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bstract

Some industrial wastewaters contain high quantities of salts besides heavy metal ions. The presence of salt ions leads to high ionic strength,
hich may significantly affect the performance of the biosorption process so the effect of salts on the biosorption of heavy metal ions should be

nvestigated. In this study the biosorption of chromium(VI) from saline solutions on dried Rhizopus arrhizus was studied as a function of pH,
nitial chromium(VI) and salt (NaCl) concentrations in a batch system. The biosorption capacity of R. arrhizus strongly depended on solution
H and maximum chromium(VI) sorption capacity of sorbent was obtained at pH 2.0 both in the absence and in the presence of increasing
oncentrations of salt. Chromium(VI)–salt biosorption studies were performed at this pH value. Equilibrium uptakes of chromium(VI) increased
ith increasing chromium(VI) concentration up to 250 mg l−1 and decreased considerably by the presence of increasing concentrations of salt. At
00 mg l−1, initial chromium(VI) concentration, dried R. arrhizus biosorbed 78.0 mg g−1 of chromium(VI) in 72 h without salt medium. When salt
oncentration was raised to 50 g l−1, this value dropped to 64.0 mg g−1 of chromium(VI) at the same conditions resulting in 17.9% decrease of
iosorption capacity. The equilibrium sorption data were analysed by using Freundlich, Langmuir, Redlich–Peterson and Langmuir–Freundlich
Sips), the two and three parameters adsorption models, using non-linear regression technique and isotherm constants were evaluated depending

n salt concentration. The Langmuir–Freundlich (Sips) was the best suitable adsorption model for describing the biosorption of chromium(VI)
ndividually and in salt-containing medium. Pseudo-first-order, pseudo-second-order and saturation type kinetic models described the biosorption
inetics accurately at all chromium(VI) concentrations in the absence and in the presence of changing concentrations of salt. Isotherm and saturation
ype kinetic constants varied due to the level of salt were expressed as a function of initial salt concentration.

2006 Elsevier B.V. All rights reserved.

i
s
b
c
i
b
o
a
t

eywords: Biosorption; R. arrhizus; Chromium(VI); Salt; Isotherms; Kinetics

. Introduction

Chromium, with its great economic importance in industrial
se, is a major metal pollutant of the environment. The discharge
f effluents by a variety of industries such as textile, dyes and
igments production, leather tanning, electroplating and metal
nishing may contain undesirable amounts of chromium(III)
nd toxic chromium(VI) compounds due to EPA (US Envi-
onmental Protection Agency) at concentrations ranging from
ens to hundreds of mg l−1. Wastewaters generated by these

ndustries usually contain significant quantities of salts such as
odium chloride, so the effects of these salts on the removal of
hromium(VI) should be investigated [1,2].

∗ Corresponding author. Tel.: +90 312 2977434; fax: +90 312 2992124.
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Biosorption can be defined as sequestering of organic and
norganic species including metals, dyes and odor causing sub-
tances using live or dead biomass or their derivatives. This
iomass may be bacteria, fungi, algae, sludge from biologi-
al wastewater treatment plants, by-products from fermentation
ndustries, seaweeds or agricultural wastes such as rice husk, rice
ran and wheat bran. “Biosorption” is used to indicate a number
f metabolism-independent processes (physical and chemical
dsorption, electrostatic interaction, ion exchange, complexa-
ion, reduction, chelation and microprecipitation) taking place
ssentially on the cell surface. The biosorption capacity of a
iomass depends on several factors. It includes type of biomass
species, age), type of sorbates, presence of other competing ions

nd method of biomass preparation, along with several physico-
hemical factors (temperature, pH and ionic concentration).
iosorption, if compared with other available technologies such
s precipitation, ion exchange, reverse-osmosis and adsorption
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dx.doi.org/10.1016/j.jhazmat.2006.11.011
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sed for the removal of heavy metal ions, presents compara-
le advantages such as very low cost, competitive performance,
vailability of known process equipment, recovery of the sorbate
nd possible regeneration of biosorbent at low cost. Moreover,
he biosorption process does not produce chemical sludges (i.e.
on-polluting), it could be highly selective, more efficient, easy
o operate, and hence, cost effective for the treatment of large
olumes of wastewaters containing low pollutant concentrations
2–5].

Although most current research of biosorption is focused
n the removal of heavy metal cations, the uptake of toxic
etal anionic forms by biomass has become a growing concern

n this field. Literature shows that a wide variety of microor-
anisms, including bacteria, algae and fungi, and agricultural
astes are capable of sorbing chromium(VI) anions [6–30].
mong these microorganisms, fungal biomass seems to be a
ood sorption material, because, it can be produced easily and
conomically using simple fermentation techniques with a high
ield of biomass and economical growth media. Fungal biomass
s also available as a by-product or waste material from var-
ous fermentation processes. Furthermore, since dead fungal
iomass is of little use and is abundant, it may be good source
f biomaterial for the removal of chromium(VI) from industrial
astewaters. Also it is necessary to check the effect of salts on

hromium(VI) biosorption by fungal biomass.
The ability of R. arrhizus to remove and accumulate heavy

etal ions has been recognized and studied to a certain degree
or its biosorption capability [6,7,11]. However, the role of salts
n metal biosorption by the biomass have not been investigated
xtensively. In fact, no detailed studies related to this topic
ave been reported up to date. Hence, the effect of NaCl salt
oncentration on the biosorption equilibrium and kinetics of
hromium(VI) to dried R. arrhizus was investigated and com-
ared to single component situation in this study.

