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Leonavičienė, T. Application of

Three-Dimensional Porous Aerogel as

Adsorbent for Removal of Textile

Dyes from Water. Appl. Sci. 2024, 14,

4274. https://doi.org/10.3390/

app14104274

Academic Editor: Jae-Hong Choi

Received: 27 March 2024

Revised: 20 April 2024

Accepted: 16 May 2024

Published: 17 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Application of Three-Dimensional Porous Aerogel as Adsorbent
for Removal of Textile Dyes from Water
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Abstract: The textile industry is one of the most important industries in the European Union. The
main environmental problems of the textile industry are the high water consumption, the generated
pollution, the variety of chemicals used and the high energy demand. Recently, adsorbents with a
large specific surface area and low weight, such as aerogels, have attracted great interest as promising
materials for removing dyes from polluted water. Cellulose aerogels are inexpensive and non-toxic.
Langmuir and Freundlich isotherms were chosen as the best method to describe the performance of
the adsorbent. In this study, the adsorption efficiency of Congo red, Naphthol green B, Rhodamine B
and Methylene blue were determined by using an adsorbent synthesized from paper and cardboard
waste. The total organic carbon concentration was chosen as an indicator of the concentration of the
dyes in the solutions. The aerogel capsules had 5% cellulose content. It was found that the adsorption
capacity of the aerogel in the solutions of Congo red varied from 0.028 mg/g to 14.483 mg/g; in
the solutions of Naphthol green B, from 0.013 mg/g to 7.698 mg/g; in the solutions of Rhodamine
B, from 0.020 mg/g to 8.768 mg/g; and in the solutions of Methylene blue, from 0.024 mg/g to
13.538 mg/g.

Keywords: adsorption; aerogel; cellulose; dyes; kinetic models; linear and nonlinear regression;
modeling of adsorption equilibrium; textiles

1. Introduction

Due to the expansion of the industrial sector, large amounts of wastewater are gen-
erated every year [1]. Untreated wastewater released into the natural environment can
cause significant harm to humans, animals, plants and microorganisms [2]. Organic dyes
can block the penetration of sunlight, reducing the photosynthesis efficiency of aquatic
plants. Dyes can also accumulate in animals and cause serious health problems due to their
mutagenic and/or carcinogenic properties [2].

Dyes are organic pollutants with a complex chemical structure that is characterized
by high stability [3]. Dyes absorb light in the visible spectrum (400–700 nm) and contain
one or more chromophores. Chromophores contain heteroatoms such as N, O and S,
which include bonds such as -N=N-, =C=O, NO or N-OH, -NO2 or NO-OH, and C=S [4].
Groups of chromophores are unsaturated and consist of atoms or groups of atoms in which
single and double bonds are arranged one after the other and resonate, thus allowing the
absorption of light rays. Synthetic dyes are characterized by great structural diversity,
resulting in significant differences in chemical and physical properties [3].

Congo red is a dye belonging to the group of azo dyes with the molecular formula of
C32H22N6Na2O6S2. It is a water-soluble chemical that forms a red colloidal solution when
the dye dissolves [5]. Due to its color change from blue to red at pH 3.0–5.2, Congo red can
be used as a pH indicator.
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Naphthol green B is a coordination iron complex used as a dye. Its molecular formula
is C30H15FeN3Na3O15S3. The absorption maximum of Naphthol green B in water is at a
wavelength of 714 nm [6].

Rhodamine B is often used to determine the speed and direction of flow. Rhodamine
dyes fluoresce [7]. The molecular formula of the dye is C28H31ClN2O3.

Methylene blue is a heterocyclic aromatic chemical compound with the molecular
formula of C16H18N3SCl. The dye is widely used in various fields, such as biology and
chemistry [8]. At room temperature, Methylene blue is a solid, odorless, dark-green powder
that dissolves in water to form a blue solution.

Among the wastewater treatment methods most often mentioned in the scientific
literature, adsorption is considered an effective option for wastewater treatment [9]. Ad-
sorption efficiency depends on the type of adsorbent [10]. Currently, the most commonly
used adsorbents are made of carbon. Activated carbon is characterized by a large specific
surface area, low cost and high porosity [11]. However, this material has poor regenerative
properties and reusability.

Cellulose is a renewable and naturally degradable biomass material [12]. The aerogels
obtained not from petroleum but rather from, for example, cellulose, chitosan, lignin, pectin
or other materials have high adsorption properties for removing organic pollutants from
wastewater [13]. This is due to the high porosity, high specific surface area and low density
of aerogels [14].

