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ABSTRACT

Eucalyptus bark (EB) materials-based bio-char adsorbent was synthesised and characterised
using SEM-EDS, BET and CHN analyser. The adsorbent surface functional groups were
determined by FT-IR analyser. Various textural characteristics such as BET surface area,
pore size, bulk density, point of zero charge were also determined. The adsorption potential
of these bio-char for the removal of cationic dye Methylene Blue (MB) from aqueous solu-
tion was studied. The effects of various temperature profiles on the production of EB bio-
char were studied and the most efficient temperature profile was identified at 500°C. Batch
adsorption kinetic study showed that the amount of dye adsorbed g, (mg/g) depends on
various physicochemical process parameters such as initial solution pH, dye concentration,
temperature, adsorbent dose, salt concentration and presence of SDS surfactant. It was
found that the extent of MB dye adsorption by EB bio-char increased with the increase of
initial dye concentration, contact time, temperature, SDS surfactant concentration and solu-
tion pH, but decreased with the increase of adsorbent dose and salt concentration. The opti-
mum adsorption conditions were found at the initial dye concentration of 100 mg/L, initial
solution pH of 11.3, adsorbent dose of 10 mg and solution temperature of 55°C. Further-
more, pseudo-first-order, pseudo-second-order and intra-particle diffusion models were fit-
ted to examine the adsorption kinetics and mechanism of adsorption. Equilibrium data
were best represented by Langmuir isotherm model and gives a monolayer effective
adsorption capacity of bio-char which is comparative to other adsorbents including com-
mercial activated carbon. Thermodynamic parameters suggested that the adsorption was an
endothermic, spontaneous and physical in nature. Furthermore, a single-stage batch adsor-
ber design for the MB dye onto EB bio-char particles were presented based on the Lang-
muir isotherm model equation. These results indicated EB biomass as good and cheap
precursor for the production of an effective and environmental friendly bio-char adsorbent.
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1. Introduction

Dyes are complex organic compounds which are
widely used in textile, printing, leather, cosmetic and
paper industries and hence produce large amount of
dye bearing liquid effluents. Effluent of such dye
industries must be treated to bring down their concen-
tration to a permissible limit before discharging into
the water bodies [1]. Today, more than 100,000 com-
mercial dyes are known with a total yearly production
of 7x10° tonnes per year [2]. The high solubility of
dyes in water effluents possesses serious risks to crop,
aquatic life and human health [3]. Different separation
techniques such as precipitation, ion-exchange,
adsorption, coagulation/flocculation, advanced oxida-
tion, ozonation, membrane separation and liquid-lig-
uid extraction have been used to remove dyes from
wastewater [4]. However, all the separation processes
have their own advantages and disadvantages.
Adsorption process is considered to be an effective
separation technique compared to other available tech-
niques for wastewater treatment in terms of cost, sim-
plicity of design, high adsorption capacity and
suitability to most toxic substances [5,6]. Commercial
activated carbon (CAC) is widely used as an effective
adsorbent in the removal of dyes and it is proven to
be an effective adsorbent for the removal of variety of
organic and inorganic pollutants dissolved in aqueous
media or from gaseous environment [7]. However,
many disadvantages are associated with this adsor-
bent including high cost, non-renewable production
source and difficulties with its regeneration reuse
gives reduction in adsorptive efficiency. Therefore, in
the recent time, researchers are focusing upon the pro-
duction of cost-effective naturally available agriculture
solid waste-based adsorbents alternative to CAC. The
applications of agricultural solid wastes as effective
adsorbents offer several advantages. Their easy avail-
ability in large quantities, equipment of less process-
ing time, renewable in nature, low cost, eco-friendly
and good adsorption potential due to their unique
chemical composition [2]. However, to produce effec-
tive high capacity adsorbents comparative to CAC,
current research is also focusing on bio-char produced
from various agricultural solid waste. Bio-char is a
pyrogenic carbonaceous material produced from agri-
cultural and forest residue by biomass carbonisation
technology [8]. Generally, agriculture solid waste
materials have little or no economic value and often
present a disposal problem [9]. There are many
reported agriculture solid waste-based bio-char and
activated carbon used in the removal of various dyes
such as Methylene Blue and Acid orange by bamboo
bio-char [10], Reactive Violet by Cocoa shell activated
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carbon [11], Congo Red by pine cone-based activated
carbon [12], Methylene Blue and Methylene Orange by
Macore fruit activated carbon [13] and Acid Blue by
waste tea activated carbon [14,15]. Readers are encour-
aged to go through these review articles.

Eucalyptus tree (Eucalyptus sheathiana) is naturally
available in Australia and is cultivated as a street tree
[3]. Eucalyptus bark (EB) is locally available with no
economic value and therefore it was selected in this
research project as a precursor for the production of
cost-effective EB bio-char. The production of bio-char
is considered to be more environmental friendly com-
pared to activated carbon as it does not require any
use of acids and bases. Eucalyptus bark is consisted of
cellulose, hemicelluloses, tanning and lignin which is
good for charcoal yield and adsorbents. Successfully
raw Eucalyptus bark was used in the removal of
Methylene Blue dye by adsorption [3]. However, raw
Eucalyptus bark powder is considered a source of nat-
ural dye. Therefore, a new study is conducted on the
removal of Methylene Blue dye using Eucalyptus
bark-based bio-char to eliminate the release of the nat-
ural dye during adsorption process. In this work, the
effectiveness of Eucalyptus bark (EB) biomass bio-char
was prepared at 500°C and characterised by Scanning
Electron Microscopy with EDS (SEM-EDS), FTIR, BET,
Malvern particle sizer, CHN analyser, bulk density
and point of zero charge. Finally, its effectiveness in
the removal of MB dye from its aqueous solution has
been tested here by batch adsorption study, and vari-
ous physicochemical process parameters have been
identified and optimised. The mechanism of dye
adsorption and kinetics has also been explored here.
Further, great amount of salt and surfactant are uti-
lised in the dying process and hence their presence in
the liquid effluents may affect adsorption process and
adsorbent capacity. Hence, salts and surfactant effects
on MB dye adsorption gives further new aspects on
this study.

