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Abstract

The adsorption characteristics of C.I. basic blue 26 (BB26) from aqueous solutions onto H3POjy-activated carbons (ACs)
produced from agai stones (Euterpe oleracea Martius) and Brazil nut shells (Bertholletia excelsa H. B. K) were investigated
in a batch system. The ACs were characterized by XRD, FT-IR, N, adsorption at 77 K, mercury porosimetry, and acidity/basicity
analysis. The pseudo-first-order, pseudo-second-order kinetic models and intraparticle diffusion model were used for the kinetic
interpretations. The adsorption processes follow the pseudo-second-order kinetic model. The Boyd plots revealed that the
adsorption processes were mainly controlled by film diffusion. Equilibrium data were analyzed by the Langmuir and
Freundlich models, at different temperatures. The equilibrium data were best represented by the Langmuir isotherm. The
adsorption processes were found to be favorable, exothermic, and spontaneous. The acai stones and Brazil nut shells-based
ACs were shown to be effective adsorbents for removal of BB26 from aqueous solutions.

Keywords Adsorption - Activated carbon - Chemical activation - Basic blue 26 - Brazil nut shell - Acai stone

Introduction

The synthetic dyes are in a class of important environmental
pollutant, since they contaminate large volumes of industrial
wastewater and the water resource. The wastewater from tex-
tile, pulp and paper, paint, tannery, and dye factories contains
significant quantities of these compounds (Crini 2006; Crini
and Badot 2008; Gupta and Suhas 2009). A trace quantity of
dye present in the water may produce color in the bulk and
make it unusable (Kumar et al. 2013). These substances are
resistant to the conventional biological treatment methods and
are chemically stable to oxidizing agents, light, and heat (Rai
et al. 2005). The dyes used in the textile industry have
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considerable structural diversity, and are classified in several
ways, according to their chemical structure, their application
to the types of textile fibers, exposure to light, and others.
Synthetic dyes based on applications include various dye
groups such as acid dyes, reactive dyes, basic dyes, direct
dyes, vat dyes, and disperse dyes. The term “basic dye” is
conveniently used to distinguish an application class of textile
dyes, which are used to dye synthetic fibers (Demirbas 2009).
The basic dye, C.I. basic blue 26 (Victoria Blue B) is a mem-
ber of the triphenylmethane class; this dye has positively
charged groups, and it is widely used for dying substrates
(anionic), as like nylon, acrylics, wool, and silk. It is also used
for staining specimens in bacteriological and histopathologi-
cal processes (Anirudhan et al. 2014; Kumar and Tamilarasan
2014). The triphenylmethane dyes are characterized by the
presence of chromogen containing the phenyl groups bound
by the central carbon atom (Forgacs et al. 2004; Przystas et al.
2012). Although the basic dyes have significant applications,
these dyes can cause serious hazards to the water stream and
environment due to their synthetic origin and the complex
molecular structures. Thus, researchers have dedicated con-
siderable attention to the removal of basic dyes from aqueous
medium such as adsorption of basic blue 26 (BB26) by Fly
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ash (Khare et al. 1987)), carbon/Zn/alginate polymer compos-
ite beads (Kumar and Tamilarasan 2013), carbon/Ba/alginate
beads (Kumar et al. 2013), iron-doped titania/silane
(Anirudhan et al. 2014), Prosopis juliflora bark carbon
(Kumar and Tamilarasan 2014), adsorption of rhodamine B
and methylene blue (Gupta et al. 2000), basic red 29 (Geetha
and Palanisamy 2016), and malachite green (Nethaji et al.
2010).

A number of treatment technologies are available with
varying degrees of success to remove synthetic dye from
aqueous solution. Some of these processes include
coagulation-flocculation (Saitoh et al. 2014), adsorption
(Weber et al. 2014), advanced oxidative processes, ion ex-
change (Wu et al. 2008), and biological treatment
(Rodrigues et al. 2014). The adsorption on the AC is consid-
ered an efficient and versatile alternative to remove organic
pollutants from wastewater (Gupta and Saleh 2013). High
specific surface area, large pore structure availability, pore
volume, adsorption capacity, chemical surface, and effective
regeneration are useful characteristics of activated carbon.
Despite its extensive use to treat wastewater, the adsorption
by AC is still an expensive process due to high production cost
of these adsorbents. This limitation has indeed instigated a
growing interest in the production of low-cost activated car-
bons, especially from agro-industrial wastes and other low-
cost raw materials that are abundant worldwide (Aygun et al.
2003; Deng et al. 2009; Gupta and Suhas 2009; Haimour and
Emeish 2006; Liou 2010; Prauchner and Rodriguez-Reinoso
2012; Gupta and Saleh 2013; Demiral and Gungor 2016; Tran
et al. 2017; Moura et al. 2018; Mo et al. 2018; Souza et al.
2018), to make more attractive the manufacturing process cost
of AC. According to Ruthven (1984), for an adsorption pro-
cess to be developed on a commercial scale requires the avail-
ability of a suitable adsorbent in large quantities at economic
cost.

The palm Euterpe oleracea Martius, commonly known as
acai (palm berries), is purple when mature. The acai pulp
presents a wide range of health-promoting and therapeutic
benefits due to its reportedly elevated levels of antioxidants.
Brazil nut tree (Bertholletia excelsa H. B. K.) grows in a vast
zone of South America, mostly in the region of Para (Brazil),
and is also found in others Amazonian States of Brazil, Peru,
Colombia, Venezuela and Ecuador. The fruits are collected
from the natural forest, and they have high content of proteins,
carbohydrates, unsaturated lipids, vitamins, and essential min-
erals, also are micronutrient sources, especially selenium, phy-
tosterols, tocopherols, squalene, and phenolic compounds.
Acai and Brazil nut trees are of great economic, social, and
cultural importance for the Brazilian Amazon region. The acai
fruits are almost round, with a diameter varying between 1 and
2 cm, and they are used as a raw material to produce pulp or
juice. Most of the acai pulp is consumed regionally, but the
acai market has grown as a result of current tendencies:
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convenience, regionalism (typical products), natural food (or-
ganic), cosmetic products, and functionality. However, the
processing of the acai fruits produces a large amount of waste.
It is estimated around 400 tons per day of organic wastes.
Currently, this waste is disposed of by inappropriate methods
in places such as near rivers, street, and uncontrolled landfills.
The fruit of the Brazil nut tree is a large spherical woody
capsule or pod. Inside each fruit is 12 to 24 nuts or seeds.
Brazil nut consists of a hard, thin outer shell and white kernel
(edible part of the seed) (Bonelli et al. 2001). Presently, thou-
sands of tons of Brazil nuts (kernel) are exported, and a large
waste amount is generated from shelling the nuts. Para state
(Northern Brazil) produced approximately 14,000 tons per
year of nuts (kernel), on the average 19,600 tons per year of
nut shells. Presently, these solid wastes are used as a fuel.

