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A B S T R AC T

A basic investigation into the removal of cadmium ions from aqueous solutions by municipal-
wastewater biosolids was conducted in batch conditions. The infl uences of different experi-
mental parameters such as initial pH, shaking rate, sorption time, equilibrium conditions 
and initial cadmium-ion concentrations on cadmium uptake were evaluated. According to 
our experimental results, a pseudo-second-order model was more suitable for describing the 
biosorption kinetics than the Lagergren model. Kinetic experiments showed that cadmium 
concentrations reached equilibrium within 2 h. We found that the biosorptive capacity of the 
biosolids was dependent on solution pH, with pH 4 being optimal. Investigation of the infl uence 
of the shaking rate on the biosorption capacity of the biomass showed that an optimum value 
was obtained between 150 and 250 rpm. The Langmuir isotherm model better represented the 
sorption process the Freundlich model. The maximum cadmium adsorption capacity of the 
biosolids (qmax) was 0.38 mm/g dry biosolid and the Langmuir constant (kd) was 0.1044 mm/l.
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1. Introduction

Cadmium is a toxic heavy metal which is widely 
used in industry, particularly the electroplating and 
battery industries. The chronic toxicity of cadmium 
to humans and the environment has been well docu-
mented. In the United States, the safe level of cad-
mium in drinking water has been set at 0.01 mg/l [1]. 
The problem with the removal of such contaminants 
down to levels approved by national or international 
agencies has not totally been solved by conventional 
chemical-precipitation procedures [2]. The traditional 
approaches for removing or recovering metals, such as 
precipitation, oxidation/reduction, ion exchange, fi ltra-

tion, electrochemical processes, membrane separations 
and evaporation, all exhibit several disadvantages, 
such as high cost, incomplete removal, low selectivity, 
high energy consumption and the generation of toxic 
slurries that are diffi cult to dispose of [3]. Biological 
materials are known for their potential to adsorb heavy 
metals [4,5].

Biosorption is an emerging technology that uses 
biological materials to remove metals from solution 
through adsorption. Biosorption can be defi ned as the 
ability of biological materials to accumulate heavy 
metals from wastewater through metabolically medi-
ated or physico-chemical pathways of uptake [6]. 
Biosorption mainly involves cell-surface complexation, 
ion exchange and microprecipitation [7]. The major 
advantages of biosorption over conventional treatment 
methods include [4]:
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 • Low cost.
• A high effi ciency of metal removal from dilute solutions.
• The minimization of chemical and/or biological sludge.
• No additional nutrient requirements.
• Regeneration of the biosorbent.
• The possibility of metal recovery.

Biological wastewater treatment produces a biologi-
cal sludge (biosolids) consisting of inert materials and 
microorganisms. Currently, there are limited reuse/
disposal options for biosolids due to their high con-
centrations of heavy metals and the risk of pathogens. 
Previous research has shown the ability of biosolids to 
remove metals from the wastewater stream [8]. Waste 
activated sludge (WAS) consists of the nonliving micro-
organisms which are no longer required in the waste-
water-treatment process and are ready for disposal. 
Dewatered WAS has a solids content of 13%. To over-
come the risk of pathogens as well as the transportation 
and storage issues associated with live return activated 
sludge (RAS), dewatered, nonliving WAS was chosen 
for this study.

2. Materials and methods

2.1. Preparation of biosolids

In this study the required biosolids were sourced 
from the waste sludge produced at the Ekbatan waste-
water-treatment plant in Tehran. This treatment plant 
was chosen because the wastewater treated is of domes-
tic origin and has low background concentrations of 
cadmium. Pretreatment of the biosolids included dewa-
tering at 103–104 °C and grinding the biosolids to a grain 
size of between 50 and 120 standard mesh. The initial 
concentration of cadmium in the biosolids was mea-
sured by nitric acid digestion [9] and atomic-adsorption 
analysis. The initial value was 0.0000131 mm/g of dry 
biosolid.

2.2. Chemicals

All chemicals used were of analytical reagent grade 
and were used without further purifi cation. Cadmium 
solutions were prepared according to the ‘Standard 
Methods’ [9] from analytical reagent-grade cadmium 
dust (Ca(NO3)2 + 4H2O, Merck Company). Stock 0.1 m 
cadmium solutions were initially prepared and pre-
served with 1.5 ml of concentrated HNO3 per liter [9] 
then diluted prior to use. In all cases where samples 
needed to be stored, they were preserved as detailed in 
the ‘Standard Methods’. The solution pH was adjusted 
to the required value with HNO3 or NaOH. Acid wash-
ing with a solution of 1 HNO3 + 1 H2O followed by a 

triple rinse with distilled water was conducted to avoid 
metal uptake onto the glassware [9].

