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ABSTRACT

In this study, the dead biomass of Neurospora crassa along with wheat bran was used as a dual adsor-
bent for the removal of congo red from aqueous solutions. Decolorization experiments were con-
ducted in batch mode by varying experimental factors such as initial pH, adsorbate concentration,
wheat bran dosage, and dead biomass dosage. The experiments were designed to attain the most
optimized system. The zero-point charge of the dual adsorbent was 9. The experimental equilibrium
data for the decolorization of congo red were evaluated by various isotherm models. Kinetic rate
constants were found using different kinetic models. The adsorption mechanisms were described
by pore diffusion and Boyd plots. The dye adsorption rate followed pseudo-second-order kinetic
model, and the equilibrium data were appropriately fitted to Langmuir adsorption isotherm. The
overall rate of adsorption is controlled by both film diffusion and pore diffusion of dye molecules.
Thermodynamic studies were performed to determine the change in Gibbs free energy (AG), change
in enthalpy (AH), and change in entropy (AS) of the adsorption process. The adsorption was found to
be endothermic in nature, and the process was spontaneous and favorable. Desorption studies were
conducted using various desorbing agents. The maximum percentage of dye was desorbed using the
solvent methanol.

Keywords: Congo red dye; Neurospora crassa dead biomass; Wheat bran; Equilibrium; Kinetics;
Isotherms

1. Introduction

The effluents discharged from several industries,such
as paper, textile, cosmetic, food, printing, pharmaceutical,
and plastics industries, contain highly colored synthetic
dyestuff. This dyestuff is released into the environment and
is a major cause of environmental pollution [1]. The major
contaminants in dye-house effluents are unfixed dyes on
fibers, auxiliary dyeing chemicals, salts, acids, bases, and
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chlorinated compounds [2]. It is known that 5-15% of
untreated dyes are discharged in dyeing processes [3].
Generally, color is visible in the effluents from textile-dye-
ing processes when the dye concentration is greater than
1 mg/L and at an average concentration of 300 mg/L [4].
Approximately 1 x 10° dyes are presently in commercial
use. The annual worldwide production of dyes is 7 x 10°
tons [3]. Among these, the synthetic dye congo red (CR) is a
popular water-soluble, acidic, anionic dye. It shows a high
affinity for cellulose fibers and is used in the textile process-
ing industry [1]. This dye is known to be metabolized to
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benzidine, which is a human carcinogen [5]. With increas-
ingly stringent discharge standards, it has become neces-
sary to develop technological systems for minimizing the
concentration of dyes in wastewater. The removal of such
colored substances from industrial wastewater has great
environmental and commercial importance.

Most dye effluents can be treated by several methods,
including coagulation, membrane filtration, adsorption,
advanced oxidation processes, biodegradation, and bio-
sorption [6,7]. Many of these methods, excluding adsorp-
tion, suffer from the drawbacks of capital as well as high
operational costs and the need to dispose sludge formed in
the process [6,8]. Adsorption is superior for water recycling
in terms of its simplicity and ease of operation [1,6]. Acti-
vated carbon is the preferred adsorbent in many industries
and is used to remove various dyes from effluents. How-
ever, its wide use is limited by its higher cost. To reduce the
cost of the treatment process, researchers have made good
use of many cheaper and effective adsorbents from natu-
ral sources [6]. These include agricultural waste materials,
such as wheat bran [9], lotus leaf [10], peat [11], neem leaf
powder [12], rice husk [13], wheat straw [14], etc., which
have been used for removing color from dye wastewater.
In biological treatments, live biomass is used to biodegrade
and biosorb dye molecules, whereas dead biomass is used
only to adsorb dye molecules. Various types of dead fungal
biomass can be used to decolorize dye wastewater, such as
Phanerochaete chrysosporium [15], Aspergillus niger [16], Rhi-
zopus arrhizus [17], Trametes versicolor [18], Funalia trogii [19],
and Neurospora crassa [20], among others. The removal of
color from dye wastewater using dual adsorbent remains a
relatively unexplored area. The literature survey indicates
that decolorization studies of organics in this area are lim-
ited. Biosorption of selected toxic organics with few types of
bacterial or fungal biomass and the use of agricultural waste
as a low-cost adsorbent of dye molecules have been investi-
gated. Therefore, the present study was performed to inves-
tigate the use of dead fungal biomass of Neurospora crassa
with wheat bran as a dual adsorbent for the decolorization
of CR dye from synthetic dye wastewater. Neurospora crassa
is a filamentous ascomycete nonpathogenic fungus. Wheat
bran is the outer cover of the wheat kernel and a by-product
of the wheat milling operation; furthermore, it is the most
readily available natural material in India.

2. Materials and methods

2.1. Preparation and characterization of wheat bran and dead
biomass biosorbent

Wheat bran was procured from a wheat grinding mill
and was washed with distilled water to remove impurities.
Then, it was dried in a hot-air oven at the temperature of
105°C for 24 h, ground, and screened to obtain particles <
100 pm in size. The filamentous fungus Neurospora crassa
(MTCC 1852) used in this study was obtained from the
Institute of Microbial Technology, Chandigarh, India, and
was stored at 4°C. In total, 100 mL of potato dextrose broth
media was inoculated with the live fungal culture under
sterile conditions in Erlenmeyer flasks. The fungi were per-
mitted to grow for a week in an incubator shaker rotated at

a speed of 120 rpm at 25°C. After sufficient growth, the live
fungal biomass was filtered and washed thoroughly with
distilled water. It was then oven-dried overnight on petri
plates at 60°C and powdered using a mortar and pestle.
The material was screened to obtain particles < 100 pm in
size. The dual adsorbent was characterized by particle size,
zero-point charge, Fourier Transform Infrared Spectros-
copy (FT-IR), Scanning Electron Microscopy (SEM), sur-
face area, and porosity. The pH point of zero-point charge
(pH,,) of the dual adsorbent was found by the solid addi-
tion technique [21].

2.2. Preparation of CR dye stock solution

Analytical grade CR dye was obtained from Sigma-Al-
drich, India. The required amount of dye powder was
dissolved in distilled water to prepare a 1000 mg L™ stock
solution. This stock solution was further diluted with dis-
tilled water to obtain the required concentration range.

2.3. Analytical measurements

A double-beam UV /visible spectrophotometer (Shi-
madzu UV-1800) operating at the wavelength (A__ ) of 498
nm was used to determine the unknown residual concen-
tration of the CR dye solution. The pH of the dye solution
was observed by a digital pH-meter (Systronics 335), and
the average particle size of the dual adsorbent was eval-
uated by a particle size analyzer (Cilas 1064, France). The
surface area and pore volume of the dual adsorbent were
determined using a Brunauer-Emmett-Teller (BET) sur-
face analyzer (Smart Instruments, India). FI-IR (Shimadzu
8400S, Japan) was used to determine the functional groups
in the dual adsorbent before and after adsorption. The sur-
face morphology of dual adsorbent before and after adsorp-
tion was analyzed by SEM(JEOL JSM 6380LA, Japan).