. Mathematical description

Equilibrium data, commonly known as adsorption isotherms,
re basic requirements for the analysis and design of adsorp-
ion systems and provide information on the capacity of the
dsorbent or the amount required to remove a unit mass of
ollutant under the system conditions. One of the difficulties
n describing the adsorption equilibrium of metal ions from
astestreams is that wastewaters contain not one, but many com-
onents. If mono-component adsorption models could describe
he equilibrium of metal ion in the presence of other compo-
ents, such as salt, the individual isotherm parameters changed
ue to the level of salt can be related to initial salt concentration
nd these expressions may be useful to define the equilibrium
ata in salt-containing solutions. In order to discover the sorp-
ion capacity of dried R. arrhizus for chromium(VI) in the
bsence and in the presence of changing concentrations of
alt, the experimental data points were fitted to the Langmuir

nd Freundlich (two-parameter models), Redlich–Peterson and
angmuir–Freundlich (Sips) (three-parameter models) models
hich are the most frequently used equations in the literature
escribing the non-linear equilibrium between adsorbed metal
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o
t
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on on the cells (qeq) and metal ion in solution (Ceq) at a con-
tant temperature. Two-parameter models are usually preferred
ince they are simple, give a good description of experimental
ehavior in a large range of operating conditions, recharacter-
zed by a limited number of adjustable parameters and be easily
inearized. However, if two-parameter models cannot fit the data
ell, three-parameter models needs to be used in this case.
Langmuir sorption model which was originally developed to

escribe the gas–solid phase adsorption of activated carbon, has
raditionally been used to quantify and contrast the performance
f different biosorbents and the model serves to estimate the
aximum uptake values where they cannot be reached in the

xperiments. The empirical Langmuir equation which is valid
or monolayer sorption onto a completely homogeneous sur-
ace with a finite number of identical sites and with negligible
nteraction between adsorbed molecules is given by Eq. (1).

eq = QObCeq

1 + bCeq
(1)

here Ceq and qeq are the unadsorbed concentration of metal ion
mg l−1) and adsorbed quantity of metal ion per g of biosorbent at
quilibrium (mg g−1), respectively. The parameters Qo and b are
angmuir constants related to maximum adsorption capacity and
onding energy of adsorption, respectively, which are functions
f the characteristics of the system as well as time [31].

The Freundlich model is the earliest known empirical equa-
ion and is shown to be consistent with exponential distribution
f active centres, characteristic of heterogeneous surfaces. It is
xpressed by the following equation:

eq = KF C1/n
eq (2)

here KF and n are the Freundlich constants characteristic on
he system. KF and n are indicators of biosorption capacity and
iosorption intensity, respectively. The Freundlich isotherm is
lso more widely used but provides no information on the mono-
ayer biosorption capacity, in contrast to the Langmuir model
32].

The three-parameter empirical Redlich–Peterson model is
idely used as a compromise between Langmuir and Freundlich

ystems and the non-linear form of the model is given by Eq.
3). It has a linear dependence on concentration in the numerator
nd an exponential function in the denominator.

eq = KRPCeq

1 + aRPC
β
eq

(3)

here KRP, aRP and β are the Redlich–Peterson parameters. The
xponent β lies between 0 and 1. For β = 1, Eq. (3) converts to
he Langmuir form [33].

Langmuir–Freundlich (Sips) model is another three-
arameter empirical model for the representing equilibrium

iosorption data (Eq. (4)). It can be considered as a combination
f Langmuir and Freundlich equations. This model suggests that
he equilibrium data follow Freundlich isotherm at lower solute
oncentration, and thus, does not obey Henry’s law, and follows
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angmuir pattern at higher solute concentration:

eq = ACm
eq

1 + BCm
eq

(4)

here A, B and m are the Langmuir–Freundlich parameters. Val-
es for m � 1 indicate heterogeneous adsorbents, while values
loser to or even 1.0 indicate a material with relatively homoge-
ous binding sites. In this case the Sips model is reduced to the
angmuir equation.

On the other hand, three simplified kinetic models including
seudo-first-order [34], pseudo-second-order [35] and satura-
ion type [36] were used to test the biosorption kinetics of
hromium(VI) in the absence and in the presence of salt. These
hree models basically include all steps of adsorption such as
xternal film diffusion, adsorption, and internal particle diffu-
ion, so they are pseudo-models.

The pseudo-first-order rate expression based on solid capac-
ty is generally expressed as follows:

dq

dt
= k1,ad(qeq − q) (5)

here q is the metal ion uptake by unit mass of sorbent at any
ime (mg g−1), k1,ad is the rate constant of first-order biosorption.
fter integration and applying boundary conditions, t = 0 to t = t

nd q = 0 to q = qeq; the integrated form of Eq. (5) becomes:

og(qeq − q) = log qeq − k1,ad

2.303
t (6)

straight line of log(qeq − q) versus t suggests the applicabil-
ty of this kinetic model. The pseudo-second-order equation is
lso based on the sorption capacity of the solid phase and on
he assumption that the sorption process involves chemisorption

echanism and for chromium(VI) both singly and in the mixture
s expressed as:

dq

dt
= k2,ad(qeq − q)2 (7)

here k2,ad is the rate constant of second-order biosorption. For
he same boundary conditions the integrated form of Eq. (7)
ecomes:

t

q
= 1

k2,ad q2
eq

+ 1

qeq
t (8)

f second-order kinetics are applicable, the plot of t/q against t
f Eq. (8) should give a linear relationship, from which qeq and
2,ad can be determined from the slope and intercept of the plot
nd there is no need to know any parameter beforehand.

