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RESUMO

Activated carbon is widely used in several industrial sectors and has
a high production cost. To reduce costs, different materials have
been studied, for example, rice husks (RH). RH is an abundant, low-
cost residue of the agricultural sector and can be used to generate
energy due to its high calorific value. However, burning husk
generates waste, the ashes. Thus, the objective of this work was
to optimize the synthesis of activated carbon using pre-carbonized
RH with different chemical agents as activators (KOH, NaOH, NaCl,
H,SO4, and NayCO;), at different particle sizes. Subsequently,
Fourier transform infrared spectroscopy (FT-IR), scanning electron
microscope (SEM), and energy dispersive spectroscopy (EDS)
were used to characterize the materials. Of these, KOH was the
best activating agent. The adsorption kinetics for the adsorbents
was 30 min, reaching equilibrium after 70 min. Of the three fitted
kinetic models, pseudo-second-order and Elovich best fit the data.
The FT-IR shows that the adsorbents have oxygenated surface
groups such as alcohol, ester, ether, and phenol. From the point of
zero charge, the predominance of negative charges on the surface
of the adsorbents is observed. Therefore, the activated carbon
from rice husk ash (RHA) showed potential in the adsorption of the
methylene blue dyes.

Keywords: bioenergy; application of rice husk ash; dyes.

O carvao ativado é amplamente utilizado em diversos setores industriais
e apresenta alto custo de produgdo. De modo a reduzir custos, diferentes
materiais vém sendo estudados, a exemplo da casca de arroz. Esta é um
residuo abundante do setor agricola, apresenta baixo custo de obtengdo e
pode ser utilizada na geragao de energia gragas ao seu alto poder calorifico.
Contudo, a queima da casca gera residuo, as cinzas. Assim, o objetivo
do trabalho foi otimizar a sintese de carvao ativado utilizando casca de
arroz pré-carbonizada com diferentes agentes quimicos como ativantes
(KOH, NaOH, NaCl, H,SO, e Na,COs), em diferentes granulometrias; e,
posteriormente, espectroscopia de infravermelho por transformada de
Fourier (FT-IR), microscopia eletronica de varredura (MEV) e espectroscopia
de raios X dispersiva de energia (EDS) foi aplicado na caracterizagdo
dos materiais. Destes, o KOH foi o melhor agente ativador. A cinética
de adsorg¢do para os adsorventes foi de 30 min, atingindo equilibrio em
70 min. Dos trés modelos cinéticos ajustados, pseudossegunda ordem e
Elovich foram os que melhor se ajustaram aos dados. O FT-IR demonstra
que os adsorventes apresentam grupos de superficies oxigenados como
alcool, éter, éster e fenol. Do ponto de carga zero em diante, observa-se a
predominancia de cargas negativas na superficie dos adsorventes. Sendo
assim, o carvao ativado da cinza de casca de arroz mostrou-se promissor
na adsorgdo do corante azul de metileno.

Palavras-chave: bioenergia; aplicagdo da cinza de casca de arroz; corante.
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Introduction

Activated carbon, which is an amorphous carbonaceous material,
has been recognized as a versatile material for materials science, with
applications in several areas. It can be mentioned, for example, appli-
cations in industrial processes, such as the treatment of drinking water,
effluents (mainly for the adsorption of metal ions, and organic mole-
cules such as dyes), and air purification, among others. It is also used in
medicine, in catalysts, and catalyst supports, such as electrode materi-
als for batteries and supercapacitors, in natural gas and hydrogen stor-
age processes, and in hydrogen electrosorption. The great versatility
in the use of activated carbon is due to its characteristics, such as high
surface area, high porosity, and the presence of functional sites on the
surface (Shrestha et al., 2019; Meya et al., 2020).

Activated carbon is produced from a thermal process with low
oxygen concentration or without oxygen. During carbonization, the
organic substance is decomposed, and volatile parts are removed,
generating material with a poorly developed porous structure, thus
requiring activation.

