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a b s t r a c t

Single and binary effects of dye Basic Violet 3 and heavy metals, ‘namely’, Pb(II) and Cd(II), were inves-
tigated for their role in dye and heavy metal bioaccumulation by Candida tropicalis that was grown in a
sugarcane bagasse extract medium containing 8 g/L, 16 g/L or 24 g/L of sugar. The optimum pH was found
to be 4.0 in the single system and 5.0 in the binary system. A central composite design was success-
fully used to analyse the experimental results. Four numerical correlations that were fitted to a second
order quadratic equation were used to estimate optimum combinations predicted by response surface
methodology. In the dye–Pb(II) binary system, C. tropicalis was capable of bioaccumulating 49.5% of the
. tropicalis
ioaccumulation
eavy metals
esponse surface methodology

dye and 49.6% of the Pb(II), in comparison to 15.9% of the dye and 55.5% of the Cd(II) in the dye–Cd(II)
binary system. In these two systems, the pollutants were dispersed at minimum working concentration
levels. Competitive inhibition was observed in both the single and binary systems, which was suggested
by an increase in the saturation constant, Ks, and a simultaneous decrease in the specific growth rate that
was calculated from Lineweaver–Burk plots. Atomic force microscopy images demonstrated changes in
yeast cell morphology by exposure to these contaminants in the dye–Pb(II) binary system grown in a

.
bioaccumulation medium

. Introduction

Synthetic dyes are commonly used in textile, tannery, phar-
aceutical, paper, paint, plastics, electroplating and cosmetics

ndustries [1]. Heavy metals are sometimes added to stabilise the
olour of these dyes and to enhance the binding of the dye to the
bre. As a result, wastewater generated from these industries can
ontain dye and heavy metal ions bound together [2]. Both the
yes and heavy metals can be toxic and mutagenic when they are
ischarged directly into the environment. Although some physico-
hemical methods have been developed for effective dye removal,
hey are often limited by their cost, regeneration efficiency, emis-
ion of secondary pollutants, limited versatility, interactions with
ther wastewater constituents and residual sludge generation [3].

eavy metals can be removed from industrial wastewater by con-
entional methods, viz., chemical precipitation, chemical oxidation
nd reduction, ion exchange, filtration, adsorption and evaporation,
ut the regulatory standards for their elimination are not always
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E-mail address: nilanjana00@lycos.com (N. Das).
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oi:10.1016/j.jhazmat.2010.12.038
© 2010 Elsevier B.V. All rights reserved.

sufficient [4]. Biological processes such as biosorption [5,6] and
bioaccumulation [7,8] have been proposed as potential alternative
methods for the removal of heavy metals from wastewater.

The bioaccumulation of dyes has received a great deal of atten-
tion in recent years, not only as a scientific novelty but also for
its potential application in industry. Some reports have discussed
the feasibility of using growing yeast cells for the bioaccumulation
of dyes [9–11] as well as for the bioaccumulation of heavy met-
als [7,8] in a single system. However, these data do not address an
environment in which wastewater contains both dye and heavy
metals. In these situations, bioaccumulation not only depends on
the biomass and physicochemical parameters, such as pH and tem-
perature, but it also depends on the number of metal species and
their concentrations [12–15]. Therefore, it is important to under-
stand how the bioaccumulation properties of living organisms are
altered by competitive or cooperative effects in the environment as
well as the mechanisms of these processes to accurately predict the

bioaccumulation behaviours of contaminants in a mixed system.

Response surface methodology (RSM) combines mathematical
and statistical techniques used for developing, improving and opti-
mizing processes, and it is used to evaluate the relative significance
of several important factors, even in the presence of complex inter-

dx.doi.org/10.1016/j.jhazmat.2010.12.038
http://www.sciencedirect.com/science/journal/03043894
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ctions. Although RSM has been used to optimise parameters, viz.,
H, pollutant concentration and bioaccumulation of metals [16,17]
nd dyes from synthetic solutions [18], few studies have addressed
ptimizing the dye and heavy metal components in media for the
imultaneous removal of both of these components.

Therefore, in this study, we investigated the bioaccumulation of
ynthetic dye Basic Violet 3 and heavy metals that are frequently
ound in wastewater, viz., Pb(II) and Cd(II), in single and binary
ystems using Candida tropicalis grown in a sugarcane bagasse
xtract medium at batch scale. Functional relationships between
ye removal and heavy metal removal in the binary systems were
etermined using RSM. The use of sugarcane bagasse extract, an

nexpensive waste product, as a nutrient source is one of the attrac-
ive features of this study. Mathematical models of competitive,
ncompetitive and non-competitive inhibition have been proposed
o describe the inhibitory effects of the dye and the heavy metals
n C. tropicalis bioaccumulation. The aim of this research was to
nvestigate the bioaccumulation properties of C. tropicalis for pref-
rential uptake of dye and Pb(II) and Cd(II) ions in single and binary
ystems.

. Materials and methods

.1. Dye and heavy metal solutions

Basic Violet 3 is a cationic dye commonly used in textile indus-
ries. It was obtained in pure form from Manisha Textile dyeing
orks, Kanchipuram, Tamil Nadu, India. The dye stock solution

100 mg/L) was prepared by dissolving 0.1 g of powdered dyestuff
n 1000 mL of deionised water. The working solutions of dye were
repared by diluting the stock solution to the desired concentra-
ion. The working solutions of heavy metals, Pb(II) and Cd(II), were
repared by diluting stock solutions from Merck Pvt Ltd., UK.

.2. Microorganisms and growth media

C. tropicalis cells were isolated from dye-contaminated sludge
hat was collected from a textile dyeing industry, Kanchipuram,
amil Nadu, India. The yeast was phenotypically characterised and
dentified to a species level by VITEK 2 Compact Yeast card reader

ith software version V2C 1.01 at the Council for Food Research and
evelopment (CFRD), Kerala, India. The isolate was maintained in
east extract peptone dextrose (YEPD) agar slants. Because C. trop-
calis could not use the dye as its sole carbon source for the cell
rowth, an aqueous extract of sugarcane bagasse was chosen as
he growth medium, and it was prepared as reported in our pre-
ious study [19]. The yeast species was first grown in a mineral
edium composed of glucose (10 g), KH2PO4 (1 g), (NH4)2SO4 (1 g),
gSO4·7H2O (500 mg), yeast extract (200 mg) and deionised water

1 L). The pH of the medium was adjusted to 5.0 with HCl (0.1 N) and
aOH (0.1 N). The preculture was incubated on a rotary shaker at
20 rpm and at a temperature of 28 ◦C. To prepare the bioaccumula-
ion medium, dye and heavy metals were autoclaved separately and
he mixed with a sterilised aqueous extract of sugarcane bagasse.

