure 4.73 and 4.74 for 

single-metal and multi-metal systems, respectively. The results in Figure 4.73 show that the 

biosorption consisted of two phases, namely: a primary rapid phase followed by a second 

slow phase as was seen in the previous cases. The rapid phase lasted approximately 30 
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minutes and accounted for the major part in the total metal biosorption. The equilibrium was 

reached straight after the first stage and maximum biosorption was reached. The maximum 

amount of uranium adsorbed was less compared to the maximum amount for the other 

metals.  

 

 (a) 

 

(b) 

       
 

Figure 4.73      Effect of contact time on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe,  

                          Hg, U on zeolite-P. simplicissimum (active)  in single component solutions 

(pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm) 
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The effect of contact time on the biosorption of metal ions on zeolite-P.simplicissimum 

(active) in a multi-metal system is shown in Figure 4.74. The trend is similar to that seen in a 

single-metal system: a rapid phase with the maximum uptake of metals followed by a slow 

phase where equilibrium was reached. In the multi-metal system, the uptake of uranium 

increased and this phenomenon has been explained in the previous study. 

 

(a) 

 
                

 (b) 

 
Figure 4.74 Effect of contact time on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, 

Hg and U on zeolite-P. simplicissimum (active) in multi- component solutions 

(pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation rate = 150 rpm) 
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ii) Kinetic modelling of metal ions adsorption on zeolite-P. simplicissimum (in 

single- and multi-component systems) 

 
Batch kinetic data was fitted to the models by regression analysis using Software Statistica 

(Release 5.0) and Excel. The constants and parameters calculated for the single-ion and 

multi-ion systems are listed in Tables 4.62 and 4.63.  

 
Table 4.62 Kinetic constants for the adsorption of metal ions on zeolite-P. 

simplicissimum (active) (in single-metal system) 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.821 -2.772 -3.409 -4.086 -2.870 -3.431 -2.833 -3.618 

B -0.013 -0.007 -0.012 -0.014 -0.010 -0.010 -0.006 -0.010 

qe (mol/kg) 0.002 0.002 0.001 0.001 0.001 0.002 0.001 0.001 

K1 0.029 0.017 0.027 0.033 0.023 0.024 0.014 0.023 

Δq (%) 91.19 91.30 92.21 92.31 91.34 92.20 86.35 92.39 

r 0.809 0.652 0.721 0.744 0.770 0.684 0.846 0.625 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 2.530 4.262 0.546 2.976 2.775 0.810 247.7 0.306 

B 11.17 10.42 11.79 40.18 11.78 13.09 59.87 10.39 

qe (mol/kg) 0.089 0.096 0.085 0.025 0.085 0.076 0.0167 0.096 

K2 49.32 25.46 254.6 542.6 50.05 211.5 14.47 353.6 

Δq (%) 0.481 0.328 0.056 0.266 0.126 0.031 0.956 0.018 

r 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.014 0.015 0.013 0.004 0.013 0.012 0.002 0.015 

B 0.016 0.017 0.015 0.004 0.015 0.013 0.003 0.017 

b 64.14 59.88 67.71 230.6 67.74 75.16 350.4 59.71 

a 0.037 0.040 0.036 0.011 0.036 0.033 0.006 0.041 

Δq (%) 16.45 16.39 16.75 16.65 16.65 16.75 13.87 16.78 

r 0.714 0.773 0.775 0.634 0.966 0.888 0.965 0.802 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.035 0.038 0.034 0.010 0.034 0.031 0.006 0.038 

B 0.005 0.005 0.004 0.001 0.004 0.004 0.001 0.005 

Id 0.035 0.038 0.034 0.010 0.034 0.031 0.006 0.038 

Kp 0.005 0.005 0.004 0.001 0.004 0.004 0.001 0.005 

Δq (%) 29.38 29.40 29.29 29.32 29.31 29.28 30.08 29.27 

r 0.729 0.729 0.722 0.725 0.724 0.722 0.774 0.721 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.251 -1.433 -2.229 -2.636 -1.852 -2.002 -1.080 -2.013 

B -0.015 -0.014 -0.019 -0.020 -0.015 -0.019 -0.007 -0.021 

If -2.251 -1.433 -2.229 -2.636 -1.852 -2.002 -1.080 -2.013 

Kf 0.015 0.014 0.019 0.020 0.015 0.018 0.007 0.021 

Δq (%) 41.29 49.90 44.97 41.97 44.40 47.53 45.23 51.59 

r 0.809 0.652 0.721 0.744 0.771 0.684 0.846 0.625 
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The pseudo 2
nd

 order model fits better the biosorption kinetics of all the metal ions with a 

correlation coefficient equal to unity, suggesting a chemisorption mechanism. The calculated 

values of qe (mol kg
-1

) from the pseudo-2
nd

 order were higher than those obtained for the 

pseudo-1
st
 order. The biosorption of Ni and U can be described by the Elovich model as well 

(r > 0.950). The calculated rate constants (k2) were found to be higher than (k1) and decreased 

in the sequence: Hg > Cr > Co > Zn > Ni > Fe > Cu > U. The Elovich constant, b, related to 

the surface coverage was higher for U and Hg. 

 

A similar trend was observed in a multi-metal system (Table 4.63). The pseudo 2
nd

 order fits 

the experimental data with a correlation coefficient equal to 1. In addition, the biosorption of 

Fe, Cu, Zn and U from a multi-metal solution is also described by the Elovich kinetic model 

with r > 0.950, implying a chemisorption mechanism. 
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Table 4.63   Kinetic constants for the adsorption of metal ions on zeolite- 

                   P.simplicissimum (active) (in multi-metal system) 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.997 -3.529 -3.975 -4.736 -3.156 -3.332 -3.938 -2.976 

B -0.006 -0.008 -0.014 -0.012 -0.012 -0.007 -0.007 -0.006 

qe (mol/kg) 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 

K1 0.014 0.018 0.033 0.028 0.028 0.016 0.015 0.014 

Δq (%) 91.80 92.36 92.48 92.52 91.91 92.15 92.19 91.83 

r 0.562 0.550 0.693 0.636 0.747 0.553 0.553 0.551 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 3.673 0.731 0.107 0.281 1.328 1.980 8.673 3.488 

B 11.23 12.72 11.79 40.12 11.86 13.11 47.75 10.41 

qe (mol/kg) 0.089 0.078 0.085 0.025 0.084 0.076 0.021 0.096 

K2 34.36 221.3 1301 5726 105.8 86.87 262.8 31.02 

Δq (%) 0.167 0.033 0.009 0.004 0.233 0.073 0.096 0.252 

r 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.014 0.012 0.013 0.004 0.013 0.012 0.003 0.015 

B 0.015 0.014 0.015 0.004 0.015 0.013 0.004 0.017 

b 64.61 73.02 67.67 230.3 68.07 75.34 274.4 58.84 

a 0.038 0.034 0.036 0.011 0.036 0.032 0.009 0.041 

Δq (%) 16.64 16.78 16.79 16.79 16.63 16.73 16.71 16.67 

r 0.964 0.990 0.823 0.842 0.713 0.955 0.970 0.949 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.035 0.038 0.034 0.010 0.033 0.030 0.008 0.038 

B 0.005 0.005 0.004 0.001 0.004 0.004 0.001 0.005 

Id 0.035 0.038 0.034 0.010 0.033 0.030 0.008 0.038 

Kp 0.005 0.005 0.004 0.001 0.004 0.004 0.001 0.005 

Δq (%) 29.33 29.28 29.27 29.21 29.32 29.29 29.30 29.32 

r 0.723 0.721 0.721 0.723 0.725 0.722 0.722 0.722 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.269 -1.640 -2.690 -2.402 -2.205 -1.428 -1.386 -1.249 

B -0.015 -0.020 -0.024 -0.025 -0.017 -0.017 0.017 -0.015 

If -1.269 -1.639 -2.689 -2.402 -2.205 -1.428 -1.386 -1.249 

Kf 0.015 0.021 0.024 0.025 0.017 0.017 0.017 0.015 

Δq (%) 57.09 59.29 44.94 50.56 43.25 58.22 58.15 58.09 

r 0.562 0.551 0.693 0.636 0.747 0.553 0.553 0.551 
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4.5.3.3.3 Effect of temperature and thermodynamic parameters on adsorption of metals 

on zeolite-P. simplicissimum 

 

i) Effect of temperature 

The biosorption of metal ions on zeolite-P.simplicissimum (active) was studied at 

temperatures between 25 and 60
o
C in a single-metal as well as in multi-metal systems. The 

results are given in Figure 4.75 and 4.76, respectively.  

The plots demonstrate that the increase of temperature did not influence the uptake of Cu, Zn 

and Fe. The biosorption of Ni on zeolite-P. simplicissimum (active) was the most affected by 

the increase of temperature. The adsorption capacity of Ni increases from 30 to 40
o
C and 

remains constant up to 60
o
C.  The biosorption capacities of Zn, Co and Hg were slightly 

affected by the increases of temperature. The uptake of uranium decreases with an increase of 

temperature.  A similar observation was made by Olmez et al., (2004) while studying the 

effect of temperature on the adsorption of uranium on zeolite.  

The finding revealed that room temperature was the most suitable for maximum uranium 

adsorption on zeolite and the distribution coefficient values decreased with the increase of 

temperature. 
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(a) 

 
             

(b) 

 
 
Figure 4.75 Effect of temperature on adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, Hg 

and U onto zeolite-P.simplicissimum (active)  in single component solutions 

(pH = 3, Ci = 100 mg L
-1

, pH 3, agitation rate = 150 rpm, contact time = 12 h) 

 

 

In a multi-ion system as shown in Figure 4.76, qe was constant at each temperature. The 

increases of temperature had no effect on the biosorption of metal-ions from a multi-metal 

solution. This trend was also observed for P. simplicissimum immobilized on bentonite. 
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(a) 

 
                  

(b) 

 
 
Figure 4.76 Effect of temperature on adsorption of (a) Cu, Cr, Ni, Zn, Co and (b) Cr, Fe, 

Hg, U  onto zeolite-P.simplicissimum (active)  in multi-ion solutions (pH = 3, 

Ci = 100 mg L
-1

, pH 3, agitation rate = 150 rpm, contact time = 12 h) 

 

 

ii) Thermodynamic parameters 

 

Thermodynamic parameters were determined at different temperatures and the results are 

tabulated in Tables 4.64 and 4.65 for single-metal as well as multi-metal systems, 

respectively. 
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Table 4.64 Thermodynamic parameters of metal ions adsorption on zeolite-   

        P. simplicissimum (active) in single-ion system 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu 17.49 -104.4 -0.255 -19.11 -19.32 -17.09 -19.31 

Ni -75.83 452.4 1.381 1.009 0.794 -5.202 -7.771 

Zn -111.3 675.7 2.093 -7.549 -19.66 -19.47 -21.73 

Co -120.4 718.9 2.220 -5.827 -6.346 -12.75 -20.65 

Fe 109.9 -651.1 -1.904 -26.58 -21.65 -22.25 -16.89 

Hg -27.91 166.6 0.530 -6.000 -5.770 -6.898 -9.981 

U -6.424 38.32 0.122 -1.549 -0.437 -1.834 -2.485 

Cr -80.57 -370.1 -1.061 -6.382 -6.022 -22.79 -16.59 

 
 

In a single-metal system, the values of activation energy were negative for most of the 

metals, except for Cu and Fe. The biosorption occurs at low binding sites as explained before. 

The biosorption of Cu with Ea < 40 kJ mol
-1

 suggested a physisorption process whereas 

chemisorption was observed for Fe with Ea > 40 kJ mol
-1

. The process was exothermic for 

Cu, Fe and Cr, with negative values of enthalpy change. For the rest of the metals, the 

process was endothermic. Biosorption of uranium decreased with an increase of temperature, 

although a positive value of enthalpy was obtained, even though the value was very low.  

The standard free energy changes were negative for all the metals studied, suggesting a 

spontaneous process. The positive value of entropy showed the increased randomness at the 

solid–liquid interface during the adsorption process and also suggested that the process was 

entropy driven. The negative values of entropy for Fe, Cu and Cr suggested a decrease of 

degrees of freedom. 

The thermodynamic parameters calculated for the biosorption of metals on zeolite-P. 

simplicissimum (active)  in a multi-metal system are given in Table 4.65. Unlike in the single-

ion system, the biosorption of Hg, Cu and U with values of Ea < 40 kJ mol
-1

 was a 

physisorption whereas Fe and Cr followed a chemisorption process with Ea > 40 kJ mol
-1

. 

Biosorption of Ni, Zn and Co occurred at low energy binding sites with negative values of 

Ea.  The process was exothermic for Cu, Fe, Hg, U and Cr
 
with negative enthalpy changes. A 

decrease of degrees of freedom was observed with these metals; in fact the entropy changes 

were negative. In general, the standard free energy was negative, meaning that the process 

was spontaneous. 
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Table 4.65 Thermodynamic parameters of metal ions adsorption on zeolite- 

                  P. simplicissimum (active) in a multi-metal system 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu 33.17 -198.4 -0.525 -24.55 -25.17 -24.63 -23.54 

Ni -153.5 916.3 2.831 -7.968 -9.533 -16.14 -26.93 

Zn -41.13 245.5 0.821 -20.66 -22.63 -24.08 -27.91 

Co -121.6 726.1 2.265 -12.73 -17.08 -27.92 -28.49 

Fe 97.38 -593.3 -1.718 -29.09 -29.02 -22.85 -20.84 

Hg 23.67 -141.3 -0.374 -17.54 -17.31 -16.97 -16.82 

U 37.67 -224.7 -0.615 -21.6 -24.26 -20.71 -19.72 

Cr 62.07 -370.1 -1.044 -26.37 -23.21 -23.68 -22.19 

 
 

The rate of metal biosorption at different temperature was calculated and presented in Tables 

4.66 and 4.67 for single-metal as well as multi-metal systems, respectively. In single-metal 

systems, the rate of adsorption increased with the increase of temperature, except for Cu for 

which a decrease of the adsorption rate with an increase of temperature. 

 

Table 4.66 The reaction rate of the adsorption of metal ions on zeolite-P. simplicissimum 

                (active) (in single-metal solutions) 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.643 0.639 0.581 0.547 

Ni 0.042 0.046 0.177 0.239 

Zn 0.258 0.623 0.649 0.654 

Co 0.203 0.261 0.409 0.621 

Fe 0.894 0.716 0.712 0.508 

Hg 0.209 0.199 0.226 0.302 

U 0.087 0.065 0.092 0.103 

Cr 0.206 0.221 0.429 0.799 

 

  

Table 4.67 presents the rate of adsorption of metal-ions on bentonite-P. simplicissimum at 

different temperatures in a multi-metal system. 
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Table 4.67 The reaction rate of the adsorption of metal ions on zeolite-P. simplicissimum 

                (active) (in multi-metal solutions) 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K 

313.15 
o
K 

333.15 
o
K 

Cu 0.825 0.832 0.788 0.708 

Ni 0.271 0.317 0.516 0.810 

Zn 0.694 0.748 0.771 0.839 

Co 0.428 0.565 0.894 0.857 

Fe 0.978 0.959 0.731 0.627 

Hg 0.589 0.572 0.543 0.506 

U 0.802 0.726 0.662 0.593 

Cr 0.886 0.767 0.758 0.667 

 

 

The adsorption rate of Cr, U, Cu, Hg and Fe decreased with increases of temperature. 

Besides, the adsorption rate of Ni, Zn and Co increased with increasing temperature. 

 

4.5.3.4 Sorption studies of metals on Zeolite-P. simplicissimum (inactive or heat-killed) in 

batch mode  

 
Biosorption studies were also performed on the inactive zeolite-P.simplicissimum. As for the 

previous studies, the effects of pH, initial metal concentration, contact time and temperature 

were investigated in a single-ion as well as multi-ion systems. The similarities and 

differences found with the active form of zeolite-P.simplicissimum are discussed in the 

following section. 

  

4.5.3.4.1 Sorption capacities, pH, isotherms of adsorption 

i) Effect of pH 

The effects of pH on the biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U by zeolite- P. 

simplicissimum (inactive) are presented in Figures 4.77 and 4.78 in single-ion as well as 

multi-ion systems, respectively. The adsorption capacities were higher in the inactive form of 

zeolite-P.simplicissimum. Further explanations have been given in section 4.5.2.4, since a 

similar trend was observed for the bentonite-P. simplicissimum (inactive). The adsorption 

capacity was constant for the all regime of pH. The presence of various functional groups 
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(electron donors) for instance: carboxyl, amino, imidazole, phosphate as seen in the IR 

spectra could be available for characteristic bonding with cations and such bond formation 

could be accompanied by displacement of protons depending on the pH.  

 

(a) 

 
                  

 (b) 

 
Figure 4.77    Effect of initial pH on adsorption of (a) Cu, Cr, Ni, Zn and Co (b) Cr, Fe, Hg 

and U onto zeolite-P. simplicissimum (inactive) in single component solutions 

(Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, agitation 

time = 12 h) 

Metal ions could also be electrostatically bonded to unprotonated carboxyl and sulphate. 

 The biosorption of Ni presented a unique trend, namely an increase of adsorption capacity  
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with a maximum adsorption capacity (qe) reached at pH 3, followed by a decrease at pH 4.  

This could be due to desorption if Ni forms weak bonds with the functional groups. This  

assumption needs further experiments to be confirmed. The uptake of U and Hg was lower 

compared to that for other metals. 

Biosorption of metal ions by zeolite-P. simplicissimum (inactive)  in a multi-ion system is 

shown in Figure 4.78.  

 
(a) 

 
                  

(b) 

 
Figure 4.78     Effect of initial pH on adsorption of (a) Cu, Ni, Zn, Co and (b) Cr, Fe, Hg and 

U onto zeolite-P. simplicissimum (inactive) in multi-component solutions (Ci = 

100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, agitation time = 

12 h) 
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A similar trend was observed with a constant maximum adsorption capacity for all the 

studied pH regimes and an increase of the uptake of uranium and mercury. The synergistic 

effect on metal uptake was also observed in this case. 

ii) Effect of initial metal  concentration  

The plots of adsorption capacity versus initial metal ion concentration illustrated in Figure 

4.79 show a linear increase of adsorption capacity with an increase of metal concentration.  

Biosorption of metal ions by zeolite-P. simplicissimum (inactive) did not reach the saturation 

point up to an initial concentration of 500 mg L
-1

. The same observation was made for the 

biosorption of metal ions on bentonite-P.simplicissimum (inactive). As such, the explanations 

given in that section are also valid in this case. The saturation point was observed for the 

biosorption of uranium at a concentration of 400 mg L
-1

. The amount of functional groups 

(such as phosphate) responsible for uranium binding should be considered as one of the 

limiting factors for uranium adsorption since the xenobiotic effect does not exist for the 

inactive fungi.  
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(a) 

 
      

 (b) 

 
      

Figure 4.79     Effect of initial concentration on adsorption of (a) Cu, Ni, Zn and Co (b) Cr, 

Fe, Hg and U onto zeolite-P.simplicissimum (inactive) in single-ion solutions 

(pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm, 

agitation time = 12 h) 

 
 

In a multi-metal system, the biosorption of uranium on zeolite-P. simplicissimum (inactive) 

increased as seen in Figure 4.80. A similar trend was seen in the previous studies with the 

presence of other metals favouring the adsorption of uranium as proven by the results 

obtained in section 4.5.2.4. 
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(a) 

 
                           

 (b) 

 
 
Figure 4.80     Effect of initial concentration on adsorption of (a) Cu, Ni, Zn and Co (b) Cr, 

Fe, Hg and U onto zeolite-P. simplicissimum (inactive) in multi-component 

solutions (pH = 3, Ci = 100 mg L
-1

, Temp = 298.15±1  
o
K, agitation  rate = 150 

rpm, agitation time = 12 h) 

 

 

iii) Isotherms of adsorption of metals on zeolite-P. simplicissimum (inactive)  

  

Biosorption isotherms were determined using four different models: Langmuir, Freundlich, 

D-R and distribution coefficient. The calculated constants as well as the correlation 
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coefficient for the single-ion and multi-ion systems are listed in Tables 4.68 and 4.69, 

respectively.    

 
Table 4.68 Parameters of Langmuir, Freundlich and D-R models for the adsorption of 

metals on the zeolite-P. simplicissimum (inactive) in a single metal system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.012 0.007 0.004 0.025 0.002 0.004 0.371 0.005 

B 2.259 0.164 0.952 9.254 2.166 0.474 12.61 0.868 

b 192.3 215.3 2154 368.7 890.3 1201 33.97 2162 

qm (mol/kg) 0.443 6.090 1.051 0.108 0.462 2.108 0.079 1.152 

ΔGo (kJ/mol) -13.03 -13.32 -19.03 -14.65 -16.84 -17.58 -8.739 -24.74 

Δq (%) 76.06 75.91 65.93 75.99 14.77 75.91 59.52 75.92 

r 0.982 0.613 0.668 0.672 0.989 0.693 0.927 0.656 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.158 0.062 0.064 0.081 0.124 0.069 0.081 0.078 

B 0.233 0.171 0.158 0.327 0.193 0.165 0.502 0.129 

Kf 1.439 1.155 1.159 1.204 1.330 1.174 1.202 1.198 

n 4.289 5.877 6.314 3.056 5.190 6.044 1.992 7.711 

ΔGo (kJ/mol) -10.63 -14.57 -15.65 -7.577 -12.86 -14.98 -4.938 -19.12 

Δq (%) 11.63 11.03 70.21 61.03 71.42 10.43 34.51 10.56 

r 0.974 0.956 0.958 0.996 0.867 0.973 0.994 0.978 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.273 0.249 0.244 -0.124 0.295 0.275 -0.094 0.309 

B -0.004 -0.002 -0.003 -0.004 -0.003 -0.003 -0.009 -0.002 

Xm (mol/kg) 1.314 1.283 1.277 0.883 1.343 1.317 0.910 1.362 

Es (kJ/mol) 11.75 14.57 15.42 10.49 13.59 15.13 7.377 18.24 

Δq (%) 26.22 32.98 87.44 72.22 52.38 61.88 11.67 52.57 

r 0.982 0.959 0.847 0.823 0.889 0.976 0.996 0.975 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 6.194 5.057 7.018 4.277 7.849 5.868 2.888 7.102 

B 3296 98988 8653 3720 6025 1673 1609 1415 

ΔGo (kJ/mol) -15.36 -12.54 -17.39 -10.61 -19.46 -14.55 -7.160 -17.61 

Kdo 490.2 157.2 1117 71.99 2564 353.7 17.97 1212 

Δq (%) 70.79 35.52 49.68 63.39 26.99 65.2 68.16 81.81 

r 0.990 0.648 0.552 0.536 0.960 0.658 0.937 0.698 

 
 
 

In general, the Freundlich model better described the biosorption of metal ions studied with r 

< 0.950, except for Ni. The biosorption of Ni is well described by the Langmuir and the 

distribution coefficient models. The biosorption of Fe could be described by the Langmuir, 

D-R and the distribution coefficient as well. 

