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Abstract

Some industrial wastewaters contain high quantities of salts besides heavy metal ions. The presence of salt ions leads to high ionic strength,
which may significantly affect the performance of the biosorption process so the effect of salts on the biosorption of heavy metal ions should be
investigated. In this study the biosorption of chromium(VI) from saline solutions on dried Rhizopus arrhizus was studied as a function of pH,
initial chromium(VI) and salt (NaCl) concentrations in a batch system. The biosorption capacity of R. arrhizus strongly depended on solution
pH and maximum chromium(VI) sorption capacity of sorbent was obtained at pH 2.0 both in the absence and in the presence of increasing
concentrations of salt. Chromium(VI)—salt biosorption studies were performed at this pH value. Equilibrium uptakes of chromium(VI) increased
with increasing chromium(VI) concentration up to 250 mg1~! and decreased considerably by the presence of increasing concentrations of salt. At
100 mg1~"', initial chromium(VI) concentration, dried R. arrhizus biosorbed 78.0 mg g~! of chromium(VI) in 72 h without salt medium. When salt
concentration was raised to 50 g1~!, this value dropped to 64.0mgg~" of chromium(VI) at the same conditions resulting in 17.9% decrease of
biosorption 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
on salt concentration. The Langmuir—Freundlich (Sips) was the best suitable adsorption model for describing the biosorption of chromium(VI)
individually and in salt-containing medium. Pseudo-first-order, pseudo-second-order and saturation type kinetic models described the biosorption
kinetics accurately at all chromium(VI) concentrations in the absence and in the presence of changing concentrations of salt. Isotherm and saturation
type 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.
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1. Introduction

Chromium, with its great economic importance in industrial
use, is a major metal pollutant of the environment. The discharge
of effluents by a variety of industries such as textile, dyes and
pigments production, leather tanning, electroplating and metal
finishing may contain undesirable amounts of chromium(III)
and toxic chromium(VI) compounds due to EPA (US Envi-
ronmental Protection Agency) at concentrations ranging from
tens to hundreds of mgl~!'. Wastewaters generated by these
industries usually contain significant quantities of salts such as
sodium chloride, so the effects of these salts on the removal of
chromium(VI) should be investigated [1,2].
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Biosorption can be defined as sequestering of organic and
inorganic species including metals, dyes and odor causing sub-
stances using live or dead biomass or their derivatives. This
biomass may be bacteria, fungi, algae, sludge from biologi-
cal wastewater treatment plants, by-products from fermentation
industries, seaweeds or agricultural wastes such as rice husk, rice
bran and wheat bran. “Biosorption” is used to indicate a number
of metabolism-independent processes (physical and chemical
adsorption, electrostatic interaction, ion exchange, complexa-
tion, reduction, chelation and microprecipitation) taking place
essentially on the cell surface. The biosorption capacity of a
biomass depends on several factors. It includes type of biomass
(species, age), type of sorbates, presence of other competing ions
and method of biomass preparation, along with several physico-
chemical factors (temperature, pH and ionic concentration).
Biosorption, if compared with other available technologies such
as precipitation, ion exchange, reverse-osmosis and adsorption
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used for the removal of heavy metal ions, presents compara-
ble advantages such as very low cost, competitive performance,
availability of known process equipment, recovery of the sorbate
and possible regeneration of biosorbent at low cost. Moreover,
the biosorption process does not produce chemical sludges (i.e.
non-polluting), it could be highly selective, more efficient, easy
to operate, and hence, cost effective for the treatment of large
volumes of wastewaters containing low pollutant concentrations
[2-5].

Although most current research of biosorption is focused
on the removal of heavy metal cations, the uptake of toxic
metal anionic forms by biomass has become a growing concern
in this field. Literature shows that a wide variety of microor-
ganisms, including bacteria, algae and fungi, and agricultural
wastes are capable of sorbing chromium(VI) anions [6-30].
Among these microorganisms, fungal biomass seems to be a
good sorption material, because, it can be produced easily and
economically using simple fermentation techniques with a high
yield of biomass and economical growth media. Fungal biomass
is also available as a by-product or waste material from var-
ious fermentation processes. Furthermore, since dead fungal
biomass is of little use and is abundant, it may be good source
of biomaterial for the removal of chromium(VI) from industrial
wastewaters. Also it is necessary to check the effect of salts on
chromium(VI) biosorption by fungal biomass.

The ability of R. arrhizus to remove and accumulate heavy
metal ions has been recognized and studied to a certain degree
for its biosorption capability [6,7,11]. However, the role of salts
on metal biosorption by the biomass have not been investigated
extensively. In fact, no detailed studies related to this topic
have been reported up to date. Hence, the effect of NaCl salt
concentration on the biosorption equilibrium and kinetics of
chromium(VI) to dried R. arrhizus was investigated and com-
pared to single component situation in this study.

