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Abstract—The adsorption capabilities of Syzygium cumini leaves were investigated for crystal violet and eosin B using
batch adsorption method. Removal conditions were optimized by varying operational parameters like pH, dose of
adsorbent, contact time and temperature. Presence of salts had a profound effect on the adsorption and the experimen-
tal data for both adsorbates, providing good correlation with the Temkin, Langmuir and Freundlich patterns, but differ-
ing from Dubinin-Radushkevich model. Maximum adsorption capacity was found to be 38.75 mg/g for crystal violet
and 16.28 mg/g for eosin B respectively. Boyd-Adamson-Myers, Morris-Weber and Bangham’s surface mass transport
models revealed that film diffusion was the rate controlling process and followed pseudo-second order kinetics. Activa-
tion energy was estimated to be 57.265 and 6.721 kJ/mol for crystal violet and eosin B respectively. Adsorption of crys-
tal violet is endothermic and that of Eosin B is exothermic but both were spontaneous at all temperatures. To study the
bulk removal of the dyes, column operations were made. The exhausted columns were regenerated by eluting HCl
solution and almost 91.94% of CV and 58.08% of EB were recovered from columns, respectively.
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INTRODUCTION

The unconsumed dyes from different industrial units, like tex-
tile, paint, acrylic, cosmetics, plastics, paper and pulp, Kraft bleach-
ing, tanning, and pharmaceutical are released into water bodies
and are considered as organic pollutants [1]. Among 7x10’ tons
annually produced dye stuff [2], 12% are lost during manufactur-
ing and processing operations, 30% are used in textile industry
[1,3], which directly discharge around 2-20% in aqueous effluents
into hydrosphere, and 10-25% are lost during the dyeing process
[4]. Discharging of dye-containing effluents into hydrosphere is
prohibited not only because of their color, which reduces the sun-
light penetration into the water, but also because of toxic, carcino-
genic and mutagenic nature of their breakdown products [5]. If
adequate removal methods are not used, most of these dyes remain
in the aquatic system for a longer span of time, sometimes more
than 40 years [6], even discoloration of dye containing waste water
cannot be attained when treated aerobically using municipal sew-
erage systems [7].

A variety of techniques have been reported for the treatment of
dye-contaminated industrial effluents, which include membrane
filtration, ion-exchange membranes, electrochemical degradation,
integrated chemical/biological degradation, integrated iron (III)
photo-assisted biological treatment, solar photo-Fenton and bio-
logical processes, coagulation, chemical precipitation, solvent ex-
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traction, reverse osmosis, photocatalytic degradation, sonochemi-
cal degradation and micellar enhanced ultrafiltration [8]. Above
all, adsorption has proved itself a state of the art technique due to
its certain salient features like insensitivity to toxic pollutants, high
efficiency, low cost, operational ease and flexibility. A large variety
of materials, both natural and synthetic, have been used as adsor-
bent for the removal of dyes from aqueous medium but those based
on biological materials like biomass, agricultural solid wastes and
plant products are often much more selective, competitive, effective
and cheaper than traditional synthetic materials like jon-exchange
resins and commercial activated carbons, and can reduce the dye
concentration to ppb levels [8]. Low cost biological adsorbent or
bioadsorbents like banana peels [9], rice straw [10], orange peels
[11], alga sargassum muticum seaweed [12], dead macro fungi [13],
hydrilla verticillata [14], moss [15], saw dust [16] and hundreds of
others have been reported to remove pollutants from water, but
search for ideality regarding availability, efficiency and low cost is
still there.

