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Abstract

The reactive blue BF-5G dye is used on the textile industry due to its bifunctional characteristic that enables a higher
interaction between the dye and the fabric fibers. Nonetheless, the dyeing produces a high amount of wastewater and
the removal of the dye with a regenerative adsorbent is an attractive cost-efficient process. Therefore, the aim of this work
was to evaluate the desorption mechanism of the reactive blue BF-5G dye on bone char employing different regenerat-
ing agents at different pH conditions. Aqueous solutions with pH from 2 to 12 and alcoholic solutions of methyl, ethyl
and isopropyl were used as regenerating agents in a batch system with constant temperature. The highest regeneration
efficiency with water was at pH =12 (~2.0%) which was low due to alkaline conditions. The increase of negative charges on
the surface of the bone char at pH =12, generated electrostatic repulsion between the adsorbent and the dye, followed
by its desorption. In addition, with increasing concentration of sodium hydroxide, the desorption efficiency is reduced
due to the fact that Na* compensate the negative charge generated on the surface of the bone char. On the other hand,
since dye desorption using organic regenerating agents is due to replacement of the dye molecules by an organic one,
an increase in regeneration was observed. The highest regeneration efficiencies of ~21.0% and 19.5% were obtained
using isopropyl and ethyl alcohols, respectively. These results indicate that the strong interactions between the dye and
the bone char surface were not broken by the regenerating agents studied, thus achieving low dye desorption efficiency.
Therefore, desorption efficiencies are related only to the regeneration of weaker interactions on bone char surfaces for
these systems, in batch conditions.
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1 Introduction pollutant to be known in wastewater. In this sense, textile

industries are major dyes polluting sources, mainly syn-

The textile, dyestuffs, paper and polymers industries
employ dyes during the manufacture of their products
and, consequently, are considered to produce a substan-
tial volume of wastewater contaminated by unreacted and
excess dye, markedly by an intense color. Due to its easy
naked eye identification, dyes might have been the first

thetic dyes. For instance, to process 1 kg of dyed fabrics,
approximately 100 L of water are required [1].

Usually, cationic, acid, direct, disperse, sulfur and reac-
tive dyes are used in the textile industry [2], with reactive
dyes consumption rapidly growing due to its increasing
application in cellulosic fibers. However, since reactive
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dyes have low rates of fixation, it is often used as a high
concentrated solution in order to attain the required dying
quality standards, thus leading to the formation a concen-
trated dye-contaminated liquid effluent. Additionally, dyes
are not easily biodegradable [3, 4]. The contaminated efflu-
ent generated by textile industries exhibits intense color,
are toxic even in very small concentrations and may cause
interference in the process of photosynthesis and the
destruction of the food chain in aquatic ecosystems [5].

In order to mitigate environmental problems, many
methods have been used to remove dyes from textile
effluents, such as coagulation, membrane separation pro-
cesses, electrochemical, oxidation, reverse osmosis, and
microbial aerobic and anaerobic degradation [6]. Never-
theless, these methods are not considered efficient [1, 2]
and adsorption has proven to be an excellent process for
the treatment of colored industrial effluents, offering sig-
nificant economic and environmental advantages when
compared to conventional methods. Adsorption process
advantages include low cost, availability, profitability, effi-
ciency, and ease of operation [7, 8], but an appropriate
adsorbent is mandatory and activated carbon is the most
commonly adsorbent used for color removal from textile
effluent [3, 9-12]. However, as all adsorbents, activated
carbon has a finite capacity for dye adsorption. Thus, the
regeneration of saturated carbons becomes one of the
most important issues in textile wastewater treatment,
since the reuse of activated carbons could determine the
economic viability of the adsorption process [13].

Different methods for regenerating activated car-
bon, such as thermal regeneration [14], regeneration
by wet oxidation [15], chemical regeneration [16, 17],
electrochemical regeneration [18] and regeneration by
ultrasound [19] have been investigated. Among these,
chemical regeneration deserves a special attention since
it offers significant advantages, such as: (i) it can be per-
formed in situ, thus eliminating unloading, transporting
and reconditioning of the adsorbent; (ii) the loss of car-
bon resulting from thermal regeneration is eliminated; (iii)
the recovery of the adsorbate is possible; and (iv) with the
appropriate conditions, the number of chemical regenera-
tion cycles can be increased [20].

Chemical regenerating agents can be classified in two
groups: inorganic chemicals and organic solvents. Sodium
hydroxide is an example of an important inorganic regen-
erating agent since it is closely linked to the process pH
[16]. Indeed, Mahmoodi et al. [21] evaluated the effect
of the pH in the desorption of three acid dyes and found
that the number of adsorption sites that were negatively
charged increased as the pH of desorption increased.
Regarding the organic solvents with different polarities,
they compete with the dye for adsorption sites on the sur-
face of the activated carbons, leading to a dye desorption
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[22, 23]. Therefore, the organic solvents may replace the
previously adsorbed dye molecules, enabling the adsor-
bent to be reused.