2. Materials and methods

2.1. Raw material collection and preparation of agriculture
solid waste bio-char

Eucalyptus barks (E. sheathiana) were collected
from the Curtin University Bentley campus, Western
Australia, Australia between February and March
2014. The barks were washed several times with ultra-
pure water to remove dust and impurities, dried at
75°C for 24 h. The dried biomass was cut into small
pieces with a maximum length of 10 cm and placed in
a muffle furnace where temperature profile inside the
muffle furnace was increased at the rate of 10°C/min
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until it reached the set point of 300, 400, 500, 600 and
700°C, respectively, and kept at the set point tempera-
ture for a period of 2h. The formed bio-char was
cooled down at room temperature and then grounded
using a mechanical grinder (manufactured by 135
RETSCH, GmbH & Co. KG, West Germany) and col-
lected in a labelled plastic container.

2.2. Physical and chemical characterisation of EB bio-char

EB bio-char was characterised to determine the
functional groups using a Spectrum 100 FT-IR spec-
trometer with a universal ATR sampling accessory
with MIR detector from Perkin Elmer USA. Also,
scanning electron microscope (SEM) (EVO 40) was
used to study the morphological structure of the
adsorbent’s surface. The particle size was measured
using Malvern Hydro 2000S Master Sizer (Malvern
Instruments Ltd, UK). The surface area, and pore size
of the adsorbent were determined using Brunauere-
Emmett-Teller (BET) method by using Tristar II 3020
(Micromeritics Instrument Corporation). CHN analy-
sis was conducted by CHN analyser to detect the
amount of N, C and H, presented. Bulk density and
bio-char yield were measured as per Egs. (1) and (2),
respectively:

Mass of dry sample (g)

Bulk density = Total volume used (ml)

ey

Yield (%) = ZU”— % 100 @)

where w, is the dry weight (g) of the final activated
carbon and w, is the dry weight (g) of precursor.

2.3. Chemicals

All chemicals used were of analytical grade. The
cationic dye, Methylene Blue (MB) or methylthion-
infum chloride was selected as the adsorbate in the
present study. It is a 3,7-bis (Dimethylamino)-phenoth-
iazin-5-ium chloride with a formula: C;,H;3sN3SCIl and
molecular weight of 319.85g/mol. It was obtained
from Sigma Aldrich with 99.9% purity. A stock solu-
tion of 1,000 mg/L was prepared by dissolving
1,000 mg powder of MB in 1,000 ml volumetric flask
and filled it with ultra-pure water. Different experi-
mental dye concentrations of 10, 20, 30, 40, 50 and
60 mg/L were prepared by diluting the stock solution
with ultra-pure water. Also, sodium chloride and cal-
cium chloride stock solutions were prepared by dis-
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solving 1,000 mg salt powder in 1,000 ml volumetric
flask and filled it with ultra-pure water. The pH of the
solutions was adjusted by addition of either 1M
hydrochloric acid or 0.5M sodium hydroxide solu-
tions and measured using a digital pH meter
(PHTESTR30). The SP-8001 UV/vis (V-670) spec-
trophotometer was used to measure the concentration
of MB dye in solution where the maximum adsorption
for the dye solution was measured at Amax = 668 nm.
The calibration curve was plotted between the absor-
bance and concentration of the dye solution to obtain
the linear calibration equation. The concentration of
the unknown solution was measured from the calibra-
tion plot.

2.4. Batch adsorption kinetic experiments

Adsorption measurements were determined by
batch experiments of fixed amount of adsorbent with
50ml of aqueous Methylene Blue dye solution of
known concentration in a series of 125 ml plastic bot-
tles. The mixture was shaken at a constant tempera-
ture using Thermo line scientific Orbital Shaker
Incubator at 130 rpm at 35°C temperature for 150 min.
At predetermined time, the bottles were withdrawn
from the shaker and the residual dye concentration in
the reaction mixture was separated by centrifuging.
Adsorption experiments were conducted by varying
initial solution pH, contact time, adsorbent dose, ini-
tial dye concentration, initial salt concentration, initial
SDS surfactant concentration and temperature. The
amount of dye adsorbed onto EB bio-char at time ¢, g;
(mg/g) and % adsorption are calculated from Egs. (3)
and (4), respectively:

g = M 3)
m

% Adsorption = (COC;Q) x 100 )
0

where Cy is the initial dye concentration (mg/L), C; is
the concentration of dye at any time ¢, V is the volume
of dye solution (0.05 L) and m is the mass of adsorbent
in (g). All experimental measurements are within
+10% accuracy.

2.5. Isotherm experiment

Equilibrium adsorption studies were conducted by
mixing 50 ml of dye solutions of various initial dye
concentrations of 10, 20, 30, 40, 50, 70 and 100 mg/L
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with 20 mg of EB bio-char powder in 125 ml plastic
bottles for a period of 180 min which was more than
sufficient to equilibrium time. The method is
presented in Section 2.4.

3. Theory
3.1. Adsorption kinetic and mechanism

In order to investigate the mechanism of adsorp-
tion and the transient behaviour of the dye adsorption
process, adsorption kinetics were studied and anal-
ysed using pseudo-first-order, pseudo-second-order
and intra particles diffusion models as explained
below.

3.1.1. Pseudo-first and pseudo-second-order models

Pseudo-first-order model was developed in 1898
[16]. The linearised forms of the pseudo-first-order
and pseudo-second-order models are expressed as per
Egs. (5) and (6), respectively [4]:

k
log(qe — g:) = log ge — ﬁt ()

where g; (mg/g) is the amount of dye adsorbed at
time ¢, g. (mg/g) is the adsorption capacity at equilib-
rium. The adsorption rate constant kg (min™') and g,
(mg/g) were calculated from the slope and intercept
of the linear plot of log(g. — q,) against (¢).

t 1 1

— =t
G 9. kai

(6)

The pseudo-second-order rate constant ks (g/mg min)
and g. (mg/g) can be calculated from the slope and
intercept of the linear plot (t/g,) against (¢).

3.1.2. Intra particles diffusion model

Intra-particle  diffusion model is wused for
identifying the adsorption mechanism for design
purpose [5]. For most adsorption processes, the
amount of dye adsorbed varies almost proportionately
with fy5 rather than with the contact time [9]. Where
kg (mg/gmin®®) is the intra-particle diffusion rate
constant and can be calculated from the slope of the
linear equation of the plot g, against t*°:

qr = kiatos + C (7)
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3.2. Adsorption isotherm

Freundlich and Langmuir models were used to
explain the MB dye-EB bio-char interaction relation-
ship and to determine the adsorption capacity of
adsorbent.

