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110, Belém, Pará, Brazil 
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A B S T R A C T   

Thousands of tons of residual lignocellulosic biomass are produced and discarded by agro-
industries in the Amazon. These biomasses could be harnessed and used in the preparation of 
activated carbon, in view of the growing demand for this product with high added value, how-
ever, little is known about their characteristics, in addition to their potential as precursors of 
activated carbon. Therefore, the aim of this work was to evaluate the potential of four different 
biomasses in the preparation and quality of activated carbon. Residues from the processing of the 
fruits of acai, babassu, Brazil nut, and oil palm were collected, characterized, carbonized, phys-
ically activated with CO2, and characterized. The contents of the total extractives, insoluble 
lignin, minerals, holocellulose, and elemental (CHNS–O) were analyzed. The surface area and 
surface morphology were determined from the AC produced, and adsorption tests for methylene 
blue and phenol were performed. The four biomasses showed potential for use in the preparation 
of CA; the residues presented high contents of lignin (21.83–55.76%) and carbon 
(46.49–53.79%). AC were predominantly microporous, although small mesopores could be 
observed. The AC had a surface area of 569.65–1101.26 m2 g− 1, a high methylene blue (93–390 
mg g− 1), and phenol (159–595 mg g− 1) adsorption capacities. Babassu-AC stood out compared to 
the AC of the other analyzed biomasses, reaching the best results.  
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1. Introduction 

Environmental concerns are recurrent today [1]. Technologies that aim to minimize the generation of waste, reuse and recycle 
waste and recover the aggregated matter and energy are required, especially strategies that use these residues in the production of 
products with greater added value [2,3]. These initiatives have social, economic, and environmental benefits in pursuing sustainable 
development [4]. In addition to adding value to waste, the application of these materials in new products can help solve local and 
global environmental problems that are of great concern to us today [5]. 

Utilization and valorization of these residues can be achieved via the production of activated carbon (AC), which has a high 
adsorption capacity [1,6,7]. AC can be used to remove organic compounds and metals and remove contaminants from aqueous so-
lutions, in CO2 capture processes, and support of catalysts and capacitors [8–11]. Any carbonaceous raw material can produce acti-
vated carbon, but not all AC are economically viable [12]. In Brazil, most activated carbon is produced from bovine bones, and other 
AC comes from precursors of vegetable origin, of which that from coconut shell is the most used [13]. In addition, Brazilian AC 
production is insufficient given the country’s needs, and Brazil imports a large quantity of these products. In 2019, Brazil was the 34th 
largest importer of activated carbon globally, representing approximately US $ 12.4 million in imports. However, regarding exports, 
the value of AC export in Brazil was much lower, equivalent to $ 1.2 million, which indicates a significant financial deficit in using this 
product [14]. Given this scenario, the search for new material sources to produce AC is necessary, especially lignocellulosic raw 
material. 

In the Amazon, several agribusinesses generate tons of waste daily [15], such as acai seeds, coconut kernel, and oil palm shells, by 
processing various types of fruit. An estimate of Brazilian production indicates that in 2018, 1.6 million tons (Mt), 221 thousand tons 
(kt), 50 kt, and 34 kt of oil palm, acai, Brazil nut, and babassu were produced, respectively; the state of Pará is the first in production 
and export center for the first three listed fruits [16–18]. As a result, the use of agroindustrial residues for the production of activated 
carbon can be of great importance in the region since this product can add value to some of the material that is usually under-
used/discarded, in addition to indicating a new production process, demonstrating parameters of optimization in improving product 
characteristics [19–21]. This use of activated carbon is even more useful for the Amazon region, which has shown a high potential for 
contaminated areas due to the exploitation of the region’s natural resources [22]. 

The use of residual biomass found on a large scale in the region itself can contribute to the reduction of production costs, which can 
facilitate access to the product. Some studies already point to the use of some of these biomasses through the production of activated 
carbon, however, they are carried out via chemical activation processes [23–30]. Therefore, this work has as a novelty the use of these 
residual biomasses through a simpler production process, which requires basically to heat produce AC, physical activation. In addition, 
it can serve as a basis for accelerating the production and scale-up tests for AC from these biomasses in the Amazon region, as can 
already be seen for waste wood [31]. Knowing the difficulties that the region faces with the difficult access to inputs used in the 
remediation of environmental problems, the creation of local products that can act in this segment is of great importance, both for 
researchers and for decision makers who act in the mitigation of environmental impacts. 

