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Abstract: Industrial wastewater effluents containing dyes are considered to pollute and be harmful
to the environment. Among the various removal techniques, the adsorption process using low-cost
adsorbents has been successfully used to remove pollutants. In this work, Aloe vera leaves (AVs)
have been used as adsorbent for the removal of Orange II (O-II). A three-level three-factor Box–
Behnken factorial design, including three replicates of center points, was applied to investigate the
main parameters affecting the biosorption of O-II dye in aqueous solutions by AVs. The selected
parameters were adsorbent dose, initial dye concentration, and contact time. The Box–Behnken
experiment design has given a satisfactory result for the optimization of the adsorption process. The
obtained value of R2 (0.9993) shows that the quadratic response model adequately represents the
relationship between each response and the chosen variables. The pH influences the adsorption
capacity, obtaining at pH 2 the maximum adsorption capacity value. From the kinetic models
studied, the one that best describes the adsorption of Orange II on Aloe vera is the Bangham model
(ARE = 1.06%). The isotherm model that best represents the experimental data is the Toth model. The
maximum adsorption capacity obtained by this model was 15.9 mg·g−1.

Keywords: Box–Behnken design; Acid Orange 7; adsorption; Aloe vera; dye removal

1. Introduction

Protecting and conserving water has become one of the most pressing global issues.
The release of industrial waste plays a significant role in the contamination of these wa-
ter resources. Many sectors, including paper, printing, textiles, leather, cosmetics, and
plastics, make extensive use of dyes. The release of such waste into the environment
without thorough dye removal can have adverse effects on aquatic life. These include
reduced sunlight penetration into the water, increased consumption of dissolved oxygen,
and aesthetic damage to the aquatic environment. In addition, certain dyes have been
shown to have the potential to disrupt endocrine systems, thereby affecting the aquatic
ecosystem [1]. It should be noted that several commercial dyes contain components with
toxicity, mutagenicity, and teratogenicity [2,3].

These constituents have the potential to leach into freshwater reservoirs, posing a
threat to human well-being. Their persistence, bioaccumulation, and synergistic interactions
increase the risks they pose to the environment and human health [4]. Most dyes exhibit
high water solubility and a remarkable degree of persistence, making them resistant to
removal via conventional methods such as flocculation or biodegradation [5]. Water
pollution is one of the most important threats affecting our ecosystem in various ways.

The presence of stable aromatic rings in the molecular composition of dyes is at the
root of their non-biodegradable and hazardous properties. Even minute concentrations, as
low as one part per million (ppm), have the potential to cause pollution [6].
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It is estimated that more than 10,000 different dyes and pigments are used across
various industries, with approximately 0.7 million tons of dyes synthesized worldwide
each year [7]. To put this into perspective, it takes approximately 200 L of water to produce
1 kg of textiles, and an average-sized textile facility consumes approximately 1.6 million
liters of water per day [8].

Several methods, including electrochemical oxidation [9], biological treatment [10],
coagulation [11], photodegradation [12], and others [13–17], have been developed to treat
water and wastewater containing dyes.

Among the various techniques available for pollutant removal, the adsorption process
offers numerous advantages, including high efficiency, cost effectiveness, ease of design,
and the absence of toxic by-products [18–24]. In the pursuit of environmental protection
and sustainability, researchers have explored various biomaterials for the remediation of
contaminated wastewater.

In this study, the dye Orange II (Acid Orange 7) is used as an adsorbate. Its limited
biodegradability and the presence of a monoazo group make it an environmental and
public health hazard. Therefore, its removal from water is imperative due to its toxicity.

The adsorbent widely used for the removal of a wide range of dyes is activated carbon.
However, this material is costly and presents challenges in terms of regeneration [25]. There-
fore, the search for alternative, inexpensive, and easily regenerated adsorbents has become
imperative to make the adsorption process more feasible for wastewater treatment [26,27].
Recently, various materials, such as spent tea leaves [28], the Moringa peregrina plant [29],
activated papaya leaves [30], corn leaves [31], and a variety of fruit peels including wa-
termelon [32], mango [33], pomegranate [34], banana [35], dragon fruit [36], as well as
leaf-based adsorbents [37], have demonstrated successful applications for the removal of
dyes from aqueous solutions via adsorption.

Aloe vera leaves were selected as the adsorbent material for this study. Aloe vera is
known for its significant role as a medicinal plant with multiple applications [38]. Apart
from its use in medicine and pharmaceuticals, Aloe vera is also used in the food industry,
cosmetics, and even nanotechnology [39–41]. Recently, there has been a growing interest
in the use of Aloe vera and its derivatives for environmental purposes, particularly as an
adsorbent for the removal of metals, dyes, and various pollutants from aqueous waste
streams [42–45].