The applicability of saturation type kinetics in modeling the
inetic data was also discussed. The plot of q versus time can be
sed to find the initial biosorption rate (rad) by differentiating
he plot at t = 0 as defined in Eq. (9).

dq
∣
∣

dt
∣
∣
t=0

= rad (9)

rom experimental data, it was shown that the initial biosorp-
ion rate is proportional to the first power of the initial metal

m
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a
t
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on concentration at lower bulk metal ion concentrations (first-
rder kinetics) and at higher metal ion concentrations, the rate
ecomes independent of initial metal ion concentration (zero-
rder kinetics). Eq. (10) can be used to describe the rate of
iosorption very accurately in both situations. This kind of rate
quation is defined as ’saturation type’.

ad = kadC0

1 + k′
adC0

(10)

here kad is the first-order rate constant of saturation type
iosorption. The zero-order rate constant (k0,ad) is expressed as
ad/k′

ad. A straight line of 1/rad versus 1/C0 suggests the appli-
ability of this kinetic model and kad and k0,ad can be determined
rom the slope and intercept of the plot. This model predicts the
iosorption behavior over the whole studied concentration range
f metal ion at a constant salt level at a constant temperature.

The validity of all models can be checked from the linear
lots.

. Materials and methods

.1. Microorganism and growth conditions

Rhizopus arrhizus, a filamentous fungus obtained from the
S Department of Agriculture Culture Collection was used in

his study. The microorganism was grown at 25 ◦C in agitated
iquid media containing malt extract (17 g l−1) and soya peptone
5.4 g l−1). The pH of the medium was adjusted to 6.5–6.8 with
ilute H2SO4 and NaOH solutions before sterilization.

.2. Preparation of the microorganism and chromium(VI)
nd salt solutions for biosorption

After the growth period, R. arrhizus was washed twice with
istilled water, inactivated using 1% formaldehyde and then
ried at 60 ◦C for 24 h. For the biosorption studies, a weighed
mount of dried biomass was suspended in 100 ml of double-
istilled water and homogenized in a homogenizer (Janke and
unkel, IKA-Labortechnick, Ultra Turrax T25, Germany) at
000 rpm for 20 min and then stored in the refrigerator. At the
eginning of biosorption, 10 ml dried biomass suspension was
ontacted with 90 ml of solution containing a known concen-
ration of chromium(VI) and salt in an Erlenmayer flask at the
esired temperature and pH. All the final solutions contained
.0 g l−1 of biosorbent.

Stock chromium(VI) and salt solutions were prepared at
and 100 g l−1 concentrations dissolving weight quantity of

otassium dichromate (Merck) and NaCl (Merck) in double-
istilled water, respectively. For single chromium(VI) and binary
hromium(VI)–salt mixture studies, desired combinations of
hromium(VI) and salt were obtained by diluting stock solutions
f these components and mixing them in the test medium. Before

ixing with biosorbent solution, the pH of each test solution was

djusted to the required value with H2SO4 and NaOH solutions
t different concentrations changing from 0.01 to 1.0 M. For
his purpose the dilution to 90 ml was not completed to exactly
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Fig. 1. Effect of initial pH on equilibrium chromium(VI) sorption capacity of
dried R. arrhizus in the absence and in the presence of increasing concentrations
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0 ml, but 85–86 ml in order to be able to add sufficient vol-
me of acid or base solution for desired pH adjustment and than
his volume was completed to 90 ml diluted and concentrated

2SO4 and NaOH solutions. The ranges of initial concentra-
ions of chromium(VI) and salt prepared from stock solutions
aried between 25–250 mg l−1 and 10–50 g l−1, respectively.

.3. Biosorption experiments

Sorption studies were conducted in a routine manner by
he batch technique in 250 ml Erlenmeyer flasks containing
00 ml of chromium(VI) or chromium(VI)–salt mixture-bearing
ynthetic solutions at desired level of each component at the
eginning of the adsorption at pH 2.0. The flasks were agitated
n a shaker at a 100 rpm constant shaking rate for 3 days to ensure
quilibrium was reached. Samples (5 ml) were taken before
ixing the biosorbent and the metal ion or metal–salt mixture-

earing solution, at definite time intervals. Before analysis the
amples were centrifuged at 4000 rpm for 3 min and the super-
atant fraction was analysed for the remaining chromium(VI)
ons. Studies were performed at a constant temperature of 25 ◦C
o be representative of environmentally relevant conditions. All
he biosorption experiments were repeated twice to confirm the
esults. The data were the mean values of two replicate determi-
ations.

The uptake of chromium(VI) by unit mass of sorbent at any
ime (q) was determined from Eq. (11):

= C0 − Cres

X
(11)

here C0 is the initial chromium(VI) concentration (mg l−1),
res is the residual (unadsorbed) chromium(VI) concentration
t any time (mg l−1) and X is the sorbent concentration (g l−1).
res is equal to Ceq and q is equal to qeq at equilibrium.

.4. Analytical methods

The residual chromium(VI) ions in the biosorption medium
ere determined spectrophotometrically at 540 nm using
iphenyl carbazide reagent in acid solution as the complexing
gent for chromium(VI) [37].

. Results and discussion

Chromium(VI) biosorption properties of dried R. arrhizus
ere investigated as a function of initial pH, initial

hromium(VI) and initial NaCl concentrations. The kinetic
nd equilibrium results are given as the units of adsorbed
hromium(VI) ion quantity in single or salt containing envi-
onment per gram of biosorbent at any time (q, mg g−1) and at
quilibrium (qeq, mg g−1) and residual chromium(VI) ion con-
entration in single or salt containing environment at equilibrium

Ceq, mg l−1). The adsorption yield is defined as the ratio of
orbed concentration of chromium(VI) ions at equilibrium to
he initial chromium(VI) ion concentration for both single and
alt containing situations (Ad%).

t
a
g
t

f salt (C0Cr(VI): 100 mg l−1; X: 1.0 g l−1; temperature: 25 ◦C; agitation rate:
00 rpm).

.1. Effect of initial pH on chromium(VI) biosorption in the
bsence and in the presence of increasing concentrations of
alt

Earlier studies on heavy metal biosorption have shown that
H was the single most important parameter affecting the
iosorption process. To find the suitable pH for the effective
iosorption of chromium(VI) ions by dried R. arrhizus in sin-
le and salt containing media, experiments were performed
t different initial pH values (1.0–6.0) and at different initial
aCl concentrations (0–50 g l−1). The variation of equilibrium

hromium(VI) uptake with initial pH is given in Fig. 1 at about
00 mg l−1 constant metal ion concentration. As seen from the
gure, the highest uptake values were found at pH 2.0 and the
iosorption of chromium(VI) decreased notably with further
ncrease in pH for all the NaCl concentrations tested.

