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Foi utilizado o carvéo ativado produzido a partir da casca da castanha do Para, Bertholletia excelsa, como
alternativa ecoldgica e de baixo custo para a adsor¢do do corante laranja 16 reativo (RO-16). O material
adsorvente CA-700°% foi sintetizado por meio da carbonizacio da biomassa da castanha do Brasil a
700 °C por 2h para a obteng¢do de carvdo ativado com alta capacidade adsortiva. A caracterizagdo
superficial foi realizada por FTIR ¢ BET. As isotermas de Langmuir, Freundlich ¢ Temkin foram
utilizadas para descrever o equilibrio de adsor¢do, enquanto a cinética de adsorcdo foi estudada usando
modelos de pseudo-primeira ordem, pseudo-segunda ordem, Elovich e difusdo intraparticula. A remogao
do RO-16 depende do pH do meio, atingindo um indice maximo em pH 1,0. Na dosagem de 5,0 g/L, a
remogdo de RO-16 foi maior que 99%. As isotermas de adsorcdo tiveram um melhor ajuste dos dados
experimentais com o modelo de Langmuir, revelando que a adsor¢do de RO-16 no CA-700°% ocorre em
monocamada, com capacidade méaxima de adsor¢do em monocamada de 154,8 mg/g, equilibrio de
adsor¢do aparece em 150 min e a cinética de adsor¢do segue o modelo de pseudo-segunda ordem. O
presente estudo relata que o material de baixo custo é muito promissor para o tratamento de efluentes da
industria téxtil.

Palavras-chave: adsorg¢do, carvao ativado, laranja reativo 16.

The use of activated carbon produced from the husk of Para nuts, Bertholletia excelsa, as an ecological
and low-cost alternative for the adsorption of reactive orange 16 dye (RO-16) was used. The adsorbent
material, CA-7003%°, was synthesized by carbonizing the biomass of Brazil nuts at 700 °C for 2h in order
to obtain activated carbon with high adsorptive capacity. The superficial characterization was performed
by FTIR and BET. Langmuir, Freundlich and Temkin isotherms were used to describe the adsorption
equilibrium, while the adsorption kinetics was studied using pseudo-first order, pseudo-second order,
Elovich and intraparticle diffusion models. The removal of RO-16 depends on the pH of the medium,
reaching a maximum index at pH 1.0. At a dosage of 5.0 g/L, the removal of RO-16 was greater than
99%. Adsorption isotherms had a better fit of the experimental data with Langmuir model, revealing that
the adsorption of RO-16 in the CA-700°2° occurs in a monolayer, with a maximum capacity of adsorption
in a monolayer of 154.8 mg/g, the adsorption equilibrium appears in 150 min and that the adsorption
kinetics follows the pseudo-second order model. The present study reports that the low-cost material is
very promising for the treatment of the textile industry effluents.

Keywords: adsorption, activated carbon, reactive orange 16.

1. INTRODUCTION

Water pollution is a major environmental threat that needs immediate attention. Industrial
waste contributes considerably to contamination and pollution of surface and groundwater [1].
Effluents from the textile, leather, cosmetic, plastic, pharmaceutical and food processing
industries carry large volumes of water contaminated by synthetic dyes, which are difficult to
biodegrade, making them unsuitable for further use [1-3]. The textile sector is one of the main
responsible for the release of wastewater contaminated by dyes. Currently, about 7 x 107 tons of
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synthetic dyes are produced per year in this sector around the world, and about 10% is wasted as
effluent [2, 4]. The release of dyes in textile effluents directly impacts salinity, pH and water
temperature. In addition, the accumulation of these substances causes a decrease in biological
oxygen demand (BOD) as well as an increase in chemical oxygen demand (COD) and
suspended solids, also leading to decreased levels of photosynthesis [2, 3, 5-7]. Among the dyes
used in this sector, the class of azo dyes constitutes the largest portion, corresponding to 70-80%
[2, 8]. Azo dyes have one or more azo groups (-N=N-) in their chemical structure. A significant
part of commercially used synthetic dyes is composed of toxic, carcinogenic and mutagenic azo
dyes. [1, 9]. Substances such as Benzidine, 3,3-dimethylbenzidine and phenylenediamine
(p-PDA), released by the biotransformation process of azo dyes, are reported to cause tumors,
allergies and other diseases in humans and in animals [9-11]. Reactive orange 16 (RO-16),
whose chemical structure is shown in Figure 1, is an example of an azo dye, which is soluble in
water and widely used in order to impart color to natural and synthetic textile fibers, due to its
high ability to form covalent bonds with these substrates [12]. However, this dye causes
pollution to the environment as a result of its toxicity, and when inhaled or ingested it can lead
to adverse effects in the human body, such as respiratory problems, tumors and irritation to the
eyes and skin [12]. Therefore, the removal of RO-16 from wastewater becomes an important
action to mitigate possible environmental impacts and maintain the integrity of human health.