Any dye can be classified as cationic, nonionic or anionic type
depending on its structure and properties [3]. Anionic dyes, which
are also called acidic dyes or reactive dyes [17], are most problem-
atic in water treatment because they pass through conventional
treatment systems unaffected [18]. Cationic dyes are basic dyes hav-
ing intense color and extensively used to impart bright shades to
textile products. The present work investigates the comparative
adsorption behavior of crystal violet (CV) which is a basic dye and
eosin B (EB) an acidic dye, on a cheap, largely available and low
cost adsorbent obtained from the leaves of Syzygium cumini. The
operational parameters like initial solution pH, the dose of adsor-
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Table 1. Elemental analysis and surface area characterization of adsorbent

Element analysis of adsorbent

Element C H
% Age 41.51+0.50 6.97+0.50
Surface area and pore size analysis

N S o
1.06+0.50 0.87+0.20 13.84+0.50

BET surface area (m’ g ')

Langmuir surface area (m’ g')

Pore volume (cm’ g’l) Pore diameter (A)

5.98 38.16

0.07 121.96

bent, contact time, ionic strength and temperature have been opti-
mized using batch adsorption method. Adsorption kinetics, iso-
thermal models, thermodynamics parameters and adsorption mech-
anism were evaluated comprehensively and are reported. The poten-
tial of adsorbent for aqueous removal of dyes was further tested in
a fixed-bed continuous flow column using self-made wastewater.
Column regeneration and recycling was also carried out to con-
sider its industrial applicability for bulk removal of the both CV
and EB. The study is unique as there is no existing report for the
removal of any dye by Syzygium cumini.

EXPERIMENTAL

1. Reagents

All the reagents, used in the present work, were of analytical
grade and procured from E. Merck, Germany. Crystal violet (CV)
and eosin B (EB) with 99.9% purity, used as adsorbate were not
further purified prior to use. Physicochemical characteristics of these
dyes are given in Table 1. Stock solutions of both dyes (1,000 mg
L") were prepared by dissolving accurately weighed quantity of
the dye in distilled water. Solutions of different concentrations used
in the further experiments were prepared by diluting the stock solu-
tion with suitable volume of distilled water. The initial pH of the
solution was adjusted using 0.1 M HCl and 0.1 M NaOH solutions.
Throughout the experiments, glassware used was washed with chro-
mic acid and then repeatedly washed with distilled water, followed
by drying at room temperature for one hour.
2. Adsorbent Development

Leaves of Syzygium cumini of an indigenous variety were obtained
from a local garden. The process of their development as adsor-
bent was divided into three steps. The first step involved the wash-
ing of leaves, first with tap water and then with distilled water to
remove the foreign impurities and drying overnight in oven at 85 °C.
In the second step, dried leaves were ground to a fine powder using
TCEP-FW80 electric grinder at 60 mesh sizes. The obtained pow-
der was further sieved to obtain the exact 60 mesh sized particles.
Third step involved the chemical treatment of powder by boiling it
with methanol to remove inorganic and organic matter from their
surface. The process of boiling and filtration was continued till the
filtrate turned colorless. Activation of adsorbent was carried out by
finally washing with distilled water and heating it at 85 °C for 15
minutes in an oven, for removal of moisture content. The dried
powder of uniform size was placed in a vacuum desiccator to be
used as an adsorbent for further studies.
3. Characterization of Adsorbent

The functional groups present in the adsorbent were identified

by FTIR spectroscopy using KBr as back ground. The pellets were
obtained by pressing a 0.25 g of KBr and 0.004 g of powder adsor-
bent under a constant pressure of 500 Kg/cm’. Quantachrome NOVA
2200C USA, surface area analyzer was used for surface area, pore
size and pore volume measurements using a mixture of 23% nitro-
gen and 77% helium. Multipoint BET and Langmuir surface area
was determined. Costech Instrument 4010 was used for the ele-
mental analysis of the adsorbent. Hitachi S-3500N scanning elec-
tron microscope was used for scanning the adsorbent surface.
4. Batch Adsorption Studies

The adsorption studies of CV and EB onto the leaves of Syzyg-
ium cumini from aqueous solution were conducted by using the
batch equilibrium method. Studies were done in 250 mL glass stop-
pered, Erlenmeyer flasks using 25 mg L™ of dye concentration with
50 mL of working volume. Initial studies aimed to optimize the ad-
sorption conditions in terms of initial doses of adsorbent (0.1 to
0.8 g), pH of working solution (pH 2 to pH 11), contact time (15 min
to 120 min), temperature (298 K to 313 K) and effect of salts on
working solution. Optimized amount of adsorbent was added to
the solution in each flask which was agitated at a constant speed of
100 rpm for 60 minutes in Brunswick C-24 incubator shaker (New
Brunswick Scientific, Canada) at 308+1 K. After a predetermined
time interval, required to establish the equilibrium between adsorp-
tion and desorption, samples were collected, for their analysis in
terms of concentration of dye left in solution after adsorption, which
was investigated by measuring its absorbance at appropriate wave-
lengths corresponding to the maximum absorbance of each dye
using UV/VIS spectrophotometer (Hitachi U-100). The amount
of dye adsorbed per unit mass of adsorbent (mg/g) was calculated
using the equation [19]:

qe:(co_ Ce)v/m (1)

where, C, and C, are the initial and residual concentrations of dye
in the solution (mg/L), m is the dose of adsorbent (g), and V is work-
ing volume (L). The percent removal of dye was calculated in terms
of the following equation [20]:

Removal of dye (percent)= COC_ Ce x 100 (@)
All the experiments were performed in triplicate to ensure the repro-
ducibility of obtaining data. Linear regression analysis of obtained
data was performed using Microsoft Excel 2010 program to deter-
mine the slope and intercept of the linear plots.

5. Column Studies

Fixed-bed continuous flow column adsorption studies were con-

ducted in a column made of Pyrex glass with inner diameter of
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4.5cm and 25 cm long. At the bottom of the column, a layer of
glass wool was placed to prevent loss of adsorbent. The slurry of
adsorbent was made and was put into the column leading to the
formation of adsorbent bed over the glass wool support. Dye solu-
tions of 30 mg/L and 32 mg/L for CV and EB were then passed
through the column with flow rate of 0.5 mL/min, respectively.
From the collected volumes of the dyes solutions after a specified
time interval, the dye concentration was measured spectrophoto-
metrically till the absorbance of the collected solution matched with
that of the fed dye solution.

After the columns were exhausted, a 0.1 M HCI solution was
used for desorbing the dye. It was passed through the columns
with a constant flow rate 0.5 mL/min. Once complete elution of the
dye from the column had taken place, the columns were washed
properly with distilled water.

THEORY

1. Adsorption Isotherms

Under isothermal conditions, the relationship between the amount
of adsorbate, adsorbed and equilibrium pressure of gas or concen-
tration of solute in solution is termed as adsorption isotherm or
adsorption model [21]. The adsorption isotherm is fundamental
in describing the behavior between adsorbate and adsorbent and
is necessary to ratify the adsorption process [20]. The equilibrium
adsorption data are interpreted in terms of different adsorption
models. In the present work, equilibrium adsorption data for both
dyes was obtained at 308+1 K by adding 0.1 g of adsorbent in 50 ml
of dye solution at varying concentration between 20 to 200 mg/L.
The obtained data were interpreted in terms of Dubinin-Radush-
kevich (D-R) [22,23], Freundlich [23,24], Temkin [25,26] and Lang-
muir [23,27] adsorption models.

Dubinin-Radushkevich: In C4=In X,,— ¢’ 3)

where C,;, represents the amount of adsorbate up taken by adsor-
bent (mg/g) and X,, is the maximum adsorption capacity of adsor-
bent (mg/g), £ is constant related to adsorption energy (kJ/mol)
[23]. The variable ¢ is the Polanyi adsorption potential and is given
as [23]:

1
£=RTIn(1+ C) @)
Freundlich: logC 4 =logC,,+ %logCe (5)

Here C,, is the Freundlich constant and is regarded as the multi-
layer adsorption capacity of adsorbent (mg/g) or degree of adsorp-
tion and 1/n is a constant related to adsorption intensity. Its value
varies with the degree of heterogeneity and is related to the distri-
bution of bonded ions on the surface of adsorbent. Generally, n>1
is an indication that that adsorbate is much feasibly attached on
the surface of adsorbent: the higher the value of n from unity, the
higher is the adsorption intensity.

Temkin: q,=k, In k,+k, In C, (6)

where k;, is the Temkin isotherm energy constant (L/mg), and k, is
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the Temkin isotherm constant.