High availability and low-cost of the precursors (Brazil nut
shells and acai stones), production in large scale, and desirable
characteristics for application in adsorption (pore size distri-
butions, specific surface area, and functional surface groups)
are relevant aspects regarding the utilization of solid wastes, as
alternative raw materials to produce ACs, whose benefits will
be to reduce the ambient pollution levels, as also to produce a
very useful material.

In the present study, activated carbons (ACs) produced
from acai fruit stones and Brazil nut shells were investi-
gated with respect to the adsorption mechanisms of C.I.
basic blue 26 (BB26) from aqueous solutions. The ACs
were prepared by chemical activation with H3PO,, and
their physicochemical and textural properties were deter-
mined. In addition, the effects of the initial dye concen-
trations were investigated, and the equilibrium and kinetic
data of the adsorption processes were then analyzed to
study the adsorption characteristics and mechanisms of
BB26 onto ACs. This research is a contribution to the
studies on the removal of dyes from the aqueous medium
by using activated carbons prepared from low-cost raw
materials, and it represents a low-cost environmental so-
lution due to increased added value of the solids wastes.

Material and methods
Preparation of the basic blue 26 solutions

The basic blue 26 dye (BB26), C.I 44045, was used in this
study, whose chemical structure is shown in Fig. 1, and it
presents characteristics, such as molecular formula
C33H3,CIN3; molecular mass 506.08 g mol !, acid dissocia-
tion constant pKa 8.3, and wavelength A 618 nm. The BB26
dye was purchased from a Brazilian company (this company
supplies products for the textile segment), and it was used
without purification. Stock solution of BB26 was prepared
by dissolving 500 mg of dye in 1 L distilled water
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Fig. 1 Chemical structure of the BB26 dye

(0.988 mmol L™ "). In the beaker (2 L), the stock solution was
stirred at 60 rpm (magnetic stirrer) for 30 min. The test solu-
tions with initial concentrations (0.099—0.790 mmol L") were
prepared by diluting the stock solution. All dye solutions were
prepared immediately before use, and exposure to light was
minimized.

Production of activated carbon

The raw materials, agai stone (R1) and Brazil nut shell (R2),
were thoroughly cleaned to remove extraneous materials,
dried, and ground to smaller particle sizes. In glass tubes (bo-
rosilicate), 5 g of the raw material and 10 mL of H;PO, solu-
tion (55% by weight) were mixed, and then the glass tubes
were placed in a heating system with open reflux at 80 °C for
4 h. The samples were put in crucibles and placed in a muftle
furnace set at 450 °C for 2 h. After cooling to room tempera-
ture, the resulting carbons were washed several times with hot
distilled water (60 °C) until the leachate reached a value of pH
between 6.0 and 7.0. The activated carbons (ACs) were dried
in an oven at 105 °C for 24 h. The dry samples were crushed
and sieved using 12 and 14 mesh sieves and, then these were
named AC-R1 (acai stone) and AC-R2 (Brazil nut shell).

Characterization of the AC samples
Physicochemical properties

The total ash content was determined using crucibles contain-
ing dried AC heated in a muffle furnace at 650 °C for 6 h
based on the procedure by ASTM D2866-11. After heating,
the crucibles were allowed to cool in a desiccator, weighed,
and then the residue weighed was calculated and reported as
percentage of ash. The moisture content of each sample was
determined using a standard method (ASTM D2867-17). The
AC sample was weighed and dried on oven-drying at 150 °C

for 3 h. The ratio of change in original weight expressed in
percentage gives the moisture content.

X-ray diffraction (XRD) measurements were carried out
using a PANalytical X’Pert Pro Multipurpose Diffractometer
(Philips Analytical Inc.) with copper tube (CuK«x, A=
1.54056 A) at 40 Kv and 40 mA. The FT-IR spectra of the
samples were recorded by a Nicolet 6700 FT-IR Spectrometer
(Thermo Scientific Inc.) using the KBr method at room tem-
perature over a frequency range of 4000-400 cm .

Acid-base characteristics

The acidic groups and basic sites on the surfaces of the AC
samples were determined, according to the Boehm titration
method (Boehm 1994). This method gives both qualitative
and quantitative information only about basic and acidic
groups (in the form of carboxyl, lactone, and phenol). Basic
groups can be distinguished by neutralization with HCI solu-
tion and acidic groups by NaHCOs, Na,CO5 and NaOH so-
lutions. In all the assays, standardized solutions of the chem-
ical reagents (HCI, NaHCOj, Na,CO;, and NaOH) were used.
The acidic groups were determined by mixing 5 g of AC with
50 mL of solutions (0.1 N NaOH, 0.1 N NaHCOs, or 0.1 N
Na,CO3) in Erlenmeyer flasks (125 mL). The flasks were
closed with PVC plastic film and shaken (Ethik Technology
Brazil) for 24 h, at 140 rpm and 30 °C. The mixtures were
filtered through a 0.45-pm microporous membrane filter, and
10 mL aliquots were then taken by volumetric pipette from the
filtrates, and were titrated with 0.1 N HCI solution.
Subsequently, the aliquots were acidified by the addition of
5 mL of 0.1 N HCI solution, and then were back-titrated with
0.1 N NaOH solution. Similarly, the basic sites were deter-
mined by mixing 2 g of AC with 20 mL of 0.1 N HCl solution.
From the obtained solutions, 10 mL aliquots were taken by
volumetric pipette, then were titrated with 0.1 N NaOH solu-
tion; the aliquots were alkalinized by the addition of 5 mL of
0.1 N NaOH solution, and then were back-titrated with 0.1 N
HCI solution. The numbers of acidic sites of various types
were calculated under the assumption that NaOH neutralizes
the carboxyl, phenolic, and lactonic groups; Na,CO; —carbox-
yl and lactonic groups; and NaHCO; only carboxyl groups.
The number of surface basic sites was calculated from the
amount of HCI which reacted with AC. Neutralization points
were known using pH indicators of phenolphthalein solution
(0.1%) for titration of strong base and strong acid, while meth-
yl red solution (0.1%) was used for the titration of weak base
and strong acid. All determinations were processed in dupli-
cate. The values of point of zero charge (pHp,c) were estimat-
ed by pH measurements before and after contact with the AC,
according to the method described by Regalbuto and Robles
(2004). A fixed weight of 0.05 g of the AC was put into a
series of 125-mL Erlenmeyer flasks (11 points) with 100 ml
HCL or NaOH solution (initial pH adjusted from 2.0 to 12.0).
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The flasks were closed with a PVC plastic film. After being
shaken for 24 h using an orbital shaking incubator (Ethik
Technology Brazil) at 120 rpm and 28 °C, the final pH value
of each flask was measured using a pH meter (Hanna,
Instruments Inc.). The difference between initial and final
pH (ApH) was plotted against initial pH and the point at
which ApH =0 was recorded as the pHpyc value.

