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Abstract: This paper investigates the thermodynamic aspects of the adsorption processes of Congo red dye on four
different types of adsorbents: steam-activated brown coal, enriched bentonite from Navbahor deposit, carbon based on waste
polyethylene terephthalate bottles and Fe-intercalated bentonite. The study focuses on the analysis of enthalpy and entropy
changes, which allow to estimate the energy efficiency and spontaneity of the adsorption processes. The results show that the
adsorption of the dye is endothermic and is accompanied by a decrease in entropy, which indicates a significant degree of ordering
during adsorption. The role of temperature in the efficiency of adsorption processes is emphasized and recommendations for the
use of these adsorbents for wastewater treatment are proposed.
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Introduction. Adsorption of synthetic dyes such as Congo red (CR) on different
types of adsorbents is a key method for understanding the interactions between
pollutants and their removal potential from aquatic systems. Congo red, known for its
high chemical stability and color brilliance, poses significant challenges to traditional
wastewater removal methods due to its resistance to degradation. Efficient removal of
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such persistent organic compounds requires a thorough understanding of the
thermodynamic basis of adsorption processes [1-5].

Comparative analysis of Congo red adsorption on carbon and bentonite adsorbents
provides a unique opportunity to study the differences in the mechanisms of dye
interaction with different types of adsorbents. The main focus of this work is on the
assessment of thermodynamic parameters, such as the change in Gibbs free energy (AG®),
enthalpy (AH®) and entropy (AS°), which allow us to draw conclusions about the
spontaneity and thermal effects of adsorption processes. These parameters not only help
to assess the adsorption efficiency, but also provide an understanding of the physical and
chemical nature of the interaction between the dye and adsorbents [6-9].

Mineral and carbon adsorbents differ in their porous structure and chemical
composition, which affects the adsorption mechanisms on their surface and overall
adsorption activity. Carbon adsorbents, such as activated carbon, typically have high
porosity and a developed surface, which provides a large number of active sites for
adsorption. These pores can be micro-, meso- and macroporous, which allows for the
effective capture of molecules of various sizes. Unlike carbon, mineral adsorbents, such
as bentonite, consist mainly of aluminosilicates and are characterized by a layered or
lamellar structure, which affects their ion-exchange properties and the ability to
interlayer adsorption. Adsorption mechanisms on bentonite can include both physical
absorption and chemical adsorption due to the polarity and presence of functional groups
on the mineral surface. These differences in structure and chemical composition
determine the unique properties of each type of adsorbent in the processes of removing
dyes from aqueous solutions [10-12].

The objective of this study is to investigate in detail the thermodynamic aspects of
Congo red adsorption, identifying key differences and similarities in the behavior of this
dye on carbon and mineral (bentonite) adsorbents. The results of such a comparative
analysis will be of fundamental importance for the development of new and optimization
of existing wastewater treatment methods, which contributes to improving the
environmental safety and sustainability of industrial processes.

Experimental part

The following samples were taken as the object of the study: 1) brown coal (UC)
steam-activated at 850°C; 2) enriched bentonite from the Navbahor deposit (ENB); 3)
carbon based on polyethylene terephthalic bottle waste (APET), obtained by activating a
mixture of PET waste, a pore-forming agent (1%) and thermally expanded graphite (10%)
at 700°C; 4) Fe-intercalated ENB (FeENB), obtained at a ratio of Fe3+/ENB=10 mmol/g.

Congo red is an azo dye, an acid-base indicator of red-brown color and poorly
soluble crystals in cold water. Chemical formula Cs2H22NeNa20eSe.

Adsorption isotherms of KK from aqueous solutions on samples were obtained at
different temperatures in the concentration range of 1-60 mg/g. Quantitative
determination of dyes was carried out by scanning spectrophotometry in the range of
190-700 nm using a UV/V-5100 spectrophotometer (Shanghai Metash Instruments Co.).
The effect of temperature was studied in the range of 25-60°C, pH from 3 to 9. Adsorption
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capacity with respect to KK was measured by determining the optical density at a
characteristic wavelength of 505 nm, which was determined experimentally.

The experiments to determine the adsorption capacity were carried out in the
following order: first, solutions of dyes in water with a concentration of 1 to 60 mg/l were
prepared and the optical densities of these solutions were determined. A standard
calibration graph was constructed based on the data obtained. 0.05 g of aluminosilicate
samples in powder form were added to 50 ml solutions with 7 different concentrations.
The flasks were slightly shaken and then left to stand at rest until equilibrium was
established. The time to establish adsorption equilibrium was determined from the
adsorption kinetics curve. The kinetics of the adsorption process was studied only for one
concentration for each aluminosilicate sample. After adsorption equilibrium was
established, the optical densities of the solutions were measured and their concentrations
were calculated using the calibration graph data. The amount of adsorbed dye was

determined by the formula:

A= (Co _"Clﬂ * V’ )

where A is the amount of adsorbed adsorbate, mg/g; Co and C: are the initial and
equilibrium concentration of the adsorbate in the solution, mg/l; V is the volume of the
solution, I; m is the mass of the adsorbent.

The conclusion about the spontaneous flow of the adsorption process or its forced
nature can be made by considering the process from a thermodynamic point of view. As
is known from the course of colloid chemistry, the change in the free surface Gibbs energy
(AG®) is a fundamental criterion for the spontaneity of each process, including
adsorption. The absorption of the adsorbate on the surface of the adsorbent occurs at
negative values of AG® at a given temperature. The value of free energy for adsorption
was calculated using the equation:

G° = —RTInkK, (2)
where K is the distribution coefficient (K = g—i), R - is the universal gas constant,

8.314 [/mol*K.