The maximum amount (qm/mol kg
-1

) of metal calculated from the Langmuir isotherm 

decreases in the order: Cu >> Zn > Cr > Co >> Ni > Fe > Hg > U. The magnitude of the 

exponent n gives an indication on the favourability of adsorption. To recap, values of n in the 
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range 2− 10 represent good, 1− 2 moderately difficult, and less than 1 poor adsorption 

characteristics (Treybal, 1981). For most of the cases, the biosorption was good with 2.992 ≤ 

n ≤ 7.711. In Table 4.68, it can be seen that the Freundlich constant, Kf, which represents the 

adsorption capacity of heavy metals was of the same magnitude for all the metals. All the Es 

(free energy of adsorption) values from D-R model were between 8 and 16 kJ mol
-1

, which 

may correspond to a chemical ion-exchange mechanism, except for Cr with Es = 18.24 kJ 

mol
-1

. The values of qmax obtained from the Langmuir isotherm were quite different to the 

Xmax derived from the D-R, except for Co and Cr. This may be attributed to the different 

assumptions considered in the formulation of the isotherms. The differences were also 

reported in other studies (Kumar et al., 2009; Tan et al., 2007; Fan et al., 2008).  The 

distribution coefficient values were higher for Ni, Cr and Co and the sequence decreased in 

the order: Ni > Cr > Co >> Fe > Zn > Cu > Hg > U.   

Table 4.69 presents the isothermic constants as well as the correlation coefficients for metal 

ions adsorbed on zeolite-P. simplicissimum (inactive) in a multi-metal system. Based on the 

correlation coefficient (r > 0.950), the Freundlich isotherm fits well the experimental data for 

the metals studied except for uranium, suggesting that the heterogeneity of the surface. None 

of the isotherms listed in Table 4.69 described the uranium biosorption.  The Langmuir 

isotherm gave a good fit for the adsorption of Zn and Cr with r > 0.990. The biosorption of 

these metal ions could occur in monolayer coverage on finite sites. The fit for the D-R model 

was also good for the metals studied except for Hg and U. According to qmax from the 

Langmuir model, biosorption on zeolite-P. simplicissimum in a multi-metal system is 

produced following the sequence: Cu > Hg > Fe > Ni > Co > Cr > Zn > U. The numerical 

values of sorption energy (Es) were in the range 13 to 16 kJ mol
-1

 for Fe, Hg, Ni and U 

suggesting a chemical adsorption. On the other hand, Es values were in the range 17 to 20 kJ 

mol
-1

 for Cu, Co, Zn and Cr. The adsorption process was good according to the n values (4 – 

8) from the Freundlich model. Kdo values were in the following order: Cr > Zn > Co > > Fe > 

Ni > U >> Cu > Hg. 
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Table 4.69 Parameters of Langmuir, Freundlich and D-R models for the adsorption of 

metals on the zeolite-P. simplicissimum (inactive) in a multi-metal system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.008 0.002 0.012 0.007 0.001 0.002 0.006 0.002 

B 0.757 0.406 1.663 0.439 0.792 2.617 4.071 2.118 

b 945.1 3188 1465 633.2 906.8 1657 6146 1311 

qm (mol/kg) 1.320 2461 0.601 2.275 1.263 0.382 0.246 0.472 

ΔGo (kJ/mol) -16.98 -19.99 -29.48 -15.99 -16.88 -24.11 -21.62 -23.50 

Δq (%) 75.91 75.93 75.94 75.92 75.92 76.19 75.93 76.23 

r 0.533 0.648 0.468 0.776 0.825 0.995 0.767 0.993 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.082 0.039 0.062 0.043 0.079 0.152 0.046 0.163 

B 0.167 0.143 0.123 0.234 0.171 0.162 0.244 0.148 

Kf 1.209 1.093 1.155 1.104 1.199 1.420 1.113 1.456 

n 5.974 6.975 8.114 4.275 5.845 6.169 4.104 6.775 

ΔGo (kJ/mol) -14.81 -17.29 -20.11 -10.59 -14.49 -15.29 -10.17 -16.79 

Δq (%) 9.449 18.34 10.28 23.11 61.54 64.01 104.1 62.59 

r 0.959 0.992 0.988 0.983 0.951 0.969 0.830 0.954 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.314 0.164 0.248 0.172 0.302 0.272 0.169 0.275 

B -0.003 -0.002 -0.002 -0.003 0.002 -0.017 -0.003 -0.002 

Xm (mol/kg) 1.369 1.179 1.282 1.188 1.353 1.313 1.184 1.316 

Es (kJ/mol) 14.47 17.14 19.74 13.26 14.32 17.25 13.12 18.34 

Δq (%) 35.85 10.18 80.23 48.98 73.94 29.85 82.79 30.41 

r 0.961 0.963 0.984 0.940 0.952 0.977 0.836 0.964 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 5.904 4.133 7.087 3.867 5.588 10.41 5.469 10.87 

B 5415 1130 7921 5139 5844 1461 40190 2811 

ΔGo (kJ/mol) -14.63 -10.25 -17.56 -9.586 -13.85 -25.81 -13.56 -26.95 

Kdo 366.5 62.41 1196 47.81 267.4 3313 237.3 5257 

Δq (%) 81.51 63.55 59.14 42.17 86.03 80.52 77.15 77.47 

r 0.448 0.732 0.852 0.772 0.882 0.947 0.608 0.946 

 
 
 
 
4.5.3.4.2 Effect of contact time and kinetics of adsorption of metals on zeolite-P. 

simplicissimum 

 

i) Effect of contact time 

 

The effect of contact time was studied using a constant concentration of metal ions solution at 

room temperature. The sorption of metal ions onto zeolite-P.simplicissimum (inactive) in a 

single-ion and multi-ion system as a function of time in the range 0–180 min was studied. 

The plots of adsorption capacity versus contact time for a single-ion as well as multi-ion 
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systems are presented in Figure 4.81 and 4.82, respectively. As seen in the previous studies, 

the biosorption capacity increased with an increase of contact time and a maximum amount 

of metal ions was adsorbed in the first 30 minutes. This step was fast and the equilibrium was 

reached just after no more metal ions were adsorbed. 

(a) 

 
               

 (b) 

 
Figure 4.81 Effect of contact time on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, 

Hg and U in single component solutions onto zeolite-P. simplicissimum (pH 3, 

Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 
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In Figure 4.82, a similar trend was observed for the biosorption of metal ions from multi-ion 

solutions. The metal uptake increased with increasing contact time and the maximum 

adsorption capacity was reached after 30 minutes. An increase in adsorption capacity of U 

and Hg was observed, due probably to the synergistic effect. 

 

    (a) 

 

 (b) 

     
Figure 4.82 Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co (b) Cr, Fe, 

Hg and U in multi-component solutions onto zeolite-P. simplicissimum 

(pH = 3, Temp = 298.15±1
o
K, agitation rate = 150 rpm, agitation time = 

12 h) 
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ii) Kinetic modelling of metal ions adsorption on zeolite-P. simplicissimum 

(inactive)  

The experimental data have been analysed using these kinetic models: the pseudo1
st
 and 2

nd
-

order, Elovich, intraparticle and film diffusion models. The rate constants, different 

parameters and the correlation coefficients calculated for the single-ion and multi-ion systems 

are presented in Tables 4.70 and 4.71, respectively.  

 
Table 4.70 Kinetic constants for the adsorption of metal ions on zeolite-P.  

simplicissimum (inactive) in a single-metal system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.964 -2.870 -3.994 -1.845 -3.515 -4.071 -1.997 -2.382 

B -0.045 -0.026 0.021 -0.007 -0.049 -0.040 -0.007 -0.031 

qe (mol/kg) 0.011 0.001 0.001 0.014 0.002 0.002 0.010 0.004 

K1 0.104 0.060 -0.047 0.015 0.114 0.093 0.017 0.071 

Δq (%) 87.43 91.92 96.26 75.05 92.43 92.54 44.73 90.87 

r 0.924 0.631 0.630 0.805 0.714 0.614 0.959 0.767 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.704 0.185 0.072 201.9 0.032 0.004 2609 0.337 

B 5.592 6.376 5.899 22.77 5.869 6.539 40.88 5.201 

qe (mol/kg) 0.179 0.157 0.169 0.044 0.171 0.153 0.024 0.192 

K2 44.44 219.7 485.3 2.568 1075 10493 0.641 80.28 

Δq (%) 0.177 0.037 0.019 11.01 0.048 0.008 36.74 0.053 

r 1.000 1.000 1.000 0.973 1.000 1.000 0.535 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.032 0.028 0.031 0.002 0.031 0.028 -0.003 0.035 

B 0.040 0.035 0.038 0.009 0.038 0.034 0.004 0.043 

b 25.18 28.69 26.54 113.1 26.39 29.41 275.9 23.41 

a 0.088 0.079 0.085 0.011 0.086 0.077 0.002 0.096 

Δq (%) 17.54 17.79 17.83 11.59 17.82 17.85 88.67 17.69 

r 0.979 0.975 0.958 0.854 0.720 0.992 0.946 0.979 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.067 0.060 0.065 0.009 0.065 0.058 -0.001 0.073 

B 0.016 0.014 0.015 0.003 0.015 0.014 0.002 0.017 

Id 0.067 0.060 0.065 0.009 0.065 0.058 -0.001 0.073 

Kp 0.016 0.014 0.015 0.003 0.015 0.014 0.002 0.017 

Δq (%) 29.83 29.76 29.75 33.92 29.75 29.74 66.56 18.28 

r 0.744 0.738 0.737 0.863 0.724 0.737 0.956 0.740 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -3.913 -1.492 2.940 0.390 -3.427 -2.225 0.041 1.987 

B -0.023 -0.073 -0.142 -0.020 -0.091 -0.119 -0.006 -0.106 

If -3.913 -1.492 2.940 0.391 -3.426 -2.225 0.041 1.987 

Kf 0.022 0.073 0.142 0.021 0.091 0.119 0.006 0.106 

Δq (%) 38.69 86.48 85.65 133.5 45.48 153.3 180.4 65.41 

r 0.924 0.631 0.631 0.692 0.714 0.613 0.892 0.733 
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The pseudo 2
nd

-order fits better the adsorption kinetics of metal ions on zeolite-P. 

simplicissimum with r ~ 1 for the metals studied, except for uranium. The biosorption kinetics 

of uranium followed the pseudo 1
st
 order as well as the intraparticle diffusion models. The 

experimental data for Fe, Cu, Co, Zn
 
and Cr fitted well the Elovich kinetic model with r > 

0.950. The calculated rate constants k2 were higher than k1.  

The results presented in Table 4.71 for the biosorption of metal ions from a multi-ion solution 

show that the pseudo 2
nd

-order fits better the kinetics of adsorption for all the metals studied 

with r = 1. The kinetics of adsorption could as well be described by the Elovich model except 

for Ni and U. 
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Table 4.71 Kinetic constants for the adsorption of metal ions on zeolite-P.                    

simplicissimum (inactive) in a multi-ion system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -5.425 -3.379 -5.240 -3.313 -2.568 -3.468 -3.603 -5.284 

B 0.026 -0.043 0.026 -0.025 -0.051 -0.037 -0.029 0.055 

qe (mol/kg) 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.002 

K1 -0.059 0.100 -0.059 0.057 0.118 0.085 0.068 -0.126 

Δq (%) 93.05 92.36 93.37 91.84 91.22 92.40 92.11 88.37 

r 0.643 0.725 0.624 0.638 0.864 0.663 0.657 0.824 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.002 0.022 0.003 0.903 0.155 0.024 0.517 0.001 

B 5.585 6.356 5.893 20.11 5.869 6.540 23.81 5.199 

qe (mol/kg) 0.179 0.157 0.169 0.049 0.170 0.153 0.042 0.192 

K2 18235 1825 10834 447.8 221.6 1802 1096 20727 

Δq (%) 0.003 0.005 0.008 0.039 0.159 0.003 0.056 0.004 

r 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.033 0.029 0.031 0.009 0.031 0.028 0.008 0.035 

B 0.040 0.035 0.038 0.011 0.038 0.034 0.009 0.043 

b 25.12 28.59 26.51 90.51 26.39 29.42 107.1 23.38 

a 0.090 0.079 0.085 0.025 0.085 0.077 0.021 0.097 

Δq (%) 17.85 17.85 17.85 17.60 17.74 17.85 17.79 17.85 

r 0.966 0.972 0.966 0.954 0.781 0.991 0.842 0.962 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.068 0.060 0.065 0.019 0.064 0.058 0.016 0.073 

B 0.016 0.014 0.015 0.004 0.015 0.014 0.004 0.017 

Id 0.068 0.060 0.065 0.019 0.064 0.058 0.016 0.073 

Kp 0.016 0.014 0.015 0.004 0.015 0.014 0.004 0.017 

Δq (%) 29.64 29.74 29.74 29.77 29.77 29.74 29.76 18.35 

r 0.717 0.737 0.735 0.739 0.740 0.737 0.738 0.735 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A 4.360 -2.920 4.217 2.266 -4.186 -2.253 2.441 6.905 

B -0.213 -0.086 -0.203 -0.114 -0.046 -0.094 -0.127 -0.225 

If 4.359 -2.920 4.217 2.266 -4.186 -2.253 2.441 6.901 

Kf 0.213 0.086 0.203 0.114 0.046 0.094 0.127 0.225 

Δq (%) 98.52 49.40 85.21 65.23 39.64 77.82 85.63 95.31 

r 0.643 0.725 0.624 0.676 0.864 0.663 0.709 0.824 

 
 

4.5.3.4.3 Effect of temperature and thermodynamic parameters 

i) Effect of temperature 

The effects of temperature on the biosorption of metals on zeolite-P. simplicissimum 

(inactive) for single-ion as well as multi-ion systems are presented in Figures 4.83 and 4.84, 

respectively.  
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(a) 

 
               

(b) 

 
Figure 4.83 Effect of temperature on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, 

Hg and U zeolite-P.simplicissimum in single component solutions (pH = 3, Ci 

= 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm). 

 

The plots of adsorption capacity versus temperature in Figure 4.83 showed that the 

biosorption of Cu, Ni, Zn, Co, Fe and Cr was not affected by temperature. The uptake of Hg 

and U increased with increasing temperature.    

The results in Figure 4.84 for the biosorption of metal ions in a multi-ion system show that 

the maximum adsorption capacity was constant with increasing temperature for all the metals 

studied. 
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 (a) 

 
 

                             (b)  

 
Figure 4.84  Effect of temperature on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, 

Hg and U onto  zeolite-P.simplicissimum in multi- component solutions (pH = 

3, Ci = 100 mg L
-1

, Temp = 298.15±1
o
K, agitation  rate = 150 rpm) 

 

 

ii) Thermodynamic parameters 

Tables 4.72 and 4.73 present the thermodynamic parameters , i.e. activation energy Ea, 

enthalpy (heat of adsorption) ∆H
o
, entropy change ∆S

o
 and the free energy ∆G

o
  for the 

biosorption of Cu, Co, Cr, Hg, Fe, Ni, Zn  and U  in single-ion and multi-ion systems. 

 

 

0

5

10

15

20

25

30

20 30 40 50 60 70

q
e
 (
m

g
 g

-1
)

Temperature (oC)

Cu

Ni

Zn

Co

 

0

5

10

15

20

25

30

20 30 40 50 60 70

q
e
 (
m

g
 g

-1
)

Temperature (oC)

Fe

Hg

U

Cr



279 
 

Table 4.72 Thermodynamic parameters of metal ions adsorption on zeolite- 

P.simplicissimum (inactive) in single-ion systems 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu -1.338 -7.986 0.045 -20.04 -18.35  -14.37 -23.08 

Ni -64.18 118.2 0.406 -16.86 -16.54  -16.30 -16.97 

Zn 3.637 72.56 0.279 -19.02 -20.45  -21.22 -20.34 

Co 82.64 61.80 0.249 -19.51 -15.46  -9.81 -21.11 

Fe 10.35 493.2 1.524 -21.28  -21.95 -22.31 -14.65 

Hg -42.62 -383.0 -1.129 0.460 -1.256  -3.593 -7.007 

U 12.16 -254.4 -0.755 1.983  -1.258 -1.464 -2.735 

Cr 19.80 21.71 0.152 -25.75 -26.55  -27.29 -29.04 

 

 

The negative activation energy obtained for Cu, Ni and Hg indicates that the adsorption 

occurs in binding sites with low energy. Biosorption of Zn, Fe, U and Cr occur though 

physisorption with activation energy values ranging from 3 to 20 kJ mol
-1

. Ea for Co was 

greater than 40 kJ mol
-1

, showing a chemisorption process.  

The values of ΔHº were found to be negative for Cu, Hg and U, implying the exothermic 

nature of the process in contrast to the endothermic process for the rest of the metals for 

which positive enthalpy changes were observed. The positive value of ΔSº for most of the 

cases shows the increasing randomness at the solid-liquid interface during the biosorption, 

except for Hg and U with negative values of entropy changes indicating the decrease in the 

degrees of freedom. The positive value of entropy also suggested that the process was 

entropy-driven and not enthalpy-driven. The negative adsorption standard free energy 

changes (ΔG
o
) at all temperatures indicated that the adsorption reactions were generally 

spontaneous processes.  

 

The thermodynamic parameters obtained for the adsorption of heavy metals on zeolite-P. 

simplicissimum in a multi-ion system are listed in Table 4.73.  
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Table 4.73 Thermodynamic parameters of metal ions adsorption on zeolite- 

                  P.simplicissimum (inactive) in a multi-ion system 

  Ea ∆ H
o
 ∆ S

o
     ∆ G

o
   

  kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

     kJ mol
-1

   

        298.15 303.15 313.15 333.15 

    

o
K 

o
K 

o
K 

o
K 

Cu 44.59 168.5 0.584 -25.56 -26.02  -26.95 -27.93 

Ni 49.07 984.5 3.006 -31.76  -22.54 -17.18 -16.98 

Zn 56.04 401.1 1.278 -28.41 -29.04  -29.62 -29.97 

Co 86.25 138.1 0.506 -29.11 -28.65  -27.49 -20.59 

Fe 125.4 669.5 2.079 -31.76 -31.56  -31.31 -23.18 

Hg -35.19 164.8 0.546 -17.91 -18.23  -18.49 -19.25 

U 86.50 279.1 0.903 -23.69 -24.12  -26.64 -27.63 

Cr 129.9 432.1 1.369 -28.41 -28.95  -29.01 -29.72 

 

 

It is well known that these parameters can evaluate the orientation and feasibility of the 

physicochemical adsorptive reaction (Li et al., 2005). The activation energy values were 

positive in general, except for Hg with negative activation energy. In most cases, the 

biosorption occurs though chemisorption with an Ea > 40 kJ mol
-1

. The positive values of 

enthalpy changes (∆H
o
) suggest an endothermic adsorption of metals on zeolite-P. 

simplicissimum in a multi-ion system. One possible explanation could be the fact that the 

metal ions studied are well solvated in water. In order for these ions to adsorb, they are to 

some extent denuded of their hydration sheath. This dehydration process of ions requires 

energy (i.e. Ni has a dehydration energy of 2106 kJ mol
-1

). The implicit assumption here is 

that after adsorption the environment of the metal ions is less aqueous than it was in the 

solution state. 

In Table 4.73, the negative values of standard free energy changes (∆Gº) confirm the 

feasibility of the process and the spontaneous nature of sorption. The positive value of 

entropy showed the increased randomness at the solid-liquid interface during the adsorption 

process, and also reflects the affinity of adsorbent for the heavy metals studied. The decrease 

of Gibbs free energy (∆G◦) with increasing temperature for Co and Ni indicated higher 

adsorption at higher temperature.  

 

 The rate of adsorption calculated for the biosorption of metal ions from single-ion solutions 

are given in Table 4.74. The rate of adsorption decreased with increasing temperature, except 

for U and Hg. 
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Table 4.74 Rate of adsorption in single-metal systems at different temperatures 

 

Rx rate (h
-1)

 

    

 

298.15 
o
K 

303.15 
 o

K 

313.15 
 o

K 

333.15 
o
K 

Cu 0.690 0.652 0.465 0.460 

Ni 0.580 0.558 0.522 0.511 

Zn 0.655 0.640 0.629 0.612 

Co 0.672 0.635 0.366 0.335 

Fe 0.733 0.721 0.714 0.441 

Hg 0.050 0.115 0.134 0.217 

U 0.030 0.058 0.084 0.109 

Cr 0.886 0.880 0.874 0.872 

 

As observed in the previous study, the rate of adsorption (Table 4.75) decreased with an 

increase in temperature for all the metal ions studied.  

 

Table 4.75 Rate of adsorption in a multi-ion system at different temperatures 

 

Rx rate (h
-1

) 

    

 

298.15 
o
K 

303.15 
o
K  

313.15 
 o

K 

333.15 
o
K 

Cu 0.880 0.875 0.862 0.780 

Ni 1.094 0.896 0.550 0.511 

Zn 0.978 0.965 0.959 0.741 

Co 1.002 0.980 0.920 0.880 

Fe 1.094 1.055 1.002 0.697 

Hg 0.617 0.602 0.592 0.519 

U 0.856 0.815 0.803 0.651 

Cr 0.978 0.950 0.931 0.722 

 

 

 

4.5.3.4.4 Metal ions biosorption as a function of culture age 

The study of adsorption of heavy metals on heat-killed P. simplicissimum immobilized on 

zeolite was performed with respect to the growth days. The solution contained 100 mg L
-1

 of 

each metal ion and the pH, temperature and agitation time were fixed at 3, 25
o
C and 12 h, 

respectively. The results obtained after 2, 5 and 20 days of growth are illustrated in Figure 

4.85. 
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                                                        (a) 

 
 

    (b) 

 
Figure 4.85 (a) and (b) Effect of growth days of the zeolite-P. simplicissimum on the 

adsorption of metal 

  

The graphs indicate a maximum uptake of Ni, Zn, Co, Fe and Cr when adsorbed on biomass 

harvested after 2 days. The adsorption capacity was constant throughout the growth days for 

Fe, Zn and Co. The uptake of Hg and U increased with the growth days and a maximum 

adsorption capacity was obtained with the biomass harvested after 20 days meaning that more 
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compounds with high affinity to Hg and U were synthesized after 20 days. On the other hand, 

a decrease in the uptake of Cr and Ni can be seen with the biomass collected after 20 days. 

 

4.5.3.4.5 Adsorption study of uranium in the presence of other metals 

The biosorption of uranium on zeolite-P. simplicissimum was studied in the presence of Cu, 

Co, Cr, Hg, Fe, Ni and Zn. The results presented in Figure 4.86 showed that the adsorption 

capacity of uranium was enhanced by the presence of metal ions in the sequence:  Fe > Zn
 
> 

Cr > Cu > Ni > Hg > Co. 

 

 

Figure 4.86  Adsorption capacity of U in solution with Cu, Co, Fe, Zn, Hg, Cr and Ni 

 

The adsorption capacity of uranium as a single entity was 1 mg g
-1

, but increased up to 2.5 

mg g
-1

 when uranium was in the presence of Zn or Fe for the same amount of adsorbent. This 

explains the increase in uptake of uranium in the multi-component system compared to the 

uptake in the single–component system. This phenomenon (or synergistic effect) was not 

fully explored and provides an opportunity for further investigation. The strong dependence 

of adsorption on pH can be explained by changes in the surface charge and uranyl speciation 

with pH.  
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4.5.3.4.6 Effect of biosorbent mass on the adsorption capacity  

Figure 4.87 presents the adsorption of heavy metal ions at various biosorbent amounts. This 

experiment showed that metal uptake decreases when the amount of biomass increases. This 

reduction is attributable to metal shortage in solution.  

 

(a) 

 

                        (b)    

 
Figures 4.87  Effect of biomass concentration in (a) single ion system (b) multi-ion system 

(Ci = 100 mg L
-1

) 
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These results invalidate the hypothesis that electrostatic interaction between cells may be a 

significant factor in the biomass dependence of metal adsorption (de Rome and Gadd, 1987). 

Therefore, it is not useful to increase the biomass beyond 1 g to purify a 100 mg L
-1

 single-

metal solution. Similar results were obtained by Fourest and Roux (1992). 