Thus, the hypothesis of this work is that the agro-industrial residues generated in the Amazon region can be used to produce 
activated carbon that can be used in the adsorption of different types of pollutants, generating environmental, social and financial 

Fig. 1. Agro-industrial waste from the Amazon Brazil nut (A), Oil palm shell (B), Acai seed (C), Babassu Kernel (D) used to produce acti-
vated carbons. 
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benefits, through the valorization of these residues. Therefore, the aim of this work is to evaluate the potential of four different 
biomasses, which are residues from Amazon agribusinesses, in the preparation and quality of activated carbon. 

2. Experimental 

2.1. Material 

In the municipalities of Castanhal and Igarapé Acú residues of Euterpe oleracea Mart. (acai seed), Bertholletia excelsa H.B.K (Brazil 
nut) and Elaeis guineensis Jacq (oil palm shell) were obtained. Orbignya speciosa (babassu) waste was obtained in the city of Bragança. 
Both municipalities are in the northeast of the State of Pará in the Amazon region, Brazil. Fig. 1 shows an image of the “in nature” 
materials. Some of the materials were crushed and ground in a mill and passed through 40, 60,100, 200 and 270 mesh screens for 
characterization. The classified materials were stored in an air-conditioned room until they reached a constant mass at a temperature 
of 20 ± 2 ◦C and moisture of 65 ± 3%. The remainder of the material was reserved for later carbonization and activation. 

2.2. Chemical analysis of biomass 

2.2.1. Molecular, elemental and proximate analysis 
For chemical characterization, quantification of insoluble lignin (NBR 7989/2010), total extractives (NBR 14853/2010) and 

minerals (NBR 13999/2003) was performed in the biomasses [32,33]. The milled material that passed through a 40-mesh sieve and 
was retained on a 60-mesh screen was used in this analysis. 

Elemental analysis was performed to determine the amounts of carbon, hydrogen, nitrogen, and sulfur (CHNS) in the material using 
a Vario Micro Cube elemental analyzer (Elemental Excellence in Elements, Germany). The ground material that passed through a 200- 
mesh sieve and was retained on a 270-mesh sieve was used for this analysis. Proximate analysis was performed according to the 
standard of ASTM-D1762-84 [34]. All analyses were performed in triplicates. 

2.3. Activated carbon (AC) production – pyrolysis and activation 

All materials were pyrolyzed separately in a laboratory electric muffle furnace (Quimis, model Q318524) fitted with a gas condenser and a 
pyroligneous liquid collector. The biomasses were inserted inside the reactor and heated at a heating rate of 100 ◦C h− 1 until reaching a final 
temperature of 450 ◦C, which was maintained for 1 h. These carbonization conditions are commonly used in several researches, due to 
obtaining higher gravimetric yields and desirable fixed carbon contents. Then, the carbons were crushed and screened using the fraction 
retained on a 12-mesh sieve to obtain the granular form according to IUPAC recommendations. Physical activation was performed separately, 
specie by specie, in an electric furnace of the cylindrical type with CO2 gas. The carbons were deposited in navicles-type porcelain crucibles and 
heated at temperature was 850 ◦C (with a heating rate of 10 ◦C min− 1), which was maintained for 60 min (residence time at final temperature) 
using a flow of 150 mL min− 1 of CO2 gas for all species. Furnace cooling was carried out naturally and gradually. 

2.4. Surface morphology and textural analysis 

Images were captured using a LEO EVO 40 XVP scanning electron microscope (Carl Zeiss, Germany). The surface area, volume and 
pore size of the AC were determined according to the adsorption and desorption isotherms of N2 at − 196,15 ◦C using Micromeritic 
Tristar II 3020 equipment (Micromeritics, United States). Before the analysis, the samples were treated at 150 ◦C in vacuum for 2 h. The 
relative pressure range (P/P0) used for surface area analysis by the BET method and total pores (Vt) was 0.98. Already the size of the 
pores was calculation in the desorption. 

