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ABSTRACT

Activated carbon was prepared through a chemical activation of bamboo waste precursor
(BMAC) using phosphoric acid as the activating agent at 500°C for 2 h. Batch adsorption stud-
ies were carried out for the adsorption of C.I. Reactive Black 5 (RB5) onto the BMAC. The
effect of various experimental parameters such as initial dye concentration (50-500 mg/L),
contact time (0-32h), pH (2-12), and temperature (30-50°C) were investigated. Equilibrium
data were found to be very well represented by the Freundlich isotherm and a pseudo-
second-order model was found to explain the kinetics of RB5 adsorption more effectively. The
mechanism of the adsorption process was determined by the intraparticle diffusion model.
Thermodynamic parameters such as standard enthalpy (AH®), standard entropy (AS”),
standard free energy (AG®), and activation energy were determined. The results indicated that
BMAC is a suitable adsorbent material for adsorption of reactive dye from aqueous solutions.
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1. Introduction

Azo dyes are synthetic organic compounds widely
used in textile dyeing, paper printing, and other indus-
trial processes such as the manufacture of pharmaceuti-
cal drugs, toys, and foods including candies. This class
of dyes, which is characterized by the presence of at
least one azo bond (-N=N-) bearing aromatic rings,
dominates the worldwide market of dyestuffs with a
share of about 70% [1]. Reactive dyes are typically azo-
based chromophores combined with different types of
reactive groups. Reactive dyes posses some peculiar
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advantages, such as bright colors, excellent colorfast-
ness, and ease of application [2,3]. However, many
reactive dyes are toxic to living organisms and exhibit-
ing poor biodegradability tendencies (especially those
containing azo-groups) [4]. Moreover, since reactive
dyes are highly soluble in water, their removal from
effluent is difficult by conventional physicochemical
and biological treatment methods [5].

Adsorption onto activated carbon has been found
to be superior for removal of pollutants from waste-
waters compared to other physical and chemical tech-
niques [6]. Adsorption processes are characterized by
kinetics and isotherm. Both isotherm and kinetic data
are important tools to understand the mechanism and
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design of adsorption treatment plant [7]. Activated
carbons is the most widely used adsorbent for the
removal of dyes and treatment of textile effluents,
because of their exceptionally large surface areas,
well-developed internal pore structure as well as their
surface reactivity attributed to the existence of a wide
spectrum of oxygen containing surface groups [8,9]. In
the past few years, extensive research has been under-
taken to develop alternative and economic adsorbents.
An economic adsorbent is defined as one which is
abundant in nature, or is a by-product or waste from
industry, that has little or no economic value and
requires little processing [10]. Several million tons of
agricultural wastes are being disposed in the world
every year through different ways such as incinera-
tion, land applications, and land filling. Agricultural
residues, known as lignocellulosic biomass resources,
are defined as a biomass by-product from the agricul-
tural system includes straws, husks, shells, fruit
stones, and stalks [10].

Bamboo is an abundant natural resource in Malay-
sia because it takes only several months to grow up. It
has been traditionally used to construct various living
facilities and tools [11]. Bamboo has been used as the
structural material for steps at construction sites in
China, India, Malaysia, and other countries because it
is a strong, tough, and low-cost material. Conversion
of bamboo waste to a value-added product such as
activated carbon will help to solve part of the problem
of wastewater treatment in Malaysia.

Therefore, the purpose of this work was to
evaluate the adsorption potential of bamboo-based
activated carbon for C.I. Reactive Black 5. The equilib-
rium, kinetic, and thermodynamic data of the adsorp-
tion process were then studied to understand the
adsorption mechanism of RB5 molecules onto the
prepared activated carbon.

2. Theoretical background
2.1. Equilibrium modeling

The analysis of the isotherm data by fitting them
to different isotherm models is an important step to
find the suitable model that can be used for design
purposes [12].