The metal ions uptake was constant from 1 to 10 g of biosorbent for a 100 mg L
-1

 of metal 

ions in a multi-component system. A decrease was observed for chomium and mercury. 

Reduction of the amount of biomass at a given metal concentration enhances the 

metal/biosorbent ratio, and thus increases metal uptake per gram of biosorbent, as long as the 

latter is not saturated. An illustration of this behaviour is given by the effect of initial metal 

ions concentration. 

The influence of the biomass on biosorption shows an initial quick decrease followed by a 

final stability, with increasing biomass dose mainly for the single-ion system. Similar results 

were obtained by Ting et al. (2008). This is could be due to the interference between binding 

sites and higher biomass dose or insufficiency of metal ions with respect to available binding 

sites (Rome and Gadd, 1987). This can explain the opposite phenomenon observed for the 

multi-component system with more metals. The decrease of adsorption capacity was only 

observed for chomium and mercury. The uptake of U and Hg was lower compared to other metals.  

 

4.5.3.4.7 Regeneration of the biosorbent 

  

Biosorption capability of fungal biomass and its regeneration would have a bearing on its 

potential as a biosorbent for commercial application. Results for the desorption of metals by 

different concentrations of HNO3 (2 mol L
-1

, 3 mol L
-1

, 5 mol L
-1

, and 7 mol L
-1

) are shown 

in Figure 4.88.  
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Figure 4.88  Regeneration of the zeolite-P.simplicissimum in a multi-ion system 

 

 The desorption percentages are given in Figure 4.89. Most of the metal ions were desorbed 

with 1 mol L
-1

 HNO3. The capacity of the zeolite-P.simplicissimum to adsorb metal ions was 

determined by repeating the biosorption experiments in five consecutive cycles using 1 mol 

L
-1

 of HNO3 as a desorption agent.  

 

 
Figure 4.89  Desorption percentages of metal ions 
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As illustrated in Figure 4.90, the biomass undergoing successive adsorption-desorption 

processes retained good metal biosorption capacity even after five cycles of adsorption-

desorption. The total decrease in biosorption efficiency of zeolite-P.simplicissimum after five 

cycles was ≤ 5% which showed that zeolite-P.simplicissimum had good potential to adsorb 

metal ions repeatedly from aqueous solution. 

The results for the desorption of uranium essentially showed an optimum desorption of 60%. 

Previous studies (Tutu et al., 2010) proved the optimum desorption of uranium with 0.8 mol 

L
-1 

Na2CO3. In fact, uranium tends to form strong complexes with carbonates. The 

regeneration of the biosorbent and adsorption after five cycles gave a good adsorption 

capacity even for uranium, suggesting a good re-useability potential.  

 

 

         
Figure 4.90 Regeneration and re-use of the zeolite-P.simplicissimum 
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    remediation 

The performance of zeolite-P.simplicissimum on the removal of heavy metal from mine 
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Table 4.76 Removal of heavy metal ions from wastewater samples by zeolite-P.simplicissimum (inactive) 

 
            SW1       SW2         SW3        SW4       Pit  water 

pH             3.8          7.2          4         5.6           3 

SO4
2-

 

(mg L
-1

) 

           383.6         19.80         819.4         653.6           1669 

  Ci Cf %     Ci Cf % Ci Cf % Ci Cf % Ci Cf % 

                 

Fe  6.100 0.018 99.7    4.500 0.004  5.800 0.006 99.9 0.600 < DL 99.8 

 RSD 0.075 2.014     0.564 4.210  0.352 4.265  0.421 -  

                 

Ni  6.000 0.012 99.8 1.600 0.040 97.5 1.800 0.010 99.4 4.700 0.005 99.9 10.70 0.010 99.9 

 RSD 0.704 1.565  2.856 3.562  0.254 5.214  0.754 6.311  0.125 2.655  

                 

Zn  4.300 0.004 99.9 n.a   1.600 0.002 99.9 1.700 0.005 99.7 14.80 0.015 99.9 

 RSD 0.875 0.985     0.851 6.201  0.221 5.468  0.524 4.216  

                 

Cr  n.a   n.a   0.300 0.005 98.3 n.a   0.040 0.001 97.5 

 RSD       0.477 4.252     3.652 5.624  

                 

Hg  n.a   n.a   n.a   n.a   0.300 0.003 99 

 RSD             1.485 4.784  

                 

U  n.a   n.a   n.a   n.a   0.200 < DL 100 

 RSD             0.258 -  

                 
Ci - initial metal concentration (mg L

-1
) ; Cf - final metal concentration (mg L

-1
); % - Removal %; SW - surface water; RSD - relative standard deviation (n=3); n.a - non 

analysed 

The limit of detection (LOD, mg L
-1

) and the method quantitation limit (MQL, mg L
-
1)   are given below: LOD:  Cr - 0.003; Fe - 0.002; Hg - 0.001; Ni - 0.007; Zn - 0.008; U 

- 0.035; SO4
2-

 - 0.01 (by ion chomatography). MQL: Cr – 0.010; Fe – 0.007; Hg – 0.003; Ni – 0.023; Zn – 0.027; U – 0.117; SO4
2-

 - 0.03 (by ion chomatography). 
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 Table 4.77 presents the discharge standards for industrial wastewater as stipulated by the 

USEPA. 

 

Table 4.77 Discharge standards for industrial wastewater (US EPA, 1996) 

 

pH 6 - 9 

Fe 0.3 mg L
-1

 

Ni 0.05mg L
-1

 

Zn 5 mg L
-1

 

Cr 0.01 mg L
-1

 

Hg 0.002 mg L
-1

 

 

After treatment with the zeolite-fungi, the quality of the effluent complied with the discharge 

standards for industrial wastewater as stipulated in Table 4.77. 

 
 
 
 
 
 

Conclusion  

 

The following conclusions can be drawn from this study: 

The growth of Penicillium simplicissimum fungal biomass showed a 10-fold increase in 

biomass when immobilized on bentonite/zeolite at pH 4. Infrared spectra of the biomass 

confirmed the presence of functional groups with lone pairs of electron that are available to 

bind to the positively divalent metal ions. These include: hydroxyl, carbonyl, carboxyl, 

amide, amine, imidazole and phosphate groups. It was pointed that more compounds were 

released after 10 days of inoculation. The chemical composition of the fungal wall is strongly 

dependent on the culture conditions and this may affect biosorptive properties. 

 

The bentonite- P.simplicissimum was efficient in adsorption of Cu, Ni, Zn, Co, Fe, Hg, Cr 

and U at low pH, in single as well as multi-ion systems. The maximum adsorption capacities 

were obtained at pH 2, a strong synergic effect was observed, mostly between uranium and 

nickel. 

 

High adsorption efficiency was observed for the inactive fungi immobilized on bentonite due 

to the amount of available functional groups or binding sites on the surface of the biomass. 
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The adsorption of metal ions on a living was greatly influenced by the metabolism which 

does not occur when the biomass is inactive. 

Interesting is that he presence of competing ions seemed to inhibit the xenobiotic effect of 

micro-organisms on the toxic metals as uranium and also the adsorption capacities of metals 

studied was not affected by the presence of competing ions. 

 

The increase of adsorption capacity in the   bentonite- P.simplicissimum is mainly due to the 

presence of chemical groups on the cell walls of the micro-organisms in conjugation with 

the components contains in the interior of the cells. The presence of phosphates enhanced 

the uptake of uranium. 

 

Biosorption equilibrium data fitted very well to both the Freundlich and D-R models in the 

single and multi-ion systems.  The maximum loading capacity (mol kg
-1

) followed the order 

of Fe >Ni > Cr
 
> Cu

 
> Zn

  
> Co > Hg

 
> U. The uptake depends on the affinity of the metal 

towards the binding sites (depends on the nature and the amount of functional groups present 

on the surface of the biosorbent). In the multi-ion system, the affinity of metal ions towards 

the biomass was in the sequence of Hg > Cu > Zn > Co > U > Ni > Cr > Fe. 

 

Ion-exchange was found to be an important process based on free energy value from D–R 

isotherm for all metal ions.  

 

For all heavy metal ion systems at the different temperature studied, the rate of adsorption 

was found to follow the pseudo second-order kinetics, except the adsorption of Ni described 

by the film diffusion model. 

 

The negative activation energies gave an indication that the metals studied prefer to bind to 

low energy binding sites, therefore adsorption of these metals occurs without an energy 

barrier which could be a combination of a chemisorption, physisorption or diffusion.  

The adsorption of metal ions on bentonite-P.simplicissimum was spontaneous and 

endothermic in the single ion system, whereas the adsorption of Ni, Zn and Co was 

exothermic in a multi components system. 
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The results show that a maximum adsorption capacity was observed for metal ions adsorbed 

on biomass harvest after two days of culture, except for nickel. 

 

The adsorption capacity of uranium increased in the presence of Zn or Fe, this explains 

increasing in uptake of uranium in the multi-components system. This phenomenon has been 

not yet fully understood. 

 

99% of metal ions were desorbed with 1 M HNO3, whereas, only 60% of uranium was 

desorbed. The regeneration of the biosorbent and adsorption after five cycles gave a good 

adsorption capacity even for uranium, suggesting a multi-layer adsorption. 

Sodium carbonate solution may be used to remove the uranium. It is well known that 

carbonate ions have high affinity for the uranyl ion; therefore the energy of formation of 

uranyl-carbonate complex is greater than that for the uranyl-phosphate complex. Further 

experiments have to be done with the sodium carbonate to remove the uranium from the 

biosorbent. 

 

The application of the zeolite-P.simplicissimum for the adsorption of heavy metals from 

industrial effluents was a success with more than 97% of metals removed. 
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4.5.4 Sorption studies of metals on natural and functionalised bentonite/zeolite with P. 

simplicissimum (inactive) in column mode 

 

Batch adsorption tests provide information on adsorption equilibrium characteristics and 

adsorption kinetics, which is important in determining the effectiveness of the adsorbent in 

removing solutes from solution. However, batch operations are not often economical or 

available in practice and the data obtained from these is not sufficient to give accurate scale- 

up data required in the design of industrial adsorption columns. Therefore, column studies 

have to be performed, whereby the most important parameter to be determined is the column 

breakthrough curve, which determines the operating life span of the fixed adsorbent bed. 

In this section, the breakthrough and exhaustion points are determined for fixed-bed columns 

packed with natural zeolite/bentonite as well as modified zeolite/bentonite used for the 

continuous adsorption of heavy metals from their respective multi-component solutions. The 

system variables or parameters such as solution flow rate and bed height were not 

investigated in this study, although very important, because of time restraint. The desorption 

behaviour of biosorbents (cited above) and the performance following regeneration were 

assessed. 

 

4.5.4.1 Breakthrough curves 

The performance of a column adsorption process is described though the concept of the 

breakthrough curve. Breakthrough point is the time that sorbed species are detected in the 

column effluent at a given concentration and breakthrough curve is the shape of the 

concentration–time profile. Breakthrough point and curve are very important characteristics 

for process design, dynamic response and operation of a biosorption column because they 

directly affect the feasibility and economics of the sorption phenomena. Besides, in the 

column studies, the effectiveness of biomass can be evaluated from the breakthrough curve of 

the effluent concentration (or the concentration–time profile) and a typical S-shaped 

breakthrough curve is usually observed (Chu, 2004). 

 

The breakthrough curve shows the loading behaviour of metal ions to be adsorbed in a fixed 

bed and is usually expressed in terms of adsorbed metals concentration (Co = inlet metal 

concentration, Ce = outlet metal concentration). In this experiment, the breakthrough and 

exhaustion points were defined as the points when effluent concentrations were about 10% 

and 90% of the initial feed concentration, respectively (Han et al., 2006; Kundu and Gupta, 
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2005). The normalised concentration is defined as the ratio of effluent metal concentration to 

inlet metal concentration (Ce/Co) as a function of time or volume of effluent for a given bed 

height (Aksu and Gönen, 2004). 

The area under the breakthrough curve obtained by integrating the sorbed concentration (Cs – 

mg L
-1

) versus the throughput volume (V- L) plot can be used to find the quantity (maximum 

column capacity) of sorbed metals. The total metals sorbed (qo mg g
-1

) in the column for a 

given feed concentration and flow rate is calculated from equation 4.10. 

 

qo =   
         

 

  

 
                (4.10) 

 

where: m is the mass of the sorbent (g). The capacity value qo was obtained by graphical 

integration (Tabakci and Yilmaz, 2008).  

 

  

4.5.4.2 Column performance  

The influent was a synthetic mixed feed of Cu, Co, Cr, Fe, Hg, Ni, Zn and U ions. Figures 

4.91 and 4.92 show, respectively, the breakthrough curves obtained with a mixed feed 

containing the pre-cited ions at 100 mg L
-1

 and feed rate of 2 mL min
-1

 (an average flow rate 

used in many studies as observed in literature) and pH 3 on natural bentonite as well as on 

natural zeolite. The effluent samples were collected and metal concentrations analysed. The 

Ce/Co ratio was plotted against time to observe the behaviour of natural zeolite/bentonite as 

well as modified in column studies. 

 

a. Natural bentonite 

The results in Figure 4.91 show that the initial breakthrough points were obtained at almost 

the same time (30 minutes) for all the metal ions in solution. This suggests that the bentonite 

exchange sites were readily available and easily accessed by all the metals. However, the 

exhaustion points (point at which the final effluent concentration was 90% of the initial 

influent) were different.  
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 (a) 

 
                                                                     

 (b) 

 
  

Figure 4.91    Breakthrough curves for biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Hg, Fe 

and U  on natural bentonite (concentration = 100 mg L
-1

, pH 3 at 2 mL min
-1

) 

 

The exhaustion points were attained at 300 min (5 h) for Cu and Zn, 120 min (2 h) for Ni, 

420 min (7 h) for Co, 600 min (10 h) for Hg and U. For the rest of the metal ions (Fe
 
and Cr), 

the exhaustion point could not be reached, with the effluent concentration below 90% of the 

influent. We assume that more time is required to reach the saturation point. These results 

imply that Ni was taken up into the exchange sites at a faster rate than other ions. The 
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selectivity series (based on the exhaustion time and the ratio Ce/Co) were in the following 

order: Ni > Zn, Cu > Co > Hg, U > Fe, Cr. This selectivity order was different from that 

obtained in the batch experiment, indicating that many factors affect the adsorption of metal 

ions on bentonite. 

 

b. Natural zeolite 

A similar trend was observed for the column adsorption of metal ions by the natural zeolite as 

shown in Figure 4.92. 

 The breakthrough time was about 30 minutes for all the metal ions as for the bentonite. The 

metal ions were preferred by the natural zeolite in the sequence as follows: Ni
 
> Cu

 
> Zn, Co

 

> Hg, U
 
> Cr, Fe.  The selectivity series shows high affinity of Fe towards the adsorbent (and 

Ni exhibits less affinity). This order is more or less the one observed in the batch tests. 
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 (a) 

 
                                                                         

 (b) 

 

Figure 4.92 Breakthrough curves for the biosorption of Cu, Co, Cr, Hg, Fe, Ni, Zn and U 

on natural zeolite ( concentration = 100 mg L
-1

, pH 3 at 2 mL min
-1

) 
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c. Bentonite-P. simplicissimum 

The breakthrough curves obtained for the biosorption of Cu, Co, Cr, Hg, Fe, Ni, Zn and U 

(single- and multi-metal) on bentonite modified by P. simplicissimum are shown in Figures 

4.93 and 4.94.  

 

(a) 

 
                                                                                      

 

 (b) 

 
                                                                                       
Figure 4.93  Breakthrough curves for the biosorption of (a) Cu, Co, Ni, and Zn (b) Cr, Hg, Fe 

and U (single-ion solution ) on bentonite P. simplicissimum (concentration = 

100 mg L
-1

, pH 3 at 2 mL min
-1

) 
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From these figures, it is clear that the exhaustion points were not reached for all the metal 

ions in single-ion as well as in multi-ion systems. These results confirm the increases of 

adsorption efficiency of the biosorbent as observed for the batch tests.   

The breakthrough points occurred after 60 min (1 h) for Ni, at 120 min (2 h) for Hg, at 180 

min (3 h) for U, at 240 min (4 h) for Cu, Zn, Co, and Cr. The effluent for Fe was obtained 

after 410 min (6.83 h). The breakthrough time increased with the modification of the 

bentonite, implying higher affinity of metal ions towards the biosorbent.  

 

In the multi-ion system in Figure 4.94, the breakthrough time was about 120 min for Ni. An 

increase of the breakthrough time was observed with the presence of other ions. 
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 (a) 

 
                                                                                       

(b) 

 
                                                                                      
Figure 4.94   Breakthrough curves biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Hg, Fe and U 

(multi-ion solutions) on bentonite-P. simplicissimum (concentration = 100 mg L
-

1
, pH 3 at 2 mL min

-1
) 
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A similar observation was obtained for Hg and U, with an increase of breakthrough time for 

180 min (3 h) for Hg and 60 min (1 h) for U. A different trend was observed for the metals, 

namely: Zn and Cr, a decrease of breakthrough time from 240 min (4 h) to 180 min (3 h). The 

breakthrough time did not change for Fe.  

 

d. Zeolite–P. simplicissimum 

As for the bentonite-P. simplicissimum, the breakthrough time for the biosorption of metal 

ions in single-ion systems for zeolite-P. simplicissimum was higher than that obtained for the 

natural zeolite. The results obtained in Figure 4.95 show an increase of breakthrough time for 

Cu (120 min), Ni (60 min), Co (360 min), Hg (120 min) and U (180 min). The breakthrough 

was not obtained for the following metal ions: Zn, Fe and Cr. The exhaustion point was not 

reached as for the previous cases. The increase of the breakthrough time could be explained 

by the increase of residence time of the metal ions in the column due to the high affinity for 

the biosorbent. This high affinity is attributed to the presence of functional groups which bind 

with the metal ions. 
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                                                      (a) 

 
                                                                         

(b) 

 
 

Figure 4.95    Breakthrough curves biosorption of (a) Cu, Co,  Ni, and Zn (b) Cr, Hg, Fe and 

U (single-ion system) zeolite-P.simplicissimum ( concentration = 100 mg L
-1

, 

pH 3 at 2 mL min
-1

) 
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Figure 4.96 shows the breakthrough curves in a multi-ion system.  

 

(a) 

              
                                                                         

(b) 

              
Figure 4.96 Breakthrough curves biosorption of (a) Cu, Co, Ni, and Zn (b) Cr, Hg, Fe and 

U  (multi-ion) on zeolite-P.simplicissimum (concentration = 100 mg L
-1

, pH 3 

at 2 mL min
-1

) 

 

An increase in the breakthrough time was obtained for Cu (240 min), Ni
 
(210 min), Hg (230 

min)   U (400 min).  Compared to the adsorption in a single-ion system, a decrease of the 
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breakthrough time was obtained for Zn (210 min), Fe (240 min), and Cr (150 min). In fact, 

the breakthrough point was not observed for these metals for a single-ion system. 

In order to optimize the efficiency of the column adsorption, a number of factors that affect 

the behaviour of breakthrough curves have to be assessed and these include the effect of flow 

rate, adsorbent bed height and dimensions of the adsorption column. These factors will be 

investigated in a future work.   

When the relationship is converted from time scale to volume scale, one can define the 

breakthrough volume as the function of the plate number of the column (Lövkvist and 

Jöensson, 1987). 

 

4.5.4.3 Number of theoretical plates 

 

The number of theoretical plates, also known as column efficiency, depends on: column 

parameters (as diameter, length) and on the physico-chemical properties of the biosorbent. To 

evaluate the efficiency of the column used in this study, the plate number was calculated from 

the breakthrough curves for Ni and U desorbed on natural and modified bentonite/zeolite. 

Since the parameters of the column were constant, only the properties of the biosorbent 

influence the theoretical plate number. This was calculated using the following equation: 

           N = 
          

  
                     (5.11) 

where: VR is the retention volume (mL) and σ is the numerical coefficient. Figure 4.97 

illustrates these parameters and the number of plates calculated is given in Table 4.78. 

 

 

Figure 4.97 Breakthrough curve (Daszkiewicz and Voelkel, 2009) 
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The adsorption capacity (qo) of the various adsorbents was calculated for Ni and U according 

to equation 4.11 and the results are listed in Table 4.78. 

 

Table 4.78 Theoretical number of plates of the column and adsorption capacity of the 

biosorbents for Ni and U 

                                                                                Bentonite 

  Natural bentonite            Bentonite-P.simplicissimum 

   Single-ion system Multi-ion system 

Ni THPN 6 7 17 

 qo (mg g
-1

) 3.081 21.12 33.12 

U THPN 15 71 83 

 qo (mg g-1) 4.8 37.92 38.40 

                                                                  Zeolite 

  Natural zeolite          Zeolite-P.simplicissimum 

   Single-ion system Multi-ion system 

Ni THPN 6 8 8 

 qo (mg g-1) 3.840 16.08 31.20 

U THPN 10 15 56 

 qo (mg g-1) 2.95 36.48 33.61 

THPN= theoretical plate number 

 

 

The results in Table 4.78 show that the number of theoretical plates was higher in the 

modified bentonite/zeolite, proof of their efficiency for the adsorption of heavy metals. These 

results are in agreement with those obtained in the batch experiments where the modified 

biosorbents were found to be more efficient than the natural entities.  These results do not 

follow the trend seen with the surface area for which some authors confirmed that the large 

surface area of the sorbent is accompanied by high N values while a small surface area 

corresponds to lower efficiency (Daszkiewicz and Voelkel, 2009). In fact, the surface area for 

the natural bentonite was higher (73.82 m
2
 g

-1
) than the surface area of bentonite P. 

simplicissimum (19.62 m
2
 g

-1
), for instance. A similar trend was obtained for the zeolite with 

a surface area of 0.692 m
2
 g

-1
 for the natural zeolite and 0.386 m

2
 g

-1
 of the zeolite modified 

with fungi. The efficiency of a biosorbent in column experiments does not depend only on the 

theoretical plate number but also on other factors such as the flow rate, the nature of the 

biosorbent and the height of the bed. 
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Most of the calculated values of the loading capacity in column adsorption were close to 

those obtained in the batch tests. For instance, the loading capacity of Ni and U given in 

Table 4.78, where 3.081 mg g
-1

 and 4.800 mg g
-1

 for the natural bentonite. In the batch test, 

the adsorption capacities for Ni and U were 4.014 mg g
-1

 and 4.498 mg g
-1

, respectively. For 

the modified bentonite, the adsorption capacity was about 25 mg g
-1

for both ions, whereas 

21.12 mg g
-1

 and 33.12 mg g
-1

 were obtained for Ni and U, respectively.  

 

4.5.4.4 Desorption studies and regeneration of the biosorbent 

  
A good adsorbent, as noted earlier should not only have a high adsorption capacity, but must 

also exhibit good regeneration for multiple usages (Richardson et al., 2002). One of the aims 

of regeneration of metal-loaded adsorbent is to reduce the volume of liquid waste, that is, 

desorption liberates small volumes of concentrated metals solutions, which are more 

appropriate for conventional metal recovery processes such as electrolysis. Once the column 

reached exhaustion, the biosorbent was regenerated using 0.1 M HNO3 at 25 ± 1
o
C, at a flow 

of 4 mL min
-1 

for
 
60 mins, by this time, most of the ions would have been desorbed. The 

column was finally washed with de-ionized water at 4mL min
-1

 for 10 min before proceeding 

to the next run. About 3 regeneration cycles were carried out for each experiment and the 

adsorption efficiencies determined. All experimental analyses were carried out in duplicate 

and mean values are presented in all the results. 