It is difficult to find in literature studies that focus on
dye desorption. Many of the works that have been found
mainly study the adsorption step and fall short when it
comes to the desorption one [5, 21, 24, 25]. Therefore,
the objective of this work was to evaluate the Reactive
Blue BF-5G dye desorption mechanism on bone char
employing different regenerating agents at different pH
conditions.

2 Experimental
2.1 Adsorbent, adsorbate and chemicals

The company Bonechar Carvao do Brasil Ltda (Brazil) gen-
tle donated the bone char utilized in this work. Before
experiments, the material was sieved to obtain particles
with a mean diameter of 0.725 mm.

The Reactive Blue BF-5G dye (C.I. Reactive Blue 203;
MW =1051 g mol™") [26, 27], was provided by Texpal
Chemical Industry Ltda. Its chemical structure is shown in
Fig. 1. The molecular structure of such organic compounds
includes four anionic SO; groups balanced by four Na*
cations. These groups deserve special attention because
their presence results in classification of the dye as anionic.
Moreover, the anionic charge may be easily attracted to
the adsorbent according to the pH of the fluid phase [9,
28].

Deionized water was produced using a Permutation-
RO0210 equipment. Sodium hydroxide was acquired from
Nuclear company. Methyl, ethyl and isopropyl alcohols
were acquired from Fmaia company. All chemicals were
used as acquired or diluted and were of analytical grade.

2.2 Adsorbent characterization
2.2.1 X-ray diffraction (XRD)

The identification of crystalline phases in the bone char
was carried out by X-ray diffraction analysis in a Shimadzu
X-ray diffractometer, model D6000, with CuKa radiation.
Measurements were made using a step-scanning tech-
nique with the diffraction angle ranging from 4 <°26<80

and scan speed of 0.1°min~".

2.2.2 Adsorption/desorption of N,
The textural characterization of the bone char was per-

formed using a Micromeritics ASAP 2020 Physisorption
equipment. Initially, the bone char sample was weighed
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Fig. 1 Chemical structure of Reactive Blue BF-5G dye

and pretreated at 300 °C for 1 h under vacuum. Then, the
adsorption/desorption of N, measurements were con-
ducted with liquid nitrogen with a temperature of -196 °C
(77 K). From the obtained isotherm, the specific surface
area and average pore diameter were determined using
the BET method, the pore volume distribution was calcu-
lated by the BJH method, the volume of micropores by
the t-plot method and total pore volume as defined by
the corresponding amount of adsorbed N, with relative
pressure p/p,=0.99.

2.2.3 pH of point zero charge (pHpz)

The 11-points methodology was used for determining the
pH of point of zero charge (pH;;c) [29] of the bone char
using a mass-volume ratio of 1.0 g L™". Briefly, the experi-
ments were carried out by immersing the adsorbent in an
aqueous solution of NaCl with 11 different initial pH (2,
3,4,5,6,7,8,9,10, 11, 12), adjusted with HCI or NaOH
solutions (0.1 mol L™"). After 24 h of stirring (80 rpm) with
constant temperature of 25 °C, the pH of each sample was
measured using a pH meter Thermo Scientific model Orion
Dual Star.

2.2.4 Theoretical calculations of charge distribution
in the dye molecule

Theoretical calculations were performed with GAMESS-
US package program [30]. To investigate the preferential
conformations of reactive blue BF-5G dye, the possible
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conformations were optimized in AM1, PM3 and PM6
and solvation effects were included with IEF-PCM. The
dielectric constant of water stored in the program data-
base. Electrostatic potential surface of the most stable
structure was generated considering medium pH of 2
(form 1), 7 (form 2) and 10 (form 3) [31, 32].

2.2.5 Potentiometric titration for the determination of dye
pKa

The potentiometric titration consists of determining
the final point of a titration process by means of pH
measurement and the detection of the final point of the
titration can be easily noted by examining the titration
curve, with the final point being the inflection point of
the curve [33]. To determine the pKa of the dye, 100 mL
of a 10 mg L™ dye solution was placed in a beaker with
constant magnetic stirring. A pH meter was coupled to
the beaker and the initial pH was adjusted to 2 by adding
a 0.01 mol L™" HClI solution. Then, the acidic dye solu-
tion was slowly titrated with NaOH (0.01 mol L™ using
a burette and the pH variation was measured. A plot of
volume of NaOH added versus pH measured was plotted.
Subsequently, a graph of the first and second derivative
of the measured pHs were plotted which, accurately,
establishes the final point (inflection point) of the titra-
tion and, consequently, determines the dye pKa as being
half of that value [34].
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2.3 Preparation of saturated activated carbon

