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bstract

Chromium in the effluent is a major concern for tanning industry. Chemical precipitation methods are commonly employed for the removal
f chromium but this leads to formation of chrome-bearing solid waste, plus it is uneconomical when the concentration of chromium in the
ffluent is low. Ion exchange and membrane separation methods are relatively expensive. In this study, two algae namely, Spirogyra condensata
nd Rhizoclonium hieroglyphicum have been employed to remove chromium from tannery effluent. The effect of pH and chromium concentration
howed S. condensata to exhibit maximum uptake of about 14 mg Cr(III)/g of algae at optimum pH of 5.0 whereas R. hieroglyphicum had 11.81 mg
f Cr(III)/g of algae at pH of 4.0. Langmuir and Freundlich models were applied. Increase of initial concentration of Cr resulted to a decrease

n adsorption efficiency. Dilute sulphuric acid (0.1 M) showed good desorption efficiency (>75%). Interference from cations negatively impacted
n biosorption of chromium. Immobilized algae on Amberlite XAD-8 in a glass column, gave better recovery of chromium in tannery effluent
ompared to a batch method with unimmobilized algae. Fourier transform infra red (FT-IR) analysis of the two algae revealed the presence of
arboxyl groups as possible binding sites.

2008 Elsevier B.V. All rights reserved.
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. Introduction

“Biosorption” is a process in which materials of natural ori-
in, such as micro-organisms (living or dead) are employed for
equestration of heavy metals from an aqueous environment
1,2]. Metal ions in solution interact with the biosorbent and
ence are sequestered. The mechanism of metal ions uptake
rom solution can be due to physical sorption, complexation with
icrobial cell surface groups or bioaccumulation [2]. Biosorp-

ion could occur through interactions between metal ions and
unctional groups of the cell wall biopolymers of living and
ead organisms. The major functional groups on biopolymers

hich act as binding sites include carboxylate (–COO−), amide

–NH2), thiols (–SH), phosphate (PO4
3−) and hydroxide (–OH)

3,4].
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Heavy metals are widespread pollutants of great concern as
hey are non-degradable and thus persistent. Pollution of the
nvironment by toxic heavy metals is largely as a result of
ndustrial activities such as mining, electroplating, leather tan-
ing, etc. The effective removal of heavy metals from aqueous
astes is among the most important issues in the world today

5–7]. A number of methods exist for the removal of heavy
etal pollutants from liquid wastes when they are present in high

oncentrations. These methods which include chemical precipi-
ation, evaporation, electroplating, ion-exchange and membrane
rocesses, are otherwise suitable at high concentration but inef-
ective and cost prohibitive when applied to dilute solutions or
ead to secondary pollution [2,5,6,8]. This limitation has led to a
rowing interest in application of biosorption technology for the
emoval of toxic metal from dilute aqueous solution. Biosorption

s technically feasible, economical and eco-friendly [1,4,9]. Sev-
ral biological materials have been investigated for the removal
f heavy metals and include bacteria, algae, yeast and fungi
3,4,6]. Metal binding by living or dead algae offers promise
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mailto:onyanchadouglas@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.02.043


6 zardo

i
r

m
t
e
l
o
m
t
l
H
c
t
m
a
i
T
c
g
f

2

2

p
i
B
s
e
d
a
s
w
p

2

n
e
a
o
a
h
n
t
0
t
w

2

s

b
b
s
w
(
8
w

2

a
F
t

2

2

r
i
o
s
T
e
o
p

2
c

fl
t
o
4
t
4
i
i
S
a

2

g
w
a
d
fl
t
C

2

06 D. Onyancha et al. / Journal of Ha

n the treatment of low-grade industrial waste streams and in
emediation of environmental metal pollution.

Chromium has found extensive use in tanning industry
ainly because of the good quality of leather obtained. When

he wastewaters containing chromium are discharged into the
nvironment, they pose a serious problem to the quality of the
atter. Removal of chromium from wastewaters is obligatory in
rder to avoid water pollution. Legislation by different govern-
ents, demands the concentration of Cr in discharges be less

han 0.5 mg L−1 irrespective of its oxidation state [9]. This has
ead to removal of chromium from wastewaters before discharge.
owever the current methods being employed such as chemi-

al precipitation are not feasible to reduce the concentration
o the desired levels of 0.5 mg L−1 Cr (WHO). Using various
icro-organisms as biosorbents for chromium removal, offers
potential alternative to existing methods for its recovery from

ndustrial wastewaters and is subject to extensive studies [10,11].
he objective of this study was to investigate the biosorption of
hromium by Spirogyra condensata and Rhizoclonium hiero-
lyphicum from aqueous media and its recovery (desorption)
rom the biosorbents using dilute acids.