The Langmuir equation is valid for monolayer
adsorption on a surface with a finite number of identi-
cal sites and is expressed as [13]:

_ quLCe
e =17K.C @

The linear expression of the Langmuir model is
given by Eq. (2):
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where C, (mg/L) is the initial concentration of adsor-
bate and g, (mg/g) is the amount of adsorbate
adsorbed per unit mass of adsorbent. Q, is the maxi-
mum amount of the dye per unit mass of adsorbent to
form a complete monolayer on the surface at high C,
(mg/L) and b (L/mg) is a constant related to the
affinity of the binding sites.

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless
equilibrium parameter (R;) [14], which is defined
by:

1

Re=aacy
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where C, (mg/L) is the initial amount of adsorbate
and b (L/mg) is the Langmuir constant described
above. There are four probabilities for the R; value: (i)
for favorable adsorption 0 <Ry <1, (ii) for unfavorable
adsorption Ry >1, (iii) for linear adsorption R, =1, and
(iv) for irreversible adsorption R, =0.

The empirical Freundlich isotherm [15] based on
adsorption on a heterogeneous surface is given by the
following equation:

g = KCl" (4)

A linear form of the Freundlich expression can be
obtained by taking logarithms of the following equation:

log g. = log K + %log C. 5)

where Kp (mg/g(L/mg)'’™ and n are Freundlich
constants with #n giving an indication of how
favorable is the adsorption process. Ky is the
adsorption capacity of the adsorbent which can be
defined as the adsorption or distribution coefficient
and represents the quantity of dye adsorbed onto
activated carbon for a unit equilibrium concentra-
tion. The slope of 1/n ranging between 0 and 1 is
a measure of adsorption intensity or surface hetero-
geneity, becoming more heterogeneous as its value
gets closer to zero [16]. Value for 1/n below one
indicates a normal Langmuir isotherm while 1/n
above one is an indicator for cooperative adsorp-
tion [17].

Temkin isotherm [18] contains a factor that explic-
itly takes into account of adsorbing species—adsorbate
interactions. The Temkin isotherm is represented by
the following equation:

qe = RT/b ln(KtCe) (6)
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Eq. (6) can be expressed in its linear form as

ge=BIn K; +Bln C, (7)
where
B=RT/b (8)

The adsorption data can be analyzed according to
Eq. (5). A plot of g, vs. InC, enables the determination
of the isotherm constants K; and B. K; (L/mg) is the
equilibrium binding constant corresponding to the
maximum binding energy and constant B is related to
the heat of adsorption.

2.2. Kinetics of adsorption

In order to examine the controlling mechanism of
adsorption processes such as mass transfer, equilib-
rium time, and chemical reaction, several kinetic
models were used to test experimental data. The
pseudo-first-order and pseudo-second-order kinetic
models were applied to study the kinetics of the

adsorption process. The pseudo-first-order rate
expression of Lagergren [19] is:

log(ge — q1) =1 —Lt )
08\ ~ 1) = 1084 ~ 3303

where g, and g; (mg/g) are the amounts of RB5
adsorbed at equilibrium and at time ¢ (h), respectively
and k; (h™") is the adsorption rate constant. A straight
line of log (g.—qs) vs. t would suggest the applicabil-
ity of this kinetic model.

The pseudo-second-order [20] equation based on
equilibrium adsorption data is expressed as:

t 1 1
a—@+i (10)

where k, (g/mgh) is the rate constant for the pseudo-
second-order adsorption kinetics.

2.3. Validity of kinetic model

The applicability of the kinetic model to describe
the adsorption process was further validated by the
normalized standard deviation Agq (%) which is
defined as [21]:

_ Z [(qex - qcal)/qex ]2
Aq(%) = 100¢ pfat)/fer

(11)
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where N is the number of data points, gexp and gear
(mg/g) are the experimental and calculated adsorp-
tion capacity, respectively.