® Carbon Hydrogen ®@Oxygen @Nytrogen @ Sulphur

Figure 1: Chemical structure of reactive orange 16 (a) and optimized three-dimensional structural
formula of the ionic form of RO-16 using Avogadro 1.2.0 software (b).

Several conventional physical-chemical treatment methods have been successfully used for
decolorizing wastewater, such as coagulation [13], photodegradation [14], electrochemical
advanced oxidation/electrocoagulation [15], ozonation [16], membrane filtration [17] and
adsorption [18]. However, most have disadvantages, such as low efficiency, high cost,
generation of high-risk by-products and process delays [1]. Among these methods, adsorption
has been regularly used due to its high efficiency, low cost and easy operation. [1, 19].
Adsorption is a dissolution process based on the transfer of atoms, molecules and ions in a
solution to a solid material surface called adsorbent [9]. In the adsorption process, a dynamic
equilibrium is formed between the concentrations of substances in the solid-liquid phase. This
equilibrium is important to measure the adsorptive capacity of the adsorbent material [9]. The
surface area, the dissolved substance’s type and properties such as the pH of the medium,
temperature and type of adsorbent are all factors that can affect the adsorption process. [9, 20].

Activated carbon is a very promising adsorbent for treating dye-contaminated effluents,
considering its high adsorptive capacity, high surface area and fast adsorption kinetics [21, 22].
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However, the access to commercial activated carbon remains limited due to its high cost, which
results from the use of non-renewable sources and the expensive materials used during synthesis
[23]. Thus, many studies are being centered on the production of activated carbon from low-cost
and ecological precursors that have a high adsorptive capacity, such as those from plant
extraction. The use of these materials can save financial resources and also reduce the amount of
waste in the environment [1, 21]. Given the above, this study addresses the removal of reactive
orange 16 (RO-16) from synthetic solution, using activated carbon produced from Para nut husk
as a low-cost bioadsorbent. The material was characterized by BET, BJH and FTIR. It was also
analyzed the effect of operational parameters on the adsorption of RO-16, such as adsorbent
dosage, pH, contact time and the effect of initial concentrations. The adsorption isotherm was
evaluated using the mathematical models of Langmuir, Freundlich and Temkin, while the
adsorption kinetics was assessed using pseudo-first order, pseudo-second order, Elovich and
intraparticle diffusion models.

2. 2. MATERIALS AND METHODS

2.1 Activated carbon preparation and characterization

The residue (Para nut husk) was collected in large quantities at a farmers market located in
the city of Maraba-PA, Brazil. After collection, the residue was washed several times in running
water, left to rest in water for 24 h and then dried in an oven at 80 °C for 48 h. In the next step, it
was crushed in a knife mill (NL-226/02) and sieved to obtain powdered particulate material with
a size of 0.045 mm (325 mesh). This procedure was performed several times until a substantial
amount of material was gathered. The powdered material was carbonized in a muffle furnace at
700 °C for 2h to obtain activated carbon with high adsorptive capacity [24]. The activated
carbon, named CA-700%°, was stored in a sealed plastic bottle for future experiments.

The textural properties of CA-700* were determined by adsorption-desorption of N at
77.35 K using a surface analyzer (QUANTACHROME NOVA 2200¢) with liquid nitrogen in a
density of 0.808 g cm™. Before taking the measurements, the sample was subjected to a thermal
pretreatment at 423 K for 2 h. The adsorption-desorption of N, in the sample was used to
calculate the specific surface area (Sger) through the BET method (Brunauer — Emmett —
Teller). The diameter (D,) and the pore-size distribution were determined by the BJH method
(Barrett — Joyner — Halenda). The functional groups existing in the material were evaluated by
Fourier Transform Infrared Spectroscopy Analysis (FTIR) in ATR mode, using a Thermo
spectrometer (Nicolet iS50 FT-IR), in the scanning range of 4000-400 cm™', 100 scans and
resolution 4 cm™'. Data acquisition was performed using the software OMNIC and the data was
analyzed using the software origin, version 8.0. As a pre-treatment, the samples were dried at
105 °C for 24 hours.

