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Abstract: Since thymol blue (TB), crystal violet (CV), and rhodamine b (RB) are
frequently used in various industries, they cause environmental pollution owing to
the process wastewater. The current study focused on the removal of TB, CV, and
RB from aqueous media with lichen-derived activated carbon (LDAC) and
comparing their adsorption behavior. The maximum Langmuir adsorption capacity
for TB, CV, and RB was found to be 400 mg g, 212.766 mg g, and 344.828 mg
g, respectively. The removal (%) of TB, CV, and RB was found to be 86.38 %,
79.02 %, and 82.73 % at the same conditions, respectively. Experimental data were
interpreted with some commonly used kinetic and isotherm models. Calculated
activation energies, D-R model energies, enthalpy values, and evaluation of FT-
IR, XRD,-and SEM/EDX images taken before and after dye loading showed that
the adsorption mechanisms of TB, CV, and RB on the LDAC physically occur.
The pseudo-second-order kinetic model better described the adsorption behavior
of TB, CV, and RB on the LDAC. The boundary layer thickness value for all the
dyes studied increased with increasing initial dye concentration and temperature,
and CV also had a larger boundary layer thickness value than that of TB and RB.

Keywords. dye; wastewater remediation; kinetic; thermodynamic.
INTRODUCTION

Today, water pollution has become a very important problem all over the
world. One of the main causes of water pollution is industrialization. For example,
it is estimated that approximately 25 % of the pollution of the world's clean waters
comes from dyeing and finishing processes in the textile industry. Water
consumption for dyeing 1 kg of textile products can vary from approximately 25
L kg'! to 280 L kg!, and process wastewater can reach 120 L kg!. Many process
wastewaters include dyes such as TB, CV, and RB, which are widely used in
different industries such as textiles, leather, paints, food, plastic, paper, and etc.'
The release of these dyes from industrial wastewater into the environment causes
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a very serious threat to both human and animal life since they are carcinogenic and
non-biodegradable, and even very small amounts can be highly toxic.? In addition,
due to the complex chemical structures and long half-lives of these dyes, their
persistence in the environment poses a serious danger to the ecosystem (Table S-
I). TB, CV, and RB are toxic dyes. These can affect some organs that play an
important role in the vital activities of living things and can cause serious problems
when exposed, even in very small amounts.*® Due to the harmful effects of TB,
CV, and RB, studies are continuing on their removal from water and wastewater.
For the removal of dyes from wastewater, there are many different methods, such
as adsorption, chemical precipitation, oxidation ‘or ozonation, membrane
separation, coagulation or flocculation, biological treatment, and photocatalytic
degradation.”'® Most of these methods are expensive, whereas the adsorption
method is cheap and has an easy operating procedure. In addition, high efficiency
can be obtained. Since commercial activated carbons are expensive, in recent
years, researchers have focused on producing activated carbon from sustainable
and cheap alternative sources such as agricultural waste, some plants, and fruit
peels. Lichen is a symbiotic partnership in which a fungus (mycobiont) and algae
and cyanobacteria (photobiont) come together to form a single thallus, with more
than 20,000 species found almost everywhere in the world. Although lichens are
eco-friendly, sustainable, and low-cost resources, as far as we know, there are very
few studies in the literature on the production and use of activated carbon from
lichen species.!'**

In this study, it is an innovative approach to use activated carbon synthesized
from Pseudevernia furfuracea lichen, a common lichen species in the world, to
clean water contaminated with toxic dyes such as TB, CV, and RB. Kinetic,
equilibrium, and thermodynamic studies were carried out to prove the
effectiveness of the innovative adsorbent and demonstrate the adsorption behavior
of TB, CV, and RB dyes on the LDAC. Important parameters of the adsorption
processes, such as initial concentration, temperature, and time, were optimized
through batch-type experiments. Additionally, the reusability of the adsorbent was
also studied.

EXPERIMENTAL
Materials

TB (CAS 76-61-9, 1081760025), CV (CAS 548-62-9, 1159400025), and RB (CAS 81-88-
9, 1075990025) were purchased from Merck. Some specifications of TB, CV, and RB were
shown in Table S-I. For the stock solutions of dyes, certain amounts of CV and RB were
dissolved in bi-distilled water, and certain amounts of TB were dissolved in 95 % ethanol. The
required initial solution concentrations of TB (20, 40, 60, 80, 100, and 120 mg L), CV (15, 30,
45,60, 75, and 90 mg L"), and RB (20, 40, 60, 80, 100, and 120 mg L') used for the adsorption
experiments were prepared from the stock solution by diluting with bi-distilled water.

