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Abstract Discharge of dye-containing wastewater by the tex-
tile industry can adversely affect aquatic ecosystems and hu-
man health. Bioremoval is an alternative to industrial process-
es for detoxifying water contaminated with dyes. In this work,

active and inactive biomass of the microalga Chlorella
vulgaris was assayed for the ability to remove Congo Red
(CR) dye from aqueous solutions. Through biosorption and
biodegradation processes, Chlorella vulgaris was able to re-
move 83 and 58 % of dye at concentrations of 5 and
25 mg L−1, respectively. The maximum adsorption capacity
at equilibrium was 200 mg g−1. The Langmuir model best
described the experimental equilibrium data. The acute toxic-
ity test (48 h) with two species of cladocerans indicated that
the toxicity of the dye in the effluent was significantly de-
creased compared to the initial concentrations in the influent.
Daphnia magna was the species less sensitive to dye (EC50=
17.0 mg L−1), followed by Ceriodaphnia dubia (EC50=
3.32 mg L−1). These results show that Chlorella vulgaris sig-
nificantly reduced the dye concentration and toxicity.
Therefore, this method may be a viable option for the treat-
ment of this type of effluent.
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Introduction

Azo dyes represent the largest group of dyes produced by
industry (60–70 %) (Ong et al. 2010). These xenobiotic
chemicals are characterized by the presence of one or more
azo groups (–N=N–). They are frequently used in the textile
and paper industries due to their low cost, color persistence,
and variety of colors in comparison with natural dyes.
Effluents containing azo dyes can significantly affect the pho-
tosynthetic activity of aquatic life, as they modify and reduce
the penetration of light, affecting photosynthesis (Hernández-
Zamora et al. 2014) and therefore the concentration of
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dissolved O2. There is also concern because many of the
colors are made from carcinogenic compounds, such as ben-
zidine (Golka et al. 2004). One of these dyes is Congo Red or
Direct Red 28, used for dyeing cotton, jute, leather, paper, silk,
and wool. The European Union banned its use in 1999 be-
cause the metabolic conversion of benzidine generates carci-
nogenic amines (Sponza and Isik 2005). However, this dye is
still used in the textile industry because of its low cost.

Azo dyes are particularly difficult to degrade. Methods
such as adsorption, neutralization, coagulation, chemical deg-
radation, photocatalytic degradation, ozonation, membrane
filtration, and ion exchange have been used for their removal
from wastewater (Saratale et al. 2011; Sudha et al. 2014).
Although these physical and chemical processes produce
quality effluent, they have a high cost and limited application
in most cases (Kumar and Ahmad 2011). Biological treat-
ment, in contrast, is more economical. For this reason, there
is increasing interest in applying biological processes as via-
ble, effective, and inexpensive alternatives (Hazrat 2010). It
has been reported that fungi, bacteria, yeast, and algae can
discolor and even mineralize some azo dyes under certain
environmental conditions (Pandey et al. 2007).

Two mechanisms are used by microorganisms for azo dye
bioremoval: adsorption and/or biodegradation. The adsorption
of dyes is carried out by using the biomass of living and dead
microbial cells. In this process, the original structure of the dye
remains intact. However, biodegradation is performed when
microorganisms alter the original structure of the dye and
sometimes mineralize it to water and carbon dioxide (Hazrat
2010).

It has been shown that microalgae respond quickly to en-
vironmental changes due to their short cell-doubling time
compared to higher plants, and they are important because
of their role as major primary producers in aquatic ecosys-
tems. Algae such as Chlorella vulgaris, Chlorella
pyrenoidosa, Spirogyra sp., Oscillatoria tenuis, Oscillatoria
rubescens, and Elakatothrix viridis can remove azo dyes de-
pending on their molecular structure and the species of alga
used (Jinqi and Houtian 1992; Hanan 2008; El-Sheekh et al.
2009). For example, Jinqi and Houtian (1992) reported that
Eriochrome Blue was completely biodegraded by Chlorella
vulgaris and Oscillatoria tenuis. Acuner and Dilek (2004)
showed that Chlorella vulgaris was able to remove 69, 66,
and 63 % of the mono-azo dye Tectilon Yellow G at concen-
trations of 50, 200, and 400 mg L−1, respectively. This alga
then converts this dye into aniline, although this product has
been reported to be toxic. For this reason, it is important to
conduct research on the toxicity of compounds that could be
generated in the bioremoval processes. Although the elimina-
tion of xenobiotics is important, it is also imperative to ensure
that the degradation products are safe. In addition to chemical
assessment of the bioremoval of pollutant compounds, it is
important and even necessary to determine whether their toxic

characteristics have been reduced or eliminated. This evalua-
tion is done by controlled exposure of selected test organisms,
which should be representative of the communities in the
aquatic environment. Because of their ecological importance,
cladocerans are often used as test organisms because they are a
critical component of the zooplankton community (Martínez-
Jerónimo et al. 2000). The cladocerans Daphnia magna and
Ceriodaphnia dubia have been recognized as reference spe-
cies for ecotoxicological studies (Blaise and Férard 2005).