. Materials and methods

.1. Biosorbents

The algae, S. condensata was obtained from a fresh water
ond at Egerton University, Njoro, Kenya while R. hieroglyph-
cum was obtained from a fresh water pond at the University of
otswana, Gaborone, Botswana. The sampling sites were cho-

en because of minimal heavy metal pollution. The algae were
ach collected from the pond with a beaker and then rinsed with
istilled deionized water to remove attached particulate materi-
ls. Upon arrival in the laboratory the algae samples were first
oaked in 0.5 M HCl for 2 h and rinsed three times with distilled
ater. The algae were oven dried at 80 ◦C and then ground into
owder (particle size, 450 �m) before use.

.2. Tannery wastewaters

Two types of tannery effluents were used in this study,
amely the treated effluent and the sludge. The treated efflu-
nt was used without further treatment except filtration through
0.45 �m while the sludge was treated as follows: 0.5 g of

ven dried sludge was mixed with 10 mL concentrated nitric
cid and 10 mL perchloric acid. The sludge–acid mixture was
eated at about 120 ◦C and the liquid evaporated to incipient dry-
ess. Ten milliliters of 0.1 M HCl was added to the residue and
he mixture stirred thoroughly, cooled and then filtered through
.45 �m. The filtrate was placed in 100 mL flask and made to
he mark with distilled–deionized water. The chromium content
as determined by FAAS.
.3. Reagents

All chemicals used were of analytical grade unless otherwise
tated. Chromium stock solution (1000 mg L−1) was prepared

P
M
e
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y dissolving CrCl3·6H2O in distilled–deionized water. Acetate
uffer solution was prepared by addition of 0.2 M acetic acid
olution to 0.2 M sodium acetate until the desired pH (range 3–6)
as attained. Other reagents and materials used include, HCl

0.1 M, 0.5 M), H2SO4 (0.1 M), CaCl2 (0.1 M), Amberlite XAD-
. All aqueous solutions were prepared in distilled–deionized
ater.

.4. Instrumentation

The Cr content in solution was determined by a Varian flame
tomic absorption spectrometer (FAAS) model Spectra AA 220
S. Fourier transform infra red (FT-IR) spectrophotometer (Sys-

em 200 FT-IR) was used for functional group analysis.

.5. Procedures

.5.1. Effect of pH on chromium binding
The biosorption of chromium was studied in batch equilib-

ium experiments. The effect of pH in batch equilibrium was
nvestigated as follows: 0.1 g of algae was mixed with 10 mL
f 10 mg L−1 Cr(III) and the solution buffered with 10 mL of
odium acetate buffer at different pH values of 3, 4, 5 and 6.
he mixtures were equilibrated in conical flasks for 2 h. After
quilibration the mixtures were filtered and final concentration
f chromium in filtrate was determined by FAAS. The same
rocedure was applied to tannery effluent at optimum pH.

.5.2. Adsorption isotherm and effect of metal ion
oncentration

Batch sorption isotherm was determined in 100 mL conical
asks. The amount of chromium ions taken up (qeq) as a func-

ion of metal concentration was determined as follows: 0.1 g
f finely ground algae was mixed with 10 mL of buffer at pH
.0 and 5.0 for R. hieroglyphicum and S. condensata, respec-
ively, and 10 mL Cr(III) of solution in the concentration range,
–500 mg L−1. Each mixture was agitated for 2 h. The result-
ng mixture was centrifuged and the concentration of Cr(III)
ons (Ceq) of the supernatant solution in equilibrium with solid
pirogyra spp. determined by FAAS. The same procedure was
dopted to determine the concentration in tannery waste.

.5.3. Adsorption kinetics
Rate of chromium adsorption by S. condensata and R. hiero-

lyphicum was studied as follows: approximately 0.1 g of algae
as mixed with 10 mL of 10 mg L−1 Cr(III) solution and 10 mL

cetate buffer at pH 4.0 and 5.0 for R. hieroglyphicum and S. con-
ensata, respectively. The mixtures were equilibrated in conical
asks. At predetermined time intervals of 10 min, 2 mL of solu-

ion was drawn using a syringe fitted with membrane filter and
r concentration was determined.