2.4. Intraparticle diffusion

Intraparticle diffusion model based on the theory
proposed by Weber and Morris [22] was tested to
identify the diffusion mechanism. Adsorption is a
multistep process involving transport of the solute
molecules from the aqueous phase to the surface of
the solid particulates followed by diffusion into the
interior of the pores. According to this theory:
g =Kt'"?+C (12)
where k; (mg/gh'/?), the intraparticle diffusion rate
constant, is obtained from the slope of the straight line
of g, vs. tV/2,

2.5. Adsorption thermodynamics

The concept of thermodynamic assumes that in an
isolated system where energy cannot be gained or lost,
the entropy change is the driving force [23]. The ther-
modynamic parameters that must be considered to
determine the process are changes in standard enthalpy
(AH"), standard entropy (AS°), and standard free energy
(AG®) due to transfer of unit mole of solute from solu-
tion onto the solid-liquid interface. The value of AH®
and AS® were computed using the following equation:

AS°  AH°

InK=2""%t

(13)

where R (8.314]/mol K) is the universal gas constant,
T (K) the absolute solution temperature, and K. is the
distribution coefficient which can be calculated as:

(14)

The values of AH® and AS® were calculated from the
slope and intercept of plot between InK, vs. 1/T. AG®
can be calculated using the relation below:

A(:’ads = AHads - TASads (15)

3. Materials and methods
3.1. Adsorbate

C.I Reactive Black 5 (RB5), diazenyl-3-[[4-(2-
sulfonatooxyethylsulfonyl)phenyl] =~ hydrazinylidene]
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naphthalene-2,7-disulfonate  supplied by Sigma-
Aldrich (M) Sdn Bhd, Malaysia was used as an
adsorbate without any further purification. Distilled
water was used to prepare all solutions. RB5 has a
chemical formula of CysH5;NsNazO;0Ss, with molecu-
lar weight of 991.82g/mol. The chemical structure of
C.I Reactive Black 5 (RB5) is shown in Fig. 1.

3.2. Activated carbon preparation

Bamboo waste was collected from a local furniture
shop, Penang State, Malaysia. The procedure used to
prepare the activated carbon was referred to our previ-
ous work [24]. It was washed with hot distilled water
to remove dust like impurities then dried in an oven
(Model Memmert 600, Germany) at temperature of
105°C for 24 h and thereafter crushed and sieved to the
desired particle size range (200-300 pm). Chemical acti-
vation method using phosphoric acid (purity 85%
Merck, Germany) was used to activate the raw mate-
rial. In a typical batch production, 40 g of raw material
was impregnated by certain amount of 40wt.% con-
centrated phosphoric acid with occasional stirring. The
amount of phosphoric acid solution used was adjusted
to give a certain impregnation ratio. Subsequently, the
impregnated samples were air dried under sunlight
for threedays. Activation of phosphoric acid impreg-
nated precursor was carried out at a temperature of
500°C (at a heating rate of 10°C/min) for 2h under
nitrogen flow rate at 150cm’/g and. After activation,
the samples were allowed to cool down under the
nitrogen environment. The samples were subsequently
washed several times with hot distilled water (70°C)
until the pH of the washing solution reached 6-7.
Finally samples were dried in an oven at 110°C for
24 h and then stored in plastic containers.

Textural characterization of the BMAC was carried
out by N, adsorption at 77 K using ASAP 2020 Microm-
eritics instrument by Brunauer-Emmett-Teller (BET)
method, using the software of Micromeritics. Surface
morphology and the presence of porosity of the acti-

i
Na0,SOCH,CH,— ﬁ@ SO,Na
e
i <
Naoasoc;Hzc:Hz—ﬁQ O,Na

Fig. 1. Chemical structure of C.I. Reactive Black 5 (RB5).
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vated carbon prepared in this work were studied using
scanning electron microscopy (SEM) analysis.

3.3. Chemical characteristics of activated carbon

The surface chemistry characterization of the pre-
pared activated carbon was performed with pH drift
method. pHpzc (point of zero charge) is pH when the
charge in the activated carbon surface is zero. For this
purpose, 50ml of 0.01N NaCl were prepared and
added into a series of Erlenmeyer. Then, their pH val-
ues were adjusted in range between 2 and 12 with
interval 0.1 using 0.01N HCI solutions and 0.01N
NaOH. pH of initial solutions were measured with pH
meter and then noted as pHinitial. After constant value
of pHinitial had been reached, 0.15g of activated carbon
sample was added into each Erlenmeyer and then
shaken for 48h. After 48h, pH of solution was
measured using pH meter and noted as pHgna. pPHpzc
of activated carbon sample is the point when
pHinitial = pHﬁnal'

The functional groups available on the surface of
the prepared activated carbon were detected by KBr
technique using a Fourier Transform Infrared (FTIR)
spectroscope (FTIR-2000, PerkinElmer). The spectra
were recorded from 4000 to 400 cm .

