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Abstract

In this present study, it aimed to characterize biomass and obtain charcoal by means of pyrolysis of Cocos nucifera L. from a
fractional planning 2*" to be used in the removal of methylene blue. The investigated effects were temperature of 500 and 550
°C, heating rate 10 and 20 °C/ min, gas flow 1 and 4 mL/ min, and time of 30 and 60 min. The biomass composition showed
values for cellulose 36%, hemicellosis 11.2%, lignin 32.1%, calorific value of 17.5 MJKg™, density 0.158 g/ mL, carbon 45.1%,
hydrogen 6.8%, oxygen 0.4%, and nitrogen 47.7%. The results indicate that among the investigated effects, only the temperature
influenced the charcoal yield. The best yield was at 500 °C with a specific surface area of 30.3801m?/ g, a maximum methylene
blue adsorption capacity of 67.7%, and better fit to the Langmuir isotherm model with a correlation coefficient R* = 0.9804.
Regarding thermal analysis, it was observed that above 250 °C lignocellulosic thermal decomposition begins. The charcoal
presented uniform size and pores, which influenced the adsorptive process of removing methylene blue.

Keywords Cocos nucifera L. - Pyrolysis - Charcoal

1 Introduction

The thermogravimetric treatment of residues of cocos nucifera
L. using the rapid pyrolysis technique for the production of
charcoal is justified in the provisions of Law 12.305 / 2010,
which institutes the National Policy for Solid Waste (PNRS)
in Brazil. This law provides for the non-generation, reduction,
reuse, recycling, and treatment of solid waste [1, 2].

The use of solid urban waste in the thermal process con-
tributes to the diversification of the Brazilian energy plan.
These are presented as raw material in the thermogravimetric
treatment to obtain biofuels, such as charcoal [3]. The use of
the Cocos nucifera L. residue resulting from industrialization
reduces the inadequate disposition and adds value to the pro-
duction chain.

Pyrolysis is a thermal degradation treatment of lignocellu-
losic biomass carried out in the total or partial absence of
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oxygen under an inert atmosphere that consists of producing
charcoal, bio oil, and gas. The final yield for each product
depends on the investigated effects [4].

The residues of Cocos nucifera L. for the production of
charcoal is justified by its low cost, availability in the country
and by the need to know its characteristics and behavior in
terms of heat treatment at different temperatures, as well as
obtaining information related to the removal of contaminants
through charcoal [5, 6].

The pyrolysis temperatures 500 and 550 °C were chosen in
order to verify the charcoal yield in a small temperature vari-
ation and to generate information for future research. The
stability of the produced charcoal depends on the composition
of the biomass and the effects investigated in the process.
Pyrolysis when carried out at high temperatures, the other
factors do not influence it. The high rate of heating increases
the combustion of volatiles without interfering with charcoal
yields [[7, 8]].

Residues of Cocos nucifera L. have already been studied in
the pyrolysis process at different temperatures (350, 450, and
550 °C), and it is reported that higher levels of fixed carbon
can be obtained at higher temperatures [9].

The methylene blue cationic dye in aqueous solution serves
as a model compound for adsorption of organic contaminants.
The Cocos nucifera L. charcoal was produced, characterized
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in terms of its properties and adsorption capacity in order to
produce knowledge for future research.

In this study, the objective was to characterize the biomass,
to obtain charcoal by means of pyrolysis of Cocos nucifera L.
from a fractional planning 2*" to be used in the removal of
methylene blue.

2 Materials and methods

2.1 Waste collection, preparation, and
characterization of biomass and charcoal

The material under study is the Cocos nucifera L. residue,
consisting of the epidermis, fibrous mesocarp, endocarp, and
albumen. Cocos nucifera L. waste was collected from a park
in the urban sector of Palmas in Tocantins, Brazil. Figure 1
presents the methodological evolution of the procedures per-
formed in the research.

All procedures employed in biomass characterization are
presented in Table 1. Thermogravimetric characterization-
TGA was performed with heating rates of 10 and 30 °C /
min. Thermogravimetric analyzer (Shimadzu Brand and
Model TGA-50).

2.2 Pyrolysis unit

The conversion was performed in a fixed pyrolysis reactor that
has a 100 °C stainless steel bipartite furnace, where a 100-cm
long quartz tube and 10 cm external diameter is coupled. The
reactor is of the FLYEVER brand of model FESORPN, line
05/50 with micro controller.