2. Mathematical description

Equilibrium data, commonly known as adsorption isotherms,
are basic requirements for the analysis and design of adsorp-
tion systems and provide information on the capacity of the
adsorbent or the amount required to remove a unit mass of
pollutant under the system conditions. One of the difficulties
in describing the adsorption equilibrium of metal ions from
wastestreams is that wastewaters contain not one, but many com-
ponents. If mono-component adsorption models could describe
the equilibrium of metal ion in the presence of other compo-
nents, such as salt, the individual isotherm parameters changed
due to the level of salt can be related to initial salt concentration
and these expressions may be useful to define the equilibrium
data in salt-containing solutions. In order to discover the sorp-
tion capacity of dried R. arrhizus for chromium(VI) in the
absence and in the presence of changing concentrations of
salt, the experimental data points were fitted to the Langmuir
and Freundlich (two-parameter models), Redlich—Peterson and
Langmuir—Freundlich (Sips) (three-parameter models) models
which are the most frequently used equations in the literature
describing the non-linear equilibrium between adsorbed metal

ion on the cells (geq) and metal ion in solution (Ceq) at a con-
stant temperature. Two-parameter models are usually preferred
since they are simple, give a good description of experimental
behavior in a large range of operating conditions, recharacter-
ized by a limited number of adjustable parameters and be easily
linearized. However, if two-parameter models cannot fit the data
well, three-parameter models needs to be used in this case.
Langmuir sorption model which was originally developed to
describe the gas—solid phase adsorption of activated carbon, has
traditionally been used to quantify and contrast the performance
of different biosorbents and the model serves to estimate the
maximum uptake values where they cannot be reached in the
experiments. The empirical Langmuir equation which is valid
for monolayer sorption onto a completely homogeneous sur-
face with a finite number of identical sites and with negligible
interaction between adsorbed molecules is given by Eq. (1).
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where Ceq and g are the unadsorbed concentration of metal ion
(mg 1~ 1) and adsorbed quantity of metal ion per g of biosorbent at
equilibrium (mg g~ 1), respectively. The parameters Q° and b are
Langmuir constants related to maximum adsorption capacity and
bonding energy of adsorption, respectively, which are functions
of the characteristics of the system as well as time [31].

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

Geq = Kr CJl" )

where K and n are the Freundlich constants characteristic on
the system. Kr and » are indicators of biosorption capacity and
biosorption intensity, respectively. The Freundlich isotherm is
also more widely used but provides no information on the mono-
layer biosorption capacity, in contrast to the Langmuir model
[32].

The three-parameter empirical Redlich—Peterson model is
widely used as a compromise between Langmuir and Freundlich
systems and the non-linear form of the model is given by Eq.
(3). It has a linear dependence on concentration in the numerator
and an exponential function in the denominator.
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where Krp, arp and g are the Redlich—Peterson parameters. The
exponent S lies between 0 and 1. For =1, Eq. (3) converts to
the Langmuir form [33].

Langmuir—Freundlich (Sips) model is another three-
parameter empirical model for the representing equilibrium
biosorption data (Eq. (4)). It can be considered as a combination
of Langmuir and Freundlich equations. This model suggests that
the equilibrium data follow Freundlich isotherm at lower solute
concentration, and thus, does not obey Henry’s law, and follows
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Langmuir pattern at higher solute concentration:
ACgy
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where A, B and m are the Langmuir-Freundlich parameters. Val-
ues for m > 1 indicate heterogeneous adsorbents, while values
closer to or even 1.0 indicate a material with relatively homoge-
nous binding sites. In this case the Sips model is reduced to the
Langmuir equation.

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

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

dg
prie k1,2d(geq — @) (5)

where ¢ is the metal ion uptake by unit mass of sorbent at any
time (mg g~ Yk .ad 1s the rate constant of first-order biosorption.
After integration and applying boundary conditions, t=0to t=¢
and g =0 to g =qeq; the integrated form of Eq. (5) becomes:

kl,ad
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A straight line of log(geq — ¢) versus ¢ suggests the applicabil-
ity of this kinetic model. The pseudo-second-order equation is
also based on the sorption capacity of the solid phase and on
the assumption that the sorption process involves chemisorption
mechanism and for chromium(VI) both singly and in the mixture
is expressed as:

log(Cqu —q) = log deq — 6)
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where k» 54 is the rate constant of second-order biosorption. For

the same boundary conditions the integrated form of Eq. (7)
becomes:

t 1 1
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If second-order kinetics are applicable, the plot of #/g against ¢
of Eq. (8) should give a linear relationship, from which geq and
k2 ad can be determined from the slope and intercept of the plot
and there is no need to know any parameter beforehand.

The applicability of saturation type kinetics in modeling the
kinetic data was also discussed. The plot of g versus time can be
used to find the initial biosorption rate (r,q) by differentiating
the plot at =0 as defined in Eq. (9).
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From experimental data, it was shown that the initial biosorp-
tion rate is proportional to the first power of the initial metal

ion concentration at lower bulk metal ion concentrations (first-
order kinetics) and at higher metal ion concentrations, the rate
becomes independent of initial metal ion concentration (zero-
order kinetics). Eq. (10) can be used to describe the rate of
biosorption very accurately in both situations. This kind of rate
equation is defined as ’saturation type’.

kaaCo

_ 10
1 +k,Co (10

Tad

where k,q is the first-order rate constant of saturation type
biosorption. The zero-order rate constant (ko _aq) is expressed as
kag/K aq. A straight line of 1/ryq versus 1/Cy suggests the appli-
cability of this kinetic model and k,q and ko a4 can be determined
from the slope and intercept of the plot. This model predicts the
biosorption behavior over the whole studied concentration range
of metal ion at a constant salt level at a constant temperature.

