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Abstract

This study investigates the adsorption of the textile dye Direct Blue BR 200 from aqueous
solutions onto waste chicken eggshells, evaluated as a low-cost biosorbent, and the com-
mercial activated carbon Sorbotech LGCO 100, used as a reference sorbent. Adsorption
equilibrium was determined experimentally and interpreted using the Henry, Langmuir,
Freundlich, Sips and modified BET isotherms. Among these models, the Sips isotherm
provided the best fit for both adsorbents, indicating surface heterogeneity and a finite
sorption capacity. The equilibrium data showed that eggshells exhibit higher dye up-
take than activated carbon across the investigated concentration range. Kinetic stud-
ies were performed in a continuous-flow fixed-bed system at flow rates: 1.72, 2.31 and
2.90 cm?/s. Apparent effective diffusion coefficient (Ds) was determined using the ana-
lytical solution to Fick’s unsteady-state diffusion equation. The D, values obtained for
eggshells—2.55 x 10711 m?/s, 4.59 x 10~ m?/s, and 1.92 x 1071 m?/s—consistently
exceeded those for activated carbon. The combined equilibrium and kinetic analyses,
supported by the calculated diffusion coefficients, demonstrate that waste eggshells outper-
form the activated carbon Sorbotech LGCO 100 in their ability to adsorb Direct Blue BR 200
from water. The results provide quantitative parameters for modeling adsorption processes
and highlight the potential of eggshell-based biosorbents in water treatment applications.
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1. Introduction

The contamination of aquatic environments with synthetic dyes represents a major

challenge in contemporary environmental engineering. The principal source of ground-
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Among the available methods for removing dyes from industrial wastewater, bio-
logical, chemical and physicochemical processes can be distinguished [2,8]. Preliminary
physical treatment technologies for the removal of dyes include screening, filtration, gravity
settling chambers, coagulation and flocculation [4,6]. Of particular importance are ultrafil-
tration and nanofiltration, which enable the effective removal of many types of dyes. The
limitations of these methods include high capital costs and frequent membrane fouling [4].
The use of coagulation or flocculation requires appropriate waste management. The advan-
tages of biological treatment methods include low operating costs and the possibility of
transforming pollutants into non-toxic products. Despite numerous advantages, biological
methods also have significant limitations, such as incomplete degradation of certain dyes,
long process times, large spatial requirements and limited efficiency under continuous-flow
conditions. Chemical methods also constitute an important group of technologies used for
dye removal from wastewater, employing strong oxidizing agents such as chlorine, ozone,
hydrogen peroxide or the Fenton reagent. These methods are characterized by relatively
short reaction times and high decolorization efficiency. However, their effectiveness de-
pends on process conditions such as pH and the presence of catalysts. These methods also
have significant limitations, including high costs, the formation of reaction by-products
(including halogenated organic compounds) and sludge generation, which restricts their
widespread application and requires further optimization [3].

In general, adsorption can be considered a favorable method for treating dye-
containing wastewater compared with other methods [7,9-11]. This is due to its operational
simplicity, relatively low cost, high removal efficiency, potential for adsorbent regenera-
tion and effectiveness in eliminating persistent dye compounds across a wide range of
applications [10,12]. The efficiency of the method depends on both the properties of the
adsorbate and the adsorbent.

The most commonly used adsorbent in water purification processes is activated carbon,
which, owing to its well-developed porous structure and large specific surface area, exhibits
very high sorption capacity [7,13]. Its properties can be modified through the selection
of the raw material and activation conditions, which allows it to be tailored to specific
applications. For this reason, the use of both commercial activated carbon and activated
carbon derived from waste materials (e.g., lemongrass leaf, rice husks, orange peel, spent
tea leaves or coconut leaves) for the removal of dyes from aqueous solutions has been the
subject of numerous scientific studies [7,14]. Despite its numerous advantages, the use of
activated carbon is still associated with relatively high production and regeneration costs,
which encourages the search for cost savings through the use of alternative materials such
as agricultural and industrial waste products [11].

In recent years, there has been growing interest in so-called biosorbents, i.e., mate-
rials of natural or waste origin that may constitute an effective and low-cost alternative
to conventional adsorbents. This group includes, among others, agricultural and indus-
trial wastes such as raw maize cob [10], exhausted coffee ground powder [15], waste tea
leaves [16], sawdust [17], nut shells [12,18,19], tree bark [20], pineapple leaf powder [9], and
pine tree leaves [21]. Their utilization aligns with the concept of a circular economy and
sustainable development. Unfortunately, despite the very low costs of these waste-derived
adsorbents, they exhibit relatively low adsorption efficiency [8,11]. For this reason, the
search for new biosorbents and the optimization of their operating conditions constitute a
key research direction, essential for increasing the efficiency of adsorption processes and
for the development of sustainable water treatment technologies.

The aim of this study is to evaluate the efficiency of removing the textile dye Direct
Blue BR 200 from aqueous solutions via adsorption onto waste chicken eggshells, treated
as an alternative to conventional adsorbents such as activated carbon. Within the scope
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of the study, equilibrium investigations were conducted using a static method, as well as
adsorption kinetics studies in a continuous-flow fixed-bed system. An additional objective
of the study is the determination of key mass transfer parameters, including the molecular
diffusion coefficient of the dye in water and the effective diffusion coefficient of the dye in
adsorbent grains. The effective diffusion coefficient is calculated as a function of process
operating conditions, in particular the flow rate of the liquid phase. The results obtained
are intended to enable a comparison of the adsorption properties of the eggshell biosorbent
and activated carbon, as well as to provide data necessary for the design and modeling of
water treatment processes.

Eggshell-based biosorbents have been previously widely examined for dye removal;
however, earlier studies have focused mainly on adsorption equilibrium, kinetic measure-
ments and physicochemical characterization of eggshells. None of these studies provide
quantitative mass-transfer parameters describing diffusion in eggshell grains. Importantly,
effective diffusion coefficients (D;) for dye adsorption in eggshells have not been reported
in the literature, despite the key role of diffusion in adsorbent grains in controlling ad-
sorption kinetics. The present study addresses this gap by determining D; values for
Direct Blue BR 200 dye using experimental kinetic data and the analytical solution to Fick’s
unsteady-state diffusion equation. Furthermore, the novelty of this work lies in the direct
comparison between chicken eggshells and commercial activated carbon Sorbotech LGCO
100, providing new insight into the relative mass-transfer performance of eggshells as a
low-cost sorbent for the removal of an anionic azo dye (Direct Blue BR 200) from water.

