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INTRODUCTION

Industrial wastewater containing dyes are frequently
polluting freshwater ecosystems. The presence of colorants is
of concern due to their toxicity and health effects on the human
health and living creatures. Recent estimates indicate that, 12 %
of synthetic textile dyes used each year are lost during manu-
facture and processing operation and 20 % of these dyes enter
the environment through effluents that result from the treatment
of residual industrial waters'. Malachite green (MG), is a
cationic dye [Color Index (CI): 42000, chemical formula:
CxHasN,Cl, formula weight (FW): 364.9 ¢ mol” and absor-
bance maximum (An,): 617 nm] which is widely used to color
cotton, jute, silk, wool, leather and also extensively used in
the fish farming industry as fungicide, ectoparasiticide and
disinfectant all over the world®* The discharge of malachite
green into receiving streams damages the aquatic life by
causing detrimental effects in liver, gall, kidney, intestine,
gonads and pituitary gonadotrophic cells. In humans, as a result
of inhalation it may cause irritation to the respiratory tract and
also causes irritation to the gastrointestinal tract upon ingestion.
It is also highly toxic to mammalian cells and acts as a tumor
enhancing agent®”. For these reasons the removal of malachite
green and other toxic dyestuffs from waters and wastewaters
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Araucaria cookii bark has been studied as low cost, easily available natural biosorbent for removal of malachite green from aqueous |
solution. The influence of operating parameters such as contact time, pH, temperature, adsorbent dosage and initial dye concentration on |
the sorption of malachite green were analyzed using response surface methodology. The proposed quadratic model of central composite
design fitted so well to the experimental data that it could be used to navigate the design space according to the results of the analysis of |
variance. The optimum sorption conditions were determined. Characterization of the biosorbent was performed using scanning electron |
microscopy and Fourier transform infrared spectroscopy. Equilibrium isotherms were analyzed by the Langmuir, Freundlich and Tempkin |
isotherm models. Dye biosorption equilibrium data fitted well to the Freundlich isotherm rather than the others. The kinetic studies for |
malachite green biosorption showed rapid sorption dynamics by a pseudo second order kinetic model. Thermodynamic studies showed
that malachite green biosorption onto Araucaria cookii bark was mainly a spontaneous and exothermic process. I
|
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is attained by many researchers. Various techniques have been
employed for the removal of dyes from wastewaters. These
methods include adsorption, nanofiltration, electro kinetic
coagulation, coagulation and precipitation, advanced chemical
oxidation, electrochemical oxidation, ozonation, supported
liquid membrane, liquid-liquid extraction and biological
process®. The adsorption process is one of the efficient methods
to remove dyes from effluent due to its low initial cost,
simplicity of design, ease of operation and insensitivity to toxic
substances’. Activated carbon is the most widely used adsor-
bent with great success due to its large surface area, micro-
porous structure, high adsorption capacity, etc. However, its
use is limited because of its high cost. This has led to research
for cheaper substitutes®.

Many investigators have studied the feasibility of using
inexpensive alternative materials like pearl millet husk, date
pits, saw dust buffing dust of leather industry, coir pith, crude
oil residue tropical grass, olive stone and almond shells, pine
bark, wool waste, coconut shell etc., as carbonaceous precur-
sors for the removal of dyes from water and wastewater’.
However the adsorption capacities of the above adsorbents
are not very high. In order to improve the efficiency of the
adsorption processes, it is necessary to develop cheap and
easily available adsorbents with high adsorption capacities.
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The objective of the present study is to evaluate the
potential usage of Araucaria cookii bark (ACB) as a low cost
adsorbent for the removal of one of the highly toxic dye,
malachite green, from aqueous solutions. The effects of
important experimental parameters such as contact time, initial
malachite green concentration, adsorbent concentration, pH
and temperature were studied. The adsorption mechanism of
malachite green onto ACB was evaluated in terms of thermody-
namics and kinetics. The adsorption isotherms were described
by using the Langmuir, Freundlich and Tempkin isotherm
models.

