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ABSTRACT

Activated bamboo carbon (ABC) was chemically synthesized using phosphoric activation method,
and the resulting material was used to remove Rhodamine B from aqueous solutions. The surface
characteristics of the ABC were studied, and the conditions for the maximum removal of dye were
established. The capacity of Rhodamine B removal from ABC was 100% for a system with 0.02 g of
ABC and initial Rhodamine B concentration of 50 mg L™ at 300 K. The best-fit adsorption isotherm was
Langmuir model with maximum adsorption capacity of 111.11 mg g™ at 300 K. The L4-type adsorp-
tion suggests that at low Rhodamine B concentrations, adsorption occurs in a flat orientation and
becomes end-on orientation at higher concentrations. Thermodynamic data reveal that the adsorption
process is endothermic with increasing entropy and moderately large negative free energy values indi-
cate the feasibility of the adsorption process. Pseudo-second-order kinetic model fitted well to both
adsorption and desorption processes suggesting the rate-limiting step involves chemical interactions.
Furthermore, intraparticle diffusion model indicates the simultaneous occurrence of three diffusion
steps caused by external mass transfer to the bulk solution, intraparticle diffusion and desorption of
the adsorbed dye molecules.

Keywords: Activated bamboo carbon; Adsorption; Rhodamine B; Kinetic models; Isotherms;

Nano-porous; Thermodynamic study

1. Introduction

Maintaining water quality standards is becoming a
global concern due to the depletion of limited freshwater
resources as a result of anthropogenic activities with increas-
ing global population. Therefore, there is an increased need
for development of cost-effective, environmental-friendly
and efficient water treatment methods [1-6]. Activated car-
bon is an excellent adsorbent widely used in advanced water
treatment applications due to the availability of low-cost raw
materials in production processes, efficient multipollutant
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removal and regeneration abilities. There is a wide range of
low-cost raw materials: agricultural wastes [7], carbonaceous
materials such as sawdust [8], rice husk [9], peanut shell [10]
and coconut nut shell [11] suitable for the synthesis of acti-
vated carbon.

Rhodamine B (RhB) is used as a dye in many industries
such as textile, bamboo, toys, handicraft, leather, paper and
biological laboratories. Wastewater discarded from such
industries contains a considerable amount of RhB, which can
badly affect the aquatic environment lowering the transpar-
ency of water hindering the photosynthesis of aquatic plants.
When RhB contacts with the skin, it causes skin irritation, and
longer time exposure can cause cancers. Although various
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methods including photocatalytic degradation are used for
purification of dye containing effluents [12,13], a simple low-
cost adsorption process would be more effective. One such
method is adsorption onto activated carbons derived from
low-cost raw materials.

Significant research attempts have been made to develop
methods for removal of RhB using various types of cellulose
based materials. Chieng et al. [14] reported the use of peat
to remove RhB from aqueous solutions obtaining a maxi-
mum adsorption capacity (g, ) of 162.87 mg g™ at 298 K. In
another study, Hossain and Alam [15] used black tea leaves
for the purpose of RhB removal and obtained a lower adsorp-
tion capacity of g of 53.2 mg g™ at pH 2.0. Activated car-
bons derived from natural matter were reported to be more
effective for the adsorption of RhB than natural matter them-
selves, e.g. Phoenix sylvestris leaves had been activated using
sulphuric acid activation method by Arivoli and Henkuzhali
[16] and obtained g of 51.55 mg g™' whereas sulphuric acid
activated Thespesia populnea bark [17] yielded g, of 60.84 mg
g for removal of RhB. Li et al. [18] used activated pyrolytic
tire char for the adsorption of RhB dye and found that the
adsorption obeys Langmuir isotherm with a higher adsorp-
tion capacity of 4. of 307.2 mg g™ at 45°C. In another study,
palm shell, which has high lignin content of 54%, has been
activated using CO, followed by NaOH activation [19] achiev-
ing a maximum RhB removal of 95% at an initial RhB concen-
tration of 62.6 umol dm= at pH 3 and temperature of 50°C.
These studies clearly emphasize the possibilities of enhanc-
ing the percentage removal of RhB using activated carbon
derived from naturally available carbonaceous materials. Out
of the many such materials, bamboo is a potential candidate
for the preparation of effective activated carbon. Bamboo can
be used as a cheap raw material in activated carbon industry
as it is readily available in a wide range of geographical vari-
ations and the possibility to convert bamboo wastes to a low-
cost value-added product. Bamboo activated carbon has been
already used for heavy metal removal [20], methylene blue
removal [21,22] and antimicrobial applications [23].

We have previously reported the successful use of activated
carbon derived from coconut coir for desalination, hardness
removal and deflouridation applications [24-26]. This research
is a further extension to explore low-cost sources for produc-
tion of activated carbon for various water purification appli-
cations. Here, we report, the use of activated bamboo carbon
(ABC) originated from Bambusa vulgaris precursors for the
efficient removal of RhB from aqueous solutions. Kinetic and
thermodynamic aspects of the adsorption process has also been
investigated. Phosphoric acid activated bamboo charcoal has
been selected considering its rich surface chemistry and affinity
towards many water pollutants while RhB has been used as the
model molecule since it is one of the major sources of water pol-
lutant in textile effluent. Therefore, this work attempts to initiate
a timely study to look for locally viable economical solutions to
address the issue.