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

3. Materials and methods
3.1. Microorganism and growth conditions

Rhizopus arrhizus, a filamentous fungus obtained from the
US Department of Agriculture Culture Collection was used in
this study. The microorganism was grown at 25 °C in agitated
liquid media containing malt extract (17 g1~ 1) and soya peptone
(5.4 g171). The pH of the medium was adjusted to 6.5-6.8 with
dilute HySO4 and NaOH solutions before sterilization.

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

After the growth period, R. arrhizus was washed twice with
distilled water, inactivated using 1% formaldehyde and then
dried at 60 °C for 24 h. For the biosorption studies, a weighed
amount of dried biomass was suspended in 100 ml of double-
distilled water and homogenized in a homogenizer (Janke and
Kunkel, IKA-Labortechnick, Ultra Turrax T25, Germany) at
8000 rpm for 20 min and then stored in the refrigerator. At the
beginning of biosorption, 10 ml dried biomass suspension was
contacted with 90 ml of solution containing a known concen-
tration of chromium(VI) and salt in an Erlenmayer flask at the
desired temperature and pH. All the final solutions contained
1.0 g1~! of biosorbent.

Stock chromium(VI) and salt solutions were prepared at
1 and 100g1~" concentrations dissolving weight quantity of
potassium dichromate (Merck) and NaCl (Merck) in double-
distilled water, respectively. For single chromium(VI) and binary
chromium(VI)-salt mixture studies, desired combinations of
chromium(VI) and salt were obtained by diluting stock solutions
of these components and mixing them in the test medium. Before
mixing with biosorbent solution, the pH of each test solution was
adjusted to the required value with HySO4 and NaOH solutions
at different concentrations changing from 0.01 to 1.0 M. For
this purpose the dilution to 90 ml was not completed to exactly
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90 ml, but 85-86 ml in order to be able to add sufficient vol-
ume of acid or base solution for desired pH adjustment and than
this volume was completed to 90 ml diluted and concentrated
H;SO4 and NaOH solutions. The ranges of initial concentra-
tions of chromium(VI) and salt prepared from stock solutions
varied between 25-250mg1~! and 10-50 g1~!, respectively.

3.3. Biosorption experiments

Sorption studies were conducted in a routine manner by
the batch technique in 250 ml Erlenmeyer flasks containing
100 ml of chromium(VI) or chromium(VI)—salt mixture-bearing
synthetic solutions at desired level of each component at the
beginning of the adsorption at pH 2.0. The flasks were agitated
on a shaker at a 100 rpm constant shaking rate for 3 days to ensure
equilibrium was reached. Samples (5ml) were taken before
mixing the biosorbent and the metal ion or metal—salt mixture-
bearing solution, at definite time intervals. Before analysis the
samples were centrifuged at 4000 rpm for 3 min and the super-
natant fraction was analysed for the remaining chromium(VI)
ions. Studies were performed at a constant temperature of 25 °C
to be representative of environmentally relevant conditions. All
the biosorption experiments were repeated twice to confirm the
results. The data were the mean values of two replicate determi-
nations.

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

Co — Cres
q= X (11)
where Cy is the initial chromium(VI) concentration (mgl™!),
Cres 1s the residual (unadsorbed) chromium(VI) concentration
at any time (mg 171y and X is the sorbent concentration (g 1=h.
Cres is equal to Ceq and g is equal to geq at equilibrium.

3.4. Analytical methods

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

4. Results and discussion

Chromium(VI) biosorption properties of dried R. arrhizus
were investigated as a function of initial pH, initial
chromium(VI) and initial NaCl concentrations. The kinetic
and equilibrium results are given as the units of adsorbed
chromium(VI) ion quantity in single or salt containing envi-
ronment per gram of biosorbent at any time (g, mgg~") and at
equilibrium (geq, mg g~ 1) and residual chromium(VI) ion con-
centration in single or salt containing environment at equilibrium
(Ceqs mgl1~"). The adsorption yield is defined as the ratio of
sorbed concentration of chromium(VI) ions at equilibrium to
the initial chromium(VI) ion concentration for both single and
salt containing situations (Ad%).
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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
of salt (Cocrvr: 100 mg -1 x: l.Oglfl; temperature: 25 °C; agitation rate:
100 rpm).

