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ABSTRACT

In the present investigation, bioadsorbtion of different industrial dyes, such as, methylene blue,
Congo red, crystal violet, and malachite green from aqueous solution have been performed by
water hyacinth using lab-scale batch bioreactor. Maximum removal of different dyes, such as,
methylene blue, Congo red, crystal violet, and malachite green were found at pH 7.0, 6.0, 8.0,
and 8.0, respectively. Optimum doses of adsorbent were found to be 6.5, 7.5, 6.0, and 7.0 g L�1

for methylene blue, Congo red, crystal violet, and malachite green, respectively. Optimum ini-
tial dyes concentration were found to be 65, 75, 70, and 75mgL�1 for methylene blue, Congo
red, crystal violet, and malachite green, respectively. Optimum contact time for adsorbtion was
found to be 5 days for all the dyes. The maximum percentages of removals were found to be
90, 88, 92, and 90% for methylene blue, Congo red, crystal violet, and malachite green, respec-
tively. The adsorption kinetic data are adequately fitted to the pseudo-second-order adsorption
kinetic model. The Langmuir isotherm model well described the equilibrium dyes uptake.
High value of intra particle diffusion parameter (Ki), and diffusion coefficient (Di) suggest that
water hyacinth is an effective adsorbent for the removal of industrial dyes from wastewater.

Keywords: Water hyacinth; Dyes; Parameters optimization; Adsorption kinetics; Equilibrium
isotherm models; Sorption mechanism

1. Introduction

Dyes have become one of the main sources of
severe water pollution as a result of rapid industriali-
zation [1]. Different processing industries like textile,
paper and pulp, rubber, cosmetic, and dyes producing
industries discharge colored wastewater [2]. Presently,
more than 10,000 different commercial dyes and
pigments exist, and about 7� 105 tons are produced

annually worldwide [3]. The presence of very small
amounts of dyes in water is highly visible and unde-
sirable [4]. Effluent from dyes consuming industries
creates the severe disposal problems because of toxic,
carcinogenic, mutagenic, and teratogenic effects of
dyes [5]. The dyes also disturb aquatic equilibrium,
photosynthesis, as well as the food chain [6]. There-
fore, treatment of effluent of dyes consuming indus-
tries attracts a great attention.
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Different process technologies, such as, reverse
osmosis, flocculation, activated carbon adsorbtion, and
microbial treatment have already been attempted for
detoxification of dyes. The main disadvantage of the
technology, proposed above, entail high operating
cost, and therefore, those are not effectively used to
treat the wide range of effluents. The bioadsorption is
one of the effective methods for the removal of dyes
from the textile wastewater [7]. At present, there is a
growing interest of researchers in using other low-cost
adsorbents for dyes removal. Many materials like coir
pith [8], sun flower stalks [9], corn cobs and barley
husk [10], rice husk [11], neem leaves [12], mango
seed kernel [13], modified saw dust [14], giant duck
weed [15], peanut hulls [16], pineapple stem [17], trea-
ted wood shavings [18], banana pith [19], orange peel
[20], guava leaf [21], wheat shell [22] wheat bran [23],
egg shell [24], natural Jordanian Tripoli [25], almond
Shell (Prunus dulcis) [26], rubber wood (Hevea brasilien-
sis) sawdust [27], aqua cultural shell powders (prawn
waste) [28], neem saw dust [29], degreased coffee
bean [30], lemon peel [31], Firmiana simplex wood fiber
[32], mango (Mangifera indica L.) seed husks [33], low-
cost chlorella-based biomass [34], citric acid modified
rice straw [35], groundnut shell waste based pow-
dered activated carbon [36], and jute fiber carbon [37]
have been used as a low cost absorbent for dye
removal from aqueous system. However, as the
adsorption capacities of the above mentioned adsor-
bents are not very satisfactory, still the searches for
new bioadsorbents which are more eco-friendly, eco-
nomic, easily available, and highly effective are
continuing.