The objectives of this research were to evaluate the poten-
tial of Chlorella vulgaris for the bioremoval of the azo dye
Congo Red (CR) from aqueous solutions and to determine the
toxicity of the effluent produced after bioremoval using bio-
assays with the cladocerans D. magna and Ceriodaphnia
dubia.

Materials and methods

Organisms

The green microalga Chlorella vulgaris LHE-Chl01 was ob-
tained from the Laboratorio de Hidrobiología Experimental of
the Escuela Nacional de Ciencias Biológicas of the Instituto
Politécnico Nacional, México. The microalga was grown in
Bold’s basal mineral medium (Stein 1973) using flat-sided
glass bottles with a total capacity of 0.5 L and a working
volume of 0.25 L. Cultures were performed using the follow-
ing incubation conditions: temperature of 25±3 °C, light in-
tensity of 120 μmol m−2 s−1, 12/12 h (light/dark) photoperiod,
and bubbling with air flow of 200 mL min−1.

The cladocerans Ceriodaphnia dubia and D. magna used
in the bioassays were obtained from the cladoceran strain col-
lection of the Laboratorio de Hidrobiología Experimental of
the Escuela Nacional de Ciencias Biológicas of the Instituto
Politécnico Nacional, México, where they have been success-
fully maintained through controlled cultivation for over
15 years.

Both species of cladocerans were cultured in soft water
(12 mg L−1 NaHCO3, 7.5 mg L−1 CaSO4 2H2O, 7.5 mg L−1

MgSO4, and 0.5 mg L−1 KCl) with a pH of 6.8, hardness of
10–13 mg L−1 CaCO3, temperature of 25 °C, and photoperiod
of 16:8 h (light/dark). Cladocerans were fed the
chlorophycean microalga Pseudokirchneriella subcapitata
at a concentration of 10×105 cells mL−1. For neonates
(offspring under 24 h old) (USEPA 2002), controlled
batches of known age of each species were used. Once
reproduction began, adult parthenogenetic females were
separated, and all hatchlings produced were carefully col-
lected by filtering through a 125-μm sieve. Neonates were
then used as test organisms in all toxicity measurements.
Assays were performed in triplicate.
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Dye

CR azo dye, also called Direct Red 28, was used in the exper-
iments. The dye was obtained from Sigma-Aldrich®, USA.
The molecular formula of CR azo dye is C32H22N6O6S2Na2,
with a molecular weight of 696.7 g mol−1. In all the experi-
ments, the colorant was prepared as a stock solution at
100 mg L−1. This solution was sterilized by filtration using a
Millipore® membrane with pore diameter of 5.0 μm before
experimental use.

Bioremoval study

Batch experiments were performed using axenic cultures of
the green microalga Chlorella vulgaris in flat-sided glass bot-
tles of 0.5 L in capacity as experimental cultivation units. The
total volume of Bold’s basal mineral medium (Stein 1973)
used was 0.25 L and was inoculated with 15 mL of a culture
of Chlorella vulgaris in the exponential growth phase and
various concentrations of CR dye (5, 10, 15, 20, and
25 mg L−1). The control used contained only growth medium
and dye. This control was used to identify any reaction of the
medium with the dye and to determine whether photolysis
and/or adsorption occurred in the culture vessel.

In biosorption experiments, inactive biomass concentra-
tions were used. Inactivation was performed by sterilization
in an autoclave at 121 °C for 15 min. Subsequently, the bio-
mass was dried in a lyophilizer. Each treatment system was
inoculated with the various concentrations of dry cell biomass
of inactive Chlorella vulgaris (11.1, 24.4, 51.1, 73.3, 108, and
146.6 mg L−1), mineral Bold’s basal medium, and the various
concentrations of dye indicated previously.

The incubation conditions for experiments with live and
inactive cells were as follows: 25±3 °C, 120 μmol m−2 s−1

light intensity, 12/12 h photoperiod (light/dark), and air flow
of 200 mL min−1. All experimental units were maintained
under these conditions for 96 h. For experiments with live
cells, aliquots of 15 mL of each dye concentration were taken
at 0, 24, 48, 72, and 96 h to further evaluate the residual
concentration of dye as described below. The activity of the
azo reductase enzyme was evaluated only at the end of the
time course (96 h), as per the procedure described by El-
Sheekh et al. (2009).

For the biosorption experiments, samples of 5 mL from
each experimental unit were collected at pre-determined time
intervals to evaluate the residual dye concentration.

Acute toxicity bioassays with cladocerans

The toxic effects of the influent and effluent of the azo dye CR
were evaluated in two different toxicity tests (each at 48 h).
Influent and effluent samples were obtained from the
bioremoval study mentioned previously.