Cellulose-based aerogel materials are made from regenerated cellulose or nanocellu-
lose, which requires special solvents and the treatment of plant fibers with acids and bases
or formaldehyde, glutaraldehyde and epichlorohydrin [15].

There are various methods of recovery or reuse of aerogel capsules. One of the simplest
methods to recover the capsules is mechanical compression [16]. A chemical method using
ethanol and a physical method of distillation are both possible options [17].

The disposal of aerogel is not regulated, but the most common practice is burning
the used capsules of sorbent. The scientific literature increasingly describes the use of
microorganisms for the decomposition of pollutants deposited on aerogel capsules and
the decomposition of cellulose, since it is a biodegradable material [18]. It is also possible
to recycle aerogel capsules at special sites where, for example, soil contaminated with
petroleum products is recycled. Storage of this material in landfills or storage in special
biodegradable containers is possible. Unfortunately, not much research has been performed
on this topic.

One type of aerogel capsules with cellulose content reaching 5% was used in this study.
The aim of this work was to determine whether it is suitable to use an adsorbent made from
paper and cardboard waste for the removal of Congo red, Naphthol green B, Rhodamine B
and Methylene blue, the dyes used in the textile industry, from aqueous solutions.

2. Materials and Methods
2.1. Chemicals and Materials

The Congo red, Naphthol green B, Rhodamine B and Methylene blue dyes that are
used in the textile industry were chosen for the experimental studies in powder form.

The laboratory equipment and chemical reagents listed below were used for the
experimental study:

• Chemical reagents: chemically clean Congo red, Naphthol green B, Rhodamine B
and Methylene blue dyes; distilled water that meets the requirements of standard
ISO 3696:1987 [19], 0.1 M H2SO4 and 0.1 M NaOH aqueous solutions and potassium
hydrogen phthalate.

• Laboratory equipment: Radwag analytical balance, glass-fiber filter paper “REF
A0478855”, filter paper “Qualitative Filter Paper Grade 202” and pH meter “Mettler
Toledo Multi seven”; 50, 100 and 500 mL volumetric flasks and 1, 2, 10 and 25 mL grad-
uated pipettes, Shimadzu TOC total carbon analyzer, synthetic air balloon, vacuum
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pump, magnetic stirrer Heidolph MR 1000 (LabMakelaar Benelux B.V., Zevenhuizen,
The Netherlands) and SEM Helios Nanolab 650 (FEI, Eindhoven, The Netherlands).

2.2. Preparation of Aqueous Solutions

The pH values of the aqueous solutions were measured before and after each ad-
sorption test. Before the experimental studies, the calibration of the pH meter “Mettler
Toledo Multi seven” was carried out. Tests were performed at room temperature: in the
temperature range of 20–23 ◦C.

Glass measuring vessels of 50, 100 and 500 mL were used for this research. Before use,
dishes were cleaned with distilled water and dried.

Studies on the adsorption of the dyes using an adsorbent synthesized from paper
and cardboard waste, aerogel, were carried out for up to 24 h by continuously stirring the
aqueous solutions of the dye prepared with a magnetic stirrer. Based on the sources of
the scientific literature, the following time intervals were chosen: 5 min, 10 min, 15 min,
20 min, 25 min, 30 min, 35 min, 40 min, 45 min, 50 min, 55 min, 60 min, 120 min, 240 min,
480 min and 1440 min.

Aqueous solutions of the dyes with concentrations of 0.1 mg/L, 0.5 mg/L 1.0 mg/L,
2.0 mg/L, 5.0 mg/L, 10.0 mg/L, 50.0 mg/L, 100.0 mg/L and 200.0 mg/L were prepared
for the adsorption tests.

The required amounts of Congo red, Naphthol green B, Rhodamine B and Methylene
blue dye powders were added to a 100 mL measuring flask, and distilled water was added
to the 100 mL mark. The samples intended for the adsorption test under static conditions
were transferred to larger-capacity (500 mL) glass vessels, placed in an automatic mixer and
stirred at a speed of 400 revolutions per minute. Based on the results of research conducted
by other scientists, it was decided to use a speed no higher than 400 revolutions per minute
in order not to destroy the original structure of the aerogel capsule. At speeds greater than
400 rpm, the blades of the automatic mixer begin to break down the structure of the aerogel
capsule by tearing apart the fibers that make up the adsorbent. During the tests, the aerogel
capsules were completely immersed in the prepared aqueous dye solutions.