Solution pH influences both cell surface metal binding sites
nd metal chemistry in water. At pH values below the isoelectric
oint (<4.0), the overall surface charge on fungal cells will be
ositive [38]. It is expected that nitrogen-containing functional
roups such as amines or imadazoles in the biomass will also
e protonated at acidic pH values. It is known that the dom-
nant form of chromium(VI) at pH 1.0 is the acid chromate
on species (HCrO4

−) and increasing pH shifts the concen-
ration of HCrO4

− to other forms. At pH 2.0, chromium(VI)
ehaves as an oxo-anion (CrO4

−2 or Cr2O7
−2) in aqueous solu-

ion with an overall negative charge. Since there is an increase
n sorption of chromium(VI) as pH increased to 2.0 so it may be
uggested that probably the CrO4

−2 or Cr2O7
−2 are the active

orms of chromium(VI), which are being sorbed by the biomass.
he binding of chromium(VI) could be occurring either via
ositively charged ligands on the surface of biosorbent (e.g.
mino groups) primarily electrostatically in nature or through
he reduction of chromium(VI) to chromium(III) under strongly

cidic conditions (pH < 2.5) by contact with the electron-donor
roups of the biomass, i.e., groups having lower reduction poten-
ial values than that of chromium(VI) (+1.3 V), subsequently
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esulting in the binding of chromium(III) to the biomass. Reduc-
ion in the biosorption of chromium(VI) at pH value higher than
.0 is probably due to the change in the overall surface charge
n the fungal cells [22,37,39,40].

Salt concentration is proportional to the ionic strength of
queous solution directly. Ionic strength, besides pH is also one
f the important factors that influence the equilibrium uptake.
lthough the ionic strength or the salinity did not affect the opti-
um pH of biosorption, influenced the chromium(VI) uptake

ntagonistically. The chromium(VI) removal decreased with
ncreasing ionic strength of the aqueous solution at all pH values
tudied as shown in Fig. 1, though the decrease was insignifi-
ant at lower ionic strength. But, it was notably at ionic strength
reater than 20 g l−1. At pH 2.0, the removal of chromium(VI)
ecreased from 78.0 to 75.1 mg g−1 at 10 g l−1 salt contain-
ng medium resulted in 3.8% reduction in biosorption capacity.
owever, chromium(VI) uptake capacity of fungus decreased

rom 78.0 to 64.0.0 mg g−1 with increasing salt concentration
p to 50 g l−1 resulted in 17.9% decrease in biosorption. This
ehavior may be due to the inhibition effect of salt on the
ermeability of cell membrane for chromium(VI) ions and rel-
tive competition between chloride and chromate anions on
he active centers of fungus [26,37,41]. Biosorption studies of
hromium(VI) both singly and in salt containing medium were
lso performed at the pH value of 2.0.

.2. Effect of initial chromium(VI) concentration on
hromium(VI) biosorption

Initial concentration provides an important driving force to
vercome all mass transfer resistance of metal ion between the
queous and solid phases. Hence, a higher initial concentra-
ion of chromium(VI) will increase the biosorption rate. Such
n effect was clearly demonstrated in Table 1. The equilibrium
orption capacity of fungus increased with increasing initial
hromium(VI) concentration in both single chromium(VI) and
hromium(VI) and salt containing situations. In the absence
f salt, when the initial chromium(VI) concentration increased
rom 25 to 250 mg l−1 approximately, the loading capacity
ncreased from 23.2 to 108.9 mg g−1 due to the increase in the
umber of ions competing for the available binding sites on the
iomass surface. The uptake of chromium(VI) reached a plateau
t 250 mg l−1 showing the saturation of binding sites at higher
oncentration levels. The initial chromium(VI) concentration
lso remarkably influenced the biosorption yield as shown in
able 1 in both single chromium(VI) and salt containing situ-
tions. Chromium(VI) removal yield was the maximum at the
owest concentration of chromium(VI) (25 mg l−1) due to higher
umber of active sites attained than at higher concentrations of
hromium(VI).

.3. Effect of salt concentration on chromium(VI)
iosorption
Table 1 illustrates the effect of salt concentration (or ionic
trength) on the removal of chromium(VI) ions by dried R.
rrhizus at different initial chromium(VI) concentrations. The Ta
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esults clearly demonstrate that in the absence of salt, the
ungus showed excellent ability for the chromium(VI) biosorp-
ion. Moreover, the uptake of chromium(VI) ions was not
ignificantly affected by the low concentration of salt. How-
ver, increasing the salinity up to 50 g l−1 led to a significant
ecrease of the amount of metal removed from aqueous solu-
ion and percent removal efficiency. When studied with 25 and
50 mg l−1 initial chromium(VI) concentrations, as salt concen-
ration increased from 0 to 10 g l−1, equilibrium chromium(VI)
ptakes lessened only from 23.2 to 22.4 mg g−1 and only
rom 108.9 to 104.8 mg g−1, respectively. The uptakes of
hromium(VI) varied by less than 3.4% and 3.8% for 25 and
50 mg l−1 initial chromium(VI) concentrations, respectively.
owever, as the concentration of salt increased from 0 to
0 g l−1, the amount of chromium(VI) adsorbed by dried R.
rrhizus and chromium(VI) removal yield diminished from
3.2 to 18.4 mg g−1 and from 92.1 to 72.2%, respectively, for
5 mg l−1 initial chromium(VI) concentration. When studied
ith 250 mg l−1 chromium(VI) uptake decreased from 108.9