2.2 Stock solution preparation

The Reactive Orange 16 dye (RO-16), ID 329751987, 617 molecular mass,
C20H17N3NaxO11S3, with 70% content was purchased from the company Sigma-Aldrich, Saint
Louis, USA. The 1000 mg L' stock solution was prepared by dissolving a mass amount of
RO-16 in 1000 mL of ultrapure water in the volumetric flask. Subsequently, the bottle was
completely covered with aluminum foil to minimize contact with light and external influences.
The stock solution was properly stored until the adsorption tests were carried out.

2.3 Analytical curve

From the stock solution, other solutions were prepared by diluting aliquots into 2 mL
microtubes in the concentration range of 2.5 to 27.5 mg L', in order to quantify the residual
concentration of RO-16 in the adsorption tests. Readings were taken on a spectrophotometer
(Bel Spectro S05), at the maximum absorption wavelength of 493 nm. The experiments for the
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analytical curve obtention were carried out in triplicate, in a quartz cuvette with an optical path
of 1 cm and 1 mL.

2.4 Description of experimental procedures

Adsorption experiments were conducted using 100 mL of RO-16 solution added to 125 mL
Erlenmeyer flasks. Adsorbent masses were added to RO-16 solutions and the mixtures were
shaken in an orbital shaker incubator (SL-223), at 200 rpm, 20 °C and contact time of 180 min.
The initial pH of the solutions was adjusted with HC] or NaOH (0.2 mol L'). The experiments
were used to evaluate the influence of RO-16 adsorption on parameters such as adsorbent
dosage (1-10 g L), solution pH (1-9), contact time (1-300 min) and initial concentrations of
RO-16 dye (50-200 mg L'). The adsorption isotherms studies were carried out for dye
concentrations varying between 50 to 300 mg L' at 20 °C. At the end of the experiments, the
supernatant solutions were removed, filtered at 3000 rpm for 8 min and read in a
spectrophotometer (Bel SpectroS05) at 493 nm [9]. The removal percentage was calculated by
Equation 1.

Removal (%) = %xwo (D)

where Cyp(mg L L™!) and C, (mg L L") are the initial and equilibrium concentrations of the dye
in solution, respectively.

3. 3. RESULTS AND DISCUSSION
3.1 Adsorbent characterization

3.1.1 Surface area and porosity assessment

The adsorption-desorption isotherm of N, at 77 K for CA-700%° and the pore size
distribution are shown in Figures 2a and b respectively.
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Figure 2: Nitrogen adsorption—desorption isotherm (a) and pore size distributions (b) of CA-700°%.
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The adsorption-desorption isotherm profile of N, for CA-7003%° (Figure 2A) fits in type 1V,
based on the classification established by the International Union of Pure and Applied
Chemistry (IUPAC) [25], with Hs-type hysteresis loop corresponding to partial pressure
P/Py-0.4 to 0.99 , which suggests the predominant occurrence of mesopores in the material [1].
The specific surface area (Sger) determined by the BET method was 461.385 m? g!, while the
surface area and pore volume obtained by the BJH method were 61.631 m? g' and
0.079 cm® g !, respectively. According to Figure 2 (B), the CA-700°%° pore size distribution
ranged between 3 and 20 nm. However, the largest pore volume was provided by those with a
diameter of 3.83 nm, indicating that the adsorbent is mesoporous, since the diameter of
mesoporous materials ranges between 2.0 and 50 nm [1]. The greatest distance between the
atoms located at the extremes of the reactive orange 16 molecule is 2.0 nm (Fig. 1b), while the
CA-700°* mesopores diameter is 3.83 nm, the ratio of these measurements being equal to 1.91.
Thus, CA-700°%° can accommodate a dye molecule that diffuses from the volume of solution to
the pores of the adsorbent [26].

3.1.2 CA-700°% FTIR analysis

Figure 3 shows the result of Fourier Transform Infrared Spectroscopy (FTIR) analysis for
both Brazil nut husk biomass and CA-700°?°, considering the range of 4000 to 400 cm™'.
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Figure 3: The FTIR spectrum of biomass and CA-7003%.