It was decided to use a 0.8 g amount of aerogel under static conditions in the
adsorption study.

2.3. Batch Adsorption Tests

Adsorption studies under static conditions were terminated after the predetermined
adsorption time by separating the aerogel capsules from the prepared aqueous solutions of
the dyes Congo red, Naphthol green B, Rhodamine B and Methylene blue that are used
in the textile industry by filtering them through a glass-fiber filter. The separated aerogel
capsules were not reused in further stages of the study.

Aerogel capsules are composed of small cellulose fibers that can be seen with the
naked eye. One type of aerogel capsule with the cellulose content of 5% was used in
this study. When synthesizing aerogel capsules of different composition, there are no
restrictions regarding the amount of cellulose in them. Aerogel capsules with cellulose
content below or above 5% were not used due to the fact that these capsules have lower
values of adsorption capacity.

2.4. Fabrication of Aerogels Made from Paper and Cardboard Waste

The adsorbent used in the adsorption studies under static conditions was synthesized
at Klaipėda University, Department of Engineering, Faculty of Marine Technologies and
Natural Sciences. The aerogel mixture was produced in several stages. Water was mixed
with shredded paper (5%). After adding an environmentally friendly crosslinking agent,
starch, 0.1% of the total, the mixture was prepared for 3 min by stirring at 20,000 rpm by
using an UltraTurrax T25 digital IKA (IKA-Werke GmbH & Co. KG, Staufen, Germany)
(stainless steel rotor/stator diameter of 18 mm). Next, the mixture was homogenized and
poured into 40 mL jars. Then, the mixture was frozen; freezing took about 3 h at −18 ◦C.
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The lyophilization process was performed under vacuum at a pressure of 0.015 hPa and
a condenser temperature of −105 ◦C (ScanVac CoolSafe; LaboGene, Lillerod, Denmark).
The purpose of this process was to evaporate the water crystals. In this way, a porous 3D
structure of aerogels was formed.

After preparing the main aerogel mass, its modification began. After freeze-drying, the
samples were placed in a 3 L beaker and coated with MTMS material (methyltrimethoxysi-
lane) in order to give them hydrophobicity. The top of the glass was covered with aluminum
foil and placed in a 70 ◦C oven for 12 h.

2.5. Characterization

Aerogel capsules were circular, 5 (+/−0.5) cm in diameter and 1 cm in height (Figure 1).
The density of the aerogel was 40.753 kg/m3.
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Figure 1. Photo of aerogel surface, top view.

The contact angle of the aerogel samples, which were based on cardboard and paper
waste, was between 117 and 125◦ (Figure 2). The wettability of the aerogel surface, which
was made from paper and cardboard waste, was investigated by measuring the water
contact angle (θ) by using the sessile drop method. In order to take a close-up picture, the
high-resolution camera of a smartphone was used. The contact angle was calculated by
using contact angle measurement software (protractor) based on the droplet shape image
obtained. A few drops of distilled water were used for the test.
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If the angle is less than 90◦, the aerogel is hydrophilic, and if the angle is greater than
90◦, it is hydrophobic.

After crushing the adsorbent to granules, the aerogel still retains its hydrophobicity
properties. However, shredding should only be performed during the production stage, as
even slightly incorrect shredding the aerogel during the cutting stage can damage its 3D
structure. Aerogel crushing is a negative factor to the aerogel’s porosity, low density and
large specific surface area, properties that lead to higher adsorption capacity values.

A SEM was employed to visualize the morphology of aerogel. The surface area of the
aerogel before the adsorption process under static conditions can be seen in Figure 3 below.
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(a) 400 µm; (b) 5 µm.

The unique internal structure of aerogel, made from paper and cardboard waste, is a
major factor that is expected to improve its absorption properties under static conditions.
As can be seen in Figure 3, the aerogel was composed of many fibers with angular edges.
This high surface-area-to-volume ratio improves aerogels’ adsorption properties.

Further, Figure 4 shows that after the adsorption process, which took 24 h, dye particles
settled on the surface of aerogel; the visible bubbles on the surface indicate dye particles.
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FTIR analysis is one of the efficient techniques used in the characterization of organic
compounds. As described in Liuge et al. (2024) [20], FTIR was used in order to confirm
the presence of functional groups. Functional groups of azo group for the dye Congo red
were found from 1410 cm−1 to 1440 cm−1. Peaks around the 3200 cm−1 and 3300 cm−1

indicated the group of O-H. The peaks of Naphthol green B which were found between
1318 cm−1 and 874 cm−1 presented the characteristic bands of the sulfonate groups. The
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peaks of Rhodamine B at 1639 cm−1 and 1423 cm−1 were due to NH2 bending vibration.
The peak at 1333 cm−1 corresponded to the stretching vibrations of the C-N-terminal
saturated dimethylamine groups.

