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a b s t r a c t

Quite a number of reports are available on metal binding capacity of different groups of microorganisms.
However, reports on the equilibrium studies on biosorption by marine fungi are quite inadequate. The
present study was carried out in a batch system using dead biomass of marine Aspergillus niger for the
sorption of Cr(VI). The removal rate of Cr(VI) was increased with a decrease in pH and an increase in

−1
eywords:
spergillus niger
iosorption
exavalent chromium
inetics

Cr(VI) and biomass concentration. A. niger exhibited the highest Cr(VI) uptake of 117.33 mg g of biomass
at pH 1.0 in the presence of 400 mg l−1 Cr at 50 ◦C. Kinetics studies based on fractional power, zero order,
first order, pseudo-first order, Elovich, second order and pseudo-second order rate expressions have also
been carried out. The experimental data were analyzed using five, two-parameter isotherms (Langmuir,
Freundlich, Dubinin–Radushkevich, Temkin and Halsey). It was observed that Langmuir model exhibited
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the best fit to experimen
were also determined.

. Introduction

Wastewater and effluents contaminated with heavy metals is a
erious environmental problem. Current treatment processes, for
etal containing wastewaters are reported to exhibit reduced effi-

iency at low concentrations. Increasing interest is observed in the
pplication of biological materials for heavy metal removal from
iluted, large volume solutions. Biosorption has become a method
f choice as compared to traditional methods of wastewaters treat-
ent such as precipitation, adsorption, coagulation, etc. as it is

conomically and environmentally more viable [1–4].
Chromium is one of the major contaminant in the wastewaters

f dyes and pigments, film and photography, galvanometric and
lectric, plating and electroplating, leather and mining industries
5]. Chromium exists in several oxidation states out of which Cr(III)
nd Cr(VI) are the most stable forms. Because of its high toxicity
nd potential carcinogenicity Cr(VI) is of special concern [6]. The
S EPA has set the discharge limit of Cr(VI) to surface water below
.05 mg l−1 while the total Cr including Cr(III), Cr(VI) and its other

orms to below 2 mg l−1 [7].

Reports on marine fungi as potential biosorbents of hexavalent
hromium are very scanty. Babich and Stotzky [8] revealed that the
rowth of some marine fungi exposed to nickel was less depressed

∗ Corresponding author. Tel.: +91 278 2561354; fax: +91 278 2570885/67562.
E-mail address: khmody@csmcri.org (K. Mody).
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n the presence of magnesium as compared to that of in the pres-
nce of nickel alone. Hicks and Newell [9] found that exposing
haeospharia typharum, a salt marsh fungus, to mercury at metal
oncentration of 0.74 mg l−1 resulted in no significant change in
lucosamine content or growth as compared to the cultures grown
n the absence of mercury. In another study, Vala et al. [10] have per-
ormed a preliminary study on the tolerance and accumulation of
exavalent chromium by two seaweed associated Aspergilli where

uxuriant growth was observed in the presence of 100 mg l−1 Cr(VI)
oncentration. Taboski et al. [11] revealed the effect of lead and cad-
ium on the growth of two species of marine fungi, Corollospora

acera and Monodictys pelagica.
In the present study, dead biomass of a marine fungus,

spergillus niger was used as biosorbent for the removal of Cr(VI).
he aim of the present investigation was to study the sorption
inetics, to establish the kinetic rate coefficients for sorption
f Cr(VI) by A. niger, biosorption equilibrium employing differ-
nt two-parameter isotherm models as well as thermodynamic
tudies.

. Experimental
.1. Preparation of dead fungal biomass

A. niger was cultivated in the medium containing (per liter
f seawater) boiled and smashed potato 250 g and dextrose 20 g
nd incubated at 30 ± 2 ◦C. After 7 days of incubation, the live

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:khmody@csmcri.org
dx.doi.org/10.1016/j.cej.2008.05.002
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Nomenclature

bTe constant in Temkin adsorption isotherm (J mol−1)
B constant in D–R adsorption model (mol2 kJ−2)
Ce equilibrium concentration of adsorbate in solution

(mg l−1)
Ci initial concentration of adsorbate in solution

(mg l−1)
d parameter in Temkin isotherm
e Polanyi potential (kJ mol−1)
E mean free energy (kJ mol−1)
�G◦ change in Gibbs free energy (J mol−1)
h initial sorption rate in pseudo-second model