4.1. Effect of initial pH on chromium(VI) biosorption in the
absence and in the presence of increasing concentrations of
salt

Earlier studies on heavy metal biosorption have shown that
pH was the single most important parameter affecting the
biosorption process. To find the suitable pH for the effective
biosorption of chromium(VI) ions by dried R. arrhizus in sin-
gle and salt containing media, experiments were performed
at different initial pH values (1.0-6.0) and at different initial
NaCl concentrations (0-50 g1~1). The variation of equilibrium
chromium(VI) uptake with initial pH is given in Fig. 1 at about
100mg 1! constant metal ion concentration. As seen from the
figure, the highest uptake values were found at pH 2.0 and the
biosorption of chromium(VI) decreased notably with further
increase in pH for all the NaCl concentrations tested.

Solution pH influences both cell surface metal binding sites
and metal chemistry in water. At pH values below the isoelectric
point (<4.0), the overall surface charge on fungal cells will be
positive [38]. It is expected that nitrogen-containing functional
groups such as amines or imadazoles in the biomass will also
be protonated at acidic pH values. It is known that the dom-
inant form of chromium(VI) at pH 1.0 is the acid chromate
ion species (HCrO4~) and increasing pH shifts the concen-
tration of HCrO4~ to other forms. At pH 2.0, chromium(VI)
behaves as an oxo-anion (CrO4~2 or Cro0772) in aqueous solu-
tion with an overall negative charge. Since there is an increase
in sorption of chromium(VI) as pH increased to 2.0 so it may be
suggested that probably the CrO4;~2 or Cr,O72 are the active
forms of chromium(VI), which are being sorbed by the biomass.
The binding of chromium(VI) could be occurring either via
positively charged ligands on the surface of biosorbent (e.g.
amino groups) primarily electrostatically in nature or through
the reduction of chromium(VI) to chromium(III) under strongly
acidic conditions (pH <2.5) by contact with the electron-donor
groups of the biomass, i.e., groups having lower reduction poten-
tial values than that of chromium(VI) (+1.3 V), subsequently
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resulting in the binding of chromium(III) to the biomass. Reduc-
tion in the biosorption of chromium(VI) at pH value higher than
2.0 is probably due to the change in the overall surface charge
on the fungal cells [22,37,39,40].

Salt concentration is proportional to the ionic strength of
aqueous solution directly. Ionic strength, besides pH is also one
of the important factors that influence the equilibrium uptake.
Although the ionic strength or the salinity did not affect the opti-
mum pH of biosorption, influenced the chromium(VI) uptake
antagonistically. The chromium(VI) removal decreased with
increasing ionic strength of the aqueous solution at all pH values
studied as shown in Fig. 1, though the decrease was insignifi-
cant at lower ionic strength. But, it was notably at ionic strength
greater than 20 g1~!. At pH 2.0, the removal of chromium(VI)
decreased from 78.0 to 75.1mgg~! at 10g1~! salt contain-
ing medium resulted in 3.8% reduction in biosorption capacity.
However, chromium(VI) uptake capacity of fungus decreased
from 78.0 to 64.0.0mg g~! with increasing salt concentration
up to 50g1~! resulted in 17.9% decrease in biosorption. This
behavior may be due to the inhibition effect of salt on the
permeability of cell membrane for chromium(VI) ions and rel-
ative competition between chloride and chromate anions on
the active centers of fungus [26,37,41]. Biosorption studies of
chromium(VI) both singly and in salt containing medium were
also performed at the pH value of 2.0.

4.2. Effect of initial chromium(VI) concentration on
chromium(VI) biosorption

Initial concentration provides an important driving force to
overcome all mass transfer resistance of metal ion between the
aqueous and solid phases. Hence, a higher initial concentra-
tion of chromium(VI) will increase the biosorption rate. Such
an effect was clearly demonstrated in Table 1. The equilibrium
sorption capacity of fungus increased with increasing initial
chromium(VI) concentration in both single chromium(VI) and
chromium(VI) and salt containing situations. In the absence
of salt, when the initial chromium(VI) concentration increased
from 25 to 250mgl~! approximately, the loading capacity
increased from 23.2 to 108.9 mg g~! due to the increase in the
number of ions competing for the available binding sites on the
biomass surface. The uptake of chromium(VI) reached a plateau
at 250mg1~! showing the saturation of binding sites at higher
concentration levels. The initial chromium(VI) concentration
also remarkably influenced the biosorption yield as shown in
Table 1 in both single chromium(VI) and salt containing situ-
ations. Chromium(VI) removal yield was the maximum at the
lowest concentration of chromium(VI) (25 mg 1" dueto higher
number of active sites attained than at higher concentrations of
chromium(VI).