3.2.1. Freundlich isotherm

Freundlich model was developed to explain how
adsorption takes place on heterogeneous surfaces [17].
In this study, Freundlich model was selected to
explain MB dye and EB bio-char particles interaction
relationship:

In qeziln C.+1n kg (8)

where g, (mg/g) is the amount of dye adsorbed at
equilibrium time, C, is equilibrium concentration of
dye in solution (mg/L). The Freundlich adsorption
parameter, kg and the heterogeneity factor (1/n) can
be calculated from slope and intercept of the linear
plot of Ing. against In C.. Also, if n value > 1, this
indicates a favourable adsorption system.

3.2.2. Langmuir isotherm

Langmuir isotherm model was developed in 1916
[18] to explain how adsorption takes place on homo-
geneous surfaces. The linearised form of Langmuir
model can be written as per Eq. (9):

9. Kid,

Ce 1 Ce
+ C))

The maximum adsorption capacity g, (mg/g) and
Langmuir constant related to the energy of adsorption
Ki (L/mg) were calculated from the slope and
intercept of the linearised forms of the plots where
(Ce/q, vs. 1/q,). The separation factor (R;) is a dimen-
sionless used to investigate the adsorption system
feasibility at different initial dye concentration and it
can be calculated from Eq. (10):

1

Ri=——-—
L 1+ K.Co

(10

where C, is the initial dye concentration (mg/L).
Favourable adsorption process takes place where R,
value is 0 < Ry, <1 [19].
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3.3. Thermodynamic study

Thermodynamic studies have been investigated
based on the equilibrium data. Gibb’s free energy
(AG"), enthalpy change (AH®) and change in entropy
(AS") were calculated by using the following equations
[5,6], respectively:

g, AS° —AH®
log: = =3303R T2303 RT (1D
AG® = AH® — TAS® 12)

The linear form of the plot log(g./C.) vs. 1/T presents
Van’t Hoff equation where g, is the solid phase con-
centration at equilibrium (mg/L), C. is equilibrium
concentration in solution (mg/L), T is temperature in
K and R is the gas constant (8.314]J/mol K). The
enthalpy change (AH®) and change in entropy (AS®)
values were calculated from the slope and intercept of
the linear Van’t Hoff plot log q,/C. vs. 1/T.

4. Results and discussion
4.1. Characterisation of EB bio-char
4.1.1. Fourier-transform infrared (FTIR) spectrometer

Fourier-transform infrared (FTIR) spectrometer
was used to investigate the functional groups pre-
sented in the EB bio-char before and after adsorption
of MB dye as shown in Fig. 1. The absorption band at
3,500-3,300 cm ! is presented with a peak band about
3,337 cm ! and this is due to O-H vibrations of alco-
hols, phenols and carboxylic acids, as in cellulose and
lignin [20]. Thus, phenolic and acidic groups are
responsible for MB dye adsorption on EB bio-char.

N-H bending and stretching absorption bands are
found at 11,607 cm ™' and 1,315cm . Also, a small
peak of 2,162 cm™' suggests the presence of C=C
stretching band. Another peak of 1,400 cm™" is found
and it suggests the presence of C-H scissoring and
bending absorption band. C-N stretching is detected
at the peak of 1,315 cm”! where N-H bending band is
detected at 900-650 cm™' band. The FTIR analysis of
EB bio-char after the adsorption of MB dye suggests
the presence of N-H stretching band at 3,500-
3,300 cm™ . Also strong peaks of 1,592 and 1,387 cm™!
are noted which indicate the presence of C=C stretch
aromatic ring and C-H scissoring and bending
absorption bands, respectively. From Fig. 1, peaks
such as 2,162 and 780 cm ™" of EB bio-char disappeared
after the adsorption of MB dye while other peaks at
1,607 and 1,315 cm™! shifted to 1,591 and 1,325 cm™},
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respectively, which suggest the aggregation of MB
molecules with their functional groups of EB bio-char.
Furthermore, a peak at 1,400 cm™' has shifted to
1,387 cm™' suggests that carboxyl group took part in
the adsorption process. Also, the O-H stretching peak
of 3,337 cm ! has increased to 3,349 cm ! after adsorp-
tion of MB dye which indicates significant hydrogen-
bonding interaction in alkaline conditions.

4.1.2. Textural characteristics of EB bio-char

Textural characteristics of raw EB and EB bio-char
are presented in Table 1. Table 1 shows that EB bio-
char has higher specific surface area of 0.56 m*/g,
lower particle size of 10.68 um and higher BET surface
area compared to raw EB which may contribute to
MB adsorption. Also, bulk density is an important
parameter for consideration in the designing of pilot
and commercial adsorption column. It is inversely
related to the particle size of the adsorbent. The bulk
density of raw EB and EB biomass-based bio-char
were calculated as per Eq. (1). The American Water
Work Association has set a lower limit on bulk den-
sity at 0.25 g/cm’ for practical use. The bulk density
of EB bio-char was calculated as 0.42 g/cm® which
suggest the applicability of EB bio-char bulk density.
Furthermore, the yield percentage of EB bio-char yield
was calculated as per Eq. (2) as shown in Table 1.
Where the pHp,. of the EB bio-char was determined
as per solid addition method [21] and it was found to
be 9.5, signifying a positive surface charge for a solu-
tion pH below 9.5 and a negative surface charge for a
pH greater than 9.5.