Acute toxicity testing in the influent and the effluent were
performed using CR concentrations of 5, 10, 15, 20, and 25,
and 0.84, 1.85, 3.72, 5.7, and 10.4 mg L−1, respectively. For
the test, 33 mL of each influent and effluent concentration was
taken, as well as for the control (Bold’s basal mineral medium,
Stein 1973). Each experimental condition was done in tripli-
cate. Ten neonates were transferred to each experimental unit
and were placed in a bioclimatic chamber at 24±1 °C, with a
photoperiod of 16:8 h (light/dark). The neonates were not fed
during the experiment. The number of affected and/or dead
animals was registered at 24 and 48 h. The lack of mobility
and the absence of a cardiac pulse were used as criteria for
mortality (USEPA 2002; Mexican Standard NMX-AA-087-
SCFI 2010).

Analytic methodology

The determination of the residual concentration of CR in each
sample was conducted by measuring the absorbance of cell-
free supernatant at 494 nm using a UV-vis (Genesys 10 UV,
Thermo Electron Corporation) spectrophotometer. All deter-
minations were performed in triplicate.

Bioremoval efficiency and dye biosorption

Efficiency was expressed as follows:

Efficiency %ð Þ ¼ Co− C f

Co

� �
� 100 ð1Þ

where Co and Cf correspond to the initial and final concentra-
tions of CR (mg L−1).

Next, dye adsorption capacity was determined from exper-
imental biosorption data (qt, mg dye g−1 biosorbent). The ad-
sorption capacity is defined as the amount of dye removed per
mass unit of adsorbent material at various contact times and
was calculated using the following equation (Guendouz et al.
2013):

qt ¼
Co− C fð ÞV

m
ð2Þ

Here, Co is the initial concentration of the dye (mg L−1), Cf

is the concentration of CR at time t (mg L−1), V is the volume
of dye solution used (L), and m is the mass of the biosorbent
added (g). When the reaction reaches equilibrium, Cf is the
concentration of CR at equilibrium (Ceq) and qt is the capacity
for removal of CR at equilibrium qeq.
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Biosorption isotherm

To describe the adsorption isotherm in equilibrium, several
models with two (Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich, and Halsey) or three parameters (Sips,
Radke-Prausnitz, and Toth) were applied.

Langmuir isotherm

The Langmuir model is expressed as follows (Vijayaraghavan
et al. 2006):

qe ¼
qmaxbCe

1þ b Ce
ð3Þ

where qe is the CR biosorption capacity at equilibrium
(mg g−1), qmax is the maximum CR biosorption capacity
(mg g−1), Ce is the liquid phase concentration of CR at equi-
librium (mg L−1), and b is the biosorption equilibrium con-
stant (L mg−1). The essential features of a Langmuir isotherm
can be expressed in terms of a dimensionless constant separa-
tion factor or intensity of biosorption, RL, which is expressed
in Eq. 4 (Michalak and Chojnacka 2010):

RL ¼ 1

1þ bCo
ð4Þ

where Co is the initial CR concentration (mg L−1). Another
important parameter is the surface coverage (θ, Eq. 5), which
indicates the fraction of the biosorption sites occupied by the
dye at equilibrium.

θ ¼ b Co

1þ bCo
ð5Þ

Freundlich isotherm

This isotherm describes the reversible adsorption on a hetero-
geneous surface and a multilayer adsorption. It is expressed by
the following equation (Vijayaraghavan et al. 2006):

q e ¼ K FC
1=n
e ð6Þ

Here, Ce is the concentration of the sorbate in the liquid
phase at equilibrium (mg L−1), KF is the Freundlich constant
(mg g−1) (mg L−1)−1/n, and n (dimensionless) is an empirical
parameter associated with biosorption intensity, which varies
according to the heterogeneity of the material.

Temkin isotherm

The Temkin model (Vijayaraghavan et al. 2006) assumes that
the heat of adsorption of molecules in the layer decreases
linearly when the coverage of the adsorbent surface increases.
Its equation is defined as follows:

qe ¼
RT

bT
In aTCeð Þ ð7Þ

where R is the universal gas constant (8.314 J mol K−1), T is
the absolute temperature (K), bT is the Temkin constant related
to sorption heat (J mol−1), and aT (L mg−1) is another constant
of the Temkin model.

Dubinin-Radushkevich isotherm

This model is based on the Polanyi-Dubinin potential theory
of the adsorption and assumes that there is a multilayer char-
acter of sorption potential where free energy of sorption is
related to degree of pore filling (Vijayaraghavan et al. 2006).
The model is expressed as follows:

qe ¼ qmaxexp −BDε
2

� � ð8Þ

where qmax is the maximum adsorption capacity at equilibri-
um (mg g−1), BD is the activity coefficient related to adsorp-
tion energy (mol2 J−2), and ε is the Polanyi potential.