2. Experimental details
2.1. Reagents

All chemicals used throughout the experiments were
of analytical grade and procured from Techno Pharmchem

Haryana Chemicals, Research-Lab Fine Chem Industries and
Lobachemie Chemicals from India. Whatman filter paper of
size 40 um was used for filtering purpose. Distilled water and
distilled ethanol were used as solvents in the experimental
work. RhB (molar mass of 479.02 g mol™) was purchased
from Research-Lab Fine Chem. Commercial activated carbon
(CAC) made of coconut shells with an iodine number of 1,100
mg g was obtained from Haycarb PLC, Sri Lanka.

2.2. Synthesis of activated bamboo carbon

Phosphoric acid activation method was used to activate
bamboo sawdust (collected from Bambusa vulgaris) accord-
ing to the literature [27]. Dried bamboo sawdust (5.00 g) was
soaked in 85% (w/w) phosphoric acid (weight ratio of 1:1),
well agitated and allowed to digest for 48 h at room tem-
perature. The residue was heated to 600°C at a heating rate
of 10°C min™ in a Muffle furnace. A nitrogen flow at a rate
of 40 mL min™ was purged during the heating to minimize
the reaction with atmospheric oxygen. After the pyrolyza-
tion, the samples were cooled down to room temperature
under nitrogen flow. Then, activated samples were washed
with distilled water until pH value of the medium reaches 6
and dried at 105°C for 12 h. The carbon yield was calculated
using:

w

Yield % =—Lx100 1)
wO

where w, is the final weight of the dried ABC sample, and w,

is the initial weight of bamboo precursor.

2.3. Characterization
2.3.1. Boehm titration

The surface acidic/basic groups were analyzed using
Boehm titration as explained by Boehm [28]. ABC (0.12 g)
was placed in five 250.00-mL stoppered flasks and stan-
dardized solutions (20.00 mL of 0.05 mol dm™) of NaOH,
Na,CO,, NaHCO,, HCI and distilled water were added to
each flask, separately. The content was degassed with nitro-
gen and shaken for 48 h. The basified activated carbon was
filtered and titrated with 0.05 mol dm™ HCI solution. The
acidified activated carbon was filtered and titrated with 0.05
mol dm= NaOH solution. The reacted amounts of acidic
and basic functional groups were calculated. All readings
were triplicated and averaged. The same procedure was
performed with CAC (0.12 g) to identify surface acidic/basic
groups.

2.3.2. lodine number determination

For analysis of micro-/nano-porous surface area, the
iodine number was determined using 0.5 g of ABC accord-
ing to American Society for Testing and Materials standards
(D 4607-94) [29]. HCI acid (10 mL of 5 wt%) was added to
ABC and swirled gently until ABC was completely wetted.
The content was boiled for 30 s to remove sulphur, which
may interfere with the test results, and then, left to cool to
room temperature. A volume of 100 mL of 0.1 N iodine solu-
tion was added to ABC and shaken for 30 s. The mixture was
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quickly filtered, and 50.00 mL of the filtrate was titrated with
a standardized 0.1 N Na,S O, solution until colourless using
2 mL of starch as the indicator.

A=N,x12693 &)

B=N, x126.93 ®)
I+H

DF = u 4)

[A—[DFXBXS:H
M

Q)

Todine number =

where N, is the normality of Na,S,0, solution; N, is the nor-
mality of iodine solution; I is the volume of iodine solution; H
is the volume of 5% HCI solution; F is the volume of filtrate;
S is the volume of Na,S,0, solution; and M is the mass of the

carbon.

2.3.3. FTIR analysis

Fourier transform infrared (FTIR) spectra were used for
identification of the surface functional groups. FTIR spectra
were recorded between 4,000 and 600 cm™ with a resolution
of 600 by averaging 32 scans using Nicolet IS 10 instrument.
Attenuated total reflection mode was used for data collection.

2.3.4. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were ana-
lyzed to determine the crystallographic characteristics of
ABC and CAC. PXRD analysis was conducted using Bruker
D8 focus X-ray powder diffractometer using Cu Ko radia-
tion (A = 1.540 A) over 20 angle of 2°~70° with a step size of
0.02°.

2.3.5. Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was
carried out using JEOL JEM 2100 microscope operating at
200 kV. The samples were dispersed in methanol and loaded
on Lacey carbon-coated copper grids (300 mesh). The sam-
ple containing grids were dried for 24 h at room temperature
prior to analysis.

2.3.6. Energy-dispersive X-ray analysis

Elemental analysis was carried out by using energy-
dispersive X-ray (EDX) mode attached HITACHI SU 6600
SEM with an acceleration voltage of 15.0 kV. Samples
were coated with a thin layer of gold prior to analysis,
and observations were conducted in the secondary elec-
tron mode.

2.3.7. Point of zero charge of ABC

Point of zero charge (pH, ) of ABC was determined by
mass titration method [30]. Different amounts of activated

carbon were put into 0.1 mol dm= NaCl solutions (10 mL),
degassed and stoppered. The contents were shaken in Clifton
shaker at 200 rpm at 300 K. After 24 h, the equilibrium pH
values were measured.