The quartz tube is the region where the thermogravimetric
process occurs. The carrier gas traverses the entire dimension
by dragging the liquid and gaseous fractions of the reaction
bed.

Table 1
charcoal

Characteristics of the raw Cocos nucifera L. fiber and its

Analytical parameter Analytical method

ISO-589-1981
ISO-5623-1974

Moisture (%)
Volatile matter (%)?

Ash (%)* ISO-1171-1976
Fixed carbon (%)* By difference
Density (g/mL)° Gravimetric test
Carbon (%)b Elemental analysis
Hydrogen (%)° Elemental analysis
Oxygen (%) By difference
Nitrogen (%)° Elemental analysis
Sulfur (%)° Elemental analysis

Si, P, Ca, Fe, K (%)°
Functional groups (%)
HHV (MJ/kg)

Cellulose (%)
Hemicellulose (%)
Lignin (%)

Thermal characterization

X-ray fluorescence
FTIR

ASTM D-3286-96
Klason method
Klason method
Klason method
TGA/DTG

Micrographs Scanning electron microscopy (SEM)
surface area Brunauer-Emmett-Teller (BET)
Organic carbon Total organic carbon (TOC)
Methylene blue index JIS 1474

*Dry basis

®Dry and ash free basis

The pyrolysis process was performed in a fixed bed
reactor with a split reclining oven heated at temperatures
of 500 and 550 °C. The total residence time of the bio-
mass in the reactor was 2 h and the residence time of the
vapors was considered the period of occurrence of the
carrier gas flow. Figure 2 shows the pyrolytic treatment

SAMPLE COLLECTION
TG PCS FTIR FRX SEM % GAS 0 BIO-OIL
PYROLYSI
BIOMASS BIOMASS PREPARATION OLYSIS
¢ 47 ¢ % CHARCOAL
IMMEDIATE ANALYSIS KINETICS AND
FIBER ANALYSIS APPARENT *

COMPOSITION DENSITY + * + +
TOQ SEM BET IMMEDIATE
ANALYSIS

Fig. 1 Methodological evolution of research
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Fig. 2 The thermogravimetric
conversion pyrolytic treatment
unit, 1- Thermostat; 2- inert gas;
3- Gas flow control; 4- quartz

tube; 5- biomass briquette, 6- tu-
bular oven; 7-reactor; 8- cooling
column; 9- water outlet; 10- water
inlet 11- pyrolytic liquid collector

unit used for thermogravimetric conversion of biomass to
solid fraction.

For mass balance purposes, the solid product was collected
directly from the reactor, and the pyrolytic liquids were recov-
ered in the vapor condensation system and had their yields
calculated.

2.3 Experimental procedure

The experimental procedure in this study was divided into
three steps whose operating conditions are found in the
Table 2.

For the determination of charcoal and liquid through fast
pyrolysis, a fractional experimental multivariate planning in
the order of 2*"! was used, in which a total of 11 processes
were performed. The investigated effects were temperature
(°C), heating rate (°C/min), gas flow (mL/min), and reaction
time (min). The domains of the parameter ranges studied in
this research have already been studied by other researchers
[8, 9].

The number of factors whose effects are to be verified is
directly proportional to the factorial order of the planning and
thus to the number of interactions. With the factorial design in
the order of 2k, it also increases the number of interactions.

The fractional planning allows only obtaining information
of main effects in the process. The choice for fractional plan-
ning was due to its advantages such as the reduction of the
number of experiments and consequently the reduction of
analysis costs and optimization of time without compromising
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the process. The experiments were performed according to
Table 3.

3 Results and discussion
3.1 Biomass Characterization

Table 4 informs a value related to the characterization of the
residual biomass of Cocos nucifera L.

Table 4 shows the average density of the Cocos nucifera L.
fiber approximately 0.16 g/mL. The low value suggests a po-
rous structure, with empty spaces filled with air.

The elementary analysis allows the identification of the
parts percentage: carbon, nitrogen, and hydrogen, which are
important parts on the production of the desirable final solid
product, which is charcoal, and, therefore, related to the pres-
ence of mineral substances, such as calcium, potassium, phos-
phorous, magnesium, iron, and sodium present in the soil or in
fertilization.

The humidity is the weight loss suffered by the product
when heated in conditions where water is removed. And under
these conditions, some volatile substances that make up the
biomass are also removed.