(mg g−1 min−1)
�H◦ enthalpy change (kJ mol−1)
k fractional power model constant
k1 Lagergren’s sorption isotherm rate constant (min−1)
k2 second order sorption rate constant (g mg−1 min−1)
k2p pseudo-second order sorption rate constant

(g mg−1 min−1)
kp initial rate of the intraparticle diffusion

(mg g−1 min−0.5)
KF Freundlich isotherm constant (l g−1)
KH Halsey isotherm constant
KL Langmuir isotherm equilibrium binding constant

(l mg−1)
KT Temkin isotherm constant (l mg−1)
m number of experimental data points
n exponent in Freundlich isotherm
nH Halsey isotherm constant
p number of parameters in the adsorption isotherm
qe amount of adsorbate adsorbed at equilibrium

(mg g−1)
qi observed sorption capacity of batch experiment i
qm maximum sorption capacity (mg g−1)
qt amount of sorbate sorbed at time t (mg g−1)
Qi estimated sorption capacity of batch experiment i
R universal gas constant, 8.314 J mol−1 K−1

RL Langmuir separation factor
R2 correlation coefficient
�S◦ entropy change (kJ mol−1 K−1)
S.E. standard error
SSE sum of squares error
t time (min)
T absolute temperature (K)
v fractional power model constant
V volume of metal solution (l)
W mass of sorbent (g)

Greek symbols
˛E initial sorption rate in Elovich model (mg g−1 min−1)
ˇ desorption constant in Elovich model (g mg−1)

f
f
n
a
s
s
b
T

Table 1
Characteristics of marine fungi Aspergillus niger

Parameter Fungal biomass

Surface area
Single point surface area (m2 g−1) 3.4037
BET surface area (m2 g−1) 3.9506 ± 0.0375
BJH adsorption cumulative surface area of pores between

17.000000 and 150.000000 Å diameter (m2 g−1)
4.0368

BJH desorption cumulative surface area of pores between
17.000000 and 150.000000 Å diameter (m2 g−1)

4.1242

Pore volume
Single point adsorption total pore volume of pores

(cm3 g−1)
0.005713

Pore size
Adsorption average pore diameter (4 V/A by single point)

(Å)
57.8417
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Elovich, second order and pseudo-second order rate equations have
been used for modeling the kinetics of Cr(VI) sorption (Table 2).
E

ungi was harvested and killed by boiling in 0.5N NaOH solution
or 15 min and then washed repeatedly with deionized water till
eutrality. After washing, the biomass was dried at 50 ◦C for 24 h
nd powdered in a mortar and pestle [12]. The dried biomass was
tored in a desiccator and used for the following experiments. The

urface area, pore volume and pore size of A. niger were measured
y surface area analyzer (Micromeritics, ASAP 2010) and is given in
able 1.

T
t
m

BJH adsorption average pore diameter (4 V/A by single
point) (Å)

91.1765

BJH desorption average pore diameter (4 V/A by single
point) (Å)

82.8620

.2. Sorption experiments and analytical method

Experiments were conducted at a various temperatures
22–50 ◦C) in continuously stirred (180 rpm) conical flasks con-
aining 25 ml of solution with initial Cr(VI) concentration ranging
rom 25 to 400 mg l−1 with biomass of 4 g l−1 and pH 1.0 for
8 h. Preliminary results on Cr(VI) biosorption revealed that A.
iger could biosorb maximally at pH 1.0 and biomass of 4 g l−1.
amples were drawn from the mixture at pre-determined time
ntervals for analysis. After the sorption equilibrium was reached,
he solution was separated from the biomass by membrane
ltration (Millipore 0.45 �m pore size). The change in Cr(VI)
oncentration in the filtrate due to sorption was determined
olorimetrically using Shimadzu (UV-1201, UV–vis) spectropho-
ometer according to standard methods [13]. A purple-violet
olored complex was developed due to reaction between Cr(VI) and
,5-diphenylcarbazide in acidic condition. Absorbance was mea-
ured at 540 nm.

Kinetic experiments were conducted under similar conditions
entioned above at temperature 37 ± 2 ◦C and samples were drawn

t regular time intervals for analysis. The pH of the solution was
onitored continuously with a pH electrode and adjusted with HCl

r NaOH solution, if deviations were observed. All the experiments
ere repeated twice to confirm the results.