3.4. Equilibrium studies

Adsorption experiments were carried out by add-
ing a fixed amount of adsorbent (0.30g) to a series of
250mL conical flasks filled with 200mL diluted dye
solutions (50-500mg/L). The conical flasks were then
sealed and placed in a water bath shaker and the agi-
tation speed set at 120rpm. The water bath tempera-
tures of 30, 40, and 50°C were investigated. At the end
of each adsorption batch runs, the final concentration
of RB5 in the solution was measured at 597 nm using
UV/Vis spectrophotometer (Shimadzu UV/Vis 1601
Spectrophotometer, Japan). Before the measurement
was made, a calibration curve was plotted using the
standard RB5 with known concentrations. The amount
of dye on BMAC adsorbent was calculated from the
following equation:

Je = - (16)

where g, (mg/g) is the amount of dye adsorbed at
equilibrium, C, and C, (mg/L) are the liquid-phase
concentrations of dye at initial and equilibrium points
respectively. V (L) is the volume of the solution and
W (g) is the mass of dry adsorbent used.
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3.5. Effect of solution pH and temperatures

To study the effect of solution pH on the removal
of dye by BMAC adsorbent, the pH was adjusted by
adding a few drops of 0.1M NaOH and 0.1M HCl
before each run. Experimental conditions were 0.30g
BMAC; 200mg/L dye solution, temperature equal to
30°C, and contact time of 24h. The effect of tempera-
ture 30, 40, and 50°C on the adsorption on BMAC
was studied using initial dye concentrations of 50—
500mg/L for 24h and pH values ranging between 2
and 12.

4. Results and discussion
4.1. BET and SEM of the activated carbon

The BET surface area, Langmuir surface area, total
pore volume, and average pore diameter of the pre-
pared activated carbon were 988.23m?/g, 1561.164 m?/
g 0.696cm’®/g, and 2.82nm, respectively. The SEM
image of the derived activated carbon was referred to
our previous work [25]. Many large pores in a honey-
comb shape were clearly found on the surface of the
activated carbon. The well-developed pores had led to
the large surface area and porous structure of the
activated carbon.

4.2. Chemical characteristics of activated carbon

The pHpzc value was obtained for the prepared
activated carbon was around 5.5+3, indicating that
the surface of the activated carbon was more on the
acidic groups. This was in agreement with the work
carried out by Hamdaoui and Naffrechoux [26] and
Prahas et al. [27] which reported that the surface of
activated carbon was as well showing acidic character-
istic. The FTIR spectrum of the prepared activated
carbon was referred to our previous work [25]. The
spectrum displayed the following bands:

3736 cm': O-H stretching vibrations;

2373cm™ 1 C=0 stretching vibrations;

1538cm™!: C=C stretching vibration in aromatic rings;
1052 cm™': C-OH stretching vibrations;

674cm™': C-H out-of-plane bending in benzene
derivatives.

The main surface functional groups present in the
derived activated carbon were quinone and aromatic
rings.

4.3. Effect of initial dye concentrations

Fig. 2 shows the effects of agitation time and ini-
tial dye concentrations on the adsorption kinetics of
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Fig. 2. The variation of adsorption capacities with
adsorption time at various initial RB5 concentrations at 30°C.