C, 1 C,
@)

Langmuir: = —
S CL QK Q

The parameter Q is the maximum adsorption capacity or maxi-
mum mass of dye adsorbed (mg/g), and K; represents the equilib-
rium constant of adsorption (dm’/mg), Both Q and K; are called
Langmuir constant and K; is a temperature dependent parameter.
A dimensionless parameter R; [28] is calculated by using the value
of K;, which indicates the extent of adsorption with change in con-
centration as:

R,=1/(1+K,C,) @®)

0<R;<1 value indicates that adsorption process is favorable, whereas
R;>1 exhibits that adsorption process is unfavorable in nature [29].
2. Adsorption Dynamics

Adsorption dynamics involves the characterization of the adsorp-
tion process in terms of pseudo-first-order or pseudo-second-order
mechanism. The kinetics of adsorption, in the present work, was
studied at three different working temperatures (298, 303 and 308
K) by varying the contact time (10 to 60 minutes) and by keeping
the initial concentration of both dyes fixed at 25 mg/L. The obtained
data were evaluated to check its validity for pseudo-first order or
Lagergren equation [30,31] and pseudo-second order rate equa-
tions [32,33] as:

k
Pseudo-first order: log(q,—q,)=logq,— FiBt )

where k; is the rate constant for pseudo-first order kinetics.

1 1

Pseudo-second order: L —+—t (10)

% kq® 9
Here k; indicates the rate constant for pseudo-second order reaction.

Both of these models do not provide the mechanism of mass
transport on the surface of adsorbent [20]. A comprehensive model
of intraparticle diffusion [34] was also tested to assign the rate con-
trolling step during adsorption of dyes on the surface of adsorbent.

Intrapartile diffusion: q.=kt" 11

To demonstrate the particle diffusion kinetics more comprehen-
sively, Boyd, Adamson and Myers equation for the kinetics of par-
ticle diffusion [35,36] was used. The amount adsorbed at a particular
time was expressed as fraction of the amount adsorbed after infinite
time [36] as:

Q amount adsorbed after time t

F= 6: ~ amount adsorbed at Equilibrium (i.e. t=cc) (12)

F can be regarded as fractional attainment of equilibrium [35]. As-
suming that particle diffusion is a sole rate-controlling process and
adsorbent particles are of radius r, it can be expressed as [36]:

—n’B

6 o € i
F=1*“22n:1 P
T n

(13)

where B=7°D/r*
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D; is the effective diffusion coefficient of adsorbate on the sur-
face of adsorbent. From calculated values of E, tabulated values of
B, can be obtained from Reichenberg table [36]. B, values are plot-
ted against time and a straight line is obtained having slope a equal
to B.

To investigate the main kinetic controlling step between parti-
cle diffusion and film diffusion, the applicability of following dou-
ble logarithmic Bangham’s equation [37] was established.

C, ). k'm )
loglog(C[r qtm) = 10g(2.3030V + alogt (14)

Here o and k' are constants of Bangham’s equation. The constant
o is always less than one.
3. Thermodynamic Studies

Activation energy of CV and EB adsorption on Syzygium cum-
ini was calculated by the Arrhenius equation [20].

Eﬂ

lnkzlnA—I—{T (15)
From the slope of the regression line between In K and 1/T, activa-
tion energy Ea (kJ/mol) was calculated. The thermodynamic param-
eters like, AG, AH and AS were estimated by studying the adsorption
process at different temperatures. From the linear plot between In
K. and 1/T, the values of AH and AS were estimated using slope
and intercept respectively of van't Hoff equation [23,38]:

—AH AS
=

InK, T TR

(16)

where Langmuir constant K=C,,/C,

The value of K, also provides the magnitude of AG by following
expression [20]:

AG=-RTIn K. 17)

3. Column Studies

The column efficiency was estimated in terms of various param-
eters obtained from the breakthrough curves, which are a plot be-
tween column effluent concentration versus volume treated or time
of treatment. Breakthrough capacity; exhaustion capacity and degree
of column utilization are the important features of the breakthrough
curves which are estimated from parameters such as length of the
primary adsorption zone (), total time involved for the establish-
ment of primary adsorption zone (t,), time for the primary adsorp-
tion zone to move down its length (t), time for initial formation
of primary adsorption zone (t;), mass rate flow of the adsorbent
(E,), and fractional capacity of the column (f). The parameters are
calculated from the breakthrough curves using following relations
[13].