2.4. Adsorption experiments

The factors influencing the decolorization of dye waste-
water, such as the initial pH, adsorbate concentration, wheat
bran dosage, and dead biomass dosage, were optimized in
batch studies. Adsorption equilibrium experiments were
conducted using a fixed dual adsorbent dosage by chang-
ing the initial adsorbate concentration from 100 to 400 mg
L™ and stirring the solutions at 200 rpm for 24 h at 303 K.
The adsorption kinetics experiments were performed at
various adsorbate concentrations (50 mg L~ to 300 mg L)
with a fixed dual adsorbent dosage and at constant tem-
perature. A known amount of solution was withdrawn at
regular intervals. The amount of CR dye adsorbed onto a
unit mass of dual adsorbent at equilibrium and the percent-
age decolorization [10,22] were determined using Eqns. (1)
and (2), respectively.
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where C and C, are the initial and equilibrium adsorbate
concentrations in solution (mg L™), V is the dye solution
volume (L), and W is the weight of the dry dual adsor-
bent (g).

2.5. Factorial experimental design

Factorial experimental design was used to obtain the
overall best optimization and to minimize the number of
experimental trials. Influencing factors, such as pH (X)),
initial adsorbate concentration (X,), wheat bran dosage
(X,), and dead biomass dosage (X,) were kept as indepen-
dent variables while the percentage decolorization was
set as the response variable. The experiments were con-
ducted in 31 trials (16 cube point, 7 center point, and 8
axial point), based on a central composite design (CCD)
matrix using 2* full factorial design. The levels of inde-
pendent variables were coded as —a. (very low), -1 (low),
0 (central point), 1 (high), and a (very high). The perfor-
mance of the system was described by a second-order
polynomial equation [23,24]:

Y=B,+ ZBix[ + zBiixiz + zBij'xi 3)

X, =—_"0 4)

where Y is the predicted response variable of percentage
decolorization; B is the offset term; x, is the coded exper-
imental level of the variable X; X _is the center point value
of X; 83X denotes the step change; and B, B,, and Bij are the
regression coefficients for linear, squared, and interaction
effects, respectively. The Minitab 16 statistical software was
used to study and explain the results of the experimental
design to find the response variable.

2.6. Desorption studies and reusability of the
dual adsorbent

Desorption studies were performed by using various
desorbing agents, such as ethanol, methanol, iso-pro-
pyl alcohol, 1 M NaOH, acetone, water, 1 M CaCl,, 1 M
NH,OH, 1 M Na,CO,, 1 M NaHCO,, and 0.1 M NaOH
[25,26]. In a typical desorption experiment, the above
mentioned desorbing agents were added to the dual
adsorbent with adsorbed dye and agitated for a sufficient
duration in separate batches. The process was continued
till the dye was desorbed by the desorbing agent, follow-
ing which the centrifugation process was used to separate
the regenerated dual adsorbent and desorbed dye mole-
cules. The desorption for the second and third runs was
carried out with 100 mL of the above-mentioned variety
of reagents in separate batches. The dual adsorbent after
desorption was collected by centrifugation and was left
to dry at 60°C for 24 h. The percentage color removal by
the regenerated dual adsorbent was tested (2™ and 3™
run) under the optimized values of the process factors
and compared with the first use.

3. Results and discussion
3.1. Characterization of the dual adsorbent

The surface area and pore volume of the dual adsorbent
were obtained from adsorption of nitrogen at 77 K. The BET
surface area of the dual adsorbent was 2.4 m? g™'. The pore
volume was found to be 1.8 mm? g™, with the average parti-
cle size of 49.60 um. The physical characteristics of the dual
adsorbent were determined, and the results are reported in
Table 1. FTIR spectra of the dual adsorbent before and after
CR dye adsorption are shown in Fig. 1. The FTIR spectrum
of the dual adsorbent before adsorption shows a broad and
strong peak at 3531 cm™, representing the O-H stretch-
ing of bonded hydroxyl groups on the surface of the dual
adsorbent. The narrow and strong peak at 2927 cm™ was
attributed to the C-H bending vibrations of methyl (-CH.,)
and methylene groups. The peak observed at 2360 cm™ was
due to O=C=0 stretching. The bending vibrations of -OH
and stretching vibrations of C-O-C were observed in the
form of the peak at 1022 cm™. Similarly, the presence of C=0O
stretching vibrations of carbonyl groups of aldehyde and
ketones was observed from the peak at 1654 cm™. The C-H
bending vibrations of the CH, group were identified by the
peak at 1469 cm™. After adsorption, it was observed that
the peaks of the O-H stretching vibrations of the hydroxyl
groups, C-H bonds of methyl groups, and C=0 bonds of
carbonyl groups were shifted from 3531 cm™, 2927 cm™,
and 1654 cm™ to 3614 cm™, 2923 cm™, and 1632 cm™, respec-

Table 1
Physical properties of dual adsorbent

Parameters Values

Moisture content (%) 4.68

Volatile matter (%) 51.47

Ash content (%) 7.81

Fixed carbon (%) 36.04
—— Before adsorption
—— After adsorption

3614

% Transmission

1469 1654

1022
T T T
500 1000

3531

T T T T
1500 2000 4000

Wavenumber (cm’ 1)

Fig. 1. FTIR spectrum of dual adsorbent before and after congo
red dye adsorption.
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tively. Thus, the FTIR analysis demonstrated that more
hydroxyl, methyl, and carbonyl groups were present on
the surface of the dual adsorbent. These groups may act as
possible binding sites for electrostatic interactions with the
anionic dye molecules. SEM micrographs of the dual adsor-
bent before and after adsorption of CR dye were shown in
Fig. 2a and 2b respectively. The dual adsorbent had rough
fibrous morphology as seen in Fig. 2a. The presence of CR
dye molecules onto the surface of the dual adsorbent after
adsorption was evident from Fig. 2b.

3.2. Batch adsorption studies

Adsorption of the CR dye by the dual adsorbent is
affected by the pH of the dye solution and the zero-point
charge of the dual adsorbent. The plot of ApH vs. initial
pH is shown in Fig. 3. The zero-point charge is the ini-
tial pH when the curve crosses zero on the ApH scale. The
zero-point charge (pH, ) on the surface of the dual adsor-
bent has been found to occur at pH 9. The presence of H*
and OH~ ions in solution may change the potential surface
charges of the dual adsorbent. If the pH of the solution is
below the zero-point charge, the active sites on the sur-

Fig. 2. SEM micrograph of (a) dual adsorbent before CR dye ad-
sorption (b) dual adsorbent after CR dye adsorption.
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face of the dual adsorbent will be protonated by the pres-
ence of excess H* ions. If it is above its zero-point charge,
the active sites on the surface will be deprotonated by the
OH- ions present in the solution. Batch adsorption stud-
ies were conducted by fixing one factor at a time and by
varying the other factors simultaneously. It was difficult
to analyze the effect of the initial pH on dye decoloriza-
tion under a strongly acidic pH because of the formation
of protonated species, which may lead to a change in the
structure of the dye. The CR dye in aqueous solution was
black in color at acidic pH (< 5), due to the formation of a
quinonoid structure [27]. The red color remained stable in
the pH range of 6-12. Therefore, the influence of the initial
pH on color removal was analyzed between pH 6-12. The
decolorization of the CR dye was found to decrease from
93.80 to 53.24% with increasing pH (Fig. 4). This phenom-

2]
14
0
T
< 14
24
-34
-4
T T T T T T T T T T
2 4 6 8 10 12
Initial pH

Fig. 3. Zero point charge plot of dual adsorbent.