The carbon matrix not only consists of carbon atoms, but is also formed by heteroatoms,
including oxygen, nitrogen, halogen, sulfur, phosphorus, and others. The surface chemistry of
activated carbon is governed by these species bonded to carbon atoms [25]. The FTIR spectrum
of Brazil nut husk biomass is characterized by the presence of a wide and accentuated band at
3330 cm™! corresponding to the O-H stretching vibrations of alcohols, phenols and carboxylic
acids present in pectin, lignin and cellulose, thus showing the presence of free hydroxyl groups
on the biomass surface [27, 28]. The peak centered at 2926 cm™' indicates the presence of the
-C-H stretching in -CH,, -CH3 or - (CH2)n in cellulose, hemicellulose and lignin [27, 29]. The
band located at 1735 cm™! corresponds to the presence of the carbonyl group (C=0), natural in
hemicellulose and lignin, and the band at 1613 cm™ corresponds to the C=C stretching
vibrations of aromatic compounds [27, 30-32]. The band at 1518 cm™! could be assigned to
amine groups with N-H [33] and at 1035 cm™' to C-O-C [27, 31]. It is visible that the biomass



L.O. Santos et al., Scientia Plena 18, 094201 (2022) 6

carbonization promoted drastic changes in the functional groups, which is evidenced by an
intense reduction in the contributions of oxygenated groups. In the CA-700°% spectrum, low
intensity remnant bands were observed at 2159, 2033, 1977 cm™!, indicating the material partial
degradation by pyrolysis [27, 31].

3.2 Effect of operating parameters on RO-16 adsorption

3.2.1 Effect of adsorbent dosage and solution pH

The study of adsorbent dosage in the percentage of RO-16 removal was carried out in the
range of 1.0 to 10.0 g L', pH 6, at 20 °C, contact time of 180 min and dye concentration of
100 mg L', Figure 4a shows the experimental result for adsorbate adsorption.
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Figure 4: Study of mass dosage in the adsorption of dye RO-16 onto CA-700°% (a), and study of the effect
of pH on the adsorption of RO-16 onto CA-700°% at a concentration of 100 mg L™, dosage of 5g L™ and
contact time of 180 min (b).

According to Figure 4A, the CA-700** dosage increase promoted an expressive increase in
the dye removal. The percentage of removal increased from 24.1 to 96.34% when the doses
were 1 and 5 g L', respectively. For higher adsorbent concentrations (6 and 10 g L), a
saturation of the material is observed, with the removal remaining constant at 99.3%. The
increased removal is attributed to the greater availability of sites for the adsorbate [34, 35]. On
the other hand, the increase in the adsorbent mass promoted a decrease in the adsorptive
capacity per gram, a behavior observed in several studies with RO-16 [19, 26, 34]. In another
study, a lower removal (90%) of RO-16 by activated carbon from coconut husk was reported at
a dosage of 5 g L', time of 25 h and initial concentration of 100 mg L' [18]. A removal of
97.25% at the dosage 10 g L' and initial concentration of 100 g L' was achieved in the
adsorption of RO-16 using modified kenaf core fiber, a similar result to that reported in this
study [19]. A maximum removal of 96% was observed at a dosage of 2.5 g L', initial
concentration of 300 mg L' and time of 4h for the adsorption of RO-16 by activated carbon
obtained from the pine fruit husk [34]. Despite the better removal rates achieved by the dosages
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of 6 and 10 g L™, it was decided to use 5 g L! as the standard dose of CA-700°% to carry out
further studies, aiming at the economy of the adsorbent. In the adsorption process, pH plays an
important role, influencing the degree of ionization of the adsorbed molecule and the adsorbent
surface charges, which affects the adsorption capacity [36]. Thus, the removal capacity study of
RO-16 in CA-700°% was carried out in order to evaluate the effect of pH. Figure 4B shows the
dye adsorption behavior at pH 1.0, 2.0, 4.0, 6.0,7.0, 8.0 and 9.0. According to Figure 4B, the
removal percentage is maximum at pH 1, being 99.5%. Although a marked reduction in pH 2 is
observed, removal rates are greater than 90% throughout the range. Previous studies show that
the removal of RO-16 dye in activated carbon is favored at acidic pH, with rates higher than
80% [18, 26, 34]. The high removal of CA-700°* over a wide pH range indicates that this
material has a high potential for the analyte remediation in industrial effluents. In this study, the
RO-16 adsorption mechanism was proposed as follows [9].

