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Abstract: The comparative study on adsorptions of Pb(Il) and Cr(VI) ions by free cells and immobilized cells of Synechococcus sp.
was performed, in which different aspects including Zeta potential of the cells, the influence of pH, temperature and initial
concentration of metal ions, as well as adsorption kinetics and mechanism were referred. The lyophilized free cells have a surface
isoelectric point at pH 3, and the correlative experiment indicates that there is an electrostatic adsorption feature of Cr(VI) and Pb(II).
The immobilization of the free cells by Ca-alginate does not significantly modify the adsorption features of the biosorbent. The
absorption processes of Cr(VI) and Pb(Il) on both free and immobilized cells are apparently affected by pH and the initial
concentration of metal ions in the bulk solution, but are much weakly affected by temperature in the test range of 10-50 ‘C. The
slow course of biosorption follows the first order kinetic model, the adsorption of Pb(Il) obeys both Langmuir and Freundlich
isotherm models, while the adsorption of Cr(VI) obeys only Freundlich model. FT-IR results indicate that carboxylic, alcoholic,
amide and amino groups are responsible for the binding of the metal ions, and reduction of Cr(VI) to Cr(III) takes place after Cr(VI)

adsorbs electrostatically onto the surface of the biosorbents.

Key words: biosorption; Synechococcus sp.; Cr(VI); Pb(1I); adsorption mechanism; adsorption kinetics

1 Introduction

Water pollution of toxic heavy metal ions
discharged from the industries and inhabited areas is
seriously harmful to the health of human beings and the
eco-system. Among these heavy metals, lead and
chromium may be the severely pollutant sources due to
their wide applications in industries, which may produce
wastewater containing Pb(I[) and Cr(VI) at the
concentrations higher than the recommended doses of
0.015 and 0.05 mg/L, respectively[1].

The traditional wastewater treatment methods
including sludge
ion-exchange etc were often expensive and impractical in
treatment of the wastewaters with heavy metal ion
concentrations lower than 100 mg/L. However, biosorp-

separation, membrane separation,

tion can be cost-effective[2—4]. In recent years, various
kinds of biosorbents for removal of heavy metals have
been investigated, which, for example, include bacteria
[5—7], fungi[8—10], and algae[11—14]. These researches

show that algae biosorbents may be much effective,
especially when they are in dead cells form.

Microalgae biosorbents seem to be more promising
than macroalgae (seaweeds), because on one hand, the
cultivation of microalgae is normally easier and has
higher production yield, and on the other hand,
microalgae cells have higher performance and efficiency
in biosorption due to their micron size and thus higher
specific biosorption area of the biosorbents. Blue-green
algae (Cyanobacteria) including Dunaliella, Spirulina
(Arthrospira), Nostoc, Anabaena and Synechococcus
were the typical examples that showed potential as
biosorbents for efficient removal of heavy metals from
wastewaters[12—14].

Cells of Synechococcus sp., typically in 2—3 um,
possess enough viscous extracellular polysaccharides at
the early stationary phase of growth while maintaining
single or dicoccus, and they usually aggregate with each
other at the later stationary phase and death phase,
suggesting that the early stationary phase is the better
period for harvesting the cells. Though GARDEA-
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TORRESDEY et a[15] have studied Synechococcus as
biosorbents for removal of metal ions, no comparative
study on biosorption mechanisms of Cr(VI) and Pb(II)
on free or immobilized cells of Synechococcus has been
reported. In this work, the free and immobilized cells of
Synechococcus sp. harvested at the early stage of
stationary phase were used as the adsorbents and the
adsorption  properties, adsorption  kinetics and
mechanisms of Cr(VI) and Pb(Il) were comparatively
studied.

2 Experimental

2.1 Culture and harvest of cells of Synechococcus sp.
Pure strain of Synechococcus sp. was obtained from
the Institute of Hydrobiology, Chinese Academy of
Sciences, Wuhan, China. It was cultured in the HGZ
medium (NaNO; 496 mg/L, K,HPO4 39 mg/L, CaCl,
58 mg/L, PII metals solution 3 mL/L, and soil extract 3
mL/L) in a home-made rectangular bioreactor composed
of 5 sub-rectangular compartments (each size 5 cmX5
cm X 70 cm) at 25 ‘C, under continuous illumination (2
kix) and air-lift mixing through the outside-columns of
compartments. The growth curve was monitored with
spectrophotometer at 540 nm (UV3000, Shimadzu,
Japan). The cells were harvested at the early stage of
stationary phase, and filtrated via membranes with pore
size of 0.45 pm. Then the pellet was washed several
times with deionized distilled water, dried by
lyophilization, and stored at room temperature.