EXPERIMENTAL

The dye, malachite green was supplied by BALADA
Chemicals, Visakhapatnam, India. The stock solution (1000
mg L") of malachite green was prepared by dissolving accu-
rately weighed amount of the dye in distilled water. All the
chemicals used throughout this study were of analytical- grade.
All working solutions of desired concentrations were obtained
by diluting the stock solution with distilled water. The pH of
the solutions was adjusted with 0.1 mol L™ HCI or 0.1 mol L
NaOH.

Biosorbent preparation: Araucaria cookii bark was
collected from the GMR Institute of Technology, Rajam,
Andhrapradesh, India. The preparation of biosorbent was
reported by Kalpana and King'.

Characterization: SEM analysis was carried out on the
ACB to study its surface texture before and after malachite
green biosorption. FTIR spectroscopy was used to identify
the chemical present in the biosorbent. Infrared spectra of the
samples (ACB before biosorption of malachite green) and the
malachite green loaded samples were obtained using a FTIR
spectrophotometer.

Experimental design by response surface methodology
(RSM): The effect of various process parameters such as
temperature (x,;), pH (x»), dosage (x;) and initial dye concen-
tration (X4) on color removal was studied by using central
composite design (CCD). A CCD with 26 experiments was
used for the optimization of process parameters for removal
of malachite green dye from synthetic solution. All independent
variables were coded to four levels as X;according to eqn. 1.

—X

X. .
X, =—1—2%(i=12,3,...k
! AX, ( ) 1)

1
where X; is dimensional less value of an independent variable,
x; is the real value of an independent variable, X,; is the real
value of the independent variable at the center point and Ax; is
step change.
A polynomial (eqn. 2) was developed to estimate the
behaviour of the percentage removal of color.

Y= b() + b1X1 + b2X2+ b3X3+ b4X4+ b11X12+ bzz X22+ b33X32
+ b4.4X42 + b12X1X2+ b13X1X3 + b14X1X4+ b23X2X3 + b24X2X4
+ basXsXy (2)

where Y is the predicted response; X, X,, X3 and x4 are inde-
pendent variables; by is an offset term; b, b,, b; and b, are
linear effects; by, by, byz and by, are squared effects and by,
bi3,b1s, b3, bay and bsy are interaction terms.

Experimental procedure: Biosorption studies were
mainly carried out by batch technique to obtain rate and equi-
librium data. The experiments were performed to observe the
effect of important parameters like initial pH (2,3 4, 5, 6,7, 8,
9, 10, 11), initial malachite green concentration (20, 40, 60,
80 and 100 mg L"), biosorbent dosage (0.02, 0.04, 0.06, 0.08
and 0.1 g per 30 mL of synthetic solution), contact time (1-45
min) and temperature (303, 308, 313, 318, 323 K) on the
adsorptive removal of malachite green. For each experimental
run, 30 mL of malachite green solution of known concen-
tration, pH and a known amount of the biosorbent were taken
ina 100 mL stoppered conical flask. The mixture was agitated
in a temperature controlled orbital shaker at a constant speed
of 180 rpm at 30 + 1 °C. Samples were withdrawn at appropriate
time intervals. All the samples were centrifuged at 5000 rpm
for 10 min to settle down suspended particles. After centri-
fugation clear supernatant samples were obtained and their
residual dye concentration was analyzed by using UV spectro-
photometer. The above procedure was repeated for different
pH values, initial dye concentration, dosage of biosorbent,
contact time and temperatures. All experiments were perfor-
med triplicate and reported values are average of three. The
percentage color removal of dye and dye uptake were calcu-
lated using the following relationships:

Color removal (%) = (Cic_ix 100 3)

i

Dye uptake (q) = (C, — Cf)i @

where C; is the initial sorbent concentration (mg/L), Cs is the
final sorbent concentration (mg/L), v is the volume of the
solution (L) and m is the mass of the biosorbent (g).

RESULTS AND DISCUSSION

Biosorbent characterization: Fig. 1 shows the SEM
micrographs of ACB sample before and after dye adsorption.
Itis clear that ACB has considerable numbers of heterogeneous
layer of pores where there is a good possibility for dye to be
adsorbed (Fig. 1a). The surface of dye-loaded adsorbent,
however, clearly shows that the surface of ACB is covered
with dye molecules (Fig. 1b).

