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Abstract: The biosorption of copper(Il) and zinc(Il) from aqueous solution
by intact and pre-treated biomass of Oscillatoria planctonica was studied.
The biosorption was pH dependent and the adsorption capacity decreased with
the biosorbent to solution ratio increasing. The maximum removal ratios were
84.84% and 68.22% respectively in pre-treated biomass. The biosorption
followed both the Langmuir and Freundlich isotherm model and the adsorption
equilibrium was reached in about 1 h. The adsorbed Cu(II) and Zn(II) could be
desorbed effectively by 0.1 M nitric acid. The experimental results indicated
that Oscillatoria planctonica was effective in removing Cu(Il) and Zn(II) from
wastewater.
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1 Introduction

Heavy metals like cadmium, nickel, copper, lead, zinc and chromium have formed a
serious threat to human health and the global ecosystem due to their persistence and
non-biodegradability. The increase in small-scale industrial activities especially metal
finishing, alloy making, electroplating, mining and battery manufacturing has led to
many-fold increase in the release of heavy metals because of the low returns from
investing in the area of effluent treatment. Copper and zinc are the most important metals
often found in effluents discharged from these industries. Though Cu(Il) and Zn(II) are
necessary as micronutrients for normal development of biological cycles and are
potentially less toxic, special attention needs to be taken at their toxicant at high
concentrations as a result of their solubility, mobility and accumulation throughout the
food chain. A number of methods have been developed for removing heavy metals from
waste water include: evaporation, chemical precipitation, electroplating, adsorption,
ion-exchange and membrane separation process. However, certain drawbacks of the
conventional methods have been noticed such as high cost, generation of toxic wastes and
other difficulties (Kapoor and Viraraghavan, 1995; Harry, 1999) which has urged for an
alternative process.

Biosorption, the process of passive binding by non-living biomass, represent a
potentially cost effective and efficient way of removing heavy metals from an aqueous
solution (Thomas et al., 2003). It is a rapid, economical and reversible technology in
contrast to conventional methods and could be employed most effectively in a
concentration range below 100 mg/L, where other techniques are ineffective or costly
(Schiewer and Volesky, 1995; Palmieri et al., 2002; Nuhoglu, 2002). Furthermore,
it appears to present specific advantages in comparison to bioaccumulation, another
dissolved metal removal bioprocess which requires the metabolic activity of a living
organism. For instance, non-living biomass eliminates the problem of heavy metal
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toxicity and the need of nutrient requirement for metabolism. Wide variety of biomass for
removal of heavy metals such as fungi, algae, bacteria and yeast have been studied for the
last two decades with very encouraging results (Veglio and Beolchini, 1997; Bakkaloglu
et al., 1998; Thomas et al., 2003; Neetu et al., 2005; Marcia et al., 2005). These microbes
are known to remove metal ions by interaction between metal cations and the cell surface
which contain polysaccharides as basic building blocks. The polysaccharides are also
recommended as surface-active agents for heavy metal removal which provide amino,
hydroxyl, carboxylate, sulphate and phosphate (Ozer et al., 1994; Ariff et al., 1999).

The present study was focused on copper and zinc biosorption by a fresh water
cyanobacterium Oscillatoria planctonica, which is one of the most common algae
considered as bioindicators of eutrophication. The biomass was pre-treated by CaCl,
solution to improve the stability and the metal removal capacity (Pairat, 2002).
The objective of this investigation was to study the equilibrium, kinetics and mechanism
of Cu(Il) and Zn(I) biosorption by both intact and pre-treated biomass and the
desorption, assay the effect of pre-treatment and some physical or chemical parameters
on the biosorption.

2 Materials and methods

2.1 Biomass and culture medium

Oscillatoria planctonica was obtained from the Freshwater Algae Culture Collection
of the Institute of Hydrobiology, the Chinese Academy of Sciences (FACHB-Collection).
It was cultured in the HGZ medium adjusted to pH 8-8.5, maintained at 25 £+ 1°C with
12 : 12 h of light/dark cycle using 2000 Ix light intensity. After a 14-day cultivation
period cells were harvested by centrifugation and were washed three times with deionised
water in order to remove remaining culture medium, dried at 80°C for 12 h and then
sieved for particle size of 150 um.