2.5. Adsorption tests and model adjustment 

2.5.1. Kinetics 
Approximately 10 mg of AC and 100 mL of a methylene blue (MB) solution at a concentration of 10 mg. L− 1 were used to determine 

the adsorption kinetics of the MB dye. The solutions were maintained under stirring, and aliquots were taken at time intervals of 10, 20, 
40, 60, 80, 100, 120, 140, 160, 180, 200, 220 and 240 min. For the phenol adsorption kinetics, approximately 20 mg of AC and 50 mL 
of the phenol solution at a concentration of 100 mg L− 1 were used. The solutions were maintained under stirring, and aliquots were 
removed at intervals of 10, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160 and 180 min. The concentration the solutions was determined 
using a UV–visible spectrophotometer (AJ MICRONAL, model PEX AJX-3000 PC, Belo Horizonte -Brazil) at wavelengths of 665 nm and 
270 nm for methylene blue and phenol, respectively. 

The adsorption amount (qe or qt) of rhodamine B or malachite green on MSPA in the adsorption isotherm and kinetic experiment is 
calculated as follows: 

qe=
V(Co − Ce)

M
× 100 (1)  
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qe=
V(Co − Ct)

M
× 100 (2)  

where Co is the initial concentration and Ce is the equilibrium concentration. Ct is the rhodamine B or malachite green concentration 
over time. M is the quality of MSPA [35]. V is volume of solution. 

2.5.2. Isotherms 
The AC were tested for the adsorption of methylene blue and phenol. The solutions with the activated carbons were maintained 

under stirring at 100 rpm for 24 h at room temperature (25 ± 2 ◦C). The methylene blue isotherms were obtained using 10 mg of 
adsorbent and 10 mL of the solution at different concentrations (10, 25, 50, 100, 200, 400 and 800 mg L− 1) of adsorbate. The isotherms 
for phenol were obtained using 10 mg of adsorbent and 10 mL of the solution at different concentrations (25, 50, 100, 250, 500 and 
1000 mg L− 1) of adsorbate. The equilibrium concentration was performed using a UV–visible spectrophotometer (AJ MICRONAL, 
model AJX-3000 PC) at wavelengths of 665 nm and 270 nm for methylene blue and phenol, respectively. 

2.5.3. Model adjustments 
The data were analyzed using Langmuir and Freundlich isotherm models. 

3. Results and discussion 

3.1. Molecular composition chemistry 

The chemical composition of the biomasses is shown in Table 1. The lignin content of the studied biomasses was from 21.83 to 
56.40%, and Brazil nut presented the highest percentage of lignin. High levels of lignin are related to higher levels of fixed carbon and, 
consequently, higher yields of carbon [36]. Because it has a larger amount of lignin than the other biomasses, Brazil nut also has the 
highest fixed carbon content among all the biomasses, i.e., 32.32%. A high lignin content in biomass favors the production of AC, as 
this substance is more resistant to thermal degradation than holocelluloses. Because it is a carbon-rich component and has a similar 
structure to bituminous carbon, a large amount of lignin in a precursor material is ideal for the production of AC [31,37]. 

In the extractives, the variation was from 4.45 to 24.79% due to differences among the characteristics of the biomasses and due to 
the different processing conditions used. In general, acai and oil palm shell had higher extractive values of 20.33 and 24.79%, 
respectively. These values are approximately five times greater than the values of babassu and Brazil nuts (5.01 and 4.45%, respec-
tively). The extractive content of these materials may have been affected by the remaining almond on the acai core and the oil in the pie 
after palm oil processing. 

The biomasses showed values of 1.76–2.71% for minerals, especially babassu, which had the lowest ash content. Low values of this 
property are a positive factor for the production of AC since mineral components have an unfavorable effect on the adsorption process, 
preferably adsorbing water due to its hydrophilic character [38]. 

The level of holocellulose in the biomass was from 36.44 to 65.46%. Holocellulose can affect the porosity characteristics of AC since 
cellulose predominantly promotes the production of microporous materials [39–41]. 

3.2. Elemental composition 

Fig. 2 shows the average values of the levels of carbon, hydrogen, nitrogen, sulfur and oxygen in the biomasses, charcoal and 
activated carbon. In the biomasses, the percentage of carbon was from 46.49 to 53.48%. The amount of carbon indicates the quality of 
the precursor material for the preparation of activated carbons since this is the main constituent of the structure of these products and 
affects their properties, such as porosity and surface area [42]. The levels of hydrogen, nitrogen and sulfur did not differ among the four 

Table 1 
Average values of the chemical composition, standard deviation (SD) and coefficient of variation (CV) of the residues of the four biomasses.  

