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ABSTRACT

Turkey tail (Trametes versicolor), cheap fungal biomass (TTFB), was used for the adsorption of CR
from aqueous medium. Batch studies conducted to study the effect of pH (2.0-10.0), agitation
speed (50-400rpm), contact time (0-180 min), adsorbate concentration (300 and 500 mg/L), and
temperature (303-333K). TTFB characterized by FTIR, BET, SEM, and pHp,.. The maximum mono-
layer adsorption capacities of CR on TTFB were 318.1, 368.4, 394.8, and 415.7 mg/g at 303, 313,
323, and 333K, respectively. The adsorption of CR was pH-dependent and maximum adsorption
attained at pH 2.0 at all temperatures. Adsorption kinetic data evaluated by using the PFO and
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PSO non-linear equations. The kinetic data perfectly illustrated by the PSO model with R* > 9935.
Langmuir, Freundlich, D-R, and Temkin nonlinear isotherms applied for the experimental data, and
it observed that the experimental data well fitted and found to be in good agreement with the
Langmuir model (R*> > 0.9961) as compared with another three models. The values of AG°
(-3.4159 to —6.1149 kJ/mol), AH°® (23.2kJ/mol), and AS° (0.088 kJ/mol K) revealed that the adsorp-
tion process was spontaneous, feasible and endothermic (AG® < 0, AS°® > 0, and AH°® > 0). The
regeneration experiments indicated that the TTFB could successfully retain CR, even after five con-
secutive adsorption-desorption cycles. The binding of CR onto the TTFB surface was through elec-
trostatic interactions. Therefore, TTFB considered as highly recyclable and efficient adsorbent
material for CR as it can easily separate from the aqueous phase.
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Introduction

For the existence of living species, water is an essential eco-
logical resource available on the earth. Amid, the purity of
water is another critical aspect to the accounted for. The
rapid surge in technological advancements, industrialization,
urbanization severely affected the purity of the water bodies.
Among the various contaminants, the toxic and deficient
degradable organic dyes are the prime pollutants of the
water.[12] Dyes bearing azo groups (R;-N=N-R;) are con-
sidered as one of the most important and more exciting
sub-classes of organic dyes and could be cationic (basic),
anionic (reactive, acid, and direct), and nonionic (disperse
and vat). Congo red is an anionic diazo dye generally used
in rubber, wood pulp, plastic, printing, dyeing, biological
stain, and textile industries. The CR has been a significant
component in the industrial discharge. Due to its high-water
solubility, it is posing a significant threat to aquatic organ-
isms as well. In the anaerobic conditions, this dye is under-
going chemical degradation leading to the formation of
toxic aromatic amines, which considered to be carcinogenic
and teratogenic.!"! Therefore, it is highly essential to remove
CR from contaminated water before getting discharged to
the aquatic streams.

Different treatment methods such as biological, chemical,
and physical conditions have been developed since decades
to remove dyes from aqueous solutions such as liquid mem-
brane separation,”®! oxidation,* photodegradation,'”’ coagu-
lation/flocculation,'®  ozonation,"”!  incineration,'® and
adsorption'~"*) but most of these techniques are beginning
to prove insufficient for simple and effective treatment; also
they are costly. It is essential to think about useful methods
and inexpensive. Adsorption is recognized to be one of the
most competitive ways due to the exhibition of several
advantages such as smooth operation, potentially low-cost,
high efficiency, zero secondary pollution, simplicity of
design, and the broad availability of the adsorbent materials.
Therefore, the search for the development of new adsorbents
with high surface area, inexpensive, sustainable, higher sorp-
tion capacity, and regeneration capability is the critical area
to focus in recent years. Different types of adsorbents such
as garlic straw,!"*! powdered orange peel,'”! green adsorb-
ents,!'® wood apple shell,'’”! breadnut peel,®! grapefruit
peel,'®! barberry stem,*®! salix babylonica (weeping willow)
leaves powder,?"! walnut shells powder,??! rice husk,!**
sunflower stalk,**! activated carbon,*” activated carbon
fiber (coconut husk),[?°~2®! ficus auriculata leaves powder,[29]
strychnos nux-vomica shell,*®! colocasia esculenta leaves,!*"!
and swietenia mahagoni shell®? have been utilized for the
removal of dyes and metals from wastewater. In the present
work, the aim was to remove CR from aqueous phase using
a TTFB with the adsorption technique.