The mass of metal desorbed, md, can be calculated from the area below the desorption curve 

multiplied by the flow rate. 

 
                           md =  Qv    dt                                     (4.12) 

 

 

The desorption efficiency is a ratio of the amount of solute desorbed over the amount 

adsorbed by the adsorbent (Marandi, 2011): 

 

                          Desorption (%) = 
  

    
 x 100                          (4.13) 

 

The desorption curves of heavy metals from natural as well as modified zeolite/ bentonite are 

presented in the APPENDICES E, F, G and H. In general, the desorption curves for all the 

heavy metals show a general increase in the concentration of metal ions initially in the 

effluent, that is, within the first 20 minutes followed by a decrease at approximately the same 

rate and then the concentration gradually levels off after 50 minutes.  
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The amount of heavy metals desorbed from natural zeolite for the 3 cycles and desorption 

efficiencies are presented in Table 4.79a, b, c, d.   

 

Table 4.79a Calculated desorption efficiencies for the desorption of heavy metals from 

                  natural Bentonite in fixed bed columns using 0.1 M HNO3 at 25ºC; bed 

height 13 cm, flow rate 4 mL/min; contact time 540 minutes  

Heavy metals Amount  adsorbed 

from solution, mads 

(mg L
-1

) 

Amount  desorbed 

from biosorbent, md 

(mg L
-1

) 

Desorption 

efficiency (%) 

Cu    

Cycle 1 74 70 95 

Cycle 2 70 65 93 

Cycle 3 71 62 87 

Ni    

Cycle 1 8 7 87 

Cycle 2 15 12 80 

Cycle 3 18 13 72 

Zn    

Cycle 1 90 85 94 

Cycle 2 95 91 96 

Cycle 3 95 90 95 

Co    

Cycle 1 69 60 87 

Cycle 2 75 65 87 

Cycle 3 72 60 83 

Fe    

Cycle 1 99 95 94 

Cycle 2 96 90 94 

Cycle 3 97 90 93 

Hg    

Cycle 1 11 10 91 

Cycle 2 15 12 80 

Cycle 3 12 9 75 

U    

Cycle 1 10 4 40 

Cycle 2 45 16 36 

Cycle 3 38 12 32 

Cr    

          Cycle 1 30 25 83 

          Cycle 2 25 20 80 

           Cycle 3 42 40 95 
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Table 4.79b Calculated desorption efficiencies for the desorption of heavy metals from 

                     natural Zeolite in fixed bed columns using 0.1 M HNO3 at 25ºC; bed height    

13 cm, flow rate 4 mL/min; contact time 540 minutes  

Heavy metals Amount  adsorbed 

from solution, mads 

(mg L
-1

) 

Amount  desorbed 

from biosorbent, md 

(mg L
-1

) 

Desorption 

efficiency (%) 

Cu    

Cycle 1 85 82 96 

Cycle 2 83 79 95 

Cycle 3 80 75 94 

Ni    

Cycle 1 8 7 88 

Cycle 2 10 9 90 

Cycle 3 8 7 88 

Zn    

Cycle 1 91 86 95 

Cycle 2 92 85 92 

Cycle 3 90 82 91 

Co    

Cycle 1 69 65 94 

Cycle 2 68 60 88 

Cycle 3 65 60 92 

Fe    

Cycle 1 99 92 93 

Cycle 2 97 88 91 

Cycle 3 94 84 89 

Hg    

Cycle 1 22 20 91 

Cycle 2 20 17 85 

Cycle 3 15 12 80 

U    

Cycle 1 19 15 79 

Cycle 2 16 12 75 

Cycle 3 12 8 67 

Cr    

          Cycle 1 65 60 92 

          Cycle 2 70 64 91 

           Cycle 3 68 60 88 
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Table 4.79c Calculated desorption efficiencies for the desorption of heavy metals from 

                  Bentonite- P. simplicissimum in fixed bed columns using 0.1 M HNO3 at 25ºC; 

bed height 13 cm, flow rate 4 mL/min; contact time 540 minutes  

Heavy metals Amount  adsorbed 

from solution, mads 

(mg L
-1

) 

Amount  desorbed 

from biosorbent, md 

(mg L
-1

) 

Desorption 

efficiency (%) 

Cu    

Cycle 1 99 95 96 

Cycle 2 98 90 92 

Cycle 3 97 89 92 

Ni    

Cycle 1 69 65 94 

Cycle 2 64 60 91 

Cycle 3 62 58 87 

Zn    

Cycle 1 97 92 95 

Cycle 2 95 88 93 

Cycle 3 92 85 92 

Co    

Cycle 1 96 91 95 

Cycle 2 93 85 91 

Cycle 3 90 82 91 

Fe    

Cycle 1 98 93 95 

Cycle 2 96 90 94 

Cycle 3 96 89 93 

Hg    

Cycle 1 65 62 95 

Cycle 2 62 56 90 

Cycle 3 60 52 87 

U    

Cycle 1 80 50 63 

Cycle 2 78 45 58 

Cycle 3 75 40 53 

Cr    

          Cycle 1 98 90 92 

          Cycle 2 93 80 86 

           Cycle 3 90 75 83 
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Table 4.79d Calculated desorption efficiencies for the desorption of heavy metals from 

                     Zeolite-P. simplicissimum in fixed bed columns using 0.1 M HNO3 at 25ºC; 

bed height 13 cm, flow rate 4 mL/min; contact time 540 minutes  

Heavy metals Amount  adsorbed 

from solution, mads 

(mg L
-1

) 

Amount  desorbed 

from biosorbent, md 

(mg L
-1

) 

Desorption 

efficiency (%) 

Cu    

Cycle 1 93 90 97 

Cycle 2 90 85 94 

Cycle 3 92 85 93 

Ni    

Cycle 1 65 62 95 

Cycle 2 62 58 94 

Cycle 3 60 55 92 

Zn    

Cycle 1 94 85 90 

Cycle 2 91 80 88 

Cycle 3 89 78 88 

Co    

Cycle 1 98 96 98 

Cycle 2 96 90 94 

Cycle 3 93 84 90 

Fe    

Cycle 1 96 91 95 

Cycle 2 92 84 91 

Cycle 3 90 80 89 

Hg    

Cycle 1 83 80 96 

Cycle 2 80 75 94 

Cycle 3 77 71 92 

U    

Cycle 1 70 35 50 

Cycle 2 65 30 46 

Cycle 3 62 28 45 

Cr    

          Cycle 1 97 91 94 

          Cycle 2 93 85 91 

           Cycle 3 91 80 88 

 

 

 

Table 4.79 shows that the total adsorption capacity, mads, of the natural and modified zeolite/ 

bentonite (after 540 min) was not drastically altered by regeneration. Desorption efficiencies 

for heavy metals removal were generally high. These could be further improved if optimised 

for practical applications. Cobalt gave the highest desorption efficiencies and uranium was 

the less desorbed, probably due to the solvent used. This is similar to the results obtained in 

batch desorption studies. As seen in the batch tests, the biosorbents investigated gave good 

adsorption efficiency even after the 3
rd

 regeneration cycle. This is a positive toward the 
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determination of natural and modified zeolite/bentonite as a potential low cost adsorbent for 

heavy metal removal. 

 
4.5.4.5 Mathematical models 

Adsorption models are used to predict breakthrough curves of adsorption systems and 

capacity of adsorbent. The Bed Depth Service Time (BDST) model, mass transfer model, 

Thomas model and Yoon Nelson model are some of popular models used in column study. 

The BDST model analyses the system within service time. The mass transfer model analyses 

the behaviour of the system in the mass transfer zone. The mass transfer zone may be 

considered as a region inside the column in which the sorbate concentration changes from 

10% to 90% of its inlet value (Naja and Volesky, 2006). Thomas and Yoon Nelson models 

analyse the behaviour of the whole breakthrough curve (Ramesh et al., 2011). 

 

In this study, a simple approach (BDST) has been proposed to correlate the service time, t, 

with the process variables. The original work on the BDST model was carried out by Bohart 

and Adams (1920) who proposed a relationship between bed depth, Z, and the time taken for 

breakthrough to occur. The service time, t, is related to process conditions and operating 

parameters by the following equation:  

 
 

                                    ln  
  

  
      = ln(             KCot                      (4.14) 

 

The linear relationship between the bed depth and service time can be written as follows 

(Hutchins, 1974): 

 

                                    t = 
   

   
  

 

   
   

  

  
                              (4.15) 

 

where: t is the service time at breakthrough point, min; Co and Ce are the initial metal 

concentration and effluent solute concentration respectively, mg L
-1

; u is the linear velocity, 

cm min
-1

; K adsorption rate constant, L [(mg min
-1

)]; No is the dynamic adsorption capacity, 

mg L
-1

 and Z column bed depth, cm.  

Equation (4.15) shows how the service time and bed depth are correlated with the process 

parameters and initial solute concentration, solution flow rate and adsorption capacity. This 

equation can also be written in the form of a straight line:  
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                                 t = mZ – b                          (4.16) 

 
  

Therefore, the dynamic adsorption capacity (No) and the adsorption rate constant (K) can be 

evaluated from the slope (m) and intercept (b) by plotting t versus Z, that is (ln 
  

  
 – 1). 

Data collected during laboratory column tests were used to determine the BDST model 

parameters, namely BDST adsorption capacity (No) and rate constant (K) for Ni and U in 

multi-components solutions. These parameters are presented in Table 4.80. 

 

Table 4.80 Values of BDST model parameters for the adsorption of Ni and U from 

                  multi-component solutions by natural and modified zeolite/bentonite at 

                  breakthrough, 12 cm column height and a flow rate of 2 mL min
-1 

                                                            Bentonite 

  Natural 

bentonite 

 Bentonite-

P.simplicissimum 

    

Ni No (mg g
-1

) 1.849 2.302 

 K [L( mg min
-1

)] 0.0084 0.0010 

 R
2
 0.921 0.692 

U No (mg g-1) 2.639 7.612 

 K [L( mg min
-1

)] 0.0013 0.0011 

 R
2
 0.836 0.583 

                                                                  Zeolite 

  Natural zeolite          Zeolite-

P.simplicissimum 

Ni No (mg g
-1

) 2.814 5.417 

 K [L( mg min
-1

)] 0.0029 0.0061 

 R
2
 0.960 0.893 

U No (mg g
-1

) 1.897 8.491 

 K [L( mg min
-1

)] 0.0017 0.0095 

 R
2
 0.91 0.821 

No was calculated with the unit mg L
-1

 and converted to mg g
-1

 by multiplying it with the column bulk density 

of 0.593 g cm
-3

 and 0.800 g cm
-3

 for bentonite and zeolite, respectively.  
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The calculated values of the adsorption capacity, No, are consistent for Ni
 
and U with the 

observed values from column operation (Table 4.80) for adsorption on natural zeolite. The 

BDST model might be used to predict the column adsorption of nickel and uranium on 

natural zeolite. However, this model is not suitable for describing the adsorption of Ni and U 

on natural and modified bentonite as well as on zeolite-P. simplicissimum using the column 

mode. It is thus suggested that other models such as Thomas and Yoon Nelson models should 

be used. 

 
 

 

Conclusion 

 

 

The initial breakthrough points were obtained at almost the same time (30 minutes) for all the 

metal ions in solution for the natural zeolite as well as the natural bentonite. The 

breakthrough points increased with the modified zeolite/fungi, for instance, the breakthrough 

occurs after 1h (Ni), 2hrs (Hg), 3hrs (U) and 4 hrs (Cu, Zn, Co and Cr). The difference 

implies higher affinity of metal ions towards the modified materials.  

Most of the calculated values of the loading capacity in column adsorption were close to 

those obtained in the batch tests. 

The total amount of heavy metals adsorbed from solution after about 540 minutes, for the 3 

cycles of adsorption-desorption, was more less the same. This indicates that the capacity of 

adsorbents investigated was not drastically affected by regeneration; neither its efficiency. 

Successful design of a column adsorption process requires prediction of the concentration–

time profile or breakthrough curve for the effluent. The BDST model was used successfully 

to fit the experimental data for Ni and U adsorbed on the natural zeolite.   

 

Further studies 

 

 

Operational conditions such as flow rate and bed height have to be assessed; the results from 

column studies could be affected by these parameters. Then, the volume treated to the 

breakpoint and the shape of breakthrough curve for various flow rates and bed depths can be 

compared. 

 

 

Different models should be applied to predict the breakthrough curve and the error analysis 

will be used to compare the better model among them. 
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4.6 Augmentation of mine water remediation through biofunctionalisation of zeolite 

           and bentonite with alginate extracts and green algae 

 

This section reports results related to:  the characterization of the green filamentous algae 

(Oedogonium sp.) from the West Boundary Dam in the West Wits mining complex, 

Johannesburg (Figure 3.2 and 3.3); the effects of contact time, pH, metals concentration and 

the study of kinetics as well as thermodynamics of adsorption. The characterization of 

extracted alginates (mannuronic and guluronic acids) from the green Oedogonium sp. algal 

biomass is presented. The sorption capacity of the novel environmentally-friendly 

commercial material, namely sodium alginate immobilized on zeolite was assessed. Kinetics 

and thermodynamic parameters were determined. Sodium alginate was used as proxy to 

assess the sorption capacity of the natural alginate. 

 

4.6.1 Physical properties and elemental composition of the algal biomass 

   i) Surface area and elemental composition 

The BET surface areas of the algal biomass Oedogonium sp. collected in the dam and stream 

were 1.44 and 1.21 m
2
 g

-1
, respectively. The algal biosorbent subjected to elemental analysis 

showed a composition consisting of carbon, nitrogen and sulphur as 24.9, 4.12 and 5.85% for 

Oedogonium sp. from the dam and 20.09, 3.05 and 4.36% for the algae from the stream.  The 

% of moisture was 53.07 and 61.57 for Oedogenium sp. from the dam and from the stream, 

respectively.  

The results indicate that the algal biomass from the dam exhibited higher surface area as well 

as higher percentage of C, N and S. The elemental composition could be affected by the 

nutrients present in the dam and the stream (Borchardt, 1996).  

ii) IR spectra of Oedogonium sp. 

In order to understand the surface binding mechanism, functional groups present on the 

biomass were characterized by FTIR. The FTIR spectra of the dried biomass, shown in 

Figure 4.98, revealed the surface heterogeneity of the biosorbents with evidence of different 

characteristic peaks with the possible presence of several functional groups such as amino, 

carboxyl, hydroxyl, phosphate and carbonyl groups. 
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Figure 4.98   FTIR spectra of (q) Oedogonium sp. from the stream and (r) Oedogonium sp. 

from the dam  

 

The IR absorption bands and corresponding possible groups able to interact with protons or 

metal ions are presented in Table 4.81. Several functional groups were found in the structure 

of Oedogonium sp. such as carboxylic acid, hydroxyl, amine and amido groups. The strong 

bands in the region 3336 cm
−1

 are indicative of the existence of –OH groups of glucose and –

NH groups of proteins (Deng and Ting, 2005). The strong absorption peak at 2917–2925 

cm
−1

 can be assigned to phenolic/carboxylic stretching and those at 1683–1623 cm
−1

 to C=O 

chelate stretching of carboxyl groups, respectively (Yee et al., 2004). The absorption peaks at 

1646 and 1507 cm
−1

 can be attributed to amide I and amide II bands of protein peptide bonds 

as suggested by Yee et al. (2004). The absorption peak at 1488–1497 cm
−1

 was assigned to 

the asymmetric bending of the CH3 of the acetyl moiety. The strong absorption peaks at 1032 

cm
−1

 and 1007 cm
−1

 can be assigned to the C–C and –CN stretching vibration of the protein 

fractions, respectively. Some bands in the finger print region can be attributing to the 

phosphate groups. 
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A strong peak was observed at 872 cm
-1 

in the spectrum of the algal from the dam, this peak 

made the main difference between the two spectra. The analysis of the FTIR spectra showed 

the presence of ionisable functional groups (i.e. carboxyl, amino, amide and hydroxyl) able to 

interact with protons or metal ions. The above results give an idea about the presence of 

functional groups on the algal cell surfaces and on the mechanism of adsorption which is 

dependent on functional groups especially carboxyl. The spectra show that the structure of 

algal wall is very complex. The study done by Pearlmutter and Lembi (1980) on P. 

Oedogonia revealed that the outer wall of P. Oedogonia contains chitin in addition to N-

acetylgalactosamine, protein and phosphosphate whereas the inner wall is the major site of 

polysaccharide (i.e. glucose, fructose, xylose, mannose) deposition.  

 

Table 4.81 IR adsorption bands for Oedogonium sp. from the dam and the river with 

                  the corresponding possible groups  

Wavenumber (cm
-1

)  

Oedogonium from the dam 

Wavenumber (cm
-1

) 

Oedogonium from the river 

Functional groups 

3627-3647 3621-3695 O-H stretching    

3342 3352 Carboxylic/OH strech 

strech and N-H strech 

2922-2980 2924 Phenolic/carboxylic 

2364   

1623 1661-1634 C=O chelate streching, 

amide I band, C=C, 

>C==N 

1644 1647-1651  

1506 1418-1575 Amide II band, OH 

bonds 

1032-1055 1032-1005 =C-N<  stretching  

872  Plane deformation 

711-555 555  
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4.6.2 Metal analysis 

  

The cold digestion procedure was used to analyse metals in oven-dried algae. The results are 

given in Table 4.82. 

 

Table 4.82 Results of metals analysed in water and fresh algae from dams and stream 

 

             Dam                     Stream                                                        Limit    

(SAWQG,1996) 

 Oedogonium 

sp. 

(mg g
-1

) 

Water          

(mg L
-1

) 

Oedogonium 

sp. 

(mg g
-1

) 

   Water 

 (mg L
-1

)  

 (μg L
-1

) 

 Ag 0.021 0.085 0.018 0.071   

   Al 0.660 2.640 0.958 3.340  0-5000 

As 0.010 0.041 0.010 0.040  0-100 

Au 0.247 0.988 0.231 0.923   

Ca 19.00 141.8 11.50 105.4   

Co 0.355 1.420 0.450 1.800  0-50 

Cr 0.251 0.315 0.026 0.102   

Cu 0.029 0.157 0.043 0.179  0-200 

Fe 3.725 14.80 7.325 29.30   

Mg 12.60 50.40 6.550 26.20   

Mn 51.55 206.2 47.98 191.9  0-20 

Na 1.150 40.00 0.725 49.00   

Ni 0.420 1.680 0.260 0.644  0-200 

P 9.850 39.40 11.83 34.20   

Pb 0.014 0.056 0.024 0.091  0-200 

Pt 0.001 0.005 0.002 0.009   

Ru 0.025 nd 0.039 nd   

S 38.28 153.1 37.15 148.6   

Se 0.004 nd 0.010 nd  0-20 

Si 0.139 0.557 0.046 0.182   

Zn 0.735 2.940 0.923 3.214  0-1000 
n.d - not detected; RSD < 5% 

        

The results showed that in general, the concentration of metals analysed were higher in water 

samples than in filamentous algae. The results point to pollution of the dam and the stream by 

toxic elements, with concentrations higher than the regulated limit by the Department of 

Water Affairs (SAWQG, 1996).  

4.6.3 Sorption studies of heavy metals on algal biomass  

The efficacy of Oedogonium sp. in removing heavy metals was investigated in pre-treated 

and non-pretreated biomass.  
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4.6.3.1 Effects of pre-treatment on sorption capacity of the biomass 

 

Living biomass of Oedogonium sp. was subjected to various pre-treatments, i.e. H2O (de-

ionised), CH3COOH and H2C2O4 with a view to enhance its metal sorption capacity.  The 

adsorption capacities obtained after pre-treatment of the living biomass of Oedogonium sp. 

with selected chemicals are listed in Table 4.83. It is evident that pre-treatment with acetic 

acid did not substantially increase metal sorption capacity of the biomass.  A similar trend 

was obtained by Gupta (2008) following HCl and HNO3 treatment; whereas pre-treatment 

with oxalic acid enhanced the adsorption capacity of the biomass. The increase ranges 

between 31 to 38%, with the following distribution (%): Fe (39.4), Cu and U (38), Co (36.4), 

Hg (35.04), Ni (31.32), Zn (30.84), Cr (26.5). This observation agrees with that for Mehta et 

al. (2002) who reported a 39% increase in metal binding capacity following acid pre-

treatment. 

 

Table 4.83 Effect of various pre-treatments on metals sorption capacity of  

                   Oedogonium  sp. 

 
                                             Pre-treated agent 

 

Metal-ion       D-H2O     CH3COOH    H2C2O4 

 qe (mg g
-1

) qe (mg g
-1

) qe (mg g
-1

) 
Cu

2+
 45.22 46.20 62.54 

Co
2+

 44.30 44.85 60.46 

Cr
3+

 46.54 47.52 58.89 

Fe
3+

 50.23 49.31 70.01 

Hg
2+

 35.65 38.45 48.14 

Ni
2+

 38.95 41.26 51.15 

Zn
2+

 42.31 45.23 55.36 

UO2
2+

 35.44 39.42 48.92 

 

 

 

4.6.3.2 Sorption capacity, pH and isotherms 

In order to study the biosorption capacity of the Oedogonium sp. algal biomass, the samples 

collected from the dam were used. The effect of pH, metal concentration, contact time, 

temperature and the algal mass were assessed. The desorption of metals as well as the 

regeneration of the biomass for re-use were investigated. 
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i) Effect of pH 

 

As eluded previously, one of the most significant factors influencing heavy metals adsorption 

is pH. It affects, among others, the degree of functional group dissociation, the form and 

adsorption of the metals (Banes, 1980).  In this study, the effect of pH on the biosorption of 

Cu, Co, Cr, Fe, Hg, Ni, Zn and U (in single- and multi-component system) on the living 

biomass was studied in the pH range 2 to 7. Studies could not been carried out in the alkaline 

range because of hydroxyl metal-complex formation. 

As seen in Figure 4.99, the uptake of Cr, Cu, Ni and Zn on Oedogonium sp. increases from 

pH 2-5 and then declined with further increase of pH. This may be caused by an increase in 

functional group dissociation in this range of pH. As an example, let us consider α-carboxyl 

groups of amino acids whose pKa is about 2 while that for non α -carboxyl groups pK is 

about 4.  The former are dissociated at pH 3 up to 88.8% but the latter only up to 9%. At pH 

4, the groups with pK 2 can be dissociated up to 98% while those with pK 4 by only up to 

50%.   
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                                                    (a) 

 
 

           (b) 

 
Figure 4.99 Effect of pH on the biosorption of (a) Cu, Co, Ni, Zn (b) Cr, Fe, Hg, U for 

Oedogonium sp. in single-component solutions (Ci = 100 mg L
-1

, pH = 3, algal 

mass = 1 g, Temp = 25 
o
C)  

 

In the pH area close to the pK value, slight changes in acidity may affect the degree of group 

dissociation significantly. Thus at pH 6, both carboxyl groups are dissociated by more than 

90%. It has been stated that COO
−
 groups play the main part in metal binding through the cell 

wall of Oedogonium sp. It is quite probable they may contribute to the metals binding by 

algae (Beveridge and Murray, 1980). The adsorption capacity for U decreased drastically 

above pH 4. While higher pH would imply better adsorption, U tends to form negatively 
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charged complexes at high pH values (as shown in Figure 4.100). These tend to be repelled at 

the negative surface of the biomass, thus reducing adsorption significantly. 