2.2 Immobilization of Synechococcus sp.

The powdered cells of Synechococcus sp. were
immobilized using Ca-alginate via entrapment. 1 g of dry
powder of biomass was mixed with 50 mL of 6% (v/w)
Na-alginate solution, and the mixture was then introduced
into 0.5 mol/L of CaCl, solution through a peristaltic
pump. After filtration, washing and freeze-dry process,
the immobilized Synechococcus cell biosorbents were
stored at 4 “C until being used.

2.3 Measurement of Zeta potentials of free cells

Zeta potentials of the free cells of Synechococcus sp.

in solutions with pH values of 2—12 were measured by a
Zeta potential analyzer (Delsa 440SX, Coulter, USA) at
25 C.

2.4 Determination of Cr(VI) and Pb(II) ion concen-
trations of samples
The concentrations of Cr(VI) and Pb(Il) in samples
were determined by spectrophotometry (UV-3000,
Shimadzu) with 1, 5-diphenylcarbazide in acid solution
at 540 nm[16], and double chromogenic reagents

dithizone and 4-(2-pyridylazo) resorcinol in aqueous
solution at 520 nm[17]. Both methods took the reagent-
blanks as the references, respectively.

2.5 Biosorption experiment

Each biosorption experiment was carried out in 150
mL conical flasks containing 50 mL metal ion solutions
and 45 mg dry biomass (free and immobilized,
respectively). The flasks were agitated at 70 r/min for
Cr(VI) and 150 r/min for Pb(Il) for 2 h, respectively.
After biosorption for a preset time (5 min, 10 min, 15
min, 20 min, 25 min, 30 min, 1 h, 2 h and 3 h), the
mixtures were centrifuged at 4 000 r/min for 25 min, and
the metal ions in the supernatants were analyzed by
spectrophotometer as described above.

The amount of metal ions (mg) adsorbed by per
gram of free or immobilized cell biosorbents was
calculated by

0.=0.001(c;—C.)V/m (1)
g=0.001(ci—c)V/m (2)
where (. and  are the amounts of metal ions adsorbed

onto the unit amount of the biosorbents (mg/g) at
equilibrium and any biosorption time, respectively; C;, C.
and c; are the concentrations of metal ions in the bulk
solutions at the initial, equilibrium and any biosorption
time, respectively; V is the volume of bulk solution; and
m is the mass of biosorbent.

2.6 FT-IR measurements

FT-IR spectra for both free and immobilized cells of
biosorbents before and after adsorption of Pb(Il) or
Cr(VI) as well as for K,Cr,0; were obtained by the KBr
pellet method operated on FT-IR analyzer (Nexus 670,
Nicolet, USA).

3 Results and discussion

3.1 Zeta potentials of free cells of Synechococcus sp.
The Zeta potential curve of cells of Synechococcus
sp. in different solutions (pH 2—12) is given in Fig.1. It is
shown that free cells of Synechococcus sp. have an
isoelectric point at about pH 3.0, and the cells surface
shows electro-negative when pH>3. On the contrary,
when pH <3 it shows electro-positive. This is in
accordance with other kinds of algal cells[12, 18—19]. It
could be expected that the acidic value of isoelectric
point is due to the reciprocity among the numerous acidic
units of the cell surface, such as, uronic acidic,
carboxylic groups, and few alkaline units —NH, and
NH;" groups, suggesting that at pH>3 the cell surface
prefers to the electrostatic adsorption of positive metal
ions because of the dissociation of acidic units; while at
pH<3 it benefits the adsorption of negative metal ions
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for the protonation of alkaline units while numerous
acidic units sustain un-dissociated.

Zeta potential/mV

Fig.1 Zeta potential curve of free cells of Synechococcus sp.

3.2 Effects of pH on biosorption of Pb(1I) and Cr(VI)
Effects of pH on the biosorption of Pb(II') or Cr(VI)
are given in Fig.2. It is shown that an apparent transit in
adsorption of both Pb(II) and Cr(VI) on the free cells of
biosorbent occurs at pH 3, the same point as isoelectric
point discussed above, suggesting an electrostatic
biosorption of the metal ions onto the cell surface of the
biosorbents. Fig.2 also shows that the transit in
adsorption of both Pb(II') and Cr(VI) is shifted from pH
3.0 to 2.0 and Pb(II) or Cr(VI) adsorption is decreased
by immobilized cells, which may be due to the fact that
the immobilization of cells by alginate provides more
carboxylic groups that make the surface ionic charge
more acidic, but the increase of granular size of the cells
after immobilization leads to the reduction of the
adsorption capacity. It is also noted from Fig.2 that the
adsorption of Pb(Il) or Cr(VI) on Ca-alginate is much
weaker than that of free or immobilized cell biosorbent,
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Fig.2 Effects of pH value on adsorptions of Cr(VI) and Pb(1l)
ions (30 C, [Cr(VD)];,=10 mg/L, [Pb(1)];,=20 mg/L, mass of
adsorbents 45 mg)

