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Abstract: This study demonstrates the efficient removal of Alizarin Yellow R anionic dye (AY)
from aqueous solutions using green adsorbents. Natural kaolin clay (A1), acid-modified natural
clay (A2), chemically treated orange peel (C1) and biochar produced by the thermal treatment of
orange peel (C2) were tested for the adsorption of AY. The characteristics of the sorbents were
determined by instrumental methods: SEM, EDS, FTIR, BET and TGA. The adsorption experiments
were performed under different conditions, including the initial AY dye concentration, adsorbent
weight, pH, temperature and contact time. The maximum adsorption capacities had values between
15.72 and 74.62 mg/g at 298 K and the optimal pH of 6.5 at initial concentrations ranging from
30 to 70 mg/L for all adsorbents. The equilibrium data were used for the adsorption isotherm models:
Freundlich, Langmuir and Temkin. The Freundlich model fit best for the adsorbents A2, C1 and
C2, and the Langmuir isotherm had the highest regression value for the adsorbent A1 (R2 = 0.9935).
Thermodynamic parameters indicated the spontaneous and favorable adsorption process of AY. A
study of the adsorption kinetics proved that they best fit the pseudo-second-order model, with the
highest coefficients of determination (R2), outperforming the pseudo-first-order model. The results of
this study indicate the potential for the valorization of locally available clays and orange peel waste
in the purification processes of water.

Keywords: dye removal; adsorption; natural clay; orange peel; equilibrium isotherm; thermodynamics;
adsorption kinetics

1. Introduction

Synthetic dyes are widely used in many industrial sectors, especially in the textile
industry. Most dyes are generally dangerous and toxic to the environment and organisms.
Various azo dyes have carcinogenic effects and can have serious health consequences, such
as dermatitis, inflammation of the mucous membranes, irritation of the respiratory tract
and allergic eye reactions [1–3].

Dyes are typical organic pollutants derived from industrial waste from the textile,
leather, paper, plastics, cosmetic and food industries. All types of Alizarin dyes (Alizarin
Yellow R, Alizarin Yellow GG, Alizarin Red C) are commonly used as indicators and as
dyes in the textile industry. The release of chemically modified forms of Alizarin dyes
into the environment does not result in their biodegradation and can cause considerable
damage [4].

Various conventional techniques, such as precipitation, chemical degradation, chemi-
cal coagulation, adsorption and biodegradation, have been explored to remove dyes from
water. The environmental pollution caused by these compounds is significant, and they
can generate hazardous by-products in the receiving medium through oxidation or other
chemical processes [3,5].

Conventional methods of wastewater treatment have some difficulties in removing
dyes from wastewater because these compounds are not biodegradable and persist under
light sources and with exposure to oxidizing chemicals [6–8].
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The adsorption process is regarded as an effective method for removing water con-
taminants because it has the following advantages over other methods: cleanliness, ease of
application and low cost. To reduce the cost of treatment to remove various dyes, numerous
research studies in recent years have focused on the search for low-cost, biodegradable and
highly effective adsorbents that are available locally. In general, an adsorbent can be con-
sidered low-cost if it can be produced from natural resources or agricultural waste, needs
little processing and is waste or a by-product from different industrial sectors [3,6,9–11].

Due to the different physico-chemical properties of various sorbents, the adsorption
capacity also varies. The selection of an adsorbent affects the efficiency of removing toxic
compounds from the aqueous environment. Therefore, an important research topic is
the synthesis and processing of cost-effective and highly efficient adsorbents for various
pollutants [3,12].

Nanomaterials include materials with a size of less than 100 nm, and they have been
tested as adsorbents of wastewater pollutants such as inorganic and organic compounds.
Various nanocomposites, iron oxide nanoparticles and clay nanoparticles are considered
effective adsorbents for the removal of pollutants from aqueous solutions [13].

Environmentally friendly and inexpensive materials that are abundant in nature, such
as natural clays, have been cited by numerous researchers as potential adsorbents for
inorganic and organic pollutants [2,3]. The specific properties of natural clays, such as their
large surface area and specific cation-exchange capacity, suggest their good potential for the
removal of numerous organic and inorganic pollutants. A number of activation methods
have been reported, and the most common techniques include mechanical activation
and thermal activation. Despite their advantages, these activation methods have some
limitations, for example, their application to multimineral and mixed-layer clays [2,3]. A
common activation method for natural clays is chemical modification, usually of bentonites,
with a solution of a mineral acid or a base. These methods are used to obtain materials
with increased specific surface area and to increase their porosity and surface acidity.
Acid-activated clays are of significant interest as adsorbents and catalysts for a range of
research studies. In this context, the application of natural clays as efficient adsorbent
materials has received attention in many research studies due to their low cost and wide
availability [2,3,13–16].

Carbonaceous biomass derived from plants is found in the form of agricultural waste.
They are produced from renewable sources that are non-toxic, active in recycling and
cost-effective. Numerous research studies have shown that agricultural waste has great po-
tential for use as an adsorbent due to its specific properties and vast biomass resources [17].
Carbonization is an efficient method for using biomass resources and treating pollutants
in water while solving energy shortage and ecological imbalance problems [17,18]. Vari-
ous studies in the literature on the adsorption of different pollutants using orange peels
have identified the properties of this natural material that could impact the adsorption
process of pollutants and assessed the adsorption performance in different experimental
conditions [15,17]. The chemical composition of orange peel consists mainly of organic
substances. Several studies on the physical properties of orange peels have shown that
they contain soluble sugars, starch and fiber, including cellulose, hemicellulose, pectin and
lignin, protein and about 1% organic acids [11]. Orange peels are agro-industrial waste
from beverage industries around the world and are used to remove inorganic pollutants,
colorants and some organic compounds [11,12,18].

Biochar, a carbon-rich solid extracted from biomass in low-oxygen conditions, is now
widely used as an absorbent due to its low cost, large surface area and rich pore structure.
The various sources from which biochar is derived include plant roots, fruit and vegetable
waste, organic waste, wheat straw, sewage sludge and other biomass resources [12,18].