 

 

Figure 4.100  Eh-pH diagram for uranium in water at 25
o
C (Langmuir, 1997) 

 

The adsorption capacities of Hg and Fe were constant for the range of pH studied. In fact, the 

presence and abundance of functional groups susceptible to bind a specific metal is a major 

factor on the binding capacity of the biomass as explained in the previous sections. Fe forms 

hydroxide complexes at pH 2, which is its hydrolysis pH. Thus, precipitation could also 

contribute to enhance the uptake of iron at low pH. 

Solution pH influences both cell surface metal binding sites and metal chemistry in water. At 

low pH, cell wall ligands were closely associated with the hydronium ions (H3O
+
) and 

restricted the approach of metal cations as a result of the repulsive force. As the pH is 

increased, more ligands such as carboxyl, phosphate, imidazole and amino groups would be 

exposed and carried negative charges with subsequent attraction of metallic ions with positive 

charge and biosorption onto the cell surface (Aksu, 2001; D’onmez et al., 1999).  

Different metal ions may have different pH optima due to the different solution chemistry of 

the species. The initial pH optimum for biosorption is also micro-organism dependent 

because of different adsorptive sites of different species of micro-organisms. The increase in 

metal ions biosorption at higher pH values (5–6) may be explained by the ionization of 

functional groups on the cell surface which serve as the binding sites related to the isoelectric 

point of the cells. Metal ions have a strong affinity for proteins of the cell wall. At pH values 

above the isoelectric point, there is a net negative charge on the cell surface and the ionic 

state of ligands such as carboxyl, phosphoryl, sulfhydryl, hydroxyl, and amino groups will 
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promote reaction with metal cations. As the pH is lowered, the overall surface charge on the 

cells will become positive, which will inhibit the approach of positively-charged metal 

cations. 

The decrease in biosorption at higher pH (pH > 5) may also be due to the formation of 

soluble hydroxylated complexes of the metal ions and their competition with the active sites, 

and as a consequence, the retention would decrease again. 

The effect of pH on the biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U onto the biomass of 

Oedogonium sp. in multi-component solutions is shown in Figure 4.101. The adsorption 

capacity was constant for all the metal ions, except for Ni. This phenomenon was observed 

and explained in the previous sections. 
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(a) 

 
 

(b) 

 
              

Figure 4.101 Effect of pH on the biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg and U 

for Oedogonium sp. in multi-component solutions (Ci = 100 mg L
-1

, pH = 3, 

algal mass = 1 g, Temp = 25 
o
C)  

 

 

ii) Effect of metal concentration 

The plots of initial concentration versus adsorption capacity at pH 3 for the biosorption of Cu, 

Ni, Zn, Co, Fe, Hg, Cr and U are shown in Figure 4.102 for the single-ion system.  
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(a) 

 
                                                                    

      (b) 

 
Figure 4.102  Effect of concentration on the biosorption of (a) Cu, Co, Ni, Zn (b) Cr, Fe, Hg, 

U for Oedogonium sp. in single component solutions (Ci = 100 mg L
-1

, pH = 3, 

algal mass = 1 g, Temp = 298.15 
o
K)  

 

The trend observed was that the biosorption of Fe showed a fairly rapid rise in adsorbed 

amount with increasing concentration up to saturation (200 mg L
-1

) characterized by a plateau 

that is nearly or quite horizontal, assuming monolayer coverage. This observation is in good 

agreement with the experimental parameters given in Table 4.84. 

For the rest of the metals, we can note that the adsorption capacity increases with an increase 

in metal concentration. The positive curvature indicates that the value of n is greater than 

unity. We can suppose that the adsorption takes place with only one energy level or a set of 
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energies but very close, assuming that the number of adsorbed molecules per site is finite 

(Khalfaoui et al., 2003).  

The biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U in multi-component solutions are shown 

in Figure 4.103.  

 

(a) 

 
 

(b) 

 
Figure 4.103  Effect of concentration on the biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, 

Hg and U for Oedogonium sp. in multi- component solutions (Ci = 100 mg L
-1

, 

pH = 3, algal mass = 1 g, Temp = 298.15
o
K) 

 

The adsorption capacity for all the metal ions increases linearly with an increase in metal 

concentration. 
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iii) Isotherms of metal adsorption on Odoegonium sp. 

 

The experimental results were fitted to the Langmuir and Freundlich and D-R sorption 

isotherm models.  The parameters determined for the biosorption of Cu, Co, Cr, Fe, Hg, Ni, 

Zn and U (in single-metal solutions) on algal biomass at different initial concentrations are 

tabulated in Table 4.84. 

 

Table 4.84 Parameters of the Langmuir, Freundlich and D-R models for the adsorption 

                  of metals Oedogonium sp. in single-ion systems 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.146 0.183 0.119 0.098 0.423 0.381 0.105 0.191 

B 4.269 3.690 2.172 25.69 2.461 8.076 7.396 1.815 

b 29.07 20.15 18.21 262.9 5.824 21.17 70.18 9.497 

qm (mol/kg) 0.234 0.271 0.460 0.038 0.406 0.124 0.135 0.551 

ΔGo (kJ/mol) -8.353 -7.445 -7.194 -13.81 -4.367 -7.568 -10.54 -5.580 

Δq (%) 67.67 67.26 67.24 67.39 67.22 67.50 67.23 67.22 

r 0.999 0.560 0.569 0.656 0.833 0.995 0.535 0.877 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.003 0.050 0.058 0.011 0.064 -0.003 0.041 0.058 

B 0.262 0.352 0.321 0.362 0.432 0.375 0.414 0.342 

Kf 1.007 1.123 1.143 1.026 1.160 0.993 1.098 1.142 

n 3.821 2.835 3.115 2.764 2.312 2.667 2.416 2.929 

ΔGo (kJ/mol) -9.471 -7.029 -7.723 -6.853 -5.731 -6.611 -5.989 -7.260 

Δq (%) 13.37 48.67 46.97 69.92 69.46 16.19 52.45 72.75 

r 0.962 0.984 0.995 0.995 0.958 0.977 0.959 0.975 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.226 0.095 0.122 0.009 0.177 -0.222 0.075 0.185 

B -0.004 -0.008 -0.007 0.006 -0.011 -0.007 -0.007 -0.008 

Xm (mol/kg) 0.797 1.102 1.130 1.001 1.194 0.801 1.078 1.204 

Es (kJ/mol) 10.90 7.972 8.435 8.882 6.829 8.182 0.218 7.772 

Δq (%) 33.22 37.43 21.24 84.66 44.32 46.12 31.42 46.19 

r 0.983 0.868 0.992 0.380 0.946 0.936 0.955 0.967 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 3.878 1.596 2.363 1.405 1.067 2.652 2.171 1.306 

B 35.42 2244 1518 3128 1430 172.8 9807 2274 

ΔGo (kJ/mol) -9.613 -3.956 -5.858 -3.485 -2.664 -6.576 -5.381 -3.238 

Kdo 48.33 4.933 10.63 4.078 2.906 14.17 8.765 3.692 

Δq (%) 71.88 63.61 103.2 102.5 70.65 76.88 108.6 11.10 

r 0.915 0.562 0.598 0.353 0.903 0.962 0.341 0.923 

 

 

Based on the correlation coefficient, the experimental data fits well the Freundlich model 

with r > 0.950, except for Fe. The biosoption of Cu, Co, Cr, Ni, Zn, U and Hg on the 

Oedogonium sp. biomass occurs on a heterogeneous surface, where different sites could have 

different energies. The adsorption of iron is well described by the Langmuir isotherm with r = 
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0.999, this result confirms the shape of the curve observed in Figure 4.103 (a), assuming a 

monolayer adsorption on homogenous surface, a constant free-energy change (ΔG
o
 ads) for 

all the adsorption sites. According to b (L mg
-1

) parameter the affinity of metals on algae 

cells produced this sequence: Hg > U > Fe > Zn > Cu > Co > Cr > Ni. The D-R isotherm can 

also describe the biosorption of Fe, Co, U and Cr. 

The maximum adsorption (mol kg
-1

) capacities obtained from the Langmuir isotherm are in 

the sequence as follow:  Cr > Co > Ni > Cu > Fe > U > Zn > Hg. The biosorption of most of 

the metals was spontaneous (ΔG
o
 negative) and occurring on heterogenous surface. The 

values of n range from 2.312 to 3.821 with the value of 1/n < 1, indicating metal binding to 

sites with weak free energies. 

The values of the mean free energy (Es) obtained from the D-R isotherm were less than 16 kJ 

mol
-1

, confirming an ion exchange mechanism. With respect to the distribution coefficient, 

the sequence is in the order: Fe
 
> Zn

 
> Co

 
> U > Cu > Hg > Cr > Ni. The different constants 

and correlation coefficients for the biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U (in multi-

ion system) on Oedogonium sp. biomass are listed in Table 4.85. Contrary to the single-ion 

system, the biosorption of Fe and U was not described by the above isotherm models. Other 

isotherms could be used to fit the data. The experimental data for the biosorption of Cu, Co, 

Cr, Hg, Ni and Zn fit well the Freundlich as well as the D-R isotherms, meaning that these 

metals are bound on heterogeneous surface with ion exchange being the main process; the 

values of free energy range between 8 and 11 kJ mol
-1

. The maximum metals uptake as 

calculated from the Langmuir isotherm is in the order of: Cr > Zn > Ni > Cu > Co > Hg > 

Fe> U. The affinity of metal ions in the multi-ion system on Oedogonium sp. algae cells 

followed the order: Hg > U > Zn > Fe > Cu > Cr > Ni > Co. As in the single-ion system, Hg 

and U showed high affinity for the algae cells. The affinity depends strongly on the functional 

groups present on the cell surface. The values of the distribution coefficient were higher than 

those obtained in the single-ion system. 
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Table 4.85 Parameters of the Langmuir, Freundlich and D-R models for the adsorption 

of metals Oedogonium sp. in multi–ion system 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.125 0.043 0.128 0.009 0.132 0.026 0.028 0.033 

B 7.061 2.447 2.558 5.306 2.240 1.789 10.89 1.469 

b 56.64 56.72 19.94 562.3 16.98 66.89 383.5 45.05 

qm (mol/kg) 0.142 0.409 0.391 0.188 0.446 0.559 0.091 0.681 

ΔGo (kJ/mol) -10.01 -10.01 -7.491 -15.69 -7.021 -10.42 -14.75 -9.438 

Δq (%) 67.32 67.40 67.28 67.27 67.24 67.25 67.24 67.25 

r 0.310 0.909 0.894 0.996 0.577 0.439 0.594 0.999 

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A -0.034 0.054 0.053 0.045 0.057 0.054 0.034 0.0625 

B 0.254 0.259 0.322 0.298 0.327 0.252 0.344 0.242 

Kf 0.924 1.133 1.131 1.110 1.141 1.134 1.083 1.155 

n 3.929 3.866 3.108 3.347 3.055 3.969 2.907 4.118 

ΔGo (kJ/mol) -9.739 -9.583 -7.703 -8.296 -7.572 -9.838 -7.207 -10.21 

Δq (%) 127.1 35.08 35.80 49.68 47.71 56.43 53.67 55.23 

r 0.321 0.965 0.996 0.993 0.991 0.956 0.912 0.998 

D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A -0.205 0.014 0.064 0.084 0.117 0.142 0.081 0.168 

B -0.004 -0.004 -0.007 -0.004 -0.007 -0.005 -0.006 -0.005 

Xm (mol/kg) 0.815 1.014 1.066 1.088 1.124 1.153 1.084 1.183 

Es (kJ/mol) 10.17 10.62 8.577 10.62 8.323 10.28 9.428 10.18 

Δq (%) 134.5 19.29 11.97 20.44 21.74 34.98 32.31 30.07 

r 0.352 0.961 0.992 0.997 0.989 0.954 0.906 1.000 

Kd Fe Cu Co Hg Ni Zn U Cr 

A 2.392 3.787 2.626 4.139 2.348 3.309 2.042 3.267 

B 3621 1382 960.8 3830 1335 6175 5685 3457 

ΔGo (kJ/mol) -5.929 -9.388 -6.511 -10.26 -5.822 -8.203 -5.061 -8.099 

Kdo 10.93 44.13 13.83 62.79 10.47 27.36 7.702 26.25 

Δq (%) 155.3 77.82 90.49 102.6 99.78 138.5 98.01 22.91 

r 0.522 0.855 0.867 0.994 0.591 0.747 0.731 0.998 

 

 

4.6.3.3 Effect of contact time and kinetics of adsorption 

 

i) Effect of contact time 

 

The plot of adsorption capacity of biomass in contact with each metal solution (in single-ion 

solution) with respect to the residence time is given in Figure 4.104. 
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(a) 

 
                                                          

                                                              (b) 

 
                                                                       

Figure 4.104    Effect of contact time on the biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, 

                        Hg and U for Oedogonium sp. in single-component solutions (Ci = 100 mg L
-1

, 

                      pH = 3, algal mass = 1 g, Temp = 25
o
C)  

 

The biomass in contact with each metal solution decreased the metal concentration until 

equilibrium was reached after 3 h. A maximum adsorption was reached after 30 minutes of 

contact. The biosorption occurred in 2 steps: the first step corresponding to the dissociation of 

the complexes formed between metals in solution and water hydronium ions followed by the 

interaction of the metal with algal functional groups. Since biosorption is a metabolism-

independent process, it would be expected to be a very fast reaction. Experimental kinetic 

data for the free biomass coincided with this expectation, with more than 99% of metal ions 
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removed in the first 30 min. This initial quick phase was followed by slow attainment of 

equilibrium as a large number of vacant binding sites were initially available for sorption; but 

thereafter, the occupation of the remaining vacant sites were difficult to occupy due to the 

repulsive forces between the metal ions in the solid and bulk phases. Most importantly, the 

metal ions should have access to all possible binding sites, even at a slower rate. 

The preference or selectivity of metals by algae depends on the number of functional groups 

present in the algal cell walls. From the IR characteristics, Oedogonium sp. has functional 

groups as: ester (C-O), amine (C-N), hydroxyls (O-H) and alkyne (C≡C). Carboxyls and 

hydroxyls (Ligands of Class A) form strong bonds with soft ions whereas ester and amides 

(Ligands of Class B) form strong bonds with hard ions. Except for Hg and U which are soft 

and hard ions, respectively, the rest of the metals studied fall under the category of 

borderline/intermediate ions. They do not form strong bonds with Class A and B ligands.  

Live algae cells induce metabolism-dependent biosorption, where metal adsorption could be 

attributed to extra/intracellular accumulation, precipitation or cell surface sorption (Afkar et 

al., 2010).  

The biosorption in a multi-ion system is shown in Figure 4.105. A similar trend was observed 

as for the adsorption in single-ion system with an increase of adsorption capacity. 
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(a) 

 
 

                                                                  (b)        

 
                                                                          

Figure 4.105    Effect of contact time on the biosorption of (a) Cu, Co, Ni, Zn (b) Cr, Fe, Hg, 

                           U for Oedogonium sp. in multi- component solutions (Ci = 100 mg L
-1

, pH =  

                        3, algal mass = 25 g, Temp = 25
o
C)  

 

    

ii) Kinetic modelling of the adsorption of metal ions on Odoegonium sp.  

In order to reach a conclusion about the controlling mechanism of the biosorption process, 

kinetic models are used to test the experimental data. The high heterogeneity of surface 

groups on the algal cell wall (carboxyl, hydroxyl, phosphate, imidazole and amino groups) 

suggests that there are many types of biosorbent-metal ion interactions. The sorption kinetic 
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models used in this study are: pseudo first-order, pseudo second-order, Elovich, intraparticle 

diffusion and film diffusion models. The parameters and constants obtained from the 

experimental data (in single-ion systems) are presented in Table 4.86.  

 

 

Table 4.86 Kinetic constants for the adsorption of metal ions on Oedogonium sp. (in 

single-ion system) 

 
Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.711 -2.604 -2.065 -3.750 -2.184 -2.413 -3.428 -2.453 

B -0.019 -0.005 -0.004 -0.012 -0.004 -0.003 -0.006 -0.007 

qe (mol/kg) 0.002 0.002 0.009 0.003 0.007 0.004 0.001 0.004 

K1 0.044 0.013 0.010 0.028 0.009 0.007 0.014 0.016 

Δq (%) 91.12 79.54 85.13 91.19 86.73 81.57 90.36 89.64 

r 0.874 0.860 0.744 0.841 0.614 0.779 0.706 0.747 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 1.728 907.4 90.14 30.88 86.43 907.7 128.4 12.19 

B 8.591 70.37 13.79 96.02 14.65 47.68 86.51 11.61 

qe (mol/kg) 0.116 0.014 0.073 0.011 0.068 0.021 0.012 0.086 

K2 42.71 5.457 2.112 298.5 2.482 2.505 58.29 11.05 

Δq (%) 0.591 6.804 2.939 0.541 2.847 3.792 0.438 0.227 

r 1.000 0.999 0.999 1.000 0.999 0.999 1.000 1.000 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.018 0.001 0.009 0.002 0.007 0.001 0.002 0.013 

B 0.020 0.002 0.012 0.002 0.012 0.003 0.002 0.015 

b 49.31 421.2 81.96 551.5 85.96 298.1 500.2 66.97 

a 0.048 0.003 0.025 0.004 0.022 0.005 0.005 0.035 

Δq (%) 16.44 8.314 13.51 16.36 12.87 7.428 15.79 16.09 

r 0.679 0.878 0.995 0.734 0.779 0.975 0.953 0.951 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.046 0.003 0.025 0.004 0.022 0.005 0.004 0.033 

B 0.006 0.001 0.004 0.001 0.004 0.001 0.001 0.004 

Id 0.046 0.003 0.025 0.004 0.022 0.005 0.004 0.033 

Kp 0.006 0.001 0.004 0.001 0.004 0.001 0.001 0.004 

Δq (%) 29.38 32.42 30.27 29.40 30.72 32.15 29.57 29.49 

r 0.730 0.880 0.768 0.731 0.784 0.845 0.739 0.735 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -3.306 -0.934 -0.770 -2.148 -0.746 -0.540 -1.138 -1.305 

B -0.016 -0.004 -0.006 -0.013 -0.007 -0.004 -0.010 -0.011 

If -3.306 -0.934 -0.770 -2.148 -0.746 -0.541 -1.138 -1.305 

Kf 0.016 0.004 0.006 0.013 0.007 0.004 0.010 0.011 

Δq (%) 38.87 44.28 50.47 41.06 51.82 51.14 49.29 47.24 

r 0.874 0.860 0.744 0.841 0.614 0.779 0.706 0.747 

 

 

The values of the correlation coefficient (r) for the pseudo-second-order adsorption model are 

relatively high (≥ 0.999), and the adsorption capacities calculated by the model (qe calc) are 
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also close to those determined by experiments (qe exp). The experimental data for Co, Cr, Zn 

and U fitted also the Elovich kinetic model with r > 0.950. Therefore, it can be concluded that 

the pseudo second-order adsorption model is more suitable to describe the adsorption kinetics 

of the metal ions over algal biomass. 

The kinetics for the adsorption of metal-ions on Oedogonium sp. in a multi-ion system was 

also investigated and the rate constants and different parameters calculated using the kinetic 

models are listed in Table 4.87. 

 

Table 4.87 Kinetic constants for the adsorption of metal ions on Oedogonium sp. (in a 

multi-ion system) 

 
Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -3.215 -3.279 -3.023 -3.585 -2.571 -2.875 -3.555 -3.153 

B -0.011 -0.014 -0.022 -0.007 -0.018 -0.016 -0.010 -0.013 

qe (mol/kg) 0.002 0.001 0.001 0.002 0.003 0.001 0.003 0.001 

K1 0.031 0.032 0.05 0.015 0.041 0.036 0.023 0.030 

Δq (%) 86.22 87.95 85.06 79.19 54.19 81.07 85.80 87.70 

r 0.826 0.804 0.928 0.902 0.975 0.924 0.816 0.788 

Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 114.9 52.82 35.54 6588 1007 145.5 538.6 48.09 

B 125.3 105.4 89.45 683.9 150.5 99.87 307.9 84.16 

qe (mol/kg) 0.008 0.009 0.011 0.002 0.007 0.010 0.003 0.012 

K2 136.6 210.4 225.2 71.01 22.49 68.53 176.1 147.3 

Δq (%) 0.698 0.294 0.361 6.186 4.935 0.987 1.050 0.346 

r 0.999 1.000 1.000 0.988 0.999 0.999 0.999 0.999 

Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.005 0.001 0.001 0.003 0.001 0.001 0.002 0.001 

B 0.002 0.002 0.002 0.002 0.001 0.002 0.001 0.002 

b 609.8 510.7 432.8 3568 7643 487.8 1508 408.1 

a 0.002 0.003 0.004 0.003 0001 0.003 0.001 0.003 

Δq (%) 10.89 11.09 11.91 6.796 4.993 10.08 10.41 10.02 

r 0.843 0.974 0.989 0.861 0.963 0.960 0.931 0.937 

Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.002 0.002 0.003 0.001 0.001 0.002 0.001 0.004 

B 0.001 0.001 0.001 0.003 0.001 0.001 0.003 0.001 

Id 0.001 0.002 0.003 0.001 0.001 0.002 0.001 0.004 

Kp 0.002 0.001 0.001 0.003 0.001 0.001 0.003 0.001 

Δq (%) 33.13 33.08 33.06 34.77 34.46 33.28 38.33 31.02 

r 0.853 0.851 0.852 0.915 0.938 0.867 0.862 0.758 

Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -2.111 -2.174 -3.572 -1.080 -3.105 -2.597 -1.585 -2.023 

B -0.012 -0.015 -0.009 -0.004 0.005 -0.007 0.010 -0.015 

If -2.111 -2.174 -3.572 -1.081 -3.105 -2.597 -1.585 -2.023 

Kf 0.012 0.015 0.009 0.004 -0.005 0.007 0.011 -0.015 

Δq (%) 40.45 41.76 38.22 41.63 39.29 38.28 42.74 42.93 

r 0.826 0.804 0.928 0.902 0.975 0.924 0.816 0.788 
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The biosorption of the metal-ions on the Oedogonium sp. biomass in a multi-ion system 

followed the pseudo-second order model with a correlation coefficient for all the metals > 

0.980.  The biosorption of Ni may be described by the pseudo-first order, the Elovich and the 

film diffusion models. In order to assess the nature of the diffusion process responsible for 

the adsorption of Ni on the biomass, attempts were made to calculate the coefficients of the 

process as explained by Chabani et al. (2006). Assuming spherical geometry for the 

biosorbent and by considering the appropriate data and the respective overall rate constant, 

pores and film diffusion coefficients were determined. It clearly appeared that the biosorption 

of nickel on the Oedogonium sp. algal was controlled by film diffusion processes since 

coefficient values were around 10
-7

 cm
2
 s

-1
. 

 

4.6.3.4 Effect of temperature and thermodynamics parameters 

    

The effect of temperature on the adsorption of metal-ions (in single- and multi-ion systems) 

on the Oedogonium sp. biomass was investigated at 293.15 and 313.15 K. The 

thermodynamic parameters calculated for a single-ion system are given in Table 4.88. Two 

trends were observed: an increase of adsorption capacity for Cu, Ni, Zn, Co and Cr, 

indicating the endothermic nature of the biosorption process; a decrease of the adsorption 

capacity for Fe, Hg and U with the increase of temperature, prove that the process is 

exothermic. 