Initially, the dye is dissolved in an aqueous solution and the sulfonate groups (R — SO;Na)
dissociate and form into ions (R-SOs") and Na“, according to reaction 1.

1) R-SO;3Na + H,O — R —SO3; ~ + Na

In a second step, the adsorption process occurs by electrostatic interactions and Van der
Waals forces between the surface of CA-700°% and the RO-16 SO;™ ions, according to reaction
2.

2) (R-S0s5  + Na") + CA700** surface — Adsorption of RO-16
Adsorption increased with decrease pH of dye solution, probably due to protonation of the

absorbent surface [18]. However, adsorption decreased as a result of competition between OH"
and SO; ions for the absorbent surface with increasing solution alkalinity [1, 9].

3.2.2 Effect of contact time and initial concentrations

Figure 5 shows the effect of contact time (1 - 300 min) and initial concentrations (50, 75,
100, 150 and 200 mg L") on the adsorption of RO-16 using a dosage of 5 g L™, at 20 °C and
pH 6.
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The kinetic curve shows that RO-16 removal is considerably fast in the first 20 min, then it
continues at a slower rate (20-120 min) and reaches equilibrium around 150 min, when the
material saturation occurs. An equilibrium time of 23 h was reported for the RO-16 adsorption
on fish scale activated carbon [26] and 2 hours for activated carbon obtained from Ananas
comosus [37], showing that equilibrium time depends on the absorbent nature. The fast removal
and the fact that equilibrium was reached in 150 min indicate that CA-700% is efficient. The
high rate of dye adsorption in the initial minutes is associated with greater availability of
adsorbent sites [38, 39], however, as they are occupied, the inverse process (desorption) speed is
favored and the adsorption rate decreases [19]. This reduction is likely caused by repulsive
forces between the adsorbate molecules as sites are occupied, and by saturation of sites
available for adsorption [26, 36, 38]. The maximum adsorption capacity escalates from 47.4 to
143.5 mg g with the increase in the RO-16 initial concentration from 50 to 200 mg L', leading
to an intensification in the driving force associated with mass transfer and resulting in greater
adsorption [40]. Such behavior is also observed in the RO-16 removal by other adsorbents [19,
26, 37].

3.3 Adsorption Kinetics

Kinetic modeling of the adsorption process is important to assess the rate at which the dye is
removed from the solution [3]. The kinetic process depends on factors such as solution pH,
concentration, nature of the adsorbate, molecular weight, solubility and others. In order to
understand the kinetic mechanism controlling the adsorption of RO-16 on CA-700°%,
experimental data were evaluated using pseudo-first order, pseudo-second order, Elovich and
intraparticle diffusion models [3, 41, 42]. The linear expression of the pseudo-first order model,
proposed by Lagergren [43] is expressed by Equation 2.

In(q. — q¢) =1Inq, — kyt 2

where ¢q; (mg g') and k; (min™") are the equilibrium adsorbed quantity and the pseudo-first
order constant [44]. The first-order rate constant k; was estimated from the slope of the line (-k)
and . by intercept (In qc) of In(qe-q:) and ¢. The values of these parameters are presented in
Table 1 and the linear fitting in Figure 6 (A). Meanwhile, the result of the pseudo-second order
model proposed by Ho and McKay (1998) [45], expressed by Equation 3, is shown in Figure 6.

t 1 1

L=t 3)

ac atk;  qe

where k> (g mg'min') and g. (mg g ') are the second-order rate constant and the equilibrium
adsorbed amount, respectively. [42]. Similarly, the constant &, is measured through the intercept
(1/9e2 k2) of t/qc and t. Zeldowitsch's equation (Equation 4) [46], which is currently known as the
Elovich model, was initially developed for the kinetic study of chemical gas adsorption [47].
The linear fitting for this model is shown in Figure 6 (C).

q¢ = In(ab) +1n (t) (4)

where a (mg g''min™') and b (mg g') are the initial adsorption rate and the desorption constant,
respectively. The value of b was obtained by the slope of the line 1/b and the value of a by the
intercept of the line (1/b In(ab)) of q; versus (In (t)). The values of these parameters are shown in
Table 1. Finally, the result of applying the intraparticle diffusion kinetic model proposed by
Weber and Morris [48], as per Equation 5, is shown in Figure 6 (D).
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where kg (mg g'min'?) and C are the intraparticle diffusion constant and the boundary layer
thickness, respectively.
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Figure 6: Fits of the experimental data to the linearized equations of the kinetic models (a) Pseudo-first
order, (b) Pseudo-secund order, (c) Elovich and (d) intraparticle diffusion.