BMAC adsorbent at 30°C. The adsorption curves are
smooth and continuous leading to saturation. An
increase in the initial dye concentrations leads to an
increase in the adsorption capacity of the dye on
BMAC adsorbent. The maximum monolayer adsorp-
tion capacity at equilibrium (g,) increased from 31.25
to 157.54mg/g with an increase in the initial dye
concentrations from 50 to 500mg/L. Similar behav-
iors were reported for the adsorption of C.I. reactive
orange 12 on coir pith activated carbon [28] adsorp-
tion of CI acid blue 92 on activated carbon [29]
and the adsorption of C.I. Reactive Black 5 on acti-
vated sludge [30]. The amount of RB5 adsorbed at
the equilibrium time reflected the maximum adsorp-
tion uptake of the adsorbent under the operating
conditions applied. This was due to the increase in
the driving force, the concentration gradient. The
high adsorption rate at the beginning of adsorption
was likely due to the adsorption of RB5 by the exte-
rior surface of the adsorbent. When saturation was
reached at the exterior surface, the RB5 molecules
began to diffuse through the pores to the interior
surfaces of the particles [31]. Adsorption rate might
vary as it depends on several parameters such as
stirring rate, structural properties of adsorbent,
adsorbent dosage, and adsorbate properties. Fig. 2
also shows that most of the dye was adsorbed to
achieve a near adsorption equilibrium within the
first 10h of contact between the adsorbate and the
adsorbent. However, the experimental data were
measured at 32h to make sure that full equilibrium
was attained. As can be seen from Fig. 2, the
amount of RB5 adsorbed on the activated carbon
increases with time and, at some point in time, it
reaches a constant value beyond which no more
RB5 is further removed from the solution.
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4.4. Effect of solution pH

Fig. 3 shows the effect of solution pH on the
removal of RB5 by the prepared activated carbon. As
can be seen in Fig. 3, the RB5 removal was found to
decrease significantly with an increase in initial pH of
the solution from pH 2 to 12. In this study, the highest
RB5 removal was achieved at pH 2-6 with RB5
removal as high as 91.72mg/g. This was due to the
chemical characteristics of the activated carbon with
acidic pHpzc, which was around 5.5+3. At a solution
pH lower than the pHpyc, the total surface charge
would be on average positive, whereas at a higher
solution pH, it would be negative. A lower adsorption
at higher pH values may be due to the abundance of
OH"™ ions and because of ionic repulsion between the
negatively charged surface and the anionic dye mole-
cules. There are also no more exchangeable anions on
the outer surface of the adsorbent at higher pH values
and consequently the adsorption decreases. At lower
pH, more protons will be available, thereby increasing
electrostatic attraction between positively charged
adsorption sites and dye anions causing an increase in
adsorption capacity. Similar results were reported for
the adsorption of acid yellow 36 on activated carbons
prepared from sawdust and ricehusk [7]. The results
were in agreement with the finding reported by San-
thy and Selvapathy [28] studied the C.I. reactive
orange 12, C.I. reactive red 2, and C.I. reactive blue 4
dyes adsorption onto coir pith activated carbon. They
reported that the amounts of reactive dyes adsorbed
were high at low pH as compared to high pH.

4.5. Effect of temperature

From Table 1, the maximum monolayer adsorption
capacity of RB5 onto the prepared activated carbon
increased from 169.49 to 212.76 mg/g with an increase

100

pH

Fig. 3. Effect of pH on the adsorption of RB5 on BMAC at
30°C.
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in solution temperature from 30 to 50°C, this indicated
the endothermic nature of the adsorption reaction.
Increase in the temperature was known to increase
the rate of diffusion of the adsorbate molecules across
the external boundary layer and in the internal pores
of the adsorbent particle. This is owing to the decrease
in the viscosity of the solution [32]. The enhancement
in the adsorption capacity might be due to the chemi-
cal interaction between the adsorbate and the adsor-
bent, and the creation of some new adsorption sites or
the increased rate of intraparticle diffusion of adsor-
bate molecules into the pores of the activated carbons
at higher temperatures [33]. Senthilkumaar et al. [34]
noted similar observations and they suggested that
the increase in adsorption capacity with an increase in
temperature might be due to the possibility of an
increase in the porosity and in the total pore volume
of the adsorbent, an increase of number of active sites
for the adsorption as well as an increase in the mobil-
ity of the adsorbate molecules. The foregoing results
are consistent with the findings reported by Netpradit
et al. [35] for the adsorption of C.I. reactive red 120,
and C.I. reactive red 141 dyes on metal hydroxide
sludge.