2. Materials and Methods
2.1. Characteristics of the Adsorbate and Adsorbent

The dye investigated in this study was Direct Blue BR 200 supplied by Argus (Radzis-
zow, Poland). The chemical structure of the dye is shown in Figure 1. It was selected as the
model adsorbate due to its high industrial relevance and environmental significance. This
compound is widely used in industrial textile dyeing processes. It belongs to the azo dye
class, which constitutes approximately 60-70% of all dyes used in textile processing [22],
particularly in cotton and cellulose fiber dyeing. Azo dyes are characterized by high water
solubility, chemical stability and resistance to biodegradation, making them persistent
contaminants in textile wastewater and difficult to remove using conventional treatment
methods. The molecular structure of Direct Blue BR 200 contains multiple sulfonate groups,
which increase its solubility in water and make it a representative anionic dye commonly
encountered in textile effluents [23]. Moreover, Direct Blue BR 200 dye has been reported
to exhibit toxic effects on aquatic organisms [23]. These features justify its selection as a
relevant pollutant for evaluating adsorption performance of the waste eggshell biosorbent.

NH, HoN
OH HO
NaO3S Q Q SO3Na
N N
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CH50 OCH,

Figure 1. Chemical structure of Direct Blue BR 200 dye (Poland) [24].
Chicken eggshells were used as the biosorbent in this study. The raw material was
a waste product from a local pastry shop (Southern Poland). The eggshells were chosen

for the studies since they are reported in the literature to be a potential biosorbent for
dye removal [25-30]. The chicken eggshell consists of three layers: an outer mineral
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shell and two inner protein membranes [25,29,30]. It contains mainly calcium carbonate
(94-97% by weight) but also magnesium carbonate (1%), calcium phosphate (1%) and
organic matter (4%—protein membrane). One eggshell contains up to 17,000 pores [28].
The pore diameters are reported to vary from 13 nm to 1000 nm [29,31]. The BET specific
surface area of boiled eggshells is about 1-3 m? /g [25,30-33]. The relatively low specific
surface area is the reason why it has been postulated that sorption capacities of eggshells
result from surface interactions rather than from diffusion through their pores [31].

The steps of preparing the waste eggshells used in the studies were as follows:

(1) removing the inner membrane,

(2) washing with distilled water,

(3) boiling for 5 min in distilled water at 100 °C,

(4) crushing manually into pieces,

(6) sieving, dividing into samples and placing in weighing bottles,
(6) drying overnight to constant mass in a laboratory dryer at 50 °C.

The inner membrane of the eggshells was removed to prevent protein degradation
during equilibrium studies and ensure reliable concentration measurements. The eggshells
were boiled because, according to the literature [32], boiling can enhance the specific
surface area of eggshells and therefore it is a beneficial operation for adsorption. Moreover,
it improved hygienic conditions when working with this biological material.

The average shell thickness was 0.3 mm. The shells were crushed into irregular pieces
suitable for placement in the adsorber as a loosely packed bed. The size of the prepared
pieces at their widest edge ranged from 5 mm to 8 mm. The smallest grains generated
during crushing were discarded. Fragments smaller than 0.63 mm were removed by sieving.
The aim was to ensure that the shells remained on the supporting grid of the adsorption
column and were separated from the liquid solution flowing through the adsorbent bed.
Moreover, using relatively large grains and avoiding grinding—commonly applied in
studies on eggshell biosorbents—was intended to ensure a low pressure drop in the column
packing, which is an important factor from an engineering perspective.

The commercial activated carbon Sorbotech LGCO 100 (Argus, Gdynia, Poland) was
used in this study for comparison purposes. It was selected due to its favorable adsorption
properties for the purification of water from organic substances declared by the manufac-
turer, its good mechanical performance when applied as column packing, wide commercial
availability, and relatively low cost. This activated carbon is intended for drinking water
treatment, where it removes undesirable color, taste, and odor, and it is also applicable
in wastewater and process water purification, reducing organic impurities to trace levels.
Sorbotech LGCO 100 is produced from coconut shells through carbonization and activation
processes, resulting in a predominantly microporous structure. Its specific surface area,
determined using the BET method, is 1000 m?/g. The grains have irregular shapes, with
sizes ranging from 0.6 mm to 2.36 mm. The material exhibits high mechanical hardness
(98%), which is advantageous for its application as packing in adsorption columns.

The activated carbon used in this study is a granulated material with irregular but
compact grain geometry. In contrast, the eggshells, due to their intrinsic layered and
flat structure, cannot be fragmented into granular particles similar in shape to activated
carbon. The mass of samples was the constant parameter in the equilibrium and kinetic
studies. Because of the fundamental geometric differences, matching the shape and particle
size ranges of both adsorbents was not feasible. Therefore, for the purpose of comparing
mass-transfer behavior, the equivalent radius of grains (Ry) is used in this work as the
characteristic dimension in diffusion calculations.
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2.2. Adsorption Equilibrium: Measurements and Equations

The adsorption isotherm was determined experimentally using the static method.
For liquid solutions, this method involves measuring the amount of substance adsorbed
on the surface of a solid at constant temperature, after equilibrium has been established
between the adsorbed phase and the bulk phase. The difference between the dye solution
concentrations before the onset of the adsorption process and after the establishment of
adsorption equilibrium was measured.

Dye solutions of volume 100 cm® were prepared. To each of the prepared so-
lutions, 5 g of adsorbent was added. The dye concentrations for eggshells were
10 mg/dm3, 20 mg/dm3, 30 mg/dm3, 40 mg/dm3, 50 mg/dm3, 60 mg/dm3, 70 rng/clm3
and 80 mg/ dm3. For activated carbon the concentrations were as follows: 10 mg/ dm?,
20 mg/dm3, 30 mg/dmg, 40 mg/dm3, 50 mg/dm3, 60 rng/dm3 and 70 mg/dm3. Such
values were chosen to model a high degree of Direct Blue BR 200 pollution in water, as
suggested in the literature [23]. The dye concentration, solution volume and adsorbent
mass were selected to obtain adsorbate concentrations in water in ranges consistent with
the maximum permissible value (35 mg/dm?), in general compliance with Polish law [34].
Prior to introducing the adsorbent into the samples, it was degassed and rinsed with
distilled water to eliminate residual dust.

The samples containing the solution and adsorbent grains were agitated using a
laboratory shaker and thermostated at 21 °C. The absorbance of the solutions was then
monitored using a spectrophotometer and the measurements were repeated until three
consecutive readings showed no significant change, indicating that equilibrium between
the adsorbate and the adsorbent had been reached. Equilibrium was achieved after 96 h
for activated carbon and 48 h for eggshells. The equilibrium measurements were repeated
three times and the results were averaged.