2.4. Adsorption studies
2.4.1. Effect of contact time

A solution of RhB (25.00 mL) with initial concentration
of 50 mg L was added into a series of flasks containing
ABC (0.02 g). The contents were shaken in a water bath at a
constant speed of 200 rpm at constant temperature of 300 K.
Flasks were taken out at 15 min intervals for a time period of
120 min, and a constant volume (12.50 mL) from each solu-
tion was centrifuged for 15 min. The content was left for 1
h to be settled. Then, the supernatant was pipetted out, and
the extent of RhB adsorbed was determined using UV-visible
spectrophotometer (UV-2602 Labmed) at A__ of 554.0 nm.
The experiment was triplicated, and the contact time to reach
the equilibrium was determined. The percentage of removal
was calculated using:

Removal % = % x 100 (6)

0

where C; and C, (mg L) are the initial and equilibrium
concentrations of RhB, respectively.

2.4.2. Effect of pH

A series of solutions of 80 mg L' RhB of varying pH (pH
3-12) were prepared by maintaining the alkalinity using
dilute NaOH and acidity using dilute HCI.

Then, prepared RhB solutions (25.00 mL) were added
into flasks containing 0.02 g of ABC, and the contents were
shaken in a water bath at a constant speed of 200 rpm at
a constant temperature of 300 K until the equilibrium was
reached. After that, a constant volume (12.50 mL) from each
solutions was centrifuged and left for 1 h, and the extent
of RhB adsorbed was determined using UV-visible spec-
trophotometer at A__of 554.0 nm. The percentage of RhB
removal was calculated at different pH. All measurements
were triplicated.

2.4.3. Effect of initial concentration

A concentration series of RhB with initial concentrations
from 0 to 1,000 mg L™ was prepared by adjusting the pH to
4. The prepared solutions (25.00 mL) were added into flasks
containing 0.02 g of ABC. Then, the same procedure men-
tioned in section 2.4.2 was followed to determine the extent
of RhB adsorbed to ABC. The uptake of RhB at equilibrium g,
(mg g) was calculated:

w %100 (7)

0

9. =

where C and C, (mg L) are the initial and equilibrium con-
centration of RhB, respectively.
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2.4.4. Adsorption isotherm models

A series of RhB solutions with initial concentrations rang-
ing from 0 to 200 mg L were prepared by adjusting the pH
to 4. The solutions (25.00 mL) were added into flasks con-
taining 0.02 g of ABC. Then, the extent of RhB adsorbed to
ABC was determined using the same procedure mentioned
in section 2.4.2.

This data was used to construct the isotherms for adsorp-
tion process (Table 1). All four experiments mentioned in
sections 2.4.1-2.4.4 were carried out at four different tem-
peratures of 300, 310, 320 and 330 K. The data were fitted to
Langmuir, Temkin, Freundlich, Dubinin—Radushkevich (D-R)
and Sips models, and relevant physical parameters were
calculated in order to explain the interactions between the
adsorbent and the adsorbate.

2.4.5. Thermodynamic studies

The thermodynamic parameters such as standard Gibbs
energy (AG®, k] mol™), enthalpy (AH®, k] mol™) and entropy
(AS°, J K mol™) changes were determined using RhB solu-
tions with initial concentration of 80 mg L™ using the follow-
ing equations:

KU _ Csolid (8)
Cliquid
AG® =-RTInK, ©)
Ik, = 25" AH (10)
R RT

where K is the distribution coefficient; C_,, is the solid
phase concentration (mg L™) at equilibrium; C“qui 4 1s the lig-
uid phase concentration (mg L™); AG° is the Gibbs energy;
T is the absolute temperature; R is the gas constant; AS® is
the entropy change and AH°® is the enthalpy change of the
system.

2.5. Kinetics studies — adsorption and desorption
2.5.1. Adsorption kinetics

ABC (0.10 g) was shaken with 125.00 mL of RhB
(125 mg L) at the temperature of 300 K and pH of 4.0. A
known volume (4.00 mL) was pipetted out from the solu-
tion at 5 min intervals for 60 min until the equilibrium was
reached. The extent of RhB adsorbed was determined using
UV-visible spectrophotometer at A__of 554.0 nm. The read-
ings were triplicated for each withdrawal, and adsorption of
RhB at time ¢ (q,) was calculated using Eq. (11):

(c,-C )V
w

where C and C, (mg L™) are the desorbed or adsorbed con-
centrations of RhB initially and at time t respectively; V
(L) is the volume of RhB solution; and W (g) is the mass
of ABC.

.- a
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2.5.2. Desorption kinetics

ABC (0.12 g) was shaken with 125.00 mL of RhB
(125 mg L™) at the temperature of 300 K and pH of 4.0 until
the equilibrium was reached. Then, the content was filtered
and washed with distilled water to remove excess RhB, which
was not adsorbed. The residue was air dried in dark to avoid
photo degradation for 24 h.