Sample names  Chemical composition (%) 

Lignin Extractives Minerals Holocellulosea V.Mb Ash F.Ca,c 

Acai Mean 
SD 
CV 

21.83 
0.37 
1.71 

20.33 
1.35 
6.65 

2.19 
0.09 
4.27 

55.65 
1.54 
2.79 

75.65 
0.82 
0.01 

1.87 
0.10 
0.06 

22.48 
0.91 
0.04 

Babassu Mean 
SD 
CV 

27.77 
0.78 
2.81 

5.01 
0.41 
8.28 

1.76 
0.06 
3.77 

65.46 
0.29 
0.14 

79.61 
0.83 
0.01 

1.59 
0.06 
0.04 

18.78 
0.83 
0.04 

Brazil nut Mean 
SD 
CV 

56.40 
5.35 
0,09 

4.45 
0.24 
5.42 

2.71 
0.02 
0.83 

36.44 
1.02 
0.78 

65.61 
0.29 
0.00 

2.07 
0.05 
0.02 

32.32 
0.27 
0.01 

Oil palm shell Mean 
SD 
CV 

32.91 
0.30 
0.01 

24.79 
0.12 
0.49 

2.67 
0.01 
0.68 

39.63 
1.07 
1.94 

79.62 
0.41 
0.01 

2.46 
0.14 
0.06 

17.92 
0.46 
0.03 

Where = a: Values obtained by difference; b: Volatile matter; c: Fixed Carbon. 
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biomasses. Regarding the oxygen content, the higher values in the biomasses, particularly babassu and acai, may indicate that they 
may have more functional groups on their surface carbons than charcoal and activated carbon. These functional groups act decisively 
in adsorption, as they affect the physical properties, wettability, polarity and acidity of the surface [43–45] Similar results were 
observed by other authors who studied residual biomass [31,46]. 

In general, in charcoal and AC the level of carbon was higher, and the levels of hydrogen and oxygen were lower than biomasses in 

Fig. 2. Average values of the elementary analysis and standard deviation (SD) for the four biomasses, charcoal and activated carbon. Carbon (A), 
Hydrogen (B), Nitrogen (C) Sulfur (D), Oxygen (O). 

J.R.C. Nobre et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e17189

6

nature. Therefore, there was a tendency of increasing carbon levels and decreasing hydrogen and oxygen levels during carbonization 
and activation. The levels of nitrogen and sulfur did not show a clear trend. Pyrolysis enabled us to obtain a product with a high carbon 
content due to the volatilization of compounds containing hydrogen and oxygen via thermal decomposition of its components [47]. 
Activation has similar results as carbonization since it works at high temperatures but uses an activator gas. 

Thus, higher mass yields can be observed due to the trends of increasing carbon and decreasing oxygen, which cause a low oxygen/ 
carbon ratio in the product. Increases in the carbonization-activation temperature are expected to cause an increase in the carbon 
content and a decrease in the hydrogen and oxygen contents since volatile compounds are lost with increasing temperature [48]. In all 

Fig. 3. Micrographs of acai (A), babassu (B), Brazil nut (C) and oil palm shell (D) in three forms. A1, B1, C1 and D1 correspond to the biomasses. A2, 
B2, C2 and D2 correspond to charcoal; A3, B3, C3 and D3 correspond to activated carbon of different materials. 
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species, this behavior was observed. AC have a high carbon content (80.99–93.49%), which indicates that these materials may have a 
large surface area and pore volume. Sugarcane bagasse was used in the preparation of physically activated carbon and obtained values 
of 75.5–88.4% carbon [49]. Carbon content between 58.7 and 75.7% were obtained for activated carbon with CO2 that was prepared 
from black wattle bark [50]. Piassava fiber was used for the preparation of activated carbon with CO2, the authors found a carbon 
content between 82.03 and 13.53% for oxygen [51]. 

3.3. Morphological characteristics 

Fig. 3 shows SEM micrographs of the studied materials (A, B, C and D) in three manners: “in natura” (1), charcoal (2) and activated 
carbon (3). The biomass micrographs show a heterogeneous and amorphous surface, with different morphologies observed for all 
biomasses. The carbonization and activation process caused significant differences in their structures. The biomasses appeared to have 
a structure containing few pores with high heterogeneity. Some fibers were exposed, such as in acai and Brazil nut Fig. 3 (A1) and (C1). 
Babassu had a structure with greater porosity than the other biomasses Fig. 3(B1), with a porous structure in the shape of a honeycomb. 
The oil palm shell had a smoother and more homogeneous surface than the other biomasses Fig. 3 (D1), indicating this biomass had low 
porosity. 