Water hyacinth (Eichornia crassipes) is a tropical
and subtropical mycrophyte, whose appetite for nutri-
ents has been put to use in cleaning up municipal,
agricultural, industrial, and domestic wastewater.
Water hyacinth is the faster multiplying weed, capable
of doubling within a period of 12 to 15 days. On an
average, it produces 200 tonnes of biomass for acre
within a short period. Therefore, use of water hya-
cinth for detoxification of wastewater will boost up
dyes consuming industries.

In the present research, bioadsorbtion is tested for
simulated aqueous solution of methylene blue
(methylthioninium chloride), Congo red (disodium 4-
amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-yl)dia
zenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate),
crystal violet (Tris (4-(dimethylamino)phenyl) methyli-
um chloride) and malachite green (4-[(4-dimethylamin
ophenyl)phenyl-methyl]-N,N-dimethylaniline) by water
hyacinth in batch mode. A bench top reactor, 18 inch
length, 12 inch width, and 2 inch depth and made by
poly-ethylene was used for experimentation. Different

process parameters, such as, pH of solution (2–10),
doses of bioadsorbent (2–10gL�1), initial dye concen-
tration (15–95ppm), and adsorbtion time (1–7days)
were investigated. During the experiment, electric
white light source (804.76lw/cm2 at 400 to 800nm)
was used as a photon source for promoting photosyn-
thesis and experiment was performed at room temper-
ature, 32˚C±2. The adsorption kinetic models,
equilibrium isotherm models, sorption mechanism, and
parameters related with the process were investigated
in detail.

2. Material and methods

2.1. Materials

Small amount of water hyacinth was collected
from the local pond, near Jadavpur University, Kolk-
ata, India. All the chemicals (analytical grade) were
procured from Merk, Mumbai, India. The deionized
water used in all the experiments was obtained from
Arium 611DI ultrapure water system (Sartorius AG,
Göttingen, Germany).

2.2. Equipment

An indigenous autoclave (G.B. Enterprise, Kolkata,
India), an indigenous microfiltration unit along with
cellulose acetate membrane of 47mm diameter and
0.2 lm pore size (Sarada Chemicals, Kolkata, India), a
hot air oven (Bhattacharya & Co., Kolkata, India), a
magnetic stirrer, and an indigenous bench top reactor
were used. The reactor, 18 inch length, 12 inch width,
2 inch depth and made by poly-ethylene was used for
experimentation.

2.3. Analytical instruments

A digital pH meter, a digital weighing machine
(Sartorius AG, Göttingen, Germany), a VARIAN UV–
Visible spectrophotometer (Cary50 Bio) were used.
Concentrations of Congo red (434 nm), methylene blue
(650 nm), crystal violet (580 nm), and malachite green
(620 nm) were estimated by colorimetric method using
UV–VIS spectrophotometer.

2.4. Maintenance of water hyacinth

The roots of the collected water hyacinth were
cleaned thoroughly with deionized water for several
times to eliminate earthy matter and all the soil parti-
cles. The water hyacinth was cultivated at laboratory
tub, 54 inch length, 36 inch width, 6 inch depth, and

A. Nath et al. / Desalination and Water Treatment 52 (2014) 1484–1494 1485



made by poly-ethylene. Mineral solution, containing
glucose 30 g, sodium chloride 10 g and dipotassium
phosphate 10 g, and calcium carbonate 10 g/L was
used as the cultivation medium for water hyacinth.
The pH of the medium was adjusted at 7.0 by 0.1N
sodium hydroxide and 0.1N hydrogen chloride. Steril-
ization of all components of the growth medium was
done in an autoclave at 121˚C for 15min. Glucose was
sterilized using indigenous microfiltration unit
equipped with cellulose acetate membrane (47mm
diameter, pore size-0.2 lm) for its sensitivity towards
high temperature. The growth medium was changed
at 7 days interval and electric white light source
(804.76lw/cm2 at 400–800 nm) was used as a photon
source for promoting photosynthesis. Water hyacinth
was cultivated at room temperature, 32˚C± 2.