4.3. Effect of salt concentration on chromium(VI)
biosorption

Table 1 illustrates the effect of salt concentration (or ionic
strength) on the removal of chromium(VI) ions by dried R.
arrhizus at different initial chromium(VI) concentrations. The

Table 1

Effects of initial chromium(VI) and salt concentrations on the equilibrium uptakes and adsorption yields of chromium(VI) (initial pH: 2.0; X: 1.0 g1~!; temperature: 25 °C; agitation rate: 100 rpm)
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Ad% Cocxevry (mg 171)

Geq (mgg™h)

Ad% Cocxevry (mg 171)
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results clearly demonstrate that in the absence of salt, the
fungus showed excellent ability for the chromium(VI) biosorp-
tion. Moreover, the uptake of chromium(VI) ions was not
significantly affected by the low concentration of salt. How-
ever, increasing the salinity up to 50g1~! led to a significant
decrease of the amount of metal removed from aqueous solu-
tion and percent removal efficiency. When studied with 25 and
250 mg 17! initial chromium(VI) concentrations, as salt concen-
tration increased from 0 to 10 g17!, equilibrium chromium(VI)
uptakes lessened only from 23.2 to 22.4mgg~! and only
from 108.9 to 104.8mgg~', respectively. The uptakes of
chromium(VI) varied by less than 3.4% and 3.8% for 25 and
250mg1~! initial chromium(VI) concentrations, respectively.
However, as the concentration of salt increased from O to
50g1~!, the amount of chromium(VI) adsorbed by dried R.
arrhizus and chromium(VI) removal yield diminished from
23.2 to 18.4mgg~" and from 92.1 to 72.2%, respectively, for
25mg1~! initial chromium(VI) concentration. When studied
with 250mg1~! chromium(VI) uptake decreased from 108.9
to 90.0mg g~!, while the percent removal efficiency decreased
from 43.2 to 35.9% with increasing salt concentration from 0
to 50 g17!. The reductions in chromium(VI) uptake were 20.7
and 17.4% for 25 and 250 mg1~! initial chromium(VI) con-
centrations, respectively for this case. But even at 50g1~! of
salt, the biosorbent still has high uptake capacity and the dried
R. arrhizus has been used to efficiently remove chromium(VI)
from aqueous solution with higher salt concentration.

The decrease in biosorption ability of microorganism with
increasing salt concentration may be a result of biosorption
mechanisms. Salt concentration could markedly influence the
biosorption presumably due to the competition between chlo-
ride ions (present in salt used to change the ionic strength of
solution) and chromium(VI) species for the same binding sites
on the biosorbent surface. Another reason is that ionic strength
increases, the activity of biosorbent (active sites) and metal activ-
ity decreases, so the adsorptive capacity of biosorbent decreases.
According to surface chemistry theory, when two phases, e.g.,
fungal and metal species in aqueous solution, are in contact,
they are bound to be surrounded by an electrical double layer
owing to electrostatic interaction. If the adsorption mechanism
is significantly by the electrostatic attraction, variations in back-
ground electrolyte concentration would remarkably influence
the sorbent—sorbate interactions involving the electrostatic inter-
action and adsorption decreases with increase in ionic strength.
Some inorganic anions existing in the solution such as chloride
may also form complexes with metal ions, and therefore, affect
the adsorption process adversely [26,37,40].

4.4. Biosorption kinetics of chromium(VI) in the absence
and in the presence of increasing concentrations of salt

It must be remembered that the two important physicochem-
ical aspects for parameter evaluation of the sorption process as
a unit operation are the kinetics and the equilibria. Kinetics of
sorption describing the solute uptake rate which in turn governs
the residence time of sorption reaction is one of the impor-
tant characteristics defining the efficiency of sorption. Hence,

90

60 |-

q(mggl)

—— CNacI=0gl!

0 —®— CNac1=10g!

—&— C,NaC1 =20 g1
€— C,Nac]=50g 1!

0 1000 2000 3000 4000
t (min)

Fig.2. Biosorption curves of chromium(VI) in the absence and in the presence of
increasing concentrations of salt (Cocrcvry: 100 mg 1= X:1.0 g -1 temperature:
25 °C; agitation rate: 100 rpm).

the kinetics of chromium(VI) removal both individually and in
salt containing medium has been carried out to understand the
behavior of the dried R. arrhizus. For this purpose, biosorption
capacity (g) was plotted as a function of time for 100 mg1~!
initial chromium(VI) concentration at varying salt concentra-
tions (Fig. 2). The time and salt concentration dependent, similar
shaped biosorption curves were obtained. The adsorption of
chromium(VI) increased with increasing contact time at all
salt concentrations studied and decreased with increasing salt
concentration. It was observed that chromium(VI) uptake was
maintained with a high constant rate for the initial 10—12 h due to
an increased number of vacant sites available at the initial stage
for biosorption, and thereafter, it proceeded at a slower rate and
finally attained saturation. The plots show that the contact time
required to reach equilibrium was very long and equilibrium
occurred within 60 h and the equilibrium time was independent
of salt concentration. Based on these results, the contact time
was fixed at 60 h for the rest of the batch experiments to make
sure that equilibrium was reached in all cases.