The current study evaluates the potential of two biomaterials—natural clay and orange
peel waste—to obtain bio-adsorbents for the removal of Alizarin Yellow R dye (AY) from
aqueous solutions. The available scientific literature lacks documented research into the
effectiveness of these adsorbent materials in removing Alizarin Yellow R from aqueous
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solutions. The current study represents an opportunity to explore a new approach and
evaluate its potential as an effective method for the removal of this anionic dye.

The adsorbents used in our studies were natural kaolin clay (A1), acid-modified
natural clay (A2), chemically treated orange peel (C1) and thermally treated orange peel
(C2). The influence of different experimental factors, such as adsorbent weight, the initial
concentration of AY dye, pH, adsorbent–dye contact time and temperature, were analyzed
to evaluate the possibility of using the tested adsorbents for Alizarin Yellow R dye removal.

To examine the potential interactions between AY molecules and adsorbents, three
mathematical models, Langmuir, Freundlich and Temkin, were used to compare the ad-
sorption equilibrium results and to evaluate them. Thermodynamic parameters were
determined, and the adsorption behavior of AY was also investigated in kinetic studies.

2. Materials and Methods
2.1. Preparation of Model Water

All chemicals used in this study were of analytical grade.
Alizarin Yellow R: 5-(3-Nitrophenylazo) salicylic acid sodium salt (analytical reagent,

Sigma-Aldrich, Munich, Germany) was used to prepare a stock solution at a concentration
of 500 mg/L. The AY stock solution was further diluted in demineralized water to obtain
the necessary standard solutions (20–100 mg/L).

A calibration curve of AY dye was obtained by measuring the absorbance of known
concentrations at the wavelength λmax = 380 nm using a UV–Visible spectrophotometer
(CECIL 1021, 1000 Series, Cambridge, United Kingdom). The residual concentration of AY
was analyzed by UV-Vis spectroscopy, and the previously known calibration curve was
used to determine the unknown dye concentration in each sample after adsorption.

The acidic or basic solution pH was adjusted by adding either 0.1 N HCl or 0.1 N NaOH.
A digital multi-parameter (Multi 9630 IDS meter) equipped with a glass membrane-selective
electrode (Xylem Analytics, Weilheim, Germany) was used to perform pH measurements.

2.2. Preparation of Adsorbents
2.2.1. Natural Clay Adsorbent

Natural clay, sourced from the Dobrogea region, Romania, was washed thoroughly
with distilled water, without any chemical treatment. These clay samples were dried in
an oven at 105 ◦C for 24 h, and they were milled and sieved to obtain a fine powder of
nanoclay ≤ 125 µm.

After crushing, the sample powder was washed again with distilled water, and then
the samples were oven-dried in the same conditions.

The natural clay adsorbent is henceforth referred to as A1.

2.2.2. Chemical Activation of Natural Clay

The acid activation of natural clay was performed with a sulfuric acid solution
(0.1 N H2SO4). The modification in acid form increases the total pore volume and the
specific surface of natural clays.

Each 5 g natural clay sample was added to a conical flask, treated with a 100 mL
solution of 0.1 N H2SO4 and stirred continuously for 2 h; then, it was decanted and washed
3–4 times with distilled water until it was acid-free. The resulting solid was oven-dried at
105 ◦C for 24 h, and then it was milled and sieved to fine particles ≤125 µm. After crushing,
the sample powder was washed again with distilled water, and then the samples were
dried in the oven in the same conditions. The samples were stored in a desiccator.

Chemically treated natural clay is henceforth referred to as A2.

2.2.3. Chemical Modification of Orange Peel

The chemical modification of biomass can be directed to improve structural properties.
Many research studies describe the effects of various chemicals on the structural properties of
orange peels and the capacity of adsorption. The reported literature presents good adsorption
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results after the treatment of orange peels with a base, which increased the binding sites of
this sorbent [19,20]. The major components of orange peel are methyl esters, which can be
transformed into carboxylates by treatment in a basic solution medium [21–23].

In this study, the orange peel waste was washed 2–3 times with demineralized water,
and then it was cut into smaller portions and oven-dried at 105 ◦C for 24 h. The obtained
dried orange peel was finely crushed and sieved to a powder with particle sizes ≤200 µm.
The chemical treatment and modification of orange peel waste was carried out by adding
a mixture of 0.5 M CaCl2 and 0.5 M NaOH solutions to the solid material, followed by
stirring for 4 h at 25 ◦C. This mixture was filtered, and the precipitate was washed with
demineralized water until the neutral pH of the filtrate was obtained. The obtained material
was dried for 8 h in an oven at 105 ◦C.

Chemically treated orange peel is henceforth referred to as C1.

2.2.4. Preparation of Biochar from Orange Peel

Biochar was prepared using a modified reported procedure [24]. Several recent re-
search studies have presented the advantages of the process of biomass thermal treat-
ment, which improves both the surface structure and the adsorption properties. The
high-temperature calcination of orange peel waste was performed to obtain an enhanced
adsorption capacity that could be explained by appropriate access to active adsorption
sites [20,25–27]. In our study, dried orange peel raw material was first prepared in a
few steps, as presented for the adsorbent C1, and thereafter, sieved fine particles with
sizes ≤ 200 µm were carbonized at 500 ◦C in a muffle furnace (Nabertherm, Lilienthal,
Germany). The samples of biochar prepared from orange peel waste were cleansed until
the neutral pH of the filtrate was obtained, and then they were oven-dried at 105 ◦C for 24 h.

Activated carbon prepared by this method from orange peel is henceforth referred to
as C2.

2.3. Characterization of Adsorbents

The surface morphology of the samples was studied by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS). SEM micrographs and EDS map-
ping images were obtained on a FIB-SEM at 30 kV (Thermo-Fisher, Brno, Czech Republic).

Fourier transform infrared spectra were collected in the range of 4000–400 cm−1 with
a resolution setting of 4 cm−1 using a Shimadzu IR TRACER 100 spectrometer (Shimadzu,
Kyoto, Japan).

Thermogravimetric analysis of adsorbents was performed using thermogravimetric/der-
ivative equipment (TGA/DTG) (TGA 2 Star System Mettler Toledo, Zurich, Switzerland).

Texture parameters were determined at 77 K by a low-temperature nitrogen adsorption
method using a Quantachrome NOVA 2200e system (Gratz, Austria). The specific surface
area of the samples was calculated using a BET equation (Brunauer–Emmett–Teller).