 

Table 4.88 Thermodynamic parameters of metal ions adsorption on Oedogonium sp. in 

a single-ion system 

  qe Ea ∆ H
o
 ∆ S

o
             ∆ G

o
 

                   mg g
-1

 kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

             kJ mol
-1 

  293.15 313.15       293.15 313.15 

 

o
K 

o
K 

   

o
K 

o
K 

Cu 39.30 49.60 207.7 32.78 -295.8 -2.801 -2.233 

Ni 24.20 47.90 170.4 96.15 -832.5 -3.982 -2.318 

Zn 23.40 46.10 133.9 95.49 -827.7 -4.064 -2.412 

Co 21.81 23.52 4.171 93.64 -864.4 -10.316 -8.695 

Fe 43.23 32.00 -67.65 -42.36 330.8 -2.568 -3.301 

Hg 42.00 34.50 -45.65 -27.71 208.4 -2.639 -3.118 

U 18.20 4.70 -35.13 -190.6 1545.8 -4.677 -7.976 

Cr 44.30 46.40 29.30 6.522 -75.08 -2.509 -2.396 

 

 

The activation energy values for Cu, Ni, Zn, Co and Cr were > 40 kJ mol
-1

, implying 

chemisorption, whereas negative values were obtained for Hg, Fe and U. The exothermic 
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nature could be due to either the damage of active binding sites in the biomass (Ozer and 

Ozer, 2003) or the increasing tendency to desorb metal ions from the interface to the solution 

(Sari et al., 2007). Negative ΔG
o
 values indicate the spontaneous nature of the adsorption 

process and positive values of ΔS
o
 reveal the increased randomness at the solid-solution 

interface during the fixation of the metal ion on the active sites of the algal biomass. 

 

The thermodynamic parameters calculated for the biosorption of metal ions from a multi-ion 

solution are given in Table 4.89. 

Table 4.89 Thermodynamic parameters of metal ions adsorption on Oedogonium sp. in 

a multi-ion system 

  qe  Ea ∆ H
o
 ∆ S

o
             ∆ G

o
 

  mg g
-1

 kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

             kJ mol
- 

  293.15 313.15       293.15 313.15 

 

o
K 

o
K 

   

o
K 

o
K 

Cu 46.70 44.90 -27.77 -5.535 26.23 -2.380 -2.476 

Ni 45.40 42.70 -30.00 -8.634 51.42 -2.449 -2.598 

Zn 47.20 47.20 4.345 -0.598 -24.63 -2.364 -2.354 

Co 46.60 46.40 3.622 -0.605 -24.95 -2.396 -2.385 

Fe 43.30 42.80 -4.730 -1.635 -7.726 -2.564 -2.593 

Hg 49.93 49.41 13.46 -1.494 -31.07 -2.243 -2.217 

U 45.70 45.30 -5.696 -1.238 -9.934 -2.433 -2.454 

Cr 46.30 45.20 -16.54 -3.386 8.189 -2.401 -2.460 

 

 

The biosorption of metal-ions in a multi-ion system decreases with an increase in 

temperature. The process is exothermic. The activation energy values are negative for Cu, Ni, 

Fe, U and Cr, indicating the binding on sites with low energy. The biosorption of Zn, Co and 

Hg, with Ea < 40 kJ mol
-1

, is likely physisorption.  The enthalpy change ΔH◦ is negative 

(exothermic) for all the metal ions studied due to decrease in adsorption on successive 

increase in temperature. Further, negative entropy change (ΔG◦) values depict a spontaneous 

process.  

The negative adsorption standard free energy changes (ΔG◦) and positive standard entropy 

changes (ΔS◦) at all temperatures indicated that the adsorption reactions were generally 

spontaneous processes. The positive value of entropy (ΔS◦) showed an increased randomness 

at the solid-liquid interface during the adsorption process, and also suggested the process was 

entropy-driven and not enthalpy-driven.  
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4.6.3.5 Effect of adsorbent mass 

The effect of algal mass on the biosorption of metal ions was studied using different masses 

in the range, 0.2–1.2 g as shown in Figure 4.106. Results showed that the biosorption 

efficiency is highly dependent on the adsorbent mass. The adsorption capacity in single-ion 

system decreases with the increase of biomass, due probably to the lack of metal in solution. 

This could explain the opposite effect observed with the metal-ions in multi-component 

system. This phenomenon has been explained in the section 4.3. 

 (a) 

 
                                                                                                     (b) 

 
Figure 4.106   Effect of algal mass on the biosorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg 

                         and U for Oedogonium sp. in multi-component solutions (Ci = 100 mg L
-1

, 

                          pH = 3, Temp = 25
o
C)  
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4.6.3.6  Regeneration and reuse of the algal biomass 

In the present study, repeated batch operations were performed to examine the reusability of 

the algal biomass.  0.1 mol L
-1

 of HCl was used for desorbing the test metals from the metal-

loaded biomass of Oedogonium sp. The results (Figure 4.107) show that more than 110% of 

adsorbed metals were eluted; more than 110% of the adsorbed metal ions were eluted from 

the biomass with 0.1 mol L
-1

 HCl.  

(a) 

 

      (b) 

 

Figure 4.107   Desorption of metals adsorbed in (a) single-ion (b) multi-ion systems by HCl 

(0.1 mol L
-1

), contact time = 1 h 
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These results indicate that there were metals initially adsorbed which were also released 

during desorption. This virtually increases the adsorption efficiency of the Oedogonium sp. 

during the repeated adsorption-desorption cycles as presented in Figure 4.108.  

 

                (a) 

 

 (b) 

 

Figure 4.108  Regeneration and re-use of Oedogonium sp. biomass (a) single-ion system (b) 

multi-ion system  
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The meaning of the cycles is as follows: the biomass was treated with acid to desorb the 

adsorbed metals. It was then rinsed with de-ionised water, dried and used for adsorption (i.e. 

cycle 1). It was then treated again with acid following this cycle 1 adsorption, rinsed, dried 

and re-used (i.e. cycle 2). It was further treated with acid, rinsed, dried and re-used (i.e. cycle 

3). 

To assess the reusability of the biomass, adsorption-desorption cycles of Cu, Co, Cr, Hg, Fe, 

Ni, Zn and U were repeated three times by using the test algal biomass. The adsorption 

capacities of the three test biomasses changed by the following amounts: Cu(10%), Ni(34%), 

Zn(7.1%), Co(9.4%), Fe(10.4%), Hg(18.7%), U(10.1%), Cr(20.1%) for the single-ion system 

while for the multi-ion system, the change was about: Cu (5.6%), Ni(18.9%), Zn(9.5%), 

Co(10.1%), Fe(43.6%), Hg(10.5%), U(6.5%), Cr (5.7%). These results show that the test 

Oedogonium sp. biomass could be repeatedly used for 3 cycles with an increase of the initial 

adsorption capacities. 

 

 

4.6.4 Extraction and isolation of alginate from Oedogonium sp. 

 

4.6.4.1 Alginate content of Oedogonium sp. 

Alginate, the salt of alginic acid, linear polysaccharides containing 1,4-linked β-D-

mannuronic (M) and α-L-guluronic (G) was extracted using the alkaline extraction method 

described in paragraph 3.2.1.5.  

The alginate yield (in weight percent) is defined as: 

 

               Yield (%) = 
                                    

                                        
 x 100                                 (4.17) 

 

The alginate yields of Oedogonium sp. extracted for this work were in the order of 32 ±1.7%. 

Few data are available in the literature on the alginates extract from the Oedogonium sp. 

algal, thus these results could not be compared with those for previous studies. It is well-

known that the alginate content varies from species to species and depends on such factors as 

the growth stage (Percival and McDowell, 1967; Black, 1950; Kreger, 1962).  In summary, 

both the alginate content and its conformation determine the metal-binding behaviour of algal 

biomass. 
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The alginate was characterized by the IR technique as well as the CHNS elemental analysis. 

The surface area of the algal biomass was observed to be 1.44 m
2
g

-1
 by BET method. The 

elemental composition was carbon (24.9%), nitrogen (4.12%) and sulphur (5.85%). FTIR 

spectra (Figure 4.109) depicted the following functional groups: carboxylic acid, hydroxyl 

and amine. The main functional groups are given in Table 4.90. 

 

 

Figure 4.109 FTIR Spectra of the alginates extracted from the Oedogonium sp. algal 

biomass 
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Table 4.90 IR adsorption bands for Na-alginates extracted from the Oedogonium sp.  

Wavenumber (cm
-1

)  

Na-alginates extract 

Functional groups 

3341 Carboxylic/O-H strech 

and N-H strech 

2980 Phenolic/carboxylic 

2364  

1616 amide I band, C=C, 

>C==N 

1319  

1035 =C-N<  stretching 

780 =C-H bending 

644 C-H deformation 

610 C-H deformation 

559  

 

 

4.6.4.2 Estimation of M:G ratios by 
1
HNMR  

 The alginate extracted from the green filamentous algae (Oedogonium sp.) is a polymer of 

D-mannuronic acid and L-guluronic acid. The approach of Grasdalen et al. (1979) and Santi 

et al. (2008) was adopted to determine the M:G ratio of the alginates extracted in this study. 

Although solutions of these polymers are usually too viscous to give well-resolved spectra, 

1
HNMR spectroscopy has proven to be highly effective in the characterization of alginates. 

The partial hydrolysis can satisfactorily lower the level of the viscosity. Assignments for the 

1
H signals were readily obtained from a 

1
H 2-D COSY spectrum. Alternatively, the MestRe 

Nova software was also used. 

1
HNMR spectroscopy was used to estimate their ratios and Figure 4.110 represents the 

1
H 

spectra of the Oedogonium alginates. The signals are due to the anomeric protons of D-

mannuronosyl (M) and L-guluronosyl (G) residues, separated at δ 4.35 and 3.79 respectively 

and have relative intensities corresponding to an M:G ratio of 1.38. For comparison purposes, 

we also examined the commercial Na-alginates (Figure 4.111 (a)) for which the M:G ratio 

was about 1.41. These results are close with the ones obtained by Santi et al. (2008) on 

commercial Na-alginates with a M:G ratio of 1.50. The 
1
H spectra corresponding to the Na-
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alginates extracted is presented in Figures 4.110 (b) and 4.110 (c). The Figures 4.111 (a) and 

4.111 (b) present the mannuronosyl residue obtained after hydrolysis of the commercial Na-

alginates and the alginates from the algae. Additional spectra are presented in APPENDIX I. 

Further experiments are needed to determine the block distribution or molar fractions of 

monads (G, M), diads (GG, MM, GM) and triads (GGG, MMM, GGM, MMG, MGM, GMG) 

in the copolymer chain. Also, by extending the period of acid hydrolysis and reducing the 

temperature, well resolved signals could be obtained.  

The alginate content, normally expressed as percent dry weight, directly correlates with the 

metal uptake capacity of algal species. The relevance of these results in the context of 

remediation of heavy metals derives from the premise that the macromolecular composition, 

monomer sequencing, and conformation of the alginate biopolymer are key factors in 

determining the differential affinity of various metals for the biomass. Hence the 

conformation and sequence of the extracted alginates have to be determined. For instance, a 

study done by Deramos et al. (1997) revealed  that the metal-alginate complexation depends 

on the ratio of the stability constants for metal ion binding with GG blocks or MM blocks. 

Therefore, the preference of metal ion for GG or MM blocks is a consequence of the extent of 

its binding to a particular homopolymeric block. The size of the cation appears to be an 

important variable in metal binding to alginates, both due to the rigid nature of the GG-

linkages, as well as to the steric arrangement of the electronegative ions surrounding the 

divalent cation. 
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Figure 4.110 
1
H NMR spectra of sodium alginates (a)  Mannuronic-Guluronic acid from 

Sigma Aldrich (South Africa) (b) Mannuronic acid  (c) Mannuronic-Guluronic 

acid extracted from  Oedogonium sp. algal 
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Figure 4.111 (a) Assignment of the 
1
H signals for M and G residues for the commercial Na-

alginates  
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Figure 4.111 (b) Assignment of the 
1
H signals for M and G residues from Oedogonium  

sp. algal biomass 
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Future studies should focus on careful characterization of the alginate composition of 

Oedogonium sp. coupled with the determination of the polymeric blocks with a comparison 

of their performance in competitive metal-binding experiments. The objective would be to 

relate the percent alginate content and the frequency of GG or MM to their overall multi-

metal uptake performance. 

 

 

4.6.5 Biosorption of metal ions by zeolite impregnated with Na-alginate complex  

A novel alginate complex was developed for adsorption of heavy metals. The alginate 

complex was generated by impregnating synthetic zeolite into alginate gel beads. In order to 

examine the adsorption capacity of the alginate complex, both equilibrium and kinetic batch 

studies were performed.  

4.6.5.1 Characteristics of the zeolite-alginate  

i) FTIR spectral analysis 

The FT-IR spectra of the immobilized alginates on zeolite are shown in Figure 4.112 and the 

different functional groups are listed in Table 4.91.  

 

 

 Figure 4.112 FT-IR spectra of the alginates immobilized on zeolite  
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Table 4.91 IR adsorption bands for zeolite-alginate   

Wavenumber (cm
-1

)  

Na-alginates extract 

Functional groups 

3324 Carboxylic/O-H strech 

and N-H strech 

1603 COO
–
 stretching 

1416 COO
–
 stretching 

993 Si-O plane vibration 

 

 

 

The band assignments depicted are: OH stretching at 3324 cm
-1

 Si–O
–
 in-plane vibration at 

993 cm
-1

. The O-H stretching and symmetric –COO
– 

cm
-1

 stretching vibration bands shift to 

1603 cm
-1

. The band shifting may be due to the recombination action between zeolite and 

sodium alginate. The peak at 1427 cm
-1

 can be assigned to the asymmetric –COO
–
 stretching 

vibration and caused by the intercalation role between zeolite and sodium alginate. 

 

ii) Zeta potential measurement of zeolite-alginate  

 
 
 The zeta potential plot for zeolite-alginate is presented in Figure 4.113. The graphs show that 

the surface of the zeolite-alginate is negatively charged from pH 2 to 8. The point of zero 

charge was depicted between pH 4 and 5.2. 

 

 
Figure 4.113  Zeta potential of zeolite-alginate 
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4.6.5.2 Sorption capacities, pH and isotherms 

i) Effect of pH 

The initial pH value of a solution may change the surface charge of an adsorbent, the degree 

of ionization of an adsorbate molecule, and the extent of dissociation of functional groups on 

the active sites of an adsorbent (Nandi et al., 2009), therefore it plays a major role in the 

adsorption of metal ions by zeolite-alginate. In order to study the pH effect, 100 mg L
-1

 of 

Cu, Co, Cr, Fe, Hg, Ni, Zn and U in single-ion and multi-ion systems were adsorbed at 

different pH: 2, 4, 6, and 8 as shown in Figures 4.114 and 4.115. 

 

 

(a) 

 
                                       

(b) 

 
Figure 4.114   Effect of pH on the adsorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg and U  

                        on zeolite-alginate in a single-ion system (Ci = 100 mg L
-1

, Temp = 25±1
o
C) 
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A general trend was observed in a single-ion system, namely an increase of metal ions 

adsorption when the pH increases from 2 to 5, qe (mg g
-1

) was constant after pH 6, explaining 

a saturation point. Similar results were obtained by Esposito (2001) as well as Yuan and 

Viraraghavan (2001). In all cases, the maximal heavy metal ions adsorption occurred when 

the pH was between 4 and 6. Thus, below pH 4 high proton concentrations minimized metal 

sorption and above pH 7 metal precipitation was favoured. 

 The adsorption of Fe showed a different trend with a maximum adsorption capacity at pH 

between 2 and 4, and a slight decrease observed from pH 5 to 8. The first stage of ion 

exchange is deprotonation of the carboxylic group which is represented by equation 4.18, 

while equation 4.19 represents the attachment of the metal cation to the reactive carboxylate 

anion. 

 

  (4.18) 

 

 

   (4.19) 

 

 

At low pH, the high concentration of H
+
 in the medium shifts the equilibrium in Eq. 4.18 to 

the left direction. This means that the carboxyl groups do not ionize and the ion exchange 

sites on zeolite-alginate surface are still protonated. Under such conditions the metal ions do 

not exchange and remain in the solution. As the pH value increases from 3 to 6, the 
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deprotonation equilibrium in Eq. 4.18 is shifted to the right and, as a result, the adsorption 

capacity increases according to Eq. 4.19 until it reaches its maximum value at pH 6. 

 

The adsorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U on zeolite-alginates in a multi-ion system 

is shown in Figure 4.115. The results showed an increase of adsorption capacity at low pH. 

Although the maximum was attained at pH 4 for most of the metals studied. The adsorption 

of Fe, Hg, U and Cr was constant at the range of pH studied. 

  

(a) 

 
                                       

(b) 

 
Figure 4.115 Effect of pH on the adsorption of (a) Cu, Co, Ni and Zn (b) Cr, Fe, Hg and U  

                      on zeolite-alginate in multi-ion system (Ci= 100 mg L
-1

, Temp = 298.15
o
K, 

                      algal mass = 1 g) 
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ii) Effect of concentration 

The adsorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U on zeolite-alginate was carried out at 

different concentrations in single- and multi-ion solutions. The results obtained are given in 

Figures 4.116 and 4.117, respectively.  

It was observed that the adsorption capacity of Ni, Fe, U and Hg increases with increase in 

initial concentration of metal ions in solution.  In the case of Cr, Cu, Co and Zn, at the 

equilibrium concentration of 200 mg L
-1

, the adsorption would gradually approach saturation 

levels. It is likely that at the initial concentration of 200 mg L
-1

,
 
the active adsorption 

positions of the adsorbents were almost gradually filled by metal ions and hence the 

adsorption activity of adsorbents is limited (Say et al., 2001). Among the curves, Cu, Co, Zn 

and Cr showed the lowest adsorption capacity.  
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 (a) 

 
                       

 (b) 

 
                             

Figure 4.116  Effect of concentration on the adsorption of (a) Cu, Ni, Zn, Co (b) Cr, Fe, Hg, 

U in single-ion solution on zeolite-alginate (pH = 3, Temp = 298.15±1
o
K, 

agitation rate= 150 rpm, agitation time = 12 h, algal mass = 1 g) 

 

 

The uptake of Cu, Co, Cr, Fe, Hg, Ni, Zn and U on zeolite-alginate in multi-ion solutions 

(Figure 4.117) increases linearly with an increase in metal concentration. As in the previous 

observation, all the metals showed a similar trend. 

 

 

 

 

0

10

20

30

40

50

0 100 200 300 400 500 600

q
e
 (
m

g
 g

-1
)

Initial concentration (mg L-1)

Cu

Ni

Zn

Co

 

0

10

20

30

40

50

0 100 200 300 400 500 600

q
e
 (
m

g
 g

-1
)

Initial concentration (mg L-1)

Fe

Hg

U

Cr



352 
 

(a) 

 
                        

 (b) 

 
                             

Figure 4.117  Effect of concentration on the adsorption of (a) Cu, Ni, Zn and Co (b) Cr, Fe, 

Hg, U in multi- component solutions on zeolite-alginate  (pH = 3, Temp = 

298.15±1
o
K, agitation rate = 150 rpm, agitation time = 12 h) 
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Table 4.92 Parameters of Langmuir, Freundlich and D-R models for the adsorption 

                  of metals on zeolite-alginate in single-ion systems 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.041 0.267 0.560 0.573 0.232 0.237 0.427 0.418 

B 2.906 7.754 8.127 14.08 6.239 6.357 17.94 8.701 

B 70.97 28.98 14.51 24.57 26.91 26.81 41.99 20.81 

qm (mol/kg) 0.344 0.129 0.123 0.071 0.160 0.157 0.056 0.115 

ΔGo (kJ/mol) -10.57 -8.346 -6.630 -7.936 -8.161 -8.152 -9.265 -7.525 

Δq (%) 67.68 67.67 67.37 67.23 67.30 67.51 67.25 67.66 

R 0.998 0.998 0.925 0.403 0.967 0.987 0.746 0.999 

  

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.044 -0.068 -0.002 0.038 0.039 -0.009 0.028 -0.119 

B 0.244 0.277 0.431 0.552 0.371 0.334 0.531 0.257 

Kf 1.109 0.855 0.996 1.091 1.096 0.978 1.066 0.760 

n 4.101 3.611 2.323 1.810 2.700 2.990 1.884 3.887 

ΔGo (kJ/mol) -10.17 -8.951 -5.758 -4.488 -6.693 -7.413 -4.671 -9.636 

Δq (%) 22.89 30.34 11.81 42.97 47.87 6.104 25.65 46.55 

R 0.991 0.972 0.971 0.976 0.780 0.997 0.969 0.983 

  
D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A -0.079 -0.576 -0.251 -0.010 0.021 -0.339 -0.080 -0.773 

B -0.004 -0.004 -0.009 -0.011 -0.008 -0.006 -0.010 -0.003 

Xm (mol/kg) 0.923 0.562 0.778 0.990 1.022 0.712 0.923 0.462 

Es (kJ/mol) 11.83 11.77 7.509 6.726 7.904 9.512 7.056 12.99 

Δq (%) 10.48 77.71 44.08 36.50 50.20 45.91 26.76 91.94 

R 0.999 0.987 0.960 0.920 0.766 0.991 0.956 0.997 

  
Kd Fe Cu Co Hg Ni Zn U Cr 

A 4.659 3.989 2.179 1.368 1.593 3.187 1.753 3.926 

B 266.3 -116.7 225.7 2724 2060 165.9 2671 -139.8 

ΔGo (kJ/mol) -11.55 -9.889 -5.403 -3.392 -3.951 -7.901 -4.346 -9.732 

Kdo 105.5 54.02 8.844 3.928 4.921 24.22 5.774 50.70 

Δq (%) 74.02 65.44 67.34 67.22 87.01 69.29 73.59 61.79 

R 0.907 0.842 0.864 0.432 0.314 0.857 0.334 0.787 

 

 

Based on the correlation coefficient (> 0.950), the experimental data fitted well the 

Freundlich isotherm except for Ni, which was found to obey the Langmuir isotherm. Fe, Cu, 

Cr, Ni and Zn are also described by the Langmuir model. The adsorption of Fe, Cu, Co, Zn, 

U and Cr was also described by the D-R isotherm.  

The maximum adsorption capacity (mol kg
-1

) obtained from the Langmuir model is in the 

order of: Fe (0.344) > Ni (0.160) > Zn (0.157) > Cu (0.129) > Co (0.123) > Cr (0.115) >> Hg 

(0.071) > U (0.056). 

The values of Freundlich constants, Kf and n were calculated and the values of n (1 < n < 5) 

show that the adsorption of metals onto zeolite-alginate is favourable. The D-R isotherm 
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model was employed to evaluate the energy of sorption which was found to be < 16 kJ mol
-1

, 

suggesting a physisorption process. 

The distribution coefficient, Kdo (L g
-1

) has been used to indicate the adsorption affinity of 

zeolite-alginate towards metal ions. The distribution coefficient data implicitly indicate the 

selectivity, capacity, and affinity of metal ions for ion exchange.  The distribution coefficient 

calculated was in the sequence: Fe (105.50 > Cu (54.02) > Cr (50.70) > Zn (24.22) > Co 

(8.844) > U (5.774) > Ni (4.921) > Hg (3.928). 

The Gibbs free energy calculated from the distribution coefficient was negative for all the 

metals, implying that the adsorption of metal ions on zeolite-alginate was spontaneous. 

 It is known that alginate is a linear natural polymer constituted by the ß-D-mannuronic (M) 

and α-L-guluronic (G) through glycosidic bond connection (Ci et al., 1999). The unique 

chain configuration can form electronegative cavities and a large number of free carboxyl 

groups in Na-alginate molecules (Athanasekou et al., 2009) which can improve the heavy 

metal adsorption properties of zeolite. Heavy metal ions could be coordinated to alginate 

surface functional groups only and the access to functional groups of zeolite (SiO
-
). 