Distilled 95 wt% ethanol (125.00 mL) was added into 0.1 g
of the above dried sample and shaken at a constant speed of
200 rpm at constant temperature of 300 K. A known volume
(4.00 mL) was pipetted out from the solution at 5 min inter-
vals for 45 min until the equilibrium was reached. The extent
of desorbed RhB was determined using UV-visible spectro-
photometer at A__ of 545.0 nm. The readings were triplicated
for each withdrawal and release of RhB at time t (g,) was cal-
culated using Eq. (11).

3. Results and discussion
3.1. Characterization of ABC

Formation of high surface area of ABC was suggested by
the iodine value of ABC (~1,100 mg g) which is similar to
that of CAC and the nano-ranged pore sizes observed by the
transmission electron microscopic analysis.

It was hypothesized that phosphoric acid activation leads
to formation of different sized pores containing both acidic
and basic functional groups. The nature of the available func-
tional groups was identified referring to the Boehm titration
and FTIR characterization results (Table 2). Boehm titration
confirmed the presence of carboxylate (0.75 meq g™'), lactones
(0.58 meq g™), phenols (0.42 meq g*) and basic groups
(0.63 meq g') in ABC [31]. The amounts of lactone, carboxylic
acid and basic functional groups in ABC were higher than
those in coconut shell activated carbon.

FTIR characterization further provides evidences for the
presence of functional groups (Fig. 1). The FTIR spectrum for
ABC shows broad peaks above 3,400 cm™ and at 2,981-2,941
cm™ which are assigned to phenolic O-H stretching and car-
boxylic O-H and adsorbed water stretching, respectively.
FTIR peaks around 1,700 cm™ appear due to stretching of var-
ious C=0O species such as ketones, aldehydes and carboxylic
acids while FTIR peaks around 1,320-1,000 cm™ arise due to
C-O stretching of alcohols, carboxylic acids, esters and ethers.

Table 2
Amount of surface functional groups on ABC

Functional Concentration + 0.01 FTIR peak position
groups (meqg™) (cm™) [29,32]
ABC CAC

Carboxylates 0.75 0.60 1,120-1,200
1,665-1,760
2,500-3,300

Lactones 0.58 0.05 1,160-1,370

Phenols 0.42 0.75 1,000-1,220
2,500-3,620

Basic 0.63 0.45 950-1,200
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Fig. 1. FTIR spectra for: (a) bamboo precursor, ABC before
adsorption of RhB, and ABC after adsorption of RhB and (b) ABC
before and after adsorption of RhB (expanded spectrum <1,700
cm™ emphasizing the peak shifts.

This confirms the presence of phenol, carboxylic acids and
lactone functional groups on ABC surface. The peak appear-
ing at 2,260-2,100 cm™ is due to C=C stretching indicating the
presence of alkyne functional group on ABC surface. Below
900 cm™, FTIR peaks arise due to C-H bending modes of
alkenes and aromatics. Peaks appearing at 2,800-2,500 cm™,
1,300-900 cm™ and 754-634 cm™ could be assigned to vari-
ous phosphate bonding modes such as P-O-H, P=0O, P-O-C
aromatic linkage, P=OOH and P-C, which indicate the phos-
phoric esters and ethers arising as a result of phosphoric acid
activation process [32]. After adsorption of RhB onto the sur-
face of ABC, new peaks appear at 1,327 cm™ (C-O stretching),
1,121 (N-H stretching) and below 1,000 cm™ (C-H bending
of C=C) indicating the adsorption of RhB. Also, the shift-
ing of peaks at 1,466, 1,367 and 1,293 cm™, and peaks below
1,000 cm™ to higher wave numbers indicate the modifications
of carbonyl groups and alkene groups, respectively. Thus,
electron density change has occurred when RhB adsorb to
the surface of ABC exhibiting chemisorption.

PXRD analysis was used to determine the crystallographic
features of ABC. In ABC, the diffraction peak centered at 20

HA”

= [k cac

g w | J ‘\‘

§ WW M MW

B g WMW“

20 (deg)

Fig. 2. PXRD patterns of CAC and ABC.

Fig. 3. TEM images of ABC (a) amorphous structure at high
magnification (10 nm scale) and (b) disordered layered structure
(scale bar represents 1 nm).

of 24.02° (Fig. 2) is attributed to 002 plane while in CAC,
the diffraction peaks centered at 20 of 23.60° and 43.34° are
attributed to 002 and 101 planes of the graphitic carbon.
Generally, in activated carbon, graphene layers are stacked
in parallel as translated and rotated layers without having a
three-dimensional ordering. These deviations result in num-
ber of small domains of parallel stacked layers, which causes
for line broadening of 002. The 101 orientation is arisen due
to the zigzag formation of edges, which is caused by the one
atomic layer edge pits [28]. The value of interlayer distances
(d,,,) between two planes were found to be 0.370 nm for ABC
and 0.380 nm for CAC, which were closer to the standard
interlayer spacing of pure graphitic carbon. The low intensity
and broad peaks suggest an amorphous nature for both ABC
and CAC.