.5.4. Effect of selected metal ions on Cr(III) adsorption

The metal ion solutions of Ca2+, Mg2+, Cu2+, Fe3+ and

b2+ were prepared from their nitrate salts namely Ca(NO3)2,
g(NO3)2, CuSO4, Fe(NO3)3 and Pb(NO3)2, respectively. The

ffects of competing metal ions were investigated as follows:
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explaining the pH dependence of algal biosorbents in heavy
metal adsorption, it is important to consider the ionic states
of cell wall, functional groups as well the heavy metal solu-
tion chemistry at various pH values. Cr(III) exists in solution
D. Onyancha et al. / Journal of Ha

0 mL of 10 mg L−1 of Cr(III) solution was mixed with 10 mL
f 10 mg L−1 of the competing cation and with 0.1 g of algae,
t pH 4.0 and 5.0 for R. hieroglyphicum and S. condensata,
espectively. The solution was equilibrated for 2 h, filtered and
oncentration of Cr in the filtrate was determined by FAAS.
lank sample without competing ions was used as control.

.5.5. Chromium recovery: desorption agents
Recovery of adsorbed Cr was done using the following des-

rbing agents: 0.1 M HCl, 0.1 M CaCl2 (in 0.1 M HCl), 0.1 M
2SO4 and 0.1 M Na2CO3. The agents were investigated in
atch equilibration experiments as follows: 0.1 g of algae was
ixed with 10 mL of 10 mg L−1 Cr(III) and 10 mL of buffer

t optimum pH. The mixture was equilibrated in conical flasks
or 2 h. The mixture was filtered and Cr concentration deter-
ined in the filtrate. A desorption agent (20 mL) was mixed
ith the residue and equilibrated for 1 h, the resulting mixture
as filtered and the filtrate analyzed for Cr(III) concentration.
he same procedure was repeated for both tannery wastewater

reated effluent and sludge.

.5.6. Biosorbent immobilization using Amberlite XAD-8
Column studies were carried out by the following method

eported by Turker and Baytak [8] with some modifications.
mberlite XAD-8 was washed with methanol, 0.1 M HCl and
istilled water to remove any contaminants. Immobilization of
lgae on XAD-8 was done as follows: 0.3 g of Amberlite XAD-8
as mixed with 15.0 g algae. The mixture was wetted with 2 mL
f distilled water and thoroughly mixed. The resulting paste was
eated in the oven at 105 ◦C until it dried. The dry mixture was
round into powder before packing into the column. One gram
f Amberlite–algae mixture was packed in a glass column (1 cm
.d. and 20 cm long). The pH of the adsorbent in the column
as adjusted to optimum value (4 or 5 depending on the type of

lgae). Conditioning of Column pH was achieved by passing the
cetate buffer at pH 4 or 5 through the column and monitoring
he pH of the eluate coming out of the column. Once the desired
H was obtained, the column was ready for use. A standard
olution of 100 mL of 10 mg L−1 or 100 mL of tannery effluent
as passed though the column at a flow rate of 1 mL min−1.
suitable eluent (e.g. 0.1 M H2SO4) was passed through the

olumn to recover the adsorbed Cr which was then determined
y FAAS. The regenerated algae in the column was subjected to
econd cycle of adsorption (or recycled).

.5.7. FT-IR analysis of algae
FT-IR analysis of the algae was done to predict the functional

roups on the walls of the biomass responsible for the adsorption
rocess. This was done by mixing approximately 1.0 mg dried
ample of algae with 300 mg KBr (1:300), ground to fine powder
nd pressed under vacuum to a pellet. The pellet was analysed
n the range 4000–400 cm−1.
.5.8. Calculation of Cr(III) uptake by biomass
The amount of Cr(III) accumulated by biomass was calcu-

ated as the difference between the amount present in the initial
F
c
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olution and that in the final solution after equilibration with
iomass using the following formula:

eq = (C0 − Ceq)V

M
(1)

here qeq (mg g−1) is the amount of metal adsorbed, C0 and
eq are the dissolved metal concentration in the initial and final
quilibrium solutions, respectively, V (in litre) is the volume of
olution and M (g) is the mass of biomass.