Before starting the desorption test, the bone char was
saturated by adding 1.5 g of adsorbent in an Erlen-
meyer containing 150 mL of a 4000 mg L™' dye aque-
ous solution (pH,,i;j. approximately 5.6-6.2). The flask
was shaken in a Dubnoff bath (Nova Etica, model 304
DE) with controlled temperature (30 °C) at 80 rpm until
adsorption equilibrium (36 h). After that, the saturated
bone char was separated from the solution by filtration
(Unifil filter paper C42 blue band, 1-2 um) and dried at
40 °C until constant weight. The absorbance of the fil-
tered dye solution was measured in a spectrophotom-
eter (Shimadzu, model UV-1203) with A=620 nm. The
experiment was performed in duplicate and taking the
average of the results. Then, the concentration of the dye
solution was calculated using the Lambert-Beer law [35].
The amount of dye removed by adsorption from the dye
solution was calculated using the Eq. 1.

V

Qads = =

m ' (CO_Cads) (M

where q,4 is the amount of dye adsorbed at equilibrium
(mg g”), C, is the initial concentration of dye in liquid
phase (mg L™"), C,; is the concentration of dye in the lig-
uid phase at equilibrium conditions (mg L"), V is the vol-
ume of dye solution (L), and m is the mass of bone char (g).

The amount of dye adsorbed at equilibrium (q,4,) by
bone char was 105.5 mg g™'. For the kinetics of desorp-
tion and mechanisms experiments, the saturated sam-
ples of bone char were prepared as describe here.

2.4 Kinetics of desorption

Kinetic of desorption was evaluated using deionized
water (without pH adjustment), deionized water with
pH 2-12 adjusted with HCl or NaOH (0.1 mol L™"), methyl
alcohol 50% (v v™'), ethyl alcohol 50% (v v™') and iso-
propyl alcohol 50% (v v™') as regenerating agents. These
solutions were chosen due to the significant results
reported in the literature [4, 5, 21, 22, 36, 371.

The desorption kinetic experiment was performed
by adding 0.2 g of saturated bone char sample to an
Erlenmeyer and, then, adding 20 mL of the respective
regenerating solution. The flasks were shaken in a Dub-
noff bath (Nova Etica, model 304 TPA) with controlled
temperature (30 °C) at 80 rpm for 12 h. The flasks were
picked up from the shaker at predetermined time and its
content was immediately filtered by means of filtration
using qualitative paper blue ribbon grade (Unifil C42
1-2 um). The experiments were performed in duplicate
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and taking the average of the results. The absorbance of
the filtered dye solution was measured by UV/vis spec-
trophotometer (Shimadzu, model UV-1203) at prede-
termined wavelengths (600 nm for dye diluted in NaOH
solution, 620 nm for dye diluted in deionized water, and
625 nm for dye diluted in organic solvents).

The amount of dye desorbed from the bone char as a
function of time was determined using Eq. 2.

(Cdt - Vr)
=—" 2

At m, (2)
where g, is the amount of dye desorbed at time t (mgg™),
Cgt is the desorbed dye concentration in the liquid phase
attime t (mg L™"), V, is the volume of regenerating agent
solution (L) and m is the mass of bone char saturated sam-
ple (g).

Therefore, the desorption efficiency as a function of
time was determined by Eq. 3.

_ Yt

Ed _—
' Qads

-100 3)

where Eg, is the desorption efficiency at a time t (%) and
Qaqs IS the amount of dye adsorbed at equilibrium (mg g™).
For the experiments using deionized water with
adjusted pH and the chemical regenerating solvents, the
parameters qg,, Cy4; and Ey, in Egs. 2 and 3 were replaced by
their respective values in equilibrium conditions, namely
Jgw Caw and Eg, for deionized water with adjusted pH and
Jge Cyc and Ey for the chemical regenerating solvents.

2.5 FT-IR analysis

Fourier transform infrared spectroscopy was carried out
using a Shimadzu spectrometer, model IRPrestige-21.
Initially, the bone char samples were dried at 100 °C for
12 h, crushed and mixed with KBr in pellets. Spectra were
recorded in the range of 400-4000 cm™' averaging 128
scans with 4 cm™ of resolution.

3 Results and discussion
3.1 Characterization
3.1.1 X-ray diffractometry (XRD)

Bone char is composed of carbon atoms distributed
throughout the porous structure of hydroxyapatite [38]
corresponding to, approximately, 10% of carbon atoms
and mainly calcium phosphate (90%) corresponding to
the hydroxyapatite structure [39]. Therefore, the XRD of
the bone char shown in Fig. 2 revealed different peaks
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Fig.2 Diffractogram of bone char: (H) hydroxyapatite; and (Ca) cal-
cium carbonate

instead of the commonly ones found in activated carbon
materials such as corn stalk-based activated carbons [40]
or coffee grounds activated carbons [41]. Nonetheless,
the XRD pattern agree with the diffractograms of bone
char from fish bones [42] and from sheep leg bones [43].