Halsey isotherm

This model allows the description of biosorption performed in
multilayers. A good fit of the model to the results suggests that
the pores of the biosorbent are heterogeneous (Vijayaraghavan
et al. 2006). Its equation is as follows:

qe ¼ Exp
InKH−InCe

n

� �
ð9Þ

where KH and n are Halsey’s constant and exponent,
respectively.

Sips isotherm

Sips isotherm is a combination of the Langmuir and
Freundlich isotherms (Vijayaraghavan et al. 2006) and is de-
scribed as follows:

qe ¼
qmax KsC

1=n
e

1þ KsC
1=n
e

ð10Þ

where qmax is the maximum biosorption capacity (mg g−1), Ks

is the Sips constant (mg L−1)−1/ns, and n is a parameter of
heterogeneity.
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Radke-Prausnitz isotherm

The Radke-Prausnitz isotherm (Vijayaraghavan et al. 2006)
can be represented as follows:

qe ¼
aRrRC

βr
f

aR þ rRC f
βr−1

ð11Þ

where aR (L g−1) and rR (L mg−1) are constants of the Radke-
Prausnitz model and βr is the exponent of the model.

Toth isotherm

This isotherm is derived from the potential theory and as-
sumes an asymmetrical quasi-Gaussian energy distribution,
in which most of the sites have adsorption energy below the
mean energy of adsorption. This isotherm is described
(Vijayaraghavan et al. 2006) as follows:

qe ¼ qmax
bTCe

1þ bTCeð ÞnTð Þ1=nT

" #
ð12Þ

where qmax is the maximum biosorption capacity (mg g−1), bT
(L mg−1) is a Toth constant, and nT is a parameter of
heterogeneity.

Data analysis

The results were statistically analyzed by one-way ANOVA
(P<0.05) and Tukey’s test for multiple comparisons using
Sigma Plot, version 11.0.

All parameters of the isotherm models were evaluated by
nonlinear regression analysis using GraphPad Prism, version
6.0. The optimization procedure required an error function
defined to evaluate the fit of mathematical models to experi-
mental data. The coefficient of determination (r2), the residual
error or the sum of squared errors (SSE), and the standard
error or root-mean-square error (RMSE) were chosen as se-
lection criteria to measure the goodness of fit of the isotherm
models.

The average effective concentration (CE50) was determined
with a probit model using academic software (Stephan 1997).

Results and discussion

Bioremoval of CR

Figure 1a shows that the quantity of residual dye decreased
after exposure of live Chlorella vulgaris cells to CR dye for

96 h. Furthermore, the residual dye decreased compared to the
initial concentrations of CR. Using initial CR concentrations
of 5, 10, 15, 20, and 25 mg L−1, the residual concentrations
after 96 h were 0.84, 1.88, 3.73, 5.7, and 10.4 mg L−1, respec-
tively. This result shows that the colorant is bioremoved by the
microalgae. The highest values of bioremoval percentage
(Fig. 1b) were found for the lowest initial dye concentrations
of 5 and 10 mg L−1. After 96 h of exposure, the bioremoval
percentages were 83 and 81%, respectively, but these percent-
ages decreased to 75, 72, and 58%with higher concentrations
of the dye (15, 20, and 25 mg L−1).

However, Hanan (2008) showed that the microalga
Chlorella vulgaris was able to bioremove the azo dye
Tartrazine by 48, 43, and 20 % from initial concentrations of
5, 10, and 15 mg L−1, respectively. Other authors such as
Acuner and Dilek (2004) demonstrated that the bioremoval
ability of Chlorella vulgaris for the Yellow dye Tectilon G
decreases when the dye concentration increases. They ob-
served 69, 66, and 63 % reductions by bioremoval of the
concentrations 50, 200, and 400 mg L−1, respectively.
However, El-Sheekh et al. (2009) reported that Chlorella
vulgaris was unable to bioremove Methyl Red dye at the
concentration of 20 mg L−1.

Based on our findings and those reported in the literature
for Chlorella vulgaris, it can be inferred that the capacity of
this microalga for azo dye bioremoval depends mainly on the
structure and concentration of the dye and on the experimental
conditions.

Table 1 shows the azo reductase activity at different initial
concentrations of CR (0–25 mg L−1). The maximum value
measured was 20.4±2.4 μg substrate g−1 dry weight h−1,
which corresponds to the highest dye concentration of
25 mg L−1. In general, it was observed that the activity of
the azo reductase increases when the initial concentration of
dye in the culture medium increases. This phenomenon was
reported by Jinqi and Houtian (1992) for the same microalga.
They suggested that Chlorella vulgaris azo reductase is re-
sponsible for degrading azo dyes into aromatic amines by
breaking the azo linkage and that the enzyme is inducible.