2.3. Experimental procedure

The tests were conducted in laboratory scales in a 
batch reactor system of 800 ml volume. Cadmium solu-
tions of different concentrations were prepared by 
adequate dilution of the stock solution with deionized 
distilled water. Batch equilibrium experiments were car-
ried out by adding a measured amount of biosolids to 
the cadmium solutions. The solution was placed on an 
electric mixer and mixed until equilibrium was reached. 
The biosolids were removed by fi ltration through a 
0.45 m membrane fi lter (Millipore) and the fi ltrates were 
analyzed for residual cadmium concentration by atomic-
adsorption spectrophotometry (Unicam 919). The experi-
ments were conducted in a temperature-controlled room 
(25 ± 1 °C). All experiments were conducted at least in 
duplicate and the average reported in the results.

2.4. Kinetic studies

In these studies, cadmium solutions at concentra-
tions of 0.25, 0.75 and 1.5 mm were used in conjunction 
with 1.0 g (dry wt.) of biosolids at 25 ± 1 °C. Reaction 
times of 5, 10, 20, 30, 60, 120, 180, 300 and 420 min were 
investigated. A shaking rate of 200 rpm and the initial 
pH of 4 were used.

2.5. pH studies

When investigating the effect of initial pH value, 
metal concentrations of 0.25 and 0.75 mm were used in 
conjunction with 1.0 g (dry wt.) of biosolids at 25 ± 1 °C. 
Initial solution pH was adjusted to 2, 3, 4 or 6. The reac-
tion time was 2 h and a shaking rate of 200 rpm was used.

2.6. Shaking-rate studies

In these studies, metal concentrations of 0.25 and 
0.75 mm were used in conjunction with 1.0 g of biosolids 
at 25 ± 1 °C. Shaking rates of 50, 100, 200 and 300 rpm 
were investigated. The reaction time was 2 h and an ini-
tial pH of 4 was used.

2.7. Sorption equilibrium studies

Biosolids masses of 0.5, 1, 2 and 4 g (dry wt.) were 
used in conjunction with solution concentrations of 0.25 
and 0.75 mm at 25 ± 1 °C. The initial pH was set to 4, the 
reaction time was 2 h and a mixing speed of 200 rpm was 
used. These results were used for adsorption isotherm 
studies and modeling.
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3. Results and discussion

3.1. Biosorption kinetics of cadmium uptake onto biosolids

Cadmium-adsorption kinetic profi les at initial solu-
tion concentrations of 0.25, 0.75 and 1.5 mm are shown 
in Fig. 1; the cadmium-uptake equilibrium time at these 
concentrations was 2 h. With an increase of the initial 
concentration of cadmium solution, the relative adsorp-
tion rate increased in the fi rst 5 min. However, the 
adsorption rate decreased afterwards.

With increased initial concentration of cadmium, 
the adsorption rate (adsorption to initial concentration 
ratio) decreased. More specifi cally, at the concentra-
tion of 0.25 mm, the adsorption was 82.1% of the total 
cadmium in the system, however, for concentrations of 
0.75 and 1.5 mm the adsorption dropped to 44.8% and 
28.8%, respectively. Nevertheless, an increase in the ini-
tial concentration of a solution will generally increase 
the total metal adsorption. In previous studies on zinc-
ion adsorption by biosolids, Norton et al. [8] found that 
at concentrations of 0.076 and 0.3 mm equilibrium was 
achieved in 5 h at pH 4. In their studies the maximum 
adsorption was 0.006 and 0.026 mm/g of biosolids.

Two different kinetic models were used to fi t the 
experimental data for cadmium biosorption on biosolids.
The pseudo-fi rst-order Lagergren model is generally 
expressed as [10]:

( )1,
q

ads e
t

d
k q q

d
= −  (1)

where qe (mg/g) and q are the amounts of adsorbed metal 
ions on the biosorbent at equilibrium and at any time t, 
respectively, and k1,ads is the Lagergren rate constant for 
the fi rst-order biosorption. Integrating (1) between the 
limits t = 0 to t = t and q = 0 to q = qe provides:
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Linear plots of log(qe – q) versus t indicated the appli-
cability of this kinetic model. However, to adjust Eq. (2) 
to fi t the experimental data, the value of qe (the equi-
librium sorption capacity) must be pre-estimated by 
extrapolating the experimental data to t = • [10].