Activation can be physical or chemical. Physical activation, also
called gas activation, can use water vapor, carbon dioxide, and ozone
heated to temperatures of 800-1,000°C. Chemical activation consists
of mixing the precursor material or pre-carbonized coal with chem-
ical activating agents (acids, alkalis, or salts) and heat-treating it at
moderate temperatures between 400 and 800°C under an inert gas
atmosphere of nitrogen or argon. The chemical agents most wide-
ly used in the activation process are ZnCl,, H,PO,, H,SO,, KOH,
and K,CO,. ZnCl, and H,PO, are generally used to activate biomass
of plant origin, rich in cellulose, hemicellulose, and lignin. KOH,
K,CO,, and Na,CO, are generally used to activate waste, which are
rich in ash (Shrestha et al., 2019; He et al., 2020; Meya et al., 2020;
Zhang et al., 2020).

Thus, several materials are successfully converted into activated
carbon, such as corn cobs, citrus peel, rice peel, chitosan, peanut shells,
red ceramic, coconut shells, lignin, wool, and algae, among others.
However, these materials have different structures, so they produce
activated carbons with different properties (Silva et al. 2017, 2018;
Heidarinejad et al., 2020; Kang et al., 2020; Lestari and Chafidz, 2020;
Wei et al., 2020; Zhang et al., 2020).

Among the most important properties, there is the maximum
adsorption capacity (q), which can be obtained through adsorption
kinetics. The adsorption kinetics can be used to evaluate the solute
absorption rate, which controls the equilibrium time, as well as to pre-
dict the time required for the adsorbent and adsorbate interaction to
persist. The kinetic parameters are important because they are used as
a way of estimating the size and transfer rate of industrial equipment
adsorption systems (Duarte Neto et al., 2018; Hubbe et al., 2019; Ah-
mad et al., 2020).

In most works, three kinetic models are used to describe the ad-
sorption process, which correspond to the pseudo-first-order, pseu-
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do-second-order, and Elovich models (De Oliveira et al., 2018; Foolad-
gar et al,, 2019; Labaran et al., 2019; Mamani et al., 2019; Ahmad et al,,
2020). However, few works are using mathematical models in adsorp-
tion processes with the same adsorbent chemically activated with dif-
ferent chemical agents.

Thus, in this study, activated carbon is produced from rice husk
ash (RHA) and used for the removal of methylene blue (MB) from
aqueous solutions. Rice is one of the most produced and consumed
cereals in the world, being one of the main foods consumed by more
than half of the world’s population. In Brazil, the production was
11.2 million tons of rice in the 2019/2020 crop, and an increase of
5.2% is estimated for the 2020/2021 crop (Conab, 2021), and 20% of
this production, on average, is converted into waste, thus highlighting
the large amount of waste generated in the form of rice husk (RH)
(Nunes et al., 2017).

Due to the considerable quantities available and their low commer-
cial value, along with their high calorific value, rice hulls are commonly
used as fuel for energy generation. However, burning husk results in
another residue: ash. It is estimated that for each ton of RH processed,
40 kg correspond to ash (Moraes et al., 2014; Stracke et al., 2020).

The use of RH for contaminant removal has relevance for its adsorptive
potential, as well as the cost of obtaining it. Studies show that the pretreat-
ment of RH increases the adsorption capacity, chemical treatments being
more used than physical treatments (Shamsollahi and Partovinia, 2019).
Thus, understanding how to improve the adsorptive process from different
pre-treatments represents a great differential in the study area, aiming to in-
crease the efficiency of MB dye removal from aqueous solutions.

Specifically, MB is a typical thiazine dye with the chemical formula
C,H N.CIS and is a commonly used dye in the industry (Huang et al.,
2019). However, this chemical cannot be readily eliminated through
conventional water treatment technologies (Kishor et al., 2021).