2.6. Determination of Residual Dissolved Total Organic Carbon

A Shimadzu TOC total organic carbon analyzer (Shimadzu Corporation, Kyoto, Japan)
was used to determine the residual dissolved total organic carbon in aqueous solutions after
the adsorption test under static conditions. It is a fast and reliable method for monitoring
the concentration of organic matter dissolved in water using carbon as an indicator.

The Shimadzu analyzer system consists of the following blocks: TOC-VCSN—analyzer;
SSM-5000A—solid-sample combustion unit; and ASI-V—automatic liquid sample collec-
tion system.

The process of testing a liquid sample for total organic carbon includes several stages,
detailed as follows:

• Thirty minutes before starting the test, the analyzer should be turned on, and the
carrier gas should be released;

• Special 40 mL test tubes are prepared. A detergent is added to an empty test tube
(for example, 2.5 g of iodine and 12.5 g of potassium iodide are added to a liter of 1%
(volume) sulfuric acid), and the walls of the bottle are properly covered by shaking,
followed by a 15 min wait. The solution is poured out, and the test tubes are rinsed
thoroughly with tap water and then with distilled water; finally, they are dried;

• The liquid samples need to be filtered. Suspended solids are removed by using a glass-
fiber filter (1.2 µm). The samples are poured into special test tubes with a capacity of
40 mL so that ~1 cm of the test tube remains empty;

• The sample tubes are placed in the drum of the automatic liquid sampling system
and analyzed. Samples containing carbon compounds are heated to 680 ◦C in an
oxygen-rich environment in carbon combustion tubes filled with a platinum catalyst.
The carbon dioxide produced during oxidation is detected by using an infrared gas
analyzer. The signal from the detector produces a peak reading, where its area is
proportional to the concentration of total organic carbon in the sample.

For the preparation of standard TC solutions, the following steps are necessary:

• A total of 2.125 g of pure potassium hydrogen phthalate, previously dried for 1 h at
105–120 ◦C and cooled in a drying cabinet, is weighed;

• The weighed amount of potassium hydrogen phthalate is added to a measuring flask
with a capacity of 1 L and dissolved in distilled water;

• The standard stock solution is diluted with distilled water to prepare a standard stock
solution of the selected concentration.

Based on the methodology of the research described above, experimental studies
were carried out in which an attempt was made to assess whether the dyes Congo red,
Naphthol green B, Rhodamine B and Methylene blue that are used in the textile industry
could be removed from an aqueous solution by using an adsorbent made from paper and
cardboard waste.

2.7. Adsorption Isotherms and Kinetics

Isothermal and kinetic studies play an important role in estimating the behavior and
performance of an adsorption system [21]. Adsorption isotherms describe the phenomenon
that regulates the movement of molecules from the mobile phase to the solid phase at a
constant temperature [22].

Most of the works on aerogels have suggested that the Langmuir isotherm is better
suited for representing the data in comparison to other models, including the Temkin or
Freundlich model [23].
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The adsorption process equilibrium data were fitted to the Langmuir and Freundlich
isotherms. The equilibrium relation between the adsorbed amount of the adsorbate and the
amount of the adsorbate in the solution was determined by using the following equation:

qe =
( C0 − Ce )V

m
, (1)

where qe (mg/g)—adsorption capacity; C0 (mg/L)—initial concentration of adsorbate;
Ce (mg/L)—equilibrium concentration of adsorbate; V (L)—volume of solution; and m
(g)—mass of the adsorbent.

Langmuir and Freundlich isotherms were chosen as best describing the performance
of the adsorbent made from paper and cardboard waste.

The formula for the Langmuir isotherm is

qe =
qm KLCe

1 + KLCe
, (2)

and that for the Freundlich isotherm is

qe = K f C
1
n
e , (3)

where qm is the maximum adsorption capacity (mg/g), KL is the Langmuir isotherm
constant (l/g), Kf is the Freundlich isotherm constant (mg/g)/(mg/l)−1/n and n is the
Freundlich exponent.