2.4. Adsorption Equilibrium Studies

To evaluate the AY removal efficiency of the adsorbents, batch adsorption experiments
were performed in different experimental conditions by continuous stirring using a rotary
shaker (Benchtop 300X400MM, MUNRO, Essex, United Kingdom).

The adsorption of AY from synthetic solutions was studied in various conditions:
the initial AY concentration (20–120 mg L−1), adsorbent weight (0.2–1.2 g), temperature
(25–40 ◦C), pH (2–10) and contact time (30–240 min). A volume of 100 mL of the AY solution
was used.

The pH of the initial synthetic solutions was adjusted to the desired value using a
0.1 N HCl or 0.1 N NaOH solution and a pH electrode.

The adsorbent–AY samples were filtered and analyzed to determine the final concen-
tration of AY dye and to characterize the adsorbents after adsorption.
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The equilibrium adsorption capacity of the adsorbents (qe, mg g−1) was calculated
using the following equation [1–6]:

qe = (C0 − Ce)
V
W

(1)

The removal efficiency of AY dye (R%) was determined by the following equation [1–6]:

% R =
C0 − Ce

C0
× 100 (2)

where C0 represents the initial concentration of AY (mg L−1), Ce is the equilibrium concen-
tration of AY (mg L−1), V corresponds to the solution volume (L), and W represents the
mass of the sorbent (g).

3. Results and Discussion
3.1. Characterization of Adsorbents
3.1.1. Scanning Electron Microscopy Analysis

The surface morphology of the adsorbents was examined by scanning electron mi-
croscopy. Chemical composition analysis and elemental mapping were carried out using
energy-dispersive spectroscopy (EDS). SEM images of adsorbents prepared from natural
clay minerals (A1 and A2 samples) are exhibited in Figure 1a,b. High magnification reveals
sheets with thicknesses of approximately 60 nm and lengths of several hundred nanometers,
which are coated with fine nanosheets that tend to become agglomerated. The surfaces of
these adsorbents present protuberances that are attributed to clay tactoids. Clay minerals
are covered on their surfaces with layered silicates composed of Si and O bonds with other
chemical elements, as observed in EDS spectra. These could be considered a stack of 2D
single, double and multiple layers formed by SiO4 tetrahedrons [28,29].
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The effect of acid activation can be observed for chemically treated natural clay. The
sample of chemically treated natural clay in acid form (A2 adsorbent) has a porous, rough,
irregular and heterogeneous structure, which are suitable properties of a good adsorbent.

EDS analyses (Figure S1—Supplementary Materials) performed randomly on different
areas of the clay samples revealed the elements Si, Al, O and low concentrations of Cu
for the natural clay (A1) sample and for chemically treated natural clay in acid form (A2
adsorbent sample).

Figure 1c illustrates the morphology of the chemically treated orange peel adsorbent
C1, where the dehydrated organic structure of the orange peels can be observed. Intracellu-
lar spaces, cellulose, hemicelluloses and lignin fibers are also visible in the structure [30,31].
The biochar adsorbent prepared from orange peel waste—C2 (Figure 1d)—shows the char-
acteristics of its precursor; complex three-dimensional structures with channels (cellulose
matrix) and fibers (lignin matrix) originating from the elimination of organic matter can be
observed. Figure 1d shows that the biochar prepared from orange peel waste contains thin
pores, which could provide storage space for AY dye molecules.

EDS analyses (Figure S1—Supplementary Materials) performed randomly on different
areas of the adsorbent samples prepared from orange peel waste evidenced C and O atoms
and low concentrations of Si and Ca for the C1 adsorbent and the presence of C, O and
lower concentrations of Zn, Al and Cu for the C2 biochar sample. The detection of the
highest content of C atoms in the elemental composition of the biochar C2 sample proves
the high purity of the adsorbent due to the thermal treatment. The low contents of Zn
and Cu in this adsorbent could be attributed to Zn and Cu fertilizers combined with other
agronomic management practices that are used in agriculture to sustain crop yields of
Citrus trees.

3.1.2. ATR-FTIR Analysis

Functional groups present in the adsorbent materials were evidenced using ATR-FTIR
spectroscopy. The FTIR spectra of clay adsorbent samples (A1, A2) and orange peel waste
adsorbents (C1, C2) before the adsorption experiments and after AY dye sorption were
examined in order to indicate the presence of functional groups that may play an important
role in adsorption on the surface of sorbent materials (Figure 2). The FTIR spectrum of
natural clay—the A1 sample (Figure 2a)—shows the characteristic absorption bands at
3694 and 917 cm−1 due to Al–Al–O stretching and bending vibrations. These absorption
bands are more intense in the FTIR spectrum of chemically treated natural clay—the A2
sample (Figure 2) [29].

Orange peel contains –OH and –COOH functional groups, which represents an ad-
vantage in obtaining the good adsorption of polar organic compounds due to a chemical
process. The chemical composition of orange peel can present some differences based on
the region, growing conditions, variety and level of maturity. Orange peel mainly consists
of organic matter; it contains starch, soluble sugar, fiber (cellulose, hemicellulose, lignin,
pectin), proteins, ash, fats and a low content of organic acids [18].

The FTIR analysis of chemically treated orange peel (C1 sample) identified the most
important functional groups that explain the adsorption process on the adsorbent surface.
As we present in Figure 2, a broad absorption band observed at 3450 cm−1 corresponds
to O–H bond stretching vibrations, which can be explained by inter-molecular hydrogen
bonding. Weaker peaks at 2917 and 2850 cm−1 are assigned to the stretching vibrations of
C–H bonds, and the absorption band at 1710 cm−1 proves the presence of carbonyl group
stretching of ester bonds. A weak absorption band observed at 1410 cm−1 is assigned to
C–H bond bending vibrations.

The absorption peak observed at 1050 cm−1 corresponds to the C–O stretching vibra-
tion mode (symmetric and asymmetric). This specific peak also indicates some functional
groups of carbohydrates (C–OH and C–OR groups) [18,30,31].