4.1.3. CHN analysis

CHN analysis was performed by CHNS-O analyser
and the amount of N, C and H, presented in both
raw EB and EB bio-char prepared under various tem-
perature profiles are shown in Table 2. It was found
that the amount of carbon increases from 40 to 60%
for raw EB and EB bio-char (500°C), respectively,
while the amount of hydrogen decreases from 5.4% to
1.68 for the same samples. However, the amount of
nitrogen presence remains almost constant. Results
obtained in this study are close to the reported results
on C, H, N, element analysis with other biomass-
based bio-char an activated carbon [12]. The amount
of carbon and nitrogen contents of EB bio-char were
higher compared to raw EB. The carbon prepared
from EB has comparative properties and carbon con-
tent compared to commercial charcoal and bulk coal
[22].
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Fig. 1. FTIR of EB bio-char before and after the adsorption of MB dye.
Table 1 Table 2
The textural characteristics of raw EB and EB bio-char CHN analysis of raw EB and EB bio-char
Characteristics Raw EB EB-based bio-char ~ Sample C (%) H, (%) N, (%)
BET surface area 6.2m%/g 73 m*/g Raw EB 40.87 5.40 0.27
Average pore size 18 A 51 A EB bio-char (300°C) 51.67 3.03 0.29
Particle size 28.12 um 10.68 pm EB bio-char (400°C) 53.40 2.05 0.27
Specific surface area  0.20 m*/g 0.56 m?/g EB bio-char (500°C) 60.00 1.68 0.25
Bulk density 0.35 g/cm® 0.42 g/cm? EB bio-char (600°C) 15.2 Ash - -
Yield - 36% EB bio-char (700°C) 5.79 Ash - -
PHpzc 5.0 9.5 Commercial charcoal 73.6 3.17 14
Lignite coal 60-75 5.8-6 1.7-34

4.1.4. Scanning electron microscopy (SEM) analysis

The morphology of EB biomass-based bio-char
before and after adsorption of MB dye is determined
by scanning electron microscopy (SEM) as shown in
Fig. 2(a) and (b), respectively. SEM micrograph of EB
bio-char before adsorption shows a well-developed
and heterogeneous structure with high porosity. The
pores can be attributed to escaping volatiles during
high temperature decomposition [8]. Upon the adsorp-
tion of MB dye, the porous structures are covered
with uniform layer which should directly indicate the
binding of MB dye into the surface of bio-char

particles (Fig. 2(b)). As shown in Fig. 2(c), EB bio-char
particles were analysed by energy dispersive X-ray
spectroscopy (EDS) and it was found that carbon and
oxygen were the main components however calcium
may also presented in low proportion.

4.2. Effect of physicochemical process parameters on MB
dye adsorption

4.2.1. Effect of initial solution pH

The solution pH affects the surface of adsorbent as
well as the chemistry of the adsorbate and thus affects
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Fig. 2. SEM of EB bio-char (a) before adsorption of MB dye, (b) after adsorption of MB dye and (c) EDS of EB bio-char
before adsorption.
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Fig. 3. (a) Effect of initial solution pH on the adsorption of MB dye onto EB bio-char: mass of adsorbent = 20 mg, volume
of MB solution = 50 ml, initial dye concentration = 20 ppm, temperature = 35°C and shaker speed = 130 rpm and (b) the
point of zero charge pHp,. of EB bio-char.
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the adsorption process. The effect of solution pH on
the adsorption of MB dye from its aqueous solution
by EB bio-char was studied in the range of 4.8-11.3 as
shown in Fig. 3(a). It was found that the amount of
dye adsorbed of MB dye, g; (mg/g) is increasing from
26.7 to 40.3 mg/g with the increase of the solution pH
as shown in Fig. 3(a). Also, it was found that the
amount of dye removal efficiency increased from 53.4
to 80.5% due to increase in solution pH from 4.8 to
11.3 for a fixed initial dye concentration of 20 mg/L as
per Fig. 3(a). To determine the point of zero charge,
pHpze of EB bio-char, fixed amount of adsorbent was
added to 50 ml of 0.1 M of KNOj; solutions at various
solution pH (2-12) as per solid addition method [21].
The point of zero charge (pHp,.) of biomass-based
bio-char in aqueous solution was determined as 9.5
from the plot of initial solution pH vs. ApHfnal-initian)
as shown in Fig. 3(b). At pH values higher than the
PHpzc of 9.5, the EB bio-char adsorbent becomes more
negatively charged due to dissociation of oxygenated
group and formation of MB—oxygen binding sites
takes place. In contrast, solution pH lower than pH,,.
of 9.5, the adsorbent becomes more positively charged.
With the increase in solution pH, the number of nega-
tively charged sites increases and hence it does favour
for a cationic dye adsorption due to electrostatic
attraction force. Lower solution acidic pH gives lower
adsorption of MB dye which is due to presence of
excess H™ ions competing with the cationic group of
dye for the adsorption sites. A similar behaviour was
reported for MB dye adsorption on biomass and
biomass-based carbon [2,4].

4.2.2. Effect of adsorbent dosage

The effectiveness of different doses of EB bio-char
adsorbent on MB dye was studied to determine the

oy a0 == (mg/g) % Dye removal 90

‘? 80 80
g 70 70
2 60 60 3
H &
Z s s0 &
] -l
‘s =]
= 40 40 =
g 30 30
-

20 20

5 10 15 20 25 30 35
Dose (mg)

Fig. 4. Effect of adsorbent dosage of MB dye onto EB bio-
char: pH solution = 11.3, volume of MB solution = 50 ml,
initial dye concentration = 20 ppm, temperature = 35°C and
shaker speed = 130 rpm.
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most economical minimum dosage. It was observed
that the increase in adsorbent dosage from 0.01 to
0.03 g results in decrease of amount of dye adsorbed
(g0 from 56.8 to 25.5 (mg/g) while the percentage dye
removal is increasing from 56.8 to 80.5% as shown in
Fig. 4. Fig. 4 shows the plot of the amount of MB dye
adsorbed gq; (mg/g) and dye removal efficiency (%)
against adsorbent concentration (mg) of EB bio-char.
Initially, the rate of increase in the percentage of dye
removal was found to be rapid and then slowed down
as the dose increased. Furthermore, at dose of 20 mg,
it was observed a slight decrease in the dye removal
percentage of 80.5-76.6% compared to 30 mg adsor-
bent dose. This experiment was carried out at alkaline
solution pH of 11.3 thus higher removal efficiency was
observed. The decrease in amount of dye adsorbed g;
(mg/g) with increasing adsorbent mass is due to the
split in the flux or the concentration gradient between
solute concentration in the solution and the solute
concentration in the surface of the adsorbent [12,23].
With the increase in adsorbent dose, the adsorption of
MB dye on the adsorption surface was very fast which
gives a lower adsorbate concentration in bulk solution
compared to low adsorbent dose situation. Thus, with
increasing adsorbent dose, the amount of dye per unit
mass of adsorbent g. (mg/g) decreased [24]. Whereas
at low adsorbent dose, the adsorbate dye is more
easily accessible and hence the dye removal per unit
weigh of adsorbent is high. A similar behaviour is
observed for MB dye adsorption on biomass and
biomass-based carbon [3,15].