The values of the correlation coefficients R?%qj, shown in Table 1, and the linear fitting
(Figure 6) show that the pseudo-second order kinetic model (Figure 6B), whose fits presented
values of R?%4; > 0.99 for all initial concentrations, describes the RO-16 adsorption mechanism.
Better correlations to this model for the adsorption of RO-16 are portrayed in studies with
low-cost activated carbon from precursors such as Ananas comosus [37], rice husk [3], fish
scale [26], coconut husk [18] and sawdust [49]. The best fit of experimental data to the
pseudo-second order kinetic model shows that the adsorption rate of RO-16 in CA-700%% does
not depend on the concentration of dye in the solution, but on the availability of adsorbent sites
[26]. In addition, it was observed that the values of the pseudo-second order model constant, ks,
decreased from 9.9 x107 to 9.0 x10* g/mg/min with the increase of the initial concentration
from 50 to 200 mg L', respectively. This behavior may be related to competition for the
adsorbent sites. At lower concentrations, competition for sites is not very intense, which makes
the adsorption rate high (higher values of k). However, when the concentration increases, the
competition for the sites also increases, leading to a lower adsorption rate [26, 50]. Another
parameter that contributes to determining the predominant kinetic mechanism in the adsorption
process is the proximity between the values of g. calculated by theoretical (ge,a) and
experimental (ge,exp) models, in this case, the closer the proximity between these parameters, the
greater the applicability of the model [18, 37]. Table 1 shows that the values of g.ca by the
pseudo-second order model are closer to the values of g..xp when compared to the pseudo-first
order model. This result confirms the agreement of the pseudo-second order model with the
experimental data.
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Table I: Calculated kinetic parameters for the adsorption of RO-16 onto CA-700°% at various
concentrations.

Initial concentration (mg L)

50 75 100 150 200

Qes exp (Mg g7) 474 70.5 91 108.5 143.5
Pseudo-first order kinetic
Jes cal (ME/L) 28.5 43.1 66.3 69.3 112.9
ki (min™) 0.120 0.063 0.063 0.043 0.064
R2uj 0.9101 0.9346 0.9732 0.9701 0.9586
Pseudo-secund order kinetic
e, cal (Mg g1) 49.3 74.1 98.3 120.9 156.5
k> (g/mg/min) 0.0099 0.0035 0.0017 0.0011 0.0009
R%g 0.9999 0.9998 0.9995 0.9986 0.9992
Elovich model
a (mg/g/ min) 1698.8 391.8 179.7 161.7 219.5
b (g/mg) 0.2200 0.1227 0.0822 0.0655 0.0506
R%g 0.8872 0.9639 0.9825 0.9908 0.9772
Intra particle diffusion
*Kgir1 (mg/g/min'’?) 4,58 6.64 8.84 10.43 13.36
*Kgir 2 (mg/g/min'?) 0.116 0.276 0.742 1.664 1.408
*C1 (mg/g) 22.560 27.299 29.108 33.302 44.037
*Ca (mg/g) 46.967 68.640 84.711 92.091 130.56
R2.j it 1) 0.8579 0.9708 0.9785 0.9631 0.9855
R2.j @it2) 0.7646 0.9389 0.9267 0.9512 0.9681

*kqit (mg g' min *) and C are intraparticle diffusion constant and the boundary layer thickness.

Linear fitting of the Elovich (Figure 6C) and intraparticle diffusion (Figure 6D) models
showed a correlation coefficient R?,q; ranging from 0.8872 to 0.9771 and 0.7646 to 0.9855,
respectively. The values of R%,q;, lower than those obtained by the pseudo-second order model,
reveal that these models are not adequate to describe the adsorption kinetics of RO-16 in
CA-700°%. Intraparticle diffusion is the only controlling step of the process if the graph of ¢,
versus ¢/ passes through the origin, that is, C equals 0. If this does not occur, the mechanism is
accompanied by other steps [18, 39, 51]. From Figure 6(D) it can be observed that the RO-16
adsorption process occurs in two consecutive steps: the first corresponds to the rapid adsorption
on the external surface, that is, the dye molecules are transferred to the easily accessible active
sites of the adsorbent and the second denotes the intraparticle diffusion where the adsorption
stage is gradual and slow [18, 37, 52, 53].