HGZ medium was prepared with analytical grade reagents. The working solution had
solution PIV 3 mL/L and the following macronutrient composition in g/L : NaNOs,
0.058. Solution PIV contained in mg/L: Na,EDTA, 750; FeCl; " 6H,0, 97; MnCl, - 4H,0,
41; ZnCl,, 5; CoCl, * 6H,0, 2; Na,MoO, ' 2H,0, 4.

2.2 Biomass pre-treatment

Pre-treatment of the biomass was carried out as follow. A sample of 20 g of dry biomass
was treated with 0.2 M CaCl, solution (400 mL) for 24 h under slow stirring.
The solution pH was kept at pH 5.0 by using 0.1 M HNO; or NaOH solution.
The calcium treated biomass was washed three times with deionised water to remove
excess calcium from the biomass. The biomass was then heated in an oven at 60°C
for 24 h and made into powder of 150 um.

2.3 Biosorption studies

The biosorption of Cu(Il) and Zn(II) on intact and pre-treated algal biomass was studied
by batch technique. Stock solutions (2000 mg/L) of Cu(Il) and Zn(II) were prepared by
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dissolving Cu(NOs), or Zn(NOs), (analytical grade) in deionised water. The test solutions
of various concentrations ranged from 10 mg/L to 200 mg/L were prepared from the
stock solution. The general method used for this study was described as follows: a known
weight of biomass was mixed with 50 mL known concentration of metal solution in
100 mL shaking flasks. The solution pH was adjusted using 0.1 M HNO; or NaOH at the
beginning of the experiment and not controlled afterwards. The flasks were shaken at
200 rpm and 25 * 1°C for 12 h in a temperature controlled rotatory shaker.

To determine the effect of dose of adsorbent on adsorption, different amounts
of adsorbent were added to vary the solid/liquid ratio in the range of 0.2-3 g/L at pH 4.5
and the metal concentration was 50 mg/L. Effect of pH and temperature on biosorption
were investigated at pH values of 2.0-5.5 and four different temperatures (i.e., 15, 25, 35
and 45°C) at 50 mg/L initial metal concentration. To examine the effect of initial
concentration of Cu(Il) or Zn(II) on the biosorption rate and capacity, the initial
concentration was varied between 25-300 mg/L at pH 4.5 and 25 1°C. Kinetic
experiments were conducted in batch samples containing 50 mg biomass and 50 mL
metal solution (50 mg/L) at pH 4.5 and 25 + 1°C. The residual metal concentration was
measured for 12 h: every 10 min for the first hour and every two hours afterwards.

After agitating the flasks for predetermined time intervals, each reaction mixture was
centrifuged at 5000 rpm for 10 min and then the supernatant solution was used to analyse
for the heavy metal concentration by Atomic Adsorption Spectrophotometer (PE700).
Metal uptake (g.,) was calculated using the following equation (1):

— (CO - Ceq)V

Deq o @)

where ¢q., (mg/g) is the amount of Cu(II) or Zn(II) adsorbed onto the unit amount of the
biomass, Cy (mg/L) is the initial metal concentration, C,, (mg/L) is the equilibrium metal
concentration after biosorption, V(L) is the initial volume of metal solution, and W(g) is
the adsorbent weight. All experiments were conducted in triplicate and mean values were
used in the analysis of data.

2.4 FT-IR spectroscopy

About 0.1 g intact biomass (before and after pre-treatment or biosorption) was mixed
with KBr for FT-IR spectra analysis (Nexus 670, Nicolet).

2.5 Desorption

Desorption of Cu(Il) and Zn(Il) from previously loaded Oscillatoria planctonica was
performed by 0.1 M HNO; and EDTA. The algal biomass loaded with heavy metal ions
was placed in desorption medium and stirred at 200 rpm for 90 min at 25+ 1°C, the
supernatant was analysed for the metal concentration. Desorption ratios were calculated
from the equation (2):

A
R =4 100% )
ad

where R is the desorption ratio, 4,4 (mg/g) is the amount of metal desorbed, 4, (mg/g) is
the amount of metal adsorbed.
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3 Result and discussion