The activated carbon (LDAC) was synthesized in accordance with our previous report.'
Preparation and characterization ((Brauner-Emmett-Teller (BET), X-Ray Diffraction (XRD),
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Thermogravimetric Analysis (TGA), Fourier Transform Infrared Spectrophotometer (FT-IR)
and Scanning Electron Microscope (SEM)) details and the results of the point of zero charge
(pHpzc) of the lichen Pseudevernia furfuracea and LDAC (Fig. S-1) were already given in our
previous study.' In this study, contact angle measurement of the LDAC was performed with
Attension /Theta Lite. The static sessile drop method was carried out with water. The LDAC
powders were pressed into a plate with a hydraulic press (Manuel MSE LP/M2S10).

Adsorption experiments

500 mL of different initial concentrations of TB, CV, and RB dye solutions were mixed
with 0.5 g of LDAC and shaken on a shaker (Thermal H11960) for 100 minutes at different
temperatures (298 K, 308 K, and 323 K). The pH of the solutions was kept constant at 9.5 in all
experiments by adding 0.1 N NaOH and 0.1 N HCI solutions. The samples were centrifuged at
5000 rpm after adsorption, and the filtrates were analyzed by a UV-VIS spectrophotometer (PG
Instruments Ltd.). The dye concentrations in the solutions taken at certain times (5, 10, 15, 20,
25, 30,35, 40,45, 50,55, 60, 70, 80, 90, and 100 min) were measured at their highest absorbance
wavelengths (TB: 594 nm, CV: 590 nm, and RB: 554 nm). All the experiments were carried out
in duplicate under the same conditions, and the average of the obtained data was used as the
result.

Equations

The following equations (1‘and 2) were used to calculate the removal percentage (%) and
adsorption capacity of the dyes:

Removal (%) = COC_Ct x 100 (1)
t
Co—C
qe:(Ome)XV (2)

C., C, and C, (mg L) represented the equilibrium, any time, and the initial concentration
of dye, respectively; m (g) represents the mass of the LDAC; and V' (L) represents the volume
of the solution.

In order to explain the adsorption behavior of the three dyes on the LDAC and to compare
them with each other, kinetic and isotherm modeling studies were carried out with the data
obtained from experimental studies, and important thermodynamic parameters such as Gibbs
free energy (AG”), enthalpy change (AH?), and entropy change (AS’) were also calculated.
Pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle diffusion (IDM)
models were used for kinetic modeling. Langmuir, Freundlich, and D-R models were applied
for isotherm modeling. The linearized versions of these models were given in Table S-II.

The adsorption activation energies of TB, CV, and RB dyes on the LDAC were calculated
using the linearized version of the Arrhenius equation.

— Ea
In (k) =In (A) — T 3)

In order to determine whether the adsorption of the dyes studied on the LDAC is favorable

or not, the separation factor Ry values were calculated from the following equation:
1
Ry = (1+KCp) )

To determine the heat changes during the adsorption of TB, CV, and RB dyes on the
LDAC, thermodynamic parameters such as Gibbs free energy (A G”), the enthalpy change (AH?),
and entropy change (AS”) were calculated by the following equations:
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AG® = —RT InK (5)
—
K =% (6)
0 0
In =5~ 77 g

Nonlinear regression Root Mean Squared Error (RMSE) values were- calculated to
determine which model better fit the experimental data.

RMSE = \/Z(Qe, exp — qe, ca)?)/N (®)

RESULTS AND DISCUSSION
Characterization of the LDAC before and after TB, CV, and RB loading

To determine the LDAC’s wettability, contact angle measurements were
conducted by the sessile drop method. A contact angle value of less than 90° will
generally indicate that it is very convenient to wet the surface and that the water
will spread well over the surface. For contact angle values greater than 90°, surface
wetting is generally unfavorable, and the water takes the form of a liquid droplet
that minimizes contact with the surface. In fact, our previous study demonstrated
the efficacy of this adsorbént in removing methylene blue dye.!” However, the
contact angle value of the LDAC could not be given in that study. In this study,
the contact angle of the LDAC was measured as 46.90° +4.38 (Fig. S-2), providing
additional evidence of the good wettability of the LDAC, which is important in the
adsorption process.