Several studies have revealed the excellent adsorption
capacity of various pollutants from aqueous solution using
biomasses, like bacteria, algae, fungi, yeasts, seaweeds, and
other materials.®* Additionally, there is no risk of provid-
ing nutrients in the case of dead biomass over live biomass.
In particular, the presence of chitin, glucans, and proteins,
fungal biomasses in some fungal biomasses, made them

potential adsorbents. The functional groups present in the
cell wall like amine, hydroxyl, thiol, phosphate, and carbonyl
are capable of binding dye molecules.****) Fungal biomass
could be a useful adsorbent of dyes. Various types of fungal
biomass have been studied as adsorbents to eliminate dyes
from contaminated water such as Aspergillus niger,!*®
Aspergillus  flavus,*” Aspergillus ~alliaceus,”®  Penicillium
ochrochloron,”®!  Rhizopus arrhizus,**'  Penicillum restric-
tum,"*" and Aspergillus fumigatus.**) The fungal species
Trametes versicolor, commonly names Turkey tail, is a
widely growing lignicolous fungus on oak, prunus trees, as
well as the fir, pine conifers. The basidiums of these fungi
could appear mostly on trees stubs and trunks. The TTFB
was chosen as an adsorbent in this study as it is natural,
readily available, and thus inexpensive material for the
removal of CR from aqueous medium.

The influence of various critical parameters including pH
of the solution, agitation speed, adsorbate concentration,
contact time, and temperature were thoroughly investigated.
The TTFB characterized by FTIR, SEM, BET, and pHp,..
The capability of TTFB for CR adsorption evaluated by
applying various isotherms, kinetics, and thermodynamic
parameters. Using desorption and regeneration data the
potential of TTFB for CR was determined.

Materials and methods
Materials

All chemicals and reagents used in the present study were of
analytical grade and requires no further purification. Congo
red (CR), reactive black 5 (RB5), methyl orange (MO),
reactive red 120 (RR120), direct red 23 (DR23), malachite
green (MG), and methylene blue (MB) were obtained from
Sigma Aldrich, India. The molecular structure of the used
dyes is tabulated in Table 1. Double de-ionized water was
used to prepare all solutions.

Preparation of adsorbent and adsorbate

Turkey tail (Trametes versicolor) fungal biomass was used as
an adsorbent material for the adsorption of CR. TTFB was
collected from Tirumala Tirupati Hills (Andhra Pradesh,
India), dried under sunlight, and ground into a fine powder.
The resultant TTFB powder is thoroughly washed several
times with double de-ionized water and dried at 353K for
24h. Further the powder is, boiled in double de-ionized
water by changing the water frequently until the water
becomes colorless, to ensure the removal of water-soluble
color substances. The resulting TTFB powder was oven-
dried at 353K for 24h, and sieved to 35 (0.5mm) mesh
sieve and stored in a desiccator for the further use. An aque-
ous stock solution of CR with a concentration of 1,000 mg/L
was prepared and further diluted to the necessary
concentrations.



Table 1. Molecular structure and characteristics of the used dyes.
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Table 2. Langmuir, Freundlich, D-R, and Temkin isotherm parameters for the CR onto TTFB.

Langmuir Freundlich Dubinin-Radushkevich Temkin
Temp. gn (Mg/g) k_(L/mg) R ©  Ki(mg/g) n R P agm(mg/g) K E R ¥ b(k/mol) «(l/mg) R e
303 318.1 00169 09974 31.8 4928 353 09463 1361 2651 00449 33 0.8383 263.1  0.040 02072 0.9568 95.3
313 368.4 0.0179 09967 441 5527 341 09355 1534 3064 00406 3.5 08627 2438  0.035 02114 09623 856
323 394.8 00222 09961 563 6741 359 09296 1708 3282 00312 40 08297 2876  0.036 03013 09571 93.1
333 415.7 00231 09969 613 7886 3.86 09706 1192 3541 00354 3.8 07928 3872  0.042 0.6457 09766 78.4