100

—e— % Color removal |

70+

% Color removal

Fig. 4. Effect of initial pH on removal of CR dye by dual adsorbent.
(Adsorbate concentration: 200 mg L™; wheat bran dosage: 12.5 g L™;
dead biomass dosage: 2 g L; agitation speed: 200 rpm; Tempera-
ture: 303 K; contact time 10 h).
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enon could be due to the increase in the repulsive forces
between the functional groups present on the surface of
the dual adsorbent and the CR dye molecules. The lower
percentage adsorption of CR observed at basic pH is also
due to competition between the excess hydroxyl ions and
the negatively charged dye ions for the adsorption active
sites [20]. In the pH range from 6 to 9, the dye molecules
exhibited greater affinity to the positively charged binding
sites of the dual adsorbent. The influence of the adsorbate
concentration was analyzed by changing the initial adsor-
bate concentration from 100 to 500 mg L. The increase
in dye concentration reduced the decolorization of the CR
dye from 98.80 to 84.31% (Fig. 5) because of the accumula-
tion of adsorbate in the vacant sites (lack of available active
sites) and the competition between more dye molecules
at the fixed binding sites of the dual adsorbent [28,29].
As the initial adsorbate concentration was increased, the
available binding sites on the surface of the dual adsorbent
were saturated, leading to the decrease of the percentage
decolorization. The effect of wheat bran dosage on color
removal was analyzed by varying the wheat bran dosage
per 100 mL of dye solution. The amount of dye adsorbed
on the dual adsorbent at equilibrium g, (mg g™')decreased
from 35.78 to 13.35 mg g, but the decolorization effi-
ciency increased from 83.49 to 97.88% with the increase in
wheat bran dosage from 0.5 to 2.0 g (Fig. 6). Similarly, the
effect of dead biomass dosage was analyzed by varying
the dosage from 0.05 to 0.5 g. The increase in dead bio-
mass dosage increased the color removal percentage from
76.45 to 95.42% (Fig. 7). This is because, the increase in the
adsorbent dosage resulted in the increase in the amount of
active surface sites available for the adsorption of CR dye.
However, when the adsorption capacity is expressed in mg
dye adsorbed per gram of the adsorbent (g,), the capacity
decreased from 21.84 to 19.08 mg g™ with the increase in

100

[ —+— % Color removal |

98—-
96—-
o4
92—-

90

% Color removal

88
86 -

84

1(|)0 I 2CI)O I 3(|)0 I 4(|)0 I 500
Initial adsorbate concentration (mg L'l)

Fig. 5. Effect of initial adsorbate concentration on removal of CR
dye by dual adsorbent.

(pH: 6; wheat bran dosage: 12.5 g L*; dead biomass dosage: 2 g L';
agitation speed: 200 rpm; Temperature: 303 K; contact time: 10 h).
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the dead biomass dosage(Fig. 7).This is due to the split in
the flux or concentration gradient between the adsorbate
concentration in the solution and that at the surface of the
dual adsorbent. Thus the competition for the availability
of active sites for the adsorption of dye decreases with the
increase in the adsorbent dosage. In other words, at higher
adsorbent (wheat bran/dead biomass)-to-solute concen-
tration ratios, adsorption onto the dual adsorbent surface
is very rapid, thus producing a lower solute concentration
in the solution, compared to that obtained for a lower dual
adsorbent-to-solute concentration ratio [29]. Hence, the
amount of CR dye adsorbed onto a unit weight of dual
adsorbent (g,) gets decreased with increase in adsorbent
dosage.

38
100+ e —4a— 9% Color removal | 36
- -o- - Amount of dye adso

. \ unt of dye rbed, qe L a4 ::D
L o)
9% 2 g
30 =g
— %] =
S 28 —g
% 92 L2 ©
T 4
= Loga
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=]
X 884 20 g’
86 18 E
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844 - 14

82 T T T T T T T 12
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‘Wheat bran dosage (g)

Fig. 6. Effect of wheat bran dosage on removal of CR dye by dual
adsorbent.

(pH: 6; adsorbate concentration: 300 mg L'; dead biomass dosage:

2 g L; agitation speed: 200 rpm; Temperature: 303 K; contact time
24 h).

100 23
—a— % Color removal
% - -- - Amount of dye adsorbed, q,
A L oo Tx
=
92+ \OE?
i Lo1 o
>
-
5 2
8 84+ 20 =
X k)
] E
80 L 19 50
76 4
T T T T T T T T T T 18
0.0 0.1 0.2 0.3 04 0.5

Dead biomass dosage (g)

Fig. 7. Effect of dead biomass dosage on removal of CR dye by
dual adsorbent.

(pH: 6; adsorbate concentration: 300 mg L™'; wheat bran dosage: 10 g
L; agitation speed: 200 rpm; Temperature: 303 K; contact time 24 h).
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3.3. Factorial experimental design and parameter optimization

Various groups of independent variables were used to
study the mutual effect of various parameters using statis-
tically designed experiments. The experimental ranges and
levels of various independent variables in CR removal are
given in Table 2. The comparison of predicted response val-
ues with experimental results is reported in Table 3.