It is important to understand that low humidity values are
interesting for several reasons, as they interfere with the calo-
rific value of the solid product, which is the main criterion for
fuel quality. The higher the humidity content of the wood, the
lower its combustion power, due to the humidity evaporation

Table 2 Parametric conditions used in the pyrolysis of Cocos nucifera L. fiber

Initial tests with production of bio oil and charcoal

Fractional experimental design

Parameters

Temperature (°C) 500 and 550
Nitrogen gasflow (mL/ min) 4

Heating rate (°C/ min) 20

Time (min) 30

500, 525, and 550
1,2.5,and 4

10, 15, and 20
30, 45, and 60
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Table 3  Summary of operating conditions for the experiments

Operating conditions

Temperature (°C) N, flow rate (mL/min) Heating rate  Time

(°C/min) (min)
1 500 1 10 30
2 550 1 10 60
3 500 1 20 60
4 550 1 20 30
5 500 4 10 60
6 550 4 10 30
7 500 4 20 30
8 550 4 20 60
9 525 2.5 15 45
10 525 2.5 15 45
11 525 2.5 15 45

process, which absorbs the combustion energy. According to
Vale et al. [10], the high humidity content can contribute to the
spread of the fungus, degradation of matter and even increase
transportation costs.

The residual biomass of the Cocos nucifera L. presented an
average of humidity value of 7.6%, slightly lower when com-
pared with the values presented by Tsai, Lee, and Chang [11]
that obtained humidity of approximately 11.26%.

Table 4 Characteristics of the Residual biomass of Cocos nucifera L.

Analytical parameter Values
Gravimetric test (g/mL) Density 0.158
Immediate analysis (%) Moisture 7.6
Volatile matter 81.5
Ash 1.98
Fixed carbon 8.92
Elementary analysis (%) Carbon 45.1
Hydrogen 6.8
Oxygen 0.4
Nitrogen 47.7
Sulphur -
+ Cellulose 36.0
Fiber composition (%) Hemicellulose 11.2
Lignin 32.1
Superior calorific power (MJ kg™") 17.5
X-ray fluorescence Spectroscopy (%) Si 0.191
P 0.181
Ca 1.643
Fe 0.280
K 5.017

@ Springer

The quantity of volatile components determines the igni-
tion potential of any given material. When quantified the ma-
terial expresses the potential of reactivity on the presence of
heat. The average value of volatile materials identified on the
studied biomass was 81.5%, a higher value than the one iden-
tified by Cortez et al. [12], which was 73.30%.

The level of fixed carbon (FC) found was of 8.92% and
represents the more stable compounds that form the structure
of the studied biomass. The fixed carbon contributes to the
formation of charcoal and bio-oil when submitted to the pro-
cess of pyrolysis.

On the elementary analysis of the Cocos nucifera L. fiber,
the identified values are informed on Table 4 and are similar to
the ones found by Cortez et al. [12] and De Andrade et al. [9],
especially the level of carbon, which was respectively of42.11
and 48.23% for the carbon. According to Cortez et al. [12], the
values obtained on the elementary analysis can vary because
of the variety analyzed, as well as the maturation level.

The energetic potential of plant biomass is related to the
calorific value and a higher concentration of carbon, while the
presence of sulfur and nitrogen indicates a potential polluter to
the environment, since after combustion they are liable to
form compounds such as nitrogen oxides (NOx) and sulfur
(SOx).

The decomposition of the chemical compounds occurs in
different temperature ranges, while the hemicellulose and the
cellulose are decomposed on temperature ranges of 220-315
°C e 315400 °C, respectively. The lignin will decompose on
a much broad temperature range of 160-900 °C.

The determination of lignocellulosic material levels is very
important, as they are similar to the values obtained from the
products on the end of the pyrolysis. The percentual of ligno-
cellulosic materials of Cocos nucifera L. fiber found was of
36.0% of cellulose, 11.2% of hemicellulose and 32.1% of
lignin. It is worth to note that the difference obtained for the
value of 100% is related to the level of ashes and extractives
that are not evaluated here.

For Demirbas [13], the level of lignin is directly related to
the calorific power of the vegetal biomass. According to
Demirbas [13], the higher the level of carbon is, the higher
will be the thermal stability, which is a indicative of quality
and production of vegetal charcoal.

The superior calorific power found was of 17.5 MJKg™,
relatively equal to the value obtained by Cortez et al. [12],
who obtained 17.41, and lower than the values of 20.51 and
22.83 found by Tsamba, Yang, and Blasiak [14] and Tsai,
Lee, and Chang [11], respectively.