4.6. Adsorption isotherms

The plots of linear form of Langmuir, Freundlich,
and Temkin adsorption isotherms of RB5 on BMAC
obtained at temperatures of 30-50°C (figure not
shown). The correlation coefficients (R*> values) and
the constants obtained from the three isotherm models
for the adsorption of RB5 on the BMAC are summa-
rized in Table 1. The maximum monolayer adsorption
of the BMAC for removal of RB5 was determined
from the Langmuir equation and found to be 169.49,
204.08, and 212.76mg/g at 30, 40, and 50°C, respec-
tively. The values of R; calculated from Eq. (2) are
listed in Table 1. As the R; values for all temperatures
are between 0 and 1, the adsorption process is favor-
able. The Freundlich model gave the highest R values
which were greater than 0.97 at all the three tempera-
tures studied, showing that the adsorption of RB5 on
the BMAC was best described by Freundlich model.
This suggested that some heterogeneity on the sur-
faces or pores of the activated carbon played some
significant role in the RB5 adsorption on the BMAC.
All the 1/n values obtained from the Freundlich
model were below one within the investigated solu-
tion temperatures, representing that adsorption of RB5
on the BMAC was favorable. From Table 1, the
Freundlich isotherm model yielded the best fit with
the highest R* value at all temperatures compared to
the other two models. The order of R> was
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Table 1
Isotherm parameters and correlation coefficients for adsorption of RB5 on BMAC at different temperatures
Temp. ("C)  Langmuir Freundlich Temkin
Q, (mg/g) b(@L/mg) R> R  Ke(mg/gL/mg)’™ 1/n R*  Kr(L/mg B R?
30 169.49 0.03 096 0.07 20.63 038 099 11.04 89.16 094
40 204.08 0.02 093 0.07 26.13 035 0.98 6.15 88.59  0.87
50 212.76 0.03 097 0.06 3331 032 097 21.02 9521 0.83
Temkin < Langmuir < Freundlich. ~ The good fit (@) 29 « 50 (mgl)
obtained with the Freundlich model suggests that the » 100 (mg/L)
adsorption of RB5 on the BMAC may involve multi- 2 4 200 (mg/L)
layer adsorption with interactions between the dye x 300 (mg/L)
molecules and the heterogeneous nature of the BMAC 2 15} x 400 (mg/L)
surface is also implied. The results agreed with the & * 500 (mg/L)
works carried out by previous researchers which g
reported that the Freundlich model gave a better fit
than the Langmuir model on the adsorption of C.L 05l
Reactive Black 5 using surfactant-modified activated
carbon [36] high lime soma fly ash [37], cotton plant 0 ‘ ‘ ‘ ‘ ‘
wastes—stalk (CS) and hull (CH) [10]. 0 5 10 15 20 25 30
Time (h)
4.7. Adsorption kinetics ®b) |
+ 50 (mg/L)

From the slopes and intercepts of plots of log og| 100 (mg)
(ge—qs) vs. t obtained at the initial concentrations of ' 4200 (mg/L)
50, 100, 200, 300, 400, and 500mg/L and at 30°C, first- x 300 (mg/L)
order rate constant (k;) and g.; .y values were deter- - 061 %400 (mgL)
mined. Fig. 4(a) shows a plot of the linearized form of = * 500 (mg/L)
the pseudo-first-order model at all concentrations 041
studied. A comparison of the results with the correla- *
tion coefficients and rate constant (k;) is shown in .l %
Table 2. The correlation coefficients for the first-order : ‘ ‘ ‘ ‘
kinetic model obtained at all the studied concentra- % 5 10 15 20 25 30
tions and temperatures were relatively high (R* values Time (h)

greater than 0.93) and Aq values ranging from 1.40 to
8.40%.

Using Eq. (8), t/q; was plotted against ¢ at 50, 100,
200, 300, 400, and 500 mg/L initial dye concentrations
and at 30°C, pseudo-second-order adsorption rate con-
stant (k) and g, values were also determined from
the slope and intercept of the plots. The plot of the
linearized form of the pseudo-second-order model is
shown in Fig. 4(b). The values of the parameters k,
and calculated and experimental 4., and of correlation
coefficients are also presented in Table 2. The correla-
tion coefficients for the pseudo-second-order kinetic
model were obtained greater than 0.98 for all the con-
centrations and temperatures studied. Moreover, the
experimental ..., values agreed satisfactorily with
the calculated values which resulted in Ag values
ranging from 0.18 to 3.21%.