Textural properties

The complete isotherms of nitrogen (77 K) were measured in
the range of relative pressures of (P/P”) of 10" to 1. The BET
Nova 1200e Surface Area and Pore Size Analyzer equipment
(Quantacrome) was used. The samples were previously treat-
ed under vacuum at 300 °C for 3 h. The specific surface area
(SgeT) Was calculated from the isotherms using the Brunauer-
Emmett-Teller (BET) equation (Sing 1989). The total volume
of pores (V1) was calculated as the maximum amount of ni-
trogen adsorbed to the relative pressure (P/P%) of 0.99. The
Dubinin-Radushkevich (DR) method was used to calculate
the micropore volume (Vyc) (Dubinin 1960). The mesopore
(VmEs) and macropore (Vyac) volumes were calculated using
the experimental data from the mercury intrusion porosimetry
analysis. These data were measured with the AutoPore IV
9500 V1.09 (Micromeritics) at maximum pressure of
5000 psi.

Batch adsorption experiments

Batch adsorption experiments were carried out in
Erlenmeyer flasks (250 mL) containing 0.7 g of AC
(AC-R1 or AC-R2) and 100 mL of BB26 solution with
initial concentration in the range of 0.099 to 0.790
mmol L', The flasks were placed in a thermostatically
controlled orbital shaker (Ethik Technology Brazil), at
constant stirring speed of 120 rpm, contact time of 24 h,
and at required temperature. The samples were withdrawn
at suitable time intervals (20 min) and filtered through a
0.45-um microporous membrane filter. All assays were
processed in duplicate and distilled water (pH 6.8-7.2)
was used. The initial and equilibrium concentrations of
the BB26 dye were measured at a wavelength of 618 by
using UV/visible spectrophotometry (Bioespectro SP-220
Brazil). Adsorption experiments were conducted by using
dye solutions at an initial pH of 5.8, adjusted with HCl
solution (0.1 M) and the pH values were measured with a
pH meter (Hanna, Instruments Inc.). The initial pH value
of the dye solution was fixed based on the pHpyc values
of the adsorbents (pHpzc=3.6 for AC-R1 and pHpyc=
3.9 for AC-R2), and pKa value of the BB26 dye (pKa 8.3)
(Kumar and Tamilarasan 2013; Anirudhan et al. 2014).
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Effect of the initial dye concentration on sorption
capacity

The experiments were carried out using the BB26 solution
with initial concentration in the range from 0.099 to
0.790 mmol L}, at 28 °C, and keeping all other variables
constant. The flasks were agitated until the equilibrium was
reached and the BB26 concentrations were determined. The
quantity of adsorbed dye per adsorbent mass unit (g, mg g ')
and the removal percentage of dye from the solutions were
calculated using the Egs. 1 and 2, respectively:

_ (&€ ()

qe m

(CO_Ce)

Removal (%) = C
0

.100 (2)
where Cj is the initial concentration of dye in the solution
(mmol L), C, is the equilibrium dye concentration in the
solution (mmol L"), V is the solution volume (L), and m is
the adsorbent mass (g).

Adsorption kinetics

In the adsorption kinetic study, the BB26 solution with initial
concentration of 0.494 mmol L !, temperature of 28 °C, and
contact times of 5, 15, and 30 min, and 1, 2, 3,4, 5, 6, 8, 12,
and 24 h were used, keeping all other variables constant. In
order to analyzer the kinetics involved in the adsorption pro-
cesses of BB26 by ACs, the kinetic models of pseudo-first
order (Lagergren 1898) and pseudo-second order (Ho and
McKay 1998) were tested.

The pseudo-first-order equation is the most widely used
rate equation in liquid-phase sorption processes; it is based
on solid capacity, and it is generally expressed as Eq. 3.
Integrating this equation for the boundary conditions =0 to
t=t,and g =0 to g = q;, and thus Eq. 4 is obtained:

Y kaa) G)
4, = g.l1-exp (k) )

The pseudo-second-order equation is based on the adsorp-
tion capacity, which may be expressed in the form of Eq. 5.
Integrating this equation for the boundary conditions =0 to
t=tand g =0 to g =g, then an expression in form of Eq. 6 is
obtained:

dq 2
L =k (g,—~ 5
o 2(9.79) (5)

kz.qz.l‘
:78 6
T T (k) ©)
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The intraparticle diffusion model (Weber and Morris 1963)
is used to identify the diffusion mechanism. According to this
theory, the adsorbed amount (g,) varies almost proportionally
with the square root of the contact time, ¢/ rather than ¢

(Eq. 7):
q, = ki'? +C (7)

In order to predict if the rate-limiting step of adsorption is
film diffusion or particle diffusion, the kinetic data were ana-
lyzed by using the Boyd equation (Boyd et al. 1947) (Eq. 8).
Although the equation proposed by Boyd et al. (1947) as-
sumes constant concentration outside the particle (infinite vol-
ume), it has been widely employed to describe surface diffu-
sion in batch reactors (Andrade et al. 2018):

B = —ln(l—%) ~0.4977 (8)

where ¢, is the amount of dye adsorbed at time ¢ (mmol g "),
g. is amount of dye adsorbed at equilibrium (mmol g '), # is
the contact time (min), &; is the rate constant of the pseudo-
first-order adsorption (min "), k, is the rate constant of the
pseudo-second-order adsorption (g mmol ' min™"), &; is the
intraparticle diffusion constant (mmol g ' min""?), and C is a
constant related to the thickness of the limit layer (mmol g ')
evaluated.