3.1 Influence of pH value

Solution pH is an important parameter in biosorption of heavy metals, not only
because pH can significantly influence the cell surface metal binding sites but also it can
affect the availability of heavy metal ions. The influence of pH on copper and zinc
biosorption by Oscillatoria planctonica was studied in range of 2—5.5 because pH value
higher than 5.5 promoted the heavy metal precipitation (Nuhoglu, 2002). As shown in
Figures 1 and 2, at pH less than 2, the amount of biosorption was less for both copper and
zing, especially the adsorption of zinc by intact biomass at pH 2 was almost negligible.
Biosorption of both Cu(Il) and Zn(II) increased with increasing pH levels. Within the pH
range of 2—4, the biosorption capacity of both intact and pre-treated biomass increased
rapidly, and in the pH range of 4-5.5, tended to a maximum value. The maximum
removal capacity of the pre-treated biomass was 25.14 mg/g for Cu(Il) and 21.3 for
Zn(IT) at pH 5.5. Similar trends have been also reported by other authors for heavy metal
biosorption (Pairat and Qiming, 2001; Osman et al., 2005; Renmin et al., 2005). Various
reasons might be suggested to explain the metal adsorption behaviour of the biomass
relative to solution pH. The biosorption of Cu(II) or Zn(II) on biomass is mainly due to
ionic attraction between cations and the active sites on the cell surface. At low pH, the
heavy metal ions are in competition with the H", but the binding sites are closely linked
to the H™ ions for their high concentration. However, with an increase in pH,
the competing effect of H' ions decreases and the binding of heavy metal rations is hence
increased (Prerna et al., 1999; Pairat and Qiming, 2001). For further biosorption
studies pH value 4.5 was selected to prevent H" competition and to fit the pH range from
3.0 to 5.0 of the typical wastes produced by many manufacturers (Flavia et al., 2005).
The optimal pH value of 4.5 was also used for biosorption of copper and zinc by various
algae (Sanchez, 1999; Nuhoglu, 2002).

Figure 1 Influence of pH on copper biosorption by O. planctonica (Cu(Il) concentration:
50 mg/L; biosorbent dose: 1 g/L; temperature: 25°C; contact time: 12 h)
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Figure 2 Influence of pH on zinc biosorption by O. planctonica (Zn(Il) concentration: 50 mg/L;
biosorbent dose: 1 g/L; temperature: 25°C; contact time: 12 h)
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3.2 Effect of dose of adsorbent and temperature

The effect of biomass concentrations on copper and zinc biosorption by Oscillatoria
planctonica was shown in Figures 3 and 4, where the amounts of metal adsorbed onto the
unit amount of biomass and the percentages of metal adsorbed were plotted against
biosorbent/solute ratio. When the biosorbent doses were increased from 0.2 g/L to
3.0 g/L, the percentages of Cu(Il) adsorbed increased from 18.74% to 79.62% in intact
biomass and from 20.91% to 84.84% in pre-treated biomass, but the amounts of Cu(Il)
adsorbed reduced from 46.85 mg/g to 13.27 mg/g and 52.27 mg/g to 14.14 mg/g in intact
and pre-treated biomass, respectively. Similarly, for zinc, the percentages of adsorption
increased from 15.80% to 65.60% and 17.20% to 68.22%, but the amount of Zn(II)
adsorbed on unit weight of adsorbent decreased from 39.50 mg/g to 10.93 mg/g and
43.00 mg/g to 11.37 mg/g, respectively for intact and pre-treated biomass. Increased
amount of biosorbent resulted in higher removal of heavy metals from the solution as is
expected because the total sites of adsorption increased. But the interference and
competition between available binding sites at higher biomass densities caused decrease
in the specific adsorption capacity of the biosorbent.

Figure 3  Effect of biosorbent dose on copper or zinc removal by O. planctonica (Cu(Il) or Zn(II)
concentration: 50 mg/L; pH: 4.5; temperature: 25°C; contact time: 12 h)
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Figure 4 Effect of biosorbent dose on copper or zinc biosorption by O. planctonica (Cu(Il)
or Zn(Il) concentration: 50 mg/L; pH: 4.5; temperature: 25°C; contact time: 12 h)
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As shown in Figure 5, the temperature has no significant effect on the biosorption
of copper and zinc over the tested temperature range of 15-45°C at pH4.5.
The temperature independent biosorption of copper and zinc in this study is in
accordance with the studies of Prerna et al. (1999), Wallace et al. (2003) and Vitor et al.
(2005), indicating biosorption to be a passive energy independent process.