In equilibrium studies, it is customary to use linear forms of isotherms.
The linear form of the Langmuir isotherm used is

Ce

qe
=

1
qmKL

+
Ce

qm
. (4)

And the linear form of Freundlich isotherm is

log qe = log K f +
1
n

log Ce. (5)

If we use the Freundlich isotherm, then the Freundlich exponent (n) is the adsorption
process characteristic. Exponent values above 1 have a favorable adsorption process and
values less than 1, an unfavorable process.

In order to understand the mechanism of the adsorption process, the experimental
data were fitted to the following well-known kinetic models: the pseudo-first-order and
the pseudo-second-order models. The pseudo-first-order model equation is

qt = qe(1 − exp(−k1t)), (6)

and the linear form of the pseudo-first-order model is

ln|qe − qt| = ln|qe| − k1t. (7)

The pseudo-second-order model equation is

qt =
q2

e k2t
1 + k2qet

, (8)

and the linear form of the pseudo-second-order model is

t
qt

=
1

k2q2
e
+

t
qe

, (9)
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where qe represents the amount of adsorption at equilibrium, qt represents the amount of
adsorption at time t, k1 is the rate constant of the pseudo-first-order model and k2 is the
rate constant of the pseudo-second-order model.

The constants of the pseudo-models were determined in two ways, i.e., by applying
linear model forms and by applying nonlinear regression and minimizing the sum:

N

∑
i=1

(
qt,exp − qt,calc

)2

, (10)

where qt,exp is the obtained value in adsorption experiments at time moment t and qt,calc is
the value predicted by using the equation of the studied isotherm at time t.

The coefficient of determination and the average relative errors were calculated
as follows:

R2 = 1 − ∑N
i=1

(
qt, exp − qt, calc

)2

∑N
i=1

(
qt, exp − qt,cxp

)2 , (11)

and

ARE =
1
N

N

∑
i=1

∣∣∣∣ qt,exp − qt,calc

qt,exp

∣∣∣∣ 100%, (12)

where qt,cxp is the average of qt,cxp, i.e., qt,exp = 1
N

N
∑

i=1
qi

t,exp, and N is the number of

time moments.

3. Results
3.1. Adsorption Results

The most important initial parameter of adsorbent functionality is adsorption capacity.
The capacity of the adsorbent, the aerogel, to adsorb Congo red, Naphthol green B, Rho-
damine B and Methylene blue from monocomponent solutions was assessed by performing
adsorption tests with an adsorbent dose of 0.8 g. The values of adsorption capacity are
given in Table 1.

Table 1. Values of adsorption capacity for textile dyes.

Dye

Concentration of Dye, mg/L

0.1 0.5 1.0 2.0 5.0 10.0 50.0 100.0 200.0

qe, mg/g

Congo red 0.028 0.133 0.262 0.490 1.173 2.139 8.793 8.621 14.483

Naphthol green B 0.013 0.059 0.101 0.195 0.449 0.874 3.591 4.869 7.698

Rhodamine B 0.020 0.096 0.176 0.334 0.811 1.228 4.603 6.576 8.768

Methylene blue 0.024 0.123 0.229 0.435 0.940 1.838 7.364 10.127 13.538

The Congo red dye was characterized by the highest adsorption capacity values. On
the other hand, the lowest values of adsorption capacity were obtained for Naphthol green
B and Rhodamine B. Methylene blue, which belongs to the group of basic dyes, showed
better adsorption efficiency than Naphthol green B or Rhodamine B. It is assumed that the
functional groups of the aerogel interact with the functional groups of the dyes; therefore,
water purification occurs.

It was demonstrated that cellulose was not only an important component to construct
the aerogel structure but also a functional material to improve adsorption performance.
The adsorption capacity of the adsorbent increases rapidly with the passage of time and
reaches equilibrium after about 60 min.
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The results show that the adsorption between the cellulose aerogel and the molecules
of the dyes was mainly electrostatic attraction. As displayed in Figure 4, the dye particles
settled on the aerogel surface, forming small dye bubbles. By removing the dye particles
from the surface of the aerogel, the adsorbent could be reused. This type of research is
planned in the future.

According to the analysis of the adsorption experiments, the adsorption mechanism
of dyes on cellulose aerogel can be summarized as follows: The cellulose in the aerogel
contained a large amount of carboxyl and hydroxyl groups. Cellulose increased the specific
surface area of the aerogel, which was beneficial for the adsorption of the dyes.

The adsorption capacity was higher for the solutions of dyes with a 0.1–10.0 mg/L
initial concentration. As the initial concentration of textile dye increased from 10.0 mg/L to
200.0 mg/L, the adsorption capacity of Congo dye decreased from 62.02% to 21.00%, that
of Naphthol green B from 34.02% to 15.00%, that of Rhodamine B from 28.00% to 10.00%
and that of Methylene blue from 48.01% to 18.00%.