The UV-Vis measurement wavelength for Direct Blue BR 200 dye was 584 nm. The
sample path length inside the cuvette was 100 mm. The calibration function was as follows:
Absorbance = 0.0363-C + 0.0066 with R? = 0.9979, where C is the dye concentration in the
liquid phase.

In this study, pH was not adjusted but the initial and final values were measured.
The pH of the aqueous dye solution, i.e., the initial pH, was 5. The final pH at the end of
equilibrium measurements for eggshells was 8.

To analyze the adsorption equilibrium results, several different adsorption isotherms
were applied. An adsorption isotherm is understood as the relationship between the
amount of adsorbate retained in the solid phase and its equilibrium concentration in
the solution, determined at constant temperature. The equations used are presented in
Table 1. Based on the literature analysis [1,7,17], the isotherms most commonly used to
describe adsorption equilibrium for aqueous dye solutions were selected. According to
adsorption theory, for the low adsorbate concentration range, the linear Henry isotherm
should provide the best fit. The Langmuir isotherm describes monolayer adsorption on
an ideal flat homogeneous adsorbent surface; there are no interactions between adsorbate
molecules. Surface heterogeneity is accounted for in the Freundlich isotherm, which has
been proposed based on numerous experimental studies. It is a multilayer adsorption
isotherm [35] and does not have a finite saturation limit. A combination of the Langmuir
and Freundlich isotherm characteristics leads to the Sips isotherm, which is most commonly
referred to as the Langmuir-Freundlich isotherm. The Sips isotherm [35] is a modification
of the Freundlich equation and is intended to provide the right finite limits for high liquid-
phase concentrations.

In its classical form, the Brunauer—-Emmett-Teller (BET) theory was developed for
gas-phase physisorption. The following assumptions apply [35]: (i) the adsorbent surface
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is flat, (ii) there is no limit to the number of layers that may adsorb on the surface, (iii) the
surface is energetically homogeneous, and (iv) there are no interactions between adsorbed
molecules. For liquid-phase adsorption, several modified BET formulations have been
proposed [36,37], in which the relative pressure term is replaced by solute concentration
and the BET constants are redefined to reflect solute-solvent interactions rather than
vapor-liquid equilibrium. The modified BET equation provides a phenomenological
description of multilayer adsorption in aqueous solutions and is reported in the literature
as applicable to water-phase adsorption of organic contaminants [37]. These modified
BET equations have been successfully applied to describe S-shaped (type II) isotherms in
aqueous systems [37]. In the present study, the modified BET isotherm [36,37] was selected
because the experimental isotherm for eggshells exhibits a sigmoidal shape and multilayer
adsorption cannot be excluded.

The isotherm equations used in this work are presented in Table 1. In the case of
Henry’s equation, the linear regression was used to obtain the equilibrium constant K.
Nonlinear regression of the Langmuir, Freundlich, Sips and modified BET isotherms was
performed in Open Matlab Online using the nlinfit function, which applies the Levenberg—
Marquardt algorithm for nonlinear least-squares optimization. The quality of fit was
evaluated using the sum of squared residuals (SSR) between the experimental and model
concentrations in the solid phase. Also, the coefficient of determination (R?) was calculated
from (1):

ASR

2 _q1_
RZ=1 SR’ 1)

where ASR is the squared deviation between the average experimental §,, e iyensy and
model-predicted concentration 7,,,,;:

- -~ 2
ASR = (qexperimental - qmodel) ’ )

Table 1. Adsorption isotherm equations and definitions of model parameters. ge;—equilibrium
adsorbate concentration in the solid phase, i.e., within the adsorbent grains [mg/g]; C.;—equilibrium
adsorbate concentration in the liquid phase [mg/ dm?].

Name of Isotherm Isotherm Equation Symbol Description
Henry _ K—linear equilibrium constant
isotherm Geq = K-Ceg ©) [dm3/g]
e Jegoo—monolayer adsorbate
Langmuir isotherm Geq = Qeqw'ﬁ 4) concentration [mg/g]

B—adsorption affinity [dm3/ mg]

Freundlich isotherm

Kr—Freundlich equilibrium constant
Geg = Kp-Cep™" ®) [(mg/g)-(dm®/mg)T]
vp—surface heterogeneity constant

Jegro—monolayer adsorbate

Langmuir- concentration [mg/g]
Freundlich _ (Bs - Cop)” ©) Bs—adsorption affinity in L-F
somherm I o eotherm sc
s—L-
heterogeneity constant
fegro—monolayer adsorbate
BET B By-Cog 1 % concentration [mg/g]
isotherm Jeq = Geqeo* T+(B1—By):Coq 1-B2Cy B, B.—BET isotherm

constants [dm?/mg]
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2.3. Adsorption Kinetics: Measurements and Equations

The adsorption experiments were conducted in a recirculating system consisting of
100 cm? of solution placed in a beaker positioned on a magnetic stirrer. The initial dye
concentration in the solution was 30 mg/dm?3. The temperature during all experiments was
maintained at 21 °C. Using a peristaltic pump, the solution was continuously transported
from the beaker to a glass adsorption column packed with different adsorbents, namely
waste chicken eggshells and activated carbon. The adsorbent grains were placed on a
stainless-steel supporting grid. The column had an internal diameter of 12.5 mm. The
mass of each adsorbent sample used as packing in the column was 2.58 g. After pass-
ing through the adsorbent bed, the liquid returned to the beaker, forming a closed-loop
circulation system.

The main operating parameter varied during the experiments was the volumetric
flow rate through the adsorption column (Q,), investigated at: 1.72 cm3/s,2.31 cm?/s and
2.9 cm®/s. To monitor adsorption progress, solution samples were analyzed spectrophoto-
metrically. The total experiment duration was 60 min with the final measurement taken
at the end of this period. Dye concentrations C were determined from absorbance values
using the calibration function: Absorbance = 0.0031 x C — 0.0009 with R? = 0.9699. The
sample path length inside the cuvette was 10 mm. The final pH was measured and found
to be 8.

A schematic representation of the experimental setup is presented in Figure 2.

ﬁ\_\ 4//_ B — __
- - 6
5/%{_>§ __ /

Figure 2. Schematic representation of the experimental setup used for adsorption kinetics studies:
1—adsorbent grains in an adsorber column, 2—supporting grid, 3—sampling for dye concentration
analysis, 4—liquid solution containing the adsorbate, 5—laboratory stirrer, 6—peristaltic pump.