Figure 5 Influence of temperature on copper or zinc biosorption by Oscillatoria planctonic
(biosorbent dose: 1 g/L; pH: 4.5; metal concentration: 50 mg/L; contact time: 12 h)
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3.3 Effect of initial heavy metal concentration on biosorption and the
adsorption isotherms

Biosorption capacities for Cu(Il) and Zn(II) of both intact and pre-treated biomass were
presented as a function of the initial concentration between 25-200 mg/L as shown in
Figure 6. It was noted that, as the initial concentration increased the sorption of Cu(II) or
Zn(I1) increased as is generally expected due to equilibrium process. For example, when
the initial heavy metal concentration increased from 25 mg/L to 200 mg/L, the amount of
Zn(IT) adsorbed by pre-treated biomass increased from 13.65 mg/g to 45.2 mg/g, and
from 14.1 mg/g to 54.4 mg/g for Cu(Il) adsorbed. This indicated that initial heavy metal
concentration is important for biosorption. Higher initial metal concentration provides
higher availability of metal ions in the solution and driving force to overcome all mass
transfer resistance of metal ions between the aqueous and solid phases, resulting in higher
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probability of collision between metal ions and biosorbents. As seen in Figure 6,
pre-treatment by 0.2 M CaCl, enhanced both Cu(Il) and Zn(II) biosorption compared to
the intact form. The pre-treatment was a two-stage process of thermal and chemical
modification of the native biomass. It prevented leaching of alginate from the biomass,
improved the chemical stability of biosorbents by reducing the amount of total organic
carbon content (Pairat and Qiming, 2001). The CaCl, pre-treatment may also improved
the mechanical stability of biomass by reducing the swelling volumes and the attrition
loss, facilitated the separation of the solution and biosorbent. However, the increases
in the biosorption capacity of Oscillatoria planctonica after CaCl, pre-treatment in this
study were not so significant as the study of Renmin et al. (2005) due to the different
characters of the two algae.

Figure 6 Effect of initial concentration of copper or zinc on its biosorption by O. planctonica
(biosorbent dose: 1 g/L; pH: 4.5; contact time: 12 h; temperature: 25°C)
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The adsorption isotherms generally used for the design of the equilibrium established
between adsorbed phase on the biosorbents and that in solution. The Langmuir and
Freundlich isotherm equations are the most commonly used for modelling equilibrium.
The mathematical description of the Langmuir model is as follows:

_ Qmax b Ceq

- 3
1+5C,, )

qeq

where C,, (mg/L) and q., (mg/g) show the residual metal concentration and the amount
of metal adsorbed on the adsorbent at equilibrium, respectively. Q. (mg/g) and
b (L/mg) are Langmuir constants denoting maximum adsorption capacity and the affinity
of the binding sites, respectively. Langmuir isotherm equation is based on monolayer
sorption onto a surface with finite number of identical sites, which are homogeneously
distributed over the adsorbent surface, and the energy of adsorption is constant.
The Freundlich equation takes the form:

qeq = K/C;t;n (4)
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where Ky and n are Freundlich constants related to sorption capacity and sorption
intensity, respectively. Freundlich equation is the empirical relationship whereby
it is assumed that the adsorption energy of a metal binding to a site on an adsorbent
depends on whether or not the adjacent sites are already occupied. To obtain the
adsorption isotherm parameters, experimental data were fitted by liner transfer
of both equations to:

C, 1 1

=——C, ®)
ql’[] Qmax ! b Qmax
1
Ing,, =—InC,, +InkK,. (6)
n

The Langmuir and Freundlich adsorption constants calculated from the corresponding
isotherms with the correlation coefficients are presented in Table 1. The maximum
adsorption capacity QOn.x of the pre-treated biomass was 73.53 mg/g for Cu(Il) and
59.52 mg/g for Zn(II). The Oy« of the pre-treated biomass of Oscillatoria planctonica is
considerably high (Cetinkaya et al., 1999; Pairat, 2002; Feng and Aldrich, 2004),
however direct comparison of the biosorbents is difficult due to the varying experimental
conditions. As seen from Table 1, the Freundlich model exhibited a slightly better fit to
the biosorption data than the Langmuir model. However, the Langmuir model also
seemed to fit with the experimental data. Similar results were also suggested by Prerna
et al. (1999), Aksu and Tezer (2000) and Pan et al. (2005). This observation implied that
the overall sorption of Cu(Il) and Zn(II) on the biomass was complex, monolayer
biosorption, as well as heterogenous surface conditions might co-exist under the
applied experimental conditions. Furthermore, the magnitudes of K, and »n showed that
the pre-treated biomass was more applicable for its higher adsorption capacity and
separability than the intact biomass.

Table 1 Comparison of Langmuir and Freundlich parameters and correlation regression
coefficients of copper and zinc biosorption by Oscillatoria planctonica

Type of Cu(Il) Zn(Il)

biomass qeg (mg/g) K, (¢/mg/min) ” qeq (mg/g) K, (g/mg/min) ”
Intact 2222 0.0129 0.9998 18.59 0.0078 0.9994
Pre-treated 2331 0.0139 0.9999 19.76 0.0079 0.9992

3.4 Biosorption kinetics

The rate of Cu(Il) and Zn(I) biosorption by both intact and pre-treated biomass of
Oscillatoria planctonica are shown in Figure 7. It was observed that about 90% of the
total adsorbed Cu(Il) or about 80% of the total adsorbed Zn(II) was removed from the
solution within 30—40 min of agitation. The amount of biosorption increased with time at
slower rates after the rapid biosorption, and no further significant increase was observed
beyond 1 h for both kinds of biomass. Heavy metal uptake by non-living biomass, which
is metabolism-independent passive binding to external surfaces, is generally considered
as a rapid process (Yasemin and Ayten, 2005). Being in accord with biosorption
studies with various biosorbents (Akhtar et al., 1996; Kadukova and Vircikova, 2005;
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Yasemin and Ayten, 2005; Vitor et al., 2005), the initial rapid metal uptake observed in
this study has a practical importance as it will facilitate shorter adsorption columns
ensuring efficiency and economy.

Figure 7 Effect of contact time of copper or zinc on its biosorption by O. planctonica (Cu(Il)
or Zn(II) concentration: 50 mg/L; pH: 4.5; biosorbent dose: 1 g/L; temperature: 25°C)
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The kinetics of Cu(II) and Zn(II) biosorption were determined with pseudo second-order
model, which is expressed as:

dg 2
E = KZ (qeq _qz) (7)
where g., (mg/g) and ¢, (mg/g) are the amount of metal adsorbed on the biosorbent
at equilibrium and at time ¢, respectively. K, (g/mg/min) is pseudo second-order rate
constant. After integration and applying the same boundary conditions =0 and ¢,= 0 to
t=tand g, = q., at equilibrium, equation (8) becomes:

t 1 t

Lo+ L ®)

QI Kquq qeq

where ¢., and K, can be determined from the intercept of linearised plot of /g, vs. t.
The linearised pseudo second-order kinetic plots of Cu(Il) and Zn(II) biosorption by
Oscillatoria planctonica and the values of various kinetic parameters are presented
in Figure 8 and Table 2. The correlation coefficients for the pseudo second-order kinetic
model obtained were high (+*>0.999). Also, the theoretical d.q values for both intact
and pre-treated biomass were very close to the experimental data. These suggested
that the second-order kinetic model described the experimental data well and the
overall adsorption process appeared to be controlled by chemical process (Ho and
McKay, 1999).
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Figure 8 Linearised pseudo second-order kinetic plots of copper and zinc biosorption
by Oscillatoria planctonica (Cu(Il) or Zn(II) concentration: 50 mg/L; pH: 4.5;
biosorbent dose: 1 g/L; temperature: 25°C)
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Table 2 Pseudo second-order kinetic parameters and correlation regression coefficients

of copper and zinc biosorption by Oscillatoria planctonica

Langmuir isotherm Freundlich isotherm
Heavy metal Biomass Opax (mg/g) b (L/mg) 7 K, n I
Copper Pre-treated 73.53 0.0173 0.9747  4.09 191  0.9981
Intact 70.92 0.0168 09835 3.94 1.89  0.9976
Zinc Pre-treated 59.52 0.0170 0.9420 4.15 214  0.9880
Intact 58.48 0.0158 09372  3.76  2.10  0.9850