The parameters of the kinetic models were estimated by
nonlinear regression, and the fit quality was evaluated by ad-
justed determination coefficient (Rzadj) that was calculated by
Eq. 9, while the parameter R’ was estimated by using Eq. 10
(Dotto et al. 2013):

) N !
Ry, =1-(1-R )—p—_1 9)
n — 2 n 2
R — Zi (Qi,exp_%‘,exp) _Zi (qi,exp_qi,modd) (10)

2
21" (qi,exp _Qi,exp)

where R? is the determination coefficient, » is the number of
experiments performed, p is the number of parameters of the
fitted model, ¢;,model 18 €ach value of ¢ predicted by the fitted
model, gj,exp 1 each value measured experimentally, and g ,,
is the average of the values of ¢ measured experimentally.

Adsorption equilibrium

The adsorption equilibrium assays were performed at 28, 35,
and 45 °C, initial BB26 concentration from 0.099 to
0.494 mmol L', and keeping all other variables constant.
The Langmuir (Langmuir 1918) and Freundlich (Freundlich
1906) models were adjusted to the experimental data, Egs. 11
and 12, respectively. The parameters of the kinetic models

were estimated by nonlinear regression. The dimensionless
constant separation factor, R; was calculated using Eq. 13;
their values indicate: irreversible adsorption (R =0), favor-
able (0 < Ry < 1), and linear or non-favorable (R; > 1) (Hall
et al. 1966):

KLquc

= —tim~e 11
%= T1 K. C. (11)
g. = Kg.CI/" (12)

1
RL=— 13
LTI EKLG (13)

where ¢y, is the maximum adsorption capacity (mmol g '), K;.
is the Langmuir constant related to the affinity between adsor-
bent and adsorbate (L mmol '), Ki is Freundlich constant
((mmol gfl) (L mmolfl) 1 ™), and 1/n is the Freundlich inten-
sity parameter which indicates the magnitude of the adsorp-
tion driving force or surface heterogeneity; the n values in the
range 1 <n < 10 characterize favorable adsorption.

Adsorption thermodynamic parameters

The thermodynamic parameters were investigated by experi-
mental data obtained from adsorption experiments of BB26
onto ACs (AC-R1 and AC-R2) at different temperatures (28,
35, and 45 °C). The standard values of Gibbs free energy
change (AG®, kJ mol ™) were calculated using Eq. 14, while
the values of standard enthalpy change (AH’, kJ mol ') and
entropy change (AS”, kJ mol ' K™') were estimated from the
slope and intercept of a plot of InK against //7T (Eq. 15)
(Bhattacharyya et al. 2014; Anastopoulos and Kyzas 2016):

AG® = ~RTIn(Kp) (14)
AS® AHP
In(Kp) = == (15)

where Kp, is the thermodynamic equilibrium constant. K was
calculated as a dimensionless parameter by multiplying (K4 =
q./Ce), distribution constant (L gfl) by (pw), water density
(10° g L) for values of ¢e (mol g_l) and C, (mol L™"). R is
the universal gas constant (8.314 J mol™! K_l), T is the tem-
perature (K) (Liu 2009).

Results and discussion

Physicochemical properties of the AC samples

The values of ash and moisture content for the AC samples
are, respectively: AC-R1 (0.02 and 2.06%) and AC-R2 (0.02
and 4.21%). The ash content depends on the chemical com-

position of the precursors (mainly inorganic compounds) and
of the experimental conditions of the activating process
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(Yakout et al. 2013). Typical values are 2—3% wt for coconut
shell-based AC, 5% wt for wood-based AC, and 18-15% wt
for coal-based AC. The chemical characteristics represented
by ash content, pH, and conductivity can affect the use of an
AC for specific applications. For instance, the adsorption of
organic compounds, like methylene blue and phenol; high
surface area; high bulk density; neutral pH; low ash; and
low conductivity were found to be desirable characteristics
(Ahmed and Theydan 2012). According to Liou (2010), the
ash content removal of the raw materials by an adequate base-
leaching step (to avoid obstructing the pore development),
increases the Sggt of the AC. The moisture content does not
adversely affect the AC performance in adsorption; it merely
acts as diluents. However, water molecules adsorbed on the
primary center can prevent adsorbate access to hydrophobic
regions on the activated carbon surface and/or effectively
block adsorbate access to the micropores (Yakout et al. 2013).

The XRD patterns of AC-R1 and AC-R2 are shown in
Fig. 2. Two peaks of different intensities for both ACs, indi-
cating similar structures, can be observed. The peaks are lo-
cated around 20 =25° and 20 =43°. The first one can be at-
tributed to a disordered carbon structure, and the second to
organized carbon. Therefore, the peaks indicate an amorphous
structure (Saygili and Guzel 2016).

The FT-IR spectra of AC-R1 and AC-R2 are presented in
Fig. 3. Both spectra were similar and the same vibrational
bands were observed. The broad band at around 3500 cm ™’
indicates the vibration of the O-H stretch. This can be attrib-
uted to hydroxyl groups from carboxyls, phenols or alcohol,
and physically adsorbed water (Kumar and Jena 2016; Sahu
et al. 2010; Gao et al. 2011). The bands at 1630 cm | are
characteristic of C=0 stretching vibrations of ketones, alde-
hydes, lactones, or carboxyl groups (Mourdo et al. 2011). A
sharp peak at 1550 cm™! corresponds to an aromatic ring
structure, which assigns to the presence of phenolic groups.
The broad band at around 1180 cm ™' can be associated to the
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Fig. 2 XRD patterns for AC-R1 and AC-R2
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Fig. 3 FT-IR spectra of ACs (AC-R1; AC-R2)

C-O stretching of ethers, lactones, and phenols (Attia et al.
2006).

Acid-base characteristics

The quantities (mEq g ') of acidic and basic functional groups
and the pHpcz values are shown in Table 1. From the Boechm
method, quantitative data are obtained on the functional
groups present on the surface of activated carbon, such as
lactonic, phenolic, and carboxylic acid groups. On the sur-
faces of the ACs occur the predominance of total acidic sur-
face groups, as 3.78 mEq g ' (AC-R1) and 3.87 mEq g’
(AC-R2). The amount of total acidic surface groups is around
18 to 35-fold excess higher compared to the total basic surface
groups, for AC-R1 and AC-R2, respectively. The ACs contain
the same acidic groups near each other on their surface. The
type of precursor did not significantly affect the type and
amount of the acidic surface groups of the ACs. Conversely,
the amount of basic surface groups of the AC-R2 was about
50% lower than that of AC-R1. The ACs presented an in-
crease of oxygenated groups, and consequently a decrease of
the pHpcy (Table 1). The pHpyc values for the AC samples
(pHpzc 3.6 for A-R1 and pHpyc 3.9 for AC-R2) indicated that
the adsorbent surfaces have acidic character. These results are

Table 1 Acid-base characteristics of the AC samples

Parameter AC-R1 AC-R2
pHPZC 3.6 3.9
Carboxylic (-COOH) (mEq g ") 132 1.31
Phenolic (-OH) (mEq gfl) 1.69 1.86
Lactones (-COOR) (mEq g ") 0.77 0.70
Total AG (mEq g ") 3.78 3.87
Total BG (mEq g ") 0.21 0.11
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in agreement with the FT-IR spectra (Fig. 3), which showed
the presence of acidic surface groups, as carboxyl and pheno-
lic on the AC surfaces.