Characterization of the TTFB

To understand the adsorption mechanism of CR onto TTFB,
the adsorbent was characterized by FTIR (Nicolet IS10,
Thermo Scientific, USA) before and after the adsorption pro-
cess. FTIR spectrum was recorded by using pellets made of KBr
with spectral scanning range of 400-4000cm ', The BET sur-
face area of TTFB was measured from N, adsorption/desorp-
tion isotherms at 77 K (BELSORP, BEL Japan) after degassing
the adsorbent at 323K for 12h in an inert atmosphere. In add-
ition, the total pore volume and mean pore diameter was meas-
ured by the BJH method. The surface morphology of TTFB
(before and after CR adsorption) was observed using a scan-
ning electron microscope (JEOL, JSM-7600F, Japan) under vac-
uum and 25.0kV using tungsten filament. The TTFB samples
were gold coated using the sputter coater to form a thin layer.
The pH,,. of TTFB was determined by the solid addition
method[g3 I using 0.01 M NaCl solution as the electrolyte. The
experiments carried out in a series of 50 mL falcon tubes, each
containing 30 mL of 0.01 M NaCl. The initial pH (pH;) of these
solutions were adjusted in the range of 2.0-10.0 by adding
either HCI or NaOH (0.1 M). The adsorbent (0.05 g) was added
to each tube and the suspensions were placed in the incubator
was for 24h under specified conditions of agitation speed
250 rpm, temperature 303K, and the final pH of suspension
(pHy) was determined. The pH,,. was obtained from the plot of
(pH;-pHy) against the pH,.

Batch adsorption experiments

Adsorption behavior of CR onto TTFB was determined
using Batch studies. The pH experiments were performed by
mixing 0.05g of TTFB in 30 mL of CR solution with an ini-
tial concentration of 300mg/L into 50 mL polypropylene
tubes. The pH is adjusted in the range of 2.0-10.0 adding
the appropriate volume of acid and alkaline solution, that is,
HCI or NaOH (0.1 M). The resultant pH values of the CR
solutions were measured by pH meter (Orion 4 star,
Thermo Scientific, USA). Kinetic experiments were carried
out by adding 0.05g of TTFB to 30 mL of CR solution (300
and 500mg/L), and the adsorption processes carried out in
a shaker at 298 K with shaking at 250 rpm, but with various
time intervals (0-180min). Adsorption isotherm experi-
ments conducted by adding 0.05g of TTFB to 30 mL differ-
ent initial concentrations of CR solution (100, 200, 300, 400,
500, 700, and 1000 mg/L) and the adsorption process carried
out in a shaker at four different temperatures (303, 313, 323,
and 333K) at 250rpm for 120 min. The effect of tempera-
ture also investigated by the addition of TTFB (0.05g) to
30 mL of CR dye (300 mg/L) solution. The experiments con-
ducted for 120 min for different temperatures (303-333 K).

After attaining the equilibrium time, the solution samples

were centrifuged at 5,000rpm for 15min to separate the

adsorbent and the remaining CR concentration was meas-

ured using UV/Vis spectrophotometer (JASCO V-750,

Japan) at a wavelength of 497 nm. Equation (1) was used to

calculate the amount of CR adsorbed onto TTFB.
(C,—C)V

qe = M (1

Desorption and reusability studies

The desorption experiments were carried out with different
desorbing eluents. The experiments conducted by adding 0.1g
of TTFB in 30mL of 300 mg/L concentration of CR within
120 min at pH 2.0 and 303 K. The free adsorbent was washed
with distilled water several times to eliminate the traces of CR.
The CR-loaded TTFB was agitated separately, with 30 mL of
the various desorbing eluents. After desorption, the solutions
were filtered, and the amount of CR desorbed was measured.
The TTFB was another time used for the adsorption of CR,
and the all process of adsorption-desorption of TTFB was
repeated for five successive cycles. The desorption efficiency
was calculated by the following Eq. (2):

Amount of CR desorbed

Desorption efficiency = Amount of CR adsorbed 100

()

1’ analysis

Nonlinear y° statistical error analysis is most appropriate to
interpret adsorption data. The lower y* value implies the iso-
therm model is similar to the experimental data. The advan-
tage of the y” analysis is that all isotherms can be compared in
the same horizontal and longitudinal coordinates. The 7 val-
ues of each isotherm models were shown in Table 2. The
equivalent mathematical statement of y* analysis is as follows:

Xz _ ZL] ((qe — e,m) )

Ge,m

3)

Results and discussion
Characterization

FTIR spectroscopy is an important technique to recognize
and verify the specific functional groups present on the sur-
face of TTFB, that helps to identify the active adsorption sites
for CR dye molecule. Figure 1 shows the FT-IR spectrum for
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Figure 1. FTIR images of (A) TTFB and (B) CR-loaded TTFB.