In this study, an optimized activated carbon production process was
investigated. The raw material, pre-carbonized RH, was used for powdered
activated carbon production, as an alternative, low-cost material. This
work aims to verify the effect of the activation of RH ash with different
chemical agents on the adsorption of MB dye, as well as to investigate the
adsorption mechanism, and for such, the experimental data were modeled

using the pseudo-first-order, pseudo-second-order, and Elovich models.
Materials and Methods

Activated carbon preparation

The process used to prepare the activated carbon is shown sche-
matically in Figure 1. The RH and RHA used in this work were provid-
ed by a rice processing industry, located in Pelotas/RS. The work used
only the RHA to produce activated carbon. This material was dried at
105°C for 1 hour, then sieved and segregated into two granulometry
ranges: 1 mm and 0.6 mm. The sieving process was performed accord-
ing to the NBR 12075/91 (ABNT, 1991).
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Characterization
SEM/EDS, FT-IR,

pHPZC

6* g

6mm and

RHA
1 h a 105°c 0,

sieving

Imm

Chemical Activation
KOH, NaOH, NaCl, washing and
H250, Na:CO;

Kinetic studies
Pseudo-first-order
Pseudo-second-order
Elovich

Figure 1 - Flowchart of the activated carbon production process.

In the second step, the RHA was treated separately with solutions
of sodium hydroxide, potassium hydroxide, sodium chloride, sulfuric
acid, and sodium carbonate, described as follows (An et al., 2011; Al-
varez et al., 2014; Muniandy et al., 2014; Kaykioglu and Giines, 2016;
Mashhadi et al., 2016):

« NaOH treatment: six grams (6 g) of ash were mixed with 50 mL
of 1.5 mol L'' NaOH solution. The mixture remained in dynamic
contact for 24 hours.

Treatment with KOH and NaCl: The precursors were activated by
water impregnation, maintaining the mass at a 1:1 ratio of ash and
activating agent, in dynamic contact for 24 hours.

Acid Treatment (H,SO,): The mass of 6 g of ash was immersed in 50 ml
of concentrated sulfuric acid or PA for 1 hour at a temperature of 200°C.
Treatment with sodium carbonate (Na,CO,): A 6-gram portion
of ash was impregnated with a 1.5 mol L Na,CO, solution for

3 hours under constant stirring.

After the treatments described above, the materials were filtered
and washed several times until neutrality. Then, they were dried for
24 hours at 110°C and after drying, the samples were stored in desic-

cators for further use.

Characterization
FT-IR, pHPZC

Methylene blue 10 mg L*
Agitation 140 rpm

ph7and 293.15K
Total time 240mi
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RHA-NaOH,
RHA-NaCl,
RHA-H:50,,

RHA-Na;CO,

Characterization of RH and RHA

The elemental composition and surface morphological character-
istics of RH and untreated RHA were characterized with the SEM/EDS
system. The analyses were performed using a scanning electron mi-
croscope (JEOL JSM 6610, Japan). A voltage acceleration of 15 kV and
magnification ranging from 50 to 2500 times were used.

The major functional groups present on the surface of the adsor-
bents were obtained by FT-IR spectroscopy using Shimadzu model
IRPrestige-21. Spectra were recorded from 400 to 4,000 cm™, 32 scans,
transmittance mode, and 4 cm™ resolution.

The point of zero charge (pHPZC) was determined using 0.05 g
of the charcoal in contact with 500 mL distilled water adjusted to pH
values of 3 to 8 using a 0.1 mol solution of H,SO, and NaOH. After
24 hours under 100 rpm stirring at room temperature, the final pH was
measured (Gatabi et al.,, 2016). The pHPZC value for each adsorbent
was obtained by the arithmetic mean of the final pH points that were

constant (Giacomni et al., 2017).

Adsorption assay
The study was conducted to investigate the performance of ash

treated with different chemical agents. The untreated coal and the
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treated samples were placed in contact in 500 mL of an MB dye

solution with an initial concentration of 10 mg L, in a mechanical

agitation process (Jar Test, New Ethic), at 140 rpm, pH 7.0, and a

temperature of 293.15 K with the adsorbent dosage of 400 mg L. The

working solution was prepared with MB (97% purity, Dinamica) and
CNS3H0.