2.5. Batch studies

Aqueous solution of different types of dyes such
as, methylene blue, Congo red, crystal violet, and mal-
achite green were used in present investigation. Sev-
eral batch experiments were performed using an
indigenous bench top reactor, made by poly-ethylene.
Samples were withdrawn at 24 h interval, and each set
of experiment was conducted for 7 days. Different
process parameters, such as, pH of solution (2–10),
doses of bioadsorbent (2–10 gL�1), initial dye concen-
tration (15–95 ppm), and contact time (1–7 days) were
investigated. Initial pH of solution was adjusted at 7.0
by 0.1N sodium hydroxide and 0.1N hydrogen chlo-
ride. The amount of dye adsorbed per unit of water
hyacinth (mg dye. per g water hyacinth) was calcu-
lated according to a mass balance on the dye concen-
tration using Eq. (1),

qe ¼ ðCi � CeÞV
m

ð1Þ

where qe is the equilibrium dye concentration on
adsorbent (mgg�1), Ce represents equilibrium dye
concentration in solution (mgL�1), Ci is the Initial dye
concentration (mgL�1), m represents the mass of
adsorbent (g), and V represents the volume of the
solution. The percentage of removal of dye was calcu-
lated using the following equation:

Removal ð%Þ ¼ ðCi � CeÞ
Ci

� 100 ð2Þ

In order to ensure the reproducibility of the
results, all the adsorption experiments were per-
formed in triplicate, and the average values were used

in data analysis. The error obtained was found to be
within ± 3.0%.

3. Theoretical analysis

3.1. Adsorption isotherms

One of the objectives in this study was to deter-
mine the best fitted adsorbtion isotherm for dye
adsorbtion on water hyacinth. To examine the rela-
tionship between the amount of the adsorbate
adsorbed (qe) to its concentration in the aqueous phase
(Ce) at equilibrium, different isotherm models were
widely employed for fitting the data. In the present
investigation, the result of adsorption studies of differ-
ent dyes onto a fixed amount of water hyacinth were
fitted to models of Langmuir, Freundlich, Dubinin–
Radushkevich (D–R), Redlich–Peterson (R–P), and
Temkin equilibrium isotherm, and their goodness of
fit were evaluated following vigorous statistical
procedures.

3.1.1. Langmuir isotherm

The nonlinear form of the Langmuir equilibrium
isotherm is

qe ¼ kL � qm � Ce

1þ kL � Ce

ð3Þ

The linear form of the Langmuir equilibrium iso-
therm is

Ce

qe
¼ Ce

qm
þ 1

kL � qm
ð4Þ

The parameters of the Langmuir isotherm equilib-
rium model, namely maximum adsorption capacity of
water hyacinth (qm), (mgg�1), and the Langmuir con-
stant, (kL), (Lmg�1) were evaluated by plotting Ce/qe
vs. Ce.

3.1.2. Freundlich isotherm

The nonlinear form of the Freundlich equilibrium
isotherm is

qe ¼ kFC
1=n
e ð5Þ

The linear form of the Freundlich equilibrium iso-
therm is

log qe ¼ log kF þ 1

n

� �
logCe ð6Þ
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The parameters of the Freundlich isotherm equilib-
rium model, namely the Freundlich constant, (kF),
(mgg�1) (L g�1)1/n, and the Freundlich adsorption iso-
therm constant, n were evaluated by plotting log qe vs.
log Ce.

3.1.3. Dubinin–Radushkevich (D–R) isotherm

The nonlinear form of the Dubinin–Radushkevich
(D–R) equilibrium isotherm is

qe ¼ qm � expð�be2Þ ð7Þ

The linear form of the Dubinin–Radushkevich
(D–R) equilibrium isotherm is

ln qe ¼ ln qm � be2 ð8Þ

The parameters of the Dubinin–Radushkevich
(D–R) equilibrium isotherm model, namely maximum
adsorption capacity of water hyacinth, (qm), (mgg�1),
and the Dubinin–Radushkevich (D–R) equilibrium iso-
therm constant, b, (mmol2 J�2), were evaluated by
plotting lnqe vs. e2. The Dubinin–Radushkevich (D–R)
equilibrium isotherm model constant b gives an idea
about the mean free energy of adsorption (E) and can
be computed using the following relationship,