Figure 2. SEM images of (A) TTFB and (B) CR-loaded TTFB.

TTFB before and after the adsorption of CR. The spectrum of
TTFB (Figure 1A) showed distinct major peaks at 3428, 2926,
2854, 1739, 1654, 1561, 1460, 1318, 1244, 1148, 1059, and
873 cm™ . The strong band at 3428 cm ™" is mainly due to the
stretching vibration of O-H bonds in a hydroxyl group.
The sharp peaks at 2926 and 2854 cm™' may be attributed to
the C-H stretching of the alkyl groups. The peak at 1739 cm ™'
ascribed to the C=0 stretching vibration of the carbonyl
group. The adsorption peaks about 1654 and 1561 cm ™" were
assigned to the C=0 and N-H bonds of carboxyl or amide
groups. The band at 1460 cm ™' ascribed to the bending OH
vibration of hydroxyl groups. The peak at 1318 cm™' may be
attributed to O-H bending of alcohol and C-H bending of the
alkyl group. The band at 1244cm™' represents the C-H
stretching vibrations. The two peaks at 1148 and 1059 cm ™'
corresponds to the C-O and C= O groups, respectively. The
peak at 873cm ™' refers to out of plane bending vibration of
aromatic compounds. The peaks at 3436, 2921, 2849, 1744,
1656, 1558, 1454, 1322, 1236, 1153, 1063, and 862 cm ™" were
observed in the FTIR spectra of TTFB after the adsorption
(Figure 1B). The surface of the TTFB adsorbent revealed peaks
are slightly shifted from their initial positions after the adsorp-
tion of CR, demonstrating the contribution of the respective
functional groups during the sorption process.

The fundamental physical properties like particle shape,
porosity, and appropriate size distribution of the sorbent
and surface morphology of the sorbent surface are the
important parameters and characterized by SEM analysis.
Figure 2 displays SEM micrographs for TTFB before and
after the adsorption of CR. A considerable number of het-
erogeneous pores were observed on the TTFB surface, bring-
ing the possibility for dyes to be trapped and adsorbed onto
these pores (Figure 2A). After CR adsorption, the surface of
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Figure 3. (A) Effect of pH on the adsorption of CR onto TTFB, (B) Point of zero charge (pH,,) of TTFB, (C) Effect of contact time on the adsorption of CR onto TTFB,
(D) Effect of agitation speed on the adsorption of CR onto TTFB, and (E) Adsorption capacities of TTFB toward various anionic and cationic dyes.

TTFM completely pored was covered with CR dye, confirm-
ing the adsorption of CR onto TTFB (Figure 2B).

The surface area and porosity (mean pore diameter and
total pore volume) of the adsorbent contributes a significant
portion in the adsorption capacity. The surface area, mean
pore diameter, and total pore volume of TTFB measured by
BET and BJH methods. It found that the mean pore diameter,
total pore volume, and surface area of the TTFB were 23.2 nm,

0.1126 cm’/g, and 18.6 m’/g, respectively. These properties
increased the CR adsorption possibility onto TTFB.

Effect of pH

The pH solution is one of the most significant factors that
could affect the adsorption process by controlling the surface
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Table 3. Parameters obtained from pseudo-first-order and pseudo-second-order kinetic models for the adsorption of CR onto TTFB.

Pseudo-first-order model

Pseudo-second-order model

Adsorbent Conc. (mg/L) Ge, exp (MQ/g) Ge1, cal (MQ/q) ky (1/min) R? Ge2, cal (MQ/q) ky (g/mg min) R
TTFB 300 184.6 174.9 0.1430 0.9707 189.7 0.0011 0.9980
500 273.8 263.9 0.3571 0.9581 276.4 0.0021 0.9935

chemistry of adsorbent and the dye solubility. Effect of pH on
the CR adsorption onto TTFB was carried out in the pH range
of 2.0-10.0 at 303 K. The results related to the effect of pH on
the CR adsorption onto TTFB was figured out in Figure 3A.
This figure displays that the adsorption capacity of CR
decreases from 172.1 to 10.8 mg/g as the pH increases from
2.0 to 10.0. The adsorption of CR firmly depended on pH and
the maximum sorption capacity attained at pH 2.0 and pH
value of 2.0 was measured to be optimum. From Figure 3B it
is seen that the pHp,. of the TTFB was found to be 5.4, which
signifies that below this value, the surface of the TTFB was
positively charged might be due to protonation and above
pHp,. the TTEB was negatively charged. Such high sorption
capacity in lower pH values (pH < pH,,,.) mainly attributed to
the possible electrostatic interaction forces exists between the
sulfonate groups (-ve charge) of the CR and surface (+4ve
charge) of the TTFB.