3.5 Infrared spectrum analysis

The infrared spectra of intact biomass before and after pre-treatment and biosorption
are shown in Figure 9. In general, the FT-IR spectra of the intact and pre-treated biomass
before biosorption had an adsorption band at a frequency level of 3300 cm ' representing
—OH  stretching of carboxylic groups and also representing stretching
of -NH groups. The adsorption band at 2960 cm™' was caused by the stretching of
—CH groups. The adsorption peaks at 1661 cm™' could be assigned to vibration of
C=0 and —NH (amide I) peptidic bond of proteins. The adsorption bands at 1550 cm™'
and 1051 cm™' were stretching vibrations of C-N and C—O-C of polysaccharides,
respectively. The infrared spectra of Cu(Il) or Zn(II)-loaded biosorbents showed that,
after biosorption, the adsorption intensity of amide I and C—O-C groups decreased
obviously. This indicated that these two groups played important role in Cu(Il) and Zn(II)
biosorption. The stretching vibration of —-OH, —CH and C-N groups shifted for a certain
extent in addition, which indicated that these three groups possibly involved in the
biosorption.
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Figure 9 (1) FT-IR spectrum of intact biomass; (2) pre-treated biomass; (3) intact biomass after
Zn(II) adsorption and (4) intact biomass after Cu(II) adsorption (see online version
for colours)
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3.6 Desorption

When considering the choice of a biosorbent in the wastewater treatment it is necessary
to evaluate not only the biosorption capacity, but also how well the biomass can be
regenerated and used again. For repeated use of a biosorbent in another biosorption cycle,
adsorbed metal ions should be easily recovered in the form of concentrated solution
under suitable conditions. The results of desorption studies of Cu(II) and Zn(II) in a batch
system are shown in Table 3. It was found that HNO; (0.1 M) was more efficient in both
Cu(Il) and Zn(II) desorption, which removed 93% zinc ions and 96% copper ions bound
with the pre-treated biomass. Katarzyna et al. (2005) has also reported that
nitric acid in the concentration of 0.1 M was the most efficient desorbent of Cu(II), Cd(II)
and Cr(IIT). It removed most of the metal ions bound by the biomass and preserved the
biosorptive properties of biomass.

Table 3 The desorption efficiency of different desorbents (biomass dose: 1 g/L; Cu(I)
or Zn(II) concentration: 50 mg/L; desorption time: 90 min)

EDTA (0.1 M) HNO; (0.1 M)
Type of biomass Cu(IT) (%) Zn(Il) (%) Cu(ITy (%) Zn(II) (%)
Intact 66 61 94 90
Pre-treated 71 65 96 93

4 Conclusions

The batch experiments conducted with the biosorption demonstrated that both intact and
pre-treated biomass of Oscillatoria planctonica exhibited the potential for Cu(Il)
and Zn(Il) removal from aqueous solution. The external pH significantly influenced
the biosorption, while the biosorption capacity was not affected by temperature.
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Optimum pH and temperature for biosorption in studied pH and temperature range were
found as 4.5°C and 25°C, respectively. Although the removal of Cu(Il) and Zn(II)
increased with increase in biosorbent to solution ratio, the sorption capacity of both
biosorbents decreased. The biosorption process of both the intact and pre-treated biomass
followed both the Freundlich isotherm model and the Langmuir model. The biosorption
capacity was found to increase with increasing the solution concentration. The
biosorption rate was rapid and equilibrium was reached after 50—60 min. The pseudo
second-order kinetics described the experimental data well. HNO; (0.1 M) had higher
efficiency of both Cu(Il) and Zn(I) desorption than EDTA (0.1 M). The analysis of
FT-IR spectrum showed the presence of different functional groups in the biomass
of Oscillatoria planctonica, and their participation in the biosorption of Cu(Il) and Zn(II).
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