The FTIR spectrum of the biochar adsorbent prepared from orange peel waste—the
C2 sample—is displayed in Figure 2d; the most important absorption bands of the orange-
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peel-based adsorbent C2 are –CH, –CH2, –OH, –C–O and C=C. An intense absorption
band observed at 3300 cm−1 is attributable to –O–H stretching vibrations, and the peak at
2869 cm−1 is assigned to–CH2 stretching vibrations. The absorption bands at 1570 cm−1

and 1387 cm−1 are assigned to C=C stretching. A weak-intensity peak observed at the
wavenumber 1022 cm−1 can be assigned to C–O bond stretching vibrations. Analyzing the
characteristics of the orange-peel-based adsorbent C2 after thermal treatment, it could be
observed that the majority of the characteristic functional groups’ absorption peaks were
eliminated. This modification can be explained by the fact that the functional groups of the
adsorbent material were evaporated as volatile compounds during heating, also indicating
a complete thermal activation process [26,32,33].
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The FTIR spectra of natural clay adsorbents (A1 and A2) before and after AY dye
adsorption were very similar (Figure 2a,b). The difference was a slight decrease in ab-
sorbance for the bands at 3694 cm−1 and 917 cm−1, which demonstrated that Al–Al–O
bonds participated in the adsorption process of AY.

The FTIR spectra of the orange-peel-based adsorbents C1 and C2—before and after
AY dye loading—were very similar (Figure 2c,d). An obvious decrease in adsorption
characteristic peaks at 3300 and 1022 cm−1 confirmed that –OH and C–O functional groups
participated in the sorption process of AY dye.
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3.1.3. Thermogravimetric Analysis (TGA)

The thermal stability of adsorbent materials was evaluated using thermogravimetric
analysis (TGA). A thermo-differential thermal synchronization analyzer was used for the
thermogravimetric analysis. The TGA-DTG curves for the adsorbents were generated
from room temperature to 700 ◦C, and they are shown in Figure 3. The orange peel
degradation profile indicates three main weight losses. The mass loss of 4.74% observed
below 110 ◦C is attributed to the dehydration of the sample, while the steps of 55.88% loss
recorded between 167 and 362 ◦C are due to the degradation of cellulose, hemicellulose
and lignin. The thermal degradation of heat-treated orange peel shows only two main
thermal events: the one below 110 ◦C is due to absorbed water, and the second loss between
110 and 700 ◦C can be assigned to the residual degradation of lignin left after the heat
treatment step at 400 ◦C. This behavior was also observed by Flores-Rojas and authors [32].
The thermogravimetric analysis of both clay samples reveals similar behavior, with two
degradation steps. An intensive mass loss of almost 3% is observed from 200 ◦C to 311 ◦C,
which corresponds to the elimination of impurities by decomposition and surface moisture.
The second weight loss of 11.7% is observed between 312 and 660 ◦C and, according to
Kassa and authors [33], is caused by the dehydroxylation step.
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3.1.4. Surface Area Determination

The surface area of the adsorbents was determined from N2 adsorption isotherms
using Brunauer–Emmett–Teller (BET) analysis. The Barrett–Joyner–Halenda (BJH) model
was employed to determine the specific pore volume and pore area by the adsorption and
desorption technique.

The specific surface area, total pore volume and pore diameter (nm) are summarized in
Table 1. Comparing the C1 and C2 adsorbents, it can be observed that at high temperatures,
the organic matter in the orange peel decomposes, increasing the specific surface area [34].
After the heat treatment, in addition to the specific surface, the total volume of the pores
also increases. According to the International Association for Pure and Applied Chemistry
(IUPAC), the pores of all adsorbents belong to the category of mesopores, with pore sizes
between 2 and 50 nm [35,36]. The adsorption/desorption isotherms of adsorbents A1 and
C2 can be assigned to a type III isotherm with an H1 loop (A1) and a type IV isotherm
with a loop of type H4, respectively, which characterizes mesoporous carbon structures
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(C2 adsorbent). The desorption curve for the C2 sorbent that does not close may be due to
pores that break and slit-shaped pores [37–39].

Table 1. N2 sorption data and pore size data of adsorbents.

Sample Specific Surface Area (m2/g) Total Pore Volume (cm3/g) Average Pore Diameter (nm)

C1 0.73 0.005 29.39
C2 170.08 0.081 2.69
A1 24.68 0.209 29.89
A2 19.35 0.145 29.39

3.2. Adsorption Performance Studies

The adsorption process can be influenced by a number of experimental factors, includ-
ing temperature, contact time, pH, adsorbent dosage and initial dye concentration.

AY is an anionic azo dye with a pKa value of 11.0 and an ortho-hydroxybenzoic group
(Scheme 1). The color of the AY solution is yellow at pH 10.1, and it becomes red at pH 12.
In aqueous solutions, the carboxyl group of AY might deprotonate. As a result, it is likely
that neutral AY and its anion AY− will coexist in the solution [5].
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3.2.1. Effect of Initial AY Concentration

The driving force required to overcome the resistance to mass transfer of AY dye be-
tween the aqueous solution and the sorbent surface is influenced by the initial concentration
of the dye solution, which is a significant factor that can alter the adsorption process [5,40].

The influence of the initial AY concentration (20–120 mg/L) on the adsorption process
is presented in Figure 4a (where pH = 6.5, adsorbent dosage = 200 mg, volume of solution =
100 mL, contact time = 90 min, 200 rot/min). Figure 4a demonstrates that an increase
in the initial concentration of AY dye caused the acceleration of the adsorption pro-
cess. The highest adsorption efficiency (85.83–96.84%) and the best adsorption capacity
(15.97–29.59 mg/g) occurred in a range of 30–70 mg/L for all adsorbents (Figure 4a).
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The adsorbents prepared from orange peel waste by chemical and thermal treatments
(C1 and C2) presented the best adsorption capacity compared to the other adsorbents.

3.2.2. Influence of Adsorbent Weight

The experimental results regarding the impact of the adsorbent dose on Alizarin
Yellow R dye removal are presented in Figure 4b (where AY dye concentration = 50 mg/L,
pH = 6.5, mass of adsorbent = 200 mg, volume of solution = 100 mL, time = 90 min,
200 rpm).

The capacity of adsorption for all sorbents reached the highest values with a weight of
0.2 g (17.33–24.27 mg/g), and this could be explained by the greater number of active sites
available for the adsorption process (Figure 4b). In this case, an adsorbent weight of 0.2 g
was selected as the optimal amount for AY dye removal.