4.2.3. Effect of contact time and initial Methylene Blue
dye concentration

The initial dye concentration has a significant effect
on its removal from aqueous solutions. The effects of
various initial MB dye concentration and contact time
on the adsorptive removal of dye by EB bio-char and
raw EB were investigated and results are presented in
Fig. 5(a) and (b), respectively. It was found that the
amount of dye adsorbed g; (mg/g) increased from
19.3 to 92.1 mg/g with increasing initial concentration
of MB dye from 10 to 100 mg/L, respectively. The ini-
tial dye concentration provides a high driving force to
overcome the resistance to the mass transfer of dye
between the aqueous solution and the solid phase of a
fixed adsorbent dose. Concurrently, the percentage of
MB dye removal was decreased from almost 80.5 to
36.8% with increasing initial concentration of MB dye
from 10 to 100 mg/L as shown in Fig. 5(a). Higher ini-
tial dye concentration causes the accumulation of dye
molecules on the surface of the adsorbent particle
which leads to the saturation of available active



28972 S. Dawood et al. | Desalination and Water Treatment 57 (2016) 28964-28980
a
(a) 100 —+—qe (mg/g) —— Dyeremova % 100
) 20
- 70 =
£ 0 z
= E
£ 50 2
«
ES
£ ¥ a
- 30 <
)
2 2
g 10
E
< 0! Lo
0 10 20 30 40 50 60 70 80 90 100
Dye concentration (mg/L)
—— 10 mg/L —8— 20 mg/L —i— 30 mg/L
(b) ——s0mgn —t—70 mg/L —0—100 mg/L
—— 20 mg/L (Raw EB)
T 100
E o | T —~—e——= -
=
-_E 70
B 60
8 s0
_g, 40
< 30
E 20
2
= 10
< 9
0 15 30 45 60 75 90 105 120 135 150
Time (min)

Fig. 5. (a) Effect of initial dye concentration of MB dye onto EB bio-char and (b) effect of contact time on MB dye
adsorption onto raw EB and EB bio-char. Where pH solution = 11.3, volume of MB solution = 50 ml, initial dose = 20 mg,
temperature = 35°C, shaker speed = 130 rpm and time () up to 150 min.

adsorption sites hence decreases the amount of dye
removal [2]. It was also found that the amount of
adsorption capacity g; (mg/g) increases rapidly with
increasing contact time at all initial dye concentrations
and slowed down with the increases of contact time
till equilibrium is attained within 150 min for both
raw EB and EB bio-char adsorbents as shown in
Fig. 5(b). Also, from Fig. 5(b), the amount of dye
adsorbed g; at equilibrium on raw EB and EB bio-char
were calculated as 33.1 and 40.3 (mg/g), respectively,
for an initial dye solution of 20 (mg/L). At this stage,
the rate of adsorbed dye from adsorbent is in a state
of dynamic equilibrium with the amount of dye being
adsorbed on the surface of adsorbent and it also

reflects the maximum adsorption capacity of an adsor-
bent under specific process conditions. A similar trend
is reported by various research articles [2,4,5,9].

4.2 4. Effect of solution temperature and
thermodynamics studies

The effect of different dye solution temperatures of
25, 35, 45 and 55°C on the adsorption kinetic was
studied to determine the optimum solution tempera-
ture and the thermodynamic behaviour of MB dye
adsorption on EB bio-char. That amount of MB dye
adsorption on EB bio-char increased from 29.0 to
44.0 mg/g with increasing temperature of the solution
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Amount of dye adsrobed q, (mg/g)
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Fig. 6. Effect of temperature on MB dye adsorption onto
EB bio-char: pH solution =11.3, volume of MB solu-
tion =50 ml, initial dose =20 mg, initial dye concentra-
tion = 20 ppm, shaker speed = 130 rpm.

respectively as shown in Fig. 6. This trend indicates
that the process is endothermic. This is also supported
by thermodynamic parameter AG® which is decreasing
with the increases of temperature as shown in Table 3.
Generally, the AG® values is in the range of 0 to —20

Table 3
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kJ/mol indicates a physical adsorption [8]. The value
of AG® at different temperatures indicates that the
reaction was more favourable at higher temperature.
This may be due to increase of active sites and also
due to increase of the mobility of the dye molecules
with increasing temperature [25]. This may also be
due to increase in the pore size and activation of
adsorbent surface. The thermodynamic parameters
include Gibb’s free energy (AG®), entropy (AS°) and
enthalpy changes (AH®) were calculated as per Egs.
(11) and (12), respectively, and presented as per
Table 3. The positive values of AH® and AS® indicate
the endothermic nature and randomness at the solid
solution interface occurs in the internal structure of
the adsorption, respectively.

4.2.5. Effect of salts on Methylene Blue dye adsorption

Dye bearing effluents from textile industries con-
tain significant amount of salts and hence the effect of
salt on the adsorption process has to be considered.
The presence of these salts in dye effluents affects
both electrostatic and non-electrostatic interactions

Thermodynamic parameters for adsorption of MB dye by EB bio-char

Temperature (K) AG” (kJ/mol)

AH" (k] /mol) AS° (k] /mol K)

298 -3.53
308 —-5.01
318 —6.50
328 -7.98

40.64 0.15
40.64 0.15
40.64 0.15
40.64 0.15

82 4
80
78

76
74 -
72

70 4
68 -
66

64 -

Dye removal %

NaCl-250
mg/L

MNaCl-150
mg/L

MB only

62

60 -
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56 -+

CaCl2-400
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CaCl2-250
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CaCl2-150
mg/L

NaCl-400
mg/L

Fig. 7. Effect of sodium chloride and calcium chloride salts on MB dye adsorption onto EB bio-char, effect of pH solu-

tion = 11.3, volume of MB initial

speed = 130 rpm.