Hanan (2008) reported a Chlorella vulgaris azo reductase
activity of 12 μg substrate g−1 dry weight h−1 for the
Tartrazine dye and 9 μg substrate g−1 dry weight h−1 for
Ponceau dye. Both dyes were tested at 20 mg L−1. The azo
reductase activity obtained in the present work at a 25 mg L−1

initial CR dye concentration was 77 and 122.22% higher than
that obtained with Tartrazine and Ponceau dye, respectively.

Biosorption experiments

The residual concentrations of CR at various contact times and
the various tested biomass concentrations of inactive cells (51,
73, 108, and 146 mg L−1) are shown in Fig. 2. With the
various cell concentrations tested (Fig. 2a–d), the residual
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dye concentration decreased rapidly during the first 10 h of
treatment. Subsequently, the residual concentration decreased
slowly.

In general, we can see from Fig. 2 that when the content of
inactive cell biomass increased from 51 mg L−1 (Fig. 2a) to
146 mg L−1 (Fig. 2d) at different initial concentrations of CR,
there was an increase in the amount of dye adsorbed.
Therefore, the amount of residual dye decreased significantly.

Figure 3 shows that when the dye concentration increased
from 5 to 25 mg L−1, the percentage of biosorption of the dye
decreased from 67 to 32% for a concentration of biosorbent of
51 mg L−1, from 73 to 44 % for a biosorbent concentration of
73 mg L−1, from 79 to 65 % for 108 mg L−1, and from 87 to
74 % for 146 mg L−1. In general, the adsorption percentage of
the dye decreased when the initial concentration of the dye
increased and increased with the biosorbent concentration.
The decrease of biosorption efficiency with the increase of
dye concentration may be because the dye molecules present
in solution at low concentration interact more easily with
biosorbent binding sites, thus facilitating biosorption.
However, all adsorbents have a limited number of binding
sites and become saturated at certain concentrations (Deniz
and Saygideger 2011). Therefore, at high dye concentrations,

the amount of non-adsorbed CR dye molecules increases due
to the saturation of binding sites. This phenomenon results in
the decrease of removal percentage and therefore in the in-
crease in the residual dye concentration.

Here, it is likely that CR is adsorbed by the cell wall of
Chlorella vulgaris. The biosorption process is performed by
the interactions between the dye molecule and the functional
groups of the cell wall. Biosorption studies using the
microalgae Chlorella vulgaris performed by Aksu and Tezer
(2005) show that the cell wall of green algae contains various
functional groups such as amino, carboxyl, hydroxyl, sulfate,
and other charged groups, to which dyes can bind.

Figure 4 shows the adsorption capacity (q) of various con-
centrations of inactive cell biomass versus time. Figure 4a–d
shows that biosorption curves are continuous and lead to sat-
uration of the biosorbent. Furthermore, these figures show that
adsorption occurs mainly in two stages, an initial rapid stage
during the first 10 h, followed by a slower secondary stage,
with a horizontal plateau due to the equilibration of adsorption
after 72 h. The process of biosorption is heavily influenced by
the initial concentration of the adsorbate (Saha et al. 2012).
Figure 4a–d indicates that the biosorption capacity q (mg g−1)
of the inactive cells of Chlorella vulgaris increases with the
initial concentration of CR dye in the biosorption system. For
example, when an inactive cell biomass concentration of
51 mg L−1 (Fig. 4a) was in contact for 96 h with CR solution
at the concentrations of 5 and 25 mg L−1, the adsorption ca-
pacities were 52.17 and 144.67 mg g−1, respectively. This
increase may be because the higher initial concentration of
adsorbate caused an increased concentration gradient which
provided a higher thermodynamic driving force to overcome
all mass transfer resistances of the dye from the aqueous so-
lution to the biosorbent (Chowdhury and Saha 2010). The
biosorption capacities discussed above are higher than those
reported by Annadurai et al. (2002), who used banana peel as
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Fig. 1 Residual concentration of Congo Red (a) and efficiency of dye removal (b) using living cells of Chlorella vulgaris after 96 h of exposure

Table 1 Activity of the
enzyme azo reductase in
Chlorella vulgaris cell
extracts after 96 h of
exposure to Congo Red
dye

*P<0.05 indicating
significant differences
compared to the control

Congo
Red dye
(mg L−1)

Azo reductase
(mg substrate g−1

dye weight h−1)

0 1.986±0.106

5 6.134±0.409*

10 7.673±0.685*

15 13.204±1.401*

20 17.267±1.092*

25 20.475±2.497*
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biosorbent and CR as the adsorbate in a range of initial con-
centrations from 10 to 120 mg L−1. Aksu and Tezer (2005)
evaluated the adsorption ability of Chlorella vulgaris cells

when exposed separately to Remazol Black B and Remazol
Red. When the dye concentration increased from 20 to
800 mg L−1, the adsorption capacity of Chlorella vulgaris
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increased from 15.9 to 419.5 mg g−1 for the dye Remazol
Black B and from 4.2 to 181.9 mg g−1 for Remazol Red.