The diffractogram of the bone char (Fig. 2) showed
that the diffraction peaks at °(26) =25.9, 31.7, 40, 46.7
and 49.5 are characteristic of the hydroxyapatite (H),
Ca;((PO,)4(OH),, and the peaks at °(28) =23.0, 29.4, 36.0,
48.5 and 64.7 are due to calcite structure (Ca), CaCO,
[44], which is in accordance with the literature [38, 39,
45-49].

3.1.2 Physisorption of N,

The physisorption of N, for the bone char sample is shown
in Fig. 3. The obtained adsorption/desorption isotherm is
classified as a type-IV isotherm, whereas the hysteresis is
of the type H3, indicating the predominance of mesopores
in the form of parallel plates [50].

The distribution of pore size is another important tex-
tural characteristic for the bone char, and adsorbents in
general, and it is presented in Fig. 4. The distribution of
pores size in the bone char observed was, approximately,
between 50 and 300 A, meaning the predominance of
mesopores in the sample. This mesopores predominance
favors the accessibility of dye molecules (dimensions
of 11x28 A) into adsorption sites inside the adsorbent
porous structure.

The values of specific surface area, total pore volume,
micropore volume and average pore diameter are shown
inTable 1.

The bone char showed specific surface area of
103 m? g™, This fact is directly related to the average
pore diameter of bone char, resulting in a lower surface
area, which is in agreement with the large distribution of
mesopore sizes (Fig. 4) and the type-IV nitrogen adsorp-
tion isotherm (Fig. 3). The results obtained herein are in
accordance with the results present by Leyva-Ramos et al.
[51] who characterized a bone char sample with specific
surface area of 104 m? g~" and with total pore volume and
average pore diameter of 0.30 cm®g~"and 111 A, respec-
tively. Maeda et al. [23] also characterized a bone char
and the specific surface area and average pore diameter
obtained were 109 m? g~' and 94 A, respectively. Further,
according to Table 1, it can be seen that there were no
significant changes in the specific area, in the total pore

T T T T
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Fig.3 Nitrogen isotherms of bone char: (filled square) adsorption;
and (open square) desorption
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Table 1 Textural

Parameter Samples
characterization of the P
adsorbent Bone char Bone char Bone char Bone char
+ + +
NaOH Ethyl alcohol Isopropyl alcohol
Specific surface area® (m? g™") 103 92 97 93
Average pore diameter® (A) 97 117 114 116
Total pore volume® (cm3g™") 0.284 0.272 0.280 0.272
Micropore volume® (cm® g~'qg) 0.0026 0.0038 0.0069 0.0049
*BET method
Bsingle point
‘t-plot method
12 +0.07 eV
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Fig. 6 Potential electrostatic map of Reactive blue BF-5G dye form
1(pH=2)
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PH initial

Fig. 5 pH of point of zero charge for the bone char

volume, micropore volume and average pore size of the
activated bone char after regeneration.

3.1.3 pH of point of zero charge (pHp;()

The determination of the pH of point of zero charge of a
material corresponds to the pH at which the number of
positive charges equals the number of negative charges,
resulting in an electrically neutral charged solid. Thus, this
is an important parameter to be considered in the adsorp-
tion study, due to the fact that it provides useful informa-
tion regarding the adsorption behavior of the surface of
the adsorbent as a function of the pH. The adsorption of
anionic dyes is favored when the pH of the solution is less
than the pHpyc since the surface of the adsorbent becomes
positively charged [28]. Thus, at pH values lower than the
value of pHp,, the adsorption process is favored and can
be explained by the electrostatic attraction between posi-
tive charge generated on the solid surface and the anionic
group of the dye. The pHp,- obtained from the final pH
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as a function of the initial pH curve for the bone char is
shown in Fig. 5.

Therefore, the dye Reactive Blue BF-5G will be adsorbed
if the pH of the solution is less than the pH,, of the adsor-
bent, which Fig. 5 revealed to be 7.5+0.1. As the pH of the
dye solution remained approximately 6, i.e., less than the
pHpcz of the adsorbent studied, the adsorption process
was favored, therefore it was not necessary to acidify the
dye solution. Indeed, Al-Degs et al. [9] also observed that
the adsorption capacity of the dyes Reactive Blue 2, Reac-
tive Red 4 and Reactive Yellow 2, as an example of anionic
dyes, on activated carbon, increased with the use of solu-
tion pH lower than the pHp,c.