In order to investigate the main factors influencing the adsorption of the Orange II dye
in aqueous solutions by Aloe vera leaves, a response surface methodology (RSM) based on a
three-level three-factor Box–Behnken factorial design, with three replicates at the central
points, has been used. BBD proves advantageous in preventing experiments from taking
place under extreme conditions as it does not involve the highest- and lowest-level com-
binations for each factor [46]. It has been used to optimize various chemical and physical
processes, with a number of experiments determined accordingly [47]. Additionally, it
provides the advantage of not having to conduct experiments under conditions that, in
some cases, are difficult to carry out due to the physical or economic limitations of the
experimental process [48]. The main parameters affecting the efficiency of the adsorbent
are initial adsorbate concentration, adsorbent dosage, pH, contact time, and temperature.
Among the critical factors influencing dye removal by biosorption, we specifically focused
the study on adsorbent dosage, initial dye concentration, and contact time to evaluate
their combined effect on biosorption efficiency. These parameters were chosen due to their
significant influence in other adsorption studies cited in the bibliography [42,49,50]. The
effect of the pH of the solution is extremely important when the adsorbate is ionized as
a function of the pH of the solution, as it is in the case of the dye used in this study. It is
then interesting to consider the relationship between the chemical form of the adsorbate at
the pH of the solution and the pHzpc of the adsorbent during the adsorption process. So,
preliminary tests were carried out to determine the influence of this factor on the adsorption
uptake, and to establish the optimum pH at which to carry out the following tests and the
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experimental design. Once the pH value was established, the influences of the other three
factors were studied.

Aloe vera has traditionally been used in medicine and cosmetics, but its application
in the environmental field is very recent and its use in water treatment is one of its most
promising applications [44,51]. Its use as an adsorbent material for the elimination of
certain pollutants present in water has been showing very interesting results, as it is an
abundant material in nature and therefore inexpensive. In this work, Aloe vera was used
for the removal of a dye (Orange II). It was decided that we would not to carry out Aloe
vera activation treatment in order to not make the dye removal process more expensive.
Furthermore, the Box–Behnken experimental design was used to optimize the study of the
adsorption process and to find out the influences and interactions of the variables studied.
Aloe vera was found to be a very promising material for use as an adsorbent in processes
for the removal of pollutants from aqueous streams.

2. Materials and Methods
2.1. Biosorbent Preparation

For the preparation of the biosorbent [52], Aloe vera leaves were cut, washed with
tap water, and subsequently cut up again. Next, the leaves were placed in an oven at
50 ◦C–60 ◦C and left to dry for a few days until they were free of moisture. Then, the
obtained biomass was ground and sieved to a particle size of less than 1 mm. The sieved
product was washed with distilled water under agitation, and then dried again in the oven
(50 ◦C–60 ◦C), until the adsorbent solid was obtained completely dry (up to a constant
weight) and with the required particle size.

2.2. Characterization of Biosorbent

To characterize the biosorbent, the total attenuated reflection Fourier transform in-
frared spectroscopy (ATR-FTIR) technique was used. To detect the presence of the func-
tional groups responsible for the adsorption of O-II, a Nicolet™ iS™ 5 FTIR spectrometer
from Thermo Scientific was employed.

Another parameter used for the characterization of the adsorbent solid was the
pH of zero point charge (pHzpc). To determine the pHzpc, two methods were used:
mass titrations and an immersion technique. In the former, a procedure like that de-
scribed by Fiol and Villaescusa [53] was carried out. Different masses of solid adsorbent
(2.5–80 g·L−1) were added into glass flasks containing 5 mL of 0.01 M NaCl solution. They
were kept in agitation at 25 ◦C until the pH remained constant. In the immersion technique,
0.06 g of sorbent was added to flasks containing 20 mL of 0.01 M NaCl solution (with pH
values from 3.1 to 12). The suspension was agitated at 25 ◦C until an equilibrium pH was
achieved [42,53,54]. In both methods, once equilibrium was reached, the final pH of the
suspension was determined.

2.3. Adsorbate

The Orange II (Acid Orange 7, C.I. 15110) was supplied by Sigma Aldrich. A stock
solution of 1000 mg·L−1 Orange II at pH 2 was prepared, from which the different solutions
used in the tests were obtained. A visible spectrophotometer (WPA Biochrom S1200,
Biochrom Ltd., Cambridge, UK) was used to determine the concentration of Orange II dye
in each solution. The measurements were made at a wavelength of 485 nm.

2.4. Design of Experiments—DOE

The design of experiments (DOE) was used to determine the influence of different
variables on O-II biosorption removal, reducing the amount of experimental work that
needed to be carried out for the adsorption studies [55].

In this research, a three-level three-factor Box–Behnken factorial design, including
3 replicates of the center points, was used to investigate the main parameters affecting the
biosorption of O-II dye in aqueous solutions by AV.
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Among the most important parameters that affect the removal of dyes by biosorption,
adsorbent dose, initial dye concentration, and contact time were selected for evaluation of
their combined effect on biosorption efficiency.

A total of 15 experiments were carried out. The adsorbent dose range studied was
between 1 and 4 g·L−1, the initial dye concentration of the aqueous solutions varied
between 10 and 50 mg·L−1, and the contact time was evaluated from 10 to 60 min. The pH
was set at 2 given the nature of the dye and considering the preliminary tests carried out,
in which it was found that the highest adsorption of Orange II occurred at this pH.

A quadratic response model was used to explain the relationships between the re-
sponse and the factors considering the different terms, described by Equation (1):

Y = β0 +
k

∑
i = 1

βiXi+
k

∑
j = i

βjjX
2
j
+

k

∑
i = 1

k

∑
j = 1

βijXi (1)

where:

Y = predicted response values (dye adsorption capacity, q)
k = numbers of variables
β0, βi, βjj and βij = intercept, quadratic, linear, and interaction effects, respectively
Xi, Xj = independent variables

2.5. Batch Adsorption Studies

A series of batch experiments were performed to investigate the influence of pH, study
the kinetics of adsorption, and obtain the equilibrium isotherms. For each of the results
obtained in the different experiments, the adsorption capacity (q, mg·g−1) was determined
using Equation (2):

q =
(C 0 −C) ·V

m
(2)

where:

C0 = initial dye concentration in the solution (mg·L−1)
C = dye concentration in the solution at time t (mg·L−1)
V = solution volume (L)
m = adsorbent mass (g)

2.5.1. Influence of pH on Adsorption

To verify the influence of pH on adsorption, several tests were carried out at different
pH values, keeping the initial concentration of Orange II constant. Two types of tests were
performed. On the one hand, tests were carried out at different pH values, controlling the
constancy of the pH value throughout the test duration by means of small additions of
diluted solutions of NaOH or HNO3. On the other hand, tests were carried out at different
initial pH values in which the pH was not controlled throughout the process, and its value
was measured at the end of the test.