The analysis of variance (ANOVA) and regression coef-
ficient (R?) for percentage color removal of CR dye are given
in Table 4. The probability level, P, was used to verify the
significance of each of the interactions among the factors
and T-tests were applied to evaluate the importance of the
regression coefficient. Larger values of T and lower values
of P (P < 0.05) for linear, square, and interaction effects are
more significant in the chosen model at the correspond-
ing coefficient terms. The coefficient for the linear effect of
X, (P = 0.000) was the first important factor. X, (P = 0.001)
was the second important factor, and the coefficient for the
linear effect of X, and X, did not signify the effect on color
removal. The coefficients of the quadratic effect of X,, X,,
and X, were (P = 0.000) the first important factor, while X|
was the second important factor (P = 0.006). The coefficients
of the interaction effects of X, X and X, X, were the first and
second important factors (P = 0.000, 0.002). However, the
coefficients of the other interactive effects (X, X,, X, X, X
X,, X, X,) among the factors did not appear to be signifi-
cant. The larger value of F___ . indicates that most of the
variation in the response can be explained by the regression
model equation. The regression model equation (Eq. (5)) for
percentage CR dye removal is

% CR removal = 96.69 — 0.1333 X, - 0.1783 X+ 2.0233 X,
+0.4892 X, - 0.3329 X 2~ 0.6279 X2~ 1.3692 X 2

~1.0654 X2+ 0.2337 X, X, - 0.2225 X, X, - 0.1200 XX,
+0.5375 X, X,+ 0.7175 X,X, - 0.1787 XX,

)

The regression coefficient, R? for the experimental data
was 0.9755, which indicates that 97.55% of the variations in
response could be described by this model. The adjusted R?
is a tool to measure the goodness of fit, but it is more suit-
able for comparing models with different numbers of inde-
pendent variables. It corrects the R* value for the number of
terms in the model and the sample size by using the degrees
of freedom in its computations. The ANOVA table shows
the residual error, which measures the elements of variation
in the response that cannot be explained by the model, and

Table 2
Experimental range, levels of independent variables for CR dye
removal by dual adsorbent

Independent variables Range and level

-0 -1 0 1 o
Initial pH (X)) 58 59 60 61 62
Initial adsorbate 200 250 300 350 400

concentration, mg L™ (X))
Wheat bran dosage, g (X,) 05 075 10 125 150
Dead cells dosage, g (X,) 01 02 03 04 05

their occurrence in a normal distribution. Fig. 8a shows the
observed residuals are plotted against the expected values,
given by normal distribution. The residuals in the plot fol-
low a straight line and are normally distributed. It can be
observed that the residuals from the analysis do not have
any effect on the result and are the best residuals. The plot
of residual vs. fitted values is shown in Fig. 8b. The resid-
uals in this plot appear to be randomly scattered above
and below the zero line. The greater spread of residuals in
this plot signifies the increase in the fitted values. Fig. 8c
shows the histogram of the residuals. A long tail in the plot
indicates the skewed distribution. The one or two bars that
are far from the others may be outliers. The non-uniform
bars in the plot represent the more fitted values. Fig. 8d
illustrates the residuals in the order of the corresponding
observations. It was observed that the standardized resid-

Table 3
The 4 factor full factorial central composite design matrix for CR
dye removal by dual adsorbent

Run X, X, X, X, CR dye removal
no. (mgLlY (2) (g efficiency (%)
Experiment  Predicted

1 o 0 0 0 95.30 95.09
2 0 0 0 o 94.26 93.40
3 0 0 0 0 96.69 96.69
4 -0 0 0 0 95.49 95.62
5 0 0 o 0 95.84 95.26
6 -1 -1 -1 - 9294 92.06
7 0 0 0 0 96.67 96.69
8 1 9591 96.46
9 1 1 -1 - 89.56 89.61
10 1 -1 -1 1 91.85 91.67
11 -1 1 1 - 94.80 94.65
12 -1 -1 1 - 95.53 95.83
13 -1 1 1 1 96.28 96.94
14 1 - 1 - 94.90 94.89
15 0 0 0 -o 90.67 9145
16 0 0 -0 0 86.66 87.16
17 1 - -1 - 92.28 92.01
18 1 -1 1 1 93.25 93.84
19 1 1 -1 1 92.05 92.14
20 -1 -1 1 1 95.64 95.26
21 -1 -1 -1 1 9145 92.20
22 1 1 1 - 95.00 94.64
23 0 0 0 0 96.66 96.69
24 0 0 0 0 96.70 96.69
25 0 0 0 0 96.74 96.69
26 0 0 0 0 96.65 96.69
27 -1 1 -1 1 92.06 91.73
28 0 o 0 0 93.96 93.82
29 -1 1 -1 - 88.92 88.72
30 0 -o 0 0 97.35 9717
31 0 0 0 0 96.72 96.69
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Table 4

Analysis of variance (ANOVA) for percentage of CR dye removal using dual adsorbent in 2* full factorial central composite design

P. Vairavel et al. / Desalination and Water Treatment 68 (2017) 274-292

Term Coefficient  SE of tatistics DF Seq SS Adj SS Adj MS F s Probability
coefficient
Constant 96.6900 0.2134 453.143
Regression 14 203.176 203.176 14.5126 45.54 0.000
X, 0.1333 0.1152 1.157 1 0427 0427 0.4267 1.34 0.264
X, (mg LY 0.1783 0.1152 1.548 1 0.763 0.763 0.7633 2.39  0.141
X, (g) 2.0233 0.1152 17.558 1 98.253 98.253 98.2531 308.29  0.000
X, (g) 0.4892 0.1152 4.245 1 5.743 5.743 5.7428 18.02  0.001
X *X, 0.3329 0.1056 3.153 1 0.122 3.169 3.1694 994  0.006
X, (mg L) *X, 0.6279 0.1056 5.948 1 4.528 11.275 11.2747 35.38  0.000
(mgL )
X, (g)* X, (g) 1.3692 0.1056 12.969 1 45.614 53.606 53.6061 168.20  0.000
X, (9 *X,(g) 1.0654 0.1056 10.092 1 32.459 32.459 32.4594 101.85  0.000
X, * X, (mgL™) 0.2337 0.1411 1.656 1 0.874 0.874 0.8742 274 0117
X, *X, (g 0.2225 0.1411 1.577 1 0.792 0.792 0.7921 249 0.134
X *X,(g) 0.1200 0.1411 0.850 1 0.230 0.230 0.2304 0.72 0408
X, (mg LY)* X, (g) 0.5375 0.1411 3.808 1 4.622 4.622 4.6225 14.50 0.002
X, (mgL")*X, (g 0.7175 0.1411 5.084 1 8.237 8.237 8.2369 25.84  0.000
X, (g)*X,(g) 0.1787 0.1411 1.267 1 0.511 0.511 0.5112 1.60 0.223
Residual error 16 5.099 5.099 0.3187
Lack-of-fit 10 5.093 5.093 0.5093 47746  0.000
Pure error 6 0.006 0.006 0.0011
Total 30 208.276

Regression coefficient R* = 0.9755, R*(Pred) = 0.8591, R? (adj) = 0.9541
Where SE, standard error of coefficient; DF, degree of freedom; Seq SS, sequential sum of squares; Adj SS, adjusted sum of squares; Adj MS,

adjusted mean squares.
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fitted values, (c) Frequency of observation versus residuals and (d) Residuals versus the order of the data.
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uals fluctuate irregularly around the zero line in the order
of observation, and this was used to determine the non-ran-
dom error [24]

The contour plot between the adsorbate concen-
tration and dead biomass dosage, for percentage color
removal, was found to be elliptical, as shown in Fig. 9a.
The coordinates of the central point in this plot indicate
the optimal value of the respective constituents. The
maximum predicted percentage color removal is shown
by the minimum curvature of the contour plot, which
shows that the highest percentage of color removal from
the aqueous solution occurs when the dye concentration
ranges between 250 and 350 mg L' and the dead biomass
dosage ranges between 0.25 and 0.4 g. Fig. 9b shows that
the maximum percentage color removal occurs when the
wheat bran dosage ranges between 1.06 and 1.4 g and
pH ranges between 5.8 and 6.15, and the effect is not
very significant.