3.1.4 Theoretical calculations of charge distribution
in the dye molecule

Considering that potential electrostatic maps were
obtained through theoretical calculations, the semi-
empirical method PM6 efficiently described the geometry
of Reactive blue BF-5G dye, since it takes into account the
intramolecular hydrogen bonds, while the AM1 and PM3
disregard this important interaction. The Reactive blue
BF-5G dye shows three main structures in pH 2, 7 and 10,
as can be seen in Figs. 6, 7 and 8, respectively.
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Fig. 7 Potential electrostatic map of Reactive blue BF-5G dye form
2 (pH=7)
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Fig.8 Potential electrostatic map of Reactive blue BF-5G dye form
3 (pH=10)

The electrostatic potential maps showed that the Reac-
tive blue BF-5G dye has a high electron density, concen-
trated on the conjugated aromatic rings, in all studied pHs.
This suggests that by varying the pH, changes in desorp-
tion could occur mainly by the influence of the chemical
groups present in the bone char surface. Thus, a strong
interaction is expected between the dye molecule and the
adsorbent surface groups that will be hardly broken by
regeneration agents due to the strong ionic character of
these interactions.

In Figs. 6 up to 8 the dye molecules dimensions were
calculated as varying from 30.55 to 30.95 A long and of
13.95 to 14.84 A in width. Therefore, for all pH studied, the
dye molecules might be easily accommodated in bone
char particle pores that have average diameter of 97 A
(Table 1 and Fig. 4).

3.1.5 Determination of dye pKa by potentiometric titration

The determination of the pKa of the dye was based on the
pH changes with addition of the NaOH titrant obtaining a
titration curve, presented in Fig. 9, where it was possible
to determine the points in which pH=pKa. The dye can be
considered a diprotic acid with two dissociation constants
whose experimental values of pKa were pKa,=4.6 and

12 0.35

-0.30
u
F0.25
-0.20
F0.15
-0.10

- 0.05

dpH/dV and dpH*/dV?

T T T T T T T T
820 840 860 880 900 920 940 960 980
0.01 mol/L NaOH (mL)

Fig. 9 Experimental data (filled square), first (red solid line) and
second (blue solid line) derivatives from dye titration with NaOH
(0.01 mol L")

pKa,=7.0.The pKa, =4.6 corresponds to the deprotonation
group -NH;* and at this pH half of the molecules are proto-
nated (-NH;*), as shown in Fig. 6, and half are in the neutral
form (-NH,), according to Fig. 7, resulting in two species
mainly in aqueous solution [52]. Then, when pH increases,
the neutral form predominates. The pKa,=7.0 corresponds
to the deprotonation of the —OH groups and it can be sug-
gested that due to the proximity between the pKa values, a
single pKa for the —~OH group present on the naphthalene
ring and the hydroquinone ring was observed experimen-
tally (Fig. 9). Thus, when pH is equal to 7.0, half of the mol-
ecules are in the neutral form -OH (Fig. 7) and half are in the
anionic form —O~ (Fig. 8). At pH > 7.0, most of the molecules
are in anionic form (Fig. 8).

The sulfonate groups are also present in the structure
of the BF-5G blue reactive dye. However, it was not possi-
ble to identify the sulphonic acid, due to the fact that this
method just analyzes the pH in the range of 2-12. The sul-
fonic acids are strong acids and good donors of protons with
pKa=-2.7,i.e, in solution these groups tend to remain in
their anionic form (sulfonate) conferring anionic character
to the dye in solution [53]. Indeed, Errais et al. [54] observed
in previous studies with the red reactive dye 120 (RR 120),
whose structure also shows sulphonic acids, three different
species in which the sulfonate groups were in the anionic
form for the entire studied pH range (from 2 to 12). Thus, it
can be assumed that the sulfonic acid group of the BF-5G
blue reactive dye, even at pH equal to 2, is in the anionic
form with 4 negative sites.

3.2 Equilibrium time for desorption
Initially, the time required for the equilibrium between
saturated bone char and the regenerating agent solu-

tion was obtained. The result is shown in Fig. 10.
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Fig. 10 Desorption kinetics of Reactive Blue BF-5G dye in bone
char at 30 °C: (filled square) deionized water; (open circle) sodium
hydroxide (0.1 mol L™"); (filled triangle) methyl alcohol 50% (v v7');
(filled diamond) ethyl alcohol 50% (v v™'); and (filled inverted trian-
gle) isopropyl alcohol 50% (v v

As shown in Fig. 10, the time to achieve the desorp-
tion equilibrium was short: approximately 2 h for the
water and the sodium hydroxide solutions; and close to
4 h for other solutions of regenerating agents.

These low desorption equilibrium times, especially
for the water and sodium hydroxide solutions, may be
important for processes to be applicable on an indus-
trial scale, since it could lead to a reduction in the time
of adsorbent regeneration, as well as a decrease in
operational costs.