On the analysis of the X-ray fluorescence spectroscopy of
the Cocos nucifera L. fiber, the five chemical elements that
presented the highest concentration were K, Ca, Cl, Si, and P.
According to Antonkiewicz et al. [15], the elements K, Ca,
and P are macronutrients essential to the development of the
plants, as they are easily absorbed in the soil.
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3.1.1 Thermogravimetric analysis (TG) e derivative
thermogravimetric

Figure 3 shows the thermogravimetric curves (TG) and the
derivative thermogravimetric (DTB). The curves were obtain-
ed with the application of heating rates of 10 and 30 °C/min.

Through the ATG/ DTG curves, it is possible to observe
the events that occurred during the decomposition process of
the Cocos nucifera L. fiber. The ATG curve presents a decline
on the range of 25-150 °C, which corresponds to a mass
volume loss of 10.84%. This loss is related to the elimination
of water present on the fiber.

On the temperature range of 150-650 °C, observed the second
event of the fiber decomposition is observed, which corresponds to
a mass volume loss of 57.04%. Therefore, this is the most intense
event of the matter decomposition with a significative mass vol-
ume loss, which corresponds to the thermal degradation of the
lignocellulosic components of the Cocos nucifera L. fiber.

The second event occurs on a large temperature scale, and
this happens because of the degradation of substances which
possesses on its composition groups of oxygen on the surface
suggesting that these are respectively the hemicellulose and
cellulose.

When observing the DTG curve, it is possible to confirm
that the highest variation on the thermal degradation process
occurs on the second event, most precisely on the temperature
range of 278.56-327.99 °C on a heating rate of 2.51 min/°C.

After the temperature reaches 650 °C, there are no more
relevant events, and a stability process is observed, possibly
connected to carbolic groups that are more stable than the
oxygenic groups previously described, which possibly hap-
pens because of the thermal degradation of the lignin.

Albinante [16] informs that the natural fibers are composed
by cellulose, hemicellulose, pectin, lignin, and extractives
(fats, proteins, and inorganic salts), with the cellulose being
responsible for its resistance, because of its higher level of
polymerization and molecular orientation.

3.1.2 Spectroscopy of Infrared With Altered Fourrier —-FTIR

Figure 4 informs the infrared spectrum of the Cocos nucifera L.
biomass obtained through the FTIR technique. The interpretation
was based on the tables of Silverstein et al. [17] and Pedroza et al.
[18], and the results are demonstrated on Table 5.

3.1.3 Scanning Electron Microscope- SEM

The determination of the structure of a surface was obtained
through a scanning electron microscope. Figures 5 and 6 show
a micro image of the fiber Cocos nucifera L. with a porous
structure in evidence.

It is possible to observe a rough surface, with the presence
of cracks, as well as the presence of microcrystals, which can
be deposits of silicates, inorganic substances impregnated in
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Fig. 3 Thermogravimetric degradation curve of the Cocos nucifera L. fiber
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Fig. 4 Cocos nucifera L. fiber FTIR spectrum

the fiber as shown in Fig. 6. The silicates, which are com-
pounds formed by silicon and oxygen atoms (SixOy) are min-
erals found on rocks, so their presence shows the influence of
the soil on the composition of the Cocos nucifera L. fiber. It is
possible to infer according to the image that this is not a com-
pact structure, which suggests a matter with the presence of
empty spaces. These empty spaces can contribute with the
transfer of heat and the thermogravimetric degradation.

3.2 Results of the pyrolysis products on the
experimental planning2*”

A mass balance with the goal of obtaining the results of the
pyrolysis for solid and liquid fractions was performed. The

Table 5

2000 1500 1000 540

cm-1

results of the products of the Cocos nucifera L. fiber pyrolysis
obtained with the experimental planning 2*"' on a fixed py-
rolysis reactor are presented in Table 6.

The maximum results of pyrolytic liquid product (bio oil +
acid extract) was 37.43% at a temperature of 500 °C in an inert
gas outflow rate of 1 mL/ min, heating rate of 20 °C/min, and
60 min pyrolysis time, while the minimum result was 28.39%
at a temperature of 500 °C in an inert gas outflow rate of 1 mL/
min, heating rate of 10 °C/min, and 30 min pyrolysis time.

The maximum results of Cocos nucifera L. fiber charcoal
obtained were 35.57% at a temperature of 500 °C in an inert
gas outflow rate of 1 mL/min, heating rate of 20 °C/min, and
60 min pyrolysis time, while the minimum result was 28.39%
at a temperature of 500 °C in a 4 mL/ min inert gas flow, a

Interpretation of the infrared spectrum of the biomass of Cocos Nucifera L.