The pH range studied was from 2 to 10. A total of 30 mL of a 50 mg·L−1 Orange II
solution and 0.075 g of adsorbent solid were placed in 100 mL glass bottles. The assay was
kept in a thermostatic bath at 25 ◦C, with magnetic stirring, until equilibrium was reached
after approximately 6 h of contact. Once equilibrium was reached, the adsorbent solid was
separated from the liquid by centrifugation and, after dilution, when it was necessary, the
absorbance of the liquid was measured at 485 nm with the visible spectrophotometer.

2.5.2. Biosorption Kinetics

To study the adsorption kinetics, 80 mL of an Orange II solution with a concentration
of 50 mg·L−1 at pH 2 was combined with 0.2 g of adsorbent solid and at a temperature of
25 ◦C. Samples were taken at different times and centrifuged to separate the solid as quickly
as possible. After diluting, the supernatant, if necessary, the absorbance of the dilution was
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measured in the spectrophotometer to determine the O-II concentration. The assay finished
when equilibrium was reached (when the concentration of O-II in the supernatant solution
remained constant).

In this research, different kinetic models described in the literature [52,55–57] were
used to fit the experimental data in order to investigate the mechanisms involved in dye
sorption on Aloe vera (Table 1).

Table 1. Kinetic models.

Kinetic Model Equation Parameters

Pseudo—first order q = qe·(1− e−k1·t)
qe, adsorption capacity at equilibrium

k1, adsorption rate constant

Pseudo—second
order

q = t
1

k2 ·qe
2 +

t
qe

qe, adsorption capacity at equilibrium

k2, adsorption rate constant

h = k2·qe
2, initial adsorption rate

Elovich equation q = 1
β · ln(α·β) +

1
β · ln t

α, initial adsorption rate

β, constant related to the extent of surface
coverage and activation energy for chemisorption

Intraparticle
diffusion

q = kd·t1/2 + C
kd, rate constant

C, constant related with the thickness of
boundary layer

Bangham log
{

log
(

C0
C0−q·r

)}
= log

(
kB·r
2.303

)
+ σ log(t)

kB, constant parameter

σ, constant parameter (<1)

2.5.3. Biosorption Isotherms

To obtain the adsorption isotherms, O-II solutions were prepared at pH 2 and concen-
trations of 10, 20, 30, 40, 50, 60, 80, and 100 (mg·L−1). Then, 30 mL of each solution was
placed in glass flasks (100 mL) and combined with 0.075 g of adsorbent (2.5 g·L−1 dose).
It was then kept in a thermostatic bath at 25 ◦C with magnetic stirring until equilibrium
was reached (≈6 h). Once this time had elapsed, samples were taken from the suspensions
and centrifuged to separate the solid, and the absorbance of the sample was measured to
determine the O-II concentration.

The most common isotherm models found in the bibliography [52,58–60] were used
to explain the adsorption equilibrium; they can be found in Table 2.

Table 2. Isotherm models.

Isotherm Models Equation Parameter

Langmuir qe =
qmL·KL·Ce
1+KL·Ce

qmL, maximum sorption capacity

KL, Langmuir isotherm constant

Freundlich qe = KF·C1/n
e

KF, Freundlich isotherm constant

n, Freundlich isotherm exponent constant

Redlich–Peterson qe = KR·Ce
1+αR·Ce

β

KR, Redlich–Peterson isotherm constant

αR, Redlich–Peterson isotherm constant

β, Redlich–Peterson isotherm exponent

Sips qe =
qmS·KS·Ce

1/nS

1+KS·Ce
1/nS

qmS, maximum sorption capacity

KS, Sips isotherm constant

nS, Sips isotherm exponent
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Table 2. Cont.

Isotherm Models Equation Parameter

Toth qe =
qmT·KT·Ce

(1+KT·C
1/TT
e )

TT

qmT, maximum sorption capacity

KT, constant that characterize the adsorptive potential

TT, Toth parameter related with the heterogeneity of the
adsorbent (dimensionless)

Dubinin–Radushkevich qe = qmDR
e−KDRε

2

qmDR, maximum sorption capacity

KDR, constant related to the adsorption energy

ε, Polanyi potential, calculated from:

ε = RT ln
(

1 + 1
Ce

)

3. Results
3.1. Characterization of Aloe vera

The functional groups present on the biosorbent surface are the bases for understand-
ing the binding mechanism of the dye to the solid. In order to identify the main functional
groups present on the Aloe vera surface, an ATR-FTIR analysis was performed. The ad-
sorption bands can be seen in the spectra from Figure 1, reflecting the complex nature
of the adsorbent solid [42,61]. The presence of the absorption bands mentioned below
are highlighted.
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Figure 1. ATR-FTIR spectra of Aloe vera before and after biosorption of O-II. Spent adsorbent (AV+O-II)
obtained: pH = 2, C0 = 100 mg·L−1, sorbent dose = 2.5 g·L−1, contact time = 6 h.