The distribution coefficient is the ratio of the concentration values of the adsorbate
in the adsorbed phase and the volume of the solution. Free surface energy and enthalpy
are related to each other through entropy by means of the equation:

G® = AH° —TAS°, 3)

where, AS?- entropy of the system.

Using equation (3), the values of the surface Gibbs free energy were found at
different temperatures of the CC adsorption process; graphs of the dependence of the
surface energy on the process temperature were constructed based on the obtained data.
From this graph, the values of AH® were found by the slope of the straight line and AH0
by the intersection with the ordinate of the coordinate.
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Results and discussion

The adsorption isotherms of KK on the selected objects are shown in Fig. 1.
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Fig. 1. Adsorption isotherms of CC on the studied objects

The adsorbent AU shows a sharp saturation of adsorption sites already at a
relatively low concentration of C1, which is evident from the rapid saturation of the
curve. This may indicate high adsorption activity at low concentrations, but limited
overall capacity due to possible saturation of adsorption sites.

The NShB adsorbent shows a smoother increase in adsorbed substance and reaches
saturation at higher C1 concentrations compared to AU. The PET waste-based adsorbent
shows a moderate increase in adsorption but does not reach saturation in this
concentration range, which may indicate greater accessibility of adsorption sites or a
weaker adsorption bond.

The FeNShB adsorbent exhibits a constant, almost linear increase in adsorption over
the entire concentration range. This may indicate the presence of a large number of
available adsorption centers and an adsorption mechanism that effectively uses
increasing concentration to increase adsorption.

From the analysis of isotherms it can be assumed that different adsorbents have
significant differences in their adsorption characteristics, which may be due to different
adsorption mechanisms, different porosity and chemical nature of the surfaces.
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Fig. 2. Change in the Gibbs energy of the adsorption process of CC on the studied
objects.

The graph shows that for all adsorbents AGo decreases (becomes more negative)
with increasing temperature, which indicates an increase in the spontaneity of adsorption
with increasing temperature. The AGo values for all adsorbents are in the negative region,
which confirms the spontaneous nature of adsorption processes at all measured
temperatures.

By analyzing the regression equations, one can notice differences in the slopes and
intercept values with the Y axis, which indicates a different degree of dependence of the
change in AGo on temperature for each adsorbent. For example, the adsorbents AUPET
and FeNSHB show a significantly greater decrease in AGo with increasing temperature
compared to AU and NShB, which may indicate their higher thermal sensitivity in the
context of adsorption processes.

The determination coefficient R2 for all lines is high, which indicates a good
approximation of the experimental data by the proposed linear models. Such a model
allows one to reliably predict the behavior of AGO when the temperature changes in the
studied range.

Table 1. Thermodynamic parameters of adsorption of CC on samples

Sample AH?, kDj/mol ASY, kDj/mol
AU 1,7369 -4,3558
NSHB 8,677 -26,531
AUPET 25,577 -69,626
FeNSHB 23,316 -63,252
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Table 1 presents the thermodynamic parameters of Congo red dye adsorption on
different adsorbent samples. It is evident from the table that all adsorbents demonstrate
endothermic adsorption, which indicates the consumption of thermal energy during
adsorption. The smallest value of enthalpy change (AH?) for AC indicates relatively weak
interactions between the adsorbent and the dye, probably limited by physical adsorption.
In contrast, AUPET and FeNSHB show significantly higher AH® values, which may
indicate strong chemical bonds or more complex interactions facilitating more intensive
energy absorption.

An important aspect is that dyes, having polar and non-polar parts in the molecules,
can be adsorbed through various mechanisms. Electrostatic interactions between
positively charged dye molecules and the negatively charged adsorbent surface, as well
as the formation of hydrogen bonds and water bridges between the amino or azo groups
of the dye and the hydroxyl groups on the adsorbent surface, contribute to closer
adsorption.

Negative values of entropy change (AS°) indicate an increase in the ordering of the
system, which reflects a more structured interaction of the adsorbate with the adsorption
centers on the adsorbent surface, which is not accompanied by significant changes in the
internal structure of aluminosilicates. This is especially noticeable for AUPET and
FeNSHB, where a large decrease in entropy may reflect a significant decrease in the
degree of freedom of the adsorbed dye molecules as a result of their close and specific
interaction with the active centers of the adsorbents. It is interesting to note that
adsorption on Fe-intercalated bentonite and carbon based on PET waste shows higher
AS° values, which may indicate strong chemical interactions. In the case of FeNSHB, the
addition of Fe ions can promote the formation of additional bonds with the amino or azo
groups of the dye, enhancing adsorption due to chemical sorption.

Conclusion. In this study, the adsorption properties of four different adsorbents
were analyzed: steam-activated brown coal, enriched bentonite from the Navbahor
deposit, carbon based on waste polyethylene terephthalate bottles, and Fe-intercalated
bentonite. The analysis of thermodynamic parameters such as enthalpy and entropy
changes allowed us to better understand the adsorption mechanisms of Congo red dye
and to determine the conditions under which adsorption is most effective.

The study confirmed that the adsorption process is endothermic in all cases,
indicating the consumption of thermal energy during adsorption. Particularly high
enthalpy change values for PET-based carbon and Fe-intercalated bentonite indicate
significant chemical interactions between the adsorbent and the dye, which can be used
to develop targeted adsorption materials for the removal of specific types of pollutants
from wastewater.

Negative values of entropy change in all cases reflect an increase in order at the
phase boundary. This indicates the formation of structured and densely packed
adsorbate layers on the surface of the adsorbents, which contributes to more efficient
capture of the dye.
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