.3. Bioaccumulation assays

We investigated the effects of the initial pH on dye and heavy
etal bioaccumulation in single and binary systems by varying the

H of the growth medium from 3 to 7. The effects of the initial

oncentration levels of the dye and heavy metals on bioaccumula-
ion were also investigated in single and binary systems by varying
he dye concentration from 10 to 50 mg/L and varying the concen-
ration of heavy metals from 2 to 10 mg/L in the bioaccumulation

edium. An aliquot of the preculture (2 mL) was harvested during
aterials 186 (2011) 1541–1552

its exponential growth phase, and it was transferred to the bioaccu-
mulation medium (50 mL) supplemented with dye at 10–50 mg/L
and heavy metals at 2–10 mg/L. The cultures were grown at 28 ◦C
on a rotary shaker at 120 rpm for 2 days.

2.4. Analytical methods

During the incubation period, 2 mL samples were taken from
each flask at regular time intervals. The aliquots were centrifuged
at 10,000 rpm for 5 min, and the supernatant fractions were col-
lected to measure heavy metal and dye concentration levels. The
residual heavy metal concentration levels were measured on an
atomic absorption spectrophotometer (Varian AA 240, Australia).
The residual dye concentration levels were determined by UV–vis
spectroscopy at 584 nm (HITACHI U-2800, Japan). The cells were
washed after centrifugation and dried at 40 ◦C to measure the dry
cell mass concentration. The bioaccumulation % of dye and heavy
metals was calculated using the following equation:

Bioaccumulation% = C0 − Cf

Cf
× 100 (1)

where C0 is the initial concentration of dye or metal (mg/L) and Cf
is the final concentration of dye or metal (mg/L).

2.5. Statistical analysis

In multivariable systems, the classical approach of changing one
variable at a time to study the effects on other variables for a partic-
ular response is time consuming. Therefore, an alternate strategy
involving statistical approaches, e.g., response surface method-
ology (RSM), was applied to solve for multiple variables in this
complex system. The need to ensure the effectiveness of the bio-
logical wastewater treatment using growing cells has stimulated
the use of mathematical models for predicting microbial behaviour.
The objective of the this study was not only to investigate the com-
bined effects of Basic Violet 3 and heavy metal concentration levels
on bioaccumulation properties of yeast but also to find the best
model equations to simultaneously represent both dye and heavy
metals, viz., Pb(II) and Cd(II).

In the optimization procedure we studied the response of the
statistically designed combinations, estimated the coefficients by
fitting the experimental data to the response functions, predicted
the response of the fitted model and checked the adequacy of the
model. The complete design consisted of 13 runs, each of which was
performed in duplicate. The statistical software Design Expert® was
used for numerical analysis and to estimate the responses of dye
and Pb(II) as well as dye and Cd(II). The statistical significance of the
model equation and the goodness of fit were evaluated by R2 and
by the F-test analysis of variance (ANOVA), which is a statistical
technique that subdivides the total variation in a set of data into
components associated with specific sources of variation to test
hypotheses on the parameters of the model. A large F-value indi-
cates that most of the variation can be explained by a regression
equation, whereas a low p-value (<0.05) indicates that the model
is considered to be statistically significant [16–18,20].

2.6. Kinetic approach

The relationship between the specific growth rate and substrate
concentration in the absence of inhibitory substances, such as dyes,
is described by the Monod equation given below:
� = �m

1 + (Ks/S)
(2)

where S is the substrate concentration (g/L), � and �m are the
specific growth rate and the maximum specific growth rate of the
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icroorganism (h−1), respectively, and Ks is the saturation constant
g/L). Eq. (2) can be linearised in the following double-reciprocal
orm:

1
�

= 1
�m

+ Ks

�m

1
S

(3)

s and �m values can be determined from the plot of 1/� versus 1/S0
assuming S = S0 at the beginning of exponential growth), which
ields a linear line with a slope of Ks/�m and y-axis intercept of
/�m. In presence of inhibitory (toxic) substances, such as dyes in
utrient media, microbial growth becomes inhibited, and the spe-
ific growth rate depends on the concentration of the inhibitor.
nhibition models, viz., competitive, non-competitive and uncom-
etitive, are classified according to the effect of toxic compounds on
he specific growth rate and saturation constant. The rate equations
or these models are described in the following sections [21,22].

.6.1. Competitive inhibition
Competitive inhibitors compete with the substrate and each

ther to bind to active sites on microorganism cells.
Assuming rapid equilibrium, the following equation was devel-

ped to describe the specific growth rate of the microorganism if n
nhibitors compete with substrate in the growth medium;

= �mS

Ks
[
1 +

∑n
i=1(Ii/KIi)

]
+ S

(4)

here I is the concentration of the component that causes inhibi-
ion (mg/L) and KI is the inhibition constant (mg/L). Competitive
nhibition causes an increased value of the apparent saturation
onstant (K ′

s,app) is described in the following equation:

′
s,app = Ks

[
1 +

n∑
i=1

Ii
KIi

]
(5)

Therefore, competitive inhibition leads to a reduction in the
pecific growth rate.

.6.2. Non-competitive inhibition
Non-competitive inhibitors bind to sites other than the active

ite and reduce microorganism affinity for the substrate. The
ollowing equation describes the specific growth rate of the

icroorganism if non-competitive inhibitors are present in the
rowth medium:

= �mS

(Ks + S)
[
1 +

∑n
i=1(Ii/KIi)

] (6)

Non-competitive inhibition causes a reduction in the maximum
pecific growth rate.