Figure 4b shows that the capacity of adsorption at equilibrium tends to decrease
when the adsorbent weight increases. The presence of more numerous active sites on the
adsorbent surface in these experimental conditions could explain this variation [35,36].

3.2.3. The Influence of pH

The pH value plays a key role in the performance of wastewater treatment processes.
Therefore, adsorption studies were performed at different pH values, in the range of 2–10, by
adjusting pH with 0.1 M HCl and 0.1 M NaOH solutions. In this study, 0.2 g of each adsorbent
was added to 100 mL of a 50 mg/L AY dye solution. The mixtures of adsorbent–AY dye were
continuously stirred at 200 rpm and a temperature of 28 ◦C for a contact time of 120 min.

Figure 4c demonstrates that effective adsorption properties were obtained at pH = 6.5
for all types of adsorbents, and the highest adsorption capacities were registered at pH = 2
only for adsorbents prepared from natural clay—A1 and A2. This aspect can be explained
by a decrease in H+ on these adsorbents’ surface sites and by a decrease in positive surface
charge, which results in less repulsion of the adsorbing dye.
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As an anionic dye, AY has a negative charge in aqueous solutions, and the adsorption
process will be influenced by the solution pH and the charge on the surface of each adsor-
bent. The carboxyl group of AY could deprotonate in aqueous solutions, and as a result,
the AY anion (AY−) and the neutral species (AY) will coexist [36,41].

At pH < 7, interaction forces between AY and adsorbents are likely to be greater than at
higher pH values, where these groups are negatively charged due to the protonation of the
carboxyl groups of AY. At pH > 7, the capacity of adsorption of all adsorbents decreases, as
the negatively charged adsorbent materials have fewer sites for adsorption due to increased
repulsive forces. At lower pH, the tested sorbents prepared from orange peel waste (C1
and C2) were highly soluble in an aqueous solution. The initial pH of the solution affected
the surface charge of each adsorbent, as well as the degree of ionization of the materials
that were present in the solution.

Considering these effects, the optimal value of pH in the adsorption studies was 6.5
for all sorbents (A1, A2, C1 and C2).

3.2.4. Influence of Temperature

Temperature is a factor that plays an important role in the adsorption process, because
it can influence the mobility of molecules in an aqueous solution and the surface properties
of adsorbent materials.

The effect of temperature on the adsorption of AY dye was studied at temperatures
ranging from 25 to 40 ◦C, and the results are shown in Figure 4d (where the experimental
conditions were AY concentration = 50 mg/L; pH = 6.5; adsorbent weight = 200 mg; volume
of solution = 100 mL, contact time = 90 min; stirring rate = 200 rpm).

The best capacities of adsorption were obtained at the temperature of 25 ◦C for all
tested adsorbents (16.0687–24.4485 mg/g). As shown in Figure 4e, an increase in the
temperature value from 25 ◦C to 40 ◦C decreases the AY capacity of adsorption. Differences
in temperature affect the equilibrium capacity of the sorbents, because the diffusion rate of
AY dye molecules is controlled by the temperature. The increase in diffusion could explain
an increase in the adsorption amount or adsorption rate.

Some experimental conditions, for example, working at various temperatures, influence the
solubility of adsorbates, and these can have a substantial impact on the adsorption process [42,43].

3.2.5. Influence of Contact Time

The effect of contact time (30–240 min) was studied for the adsorption of AY dye at an
initial dye concentration of 50 mg/L and an adsorbent dose of 200 mg using biosorbents
prepared from natural clay and orange peel waste—A1, A2, C1 and C2 (Figure 4e).

As shown in Figure 4e, the adsorption capacity of AY dye increased significantly
during the first 60 min because there were many active sites on the adsorption sur-
face. The best values of adsorption capacity for all adsorbents were obtained at 90 min
(14.864–17.4635 mg/g). At 150 and 240 min, the external pores of the adsorbents were
saturated, and the adsorption capacity decreased. Therefore, 90 min was determined to be
the optimal contact time for adsorption studies.

3.3. Equilibrium Adsorption Studies

To describe the adsorption process of AY dye on adsorbents prepared from natural clay
(A1, A2) and orange peel waste (C1, C2) and to analyze the behavior in a heterogeneous
solid–liquid adsorption system in detail, the equilibrium adsorption results were studied
using different adsorption isotherms, including the Langmuir, Freundlich and Temkin models.
The most common and traditional approach is the linear fitting of these isotherm models.

3.3.1. Langmuir Model

The Langmuir isotherm model is based on the assumptions of Langmuir theory, which
assumes that adsorption occurs through the formation of an adsorbate monolayer and a
near-equilibrium process with active sites homogeneously distributed on the surface [3,44].
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The Langmuir isotherm’s linearized form is commonly obtained through Equation (3):

Ce

qe
=

Ce

qm
+

1
qm·KL

(3)

where qe represents the equilibrium adsorption capacity (mg g−1); qm is the maximum
capacity of adsorption (mg g−1); Ce represents the equilibrium adsorbate (AY dye) concen-
tration (mg/L); and KL is the Langmuir equilibrium constant (L mg−1).

A plot of Ce/qe versus Ce was employed to obtain the values of the parameters qm and
KL (Figure 5a). The corresponding values calculated by using the Langmuir isotherm are
presented in Table 2.
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Table 2. The validity of the Langmuir model using the separation factor RL.

The Separation Factor (RL) The Validity of the Adsorption Process

RL = 1 Linear
RL > 1 Unfavorable

0 > RL < 1 Favorable; a reversible process
RL → 0 Irreversible process

The validity of the Langmuir isotherm model can be proved through a constant—a
dimensionless separation factor RL, which is calculated through Equation (4):

RL =
1

1 + KL·Ci
(4)

The value obtained for the separation factor RL indicates whether the process of
adsorption is favorable or unfavorable in the experimental conditions, and it also shows
the reversibility of this process [3,45].

3.3.2. Freundlich Model

The Freundlich isotherm model assumes the possibility of a multilayer adsorption
mechanism occurring on a heterogeneous surface, and it is mathematically described
through the linearized form, according to Equation (5):

ln qe = ln KF +
1
n

ln Ce (5)
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KF is the capacity of adsorption (mg g−1) (L mg−1)1/n; n represents a dimensionless
parameter proportional to the intensity of adsorption; qe (mg g−1) represents the equilib-
rium concentration of dye per gram of adsorbent; and Ce is the concentration of AY dye at
equilibrium (mg/L).