\Y%

=== 1
b= as)

V.-V,
ty= XFm (19)
S %t VoV, 20)
D t—t t+t(f-1) V,+f(V,-V,)

Transmittanc (%)

3600 3100 2600 2100 1600 1100 600
Wave number (em')

Fig. 1. FTIR spectra of Syzygium cumini leaves powder used as ad-
sorbent.

t M
G ' S
=1 ts (invb)co (21)

Percent saturation = %fﬁl) x 100 (22)

RESULTS AND DISCUSSION

1. Characterization of the Adsorbent

The structural characterization of adsorbent based on the leaves
of Syzygium cumini has been well described in the literature [39].
It contains OH groups (sharp and broad peak at 3,478 cm™") (Fig.
1) which are involved in inter- and intramolecular hydrogen bond-
ing and give birth to macromolecular associations like lignin and
cellulose. Hydrogen bon2ding is the fundamental characteristic of
such macromolecules. The OH groups in Syzygium cumini can be
present in the form of free hydroxylic groups or in the form of ali-
phatic carboxylic acids. The presence of aliphatic carboxylic acids
is confirmed by its C-H stretching, band at 2,949 cm ™' and C=0
stretching band at 1,747 cm ™", This band also establishes the pres-
ence of esters (-COOCH,) in the leaves of Syzygium cumini. Weak
band at 1,248 cm™" may be attributed to the bending vibrations of
OH groups, which further confirms the presence of alcohols, phe-
nols and carboxylic acids in the adsorbent. In addition, a weak band
at 1,129 cm™" indicates the presence of >C=S groups.

The data obtained from elemental, surface area and pore size
analysis is shown in Table 2. The data shows a significant percent-
age of nitrogen and sulfur contents in the adsorbent. SEM image
in Fig. 2(a) indicates the mesoporous surface texture of the adsor-
bent. After adsorption of both CV and EB (Fig. 2(b) and (c)), the
regularly spaced conical protrusions and bright spots vanished.
This confirms the favored adsorption of both the dyes on meso-
porous surface.

2. Optimizations of Adsorption Conditions

Adsorption, being a surface phenomenon, is significantly affected
by variations in initial conditions, which imparts physical and chemi-
cal changes to both adsorbent and adsorbate. The findings of ini-
tial conditions optimizations for adsorption of both CV and EB
on Syzygium cumini are discussed below.

2-1. Effect of pH
Optimization of pH of adsorption medium is very important

Korean J. Chem. Eng.(Vol. 32, No. 5)
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Table 2. Physiochemical characteristics of used adsorbates

Dye Crystal violet Eosin B

C.I. number 42555 45400

C.I name Basic Violet 3 Acid Red 91

Class Triarylmethane Fluorone

Molecular weight (g/mol) 407.99 624.06

Chemical formula C,sH,,CIN;, C,0H(Br,N,Na, O,

Water solubility (g/L) 16 (25°C) 300 (25°C)

Aomas 600 nm (in water) 520 nm (in water)

Synonyms Basic Violet 3, Gentian Violet Dibromodinitrofluorescein sodium, Caesar Red

3HC~ _-CH3

|N'

Molecular structure

for adsorption studies. Hence, the effect of solution pH on dye re-
moval from solution was studied under identical conditions for
both the dyes. As depicted in Fig. 3, both dyes showed opposite
behavior towards an increase in pH of adsorption medium. The
percentage removal of CV increased precipitously up to pH 4 and
then became nearly constant up to pH 12, which is due to the neu-
tralization of the negatively charged surface of adsorbent by posi-
tively charged adsorbate molecules. At low pH, the functional groups
on the adsorbent surface, which are responsible for adsorption of
CV; undergo protonation, so as a result, the surface of the adsor-
bent becomes positively charged, and this decreases the adsorp-
tion of the positively charged CV molecules through electrostatic
repulsion. Higher percentage removal of the CV at elevated pH
may be attributed to the increased electrostatic interactions between
negatively charged adsorption sites on the surface of adsorbent and
positively charged nitrogen atom of adsorbate molecules (=N"(CHs),).
A similar trend has been reported for removal of CV using Bottom
ash, De-oild soya, Grapefruit peel and Wood apple shell [20,40,41].
Basic conditions of adsorption medium favors the removal of CV,
hence pH 8 was regarded as optimum pH for further adsorption
studies.