o 90.0 mg g−1, while the percent removal efficiency decreased
rom 43.2 to 35.9% with increasing salt concentration from 0
o 50 g l−1. The reductions in chromium(VI) uptake were 20.7
nd 17.4% for 25 and 250 mg l−1 initial chromium(VI) con-
entrations, respectively for this case. But even at 50 g l−1 of
alt, the biosorbent still has high uptake capacity and the dried
. arrhizus has been used to efficiently remove chromium(VI)

rom aqueous solution with higher salt concentration.
The decrease in biosorption ability of microorganism with

ncreasing salt concentration may be a result of biosorption
echanisms. Salt concentration could markedly influence the

iosorption presumably due to the competition between chlo-
ide ions (present in salt used to change the ionic strength of
olution) and chromium(VI) species for the same binding sites
n the biosorbent surface. Another reason is that ionic strength
ncreases, the activity of biosorbent (active sites) and metal activ-
ty decreases, so the adsorptive capacity of biosorbent decreases.
ccording to surface chemistry theory, when two phases, e.g.,

ungal and metal species in aqueous solution, are in contact,
hey are bound to be surrounded by an electrical double layer
wing to electrostatic interaction. If the adsorption mechanism
s significantly by the electrostatic attraction, variations in back-
round electrolyte concentration would remarkably influence
he sorbent–sorbate interactions involving the electrostatic inter-
ction and adsorption decreases with increase in ionic strength.
ome inorganic anions existing in the solution such as chloride
ay also form complexes with metal ions, and therefore, affect

he adsorption process adversely [26,37,40].

.4. Biosorption kinetics of chromium(VI) in the absence
nd in the presence of increasing concentrations of salt

It must be remembered that the two important physicochem-
cal aspects for parameter evaluation of the sorption process as

unit operation are the kinetics and the equilibria. Kinetics of

orption describing the solute uptake rate which in turn governs
he residence time of sorption reaction is one of the impor-
ant characteristics defining the efficiency of sorption. Hence,

q
g
d
s

ig. 2. Biosorption curves of chromium(VI) in the absence and in the presence of
ncreasing concentrations of salt (C0Cr(VI): 100 mg l−1; X: 1.0 g l−1; temperature:
5 ◦C; agitation rate: 100 rpm).

he kinetics of chromium(VI) removal both individually and in
alt containing medium has been carried out to understand the
ehavior of the dried R. arrhizus. For this purpose, biosorption
apacity (q) was plotted as a function of time for 100 mg l−1

nitial chromium(VI) concentration at varying salt concentra-
ions (Fig. 2). The time and salt concentration dependent, similar
haped biosorption curves were obtained. The adsorption of
hromium(VI) increased with increasing contact time at all
alt concentrations studied and decreased with increasing salt
oncentration. It was observed that chromium(VI) uptake was
aintained with a high constant rate for the initial 10–12 h due to

n increased number of vacant sites available at the initial stage
or biosorption, and thereafter, it proceeded at a slower rate and
nally attained saturation. The plots show that the contact time
equired to reach equilibrium was very long and equilibrium
ccurred within 60 h and the equilibrium time was independent
f salt concentration. Based on these results, the contact time
as fixed at 60 h for the rest of the batch experiments to make

ure that equilibrium was reached in all cases.

.5. Application of kinetic models in the absence and in the
resence of increasing concentrations of salt

The sorption data were also analysed in terms of pseudo-first-
rder, pseudo-second-order and saturation type kinetics.

The first-order rate constant (k1,ad) and qeq values were deter-
ined from the plots of linearized form of the pseudo-first-order
odel (Eq. (6)) at all chromium(VI) and salt concentrations stud-

ed for the initial 30 min (data not shown) and are presented in
able 2 along with the corresponding regression coefficients.
he first-order rate constants decreased slightly with increas-

ng the initial concentration of chromium(VI) and increased
ith increasing the salt concentration. As seen from the table,
esides very high regression coefficients (>0.995), experimental

eq values agreed very well with qeq values obtained from Lager-
ren plots. This indicated that pseudo-first-order kinetic model
escribes the kinetics adequately in the concentration ranges
tudied.
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Table 2
Comparison of the pseudo-first and pseudo-second-order kinetic constants obtained at different initial chromium(VI) concentrations in the absence and in the presence
of increasing salt concentrations (initial pH: 2.0; X:1.0 g l−1; temperature: 25 ◦C; agitation rate: 100 rpm)

Salt concentration
(g l−1)

C0 (mg l−1) qeq,exp

(mg g−1)
First-order kinetic model Second-order kinetic model

k1,ad (×103 mg l−1) qeq,cal

(mg g−1)
R2 k2,ad (×104 g mg−1 min−1) qeq,cal

(mg g−1)
R2

0 25.2 23.2 6.91 22.5 0.967 6.25 24.3 0.997
50.8 46.0 4.38 44.7 0.940 5.90 48.3 0.998

100.3 78.0 4.15 75.9 0.971 5.18 80.4 1.000
149.8 95.2 2.99 93.2 0.983 4.47 96.0 1.000
201.1 105.2 2.53 104.0 0.966 3.76 104.2 1.000
252.3 108.9 1.38 113.2 0.984 3.05 110.7 1.000

10 25.0 22.4 7.71 19.7 0.914 7.24 22.0 1.000
51.6 44.2 5.54 39.0 0.965 6.21 44.7 1.000

100.2 75.0 4.38 72.5 0.954 5.16 78.0 1.000
150.2 92.0 3.22 87.0 0.993 4.51 93.6 1.000
200.6 101.4 2.78 101.0 0.939 3.46 100.2 1.000
251.5 104.8 1.57 107.2 0.971 3.11 102.7 0.998

20 25.0 20.5 8.13 19.8 0.922 7.48 21.9 1.000
50.6 40.9 6.12 38.0 0.940 6.54 38.5 1.000
99.2 70.8 4.51 71.0 0.954 5.47 67.0 1.000