.6.3. Uncompetitive inhibition
Uncompetitive inhibitors bind to the microorganism–substrate

MS) complex only and have no affinity for the microorganism
tself. The following equation describes the specific growth rate of
he microorganism if uncompetitive inhibitors are present in the
rowth medium:

= �mS

Ks + S
[
1 +

∑n
i=1(Ii/KIi)

] (7)

here uncompetitive inhibition causes a reduction in both the
aximum specific growth rate, and K ′

s,app.
.7. Preparation of AFM samples

The yeast cells were prepared before and after their bioaccu-
ulation of dye and Pb(II) in a medium containing 50 mg/L of
Fig. 1. Effect of pH on bioaccumulation of dye and heavy metals in single and binary
system by C. tropicalis.

dye and 10 mg/L of Pb(II) in a single system and a binary system.
Cells were suspended in sterilised deionised water and fixed on a
cover glass. The surface morphology of the yeast cells was observed
using an atomic force microscope (AFM) (Nanosurf easyscan 2,
Netherlands).

3. Results and discussion

3.1. Effect of pH on the bioaccumulation of dye and heavy metals
in single and binary systems

The effect of pH on the bioaccumulation of dye and heavy metals,
viz., Pb(II) and Cd(II), in single and binary systems by C. tropicalis
was investigated by varying the pH of the growth medium from
3.0 to 7.0 (Fig. 1). The bioaccumulation of dye and metal cations,
viz., Pb(II) and Cd(II), by yeast increased with increasing pH values
up to 4.0. Aksu and Donmez [23] also reported maximum bioaccu-
mulation levels for Cu(II) by C. tropicalis at pH 4.0. Similar results
were reported by Gonen and Aksu [24]. In the binary system, the
percentages of bioaccumulation of the dye and heavy metals were
maximised at pH 5.0 (Fig. 1). Increasing the pH values increased
the negative charges on the yeast cell surface, thereby favouring
the bioaccumulation of cationic dye Basic Violet 3 and the metal
cations, viz., Pb(II) and Cd(II), in both the single and binary systems.

3.2. Bioaccumulation of Basic Violet 3, Pb(II) and Cd(II) in a single
system

In a single system, the bioaccumulation of Basic Violet 3, Pb(II)
and Cd(II) by C. tropicalis was investigated at the empirically
optimal pH of 4.0 in a sugarcane bagasse extract medium. The
percentage of bioaccumulation and corresponding biomass and
specific growth rate are presented in Table 1. The amount of bioac-
cumulated dye increased up to 50 mg/L, while the biomass and
specific growth rate exhibited a decreasing trend, indicating that

media toxicity increased with increasing dye concentration. In the
presence of 10 mg/L of dye, the bioaccumulation % was 85.3%, which
was reduced to 53.9% at 50 mg/L of dye. Furthermore, biomass
decreased from 2.11 g/L to 0.83 g/L, and the specific growth rate
decreased from 0.247 to 0.226 h−1. Changing the concentration
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Table 1
Comparison of Basic Violet 3 and Pb(II) bioaccumulation, biomass (Xm), specific growth rate (�) at different levels of dye and Pb(II) concentration for single and binary system.

C0BV (mg/L) C0PbII (mg/L) B.V. accumulation (%) Pb(II) accumulation (%) B.V. conc. (mg/L) Pb(II) conc. (mg/L) Xm (g/L) � (h−1)

10 0 85.3 0 8.53 0 2.11 0.247
20 0 72.5 0 14.5 0 1.72 0.242
30 0 65.0 0 19.5 0 1.43 0.234
40 0 57.1 0 22.8 0 1.11 0.229
50 0 53.9 0 26.9 0 0.83 0.226

0 2 0 85.0 0 1.70 2.00 0.246
0 4 0 72.3 0 2.89 1.72 0.242
0 6 0 65.0 0 3.90 1.42 0.233
0 8 0 57.0 0 4.56 1.11 0.229
0 10 0 53.7 0 5.37 0.83 0.226

10 2 49.5 49.6 4.95 0.992 1.54 0.187
20 2 42.1 42.2 8.42 0.84 1.42 0.173
30 2 35.9 36.1 10.77 0.72 1.34 0.164
40 2 27.7 27.8 11.08 0.56 1.27 0.155
50 2 16.8 17.6 8.4 0.352 1.14 0.137

10 4 45.0 45.5 4.5 1.82 1.24 0.151
20 4 40.1 40.9 8.02 1.64 1.17 0.142
30 4 33.3 33.5 9.99 1.34 1.02 0.119
40 4 25.9 26.1 10.36 1.04 0.90 0.098
50 4 14.6 15.1 7.3 0.60 0.81 0.080

10 6 40.1 40.60 4.01 2.44 1.07 0.127
20 6 34.0 34.30 6.80 2.06 0.93 0.103
30 6 23.0 23.20 6.90 1.36 0.82 0.082
40 6 20.6 20.90 8.24 1.25 0.74 0.065
50 6 13.2 13.30 6.60 0.79 0.63 0.039

10 8 35.7 35.8 3.57 2.86 0.94 0.105
20 8 30.2 30.6 6.04 2.45 0.82 0.082
30 8 31.1 31.3 6.33 1.70 0.71 0.058
40 8 16.3 16.7 6.52 1.34 0.62 0.036
50 8 12.2 12.5 6.10 1.00 0.54 0.013

10 10 14.1 13.9 1.41 1.39 0.82 0.082
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20 10 14.0 13.5
30 10 13.8 13.2
40 10 13.7 13.1
50 10 10.8 10.9

rom 10 to 50 mg/L resulted in increased bioaccumulation levels
rom 8.53 mg/L to 26.9 mg/L. A similar trend in bioaccumulation
evels of RTBG dye and Cu(II) by C. tropicalis was also observed by
onen and Aksu [25].

Increasing the concentration of heavy metals, viz., Pb(II) and
d(II), also led to reduced bioaccumulation %, biomass and specific
rowth rate. The bioaccumulation % decreased from 85% to 53.7%
hen the concentration of Pb(II) increased from 2 mg/L to 10 mg/L.

his result was supported by a reduction in the specific growth rate
rom 0.246 to 0.226 h−1.