Fig. 10a shows the surface plot of the response variable
as a function of pH and wheat bran dosage. It shows that a
pH range of 5.8-6.2 does not have significant effect, while a
wheat bran dosage between 0.5-1.5 g has a significant effect
on the maximum decolorization of the CR dye using the
dual adsorbent. Similarly, the surface plot (Fig. 10b) of the
dead biomass dosage in the range of 0.1-0.5 g vs. the ini-

%

removal

88 —
90 —

'S
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&R L8ER

Adsorbate concentration (mg/L)

/]

0.1 0.2 0.3 0.4 0.5
Dead biomass dosage (g)

tial adsorbate concentration in the range of 200-400 mgL~"
shows a significant effect on color removal from aqueous
solution. The optimal response values obtained from these
plots are more similar to the values obtained from the
regression model equation. The optimal values of the inde-
pendent process variables for maximal percentage of color
removal are given in Table 5.

3.4. Adsorption isotherm

It is important to find the best fit to the adsorption iso-
therm to evaluate the efficacy of the prepared dual adsor-
bent and thus to develop suitable industrial adsorption
system designs. The experimental adsorption data were
fit by the Freundlich, Langmuir, and Temkin isotherm
models. The adsorption on a heterogeneous solid surface
and the possibility of multilayer adsorption are expressed
by the Freundlich isotherm. It is assumed that the adsor-
bent-adsorbate interaction decreases with the decrease in
available binding sites, as described by the following lin-
ear equation [30]

1
logg, =logK, +—logC, (6)
n
1.50
%
removal
< 86
Mo - 88
8- %
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Fig. 9. Contour plots for interactive effect of (a) adsorbate concentration and dead biomass dosage (b) pH and wheat bran dosage on

removal of congo red dye.
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Fig. 10. Surface plots for interactive effect of (a) pH and wheat bran dosage (b) adsorbate concentration and dead biomass dosage on
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Table 5
Optimal values of the process parameters for maximum
percentage colour removal

Process parameters Optimum  CR dye colour
value removal (%)

Initial pH (X,) 6 97.35

Initial adsorbate conc. 200

C, mg L (X,)

Wheat bran dosage, g (X,) 1

Dead biomass dosage, g (X,) 0.3

where K, and 1/n are the Freundlich constant (L g™') and
heterogeneity factor, respectively, which indicate the capac-
ity and intensity of adsorption. The plot of log g, vs. log C,
yields a straight line, of which the slope 1/# and intercept
K, are estimated (Fig. 11). The Langmuir isotherm assumes
that the adsorbed layer is unimolecular. According to this
isotherm, an active binding site becomes inactive once a dye
molecule is adsorbed onto it. For solid-liquid systems, the
linearized Langmuir equation is written as [31]

11,1 .
qé’ qmax qmaxKLCe

where K, is the Langmuir constant (L mg™) and g, is the
maximum saturation capacity corresponding to the mono-
layer coverage on the surface (mg g™). The linear plot of 1/
g, vs. 1/C, permits the determination of the maximum sat-
uration capacity and Langmuir constant from the intercept
and slope of the plot (Fig. 12). A further study of this equa-
tion was made by introducing a dimensionless constant
called the separation factor, R, also known as the equilib-
rium parameter and stated by [32].

1

144

e Freundlich isotherm model |
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Fig. 11. Freundlich isotherm plot for adsorption of CR dye onto
dual adsorbent.

(pH: 6; adsorbate concentration: 100-400 mg L™'; wheat bran dos-
age: 10 g L™'; dead biomass dosage: 3 g L; agitation speed: 200
rpm; Temperature: 303 K; contact time: 24 h).

1

R =—"— 8
Y 1+K,C, ®

R,>1,R, =1,0<R, <1and R, =0 indicate unfavorable, lin-
ear, favorable, and irreversible types of isotherms, respec-
tively. The Temkin isotherm is based on the assumption that
the heat of adsorption decreases linearly as adsorbate-ad-
sorbate interactions increase. It is given by the following
linear equation [33]

q, :ganT+¥lnCE )

T T

where K, (L mg™) is the Temkin isotherm constant, RT/
b, indicates the heat of adsorption, and T and R are the
absolute temperature (K) and the universal gas constant (J
mole™ K7), respectively. The plot of q,vs. In C, is used to
determine the isotherm constants b, and K, from the slope
and intercept (Fig. 13).

3.5. Inference from adsorption isotherm models

The adsorption isotherms results are shown in Table 6.
A higher value of the regression coefficient (R* = 0.992) was
found in the Langmuir model, compared to the Freundlich
(R*=0.944) and Temkin isotherm (R* = 0.969) models. Hence
the equilibrium adsorption data followed Langmuir iso-
therm model. According to the assumptions of the Langmuir
isotherm, the adsorption of CR dye onto the dual adsorbent
was homogeneous in nature with the formation of mono-
layer at active sites[22,34]. The maximum monolayer capac-
ity of the dual adsorbent (g, ) was determined to be 46.3
mg g'. This proves that 1 g of the prepared dual adsorbent
could adsorb 46.3 mg of CR dye. Similarly, the maximum
monolayer adsorption capacities of various adsorbents for

0144  Tangmuir isotherm model ]

0.12 1
0.10 1

0.08

1/q, (gmg")

0.06 4 °
0.04 4

0.02 4

0.00 — 1 T T T T T T T T T T T T

1/C (Lmg')

Fig. 12. Langmuir isotherm plot for adsorption of CR dye onto
dual adsorbent.

(pH: 6; adsorbate concentration: 100-400 mg L'; wheat bran dos-
age: 10 g L''; dead biomass dosage: 3 g L; agitation speed: 200
rpm; Temperature: 303 K; contact time: 24 h).



P. Vairavel et al. / Desalination and Water Treatment 68 (2017) 274-292

the removal of CR dye was reported in Table 7. It can be
inferred from the table that the prepared dual adsorbent had
superior adsorption property for the removal of CR dye on
comparison with the reported adsorbents.