The corresponding values calculated by using the Freundlich isotherm are presented
in Table 3. KF and n values were calculated from the plot of ln qe vs. ln Ce (Figure 5b). The
ratio 1/n obtained from the Freundlich isotherm model indicates a favorable adsorption
process for the domain between 0 and 1; when the ratio 1/n = 1, this demonstrates the
absence of interaction between adsorbed species; if 1/n > 1, the adsorption process is
considered unfavorable [3,4,31].

Table 3. Characteristic parameters calculated from Langmuir, Freundlich and Temkin models.

Adsorbent Material Langmuir Isotherm Freundlich Isotherm Temkin Isotherm

Natural clay
(A1)

R2 = 0.9935
qm = 15.7232 mg/g
KL = 0.5012 L/mg

∆G = +1.7286 kJ/mol
RL = 0.0383 (Ci = 50 mg/L)

R2 = 0.9736
KF = 6.4450 mg/g

nF = 1.243

R2 = 0.9771
KT = 1.0063 L/g

bT = 7.1808 kJ/mol

Natural clay—chemically treated
(A2)

R2 = 0.8672
qm = 15.8004 mg/g
KL = 0.6207 L/mg

∆G = +1.1934 kJ/mol
RL = 0.0121 (Ci = 50 mg/L)

R2 = 0.9821
KF = 3.5300 mg/g

nF = 2.071

R2 = 0.9352
KT = 1.0244 L/g

bT = 29.6155 kJ/mol

Orange peel waste—chemically
treated

(C1)

R2 = 0.9365
qm = 30.3951 mg/g
KL = 0.3794 L/mg

∆G = +2.4253 kJ/mol
RL = 0.0502 (Ci = 50 mg/L)

R2 = 0.9894
KF = 3.9110 mg/g

nF = 4.150

R2 = 0.9243
KT = 1.0050 L/g

bT = 42.1298 kJ/mol

Orange peel waste—thermally
treated

(C2)

R2 = 0.9852
qm = 74.6268 mg/g
KL = 0.0193 L/mg

∆G = +9.8790 kJ/mol
RL = 0.5102 (Ci = 50 mg/L)

R2 = 0.9867
KF = 2.3962 mg/g

nF = 8.33

R2 = 0.9295
KT = 1.0181 L/g

bT = 36.0073 kJ/mol

3.3.3. Temkin Model

The main assumption of the Temkin isotherm model is based on thermal changes
during adsorption phenomena, taking into account the interactions between the adsorbent
and adsorbate [3,31]. The equation of the Temkin model is the following:

q =
RT
b

ln(KT ·Ce) (6)

where KT represents the Temkin model constant (L g−1); b corresponds to the Temkin
constant related to the heat of sorption (J·mol−1); R represents the universal gas constant
(8.314 J mol−1 K−1); and T is the absolute temperature (K) [45–47]. The graph of qe versus
ln Ce (Figure 5c) was used to calculate the specific parameters of the Temkin isotherm, and
these are listed in Table 3.

The parameter nF obtained from the Freundlich model indicates the intensity of the
adsorption process. If the value of nF is either lower than 1 or higher than 1, it indicates
that the adsorption process is related to either a chemical or favorable physical process.

Table 3 shows that all nF values are greater than 1, which indicates that the adsorption
process for AY removal is favorable [3,4].

The results obtained from the experimental adsorption studies were best fitted to the
Freundlich isotherm (regression coefficient (R2) = 0.9821 for A2, R2 = 0.9894 for C1 and
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R2 = 0.9867 for C2). These observations indicate a multilayer mechanism of adsorption on
the surfaces of the adsorbents A2, C1 and C2 [3,4,47].

The Langmuir isotherm indicated the best result for the natural clay adsorbent A1
(the value R2 = 0.9935 was obtained). This result indicates the monolayer adsorption of the
surface of adsorbent A1 [3–9,47].

The RL values (Table 3, Figure 6) obtained with all types of adsorbents (A1, A2, C1,
C2) for AY dye was <1, which demonstrates the efficient adsorption of AY on the tested
adsorbents [26].

Processes 2024, 12, x FOR PEER REVIEW 16 of 23 
 

 

The results obtained from the experimental adsorption studies were best fitted to the 
Freundlich isotherm (regression coefficient (R2) = 0.9821 for A2, R2 = 0.9894 for C1 and R2 
= 0.9867 for C2). These observations indicate a multilayer mechanism of adsorption on the 
surfaces of the adsorbents A2, C1 and C2 [3,4,47]. 

The Langmuir isotherm indicated the best result for the natural clay adsorbent A1 
(the value R2 = 0.9935 was obtained). This result indicates the monolayer adsorption of the 
surface of adsorbent A1 [3–9,47]. 

The RL values (Table 3, Figure 6) obtained with all types of adsorbents (A1, A2, C1, 
C2) for AY dye was <1, which demonstrates the efficient adsorption of AY on the tested 
adsorbents [26]. 

 
Figure 6. Separation factor RL calculated for AY adsorption on tested adsorbents (A1; A2; C1; C2). 

The adsorption-specific parameter bT determined from the Temkin model indicated 
that electrostatic interactions participate in the adsorption process of AY dye on the natu-
ral clay adsorbent A1 [26]. FTIR, BET and SEM analyses of the C1 and C2 adsorbents, 
together with their isotherm models, showed that there were two sorption mechanisms 
for AY—due to functional groups and due to physical adsorption in the mesopores on the 
surface [3,4,9,26]. 

3.4. Thermodynamic Analysis 
A thermodynamic study is crucial for determining the type of adsorption process 

and its mechanism. The thermodynamic parameters of AY adsorption on various adsor-
bents were determined at different temperatures, 25 °C, 30 °C, 35 °C and 40 °C. The diffu-
sion rate of dye molecules is controlled by the temperature, and variation in the tempera-
ture influences the equilibrium capacity of sorbents. The following specific thermody-
namic parameters were calculated: the change in Gibbs free energy (ΔG), enthalpy change 
(ΔH) and entropy change (ΔS). The results of the thermodynamic studies were inter-
preted, and we assessed the spontaneous nature and the thermodynamic feasibility of the 
adsorption processes. The following equations were used [45–50]: 

ΔG = −RT ln KL (7)

In Equation (7), R represents the universal gas constant (8.314 × 10−3 kJ/mol K); T is 
the temperature (K); and KL is the Langmuir constant of the adsorption process. 