4.5. Application of kinetic models in the absence and in the
presence of increasing concentrations of salt

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

The first-order rate constant (k1 aq) and geq values were deter-
mined from the plots of linearized form of the pseudo-first-order
model (Eq. (6)) atall chromium(VI) and salt concentrations stud-
ied for the initial 30 min (data not shown) and are presented in
Table 2 along with the corresponding regression coefficients.
The first-order rate constants decreased slightly with increas-
ing the initial concentration of chromium(VI) and increased
with increasing the salt concentration. As seen from the table,
besides very high regression coefficients (>0.995), experimental
Geq values agreed very well with geq values obtained from Lager-
gren plots. This indicated that pseudo-first-order kinetic model
describes the kinetics adequately in the concentration ranges
studied.
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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 g1~!; temperature: 25 °C; agitation rate: 100 rpm)

Salt concentration Co (mgl™h) Geqrexp First-order kinetic model Second-order kinetic model
I meeD) M) g B b (0gmg i min)  gegen R
(mgg™h (mgg™")
0 252 232 6.91 22.5 0.967 6.25 24.3 0.997
50.8 46.0 438 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 0.983 447 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 25.0 224 7.71 19.7 0.914 7.24 22.0 1.000
51.6 442 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 0.993 451 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 70.8 451 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 95.0 297 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
250.4 90.0 1.78 109.0 0.951 3.18 93.1 1.000

Using Eq. (8), t/q was plotted against ¢ and second-order
adsorption rate constants (ks ,q) and equilibrium uptake values
(geq) were determined from the slope and intercept of the plots
(data not shown). The values of the parameters k3,4 and geq and
of corresponding correlation coefficients are also presented in
Table 2. The results indicated that second-order rate constants
were also affected by both the initial chromium(VI) and salt
concentrations and diminished with increasing chromium(VI)
concentration. The correlation coefficients obtained greater than
0.993 and the adequate fitting of theoretical and experimental
Geq values for all chromium(VI)-salt combinations suggest
the applicability of second-order kinetic model based on the
assumption that the rate limiting step may be the chemisorption
in explaining the kinetics of biosorption for the entire sorption
period.

The saturation type kinetic model was also applied to the
experimental data at changing salt concentrations to describe the
batch biosorption kinetics over the whole concentration range of
chromium(VI) studied. The values of k,q and k, oq Were deter-
mined from the plots of linearized form of the saturation type
kinetic model at all salt concentrations (data not shown). The
plots indicated that such saturation type kinetic expression is
also so valid to the present system (R*>0.997 for all temper-
atures). Table 3 shows that both the biosorption rate constants
were affected with increase in salt concentration and decreased
notably with increasing salt concentration.

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

As the saturation type kinetic model described the batch
biosorption kinetics over the whole concentration range of
chromium(VI) studied and the kinetic parameters of this model
also changed due to the level of salt, a regression method was
used to obtain a functional relationship between kinetic con-
stants of saturation type kinetic model and salt concentration in
order to predict the kinetic constants of chromium(VI) biosorp-
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 g17'; temperature: 25 °C; agitation rate: 100 rpm)

Salt concentration kag (x 102 lg’l min~!)  kgag (x1031 mg’l) R?

(g™

0 7.04 4.51 0.993
10 6.23 3.90 0.995
20 591 3.58 0.995
50 533 3.16 0.996
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Table 4
Functional relationship between the saturation type kinetic constants and salt
concentration

R?=0.988
R?=0.996

kaa x 10% = 0.001C2y, o — 0.074Conaci + 7.00
Koag x 10* = 0.001C2y, - — 0.061Conact + 4.49

uration type kinetic parameters of chromium(VI) biosorption
decreased following a second-order polynomial function of salt
concentration with very high linear regression coefficients of
determination.

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

The non-linearized adsorption isotherms of chromium(VI)
in the absence and in the presence of increasing concentrations
of salt is shown in Fig. 3. Equilibrium chromium(VI) uptake
increased with increasing initial chromium(VI) concentration up
to 250 mg1~!. The curvilinear relationship between the amount
of chromium(VI) adsorbed per unit weight of biomass and
the residual chromium(VI) concentration at equilibrium sug-
gests that saturation of cell-binding sites occurred at the higher
concentrations of this metal ion. The equilibrium uptake of
chromium(VI) decreased regularly with increasing salt con-
centration. The inhibitory effect of salt on the equilibrium
chromium(VI) uptake was dominant at higher salt concentra-
tions.

For the investigation of salt effect on chromium(VI) biosorp-
tion, the Langmuir, Freundlich, Redlich—Peterson and Lang-
muir-Freundlich equations were applied to the equilibrium data
obtained from single chromium(VI) and chromium(VI)-salt
biosorption systems. The corresponding Langmuir, Freundlich,
Redlich—Peterson and Langmuir—Freundlich (Sips) parameters
at different salt levels obtained by nonlinear regression analysis
were listed in Table 5 along with the average percentage errors
and linear regression coefficients. The values of average percent-
age errors and linear regression coefficients were the criteria for
the selection of the most suitable isotherm model. The average
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Fig. 3. Non-linearized adsorption isotherms of chromium(VI) in the absence
and in the presence of increasing salt concentrations.