The broad band around 3340 cm−1 could be attributed to free and hydrogen-bonded
hydroxyl groups and phenolic –OH stretching frequency. Phenolic –OH group stretching is
related to the presence of this group in diverse components of Aloe vera, such as flavonoids,
flavonols, anthraquinones, etc. [62]. The peaks at 2916 cm−1 and 2849 cm−1 may be due to
the stretching and bending vibrations of the C-H bond present in CH2 groups [43,44]. The
absorption peak at 1732 cm−1 could be assigned to the carbonyl group as a result of C=O
stretching [44,45]. The bands shown at 1606 cm−1 and 1418 cm−1 can be assigned to the
asymmetric and symmetric carboxyl C=O stretching group [43,44,62]. The peaks at about
1317 cm−1 and 1015 cm−1 could be due to the stretching vibrations of the C-O bond from
different groups (carboxylic acid, alcoholic, phenolic, ether, or ester) [43]. El-Azazy et al. [45]
attribute this last peak to C–O stretching due to the presence of rhamnogalacturonan, a
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side-chain component of pectins. The two absorption peaks observed at 1242 cm−1 and
1153 cm−1 indicate the presence of C–C stretching and C–O–C stretching of the aliphatic
ether, respectively [45].

These results are in agreement with the findings of various authors in the literature;
furthermore, these functional groups are commonly present in plant constituents such as
polysaccharides, lignin, proteins, anthraquinones, etc. [42,43,62].

Small variations in the intensity of the absorption peaks and slight changes in the
wave number of the dominant peaks can help to attribute the participation of the different
functional groups in dye biosorption. Therefore, the spectra of the biosorbent (Aloe vera)
and that of Aloe vera loaded with Orange II were compared (Figure 1). A change in the
transmittance percentage of some peaks can be seen, while in others, a slight shift in
the wave number is observed, which suggests the possible groups involved during O-II
biosorption onto Aloe vera [42,47,49,52,63,64].

The point of zero charge determined using the immersion technique was 4.5, while
this value was around 4.1 when the mass titration technique was applied. This indicates
that at pH < 4.1, the adsorbent solid is positively charged and electrostatic interactions can
take place between the Aloe vera and dye [42,53,65].

In addition, the bibliography contains studies that include the characterization of Aloe
vera using scanning electron microscopy (SEM), under conditions similar to those used in
this study, which show the heterogeneous surface of the adsorbent containing numerous
pores of different sizes [43,45]. Choi et al. (2016) [66] have carried out a fairly complete
study of the surface structures of Aloe vera.

3.2. Box–Behnken Design

As mentioned in the Section 2, the parameters chosen in order to study their influ-
ence on O-II removal by biosorption were adsorbent dose, initial dye concentration, and
contact time.

Table 3 shows the Box–Behnken experiment design matrix for the real and coded
variables and the analyzed response (q = dye adsorption capacity).

Table 3. Box–Behnken design matrix for real and coded variables and the measured responses values.

Test

Coded Variable Real Variable
Response

X1 X2 X3 X1 X2 X3

Dose [O-II] Time Dose (g·L−1) [O-II] (mg·L−1) Time (min) q (mg·g−1)

1 −1 −1 0 1 10 35 5.29

2 1 −1 0 4 10 35 2.21

3 −1 1 0 1 50 35 8.45

4 1 1 0 4 50 35 6.78

5 −1 0 −1 1 30 10 7.14

6 1 0 −1 4 30 10 4.97

7 −1 0 1 1 30 60 7.98

8 1 0 1 4 30 60 5.43

9 0 −1 −1 2.5 10 10 3.01

10 0 1 −1 2.5 50 10 6.80

11 0 −1 1 2.5 10 60 3.31

12 0 1 1 2.5 50 60 7.78

13 0 0 0 2.5 30 35 6.53

14 0 0 0 2.5 30 35 6.58

15 0 0 0 2.5 30 35 6.53
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A second-order polynomial equation with interaction terms was obtained using
Minitab® 15 software that relates the studied responses to the chosen variables.

An analysis of the significance and adequacy of the quadratic regression model was
performed for the coded variables because the use of these variables in the fitted model
increases the accuracy of the estimation of model coefficients and enhances their interpre-
tation [67]. The estimated coefficients in the model, and the t- and p-values for all linear,
quadratic, and interaction effects of the parameters, are given in Table 4 for the adsorption
capacity. Student’s t-test and p-values can be used to assess the significance of the different
terms in the regression model [50,68]. Normally, a higher t-value, and lower p-value, means
that the coefficient term is significant [50]

Table 4. Estimated regression coefficient and corresponding t- and p-values for adsorption capacity.