We also observed that the ethyl alcohol led to a
19.49% increase in the desorption efficiency and isopro-
pyl lead to a 20.88% increase, which corresponded to
dye desorption of 20.55 and 22.02 mg g~', respectively.
Methyl alcohol showed intermediate behavior, with a
desorption efficiency of 11.34% (11.96 m g~"), whereas
water and sodium hydroxide led to very low desorption
efficiencies of 0.89% and 2.59%, which correspond to
0.99 and 2.73 mg g ', respectively. Thus, it may be con-
cluded that organic regenerating agents are far more
efficient in dye desorption than inorganic agents. The
reasons for these results are discussed in detail below.

3.3 Study of dye desorption mechanism in water

Desorption efficiency, ., (%), as a function of initial water
pH variation is shown in Fig. 11. As can be observed, the
initial water pH influences the amount of dye desorbed
from the bone char surface.

The graph presented in Fig. 11 shows that the dye
desorption efficiency increases with the initial water pH.
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Fig. 11 Desorption efficiency of Reactive Blue BF-5G dye as a func-
tion of the initial water pH at 30 °C

Thereby, while there was no dye desorption in water at
pH 2, the desorption efficiency continuously increased
until pH 12, reaching a maximum value of 1.98%, which
corresponds to 2.09 mg g~ . In strong acidic solutions, i.e.,
significantly lower pH than pHp,- of 7.5+0.1, determined
for the bone char sample used (Fig. 5), the anionic dye
adsorption is favored by the increasing electrostatic inter-
action between positive charges generated on the bone
char surface [33] and the anionic group of the dye, which
does not favor dye desorption. Indeed, according to Berg
et al. [55] the intermolecular interactions have a much
lower energy level than covalent bonds. In general, the
relative bond energy follows the increasing following pat-
tern: van der Waals forces < hydrogen bonds < electrostatic
interactions. Besides, the hydrogen bonding strength may
be altered due to simultaneous electrostatic interactions.
Therefore, this result is in accordance with the potencial
electrostatic map presented in Figs. 6 and 9 (pKa=4.6). On
the other hand, when the pH is higher than pHp;-=7.5, the
alkalinity favors the appearance of negative charges on
the bone char surface, increasing the anionic dye repul-
sion and, consequently, favoring desorption. This results is
corroborated by the potential electrostatic maps showed
in Figs. 7 and 8 that indicates the prevalence of negative
character in the dye molecule at pH higher or equal to 7.
Indeed, according to Mahmoodi et al. [21], as the pH of a
system increases, the number of sites with negative charge
also increases, favoring the anionic dye desorption result-
ing from electrostatic repulsion. According to Scheufele
et al. [56], in a multilayer adsorption which is characterized
by specific features due to the absence or the decrease in
the electrostatic interactions of the adsorbed-adsorbed
type between the dye molecules, other weak interactions
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are process-drives, such as the hydrophobic interactions
and van der Waals forces [57]. Although the desorption
efficiency increased with increasing pH, the increment was
small, showing that changing the initial water pH has a
litlle effect on the desorption efficiency. This indicates that
changing from an acid to basic medium is not sufficient
to break the strong interactions formed between the dye
and bone char. These results emphasize the importance of
investigating more efficient regenerating agents. A sche-
matic representation of the dye desorption mechanismin
these conditions is shown in Fig. 12.

3.4 Study of dye desorption mechanism in organic
and inorganic regenerating agent

According to Lu et al. [22], the initial concentration of the
chemical regenerating agent may increase the desorption
efficiency. Therefore, experiments with different initial con-
centrations of inorganic and organic regenerating agents
were performed in order to investigate the possible des-
orption mechanism in these media and its influence on
the dye desorption efficiency. The result obtained with
sodium hydroxide as an inorganic regenerating agent is
shown in Fig. 13.

As observed in Fig. 13, the dye desorption efficiency
using a 0.1 mol L™ solution of NaOH was very low
(Egc=2.7%, initial pH=13.5). As the sodium hydroxide con-
centration increases, the solution pH also increases. Thus,
it was expected that solutions with higher basicity would
lead to an effective desorption of the dye on bone char.
As the solid surface becomes negatively charged, there
would be an increase in the electrostatic dye repulsion, as
previously discussed (Figs. 6 up to 8).