E ¼ 1ffiffiffiffiffiffi
2b

p ð9Þ

3.1.4. Redlich–Peterson (R–P) isotherm

The nonlinear form of the Redlich–Peterson (R–P)
equilibrium isotherm is

qe ¼ kR � Ce

1þ aR � CbR
e

ð10Þ

The linear form of the Redlich–Peterson (R–P)
equilibrium isotherm is

ln
kR � Ce

qe
� 1

� �
¼ bR lnCe þ ln aR ð11Þ

The parameters of the Redlich–Peterson (R–P)
equilibrium isotherm model, namely the Redlich–Pet-
erson isotherm exponent, (bR), the Redlich–Peterson
(R–P) isotherm constant, kR, (L g�1), and the Redlich–
Peterson (R–P) isotherm constant, aR; ðL mmol�1ÞbR
were evaluated by plotting Ce/qe against C

bR
e .

3.1.5. Temkin isotherm

The nonlinear form of the Temkin equilibrium iso-
therm is

qe ¼ RT

bT
� lnðAT � CeÞ ð12Þ

The linear form of the Temkin equilibrium iso-
therm is

qe ¼ RT

bT
� lnAT þ RT

bT
� lnCe ð13Þ

where T signifies absolute temperature, (˚K), R repre-
sents universal gas constant, (8.314 J/mol˚K). The
parameters of Temkin equilibrium isotherm, namely
the Temkin isotherm constant, At, (Lmmol�1), and
another Temkin isotherm constant, bT were evaluated
by plotting qe vs. ln Ce.

3.2. Adsorption kinetics

In order to analyze the adsorption kinetics of dif-
ferent dyes onto water hyacinth from aqueous solu-
tion, the pseudo-first-order and pseudo-second-order
kinetic equations were applied to the experimental
data.

From the first principle, the pseudo-first-order rate
expression is followed by,

dqt
dt

¼ k1ðqe � qtÞ ð14Þ

where qt represents amount of dye adsorbed at any
time t (mgg�1) by water hyacinth and k1 is the
pseudo-first-order rate constant (day�1). The integral
linear form of Eq. (14) is,

logðqe � qtÞ ¼ log qe � k1
2:303

� t ð15Þ

Pseudo-first-order rate constant, k1 is evaluated by
plotting (qe�qt) vs. t.

Expression for the pseudo-second-order rate
expression is followed by,

dqt
dt

¼ k2ðqe � qtÞ2 ð16Þ

where k2 was the pseudo-second-order rate constant
(gmg�1 day�1). The integral linear form of Eq. (16) is,

t

qt
¼ 1

k2 � q2e
� t

qe
ð17Þ
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Pseudo-second-order rate constant, k2 is evaluated
by plotting (t/q) vs. t.

3.3. Sorption mechanism

Any adsorbtion process is done by either by physi-
cal nature (pore diffusion) or chemiadsorbtion mecha-
nism. Under the investigation, it was assume that the
process was done by intra-particle diffusion mecha-
nism and an attempt was made to justify the assump-
tion by real experimental result. According to Weber
and Morris, an intra-particle diffusion coefficient, Ki is
defined by,

Ki ¼ qt � t�0:5 þ I ð18Þ

The values of Ki (mgg�1 day�1) were determined
for every 24 h intervals [38].

The kinetic data were further analyzed using the
Boyd kinetic expression [39]. The Boyd kinetic expres-
sion is given by,

F ¼ 1� ð6� p�2Þ expð�BtÞ ð19Þ

and

F ¼ qt � q�1
0 ð20Þ

where q0 represents the amount of dye adsorbed at
infinite time (mgg�1) onto water hyacinth, F repre-
sents the fraction of solute absorbed at time t, and Bt
is a mathematical function of F. Substituting Eq. (20)
in Eq. (19), it may be written that,

Bt ¼ �0:4977� lnð1� FÞ ð21Þ

The Bt values at different contact times can be cal-
culated using Eq. (20). The calculated B values were
used to calculate the effective diffusion coefficient, Di

(cmday�1) using the following relation,

B ¼
Y2 �Di � r�2 ð22Þ

where r represents the radius of pore of adsorbent.

3.4. Statistical analysis

The accuracy of estimated above model parameters
can be described by two methods.