A similar trend was observed for bioaccumulation in the Cd(II)
ystem (Table 2). A higher bioaccumulation % of 90.1% was observed
t 2 mg/L, which decreased to 57.6 mg/L at a metal concentration
f 10 mg/L. A decrease in biomass from 2.90 g/L to 2.50 g/L was
lso observed as the Cd(II) concentration was increased. These
esults suggest that Basic Violet 3 and Pb(II) exhibit similar trends in
ioaccumulation, biomass and specific growth rate, whereas Cd(II)
xhibited a higher bioaccumulation, biomass and specific growth
ate at all concentrations. Thus the data demonstrate that in a single
ystem, the dye and Pb(II) exhibit similar toxicity levels, whereas
d(II) exhibited lower toxicity compared to other two pollutants.

.3. Bioaccumulation of Basic Violet 3 and Pb(II) in a binary
ystem
In the binary system, both Basic Violet 3 and Pb(II) bioaccumu-
ation % were reduced to a similar extent when the concentration
f the dye was increased at a fixed Pb(II) concentration. This result
ndicates that Basic Violet 3 and Pb(II) were equally bioaccumulated
1.28 1.35 0.74 0.065
4.14 1.32 0.61 0.033
5.50 1.31 0.53 0.009
5.40 1.09 0.51 0.003

by C. tropicalis, thereby suggesting that they exhibit a similar degree
of competition for the sites on the C. tropicalis cell wall (Table 1).
At their minimum concentration levels, the maximum amount of
bioaccumulation for Basic Violet 3 (at 10 mg/L) and Pb(II) (at 2 mg/L)
was 49.5% and 49.6%, respectively. Basic Violet 3 bioaccumula-
tion increased up to 40 mg/L at every Pb(II) concentration that was
tested except for at 50 mg/L, for which it exhibited decreased bioac-
cumulation. This increase in bioaccumulation was likely a result of
the increased initial dye concentration, but at 50 mg/L of initial dye
concentration, the toxicity of the dye likely hindered further bioac-
cumulation. At the minimum concentration levels of Pb(II) and dye,
the biomass was 1.54 g/L and the specific growth rate was 0.187 h−1

(Table 1). The maximum decrease in biomass was 0.51 g/L, and the
maximum decrease in specific growth rate was 0.003 h−1, during
which both toxic components were at their maximum concen-
tration levels. In the presence of Pb(II), the dye bioaccumulation
changed to a similar extent as did the bioaccumulation of Pb(II) in
the presence of dye.

3.4. Bioaccumulation of Basic Violet 3 and Cd(II) in a binary
system

Data shown in Table 2 demonstrate that increasing the concen-
tration of dye at a fixed Cd(II) concentration resulted in a larger

decrease in the bioaccumulation % of the dye compared to Cd(II).
This result indicated that the dye bioaccumulation was a function
of the initial Cd(II) concentration.

The maximum amount of bioaccumulation for Basic Violet 3 and
Cd(II) was 15.9% and 55.5%, respectively, for initial concentration
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Table 2
Comparison of Basic Violet 3 and Cd(II) bioaccumulation, biomass (Xm), specific growth rate (�) at different levels of dye and Cd(II) concentration for single and binary system.

C0BV (mg/L) C0CdII (mg/L) B.V. accumulation (%) Cd(II) accumulation (%) B.V. conc. (mg/L) Cd(II) conc. (mg/L) Xm (g/L) � (h−1)

10 0 85.3 0 8. 53 0 2.11 0.247
20 0 72.5 0 14.5 0 1.72 0.242
30 0 65.0 0 19.5 0 1.43 0.234
40 0 57.1 0 22.8 0 1.11 0.229
50 0 53.9 0 26.9 0 0.83 0.226

0 2 0 90.1 0 1.80 2.90 0.251
0 4 0 81.5 0 3.26 2.80 0.246
0 6 0 70.1 0 4.21 2.69 0.240
0 8 0 61.3 0 4.90 2.58 0.234
0 10 0 57.6 0 5.76 2.50 0.229

10 2 15.9 55.5 1.59 1.10 1.97 0.228
20 2 13.2 49.8 2.64 0.99 1.90 0.222
30 2 12.6 36.5 3.78 0.73 1.84 0.217
40 2 10.9 20.6 4.36 0.412 1.74 0.208
50 2 4.4 15.4 2.20 0.308 1.62 0.196

10 4 14.3 50.10 1.43 2.00 1.83 0.216
20 4 13.0 45.3 2.60 1.81 1.79 0.212
30 4 12.4 32.1 3.72 1.28 1.69 0.203
40 4 10.1 17.30 4.04 0.69 1.61 0.195
50 4 3.9 13.3 1.95 0.53 1.54 0.187

10 6 13.1 41.30 1.31 2.48 1.76 0.209
20 6 12.1 39.90 2.42 2.39 1.64 0.198
30 6 10.2 20.50 3.06 1.23 1.58 0.192
40 6 8.5 13.60 3.40 0.82 1.48 0.179
50 6 3.5 12.2 1.75 0.732 1.37 0.168

10 8 12.7 35.7 1.27 2.86 1.63 0.197
20 8 10.1 27.6 2.02 2.21 1.56 0.189
30 8 9.3 17.7 2.79 1.42 1.40 0.172
40 8 8.0 11.1 3.20 0.89 1.32 0.162
50 8 3.3 9.3 1.65 0.74 1.21 0.147

10 10 2.6 11.0 0.26 1.10 1.54 0.187
0.50 0.93 1.42 0.174
0.72 0.87 1.21 0.147
0.88 0.85 1.11 0.133
0.80 0.77 0.84 0.090
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Fig. 2. Lineweaver–Burk plot for dye bioaccumulation in a single system.
20 10 2.5 9.3
30 10 2.4 8.7
40 10 2.2 8.5
50 10 1.6 7.7

evels of 10 mg/L and 2 mg/L. In the dye–Cd(II) binary system, the
ye bioaccumulation % exhibited a larger decrease in the presence
f Cd(II) for each concentration of Cd(II) that was tested compared
o the dye–Pb(II) system. This result supports higher competition
inetics for Cd(II). At the minimum concentration levels for Cd(II)
nd dye, the biomass was 1.97 g/L and the specific growth rate was
.228 h−1, which are higher than in the dye–Pb(II) system. This
esult indicates that toxicity was reduced in the dye–Cd(II) system
ompared to the dye–Pb(II) system.