Imaging techniques were used to study the surface char-
acteristic features and nature of pores present. TEM images
show a highly porous structure formed with graphene lay-
ers. The high surface area of ABC is due to the uneven sur-
face morphology as shown in Fig. 3(a) and the availability of
irregular shaped nano-pores with a diameter of below 20 nm.
The graphitic layers, which are stacked in parallel but trans-
lated and rotated in an irregular way, are clearly observed in
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TEM. The interlayer spaces are found to be 0.370 nm, corrob-
orating the PXRD evidences. The thickness of the graphene
layers are approximately 0.35 nm as depicted in the Fig. 3(b).
Therefore, ABC consists of complex pore structure with
nano-pores derived from fractures between graphitic layers
that can be effectively used as a multipurpose adsorbent. As
a result of micro-/nano-porosity, a higher iodine number was
obtained.

Quantitative elemental analysis was carried out using
EDX analysis. ABC consists of P (3.99%), which is absent
in bamboo precursor; it is originated due to phosphorous
activation (Table 3). Pyrolysis has also caused for higher
carbon percentage (76.27%) than bamboo precursor. After
adsorption of RhB, high nitrogen percentage (62.75%) was
observed due to the nitrogen molecules available in RhB.
The lowering of the percentages of other elements (C, O, P,
Keetc.) is due to the ABC surface covering by RhB molecules.
On the other hand, CAC consists of the highest carbon per-
centage (92.38%) and the least oxygen percentage (4.69%)
indicating the low availability of surface oxygenated func-
tional groups.

The pH,, value of ABC was 2.14 (Fig. 4), which is lower
than those reported for the same activation method [30]. The
high acidic pH,_, could be due to the presence of acidic func-
tional groups such as carboxylic on the ABC’s surface. This
acidic value could also be due to that the phosphoric acid,
which has not been removed thoroughly by washing [33].

ABC prepared in this study has a graphitic layered struc-
ture, highly porous with different size pores ranging from
submicro- to nano-scale thus, leading to a high surface area,
consists of both basic and acidic functional groups as con-
firmed by Boehm titration and active functional groups
such as alcohols, phenols, carboxylic acids, alkynes, alkenes,
esters, ethers, phosphate ethers and phosphate esters as con-
firmed by the FTIR technique. The adsorption of RhB by ABC
was studied in order to understand its effectiveness as an
adsorbent.

3.2. Adsorption studies
3.2.1. Effect of contact time

The effect of contact time for adsorption of RhB onto ABC
was determined by shaking ABC in RhB solution for different
time intervals up to 120 min followed by 1 h settling time to
ensure that full equilibrium has reached, as the system would
undergo slow processes such as various mass transfer or dif-
fusion steps [20].

Until 60 min, the adsorption of RhB onto ABC increased
rapidly (Fig. 5(a)) due to the availability of large number of

vacant sites on the external surface of the adsorbent. Initially,
RhB molecule, which has a length of 1.8 nm and a width of
0.7 nm [20], easily penetrate through the meso-/nano-pores
present in ABC. Thereafter, adsorption slows down, due to
the repulsive forces exerted by the already adsorbed RhB
molecules. After 90 min, the percentage of RhB removal
reaches a constant value by attaining 100% removal effi-
ciency. Thus, the optimum contact time for all experiments
was taken as 105 min including 90 min shaking time and
15 min centrifuging time and then left for 1 h to be settled.

3.2.2. Effect of PH

The rate of adsorption of RhB on activated bamboo
surface is pH dependent. The pH value of the medium
determines the surface charge, dye binding sites on the

Table 1
Linear forms of adsorption isotherms
Isotherm type Linear form Plot
Langmuir C 1 C C
— = +—= —<vs C,
qe KLqmax qmax qe
Freundlich 1 Ing vs. InC
Ing, ==InC, +InK, ¢ ¢
n
Temkin g, =BInK, +BInC, gq,vs.InC,
p-RT
br
D-R Ing, =Ing,, —B & Ing, vs. €
e= Rﬂn[l + i}
C.
1
E=—r
V2p
Sips
F n—fe— llnC,_, +InK; | 1 vs. InC
Trax =G 7 Gurax — e ¢

Note: g, is the adsorption capacity at equilibrium (mg g™); g,
is the maximum adsorption capacity (mg g™'); C, is equilibrium
concentration of the adsorbate (mg L™); K| is Langmuir constant
(L mg™); K, is Freundlich constant (mg g™); 1/n is heterogeneity
factor; K, is the equilibrium binding constant for the maximum
binding energy (L mg™); b, is Temkin isotherm constant; R is
universal gas constant (J mol™ K™); T is absolute temperature
(K); B is constant related to heat of sorption (] mol™); § gives
mean free energy; E is the sorption per molecule of sorbate; and
K is the Sips constant (L mg™).

Table 3

EDX analysis data
Sample Atomic percentage (%)

C (@) N P Si K Cl Mg Ca

Bamboo precursor 58.72 39.62 0.00 0.00 0.19 0.77 0.63 0.07 0.13
ABC 76.27 18.46 0.00 3.99 0.99 0.08 0.01 0.05 0.00
RhB adsorbed ABC 29.34 7.15 62.75 0.30 0.43 0.00 0.00 0.00 0.03
CAC 92.38 4.69 0.00 1.14 0.52 0.91 0.00 0.04 0.19
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surface and degree of ionization of the dye molecule [14].
RhB is an aromatic amino acid that has positive charge
on one of the nitrogens in aqueous solutions. In a polar
solvent, the RhB molecules exist in cationic form (RhB*)

3.0

2.8+

2.6

2.4+

pH value

2.2+

2.0 : T

0.00 0.10 0.15

Mass of ABC (g)

Fig. 4. Determination of pH_ _value.
pzc
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or zwitterion form (RhB*). Ion pair containing RhB* form
dimers at near neutral pH values via electrostatic inter-
actions between carboxyl and xanthane groups of the
monomers [16].