Absortion rate (cm™) Transmittance (%) Functional groups

Axial stretch OH, presence of water, carboxylic acids, alcohols, and phenols of aliphatic structures

Mono or disubstituted alkynes, aliphatic nitriles, and phosphorus

Aromatic vibrations with C-H deformations, carbohydrates, and lignin

3800-3050 52.11

3000-2900 64.13 Aromatic alkenes

2400-2300 85.91

2110.36 88.38 C = C axial strain vibration
1980.75 91.34 Alkinos

1728.95 69.89 Group C=0

1607.14 53.26 OH, alkanes, and water

1509.99 76.41 C = C, aromatics present in lignin
1452.38 71.62 C-H, aromatics present in lignin
1423.2 71.31

1374.17 65.38 C-H polysaccharides

1327.67 71.27 C-O and C-H, lignin aromatic ring
1239.33 43.31 C = O present in carboxylic acids
1160.55 51.31 C-O-C, esters present in cellulose
1032.22 10 C-O cellulose

896.72 77.3 C-H, present in hemicellulose and cellulose
920- 460 89.12

Alkenes, alkanes, ethers, and carboxylic acids

@ Springer
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2017/08/14

DEMat-UFRN9217 11:11H D59 x1.5k  50um

DEMat-UFRN7937

2017/07/04 1846 H D6.5 x250 300 um

Fig. 5 Micro image of the Cocos nucifera L. fiber with an amplification1.5 k (a) and 250 times (b)

heating rate of 10 °C/min and a pyrolysis time of 60 min and
the minimum yield was 20.18% at 550 °C in an inert gas
outflow rate of 1 mL/ min, heating rate of 20 °C/min, and
pyrolysis time of 30 min.

In the study of pyrolysis results in the central point present-
ed in Table 6, it was possible to verify that the average char-
coal result was over to 35% in which it resembles tests 1 and 5
which also has the highest charcoal results according to the
experimental design studied.

To verify the influence of the studied parameters on the
charcoal production, it was used on Statistica Software ver-
sion 10 to evaluate the effects shown in Fig. 7.

It is possible to observe that none of the studied factors has
influence on the pyrolysis process for charcoal and bio oil
production, since the values of the parameters used in the
experimental design were not statistically significant, which
may possibly attributed to the losses resulting from the pyrol-
ysis process in the reactor used as shown in Fig. 7. Thus,
among the parameters evaluated for Cocos nucifera L. bio-
mass, one can choose the one with the lowest energy cost
and time.

DEMat-UFRN9210 2017/08/14 10:50 H

D51 x1.5k  50um

3.3 Charcoal and liquid results obtained by coconut
fiber pyrolysis

Experimental data obtained on Cocos nucifera L. fiber pyrol-
ysis with regard to temperature are presented in Tables 7 and 8
for charcoal and liquid production, respectively.

In the analysis of charcoal variances, considering a 95%
confidence level, it was observed that the value of T found is
less than the value of t-critical, which means null or zero effect
because it is very close to the error standard. Such observation
is repeated for both the one-tailed and bi caudal hypothesis
test.

According to Pedroza et al. [18], the reactions that occur
during the pyrolysis process are fully correlated with the tem-
perature at which biomass is subjected. The temperature is a
parameter that influences the results in charcoal, liquids, and
non-condensable gases, and the higher the temperature, the
higher the degree of thermal decomposition of the biomass,
with consequent increase in the amount of pyroligneous lig-
uids and gases and the lower yield in charcoal. To verify the
existence or not of significant difference, the 7 test was applied

11:03 H D5.1 x1.5k

DEMat-UFRN9214 2017/08/14 50 um

Fig. 6 Micro image of the Cocos nucifera L. fiber with an amplification of 1.5 k
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Table 6 Results of the solid and

liquid fractions of the Cocos Tests Parameters Results
nucifera L. fiber pyrolysis.
Temperature Gas outflow Heating rate Time Liquid Charcoal
(O] (mL/min) (°C/min) (min)
1 500 1 10 30 2839 3532
2 550 1 10 60 32.85 34.17
3 500 1 20 60 3743 32.20
4 550 1 20 30 30.10 34.17
5 500 4 10 60 28.57 35.57
6 550 4 10 30 29.89 32.87
7 500 4 20 30 30.89 32.63
8 550 4 20 60 30.01 27.06
9 525 25 15 45 28.96 35.50
10 525 25 15 45 30.95 34.70
11 525 2.5 15 45 29.93 35.20

simulating equivalent variances for the charcoal and bio oil,
and the results are shown in Tables 7 and 8.