Significant changes occurred in the charcoals Fig. 3 (A2), (B2), (C2) and (D2) after the carbonization process. As a result, the 
charcoals developed heterogeneous surfaces, with globular fractions for babassu and macroporous structures for all the charcoals. The 
charcoals had a higher porosity than the biomasses. During carbonization, carbon atoms are rearranged randomly and irregularly in 
the form of cells (aromatic rings), leaving empty spaces [52]. 

A modification of the surface morphology after the activation process was observed Fig. 3 (A3), (B3), (C3) and (D3). A highly 
porous surface formed due to the intense elimination of volatile compounds during secondary reactions in the structure of the bio-
masses and charcoal due to the high activation temperature. The structure of activated carbon had a homogeneous structure and better 
formed pores than the biomasses. Activation tends to increase the porosity of charcoal since unstable carbons and byproducts of 
carbonization are removed, which can block the pores [52,53]. Apparently, the babassu and Brazil nut AC had a much more developed 
porous structure than the other AC Figure (A3), (B3) and (C3), following the trend observed in the biomasses and charcoal, which can 
be confirmed with the values presented in Table 2. An increase in porosity and changes in the morphology of the precursor material 
after the activation process also were observed by Refs. [54,55], which are mainly related to the shape and size of pores. 

3.4. N2 adsorption-desorption isotherms, surface area and pore structure 

Fig. 4 shows the N2 adsorption isotherms and desorption from activated carbon. According to the IUPAC classification, the 
adsorption and desorption isotherms for Babassu were classified as type I, which are characteristic of microporous materials. For acai, 
Brazil nuts and oil palm shell, the isotherms had type I (b) characteristics of materials with narrow mesopores and a small hysteresis of 
type H4, which is typical of micro mesoporous materials. According to Table 2, the activated carbon with the greatest surface area was 
produced from babassu 1101.26 m2 g− 1, followed by that produced from Brazil nut AC 911.75 m2 g− 1, acai 703.14 m2 g− 1 and oil palm 
569.65 m2 g− 1. The high surface area in babassu activated carbon can be attributed to the fibrous form of babassu coconut. 

The produced AC had a satisfactory surface area, comparable to the average of commercial activated carbon of 600–1.200 m2 g− 1. 
Table 2 presents the values of the surface area from studies that used other types of precursors and the same type of activation. The 
studied AC had a larger surface area than those reported in the literature, which enabled us to infer that the carbons produced are likely 
to have a high adsorption capacity. Some studies show that the surface area of charcoal tends to increase significantly at lower py-
rolysis temperatures (between 400 and 600 ◦C) and tends to decrease at higher temperatures (between 700 and 800 ◦C) [56]. However, 
it is worth noting that in the present study, activating chemistry agents were used, which ended up contributing efficiently to 
increasing the surface area of the carbon, demonstrating the importance of activation at correct temperatures and with the good use of 
activating agents. 

The distribution of the pore size for the AC when the Functional Density Theory (DFT) method was applied are shown in Fig. 5. We 
observed a typical distribution of pore size of the AC prepared from the four biomasses, which indicates that the main peak was below 
2 nm. Thus, the predominantly microporous nature of the material was demonstrated. Mesopores were found in all the AC. The 
development of these mesopores may be associated with the burning of the internal walls of the existing micropores, which makes 

Table 2 
Textural properties of the activated carbons.  

Sample names SBET (m2.g− 1) Vt (cm3.g− 1) Dav (nm) References 

Acai 703 0.35 2.04 
2.05 
1.94 

This work 
Brazil nut 911 0.45 This work 

This work 
This work 

Babassu 1101 0.51 
Oil palm shell 569 0.27 2.00 
Piassava of Amazon 492 0.82 – [12]Castro et al., 2019) 
Charcoal waste 736 0.58 1.24 (Maneerung et al., 2016) 
Buckwheat husk 578 0.261 – (Pena et al., 2020) 
Sawdust massaranduba 697 – – (Nobre et al., 2015) 

Where = SBET: surface area; Vt: total pore volume; Dav: average pore diameter. 
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Fig. 4. Nitrogen adsorption-desorption isotherms at 77 K for the activated ACs of the four biomasses.  