solution = 50 ml,

dose = 20 mg,

initial dye concentration =20 ppm, shaker
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between the adsorbent surface and dye molecules and
therefore affects the adsorption capacity [3]. The
effects of monovalent and divalent salts on the
adsorption of MB dye have been examined using
sodium chloride (NaCl) and calcium chloride (CaCl,)
salts, respectively. Kinetic experiments have been car-
ried out by mixing initial salt concentrations of 150,
250 and 400 mg/L with MB dye solution at a fixed
volume ratio of 1:9, respectively. It was found from
Fig. 7, the amount of MB dye removal capacity was
decreased due to the presence of monovalent NaCl
and divalent CaCl, salts, respectively. Also, dye
removal capacity was further slightly decreased upon
the increase of initial NaCl and CaCl, salts concentra-
tion, respectively. It was observed that amount of dye
removed was decreased from 67 to 60% upon the
presence of fixed monovalent and divalent salt con-
centration, respectively. This trend indicates that the
presence of external ionic strength in the aqueous
solution could be attributed to the competitive effect
between the cationic MB dye and the cations from the
salts (Na* and Ca*") for the available active site which
governs the adsorption process [26]. Also, the increase
in the salt concentration (Na™) may change the equilib-
rium constant between the interface and the bulk of
the liquid thus affecting the adsorption operation.
Similar trend was observed for divalent CaCl, salt.
The molecular weight size, atomic radii and atomic
charge of ions contribute significantly towards the effi-
ciency of the adsorption process. Calcium ions have
higher contribution to ionic strength and positive
charge compared to sodium ions and hence the effect
of Ca®* ions on adsorption process is more serious
than Na®. Similar trend is reported by various
research articles [6,24].

4.2.6. Effect of SDS surfactant on Methylene Blue dye
adsorption

Sodium dodecyl sulphate (SDS) surfactant is an
anionic organic compound and it is widely used as a
stabilizer surfactant in textile industry and laundry
cleaning products [27]. In order to estimate the effect
of surfactant on MB dye adsorption, SDS surfactant
with initial concentration of 20, 50 and 100 mg/L were
mixed with MB dye solution at a volume ratio of 1:9,
respectively, and other parameters were kept constant
as per section 2.4. Results indicate that anionic surfac-
tant SDS had a significant suppressing effect on the
removal of dye MB. The amount of dye removal is
decreased dramatically from 83 to 54% with the
decrease of the surfactant concentration from 100 to
20 mg/L, respectively, for which the plot is not
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presented here. This trend can be explained based on
known properties of the dye-surfactant aggregation
system in the aqueous medium. It is known that ions
from the cationic dye pairs with oppositely charged
surfactants in which charges of the dye and the surfac-
tant are compensated and can be retained on the non-
polar part of the sorbent. Also, high SDS concentration
enhances conversion of hydrophilic MB dye into its
respective hydrophobic ionic-pair concentration by
displacing the equilibrium in the direction of MB-SDS
formation [28] where at lower SDS concentration, this
convention is not favourable.

4.3. Adsorption kinetic and mechanism of adsorption

4.3.1. Pseudo-first-order and pseudo-second-order
kinetic models

Analysing the batch adsorption kinetics experi-
ments play a major role in the designing, optimisation
and production of industrial adsorption columns. The
nature of the adsorption process depends on physical
and chemical characteristics of the adsorbent system
and also on the system conditions [5]. The applicabil-
ity of pseudo-first-order and pseudo-second-order
models were tested to investigate the adsorption nat-
ure of MB dye on EB bio-char as per Egs. (5) and (6),
respectively. Moreover, Chi-square (1) test was per-
formed to evaluate the accuracy of this kinetic model
and determine the error between experimental (g
and calculated (gq¢) as shown in Eq. (14) [29].
Pseudo-first-order linear regression coefficient (R) val-
ues were calculated in the range of 0.64-0.84 for which

g * 10 mg/L
. 20 mg/L
P
= A 30 mg/L L ”
7 =
_E B 50 mg/L ped
6 7
E X 70 mg/L i
e 5 *
- ® 100mg/L P
T 4 ]
e

time (min)

Fig. 8. Pseudo-second-order plot for initial adsorbent dose
of EB bio-char onto MB dye: pH solution = 11.3, volume of
MB solution =50 ml, initial dose=20mg, tempera-
ture = 35°C, shaker speed = 130 rpm.
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Table 4
Pseudo-second-order model parameters for adsorption of MB dye on EB bio-char
System parameters g (mg/g), experimental  k, (g/mg min) g, (mg/g), calculated  h (mg/g min) 4 R?
Adsorbent dosage (mg)
10 56.8 0.004 56.5 14.0 0.001  0.996
15 425 0.005 429 8.5 0.005  0.996
20 40.3 0.007 40.3 10.9 0.000  0.997
30 25.5 0.013 25.1 8.2 0.009  0.996
Initial dye concentration (mg/L)
10 19.3 0.015 19.1 5.5 0.002  0.996
20 40.3 0.007 40.3 10.9 0.000  0.996
30 49.6 0.007 48.8 16.2 0.014  0.997
50 67.2 0.003 67.1 13.8 0.000  0.996
70 76.5 0.003 752 19.3 0.021  0.995
100 92.1 0.006 90.1 52.6 0.045 0.998
pH
11.3 40.3 0.007 40.3 10.9 0.000  0.997
10.1 30.2 0.020 29.6 18.0 0.005  0.999
9.1 319 0.008 31.8 8.2 0.001  0.996
7.4 282 0.011 28.5 9.1 0.002  0.998
6.3 289 0.009 28.7 7.5 0.001  0.995
4.8 26.7 0.017 26.7 12.5 0.000  0.999
Temperature (°C)
25 28.9 0.013 27.6 9.5 0.063  0.997
35 40.2 0.007 40.3 10.9 0.000  0.996
45 39.9 0.004 40.3 6.1 0.005 0.998
55C 44.0 0.003 43.9 5.9 0.000  0.995
Monovalent salt-sodium chloride (mg/L)
150 33.6 0.015 33.1 16.0 0.008  0.998
250 33.2 0.020 32.8 21.0 0.006  0.999
400 32.6 0.012 32.6 13.0 0.000  0.998
Divalent salt—calcium chloride (mg/L)
150 30.9 0.015 31.1 14.8 0.002  0.999
250 30.2 0.009 30.1 8.3 0.000  0.996
400 29.8 0.018 30.3 16.3 0.008  0.999
SDS (mg/L)
20 27.9 0.008 28.0 6.0 0.000  0.995
50 29.7 0.020 30.0 17.8 0.001  0.999
100 41.2 0.020 40.6 5.9 0.008  0.982