. Results and discussion

.1. Effect of pH on Cr(III) accumulation

It is well documented that pH is an important parameter
ffecting biosorption of heavy metals [8,12]. The effect of pH
n Cr(III) biosorption was studied in the range 3–6. This range
as chosen based on studies reported in the literature [7,8].
hromium(III) ions were found to bind more strongly as the
H was increased from 3 to 5. The pH dependence occurs when
etal ions and protons compete for the same active metal bind-

ng sites such as carboxylate or amine groups on the algae surface
5,6,15]. The functional groups act as binding sites for the metal
ons. The results of the effect of solution pH on Cr(III) adsorption
re shown in Fig. 1. The biosorption capacity increased as pH
ncreased from 3 to 5 for S. condensata. Above pH 5 a decrease
n adsorption capacity was observed. For Rhizoclonium hiero-
ylphicum, adsorption capacity increased from pH 3 to 4 but
ecreased above pH 4. The highest adsorption capacity values
ere observed at pH 4 and 5 for Rhizoclonium hierogylphicum

nd S. condensata, respectively, and these pH values were used
n subsequent experiments.

The pH affects the availability of metal ions in solution. In
ig. 1. Effect of pH on Cr(III) adsorption by Spirogyra condensata and Rhizo-
lonium hieroglyphicum.
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s Cr(OH)2+ in the pH range 4–6 [5,6], this implies that its
iosorption depends on protonation and deprotonation of the
ell wall polymer functional group, relative to their pKa. The
ell walls of algae are mainly composed of cellulose, alganic
cid and heterogeneous fucose-containing sulphated polysac-
harides as basic building blocks, all of which have ion exchange
roperties [5,13]. These polymers possess various functional
roups which act as binding sites for metal ions. At low pH,
he protonation of functional groups gives an overall positive
harge to the polymer molecules unable to adsorb positively
harged Cr(OH)2+, hence reduction in adsorption capacity
6,15]. Increasing the pH reduces the electrostatic repulsion,
xposing more ligands carrying negative charges hence increase
n adsorption [6,8,14]. Reduction of adsorption of metal ions
t high pH (>6) has been attributed to formation of hydrox-
lated chromium complexes of the metal rendering the latter
nable to effectively bind the sorbent [8]. Also increase in pH
eads to precipitation of Cr from solution. Reduced Cr adsorp-
ion capacity by the two algae at pH < 3 and precipitation of
r at pH > 6 led us to restrict our studies to pH values between
and 6.

.2. Effect of chromium concentration on biosorption

Results obtained from biosorption of Cr(III) by S. condensata
nd Rhizoclonium heiroglyphicum is represented in Figs. 2 and 3,
espectively. The Qmax (in Eq. (2)) were 14.82 and 11.81 mg g−1

or S. condensata and Rhizoclonium heiroglyphicum, respec-
ively. The biosorption capacity of Cr increased with increase
n initial Cr concentration. This increase is attributed to compe-
ition for the available binding sites, i.e. most binding sites are
noccupied. High initial concentration provides an important

riving force to overcome mass transfer resistance of metal ion
etween the aqueous and solid phases [14]. Hence a higher initial
oncentration of chromium(III) should increase the biosorp-
ion. Such an effect was clearly demonstrated in Figs. 2 and 3.

ig. 2. Effect of Cr(III) concentration on sorbent adsorption by Spirogyra con-
ensata at pH 5.
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ig. 3. Effect of Cr(III) concentration on sorbent adsorption by Rhizoclonium
eiroglyphicum at pH 4.

hromium(III) removal yield was high (>75%) at low concen-
ration for both algae due to high cell density than at higher
oncentration of Cr(III), making more binding sites available
or adsorption. Low percentage of adsorbed Cr(III) may be due
o the fact that the available sites on surfaces of algal cell get satu-
ated, therefore further adsorption of metal ions is prevented [7].
ifferences in the amounts adsorbed by the different biomasses

an be attributed to difference in functional groups or different
ell composition of the two species.