Observing Table 9, which refers to the ¢ test evaluating the
variances of obtaining the pyroligneous liquid, within a 95%
confidence level, it was also possible to perceive behavior
similar to that of charcoal. The value of T found is less than
the value of t-critical, which means null or equals to zero
because it is very close to standard error. This observation is
repeated for both the one-tailed and two-tailed hypothesis
testing.

The values observed in Tables 8 and 10 indicate that there
are no significant differences in average charcoal and liquid
production in the Cocos nucifera L. fiber pyrolysis process in
the two treatments employed (temperatures of 500 and 550
°C), at a 95% confidence level. This indicates that the

Fig. 7 Pareto diagram
representation for charcoal from
Cocos nucifera L. fiber pyrolysis

Time (xa)

Variable

Curvature

Temperature (x1)

@ Springer

Mean

N2 flow rate (x2)

Heating rate (x3)

pyrolysis reactor can be operated at a lower temperature, thus
representing a process energy saving.

3.4 Charcoal Characterization
3.4.1 Elemental analysis—CNH

Table 11 reports the chemical composition obtained in the
analysis of Cocos nucifera L. charcoal as well as the results
of other authors.

Analyzing Table 11, the values obtained in the elementary
analysis are very close to the values found by other authors.
The carbon value obtained is similar to that of Tsai, Lee, and
Chang [11].

5 10 15 20 25

Standardized effects (tcaic)

30 35
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Table 7 Charcoal results data obtained during Cocos nucifera L. fiber
pyrolysis assays

Table 9  Liquid results data obtained during Cocos nucifera L. fiber
pyrolysis assays

Experiments Temperatures (°C) Experiments Temperatures (°C)

500 550 500 550
1 35.32 34.17 1 28.39 32.85
2 32.20 34.17 2 37.43 30.10
3 35.57 32.87 3 28.57 29.89
4 32.63 27.06 4 30.89 30.01
Rate 33.93 32.07 Rate 31.32 30.71
Standard deviation 1.76 3.39 Standard deviation 4.23 1.43
Degrees of freedom 3 3 Degrees of freedom 3 3

3.4.2 Determination of total organic carbon (TOC)

In the elemental analysis, the determined carbon content in-
cludes values of organic carbon and inorganic carbon, there-
fore it is important to verify the percentage of organic carbon
present in charcoal, since it is understood that it is directly
related to the quality of charcoal and its calorific value, in
the process of evaluating the energy potential of matter.

Although it is expected that virtually all carbon available in
charcoal is from an organic source, it is observed that there is a
significant inorganic percentage that must be related to the
CO, of the carbon cycle that was absorbed by the plant to
produce glucose and carbonates and bicarbonates of the soil
where the cultivation occurred of the species.

The average of the organic carbon values found in the
analysis of the studied charcoal, which was performed in trip-
licate as well as the relationship between the total carbon per-
centage of the elemental analysis to find the percentage of
inorganic carbon contained in the Cocos nucifera L. charcoal

Table 8  Statistical analysis by ¢ test simulating equivalent variances for
charcoal production in Cocos nucifera L. fiber pyrolysis assays

found were 47.03% total organic carbon, 69.32% total carbon,
and 22.29% inorganic carbon.

3.4.3 Scanning electron microscopy (SEM)

The scanning electron microscopy was employed in order to
obtain information on the structure and pore distribution of the
surface of the charcoals formed in the pyrolysis process.

According to Mohan et al. [19] the pyrolysis process gives
charcoal a microporous structure to charcoal formed with po-
tential for filtration and adsorption of organic and inorganic
pollutants. It is important to note that the properties of prod-
ucts formed from pyrolysis are significantly influenced ac-
cording to the temperature assigned to the process [7].
Figure 8 shows images obtained with magnitudes 500 and
1.0 k times the sample size.