The pseudo-second-order model is based on the 
assumption that biosorption follows a second-order 
mechanism. Thus, the rate of occupation of adsorp-
tion sites is proportional to the square of the number of 
unoccupied sites:
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q
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where k2,ads is the rate constant for the second-order bio-
sorption (g/mg⋅min). Integrating (3) from t = 0 to t = t 
and q = 0 to q = qe, and then linearizing it yields Eq. (4):
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Here, qe and k2,ads can be calculated from the slope 
and the intercept, respectively, of a plot of t/q versus t. 
It is important to note that it is not necessary to estimate 
the experimental value of qe for the application of such 
a model [10].

The results showed a good fi t for cadmium adsorp-
tion kinetics with the pseudo-second-order model; in 
fact, the correlation coeffi cient for the second-order 
kinetic model was equal to 1 (exactly 0.999). A value of 
qe, 0.281 (mm Cd/g dry biosolid), was obtained which 
was almost equal to the 0.299 mm/g read from the 
adsorption diagram. The rate constant of the second-
order biosorption, k2,ads, was calculated as 0.0097.

In studies on copper biosorption by brown seaweed, 
it was shown that copper adsorption by Sargassum 
chromophyta followed a pseudo-fi rst-order Lagergren 
model [10].

Yan and Viraraghavan [11] showed that biosorp-
tion of heavy metals like lead, nickel, cadmium and zinc 
by Mucor rouxii biomass did not follow the Lagergren 
equation; rather they conformed to the Ho false second-
degree model.

3.2. Effect of pH on cadmium uptake

Fig. 2 shows the effect of pH on the adsorption of 
cadmium. As shown here, the effect of pH on adsorption 
with 0.25 and 0.75 mm cadmium was almost the same. 
The metal uptake at pH 2 was negligible, thus indicating 
the possibility of using this pH effect for metal elution 
and biomass regeneration. In fact, at pH 2, cadmium 
was leached out of the biomass and into solution. This 
clearly demonstrated that cadmium uptake increases 
with solution pH.
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Fig. 1. Cadmium-adsorption kinetic profi le at 0.25, 0.75 and 
1.5 mm concentrations.
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The increase of pH from 2 to 3 slightly increased the 
adsorption rate; however, from pH 3 to 4 the adsorption 
rate increased rapidly. At pH greater than 4 the adsorp-
tion rate increased insignifi cantly, therefore the maxi-
mum rate of adsorption was at a pH of slightly more 
than 4.

Norton et al. [8] showed that in zinc biosorption 
by biosolids, pH 2 was suitable for zinc elution, and 
with the increase of pH from 2 to 3, the adsorption rate 
increased exceedingly but afterwards (up to a pH of 6) 
the increase was insignifi cant.

Kaewsarn [12] showed that the biosorption of cop-
per by a Padina sp. was affected by pH. At pH below 
2 the adsorption was minimal and with an increase of 
pH up to 4 the adsorption increased exceedingly; again, 
above that value the increase was insignifi cant.

Mameri et al. [13] suggested that low pH could limit 
metal adsorption by biomaterial. The ion exchange 
between metal ions and hydronium ions of some con-
stituent compounds in the biomaterial is believed to be 
involved in the biosorption mechanism (because at low 
pH there are more hydrogen ions). Different metals have 
different pH optima, due to the different solution chem-
istry of the metals [14]. The low biosorption capacity at 
pH values below 4.0 was attributed to hydrogen ions 
competing with metal ions on the sorption sites [15,16]. 
In other words, at lower pH, due to the protonation of 
the binding sites resulting from a high concentration of 
protons, the negative charge intensity on the sites was 
reduced, resulting in the reduction or inhibition of the 
binding of metal ions [17]. In fact, most microbial sur-
faces are negatively charged because of the ionization of 
functional groups, thus contributing to their metal bind-
ing [18,19].