The adsorption constants and correlation coefficient of Langmuir, Freundlich, D-R and 

coefficients partition models for the adsorption of metal ions on zeolite-alginate in multi-ion 

systems were calculated and presented in Table 4.93. 
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Table 4.93 Parameters of Langmuir, Freundlich and D-R models for the adsorption 

                 of metals on zeolite-alginate in a multi-ion system. 

Langmuir 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.002 0.006 0.034 0.078 0.037 0.028 0.051 0.027 

B 2.141 4.580 2.558 10.62 2.540 3.015 12.57 2.457 

B 1108 821.6 76.05 135.8 67.21 107.8 248.2 90.13 

qm (mol/kg) 0.467 0.218 0.391 0.094 0.393 0.332 0.079 0.407 

ΔGo (kJ/mol) -17.38 -16.64 -10.74 -12.17 -10.43 -11.60 -13.67 -11.16 

Δq (%) 67.56 67.53 67.35 67.39 67.33 67.48 67.43 67.41 

R 0.999 0.836 0.892 0.912 0.859 0.937 0.842 0.836 

  

Freundlich 

Isotherms 

        

Fe Cu Co Hg Ni Zn U Cr 

A 0.062 0.053 0.058 -0.011 0.058 0.041 -0.005 0.047 

B 0.189 0.212 0.267 0.356 0.273 0.245 0.346 0.232 

Kf 1.154 1.129 1.144 0.974 1.143 1.098 0.989 1.116 

n 5.267 4.707 3.743 2.808 3.667 4.074 2.888 4.307 

ΔGo (kJ/mol) -13.06 -11.67 -9.279 -6.961 -9.090 -10.09 -7.158 -10.68 

Δq (%) 53.88 42.95 31.51 26.51 33.06 19.02 21.95 25.44 

R 0.964 0.994 0.983 0.965 0.979 0.978 0.954 0.943 

  
D-R 

Isotherms 

        

Fe Cu Co Hg Ni Zn    U Cr 

A 0.124 0.018 0.009 -0.501 0.021 -0.187 -0.449 -0.159 

B -0.003 -0.003 -0.004 -0.005 -0.005 -0.003 -0.004 -0.003 

Xm (mol/kg) 1.132 1.019 1.010 0.606 1.022 0.829 0.638 0.853 

Es (kJ/mol) 14.02 13.24 10.64 10.47 10.38 12.50 10.81 12.70 

Δq (%) 29.78 34.46 18.38 74.15 19.78 31.82 75.06 38.10 

R 0.973 0.898 0.967 0.905 0.963 0.958 0.936 0.915 

  
Kd Fe Cu Co Hg Ni Zn U Cr 

A 6.011 4.906 3.745 3.706 3.560 4.633 4.039 4.353 

B 2132 2628 2664 2490 2760 1441 4536 2164 

ΔGo (kJ/mol) -14.89 -12.16 -9.283 -9.187 -8.825 -11.48 -10.01 -10.79 

Kdo 407.7 135.1 42.31 40.69 35.17 102.8 56.82 77.69 

Δq (%) 79.48 75.44 86.89 73.18 90.58 72.92 68.63 72.73 

R 0.977 0.965 0.761 0.669 0.738 0.755 0.764 0.710 

 

 

The adsorption process is well described by the Freundlich isotherm with r > 0.950. The 

adsorption of Fe is also described by the Langmuir and the D-R isotherms whereas the 

adsorption of Co and Ni was found to obey the D-R isotherm. The biosorption of metal ions 

in a multi-ion system occurs on a heterogenous surface and the coverage might be mono or 

multilayer depending on the composition of the alginates. 

The maximum adsorption capacities calculated from the Langmuir isotherm were higher 

compared to those for the single-ion system and were followed the sequence: Fe (0.467) > Cr 

(0.407) > Ni (0.393) > Co (0.391) > Zn (0.332) > Cu (0.218) >> Hg (0.094) > U (0.079). The 

values of n range between 2.808 and 5.267 with 1/n < 1, indicating that the process is 
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beneficial and that the metals bind on the zeolite-alginate with weak free energies. These 

results are confirmed by the values of adsorption free energy (10.38 ≤ Es ≤ 14.02) obtained 

from the D-R isotherm. At this energy, the adsorption process is meanly by ion exchange. 

The Gibbs free energies obtained from the distribution coefficient were negative for all the 

metals, indicating the spontaneous nature of the process.  The distribution coefficients (L g
-1

), 

indicating the adsorption affinity of metals towards the zeolite-alginate, were higher than the 

values obtained in single-ion systems and were in the following order: Fe (407.7) > Cu 

(135.1) > Zn (102.8) > Cr (77.69) > U (56.82) > Co (42.31) > Hg (40.69) > Ni (35.17). This 

order is not in agreement with the maximum adsorption capacity from the Langmuir 

isotherm. The presence of other ions could have enhanced the uptake of metal ions on zeolite-

alginate. 

 

The Langmuir parameters can be used to predict the affinity between the sorbate and sorbent 

using the dimensionless separation factor, RL, as defined in Equation 3.9. 

The values of RL for the biosorption of heavy metals on zeolite-alginate are presented in 

Figure 4.118 for the single ions and multi ions, respectively. 
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 (a) 

 
 

                            (b) 

 
Figure 4.118 (a) and (b) RL values based on Langmuir isotherm at different metals 

concentrations in single-ion system 

 

All the values range between 0 and 1, indicating favourable adsorption of Cu, Cr, Co, Fe, Ni, 

Zn, Hg and U on zeolite-alginate. For an initial concentration of 100 mg L
-1

 for Co, Ni, Zn, 

Hg, Cr and U, the RL value was approximately 0, indicating that beyond this concentration 

the adsorption was irreversible. The adsorption of Cu and Fe on zeolite-alginate is 

irreversible at a concentration of 200 mg L
-1

. 

The adsorption of metals in a multi-ion system was not described by the Langmuir isotherm 

for most of the metals studied, so the calculation of RL was not necessary. 
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4.6.5.3 Effect of contact time and kinetic studies 

i) Effect of contact time 

The time taken for the adsorption process to attain thermodynamic equilibrium is very 

important in characterization and prediction of both the efficiency and feasibility of an 

adsorbent for its use in water pollution control. The effect of contact time was studied for a 

concentration of 100 mg L
-1

.  Figure 4.119 shows that the adsorption capacity of metal ions 

increases sharply with increasing agitation time up to 15 mins and then it increases very 

slowly and becomes nearly constant after 40 min. The constant adsorption after 45 min 

means that thermodynamic equilibrium is attained at that extent. We assume that most of the 

available sites were occupied after 15 min.  Zn and Cr had the highest adsorption capacity 

compared to other metals. 
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 (a) 

 
                                                                

(b) 

 
                        

Figure 4.119  Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co, (b) Cr, Fe, Hg, 

U on zeolite-alginates in single component solutions (pH = 3, Ci = 100 mg L
-1

, 

Temp = 298.15±1
o
K, agitation rate = 150 rpm) 

 

The biosorption of metals from multi ion solutions are shown in Figure 4.120. A similar trend 

was observed as for the adsorption in single metal-ion. The maximum uptake reached after 15 

min and then the equilibrium was attained after 45 min. In this batch, the uptake of most of 

the metal ions increases. 
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(a) 

 
                          

 (b) 

 
Figure 4.120  Effect of contact time on the adsorption of (a) Cu, Ni, Zn, Co (b) Cr, Fe, Hg, U 

on zeolite-alginates in multi-components solutions (pH = 3, Ci = 100 mg L
-1

, 

Temp = 298.15±1
o
K, agitation rate = 150 rpm) 

 

 

 

ii) Kinetic modelling of the adsorption of metal ions on zeolite-alginate (in single- 

and multi-component systems) 

 

The experimental data were fitted to the pseudo first- and second-order, Elovich, intraparticle 

diffusion and the film diffusion models. The corresponding kinetic parameters derived from 
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these models are shown in Tables 4.94 and 4.95 for the adsorption in single- and multi-

component systems, respectively.  

 

Table 4.94 Kinetic constants for the adsorption of metal ions on zeolite-alginates in  

                   single-ion system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -1.204 -2.114 -1.260 -1.764 -1.093 -1.016 -1.802 -1.283 

B -0.045 -0.001 -0.027 -0.021 -0.026 -0.047 -0.008 -0.001 

qe (mol/kg) 0.063 0.008 0.055 0.017 0.081 0.096 0.016 0.052 

K1 0.103 0.002 0.062 0.048 0.059 0.108 0.018 0.002 

Δq (%) 71.91 81.23 86.64 82.13 68.16 124.6 59.52 80.78 

R 0.990 0.985 0.993 0.927 0.999 0.998 0.986 0.925 

  
Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 18.96 11.36 297.8 984.4 201.7 23.25 86.81 2.984 

B 28.29 5.097 49.22 164.4 31.36 24.02 22.69 1.715 

qe (mol/kg) 0.035 0.196 0.021 0.006 0.032 0.042 0.044 0.583 

K2 42.21 2.286 8.133 27.45 4.875 24.81 5.933 0.986 

Δq (%) 2.560 7.968 15.41 5.985 14.27 3.651 9.111 3 

R 0.999 0.999 0.999 0.996 0.998 0.999 0.999 1.000 

  
Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.001 0.004 0.001 0.001 0.002 0.001 0.001 0.016 

B 0.008 0.041 0.004 0.001 0.006 0.009 0.009 0.123 

B 132.05 24.25 244.2 823.7 156.5 112.5 110.3 8.132 

A 0.009 0.045 0.004 0.001 0.006 0.010 0.010 0.140 

Δq (%) 10.21 7.001 7.127 4.998 5.751 9.440 4.801 8.786 

R 0.838 0.843 0.908 0.967 0.941 0.840 0.929 0.968 

  
Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.009 0.039 0.003 0.001 0.004 0.010 0.008 0.133 

B 0.003 0.015 0.002 0.002 0.002 0.003 0.003 0.042 

Id 0.009 0.039 0.003 0.001 0.004 0.010 0.008 0.133 

Kp 0.003 0.015 0.002 0.002 0.002 0.003 0.003 0.042 

Δq (%) 15.98 15.29 11.06 13.13 11.31 16.85 13.67 16.27 

R 0.848 0.892 0.939 0.928 0.947 0.859 0.918 0.869 

  
Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -5.148 -3.898 -2.540 -1.314 -2.512 -5.573 -3.095 -2.426 

B 0.015 0.013 0.009 0.001 0.010 0.021 0.012 0.003 

If -5.147 -3.897 -2.539 -1.314 -2.512 -5.573 -3.095 -2.426 

Kf -0.015 -0.013 -0.009 -0.001 -0.001 -0.021 0.012 -0.003 

Δq (%) 84.52 41.44 74.21 91.29 91.29 40.24 42.04 40.77 

R 0.989 0.985 0.993 0.926 0.999 0.998 0.986 0.951 
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The correlation coefficients of the pseudo second-order rate model are very close to 1 for all 

the metals studied, thus suggesting that chemisorption is the controlling step and the 

biosorption occurred in at least two steps. The first step corresponds to the dissociation of the 

hydrated metal followed by the interaction of metal with the functional groups on the zeolite-

alginate surface. The kinetic uptake for the second-order followed the sequence: Cr > Cu > U 

> Zn > Ni > Co > Fe > Hg, whereas the sequence of the kinetic rate was as: Fe > Hg > Zn > 

Co > Cu > U > Ni > Cr. The sequence of the kinetic rate is inconsistent with metal uptake 

kinetics. The correlation coefficients of the pseudo first-order and film diffusion models for 

the metals investigated are high (more than 0.900), suggesting that both of the models are 

applicable to fit the kinetic experimental data.  The adsorption of Cr and Hg can be described 

by the Elovich model, with a correlation coefficient > 0.950, indicating a chemisorption 

process. 

In order to compare the validity of each kinetic model more efficiently, the normalized 

standard deviation, Δq(%) is used, and the pseudo second-order has the lowest standard 

deviation error, except for Co, Ni and U. 

The high correlation coefficients obtained with the film diffusion kinetic suggest that the 

kinetics of the adsorption process is controlled by diffusion through the liquid film 

surrounding the biosorbent.  

The different kinetic parameters for the multi-ion system are presented in Table 4.95. As for 

the previous study, the adsorption followed the pseudo second-order model with correlation 

coefficients ≥ 0.999, implying a chemisorption process. The metals uptake kinetics was in the 

order: Fe
 
> Cr > Ni > Zn > Cu

 
> Co > U

 
> Hg while the kinetic rate was in the following 

sequence: U > Hg > Cr > Cu > Zn > Fe >Ni > Co. The low uptake of U and Hg compared to 

other metals could be due the nature of functional groups on the surface of the adsorbent as 

explained in the previously. The adsorption of Cu, Hg and U may be described also by the 

pseudo first-order as well as by the film diffusion models.  
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Table 4.95 Kinetic constants for the adsorption of metal ions on zeolite-alginate in 

                    A multi-ion system 

Pseudo-first order  

 Fe Cu Co Hg Ni Zn U Cr 

A -3.091 -2.950 -1.532 -1.885 -2.469 -1.840 -2.725 -3.106 

B 0.005 0.004 -0.003 -0.008 0.002 -0.001 -0.003 0.005 

qe (mol/kg) 0.001 0.001 0.029 0.013 0.003 0.014 0.002 0.001 

K1 0.012 -0.008 0.006 0.019 -0.006 0.003 0.008 -0.011 

Δq (%) 81.82 81.83 79.26 68.09 81.93 81.13 81.19 81.80 

R 0.940 0.953 0.937 0.991 0.941 0.916 0.953 0.944 

  
Pseudo – second order  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.624 1.050 2.918 26.26 1.111 0.984 2.900 0.631 

B 1.486 2.155 2.704 17.38 1.816 1.990 7.056 1.687 

qe (mol/kg) 0.673 0.464 0.369 0.058 0.551 0.502 0.142 0.593 

K2 3.542 4.419 2.505 11.50 2.970 4.023 17.17 4.505 

Δq (%) 1.793 2.052 2.677 3.522 2.476 1.546 1.662 1.596 

R 0.999 0.999 1.000 0.999 0.999 1.000 1.000 1.000 

  
Elovich model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.024 0.016 0.011 0.002 0.018 0.018 0.005 0.021 

B 0.145 0.100 0.079 0.012 0.118 0.108 0.030 0.128 

B 6.912 10.03 12.69 82.10 8.471 9.267 32.81 7.840 

A 0.171 0.117 0.091 0.014 0.138 0.127 0.036 0.151 

Δq (%) 10.84 2.718 9.686 8.723 10.33 10.85 10.91 10.98 

R 0.813 0.816 0.904 0.937 0.823 0.861 0.825 0.814 

  
Intraparticle diffusion model  

 Fe Cu Co Hg Ni Zn U Cr 

A 0.174 0.119 0.089 0.013 0.138 0.130 0.037 0.154 

B 0.048 0.033 0.027 0.004 0.040 0.036 0.010 0.043 

Id 0.174 0.119 0.089 0.013 0.138 0.130 0.037 0.154 

Kp 0.048 0.033 0.027 0.004 0.040 0.036 0.010 0.043 

Δq (%) 17.61 17.51 16.89 16.34 17.33 17.57 17.63 17.67 

R 0.838 0.841 0.856 0.869 0.846 0.838 0.838 0.836 

  
Film diffusion  

 Fe Cu Co Hg Ni Zn U Cr 

A -5.963 -5.640 -2.850 -3.293 -4.725 -3.490 -5.046 -5.974 

B 0.014 0.014 0.003 0.009 0.010 0.003 0.011 0.014 

If -5.963 -5.640 -2.850 -3.293 -4.725 -3.489 -5.046 -5.974 

Kf -0.014 -0.014 -0.003 -0.009 -0.010 -0.003 -0.011 -0.014 

Δq (%) 40.32 40.34 40.72 40.63 40.51 40.71 40.43 40.31 

R 0.939 0.953 0.937 0.992 0.941 0.916 0.953 0.944 

 
 

 

4.6.5.4 Effect of temperature and thermodynamic parameters 

 

An increase of the adsorption capacity was observed with increasing temperature, indicating 

that the adsorption is endothermic as seen in Table 4.96. In fact, the energy barrier between 
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metal ions and zeolite-alginate is overcome when the temperature rises. Additional adsorption 

sites are created on the surface of the biosorbent due to the dissociation of some of the 

surface components on zeolite (Bhattacharyya and Gupta, 2006). The thermodynamic 

parameters were calculated and are listed in Table 4.96 for the adsorption of single ions. The 

adsorption of Co, Hg and U on zeolite-alginate occurred through physisorption process with 

activation energy < 40 kJ mol
-1

 whereas the rest of the metals with higher activation energies 

are adsorbed through strong bonds that indicate a chemisorption process. 

The positive values of ΔH
o
 suggest that the interaction of metal ions adsorbed by the zeolite-

alginate system is endothermic, which is supported by an increase in adsorption of metals 

with an increase of temperature. The values of ΔS
o
 indicate whether the adsorption reaction is 

through an associative or dissociative mechanism. The value change larger than –10 J mol
-1 

K
-1

 means that adsorption follows a dissociative mechanism (Unuabonah et al., 2008). The 

values of ΔS
o
 are in the range of 27.68– 67.15 J mol

-1
 K

-1
 and far larger than the above 

boundary value, suggesting that the adsorption reaction complies with a dissociative 

mechanism. The positive values of ΔS
o
 reveal increased randomness at the solid-solution 

interface (Nuhoglu and Malkoc, 2009) during the fixation of metal ions on the active sites of 

the zeolite-alginate. The negative values of ΔG
o
 indicate that the adsorption process is 

spontaneous.  

 

Table 4.96 Thermodynamic parameters of metal ion adsorption on zeolite-alginate in 

                  a single-ion system 

  qe Ea ∆ H
o
 ∆ S

o
             ∆ G

o
 

                   mg g
-1

 kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

             kJ mol
-1 

  293.15 313.15       293.15 313.15 

 

o
K 

o
K 

   

o
K 

o
K 

Cu 37.97 44.82 55.86 141.4 0.435 -2.801 -5.248 

Ni 29.91 45.72 105.3 276.9 0.866 -0.968 -5.760 

Zn 34.81 47.51 118.9 298.1 0.929 -2.019 -7.176 

Co 29.01 35.72 28.48 83.39 0.259 -0.787 -2.229 

Fe 44.80 48.23 74.40 176.8 0.538 -5.251 -8.310 

Hg 15.22 25.14 30.64 123.8 0.395 -2.065 -0.078 

U 12.00 24.70 36.27 158.9 0.507 -2.809 -0.058 

Cr 43.80 47.20 50.56 122.5 0.369 -4.765 -6.884 

 

 

The thermodynamic parameters calculated for the biosorption of metal ions from a multi ion 

solution are given in Table 4.97. 
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Table 4.97 Thermodynamic parameters of metal ions adsorption on zeolite-alginate in a 

multi-ion system 

  qe Ea ∆ H
o
 ∆ S

o
             ∆ G

o
 

                   mg g
-1

 kJ mol
-1

 kJ mol
-1

 J(K mol)
-1

             kJ mol
-1 

  293.15 313.15       293.15 313.15 

 

o
K 

o
K 

   

o
K 

o
K 

Cu 44.80 46.61 27.25 65.41 0.189 -5.248 -6.380 

Ni 41.10 46.20 58.85 144.6 0.442 -3.729 -6.231 

Zn 46.30 48.21 50.39 119.1 0.355 -5.953 -8.013 

Co 41.42 45.10 36.87 91.27 0.274    -3.830 -5.409 

Fe 45.80 48.92 84.90 200.5 0.611 -5.820 -9.290 

Hg 37.90 41.33 31.44 58.56 0.175 -2.783 -3.796 

U 41.10 44.80 45.98 87.82 0.264 -3.729 -5.248 

Cr 45.90 46.30 6.510 15.68 0.030 -5.887 -6.158 

 

 

In general, low values of activation energy were obtained for the adsorption of metal ions on 

zeolite-alginate in a multi-ion system compared to those for the single-ion system. Ea for Cu, 

Co, Hg and Cr were < 40 kJ mol
-1

, indicating physisorption mechanism. A similar trend was 

seen for the other thermodynamic parameters (∆S
o
, ∆H

o
, ∆G

o
). Negative ΔG

o
 values indicate 

the spontaneous nature of the adsorption process and positive values of ΔS
o
 reveal the 

increased randomness at the solid-solution interface.  

 

 

4.6.5.5 Effect of adsorbent mass 

 

The dependence of metal adsorption on adsorbent mass was investigated by varying the 

amount of zeolite-alginate from 1 to 6 g, while keeping other parameters (pH, agitation speed 

and time, temperature and adsorbate concentration) constant. Figure 4.121 shows the 

adsorption capacity of metal ions as a function of biosorbent mass. The results show a 

decrease of adsorption capacity with an increase in adsorbent mass. The decrease in 

equilibrium adsorption capacity per unit mass of adsorbent with increasing mass may be due 

to the presence of more active sites resulting in the adsorption sites remaining unsaturated 

during the adsorption reaction (Raji and Anirudhan, 1997). Another possible reason is the 

decreased total surface area of the adsorbent and an increase in the diffusion path length 

caused by the aggregation adsorbent particles (Unuabonah et al., 2008). 
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           (a) 

 
 

          (b) 

   

Figure 4.121    Effect of biosorbent mass on the biosorption of (a) Cu, Co, Ni, Zn (b) Cr, Fe, 

                         Hg, U for zeolite-alginate in multi-component solutions (Ci = 100 mg L
-1

, pH  

                         = 3, Temp = 25
o
C)  

 

 

 

4.6.5.6 Regeneration and reuse of the zeolite-alginate 

 

The effective desorption of metal ions from the sorbent with regeneration of the latter for 

reuse is an important economical advantage of sorption processes. Hydrochloric acid 0.1 mol 

L
-1

 was used for desorption of metal ions from zeolite-alginate beads. The results obtained 

are shown in Figure 4.122 (a) and (b) for the single and multi-ion system, respectively.  
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 (a) 

                                                                                   
 

   (b) 

 
Figure 4.122 Regeneration and reuse of zeolite-alginate (a) single-ion system (b) multi-ion 

system  

 

A decrease adsorption capacity was observed after the 3
rd

 cycle of: Cu (22.22), Ni (16.31), Zn 

(36.17), Co (11.11), Fe (47.92), Hg (20), U (12.51), Cr (25.53) in single-ion systems. A 

decrease in adsorption capacity could be the effect of the acid on the biopolymer. In fact, the 

acid can dissolve the polysaccharides or alter the morphology of binding sites on the sorbent, 

reducing its sorption capacity (Esteves et al., 2000).  Further studies are recommended to find 
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out if the desorption process by HCl affects the stability of the zeolite-alginate polymer. From 

these results, it is clear that uranium and mercury were the less desorbed due to the solvent 

used. Other solvents (i.e. HNO3, Na2CO3) can be used to desorb these metals.  

A decrease of adsorption capacity was observed after the 3
rd

 cycle: Cu (12.61), Ni (15.22), Zn 

(16.67), Co (8.88), Fe (20.83), Hg (14.63), U (18.18), Cr (17.39) in a multi-ion system. The 

decrease in terms of adsorption capacity was less than observed in a single-ion system.  

 

 Unlike for the single-ion system, the desorption of uranium and mercury were higher in the 

presence of other ions. It may be possible that the synergistic effect could be reversible.  