From the results of this study and from previous reports in
the literature, it is clear that the adsorption capacity depends
on the adsorbent and adsorbate used as well as on the exper-
imental conditions of the adsorption process (e.g., pH, tem-
perature, concentration).

Biosorption isotherm

In this study, the biosorption isotherm was generated by vary-
ing the initial concentration of CR dye (5–25 mg L−1) and the
biosorbent while maintaining the pH (7.0) and temperature
(25 °C) at constant levels. The experimental biosorption iso-
therm shown in Fig. 5a, b is regular and concave relative to the
concentration axis. This graph shows that by increasing the
concentration of residual CR at equilibrium, the adsorption
capacity at equilibrium also increases.

The shape of the isotherm indicates that as biosorption sites
of the biosorbent are occupied, it becomes more difficult for
dye molecules to find available biosorption sites. This result
suggests a progressive saturation of the biosorbent. The CR
biosorption isotherm is a type L isotherm according to the
classification of Giles et al. (1974). It indicates a high affinity
between the cells of Chlorella vulgaris and CR dye and that
no strong competition exists between the solvent and the dye
molecules to occupy the biosorption sites.

In order to describe the experimental biosorption isotherm
of CR (Fig. 5a, b), several two-parameter (Langmuir,
Freundlich, Temkin, Dubinin-Radushkevich, and Halsey)
and three-parameter (Sips, Radke-Prausnitz, and Toth) models
were used.

The values of the parameters of each model with a confi-
dence interval of 95 %, coefficient of determination (r2), re-
sidual error (SSE), and standard error (RMSE) are shown in
Table 2. This table shows that among the two-parameter
models, the Langmuir model manifested the best fit to the
experimental data of biosorption, with a coefficient of deter-
mination (r2) of 0.994 and predicted a maximum biosorption
capacity (202.9 mg g−1) similar to that found experimentally
(200 mg g−1). The value for constant n in the Freundlich
model was 2.053 (Table 2), which is within the interval of n
values (n=1–10) which indicate favorable biosorption (Basha
and Murthy 2007). However, the Freundlich model gave a
determination coefficient (r2=0.9646) that was lower, and

Table 2 Isotherm constants of the various models with two and three
parameters

Two-parameter models

Langmuir

qmax (mg g−1) 202.9±2.002

B (L g−1) 0.232±0.006

r2 0.9941

SSE 3.601

RMSE 1245

Freundlich

kF (mg g−1)(mg L1)−1/n 45.73±1.215

n 2.053±0.053

r2 0.9646

SSE 8.845

RMSE 7510

Temkin

aT (L mg−1) 2.627±0.0936

bT (J mol−1) 25.32±0.3695

r2 0.9802

SSE 6.516

RMSE 4034

Dubinin-Radushkevich

qmax (mg g−1) 138.7±2.025

BD (mol2 J−2) 3.2×10−6±1.7×10−7

r2 0.9205

SSE 13.04

RMSE 16,163

Halsey

KH 0.00039±9.9×10−5

n −0.4871±0.01251
r2 0.9631

SSE 8.891

RMSE 7510

Three-parameter models

Sips

qmax (mg g−1) 196.1±4.501

Ks (mg L−1)−1/ns 0.2359±0.00623

n 1.044±0.02826

r2 0.9943

SSE 3.574

RMSE 1213

Radke-Prausnitz

βR 8.5×10−8±0.02871

aR (L g−1) 47.14±1.702

rR (L mg−1) 202.6±16.51

r2 0.9941

SSE 3.621

RMSE 1246

Toth

qmax (mg g−1) 190.7±5.684

bT (L mg−1) 0.228±0.00538

Table 2 (continued)

nT 0.8887±0.05155
r2 0.9944
SSE 3.548
RMSE 1196
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RMSE and SSE values that were higher, than those obtained
when applying the Langmuir model.

The Temkin and Halsey models yielded lower coefficients
of determination and higher RMSE and SSE values than the
Langmuir model, and consequently, these models are not suit-
able for describing the CR experimental isotherm. Among the
two-parameter models tested, the poorest fit to experimental
values at equilibrium was obtained using the Dubinin-
Radushkevich model, which presented the lowest coefficient
of determination (r2=0.9205) and the highest SSE and RMSE
values, compared to those obtained using the Langmuir,
Freundlich, Temkin, and Halsey models. Besides, the
Dubinin-Radushkevich model predicted a qmax approximately
32 % below the experimental value.