3.4 Adsorption isotherm

Langmuir, Freundlich and Temkin isotherms were used in order to evaluate the adsorption
equilibrium data between RO-16 and CA-700°%°. The parameters obtained through these
isotherms provided important information about the adsorption mechanism and surface
properties of the adsorbent [3, 38]. The parameters of the Langmuir isotherms [54] were
determined from Equation.6.

Co 1 1
Ze — —C 6
de kram am € ( )

where g. (mg g!) and gm (mg g ') are the equilibrium adsorption capacity and the maximum
adsorption capacity, respectively; k. (L mg™) is the Langmuir constant related to adsorption
capacity and energy and C. (mg L) is the equilibrium concentration [55]. The values of gm and
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k;, were determined from the C./q. versus C. graph with slope of 1 /qm. The results are shown in
Table 2. The Langmuir isotherm was related to the separation parameter Ry (Equation 7), which
indicates the favorability of the adsorption process [56].

1
T 1+k.Co

R,

(7

Table 2: Isotherm parameters for RO-16 adsorption using CA-700°% as adsorbents.

Isotherm Parameters Value
Langmuir gm (Mg/g) 154.8
ki (L/mg) 0.228
R%g 0.9928
Freundlich ke (mg/g)(L/mg)'/ 61.89
n 5.0
1/n 0.2
R?.q 0.8170
Temkin kr (L/mg) 19.99
br (J/mol) 125.35
R?.q 0.9010

Table 3: Relationship between Langmuir R, separation factor and initial concentrations.

Co (mg/L) Langmuir separation
factor (Rp)
50 0.080
65 0.063
75 0.055
85 0.049
100 0.042
115 0.036
130 0.032
140 0.030
150 0.028
200 0.021
250 0.017
300 0.014

Rr describes the adsorption trend, that is, adsorption is favorable when 0 < Rp > 1,
irreversible when Ry equals to 0, linear when Ry equals to 1 and unfavorable when Ry > 1 [56].
According to Table 3, the calculated value of Ry is between 0.080 and 0.014 for the
concentration range of 50-300 mg L!. The effect of concentration on the Ry value is best
observed by the graph of Ry versus Cy (Figure. 7), which exhibits exponential features, in which
0 <Ry < 1. Thus, the Ry value was favorable for monolayer adsorption of RO-16 in CA-700%%
[56, 57].
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Figure 7: Graphic relationship between Langmuir Ry coefficient and initial RO16 concentrations.

The Freundlich isotherm model applicability [58] to the experimental data was evaluated by
Equation 8.

1
Inq, = Ink; + ;lnCe )

where n is a dimensionless number associated with adsorption intensity and
kr[(mg g") (L mg™' )""] is the Freundlich constant [59, 60]. The values of k; e n were estimated
from the Inq. versus InCe graph with slope of 1/n and intercept In k.. The results are shown in
Table 2. The favorability of the model is characterized in terms of the magnitude of (n). If n lies
between one and ten, this specifies a favorable sorption process. Thus, the value of n = 5
indicates favorability in the adsorption of RO-16 [38]. The linear mathematical model of
Temkin isotherm equation [61] is described by Equation 9.

RT RT
e = ElnkT + by InC, )]

where br (J mol™) and kr (L g') are the constant related to the heat of adsorption and the
constant of Temkin isotherm, respectively; R (8,314 J mol™! K™) is the universal gas constant
and T (K) is the absolute temperature used in the experiment. The value of bt was measured
from the slope of the line RT/br, while the constant kr was estimated by the intercept RT/br Inkr
. The results are shown in Table 2.

Figure 8 shows the linear fitting for the Langmuir, Freundlich and Temkin isotherm
models, at 20 °C and for the initial concentrations of 50, 65, 75, 85, 100, 115, 130, 140, 150,
200, 250 and 300 mg L.
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Figure 8: Fits of the experimental data to the linearized equations of the Langmuir, Freundlich and
Temkin models.