151.0 87.0 3.59 93.2 0.970 4.48 86.4 1.000
201.1 95.0 2.97 97.0 0.920 3.15 93.4 0.993
249.6 99.2 1.63 104.0 0.967 3.24 96.0 0.999

50 25.5 18.4 8.29 20.5 0.920 7.72 18.7 1.000
50.5 34.8 6.23 30.5 0.940 6.40 34.5 1.000

101.2 64.0 4.69 63.1 0.930 5.58 63.5 1.000
150.5 79.1 3.67 85.4 0.970 4.42 81.9 1.000
199.6 85.9 3.05 91.0 0.980 2.89 90.4 1.000
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tion in an undefined salted aqueous solution. The expressions
of kinetic constants as a function of initial salt concentration
were presented in Table 4. As expressed in the table, the sat-

Table 3
Effect of salt concentration on the saturation type kinetic constants (initial pH:
2.0; X: 1.0 g l−1; temperature: 25 ◦C; agitation rate: 100 rpm)

Salt concentration
(g l−1)

kad (×102 l g−1 min−1) k0ad (×103 l mg−1) R2
250.4 90.0 1.78

Using Eq. (8), t/q was plotted against t and second-order
dsorption rate constants (k2,ad) and equilibrium uptake values
qeq) were determined from the slope and intercept of the plots
data not shown). The values of the parameters k2,ad and qeq and
f corresponding correlation coefficients are also presented in
able 2. The results indicated that second-order rate constants
ere also affected by both the initial chromium(VI) and salt

oncentrations and diminished with increasing chromium(VI)
oncentration. The correlation coefficients obtained greater than
.993 and the adequate fitting of theoretical and experimental
eq values for all chromium(VI)–salt combinations suggest
he applicability of second-order kinetic model based on the
ssumption that the rate limiting step may be the chemisorption
n explaining the kinetics of biosorption for the entire sorption
eriod.

The saturation type kinetic model was also applied to the
xperimental data at changing salt concentrations to describe the
atch biosorption kinetics over the whole concentration range of
hromium(VI) studied. The values of kad and ko,ad were deter-
ined from the plots of linearized form of the saturation type

inetic model at all salt concentrations (data not shown). The
lots indicated that such saturation type kinetic expression is

lso so valid to the present system (R2 > 0.997 for all temper-
tures). Table 3 shows that both the biosorption rate constants
ere affected with increase in salt concentration and decreased
otably with increasing salt concentration.

1
2
5

109.0 0.951 3.18 93.1 1.000

These suggest that the biosorption of chromium(VI) at
hanging salt concentrations may be best described by the
seudo-second-order and pseudo-first-order kinetics, following
aturation type kinetic model, with fairly high correlation coef-
cients.

As the saturation type kinetic model described the batch
iosorption kinetics over the whole concentration range of
hromium(VI) studied and the kinetic parameters of this model
lso changed due to the level of salt, a regression method was
sed to obtain a functional relationship between kinetic con-
tants of saturation type kinetic model and salt concentration in
rder to predict the kinetic constants of chromium(VI) biosorp-
0 7.04 4.51 0.993
0 6.23 3.90 0.995
0 5.91 3.58 0.995
0 5.33 3.16 0.996
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Table 4
Functional relationship between the saturation type kinetic constants and salt
concentration
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Table 5
Effect of salt concentration on the Freundlich, Langmuir, Redlich–Peterson and
Langmuir–Freundlich adsorption constants of chromium(VI) biosorption (initial
pH: 2.0; X: 1.0 g l−1; temperature: 25 ◦C; agitation rate: 100 rpm)

Salt concentration
(g l−1)

Freundlich model

KF [(mg g−1)
(mg l−1)−1/n]

n ε (%) R2

0 22.67 2.91 13.5 0.983
10 19.38 2.72 14.0 0.981
20 13.69 2.35 12.7 0.987
50 8.59 2.02 8.3 0.990

Salt concentration
(g l−1)

Langmuir model

Qo (mg g−1) b (l mg−1) � (%) R2

0 114.9 0.119 4.8 0.995
10 112.4 0.090 4.8 0.995
20 109.9 0.059 3.8 0.998
50 107.5 0.034 6.4 0.993

Salt concentration
(g l−1)

Redlich–Peterson model

aRP [(l mg−1)β] KRP (l g−1) β ε (%) R2

0 0.154 16.45 0.994 3.4 0.997
10 0.060 6.94 0.999 6.7 0.993
20 0.046 5.29 0.999 1.7 0.999
50 0.040 4.24 1.000 2.7 0.998

Salt concentration (g l−1) Langmuir–Freundlich model

A (lm mg1−m g−1) B (l mg−1)m m ε (%) R2

0 18.12 0.152 1.014 0.8 1.000
10 6.45 0.057 1.027 1.3 0.999
20 4.92 0.045 1.042 0.2 1.000
5

p
a

ad × 102 = 0.001C2
0NaCl − 0.074C0NaCl + 7.00 R2 = 0.988

0ad × 103 = 0.001C2
0NaCl − 0.061C0NaCl + 4.49 R2 = 0.996

ration type kinetic parameters of chromium(VI) biosorption
ecreased following a second-order polynomial function of salt
oncentration with very high linear regression coefficients of
etermination.

.6. Application of equilibrium models in the absence and
n the presence of increasing concentrations of salt

The non-linearized adsorption isotherms of chromium(VI)
n the absence and in the presence of increasing concentrations
f salt is shown in Fig. 3. Equilibrium chromium(VI) uptake
ncreased with increasing initial chromium(VI) concentration up
o 250 mg l−1. The curvilinear relationship between the amount
f chromium(VI) adsorbed per unit weight of biomass and
he residual chromium(VI) concentration at equilibrium sug-
ests that saturation of cell-binding sites occurred at the higher
oncentrations of this metal ion. The equilibrium uptake of
hromium(VI) decreased regularly with increasing salt con-
entration. The inhibitory effect of salt on the equilibrium
hromium(VI) uptake was dominant at higher salt concentra-
ions.