Each assay had a total duration of 240 min, and aliquots of 3 mL

the chemical formula C H

of the supernatant were withdrawn at intervals of 10, 20, 30, 40, 50,
60, 70, 130, 180, and 240 min. The adsorbent was separated from the
solution by centrifugation, filtration, and discontinuation of agita-
tion. To collect these aliquots, 2 min before the pre-defined interval,
the stirring was stopped to separate the phases. After collection, ag-
itation was restarted, and this procedure was repeated for all sam-
plings. The data were obtained in triplicate.

The concentration of the MB solution was determined by visible
light spectrophotometry (Model Nova 1600 UV) at a wavelength
of 665 nm. The adsorption capacity was calculated by Equation 1:

— (Co—Cov
m

qt (1)
Where:

C, = the initial solute concentration (mg.L");

C, = the solute concentration at a time t (mg.L");

V = the volume of the MB solution (L);

m = the mass of adsorbent (g).

Kinetic studies

Pseudo-first-order (Ho and McKay, 1998; Cheng et al.,, 2017),
pseudo-second-order (Ho and McKay, 1999; Lima et al,, 2019), and
Elovich (Low, 1960; Chien and Clayton, 1980; Bankole et al., 2019) ki-
netic models were used to fit the experimental data, as shown in Equa-

tions 2, 3 and 4, respectively:

qr = q1(1 —exp (—k4t))

(2)

_ t
& g e 3)
qc = 1/qIn(1 + abt) (4)

Where:

k1l and k2 = the pseudo-first order and pseudo-second order kinetic
coefficients, respectively in (min™) and (g mg' min™);

ql and q2 = the theoretical values of adsorption capacity (mg.g");

a = the initial sorption rate due to (dq/dt) = a with qt = 0 (mg g'min™);

b = the Elovich model desorption constant (g mg™*);

t = time (min).

The kinetic curves for each model were estimated by non-linear re-
gression as a quasi-Newton function. The fitting of the kinetic models
to the experimental data was evaluated employing the coefficients of

determination (R?) and the mean relative error (MRE).

Statistical Analysis

The ash adsorption capacity data with and without treatment at dif-
ferent granulometry were performed in an entirely randomized design
and the results were treated by Analysis of variance (ANOVA) and, when
significant, the Tukey test was performed for comparison of the means at
a 5% probability level. The adjustments to the kinetic models, Tukey’s test,
were analyzed with the help of Statistic 7.0 software (Statsoft, USA) and
the graphs constructed by the Sigma Plot software (Systat, GERMANY).

Results and Discussion

Characterization of the husk and ashes

Table 1 shows the elemental composition of both materials: RH
and RHA.

The chemical composition of RH, and consequently the ash, varies
depending on soil characteristics, type and content of fertilizers used,
climatic conditions, and the type of rice (Nascimento et al., 2015).

Regarding the elemental composition (Table 1), it was found that
the elements at higher percentages in the RH and RHA were oxygen
and silica. As verified in the studies of Vieira et al. (2012) and Da Sil-
va et al. (2016), the presence of silica in these materials influences the
ability of adsorption of compounds, especially metals, because of the
formation of surface charges (Tarley and Arruda, 2004; Kieling, 2009).

SEM micrographs are shown in Figure 2. From the SEM images,
it can be highlighted that the structure of the outer surface of the RH
(Figure 2A), which is uneven and highly rough, as well as the RHA
(Figure 2B), maintains on the outside a highly rough surface and de-
velopment of a porous structure.

Similar results were found in the studies of An et al. (2011) and
Zhang et al. (2014), highlighting that this structure is a relevant factor
to turn the RH and/or RHA into an efficient adsorbent material, demon-
strating the relevance of morphological characterization for this study.

Costa and Paranhos (2019) studying the adsorption of a dye from
RH and RHA also verified the existence of a well-organized external
structure on the RH, with an elongated and contorted shape, similar
to a corn cob, in agreement with the SEM analysis shown in this study.

The appearance of porosity on the surface of the RHA is due to the re-
moval of lignin and cellulose present in the husk during the burning process
since cellulose is the major organic constituent of the husk (Della et al., 2001).