Method 1: Determination of parameters through
minimization of objective function including the sum
of squared errors/deviations between the predicted

and experimental values of concentrations of compo-
nents under consideration.

Method 2: Determination of parameters through
minimization of objective function including the sum
of squared errors/differences between the predicted
and experimental values of individual variables as
obtained from batch experimental runs.

Since no literature data is available on the possible
ranges of values of dye adsorbtion kinetic parameters
for water hyacinth therefore, in the present case,
method 2 has been adopted to determine the parame-
ters. Regression analyses of data obtained from the
parameter estimation experiments, described in theo-
retical analysis section have been done. For each
regression analysis, the confidence intervals (R2) have
been determined.

3.4.1. Correlation coefficient

In order to estimate the strength of respective anal-
ysis, the coefficient of correlation has been deter-
mined. For any regression equation y= a+ bz, the
coefficient of correlation, r⁄ may be represented as
follows [40,41].

r� ¼ b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
Pn

i¼1z
2
i �

Pn
i¼1zi

� �2
n
Pn

i¼1y
2
i �

Pn
i¼1yi

� �2
vuut ð23Þ

where n= sample size, i= any value.

3.4.2. Confidence interval

The quality of parameter estimation is indicated by
the confidence interval (R2) [40,41]. Smaller interval
means a high quality of parameter estimate or a
smaller error.

A 100(1�a)% prediction interval on new observa-
tion is obtained using the following expression,

yobs ¼ yp � ta=2;n�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSE 1þ 1

n
þ ðzp � zÞPn

i¼1ðzi � zÞ2
" #vuut ð24Þ

where MSE=Error mean square

MSE ¼ SSE=dof ðSSEÞ ð25Þ

where SSE= Sum of square of deviations between
observed and predicted values of regressed variable
used for parameter estimation

dof =Degree of freedom
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To calculate the confidence interval (R2) for any
value, zp of independent variable, the deviation
between the observed value, yobs and predicted
regressed value, yp of dependent variable was calcu-
lated. Using the value of the deviation and the value

of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSE 1þ 1

n þ
ðzp�zÞPn

i¼1
ðzp�zÞ2

� �s
; value of a/2 is deter-

mined by consulting Student’s t distribution table.
Percent confidence interval (R2) or prediction interval
is given by 100(1�a). At x% confidence interval, a=
(100�x)/100. The values of confidence intervals for
regression equations involving model parameters have
been determined using the new observations which
are not utilized for parameter estimation (validation
data).

4. Results and discussion

Different sets of batch experiments were conducted
for individual dyes in batch mode using water hya-
cinth as a bioadsorbent. Aqueous solution of different
types of dyes, such as, methylene blue, Congo red,
crystal violet, and malachite green were used as
adsorbet.

4.1. Effect of pH

The pH of an aqueous solution is an important
monitoring parameter in dye adsorption, as it affects
the surface charge of the adsorbent material and the
degree of ionization of the dye molecule. It is also
directly related with competition ability of hydrogen
ions with the adsorbate molecules to active sites on
the adsorbent surface. In Fig. 1, percentages of
removal of different dyes from aqueous solution are
plotted against different pH of solution. In this case,
after 7 days of adsorption process aqueous solution
were considered to study the effects of pH on bioad-
sorbtion. From Fig. 1, it is depicted that the percent-
ages of removal of dyes by the water hyacinth
increase with the increase in pH of the dye solution,
appreciably up to pH 6.0. Maximum removal of dif-
ferent dyes, such as, methylene blue, Congo red, crys-
tal violet, and malachite green were found at pH 7.0,
6.0, 8.0, and 8.0, respectively. After the critical values
of solution pH, the values of percentage removal were
remain unchanged. Water hyacinth root mainly con-
tains –PO4, C=O and C–H functional groups at their
surface and all the dyes are cationic charged, which
exists in aqueous solution in the form of positively
charged ions. At low pH values, protonation of the
functional groups present on the adsorbent surface
easily takes place. The surface of the adsorbent

becomes positively charged, and this decreases the
adsorption of the positively charged dye ions through
electrostatic repulsion. However, as the pH of the dye
solution increases, a considerable increase in dye
binding capacity is observed due to strong electro-
static attraction between negatively charged sites on
the biosorbent and the dye cations. Similar type of
observation was found by Chakraborty et al., for batch
removal of crystal violet from aqueous solution by
H2SO4 modified sugarcane bagasse [1].