The color of the dyes was not removed in any case; the intensity of the color decreased,
but the color did not disappear. The color intensity decreased significantly in the solution
with concentration of 0.1 mg/L to 10.0 mg/L. As the dye concentration increased from
10.0 mg/L to 200.0 mg/L, the color remained bright. It can be assumed that the amount of
adsorbent used was insufficient to remove the color of the dye.

A comparative table with references from the literature with adsorption capacity
(Table 2) can be found below. It can be noted that in recent years, aerogel has attracted
a lot of attention among scientists due to it being a cheap, non-toxic, light and highly
porous material.

Table 2. Values of adsorption capacity for specific textile dyes and other parameters.

Type of Dye Concentration of
Dye, mg/L Type of Adsorbent Adsorption

Capacity, mg/g References

Congo red, Naphthol green B,
Rhodamine B and Methylene blue

0.1; 0.5; 1.0; 2.0;
5.0; 10.0; 50.0;
100.0; 200.0

Cellulose aerogel

0.028–14.483;
0.013–7.698;
0.020–8.768;
0.024–13.538

Liuge et al., 2024 [20]

Methyl orange 200.0 Cellulose aerogel 1013.11 Qiu et al., 2023 [24]

Acid green 25 and Crystal violet 70.0 Graphene oxide-doped
silica aerogel 20.25; 41.46 Sharma et al., 2023 [25]

Methyl orange 20.0 Cellulose/polyethyleneimine
composite aerogel 980.39 Guo et al., 2024 [26]

Since the amount of dyes in wastewater is not regulated, researchers conduct studies
with various initial study parameters, so the concentration of the dye can vary over a wide
range. It is also important to emphasize that aerogels of very different compositions can be
used in studies.

3.2. Modeling Results
3.2.1. Adsorption Equilibrium

The Langmuir and Freundlich isotherms were fitted and the adsorption characteristics
calculated for analyzing the aerogel. The model parameters (Table 3) were calculated by
using nonlinear and linear forms of the Langmuir and Freundlich isotherms.
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Table 3. Determination coefficients and parameters calculated for models.

Model Parameters Determination Coefficient

Congo red

Linearized Langmuir model qm = 14.684 mg/g
KL = 0.099 L/mg R2 = 0.95

Nonlinear Langmuir model qm = 14.589 mg/g
KL = 0.083 L/mg R2 = 0.95

Linearized Freundlich model n = 1.447
Kf = 0.955 mg/g R2 = 0.70

Nonlinear Freundlich model n = 2.213
Kf = 1.892 mg/g R2 = 0.95

Naphthol green B

Linearized Langmuir model qm = 9.833 mg/g
KL = 0.041 L/mg R2 = 0.99

Nonlinear Langmuir model qm = 11.655 mg/g
KL = 0.026 L/mg R2 = 0.99

Linearized Freundlich model n = 1.245
Kf = 0.326 mg/g R2 = 0.91

Nonlinear Freundlich model n = 1.653
Kf = 0.597 mg/g R2 = 0.99

Rhodamine B

Linearized Langmuir model qm = 10.320 mg/g
KL = 0.037 L/mg R2 = 0.98

Nonlinear Langmuir model qm = 11.627 mg/g
KL = 0.023 L/mg R2 = 0.99

Linearized Freundlich model n = 1.326
Kf = 0.323 mg/g R2 = 0.84

Nonlinear Freundlich model n = 1.872
Kf = 0.691 mg/g R2 = 0.99

Methylene blue

Linearized Langmuir model qm = 15.798 mg/g
KL = 0.052 L/mg R2 = 0.98

Nonlinear Langmuir model qm = 16.739 mg/g
KL = 0.039 L/mg R2 = 0.99

Linearized Freundlich model n = 1.318
Kf = 0.620 mg/g R2 = 0.77

Nonlinear Freundlich model n = 1.984
Kf = 1.407 mg/g R2 = 0.98

The constant values for the linearized models were obtained by using the slope and
intercept values of the plot of Ce/qe versus Ce of the Langmuir model for the dye Congo
red (Figure 5) and by using the slope and intercept values of the plot of log qe versus log
Ce of the Freundlich isotherm for the dye Congo red (Figure 6).

The maximum adsorption capacity for Congo red obtained by using the linearized
Langmuir model was 14.684 mg/g, and that obtained with the nonlinear model was
14.589 mg/g. The obtained values of n suggest favorable adsorption.