Biosorbent materials primarily contain weak acidic 
and basic functional groups. It follows from the theory 
of acid–base equilibria that, in the pH range of 2.5–5, the 
binding of heavy-metal cations is determined primarily 
by the state of dissociation of the weak acidic groups. 
Carboxyl groups (–COOH) are the most important 

groups for metal uptake by biological materials [20,21]. 
The ionic states of cell-wall functional groups can be 
used to explain the pH dependence of biosorption. Low-
pH conditions allow hydrogen and hydronium ions to 
compete with zinc for metal binding sites on the bio-
mass, causing poor zinc uptake. At higher pH values, 
there are lower numbers of competing hydrogen ions 
and more ligands are exposed with negative charges, 
resulting in greater zinc sorption [8].

3.2. Effect of shaking rate on cadmium uptake

Investigation of the infl uence of the shaking rate on 
the biosorption capacity of the biomass showed that 
an optimum value was obtained at between 150 and 
250 rpm (Fig. 3). This moderate shaking rate in gave the 
best homogeneity to the metal solution–biomass gran-
ule mixture.

Fig. 3 shows that the effect of shaking was more 
signifi cant with higher concentrations of cadmium in 
solution. Here, the cadmium intake reached a peak at a 
shaking rate around 200 rpm for both 0.25 and 0.75 mm 
solutions; however, the impact of shaking rate on 
adsorption in the 0.75 mm was higher, as observed from 
the slopes of the curves.

In studies on zinc adsorption by inactive Strepto-
myces rimosus bacteria, Mameri et al. [13] showed that 
250 rpm was the optimal shaking rate for zinc adsorp-
tion by 3 g of Streptomyces rimosus biomass at a pH of 6.5 
at 20 °C and a concentration of 100 mg/l.

Norton et al. [8] chose the optimal shaking rate of 
200 rpm in their studies on zinc adsorption by biosolids.

In his studies on nickel adsorption by sewage ash, 
Weng [22] selected the optimal shaking rate as 170 rpm.

The reason why adsorption decreased at lower 
shaking rates is because the biomass granulates agglom-
erated and thus took much more time to reach equilib-
rium. These results could be attributed to experimental 
conditions and to a too-short contact time; at higher 
speeds, the vortex phenomenon was encountered [13].

Fig. 2. The effect of pH on cadmium adsorption in 0.25 and 
0.75 mm concentrations.
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Fig. 3. The effect of shaking rate on cadmium adsorption at 
0.25 and 0.75 mm concentrations.
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3.3. Adsorption isotherm modeling studies

To examine the relationship between the sorbed (qe) 
and aqueous concentrations (Ce) at equilibrium, sorp-
tion–isotherm models are widely employed for fi tting 
the data [10].

Among several available adsorption isotherm equa-
tions, two isotherms (the Langmuir and Freundlich iso-
therms) were investigated. These isotherms are widely 
used to analyze data for water- and wastewater-treatment 
process [23]. The linear form of the Langmuir equation is:

1eq d
eq

eq m m

C K
C

q q q
= +  (5)

where Ceq is the equilibrium metal solution concentra-
tion, qeq is the amount of metal adsorbed onto the bio-
solids at equilibrium, qmax is the Langmuir constant for 
the maximum metal uptake and Kd is also the Langmuir 
constant related to the energy or net enthalpy of adsorp-
tion by the Arrhenius equation [11,24–26].

The Freundlich equation is given by:

1/( ) n
eq F eqq K C=  (6)

where KF and n are the Freundlich constants character-
istic of the system, indicating the adsorption capacity 
and the adsorption intensity, respectively. To simplify 
the derivation of KF and 1/n, Eq. (6) can be linearized in 
logarithmic form as Eq. (7) [10]

1
log log logeq F eq K C

n
= +  (7)

The Langmuir and Freundlich constants, along with 
their R2 values, were calculated from the plots of biosorp-
tion data for cadmium on the biosorbent (Figs. 4 and 5). 
The correlation regression coeffi cients showed that 
Langmuir isotherm best fi t the experimental data over 
the studied range (the R2 values for the Langmuir and 
Freundlich models were 0.9852 and 0.9239, respectively).

The maximum adsorption capacity (qmax) was deter-
mined to be 0.37 mm/g (41.5 mg/g) with a Langmuir 
constant of 0.1044 mm/l (11.73 mg/l). These values com-
pare well with other data reported in the literature.