.3. Chromium uptake capacities

The amount of Cr(VI) sorbed at equilibrium, q (mg g−1), which
epresents the metal uptake, was calculated from the difference in
etal concentration in the aqueous phase before and after adsorp-

ion, according to the following equation:

= V(Ci − Ce)
W

(1)

here V is the volume of Cr(VI) solution (L), Ci and Ce are the ini-
ial and equilibrium concentration of Cr(VI) in solution (mg l−1),
espectively, and W is the mass of dry seaweed (g).

.4. Kinetic and equilibrium studies

Fractional power, zero order, first order, pseudo-first order,
o examine the relationship between sorbed and aqueous concen-
ration at equilibrium, various two-parameter sorption isotherm

odels like Langmuir, Freundlich, Dubinin–Radushkevich (D–R),
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Table 2
Kinetic sorption models

Sr. no. Kinetic model Equation Reference

1 Fractional power qt = ktv [40–42]
2 Zero order qt = qe − k0t [43]
3 First order qt = qe − exp(k1t) [44,45]
4 Pseudo-first order qt = qe[1 − exp(−k1t)] [46,47]
5 Elovich qt = (1/ˇE)ln(1 + ˛EˇEt) [48]

6 Second order qt = qe
1+qek2t

[49]

7 Pseudo-second order qt = k2pq2
e t

1+k2pqet
[50]

8 Intraparticle diffusion qt = kpt0.5 [51–53]

Table 3
Two-parameter sorption isotherm models

Sr. no. Model Equation Reference

1 Langmuir qe = qmKLCe
1+KLCe

[54–56]

RL = 1
1+KLCi

[57]

2 Freundlich qe = KFC
1/n
e [58]

3 Dubinin–Radushkevich qe = qm exp(−Be2) [59]

e = RT ln
(

1 + 1
Ce

)
E = 1√

2B

T
(

2

2

s
t
e

�

w
a

2

f

�

E

−

o

l

w
a

2

s
o
i
i
r
o
c

S

S

S

w
e
o
p
t

3

3

f
s
n

h
s
t
s
0
c

T
K

M

F
Z
F
P
E
S
P
I

S

4 Temkin qe = B1 ln(KTCe) [60]

5 Halsey qe =
(

kH
Ce

)1/nH
[61]

emkin and Halsey isotherms were used for fitting the data
Table 3).

.5. Thermodynamics

.5.1. Gibbs free energy change (�G◦)
�G◦ is the fundamental criterion of spontaneity. Reaction occurs

pontaneously at given temperature if the value of �G◦ is nega-
ive [14,15]. Value of �G◦ can be determined from the following
quation:

G◦ = −RT ln KL (2)

here R is gas constant (8.314 J mol−1 K−1), KL is Langmuir constant
nd T is absolute temperature.

.5.2. Enthalpy (�H◦) and entropy (�S◦) change
Relation between �G◦, �H◦ and �S◦ can be expressed by the

ollowing equations:
G◦ = �H◦ − T �S◦ (3)

q. (3) can be written as

RT ln KL = �H◦ − T �S◦ (4)

fi
r
i
r

able 4
inetic parameters for the sorption of Cr(VI) on Aspergillus niger

odels r2 SSE S.E.

ractional power 0.986 0.0124 0.0353
ero order 0.939 80.2018 2.8319
irst order 0.869 0.0227 0.0476
seudo-first order 0.952 0.00003 0.0018
lovich 0.983 23.028 1.5175
econd order 0.764 0.0002 0.0041
seudo-second order 0.991 0.869 0.0894
ntraparticle diffusion 0.666 5.7418 1.3834

.E.: standard error of the estimate; SSE: residual or sum of squares error.
ing Journal 145 (2009) 489–495 491

r

n KL = −�H◦

RT
+ �S◦

R
(5)

here values of �H◦ and �S◦ can be determined from the slope
nd the intercept of the plot between ln KL vs. 1/T [14,15].

.6. Non-linear regression analysis

All the model parameters were evaluated by non-linear regres-
ion using DATAFIT® software (Oakdale Engineering, USA). The
ptimization procedure requires an error function to be defined
n order to be able to evaluate the fit of the equation to the exper-
mental data [16]. Apart from the correlation coefficient (r2), the
esidual or sum of squares error (SSE) and the standard error (S.E.)
f the estimate were also used to measure the goodness-of-fit. SSE
an be defined as

SE =
m∑

i=1

(Qi − qi)
2 (6)

tandard error (S.E.) of the estimate can be defined as

.E. =

√√√√ 1
m − p

m∑
i=1

(Qi − qi)
2 (7)

here qi is the observation from the batch experiment i, Qi is the
stimate from the isotherm for corresponding qi, m is the number of
bservations in the experimental isotherm and p is the number of
arameters in the regression model. The smaller S.E. value indicates
he better curve fitting [17].