By plotting ln Kd against 1/T, the enthalpy change was determined, and the entropy 
change was calculated from the intercept (Figure S2—Supplementary Materials). The lin-
ear Van’t Hoff Equation (8) was used:  

ln KL = ∆  − ∆ 
 (8)

Figure 6. Separation factor RL calculated for AY adsorption on tested adsorbents (A1; A2; C1; C2).

The adsorption-specific parameter bT determined from the Temkin model indicated that
electrostatic interactions participate in the adsorption process of AY dye on the natural clay
adsorbent A1 [26]. FTIR, BET and SEM analyses of the C1 and C2 adsorbents, together with
their isotherm models, showed that there were two sorption mechanisms for AY—due to
functional groups and due to physical adsorption in the mesopores on the surface [3,4,9,26].

3.4. Thermodynamic Analysis

A thermodynamic study is crucial for determining the type of adsorption process and
its mechanism. The thermodynamic parameters of AY adsorption on various adsorbents
were determined at different temperatures, 25 ◦C, 30 ◦C, 35 ◦C and 40 ◦C. The diffusion
rate of dye molecules is controlled by the temperature, and variation in the temperature
influences the equilibrium capacity of sorbents. The following specific thermodynamic
parameters were calculated: the change in Gibbs free energy (∆G), enthalpy change (∆H)
and entropy change (∆S). The results of the thermodynamic studies were interpreted, and
we assessed the spontaneous nature and the thermodynamic feasibility of the adsorption
processes. The following equations were used [45–50]:

∆G = −RT ln KL (7)

In Equation (7), R represents the universal gas constant (8.314 × 10−3 kJ/mol K); T is
the temperature (K); and KL is the Langmuir constant of the adsorption process.

By plotting ln Kd against 1/T, the enthalpy change was determined, and the entropy
change was calculated from the intercept (Figure S2—Supplementary Materials). The linear
Van’t Hoff Equation (8) was used:

ln KL =
∆S
R

−∆H
RT

(8)

∆G = ∆H − T∆S (9)

The thermodynamic parameters are presented in Table 4.
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The results obtained for ∆G > 0 suggested that the adsorption process was non-spontane-
ous, and it needed a smaller amount of energy for the adsorbents A1, C1 and C2. The negative
values of Gibbs free energy (∆G < 0) for the A2 adsorbent showed that the sorption process was
spontaneous, and it also confirmed the good feasibility of AY adsorption in this case. Values
of ∆G in the range 0–20 kJ/mole indicate a physisorption mechanism, and chemisorption is
the dominating mechanism if ∆G is between 80 and 400 kJ/mole [45,50].

Table 4. The results of the thermodynamic study for AY adsorption.

Adsorbent T (K) ∆G (kJ/mol) ∆S (J/mol·K) ∆H (kJ/mol)

Natural clay adsorbent
A1

298 +1.709

−35.26 −8.80
303 +1.738

308 +1.766

313 +1.795

Natural clay adsorbent—chemically
treated

A2

298 −1.196

+15.28 +3.36
303 −1.216

308 −1.236

313 −1.256

Orange peel waste—chemically treated
C1

298 +2.401

−11.37 −0.93
303 +2.441

308 +2.481

313 +2.521

Orange peel waste—thermally treated
C2

298 +9.778

−78.51 −13.62
303 +9.824

308 +9.881

313 +9.913

The negative values obtained for ∆H (adsorption studies using the adsorbents A1, C1,
C2) demonstrated that an exothermic process occurred in these cases. The positive values
of ∆H indicated an endothermic process when the adsorbent A2 was used [48].

The negative values of ∆S for the adsorbents A1, C1 and C2 indicated that randomness
decreased at the adsorbent–AY solution interface during the adsorption process. The
positive value of ∆S calculated for the adsorbent A2 indicated an irreversible and more
stable adsorption process. In this case, an increase in the degree of freedom for the adsorbed
AY molecules occurred [45,49,50].

3.5. Adsorption Kinetics

The study of adsorption kinetics provides information about the mechanism of adsorp-
tion, such as chemical reactions, diffusion control and mass transfer, which represent the
efficiency of the process. The linear regression correlation coefficient (R2) values (Table 5)
were used to select the best-fit model (Figures 7 and 8).

Table 5. Kinetic parameters for AY adsorption (experimental conditions: initial concentration
50 mg/L, adsorbent dose 200 mg, contact time 30–240 min and pH 6.5 for AY dye adsorption).

Kinetic Models A1 Adsorbent A2 Adsorbent C1 Adsorbent C2 Adsorbent

Pseudo-first-order

qe (mg g−1) - - 16.565 15.731

k1 (min−1) - - 0.043 0.051
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Table 5. Cont.

Kinetic Models A1 Adsorbent A2 Adsorbent C1 Adsorbent C2 Adsorbent

R2 - - 0.9509 0.8662

Pseudo-second-order

qe (mg g−1) 26.366 36.990 37.133 33.460

k2 (g mg−1 min−1) 0.018 0.010 0.029 0.013

R2 0.7472 0.9672 0.9859 0.8796
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The values of qe and k1 were calculated from the kinetic data through the non-linear re-
gression of the kinetic data. The adsorption kinetics of adsorbents are usually simulated by
pseudo-first- and pseudo-second-order kinetic models. The pseudo-first-order adsorption
kinetic equation is the following linear form [48–54]:

ln (qe − qt) = ln qe − k1 · t (10)

where qe represents the amount of AY adsorbed at equilibrium (mg g−1), qt is the amount
of dye adsorbed at any moment (mg g−1), and k1 represents the adsorption rate constant of
the pseudo-first-order kinetic equation (L min−1).

The commonly used pseudo-second-order adsorption kinetic equation is the follow-
ing [49–54]:

t
qt

=
1

k2·q2
e
+

t
qe

(11)

In this equation, k2 represents the adsorption rate constant of the pseudo-second-order
kinetic model [g (mg min −1)].