4.2. Effect of adsorbent doses

Adsorbent doses have a significant influence on
the adsorption process. In Fig. 2, percentages of differ-
ent dyes removal are plotted against different doses of
adsorbent at critical pH of individual dyes. In this
case, concentrations of individual dyes were main-
tained 70mgL�1. From the figure, it is depicted that
the percentage of dye removal increases with the
increase of biosorbent dose from 2 to 6 gL�1. It may

Fig. 1. Effect of solution pH on different dyes adsorbtion
onto water hyachinth. Methylene blue, Congo red,
crystal violet, malachite green.

Fig. 2. Effect of adsorbent doses on different dyes
adsorbtion onto water hyachinth. Methylene blue,
Congo red, crystal violet, malachite green.
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be justified by the fact that the increase in the percent-
age of dye removal with the adsorbent dose could be
attributed to an increase in the adsorbent surface area,
augmenting the number of adsorption sites and por-
ous channel available for adsorption. However, the
decrease in sorption capacity with the increasing
adsorbent dose at constant dye concentration and vol-
ume may be attributed to saturation of sorption sites
due to particulate interaction such as aggregation.
Such aggregation would lead to a decrease in the total
surface area of the adsorbent.

4.3. Effect of initial dye concentration

For an effective adsorption, the initial concentra-
tions of the adsorbate are an important factor. In
Fig. 3, adsorbtion capacities (mgg�1) are plotted
against different initial concentrations of dyes. In this
case, concentration of adsorbent was maintained
8 gL�1. From the figure, it is depicted that the adsorp-
tion capacity of water hyacinth is increased with the
increase of initial dye concentration at a certain level,
after that the process is almost saturated. The increase
in dye uptake capacity can be justified by the fact that
increasing concentrations gradient of dyes provide an
increasing driving force to overcome all mass transfer
resistances of the dye molecules between the aqueous
and solid phase, leading to an increased equilibrium
uptake capacity until sorbent saturation is achieved.
On the contrary, the percentages removal of dyes
decreases with the increase in initial dye concentra-
tion. This can be explained by the fact that all adsor-
bents have a limited number of active sites and
porous channel, which become saturated at a certain
concentrations of dyes. Optimum initial dyes
concentration were found 65, 75, 70, and 75mgL�1 for
methylene blue, Congo red, crystal violet, and mala-
chite green, respectively.

4.4. Effect of adsrbtion time

In Fig. 4, time histories of percentages of dye
removals are plotted against different adsorbtion
time at critical pH, initial dye concentration, and
doses of bioadsorbent for individual dyes. It is
observed that maximum dyes are removed in 5 day.
The maximum percentages of removal were fond 90,
88, 92, and 90% for methylene blue, Congo red,
crystal violet, and malachite green, respectively. This
is justified by the fact that almost active site and
porous channel of adsorbent are saturated by dye
molecules at a certain period of adsorbtion. The
batch type of bioadsorbtion experiment was con-
ducted at only dye solution under different physico-
chemical parameters whereas, maintenance medium
of water hyacinth is chemically defined medium.
We cannot found any type of significant change of
proposed mycrophyte within this short time (7 days)
of batch experiment.

4.5. Equilibrium isotherm

4.5.1. Model parameters

The different isotherm model equations used in
the present investigation contain a large number
of parameters, whose values have been experimen-
tally found out. In Table 1, the magnitudes of
estimated parameters of different isotherm models
(Eqs. 3–13) are described along with confidence
intervals (R2) for different dyes. For all evaluated
model parameters, the confidence intervals are
checked for new observations of respective experi-
ments dedicated to the evaluation of parameters.
New observations are independent of those used
to obtain the values of model parameters through
the regression analysis.

Fig. 3. Effect of initial dyes concentrations on
bioadsorbtion process by water hyachinth. Methylene
blue, Congo red, crystal violet, malachite green.