The adsorption of RhB onto ABC is high up to pH 6
showing higher removal capacity (>80%). Since pH  is
2.14, the ABC surface is negative for the measured range
of pH 3-12 (Fig. 5(b)). Therefore, the positive charge on
amine of RhB molecule can be attracted onto ABC sur-
face via electrostatic interactions. With increasing pH,
RhB molecules deprotonize, and zwitterions (RhB*) are
formed. Thus, both acidic and basic surface functional
groups on ABC can attract more RhB molecules allowing
them to be adsorbed on the ABC surface. However, lower
adsorption was observed at pH 7, since the zwitterions
formed (RhB*) undergo dimerization at this pH value. As
the aggregation occurs, RhB dimer is unable to enter the
smaller pores, hinders penetration and thus decreases
dye adsorption on pore walls [14]. With increasing pH
above 8, deprotonization of RhB molecules could cause
formation of negative charge on the dye molecule (RhB-)
reducing the ability of negative ABC to attract on the sur-
face. The observed trend of the percentage removal of
RhB on pH is in good agreement with the observed pH_,
value of 2.14.
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Fig. 5. Effect of adsorption conditions for ABC amount of 0.02 g mL" at 300 K (a) contact time in [RhB] =50.0 mg L™, (b) pH value in

[RhB] = 80.0 mg L and (c) initial concentration.
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3.2.3. Effect of initial concentration of RhB

The adsorption capacity of RhB on ABC was deter-
mined at different initial concentrations from 10 to
1,000 mg L~ (Fig. 5(c)). Adsorption of RhB onto ABC fol-
lows L4 type, which is similar to adsorption process of
phenol on graphite [34]. Although L4 type is less com-
mon than other L types, similar type of findings has also
been reported by other researchers [35-37]. This pro-
cess occurs when the orientation is initially flat at low
concentrations, and at higher concentrations, the mole-
cules attach at end-on in vertical orientation. According
to Giles et al. [34], in order to form L-type system, the
adsorbate molecule should structurally be adsorbed flat.
In order to adsorbate to be end-on orientation, solvent
competition should be minimized, and this can be ful-
filled by highly polar surface and adsorbate molecules in
a non-polar solvent or mono-functional ionic adsorbate
molecules attached to the surface with very strong inter-
molecular interactions (Fig. 6).

In the RhB-ABC system, the optimum stability is gained
at its flat orientation since RhB can be stabilized by hydro-
phobic interactions formed between aromatic ring of RhB
and ABC surface. But at high concentrations, end-on for-
mation, which is lateral to the surface, is favourable due to
the cationic nitrogen in RhB at pH 4. These groups can be
attached to the anionic functional groups of ABC surface
forming strong ion—ion interactions.

3.2.4. Adsorption isotherms

Adsorption isotherms are generated at different tempera-
tures from 300 to 330 K in order to optimize the parameters

Fig. 6. Mechanism of adsorption of RhB onto ABC (a) flat orien-
tation of RhB molecule at low RhB concentrations and (b) vertical
orientation of RhB molecule at high RhB concentrations.

for practical applications. Based on the experimental data, the
order of decrease in fitting isotherm models for RhB adsorp-
tion onto ABC were Langmuir > Temkin > Freundlich > D-R
>> Sips models. Linearized graphs for these five isotherms
are shown in Fig. 7.

Langmuir isotherm considers mono-layer adsorption on
solid surface, which has homogeneous sites [38]. Maximum
adsorption capacity (g, ) at 300 K was 111.11 mg g and
increased with increasing temperature reaching a maxi-
mum value of 200 mg g™ at 330 K. The observed Langmuir
constant (K,) values (Table 4), which are less than 1, show
that ion exchange becomes the predominant mechanism,
which confirms the endothermic nature of the adsorption
process [17]. The K, value is highest at 330 K, which indi-
cates the best affinity of RhB onto ABC at this temperature.
The maximum adsorption capacity obtained in this study
was significantly higher than the values reported in the lit-
erature (Table 5).

Dimensionless adsorption intensity given in Eq. (12) is
an indication of the feasibility of the reaction where R, > 1,
R, =1, R, <1and R, =0 represent an unfavourable, linear,
favourable and irreversible adsorption process, respectively
[44]. Dimensionless adsorption intensities, R, calculated at
different temperatures referring to the Eq. (12) are summa-
rized in Table 6.

R (12)
1+K,C,

In this experiment, R, is 0.057 for concentration of
50 mg L™ at 300 K and decreases with increasing concentra-
tion and temperature. The relatively low R, value indicates
strong bond between the adsorbent and adsorbate, and the
interactions become stronger with increasing concentration,
and therefore, it indicates the possibility of end-on orienta-
tion at higher RhB concentrations.