Adsorption mechanism may be as the
ing equations:

follow-

i. When pH is low, protonation of ~-OH groups takes
place at the surface of TTFB resulted in a positive
charge.

HT
TTFB—OH =

protonation

TTFB — OH;

ii. The dissolved CR dye in an aqueous phase behaves as
a strong anionic dye by the strong dipole (-ve) polar-
ization of sulfonate groups.

H,O
CR — SO3Na = CR — SO; + Na*

iii. The adsorption process performed due to electrostatic
interactions between the TTFB surface and the CR dye
that behaves as anions:

TTFB — OH; + CR — SO3 =

electrostaticinteractions

TTFB

An increase in the solution (pH >pH,,.) pH declines the
positively charged sites and increases the negatively charged
sites. However, this negatively charged surface is not favor-
able for the adsorption process. Hence, pH 2.0 selected for
carrying out further batch adsorption experiments. A similar
approach has been found for the adsorption of anionic dyes,
as reported in the literature, [>>#4-%"]

Effect of contact time

The contact time determines the time required for the
adsorption reaction to reach equilibrium. The adsorption
capacity of CR by TTFB at different time intervals
(0-180 min) at two levels of initial CR dye concentrations

250

200 -
g 150
E
)
x
S
o 100 4
)
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0w T T T
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100 -
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Pseudo-first-order
Pseudo-second-order

50 1
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0 T . T

0 50 100 150 200
Time [min]

Figure 4. Nonlinear kinetic curves fitted to the pseudo-first-order and pseudo-
second-order models.

studied and presented in Figure 3C. It can be seen from
Figure 3C; For the two different initial concentrations (300
and 500mg/L), the adsorption capacity increased until
120min and there is no appropriate change after 120 min.
In the initial stage of the first 30 min, adsorption of CR
increased very fast due to the excess availability of free
adsorption sites on the TTFB surface. Thus, the optimum
equilibrium time of 120min was considered for further
experiments.

Effect of stirring speed

The stirring speed maintains the mobility of the adsorbent
and adsorbate and further induces relative mobility for
active uptake of dye on the adsorbent surface. Figure 3D
shows the effect of stirring speed variation on the adsorption
of CR onto TTFB was studied in the range 50-400rpm,
while all other conditions were kept constant. The max-
imum adsorption efficiency was attained at 250 rpm because
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of the best homogeneity of the adsorbent suspension. On
the contrast, at high speed the suspension is no longer
homogeneous because of a vortex phenomenon that makes
the CR adsorption difficult. Thus, the optimum stirring
speed of 250rpm is fixed and maintained throughout
the study.

Adsorption performance of TTFB toward various dyes

Five types of anionic dyes including CR, RB5, MO, RR120,
and DR23 and two types of cationic dyes including MG and
MB were selected as representative dyes to estimate the
maximum adsorption capacity of TTFB (experimental condi-
tions: adsorbent weight 0.05g, pH 2.0, agitation speed
250 rpm, adsorbate concentration 300mg/L (30mL) and
temperature 303K). As can be seen from Figure 3E, the
TTFB is suitable and displays higher sorption capacities for
anjonic dyes when compared with cationic dyes. For
example, its sorption capacity for anionic CR dye can reach
176 mg/g, which is about 6.3- and 9.5-folds of that for cat-
ionic MG and MB dyes, respectively. In this study, we have

chosen anionic CR dye as an adsorbate because its adsorp-
tion capacity is higher than compared with other anionic
and cationic dyes (Figure 3E).

Adsorption kinetics

In industrial applications, adsorption kinetics is of great
importance for process design and operation. Kinetic experi-
ments were carried to estimate the impact of initial dye con-
centration on the dynamic behaviors, by using two various
initial levels of 300 and 500 mg/L. The experimental data
modeled using the PFO and PSO Kkinetics is as follows.

PFO model®!;

9 = qer(1 — exp (—kit)) (4)
PSO model®!:
2
qukzt
=_fe™2 5
& 1+ geokat )

The experimental values of CR uptake (g, exp), calculated
values of CR uptake (q.;, cas and g.» ca1), rate constants (k;



Table 4. Comparison of the maximum adsorption capacities for the removal
of CR using various adsorbents.