(a) (b)
Fig. 1 (a) SEM of ACB-Raw, (b) SEM of malachite green loaded ACB

The FTIR spectrum of ACB (Fig. 2a and 2b) shows that
some peaks were shifted or disappeared and those new peaks
were also detected. These changes observed in the spectrum
indicated the possible involvement of those functional groups
on the surface of the ACB in adsorption process.
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Experimental design and fitting of quadratic model:
To examine the combined effect of four different process
parameters, on percentage color removal of malachite green,
26 experiments were performed. Eqn. 5 represents the mathe-
matical model relating the percentage color removal with the
independent process variables. The second order polynomial
coefficient for each term of equation was determined through
multiple regression analysis using the Statistica 6.0. The
experimental and predicted values of percentage biosorption
of malachite green were given in Table-1.

TABLE-1

LEVELS OF DIFFERENT PROCESS VARIABLES USED
IN CENTRAL COMPOSITE DESIGN FOR REMOVAL

OF MALACHITE GREEN DYE
Factor Symbol Level

-1 0 +1 +2
Temp. (K) X, 30 35 40 45 50
pH Xy 1 2 3 4 5
Dosage (g) X, 002 004 006 0.08 0.10
Initial dye Xy 20.00 40.00 60.00 80.00 100.00
conc. (mg/L)

Color removal (%), Y =-121.96+ 6.9x;+ 28.71x,+ 1150.17x;
+0.23x4— 0.11x,>— 4x,>— 4872.04x5> + 0.05x:X2+ 0.78X2X3 +
0.91x3x4 (5)

The proposed model was evaluated by regression coeffi-
cients, standard error, #-values, p-values and correlation coeffi-
cient (R?). The smaller the magnitude of the P, the more
significant is the corresponding coefficient. Values of P less
than 0.05 indicate the model term is significant''. From the P
values it was found that, among the test variables used in the
study, X1, X2, X;> and x,* were significant model terms. These
terms had more influence in comparison to the interaction
terms. The predicted R* of 0.9678 is in reasonable agreement
with the adjusted R* of 0.9269. This implies that the prediction
of experimental data is quite satisfactory.

Optimization of adsorption was done for target value of
96.1 % efficiency of dye removal using response optimization
process. The temperature (33.97 °C), pH (2.95), dosage
(0.098 g) and initial dye concentration (20.42 mg/L) were
found to be optimum conditions for maximum 96.1 % dye
removal by using ACB.

Influence of contact time: The effect of contact time for
the removal of malachite green by the ACB at different concen-
trations for 0.1 g of biosorbent (Fig. 3) showed rapid adsorption
of dye in the first 15 min and, thereafter, adsorption reached
equilibrium. Further batch experiments were conducted for
15 min contact time with shaking speed of 180 rpm. A large
number of vacant surface sites are available for adsorption
during the initial stage and after a lapse of time, the remaining
vacant surface sites are difficult to be occupied due to repulsive
forces between the solute molecules on the solid and bulk
phases'*'*,

Colour removal (%)