According to Mall et al. [58], strong acids, such as HCI
or HNO;, or strong bases, such as NaOH, can promote dye
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24 L13.6 =
$ . =
2 =1
Hoqed ¥ L132 =
0.8 - -— L12.8
L ¢
m \I
0.0 . . . . L124
0.0 0.2 0.4 0.6 0.8 1.0

Initial concentration (mol/L)

Fig. 13 Desorption efficiency of Reactive Blue BF-5G dye as a func-
tion of the initial concentration of sodium hydroxide solutions at
30°C

desorption. Indeed, Namasivayam et al. [59] performed
the adsorption of two anionic dyes: Direct Red and Acid
Brilliant Blue. It was observed that adsorption increased
in acidic solutions and desorption in alkaline solutions.
According to the authors, their findings explain that those
dyes are most likely retained by a strong interaction of ion
exchange. Similar results were found by Sivaraj et al. [60].
However, the dissociation of the molecules in strong acids
and bases, such as NaOH and HCl, occurs in aqueous solu-
tion, and the ions Na*, OH™, H*, and CI~ may compete for
positively or negatively charged adsorption sites on the
bone char surface, affecting the nature of the adsorbent
surface [61]. In agreement, Leng and Pinto [16] studied
the chemical regeneration of activated carbon saturated
with different adsorbates. It was observed that for acti-
vated carbon saturated with phenol, aniline, and benzoic

<_> Positive charge

Q Negative charge

Fig. 12 Schematic representation for Reactive Blue BF-5G dye desorption mechanism of bone char using water
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acid, the increase on the initial concentration of NaOH
resulted in a decrease in desorption efficiency. This NaOH
dependence can be attributed to the higher adsorption of
OH™ at higher concentrations of NaOH, which inhibits the
desorption process.

As shown in Fig. 13, the desorption efficiency of the dye
decreased with increasing sodium hydroxide concentra-
tion. At higher concentrations, the initial pH was higher
(for 1 mol L™" NaOH solution, pH=14.2). This increase in
pH generated negative charges on the bone char surface,
increasing the repulsion between the dye and adsor-
bent. Thus, as discussed, it is believed that the excess of
Na* ions within the solution would neutralize the surface
negative charges thus, reducing the electrostatic repulsion
between the dye and the bone char. As a consequence,
dye molecules remained adsorbed onto the bone char
surface. Therefore, sodium hydroxide was not effective in
promoting the dye desorption, since the higher desorp-
tion efficiency observed was only 3.66%, obtained using a
very low initial concentration of 0.01 mol L™". A schematic
representation of the dye desorption mechanism at a low
NaOH concentration (0.01 mol L™") and a high NaOH con-
centration (1 mol L™") are shown in Fig. 14.

As already shown in Fig. 10, organic regenerating
agents have a higher capacity to promote dye desorp-
tion from the bone char surface. A more accurate analy-
sis is shown in Fig. 15, which depicts the dye desorption
efficiency as a function of the initial concentration of the
organic regenerating agents.

It was observed that the most efficient desorption
process was achieved by using alcoholic solutions. The
concentration of each regenerating agent that favored
the desorption process was 50% (v v™') for isopropyl
alcohol, 50% (v v') for ethyl alcohol and 80% (v v™') for
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Fig. 15 Desorption efficiency of Reactive Blue BF-5G dye as a func-
tion of the initial concentration of organic regenerating agent at
30 °C: (filled triangle) methyl alcohol; (filled circle) ethyl alcohol;
and (filled square) isopropyl alcohol

methyl alcohol, with dye desorption efficiencies of 20.88%,
19.49%, and 14.75%, respectively. Thus, the results indicate
that the solvents have high efficiency in alcoholic solu-
tions and low efficiency when highly concentrated alco-
hols are used. Some published results in literature agree
with the results presented herein. Lu et al. [22] studied the
desorption of anionic dyes in coconut shell activated car-
bon using isopropyl alcohol and acetone as regenerating
agents. The best desorption efficiency was obtained with
40% (vvh) isopropyl alcohol for Mustard Yellow dye and
60% (v v™') acetone for Peach Red dye.

Na* Sodium

@ Negative charge

Fig. 14 Schematic representation of the Reactive Blue BF-5G desorption mechanism of bone char using NaOH as regenerating agent

SN Applied Sciences

A SPRINGERNATURE journal



SN Applied Sciences (2020) 2:2150 | https://doi.org/10.1007/s42452-020-03911-8

Research Article

The dye molecule average diameter and the electron-
egativity of the hydroxy group are important factors to
be considered during the sorption process. In this sense,
molecules with greater diameter experience diffusional
resistance when moving though the pores of the adsor-
bent [62-64]. For this reason, considering all the regener-
ating agents used, methanol presented higher changes of
diffusing through the adsorbent since it has the shortest
carbon chain from and the highest electronegativity [65].