biosorbent, suggesting that immobilization of cells by
alginate does not significantly modify the adsorption
properties of the cells. Immobilized cell biosorbent,
however, shows better performance in actual multiple
operation of adsorption.

It has been proposed that the major functional
groups on the algal cell surface responsible for metal
ions chelating are carboxylic groups, which have pK,
value of 3.5-5.0. Besides carboxylic groups, the
extracellular layer of Synechococcus that may be of
glycoprotein provides other ions or proton side chains of
the amino acids and sugar units, which will affect the
surface charge density and the adsorption of the metal
ions. Increase in pH may result in more dissociation of
acidic groups, which leads to more electro-negatively
charged ligands on the cell surface and favors the
adsorption of Pb*" ions. Optimal pH for removal of
Pb(Il) ions in solution by algal biomass is reported at
pH 5.0—6.0[20], at which Pb(I]) is in form of Pb*" ions.
Cr(VI) ions in the acidic solution are probably in diverse
species [HCrO,]", [Cr,0,]*, [CrsOp3]* and [Cr;04]*
that are prone to adsorb on the protonated active sites of
the biosorbent primarily[9]. By taking into account of the
pH stability and isoelectric point of the biosorbents, pH
1-2 and pH 4-6 may be preferable to removing Cr(VI)
and Pb(IT) by cells of Synechococcus.

3.3 Effects of temperature on biosorption of Pb(II)
and Cr(VI)

Effects of temperature on the biosorption of Pb(1l)
and Cr(VI) are given in Fig.3. It is shown that the effects
of temperature on adsorption of Pb(Il) and Cr(VI) on
either free or immobilized cell biosorbents seem much
weak, for the cases of immobilized form in the test range
of 15-50 C.
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Fig.3 Effect of temperature on adsorptions of Cr(VI) and Pb(II)
ions ([Cr(VD]i,=10 mg/L, [Pb(Il)]i;=20 mg/L, mass of
adsorbents 45 mg, initial pH value 4.5 for Pb(Il) and 1.5 for
Cr(VI), respectively)
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3.4 Adsorption characteristics and effects of initial
concentrations of Pb(II') and Cr(VI)

The biosorption curves of Pb(II') and Cr(VI) on free
or immobilized cells at the preferable pH and ambient
temperature are shown in Fig.4. It can be seen that the
adsorption of Pb(II) or Cr(VI) is very fast in the very
early stage of biosorption, for instance, in 5 min, the
biosorption quantities reach more than halves of the
saturation values, and then it goes into a relatively slow
stage until the saturation adsorption values of Pb(Il) and
Cr(VI) are obtained at about 50 and 120 min,
respectively. The relatively slow stage for each case can
be approximately described by first order kinetic model.
As shown in Fig.5, there is a linear relationship between
Inc; and adsorption time t, which suggests that this stage
may depend on the diffusion rate of the ions to the
surface or through skeleton of the biosorbent, so
topography and surface properties of the biosorbent may
be the major influencing factors. The much longer time
to reach the equilibrium for Cr(VI) than that for Pb(1I)
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Fig.4 Adsorption curves of Cr(VI) and Pb(Il) ions (30 C,

[Cr(VD)];,=10 mg/L, [Pb(1])];=20 mg/L, mass of adsorbents

45 mg, initial pH value 4.5 for Pb(Il) and 1.5 for Cr(VI),

respectively)
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Fig.5 Modulation of relatively slow stage of adsorption curves
of Pb(1I) and Cr(VI) ions in Fig.4 by first order kinetics model

suggests a possible difference in adsorption kinetic
models between Cr(VI) and Pb(Il), where a plateau
occurs only for adsorption of Pb(1I) (Fig.4).

3.5 Modeling of adsorptions of Pb(II') and Cr(VI)

In order to model the adsorptions of Pb(Il) and
Cr(VI), Langmuir and Freundlich models[19] are
adopted. The Langmuir equation is valid for monolayer
reversible adsorption onto a surface with a finite number
of identical sites and the model can be described by the
Monod type equation:

0 Ce
—_dm¥e 3
e K, +c. (3)
or its linear form:
/0. = Lce L “4)

m O

where C. and Q. represent the metal ion concentration in
the bulk phase and the amount of metal ions adsorbed on
the adsorbent at adsorption equilibrium, respectively; q,
is the maximal adsorption capacity; and Ky is the
Langmuir constant of the system at adsorption
equilibrium.