The solution pH plays an important role in the dye adsorp-
tion onto AC. This parameter affects the surface characteris-
tics of the ACs (surface functional groups) and the degree of
ionization of the dye. The pHpyc is defined as the pH value at
which the net surface charge (external and internal) is zero
(Tran et al. 2017). The adsorption characteristics of an adsor-
bent can be obtained from pHpzc determination (Katarzyna
etal. 2007). Thus, at solution pH > pHp, the surfaces of ACs
are negatively charge, which provides electrostatic interac-
tions that are favorable for adsorbing cationic species. In ad-
dition, at solution pH < pKa, the BB26 molecule (pKa 8.3) is
in ionized form as a cationic species. According to Crini and
Badot (2008), basic dye, as BB26 dye, has high positive
charge density at a low pH. At low pH values (solution pH
<pHpzc), both positively charged BB26 molecules and H*
ions presented in solution compete with each other for adsorp-
tion on the active sites of ACs (Hameed et al. 2008a).

Textural properties

The values of specific superficial area (Sggr) of AC-R1 and
AC-R2 were 0f 990.81 and 1651.31 m* g, respectively. The
ACs have microporous structures, according to the following
distribution of pores for AC-R1 (V1 0.722 cm?’ g'l, VMES
21.45%, and Ve 71.69%) and AC-R2 (V1 1.194 cm’ g'l,
VMmEs 8.57%, and Ve 91.31%). Under the same experimen-
tal conditions, the Sgpt and Vyc values for AC-R1 were
lower than that the values of AC-R2. The Sggt and pore vol-
ume values of the AC samples were compared to the other
results given in the literature (Table 2); the high-quality acti-
vated carbons that were prepared from acai stones (AC-R1)
and Brazil nut shells (AC-R2) can be observed. The values are
comparable to the ACs produced by using different activators
(ZnCl,, NaOH, and H5PO,) and production methods as well
as precursors which are potential raw materials to produce
low-cost ACs.

In this study, the textural characteristics as Sgrr and pore
size distribution of the AC samples were found to be depen-
dent on the precursor used. The differences probably arise due
to the different constituents inherent in each precursor, includ-
ing cellulose, hemicellulose, and lignin (Yeganeh et al. 2006;
Liou 2010). In the production process of AC by activating
with H3;POy, pores are created due to the chemical reactions
between the raw material biopolymers (cellulose and lignin)
and the activating agent (Okada et al. 2003). The H3;PO4-ac-
tivator promotes chemical change and structural alterations at
lower temperature than those realized by physical activation
(Jagtoyen and Derbyshire 1993). Additionally, the species
such as H;PO,4, H4P,07, HsP50,;, and some others, each
one with a different molecular size, that occur in the activation

might cause a different distribution of micropore sizes in the
resulting AC (Diaz-Diez et al. 2004). Chemical activation
with H3PO, is a useful technique for obtaining AC with de-
sired pore size distribution from low-cost precursors at low
temperature (Liou 2010; Ding et al. 2014; Lacerda et al.
2015). During the activating process, the H;POy4-activator in-
duces important changes in the pyrolytic decomposition of the
lignocellulosic materials because it promotes depolymeriza-
tion, dehydration, and redistribution of constituent biopoly-
mers, favoring the conversion of aliphatic compounds to aro-
matic compounds at temperatures relatively low (around 400
to 500 °C) compared to the physical activating. Thus, it is an
energy and time-saving scheme for AC production (Diaz-Diez
et al. 2004). In the present study, a carbonization temperature
of 450 °C was used; this aspect will contribute to the global
cost reduction of the AC-R1 and AC-R2 production.

Adsorption experiments
Effect of the initial dye concentration

The effects of initial dye concentration were investigated un-
der equilibrium conditions (Fig. 4). At Cy of 0.10 mmol L
the removal of BB26, for both ACs, attained a maximum
value around 98.8%; this value slowly decreases to 98% of
removal, at Cy of 0.38 mmol Lfl, and ¢, of 0.13 mmol gfl. In
the range of Cy (0.38-0.79 mmol L), the removal values
decrease until 86% for AC-R1 and 88% for AC-R2, while
the ¢, values for AC-R1 and AC-R2 increase from 0.053 to
0.13 mmol g ', respectively. The results showed that the ad-
sorption processes of BB26 onto ACs are depending, to a
certain extent, on the initial dye concentration (Cy). These
effects are explicated, at lower values of Cj, the ratio between
the initial number of dye molecules and the surface area of
adsorbent available is low, and, because of that, the number of
dye molecules in solution is adsorbed, in the case, the adsorp-
tion becomes independent of the value of Cy. For high values
of Cy, the adsorption capacity (q.) increases due to the in-
crease in mass gradient between the solution and the adsor-
bent, which acts as a driving force for the transfer of dye
molecules from solution to the adsorbent surface. The ratio
between the initial number of dye molecules and the surface
area available is high; so, the adsorption sites quickly saturate,
and their number is reduced, then the adsorption rate decreases
and, consequently, a larger number of dye molecules remains
in the solution for an established equilibrium condition (Khan
et al. 2012; Vimonses et al. 2009).