75 T T T
0 10 20 30 40 50
Contact time (min)

Fig. 3. Influence of contact time

Influence of solution pH: The initial pH of the dye solu-
tion is an important parameter, which controls the adsorption
process particularly the adsorption capacity'®. Fig. 4 shows
the biosorption capacity of ACB increased from pH 1 to 3 and
reached maximum at pH 3 and then declined sharply with
further increase in pH indicating that the optimal pH for
biosorption of ACB is 3 under the experimental conditions.
The change pattern of the biosorption capacity with pH could
be associated with the effect of pH on both the activity of
functional groups of the biosorbent and the chemical properties
of dyes'®. Acidic conditions could be favourable for the biosor-
ption between the malachite green and the ACB, because a
significantly high electrostatic attraction could exist between
the positively charged surface of the adsorbent under acidic
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Fig. 5. Influence of concentration
conditions and the malachite green. At higher pH the percent-
age biosorption values were low. The low biosorption capacity
under alkaline conditions could be mainly attributed to that 105
the increasing number of negative charge on the surface of the 100 -
ACB could result in electrostatic repulsion between the
adsorbent and dye molecules'” and that the existence of excess 95
OH" ions may compete with the cationinc dyes for the
decreasing number of positively charged sites on the ACB as ~ 90 7
the pH increased. A similar trend was observed for the 3\5 g5
biosorption of Congo Red on Trametes versicolor'®, coir pith 2
carbon'® and Penicillium YW 01'°. Hence, acidic conditions g 80
were more favorable for the application of biosorption @ & 20ppm
process of malachite green onto ACB biomass. 57 ¥ 40ppm
Influence of initial dye concentration: The effect of initial 20 4 & 60ppm
concentration on the removal of malachite green by ACB is & 80ppm
shown in Fig. 5. It is evident from the figure that the amount 65 o M 100ppm
of malachite green adsorbed per unit mass of ACB was
60 1 1 1 I 1

increased with an increase in initial dye concentration, although
percentage removal of malachite green was decreased with an
increase in concentration. The initial concentration provides
necessary driving force to overcome the resistances to the mass
transfer of malachite green between the aqueous phase and
the solid phase. The increase in initial concentration also
enhances the interaction between malachite green and ACB.
Therefore, an increase in initial dye concentration of malachite
green enhances the adsorption uptake of malachite green. The
rate of adsorption also increases with an increase in initial dye
concentration due to increase in the driving force®. Similar
trend was reported in literature for the removal of Brilliant
Green by adsorbents like saw dust*’, neem leaf powder* and
modified peat-resin particles™.

Influence of biosorbent dosage: Study of the effect of
biosorbent dosage gives an idea of the effectiveness of a
biosorbent and the ability of a dye to be adsorbed with a
minimum dosage, so as to identify the ability of a dye from an
economical point of view. Fig. 6 explains the influence of
biosorbent dosage on % color removal of malachite green.
Usually the percentage of dye removal increases with an
increase in biosorbent dosage, where the number of sorption

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Adsorbent dosage (g)

Fig. 6. Influence of dosage

sites at the adsorbent surface will increase by increasing the
dosage of the adsorbent® and as a result increase in the
percentage of dye removal from the solution.

Influence of temperature: Fig. 7 shows the effect of
temperature on the biosorption of malachite green onto ACB.
The decrease in dye biosorption capacity with increasing
temperature might be due to desorption of dye by ACB. Juang
et al.” and others™ had reported similar results. The decrease
in biosor-ption capacity with an increase in temperature,
suggests the exothermic characteristic of the biosorption. For
the adsorption, the process is usually a diffusion process with
exothermic property. A higher temperature can result in an
increase in the mobility of the dye ions but can decrease the
interaction of dye with active sites of biosorbent. On the other
hand, increasing temperature may produce a swelling effect
within the internal structure of the ACB enabling malachite
green to exit further from the pores.
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TABLE-2
CENTRAL COMPOSITE DESIGN PLAN MATRIX IN CODED VALUES AND RESPONSES

Dye removal (%)