It was shown in our previous study that the LDAC had a large BET-specific
surface area of 851.24 m? g'.' The surface properties of the LDAC before and
after TB, CV, and RB adsorption were investigated by SEM/EDX (Fig. S-3). When
the surface of LDAC was examined, it was seen that it had a granular and porous
form (Fig: S-3.a). Since these pores in the LDAC structure increased the surface
area and the number of active centers, it facilitated the adsorption of the studied
dyes in a good way (Fig. S-3.b, ¢, d). The elemental analysis of the LDAC’s surface
before and after TB, CV, and RB loading was performed by EDX analysis (Fig. S-
3.e, f, g, h). Before the adsorption of TB, CV, and RB, the elemental composition
of the LDAC was 82.36 % C, 5.66 % O, 6.87 % Cl, and 5.11 % Zn by weight (Fig.
S-3.e). The zinc and chlorine in the EDX results are due to ZnCl; used in the
chemical activation of activated carbon. Since TB, CV, and RB molecules fully
occupied all the pores and surface of the LDAC, the elemental composition of the
surface (%) changed significantly after TB (C27H300sS), CV (C2sH30CIN3), and RB
(C2sH31CIN,0Os) adsorption (Fig. S-3.1, g, h).

The FT-IR spectrums of the LDAC before and after TB, CV, and RB
adsorption were given in Fig. S-4. The low intensity peaks around 2927-2853 cm’
! show asymmetric and symmetrical aliphatic C-H stretching bands (Fig. S-4). +°
The broad band stretching between 1550 and 1750 cm™! is likely the result of the
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C=N, C=C, and conjugated carbonyl vibrations in the aromatic ring. ""'* After the
adsorption of TB, CV, and RB on the LDAC, decreases in peak intensities were
observed, indicating that adsorption had taken place, although no significant shift
was observed in the peaks.

The XRD patterns of the LDAC before and after TB, CV, and RB adsorption
were shown in Fig. S-5. As seen in Fig. S-5, there are both sharp peaks and wide
peaks in the XRD patterns of the LDAC. Although sharp peaks. indicate the
presence of crystal structures, broad peaks indicate the presence of amorphous
structures. The broad peaks at the 2 theta value of around 25° and 43° in the XRD
patterns indicate the existence of amorphous carbonaceous structures. The sharp
peaks at 20 = 31.5°, 34.5°, and 36.5° are crystalline carbon structures. It can be said
that in the carbonization processes carried out at high temperatures (approximately
800 °C), more crystalline carbon structures, such as graphite, are formed than
amorphous structures. In addition, the zinc oxide (from ZnCl, activation) trapped
in the melt by sintering at high temperatures may not have been sufficiently
removed by washing processes. The peaks at 20 = 47.4° and 56.4° suggest the
presence of ZnO. Also, the peaks at 20 = 62.7° and 67.8° may be due to other
impurities. The absence of a significant shift in the peaks after the adsorption of
TB, CV, and RB dyes can be explained by the fact that the studied dyes do not
form chemical bonds that may cause a change in the structure of the active centers
on the LDAC surface (Fig. S-4 and Fig. S-5). In other words, the adsorption took
place by physical mechanisms for all the studied dyes.