The linear correlation coefficients (R%q;), presented in Table 2 and the linear fitting revealed
that the RO-16 adsorption process is better explained by the Langmuir model (Figure 8A), being
observed values of R%; that are closer to the unit (R4 equal to 0.992 for Langmuir, R% equal
to 0.817 for Freundlich and R%g equal to 0.910 for Temkin). Better correlations with the
Langmuir model in the adsorption of RO-16 were also reported in the studies by Ramachandran
[37], using activated carbon from leaves of Ananas comosus (R%q equal to 0.98), and by Shah
[49], using activated carbon made from sawdust (R%g equal to 0.99). Other RO-16 adsorption
studies report better correlations to the Langmuir model, especially with the use of chitosan [35,
62, 63]. The fit to this model shows a homogeneous distribution of active sites on the CA-700°%
surface [64]. The results also showed that the adsorption of RO-16 in CA-700°% is a dynamic
process that occurs by chemisorption, due to the affinity in terms of surface functional groups
and binding energy [27, 65, 66]. Through the Langmuir model, a maximum monolayer
adsorption capacity of 154.8 mg g' was obtained. Table 4 shows several adsorbent materials
applied in the adsorption of RO-16, along with monolayer adsorbent capacity (qm).

The CA-700°* maximum monolayer adsorption capacity was proved to be high when
compared to other adsorbents reported in the literature for the adsorption of RO-16. The
CA-700°2° monolayer removal was superior to that obtained by activated carbon from rice husk
[3] and fish scale [26]. Being also superior to materials such as zeolites and polymeric
composites [67, 68].



L.O. Santos et al., Scientia Plena 18, 094201 (2022) 14

Table 4: Maximum monolayer adsorption capacity for different adsorbent materials.

Adsorbent T(K) pH Time Dosage Jm Ref.
(h) (gL (mggh
AC from Bertholletia excelsa 293 6 5 5 154.8 This
study

AC from Ananas comosus 303 - 2 1 112.35 [37]
AC prepared from rice husk ash 303 7 - 5 18.69 [3]

Modified kenaf core fiber 303 6.5 24 1 416. 86 [19]
AC from Brazilian-pine fruit shell 303 6 5 2.5 426 [34]
Residual brewery yeast 298 3 48 1 340 [71]
psyllium seed powder 303 4 5 2 206.6 [36]
AC from fish scales 303 - 24 1 105.80 [26]
AC from waste sawdust 303 6 12 2 65.79 [49]
AC from coconut shell 298 - 24 5 74.56 [18]
Cross-linked chitosan 303 - 30 2 190.96 [35]
Polystyrene resin (Amberlyst A21) 298 2 3.33 1 175.13 [73]
Chitosan-glyoxal/ TiO, nanocomposite 313 4 35 0.45 390 [39]
Modified zeolite 298 10 25 10 12.6 [67]
Various types of sludge 298 2 24 10 86.8-114  [74]
Chitosan-Fly Ash/Fe;O4 composite 303 4 0.91 0.08 66.69 [68]

AC (Activated carbon)

It was found that there were no significant adjustments of the experimental data to the
Temkin model. Previous studies report that this model is not suitable for describing dye
adsorption equilibrium data [69, 70]. This model is commonly used to predict the gas phase
adsorption equilibrium, since the adsorption process is more complex in aqueous systems [70,
71]. Several factors including pH, solubility of the adsorbate in the solvent and temperature
influence the liquid phase adsorption process. Temkin's equation was proposed assuming a
simpler adsorption phenomenon, disregarding many factors existing in adsorption in aqueous
media [72].

4. CONCLUSION

Activated carbon produced from Brazil nut husk (CA-700°%%) proved to be efficient in
removing the reactive orange 16 dye. The absorbent surface area determined by the BET
method was 461.385 m? g'!, having a pore diameter of 3.83 nm. The FTIR evaluation of the
functional groups on the absorbent surface indicated the presence of phenols, carboxylic acids,
ketones and aromatic compounds. Subsequent studies revealed that material removal is slightly
dependent on the pH of the medium. At a dosage of 10 g L', pH 6, concentration of 100 mg
L', temperature of 20 °C and contact time of 180 min, the removal of RO-16 was greater than
99%. The adsorption isotherm studies showed a better fit of the experimental data by the
Langmuir model, showing that the adsorption of the reactive orange 16 in CA-700°% occurs
mostly in monolayer, with maximum adsorption capacity per monolayer of 154.8 mg g~'. The
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kinetic study showed that the RO-16 equilibrium time occurs in 150 min and that the pseudo-
second order model characterizes the kinetic mechanism of the adsorption process. The present
study demonstrates that the low cost synthesized material is very promising for the treatment of
textile industry effluents.
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