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 g17!; temperature: 25 °C; agitation rate: 100 rpm)

Salt concentration Freundlich model

(e1™

Kr [(mgg™!) n & (%) R?
(mg1=1—1/n]

0 22.67 291 13.5 0.983
10 19.38 272 14.0 0.981
20 13.69 2.35 12.7 0.987
50 8.59 2.02 8.3 0.990

Salt concentration
(e1™)

Langmuir model

Q°(mgg™)  bAmg) &%) R

0 1149 0.119 4.8 0.995
10 1124 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 ~ Redlich—Peterson model

-1

™) ap [Amg ™ Kep(g™) B (%) R

0 0.154 16.45 0994 34 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 (g1~1) Langmuir-Freundlich model
A (lm mgl—m g—l) B (1 mg—l )m m P (%) RZ

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
50 4.68 0.040 0.093 24 0.998

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

N
Zi:] (Qeq,i,exp - Qeq,i,calc)/Qeq,i,exp
N

% =

x 100 (12)

On the basis of average percentage errors and linear
regression coefficients in Table 5, the three-parameter
Langmuir—Freundlich (Sips) model best described the
chromium(VI) sorption isotherm data compared to other
models examined. The model fitted the experimental data with
a lower average percentage error in the range 0.8-2.4 and a
higher linear regression coefficient in the range 0.998-1.000
suggesting that the monolayer, homogeneous sorption in single-
as well as salt added binary-systems. The relatively lower
percentage errors also indicated that both the two-parameter
Langmuir and three-parameter Redlich—Peterson models were
also very suitable for describing the biosorption equilibrium
of chromium(VI) by the fungal cells in all cases. The other
two-parameter model of Freundlich exhibited a poor fit to the
biosorption data of chromium(VI) with an average percentage
error more than 8.3.
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Adsorption model constants the values of which express the
surface properties and affinity of the biosorbent can be used
to compare the adsorptive capacity of dried R. arrhizus for
chromium(VI) due to the salt level.

The estimated coefficients of Freundlich model (K¢ and
n) for chromium(VI) sorption from single chromium(VI) and
chromium(VI)—-salt containing solutions are listed in Table 5.
The n is an empirical parameter that varies with the degree of
heterogeneity and is related to the distribution of bonded ions
on the sorbent surface. In general, n > 1 illustrates that adsorbate
is favorably adsorbed on an adsorbent, corresponds to a nor-
mal an L-type Langmuir isotherm, and the higher the n value
the stronger the adsorption intensity. In particular, the value
of n, which is significantly higher than unity, indicated that
chromium(VI) ions are favorably adsorbed under all the exper-
imental conditions examined. The values of n at different salt
concentrations also indicated that the chromium(VI) biosorption
intensity was contrarily affected by salt added into biosorption
medium. The constant KF, related to biosorption capacity, can
be defined as a sorption coefficient which represents the quan-
tity of adsorbed metal ions for a unit equilibrium concentration
(i.e. Ceq=1). From the table, the magnitude of Kr showed a
relatively easy uptake of chromium(VI) ions from aqueous solu-
tion with high adsorptive capacity of biomass for chromium(VI)
in both single and binary systems. The co-existence of salt
at its any initial concentration reduced Kg constant signifi-
cantly. The highest K value was 22.67 in the absence of
salt and the value of Kg decreased to 8.59 with the addition
of 50g1~! salt which was consistent with the experimental
observation.

Table 5 also indicates the effect of salt added at different
levels on the Langmuir constants (Q° and b). While the Fre-
undlich model does not describe the saturation behavior of the
biosorbent, Q° represents the monolayer saturation at equilib-
rium or the total capacity of the adsorbent for chromium(VI).
As seen from Table 5, dried R. arrhizus exhibited the maximum
biosorption capacity (Q°) for single chromium(VTI) biosorption.
The addition of salt decreased the Q° value of chromium(VI)
biosorption insignificantly. The presence of 50 g1~ ! salt reduced
the maximum chromium(VI) uptake capacity of biomass from
114.9t0 107.5 mg g~ compared to the monometal conditions. A
high value of the other Langmuir parameter, b, indicates a steep
desirable beginning of the isotherm which reflects the high affin-
ity of the biosorbent for the sorbate. Its value is the reciprocal of
the chromium(VI) concentration at which half of the saturation
of the biosorbent is attained. The highest b value obtained for
monometal conditions also decreased with the addition of salt
indicating its negative effect on chromium(VI) biosorption.

Related biosorption parameters were also calculated accord-
ing to the three-parameter isotherm of Redlich—Peterson
using non-linear regression method for chromium(VI) biosorp-
tion at different salt levels and are tabulated in Table 5.
Redlich—Peterson constant Krp indicated that the adsorption
capacity of biosorbent also diminished with increasing salt con-
centration. It is noted that § normally lies between 0 and 1,
indicating favorable biosorption. The value of 8 is equal to 1.0
for 50 g1~! salt containing medium and tends to unity for other

salt concentrations studies, that is the isotherms approach the
Langmuir form.

The corresponding Langmuir—Freundlich parameters of A, B
and m for different salt concentrations along with percentage
errors are also given in Table 5. Langmuir-Freundlich constant
A indicated that the biosorption capacity and affinity of biosor-
bent to chromium(VI) ions also decreased with salt addition.
The value of m, an indicator of heterogeneity index, calculated
as about 1.0 for all levels of salt showed that the chromium(VI)
sorption data obtained in this study is more of Langmuir form
rather than that of Freundlich, which was also confirmed in
Table 5, and thus, the fungus has a homogeneous surface.