The effect of some parameters on TB, CV, and RB adsorptions

To compare the adsorption capacities, the removal of TB, CV, and RB from
the aqueous medium by the LDAC was investigated at the same pH (9.5). Since
this pH value (9.5) was greater than the pHp,. value of the LDAC (6.8) and the pK.
values of the dyes (TB = 8.9, CV = 9.4, and RB = 3.7), the electrostatic attraction
force between the dyes and the LDAC was increased. Fig. la shows how
temperature affects the adsorption of the studied dyes. It is seen that the adsorption
capacity (q.) of all dyes studied increases with increasing temperature. Moreover,
the same effect was observed for all initial concentration values. While the g.
values at 298 K were 45.34 mg g, 41.41 mg g', and 44.67 mg g' for TB, CV,
and RB, respectively, these values were 51.83 mg g, 47.41 mg g”!, and 49.64 mg
¢! at 323 K (60 mg L' initial dye concentration). Increasing the temperature
increases the mobility of the molecules in the solution medium, decreases the
solution viscosity, and helps the expansion of small pores. In addition, the increase
in temperature increases the diffusion rate as the external and internal mass transfer
resistances decrease. Thus, the transition of molecules from the liquid phase to the
solid phase becomes easier. Fig. 1b shows the effect of initial dye concentration
(for TB: 20, 40, 60, 80, 100, 120 mg L'; CV: 15, 30, 45, 60, 75, 90 mg L"'; and
RB: 20, 40, 60, 80, 100, 120 mg L") on the adsorption capacity (g.). It appears that
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increasing the initial dye concentrations increases the adsorption capacity (g.) by
generating a higher driving force of concentration difference that can overcome
the solid-liquid mass transfer resistance. g. increased with increasinginitial
concentration at three different temperatures (298 K, 308 K, and 323 K) for the
three dyes. The best results were obtained at 323 K. The contact time, of course,
directly affects the cost of the adsorption process. Obtaining the highest adsorption
efficiency in a shorter time is advantageous for the process. The ability of LDAC
to remove TB, CV, and RB from water with high adsorption efficiency in short
equilibrium times (90 min, 80 min, and 70 min for TB, CV, and RB, respectively)
shows that this adsorbent can reduce the total process cost of removing dyes from
contaminated water.
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Fig. 1. a) The temperature effects; b) The initial concentration effects; ¢) The contact time

effects.
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Fig. 1c shows the effect of contact time on the adsorption capacity (g.). When
the change in the bar graphs is examined, it is seen that there is rapid adsorption
due to the high solution concentration in the initial times, then the solution
concentration decreases and the adsorption rate decreases with the filling of the
active centers on the LDAC surface, and finally, at the end of a certain time,
adsorption cannot be made, that is, the equilibrium state is reached.

TB, CV, and RB adsorption kinetics

The adsorption kinetic studies are very important for the modeling and design
parameters of the adsorption systems. Three different kinetic models were applied
to the experimental data to estimate the adsorption rates and determine the rate-
limiting step, and linear forms of the PFO, PSO, and IDM models were used to
determine the model parameters (Table I). In-addition, nonlinear forms of PFO,
PSO, and IDM models were applied to the experimental data, and experimental
kinetic data were also checked (Fig. 2).

PFO model parameters (k, q,), correlation coefficient (R?), deviation (%)
between calculated g. and experimental g. values, and RMSE values calculated at
323 K temperature for the three dyes studied were given in Table 1. The fact that
the R’ values were lower, the deviation (%) and RMSE values were higher than the
other two models examined showed that this model did not fit the experimental
data. Furthermore, Fig. 2 proved that the experimental kinetic data did not fit the
nonlinear form of the PFO model at all for TB, CV, and RB.

Table 1. PFO, PSO, and IDM model parameters for the adsorption of TB, CV, and RB

Model Parameters TB CV RB
Geexp/ Mg g 51.83 47.41 49.64
k;/ min™! 0.0364  0.0420  0.0488
Geca !/ Mg g 32.86 19.36 32.54
R’ 0.8752  0.9077 0.9276
PFO Deviation / % 36.60 59.16 34.45
RMSE 17.85 27.41 16.50