The constant values for the nonlinear models were obtained by using the nonlinear
curve-fitting method in MS Excel solver 2023. The obtained values of the parameters were
used in the models, and the adsorbed amount of adsorbate was calculated. Both (lin-
earized and nonlinear) Langmuir and Freundlich isotherms for Congo red are presented in
Figure 7 below.
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The maximum adsorption capacity for Naphthol green B obtained by using the non-
linear Langmuir model was 11.655 mg/g, and that obtained with the linearized model was
9.833 mg/g. The obtained values of n suggest favorable adsorption.

Both (linearized and nonlinear) Langmuir and Freundlich isotherms for Naphthol
green B are represented in Figure 10 below.
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The maximum adsorption capacity for Rhodamine B obtained using the nonlinear
Langmuir model was 11.627 mg/g, and that obtained with the linearized model was
10.320 mg/g. The obtained values of n suggest favorable adsorption.

Both (linearized and nonlinear) Langmuir and Freundlich isotherms are represented
in Figure 13 below.
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The maximum adsorption capacity obtained for Methylene blue by using the nonlinear
Langmuir model was 16.739 mg/g, and that obtained with the linearized model was
15.798 mg/g. The obtained values of n suggest favorable adsorption.

3.2.2. Kinetic Analysis

The kinetic models were fitted for dyes, and the obtained results were compared.
Solutions of dyes were selected with the close initial concentration of total organic carbon
as follows: Congo red—Co = 5.517 mg/L; Naphthol green B—Co = 4.112 mg/L; Rhodamine
B—Co = 7.014 mg/L; and Methylene blue—Co = 3.008 mg/L.

The results of the kinetic study of Congo red are presented in Tables 4 and 5. Values
of the coefficient of determination (R2) and the average relative error (ARE) were also
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calculated. The line of the pseudo-first-order and pseudo-second-order kinetic models with
the obtained constants are presented in Figure 17.

Table 4. Constants for the pseudo-first-order kinetic models for Congo red.

qe,exp
Pseudo-First-Order Model (Linear Form) Pseudo-First-Order Model (Nonlinear Form)

qe,calc k1 R2 ARE qe,calc k1 R2 ARE

2.14 1.91 0.11 <0 15.43% 2.02 0.32 0.37 5.49%

Table 5. Constants for the pseudo-second-order kinetic models for Congo red.

qe,exp
Pseudo-Second-Order Model (Linear Form) Pseudo-Second-Order Model (Nonlinear Form)

qe,calc k2 R2 ARE qe,calc k2 R2 ARE

2.14 2.24 0.14 0.54 2.96% 2.14 0.27 0.75 3.53%
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The smallest differences in adsorption amount were found for the pseudo-second-
order kinetic model constructed by using a nonlinear fit. The highest value for the determi-
nation coefficient was 0.75, and the average relative error was 3.53%.

The results of the kinetic study of Naphthol green B are presented in Tables 6 and 7. The
lines of the pseudo-first-order and pseudo-second-order kinetic models with the obtained
constants are presented in Figure 18.

Table 6. Constants for the pseudo-first-order kinetic models for Naphthol green B.

qe,exp
Pseudo-First-Order Model (Linear Form) Pseudo-First-Order Model (Nonlinear Form)

qe,calc k1 R2 ARE qe,calc k1 R2 ARE

0.87 0.37 0.05 <0 67.98% 0.81 0.14 0.93 3.32%
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Table 7. Constants for the pseudo-second-order kinetic models for Naphthol green B.

qe,exp
Pseudo-Second-Order Model (Linear Form) Pseudo-Second-Order Model (Nonlinear Form)

qe,calc k2 R2 ARE qe,calc k2 R2 ARE

0.87 0.91 0.22 0.91 4.35% 0.93 0.21 0.91 4.27%
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kinetic models using the obtained constants (Tables 6 and 7).

According to the obtained results, it can be concluded that in this case, the kinetic
model applied in the pseudo-first-order nonlinear form and the pseudo-second-order
kinetic models in both forms are almost equally good. However, a higher value of the
determination coefficient and, at the same time, a lower value of the average relative error
suggest the choice of the pseudo-first-order kinetic model applied in the nonlinear form.

The results of the kinetic study of Rhodamine B are presented in Tables 8 and 9. The
lines of the pseudo-first-order and pseudo-second-order kinetic models with the obtained
constants are presented in Figure 19.