3.6. Thermodynamic parameters

The thermodynamic parameters for the adsorption
of CR dye were determined using the following equation
[9,22]

AG=RTIn(K,) (10)
11’1 Ku - Asads AHads (11)
R RT

The thermodynamic parameters, such as the change
in Gibbs free energy (AG), change in enthalpy (AH), and
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dual adsorbent was determined using the Arrhenius equa-
tion. The linear form of the Arrhenius equation is expressed
as [47]

an:InA—( E, ] (12)
RT

where A is the Arrhenius frequency factor, T is the adsorp-
tion temperature (K), and K is the pseudo-second-order rate
constant (K)) obtained for each reaction performed at 303
K to 328 K, using 300 mg L™ dye solutions. The thermody-
namic parameters were calculated by plotting In K vs. 1/T

Table 7

Comparison of maximum CR dye adsorption capacity of
various adsorbents determined by Langmuir adsorption
isotherm model

change in entropy (AS) of the process, were determined Adsorbent Maximum Reference
from the adsorption equilibrium constant K (=g, K))[9]. adsorption
The activation energy (E ) for the adsorption of CR onto the capacity g, (mg g™)
Zeolite 3.77 [35]
Waste red mud 4.05 [36]
Kaolin 5.44 [35]
30_[ e Temkin isothermmodel | Activated carbon from 6.70 [37]
coir pith
Acid activated red mud 7.08 [38]
25 Bagasse fly ash 11.88 [39]
Montmorillonite 12.70 [40]
‘o 20 Orange Peel 14.00 [41]
§ Rice bran 14.63 [42]
@ . Aspergillus niger 14.72 [16]
Banana peel 18.20 [41]
Orange Peel 2244 [43]
10+ Anilinepropylsilica 22.62 [44]
xerogel
5 - Wheat bran 22.73 [42]
05 1.0 15 20 25 3.0 35 Apricot stone activated 32.85 [45]
In C, (mg L' carbon
Jute stick powder 35.70 [46]
Fig. 13. Temkin isotherm plot for adsorption of CR dye onto dual Sodium bentonite 35.84 [35]
adsorbent. . Neem Leaf powder 41.24 [12]
(pH: 6; adsorbate concentration: 100-400 mg L™'; wheat bran dos-
age: 10 g L*; dead biomass dosage: 3 g L™'; agitation speed: 200 N curospora crassa dead 46.29 Present
rpm; Temperature: 303 K; contact time: 24 h). biomass with wheat bran work
Table 6
Adsorption isotherms constants for CR dye adsorption onto dual adsorbent
Isotherm Freundlich Langmuir Temkin
n K.(Lg™" R? q,(mgg?’) K (Lmg') R* K, (Lmg") B, R?
Model 1.931 5.564 0.944 46.296 0.08175 0.992 1.239 322.22 0.969
parameters
Model q,=5.5637 C ! 3.7851C, q,=7.8181n(1.239 C)
Equation e = m
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(Fig. 14), and the values are reported in Table 8. The effect
of temperature on CR dye uptake by the dual adsorbent
is shown in Fig. 15, which shows that the amount of dye
adsorbed, 4, (mg g™) increases with the increase in tempera-
ture. The maximum adsorption capacity, q,, of the 300 mg
L CR dye solution increased from 46.29 mg g™ at 303 K
to 109.890 mg g at 328 K, at equilibrium times of 8 h and
5 h, respectively. This is because the pore sizes of the dual
adsorbent particles were enlarged at raised temperatures
[9]. The pore volume was observed to increase from 1.8
mm?® g™ at room temperature to 3.3 mm?’ g™ at 328 K. Table
8 shows that the values of AG decreased with the increase
in temperature, indicating that the adsorption was a spon-
taneous process. The positive value of AH indicates that the
adsorption of CR onto the dual adsorbent was an endother-
mic process. The positive value of AS suggests increased
randomness of dye molecules on the dual adsorbent surface
than in the dye solution. The activation energy of adsorp-
tion, determined from the slope of the linear plot of In K
vs. 1/T, was found to be 42.78 k] mole™ with an adsorbate
concentration of 300 mg L. This value of activation energy
indicates a chemisorptive process. The activation energy for
chemisorption was between 40-800 k] mole™, confirming
the stronger bonding forces acting between CR dye mole-
cules and active sites on the dual adsorbent at higher tem-
perature [47,10].

8.2

T T T T T T T T T T T
0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
1K

Fig. 14. Van't Hoff plot for adsorption of CR dye onto dual ad-
sorbent.

(pH: 6; adsorbate concentration: 100-400 mg L™'; wheat bran dos-
age: 10 g L™'; dead biomass dosage:3 g L™'; agitation speed: 200 rpm;
contact time: 24 h).
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3.7. Kinetic studies of adsorption

Kinetic studies for the adsorption of CR dye onto the
dual adsorbent was carried out for different initial adsor-
bate concentrations ranging from 50 to 300 mg L. It was
observed that the dye uptake rate was fast in the begin-
ning stages of the adsorption process. However, the dye
removal rate later decreased gradually with time. The CR
dye attained its equilibrium adsorption capacity at approx-
imately 2 h for 50 mg L™, 3 h for 100 mg L™, 4 h for 150 mg
L7, 6 h for 200 mg L™, 7 h for 250 mg L and 8 h for 300
mg L.

Kinetic models were used to find the rate constants of
the adsorption process. Kinetic data were fitted with Lager-
gren pseudo-first-order [48] and Ho’s second-order [49]
kinetic models. The mathematical representations of pseu-
do-first-order and pseudo-second-order model equations
are given in Eqns. (13) and (14), respectively,
In(g, —g,)=Ing, - Kt (13)
where g, and g,are the solid-phase adsorbate concentrations
(mg g™') at equilibrium and at any time ¢ (min), and K is the
rate constant of pseudo-first-order adsorption (min'). The
values of g, and K can be obtained from the intercept and
slope of the plot of In (g, — q,) vs. t. The linear form of pseu-
do-second-order kinetic equation is expressed as

Amount of dye adsorbed, g, (mg g ')

5 LA [ S | — 1 T 1T — 1 '
0 5 10 15 20 25 30 35

C,(mgL")

Fig. 15. Effect of temperature on adsorption of CR dye onto dual
adsorbent.

(pH: 6; adsorbate concentration: 100400 mg L™'; wheat bran dos-
age: 10 g L™'; dead biomass dosage: 3 g L; agitation speed: 200
rpm; contact time: 24 h).

Table 8

Thermodynamic parameters for the adsorption of CR dye onto dual adsorbent
Initial adsorbate ~ AG (k] mole™) AH AS
conc.(mglL®) 303K 308K 313K 318K 323K 328K (K mole”) (K mole™ K7)
300 —20.755 -21.376 -21.999 -22.639 -23.152 —23.554 13.88 0.1144
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t 1 t
+_

9. K4 g

(14)

The pseudo-second-order kinetic rate constant was
determined from the linear plot of /g, vs. t. The initial rate
of adsorption h (mg g min™) is described by [10]

h=Kyq, (15)

where K, is the equilibrium rate constant of pseudo-sec-
ond-order adsorption (g mg”' min™).