k»/gmg' min!  0.00172 0.00419 0.00213
ko/ gmg'min' 54318 10.2774  6.3492

Gecat/ Mg g 50.39 46.69 48.66

PSO R’ 0.9915 0.9970  0.9944
Deviation / % 2.78 1.52 1.97
RMSE 1.37 0.81 0.62

ks / mg gt min?  3.1800 1.8903  3.5112

0/mgg! 21.576  30.383  20.840

R’ 0.9802  0.9880  0.9577

IDM Gercar/ mg ! 51.74 47.29 50.22
Deviation / % 0.17 0.25 1.17

RMSE 0.91 0.60 1.32
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PSO model parameters (k, g,) and the initial adsorption rate (ko), R,
deviations (%), and RMSE values calculated for TB, CV, and RB were given in
Table I. R? values were greater than 0.99 for all dyes studied. The smaller deviation
(%) values indicating good closeness between experimental g. and calculated g.
were found to be 2.78, 1.52, and 1.97 for TB, CV, and RB, respectively. The
smaller RMSE values (1.37, 0.81, and 0.62 for TB, CV, and RB, respectively)
supported the fact that the adsorption of TB, CV, and RB onthe LDAC follows
the PSO kinetics well. In addition, the rate constant (k,) and the initial adsorption
rate (ko) of TB were greater than those of RB and CV, indicating that the affinity
of TB molecules for the LDAC is greater than that of CV and RB molecules (Table
I). Moreover, Fig. 2 demonstrated that the experimental kinetic data for TB, CV,
and RB fit well with the nonlinear form of the PSO model. Bakhsh et al. reported
that the adsorption of thymol blue onto prepared activated carbon from
Trachycarpus fortunei seeds obeyed the pseudo-second-order model.?!
Senthilkumaar et al. reported that the kinetics of adsorption of crystal violet onto
modified activated carbons prepared from male flowers of coconut trees were
found to be pseudo-second-order with regard to intraparticle diffusion.?> Wang et
al. reported that the adsorption of Rhodamine B on biochar samples prepared from
earthworm manure fitted well with the PSO kinetic model.*

IDM model parameters (k, 0), R?, deviations (%), and RMSE values
calculated for the three dyes studied were given in Table 1. The fact that the g, vs.
t"”? graphs did mot pass through the origin indicated that the mass transfer rate
changed in the first and last stages of adsorption. This suggests that intraparticle
diffusion isnot the only step controlling the rate, and boundary layer effects can
also control the rate of adsorption.

The  parameter is very important as it relates to the boundary layer thickness.
The bigger the @ value, the larger the boundary layer thickness. The values of the
boundary layer thickness for TB, CV, and RB were calculated as 21.576 mg g,
30.383 mg g}, and 20.840 mg g, respectively (Table I). In addition, the boundary
layer thickness values for all studied dyes increased with increasing initial dye
concentration and temperature. The greater boundary layer thickness value of CV
may explain why the adsorption capacity of CV on LDAC is lower than that of TB
and RB. This indicates that intra-particle diffusion was slower at higher
temperatures and initial dye concentrations. The rate constants (k,) for TB, CV,
and RB were found to be 3.1800 mg g! min'"?, 1.8903 mg g! min"?, and 3.5112
mg g min""?at 323 K, respectively (Table I). The R’, deviations (%), and RMSE
values for the IDM model show that the IDM kinetic model is suitable for the
studied dyes. The lower deviation (%) and RMSE values of TB and CV compared
to RB indicate a better fit. As can be seen from Fig. 2, the nonlinear form of the
IDM model is in good agreement with the experimental kinetic data for TB, CV,
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and RB, suggesting that both pore and film diffusion co-control the adsorption
kinetics.

60 —@—experimental —@—PFO —&—PSO IDM

0 20 40 60 80 100 120
t/ min
) 60 —f—experimental —@®—PFO —4—P50 IDM
o
80
.y
=
0 20 40 60 80 100
t / min
c) )
60 —&—experimental —@—PFO —4—PS0 IDM

0 20 40 60 80 100
t/ min

Fig. 2. a) The kinetic modeling of TB; b) The kinetic modeling of CV; c) The kinetic
modeling of RB.

Activation energy

The activation energy offers an idea about whether the adsorption mechanism
is physical or chemical. If the activation energy is less than 40 kJ mol™, it is
physical adsorption; if it is greater than 40 kJ mol ™, it is chemical adsorption. For
the adsorption of TB, CV, and RB onto LDAC, the activation energies (E£,) were
calculated using eq. (3) and the Arrhenius plots (Figs. not given). The activation
energies were found to be 45.41 kJ mol™!, 20.51 kJ mol!, and 27.04 kJ mol™! for



1 0 KOYUNCU et al.