Generally, the three-parameter models (Sips, Radke-
Prausnitz, and Toth) fitted the experimental data well
(Fig. 5). Table 2 shows that the three-parameter models had
coefficients of determination, as well as RMSE and SSE
values, similar to those of the Langmuir model. However,
the parameters of the Radke-Prausnitz model had a confidence
interval of 95 %, which is very high compared to the other
models. This model was therefore not suitable for describing
the experimental isotherm. Similarly, although the Sips and
Toth models rendered a high determination coefficient value
(r2=0.99) and low RMSE and SSE values, the predicted qmax

values were lower than the experimental value. Therefore, the
Toth and Sips models did not properly describe the
biosorption equilibrium of CR by the microalga. Based on
these results, the Langmuir model concurs best with the ex-
perimental data for CR biosorption by Chlorella vulgaris.
This model has great practical importance because it is a sim-
pler two-parameter model that can be applied and interpreted
more easily, and may therefore be especially useful for scaling
and engineering biosorption processes (Vijayaraghavan et al.
2006).

Table 2 shows that the predicted Langmuir qmax of
202.9 mg g−1 approximates the experimental value of the
maximum biosorption capacity of CR (qmax=200 mg g−1).
Comparing the qmax results of this work with those reported

in the literature for CR dye using other types of adsorbents
(Table 3), we found that the qmax obtained in this work was
higher by up to 29.5 % compared with the qmax reported for
magnetically modified Chlorella vulgaris (Safarikoval et al.
2008). This comparison also showed that the qmax ofChlorella
vulgaris was 34.2, 12.07, 8.92, 13.86, 3.91, and 2.83 times
higher than banana pith, commercial activated carbon, wheat
bran, rice bran, Trametes versicolor biomass, and Porphyra
yezoensis Ueda biomass, respectively.

The affinity constant of the Langmuir model can be used to
determine whether the biosorption process is favorable or un-
favorable by calculating the separation factor RL (Michalak
and Chojnacka 2010). Table 4 shows the adsorption intensity
determined for each of the initial concentrations of CR tested.

Table 4 also shows that the separation factor tends to de-
crease significantly as the starting concentration of CR in-
creases, which indicates that CR biosorption is enhanced as
the initial concentration of the dye in solution increases. This
behavior is due to the increased probability that the dye con-
tacts the biosorbent when the amount of the dye in the solution
increases. Therefore, the interaction between the colorant and
the biosorbent increases along with the dye biosorption capac-
ity. It is known that when the separation factor is 0, the
biosorption process is irreversible. If the value is between 0
and 1, the biosorption is favorable, and if the RL value is equal
to 1, the isotherm is a linear biosorption. If the value is greater
than 1, the separation factor value indicates that biosorption is
unfavorable (McKay et al. 1987). In this work, all RL values
obtained were between 0 and 1, indicating that the CR
biosorption by inactive Chlorella vulgaris biomass was
favorable.

Table 4 shows the increase of the θ value as the initial
concentration of CR increases. This phenomenon occurs be-
cause the biosorbent surface was nearly fully covered with a
monomolecular layer at the higher dye concentrations, achiev-
ing up to 85 % of active site occupancy at the initial concen-
tration of 25 mg L−1. Furthermore, it can be observed that the
surface coverage varied significantly in all concentrations of
the dye.

Table 3 Adsorption capacity for
Congo Red dye of various types
of adsorbents

Adsorbent Adsorption
capacity (mg g−1)

Range of dye
concentration (mg L−1)

Reference

Banana pith 5.92 10–40 Namasivayam et al. (1998)

Commercial activated carbon 16.81 50 Fu and Viraraghavan (2002)

Wheat bran 22.73 80 Wang and Chen (2009a)

Rice bran 14.63 80 Wang and Chen (2009a)

Trametes versicolor 51.81 10-50 Binupriya et al. (2008)

P. yezoensis Ueda 71.46 80 Wang and Chen (2009b)

Magnetically modified

C. vulgaris

156.7 – Safarikoval et al. (2008)

C. vulgaris 202.9 5–25 This study
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Acute toxicity bioassays before and after the bioremoval
process

Figure 6a shows the survival percentages of D. magna sub-
jected to five concentrations of CR. In general, survival per-
centages in the influent decreased significantly with increas-
ing concentrations of CR. Furthermore, the survival percent-
age was higher in the effluent compared to the influent, indi-
cating that the toxicity of the dye was significantly decreased
after treatment.

Furthermore, Fig. 6a shows that with the initial effluent
concentrations of 5 to 20 mg L−1, survival was greater than
or equal to 90 %. Therefore, it is expected that this effluent
does not produce significant acute toxic effects in the environ-
ment. At these concentrations, mortality was less than or equal
to 10 %, which is the maximum value allowed for acceptance
in acute toxicity bioassays with D. magna (USEPA 2002;
Mexican Standard NMX-AA-087-SCFI 2010). However, at
the highest concentration tested (25 mg L−1), the mortality in
the treated effluent was greater than 10 %, which is likely due
to residual dye concentrations high enough to generate lethal

responses during the time of exposure (48 h). Furthermore, the
metabolites could have accumulated if this reaction was a
biodegradation process. Golka et al. (2004) reported that the
major metabolites generated by CR dye are aromatic amines,
which are highly toxic compounds.