Term Coef SE Coef t p

Constant 6.54843 0.04874 134.3680 0.0000

X1 −1.18414 0.02984 −39.6780 0.0000

X2 1.99931 0.02984 66.9920 0.0000

X3 0.32172 0.02984 10.7800 0.0000

X1·X1 0.14376 0.04393 3.2730 0.0220

X2·X2 −1.01200 0.04393 −23.0370 0.0000

X3·X3 −0.31235 0.04393 −7.1100 0.0010

X1·X2 0.35243 0.04221 8.3500 0.0000

X1·X3 −0.09561 0.04221 −2.2650 0.0730

X2·X3 0.16723 0.04221 3.9620 0.0110

Additionally, to assess the effect of each factor and whether there are interactions
between them, a Pareto analysis was performed [67,69]. For each factor, the percentage
effect (Pi) on the response (q) was calculated using Equation (3) [69]:

Pi =
β2

i
9
∑
1
β2

i

· 100 (i 6= 0) (3)

where βi is the regression coefficient estimated for each variable. The Pareto chart analysis
is shown in Figure 2, where bar length corresponds to the percentage effect of each factor.
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It was observed that the most significant factors on the adsorption capacity are X2
(initial dye concentration) and X1 (adsorbent dose), respectively. The value of Pi is 54.8%
for X2, 19.6% for X2

2, and 17.6% for X1, being 5.2% for the interaction of the two factors.
An evaluation of model fitting for the Box–Behnken experimental design can be

carried out via analysis of variance (ANOVA) [46]. The results of this ANOVA, provided
by Minitab, are shown in Table 5.

Table 5. Analysis of variance for q.

Source Degrees of
Freedom (DF) Seq SS Adj SS Adj MS F p

Regression 9 48.8666 48.8666 5.4296 762.02 0.0000

Linear 3 44.0235 44.0235 14.6745 2059.49 0.0000

Square 3 4.1978 4.1978 13.9930 196.38 0.0000

Interaction 3 0.6452 0.6452 0.2151 30.19 0.0010

Residual error 5 0.0356 0.0356 0.0071

Lack of fit 3 0.0342 0.0342 0.0114 16.31 0.0580

Pure error 2 0.0014 0.0014 0.0007

Total 14 48.9023

Taking into account the ANOVA results, the F values are high while p-values are lower
(p < 0.05), which suggests that dye adsorption capacity can be predicted adequately by
the regression equation obtained. The p-value for “lack of fit” being > 0.05 indicated that
the lack of fit was not significant and that this regression model was valid for the O-II
biosorption on Aloe vera [50,70].

The dye adsorption capacity (q) expressed in the function of the three factors studied
as independent variables is given by Equation (4):

q(mg · g−1) = 3.519− 1.3271X1 + 0.2107X2 + 0.0442X3 + 0.0639X2
1 − 0.0025X2

2
−4.998·10−4X2

3 + 0.0118X1·X2 − 0.0026X1·X3 + 0.0003X2·X3
(4)

where:

X1 = adsorbent dose, g·L−1

X2 = initial dye concentration, mg·L−1

X3 = contact time, min

The coefficient of the determination (R2) value obtained (0.9993) determines that
the model adequately represents the relationship between each response and the chosen
variables. The high adjusted R2 values (0.9980) show a high correlation between the
observed and the predicted values. In addition, the predicted R2 values (0.9887) suggest
that the model can be used to predict new observations [47].

Figure 3 shows the experimental values versus the values estimated with the model for
O-II adsorption capacity onto Aloe vera. As can be seen, there is a high degree of adjustment,
which is also reflected by the high value of R2.
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3.2.1. Influence of Different Parameters Affecting the Biosorption of O-II dye by Aloe vera

A 3D response surface and contour graph for the dye adsorption capacity (Figure 4)
were used as a graphical interpretation of the second order model equation to analyze
the relationship between the amount of O-II adsorbed and the factors considered in the
biosorption study.

3.2.2. Effects of Adsorbent Dose (D) and Initial O-II Concentration ([O-II]i)

The effects of D and [O-II]i at a fixed time (35 min) on the dye adsorption capacity
are represented in Figure 4a. The curvature of the response surface indicates the influence
of the studied variables. It can be observed that the adsorption capacity increased with
increases in the initial concentration of dye, while it decreased with increasing doses of the
adsorbent. This last parameter affects the O-II adsorption capacity to a lesser extent. These
results are consistent with those observed earlier in the Pareto chart analysis and with the
significance attributed to these two factors.
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3.2.3. Effect of Adsorbent Dose (D) and Contact Time (t)

Figure 4b shows the influence of adsorbent dose and contact time on keeping the
[O-II]i at 30 mg·L−1. The slight curvature of the response surface indicates that there is
little interaction between these parameters. The O-II adsorption capacity did not change
significantly with contact time in the studied range (10 min to 60 min), probably because
the adsorption kinetics are very fast.

3.2.4. Effect of Initial O-II Concentration ([O-II]i) and Contact Time

The effects of initial O-II concentration and contact time were investigated while
maintaining the adsorbent dose at 2.5 g·L−1 and the results are presented in Figure 4c,
clearly showing that the O-II adsorption capacity increased with initial O-II concentration,
while the influence of the contact time was not significant. The initial concentration of the
dye is an important parameter in the adsorption process [64], as can be seen in Figure 4a;
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the O-II adsorption uptake increased with initial dye concentration and began to stabilize
from values of 40 mg·L−1, which implies that the adsorption sites of the biosorbent were
saturated and there were no more available binding sites for adsorption [49].

3.3. Effect of pH on O-II Biosorption

The influence of pH on biosorption is an important factor to consider since the pH
value of the solution can affect the affinity between the surface of the biosorbent and the
dye (adsorbate). This is because it can affect both the ionization of the adsorbate and the
ionization of functional groups present on the surface of the adsorbent solid [71–73].

The effect of pH was studied in a series of batch experiments (pH range: 2–10). A series
of pH controlled tests were performed and other experiments were carried out without pH
control.