The FT-IR spectra, as shown in Figure 3, show the presence of sur-
face functional groups of the charcoals in nature and treated with different
activating agents, which do not show significant differences. The highest
intensity peaks 1045.66 and 1052.67 cm™ can be attributed to the C - O
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stretching vibration in acids, alcohols, phenols, ethers, and esters (Tong-
poothorn et al., 2011; Muniandy et al., 2014; De Oliveira et al., 2018).

The band value of 614.48 cm™ corresponds to in-plane ring deforma-
tion (Tongpoothorn et al., 2011). The peaks at 789.76 and 782.05 cm™ are
associated with the formation of the Si-O-Si bond, which is characteristic
of silicate minerals (Ahmad et al., 2020; Jyoti et al., 2021).

Table 1 - Elemental composition of RH and RHA.

Si C O Na
RH 35.94 14.7 46.36 -
RHA 41.41 7.02 49.78 0.21

SEl  15kV WD9mm 5545 x50

Figure 2 - SEM analysis; (A) RH and (B) RHA.

A

e T
:\; 80 1\
3 RHA/

.6mm

S 60 ] — —  KOH/0.6mm
£ NaOH/0.6 mm
E Na,CO,/0.6 mm
c 40 NaCl/0.6 mm
£ H,S0,/0.6 mm
-

20 -

0 T :
1000 2000 3000 4000

wavenumbers (cm'1)

The band at 1739.03 cm™! can be attributed to the C = O carbonyl
group and can be indicative of the formation of muconic acid and ester
derivatives (Hoareau et al., 2004; Gatabi et al., 2016). In the spectrum,
the formation of the peak at 1,359.74 and 1,352.03 cm™ indicates the
elongation of the aromatic C-H functional group (Srivastava et al.,
2007; Shrestha et al., 2019).

MATERIAL ELEMENTS (%)

Al P S Cl K

0.19 0.36 0.12 0.11 0.79

SEI WD10mm 5545 x50

B
100 j614s0 R ]
A I
~ 80l/V \-\. / 1739.03
= # 782,051
4 ——— RHA/tmm
£ g0 A 1052.67 — — —  KOH/{mm
2 NaOH/1 mm
£ Na,CO /imm
] NaCli1 mm
S 40+ — — — —  HSO/imm
b=
20 -
0 -
1000 2000 3000 4000

wavenumbers (cm'1)

Figure 3 - Infrared spectra of the raw and treated ash; (A) grain size 0.6 mm and (B) grain size 1 mm.
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Thus, it can be stated that the surface of the ash used in this study has
oxygenated groups formed by esters, ethers, alcohols, and phenols as the
main ones. These functional groups influence the reactivity and properties
of the material. Adsorption of organic compounds is controlled by chem-
ical and physical interactions, acid-base characteristics of the surface, and
the presence of micropores and macropores (Belhachemi, 2021; Humma-
di et al., 2022). This results in a good performance in the adsorption pro-
cess of the adsorbents produced, particularly ash treated with KOH.

It is important to determine the pHPZC of the adsorbent to evalu-
ate the ideal pH for the adsorption of dyes. Table 2 shows the values of
the pHPZC of the adsorbents, produced from RHA.

As observed, the results in Table 2 for the adsorbents RHA, NaOH,
KOH, H,SO,, NaCl, and Na,CO,, which have a negative surface charge,
pHPZC, range from 4.98 to 6.46, being lower values than the pH 7 of
the working solution (Zyoud et al., 2020).

The surface of the adsorbents has higher amounts of negative
charges by the loss of protons (deprotonation of different functional
groups on the surface of the biosorbent) and therefore favors the up-
take of cationic dyes, such as MB, due to the increased electrostatic

force of attraction (Hassan et al., 2017).

Kinetic study and statistical treatment

The contact time kinetics curves of the MB dye for the solid phase,
using as adsorbent material the untreated and treated RHA, can be
seen in Figure 4. In addition, for each curve, the kinetic model that
best fitted the experimental data is shown, according to the coefficient
of determination (R?) and mean relative error (MRE) shown in Table 3.