Fig. 4. Time histories of dyes adsorbtion onto water
hyachinth. Methylene blue, Congo red, crystal
violet, malachite green.
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4.5.2. Estimation of model fits for lab scale reactor

The accuracy and confidence level of the proposed
model equations have been evaluated by the mean
squared error (MSE) criterion and Fisher’s F ratio test [41].

F ratio ¼ MSR
MSE

ð26Þ

where MSR ¼ SSR
dof, dof = 1

SSR ¼
X

ypi � y
�	 
2

ð27Þ

MSE ¼ ðyobsi � ypiÞ2
dof

ð28Þ

dof ¼ n�m ð29Þ
m=number of constants involved in model equations.

The significance level, p, is determined from the
value of F, dof of quantity in the numerator, i.e. 1 and

Table 1
Isotherm constants and % confidence intervals and correlation coefficient for model fits of bioadsorption of dyes onto
water hyacinth at optimum operating conditions for methylene blue, Congo red, crystal violet and malachite green

Langmuir isotherm qm (mgg�1) kL (Lmg�1) Corelation
coefficient

Confidence interval
(%)

Methylene blue 148 1.8 0.999 99.9

Congo red 149 1.79 0.999 99.8

Crystal violet 150 1.8 0.999 99

Malachite green 148 1.82 0.999 98

Freundlich isotherm kF (mgg�1).
(Lmg�1)1/n

n

Methylene blue 32 2.46 0.86 86

Congo red 30 2.45 0.87 87

Crystal violet 29 2.44 0.88 88

Malachite green 30 2.45 0.88 88

Dubinin–Radushkevich (D–R)
isotherm

b (mmol2 J�2) E (kJmol�2)

Methylene blue 5.3� 10�9 11.46 0.96 96

Congo red 5.29� 10�9 11.45 0.95 95

Crystal violet 5.28� 10�9 11.47 0.97 98

Malachite green 5.28� 10�9 11.45 0.96 97

Redlich–Peterson (R–P) isotherm kR (L g�1) bR

Methylene blue 0.54 0.3 0.9 89

Congo red 0.56 0.301 0.92 92

Crystal violet 0.55 0.302 0.9 90

Malachite green 0.55 0.302 0.92 92

Temkin isotherm bt At

(Lmmol�1)

Methylene blue 69,015 1.68 0.96 96

Congo red 69,018 1.72 0.95 95

Crystal violet 69,014 1.7 0.95 95

Malachite green 69,014 1.7 0.96 96
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dof of the quantity in the denominator, i.e. (n�m).
Evaluation of such confidence level and accuracies of
model equations (usually referred to as the strength of
the mathematical model) using the statistical approach
has been done [25,26]. The experimental results,
shown in Table 2, indicate that adsorbtion of different
types of dyes onto water hyacinth follows the Lang-
muir isotherm model mostly, compared to other iso-
therm models. The suitability of the Langmuir
isotherm model suggests monolayer coverage of dye
molecules on the biosorbent surface. Each molecule
has equal activation energy and that sorbate–sorbate
interaction is negligible. The value of the Freundlich
constant n is significantly higher for all the pH value
studied, indicate that the dyes biosorption behavior of
water hyacinth can be considered as favorable. The
Dubinin–Radushkevich (D–R) isotherm model con-
stant b gives an idea about the mean free energy, E
(kJmol�1) of adsorption per mole of the adsorbate
which in turn can give information about the type of
sorption mechanism. The estimated values of E for
methylene blue, Congo red, crystal violet, and mala-
chite green were found to be 7, 7.2, 6.8, and 7 kJmol�1,
respectively at proposed experiment, which implies
that the biosorption mechanism of dyes on water hya-
cinth involves physical nature instead of chemisorp-
tion. In case of the Redrich–Peterson (R–P) isotherm
model, the values of confidence intervals (R2) are not
significantly high, which also signify that the process
is physical adsorbtion instead of ion exchange. High
At value of Temkin model reveals that, heat of

adsorption of all the molecules in layer decreases line-
arly with coverage due to adsorbent–adsorbate
interactions, and that the adsorption is characterized
by a uniform distribution of the bonding energies, up
to some maximum binding energy.