By observing the images shown in Fig. §, it is possible to
identify a vast amount of spherically shaped pores that are
arranged in size and evenly. Therefore, it is accepted that the

Table 10 Statistical analysis using # test simulating equivalent variances
for liquid production in Cocos nucifera L. fiber pyrolysis assays

Equivalent variances 500 °C 550 °C Equivalent variances 500 °C 550 °C
Rate 33.93 32.07 Rate 31.32 30.71
Variance 3.101533333 11.520025 Variance 17. 89 2.04
Observations 4 4 Observations 4 4
Grouped variance 7310779167 Grouped variance 9.963079167

Average difference hypothesis 0 Average difference hypothesis 0

gl 6 gl 6

Stat t 0.974158101 Stat t 0.272185189

P(T < =t) uni-caudal 0.183799946 P(T < =t) uni-caudal 0.39730186

t critical uni-caudal 1.943180281 t critical uni-caudal 1.943180281

P(T < =t) bi-caudal 0.367599891 P(T < =t) bi-caudal 0.794603719

t critical bi-caudal 2.446911851 t critical bi-caudal 2446911851
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Table 11 Elemental analysis of
Cocos nucifera L. fiber charcoal
obtained in the pyrolysis process

Elemental analysis Other authors

Elements Values (%) Cortez et al. Tsai, Lee, Chang [11]
[12]

Carbon (C) 69.32 73.55 69.33

Hydrogen (H) 2.79 3.19 3.26

Nitrogen (N) 1.14 1.09 0.94

Sulfur (S)/Oxygen (O) 26.75 - -

Sulfur (S) <0.1 -

Oxygen (O) - 15.29

high number of pores may contribute to a larger surface area,
but it is not a determining factor.

The size of the pores can be classified according to
the International Union of Applied Pure Chemistry -
IUPAC in micro pores having molecular dimensions
less than 2 nm (0 20 A), meso pores with dimensions
between 2 and 50 nm (20-500 A), macro pores which
have dimensions between 50 and 7500 nm (0.05-7.5
um), and mega pores those with dimensions greater

DEMat-UFRN8117 2017/07/07 19:24 H D7.1 x500

DEMat-UFRN8099 2017/07/07

19:08 H D6.5 x1.0k

100 um

200 um DEMat-UFRN8116

DEMat-UFRNg104

than 7500 nm (> 7.5 um). Figure 9 provides informa-
tion on the pore size observed in Cocos nucifera L.
fiber charcoal obtained in the pyrolysis process. These
images are micro image with magnitude 1.5 k times the
sample size.

Regarding the type, the pores can be classified as open (a,
b, ¢) or closed (d) according to their availability to an external
fluid. Closed pores influence mechanical properties while
open pores are active in the flow of gases and liquids [20].

%
N

201707707 19:23 H__ D71 x1.0k 100 um

2017/07/07 1912 H D6.0 x250 300 um

Fig. 8 Micro image of Cocos nucifera L. fiber charcoal obtained in the pyrolysis process (a) pore depth, (b) and (¢) pore diameter, and (d) presence of

silicates
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Figure 10 divides the pore types according to Ferreira et al.
[20] into (b) bottle neck, (¢) cylindrical, and (d) closed and (e)
represents the surface roughness

From Fig.10 it is possible to suggest the nature of the pore
size in Fig. 9, indicating that it is a type C and D pore with
homogeneous surface, elongated and oval cavities in the
opening path.

3.4.4 Surface area analysis (BET/N2)

In the pore surface area analysis, a result of 30. 3801 m*/g was
obtained, characterizing the low surface area charcoal for ad-
sorption. Relating this surface area value to information ob-
tained in SEM (pore type, pore size, and homogeneity) allows
us to suggest that the surface area should be compromised
with the presence of amorphous carbons, highlighting the
need to employ an activation method for charcoal produced
as a way to eliminate them. According to Moreno [21], the
metals present in charcoal, (Si, P, Ca, Fe, K) may have con-
tributed to the reduction of the adsorption potential of the
material, with the consequent reduction of porosity.

3.4.5 Methylene blue index

The determination of the methylene blue index is based on
verifying the absorptive capacity of the charcoal produced in
the Cocos nucifera L. fiber pyrolysis process. The charcoal on
which the tests were carried out in accordance with JIS 1474
had a maximum methylene blue adsorption value of 67.7%.
Adsorption is understood as the event that occurs at the
interface between two substances, which can be between a
solid and a liquid (under studying), a solid and a gas, or a
liquid and a gas. According to Soleimani and Kaghazchi
[22], the adsorption is influenced by several factors among
them the nature of the adsorbent, adsorbate, and the adsorption
conditions (temperature and pressure and pH). In addition, the
adsorption capacity is understood to be determined by its

DEMat-UFRN9230 2017/08/14 11:39 H D54 x1.5k

50 um

Xz A48T

Fig. 10 Classification of pore types. Source: Ferreira et al. [20]

specific surface area, such as the presence, pore size and dis-
tribution, ash content, density and the nature of functional
groups present on its surface.