Figure 5a shows the pH of the dye solution before (initial) and after (final) contact
with the biosorbent, in experiments performed with no pH control. It can be seen when
the initial pH is 2 that there is no change in the final pH value, but for the rest of the initial
pH values, changes can be observed in the pH value during the adsorption of O-II on Aloe
vera. At pH 4 and 6, there are small variations, but at higher initial pH values, there is a
considerable decrease in the final pH compared to the initial pH.
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Figure 5. Effect of pH on adsorption capacity of Orange II on Aloe vera: (a) final pH versus initial pH
in assays without pH control, (b) equilibrium O-II uptake as a function of final pH in assays with and
without pH control.

Figure 5b shows the equilibrium adsorption capacity of Orange II versus the final pH
of the solution in the tests carried out with and without pH control. In these experiments,
the highest adsorption capacity of O-II was obtained at pH 2 (8.55 mg·g−1). This behavior
was to be expected in light of the point of zero charge value of AV (4.1 to 4.5) and the anionic
nature of the dye. When the pH is lower than the pHzpc, the AV surface is positively charged
due to protonation of the surface hydroxyl groups. These positively charged groups (AV-
OH2

+) increase as the pH decreases. At pH values greater than the pHzpc, the AV surface is
deprotonated and becomes negatively charged, with the negatively charged surface groups
(AV-O−) increasing as pH increases. As for the dye, Orange II (pKa 10.6 and 1) [74] in
aqueous solutions can be present in three different chemical forms depending on the pH
of the solution: doubly protonated (H2-O-II), prevailing for pH values less than 1, mono-
protonated (H-O-II−) after deprotonation of the sulfonate group, form dominant for pH
values between 1 and 10.6, and non-protonated (O-II2−) after deprotonation of the sulfonate
and OH of the naphthalene groups, which is the predominant form for pH values greater
than 10.6. At pH levels < pHzpc, the sulfonate group in O-II is deprotonated and practically
only the mono-protonated form of the dye (H-O-II−) is present in the solution. Therefore,
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as pH decreases, the adsorption capacity of the adsorbent increases due to the increase
in positive charge of the AV surface and thus of the electrostatic attraction between the
positively charged surface groups (AV-OH2

+) and the negatively charged dye (H-O-II−). In
addition to this electrostatic attraction, adsorption is also due to other interactions between
the dye and the AV surface, such as: van der Waals interactions (polar nature of O-II), π–π
interactions (between aromatic rings), and hydrogen bond formation (high electronegativity
of O, N and S in O-II). On the other hand, at pH levels > pHzpc, the adsorption capacity of
AV is significantly reduced because the adsorbent surface is deprotonated and therefore
negatively charged (AV-O−), like the dye (H-O-II−). Consequently, there is no electrostatic
attraction, and only van der Waals forces and π–π interactions contribute to O-II adsorption.

Similar results have been obtained by other authors, and they can be explained by a
change in the concentration of protons, as discussed above. O-II is an anionic dye; at low
pH values, some of the functional groups present in the biosorbent are protonated and its
surface is positively charged, favoring the adsorption of the anionic dye [61,73,75].

3.4. Biosorption Kinetics

Determination of the optimum contact time is very important for the consideration
of biosorption as a suitable treatment for wastewater treatment [42,49,52]. Therefore, the
kinetics of O-II biosorption on Aloe vera were studied via measuring the amounts of dye
adsorbed at different time intervals (Figure 6).
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At the beginning of the test, the adsorption rate was fast, since in the adsorbent solid
there are more active places available, and it was far from equilibrium. Additionally, the
difference between the concentrations of O-II in the solution and on the surface of the
adsorbent material was very high. Most of the O-II adsorption took place within the first
5–10 min, and as the time increased, the adsorption rate decreased until equilibrium was
reached and there were no longer any free active sites in the biosorbent to be occupied by
the adsorbate. Equilibrium was reached at a contact time of approximately 6 h.
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The adsorption rate for removing dyes from aqueous solutions depends on operation
conditions and the characteristics of the adsorbate and biosorbent [42,64]. The data obtained
were fitted to different kinetic models to evaluate the mechanisms controlling dye adsorp-
tion. Five kinetic models were used in this research: pseudo—first order, pseudo—second
order, Elovich, intraparticle diffusion, and Bangham [52,56,76].

The experimental data were fitted to the kinetic models using nonlinear regression
analysis, minimizing the average relative error function (ARE). This value was also used
to evaluate the validity of the model. The models’ characteristic parameters are given
in Table 6 and the curves corresponding to the adsorption rate data calculated with the
different models used are shown in Figure 6.

Table 6. Kinetic parameters obtained for the adsorption of O-II by Aloe vera.

Kinetic Model Parameters

Pseudo—first order
qe (mg·g−1) 7.8
k1 (min−1) 0.308
ARE (%) 7.87

Pseudo—second order

qe (mg·g−1) 9.22
k2 (g·mg−1·min−1) 0.0229
h (mg·g−1·min−1) 1.95

ARE (%) 6.43

Elovich
α (mg·g−1·min−1) 1449

β (g·mg−1) 1.506
ARE (%) 1.46

Intraparticle diffusion
kd (mg·g−1·min−0.5) 0.1406

C (mg·g−1) 6.46
ARE (%) 2.23

Bangham
kB (L·g−1) 0.122

σ 0.119
ARE (%) 1.063

The kinetic model that best fits the experimental data is the Bangham model, with an
average relative error value of 1.06%. The Elovich (ARE = 1.45%) and intraparticle diffusion
(ARE = 2.22%) models also fit the experimental data quite well. Both the Bangham model
and the intraparticle diffusion model (using the Weber and Morris equation) are internal
diffusional models. Therefore, the slowest stage could be the mass transfer to the interior
of the particle [56]. On the other hand, Elovich’s model is an adsorption model in which
adsorption is considered the slowest step and it is normally applied when chemisorption
takes place [56].