The adsorption kinetics of the MB dye shows that the activated car-
bons produced reach equilibrium after 70 minutes, except for Na,CO,,
which reaches equilibrium after 30 minutes. In the same way, the parti-
cle size does not change the kinetic behavior of the adsorption process
of MB dye (Figures 4A and 4B).

Contact time is an important factor in an adsorption process.
Usually, most of the adsorption occurs during the first 30 minutes and
then increases very slowly (Khodaie et al., 2013). This behavior can be
associated with the high surface area of activated carbons, which can
provide massive active sites for MB adsorption. Initially, when adsorp-
tion sites are available, and the solute concentration gradient is high,
the rate of adsorption of MB molecules is high. Then, the adsorption
rate decreases, and a tendency to saturation is observed (Senthilku-
maar et al., 2005; Mamani et al., 2019). Several studies have reported
adsorption kinetics with a time equal to or less than 60 minutes using
different adsorbents in the adsorption of dyes and metal ions (Subha
and Namasivayam, 2009; Mashhadi et al., 2016; Frantz et al., 2017).

Table 2 - pHPZC - RHA in natura and treated.

q(mg.g")

NaOH/0.6mm
NaCl0.6mm
NayCO3/0.6mm
KOH/0,6mm
H3S0,4/0.6mm
RHA/0,6mm

g —— Elovich Model

0 & - ———————————— e Pseudo-Second Order Model
0 20 40 60 S0 100 120 140 160 180 200 220 240

erOomae

44 Y

Time (min)

-1
)

q(mg.g
=

NaOH/Imm

NaCVimm

Na,CO/1mm

KOH/1mm

H,S0,/1mm

RHA/Imm

—— Elovich Model

...... Pscudo-Si d Order Model

|

L H

<

4
erOoOmae

2 |/ o T & B

0 20 40 60 HI() l(‘l0 I;(l l-‘lﬂ ll:l) l)‘“l 2(;0 22"(! Z;I)
Time (min)

Figure 4 - (A) Contact time curves of MB adsorption for ash with and

without treatment (particle size 0.6 mm), pH 7.0, temperature of 293.15

K, 140 rpm, and adsorbent dosage 400 mg L''; (B) Contact time curves of

MB adsorption for treated and untreated ash (1 mm particle size), pH 7.0,

temperature of 293.15 K, 140 rpm, and adsorbent dosage 400 mg L.

Fast kinetics are desirable in wastewater treatment as they offer high
adsorption capacity in short periods.

In this study, the treatments that obtained better performances
were potassium hydroxide, sodium hydroxide, and sodium chloride.
Thus, it can be stated that alkaline agents promote greater removal of
silica from coal, especially when treated with potassium hydroxide
because the potassium element promotes greater extraction reactivity
(Muniandy et al., 2014). Another factor associated with the use of KOH
is the formation of KCO, as an intermediate product, which implies a
double activation step for this activation pathway and, consequently,
greater pore development (Mamani et al., 2019).

For NaOH, the form of silica removal is by the formation of sodi-
um silicate, from the reaction of silica present in RHA with NaOH at
room temperature, since Na,SiO, is soluble in water. After washing, the
material ends up leaching the silica (Schettino Jr. et al., 2007).

0.6

524 5.65
1 4.98 5.95
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5.34 6.46 6.09
6.37 6.15 5.11
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Table 3 - Calculated parameters of the evaluated kinetic models.

Granulometry (mm)