Adsorbent Gmax (Ma/g) pH References
Spent mushroom 147.1 2.0 o1l
Aspergillus carbonarius 99.01 45 fe2]
Penicillium glabrum 101.01 45 621
Penicillium janthinellum 344.83 5.0 (631
Sugarcane bagasse 38.2 50 fe4]
Macauba palm cake 32 6.5 [es]
Banana peel powder 164.6 3.0 t66l
Jujuba seed 55.56 2.0 671
Corn cob 50 - fe8l
Cattail root 38.79 7.0 (691
Penicillium sp. YWO1 411,53 3.0 7ol
Phoenix dactylifera seeds 61.72 20 7
Aspergillus nidulans 357.14 6.8 721
TTFB 415.7 20 Present study

and k,) and correlation coefficient (R*) were tabulated in
Table 3. The kinetic sorption curves of the TTFB for CR
adsorption is shown in Figure 4. The experimental (g, )
and the calculated (q., ) values from the PSO are very
close to each other, and also, the estimated correlation coef-
ficients, R> are even close or equal to 1 for PSO kinetics
than that for the PFO kinetics. Therefore, the adsorption
kinetics can be approximated more favorably by the PSO
model than the PFO model for the adsorption of CR by
TTFB. Similar adsorption kinetic behavior for banana
peel,”?) guava leaf-based activated carbon,®® and tea
wastel®* for CR has been reported.

Adsorption isotherms

To understand the adsorption behavior, the study of isother-
mal data is necessary. Many theoretical models could be
applied to the experimental data for the best fit. Among
which, the more common and familiar approaches of
Langmuir, Freundlich, D-R, and Temkin nonlinear isotherm
equations were used in the present study.

Langmuir isotherm'™! is relevant in many adsorption
processes. It based on the postulation that a monolayer of
adsorbate formed on the external surface of the adsorbent
and no further adsorption/layer after that. The Langmuir
equation can be written in the following non-linear form:

_ CImaxKL Ce

= 6
1+ K.C, ©

e
The g4 for CR on TTFB was enhanced and raised from
318.1 to 415.7 mg/g (Table 2) with a rise in the temperature
from 303 to 333K, which could attribute to an increase in
kinetic energy of the adsorbent particles due to the upsurge
in temperature. The increase in dynamic energy raises the
regularity of collisions between the sorbent and the sorbate,
resulting in enhanced adsorption on to the surface of the
adsorbent.!*®
Freundlich model®”! explains a heterogeneous (multilayer
adsorption) adsorption system. The assumption of this
model was that when the adsorbate concentration increases
in the surrounding medium, leads to an increase in the
deposition of the adsorbate concentration on the sorbent
surface. The non-linear equation of the Freundlich isotherm
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Figure 6. (A) Effect of temperature on the adsorption of CR onto TTFB and (B)
Van't Hoff plot for the adsorption of CR onto TTFB.

model can be expressed as:
9. = Ky Ci/n ™)

The n value varies between 1.0 and 10.0 (i.e., 1/n < 1.0),
indicating that the adsorption of CR onto the TTFB was
favorable at studied conditions. The n values that reflect the
adsorption intensity also exposed the same trend. The n val-
ues (Table 2) obtained for the adsorption process repre-
sented favorable adsorption.

D-R isotherm!®® signifies the role of the heterogeneous
surface of the sorbent in the adsorption process. This model
followed by high activities of solutes at moderate concentra-
tions. The non-linear equation of D-R isotherm expressed
by the following Egs. (8) and (9):

de = qm €Xp (_ng) (8)

¢ =RTIn (1 +Ci) 9

e

The mean free energy of adsorption, E obtained from the
following Eq. (10):
1
T VK
The magnitude of mean free energy E (kJ/mol) estimates

the nature of the adsorption mechanism. Depending on the
E value, i.e., < 8.0kJ/mol, in between 8.0 and 16.0Kk]J/mol,

(10)
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Table 5. Thermodynamic parameters (AG°, AH°, and AS°) for the adsorption
of CR onto TTFB.