The survival percentages of Ceriodaphnia dubia in the
influent and effluent of CR dye are shown in Fig. 6b. In gen-
eral, it appears that these percentages decreased significantly
compared to the control for all concentrations tested.
Additionally, these percentages were higher in the effluent
compared to the influent. The lowest (5 mg L−1) and highest
(25 mg L−1) concentrations of CR had survival rates in the
influent of 30 and 0 %, respectively. However, these percent-
ages were 88.5 and 62.3 % in the treated effluent. This result
indicates that dye toxicity for this species was significantly
reduced by treatment with Chlorella vulgaris.

The sensitivity of cladocerans to the dye was also evaluated
by determining the EC50 (48 h). For D. magna, the maximum
value was 17.0 mg L−1 (limits of 15.60 and 18.84 mg L−1).
However, the value was 3.32 mg L−1 for Ceriodaphnia dubia,
and the upper and lower limits of the confidence interval were
1.24 and 4.91 mg L−1, respectively. Therefore, we can con-
clude that Ceriodaphnia dubia was approximately five times
more sensitive than D. magna to CR.

Versteeg et al. (1997) suggested that among freshwater in-
vertebrates, Ceriodaphnia dubia is a better test organism in
ecotoxicity studies due to its high sensitivity and its short life
cycle. However, there are no published reports showing the
sensitivity of this cladoceran to azo dyes.

In contrast, Meric et al. (2005) conducted toxicity bioassays
in D. magna exposed to the dye Remazol Black B and reported
an EC50 value of 75 mg L−1. Bae and Freeman (2007) studied
the toxicity of four Direct dyes and one Direct metallic dye
(Direct Black 281) and found that the four Direct dyes, which
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Fig. 6 Effect of Congo Red on the survival of Daphnia magna (a) and Ceriodaphnia dubia (b) in Congo Red influent and effluent after 48 h of
exposure. Mean bars with asterisks indicate significant differences compared to controls (P<0.05)

Table 4 Changes in separation factor and surface coverage (θ)
depending on the initial concentration of Congo Red

Initial concentration of
Congo Red (mg L−1)

Separation
factor RL

Surface
coverage (θ)

5 0.534±0.034* 0.466±0.034*

10 0.321±0.026* 0.679±0.026*

15 0.230±0.016* 0.770±0.016*

20 0.178±0.006* 0.822±0.006*

25 0.150±0.006* 0.850±0.006*

*P<0.05 indicating significant differences
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had no metal in their structure, were non-toxic (LC50>
100 mg L−1), whereas the Direct Black 281 dye molecules,
which contain two copper atoms in their structure, were highly
toxic (LC50 6.0 mg L−1 at 24 h, LC50 3.6–6.0 mg L−1 at 48 h).
This suggests that the copper in the structure of the dye increases
the acute toxicity. The CR dye does not contain any metallic
chemical compound in its structure and is mainly based on ben-
zidine, a compound reported to act as a carcinogen by generating
metabolites such as aromatic amines (Sponza and Isik 2005).

To date, no studies have reported toxic effects of CR in
these species of cladocerans. However, the present results
show that toxicity caused by the influent on the survival of
cladocerans is sufficient to indicate the potential damage that
this type of dye would cause if discharged into the aquatic
ecosystem without remedial pretreatment.

Conclusion

The present work clearly showed that the green microalga
Chlorella vulgaris can be efficiently used for CR bioremoval.
Based upon the results, the CR bioremoval mechanism may be
attributed to the process of biosorption and biodegradation.
These results imply the presence of the azo reductase enzyme
in the microalga and its participation in the CR biodegradation
process. The inactive biomass of Chlorella vulgaris was shown
to be potentially useful as a biosorbent for the dye at low con-
centrations, and it may be considered as an alternative to more
costly materials such as activated carbon. Isotherm studies
showed that the biosorption of CR ontoChlorella vulgaris close-
ly follows the Langmuir model, with an experimental maximum
biosorption capacity of 200 mg g−1. The cladocerans D. magna
and Ceriodaphnia dubia can be used as organism models for
extrapolating the toxicological implications of effluents contain-
ing azo dyes and to monitor the efficiency of degradation by
observing toxicity reduction in treated effluents.

Further research is required to evaluate the performance of
Chlorella vulgaris using real textile effluents, as these effluents
may contain several toxic dyes and other harmful contaminants
such as heavy metals and these may affect the biodegradation
and/or biosorption capabilities of the microalga. It is also of
interest to elucidate the nature of the metabolic intermediates
formed during the CR biodegradation process and define wheth-
er other enzymes, apart from azo reductase, are involved in the
biodegradation of CR. This information will increase knowledge
concerning the mechanisms employed by Chlorella vulgaris for
biodegrading dyes.
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