The results showed that three parameter models represented
the biosorption isotherm data much more better than two param-
eter models for all cases with low percentage error values.
Although, the equilibrium model constants have different mean-
ings, such as Q° is the monolayer adsorption capacity while K
is the relative adsorption capacity or adsorption power, etc., all
of them led to the same conclusion about the correlation of the
experimental data: as indicated in Table 5, the adsorption capac-
ity of biomass for chromium(VI) decreased with increasing salt
concentration.

Again all these parameters changed with respect to the
level of salt could be used to predict the adsorption behav-
ior of chromium(VI) in an aqueous solution at a definite
salt concentration. When isotherm constants were plotted
against the salt concentration, it was seen that the functional
relationship between isotherm constants and salt concentra-
tion are not linear for the entire range of salt concentration
(data not shown). Regressing the corresponding nonlinear
plots, isotherm parameters of each model were expressed as
a function of salt concentration and presented in Table 6.
The Freundlich and Langmuir parameters decreased follow-
ing a second-order polynomial function of salt concentration
with high linear regression coefficients of determination, as
expressed in the table. An exponential relationship between the
Redlich—Peterson parameters of agp and Krp of chromium(VI)
and salt concentration was obtained (B is assumed as 1 for
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

K = 0.005C,c; — 0.53Conact + 23.107 R*=0.983
n = 0.0003C2y,c; — 0.0326CoNac1 + 2.94 R*=0.980
00 =0.003C2y,c — 0.31Conact + 115.0 R?=0.998
b = 0.00004C3y,  — 0.0038CoNc1 + 0.12 R*=0.996
arp = 0.102C524, R?=0.935
Krp = 13.63C53%, R?=0.981
A =933C3%, R?=0.933
B =0.093C03E R*=0.983
m=0.002CoNacy + 1.01 R*=0.997
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chromium(VTI) and salt concentration also followed an exponen-
tial equation with a high linear regression coefficient, while other
Langmuir—Freundlich parameter m was varied linearly with salt
concentration.

5. Conclusion

Biosorption characteristics of dried R. arrhizus for the
removal of chromium(VI) ions from saline waters were exam-
ined as a function of pH, initial metal ion and salt concentrations.
Biosorption at lower pH increased the efficiency of biosorp-
tion process, initial chromium(VI) concentration also had an
increasing effect on biosorption capacity up to 250 mg1~! and
increasing the salinity up to 50 g1~! led to a significant decrease
in biosorption yield.

The Freundlich, Langmuir, Redlich—Peterson and Langmuir—
Freundlich (Sips), the two and three parameter adsorption mod-
els were used for the mathematical description of the biosorption
equilibrium of chromium(VI) ions to dried R. arrhizus both
singly and in salt containing media and all the isotherm con-
stants were evaluated to compare the biosorption properties of
fungus. It was seen that the adsorption equilibrium data fit-
ted very well to Langmuir—Freundlich (Sips) model at all salt
concentrations studied. The suitability of the pseudo-first-order,
pseudo-second-order and saturation type kinetic models for the
sorption of chromium(VI) ions onto dried R. arrhizus for all
situations was also discussed assuming no effect of mass trans-
fer on the biosorption rate. The results calculated due to all
kinetic models were also found to be in good agreement with
the experimental results. Finally, all equilibrium and saturation
type kinetic parameters were expressed as a function of salt con-
centration in that the equilibrium and kinetics of chromium(VI)
biosorption should be defined in a aqueous solution containing
any salt concentration.

The results obtained showed that dried R. arrhizus is a
good adsorbing medium for single chromium(VI) biosorp-
tion and have high adsorption yield for the treatment of
wastewaters containing chromium(VI) ions only. The com-
parison of sorption capacity of dried R. arrhizus used in
this study (Q°=1149mgg~") with some of those obtained
in the literature (Q°=96.3mgg~" for low cost activated car-
bon [30]; 0°=59mg g’l for Tamarindus indica seeds [26];
0°=159mgg~! for pretreated N. carassa fungal biomass
[23]; 0°=285.7mgg~! for rice bran [29]; Q°=124.5mgg !
for A. caviae [18]; Q°=45.5 and 58.3 mg g_1 for Dunaliella
species [37]; 0°=53.8mgg~! for Pantoea sp. TEMI18 [17];
Q°=84mgg~! for R. arrhizus [6]; Q°=32.6mgg~"! for
S. cerevisiae [16]; Q°=79.3mg g’1 for C. vulgaris [6];
0°=33.1.0mgg~! for L. sajor-caju mycelia [19]) showed that
this microorganism is more effective for this purpose. Although,
the salt addition (increasing ionic strength) affected the adsorp-
tion yield and equilibrium uptake adversely, the fungus still have
a considerable potential for the uptake of chromium(VI) from
saline waters due to salt level. This work can provide a use-
ful data for bioremoval of chromium(VI) ions from salt-bearing
wastewaters by fungus.
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