.5. Kinetics in a single system

In the absence of dye and heavy metals, the value of �m and
s for C. tropicalis was measured to be 0.322 h−1 and 0.251 g/L,
espectively, by the Monod equation and linear regression. The
nhibitory effects of the toxic components (dye and heavy met-
ls) were fitted to competitive, non-competitive and uncompetitive
nhibition models to characterise the inhibition kinetics on C. tropi-
alis. The inhibition constants and �m for the dye and heavy metals
ere estimated from Lineweaver–Burk plots (Figs. 2–4). Table 3

hows the values obtained using competitive, non-competitive and
ncompetitive model parameters. At higher concentration levels,
he inhibition constants decreased, which indicated higher toxi-
ity. Ks values increased at higher concentration levels, thereby

avouring a competitive inhibition model in the present study
26]. In the non-competitive and uncompetitive inhibition mod-
ls, the Ks values should have decreased [19,26], which was not
avoured in the present study. These data also indicate that Pb(II)
nd dye exhibit similar toxicity levels, with KI values of 369.4 mg/L Fig. 3. Lineweaver–Burk plot for Pb(II) bioaccumulation in a single system.
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Fig. 5. Lineweaver–Burk plot for dye and Pb(II) bioaccumulation in a binary system.

which was also demonstrated by an increase in the Ks values from

T
I

Fig. 4. Lineweaver–Burk plot for Cd(II) bioaccumulation in a single system.

t 10 mg/L of dye and 368.9 mg/L at 2 mg/L of Pb(II). These two
ollutants also exhibited similar increases in their Ks values at

ncreasing concentration levels: from 0.56 g/L to 1.04 g/L at 10 and
0 mg/L of dye concentration, respectively, and from 0.57 g/L to
.96 g/L at 2 and 10 mg/L of Pb(II) concentrations, respectively.
d(II) toxicity was found to be lower compared to dye and Pb(II)
oxicity, as indicated by the change in the specific growth rate from
.255 h−1 at 2 mg/L to 0.235 h−1 at 10 mg/L Cd(II) concentration.
n addition, the KI values for Cd(II) were much higher than for the
b(II) and dye single systems, whereas the Ks values were much
ower compared to the other two single systems at all concentra-
ions.

.6. Kinetics in a binary system

.6.1. Dye–Pb(II) system
The toxicity studies on C. tropicalis in the dye–Pb(II) binary

ystem were analysed by competitive, non-competitive and
ncompetitive inhibition models using the Lineweaver–Burk plot
Fig. 5). The maximum specific growth rates decreased from
.208 h−1 at 10 mg/L dye and 2 mg/L Pb(II) to 0.011 h−1 at 50 mg/L
ye and 10 mg/L Pb(II), as shown in Table 4. Toxicity increased with
n increase in concentration for each set of experiments, which was
lso demonstrated by an increase in the Ks values from 2.03 g/L at
he lowest concentration of dye and Pb(II) to 2.72 g/L at the maxi-

um concentration of dye and Pb(II). K ′
s,app values were calculated
rom the Ks values (Eq. (5)), and they demonstrated an increasing
rend, indicating that the competitive inhibitory model was more
avourable compared to the non-competitive and uncompetitive
nhibitory models.

able 3
nhibition model parameters for Basic Violet 3, Pb(II) and Cd(II) in single system.

C0 Competitive Non-competitive

�m (h−1) Ks (g/L) KI (mg/L) �m (h−1) K

Dye
10 0.252 0.56 369.4 0.252 0
20 0.247 0.66 365.2 0.247 0
30 0.239 0.82 363.9 0.239 0
40 0.235 0.99 349.0 0.235 0
50 0.234 1.04 342.1 0.234 0
Pb(II)

2 0.252 0.57 368.9 0.251 0
4 0.247 0.65 366.4 0.247 0
6 0.238 0.79 363.2 0.238 0
8 0.235 0.82 347.9 0.235 0

10 0.234 0.96 343.5 0.233 0
Cd(II)

2 0.255 0.53 496.3 0.252 0
4 0.250 0.55 493.5 0.250 0
6 0.244 0.60 389.2 0.244 0
8 0.241 0.63 385.6 0.241 0

10 0.235 0.75 381.3 0.235 0
Fig. 6. Lineweaver–Burk plot for dye and Cd (II) bioaccumulation in a binary system.

3.6.2. Dye–Cd(II) system
The toxicity studies on C. tropicalis in the dye–Cd(II) binary sys-

tem was analysed by fitting to the competitive, non-competitive
and uncompetitive inhibition models using the Lineweaver–Burk
plot (Fig. 6). The maximum specific growth rate decreased from
0.231 h−1 at 10 mg/L dye and 2 mg/L Cd(II) to 0.110 h−1 at 50 mg/L
dye and 10 mg/L Cd(II), as shown in Table 5. Toxicity increased
with an increase in concentration for each set of experiments,
0.62 g/L at the lowest concentration of dye and Cd(II) to 1.13 g/L
at maximum concentration of dye and Cd(II). K ′

s,app values were
calculated from the Ks values (Eq. (5)), and they exhibited an
increasing trend, which indicated that the competitive inhibitory

Uncompetitive

s (g/L) KI (mg/L) �m (h−1) Ks (g/L) KI (mg/L)

.58 369.3 0.252 0.59 368.4

.63 365.5 0.247 0.62 364.2

.76 364.3 0.239 0.74 363.7

.89 348.9 0.235 0.87 347.7

.91 343.3 0.234 0.92 342.0

.57 369.1 0.252 0.56 369.4

.64 366.7 0.247 0.67 364.7

.78 363.5 0.238 0.79 363.3

.80 347.8 0.235 0.82 346.1

.93 342.7 0.234 0.91 343.2

.53 496.2 0.255 0.52 495.7

.55 493.1 0.250 0.54 493.3

.59 387.4 0.244 0.58 386.2

.62 384.3 0.241 0.63 383.9

.73 381.6 0.235 0.74 380.5
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Table 4
Inhibition model parameters for Basic Violet 3 and Pb(II) in binary system.