Adsorption kinetics was analyzed based on time-dependent changes in adsorbate
concentration in both the liquid and solid phases. The adsorbate concentration in the grains
g was calculated on the basis of its concentration in the liquid phase C. The following mass

balance equation was used [38]:
V(Cy—C
q= M, (8)

mg

where V—solution volume [dm?]; Cy—initial concentration of adsorbate in the liquid phase
[mg/ dm3] ; C—current concentration of adsorbate in the liquid phase [mg/ dm3 ]; m;—mass
of an adsorbent sample [g].
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External and Internal Diffusion

In this work, adsorption of an adsorbate in porous adsorbent grains from a mixture
with an inert solvent is considered. The stages of such a process are as follows [39]:

(1) transport of adsorbate molecules from the bulk of the liquid to the external surface
of the adsorbent grain including transport through the film of molecules around the
grain (external diffusion),

(2) transport of the adsorbate into the interior of the adsorbent grain (internal diffusion
in adsorbent pores),

(8) the actual adsorption of the adsorbate on the adsorbent surface.

The rate of adsorption is limited by the slowest stage of this process. The adsorption
step itself (stage 3) is typically fast. Therefore, the overall rate is primarily determined by
mass transfer during external and/or internal diffusion [40]. However, the finite rate of
adsorption is most often due to diffusional resistance within the adsorbent grain [35].

The molecular diffusion coefficient in the liquid phase (external diffusion) can be calcu-
lated using the Wilke—Chang correlation, commonly applied for dilute aqueous systems [41]:

D=

7.4-1078-(¢-Mp)2-T

78-Va®

, )

Dap =

where Djp—molecular diffusion coefficient [cm?/s]; Mp—molecular mass of solvent
B [g/mol]; np—dynamic viscosity coefficient of solvent B [cP]; T—temperature [K];
¢—association coefficient of solvent B [-]; V 4—molar volume of substance A [em? /mol].
Internal transport phenomena may be evaluated using the diffusion model for spheri-
cal grains [42]. The diffusion equation for a sphere can be used to provide an approximate
description of diffusion in irregularly shaped grains [40]. The radius of a sphere having
the same volume as the grain is adopted as the characteristic dimension of the grain. The

%)

following relationship applies [42,43]:

, (10)

6 1 t
g=qp|1— ;ijl —7°exXp (—7’127'[2 R;
where g—concentration of adsorbate in the grain after time t [mg/g], g,—concentration
of adsorbate on the grain surface [mg/g], Ds—effective diffusion coefficient based on the
component concentration in the grain [m?/s], R,—equivalent grain radius [m].

Equation (10) is the solution to Fick’s unsteady-state diffusion equation. It applies
to the case where the grain initially does not contain the diffusing component and the
concentration of the adsorbed component at the grain surface remains constant throughout
the process.

The equivalent radius Ry is defined as the radius of a sphere with the same volume as

the grain:
R, = {2V 11
P — 47_[ ’ ( )
V; is the volume of the grain:
my
. 12
= N (12)

where m;—mass of the grain sample [g], N—number of grains in the sample [-],
pp—apparent density of grains [kg/m?].
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Equation (10) contains an infinite sum, which complicates calculations. Some sim-
plifications are known for specific cases. When q/g;, < 0.25, Formula (10) transforms to

the form [39]:
_ Dst
1= 600y e (13)

However, when q/q;, > 0.7, it is sufficient to consider only the first term of the sum
(n =1) in the exact Equation (10), which yields:

6 Dyt
q=q ll — —exp (—ﬂzlfl’%>

A simplified solution to the diffusion equation based on the so-called Linear Driving
Force (LDF) is also known [42]. For a sphere, the LDF relationship takes the form:

15D;t
q = Qb 1 - eXp - RZ
P

It is convenient to introduce some dimensionless variables. The dimensionless concen-

, (14)

/ (15)

tration in the grain Y:

i
Y=—, (16)
To
The dimensionless adsorption time:
Dst
T= Rs% , (17)

After these variables are introduced, Equations (10) and (13)—(15) take simpler forms,
respectively:

- exact solution

6 = 1
Y=1- ?n;l ) exp(—nznzr), (18)

- approximate solution for low concentrations (Y < 0.25)

T
Y = 6\/;, (19)

- approximate solution for high concentrations (Y > 0.7)

Y=1- % exp<f7't2r), (20)

- approximate LDF relationship

Y =1 — exp(—157), (21)

Using Formulas (10)—(21), one can calculate the effective diffusion coefficient D for
the adsorbate in the grain.

It should be emphasized that the analytical solution of Fick’s Equation (10) assumes
spherical grains, constant diffusivity, diffusion-controlled adsorption and a constant ad-
sorbate concentration at the grain surface. In the present system, the irregular geometry
and heterogeneity of eggshell and activated carbon grains and the decrease in liquid-phase
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concentration during adsorption introduce deviations from these ideal conditions. As a
result, the calculated D; values represent apparent effective diffusion coefficients, which are
model parameters influenced not only by intraparticle mass transfer but also by external
mass-transfer resistance. A true intraparticle diffusion coefficient is an intrinsic material
property and does not depend on the hydrodynamic conditions in the fluid around the
grains. Therefore, the D; values obtained in this work should be treated as comparative
evaluation measures of mass-transfer performance between eggshells and activated carbon,
rather than as intrinsic material properties.

3. Results and Discussion
3.1. Adsorption Equilibrium: Results of Measurements and Calculations

Figure 3 presents the experimental equilibrium data for the tested systems at 21 °C.
Figure 3a shows the adsorption isotherms, where the horizontal axis corresponds to the
equilibrium dye concentration in the liquid phase C,;, and the vertical axis represents the
equilibrium concentration in the solid phase g;. The blue points refer to the results for
eggshells, while the yellow points refer to activated carbon Sorbotech LGCO 100. The
error bars present the standard error of the mean. For both eggshells and activated carbon,
an increase in the amount of adsorbed substance g, is observed with increasing concen-
tration in the liquid phase Ce;. This behavior is consistent with the trends reported in
the literature [44]. Eggshells exhibit a higher adsorption capacity than activated carbon
across almost the entire analyzed concentration range, except at the lowest initial concen-
tration. This higher capacity is reflected in the steeper increase in the adsorption isotherm
Geq = f(Ceq) for eggshells compared with activated carbon. However, there is an absence of
a saturation plateau for both adsorbents in Figure 3a. The maximum adsorption capacities
(1.50 mg/g for eggshells at an initial dye concentration 80 mg/dm3 and 1.19 mg/g for
activated carbon at an initial dye concentration of 70 mg/dm?) are valid only within the
investigated concentration range. Therefore, this study is of a comparative nature. The
primary objective of the equilibrium analysis is to evaluate the relative performance of
eggshells versus activated carbon, rather than to determine absolute saturation capacities.
It should be emphasized that extended equilibrium experiments at higher dye concentra-
tions will be conducted in future work to fully characterize the saturation behavior of the
eggshell biosorbent and to determine its absolute maximum adsorption capacity.