Adsorption kinetics
In order to characterize the kinetics involved in the adsorption

processes of BB26 onto ACs, pseudo-first-order and pseudo-
second-order kinetic models were fitted to experimental data,
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Table2 Comparison of AC-R1 and AC-R2 with other activated carbons from different precursors and activating conditions
Adsorbent Activating Carbonization SBET Vr Vmic VMES References
agent temperature (m2 gf') (cm3 gfl) (%) (%)

Macauba palm-carbon ZnCl, 900 °C/1.5 h 907 0.489 Notcited  90.40 Moura et al. (2018)
Palm kernel shell-carbon ZnCl, 550 °C/1 h 1223 0.700 Notcited  Not cited Hidayu and Muda (2016)
Macauba palm H3PO,4 500 °C/1 h 296 0.201 61.19 Notcited  Lacerda et al. (2015)

endocarp-carbon
Coconut shell-carbon NaOH 700 °C/1.5 h 783 0.378 94.20 5.82 Cazetta et al. (2011)
Rice husk H3PO,4 500 °C/1 h 1543 2.480 Notcited  Not cited Ding et al. (2014)
Sugar cane bagasse-carbon H3PO, 500 °C/1 h 1543 0.999 19.11 69.67 Liou (2010)
Brazilian pine-fruit shell-carbon H,SO, 100 °C/2 h 702 0.230 Notcited  Not cited Royer et al. (2009)
Acai stone-carbon (AC-R1) H3PO,4 450 °C/2 h 990.81 0.722 71.69 21.45 Present work
Brazil nut shell-carbon (AC-R2)  H;3POq4 450 °C/2 h 1651.31 1.194 91.31 8.57 Present work

and are shown in Fig. 5a, b, while the model parameters are
presented in Table 3. The fit quality was based on the adjusted
determination coefficient (Rzadj) and comparison of the g cxp
(mmol gfl) and g, . (mmol gﬁl) values. As can be seen in
Table 3, the pseudo-second-order model was found to be well-
fitted to experimental data, and was suitable to describe the
adsorption dynamics. The pseudo-second-order model pre-
sented highest values of Rzadj (0.9525-0.9747) as well as the
Ge.ca1 values (0.0793 mmol g{1 for AC-R1 and
0.0814 mmol g_1 for AC-R2) were near to the g, ¢y, values
(0.0803 mmol g ' for AC-R1 and 0.0827 mmol g "' for AC-
R2). The pseudo-first-order model was not suitable to describe
the experimental data, for both adsorption processes, because
the Rzadj and g, ., values were lowest than that of the pseudo-
second-order model, for AC-R1 (Rzadj 0.9233; ¢e.cal
0.0733 mmol g~ ') and AC-R2 (R?,4; 0.9649: g cal
0.0612 mmol g ). Therefore, the adsorption processes of

—=—qe (mmol.g") (AC-R1) —s=— (%) Removal (AC-R1)
——qe (mmol.g") AC-R2) —*— (%) Removal (AC-R2)

100 0.14
. ]
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& 96| ]
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& 88 X o.oeé
gas- Joosa &
84 1 ]
5 4002
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0.0 0.2 04 0.6 0.8 10
C, (mmol.L")

Fig. 4 Effect of the initial dye concentration on the adsorption capacity
(ge, mmol gfl) and removal (%) of BB26 by ACs (AC-R1; AC-R2)
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BB26 onto ACs (AC-R1 and AC-R2) follow the pseudo-
second-order kinetic model. The results are in good agreement
with those about adsorption of basic blue 26 (BB26) onto fly
ash, from the analysis carried out by Ho and McKay (1999) on
the basis of the pseudo-second-order rate mechanism.

The possibility of intraparticle diffusion was examined by
using the intraparticle diffusion model. It assumes that the
adsorption mechanism occurs through the diffusion of the
adsorbate into the pores of the adsorbent solid. The plot ¢,
vs. 12 shows multi-linearity, and each linear portion repre-
sents a distinct mass transfer mechanism (Weber and Morris
1963). Furthermore, if the regression passes through the ori-
gin, then the rate-limiting process is only due to the
intraparticle diffusion. Otherwise, the intraparticle diffusion
is not the only rate-controlling step and some degrees of
boundary layer diffusion also control the adsorption process.
The straight line slope corresponds to intraparticle diffusion
constant (k;, mmol g~ min""?) and the intercept corresponds
to value of C (mmol g_l). The value of C (mmol g_l) give an
indication about the thickness of the boundary layer. For ad-
sorption processes of BB26 onto ACs, the plots of ¢, vs. #/?
are shown in Fig. 6a, b; the results suggest that the adsorption
processes follow three stages. The stage (I) is attributed to
diffusion of BB26 to the external surface of the ACs, or the
boundary layer effect at the initial stage of the adsorption. The
stage (I) describes the intraparticle diffusion. The stage (III)
describes reaching of dynamic equilibrium. For both adsorp-
tion processes, there is a liner relationship over a period of
time (Table 3), on the basis of the Rzadj values for AC-R1
and AC-R2, respectively (0.9678 and 0.9559). However, it
did not pass through the origin, values of C for AC-R1 and
AC-R2, respectively (0.9895 and 1.1838 mmol gfl); this fact
suggests that the intraparticle diffusion is present, but it is not
the only rate-controlling step in adsorption processes, and oth-
er mechanisms might be involved (Hameed et al. 2008a;
Cazetta et al. 2011). The plots of B, vs. ¢ of the Boyd’s equa-
tion for adsorption of BB26 onto ACs present some linearity
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Fig. 5 Pseudo-first-order and pseudo-second-order kinetic models for
adsorption of BB26 onto ACs, (T1 28 °C): a AC-R1 and b AC-R2

(Fig. 7a, b); however, not completely pass through the origin,
and it suggests the involvement of film diffusion mechanisms
(Hameed et al. 2008b). As can be seen in Fig. 7a, b, at higher
contact time values, the experimental data are more scattered,
which supports the assumption that film diffusion is a rate-

Table 3  Parameters of the adsorption kinetic models

Model Parameters AC-R1 AC-R2
e, exp (mmol g7) 0.0803 0.0827

Pseudo-first order e. cal (Mmol gﬁl) 0.0733 0.0612
ky (min") 0.0063 0.0050
R 0.9233 0.9649

Pseudo-second order e. cal (Mmol gﬁl) 0.0793 0.0814
K, (g mmol ™! min™") 0.1061 0.1175
R 0.9525  0.9747

Intraparticle diffusion C (mmol g 1) 0.9895 1.1838
k (mmol g ' min?) 12321 1.1339
R 0.9678  0.9559
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Fig. 6 Intraparticle diffusion model for adsorption of BB26 onto ACs,
(T1 28 °C): a AC-R1 and b AC-R2

controlling step in adsorption processes (Martins et al. 2015;
Andrade et al. 2018).