C0 dye C0Pb(II) Competitive Non-competitive Uncompetitive

�m (h−1) Ks (g/L) Ksapp (g/L) �m (h−1) Ks (g/L) �m (h−1) Ks (g/L)

10 2 0.208 2.03 2.09 0.214 2.16 0.215 2.17
20 2 0.192 2.06 2.18 0.204 2.32 0.204 2.34
30 2 0.183 2.09 2.27 0.199 2.47 0.198 2.47
40 2 0.179 2.13 2.39 0.196 2.67 0.195 2.65
50 2 0.160 2.15 2.47 0.184 2.85 0.186 2.84

10 4 0.159 2.17 2.25 0.165 2.34 0.164 2.35
20 4 0.153 2.18 2.32 0.163 2.48 0.163 2.49
30 4 0.135 2.20 2.41 0.148 2.63 0.147 2.64
40 4 0.115 2.23 2.51 0.129 2.83 0.128 2.85
50 4 0.098 2.27 2.63 0.113 3.04 0.114 3.06

10 6 0.135 2.29 2.39 0.141 2.49 0.140 2.48
20 6 0.114 2.32 2.49 0.122 2.66 0.123 2.67
30 6 0.094 2.37 2.60 0.103 2.86 0.103 2.88
40 6 0.078 2.39 2.70 0.088 3.06 0.087 3.03
50 6 0.053 2.42 2.81 0.062 3.27 0.063 3.28

10 8 0.113 2.45 2.57 0.119 2.70 0.118 2.69
20 8 0.090 2.47 2.66 0.097 2.87 0.095 2.86
30 8 0.068 2.51 2.77 0.075 3.07 0.075 3.05
40 8 0.046 2.53 2.87 0.052 3.27 0.052 3.27
50 8 0.018 2.57 3.00 0.021 3.51 0.020 3.50

10 10 0.089 2.59 2.74 0.094 2.89 0.093 2.87
20 10 0.074 2.62 2.84 0.080 3.08 0.076 3.06
30 10 0.039 2.67 2.97 0.043 3.30 0.043 3.27
40 10 0.012 2.69 3.08 0.014 3.52 0.013 3.51
50 10 0.011 2.72 3.20 0.013 3.75 0.011 3.77

Table 5
Inhibition model parameters for Basic Violet 3 and Cd(II) in binary system.

C0 dye C0Cd(II) Competitive Non-competitive Uncompetitive

�m (h−1) Ks (g/L) Ksapp (g/L) �m (h−1) Ks (g/L) �m (h−1) Ks (g/L)

10 2 0.231 0.62 0.64 0.238 0.66 0.239 0.65
20 2 0.224 0.64 0.68 0.237 0.72 0.230 0.70
30 2 0.219 0.67 0.73 0.236 0.79 0.227 0.73
40 2 0.211 0.69 0.77 0.236 0.86 0.225 0.75
50 2 0.199 0.71 0.82 0.228 0.94 0.223 0.79

10 4 0.219 0.73 0.76 0.226 0.78 0.222 0.73
20 4 0.215 0.75 0.80 0.224 0.83 0.221 0.75
30 4 0.197 0.77 0.84 0.214 0.91 0.215 0.90
40 4 0.195 0.79 0.89 0.212 0.96 0.213 0.92
50 4 0.189 0.80 0.92 0.211 1.03 0.211 0.99

10 6 0.214 0.82 0.85 0.222 0.89 0.210 1.03
20 6 0.201 0.84 0.90 0.216 0.96 0.209 1.07
30 6 0.195 0.85 0.93 0.214 1.02 0.206 1.13
40 6 0.184 0.87 0.98 0.207 1.11 0.205 1.17
50 6 0.172 0.89 1.03 0.200 1.20 0.204 1.19

10 8 0.200 0.90 0.94 0.209 0.99 0.202 1.25
20 8 0.193 0.93 1.00 0.207 1.08 0.197 1.27
30 8 0.176 0.94 1.04 0.194 1.14 0.196 1.32
40 8 0.165 0.96 1.09 0.187 1.23 0.194 1.37
50 8 0.151 0.97 1.13 0.176 1.32 0.193 1.39

10 10 0.190 0.99 1.04 0.200 1.09 0.191 1.43
20 10 0.176 1.06 1.15 0.191 1.24 0.187 1.45
30 10 0.151 1.09 1.21 0.167 1.34 0.184 1.47
40 10 0.136 1.11 1.27 0.156 1.45 0.163 1.49

m
t
t
t

50 10 0.110 1.13 1.30
odel was most favourable. The Ks values in the dye–Cd(II) sys-
em were much lower than in the dye–Pb(II) system, indicating
hat the dye–Cd(II) system was less toxic than the dye–Pb(II) sys-
em.
0.129 1.52 0.132 1.56
3.7. Application of RSM

Response surface methodology was used to evaluate the binary
effects of Basic Violet 3 and heavy metals, viz., Pb(II) and Cd(II), as
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Table 6
Comparison of values of Basic Violet 3 and Pb(II) bioaccumulation % experimentally obtained and predicted from RSM.

Run A B Bioaccumulation %

C
dye (-exp)

D
Pb(II) (-exp)

Pred – R1 Pred – R2

1 30 6 23 ± 0.01 23.2 ± 0.02 23 23.2
2 30 6 23 ± 0.01 23.2 ± 0.02 23 23.2
3 30 0.34 40 ± 0.04 40.2 ± 0.01 38.2 39.0
4 58.28427 6 10.1 ± 0.02 11.0 ± 0.05 10.0 10.9
5 10 10 14.1 ± 0.04 13.9 ± 0.03 13.9 13.4
6 1.715729 6 36.1 ± 0.02 34.9 ± 0.06 36.0 35.5
7 30 6 23.0 ± 0.01 23.2 ± 0.03 23.0 23.2
8 50 2 16.8 ± 0.03 17.6 ± 0.02 17.1 18.3
9 50 10 10.8 ± 0.04 10.9 ± 0.01 10.6 10.6

.01 23.2 ± 0.01 23.0 23.2

.01 49.6 ± 0.05 50.5 50.5

.02 23.2 ± 0.01 23.0 23.2

.03 7.2 ± 0.03 7.8 7.4

w
A
w
s

3
t

a
(
t
T
o
e

B

o

B

P

P

a
w
S
w

T
A

C

10 30 6 23.0 ± 0
11 10 2 49.5 ± 0
12 30 6 23.0 ± 0
13 30 11.65685 7.7 ± 0

ell as to optimise the relative dose of these toxic components.
central composite design was employed to analyse the factors,
hich consisted of 13 runs performed in duplicate for each binary

ystem.