Figure 3b presents the relative adsorption efficiency for Direct Blue BR 200 on both
adsorbents. It was calculated as the ratio of the concentration decrease (initial minus equi-
librium) to the initial concentration. As shown in Figure 3b, both adsorbents exhibit high
efficiency. However, eggshells outperform activated carbon at most initial concentrations,
except at the lowest concentration, where activated carbon shows slightly higher efficiency.

Although activated carbon possesses a much higher specific surface area than waste
eggshells, the adsorption capacity (Figure 3a) and adsorption efficiency (Figure 3b) for
Direct Blue BR 200 were higher for eggshells at most initial concentrations. This behavior
can be attributed to the surface chemistry of calcium carbonate, which is the main compo-
nent of this biosorbent. Direct Blue BR 200 is an anionic dye containing multiple sulfonic
groups (-SO3H). Sulfonic groups exhibit strong affinity toward Ca®* ions [44,45] present on
the CaCOj surface. Therefore, higher adsorption of Direct Blue BR 200 on eggshells likely
results from the dominance of surface-level mechanisms, which do not require extensive
microporosity. Moreover, in the case of activated carbon, the high degree of microporosity
may limit pore accessibility for large dye molecules.
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Figure 3. Experimental results at 21 °C for adsorption of Direct Blue BR 200 dye (Argus, Poland) onto
waste chicken eggshells (Poland) and activated carbon LGCO 100 (Sorbotech, Gdynia, Poland); sor-
bent dosage: 50 g/dm?3; initial dye concentrations: 10-80 mg/dm? for eggshells and 10-70 mg/dm3
for activated carbon; initial pH of the solution: pH = 5; final pH = 8 for eggshells. (a) adsorption
isotherms, (b) dye removal efficiency.

Figure 4 and Table 2 show the results of fitting the adsorption isotherm models to the
experimental data. The basis for assessing model fit is the sum of squared residuals (SSR)
and the determination coefficient (R?). The lower SSR and the higher R?, the better the
agreement between the model predictions and the experimental data. Since the equilibrium
data presented in this work refer only to the investigated concentration range of the dye in
aqueous solutions (see Figure 3a), the constants presented in Table 2 should be used only
within the appropriate concentration ranges.

For eggshells it can be concluded on the basis of Figure 4a and Table 2 that the Henry
and Langmuir models give the poorest fit to experimental data. The relatively poor fit
of the Henry equation predictions to the experimental data indicates that the adsorption
equilibrium of the dye—eggshell system is not linear. The Langmuir model also does not
adequately describe the data. Non-Langmuir behavior may arise from multilayer adsorp-
tion, surface heterogeneity, cooperative adsorption effects or other nonideal phenomena
occurring on complex biosorbent surfaces. It can be supposed that a multilayer of adsorbate
molecules is formed on the adsorbent surface. This conclusion can be confirmed by the
good fit of the BET model and the very good fit of the Freundlich model. However, the fit of
the Langmuir-Freundlich (Sips) model is even better than the BET and Freundlich models,
which indicates the limited sorption capacity of the investigated sorbent. Moreover, the
Sips isotherm takes the surface heterogeneity into account. It is also worth noting that, in
this case, the Sips isotherm exhibits a sigmoidal (S-shaped) form.
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Figure 4. Adsorption isotherm model fits for: (a) waste chicken eggshells (Poland), (b) activated
carbon LGCO 100 (Sorbotech, Poland).
Table 2. Isotherm constants, sum of squared residuals SSR and coefficient of determination R? for
adsorption of Direct Blue BR 200 dye (Argus, Poland) on waste chicken eggshells (Poland) and
activated carbon LGCO 100 (Sorbotech, Poland).
Adsorbent
Nzlfne Chicken Eggshells Activated Carbon
Isotherm Isotherm 2 Isotherm >
Constants SSR R Constants SSR R
Henry K=0231dm?/g 0.449 0.9062 K=0.107 dm?/g 0.0292  0.939%
isotherm
Langmuir feqeo = 56.0 Mg/ g Jeqoo =464 Mg/ g
. 444 .874 .00781 .9889
isotherm B =0.00410 de/mg 0 0.8743 B = 0.00254 dm3 /mg 0.0078 0.988
Freundlich Kp = K =1.06
) 2.18 (mg/g)-(dm3/mg) F 0.099 0.9743  (mg/g)-(dm3/mg)*F  0.00561 0.9983
isotherm
vp = 0.0434 vp =0.103
1]:‘11?1%11211113}; Jeqeo =1.76 mg/g Jeqeo =2.61 mg/g
(Sips) Bs =0.261 dm3/mg 0.0242 0.9987 Bs = 0.0853 dm3/mg 0.00181 0.9998
isotherm vg =5.43 vg =147
BET Jeqoo =23.2mg/g Jeqeo =3.33 Mg/ g
. B1 =0.00423 drn3/mg 0.165 0.9436 B =0.0336 drn3/mg 0.00687 0.9955
isotherm

B, = 0.0838 dm?®/mg

B, =0.0175 dm?®/mg

For activated carbon, Figure 4b and Table 2 show that all the considered isotherm

models provide a good fit to the experimental data. However, the quality of the fit differs
among the models. For the Henry model the SSR value is the highest and the R? is the lowest
when compared with other models presented in Table 2. Therefore, it is recommended that

equations which take the isotherm nonlinearity into account should be used to describe the
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considered dye-activated carbon equilibrium. Freundlich and BET models have similar
SSR and R? values, i.e., comparable agreement with the experimental data. As with
eggshells, the Langmuir-Freundlich (Sips) model provides the best fit to the experimental
data. In the Langmuir, BET, and Sips models, the parameter geo is interpreted as the
monolayer adsorbate concentration [mg/g]. The values of geseo Obtained from the BET
(Geqeo = 3.33 mg/g) and Sips models (geqoo = 2.61 mg/g) are consistent with each other. The
value given by the Langmuir model of gege0 = 46.4 mg/g is much greater. The Langmuir
model has the poorest fit among all the considered nonlinear isotherms. This indicates
that the predictions of the BET and Sips models should be preferred over the estimates of
the Langmuir isotherm. The poor fit of the Langmuir model and the satisfactory fit of the
Freundlich, BET and Sips models can be interpreted as the result of multilayer adsorption
and surface heterogeneity. The fact that the Sips model provides the best fit indicates that
activated carbon Sorbotech LGCO 100 has a finite sorption capacity.