.3. Adsorption isotherm

Classical adsorption models such as Langmuir and Fre-
ndlich have been extensively used to describe the equilibrium
stablished between adsorbed metal ions on the biomass (qeq)
nd the metal concentration remaining in solution (Ceq) at a con-
tant temperature. The Langmuir equation refers to a monolayer
orption into a surface containing a finite number of accessible
ites:

eq = bQmaxCeq

1 + bCeq
(2)

here Qmax is the maximum quantity of metal ions per unit
eight of biomass to form a complete monolayer on the surface

mg g−1), where b is a constant related to the affinity of binding
ites with the metal ions. Qmax represents a practical limiting
dsorption capacity corresponding to the surface of sorbent fully
overed by metal ions [15]. The empirical Freundlich equation
ccounts for sorption on heterogeneous surfaces:

eq = KFC1/n
eq (3)

n Eq. (3), KF is an indicator of adsorption capacity and n indi-

ates the effect of concentration on the adsorption capacity and
epresents the adsorption intensity [10,15]. All the other symbols
ave the same meaning as in Eq. (2). Experimental adsorption
sotherm parameters (for Freundlich and Langmuir) and corre-
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Kinetic equations were solved by the help of MATLAB pro-
gram and the parameters of the models were determined. The
plots of log(qe − qt) against t for the pseudo-first-order equa-
tion give a linear relationship and k1 and qe values can be
D. Onyancha et al. / Journal of Ha

ation coefficient (R2) data for Cr(III) obtained at optimum pH
alues, are given as table insets in Figs. 2 and 3 for S. condensata
nd R. hieroglyphicum, respectively.

The adsorption isotherms obtained for Cr(III) ions uptake by
. hieroglyphicum and S. condensata were found to fit well with

he Freundlich prediction within the studied metal concentration
ange (5–500 mg L−1). This observation implies heterogeneous
onditions were predominant under the applied experimen-
al conditions. This implies that the biosorption of chromium
y the two algae proceed via more than one mechanism and
hat more than one binding site on the biosorbent may be
vailable.

Other adsorption isotherms fitted include Redlich-Peterson
nd Dubinin-Radushkevich. Both models did not fit well to
xperimental data (plots not shown). This implies that the Fre-
ndlich isotherm best fits the experimental data (based on the
orrelation coefficient R2 values obtained for all the isotherms).

.4. Sorption kinetics of chromium(III)

Kinetics of sorption describes the rate of solute uptake which
n turn governs the residence time of sorption reaction that
efines efficiency of sorption [3]. The kinetics of removal of
r(III) by S. condensata and R. hieroglyphicum was carried out

o study the behavior of the two algae. Biosorption was plotted
s a function of time and the result is as shown in Fig. 4. The
wo curves had similar shapes.

The rate of metal uptake was rather fast and 90% of the
otal uptake occurred within 40 min. After 40 min, there was a

lower uptake rate approaching steady state where no significant
dsorption was noted with time. The initial rapid phase within
he first 10 min may involve physical adsorption or ion exchange
t cell surface and the subsequent slower phase may involve

ig. 4. Kinetics of chromium adsorption by Spirogyra condensata and Rhizo-
lonium hieroglyphicum.

F
z
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ther mechanisms such as complexation, micro-precipitation or
aturation of binding sites. Two kinetic models were used to
etermine the rate of adsorption process of Cr(III) on S. con-
ensata and R. hieroglyphicum; namely the pseudo-first order
nd pseudo-second order kinetic models. A series of contact
ime experiments were carried out with constant initial Cr(III)
oncentration of 10 mg L−1 and constant algae amount of 0.1 g
t 298 K. The linear functions of the pseudo-first and pseudo-
econd-order models used in this study are given in Eq. (4) and
5), respectively [16].

og(qe − qt) = log qe − k1

2.303
t (4)

t

qt

= 1

k2q2
e

+ t

qe
(5)

e and qt are amount of metal adsorbed at equilibrium and time,
, respectively. k1 and k2 are rate constants for pseudo-first order
nd pseudo-second order models, respectively.
ig. 5. Plots for the adsorption of Cr(III) on Spirogyra condensata and Rhi-
oclonium hieroglyphicum at 298 K: (a) pseudo-first-order kinetics and (b)
seudo-second-order kinetics.
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ig. 6. Effect of different metal ions on adsorption of Cr(III) by Rhizoclonium.