Fig. 5. Pore size distribution of the ACs obtained from the four biomasses. Acai (A), Babassu (B), Brazil nut (C), Oil palm shell (D).  

Fig. 6. Adsorption kinetics for methylene blue and phenol (25 ◦C) on activated carbon. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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them have a uniform large size. 
According to the authors, condensation may be responsible for the microporosity and large surface area in AC. The suggested 

mechanism was a condensation reaction, such as R, - OH + R, H + R, R, + H, O, followed by an attack on carbon by the steam 
generated. It has also been suggested that this type of oxygen action would affect the atomic configurations. Therefore, the micro-
porosity developed may be related to the combination of oxygen and carbon in the raw material during the pyrolysis process, especially 
carbon monoxide. By observing the oxygen content of the biomasses and respective AC (Fig. 2), we can associate the characteristics of 
porosity and surface area with these contents. Thus, the results that stand out are for babassu, Brazil nut, acai and oil palm shell in 
order. 

The same order is also followed for the microporosity and surface area results of the carbons. Microporous AC provide a greater 
capacity for the adsorption of small molecules, such as gases, and solvents of reduced dimensions and molecular masses [57]. In 
contrast, the development of mesoporosity is more desirable than microporosity when the AC are intended to be used in liquid phase 
applications, such as in the adsorption of organic acids [58]. 

3.5. Adsorption kinetics 

Fig. 6A and (B) shows the adsorption kinetics of AC for the removal of methylene blue and phenol compounds. There was rapid 
adsorption of methylene blue dye by babassu AC in the first 30 min (Fig. 6A). For the other AC, the adsorption was slower. This result 
may be related to the characteristics of these AC, such as their high surface area and porosity in addition to the filling of the active sites 
in the adsorbents. Even after 80 min, equilibrium was not achieved (which implies that the curve continued to increase with 
adsorption). The babassu AC showed a removal of approximately 80% for methylene blue at 245 min. The adsorption speed may be 
related to the number of adsorption sites and free functional groups available on the surface of the carbons in addition to the minor/ 
major stereochemical impediment for dye molecules. The rapid filling of the adsorption sites and the subsequent adsorption process 
may become slower [59]. 

The dye removal by babassu activated carbon was higher than that by the other AC produced. This difference can be attributed to 
the amount of oxygen in this biomass and its surface chemistry [60]. Babassu AC had the highest oxygen content or the AC produced 
(14.49%), and the presence of oxygen in the carbons of babassu AC is substantially linked to the surface, which is responsible for 
binding to the functional groups. These groups are very important in the adsorption process since they are on the surface and can be 
physically chemically bound to the adsorbed substances [9]. Thus, the surfaces can be modified in terms of acidity, polarity and 
wettability depending on the oxygen content and functional groups that form. Another factor that can explain this result is the surface 
area of these carbons. 

Larger surface areas have more sites and a higher adsorption capacity than smaller surface areas. The babassu AC had the largest 
surface area of the AC produced, followed by the Brazil nut, acai and oil palm shell AC, as shown in Table 2. Porosity also affects the 
adsorption capacity. As observed in the electron micrographs (Fig. 3), the babassu AC had a higher porosity and better formed pores 
than the other AC produced. This factor especially contributes to physical adsorption. The aforementioned factors affect adsorption, 
but it is difficult to specify the impact of each factor. Therefore, the performance of an activated carbon in adsorption can be explained 
by these factors, but the characteristics of the adsorbate and adsorption conditions must also be determined. 

Fig. 7. Adsorption isotherms for methylene blue by the ACs produced from the four biomasses. Acai (A), Babassu (B), Brazil nut (C), Oil palm shell 
(D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Phenol removal (Fig. 6B) occurred most efficiently in the first 40 min of adsorption for all the AC and gradually decreased until 
equilibrium was reached. 

The babassu AC again was notable in relation to the others, with almost 100% removal of phenol. The high removal of phenol by the 
babassu AC than the other AC produced may be related to its surface area, pore size and/or surface chemistry, as previously described. 
For all AC, equilibrium was reached in approximately 140 min. The removal of these dyes is related to the surface area. The lower 
removal of methylene blue and phenol by the Brazil nut, oil palm shell and acai AC can be attributed to the smaller surface area of both 
carbons. In addition, other factors, such as the adsorbate characteristics, surface chemistry, porosity, and adsorption conditions, may 
have affected the adsorption kinetics. 