Temp. (K) AG° (kJ/mol) AH° (kJ/mol) AS° (kJ/mol K)
303 -3.4159

313 -4.3186 23.2 0.088

323 -5.0864

333 -6.1149

and >16.0kJ/mol, one can conclude that physical forces,
chemical ion-exchange mechanism and particle diffusion
respectively govern the process.°® The values of E (see
Table 2) were lower than 8.0kJ/mol, which suggested that
the adsorption of CR onto TTFB involves the physisorp-
tion mechanism.

Temkin isotherm™” mainly considers the interactions of
adsorbent-adsorbate, which is explained by a factor. When
the adsorbent surface packed was with dye, there will be a
linear decrease in the heat of the adsorption of all the mole-
cules because of interactions. This theory mainly concerns
that the decrease in heat of adsorption is linear and not
logarithmic.

The nonlinear equation of Temkin isotherm expressed as:

ge = flno+ fInC, (11)

[60]

where ff = R—bT

The value of b indicates either physisorption (<8.0KkJ/
mol) or chemisorption (between 8.0 and 16.0kJ/mol).
Values of b (Table 2) in the present study was less than
8.0kJ/mol, exhibited that the adsorption of CR onto TTFB
is physisorption.

Figure 5 demonstrates the plots of the experimental and
the predicted two-parameter isotherms (Langmuir,
Freundlich, D-R, and Temkin) by nonlinear method for the
adsorption of CR onto TTFB. All isotherm parameters,
along with the correlation coefficients (R*) and y* values
were tabulated in Table 2. Comparing these nonlinear iso-
therms, it is possible to identify the best-fitting adsorption
isotherms; in lieu of the present study the order of exactness
is as follows: Langmuir > Temkin > D-R > Freundlich based
on the association of higher R? (0.9961 —0.9975) and lower
¥* (31.3-61.7) values.

Comparison of TTFB with different adsorbents for
CR removal

The maximum monolayer sorption capacities (q;,,,) of sev-
eral adsorbents toward CR dye as reported literature!®'~7%!
was summarized in Table 4. A comparison between present
work and other published data from the research shows that
TTFB is an excellent adsorbent for CR compared to various
adsorbents. Therefore, it could safely conclude that the
TTFB has considerable potential for the removal of CR from
an aqueous phase.

Effect of temperature

The temperature effect on the adsorption process of CR
onto TTFB was shown in Figure 6A. The experiments were
performed at four temperatures (303, 313, 323, and 333 K)

100
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75% Acetone

0.1M NaCl  50% Methanol
75% Methanol

0.1M H,PO, 2% Aceone
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Figure 7. Desorption of CR using (A) different eluents and (B) 0.1 M NaOH after
five adsorption-desorption cycles.

at a constant initial adsorbate concentration of 300 mg/L
and a pH of 2.0. The experimental results exhibited that the
sorption capacity increased with the rise in temperature.
This indicates that the adsorption of CR onto TTFB is endo-
thermic. The thermodynamic parameters involve Gibbs free
energy change (AG°), entropy change (AS°), and enthalpy
change (AH°), which are calculated by the following Egs.
(12-15), and the results listed in Table 5.

AG’ = —RTInK, (12)
CAe
K, =—= 13
C. (13)
AG® = AH® — TAS® (14)
K — AG_ AH AS 15
B ="Rr = " RT "R

The values of AH° and AS° obtained from the slope and
intercept of the plots of the layout of In K, according to I/T
(Figure 6B). The sign of AH® is positive means the reaction
nature is endothermic during the adsorption process. The
sign of AS° positive implies an increase in randomness at
the junction of solid-liquid as a result of CR adsorption.
The negative values of AG°® at various temperatures
(303-333K) show that the adsorption is thermodynamically



feasible and is a spontaneous process. The decrease in AG°®
values with a rise in temperature suggested that the adsorp-
tion of CR was a favorable process because of its rapid
dehydration at a higher temperature. The method concludes
by the AG° values, such that when AG® values were >
—20kJ/mol, it is physisorption and lies between —80 and
—400kJ/mol, then it is chemisorption.””) In the present
study, the values of AG°® ranged between —3.4159 and
—6.1149kJ/mol. As a result, the adsorption process occurred
as physisorption. Therefore, the adsorption process of CR by
TTFB is a chemisorption driven physisorption. Electronic
interactions initiated, supported and made the physical sorp-
tion process faster in the present study.