On the other hand, according to the Temkin isotherm
model, Gibbs energy value calculated using Eq. (13) at
300 K is —=15.72 k] mol™. The large negative value of Gibbs
energy suggests that heat of adsorption of all molecules
in the layer would decrease linearly with the surface
coverage.

AG® = -RTlInK, (13)

Moreover, Freundlich isotherm model and the value
of parameter 1/n were used to understand surface hetero-
geneity and the favourability of the adsorption process.
Adsorption process is unfavourable when 1/n > 1 and
favourable when 0 < 1/n < 1, and homogeneous adsorption
without interactions between the adsorbed species occurs
when 1/n = 1 [20]. This experiment gives 1/n as 0.12 (n =
8.31) at 300 K, which suggests a favourable adsorption on
heterogeneous ABC surface.

D-R isotherm is based on the postulate that the mecha-
nism of adsorption is a pore-filling activity rather than layer
by layer filling and generally involving only van der Waals
forces between the system and the adsorbent [45]. The coef-
ficient of determination (R?) value for D-R isotherm is low
indicating low linearity, and hence, adsorption does not obey
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Table 5

RhB adsorption capacity of different adsorbents

Table 6
Dimensionless adsorption intensity (R,) at different tempera-
tures

Precursor Activation q,. at room Reference
conditions temperature Co (mgL™) R,
(mg g™ 300 K 310K 320K 330K
Pheonix sylvestris ~ Sulphuricacid ~ 51.6 [16] 50 0.057 0.044 0.020 0.049
leaves 100 0.029 0.022 0.010 0.025
Thespesia populnea  Sulphuric acid ~ 60.8 [17] 150 0.020 0.015 0.007 0.017
bark
Palm shell CO, and then 62.6 [19]
D-R isotherm. This confirms that van der Waals forces are
Bamboo saw dust Phosphoric acid 111.1 This work not the predominant interaction type operating between RhB
Pyrolytic tire 277.8 [18] molecules and ABC.
Rise husk Phosphoric acid  478.5 [9] Sips model is a combination of the Langmuir and
then KOH Freundlich isotherm models. Sips model reduces to
Polygonum orientale Phosphoric acid 480 [39] Freundlich isotherm at low RhB concentration and increases
Linn to Langmuir at high concentrations. The lowest R? value is
for Sips model, which indicates that the adsorption does not
Other adsorbents obey Sips model.
Jack fruit seed 26.4 [40]
Kaolinite 46.1 [41] 3.2.5. Thermodynamic studies
gjj;ate?nls;;es ;2; Eé} The adsorption capacity of RhB onto ABC increases with
P ’ increasing the temperature of the system (Fig. 8).
Casuarina 8234 [43] The negative values of AG® suggest that the adsorption
equisetifolia needle process of RhB onto ABC is favourable and more favoured
Peat 8545 [14] with the increase of temperature as the negative value of AG°
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Table 4
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Adsorption isotherm parameters for the adsorption of RhB onto ABC

Isotherm model Parameter Temperature (K)
300 310 320 330
Langmuir q,.. (mgg? 111.11 142.86 142.86 200.00
K, (Lmg?) 0.333 0.438 1.000 0.385
R? 0.993 0.990 0.998 0.973
Freundlich K, (mg g™) 46.81 31.50 34.88 93.50
n 8.00 8.55 8.33 6.49
R? 0.954 0.961 0.937 0.908
Temkin K, (Lmg™) 546.55 3,168.79 4,114.67 528.83
B (J mol™) 9.39 10.31 11.22 16.33
R? 0.960 0.960 0.980 0.866
D-R B (J mol™) 7.00E-08 1.00E-08 1.00E-08 2.00E-08
T (Mg &7) 92.94 114.55 50.70 145.18
E (k] mol™) 2.673 7.071 7.071 5.000
R? 0.785 0.821 0.909 0.817
Sips K, 1.050 1.551 2.829 1.110
1/n 0.500 0.404 0.610 0.394
R? 0.853 0.722 0.796 0.776
5.0 Table 7
- AG® values for RhB adsorption onto ABC
4.5
4.0 - T (K) AG° (k] mol)
300 -19.52
351 310 -19.85
X230l 320 -20.17
= . 330 2052
2.5
2.04
15 in order to understand the nature of the two processes. ABC
: . . . was regenerated after the dye adsorption to make it more
0.0030 0.0031 0.0032 0.0033 economical by recovering ABC and RhB. Ethanol is an effec-
1T (K tive solvent to remove RhB completely from ABC surface

Fig. 8. Plot of In K vs. 1/T for RhB adsorption onto ABC: [RhB] =
80mg L.

increases with the temperature. Referring to Table 7, AG® value
of 20 k] mol™ was obtained in this adsorption.

Enthalpy and entropy values for the process were cal-
culated referring to the Van ‘'t Hoff equation (Eq. (10)).The
positive value of AH® (95.63 k] mol™) confirms the endo-
thermic nature of the adsorption process while the AS°
(331.98 k] mol™! K1) indicates the increased disorder, which
confirms the structural change. As the solvent-RhB interac-
tions are broken, the disorder of the system is increased, and
then RhB-ABC interactions are generated via predominant
ion-ion interactions.