The adsorption efficiency by different activated carbons is reported in literature and compared with the activated carbons in this 
study. The AC prepared from the four biomasses showed high efficiency in removing these dyes, especially the babassu AC, even when 
comparable to chemically activated and commercial carbons. Ramírez Muñoz et al. [61] observed removal of 50% of MB in AC of oil 
palm waste chemically activated with ZnCl2 and achieving equilibrium in 120 min. Already Ghasemi and Asadpour [62] observed 
adsorption equilibrium curve in the removal of MB in 170 min commercial AC chemically activated with H2SO4. For phenol 
adsorption, Qu et al. [63], observed efficiency of 87.3% and adsorption equilibrium of 60 min for commercial activated carbons. El 
Hannafi et al. [64], obtained a 54% efficiency in removing phenol and adsorption equilibrium at 60 min in AC of Peach stone 
chemically activated with HCl. 

3.6. Adsorption and adjustment of the models 

3.6.1. Methylene blue 
The methylene blue adsorption isotherms for the AC studied are shown in Fig. 7. AC are efficient for the adsorption of methylene 

blue, with values of 93–390 mg g− 1. This efficiency may be related to the presence of mesopores since they have been reported to be a 
determining factor in the adsorption of large molecules, such as the methylene blue molecule [65]. Another possibly related factor is 
the surface area of the AC. The highest values were found for babassu and Brazil nut AC, which also had larger surface areas than the 
other AC produced. 

The activated carbons produced in this work showed satisfactory performance for removing methylene blue and were compared to 
other AC produced from different lignocellulosic biomasses and activation processes reported in the literature. The babassu and Brazil 
nut AC presented higher qm values than all the other AC. However, these values are approximately half of those of chemically activated 
AC, which shows that chemical activation is more efficient for producing materials with a high capacity to remove methylene blue. 
Castro et al. [31], and Albadarin et al. [66], working with activated carbon of different biomasses and physical activation obtained 
removal (qm) of 341.4 and 36.25 mg g− 1 respectively. Small et al. [67], using physical activation in coke sand obtained removal of 124 
mg g− 1 for MB. Rodriguez Correa et al. [68], and Ramírez Muñoz et al. [61],observed removal of 747 and 763.4 mg g− 1 for chemically 
activated carbons from different biomasses and Palm fiber respectively. 

Langmuir and Freundlich models for the adsorption of methylene blue (MB) on the different produced AC are described in Table 3. 
Comparing the values of R2 (Qe vs. Ce), the Langmuir model presented a better fit for the isotherm data of methylene blue on the acai 
and babassu AC than the other AC produced. Thus, the occurrence of adsorption in the monolayer or a homogeneous surface indicates 
adsorption by chemisorption [66]. In the Brazil nut and oil palm shell AC, the data were better adjusted in the Freundlich model, which 
indicates that adsorption probably occurs in multilayers. 

3.6.2. Phenol 
The phenol adsorption isotherms for the AC produced from the different biomasses are shown in Fig. 8. All the AC had a high 

capacity for phenol adsorption, with a maximum capacity greater than 159 mg g− 1, especially the babassu AC (596, 69 mg g− 1). The 
result of adsorption can be considered satisfactory, since the, in aqueous solutions H bonds decreases the adsorption of phenol [69]. 
This high adsorption can be attributed to the large surface area and microporosity of this carbon. 

Table 4 presents the Langmuir and Freundlich parameters for phenol adsorption. It is observed that for all the activated carbons in 
this study, the Freundlich model obtained a better adjustment of the adsorption data than the Langmuir model, this tendency was 
observed in other works [69,70]. All the AC had a high adsorption capacity. The 1/n values of the AC were 0.274–0.563, which in-
dicates a heterogeneous surface of these materials. 

3.7. Practical applications and future perspectives 

The evaluated materials showed promising results for use to produce activated carbon. With the use of residual biomass available in 
the Amazon region itself, the costs to produce activated carbon can be significantly reduced. As a result, water treatment costs in the 
region can follow the same cost reduction trend. It is important to remember the importance of tropical forests for climate control, and 
it is worth highlighting the importance of the Amazon for local and global biodiversity. Thus, actions aimed at its preservation and the 
remediation of environmental problems found in this region should be valued. Especially when adding value to waste available on a 
large scale in the region. The study of new adsorbent materials that can remedy pollution in aquatic and terrestrial environments is 
extremely important to ensure the maintenance of a possible production of activated carbon, guaranteeing good results and a reduction 
in costs. With this, it is possible to directly achieve goals 6 (Clean water and sanitation), 14 (Life below water), and help indirectly 
achieve goal 13 (Climate action) of the United Nations Sustainable Development Goals [71]. 