the plot is not presented here. The calculated (g.) val-
ues were significantly lower than the experimental
equilibrium adsorption capacity (g.). Also, chi square
test results with high error values which indicates the
inapplicability of this model. Pseudo-second-order
model was fitted where the (g.) calculated values were
almost identical to the experimental values. The (g.)
calculated values were obtained from the slope of the
linearised form of the plot (t/g) vs. time (#). An

example of pseudo-second-order kinetic plot fitting
with experimental data for varying initial adsorbent
dose is shown in Fig. 8. All the fitting kinetic parame-
ters with various physiochemical process parameters
are tabulated in Table 4. Pseudo-second-order rate
constant ks (g/mg min) decreased with the increase of
dye concentration (Table 4). This may be due to
the lower competition for the sorption sites at
lower concentration. At higher dye concentrations,
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the competition for the surface active sites will be high
and hence lower adsorption rates are attained
(Table 4). Whereas the initial adsorption rate i (mg/
g min) was calculated as per Eq. (13) and it varied
with adsorbent dose where the overall rate constant
increased with the adsorbent dose. Also, from Table 4,
the linear regression coefficients (R? values were
above 0.97 and Chi square (;*) values were lower than
0.045 which suggested the applicability of this model.
It was observed from Table 4, the adsorption capacity
increases with the increase in initial dye concentration,
solution pH and temperature but decreases with the
increase of amount of adsorbent. Similar types of
adsorption kinetic parameters were reported for the
removal of MB dye by different [3,14]:

h=k- g2 (13)

= (14)

qe,calc

4.3.2. Intra particles diffusion model and mechanisms

Intra-particle diffusion model is used for identify-
ing the adsorption mechanism that results in the
apparent dynamic behaviour of the adsorption system.
The most commonly used technique for identifying
the mechanism involved in the sorption process is
presented by fitting the experimental data onto intra-
particle diffusion model as per Eq. (7). Intra-particle
adsorption process is consisted of multi steps where
migration of the dye molecules from the bulk solution
to the surface of the sorbent, diffusion through the
boundary layer to the surface of the sorbent, adsorp-
tion at sites and intra-particle diffusion into the inte-
rior of the sorbent [30]. It was found that the removal
of MB dye by EB bio-char adsorbent was rapid at the
initial period of contact time and then became slow
and almost stable with the increases in contact time.
This trend indicates the multistage of adsorption
where the MB dye solution is adsorbed due to the
external mass transfer followed by intra particle diffu-
sion, respectively [6,31]. The overall rate of adsorption
is controlled by the slowest step, which may be either
film diffusion or pore diffusion. Also, from Eq. (7), the
plots of g; against fp5 give two or more intercepting
lines depending on the actual mechanism where none
of these plots give linear straight line segment passing
through the origin. This trend shows that both film
diffusion and intra-particle diffusion occurred simulta-
neously and the adsorption of MB dye onto EB
bio-char particles may be controlled by film diffusion
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at earlier stages. Intra-particle diffusion plots for differ-
ent solution pH, adsorbent dosages, temperatures, ini-
tial dye concentration, presence of ions and SDS
surfactant are given same trends for which plots are not
presented here. The diffusion coefficient (Dp) (cm®/s)
depends on the surface properties of adsorbents and it
was calculated from Eq. (15). The half-life (fy5) (s) was
calculated as per Eq. (7) and (1) is the radius of the
adsorbent particle (cm). The surface weighted mean
diameter of EB bio-char particle was found as 10.68 pm
(radius = 5.34 pm x 0.0001 cm = 0.000534 cm). The intra
particle diffusion coefficient (Dp) (cm?/s) was calcu-
lated as 4.1x 107", 3.8 x 107", 47 x 107", 29 x 107",
37x107", 83 x 107" em?/s for 10, 20, 30, 50, 70 and
100 mg/L, respectively. Values of pore diffusion rate
constants were found to be in the range of 107" cm?/s
for all the adsorbent samples. Therefore, the pore diffu-
sion in this study may be significant:

0.03r3

Dy (15)

tos =

4.4. Adsorption equilibrium isotherm

The adsorption equilibrium isotherm explains the
specific relationship between the concentration of
adsorbate and its degree of accumulation onto adsor-
bent surface at constant temperature [32]. The adsor-
bent surface phase may be considered as a monolayer
or multilayer. Various isotherm models have been
employed to fit the experimental data and evaluate
the applicability of these models for MB dye adsorp-
tion. Freundlich and Langmuir models were used as
per Egs. (8) and (9), respectively. Langmuir isotherm
is valid for monolayer adsorption on the adsorbent
surface a finite number of identical sites while

0.8

0.7 y =0.0096x+0.1087

R*= 0.9742 _—*
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= 05 .
— -
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= 04 )
>
2 0.3 0
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Fig. 9. Langmuir plot: for initial adsorbent dose of EB bio-
char onto MB dye: pH solution = 11.3, volume of MB solu-
tion 50 ml, initial dose = 20 mg, temperature = 35°C, shaker
speed = 130 rpm and time (¢) = 180 min.
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Table 5

A summary of Freundlich and Langmuir isotherm
calculated values

Freundlich

kg (L/ g) n R?
17.99 2.48 0.848
Langmuir

Jm (Mg/g) Ky (L/g) Ry Rr?
104.17 0.09 0.1-0.4 0.974

Freundlich isotherm model is valid for multilayer
adsorption and is derived by assuming a heteroge-
neous surface with interaction between adsorbed
molecules with a non-uniform distribution of heat of
sorption over the surface [6]. From the calculated date
as shown in Fig. 9, it was found that Langmuir iso-
therm fitting for EB bio-char adsorbent gives a high
linear regression coefficient (R*) of 0.97 compared to
0.85 for Freundlich isotherm model which are pre-
sented in Table 5. High linear regression coefficient
(R? indicates the applicability of Langmuir isotherm.
From Table 5, the maximum adsorption capacity
gm =1042mg/g and Ky =0.09 values for Langmuir
constants were obtained. Also, the constant value Ry,
(low separation factor) in Langmuir isotherm and Fre-
undlich constant, n, were both presented in Table 5
and indicate a favourable and physical adsorption
process. The Langmuir adsorption isotherm model
provides the best fit for the system of EB bio-char
adsorption on MB dye and similar adsorption iso-
therm trends were reported by various [3,4,14]. The
adsorption capacity of EB bio-char into MB dye has
been compared with other agriculture solid waste bio-
char, biomass activated carbon and CAC under similar
experimental conditions as presented in Table 6. From
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Table 6, it shows that EB bio-char studied in this work
has a comparative adsorption capacity compared to
other biomass carbon and activated carbon.