= ==
eamen | i | weon | oo | neco, | kon | o, | k| weon | e [ neco, | kon | o,

Pseudo-first order

q,(mg.g") 3.16 9.26 8.95 3.21 20.93

k, (min) 0.03 0.03 0.05 0.09 0.14

R’ 0.953 0.960 0.924 0.932 0.958

EMR (%) 8.13 791 9.07 7.37 5.12
Pseudo-second order

q, (mg.g") 3.62 10.70 10.12 3.53 22.37

k, (g.mg'min™) 2.05 46.55 71.12 5.82 2711.46

R? 0.989 0.991 0.970 0.982 0.987

EMR (%) 3.80 3.60 5.03 3.61 2.78
Elovich

a (g mg'min™) 1.40 0.45 0.56 2.27 0.50

b (mg g') 0.38 0.89 2.69 7.09 873.42

R’ 0.999 0.999 0.975 1 0.999

EMR (%) 0.54 0.76 5.45 0.01 0.87
Experimental Capacity

10.05 9.75 3.64 23.11

q,, (mgg") 3.46

The increase in adsorption efficiency with these treatments can be
associated with the development of porosity formed due to the removal
of silica (Schettino Jr. et al., 2007). Similar behavior was obtained by
Shrestha et al. (2019) who uses RHA in the adsorption of MB treated
with zinc chloride, oxidation with nitrogen gas, sodium, and potassi-
um hydroxide, also obtained as the best treatment for potassium and
sodium hydroxide, obtaining the adsorption capacity values of 608 and
80 mg g, respectively.

Ma et al. (2019), when comparatively analyzing the contact time
with higher concentrations of MB (300, 400, 500, and 600 mg L") in a
study on adsorption using activated charcoal from plant biomass - syc-
amore sawdust - found that equilibrium was reached after 15 minutes
for the lowest concentrations of MB (300 and 400 mg L). However, as
the concentration increased, the time required to reach equilibrium
also increased.

From the analysis of the kinetic study, it is highlighted that the
good performance of MB adsorption demonstrated by RHA has great
potential for water purification and wastewater treatment in the re-
moval of soluble organic compounds (Shrestha et al., 2019).

Regarding particle size, the adsorption capacity values for the
treatments studied did not show a significant difference, except for
NaCl. This fact may be related to the very similar particle diameters.
In the study of Khodaie et al. (2013), the authors found that there is an
increase in the adsorption capacity of MB at the smaller the particle
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3.74 3.59 9.52 6.27 4.77 22.08 3.15
0.02 0.02 0.02 0.14 0.03 0.14 0.02
0.991 0.984 0.978 0.871 0.968 0.935 0.99
4.03 5.76 6.58 13.50 7.46 6.92 3.97
4.66 435 11.35 6.89 5.59 23.84 3.90
1.92 1.96 39.90 48.43 5.75 2890.17 1.17
0.998 0.998 0.996 0.915 0.994 0.976 0.998
3.16 1.81 2.57 10.34 3.30 4.12 2.78
0.82 0.95 0.38 1.12 0.83 0.42 0.99
0.12 0.16 0.537 7.12 0.36 347.58 0.11
0.995 0.997 0.998 0.759 0.999 0.996 0.995
5.02 2.61 1.81 17.25 1.1 1.56 4.50
3.88 3.79 10.14 7.48 5.14 24.5 3.27

size, but shows approximately 153 mg g of adsorption capacity with a
particle diameter of 270 um, and 154 mg g with a particle diameter of
250 pm. Thus, this demonstrates that the greater the range between the
diameters, the more assertive will be the study on the effect of particle
size variation.

As mentioned earlier, in Table 3, the coefficient of determination
(R?> 0.97) and the mean relative error (MRE(RME < 5.0%) are used to
define the best kinetic model fit to the experimental data. Thus, according
to Table 3, the pseudo-second order model was found to be the best fit
to represent the kinetic data of MB dye adsorption for NaCl-treated ash
(R*= 0915 and EMR= 10.34), H,SO, (R* = 0.998 and EMR= 2.78) and
RHA (R*=0.998 and EMR= 1.81) with 1 mm particle size and H,SO, with
0.6 mm particle size (R? = 0.998 and EMR= 3.16). For the other treatments,
the model that best fits the adsorption kinetics of the MB dye is Elovich.

As the ash treated with NaCl, H,SO, and RHA with a particle
size of 1 mm and H,SO, with a particle size of 0.6 mm were best fit to
the pseudo-second order model. Then, it can be considered that the
adsorption of MB from these activations involves the mechanism of
inter-in diffusion and considers that adsorption occurs through the
chemical process (Piccin et al., 2012; Mashhadi et al., 2016). Therefore,
the capacity values predicted at equilibrium by the model are close to
the values obtained experimentally.