3.8. Inference from adsorption kinetic models

The plots for pseudo-first-order and pseudo-second-
order models were shown in Figs. 16 and 17 respectively.
Kinetic model parameters determined from these plots were
given in Table 9. The higher R*values (close to 1) of pseu-
do-second-order model and the close agreement between
its predicted g, and experimental ¢q, . values indicates
that the adsorption kinetic data followed pseudo-second-or-
der model. Since the kinetic studies were well explained
by pseudo second-order model, it can be assumed that the
sorption of CR dye onto dual adsorbent was a chemisorption
process. The adsorption experiments were carried out at pH
6. The zero point charge of the dual adsorbent was found to
be at pH 9. Therefore at pH 6, the surface of the dual adsor-
bent will be positively charged which facilitates the binding
of negatively charged anionic dye. Hence the adsorption of
CR dye onto dual adsorbent was chemisorption involving
strong valence forces through sharing or the ion exchange
of electrons between the adsorbent and adsorbate molecules
as covalent forces [22, 25]. The chemisorption mechanism
which is involved in the studied adsorption process was fur-

1
1
1
1
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A 150mgL
v 200mgL’

In (qe-q) (mg g")
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0 50 100 150 200 250 300 350 400 450
Time (min)

Fig. 16. Lagergren pseudo-first-order kinetic plotfor adsorption
of CR dye onto dual adsorbent.

(pH: 6; adsorbate concentration: 50-300 mg L™'; wheat bran dosage:
10 g L; dead biomass dosage: 3 g L™'; agitation speed: 200 rpm;
Temperature: 303 K; contact time: 24 h).

ther confirmed by the activation energy as discussed in sec-
tion 3.6. The rate constant, K, decreased from 0.151 to 0.02 g
mg~'min™ as the dye concentration was increased from 50 to
300 mg L. This is because of the decreased competition for
the binding sites at lower concentrations and increased com-
petition at the surface sites of the dual adsorbent at higher
concentrations [29].

3.9. Adsorption mechanism

While designing a solid-liquid adsorption system, the
dye molecule transfer and rate of adsorption are explained
by either an external boundary film, pore diffusion, or both.
These phenomena can be explained by the following steps.
[22,50]

a) Transfer of dye molecules from bulk dye solution
through the liquid film to the outer layer of the
adsorbent.

b) Internal diffusion, the transport of dye molecules
from the particle surface into inner sites on the pores
of the adsorbent.

¢) Adsorption of dye molecules from the binding sites
into the inner surface of the pores and capillary
spaces of the adsorbent.

The diffusion mechanism of adsorption is explained
by the intra-particle diffusion (pore diffusion) model. This
model is represented by the equation [50]

4= Kt*+C (16)

where K:is the pore diffusion rate constant (mg g™ min/?)
and C is the constant. The thickness of the boundary film

" SomgL’!
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Fig. 17. Ho’s pseudo-second-order kinetic plot for adsorption of
CR dye onto dual adsorbent.

(pH: 6; adsorbate concentration: 50-300 mg L™'; wheat bran dos-
age: 10 g L'; dead biomass dosage: 3 g L; agitation speed: 200
rpm; Temperature: 303 K; contact time: 24 h).
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Table 9
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Kinetic parameters for the adsorption of CR dye onto dual adsorbent

Initial Denpt Pseudo-first-order Pseudo-second-order model Intra-particle diffusion model
adsorbate (mg g™ model

conc. (mg L) o K, R2 Do h K, R? K, C R?

(mgg") (min”) (mg g™ (mg g’ min™) (gmg’ min™) (mg g™ min /2

50 3.68 0.333  0.0120 0979 3.697 2.064 0.151 0999 0.0295 3.293 0982
100 749 0413  0.0108 0964 7480 3482 0.062 0999 0.0334 6988  0.967
150 1125 0765  0.0156 0983 11.295  4.531 0.035 0999 0.0537 10477 0942
200 15.02 1128  0.0067 0942 15053  5.739 0.025 0.999 0.0618 13.784 0954
250 1877 1856  0.0085 0951 18.800  6.385 0.018 0999 0.0927 16925 0.966
300 21.84  1.843  0.0105 0907 21.891 9.584 0.020 0999 0.0742 20.281 0.883

is given by the value of C. The values of K and C are deter-
mined from the slope and intercept, respectively, of the lin-
ear plot of g, vs. /2. The Boyd kinetic expression is used to
predict the slowest step, which is the rate-limiting step in the
adsorption. It is described by the following equation [22,29]

R, =-0.4977 —In(1- F) (17)

Fo
qe

(18)

where ¢, is the amount of CR adsorbed at time t (mg g™'), F
is the ratio of solute adsorbed at any time ¢, and B,is a math-
ematical function of F.

The intra-particle diffusion plot for the adsorption of
CR onto the dual adsorbent is shown in Fig. 18. From the
intra-particle diffusion plot 18, the first linear portion fol-
lows the external mass transfer diffusion of the adsorbate
and the second linear portion follows pore diffusion effects.
Extrapolation of the second linear portion back to the y axis
gives the value of C. A larger external film diffusion effect
is indicated by a large intercept value. A smaller intercept
value denotes that the adsorption process is mostly gov-
erned by pore diffusion, with a slight effect of boundary
layer diffusion. According to the data in Table 9, the coeffi-
cients of regression, R? of the pore diffusion model for dif-
ferent adsorbate concentrations were lower than those for
the pseudo-second-order kinetic model. These proved that
the experimental data were well-fitted with the pseudo-sec-
ond-order kinetic model. Therefore, the overall rate of the
adsorption is mostly governed by external film diffusion,
followed by a minor effect of pore diffusion of dye anions to
the inner surface. The Boyd kinetic expression was used to
further analyze the adsorption kinetic data. The Boyd plot
(Fig. 19) was found to be a straight line that did not pass
through the origin. This suggests that external film diffu-
sion mainly controls the rate of the reaction.

3.10. Comparison of adsorption efficiency of individual
adsorbents and dual adsorbent

The batch experiments for the removal of CR dye were
carried out with individual adsorbents in separate batches
for comparison purpose. The initial CR dye concentration

16 -
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% 2] vy o SomgL’

g 10_7’7""—'_'__'—_'—' 1

S . —a—100mgL
S‘i“A b A A A A A—A v 150mgL'1
6] - e—200mg L
4le-eoeoo—o—o oo —<—250mgL'1
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Fig. 18. Intra-particle diffusion plot for adsorption of CR dye
onto dual adsorbent.

(pH: 6; adsorbate concentration: 50-300 mg L™'; wheat bran dosage:
10 g L; dead biomass dosage: 3 g L™'; agitation speed: 200 rpm;
Temperature: 303 K; contact time: 24 h).

was fixed as 300 mg L and was treated with 13 g L™ of
wheat bran and Neurospora crassa dead biomass in separate
batches. The percentage color removal was calculated for
regular time intervals and compared with the adsorption
efficiency of the dual adsorbent (10 g L™ of wheat bran and
3 g L™ of Neurospora crassa dead biomass). The results were
illustrated in Fig. 20. It was observed that the dual adsor-
bent had better adsorption efficiency when compared to the
individual adsorbents.