When there are interactions among adsorbed
molecules, a molecule attached to a surface may make it
more or less difficult for another molecule to become
attached to a neighboring site and this would lead to a
deviation from the Langmuir adsorption equation. In this
case, Freundlich model may be suitable, which can be
expressed by

Qe = Kr(Co)'" (5)
or the linear equation in form of logarithm:
lgq. =lgKp +(/n)lge, (6)

where Ky and n are the Freundlich constants. The
Freundlich model is more general but provides no
information on the monolayer adsorption capacity, in
contrast to the Langmuir model.

After modeling the adsorption of Cr(VI) and Pb(1II)
ions on either free or immobilized cell biosorbents by
Langmuir and Freundlich models, respectively, the
related Langmuir constants (q,, and Ky) and Freundlich
constants (Kg and n) along with the correlated
coefficients (r?) are listed in Table 1. Based on the r?
values, it can be seen that the adsorption of Pb(Il) can
be described more suitably by Langmuir model, though
Freundlich model is also descriptive, and the adsorption
of Cr(VI) only obeys Freundlich model, indicating much
probability of chemico-adsorption between Cr(VI) and
biosorbents.

Onm and Ky derived from the Langmuir isotherm
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define the total capacity and binding affinity of the
biosorbents for Pb(II') ions. From Table 1, q,, values for
removal of Pb(Il) are in the sequence of free cell
biosorbent>immobilized cell biosorbent, and the order
of k4 values is just contrary to that of q,, values, which
may be due to a decrease in the apparent surface
adsorptive sites after the immobilization of the free cells.

For the cases of Freundlich isotherm where K
represents the adsorption coefficient, and n is related to
the effect of concentration of metal ions, the adsorption
feature is defined by both K and n values, and to some
extent, the n value contributes more significantly. From
Table 1, Kg value for Pb(II') ion adsorption is larger by
about 100 times for the free cell biosorbent and 10 times
for the immobilized cell biosorbent than that for Cr(VI)
ions adsorption, indicating that Pb(Il) ions have higher
adsorption coefficients than Cr(VI) ions, and Pb(1I') ions
have higher adsorption coefficients on the free cell
biosorbent than on the immobilized cell biosorbent.
Based on the values of n, the effect of concentration of
Cr(VI) on Cr(VI) adsorption is about 450 times higher
than that of Pb(Il) on Pb(II) adsorption on the free cell
biosorbent, and about 100 times higher than that of
Pb(Il) on Pb(Il) adsorption on the immobilized cells

biosorbent. It can be derived that the Pb(1I') adsorption is
much affected by the apparent surface adsorptive sites of
the biosorbents, and Cr(VI) adsorption is much affected
by the initial concentration of metal ions that may
principally affect the diffusion of ions onto the surface of
biosorbents.

3.6 Adsorption mechanisms of Pb(II') and Cr(VI)

The comparison of IR spectra among K,Cr,0,, free
cells biosorbent, free and immobilized cell biosorbents
adsorbed by Cr20727 or Pb?" is shown in Fig.6. The
frequencies of the spectrum bands and their assignments
are listed in Table 2. Based on Ref.[20], the following
can be derived from Fig.6 and Table 2.

1) The larger broad bands in the region of 3 000—
3 500 cm' are assigned to the stretching of
hydrogen-bonded O—H, N—H of secondary amides and
NH*'. All of these are shifted and increased in intensity
after biosorption of lead or chromium on both free and
immobilized cell  biosorbents, indicating the
involvements of these groups in the biosorption of lead
or chromium ions.

2) The stronger bands of 1 659, 1 546, 1 079 and
1 042 cm™! in the spectra of free cell biosorbent, which

Table 1 Regression constants of adsorption isotherm models for adsorption of Pb(Il) and Cr(VI) ions from aqueous solutions on

either free cells or immobilized cell biosorbents

Langmuir isotherm constants

Freundlich isotherm constants

Ion Biosorbent

Ou/(mg-g ™) ky/107 r? n Kr r?
Pb(1T) Free cell 64.52 74.68 0.985 1 3.46 9.51 0.923 7
Pb(Il)  Immobilized cell 59.88 80.69 0.991 8 3.05 6.95 0.948 9
Cr(VI) Free cell - - 0.206 2 0.80 0.10 0.986 2
Cr(VI)  Immobilized cell - - 0.4577 1.06 0.82 0.992 4

(H

4000 3500 3000 2500

2000

Wavenumber/cm™!