TB, CV, and RB, respectively. Although the activation energy of TB is slightly
higher than 40 kJ mol !, the energy value (E) determined from the D-R model and
the absence of significant shifts in the FT-IR and XRD images suggest that the
adsorption is physical. Onen et al. reported that the activation energy of TB on.mild
steel was 6.32 kJ mol'.** Laskar and Kumar noted that the value of E, for erystal
violet dye adsorption onto sodium carbonate-modified Bambusa tulda was 26.297
kJ mol'.?* Lee and Zaini reported that the activation energy for the adsorption of
RB by magnetic activated carbon was 24.1 kJ mol! and 28.9 kJ mol™ for the PFO
and PSO kinetic models, respectively.?®

TB, CV, and RB adsorption isotherms

Equilibrium studies are necessary in order to optimize the adsorption process.
The equilibrium studies of the adsorption process of TB, CV, and RB dyes on
LDAC were carried out at 3 different temperatures (298 K, 308 K, and 323K), and
the experimental data were adapted to 3 different isotherm models (Langmuir,
Freundlich, and D-R), and the determined model parameters were presented in
Table II.

The maximum Langmuir adsorption capacity (¢.) of TB, CV, and RB was
found to be 400 mg g, 212.766 mg g, and 344.828 mg g’!, respectively (Fig. S-
6a). The value of g,, for TB is higher than that of CV and RB. The reason for this
can be explained by the fact that the initial rate of adsorption (ko) for TB acquired
from the PSO model is lower than that of CV and RB. So, TB molecules are
adsorbed on the  LDAC surface faster. Besides, the smaller boundary layer
thickness (6) of TB allows the molecules to pass easily into the pores of the LDAC
(Table I). Kumari et al. studied the adsorption of TB dye from wastewater by
activated carbons fabricated from plastic waste and reported that the maximum
adsorption capacities onto waste polybags (P-ACs), cups (C-ACs), and bottles (B-
ACs) were 1628 mg g', 1154 mg g', and 43.93 mg g', respectively.”
Senthilkumaar et al. reported that the adsorption capacities of CV onto activated
carbons (PAAC and SAAC) derived from male flowers of coconut trees were
60.42 mg g! and 85.84 mg g'.?? Xiao et al. found the maximum adsorption
capacity of RB onto activated carbon (ASC) was 123.46 mg g'.?® It can be stated
that the maximum adsorption capacity (¢») of TB, CV, and RB onto the LDAC
obtained in this study is relatively higher than many adsorbent capacities reported
by other researchers. In addition, the favorable adsorption of TB, CV, and RB on
LDAC was demonstrated by the R; factor being in the range of 0 to 1 (Table II).
Similar results regarding the R, factor of TB, CV, and RB on different adsorbents
were obtained by the other authors.?>?%

The Freundlich model parameters (k; 1) and R’ values for the studied dyes
were given in Table II. & values were determined as 9.6244, 4.8018, and 6.7113
for TB, CV, and RB, respectively (Fig. S-6b). If the ks value is large, the adsorption
capacity is also large. By comparing the krvalues for the studied dyes in Table II,
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it can be said that the adsorption capacity of LDAC is ranked as TB>RB>CV_If
the value of n is greater than 1, it is favorable adsorption. n values were found to
be greater than 1 for the removal of TB, CV, and RB (Table II). Besides; n > 1
indicates high affinity between the LDAC and TB, CV, and RB and proves that
the adsorption occurs in a physical manner and that the adsorption sites on the
LDAC are heterogeneous. Other researchers revealed similar results related to the
favorable adsorption of TB, CV, and RB onto different adsorbents.?”2%

The R’ values for Langmuir, Freundlich, and D-R isotherms were determined
to be greater than 0.99 for both TB and RB and greater than 0.97 for CV.

Table II. Langmuir, Freundlich, and D-R parameters for the:adsorption of TB, CV, and RB

TB CV RB
Langmuir
gm/mg g! 400 212.766 344.828
K /L mg! 0.0183 0.0260 0.0182
R’ 0.9991 0.9797 0.9977
R, 0.4766 0.3903 0.4772
Freundlich
kr 9.6244 4.8018 6.7113
n 1.2384 1.0611 1.1227
R’ 0.9976 0.9749 0.9919
D-R
gm/ mol g! 0.0383 0.0136 0.0114
K’/ mol® kJ? 0.0081 0.0070 0.0065
E /kJ mol’! 7.8567 8.4515 8.7706
R’ 0.9850 0.9788 0.9921