Most of the metals were desorbed efficiently for the 3 cycles tested and the % of desorption 

are shown in Figure 4.123 for the single- and multi-ion systems, respectively. 
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(a) 

 

 (b) 

 

Figure 4.123   Desorption (%) of metal ions from the zeolite-alginate by 0.1 mol L
-1

 HCl   

 

Desorption ratios of Cu, Ni, Zn, Co and Cr from alginate were > 98% with 0.1 mol L
-1

 HCl. 

Fe, Hg and U gave a desorption < 90%. Iron desorption was incomplete in this case, unlike 

for most of the adsorbents investigated in this research. Although the alginate beads showed a 

large uptake capacity for iron, the concentration of this metal in desorption solutions was low, 

suggesting that iron is partially retained by the biopolymer.  
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Several studies have reported that the main binding sites for metal ions in alginate molecules 

are the carboxylic groups from mannuronic and guluronic acid residues. The imino diacetic 

acid groups in the complex are also weakly acidic. Therefore, the binding sites in the sorbent 

are converted to the protonated forms at the low pH of the acid desorbents used, thus 

releasing the previously bound ions.  

 

 

Conclusion 

 

This study indicated that green alga Oedogonium sp. which are widely available, can be an 

efficient biosorbent material for heavy metals from wastewater. 

 

 The analysis of the FTIR spectra showed the presence of ionisable functional groups 

(i.e. carboxyl, amino, amide and hydroxyl) able to interact with metal ions.  

 

 The major mechanism of metal ions–sorption interaction is found to be the ionic 

interactions and complex formation between metal cations and ligands contained 

within the structure of the biomass.  

 

 The biomasses pre-treated by H2C2O4 gave a high adsorption capacity. 

 

 The adsorption process was fast enough, as maximum ions were adsorbed within 30 

mins of contact time. The adsorption capacity was solution pH dependent and 

maximum adsorption capacity was obtained at a solution pH of 5. At pH 3, the 

maximum biosorption capacity for Oedonium sp. has been found to be 50 mg g
-1

 in a 

multi-ion system for all the metals, whereas, Co and Ni up take were about 4 and 8 

mg g
-1

, respectively in a single–ion system. 

 

 Metals uptake by intact algal cells was found to consist of two processes: (1) a fast 

surface reaction and (2) a slow transport into walls and cytoplasm. Other variables, 

such as metal ion size, hydration energy, and electronic structure have to be assessed. 

 

 The equilibrium data fitted well the Freundlich isotherms than the Langmuir isotherm 

for the single-ion system, thus proving heterogenous adsorption of metals on algal 

biomass Oedogonium sp. The mean free energy of biosorption describes a 

physisorption process, mainly ion exchange mechanism. Both Freundlich and the 
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Dubini-Radushkevich describe the biosorption process in a multi-ion system, 

implying heterogenous process. 

 

 The distribution coefficient values were high for the metal-ions in the multi-ion 

systems; a synergic effect was observed in this case.  

 

 Analysis of data shows that the process involves pseudo second-order kinetics and the 

thermodynamic treatment of equilibrium data shows the spontaneous and 

endothermic nature of the adsorption process for Cu, Ni, Zn, Co and Cr, whereas the 

biosorption of Fe, Hg and U was exothermic. The biosorption was spontaneous and 

exothermic in the multi-ion system for the metals studied. 

 

 The biosorption capacity decreases with the increase of biomass, in the single-ion 

system, probably due to the lack of metals in solution; the opposite effect was 

obtained with the multi-ion system. 

 

 HCl efficiently desorbed metal from the metal-loaded biomass, interesting is even the 

initial metals of the Oedogonium sp. algal were desorbed, this increases the metals 

uptake in the next biosorption test. The metal-loading ability of the biomass was not 

substantially lessen algal during successive sorption/desorption cycles. The test 

biomass was reused in three biosorption and desorption cycles with an increase   

(between 9.7% and 16.7%) in its biosorption capacities. 

 

 The IR analysis of this extract revealed the presence of functional groups such as: 

carboxyl, hydroxy and amine. These results are in agreement with earlier obervations 

that metals interact with algae primarily by electrostatic bonding to negative sites 

determined only by pH.  

 

Batch experiments were performed to test the adsorption capacity of the developed alginate 

complex beads consisting of synthetic Na-alginates and natural zeolite. The following 

conclusions could be drawn from the experimental investigation: 

 

 Alginate has good formability to immobilize the zeolite to prepare macro-structured 

material, which can be easily separated from water solution after adsorption using 

simple filtration method. 
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 The alginate complex beads developed in this study could adsorb metal ions such as 

Cu, Co, Cr, Fe, Hg, Ni, Zn and U in single and multi-ion system. The maximum 

adsorption capacities calculated from the Langmuir model were higher for the multi-

ion system. 

  

 In general, the equilibrium isotherm could be described by Langmuir, Freundlich as 

well as D-R isotherms, except Ni, which obey only the Langmuir isotherm and Hg for 

which the equilibrium did not fit the Langmuir isotherm, meaning that Ni is adsorbed 

on monolayer coverage, whereas a multilayer was observed for other metals. For the 

metals adsorption in multi-ion system, the adsorption equilibrium could be described 

by the Freundlich and the D-R isotherms. 

 

 All RL values range between 0 and 1, indicating the favourable adsorption of heavy 

metals onto zeolite-alginate. Moreover, the adsorption process was also found to obey 

Freundlich adsorption isotherm.  As seen from the results, the values of n is 0 < n < 

10 showing that the adsorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U onto zeolite-

alginate is favourable. 

 

 The adsorption of metals was fast and the maximum up take was reached after 15 

mins with low adsorption of mercury. The kinetic follows the pseudo-first and second 

order model. Beside, the film diffusion could be the limiting step in this process. The 

similar observation is valuable in the multi-ion adsorption system. 

 

 The thermodynamic calculations indicated the feasibility, endothermic, and 

spontaneous nature of the biosorption of Cu, Co, Cr, Fe, Hg, Ni, Zn and U onto 

zeolite-alginate is favourable. 

 

 The adsorption capacities decreased with the increase of biosorbent mass, similar 

results were observed in literature. The regeneration of the biosorbent by 0.1 M HCl 

was efficient up to 3 cycles of adsorption-desorption.  
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                     Chapter 5: General conclusion and recommendations 

 

The biosorbents synthesized, namely: zeolite/bentonite-microbial compounds (histidine, 

cysteine and sorbitol); zeolite/bentonite-Penicillium simplicissimum and zeolite-alginate 

displayed good adsorption of toxic metals (Cu, Co, Cr, Fe, Hg, Ni, Zn and U) even at low pH 

values, making them ideal sorbents for metals in gold mine effluents and efficient in areas 

contaminated by AMD with high metal concentrations. Biosorption was described to be easy, 

safe, rapid, inexpensive and can be used to recover heavy metals at very low concentration. 

Chemical modification of natural zeolite/bentonite by amine coupling agents may be a useful 

tool for the preparation of new adsorbents with high adsorption capacities and selectivity 

towards metal ion retention for waste waters from AMD systems. This hybrid organic-

inorganic material can be an alternative low-cost material in the treatment of mine 

wastewater and possibly for the recovery of precious metals for such effluent. The adsorption 

rate of biofunctionalised zeolite/bentonite was found to be greater than that of natural 

zeolite/bentonite at high metal concentrations. 

Zeolite and bentonite can be used as support media for the culture of fungi and microalgae, 

resulting in elevated metal-binding capacities. Non-viable microbial biomass has been shown 

to exhibit higher affinity for metal ions than its viable counterpart, probably due to the 

absence of competing protons produced during metabolism.  

The accumulation of metals from solutions by fungi, as observed in the study, can be divided 

into three categories: 

  (1) biosorption of metal ions on the surface of fungi. 

  (2) intracellular uptake of metal ions. 

  (3) chemical transformation of metal ions by fungi  

  

In the real environment, the Penicillium simplicissimum fungal biomass can grow in the silica 

matrix, largely constituting tailings material. This can provide an in situ or virtual biosorbent 

which can adsorb metals at the low pH values associated with these facilities. The column 

experiments closely resembled how this system would behave in the real environment. The 

breakthrough curves thus gave a perspective as to the loading capacity and expected 

timeframes at which leaching of the metals into the underlying aquifers would likely occur. 

The zeolite-alginate complex showed similar behaviour to the fungal biomass and the initial 

chemically-modified systems. Elevated adsorption capacities were observed even at low pH 

regimes, making it a useful biosorbent for metal abstraction from AMD-impacted water. The 
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algal biomass grows naturally in the vicinity of tailings facilities and water systems, making 

it possible and cost effective to culture it in situ and allow for clean-up of the contaminated 

water.  

For the sorbents studied, adsorption kinetics was shown to be important in establishing the 

time zones and effective lifetime of adsorbents and also shed information on the need for 

regeneration. Thermodynamic parameters were also shown to form an important 

complementary aspect in assessing adsorption mechanisms. The negative activation energies 

gave an indication that the metals studied prefer to bind to low energy binding sites, therefore 

adsorption of these metals occurs without an energy barrier which could be a combination of 

a chemisorption, physisorption or diffusion. The negative Gibbs free energy results indicated 

that adsorption of the metals was spontaneous. Understanding the interaction of mineral 

surfaces with the metal ions and hydrated metal ions has been shown to be important in 

drawing information about the likely adsorption mechanism that will be followed by a 

particular metal, for instance as shown in the case of Ni. 

The study has shown that metals loaded in the biomass can potentially be desorbed in order to 

regenerate the biosorbent and possibly reclaim valuable metals. As such, these biosorbent 

systems have great potential in remediation aspects and recovery efforts.  

 

Recommendations 

The economic feasibility of applying these materials on a wider scale should be explored 

further. This will be possible if such an assessment is conducted in conjuction with the 

recovery of low levels of precious metals e.g. gold and silver from the wastewaters. This 

way, the costs of water remediation can be traded off by precious metal recovery. Further 

assessments of the potential of the biosorbents to extract precious metals from other types of 

mine wastewaters e.g. platinum group elements (PGEs) from platinum mining waste streams 

could be considered. As it is, the zeolite-cysteine biosorbent from this study is being used in a 

separate project to assess its potential to recover low levels of PGEs from platinum mining 

wastewaters. This can be extended to include other biosorbents as well. 

Advantage can be taken of the availability of cheap sources of silica e.g. fly ash from the coal 

mining industry, zeolites, bentonite as well as the quartz matrix which is a major constituent 

of the gold tailings. These can be used as supports for biomass that is also readily available in 

gold mining environments of the Witwatersrand Basin. A number of approaches can be 
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explored, for instance the construction of reactive barriers using these materials for in situ 

water remediation or ex situ treatment based on leaching the polluted water through columns. 

Further studies can be conducted on the regeneration of the biosorbents. It will be 

recommended that selective desorption of the metals be carried out so as to recover metals 

that can be useful to specific industries e.g. uranium selectively removed and sent to uranium 

processing industries. 
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Appendix A 

 

 

Fungal biomass for removal of heavy metals from aqueous solution 

 

Biosorbent                                    Metals                                                 Adsorption                                                  References 

                                                                                                                 capacity (mg g
-1

) 

                                                                                                                                                                                    

Aspergillus foetidus                       Cr(VI)                                                            2                                                    Prasanjit and Sumathi (2005) 

Aspergillus niger                            Cu                                                                  5                                                   Townsley and Ross (1986) 

                                                                                                                   -                                                    Modak et al. (1996) 

                                                         Co                                                                95                                                   Kuyucak and Volesky (1989) 

                                                         Au                                                              200                                                   Kuyucak and Volesky (1989) 

                                                         Co                                                               2.4                                                   Sakaguchi and Nakajima (1991) 

                                                         Cr, Fe                                                           –                                                     Goyal et al. (2003) 

                                                         Pb                                                                30                                                    Kim et al. (1995) 

                                                         Th                                                                 22                                                   Tsezos and Volesky (1981) 

                                                                                                                             162                                                  Gadd (1988) 

                                                         U                                                                  29                                                   Sakaguchi and Nakajima (1991) 

                                                                                                                              27                                                   Kuyucak and Volesky (1989) 

                                                         Zn                                                                -                                                      Luef et al. (1991), Modak et al.   

                                                                                                                                                                                       (1996), Muter et al. (2002) 

Aspergillus terreus Th,                   U                                                                60, 10                                              Tsezos and Volesky (1981) 
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Aureobasidium pullulans            Cu                                                            6                                                         Gadd and Mowll (1995) 

                                                      Pb                                                            56.9                                                    Suh et al. (1998) 

                                                                                                                        -                                                        Ahluwalia and Goyal (2003) 

Cladosporium resinae                  Cu                                                            18                                                      Gadd (1988) de Rome and 

                                                                                                                                                                                            Gadd (1987) 

                                                      Pb                                                             -                                                        Ahluwalia and Goyal (2003) 

Candida utilis                              Cr, Cu, Pb                                                 –                                                         Muter et al. (2002) 

Ganoderma lucidum                   Cu                                                            24                                                       Muraleedharan and 

                                                                                                                       Venkobachar (1990) 

Mucor meihi                                Cr                                                                –                                                      Tobin and Roux (1998) 

Mucor rouxii                               Pb, Zn, Cd, Ni                                      17, 4.89, 6.94, 5.24                               Yan and Viraraghavan (2003) 

                                                     Pb                                                           769                                                       Lo et al. (1999) 

Penicillium chrysogenum          Cd, Cu, Pb                                            11, 9, 116                                               Niu et al. (1993) 

                                                    Cd                                                             56                                                       Holan and Volesky (1995) 

                                                                                                                      39                                                       Fourest et al. (1994) 

                                                    Th                                                            142                                                      Tsezos and Volesky (1981) 

                                                                                                                                                                                Gadd and White (1992) 

                                                    U                                                              70                                                       Tsezos and Volesky (1981) 

                                                   Zn                                                             6.5                                                       Niu et al. (1993) 

                                                                                                                      -                                                         Luef et al. (1991) 

                                                   Cd, Zn, Cu, Pb                                          -                                                          Skowronȏski et al. (2001) 
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Pleurotus sapidus                   Cd, Hg                                             127, 287                                                          Yalcinkaya et al. (2002) 

Streptoverticillium  

cinnamoneum                         Pb, Zn                                              57.7, 21.3                                                        Puranik and Paknikar (1997) 

Penicillium italicum               Cu                                                             -                                                               de Rome and Gadd (1987) 

                                                 Th                                                            –                                                               Gadd and White (1989) 

Penicillium spinulosum          Cu, Zn                                             0.4–2, 0.2                                                        Townsley and Ross (1985) 

Phanerochaete chrysosporium    Cd                                                   84.5                                                            Gabriel et al. (1996) 

                                                   Pb                                                      2                                                                  Say et al. (2001) 

                                                   Cu                                                      –                                                                 Yetis et al. (2000) 

Rhodotorula glutinis                 Pb                                                     73.5                                                             Cho and Kim (2003) 

Rhizopus nigricans                   Cr, Pb                                                47                                                                Bai and Abraham (2002) 

                                                   Zn                                                     14                                                                Zhang et al. (1998) 

                                                   Cd, Ni, Pb                                        19, 5, 166                                                    Fourest and Roux (1992) 

                                                                                                                                                                                 Holan and Volesky (1995) 

R. oligosporus                           Cr                                                    126                                                                 Ariff et al. (1999) 

                                                  Cd                                                    17.09                                                             Aloysius et al. (1999) 
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R. arrhizus                                Ni, Cd, Zn, Pb, Cu                               18, 27, 14, 56, 9.5                                       Fourest and Roux (1992) 

                                                   Cd                                                       30                                                                 Holan and Volesky (1995) 

                                                   Cr                                                        11                                                                 Bai and Abraham (1998) 

                                                                                                               36                                                                 Nourbakhsh et al. (1994) 

                                                   Co                                                       2.9                                                                Sakaguchi and Nakajima (1991)   

                                                                                                               –                                                                   Niyogi et al. (1998) 

                                                                                                               –                                                                   Sag and Kutsal (1998) 

                                                                                                               –                                                                   Prakasham et al. (1999) 

                                                  Cu                                                       10                                                                  Gadd (1988) 

                                                               -                                                                    de Rome and Gadd (1987),Sag       

          and Kutsal  (1998), Zhou and Kiff (1991) 

                                                  Th                                                       185                                                                 Tsezos and Volesky (1981) 

                                                                                                               97                                                                                                                     

                                                                                                                                                                                     Gadd et al. (1988) 

                                                                                                                -                                                                    Gadd and White (1992) 

                                                  U                                                         220                                                                 Tsezos and Volesky (1981) 

                                                                                                              –                                                                     Tsezos et al. (1989) 

                                                                                                              –                                                                    Tsezos and Deutschmann (1990) 
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Saccharomyces cerevisia  

                                                       Cd                                                         –                                                                Volesky et al. (1993) 

                                                       Cr                                                           –                                                               Nourbakhsh et al. (1994) 

                                                                                                                    11.4                                                            Omar et al. (1996) 

                                                      Co                                                          5.8                                                           Sakaguchi and Nakajima (1991) 

                                                      Pb                                                            –                                                               Suh et al. (1998) 

                                                      Th                                                          119                                                             Gadd (1988) 

                                                      Cu                                                        17–40                                                      Volesky and May-Phillips (1995) 

                                                       U                                                         55–140 

                                                       Cu                                                            10                                                            Mattuschka et al. (1993) 

                                                                                                                       0.4                                                           Huang et al. (1990) 

                                                       Zn                                                        14–40                                                     Volesky and May-Phillips (1995) 

                                                       Cr                                                           –                                                               Bayramoglu et al. (2003) 

                                                       Cd                                                       109                                                              Gabriel et al. (1996) 
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Appendix B 

 

Algal biomass for removal of heavy metals from aqueous solution 

Biosorbent                                   Metals                                                    Adsorption                                             References 

                                                                                                                     capacity (mg g
-1

)                         

Ascophyllum nodosum                Cd                                                            215                                                        Holan et al. (1993) 

                                                      Co                                                            156, 100                                                Kuyucak and Volesky (1988, 

                                                                                                    1989) 

                                                      Ni, Pb                                                      30, 270–360                                           Holan and Volesky (1995) 

                                                      Cd                                                                30                                                       Volesky and Prasetyo (1994) 

Aphanothece halophytica             Zn                                                              133                                                      Incharoensakdi and Kitjaharn 

                                                                           (2002) 

Chlorella vulgaris                       Ag                                                                  –                                                         Harris and Ramelow (1990) 

                                                     Cd                                                                 111                                                      Aksu (2001) 

                                                     Cu                                                                  43                                                       Aksu et al. (1992) 

                                                      Cr                                                                  3.5                                                      Nourbakhsh et al. (1994) 

                                                      Cr, Cu, Ni                                                                                                                 Donmez et al. (1999) 

                                                                                                                            3.95                                                 Sakaguchi and Nakajima (1991) 

                                                                                                                              –                                                       Greene et al. (1986) 

Chlorella fusca                       Pb                                                                        293                                                    Wehreim and Wettern (1994) 

Chlorella sorokiniana            Cd                                                                         -                                                       Akhtar et al. (2003) 
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Cladophoracrispate                Cr                                                                3                                                                 Nourbakhsh et al. (1994) 

Caulerpa lentillifera              Cu, Cd, Pb, Zn                                             –                                                                Apiratikul et al. (2004) 

Dunaliella sp.                         Cr                                                             58.3                                                               Donmez and Aksu (2002) 

Fucus vesiculosus                  Cd                                                             73                                                                 Holan et al. (1993) 

                                                Ni, Pb                                                       17, 220–371                                                  Holan and Volesky (1995) 

Fucus spiralis                         Cd                                                            64                                                                  Cordeo et al. (2004) 

Ecklonia maxima                   Cd                                                            –                                                                    Stirk and Staden (2002) 

Laminaria japonica                Cd                                                             -                                                                   Yun et al. (2001) 

Laurencia obtuse                    Cr                                                              -                                                                   Hamdy (2000) 

Lyngbya taylorii                     Cd, Pb, Ni, Zn                                           -                                                                   Klimmek et al. (2001) 

Phormidium  laminosum      Cu, Ni, Zn                                                  -                                                                   Blanco et al. (1998) 

Pilayella littoralis                  Al, Cd, Co, Cr, Ni, Zn                                -                                                                  Carrilho and Gilbert (2000) 

Pachymeniopis sp.                Cr(VI)                                                       225                                                                Lee et al. (2000) 

Oscillatoria anguistissima    Zn                                                              641                                                               Ahuja et al. (1999) 

                                               Zn, Cu, Co                                                  -                                                                  Mohapatra and Gupta (2005) 

Spirogyra sp.                         Cr                                                                -                                                                  Gupta et al. (2001) 

Scenedesmus quadricula      Cd, Cu, Zn                                                  -                                                                  Harris and Ramelow (1990) 

Scenedesmus obliquus         Cr, Cu, Ni                                                     -                                                                 Donmez et al. (1999) 

Scenedesmus abundans       Cd, Cu                                                          -                                                                 Terry and Stone (2002) 

Scenedesmus incrassatulus   Cr, Cd, Cu                                                   -                                                                 Pena-Castro et al. (2004) 

Sargassum fluiyans                Cu                                                               -                                                                  Schiwer and Volesky (1996) 

                                                                                                                    51                                                                Kratochvil et al. (1997) 
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Sargassum natans                U                                                                 –                                                                  Kuyucak and Volesky (1989) 

                                              Cd                                                               135                                                               Holan et al. (1993) 

                                              Ni, Pb                                                       24–44, 220–270                                              Holan and Volesky (1995) 

Sargassum sp.                       Zn                                                                –                                                                  da Costa et al. (2001) 

Sargassum sp.                      Cu                                                              38, –                                           Volesky et al. (2003), Padilha et al. (2005) 

                                              Cd, Zn, Cu                                          157, 118, 77                                                         Valdman and Leite (2000) 

                                             Cd                                                               120                                                                 Cruz et al. (2004) 

Tetraselmis suecica             Cd                                                                –                                                                    Perez-Rama et al. (2002) 

Ulothrix zonata                    Cu                                                               –                                                                    Nuhoglu et al. (2002) 
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Appendix C 

 

FTIR spectra of:  (a) Bentonite-Histidine (b) Bentonite-Cysteine (c) Bentonite-Sorbitol 

(d) Bentonite-Fungi 
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 (b) 
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Appendix D 

 

 

FTIR spectra of: (a)Zeolite- Histidine (b) Zeolite-Cysteine (c) Zeolite-Sorbitol (d) 

Zeolite-Mannitol 
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 (b) 
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Appendix E 

 

 

Column desorption curves of Cu, Cr, Co, Fe, Hg, Ni, Zn and U for the natural 

bentonite, column bed height 15 cm, cycle 1. 

 

1. Natural bentonite 
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Appendix F 

 

 

Column desorption curves of Cu, Cr, Co, Fe, Hg, Ni, Zn and U for the natural zeolite, 

column bed height 15 cm, cycle 1. 

 

2. Natural zeolite 
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Appendix G 

 

 

Column desorption curves of Cu, Cr, Co, Fe, Hg, Ni, Zn and U for the bentonite - 

P.simplicissimum, column bed height 15 cm, cycle 1. 

 

3. Bentonite-P.simplicissimum 

 

                                                                       (a) 

 
 

                                                                     (b) 

 

 

 

 

 



433 
 

Appendix H 

 

 

Column desorption curves of Cu, Cr, Co, Fe, Hg, Ni, Zn and U for the zeolite- 

P.simplicissimum, column bed height 15 cm, cycle 1. 

 

4. Zeolite-P.simplicissimum 

 

             (a) 

 

 
 

 

    (b) 
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Appendix I 

 
1
H-NMR spectra of alginates 

 

Assignment of the 
1
H signals for M and G residues from Oedogonium sp. algal  
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