Adsorption equilibrium

With respect to the adsorption of BB26 by ACs, the Langmuir
and Freundlich isotherm models were fitted to the experimen-
tal data. The equilibrium model parameters are presented in
Table 4, and the R?,4; values were used in order to determine
the best fit. The Langmuir model was the most suitable to
describe the experimental data of the adsorption of BB26 onto
ACs (AC-R1 and AC-R2), on the basis of the R, values
(Table 4). Figure 8a, b shows the fittings of the experimental
data to the Langmuir isotherm model. The Langmuir model
assumes that adsorption occurs in a monolayer, where the
active sites are identical and energetically equivalent, that
there are no interactions between the adsorbed molecules,
and that no transmigration of the adsorbed molecules takes
place on the adsorption surface, that corresponds to the so-
called ideal localized monolayer (Langmuir 1918). This mod-
el, despite its obvious imperfections, occupies a central
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Fig. 7 Boyd plot for adsorption of BB26 onto ACs (T1 28 °C): a AC-R1
and b AC-R2
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position in surface and adsorption science (Ruthven 1984;
Dabrowski 2001).

The results suggest that both adsorption processes were
monolayer adsorption; the adsorption capacity values (¢y,)
were found to be 0.0959 mmol gf1 (28 °C),
0.1038 mmol g ' (35 °C), and 0.1007 mmol g ' (45 °C) for
AC-R1, and 0.1011 mmol g' (28 °C), 0.1029 mmol g
(35 °C), and 0.1066 mmol g ' (45 °C) for AC-R2. The R

Table 4  Parameters of the adsorption equilibrium models

values (Table 4) confirm that the BB26 adsorption is favor-
able, with values below 1, for both cases. The Langmuir con-
stant values (K} ) decreased with the increase of the tempera-
ture, and this result indicates thermodynamic consistency of
the experimental data, and that the adsorption processes are
exothermic. The ¢, values for BB26 onto AC-R2 slightly rise
with increase of temperature from 28 to 45 °C, while the ¢,
values for AC-R1 are practically constant in the temperature
range of the investigation. The adsorption capacity values (¢,,)
of ACs for BB26 dye were compared to some other adsor-
bents reported in literature (Table 5). From Table 5, the values
of g, for the ACs (AC-R1 and AC-R2) are higher than that of
the majority of the other adsorbents cited; only the
photocatalyst (iron-doped titania/silane) shows superior per-
formance in comparison to the adsorbents presented. It should
be emphasized that the data of BB26 adsorption are limited
from literature. Nonetheless, it should be noted that an accu-
rate comparison is not feasible in this case, given the differ-
ences observed from the experimental conditions of the ad-
sorption assays and characteristics of the adsorbents.

The adsorption isotherms (Fig. 8a, b) can be classified as
L2 type (Giles et al. 1974). In the adsorption process where
such isotherm is obtained, the adsorption of solute onto the
adsorbent proceeds until a monolayer is established; the for-
mation of further layers is not possible in this case. L2-type
isotherm is usually associated with ionized solute adsorption
with weak competition with the solvent molecules, and it is
indicative of high affinity between the adsorbate and adsor-
bent surface (Giles et al. 1960). The removal of BB26 by ACs
from aqueous solution effectively occurs at low equilibrium
concentrations, according to the inclined portion from the iso-
therms (Fig. 8a, b), which indicates high affinity between the
AC surfaces and BB26 dye. On the other hand, at higher
equilibrium concentrations, both isotherms reach a maximum
capacity as indicated by the plateau of the data. Because of the
L2 type curve shape, the Langmuir model is appropriate to
describe the experimental data of adsorption equilibrium.

A possible interaction mechanism for adsorption of
BB26 onto ACs (AC-R1 and AC-R1) is proposed on the
basis of the effects of the solution chemistry (pH effect),

Langmuir Freundlich

T (°C) ge (mmol L") Ki (L mmol ™) R R n K¢ ((mmol g™")(L mmol ) M) R
AC-R1 28 0.0959 225.59 0.9950 0.0055 427 0.1885 0.8889

35 0.1038 189.08 0.9910 0.0066 3.34 0.2237 0.8849

45 0.1007 162.08 0.9818 0.0077 3.05 0.2387 0.9564
AC-R2 28 0.1011 232.86 0.9820 0.0054 3.56 0.2090 0.8474

35 0.1029 166.62 0.9486 0.0075 3.59 0.1937 0.7947

45 0.1066 100.24 0.9575 0.0124 3.13 0.2123 0.8454
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Fig. 8 Adsorption isotherms of BB26 onto ACs (T1 28 °C, T2 35 °C, T3
45°C): a AC-R1 and b AC-R2

characteristics of ACs and BB26 molecules, previous
study with respect to adsorption of BB26 onto AC-RI
and AC-R2 (Souza et al. 2018), and other results from
literature. A study with respect to global molecular reac-
tivity of basic dyes, and the adsorption of basic dyes onto
ACs was performed by Souza et al. (2018). The results
concerning the adsorption of BB26 onto ACs indicated
that the BB26 molecules were significantly adsorbed onto
ACs produced by physical and chemical (AC-R1 and AC-
R1) activating; however, it was not adsorbed onto ACs
oxidized with nitric acid (HNO3). According to Radovic

et al. (1997), the carbon—oxygen functional groups pres-
ent on the AC surfaces are by far the most important
structures that influence the surface characteristics and
behaviors of the ACs in adsorption. They not only lower
pHpzc of the ACs, but they also reduce the dispersive
adsorption potential by decreasing the 7-electron density
in the graphene layers; consequently, adsorption potential
by electrostatic interactions increases. During the adsorp-
tion of BB26 dye onto acid AC surfaces (AC-R1 and AC-
R2), the electrostatic interactions appear when the BB26
molecules are dissociated in aqueous solution (cationic
form) and the surfaces of the ACs are negatively charged,
as a pH effect of the solution. The negative charge on the
AC surfaces results from the dissociation of surface oxy-
gen complexes of acid character, such as carboxyl and
phenolic groups (Moreno-Castilla 2004). Therefore, at ini-
tial pH 5.8, near to the pHpzc values of ACs (3.6 for AC-
R1 and 3.9 for AC-R2), BB26 (in the cationic form) is the
predominant species in solution (Crini and Badot 2008),
as solution pH 5.8 > pHpy(, the AC surfaces are negative-
ly charged. In this case, during the adsorption, solution
pH increases toward the pKa value of BB26 (8.3), and
then the BB26 molecules (cationic form) are adsorbed
until near to the pKa (8.3). At solution pH > pKa, the
concentration of cationic BB26 decreases, because BB26
in the molecular form (not ionized) is the predominate
species in solution. Consequently, near to the pKa value
(8.3), a point of equilibrium is reached and the maximum
adsorption capacity is observed. On the basis of the mech-
anism presented, optimum adsorption of BB26 onto ACs
by electrostatic interaction mechanism should occur at pH
values between 4.0 and 8.0. Previous studies have shown
that maximum adsorption of BB26 dye onto fly ash oc-
curred at pH 8.0 (Khare et al. 1987), the optimum remov-
al of BB26 by carbon/Zn/alginate polymer bead at pH 5.0
(Kumar and Tamilarasan 2013), and maximum adsorption
of BB26 onto poly(IA-co-AMPS)Fe-TIO,/MPTMS at pH
6.5 (Anirudhan et al. 2014). In the adsorption processes of
BB26 by AC-R1 and AC-R2, the effects of mass transfer
(processes controlled by film diffusion) and solution pH
(surface functionality of AC and dye molecule ionization)