etermined from the slope and the intercept of this equation,
espectively. Fig. 5(a) shows the plots of the linear functions of
he pseudo-first-order equation. As can be seen from Fig. 5(a),
he correlation coefficients (R2) for the first-order kinetic model
btained at 298 K are 0.801 and 0.823 for S. condensata and
. hieroglyphicum, respectively. The correlation coefficients are
ot high, so the adsorption of Cr(III) on S. condensata and R.
ieroglyphicum do not fit pseudo first-order equation. The qe
nd k2 values of the pseudo-second-order kinetic model can
e determined from the slope and the intercept of the plots
f t/qt versus t, respectively. Fig. 5(b) gives the results of the
inear form of the pseudo-second-order kinetic model. The cal-
ulated qe values for pseudo-second-order kinetic model are
loser to the experimental data than the calculated values of
seudo-first-order model. Further the correlation coefficients for
seudo-second-order model are quite high (>0.999). Therefore,
he adsorption of Cr(III) can be approximated more favorably
y the pseudo-second-order model. The pseudo-second-order
odel is based on the assumption that the rate-limiting step may

e a chemical sorption involving valance forces through shar-
ng or exchange of electrons between adsorbent and adsorbate
16].

.5. Effect of selected metal ions on Cr(III) adsorption

Fig. 6 illustrates the effect of some cations on the biosorption
f chromium(III) ions by S. condensata and R. hieroglyphicum.
he results clearly demonstrate that presence of various cations

ead to a significant decrease in the amount of Cr removed from
olution by the two algae. Between the two algae, R. hieroglyph-
cum is more affected than S. condensata, as Cu and Pb reduce
ts biosorption by 38% and 36%, respectively. In general, pres-

nce of other metal ions decreases the concentration of adsorbed
hromium(III). This may be due to competition for the available
inding sites. Another reason for the decrease in biosorption
ould be attributed to ionic strength of the aqueous phase. The

e
3

Fig. 7. Percentage recovery efficiency of different desorbing agents.

resence of cations in the sample will result in increased ionic
trength since cations are charged species. Adsorption decreases
ith increasing ionic strength of aqueous phase. This change
ay be ascribed to changes in metal activity of the electrical

ouble layer [3]. According to surface chemistry theory, when
wo phases in aqueous solution are in contact, they are bound to
ecome surrounded by an electrical double layer owing to elec-
rostatic interaction. If the adsorption mechanism is significantly
ependent on the electrostatic attraction, adsorption decreases
ith increase in ionic strength [17]. This observation is in agree-
ent with those obtained by other investigators regarding the

bility of biosorbents to bind heavy metal in the presence of
ompeting cations [5,6,18].

.6. Chromium recovery

The result of metal desorption by different desorbing agents
s shown in Fig. 7. For the two types of biosorbents, the desorp-
ion efficiency was H2SO4 > HCl > CaCl (in HCl) > Na2CO3. In
eneral, the dilute acids and CaCl2 in HCl had reasonably good
ecovery efficiency (>55%). Recovery of chromium from S. con-
ensata gave a relatively low yield (<40%) compared to R. hiero-
lyphicum. The reason for the low yield could not be established.
rom this experiment, 0.1 M H2SO4 was taken to be the most
fficient desorbing agent and therefore was used in subsequent
xperiments for chromium recovery. Complete recovery (100%)
as not achieved possibly implying that mechanism other than

on exchange may be responsible for chromium(III) adsorption.

.7. Tannery effluent studies
Chromium concentration in tannery effluents: treated
ffluent (TE) and sludge are 8.26 ± 0.06 mg L−1 and
356.70 ± 0.25 mg L−1, respectively. It is noted that both
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Comparison of Cr(III) uptake by different biosorbents (mg g−1): studied in this
work vs. literature reports [22–23]

Biosorbent Adsorption capacity Reference

Spirogyra condensata 14.82 mg/g This study
Rhizoclonium heiroglyphicum 11.81 mg/g This study
Solanum elaeagnifolium 2.78 [19]
Sargassum sp. 41.02 [20]
Padina sp. 43.67 [20]
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ig. 8. Percentage adsorbed Cr(III) from tannery effluents by Rhizoclonium
eiroglyphicum and Spirogyra condensata.

reated effluent and sludge contain high concentration of Cr,
ith the sludge showing significantly higher concentration

han the treated effluent. Furthermore, the level of sludge is
ignificantly higher than the world health organization (WHO)
imit of 0.5 mg L−1.