The adaptation of the experimental data to the D-R model was shown in Fig.
S-6¢ and the calculated D-R parameters (g, K’, and E) and R’ values were given
in Table II. The E value calculated from the D-R model indicates that when £ < 8
kJ mol ™, the adsorption mechanism is physical, when 8 < E < 16 kJ mol™, it is ion
exchange adsorption, and when E > 8 kJ mol™!, the adsorption is chemical. In this
study, E values were calculated to be 7.8567 kJ mol, 8.4515 kJ mol™}, and 8.7706
kJ mol ! for TB, CV, and RB, respectively (Table II). The type of adsorption of TB
on the LDAC was of a physisorption nature. In other words, the interaction
between TB molecules and LDAC takes place by van der Waals forces. Although
the values of E for CV and RB seem to be in the ion exchange range, they are very
close to 8 kJ mol!, and it can be stated that the interaction between both CV and
RB molecules and the LDAC surface is also by physical adsorption mechanisms.

A comparison of the maximum adsorption capacity of the LDAC with various
activated carbons used as cheap adsorbents for TB, CV, and RB removal was given
in Table III. This comparison demonstrated that the LDAC had a greater adsorption
capacity than other adsorbents. Thus, the LDAC can be considered an adsorbent
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with great potential to remove dyes such as TB, CV, and RB from aqueous
medium.

Table III. Comparison between LDAC and cheap biomass-based activated carbons for TB, CV,
and RB removal

Activated carbon TB/mgg! CV/mgg! RB/mgg! Ref.
Garcinia cola nut shell 189.60 »
(CBK1/1)
Garcinia cola nut shell 396.04 »
(CBH2/1)

Plastic waste polybags (P-ACs) 16.28 z

Plastic waste cups (C-ACs) 115.40 z

Plastic waste bottles (B-ACs) 43.93 z

Coconut tree male flowers 60.42 2
(PAAC)

Coconut tree male flowers 85.84 2
(SAAC)

Millettia thonningii seed pods- 7.57 30
derived

Palm petiole-derived 209 31

Oak leaves-derived 41.15 32

Activated sugar-based carbon 123.46 28
(ASC)

Earthworm manure-derived 21.60 B

Bamboo shoot shell-derived 85.8 33

Plaintain peels-derived 84.41 34

Cassava slag-derived 105.6 35

LDAC 400 212.77 344.83 Present
study

Adsorption thermodynamics

Thermodynamic parameters of the adsorption of TB, CV, and RB on the
LDAC, such as the Gibbs free energy (4G” / k] mol"), enthalpy (4H’ / kJ mol ™),
and entropy (45° / kJ mol™! K™') changes, were calculated using Eqs. (5-7) and the
van’t Hoff plot (Fig. S-7), and the results were shown in Table IV. The negative
values of 4G’ showed that TB, CV, and RB adsorption on the LDAC was
spontaneous and feasible (Table IV). The positive values of AH’ indicated
endothermic adsorption. The AH’ values for CV and RB are less than 20 kJ mol!
(Table 1V), indicating physical adsorption by van der Waals forces. Although the
AH’ value for TB is slightly higher than 20 kJ mol”, it can be said that the
interaction between TB and the LDAC occurs physically with electrostatic forces.
Moreover, the calculated activation energy and D-R energy values for TB, CV,
and RB support these thermodynamic results. The increase in randomness and
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disorder at the dye solution-LDAC interface during the adsorption was designated
by positive values of AS’, which is in accordance with the 2nd law of
thermodynamics. Similar results for TB, CV, and RB adsorption on different
activated carbons have been reported by other researchers. 313

Table IV. The values of thermodynamic parameters (60 ppm, 323 K)
K AG’/kImol! AH’/kJmol' AS"/kIJmol' K' " R’

TB 6.3439 -4.8845 22.9192 0.0864 0.9987

CV 3.7657 -3.5056 16.6537 00627 0.9904

RB 4.7915 -4.1425 17.7545 0.0748 0.8293
Reusability

The reusability of the LDAC was evaluated for TB, CV, and RB adsorption
and desorption, and results were shown in Fig. S-8. 0.1 M HCI solution was used
for the desorption studies. After four consecutive adsorption and desorption cycles,
the removal efficiencies of TB, CV, and RB decreased by 23.5 %, 19.1 %, and
15.4 %, respectively. This demonstrated that LDAC could be an economical and
effective adsorbent for dye removal.