. Results and discussion

.1. Kinetic studies

Table 4 presents the values of constants of kinetic models like
ractional power, zero order, first order, pseudo-first order, Elovich,
econd order and pseudo-second order for sorption of Cr(VI) on A.
iger.

A simple kinetic analysis for sorption of Cr(VI) on to A. niger
as been tested according to fractional power model and Table 4
hows the estimated parameters of the model. The results indicate
hat this model was unable to describe the time-dependent Cr(VI)
orption by A. niger as the value of the correlation coefficient was
.829 and constant ‘�’ was greater than 1, though the correlation
oefficient was 0.986 and the values of SSE and S.E. were low.
The kinetic constants, k0, k1, k1p, ˛E and ˇE, and k2 of zero order,
rst order, pseudo-first order, Elovich and second order equations,
espectively, for the sorption of Cr(VI) by A. niger are also presented
n Table 4. The results demonstrated that there is no significant
elationship between the kinetic data (figures are not shown) with

Constants

k = 1.3619, v = 1.6441, kv = 2.2391 (mg g−1 min−1)
k0 = −0.0152 (mg ml−1 min−1), qe = 26.6279 (mg g−1)
k1 = −0.000384 (min−1), qe = 27.4595 (mg g−1)
k1p = 190.8355 (min−1), qe = 54.7948 (mg g−1)
˛E = 0.5793 (mg g−1 min−1), ˇE = 0.0851 (g mg−1)
k2 = −0.000010 (g mg−1 min−1), qe = 27.726 (mg g−1)
qe = 61.69 (mg g−1), k2p = 0.000053 (g mg−1 min−1), h = 0.2009 (mg g−1 min−1)
kp = 0.9768 (mg g−1 min−1/2)
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ig. 1. Predicted kinetics from pseudo-second order model for the sorption of Cr(VI)
n A. niger.

ow correlation coefficients (<0.982) indicating that these models
re not applicable in the present case.

The sorption rate constant, k2p, initial sorption rate, h, and equi-
ibrium sorption capacity, qe, of the pseudo-second order model
re depicted in Table 4 (Fig. 1). These results show a very good
ompliance with the pseudo-second order equation with high cor-
elation coefficient (0.991) and standard error <1. The equilibrium
oncentration, qe, obtained from this model is closely in line with
he experimental value. The pseudo-second order model has been
idely used to describe non-chemical equilibrium [18–20] and
on-physical equilibrium [21,22]. This model assumes that two
eactions are occurring, the first one is fast and reaches equilib-
ium quickly and the second is a slower reaction that can continue
or long time periods. The reactions can occur either in series or in
arallel [23]. The initial sorption rate, h, has been widely used for
valuation of the sorption rates [24]. In the present study the value
f “h” is 0.2009. Tewari et al. [6] observed h values ranging from 0.99
o 6.72 mg g−1 min−1 for the sorption of Cr(VI) on Mucor hiemalis.
ome studies published in the literature also report pseudo-second
rder kinetics as suitable for sorption of Cr(VI) by peat, leaf mould,

orncob and granular activated carbon [25–28].

The intraparticle diffusion coefficient for the sorption of Cr(VI)
as calculated from the slope of the plot between the amount of
r(VI) sorbed, qt (mg g−1) vs. t1/2 (min1/2). Based on this plot (Fig. 2),

t was concluded that the sorption process of Cr(VI) is comprised

Fig. 2. Intraparticle diffusion plot for the sorption of Cr(VI) on A. niger.
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Fig. 3. Boyd plot for the sorption of Cr(VI) on A. niger.

f two phases, suggesting that the intraparticle diffusion is not the
ate-limiting step for the whole reaction [29]. The initial portion
f the plot indicated an external mass transfer whereas the sec-
nd linear portion is due to intraparticle or pore diffusion. The
ntercept of the plot provides an estimation of the thickness of the
oundary layer, i.e. the larger the intercept value the greater is the
oundary layer effect [30]. The slope of second linear portion of the
lot has been identified as intraparticle diffusion rate constant kp

mg g−1 min−1/2).
The kinetic data were further analyzed using the kinetic expres-

ion given by Boyd et al. [31] to check whether sorption proceeds
ia external diffusion or intraparticle diffusion mechanism, which
s expressed as follows:

= 1 − 6
˘2

exp(−Bbt) (8)

here Bb is a constant and F is the fractional attainment of equilib-
ium at time t given by

= qt

qe
(9)

here qe and qt represent the amount of Cr(VI) sorbed (mg g−1) at
quilibrium and any time t, respectively. To compute Bbt, Eq. (9) is
ubstituted into Eq. (8) and the kinetic expression becomes

bt = −0.4977 − ln
(

1 − qt

qe

)
(10)

Thus, the value of Bbt can be computed for each value of F,
nd then plotted against time (Fig. 3) to configure the so-called
oyd plots [32]. Linearity of this plot is employed to distinguish
etween external-transport- (film diffusion) and intraparticle-
ransport-controlled rates of sorption [33]. A straight line passing
hrough the origin is indicative of sorption processes governed by
article-diffusion mechanisms; otherwise they are governed by
lm diffusion [34]. In the present case, the plots were neither lin-
ar nor passed through the origin (Fig. 3). This indicates that, in all
he sorbents, film diffusion is the rate-limiting sorption process for
r(VI). However, further studies are needed to establish the same.
imilar results were obtained by Refs. [33,35].

.2. Equilibrium isotherm models
The analysis of equilibrium data is essential to develop an equa-
ion that can be used to compare different biosorbents under
ifferent operational conditions and to design and optimize an
perating procedure. To examine the relationship between sorp-
ion and aqueous concentration at equilibrium, various sorption
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Table 5
Isotherm constants of two-parameter models for Cr(VI) sorption on Aspergillus niger
at different temperatures

Parameters Temperature (◦C)

22 37 50

Langmuir
r2 0.780 0.960 1.0
SSE 8.263 0.254 0.002
S.E. 0.866 0.152 0.016
qm (mg g−1) 54.348 74.074 117.647
KL (l mg−1) 0.015 0.138 0.368
RL 0.302 0.059 0.024

Freundlich
r2 0.945 0.805 0.103
SSE 0.059 0.300 1.817
S.E. 0.074 0.165 0.406
n 2.448 2.789 2.846
KF (l g−1) 0.646 1.129 1.594

D–R
r2 0.208 0.005 0.103
S.E. 0.643 0.859 0.936
SSE 4.542 8.129 9.635
qm (mg g−1) 26.568 35.527 39.275
B (kJ2 mol−2) −9.038 2.357 81.363
E (kJ mol−1) −0.111 0.424 0.012

Temkin
r2 0.723 0.931 0.255
SSE 789.676 479.488 11,345.25
S.E. 8.521 6.602 32.115
bTe (J mol−1) 8.009 11.259 20.811
KT (l g−1) 0.577 3.582 12.545

Halsey
r2 0.945 0.805 0.103
SSE 0.318 1.591 9.635
S.E. 0.169 0.380 0.936
n −2.448 −2.789 −2.824
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Table 6
Sorption capacities for Cr(VI) using various biosorbents

Biosorbent Sorption capacity (mg g−1) Reference

Padina sp. 54.60 [62]
Pilayella littoralis 4.68 [63]
Sargassum siliquosum 66.4 [64]
Turbinaria ornate 31.0 [65]
Sargassum sp. 31.72 [62]
Aspergillus sp. 1.20

[66]
Rhizopus 4.33
Rhizopus arrhizus 78.0 [67]
A. niger 2.39

[68]A. sydoni 1.76
P. jenthinellum 1.77
M
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from slope and intercept of the plot of ln KL vs. 1/T as shown in
Fig. 4. �H◦ for the sorption of Cr(VI) on A. niger was found to be
7.366 × 10−4 kJ mol−1 while �S◦ was 0.0251 kJ mol−1. The value of
�H◦ was positive, indicating that the sorption reaction is endother-

Table 7
Gibbs free energy change for the sorption of Cr(VI) on A. niger
H
KH (l g−1) −0.275 −0.138 −0.096

.E.: standard error of the estimate; SSE: residual or sum of squares error.