The ARE values for the pseudo first order and pseudo second order equations are
greater than 6%, therefore, in this case, they were not considered applicable to describe the
biosorption kinetics of O-II on Aloe vera.

3.5. Adsorption Isotherm

Adsorption isotherm relates the concentrations of adsorbate in the solution and in
the adsorbent solid at equilibrium, and its study allows the estimation of the amount
of adsorbent needed and the characteristics of the equipment in the adsorption. The
application of different isotherm models is useful to provide information about the possible
mechanisms that take places during adsorption [42,52].

Figure 7 shows the experimental equilibrium data obtained at pH = 2 (adsorption
capacity O-II at equilibrium, qe, versus the concentration of O-II in the solution, Ce).
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The adsorption capacity increased as the concentration of O-II in the solution increased
until the adsorbate reached its saturation value. The shape of the curve (concave down,
Langmuir type, L2, in Giles classification) indicates that adsorption was favorable [42,52].

At low-equilibrium solution concentrations, the slope of the curve is high, since there
are numerous free active sites in the adsorbent that can be easily occupied by the adsorbate.
On the other hand, when the concentration of the solution increases, the slope of the curve
decreases, which indicates that adsorption takes place in less accessible active sites and
that the adsorption capacity tends to stabilize when it approaches equilibrium. Finally,
at sufficiently high concentrations, saturation occurs, and the maximum O-II adsorption
capacity is reached.

The data obtained were analyzed with different isotherm models: Langmuir, Fre-
undlich, Dubinin–Radushkevich, Redlich–Peterson, Sips, and Toth. The values calculated
by the models can be seen in Figure 7.

Table 7 collects the characteristic model parameters and the values of ARE obtained
when adjusting the experimental data with non-linear regression to the different models
mentioned above.

The ARE value for the Toth isotherm model was lowest compared with the other
isotherm models used. Although, it is also observed that models such as the Dubinin–
Radushkevich and Sips fit well, with an average relative error of 1.83% and 2.11%, respec-
tively, and the Redlich–Peterson model presented an ARE of 3.62%. The Langmuir and
Freundlich models exceed the value of 4.9% relative error.
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Table 7. Model isotherm parameters and ARE values for O-II biosorption on Aloe vera.

Isotherm Model Parameters

Langmuir
qmL (mg·g−1) 11.064
KL (L·mg−1) 0.248

ARE (%) 6.99

Freundlich
KF ((mg·g−1)·(mg·L−1) −1/n) 3.961

n 4.13
ARE (%) 4.86

Redlich–Peterson

KR (L·g−1) 20.26
αR (L·mg−1)β 4.37

β 0.79
ARE (%) 3.62

Sips

qmS (mg·g−1) 13.29
Ks (L1/nS·mmol−1/nS) 0.326

ns 1.68
ARE (%) 2.11

Toth

qmT (mg·g−1) 15.87
KT (L·mg−1)T

T 1.903
TT 2.67

ARE (%) 1.67

Dubinin–Radushkevich

qmDR (mmol·g−1) 0.0341
KDR (mol2·kJ−2) 0.0060

E (kJ·mol−1) 9.118
ARE (%) 1.83

The Langmuir, Sips, Toth, and Dubinin–Radushkevich models contain the maximum
adsorption capacity as a parameter, so its value was determined by fitting the experimental
data to these models. The values obtained are between 11.1 and 15.9 mg·g−1 and are
consistent with the experimental data.

The Toth isotherm gives a better result than the Langmuir isotherm, as was expected,
since it is a variation of the Langmuir model. The Toth equation is a modified empiri-
cal form used to describe heterogeneous adsorption systems at low and high adsorbate
concentrations. The value of nT = 2.67 indicates the heterogeneity of the adsorption [77,78].

The parameter n of the Freundlich isotherm is between 0 and 10, indicating that
adsorption is favorable, which is also confirmed by the value of the parameter β = 0.79
of the Redlich–Peterson isotherm (which should be between 0 and 2) and the equilibrium
RL parameter obtained from the Langmuir isotherm (which should be between 0 and 1).
Figure 8 shows the values of RL together with the parameter θ (representing the fraction of
sorption sites occupied by the adsorbate at equilibrium), versus the initial concentration
(C0). As can be seen, the values of RL and θ fall within the range that indicates that the
adsorption of Orange II on Aloe vera is favorable [52,58].

The mean free energy of adsorption (E) calculated from the Dubinin–Radushkevich
isotherm was 9.118 kJ·mol−1, suggesting ion exchange adsorption [52,59].

Finally, to compare the efficiency of the adsorbent used in this study for O-II removal,
Table 8 shows the values of the maximum adsorption capacity of other adsorbent materials
found in the literature.
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Table 8. Maximum adsorption capacities of several adsorbents found in the literature.