.8. Biosorption of chromium from tannery effluents
The result of adsorption and desorption of chromium are as
hown in Figs. 8 and 9, respectively. R. hieroglyphicum showed
igher adsorption (Fig. 8) for chromium in the treated efflu-

ig. 9. Percentage recovery of Cr(III) initially adsorbed from treated effluent
nd sludge for both Spirogyra condensata and Rhizoclonium heiroglyphicum.
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argassum sp. 67.60 [21]

nt than S. condensata. The adsorbed amount in treated effluent
as 55% and 65% for S. condensata and R. hieroglyphicum,

espectively. Percentage adsorptions of Cr in the sludge were
2% and 43% for S. condensata and R. hieroglyphicum, respec-
ively. These adsorption percentages were low compared to those
btained with synthetic solutions.

Comparison of adsorption capacities between the two algae
tudied in the present work, shows that S. condensata has slightly
igher adsorption capacity (14.82 mg g−1) than that of Rhizo-
lonium heiroglyphicum (11.81 mg g−1). However, when these
dsorption capacities are compared against those of other biosor-
ents reported in the literature [19–21], the two algae in this work
ave relatively lower values than those in the literature as shown
n Table 1, except for Solanum elaeagnifolium with 2.78 mg g−1

19].
The low adsorption capacity could be attributed to presence

f interfering matrices in the effluents such as cations which
ompete with chromium for the binding sites. Analysis of the
amples (treated effluent and sludge) showed Ca and Mg con-
entration (data not shown) to be in the range of 40 mg L−1.
owever, other cations such as Fe3+, Cu2+, Pb2+, Ni2+, etc.

xpected to be present, were not detected. From previous studies
n the same tannery effluent by [22], the composition of tannery
ffluent was shown to have mainly Cr, Ca and Mg as well as
rganic substances of animal origin. Levels of other metals were
nsignificant.

Low levels of adsorption may also be attributed to presence
f other binding materials such as ligands capable of binding
hromium more strongly than the algae therefore making the
etal unavailable for adsorption by the algae. The concentration

f chromium recovered during desorption (Fig. 9) was low for
oth of the algae (<45%). Low recovery may be attributed to
resence of interfering cations which may be given desorption
reference over Cr(III).

.9. Biosorbent immobilization by Amberlite XAD-8

The batch experiments have demonstrated the ability of
he algae (biomasses) to bind chromium from solution. How-
ver, it is not feasible to apply batch system to the treatment

f wastewater because of the tedious procedure required for
eparating the analyte from the sorbent by filtration. A prac-
ical approach to removing metal ions from wastewaters with
iomass would be to pass the effluent through a column con-
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Table 2
Characteristic FT-IR absorption wavenumbers for (A) Spirogyra condensata and
(B) Rhizoclonium hieroglyphicum

Wave number (cm−1)Band assignment

A
3622 –OH monomeric alcohols, phenols, N–H amine stretches
3341 –OH hydrogen bonded alcohol
2925 –C–H alkane stretches
2360 –CC– triple bond (alkynes)
1656 –C O aldehydes, ketones, carboxylic acid
1038 –C O stretches. Alcohols, ethers, carboxylic acid, esters.

B
3341 –OH hydrogen bonded alcohol
2924 –C–H alkane stretches
2360 –CC triple bond (alkynes)
ig. 10. Performance of Amberlite XAD-8 immobilized Spirogyra condensata
nd Rhizoclonium hieroglyphicum in percentage chromium(III) adsorption.

aining the biomass. In this study, the algae were immobilized
n Amberlite XAD-8 packed in a glass column. Amberlite
AD-8 was investigated for Cr(III) adsorption prior to use for

mmobilization of algae. It did not show any Cr(III) adsorp-
ion activity hence making it suitable for algae immobilization.
esults (Fig. 10) showed the algae in column studies to have

elatively higher efficiency for chromium recovery than batch
unimmobilized algae) experiments. A possible explanation for
mproved biosorption when the algae is immobilized on XAD-8
s a support, could be that immobilization results in a relatively
arger surface area of algae binding sites, than when it is not
mmobilized.