According to Moreno [21], by eliminating the ashes, char-
coal has increased hydrophobic character as well as adsorption
capacity. The ash content is due to the presence of inorganic
substances including inorganic oxides, phosphates, sulfates,
chlorides, carbonates, and silicates of K, Na, Ca, Mg, Fe,
and Al, soluble in polar substances such as water.

The specific surface area is determined through the analysis
of BET (method proposed by Brunauner, Emmet and Teller).
In this work, nitrogen gas was used to obtain information
about the distribution of the size of the porous and the total
surface area.

For Cabal et al. [23] the composition of biomass also emits
information about the nature of the pores. High lignin values
provide meso pore structure, while high cellulose values may
suggest the formation of micro-pore rich structures.

From the adsorption of methylene blue, it is possible to
evaluate how charcoal interacts with the methylene blue solu-
tion, so that, understanding the nature of the interaction, it is

N -
11:27 H  D5.1 x1.5k

DEMat-UFRN9224 2017/08/14 50 um

Fig. 9 Micro image (a) and (b) of Cocos nucifera L. fiber SEM showing pore sizes
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Fig. 11 Isotherms for the
adsorption of methylene blue

Log C (mg.L-1)

®
S

possible to make the best use of carbon (adsorbent). By relat-
ing the concentration of methylene blue (adsorbate) and the
adsorbent mass used in the adsorption process, it is possible to
obtain the maximum amount of adsorption under the condi-
tions in which it was submitted.

Through the equations, results obtained in the adsorption of
methylene blue were shown in Fig. 11 and Fig. 12 that present
linear graphs to obtain allusive parameters to the Freundlich
and Langmuir models. Figure 11 shows the equilibrium anal-
ysis according to the adsorption isotherms of the Freundlich
model.

The equation of the line obtained by linearization is as
follows: y = 0. 0009x + 0.3775 (R? = 0.9772). Thus, consid-
ering that the linearization of the Freundlich isotherm the log
K represents the linear coefficient of the line, corresponding
experimentally to - 0.3775.

As for the inverse of n /™, corresponding to the angular
coefficient of the line, the value found was 0.0009. Thus, n is
equal to 1.11 and corresponds to the inverse of the adsorbent
mass used (1/m). Only values of the exponent 1/n in the range
0f 0.1 <1 n< 1 are known to indicate favorable conditions so,
as the value of n = 1.11, it indicates that the adsorption does
not fit the model since unfavorable conditions are present. A
value of n > 1 may mean that there was some significant loss

0.870
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Fig. 12 Isotherm for the

adsorption of methylene blue
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of adsorbate, or even in the presence of impurities, there may
have been mass loss of the adsorbent during the experiment.

Figure 12 shows the equilibrium analysis according to the
Langmuir model adsorption isotherms.

From the analysis of the curve of the straight line in
Langmuir model, it was noticed that the correlation coefficient
(R?) is 0.9804, higher than (R?) found in Freundlich isotherm,
thus suggesting a better fit to this model because it presents the
correlation coefficient is very close to 1. This result still pre-
dicts the adsorption has a chemical interaction between the
adsorbent Cocos nucifera L. charcoal and the methylene blue
adsorbate.

4 Conclusions

According to the experimental ones of this research, the fol-
lowing conclusions are presented:

Despite the interest in verifying the sensitivity of the reactor
used, the small temperature variation 500 and 550 °C in the
pyrolysis process under study did not present significant sig-
nificance in the yields. In other words, the reactor was not
sensitive to admit variations of this magnitude.

y = 0.0035x + 0.8225
R?=0.9804

== Langmuir
——Linear...

O & X O O DO D A O
FEF LTSS S
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Under pyrolysis operating conditions at temperature 500
°C, heating rate 10 °C / min, gas flow 4 mL/min and residence
time of 60 min, the Cocos nucifera L. charcoal showed the
highest yield, 69.32% carbon, 2.79% hydrogen, 1.14% nitro-
gen, 47.03% total organic carbon, and 30.3801m?/g specific
surface area. The SEM of the charcoal presented uniform size
and pores, which influenced the adsorptive process of remov-
ing methylene blue. The maximum adsorption capacity of
methylene blue was 67.7%, and the Freundlich and
Langmuir isotherms and their straight line equations demon-
strate that the model that best fit was for Langmuir with a
correlation coefficient R* = 0.9804.
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