S. No. X, X X X Observed Predicted
1 -1.00000 -1.00000 -1.00000 -1.00000 66.5311 71.04311
2 -1.00000 -1.00000 -1.00000 1.00000 59.4568 57.71012
3 -1.00000 -1.00000 1.00000 -1.00000 88.2523 87.91561
4 -1.00000 -1.00000 1.00000 1.00000 71.7056 73.13377
5 -1.00000 1.00000 -1.00000 -1.00000 77.6087 78.24909
6 -1.00000 1.00000 -1.00000 1.00000 60.4564 64.8114
7 -1.00000 1.00000 1.00000 -1.00000 90.2165 89.72688
8 -1.00000 1.00000 1.00000 1.00000 72.6432 74.84034
9 1.00000 -1.00000 -1.00000 -1.00000 59.5743 57.36094
10 1.00000 -1.00000 -1.00000 1.00000 41.7542 4474155
11 1.00000 -1.00000 1.00000 -1.00000 76.4036 74.54633
12 1.00000 -1.00000 1.00000 1.00000 61.1347 60.47809
13 1.00000 1.00000 -1.00000 -1.00000 64.4326 65.50217
14 1.00000 1.00000 -1.00000 1.00000 52.4576 5277808
15 1.00000 1.00000 1.00000 -1.00000 75.5624 77.29286
16 1.00000 1.00000 1.00000 1.00000 65.1342 63.11992
17 -2.00000 0.00000 0.00000 0.00000 85.0456 81.00649
18 2.00000 0.00000 0.00000 0.00000 54.0463 55.60389
19 0.00000 -2.00000 0.00000 0.00000 57.7904 57.97269
20 0.00000 2.00000 0.00000 0.00000 70.4843 67.82049
21 0.00000 0.00000 -2.00000 0.00000 61.2106 57.48898
22 0.00000 0.00000 2.00000 0.00000 83.4632 84.70331
23 0.00000 0.00000 0.00000 -2.00000 85.0546 8476761
24 0.00000 0.00000 0.00000 2.00000 59.4562 57.26168
25 0.00000 0.00000 0.00000 0.00000 78.5642 78.8914
26 0.00000 0.00000 0.00000 0.00000 79.2186 78.8914
100 TABLE-3
& 303K RESPONSE SURFACE REGRESSION OF PERCENTAGE
98 v 308K COLOR REMOVAL OF MALACHITE GREEN
# 313K Term Coefficient  Std. Error t-Value p-Level
9% K Constant -121.96 71.224 -1.71239  0.114833
B 393K X, 6.90 2.701 2.55614 0.026702
94 1 X, 28.71 8.968 3.20115 0.008437
~ X, 1150.17 448 404 2.56502 0.026282
& 929 X, 0.23 0.448 0.52147 0.612375
g - X2 0.1 0.032 -3.31497  0.002166
E 907 X2 -4.00 0.798 500862  0.000397
. X2 -4872.04 1995912  -2.44101  0.032764
E X2 0.00 0.002 246653  0.031314
S g X X, 0.05 0.167 0.28040 0.784377
X, * X, 0.78 8.339 0.09381 0.926947
o1 X X, 0.00 0.008 0.21394 0.834505
X,* X, -67.43 41.693 -1.61738  0.134088
o X,* X, 0.00 0.042 -0.03139 0975521
X* X, -0.91 2.085 043438  0.672412
80 T T T T
300 305 310 315 320 325 Ce 1 Ce
Temperature (K) Langmuir isotherm — = k—+ 7
e Lqm qm

Fig. 7. Influence of temperature

Biosorption isotherms: To optimize the design of an ad-
sorption system for the adsorption of adsorbates, it is impor-
tant to establish the most appropriate correlation for the equi-
librium curves” . Freundlich®, Langmuir® and Tempkin iso-
therm equations have been used to describe the equilibrium
nature of adsorption.

The linearized Freundlich and Langmuir isotherms are
represented by the following equations:

1
Freundlich isotherm Inq, =Inkp+—InC, (6)
n

where kris Freundlich constant (L/mg), 1/n is the heterogeneity
factor, Ky is the Langmuir adsorption constant (L/mg) related
to energy of adsorption and qn signifies adsorption capacity
(mg/g).
The linearized form of tempkin isotherm equation is

d. =AInK;+AInC, ()
where A = RT/b, Kris the equilibrium binding constant
(L/mol) corresponding to the maximum binding energy and
constant A is related to the heat of adsorption. The linearized
Langmuir, Freundlich and Temkin adsorption isotherms
obtained at room temperature are shown in Fig. 8. The calculated
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results of the Langmuir, Freundlich and Temkin isotherm
constants are given in Table-4. Analysis on 1 values from
Table-4 shows that Freundlich equation was found to be best
representing the equilibrium data for malachite green-ACB
system.