Fig. 4. Adsorption kinetics for adsorption of RB5 on
BMAC at 30°C; (a) pseudo-first-order and (b) pseudo-
second-order.

From Table 2, it can be observed that the kinetic
data were fitted into the pseudo-first-order and
pseudo-second-order kinetic models at 30°C. The
adsorption kinetics was found to follow closely the
pseudo-second-order kinetic model of the RB5 on
MBAC at all initial concentrations. The pseudo-sec-
ond-order kinetic model based on the equilibrium
chemical adsorption, that predicts the behavior over
the whole range of studies, strongly supports the
validity and agrees with chemisorption being rate
controlling [21]. This suggested that the overall rate of
the adsorption process was controlled by chemisorp-
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Table 2

2561

Pseudo-first-order and pseudo-second-order kinetic model parameters for different initial RB5 concentrations at 30°C

Co (mg/L)  qe exp (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
de1 cal (Mg/g) Ky () R? Aq (%) Gez crt (Mg/g) ko % 1073 (g/mgh) R? Aq (%)
50 31.25 24.24 0.077 093 840 27.93 494 098 3.21
100 56.23 53.98 0.130 099 140 55.86 1.92 099 0.18
200 89.34 82.02 0.104 098 3.12 86.21 1.29 099 1.05
300 118.23 127.61 0.132 0.98 291 125.01 0.66 098 1.72
400 137.11 140.12 0.140 0.99 2.60 135.13 0.82 0.99 043
500 157.54 159.95 0.167 0.98 2.57 147.05 0.98 0.99 2.01
tions which involved valency forces through sharing 00
or exchange of electrons between dye anions and + 50 (mg/L)
adsorbent, provides the best correlation of the data for 160 | 100 (mg/L) L
the dye [20]. A similar result was reported in the 4 200 (mg/L) o
adsorption of C.I. Reactive Black 5 by powdered — _ | figg EmyL; T °* ;; ;
activated carbon (PAC) [9], and nitric acid-treated § - 500 (ﬁgLL) . x
bamboo waste for the removal of methylene blue [38]. = gl T%x aasn
- . x
- e X a 4 " ELLE
4.8. Validity of kinetic modeling or gt i . : : PP
R
Attempt was further made to assess the reason- 0 U : : : :
0.5 1.5 25 35 45 55 6.5

ability of our choice of the pseudo-second-order
model as a better fit over the pseudo-first-order
model by employing the normalized standard devi-
ation analysis technique. Table 2 shows that the
order of Aq (%) was pseudo-second-order < pseudo-
first-order in most experimental conditions. This
indicates that the pseudo-second-order equation was
better in describing the adsorption kinetics of RB5
on BMAC. In addition, the pseudo-second-order
rate equation agrees well with experimental data
and the linear correlation coefficients are higher
than 0.98 for all initial concentrations. Similar phe-
nomena have been observed in the adsorption on
coconut shell-based activated carbon [39] and coir
pith carbon [40].

4.9. Adsorption mechanism

The intraparticle diffusion model rate constant, k;
is obtained from the slope of the straight line result-
ing from the plot of g; vs. t'/? (Fig. 5). The values of
the intercept gave an idea about the boundary layer
thickness as such that the larger the intercept, the
greater is the boundary layer effect [28]. The exis-
tence of two separate regions at high initial dye con-
centrations (more than 300mg/L), the first stage was
near completion within the first 10h and the second
stage where intraparticle diffusion controls immedi-
ately followed. The first step in the diffusion model
was the mass transfer of adsorbate molecules from

Fig. 5. Intraparticle diffusion kinetics for adsorption of RB5
on BMAC at 30°C.

the bulk solution to the adsorbent surface (the
instantaneous stage) and the second stage is the
intraparticle diffusion of adsorbate within the on
MBAC pore structure. The process of diffusion, mass
transfer to the external surface was assumed to be
rapid for the adsorption on MBAC. The different
stages of rates of adsorption observed indicated that
the adsorption rate was initially faster and then slo-
wed down when the time increased. It shows that
intraparticle diffusion was not the only rate limiting
mechanism in the adsorption process. The values of
k;, C, and correlation coefficient, R? obtained for the
plots are given in Table 3. The k; values were found
to be generally increased with the increasing RB5
initial concentration which was due to the greater
driving force [41].