sotherm models are widely employed for fitting the data. In the
resent work, two-parameter models, i.e. Langmuir, Freundlich,
ubinin–Radushkevich (D–R), Temkin and Halsey isotherms were
sed to describe the equilibrium between the Cr(VI) sorbed onto the
ead biomass of A. niger and Cr(VI) in the solution. The isotherm
onstants, correlation coefficient (r2), the residual or sum of squares
rror (SSE) and the standard error of the estimate (S.E.) of these
odels for sorption of Cr(VI) on A. niger at different temperatures

re presented in Table 5.
The Langmuir model served to estimate the maximum metal

ptake values where they could not be reached in the experiments
nd it contains two important parameters of the sorption system,
.e. qm and KL [35,36]. The Langmuir isotherm model exhibited good
t to the experimental sorption data at temperatures 37 and 50 ◦C
ince the r2 values were 0.960 and 1.0, respectively. However, com-
aratively low r2 value (0.866) was observed at temperature 22 ◦C.
he qm for Cr(VI) on A. niger was increased from 54.3 to 117.6 mg g−1

ith the increase in temperature from 22 to 50 ◦C while the exper-
mental data indicate that the amount of Cr(VI) sorbed increased
rom 58.79 to 117.55 mg g−1. Similar results have been observed
y Tewari et al. [6], Sag and Kutsal [37] and Bai and Abraham [38]
here sorption capacity of the respective biosorbents increased
ith the rise in temperature. The rise in sorption capacity with

emperature is because of rise in the kinetic energy of sorbent par-

icles. Thus, the collision frequency between sorbent and sorbate
ncreases, which results in the enhanced sorption on to the surface
f the sorbent. Due to bond rupture at high temperature, there may
e an increase in number of active sorption sites, which may lead

T

2
3
5

ucor hiemalis 53.5 [6]
entinus sajor caju 191.24 [69]
. niger 117.33 Present study

o enhanced sorption [39]. All these results showed that Langmuir
sotherm model fitted the results quite well suggesting that the sur-
ace of the sorbent is homogenous. Each binding site accepts only
ne Cr(VI) molecule, as well as the sorbed molecules are organized
s a monolayer and all sites are energetically equivalent and there
s no interaction between sorbed molecules.

The Freundlich isotherm equation describes the sorption of
olute from liquid to solid surface and assumes that the stronger
inding sites are occupied first and that the binding strength
ecreases with the increasing degree of site occupation. The results
f present study indicate that the Freundlich model does not fit
he experimental data since the r2 values were 0.944, 0.805 and
.103, respectively, for 22, 37 and 50 ◦C with low S.E. and SSE values.
imilarly, the Dubinin–Radushkevich, Temkin and Halsey isotherm
odels were unable to fit the experimental data as low correlation

oefficients and high SSE and S.E. values were observed.
Table 6 lists some reported sorption capacity values for Cr(VI)

ptake by various biosorbents. In general, A. niger tested in this
tudy exhibited sorption capacity higher than most of the reported
iosorbent except Lentinus sajor caju.

.3. Thermodynamics

.3.1. Effect of temperature
The results on effect of temperature indicated that the max-

mum uptake of Cr(VI) was observed at 50 ◦C. The increase in
emperature increased the Cr(VI) biosorption rate and decreased
he contact time required for complete Cr(VI) removal. The rise
n sorption capacity is due to the increase in collision frequency
etween sorbent and sorbate, which results in the enhanced sorp-
ion on to the surface of the sorbent.

The value of �G◦ for the sorption of Cr(VI) on A. niger at different
emperature is given in Table 7. The magnitude of �G◦ increased
ith the rise in temperature. The negative value confirms the fea-

ibility of the process and the spontaneous nature of sorption of
r(VI) on A. niger. The values of �H◦ and �S◦ were determined
emperature (◦C) �G◦ (J mol−1)

2 −7.403
7 −7.780
0 −8.106
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Fig. 4. Plot of ln KL vs. 1/T for the sorption of Cr(VI) on A. niger.

ic. This is also supported by the increase in value of uptake
apacity of all the sorbent with the rise in temperature up to 50 ◦C.
he positive value of �S◦ reflects the affinity of Cr(VI) for sorbent
sed. In addition, positive value of �S◦ shows the increasing ran-
omness at the solid/liquid interface during the sorption of Cr(VI)
n selected sorbent.

. Conclusions

Kinetic studies on sorption of Cr(VI) on A. niger revealed that
seudo-second order model showed the best fit to the experimen-
al data and film diffusion might be involved in the sorption process.
he study on equilibrium sorption revealed that Langmuir isotherm
odel gave the best fit to experimental data. Further, from the value

f �H◦ it was revealed that the biosorption process is endothermic.
hus, it may be concluded that A. niger exhibited the potential for
pplication in treatment of aqueous solutions containing Cr(VI).
owever, further research is needed to establish the process with

pecific attention to the regeneration of the sorbent and the recov-
ry of the sorbed metal.
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