3.2. Adsorption Kinetics: Results of Measurements

Figures 5 and 6 present the experimental kinetic curves for adsorption of Direct Blue
BR 200 dye onto eggshells and activated carbon Sorbotech LGCO 100 at three volumetric
flow rates: 1.72 cm®/s, 2.31 cm®/s and 2.90 cm®/s. The plots show the temporal changes
in dye concentration in the liquid phase. The error bars represent the standard error of

the mean.
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Figure 5. Concentration of Direct Blue BR 200 dye (Argus, Poland) in water solutions vs. time for
adsorption at 21 °C on: (a) waste chicken eggshells (Poland), initial pH of the solution: pH =5, final
pH = 8; (b) activated carbon LGCO 100 (Sorbotech, Poland).

For both adsorbents, the dye concentration decreases over time. The kinetic curves for
activated carbon (Figure 5b) exhibit the typical behavior of liquid-solid adsorption systems:
an initial rapid decrease in dye concentration followed by a gradual approach to equilib-
rium. This reflects the decreasing driving force, defined as the difference between the actual
dye concentration in the liquid phase and the equilibrium concentration corresponding to
the instantaneous solid-phase loading.
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Figure 6. Concentration of Direct Blue BR 200 dye (Argus, Poland) in water solutions vs. adsorption
time for waste chicken eggshells (Poland) and activated carbon LGCO 100 (Sorbotech, Poland) at
21 °C for different flow rates of liquid in the adsorber: (a) Q, = 1.72 cm3/s, (b) Qp = 2.31 cm3/s,
(€) Qo =2.90 cm?3/s.

The kinetic curves for eggshells (Figure 5a) differ from those for activated carbon. At
the initial stage, the dye concentration in the liquid phase is higher for eggshells, but the
curves intersect at later times. This indicates that activated carbon approaches saturation
more quickly, whereas eggshells retain a higher adsorption potential over time. This
observation is consistent with the equilibrium data, which show that for the initial dye
concentration used in the kinetic studies (Co = 30 mg/dm?), the equilibrium liquid-phase
concentration is lower for eggshells than for activated carbon.

The influence of flow rate is evident for both adsorbents: higher Q, results in lower
dye concentration at a given time, indicating faster adsorption. Increasing the flow rate
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reduces the thickness of the external liquid film at the grain surface, thereby decreasing
external mass-transfer resistance and accelerating the process.

The curves obtained for eggshells are less smooth than those for activated carbon,
which may result from the heterogeneity of the eggshell biosorbent and the presence of
fine suspended particles in the solution, originating from fragmentation of eggshell grains
during liquid flow through the packed bed. The smoothness of the concentration curves
is lowest at the lowest flow rate. This is due to the thicker liquid film and higher external
mass-transfer resistance, which slow down dye transport to the grain surface and make the
curves more sensitive to small measurement fluctuations. At higher flow rates, the external
film becomes thinner, external resistance decreases, the adsorption rate increases, and the
concentration profiles become smoother.

Figure 7 shows the temporal changes in dye concentration in adsorbent grains g for
the eggshells and activated carbon Sorbotech LGCO 100. The adsorbed amount, g, was
calculated from the balance Equation (8). The solution flow rate is used as the parameter
in Figure 7. It can be seen that for both adsorbents, the amount of dye adsorbed in the
grains g increases with adsorption time . Moreover, the analysis of Figure 7 indicates that
the higher the solution flow rate, the greater the g value at a given adsorption time ¢ (for
example at 2000 s).
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Figure 7. Concentration of Direct Blue BR 200 dye (Argus, Poland) in adsorbent grains vs. adsorption
time at 21 °C for different flow rates of liquid in the adsorber for: (a) waste chicken eggshells (Poland),
initial pH =5, final pH = 8, (b) activated carbon LGCO 100 (Sorbotech, Poland).

A distinct flattening of the curves for activated carbon (Figure 7b) can be observed—that
is, the curves clearly tend toward the equilibrium concentration value. From the equilibrium
data presented in this work it may be concluded that the equilibrium concentration g, for
the activated carbon is lower than the respective value for the eggshells. The curves for
the eggshells (Figure 7a) exhibit a steep profile, indicating a rapid change in concentration
within the grains over the entire adsorption time range. This is caused by the system being
far from equilibrium and results from the eggshells” good sorption properties toward the
dye under investigation.
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It seems interesting to compare the values of g for eggshells and activated carbon at
the end, i.e., after 60 min of the process. These concentrations are indicated by the points at
3600 s in Figures 7a and 7b, respectively. These values represent the final uptakes obtained
in the kinetic studies. It may be concluded that the application of the eggshells resulted in
a higher final uptake of the dye than that of the reference activated carbon. This conclusion
is valid for all the considered solution flow rates. This fact confirms the very good sorption
properties of the eggshells.

3.3. Comparison of Dye Adsorption Capacities for Different Biosorbents

Table 3 provides a comparative overview of sorption capacities reported for various
biosorbents applied in dye removal from aqueous solutions, enabling a contextual assess-
ment of the performance of waste chicken eggshells toward the Direct Blue BR 200 dye. It
is important to emphasize that adsorption capacity is not an intrinsic material property but
an operational parameter that depends strongly on the initial dye concentration, solution
volume, sorbent dosage, contact time, temperature and pH. Because these parameters differ
among the studies summarized in Table 3, the comparison of sorption capacities cannot be
interpreted quantitatively. The purpose of this comparison is therefore strictly qualitative
and aims only to illustrate the relative adsorption potential of eggshell-based biosorbents
within the broader context of dye removal materials.

Under the equilibrium conditions investigated in this work, eggshells exhibited a
maximum adsorption capacity of 1.50 mg/g at the initial dye concentration of 80 mg/dm?3.
For the reference activated carbon Sorbotech LGCO 100, the maximum capacity reached
1.19 mg/g at 70 mg/dm3. Under identical experimental conditions (70 mg/dm?), eggshells
achieved a capacity of 1.31 mg/g, confirming their superior adsorption performance relative
to the reference activated carbon.