Fig.6 Comparison of FT-IR spectra among K,Cr,0; (a), free cell (of Synechococcus sp.) biosorbent (b), free cell biosorbent adsorbed
by Pb*" (e) or Cr,0;*" (c), immobilized cell biosorbent adsorbed by Pb*" (f) or Cr,0,* (d)
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Table 2 Frequencies and assignments of FTIR bands of free cells, Cr or Pb-bound free cells, Cr or Pb-bound immobilized cells

Frequency/cm '
Free Cr-bound Cr-bound Pb-bound Pb-bound Assignment
cells free cells immobilized cells  free cells  immobilized cells
3374, 3 295 3339 3313 3338 3356 Hydrogen-bonded O—H stretching and
N—H stretching of secondary amides
2025,2855 2923,2854  2923,2852 29242854 29232853 C—H stretching (methyl, methylene,
and methyne groups)
1740 1742 1738 1742 1743 C==0 stretching of acetamido group
1 659, 1650 | 654 1 657 1 653 1652 C==0 stretching 1n.carb0xyl or amide groups
(amide I band)
Amide II band N—H bending and
1546 1541 1541 1542 1546 C—N stretching in —CO—NH—
symmetrical bending of CH, group,
1455 1456 1 466 1458 1462 asymmetric bending of CHj3,
and O—H bending
1380 1375 1370 1368 1363 C-N stretching, in-plane O—H bending
1243 1 240 1 240 1 240 | 242 Amide III band C—H s.tretchlng and
C—O stretching
1154 1157 1155 1155 1153 C—O stretching of ether groups
1079 1 057 1077 1078 1069 C—OH stretching
1 042 1030 1033 1031 1033 COO symmetric stretching
_ 579 575 575 574 Out-of-plane N—H bending for

hydrogen-bonded amides

are assigned to C=0 stretching in carboxyl or amide
groups (amide I band), amide II band N—H bending
and C—N stretching in —CO—NH—, C—OH
stretching, and COO— symmetric stretching, respec-
tively, are red-shifted and intensity-increased after
biosorption of lead or chromium on either free or
immobilized cell biosorbents, indicating that the
carbonyl of carboxylic and amide groups, oxygenated
forms and nitrogenated forms of carbon are involved in
the biosorption of lead or chromium.

3) The larger bands in the region of 500—-800 cm '
that are assigned to out-of-plane N—H bending for
hydrogen-bonded amides are apparently elongated and
increased in intensity after biosorption of lead or
chromium on both free and immobilized cell biosorbents,
further indicating the involvement of amide nitrogen in
the biosorption of lead or chromium.

4) The specific bands in the region of 700-980 cm™*
for K,Cr,O; do not occur in Cr-bound free or
immobilized cell, indicating that the reduction of Cr(VI)
occurs during biosorption of chromium. By taking into
account of the change in biosorption characteristic at the
isoelectric point of the biosorbents (Figs.l and 2), and
different features in adsorption kinetics of Cr(VI) from
Pb(Il) as discussed above, it may be deduced that the

biosorption of Cr(VI) might follow two subsequent steps,
that is, the adsorption of Cr,0> by electrostatical force
at the electro-positively active sites and the reduction of
Cr,0,* to Cr’" by the reductive groups on the surface of
biosorbents. The first step is limited by the diffusion rate
of Cr(VI) to the biosorbent surface and the diffusion rate
is affected by the initial concentration of Cr(VI) in the
bulk solution.

4 Conclusions

1) The adsorption processes of Cr(VI) and Pb(1I)
on both free and immobilized cell biosorbents are
apparently affected by pH and initial concentration of the
metal ions in the bulk solution, but seem to be much
weakly affected by temperature in the test range of
10-50 C.

2) The kinetic adsorption process consists of a very
fast stage in the early several minutes, and a slower stage
in the first order kinetic model.

3) The adsorption of Pb(II) follows both Langmuir
and Freundlich isotherm models, and that of Cr(VI)
obeys only Freundlich model, in the test range of initial
concentration of Cr(VI) and Pb(II') of 0—700 mg/L.

4) FT-IR results indicate that carboxylic, alcoholic,
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amide and amino groups are responsible for the binding
of the metal ions, and reduction of Cr(VI) to Cr(III) takes
place after Cr(VI) adsorbs electrostatically onto the
surface of the biosorbents.
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