Fig. 10 shows the percentage Cr(III) adsorbed in the column
n replicate runs for synthetic solution and real samples. A rel-
tively higher percentage of adsorbed Cr was observed in the
ynthetic solution (STD) than for the tannery effluents (treated
ffluent, TE and sludge). The high sorption in the synthetic solu-
ion could be due to lack of competing cations as opposed to the
eal sample matrix that may contain other cations such as Ca2+

nd Mg2+. The low adsorption in the tannery samples could
e attributed to the presence of interfering cations competing
ith chromium for the available binding sites as well as ligands

ompeting with algae functional groups, for chromium. Com-
aring treated effluent and sludge, better adsorption of Cr(III)
as observed in treated effluent than in the sludge. A possible

eason for high adsorption capacity in the treated effluent could
e the relatively low Cr(III) concentration in the treated efflu-
nt. If this explanation holds, it would then imply that both R.
ieroglyphicum and S. condensata are suitable for low Cr(III)
oncentrations. Another possible explanation is that since sludge
as complex sample matrix, it is possible a fraction of Cr is
ither in precipitated form or highly complexed by the protein

ubstances of animal origin present in the sludge, a characteristic
f tannery effluents [22].

The results of replicate analyses indicate that biosorption
apacity for consecutive runs is not significantly different based

1
1
1
1

ig. 11. Percentage recovery of Cr(III) by Amberlite immobilized Spirogyra
ondensata and Rhizoclonium hieroglyphicum biomasses with 0.1 M H2SO4.

n statistical t-test (p = 0.05). This implies that the biosorbent
ould be recycled.

The results for chromium recovery by immobilized algae
n Amberlite XAD-8 are shown in Fig. 11. The recovery of
dsorbed chromium is high for synthetic solution (>90%) com-
ared to that of tannery effluents (<75%). The low recovery
esults for tannery effluents are consistent with those obtained
n batch experiments. Similar explanation as that given for batch
xperiment applies to column studies. In addition, since algae
s expected to have different binding sites for holding different
ypes of interfering cations with varying strengths, it is possi-
le that during recovery the loosely held cations may be eluted
rst with Cr being among the last of the cations to be eluted
ue to, possibly its relatively high affinity for the algae binding
659 –C O aldehydes, ketones, carboxylic acid
540 –N–H amine bends
242 –C–N amine stretches
057 –C–O stretches. Alcohols, ethers, carboxylic acid, esters
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Fig. 12. Infra-red (FT-IR) spectra of (a) Spirogy

.10. FT-IR analysis of S. condensata and R.
ieroglyphicum

The profiles by FT-IR spectroscopy for S. condensata and
. hieroglyphicum are as shown in Fig. 12(a) and (b), respec-

ively. The functional groups suggested here agree with those
eported in other studies on infrared spectra of biomass [3,18].
T-IR spectra of both algae showed the presence of characteris-

ic absorption bands of hydroxyl groups (–OH), amines (–NH2),
lkyl (–C–C), carbonyl (–C O), carboxylic acids (–COOH) and
sters (–COOR). Rhizoclonium hierogyphicum showed extra
eaks in addition to those observed for S. condensata. A com-
lete list of absorption peaks and band assignment is given

n Table 2(A) and (B). The carboxylate group is believed to
e the main binding site via ion-exchange mechanism [4,23].
o-ordination of chromium may also be taking place via the
xygen of the carbonyl group, C O. This may further explain

e
p
i
g

densata and (b) Rhizoclonium hieroglyphicum.

hy the optimum pH for adsorption in the two algae, is between
and 5 because the pKa of carboxylic acid lies in the same

ange.

. Conclusions

Spirogyra condensata and R. hieroglyphicum demonstrated
ood capacity for chromium biosorption when the concentration
as less than 100 mg L−1. The study also demonstrated that pH
as a strong effect on biosorption capacity of the two algae. The
ptimum pH was 4.0 for R. hieroglyphicum and 5.0 for S. con-
ensata. The Freundlich and Langmuir adsorption models were
tted and it conformed well to the former predicting the pres-

nce of more than one binding sites. FT-IR analysis revealed the
resence of carboxyl and amine groups that may act as bind-
ng sites. The result obtained here showed that both species are
ood as adsorbing media for synthetic solutions of Cr(III) hence
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ations affected Cr(III) uptake negatively. The biosorption of
hromium was rapid (>90% Cr in the initial solution) within
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elatively good yield (65%) with dilute sulphuric acid (0.1 M)
eing the best desorbing agent. Column studies with immo-
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ormance of Cr removal particularly from the treated effluent
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