For the investigation of salt effect on chromium(VI) biosorp-
ion, the Langmuir, Freundlich, Redlich–Peterson and Lang-

uir–Freundlich equations were applied to the equilibrium data
btained from single chromium(VI) and chromium(VI)–salt
iosorption systems. The corresponding Langmuir, Freundlich,
edlich–Peterson and Langmuir–Freundlich (Sips) parameters
t different salt levels obtained by nonlinear regression analysis

ere listed in Table 5 along with the average percentage errors

nd linear regression coefficients. The values of average percent-
ge errors and linear regression coefficients were the criteria for
he selection of the most suitable isotherm model. The average

ig. 3. Non-linearized adsorption isotherms of chromium(VI) in the absence
nd in the presence of increasing salt concentrations.

a
t

ε

O
r
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c
m
a
h
s
a
p
L
a
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0 4.68 0.040 0.093 2.4 0.998

ercentage error between the experimental and predicted values
re calculated using Eq. (12). In Eq. (12), the subscripts ‘exp’
nd ‘calc’ show the experimental and calculated values and N
he number of measurements.

% =
∑N

i=1(qeq,i,exp − qeq,i,calc)/qeq,i,exp

N
× 100 (12)

n the basis of average percentage errors and linear
egression coefficients in Table 5, the three-parameter
angmuir–Freundlich (Sips) model best described the
hromium(VI) sorption isotherm data compared to other
odels examined. The model fitted the experimental data with
lower average percentage error in the range 0.8–2.4 and a

igher linear regression coefficient in the range 0.998–1.000
uggesting that the monolayer, homogeneous sorption in single-
s well as salt added binary-systems. The relatively lower
ercentage errors also indicated that both the two-parameter
angmuir and three-parameter Redlich–Peterson models were
lso very suitable for describing the biosorption equilibrium
f chromium(VI) by the fungal cells in all cases. The other

wo-parameter model of Freundlich exhibited a poor fit to the
iosorption data of chromium(VI) with an average percentage
rror more than 8.3.
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all cases) and also submitted in the table with the correlation
coefficients of 0.935 and 0.981, respectively. The relationship
between the Langmuir–Freundlich model constants of A and B of

Table 6
Functional relationships between the Freundlich, Langmuir, Redlich–Peterson
and Langmuir–Freundlich model constants and salt concentration

KF = 0.005C2
0NaCl − 0.53C0NaCl + 23.107 R2 = 0.983

n = 0.0003C2
0NaCl − 0.0326C0NaCl + 2.94 R2 = 0.980

QO = 0.003C2
0NaCl − 0.31C0NaCl + 115.0 R2 = 0.998

b = 0.00004C2
0NaCl − 0.0038C0NaCl + 0.12 R2 = 0.996

aRP = 0.102C0.247
0NaCl R2 = 0.935

KRP = 13.63C0.303
0NaCl R2 = 0.981
18 Z. Aksu, E. Balibek / Journal of Ha

Adsorption model constants the values of which express the
urface properties and affinity of the biosorbent can be used
o compare the adsorptive capacity of dried R. arrhizus for
hromium(VI) due to the salt level.

The estimated coefficients of Freundlich model (KF and
) for chromium(VI) sorption from single chromium(VI) and
hromium(VI)–salt containing solutions are listed in Table 5.
he n is an empirical parameter that varies with the degree of
eterogeneity and is related to the distribution of bonded ions
n the sorbent surface. In general, n > 1 illustrates that adsorbate
s favorably adsorbed on an adsorbent, corresponds to a nor-

al an L-type Langmuir isotherm, and the higher the n value
he stronger the adsorption intensity. In particular, the value
f n, which is significantly higher than unity, indicated that
hromium(VI) ions are favorably adsorbed under all the exper-
mental conditions examined. The values of n at different salt
oncentrations also indicated that the chromium(VI) biosorption
ntensity was contrarily affected by salt added into biosorption

edium. The constant KF, related to biosorption capacity, can
e defined as a sorption coefficient which represents the quan-
ity of adsorbed metal ions for a unit equilibrium concentration
i.e. Ceq = 1). From the table, the magnitude of KF showed a
elatively easy uptake of chromium(VI) ions from aqueous solu-
ion with high adsorptive capacity of biomass for chromium(VI)
n both single and binary systems. The co-existence of salt
t its any initial concentration reduced KF constant signifi-
antly. The highest KF value was 22.67 in the absence of
alt and the value of KF decreased to 8.59 with the addition
f 50 g l−1 salt which was consistent with the experimental
bservation.

Table 5 also indicates the effect of salt added at different
evels on the Langmuir constants (Qo and b). While the Fre-
ndlich model does not describe the saturation behavior of the
iosorbent, Qo represents the monolayer saturation at equilib-
ium or the total capacity of the adsorbent for chromium(VI).
s seen from Table 5, dried R. arrhizus exhibited the maximum
iosorption capacity (Qo) for single chromium(VI) biosorption.
he addition of salt decreased the Qo value of chromium(VI)
iosorption insignificantly. The presence of 50 g l−1 salt reduced
he maximum chromium(VI) uptake capacity of biomass from
14.9 to 107.5 mg g−1 compared to the monometal conditions. A
igh value of the other Langmuir parameter, b, indicates a steep
esirable beginning of the isotherm which reflects the high affin-
ty of the biosorbent for the sorbate. Its value is the reciprocal of
he chromium(VI) concentration at which half of the saturation
f the biosorbent is attained. The highest b value obtained for
onometal conditions also decreased with the addition of salt

ndicating its negative effect on chromium(VI) biosorption.
Related biosorption parameters were also calculated accord-

ng to the three-parameter isotherm of Redlich–Peterson
sing non-linear regression method for chromium(VI) biosorp-
ion at different salt levels and are tabulated in Table 5.
edlich–Peterson constant KRP indicated that the adsorption

apacity of biosorbent also diminished with increasing salt con-
entration. It is noted that β normally lies between 0 and 1,
ndicating favorable biosorption. The value of β is equal to 1.0
or 50 g l−1 salt containing medium and tends to unity for other

A

B

m

us Materials 145 (2007) 210–220

alt concentrations studies, that is the isotherms approach the
angmuir form.