Future studies may focus on evaluating the adsorption of other organic and inorganic pollutants. In addition, other types and 
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conditions of physical and chemical adsorption can be evaluated, to increase the adsorption capacity of the biomass investigated in this 
study. Studies that evaluate the effect of pH, as well as studies that evaluate desorption, to establish the life cycle of the adsorbents 
produced must be carried out, in order to generate more knowledge about the materials. In addition, studies that investigate the 
adsorption mechanism of the adsorbents characterized in this study are of great importance to guarantee the commercial and industrial 
application in an appropriate way, guaranteeing improvements in the adsorption of pollutants. 

Other residual biomass found in the Amazon region should also be evaluated in the production of activated carbon, with the aim of 
increasing the availability of precursor materials that can be used in this production. Finally, we suggest that studies that evaluate the 
economic feasibility of producing activated carbon with these residual biomasses should be carried out, in this way, more accurate 
information about the costs of production and application of the material can be obtained. 

Table 3 
Langmuir and Freundlich parameters for the adsorption of BM on the activated carbon produced form the different biomasses.  

Molecule ACs Langmuir parameters Freundlich parameters 

qm KL R2 KF 1/n R2 

Methylene blue Acai 79.37 0.050 0.975 16.49 0.249 0.818 
Babassu 348.88 0.744 0.890 98.05 0.232 0.830 
Brazil nut 383.33 0.018 0.948 35.62 0.018 0.994 
Oil palm shell 223.98 0.010 0.840 6.24 0.568 0.937 

Where = qm: maximum adsorption capacity (mg.g− 1); KL: Langmuir Constant (L.mg− 1); R2: correlation coefficient; KF: Freundlich constant [(mg. L− 1) 
(L. mg− 1)1/n]; 1/n: Freundlich parameter. 

Fig. 8. Adsorption isotherms for Phenol by the ACs produced from the four biomasses. Acai (A), Babassu (B), Brazil nut (C), Oil palm shell (D).  

Table 4 
Langmuir and Freundlich parameters for the adsorption of phenol by the activated carbons produced from the different biomasses.  

Molecule ACs Langmuir parameters Freundlich parameters 

qm KL R2 KF 1/n R2 

Phenol Acai 159.95 0.060 0.738 29.55 0.274 0.807 
Babassu 596.69 0.010 0.949 29.31 0.468 0.969 
Brazil nut 399.50 0.010 0.806 11.19 0.563 0.915 
Oil palm shell 391.00 0.002 0.910 10.82 0.524 0.982 

Where = qm: maximum adsorption capacity (mg.g− 1); KL: Langmuir Constant (L.mg− 1); R2: correlation coefficient; KF: Freundlich constant [(mg L− 1) 
(L.mg− 1)1/n]; 1/n: Freundlich parameter. 
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4. Conclusion 

The residues produced from four biomasses have high potential to be used as precursors in the preparation of physically activated 
carbon. The prepared activated carbons had high microporosity with a surface area of 569.65 m2 g− 1 for oil palm shell and 1101.26 m2 

g− 1 for Babassu. All the activated carbons had a high adsorption capacity for absorption of methylene blue (79.37–383.88 mg g− 1) and 
phenol (159.95–596.69 mg g− 1). Among the activated carbons produced from the four biomasses, the Babassu and Brazil nut activated 
carbons were superior because in addition to having a large surface area, they had a greater adsorption capacity. Babassu AC had a 
higher oxygen content and surface area than the other AC produced and an excellent porosity adsorption capacity for methylene blue 
and phenol. With the findings of this study, it is possible to devise strategies for the reuse of waste in a higher value-added production, 
bringing different benefits to the Amazon region, ensuring the maintenance of its sustainability in different aspects. 

New studies can evaluate other conditions of physical and chemical activation, aiming at increasing the adsorption capacity of 
biomass. In addition, the study of other residual biomass available in the region and research that assess the economic viability of AC 
production are of great importance for the advancement of the sector in the Amazon region. Studies that evaluate the adsorption 
mechanism of these studied materials should also be developed, to facilitate the understanding of the factors involved in the adsorption 
process. 
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