Table 8. Constants for the pseudo-first-order kinetic models for Rhodamine B.

qe,exp
Pseudo-First-Order Model (Linear Form) Pseudo-First-Order Model (Nonlinear Form)

qe,calc k1 R2 ARE qe,calc k1 R2 ARE

1.23 0.71 0.03 <0 59.70% 0.99 0.13 0.87 5.46%

Table 9. Constants for the pseudo-second-order kinetic models for Rhodamine B.

qe,exp
Pseudo-Second-Order Model (Linear Form) Pseudo-Second-Order Model (Nonlinear Form)

qe,calc k2 R2 ARE qe,calc k2 R2 ARE

1.23 1.18 0.11 0.89 4.83% 1.15 0.14 0.90 5.04%
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kinetic models using the obtained constants (Tables 8 and 9).

In this case, the situation is very similar to the case of Naphthol green B. Considering
the higher values of the determination coefficient and smaller values of the average relative
error, pseudo-second-order models (both linear and nonlinear) would be more suitable for
Rhodamine B.

The results of the kinetic study of Methylene blue are presented in Tables 10 and 11. The
line of the pseudo-first-order and pseudo-second-order kinetic models with the obtained
constants are presented in Figure 20.

Table 10. Constants for the pseudo-first-order kinetic models for Methylene blue.

qe,exp
Pseudo-First-Order Model (Linear Form) Pseudo-First-Order Model (Nonlinear Form)

qe,calc k1 R2 ARE qe,calc k1 R2 ARE

0.94 0.104 0.038 <0 92.9% 0.906 0.533 0.60 1.41%

Table 11. Constants for the pseudo-second-order kinetic models for Methylene blue.

qe,exp
Pseudo-Second-Order Model (Linear Form) Pseudo-Second-Order Model (Nonlinear Form)

qe,calc k2 R2 ARE qe,calc k2 R2 ARE

0.94 0.938 1.208 0.43 1.24% 0.924 2.187 0.86 0.84%

The smallest differences in adsorption amount were found for the pseudo-second-
order kinetic model constructed by using a nonlinear fit. The highest value for the determi-
nation coefficient was 0.86, and the average relative error was 1.41%.
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4. Discussion

In this study, higher adsorption capacity values were achieved with aerogel capsules
containing 5% cellulose than in the previous study by the authors. In previous studies, it
was found that an increase in cellulose content from 3% to 5% contributed to the improve-
ment in adsorption properties. The adsorption capacity values of 10.0 mg/L concentration
Congo red after an adsorption process, which took 60 min, were 3.10 mg/g and 3.80 mg/g,
respectively; the adsorption capacity values of Naphthol green B were 2.80 mg/g and
3.41 mg/g, respectively; the adsorption capacity values of Rhodamine B were 0.12 mg/g
and 0.41 mg/g, respectively; and the adsorption capacity values of Methylene blue were
0.24 mg/g and 0.81 mg/g, respectively.

In the future, we expect to extend the study by reusing capsules of aerogel which have
5% cellulose and apply the adsorption method together with the electrocoagulation method.

5. Conclusions

This study evaluated the adsorption capacity of adsorbent made from paper and
cardboard waste for removing textile dyes from aqueous solutions. The experiments were
carried out under laboratory conditions (in batch stand). The adsorption capacity of the
aerogel in Congo red solutions varied from 0.028 mg/g to 14.483 mg/g; in Naphthol
green B solutions, from 0.013 mg/g to 7.698 mg/g; in Rhodamine B, from 0.020 mg/g to
8.768 mg/g; and in Methylene blue, from 0.024 mg/g to 13.538 mg/g.

The analysis showed that the results of the adsorption equilibrium modeling obtained
for the aerogel are very compatible with the experimental results; thus, both the Langmuir
and Freundlich models can be successfully applied.

The smallest differences in adsorption amount for the dyes Congo red and Methylene
blue were found for the pseudo-second-order kinetic model constructed by using a non-
linear fit. It was observed that for the dye Naphthol green B, the kinetic model applied
in the pseudo-first-order nonlinear form and the pseudo-second-order kinetic models in
both forms are almost equally appliable. Pseudo-second-order models (both linear and
nonlinear) would be more suitable for Rhodamine B.

During the batch experiment, 0.8 g of adsorbent was used for the removal of the dyes
Congo red, Naphthol green B, Rhodamine B and Methylene blue. The adsorbent, aerogel,
was not reused in the later stages of the process. The colors of the dyes were not removed,
but the color intensity was reduced.
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