.7.1. Analysis of the effects of factors, viz., dye and Pb(II), using
he central composite design

The effects of two factors, i.e., Basic Violet 3 (denoted as A)
nd Pb(II) (denoted as B), on two responses, viz., Basic Violet 3
B.V.) bioaccumulation % (denoted as C) and Pb(II) bioaccumula-
ion % (denoted as D), were analysed and are shown in Table 6.
wo numerical correlations were used to estimate the responses
f dye and Pb(II) bioaccumulation % and are given by the following
quation:

.V. bioaccumulation % = 23 − 9.18A − 10.79B + 7.53AB

− 0.162A2 + 0.21B2 (8)

This equation can be modified by considering the significance
f the factors in the following equations:

.V. bioaccumulation % = 23 − 9.18A − 10.79 B + 7.53AB (9)

b(II) bioaccumulation % = 23.2 − 8.72A − 11.22B + 7.35AB

− 0.16A2 − 0.08B2 (10)

Eq. (10) can be modified as follows:

b(II) bioaccumulation % = 23.2 − 8.72A − 11.22B + 7.35AB (11)
The predicted responses were calculated using these equations,
s shown in Table 6. The data obtained from the above equations
ere significant, as verified by the F-test ANOVA (Tables 7 and 8).

ignificance of each coefficient for dye and Pb(II) bioaccumulation
as determined by calculating p-values, as listed in Tables 7 and 8.

able 7
nalysis of variance (ANOVA) for response surface quadratic model (dye bioaccumulation

Source Sum of squares df

Model 1834.480 5

A – BV 674.722 1
B – Pb(II) 932.676 1
AB 226.503 1
A2 0.182 1
B2 0.311 1
Residual 4.521 7
Lack of fit 4.521 3

.V.% 3.489; R2 0.998; adj R2 0.996; pred. R2 0.982; adeq. prec. 77.656.
Fig. 7. Effect of Pb(II) ions on dye bioaccumulation by C. tropicalis in a binary system.

In the dye–Pb(II) system, the linear effect of coefficients A
and B, i.e., Basic Violet 3 (p < 0.0001) and Pb(II) (p < 0.0001), and
the interaction effect AB (p < 0.0001) were significant for both
B.V. bioaccumulation % and Pb(II) bioaccumulation %. The ANOVA
for the response surface model gave an F-value of 568.06 for
B.V. bioaccumulation % (Table 7) and 384.073 for Pb(II) bioac-
cumulation % (Table 8). The R2 value was 0.998, demonstrating

a probability < 0.0001 for both dye and Pb(II) bioaccumulation %.
The coefficient of variation was 3.489% for B.V. bioaccumulation %
(Table 7) and 4.237% for Pb(II) bioaccumulation % (Table 8), indicat-
ing that the model was highly significant and that the experiments
done in replicates were highly accurate and reliable. Experimen-

%).

Mean square F-Value p-Value
Prob > F

366.897 568.060 <0.0001
significant

674.722 1044.650 <0.0001
932.676 1444.030 <0.0001
226.502 350.690 <0.0001

0.182 0.283 0.6117
0.311 0.481 0.5103
0.646
1.507
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Table 8
Analysis of variance (ANOVA) for response surface quadratic model (Pb(II) bioaccumulation %).

Source Sum of squares df Mean square F-Value p-Value
Prob > F

Model 1832.552 5 365.511 384.073 <0.0001
significant

A – BV 608.999 1 608.999 638.182 <0.0001
B – Pb(II) 1007.272 1 1007.272 1055.540 <0.0001
AB 216.090 1 216.090 226.445 <0.0001
A2 0.169 1 0.169 0.177 0.6869
B2 0.047 1 0.047 0.0496 0.8301
Residual 6.680 7 0.954
Lack of fit 6.680 3 2.227

C.V. % 4.237; R2 0.996; adj R2 0.994; pred. R2 0.974; adeq. prec. 64.925.
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ig. 8. Effect of dye cations on bioaccumulation of Pb(II) by C. tropicalis in a binary
ystem.

al and predicted values for B.V. and Pb(II) bioaccumulation % were
ithin 4.5% and 6.6%, respectively.

Three-dimensional mesh diagrams (Figs. 7 and 8) demonstrate
hat both Basic Violet and Pb(II) bioaccumulation % decreased with
n increase in concentration of both toxic component, and the level
f decrease was similar for both the pollutants, indicating an equal
egree of competition from both dye and Pb(II) on C. tropicalis cells.
.7.2. Analysis of the effects of factors, viz., dye and Cd(II), using
he central composite design

The effects of two factors, i.e., Basic Violet 3 (denoted as E) and
d(II) (denoted as F), on two responses, viz., Basic Violet 3 bioaccu-

able 9
omparison of values of Basic Violet 3 and Cd(II) bioaccumulation % experimentally obtai

Run E F Bioaccumulati

G
dye (-exp)

1 30 6 10.2 ± 0.02
2 10 2 15.9 ± 0.02
3 30 6 10.2 ± 0.03
4 50 10 1.6 ± 0.05
5 30 6 10.2 ± 0.03
6 30 0.343146 12.1 ± 0.06
7 50 2 4.4 ± 0.04
8 58.28427 6 1.5 ± 0.01
9 10 10 2.6 ± 0.04

10 30 6 10.2 ± 0.01
11 1.715729 6 9.6 ± 0.06
12 30 11.65685 0.87 ± 0.03
13 30 6 10.2 ± 0.03
Fig. 9. Effect of Cd(II) ions on dye bioaccumulation by C. tropicalis in a binary system.

mulation % (denoted as G) and Cd(II) bioaccumulation % (denoted
as H), were analysed and are shown in Table 9. Two numerical cor-
relations were used to estimate the responses of dye and Cd(II)
bioaccumulation % and are given by the following equations:

B.V. bioaccumulation % = 10.2 − 2.94E − 3.96 F + 2.58 EF

− 2.33 E2 − 1.85F2 (12)
Cd(II) bioaccumulation % = 20.5 − 12.03E − 13.55F + 10.3EF

+ 0.89E2 + 1.89F2 (13)
The predicted responses were calculated using these equations,

as shown in Table 9.

ned and predicted from RSM.

on%

H
Cd(II) (-exp)

Pred – R1 Pred – R2

20.5 ± 0.01 10.2 20.5
55.0 ± 0.03 15.5 53.7
20.5 ± 0.02 10.2 20.5

7.7 ± 0.04 1.6 7.9
20.5 ± 0.01 10.2 20.5
42.2 ± 0.03 12.1 43.4
15.4 ± 0.01 4.5 14.5
17.6 ± 0.05 1.5 5.3
11.0 ± 0.04 2.5 11.5
20.5 ± 0.03 10.2 20.5
39.3 ± 0.04 9.7 39.2

5.3 ± 0.01 0.9 5.1
20.5 ± 0.01 10.2 20.5
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Table 10
Analysis of variance (ANOVA) for response surface quadratic model dye bioaccumulation (%).