When compared with other eggshell-based sorbents reported in the literature [24,25],
the capacity obtained in this work exceeds the values documented for raw eggshells used
for Methylene Blue removal (<1.0 mg/g), yet remains lower than that reported for ground
eggshell waste applied to Direct Blue 78 (13 mg/g). Significantly higher capacities have been
reported for eggshell sorbents in the removal of other dyes—approximately 50 mg/g for
Acid Red 1 and 70 mg/g for Crystal Violet—although these studies involved pH adjustment.
As shown in Table 3 and supported by literature data [26,30,45-49], both dye type and
solution pH exert a substantial influence on adsorption capacity. Furthermore, adsorption
capacity increases with initial dye concentration. The concentration range applied in this
study (10-80 mg/dm?) is relatively low compared with values reported in other works (up
to 750 mg/ dm? [45]). However, industrial sources indicate that the concentrations used in
this work correspond to a high degree of Direct Blue BR 200 contamination in water [23].

Modified eggshell sorbents, such as FeSO,-treated materials, can achieve markedly
higher capacities (e.g., 138 mg/g for Crystal Violet and 124 mg/g for Acid Red 1), but their
preparation requires additional processing, increasing operational complexity and cost.

In comparison with other non-eggshell biosorbents listed in Table 3, the capacity
obtained in this study is comparable to that of hemp biowaste (2.44 mg/g for Remazol
Brilliant Blue R), yet lower than the values reported for orange peel (10.72-21.05 mg/g for
different dyes), spent coffee residue (20 mg/g for Acid Red 44), banana peel (22.11 mg/g for
Methylene Blue), and substantially lower than that of raw date pits (105 mg/g for Remazol
Brilliant Blue R).

Overall, the results summarized in Table 3 indicate that waste chicken eggshells can
constitute a promising low-cost sorbent for the removal of Direct Blue BR 200. At the
same time, they highlight the potential for further enhancement of adsorption perfor-
mance. In particular, future studies should examine an extended range of initial dye
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concentrations and the effect of solution pH on dye-eggshell interactions, as literature
evidence suggests that pH adjustment may significantly increase the sorption capacity of

eggshell-based materials.

Table 3. Adsorption capacities of sorbents for dye removal from water.

Adsorbent Type

Key Conditions/Notes

Waste chicken eggshells
(this study)

21 °C, initial concentration
range: 10-80 mg/ dm3,
solution volume: 100 cm3,
sorbent dosage: 50 g/dm?,
initial pH =5, final pH = §;
Sips isotherm fits best

Activated carbon
Sorbotech LGCO 100
(this study)

Dye Adsorption Capacity
. 1.50 mg/g for 80 mg/dm?3
Direct Blue BR 200 131 mg /g for 70 mg/dm®
Direct Blue BR 200 1.19mg/g

21 °C, initial concentration
range: 10-70 mg/dm?,
solution volume: 100 cm3,
sorbent dosage: 50 g/dm?,
initial pH = 5; Sips isotherm
fits best

Nonmodified eggshells from the literature

Waste chicken eggshells

25 °C, poor pore
properties—nonporous,

[25] Methylene blue <1.0mg/g macropore or open void
material, Freundlich better
than Langmuir
25 °C, initial concentration
300 mg/dm?, pH3= 5, solution
Ground eggshell waste [26] Direct Blue 78 13 mg/g Voclll(l)rsr;zeilol ;rgg,/sgfrlzse’nt
Freundlich better than
Langmuir
around 50 mg/g for Acid 20 °C, initial concentration
Crystal Violet/ Red 1 100 mg/dm’;
Chicken eggshells [30] : around 70 mg/g for pH =2 for Acid Red 1, pH=9
/Acid Red 1 .
Crystal for Crystal Violet;
Violet

Langmuir/Freundlich fits

Thermally/chemically modified eggshells

Thermally treated ostrich
eggshell [47]

Remazol Blrzllhant Blue 36.5mg/g

20 °C, initial concentration
750 mg/dm?, solution
volume: 100 cm3, sorbent
dosage: 15 g/dm?; pH =7;
thermal treatment at 1000 °C
leads to the reaction: CaCOs
— CaO + CO,; mesoporous
CaO-rich structure

Modified eggshells:
FeSOy-treated [30]

Crystal Violet/

138 mg/g for Crystal Violet
/Acid Red 1

124 mg/g for Acid Red 1

20 °C, initial concentration
30 mg/ dm3;
pH =9 for Crystal Violet,
pH =2 for Acid Red 1;
Langmuir/Freundlich fits
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Table 3. Cont.
Adsorbent Type Dye Adsorption Capacity Key Conditions/Notes
Other biosorbents

. initial concentration

Hemp biowaste [47] Remazol BIr; Iliant Blue 244mg/g 50 mg/dm3, sorbent dosage:

lg,pH=7
Remazol Brilliant Blue 55 °C, initial concentration:
Raw date pits [48] R 105mg/g 40 mg/dm?3, sorbent dosage:
1.5 g/dm?, pH =2
initial concentration:
Spent coffee residue (dried Acid red 44 20 mg/g 100 mg/dm?, solution volume:

grounds) [49]

100 cm?, sorbent dosage:
1g/ dm3; Langmuir fits

Orange peel powder [47]

initial concentration:

Remazol Brilliant Blue 11.6 250 mg/dm?3, sorbent dosage:

R 0.3 g/dm3, pH="7
10.72 mg/ g for Direct Red
Orange peel powder [50] Direct Red 23 23 25 °C, initial concentration:
sepeetp Direct Red 80 21.05 mg/g for Direct Red 125 mg/dm?, pH =2
80
Banana peel [51] Methylene Blue 2211 mg/g initial concentration:

40 mg/dm3, pH=6

3.4. Calculations for External and Internal Diffusion
3.4.1. Molecular Diffusion Coefficient of Dye in Water Solution

The Wilke and Chang Equation (9) was applied in order to calculate the diffusion coef-
ficient D 4p of Direct Blue BR 200 dye in water. The details of the calculations are available
in a previous publication by the authors [24]. The following values were substituted into
Formula (9): Mp =18 g/mol, yp =1024 cP, T =294.15K, ¢ =2.6, V4 = 1.106 x 1073 m3/mol.
The resulting value obtained was Dgp = 2.21 X 10719 m?/s.

3.4.2. Effective Diffusion Coefficient for Dye in Eggshells and Activated Carbon

The results of equilibrium and kinetic studies were used to calculate the effective
diffusion coefficient D; for dye transport in the pores of waste chicken eggshell grains as
well as activated carbon Sorbotech LGCO 100 grains.

The following calculation scheme was applied to determine the D; coefficient:

1.  Calculate the average volume of the cylindrical grains using Equation (12) and then
their equivalent radius R, using Equation (11).