The pseudo-second-order model fit optimally for all adsorbents, with the best R2 coef-
ficient of 0.9859 for the C1 adsorbent. It was observed from these findings that the pseudo-
second-order model, compared to the pseudo-first-order model, was fitted with higher
linearity according to R2 values (Table 5). The results were not correlated to the pseudo-
first-order model for the adsorbents A1 and A2, which suggested that the rate-limiting
step might not be mass transport. Based on the kinetic model obtained, a chemisorp-
tion mechanism with an electrostatic attraction was expected for the adsorption of AY on
the adsorbents.

3.6. A Comparison between the Maximum Adsorption Capacity of Different Adsorbent Materials
for the Removal of Alizarin Yellow R Dye

The results of the maximum adsorption capacity obtained in this study using the
A1, A2, C1 and C2 adsorbents were compared to various previous studies reported in the
literature (Table 6) [1,5,50–52].

Table 6. A comparison between AY dye’s maximum capacity of adsorption using various adsorbent
materials.

Sorbent qe (mg g −1) Ref.

Biogenic ZnO
Fe3O4-PPY composite

CuFe2O4-graphene
Modified form of γ-alumina nanoparticles

A1
A2
C1
C2

5.3 [4]
14.93 [49]
26.3 [50]
98.0 [51]
47.8 [52]

15.72 This study
15.8 This study

30.39 This study
74.62 This study

We should mention that it is difficult to make a comparison between our results and
the results of these experimental studies, considering that the structures of adsorbents are
different and some determining parameters are not exactly the same: the initial concentration
of AY, sorbent weight, working temperature, pH, agitation speed and contact time.

Environmental Significance

Nanomaterial-based biosorbents have attracted increasing attention in wastewater
treatment applications due to their attractive properties and strong adsorption capacities
for various organic pollutants, including dyes.

This study presents various equilibrium studies on the adsorption of an AY dye
pollutant by using natural materials, specifically clays and orange peels, to evaluate the
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adsorption performance under different experimental conditions. Fruit waste was also
carefully processed to convert it into an efficient bio-sorbent (C2), and its disposal is not
devoid of environmental side effects. By this method of adsorbent preparation, we may
also find a solution to the water pollution problem and a partial solution to agricultural
solid waste management, for which further large-scale continuous adsorption operations
are necessary.

Our research results show that natural clay and orange peel waste, which are environ-
mentally friendly and low-cost materials, can be efficiently used to remove AY dye from
aqueous solutions by adsorption. A large number of organic wastes, mainly consisting of
agricultural waste, horticultural waste, forestry waste, food processing waste, sludge, etc.,
have recently been used for energy recovery, as value-added products or as adsorption
materials for various dyes, targeted by green chemistry utilization strategies.

4. Conclusions

The present study had the objective to use efficient adsorbents derived from natural
raw materials—natural clay and orange peel waste—in the removal of an anionic pollutant
dye—Alizarin Yellow R (AY)—from synthetic solutions.

The morphology and structure of these sorbent materials were examined using ad-
vanced instrumental analysis methods.

The adsorption studies of AY were attained under various conditions, and the influence
of the initial AY concentration, adsorbent weight, pH, contact time and temperature were
evaluated to obtain the most favorable conditions for adsorption.

The values of the maximum adsorption capacities of these adsorbents were obtained
between 15.72 and 74.62 mg/g, and they occurred in a range of 30–70 mg/L for all adsorbents.

The adsorption process was deduced through mathematical models of Freundlich,
Langmuir and Temkin isotherms. The best results were obtained with the Freundlich
isotherm for the adsorbents A2, C1 and C2 (the regression coefficients (R2) = 0.9821 for
A2, R2 = 0.9894 for C1 and R2 = 0.9867 for C2), which indicates a multilayer adsorption
process on the sorbent surface. The Langmuir model produced the best result for the
natural clay adsorbent A1 (the value R2 = 0.9935 was obtained). The values of the Langmuir
equilibrium parameter RL obtained with all types of adsorbents (A1, A2, C1, C2) were
<1, which could indicate the favorable adsorption process of AY anionic dye. The Temkin
isotherm was also used to assess the adsorption possibilities of adsorbent materials. The
binding energy values bT calculated using the Temkin isotherm indicated that electrostatic
forces participate in the adsorption of AY dye on the natural clay adsorbent (A1).

The study of the adsorption kinetics proved that they best fit the pseudo-second-order
model, with the highest coefficients of determination (R2), outperforming the pseudo-first-
order model.

The chemical treatment of biomass produced more available binding sites, and the
thermal treatment of orange peel waste increased pore spaces within the biomass, enhanc-
ing the capacity of adsorption. Orange peel has many oxygen-containing functional groups
(-OH, O=C-O), which explains the strong polarity and good adsorption capacity. The
thermal modification of orange peel biomass produced an increase in the volume of pores,
which could indicate the particular properties of a good adsorption material.

Considering the results obtained from the isotherm models, the thermodynamic
study and the kinetic study, it can be concluded that the main mechanism involved in
the adsorption process was physisorption (for A1 and A2), while chemisorption only
marginally contributed to the process. FTIR, BET and SEM analyses of the C1 and C2
adsorbents, together with their isotherm models, showed that there were two sorption
mechanisms for AY—due to functional groups and due to physical adsorption in the
mesopores on the surface.

The results of this research indicate that natural kaolinite clay (A1), acid-modified
natural clay (A2), chemically treated orange peels (C1) and biochar obtained from thermally
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treated orange peel waste (C2) have great potential in practical applications as green, low-
cost materials for the adsorption of AY anionic dye from wastewater.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/pr12051032/s1: Figure S1. EDS images of mapping of the adsorbent samples
before AY dye adsorption—a. A1; b. A2; c. C1; d. C2. Figure S2. N2 adsorption-desorption isotherms of
adsorbents and pore size distributions of adsorbents (a) A1; (b) C2. Figure S3. Van’t Hoff linear plots for
the adsorbents A1, A2, C1 and C2. Table S1. Application of Van’t Hoff equation to adsorption equilibria
for the adsorbents A1, A2, C1 and C2.
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