Akar and Tunali [27] reported a maximum cadmium 
uptake capacity of 17.03 ± 0.76 mg/g (Langmuir model) 
using the fungus Botrytis cinerea.

According to the results of Goksungur et al. [28], the 
maximum capacity of cadmium adsorption in the Lang-
muir model was 31.75 mg/g by Saccharomyces cerevisiae.

Hawari and Mulligan [29] reported a maximum cad-
mium uptake capacity of 0.53 mm/g (Langmuir model) 
using anaerobic sludge granules.

4. Conclusions

The following conclusions can be drawn from the 
laboratory experiments:

• The kinetic experiments showed that the metal-uptake 
equilibrium took 2 h for cadmium at concentrations of 
0.25, 0.75 and 1.5 mm and its adsorption kinetics fol-
lowed a pseudo-second-order model.

• The increase of pH from 2 to 3 increased the adsorp-
tion insignifi cantly, whereas the increase of pH from 
3 to 4 increased the adsorption exceptionally. Also, 
at pH values over 4 the increase in adsorption was 
not signifi cant. Therefore, the maximum cadmium 
adsorption was at a pH slightly over 4 and pH 2 
would be suitable for metal elution.

• The optimum shaking rate for cadmium adsorption 
was 150–250 rpm at 0.25 and 0.75 mm concentrations.

• The Langmuir adsorption isotherms at pH 4 indi-
cated the adsorption capacity of the dry biosolids was 
0.37 mm/g dry biosolids (41.5 mg/g). This compares 
favorably with other biosorbents. This indicates the 
potential for further study on the use of biosolids for 
the biosorption of cadmium and other metals.

Fig. 4. Langmuir adsorption isotherm of cadmium ions on 
biosolids.

0
0.5

1
1.5

2
2.5

3
3.5

0 0.2 0.4 0.6 0.8 1 1.2

Ceq(mmol/ l)

C
eq

/q
eq

(g
D

.B
.S

./
l)

y=2.7084x+0.2827 
R2=0.9852

Fig. 5. Freundlich adsorption isotherm of cadmium ions on 
biosolids.

–1.4

–1.2

–1

–0.8

–0.6

–0.4

–0.2

–2.5–2–1.5–1–0.50

logCeq

lo
gq

eq

y=0.389x – 0.4151
R2=0.9239



R.F. Fard et al. / Desalination and Water Treatment 28 (2011) 69–7474

Acknowledgements

The fi nancial support (project number: ENV-1-83123) 
of the Iran Water Resources Management Co. (under 
the Ministry of Energy) is gratefully acknowledged. The 
authors would also like to thank the laboratory experts 
of the Environmental faculty of the University of Tehran 
for their contributions to this work.

References

 [1] B. Volesky, Biosorption of Heavy Metal, CRC Press, Boca Raton 
(1990) 141–160.

 [2] A. Hammainia, F. González, A. Ballestera, M.L. Blázqueza and 
J.A. Muñoza, Biosorption of heavy metals by activated sludge 
and their desorption characteristics, J. Environ. Manag., 84 
(2007) 419–426.

 [3] R.J. Celaya, J.A. Noriega, J.H. Yeomans, L.J. Ortega and 
A. Ruiz-Manríquez, Biosorption of Zn(II) by thiobacillus fer-
rooxidans, Bioprocess. Eng., 22 (2000) 539–542.

 [4] D. Kratochvil and B. Volesky, Biosorption of Cu from ferru-
ginous wastewater by algal biomass, Water Res., 32 (1998) 
2760–2768.

 [5] J. Chang and J. Hong , Biosorption of mercury by the inacti-
vated cells of pseudomonas aeruginosa PU21 (Rip64), Biotech-
nol. Bioeng., 44 (1994) 999–1006.

 [6] E. Fourest, C. Canal and J.C. Roux, Improvement of heavy metal 
biosorption by mycelial dead biomasses (Rhizopus arrhizus, 
Mucor miehei and Penicillium chrysogenum): pH control and 
cationic activation, FEMSMicrobiol. Rev., 14 (1994) 325–332.

 [7] R. Gupta, P. Ahuja, S. Khan, R.K. Saxena and H. Mohapatra, 
Microbial biosorbents meeting challenges of heavy metal
pollution in aqueous solutions, Curr. Sci., 78 (2000) 967–973.

 [8] L. Norton, K. Baskaran and T. McKenzie, Biosorption of zinc 
from aqueous solutions using biosolids, Adv. Environ. Res., 8 
(2004) 629–635.