The corresponding Langmuir–Freundlich parameters of A, B
nd m for different salt concentrations along with percentage
rrors are also given in Table 5. Langmuir–Freundlich constant
indicated that the biosorption capacity and affinity of biosor-

ent to chromium(VI) ions also decreased with salt addition.
he value of m, an indicator of heterogeneity index, calculated
s about 1.0 for all levels of salt showed that the chromium(VI)
orption data obtained in this study is more of Langmuir form
ather than that of Freundlich, which was also confirmed in
able 5, and thus, the fungus has a homogeneous surface.

The results showed that three parameter models represented
he biosorption isotherm data much more better than two param-
ter models for all cases with low percentage error values.
lthough, the equilibrium model constants have different mean-

ngs, such as Qo is the monolayer adsorption capacity while KF
s the relative adsorption capacity or adsorption power, etc., all
f them led to the same conclusion about the correlation of the
xperimental data: as indicated in Table 5, the adsorption capac-
ty of biomass for chromium(VI) decreased with increasing salt
oncentration.

Again all these parameters changed with respect to the
evel of salt could be used to predict the adsorption behav-
or of chromium(VI) in an aqueous solution at a definite
alt concentration. When isotherm constants were plotted
gainst the salt concentration, it was seen that the functional
elationship between isotherm constants and salt concentra-
ion are not linear for the entire range of salt concentration
data not shown). Regressing the corresponding nonlinear
lots, isotherm parameters of each model were expressed as
function of salt concentration and presented in Table 6.

he Freundlich and Langmuir parameters decreased follow-
ng a second-order polynomial function of salt concentration
ith high linear regression coefficients of determination, as

xpressed in the table. An exponential relationship between the
edlich–Peterson parameters of aRP and KRP of chromium(VI)
nd salt concentration was obtained (β is assumed as 1 for
= 9.33C0.193
0NaCl R2 = 0.933

= 0.093C0.218
0NaCl R2 = 0.983

= 0.002C0NaCl + 1.01 R2 = 0.997
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hromium(VI) and salt concentration also followed an exponen-
ial equation with a high linear regression coefficient, while other
angmuir–Freundlich parameter m was varied linearly with salt
oncentration.

. Conclusion

Biosorption characteristics of dried R. arrhizus for the
emoval of chromium(VI) ions from saline waters were exam-
ned as a function of pH, initial metal ion and salt concentrations.
iosorption at lower pH increased the efficiency of biosorp-

ion process, initial chromium(VI) concentration also had an
ncreasing effect on biosorption capacity up to 250 mg l−1 and
ncreasing the salinity up to 50 g l−1 led to a significant decrease
n biosorption yield.

The Freundlich, Langmuir, Redlich–Peterson and Langmuir–
reundlich (Sips), the two and three parameter adsorption mod-
ls were used for the mathematical description of the biosorption
quilibrium of chromium(VI) ions to dried R. arrhizus both
ingly and in salt containing media and all the isotherm con-
tants were evaluated to compare the biosorption properties of
ungus. It was seen that the adsorption equilibrium data fit-
ed very well to Langmuir–Freundlich (Sips) model at all salt
oncentrations studied. The suitability of the pseudo-first-order,
seudo-second-order and saturation type kinetic models for the
orption of chromium(VI) ions onto dried R. arrhizus for all
ituations was also discussed assuming no effect of mass trans-
er on the biosorption rate. The results calculated due to all
inetic models were also found to be in good agreement with
he experimental results. Finally, all equilibrium and saturation
ype kinetic parameters were expressed as a function of salt con-
entration in that the equilibrium and kinetics of chromium(VI)
iosorption should be defined in a aqueous solution containing
ny salt concentration.

The results obtained showed that dried R. arrhizus is a
ood adsorbing medium for single chromium(VI) biosorp-
ion and have high adsorption yield for the treatment of
astewaters containing chromium(VI) ions only. The com-
arison of sorption capacity of dried R. arrhizus used in
his study (Qo = 114.9 mg g−1) with some of those obtained
n the literature (Qo = 96.3 mg g−1 for low cost activated car-
on [30]; Qo = 5.9 mg g−1 for Tamarindus indica seeds [26];
o = 15.9 mg g−1 for pretreated N. carassa fungal biomass

23]; Qo = 285.7 mg g−1 for rice bran [29]; Qo = 124.5 mg g−1

or A. caviae [18]; Qo = 45.5 and 58.3 mg g−1 for Dunaliella
pecies [37]; Qo = 53.8 mg g−1 for Pantoea sp. TEM18 [17];
o = 8.4 mg g−1 for R. arrhizus [6]; Qo = 32.6 mg g−1 for
. cerevisiae [16]; Qo = 79.3 mg g−1 for C. vulgaris [6];
o = 33.1.0 mg g−1 for L. sajor-caju mycelia [19]) showed that

his microorganism is more effective for this purpose. Although,
he salt addition (increasing ionic strength) affected the adsorp-

ion yield and equilibrium uptake adversely, the fungus still have
considerable potential for the uptake of chromium(VI) from

aline waters due to salt level. This work can provide a use-
ul data for bioremoval of chromium(VI) ions from salt-bearing
astewaters by fungus.
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