CONCLUSIONS

The adsorption behaviors of TB, CV, and RB on LDAC were studied, and
very good results were achieved. The isotherm studies showed that the adsorption
capacity of the LDAC was ranked as TB > RB > CV. The maximal Langmuir
adsorption capacity of TB, CV, and RB was found as 400 mg g, 212.766 mg g’!,
and 344.828 mg ¢!, respectively. The kinetic studies implied that the adsorption
of TB, CV, and RB onto the LDAC fit the PSO kinetics. Besides, the nonlinear
forms of the PSO and IDM models had a good agreement with the experimental
kinetic data for TB, CV, and RB. The boundary layer thicknesses were also
evaluated. These values for TB, CV, and RB were calculated to be 21.576 mg g”',
30.383 mg g!, and 20.840 mg g’!, respectively. TB and CV better fit the IDM
kinetic model with lower deviation (%) and RMSE values compared to RB. The
thermodynamic studies showed that the adsorption of TB, CV, and RB on the
LDAC was spontaneous, feasible, and endothermic, with physical adsorption by
van der Waals and electrostatic forces.

This study demonstrated that the removal of the dyes with environmentally
friendly, cheap, sustainable, and high adsorption capacity the LDAC will
contribute to environmental and wastewater cleaning, and it may be an alternative
to expensive adsorbents.
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SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:
https://www.shd-pub.org.rs/index.php/JSCS/article/view/12417, or from. the cor-
responding author on request.

HU3BO

HCTPAXXHWBAIGE [TOHAIIAKBA AICOPITHUIE TUMOJI IVIABOT, KPUCTAJITHO
JBYBUYACTOI' U POOAMHWHA b HA AKTUBHOM YI'JbY JOBMJEHOM OJ1 JIMIITAJA

HULYA KOYUNCU!, ALI RIZA KUL?

'Bursa Technical University, Faculty of Engineering and Natural Sciences; Chemical Engineering Department,
16310, Bursa, Turkiye, and *Van Yiiziincii Y1l University, Faculty of Science, Chemistry Department, 65080,
Van, Turkiye.

[Towrto ce Tumon masa (TB), kpucranHo /pyduuacta (CV) u pogamus 6 (RB) uecto kopucre
y PasHUM HMHIyCTpUjama, OHH Y3pOKyjy 3araheme )KUBOTHE CPEJUHE yCilefl TPOLECHUX OTHaTHUX
Bozma. Camaurwa ctyaudja ce pokycupaina Ha ykiawawme TB, CV u RB u3 Bogennx menuja nomohy
aKTHUBHOT yrba HodujeHor op numaja (LDAC), u ymopehuBame HBHXOBOI IOHAlllamka IMPH
azcopnuyju. YTBpheHo je ma je MakcHManHu kamaguteT Jlanrmyup ancopnuuje 3a TB, CV u RB
400 mg g, 212,766 mg g u 344,828 mg ¢!, pecriextrsHO. HaheHo je na yxiamame TB, CV u RB
usHocu 86,38 %, 79,02 % u 82,73 %, pecnekTUBHO, IPH UCTUM YCIOBUMA. EKCIepUMeHTaTHA
HoJaly Cy HHTEPIPeTHPaHy yoOuUajeHo KopUITheHUM KHUHETUUKUM U U30TEPMHUM MOZEIUMA.
HspauyHaTe eHepruje akTHBaluje, eHeprija D-R Mozena, BpegHOCTH eHTannuje U mpouena FT-
IR, XRD u SEM/EDX cnvka CHUM/BEHMX Ipe U Tocie ajscopnuudje doje moxasanu cy na ce
mexanusmu agcopnuuje TB, CV u RB Ha LDAC dusuuku npouecd. KuHeTnuku Mogen nceyzno-
Opyror pefma dosbe je omucao azcopnuuoHo noHamame TB, CV u RB Ha LDAC-y. Bpennoct
ned/pUHEe TpaHWYHOI €0ja 3a CcBe IpoydaBaHe Ooje mosehaBama ce ca nmoBehameM IOYETHE
KOHLIeHTpauuje boje u Temnepatype, a CV je Takohe umao Behy BpenHOCT nebbrHE IPaHUYHOT
cJ10ja op oHe k0ja je Hahena kox TB u RB.

(ITpumrseno 30. Maja; pesunupano 10. aBrycta; mpuxsaheno 20. HoBembpa 2023.)
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