4.5. Design of single stage batch adsorber from isotherm
data

It was found that Langmuir isotherm model is fit-
ted well with the equilibrium data. Adsorption iso-
therms can be used to predict the design of single
batch adsorption system [6,12]. Due to lack of exten-
sive experimental data, empirical design procedures
based on a batch adsorption isotherm study is used to
predict the optimum process parameter such as the
adsorber size and performance.

The design objective was to decrease the initial
MB initial dye concentration from C; to C; (mg/L)
for which total dye solution is V (L). The amount of
added adsorbent was m (g) and the solute loading
increases from g, (mg/g) to q; (mg/g). The MB dye
concentration on solid changes from gy =0 to q; due
to added adsorbent into the system. The mass
balance for the MB dye in the single-stage operation
under equilibrium is presented as in Eq. (16).
Langmuir adsorption isotherm data has been utilised
in this study to design a single-stage batch adsorp-
tion system as per method developed by [33]. Rear-
ranging Eqgs. (9) and (16) thus can be written as per
Eq. (17):

V(Co — Ce) = m(qe — go) = mqe (16)
mi(jo—cei Co—ce
Vo g guKiCe/1+K,C. a7

Table 6

Comparison of adsorption capacities of various adsorbents for removal of MB dye

Adsorbents Jmax (Mg/g) Refs.
Diatomite-templated carbons 505 [35]
Palm tree activated carbon 128 [36]
Nut shell activated carbon 5.3 [371]
Bio-char ash 178 [38]
Wheat straw bio-char 12.03 [39]
Wood apple shell activated carbon 37 [40]
Kenaf fibre char 22.7 [42]
Macore fruit activated carbon 10.6 [13]
Waste tea activated carbon 402 [14]
Granular activated carbon 21.5 [41,42]
Powdered activated carbon 91 [42]
EB bio-char 104.2 Present study
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Fig. 10. Design of single stage batch adsorber—adsorbent
mass (m) against volume of solution treated (L).

From Fig. 10, it shows a series of plots derived from
Eq. (17) between the predicted amount of EB bio-char
particles required to remove Methylene Blue dye of
initial concentrations of 20 (mg/L) for 50, 60, 70, 80
and 90% dye removal at different solution volumes
(L) for a single-stage batch adsorption.

4.6. Desorption study

Desorption studies has been performed to explain
the adsorption mechanism and regeneration of the
adsorbent. The MB loaded EB bio-char was separated
from dye solution by centrifugation and dried. Fixed
amount of 10 mg loaded dried adsorbent was agitated
with 25 ml of acetone and distilled water at various
pH values for predetermined equilibrium time of the
adsorption process. It was found that the amount of
dye regenerated increases with the decrease of solu-
tion pH for which the plot is not presented here.
Desorption tests showed that amounts of dye released
were 44, 43, 31, 30 and 28% achieved in aqueous solu-
tion at pH of 1.7, 2.3, 3, 5 and 11, respectively. The
point of zero charge (pHp,.) of EB bio-char was deter-
mined at solution pH of 9.5 therefore the amount MB
dye released from the loaded EB bio-char is higher
with the decrease of solution pH due to the enhanced
electrostatic repulsion between the adsorbent and the
adsorbate. Also, lower solution pH tends to give
higher dye released percentage as the protons in solu-
tion replace the MB ions on the bio-char surface, while
poor recovery of almost 28% is observed in high solu-
tion pH due to the coordinating ligands being depro-
tonated; hence, bound-dye ions find it difficult to be
detached from the adsorbent [3]. Desorption of MB
loaded EB bio-char at acidic solution pH indicates the
adsorption process was through ion exchange. Also, it
was found that the maximum dye releasing of 78%
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was achieved in an aqueous solution of acetone. Ace-
tone is an organic compound that contains carbonyl
groups which have both positive and negative centres
and hence played the pivotal role in desorbing the
adsorbed MB dye molecules from the EB bio-char sites
[34]. Also, this result indicates the dye has been held
by the adsorbent through a chemisorption process.

5. Conclusion

In the present study, eucalyptus barks bio-char
was effectively used to remove Methylene Blue dye
from aqueous solution. Agricultural by-product euca-
lyptus barks waste was considered as substance raw
materials for the production of bio-char. The physical
and chemical properties such as particle size, bulk
density, carbon yield, BET surface area, CHN analysis,
FT-IR and SEM of EB bio-char were also studied. It
was found that the extent of MB dye adsorption by
EB bio-char increased with the increasing of initial
dye concentration, contact time, temperature, SDS sur-
factant concentration and solution pH, but decreased
with the increase of adsorbent dose and salt concen-
tration. Kinetic experiments clearly indicated that
adsorption of Methylene Blue on EB bio-char are multi
step processes: a rapid adsorption of dye onto the
external surface followed by intra-particle diffusion
into the interior of adsorbent which has also been con-
firmed by intra-particle diffusion model. Overall, the
kinetic studies showed that the Methylene Blue dye
adsorption process followed pseudo-second-order.
Equilibrium data were fitted with Langmuir and Fre-
undlich adsorption isotherm models. Based on the
thermodynamic analysis and Langmuir isotherm data,
it was observed that the adsorption system was
endothermic and physical processes in nature. The
positive value of AS® indicated also greater stability of
an adsorption process with no structural changes at
the solid-liquid interface. The present works also
highlighted that eucalyptus barks bio-char is a good
low-cost adsorbent in the removal of MB dye which
has other applications. Further this biomass will add
economic value and help to reduce the cost of agricul-
tural solid waste disposal and provide a potentially
inexpensive alternative adsorbent to CAC.
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