3.3. Adsorption and desorption kinetic studies

Both adsorption and desorption kinetic studies were
carried out proposing pseudo-first-order model, pseudo-
second-order model and intraparticle diffusion model (Fig. 9)

after repeated washings.

To interpret the pseudo-first-order kinetic model,
log(q, — q) was plotted against time by taking g, as
62.315 mg g for adsorption process and 2.540 mg g’F for
desorption process (Table 8). According to the results, the
values of ¢,  (25.235 mg g™ and 0.778 mg g™ for adsorp-
tion and desorption, respectively) significantly deviate from
experimental values. Also, the R? values (0.786 and 0.473
for adsorption and desorption, respectively) are signifi-
cantly low, showing low linearity. This observation can be
explained by referring to the study carried out by Ungarish
and Aharoni [46], where he concludes that if adsorption is
immeasurably slow, the adsorbed amount is less than the
equilibrium amount. Consequently, the g, is difficult to be
measured as well as it is generally applicable only for initial
20-30 min [47]. Therefore, RhB adsorption onto ABC in aque-
ous media and RhB desorption from ABC in ethanol media
do not follow pseudo-first-order kinetic model.

Asillustrated in Fig. 9(b), both adsorption and desorp-
tion processes perfectly follow pseudo-second-order
kinetic model. The g, _, for adsorption (66.667 mg g™') is

e,cal
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Fig. 9. The graphs of (a) pseudo-first-order, (b) pseudo-second-order and (c) intraparticle diffusion model at 300 K for adsorption and

desorption processes.

Table 8

Kinetic model parameters for adsorption and desorption of RhB at 300 K

Kinetic model Linear form of the equation

Kinetic parameters

Adsorption Desorption
Pseudo-first-order k, k, =0.048 min™* k, =0.114 min™
log(q. ;) =1og(4.) ~ 5=t - . - H
model 2.303 q,=25235mg g q,=0.778 mg g
R*=0.786 R*=0.473
Pseudo-second- Fo1 1 k,=0.003 g min" mg" k,=0.448 g mg™' min™

order model E - ?qf * Zt

I{ltrapartlcle diffu- - kidtyz +C
sion model

q,=66.667 g mg™

q,=2.545gmg™

R*=0.992 R*=0.999

k., =4.545 mg g min™"? k,=0.035 mg g min™"?
C=29.546 mg g™ C=2270mgg™*
R*=0.599 R*=0.696

agreed with experimental value, and g, (62.315 mg g™)
with highest R* value of 0.992. The g, , for desorption
(2.545 mg g™) is agreed with experimental value, and
e (2540 mg g™') with highest R? value of 0.999. This
indicates that adsorption process of RhB on ABC sur-
face perfectly follows pseudo-second-order kinetics and
rate-limiting step may be the desorption of chemisorbed
dye molecules [48].

If intraparticle diffusion completely governs the adsorp-
tion and desorption processes, the plot should be linear, and
if the rate-limiting step is only intraparticle diffusion, the
plot should pass through the origin [49]. When considering
the results given above, the plots in Fig. 9(c) are not linear
during the complete range of time (R?is 0.599 for adsorption).
However, three distinguishable main linear sections can be
identified in adsorption curve. Therefore, it can be concluded
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that intraparticle diffusion is not the only rate-limiting step
in the adsorption process of RhB onto ABC surface. This can
be caused by the external mass transfer followed by intra-
particle diffusion. The three possible major steps are external
mass transfer from the bulk solution, intraparticle diffusion
and adsorption of dye molecules [50]. As the lines do not pass
through the origin, it can be concluded that the above three
events do not occur, simultaneously.

4. Conclusion

In this study, bamboo carbon originated from Bambusa
vulgaris stems were chemically activated using phosphoric
acid activation method, and the resulting ABC was effec-
tively used for the removal of RhB from aqueous solutions.

ABC consists of active functional groups such as alcohols,
phenols, carboxylic acids, alkynes, alkenes, esters, ethers,
phosphate ethers and phosphate esters, and their presence
was confirmed by the FTIR technique. Boehm titration fur-
ther provided evidence for the existence of both basic and
acidic functional groups. PXRD characterization suggested a
graphitic layered structure, and the resulting ABC demon-
strated an amorphous nature. Phosphoric acid activated
ABC has a highly porous structure with different size pores
ranging from submicro- to nano-scale, thus leading to a high
surface area. Iodine value test corroborated the evidences
provided by TEM analysis.

For adsorption of RhB, the estimated contact time of
105 min followed by 1 h settling time and pH of 6 and 8 were
found to be the best condition for maximum adsorption.
The best fit adsorption isotherm was Langmuir model (L4
type), suggesting the adsorption mechanism as the RhB
molecules initially adsorb flat onto ABC surface followed
by end-on orientation with increasing concentration. The
maximum adsorption capacity was 111.11 mg g™ at 300 K
and increased with increasing temperature. The Freundlich
and Temkin models were also fitted to the adsorption pro-
cess. Thermodynamic results, negative AG° values, show
the feasibility of the adsorption process while positive
AH° and positive AS° values show the endothermic
nature and increasing entropy, respectively. The best fit-
ted kinetic model for both adsorption and desorption was
pseudo-second-order model suggesting the rate-limiting
step could be chemisorption.
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