Mashhadi et al. (2016), in a study verifying the use of activated carbon

with H,SO, utilizing RH as precursor material, also verified the kinetics
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of MB dye removal fitting the pseudo-second order model. The authors
verified that the use of the material as an adsorbent can be recommended
as a promising alternative for the removal of MB from aqueous solutions.

Similar results were found in a study conducted by Andrade-Siqueira et al.
(2020) investigating the adsorption of the MB dye in another agroindustrial
residue, the sugarcane bagasse. In the study, the authors also verified a fit to
the pseudo-second order model, indicating the presence of a chemical process.

Another investigation about the adsorption of MB on other
agro-industrial waste, soursop and sugarcane bagasse, also identified
the fit of the pseudo-second order kinetic model to the experimental
data (Meili et al., 2019). The authors concluded that, from the identi-
fied removal capacity and fit to the theoretical models, both types of
waste represent an alternative use as an adsorbent of MB in an aqueous
solution due to the low cost to obtain it and high removal performance.

For the treatments RHA/0.60 mm, NaCl/0.6 mm, and NaOH, Na,CO,,
KOH in both granulometries, the kinetic model that best fitted the exper-
imental data was Elovich, indicating that the adsorption process occurs
by chemical interactions. This model assumes that solid surfaces are ener-
getically heterogeneous and the kinetics is not affected by the desorption
process nor by Interactions between the adsorbed species, especially when
it occurs under conditions of low surface coverage (Da Silva et al.,, 2018).

Maetal. (2019), in a study on adsorption of MB dye on activated char-
coal from plant biomass, sycamore sawdust, found that at higher concen-
trations (600 mg L) the fit to the kinetic model occurred through Elovich.
Other studies of MB adsorption from agroindustrial waste also verified the
fit to the Elovich model (Ghaedi et al., 2014; Pezoti Jr. et al., 2014).

So, it can be stated that the adsorption of MB by the activated car-
bons used in the study was controlled by the process of internal dif-
fusion and chemisorption since the pseudo-second order model and
Elovich, mainly, are the models that best represent the experimental
data according to Table 3.

Figure 5 shows the significant interactions between the different
treatments and granulometry. The treatments that performed better in
the adsorption capacity of MB dye were potassium hydroxide, sodium
hydroxide, and sodium chloride. The results of adsorption capacity
(Figures 4A and 4B) indicate that the treatments with sulfuric acid and
sodium carbonate did not improve the adsorption performance of RHA.

The particle size variable did not show a significant difference in
the performance of the adsorption capacity of the adsorbent produced
from RHA, except for the treatment with sodium chloride, which

shows a significant difference in the particle size variable.
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Figure 5 - MB adsorption results for ash without and with chemical
treatment for particle sizes of 0.6 and 1 mm. Lowercase letters represent a
significant difference by Tukey’s test at 5% between treatments. Uppercase
letters represent a significant difference between particle sizes.

Conclusions

The results pointed out great potential for the production of RHA
activated carbon using different chemical agents. The adsorption ca-
pacity values of MB dye indicate that potassium hydroxide is the best
activating agent for RHA.

The pHPZC showed that the RHA adsorbents have a predomi-
nance of negative charges on their surface. Characterization with FT-
IR indicated the presence of oxygenated functional groups, alcohol,
ester ether, and phenols.

The short time until equilibrium was reached demonstrates that
the saturation of the surface layer of the adsorbents occurred under
the kinetic conditions studied. The pseudo-second order and Elovich
models are the best models that represent the experimental data. The
kinetics for the material produced with RHA has internal diffusion and
chemisorption as mechanisms.

The pre-carbonized RH, industrial waste, can be transformed into
a product with greater added value, high-yield activated carbon, but
using fewer energy resources since this study did not use the heat treat-
ment process for carbonization and activation of coal. The reduction
of primary energy consumption for industrial processes is of great
environmental importance and favors the principles of sustainability.
In addition, it reduces the occupation of useful areas that would be

used for the construction of landfills for the disposal of this residue.
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