TABLE-4
ADSORPTION ISOTHERMS AND CORRESPONDING
PARAMETERS FOR MG BINDING BY ACB

Langmuir model Freundlich model Tempkin model
qm =40.98 n = 0.7041 b =305.68
k. =0.47 K:=12.19 Ky =5.6965
=09716 * =0.9991 * =0.9603

Biosorption kinetics: The dynamics of the adsorption
can be studied by the kinetics of adsorption in terms of the
order of the rate constant™. The adsorption rate is an important
factor for a better choice of material to be used as an adsorbent;
where the adsorbent should have a large adsorption capacity
and a fast adsorption rate. In order to investigat the biosorption
process of malachite green on ACB, pseudo first order and
pseudo second order kinetic models were used. The linear form
of pseudo first order equation®'is

In(ge—q) =1In(qo) - ki t ©)
where (. is the biosorption capacity in equilibrium (mg/g), q
is the amount of adsorbate adsorbed at time t (mg/g), k; is the
rate constant of pseudo first order model (min™) and t is the
time (min). Values of q. and k; were determined from the plot
of In (q. — q) against t (Fig. 9). These values (Table-5) indicate
that the adsorption rate was very fast at the beginning.

0 2 4 6 8 10 12 14

Time (min)
Fig. 9. Pseudo first order plot

The linear form of pseudo second order equation® is

t 1 1
—= +—t
4 kyqi e

The equilibrium adsorption capacity (q.) and the pseudo
second order contant k;; can be determined experimentally from
the slope and intercept plot of t/q versus t (Fig. 10). Since
calculated correlation coefficients are closer to unity for pseudo
second order kinetic model than the pseudo first order kinetic
model, the adsorption kinetics could well be approximated
more favorably by pseudo second order kinetic model for
malachite green dye. The reaction rate constant and correlation
coefficient values are given in Table-5.

Biosorption thermodynamics: To estimate the effect of
temperature on the biosorption of malachite green onto ACB,
the Gibbs free energy change (AG°®), enthalpy change (AH®)
and entropy change (AS°) were determined from the slope and
intercept of the van’t Hoff plot of In K versus 1/T (Fig. 11).
Table presents the thermodynamic parameters at various
temperatures. The negative AG® values indicate that the
biosorption process is feasible and the adsorption process is
spontaneous in nature. The value of AG®° was found to increase
in the temperature range of 303-323 K, indicating that the
biosorption process of malachite green on ACB becomes more
favorable at lower temperatures. AH® and AS® were calculated
as -95.94 KJ/mol and 294.3 J/mol, respectively. The negative
value of AH® implies the exothermic nature of the biosorption
process. In an exothermic process, the total energy absorbed

(10)

TABLE-5
PARAMETERS OF PSEUDO FIRST ORDER AND PSEUDO SECOND ORDER MODEL
Initial conc. (mg/L) 20 40 60 80 100
kl kII kl kl'l kl kII kl kII kl kl'l
Rate constant 0.222 1.235 0.2785 0.561 0.260 0.1766 0.224 0.083 0.266 0.045
q (calc) 0.464 5.96 1.0535 11.84 3.425 17.83 5.856 23.84 0.087 30.03
q (expt) 5.91 591 11.45 11.45 17.51 17.51 23.04 23.04 28.68 28.68
R? 0.982 0.999 0.9425 0.9999 0.977 0.999 0.928 0.999 0.813 0.999
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in bond breaking is less than the total energy released in bond
making between adsorbate and adsorbent, resulting in the
release of extra energy in the form of heat.

Conclusion

This work has proved that ACB can be employed as
effective biosorbent for removal of malachite green. The
improved biosorption capacity can reach to 70.7 mg/g with
maximum percentage of color removal 98.5 for initial mala-
chite green concentration of 20 mg/L, ACB dosage of 3.3 g/L,
biosorption temperature of 30 °C, the initial pH 3 and optimum
contact time 15 min using batch experimentation. Optimized

parameters like temperature, pH, dosage and initial dye
concentration using response surface methodology were found
to be 33.97 °C, 2.95, 0.098 g and 20.42 mg/L. Adsorption
equilibrium is consistent with Freundlich model and the
adsorption kinetics fits the pseudo second order equation,
indicating that the adsorption is interaction rather than diffusion-
controlled. Thermodynamic analysis of the adsorption suggests
that the process is exothermic and spontaneous as well as
predominant in chemisorption.
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