 [9] A.D. Eaton, L. Clesceri and A.E. Greenbery, Standard Methods 
for the Examination of Water and Wastewater, 20 th ed., 1998, 
APHA-AWWA-WEF.

[10] W.M. Antunes, A.S.Luna, C.A. Henriques and A.A. da Costa, 
An evaluation of copper biosorption by a brown seaweed 
under optimized conditions, J. Biotechnol., 6 (2003) 174–184.

[11] G. Yan and T. Viraraghavan, Heavy-metal removal from aqueous 
solution by fungus Mucor rouxii, Water Res., 37 (2003) 4486–4496.

[12] P. Kaewsarn, Biosorption of copper(II) from aqueous solutions 
by pre-treated biomass of marine algae Padina sp., Chemo-
sphere, 47 (2002) 1081–1085.

[13] N. Mameri, N. Boudries, L. Addour, D. Belhcine, H. Lounici, 
H. Grib and A. Pauss, Batch zinc biosorption by a bacterial 
nonliving streptomyces rimosus biomass, Water Res., 33 (1999) 
1347–1354.

[14] L.E. Macaskie and A.C.R. Dean, Microbial metabolism, desol-
ubilization and deportion of heavy metals: metal uptake by 
immobilized cells and application to the detoxification of liq-
uid wastes, Biol. Waste Treat., 1989, 159–201.

[15] M. Tsezos and B. Volesky, Biosorption of uranium and tho-
rium, Biotechnol Bioeng., 23 (1981) 583–604.

[16] C.P. Huang, C.P. Huang and A.L. Morehart, Proton competi-
tion in Cu(II) adsorption by fungal mycelia, Water Res., 25 
(1991) 1365–1375.

[17] A. Kapoor, T. Viraraghavan and D.R. Cullimore, Removal of 
heavy metals using the fungus Aspergillus niger., Biores. Tech-
nol., 70 (1999) 95–104.

[18] C.P. Huang, D. Westman, K. Quirk and J.P. Huang, The 
removal of cadmium (II) from dilute aqueous solutions by 
fungal adsorbent, Water Sci. Technol., 20 (1988) 369–376.

[19] M.N. Hughes and R.K. Poole, Metals and Microorganisms, 
Chapman & Hall, London, 1989. p. 10.

[20] D. Kratochvil and B.Volesky, Advances in the biosorption of 
heavy metals, Trends Biotechnol., 16 (1988) 291–300.

[21] P.R. Puranik and K.M. Paknikar, Biosorption of lead and zinc 
from solutions using Streptoverticillium cinnamoneum waste 
biomass, J. Biotechnol., 55 (1997) 113–124.

[22] C.H. Weng, Removal of nickel from dilute aqueous solution by 
sludge-ash, J. Environ. Eng., 128 (2002) 716–722.

[23] G. Bayramoglu, S. Bektas and M.Y. Arıca, Biosorption of heavy 
metal ions on immobilized white-rot fungus Trametes versi-
color, J. Hazard. Mater., 101 (2003) 285–300.

[24] K. Chong and B. Volesky, Description of two-metal biosorp-
tion equilibria by Langmuir-type models, Biotechnol. Bioeng., 
47 (1995) 451–460.

[25] AWWA, Water Quality and Treatment, 4 th ed., McGroaw-Hill 
Inc., 1990.

[26] H.L. Liu, B.Y. Chen, Y.W. Lan and Y.C. Cheng, Biosorption of 
Zn(II) and Cu(II) by the indigenous Thiobacillus thiooxidans, 
Chem. Eng. J., 97 (2004) 195–201.

[27] T. Akar and S. Tunali, Biosorption performance of Botrytis 
cinerea fungal by-products for removal of Cd(II) and 
Cu(II) ions from aqueous solutions, Miner. Eng., 18 (2005) 
1099–1109.

[28] Y. Goksungur, S. Üren and U. Güvenç, Biosorption of cadmium 
and lead ions by ethanol treated waste baker’s yeast biomass, 
Biores. Technol., 96 (2005) 103–109.

[29] A.H. Hawari and C.N. Mulligan, Biosorption of lead(II), 
cadmium(II), copper(II) and nickel(II) by anaerobic granular 
biomass, Biores. Technol., 97 (2006) 692–700.