Besides, one of the characteristics of organic regenerat-
ing agents that may affect the desorption process is their
hydrophobicity [22]. The partition coefficients of metha-
nol, ethanol, and isopropanol are 0.15, 0.48, and 2.19,
respectively. A regenerating agent with higher partition
coefficient is more hydrophobic. Therefore, it is expected
that a competition occurs between the alcohol and the
dye molecule for adsorption sites on the bone char sur-
face. As the isopropyl and ethyl alcohols are more hydro-
phobic than methyl alcohol, it is believed that these two
compounds cause a higher competition between the dye
molecules and the regenerating agent for the adsorption
sites, leading to a higher desorption efficiency.

According to results shown in Fig. 15, it was found that
the highest desorption efficiencies were obtained using
ethanol (19.49%) and isopropanol (20.88%). However, it is
necessary to emphasize that the values of desorption effi-
ciency obtained were still low. A schematic representation
of the dye desorption mechanism using organic regener-
ating agents is shown in Fig. 16.

According to Celekli et al. [66], the reversibility of the
adsorption process depends on the existence of strong
interactions (e.g. ionic or covalent) or weak interactions
(e.g. Van der Waals forces or dipole-dipole interactions)
that are formed between the dye molecules and the adsor-
bent surface. Therefore, the low values of desorption effi-
ciency indicated that the reversibility of the adsorption
was associated with the fact that they show strong interac-
tions between the dye and the bone char surface, which is
a characteristic of chemisorption. Thus, the regenerating
agents studied in this work were not able to break all the
strong interactions between dye and the active sites of the
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bone char. These solvents probably regenerated only the
weak interactions on the adsorbent surface.

Samples saturated with dye and desorbed with the eth-
anol and isopropanol regenerating agents were analyzed
by FTIR, as described early, and the spectra obtained are
shown in Fig. 17.

The —OH stretching vibration band was observed at
3431 cm™' [67, 68]. The band observed at 1038 cm™' was
attributed to the P-O stretching vibrations of PO, group
[69, 70]. The band at 579 cm™' corresponds to PO4‘3 bend-
ing vibrations, a feature of the hydroxyl group interaction
with phosphate [71, 72]. These bands are typically found in
hydroxyapatite, which was evident in all samples.

The bonds vibrations of C=0 and CO,*~ were observed
at 1446 cm™', and are related to the carbonate group
linked with Ca®* by structural hydroxyapatite [73]. These
band signals corroborated the X-ray diffraction peak
(Fig. 5) regarding the mineral calcite (CaCO;).

After desorption of the dye molecules (Fig. 17 spectra
c and d), one additional band was observed at 2347 cm™
in comparison with the parent bone char sample (Fig. 17
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Fig. 17 FTIR spectra of bone char: (a) parent sample; (b) saturated
with Reactive Blue BF-5G dye; desorbed with (c) ethyl alcohol and
(d) isopropyl alcohol
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Fig. 16 Schematic representation of the Reactive Blue BF-5G desorption mechanism of bone char with organic regenerating agents
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spectrum a). This change in intensity may suggest that
the characteristic group can either be S-H or C-S bonds
[74] being, nevertheless, an evidence for the interaction
between the carbon and the hydroxyl from the alcoholic
molecules or with sulfur from bone char.

Reynel-Avila et al. [75] proposed that anionic dyes
ionize in aqueous solution to form negatively charged
molecule and the main surface interactions between dye
molecules and bone char could be described according
toEq. 4.

= SOH? + SO; (dye) —= SOH, — 50;(dye) )

where = S represents the bone char surface adsorption
sites.

This proposal agrees with the explanation for desorp-
tion results and mechanism proposed herein (Fig. 16), in
which the desorption occurs through replacement of the
dye by alcohol molecules and it can be represented as
shown in Eq. 5.

= SOH, — SO,(dye)+ : OH(alcohol) —
SOH, — OH(alcohol) + SO (dye) (5)

4 Conclusions

The results show that the different regenerating agents
may act in different ways in dye desorption. An increase
in initial water pH leads to an increase in the desorption
efficiency due to higher amount of negative charges
on the surface of the bone char, thus generating elec-
trostatic repulsion between the dye molecules and the
bone char surface. In the case of sodium hydroxide, an
increase in the concentration of the inorganic regener-
ating agent causes a reduction in desorption efficiency
due to compensation of the negative charges of bone
char by the excess of Na* ions present in the solution. In
the case of organic regenerating agents, the desorption
mechanism is due to the replacement of dye molecules
by alcohol molecules. Therefore, the results obtained
in this work show that initial water pH has little influ-
ence on the desorption process and sodium hydroxide
give negligible desorption efficiency as well. The high-
est desorption efficiencies are obtained using isopropyl
(20.88%) and ethyl (19.49%) alcohols, respectively. The
results also show that the dye adsorption mechanism
occurs predominantly through strong interactions,
although weak interactions also occur and cannot be
undervalued. As a consequence, only the weak interac-
tions between dye and bone char surface are regener-
ated using the agents studied herein.
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