Table 5 Comparison of BB26 maximum adsorption capacity onto ACs (AC-R1 and AC-R2) with other adsorbents

Adsorbent ¢m (mmol gf') Langmuir Cj (mmol LY pH (initial) pHpzc References

Fly ash 0.524 x 107 0.100-0.850 8.0 24 Khare et al. (1987)
Carbon/Zn/alginate polymer composite beads  0.860 x 107> 0.008-0.039 Not cited 42 Kumar and Tamilarasan (2013)
Iron-doped titania/silane 0.304 0.049-0.198 Not cited 32 Anirudhan et al. (2014)
Carbon/Ba/alginate beads 0.770 x 1073 0.008-0.024 Not cited 52 Kumar et al. (2013)

AC-R1 0.096 0.099-0.494 5.8 3.6 Present work

AC-R2 0.101 0.099-0.494 5.8 39 Present work
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Table 6 Thermodynamic parameters of the adsorption of BB26 onto AC-R1 and AC-R2

AHC (kJ mol ™) AS® (T mol ' K AG? (k) mol ™)
28 °C 35 °C 45 °C
AC-R1 —-37.41 -33.05 —-27.55 -27.01 -26.97
AC-R2 —42.82 -56.18 -26.00 -25.27 —-24.11

corroborated the values of maximum adsorption capacity
that were estimated from the adsorption equilibrium study.

Adsorption thermodynamic parameters

The negative values of Gibbs energy change (AG’, kJ mol ™),
at different temperatures (28, 35, and 45 °C) indicate that both
adsorption processes, BB26 onto AC-R1 and AC-R2, are fa-
vorable and spontaneous (Table 6). The AG? values decreased
with increasing temperature (—27.55, —27.01, and —
26.97 kJ mol! for AC-R1, and —26.00, —25.27, and —
24.11 kJ mol™" for AC-R2), suggesting that the adsorption
of BB26 onto ACs will be fewer favorable at higher temper-
ature (Zhou et al. 2011). Adsorption of BB26 onto AC-R1 is
more favorable when compared to those onto AC-R2. The
AG” magnitude for physisorption is between —20 and
0 kJ mol '; chemisorption has a range — 80400 kJ mol "
(Kara et al. 2003); the values of AG” magnitude estimated
from of adsorption processes were lower than that of those
for chemisorption. The negative values of AH” for AC-R1
(—37.41 kJ mol ") and AC-R2 (—42.82 kJ mol ') indicate
the exothermic nature of the BB26 adsorption. Additionally,
the negatives values of AH” are in agreement with the results
of the adsorption equilibrium study, in which the values of
adsorption capacity (g.) were found to be constants, and the
equilibrium constant, K7 (Langmuir model), decreases with
higher temperature conditions. On the other hand, if adsorp-
tion capacity increases as temperature increases, this reflects
the endothermic nature of the adsorption process. The physi-
cal and chemical adsorption phenomena can be classified, to
some extent, from the magnitude of the AH’ value. The AH’
values estimated for the BB26 adsorption are lower than
bonding strengths of chemisorption ranging between 84 and
420 kJ mol ! (Crini and Badot 2008). According to Mattson
and Mark (1971), the enthalpy of adsorption of organic mol-
ecules from aqueous solution on activated carbon is usually
within the range 8 to 65 kJ mol . The AH” values are in
agreement with those of Ahmad and Kumar (2010) for mala-
chite green onto treated ginger waste (47.49 kJ mol "), Gercel
et al. (2008) for disperse dye onto biomass (plant material)
(44.31 kJ mol™ 1), Khattri and Singh (2009) for malachite
green onto sawdust (—54.56 kJ mol 1), Sulak et al. (2007)
for Astrazon Yellow 7 onto wheat bran (46.81 kJ mol ),
and Wang et al. (2009) chromium (VI) onto walnut hull

@ Springer

(65.14 kJ mol™'). The negative AS° values (-

33.05 J mol™' K" for AC-RI and —56.18 J mol ™' K" for
AC-R2) confirm the decreased randomness at the solid-liquid
interface during the adsorption. The less negative value of
AS? found for BB26 onto AC-R2 reveals that a more ordered
arrangement of BB26 molecules is shaped on the AC surface.

Conclusion

The H3PO4-activated carbons produced in this work presented
high values of Syt and porosity, comparable to others studies
which used low-cost raw materials as precursors of AC. The
Sger values of the AC samples increased from 990.81 m? gf1
(acai stones) to 1651.31 m? g7l (Brazil nut shells); the total
pore volume and the micropore volume followed the same
trend. The adsorption processes of BB26 onto ACs were
found to follow the pseudo-second-order kinetic model. The
intraparticle diffusion model and Boyd’s equation were stud-
ies to evaluate the adsorption mechanisms; for both adsorption
processes, the overall adsorption rates were found to be con-
trolled by film diffusion. Equilibrium curves were L-type, and
indicated high affinity between the adsorbents and basic dye at
law equilibrium concentrations. Electrostatic interaction was
found to be the mechanism dominant in the adsorptions pro-
cesses attributed to the acidic character of AC surfaces. The
Langmuir model was well-adjusted to the experimental data
for both ACs, and the adsorption capacity values were found
to be 0.0959 mmol g ' (28 °C), 0.1038 mmol g' (35 °C), and
0.1007 mmol g~' (45 °C) for AC-R1, and 0.1011 mmol g’
(28 °C), 0.1029 mmol g_1 (35 °C), and 0.1066 mmol g_1
(45 °C) for AC-R2. The values of the separation factor Ry
indicated favorable adsorption. The determination of the ther-
modynamic parameters indicates the spontaneous and exo-
thermic nature of the adsorption processes. Thus, chemical
activating with H;PO4 was able to generate materials with
adequate characteristics for the adsorption purpose from agai
stones and Brazil nut shells wastes. Additionally, the AC sam-
ples were effective toward removing BB26 from aqueous
solutions.
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