Adsorbent qm (mg·g−1) Reference

Surfactant-modified zeolite 3.62 [79]

Olive stone by-product 13.2 [80]

Aloe vera 15.87 This study

Canola stalks 25.6 [81]

Spent brewery grains 30.5 [82]

Magnetic graphene/chitosan 42.7 [83]

3.6. Adsorption Mechanisms

Considering the heterogeneous nature of the adsorbent solid, as well as the chemical
structure of the O-II dye molecule, which possesses several aromatics rings as well as ioniz-
able functional groups, it can be indicated that the mechanisms involved in adsorption are
complex. However, several possible mechanisms can be suggested: electrostatic attraction,
π–π interactions, and hydrogen bonding.

Electrostatic interactions may exist between functional groups on the AV surface
and the dye molecules. In this sense, the pH of the solution can influence the existing
electrostatic interactions in the adsorption of O-II by AV. As previously indicated, the pHzpc
is 4.1–4.5, so that under the selected operating conditions (pH = 2), the pH < pHzpc, and
the surface of the adsorbent solid is therefore positively charged. At this pH, the O-II
molecule is negatively charged, being in its ionized form H-O-II−. In this way, electrostatic
interactions are established between the positively charged solid surface and the negatively
charged adsorbate molecules.

In accordance with the FTIR spectrum of the adsorbent solid, it can be indicated that
-OH groups, C-H groups in aromatic rings, C=C bonds of the aromatic rings, and phenolic
C-O bonds can take part in the adsorption of O-II by AV. The presence of aromatic rings and
phenolic groups suggests that π–π interactions may occur during the adsorption process.
This π–π interaction may be one of the mechanisms implicated when the adsorbate is an
organic substance with aromatic rings. This interaction takes place between electron-poor
and electron-rich structures [84]. The O-II molecule possesses aromatic π-systems that can
act as electron acceptors, particularly due to the high electronegativity of the O, N, and S
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atoms present in its chemical structure. O, N, and S atoms bonded to aromatic rings have a
high electron-holding capacity, making the aromatic ring electron-deficient and acting as
a π-acceptor. The C=C bonding of the aromatic ring and the hydroxyl groups on the AV
surface make them electron donors [85,86].

On the other hand, hydrogen bonding interactions can also occur in the adsorption
process. The adsorbent surface contains several functional groups, such as C-OH and
COOH, and aromatic rings that can interact with the aromatic rings and the nitrogen and
oxygen atoms of the O-II molecules through H-bonds. Under acidic conditions, free H+ in
the medium can also contribute to the formation of hydrogen bonds between the adsorbent
surface and the O-II molecules.

Figure 9 shows the different interactions between the adsorbent and the dye molecule
schematically.
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4. Conclusions

Aloe vera can be satisfactorily used as an adsorbent material for the removal of Orange
II dye from aqueous solutions.

The Box–Behnken experiment design, using three parameters (adsorbent dose, initial
dye concentration, and contact time), has given satisfactory results for the optimization of
the adsorption process. The coefficient of the determination (R2) value obtained (0.9993)
shows that the model adequately represents the relationship between each response and
the chosen variables.

The pH influences the adsorption capacity, obtaining the highest adsorption capacity
of O-II (8.55 mg·g−1) at pH 2. The levels of O-II biosorption decreased sharply when the
pH levels of the dye solution increased.

At 25 ◦C, equilibrium was reached at a contact time of approximately 6 h.
From the kinetic models studied, the one that best describes the adsorption of Orange

II on Aloe vera is the Bangham model (ARE = 1.06%).
The isotherm model that best represents the experimental data is the Toth model. The

maximum adsorption capacity obtained by this model was 15.87 mg·g−1.
The adsorption of Orange II on Aloe vera is favorable because with this method, the

equilibrium parameter RL is between 0 and 1; the constant n of the Freundlich isotherm
is between 0 and 10; and the value of the constant β, of the Redlich–Peterson isotherm, is
between 0 and 2.



Sustainability 2023, 15, 15727 19 of 22

Author Contributions: Conceptualization, M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M.; methodology,
M.I.A., M.L., J.F.O., V.F.M., A.B.P.-M. and A.C.; software, M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M.;
validation, M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M.; formal analysis, M.I.A., M.L., J.F.O., V.F.M.,
A.B.P.-M. and A.C.; investigation, M.I.A., M.L., J.F.O., V.F.M., A.B.P.-M. and A.C.; resources, M.I.A.,
M.L., J.F.O., V.F.M. and A.B.P.-M.; data curation, M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M.; writing—
original draft preparation, M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M.; writing—review and editing,
M.I.A., M.L., J.F.O., V.F.M. and A.B.P.-M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bazin, I.; Ibn Hadj Hassine, A.; Haj Hamouda, Y.; Mnif, W.; Bartegi, A.; Lopez-Ferber, M.; De Waard, M.; Gonzalez, C. Estrogenic

and Anti-Estrogenic Activity of 23 Commercial Textile Dyes. Ecotoxicol. Environ. Saf. 2012, 85, 131–136. [CrossRef] [PubMed]
2. Birhanli, A.; Ozmen, M. Evaluation of the Toxicity and Teratogenity of Six Commercial Textile Dyes Using the Frog Embryo

Teratogenesis Assay-Xenopus. Drug Chem. Toxicol. 2005, 28, 51–65. [CrossRef] [PubMed]
3. Oliveira, D.P.; Carneiro, P.A.; Sakagami, M.K.; Zanoni, M.V.B.; Umbuzeiro, G.A. Chemical Characterization of a Dye Processing

Plant Effluent-Identification of the Mutagenic Components. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2007, 626, 135–142.
[CrossRef]
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