Desorption and regeneration evaluation

Desorption and regeneration experiments give useful insights
about the possibility of the recovery of the adsorbent. Various
desorbing eluents such as double distilled water, 0.1 M HCI,
0.1M HNO,, 0.1 M HsPO,, 0.1 M NaOH, 0.1 M NaCl, 25%
methanol, 50% methanol, 75% methanol, 25% acetone, 50%
acetone, and 75% acetone were used for the desorption experi-
ments of CR-loaded TTFB to determine the best desorbing
eluent. Figure 7A shows the desorption percentages of CR
using various desorbing eluents. From the results, 0.1 M
NaOH is the best eluent for the recovery of CR with 94%
desorption among the other eluents. The regeneration experi-
ments performed using 0.1 M NaOH. To determine the reus-
ability of the adsorbent, five cycles were (adsorption-
desorption) done using the same adsorbent. It can see from
Figure 7B, nearly 94% of the adsorbed dye desorbed in the
first cycle and then the desorbed dye amount decreased to
85% in the fifth cycle. The loss in the desorption efficiency of
the TTFB for CR was found to be <9%. This may be because
of the small loss of adsorbent during the adsorption-desorp-
tion process. The results showed that TTFB is an excellent
reusable, economical and efficient sorbent, which can be suc-
cessfully applied to remove CR from aqueous media.

Conclusions

The present study elucidates the effect of critical operational
parameters such as solution pH, agitation speed, contact time,
adsorbate concentration and temperature on the adsorption
of CR using TTFB. FTIR, and SEM analysis asserted the pres-
ence of functional groups and surface morphology of the
TTFB. The textural properties of TTFB show BET surface
area, total pore volume, and mean pore diameter of 18.6 m?/ g
0.1126cm’/g, and 23.2nm, respectively. The pH,,. of the
TTFB was found to be 5.4. The maximum sorption capacities
of CR onto TTFB were 318.1, 368.4, 394.8, and 415.7 mg/g at
303, 313, 323, and 333 K, respectively, observed at pH 2.0 and
the adsorption process has reached equilibrium at 120 min.
The sorption capacity increased with a rise in temperature of
the solution indicating an endothermic process. The equilib-
rium non-linear isotherm models were used to reveal the
adsorption data. Langmuir isotherm model is capable of rep-
resenting the sorption data adequately than the other three
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models (Freundlich, D-R, and Temkin). Adsorption kinetics
of CR removal by TTFB follows the PSO model.
Thermodynamic results (AG®, AS°, and AH®) showed that the
adsorption of CR onto TTFB is spontaneous, feasible, and
endothermic. Desorption experiments showed 94% recovery
of CR with 0.1M NaOH compared to the other eluents.
Reusability of TTFB showed that after even five consecutive
adsorption-desorption cycles, the desorption efficiency was
85%, which indicates that TTFB is a renewable adsorbent.
Based on the results, TTFB can be used as an efficient low-
cost sorbent for the removal of CR from the aqueous medium.

Nomenclature

b Temkin constant (J/mol)

BET Brunauer-Emmett-Teller

BJH Barret-Joyner-Halenda

CR congo red

C. equilibrium concentration in solution (mg/L)

C, initial concentration in the solution (mg/L)

Cae solid phase concentration at equilibrium (mg/L)

D-R Dubinin and Radushkevish

FTIR Fourier Transform Infrared Spectroscopy

k; PFO rate constant (1/min)

k> PSO rate constant (g/mg min)

K activity coefficient related to mean sorption energy
(mol*/?)

K. distribution constant

Ky Freundlich constant (mg/g)

K; Langmuir constant (L/mg)

M dry mass of adsorbent (g)

n number of samples Ca analysis)

n the Freundlich intensity parameter (dimensionless)

I/n heterogeneity factor

PHpzc point of zero charge

PFO Pseudo-first-order

PSO Pseudo-second-order

e adsorbed value of CR at equilibrium concentration (mg/g)

e experimental data of equilibrium capacity (mg/g)
(X2 analysis)

Ge,m equilibrium capacity (mg/g) obtained by calculating
from model

de» 4e>  amount of dye adsorbed at equilibrium (mg/g)

q: amount of dye adsorbed at time t (mg/g)

Qmax maximum monolayer coverage capacity (mg/g)

m adsorption capacity (mg/g) (D-R model)

R universal gas constant (8.314 kJ/mol K)

SEM Scanning Electron Microscopy

T absolute temperature (K)

\% volume of dye solution (L)Greek letters

o equilibrium binding constant (L/mg)

e Polanyi potential

v Chi-square
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