4.10. Adsorption thermodynamics

The values of AH® and AS° were calculated from
the slope and intercept of Van’t Hoff plots of InK_ vs.
1/T (Fig. 6). The calculated values of AH®, AS®, and
AG”® are listed in Table 4. The positive value of AH"
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Table 3
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Intraparticle diffusion model constants and correlation coefficients for adsorption of RB5 on BMAC at 30°C

C, (mg/L) Intraparticle diffusion model

Kiy (mg/gh'/? K (mg/gh'/?) C C (Ry)? (Ry*

50 5.246 - 2.37 - 0.95 -

100 10.44 - 1.89 - 0.93 -

200 16.28 - 2.31 - 0.97 -
300 34.95 3.62 27.18 80.99 0.98 0.87
400 42.95 6.11 30.14 103.21 0.99 0.79
500 52.73 6.67 35.63 106.94 0.99 0.93
2 +50(mg/L)  ®W100(mgL) 4200 (mgL) viscosity of the solution [32]. The positive value of AS®
al <300 (mg/L) %400 (mglL) 500 (mgL) showed the affinity of the bamboo based activated
carbon for RB5 and the increasing randomness at the
3t \ solid-solution interface during the adsorption process.
g, The negative value of AG® indicated the feasibility of
8° '\l\‘ the process and the spontaneous nature of the adsorp-
1f tion with a high preference of RB5 onto the prepared
o * — activated carbon. Similar observations were reported
0f + S S— for adsorption of MB, CV, and RB (AH® 19.5, 73.3,
1 . s . i ; 10.7kJ/mol and AS° 75.2, 242.6, 40.7]/Kmol, respec-
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 tively) onto acidic treatment of activated carbon [32]
VT (K and adsorption of Amido Black 10B dye onto palm

Fig. 6. Plot of InK. vs. 1/T at various initial RB5
concentrations.

Table 4
Thermodynamic parameters for adsorption of RB5 on
BMAC

Temperatures (°C) Thermodynamics parameters

—AG° AH® AS°

(kJ /mol) (kJ /mol) (J/mol K)
30 1.98
40 1.97 27.33 66.79
50 2.64

indicated the endothermic. From Table 1, the maxi-
mum monolayer adsorption capacity of RB5 onto the
prepared activated carbon increased from 169.49 to
212.76 mg/g with an increase in solution temperature
from 30 to 50°C. This further confirmed the endother-
mic nature of the adsorption process. The adsorption
reaction for the endothermic processes could be due
to the increase in temperature increased the rate of
diffusion of the adsorbate molecules across the
external boundary layer and in the internal pores of
the adsorbent particle, owing to the decrease in the

flower activated carbon [42].

5. Conclusion

The BMAC used in this work could substitute for
the use of commercial activated carbon as adsorbent
due to its availability, high adsorption capacity, and
low cost. The results showed that BMAC was a prom-
ising adsorbent for the removal of RB5 from aqueous
solutions over a wide range of concentrations. Low
pH was proved to be more favorable for adsorption of
RB5 on the activated carbon. The maximum mono-
layer adsorption capacities of the MBAC for removal
of RB5 was determined from the Langmuir equation
and found to be 169.49, 204.08, and 212.76 mg/g at 30,
40, and 50°C, respectively. The equilibrium data were
best described by the Freundlich isotherm model. The
kinetics of RB5 adsorption followed a pseudo-second-
order rate more perfectly. Various thermodynamic
parameters such as standard enthalpy (AH), standard
entropy (AS°), and standard free energy (AG®) were
evaluated.
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