2. For the dye concentration in solution C at a given adsorption time ¢, calculate the
concentration of the adsorbate in the adsorbent grains g using the mass balance rela-
tionship (8) and the equilibrium concentration ge; using the appropriate equilibrium
relationship from Table 1. Equilibrium concentrations in the solid phase should be
treated as concentrations on the outer surface of the grain g, = g;.

3. Calculate Y using Equation (16).

4. Determine the value of T from the rearranged Equations (19), (20) or (21) depending
on the value of Y.

5. Calculate D; from Equation (17).

The results of calculations for the effective diffusion coefficient D, are presented in
Tables 4 and 5. The apparent particle density (Table 4) of eggshells was determined using
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a liquid pycnometry method, whereas the corresponding value for activated carbon was
taken from the manufacturer’s specification. To calculate the equilibrium concentrations in
the solid phase ge; = g3, the Sips isotherm was used for eggshells and activated carbon. It
was selected based on its very good agreement with the experimental results. The symbol
u in Table 5 denotes the apparent velocity of the solution in the adsorber [m/s]:

u= %, (22)

where Q,—volumetric flow rate of the liquid in the adsorber [m3/s]; S = md? /4—cross-
sectional area of the adsorber [m?], which diameter is d = 12.5 x 1073 [m].

Table 4. Equivalent grain radius Ry, calculations.

Eggshells Activated Carbon
Sample mass m, [g] 2.58 2.58
Avergge number of grains 85 1004
in a sample N [-]
Apparent den51ty30f grains 2314 2310
pp [kg/m>]
Equivalent radius R, [m] 0.00146 0.000643

Table 5. Effective diffusion coefficient D4 calculations.

Eggshells Activated Carbon
Qo u Applicability Applicability
[em®/s] (m/s] Ds [m?/s] Time Range Ds [m?/s] Time Range
[s] [s]
1.72 0.0138 2.55 x 10~ 11 >3300 429 x 10712 >3360
2.31 0.0185 459 x 10~ 11 >3300 1.02 x 1011 >2880
2.90 0.0236 1.92 x 10710 >3000 2.18 x 10711 >1680

The values of D; in Table 5 represent average diffusion coefficients calculated for
successive adsorption times during the kinetic measurements. The equilibrium concen-
trations ge; corresponding to each measured liquid-phase concentration C were used in
the calculation procedure for D; estimation. At short adsorption times, however, the ac-
tual concentrations C obtained from the kinetic experiments fell outside the equilibrium
concentration range shown in Figure 3a. Therefore, the diffusion coefficients presented
in Table 5 should be interpreted as values applicable primarily to long adsorption times.
Broader equilibrium measurements at higher dye concentrations that will be conducted in
future studies will allow us to extend the calculation range and to reduce the uncertainty
introduced into the obtained diffusion coefficients.

According to Table 5, a systematic increase in Ds with increasing flow rate Q, was
observed for both adsorbents. Moreover, the results in Table 5 consistently show that
the effective diffusion coefficient in eggshell grains is higher than in activated carbon
under all tested conditions, which is consistent with the kinetic and equilibrium results
demonstrating superior dye uptake by eggshells.

It may also be seen in Table 4 that the equivalent radius for activated carbon is smaller
than for eggshells. Taking into account the fact that the smaller the grains, the lower
the internal diffusion resistance, one may conclude that there is a possibility of further
enhancing the sorption capacity of the eggshells by the fragmentation of their grains. This
would make the D; values for the eggshells even greater than those presented in Table 5.
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However, a comprehensive assessment of the influence of particle size requires broader
studies that also consider the magnitude of flow resistance through the packed bed.

4. Conclusions

This study presents the results of equilibrium and kinetic investigations of the adsorp-
tion of the textile dye Direct Blue BR 200 onto waste chicken eggshells. Both the equilibrium
and kinetic measurements show that eggshells exhibit higher adsorption capacity than the
activated carbon Sorbotech LGCO 100 across the entire dye concentration range analyzed.

The equilibrium analysis revealed that the linear Henry isotherm does not adequately
describe the dye—eggshell system, indicating nonlinear adsorption behavior. The Langmuir
model also fails to represent the equilibrium data. Non-Langmuir behavior may arise
from multilayer adsorption, surface heterogeneity, cooperative adsorption effects or other
nonideal phenomena occurring on complex biosorbent surfaces. In contrast, both the
Freundlich and modified BET models provide a satisfactory description, indicating multi-
layer adsorption. The best agreement with the experimental data was obtained using the
Langmuir-Freundlich (Sips) isotherm, which captures both surface heterogeneity and finite
sorption capacity. For activated carbon, all considered isotherm models fitted the data, but
the Sips equation again provided the most accurate representation of equilibrium behavior.

The scope of this work also covers the calculation of key mass-transfer parameters.
The molecular diffusion coefficient of the dye in water, calculated using the Wilke-Chang
correlation (Dyp = 2.21 x 10719 m?2/s), provides a reference for evaluating transport
resistance in the liquid phase. The effective diffusion coefficients were determined on
the basis of kinetic and equilibrium measurements and the analytical solution to Fick’s
unsteady-state diffusion equation. The obtained values of the effective diffusion coefficient
D; for eggshells were 2.55 x 10711 m?/s,4.59 x 1071 m? /s and 1.92 x 10~1% m? /s for flow
rates of 1.72 cm®/s, 2.31 cm3/s and 2.90 cm3/s, respectively. For all investigated flow rates,
the apparent effective diffusion coefficient for eggshells is higher than that for activated
carbon, confirming the favorable transport properties of the biosorbent. Moreover, for
both sorbents, the value of D; increases with the liquid flow rate, reflecting enhanced mass
transfer under intensified hydrodynamic conditions.

The aforementioned Ds values for eggshells refer to the equivalent grain radius
Rp =0.00146 m. The D; value can be increased by reducing Ry, i.e., by further fragmentation
of eggshell grains, which opens possibilities for improving sorption performance. Another
promising direction for enhancing adsorption on eggshells lies in pH adjustment, since pH
plays an important role in the mechanism of dye adsorption onto biosorbents.

It should be emphasized that the comparison between eggshells and activated carbon
presented in this study applies strictly to the specific experimental conditions investigated,
including the use of one commercial activated carbon type (Sorbotech LGCO 100), one
anionic dye (Direct Blue BR 200), the examined concentration ranges and the grain sizes of
both adsorbents. The observed higher adsorption capacity and apparent effective diffusion
coefficients for eggshells should not be generalized beyond these conditions.
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