Source Sum of squares df Mean square F-Value p-Value
Prob > F

Model 275.308 5 55.062 310.115 <0.0001
significant

E – BV 68.928 1 68.928 388.210 <0.0001
F – Cd(II) 125.346 1 125.346 705.965 <0.0001
EF 26.523 1 26.522 149.379 <0.0001
E2 37.625 1 37.625 211.907 <0.0001
F2 23.760 1 23.760 133.822 <0.0001
Residual 1.243 7 0.178
Lack of fit 1.243 3 0.414

C.V.% 5.521; R2 0.996; adj R2 0.992; pred. R2 0.968; adeq. prec. 50.963.

Table 11
Analysis of variance (ANOVA) for response surface quadratic model for Cd(II) bioaccumulation %.

Source Sum of squares df Mean square F-Value p-Value
Prob > F

Model 3077.467 5 615.494 737.501 <0.0001
significant

E – BV 1157.399 1 1157.399 1386.826 <0.0001
F – Cd (II) 1468.014 1 1468.014 1759.014 <0.0001
EF 424.360 1 424.360 508.479 <0.0001
E2 5.479 1 5.479 6.566 0.0374
F2 24.784 1 24.739 29.697 0.0010
Residual 5.841 7 0.834
Lack of fit 5.842 3 1.947

C.V.% 4.113; R2 0.998; adj R2 0.997; pred. R2 0.986; adeq. prec. 87.059.
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ig. 10. Effect of dye cations on bioaccumulation of Cd(II) by C. tropicalis in a binary
ystem.

The data obtained from the above equations were significant,
s verified by the F-test ANOVA (Tables 10 and 11). Significance
f each coefficient for both dye bioaccumulation and Cd(II) bioac-
umulation was determined by calculating p-values, as listed in
ables 10 and 11.

In the dye–Cd(II) system, the linear effect of coefficients E and F,
.e., Basic Violet (p < 0.0001) and Cd(II) (p < 0.0001), the interaction
ffect EF for both dye and Cd(II) bioaccumulation % (p < 0.0001), the
uadratic terms E2 (p < 0.0001) and F2 (p < 0.0001) in the case of dye

ioaccumulation % and the E2 (p-value of 0.0374) and F2 (p-value
f 0.001) in the case of Cd(II) bioaccumulation % all demonstrated
tatistical significance. The ANOVA for the response surface model
ave an F-value of 310.115 for B.V. bioaccumulation % (Table 10)
Fig. 11. AFM image of C. tropicalis cells grown in sugarcane bagasse extract medium
without dye and heavy metals.

and 737.501 for Cd(II) bioaccumulation % (Table 11). The R2 value
was 0.99, demonstrating a probability < 0.0001 for both dye and
Cd(II) bioaccumulation %. The coefficient of variation was 5.521%
for B.V. bioaccumulation % and 4.113% for Cd(II) bioaccumulation %,
indicating that the model is highly significant and the experiments

(done in replicates) are highly accurate and reliable. Experimental
and predicted values for B.V. and Cd(II) bioaccumulation % were
within 3.9% and 5.8%, respectively.



D. Das et al. / Journal of Hazardous Materials 186 (2011) 1541–1552 1551

Fig. 12. AFM image of C. tropicalis cells grown in sugarcane bagasse extract medium
containing dye cations.

F
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t
w
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t

ig. 13. AFM image of C. tropicalis cells grown in sugarcane bagasse extract medium
ontaining Pb(II) ions.

Three-dimensional mesh diagrams (Figs. 9 and 10) demonstrate
hat both Basic Violet 3 and Cd(II) bioaccumulation % decreased
ith increased pollutant concentration levels, but the level of
ecrease for dye bioaccumulation was much higher in the pres-
nce of Cd(II) than the decrease in Cd(II) bioaccumulation in the
resence of the dye, thereby indicating that the dye exhibited a
igher level of competition in the presence of Cd(II).
.8. AFM analysis

Cell morphologies of yeast before and after the bioaccumula-
ion of the dye and Pb(II) are shown in Figs. 11–13, respectively. As
Fig. 14. AFM image of C. tropicalis cells grown in sugarcane bagasse extract medium
containing both dye and Pb(II).

illustrated in Fig. 11, the native cell surface was smooth, full and
covered with thick secretions that were mostly extracellular, such
as polysaccharide, protein and amide secretions [27]. After dye and
Pb(II) bioaccumulation, organic crystals were observed that formed
as extracellular secretions that were bound to dye and Pb(II) in the
chelating centre (Figs. 12 and 13). These crystals were attached to
the cell surface and aggregated with each other, leading to a rougher
surface morphology. Fig. 14 demonstrates the toxic effects of both
dye and Pb(II) on C. tropicalis in the binary system, which resulted
in cell clumping and caused contact inhibition and irregular
shapes.

4. Conclusions

The results obtained in this study indicate that the growing yeast
C. tropicalis was capable of accumulating Basic Violet 3 and the
heavy metals Pb(II) and Cd(II) both separately and in combination in
a batch process using sugarcane bagasse extract as an inexpensive
growth medium. Maximum uptake was achieved in the absence of
other pollutants and the individual uptake of each pollutant in a
binary mixture was affected by the concentration and composition
of the other pollutant. The presence of Pb(II) together with Basic
Violet 3 caused maximum toxicity in C. tropicalis. RSM provided
statistically reliable results to determine the optimum conditions
for maximising the removal of Pb(II), Cd(II) and Basic Violet 3 by C.
tropicalis bioaccumulation.
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