4.6. Evaluation of adsorbtion kinetics

The values of different rate constants of sorption
kinetic model along with confidence intervals (R2) are
described in Table 3. From this analysis, it is depicted
that adsorption of different dyes onto water hyacinth
does not follow pseudo-first-order kinetics. The kinetic
data showed the excellent fit to the pseudo-second-
order kinetic equation at all pH values.

4.7. Sorption mechanism

During batch mode of operation, there is a possi-
bility of intra-particle pore diffusion of adsorbate ions,
which can be the rate-limiting step. Therefore, the
possibility of the intra-particle diffusion resistance
affecting the adsorption process was explored by
using the intra-particle diffusion model. According to
Eq. (18), a plot of qt vs. t

0.5 should be a straight line
with a slope Ki, intra-particle diffusion parameter and
intercept I, which signifies that the adsorption mecha-
nism follows the intra-particle diffusion process
(figure not shown). In Fig. 5, intra-particle diffusion
coefficient, Ki is plotted against individual initial dyes

Table 3
Sorption kinetic constant and confidence intervals (R2) of dye adsorbtion process onto water hyacinth

Pseudo-first-order Pseudo-second-order

k1 (min�1) R2 k2 (gmg�1min�1) R2

Methylene blue 1.82� 10�3 0.65 2.32� 10�3 0.99

Congo red 2.52� 10�3 0.52 1.52� 10�3 0.98

Crystal violet 2.45� 10�3 0.42 3.22� 10�3 0.99

Malachite green 2.25� 10�3 0.58 1.85� 10�3 0.97

Table 2
Statistical evaluation of the fits of different isotherm models to the measurements

Isotherm models MSE Confidence level a (From Fisher F test) % 100 (1�a)

Langmuir 1.9354� 10�7 0.001 99.9

Freundlich 4.25� 10�5 0.08 92

Dubinin–Radushkevich (D–R) 5.45� 10�3 0.05 95

Redlich–Peterson (R–P) 5.55� 10�3 0.045 95.5

Temkin 5.55� 10�4 0.055 94.5
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concentrations. A linear co-relation, as a result of plot-
ting Ki against different initial dyes concentrations
also suggests the pore diffusion assumption. This
result is also supported by the Boyd kinetic expres-
sion. High value of diffusion coefficient (Di) also sup-
ports the pore diffusion mechanism during
bioadsorbtion (data not shown).

From the above experimental findings it may be
proposed that water hyacinth is potential for de-
toxification of wastewater of dyes consuming indus-
tries. This kinetic model may be used to predict the
behavior of different types of bioreactor configura-
tions, including variations of operating parameters for
the process of bioadsorbtion at real situation.

Conclusions

By a batch adsorbtion process different process
parameters were optimized. Those are highlighted
below.

(1) Optimum pH of different dyes, such as, methy-
lene blue, Congo red, crystal violet, and mala-
chite green were 7.0, 6.0, 8.0, and 8.0,
respectively.

(2) Optimum doses of adsorbent were found to be
6.5, 7.5, 6.0 and, 7.0 g L�1 for methylene blue,
Congo red, crystal violet, and malachite green,
respectively.

(3) Optimum initial dyes concentration were found
to be 65, 75, 70 and, 75mgL�1 for methylene
blue, Congo red, crystal violet, and malachite
green, respectively.

(4) Optimum contact time for adsorbtion was
found to be 5 days for all of the dyes.

(5) The maximum percentages of removals are
found to be 90, 88, 92, and 90% for methylene
blue, Congo red, crystal violet, and malachite
green, respectively.

The adsorption kinetic data are adequately fitted
to the pseudo-second-order adsorption kinetic model.
The Langmuir isotherm model well described the
equilibrium dye uptake. This signifies that adsorbtion
of organic dyes onto water hyacinth is done by mono-
layer formation. High value of intra-particle diffusion
parameter (Ki), and diffusion coefficient (Di) suggest
the pore diffusion mechanism during bioadsorbtion.
Therefore, it may be concluded that the proposed
methodology is an effective route of wastewater treat-
ment of dyes consuming industries.
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