3.11. Desorption studies and reusability of dual adsorbent

To economize the adsorption process, desorption exper-
iments were performed for the recovery of the dual adsor-
bent. The amount of CR dye desorbed decreased with an
increasing number of runs. It was found that up to a maxi-
mum of 56.3% of the dye could be desorbed using the sol-
vent methanol in the 3" run, compared with other desorbing
agents that are useful for industrial purposes. The regener-



P. Vairavel et al. / Desalination and Water Treatment 68 (2017) 274-292

6
v
5
AV
o
___;%,.-—
- o S0mgL’!
o mg
o 100mgL!
v 150mgL’!
o 200mgL’!
1 + 250mgL’!
% 300mgL’!
0 —T | S A

L L L S
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 19. Boyd plot for adsorption of CR dye onto dual adsorbent.
(pH: 6; adsorbate concentration: 50-300 mg L™'; wheat bran dosage:
10 g L; dead biomass dosage: 3 g L™'; agitation speed: 200 rpm;
Temperature: 303 K; contact time: 24 h).
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Fig. 20. Comparison of adsorption efficiency of individual ad-
sorbents and dual adsorbent.

(pH 6; adsorbate concentration: 300 mg L™'; dual adsorbent dosage:
13 g L' (wheat bran 10 g and dead biomass dosage 3 g ); adsorbent
wheat bran dosage: 13 g L™'; adsorbent dead biomass dosage 13 g L'1;
agitation speed: 200 rpm; Temperature: 303 K; contact time: 10 h).

ated dual adsorbent was added to the optimized adsorbate
solution of concentration 300 mg L. The regenerated dual
adsorbent was tested in the 2™ and 3™ runs. In comparison
to the 1% run, 81.3% adsorption was maintained after 24 h
in the 2" run and 70.2% in the 3™ run, which may be due
to the incomplete desorption of the bound dye anions from
the dual adsorbent active sites and lack of active sites on the
dual adsorbent. Therefore, the dye adsorption percentage
decreased with the increase in the number of runs.
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4. Conclusion

It was found that the filamentous dead fungus Neu-
rospora crassa along with wheat bran may be used as an
adsorbing material for decolorization of CR dye from an
aqueous solution. Additionally, the fungus was found to
be free from pathogenicity. The various influencing factors,
such as pH, initial adsorbate concentration, wheat bran
dosage, and dead biomass dosage, were optimized using
factorial experimental design. The peaks in FT-IR revealed
that the surface of the dual adsorbent material contains
abundant hydroxyl, methyl, and carbonyl groups. The
experimental equilibrium data were in good agreement
with the Langmuir isotherm model, confirming the mono-
layer adsorption of CR onto the dual adsorbent. Ther-
modynamic parameters, that is, the negative value of AG
and the positive value of AH, confirmed that the process
is spontaneous and endothermic in nature and, thus, the
adsorption is favorable at higher temperatures and occurs
via chemisorption. Kinetic experiments revealed that the
adsorption followed a pseudo-second-order rate equation.
It was found that external film diffusion controlled the dye
uptake in the earlier stages, followed by pore diffusion,
which controlled the rate at later stages. The Boyd plot con-
firmed that the external film diffusion is the slowest step
that mainly governs the rate of the reaction. The maximum
percentage of CR dye could be desorbed using the solvent
methanol in desorption experiments. The regenerated
dual adsorbent can be used effectively up to three cycles
to adsorb CR dye in aqueous solutions. It was concluded
from the results that the prepared material was a useful
dual adsorbent for effective decolorization of anionic dyes
from industrial effluents.
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Supplementary information

Smart Instnuments

Pore Valmae Anabyser Madel: Smare Sorb 9293
From Smat Instraments CoPvilod Webhlite: www oo (o
B Tome 134 e Dt Augest 4 016
ol RIS R g Deg 25
Samgie Mame 1 nntreated
s Tebe ne) M 81 W of TubeoSangle (me) 26342
Samgle Wi pres) 640 Senuple Wt afer g () 430
Sumgle Logs - 1%
Regestraton Temg (feg C) - 3
Tate fie reqeterstion (o | 120
Deesarphon cowt - 615
[rpecton cout : 161 %3
Ipecied weheme (e2) 12

Pore Volume in (cc/gm) : 0.0015
Remis: || |

Gragh Far Surgle : ? witreated
Adsoch Desorh Igert

J— e

Fig. S1. Pore volume of dual adsorbent at 303 K.
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Fig. S2. Pore volume of dual adsorbent at 328 K.
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Table S1
Desorption studies for the removal of CR dye from the dual adsorbent in various runs (Volume of desorbing agent: 100 ml; shaking
speed: 200 rpm; Temperature: 303 K; contact time: 24 h)

SL. No Desorbing agent % removal of CR dye from the dual adsorbent in the desorption studies
1st run 2nd run 3rdrun

1 Ethanol 76.403 64.485 30.904
2 Methanol 87.541 80.450 56.276
3 IPA 21.591 12.204 5.771

4 1M NaOH 75.335 58.606 24.612
5 Acetone 57.269 44.766 19.884
6 H,0O 47415 35.794 17925
7 1M CaCl, 1114 0.488 0.315

8 1 M NH,OH 34.118 22.784 11.556
9 1M Na,CO, 1.627 0.216 0.070
10 1 M NaHCO, 0.771 0.259 0.156
11 0.1 M NaOH 64.078 40.047 16.488

Table S2

Reusability of dual adsorbent for the adsorption of CR dye in various runs (pH: 6; adsorbate concentration: 300 mg L™; agitation
speed: 200 rpm; Temperature: 303 K; contact time: 24 h)

SL. No Desorbing agent % adsorption of CR dye by regenerated dual adsorbent
1st run 2nd run 3rd run

1 Ethanol 93.850 69.373 44.695
2 Methanol 93.877 81.297 70.204
3 IPA 93.824 14.255 9.218
4 1M NaOH 93.864 64.496 40.005
5 Acetone 93.904 49.330 24.009
6 H,0 93.810 39.228 20.190
7 1M CaCl, 93.797 0.536 0.322
8 1M NH,OH 93.891 28.992 12.219
9 1M Na,CO, 93.864 0.523 3.376
10 1M NaHCO, 93.810 0.040 1.581
11 0.1 M NaOH 93.837 57.020 34.003
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gzl;fpiiison of adsorption efficiency with individual adsorbents and dual adsorbent
Time (h) % adsorption of CR dye using various adsorbents
Dead biomass with wheat Wheat bran Dead biomass
bran
1 88.286 72.04 48.64
2 90.080 74.36 51.28
3 91.124 75.28 54.35
4 92.289 76.08 56.18
5 93.534 77.52 5743
6 94.043 78.39 58.24
7 94.471 79.66 59.56
8 94.618 80.14 60.38
9 94.618 80.22 61.15

94.618 80.22 61.44
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