The percentage removal of EB decreased from 81% to 60% when
the pH of the adsorption medium was increased from 2 to 6 (Fig.
3); however, the further increase in pH did not impart any signifi-
cant decrease in adsorption and became constant between pH 6 to
12. Minimum percentage removal (55%) was observed at pH 12.
This behavior can again be attributed to the influence of pH on
the adsorption sites of the adsorbent, the electrostatic forces between
adsorbate and these adsorption sites and ionization/dissociation of
the adsorbate molecule. Low pH imparts protonation to some groups
of cellulose present on adsorbent surface [20] and converts them
to -CH,-OH," and -OH,". These protonated groups strongly attract
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the ph-O~, and =N-O" groups on the adsorbate molecules by elec-
trostatic attraction and facilitate the adsorption process. The sharp
decrease in percentage adsorption at highly basic conditions may
be due to the involvement of electrostatic repulsion between the
negatively charged groups on adsorbent surface and the negatively
charged EB molecules. The constancy in the removal capacity of
Syzygium cumini for EB over the pH range 4-12 is an indication
that the adsorption process is not solely depending of electrostatic
interactions. The possibilities of involvement of hydrogen bonding
cannot be ruled out [42]. From these findings, pH 2 was regarded
as optimum pH for further adsorption studies of EB.
2-2. Effect of Dose of Adsorbent

Since adsorption capacity is related to the number of adsorp-
tion sites, the adsorbent dose is an important parameter that sig-
nificantly affects the removal of dyes from solution. Study of effect
of adsorbent on the removal of CV and EB revealed (Fig. 4) that
the adsorption efficiency increased for both dyes as the adsorbent
dose was increased from 0.1 to 0.8 g. However, this increase was
much sharper for CV as the amount was increased from 0.1 to 02 g
(from 94.2% to 97.3%), but further increase in amount did not sig-
nificantly enhance the removal of dye. As reported earlier, the ini-
tial rise in percentage removal with adsorbent dose may be due to
an increase in the adsorbent surface area and a stronger driving
force [40,43] towards adsorption. The constancy in the adsorption
of CV after a further increase in adsorbent amount from 0.2 g can
be attributed to the saturation of adsorption sites and to the involve-
ment of various types of interactions, like aggregation, between ad-
sorbent particles [44] at enhanced dose. Hence, 0.2 g was consid-
ered optimum dose of adsorbent for further CV adsorption studies.

The percentage removal of EB, initially, increased gradually as
the dose of adsorbent was increased from 0.1 to 0.6 g (Fig. 4); how-
ever, this increase was accelerated by a further increase in the amount
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Fig. 2. Scanning Electron Micrographs of Syzygium cumini leaves
(a) unabsorbed leaf powder, (b) loaded with CV, (c) loaded
with EB.

of adsorbent, and maximum removal of 84.6% was observed at 0.8 g
of adsorbent, which can again be attributed to increase in the sur-
face area of adsorbent with increase in dose that leads towards an
increase in the adsorption sites available for EB. It can be concluded
that adsorption of EB is not much influenced at the small amount
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Fig. 5. Effect of contact time on percentage uptake of CV and EB
by Syzygium cumini at 308 K (Dose of adsorbent=0.2 g for
CV and 0.6 g for EB, solution pH=8 for CV and 2 for EB).

of adsorbent due to multiple reasons like unaltered diffusional path
length [45], small particulate aggregation [44] and the nature of
adsorbate molecules [42]. Due to the enhanced percentage removal
of EB, 0.6 g of adsorbent was regarded as optimum amount of EB

Korean J. Chem. Eng.(Vol. 32, No. 5)
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removal studies.
2-3. Effect of Contact Time

Study of contact time gives an indication of the threshold time
required to establish the equilibrium between adsorption and desorp-
tion. The results of contact time variation for both CV and EB are
depicted in Fig. 5. The effect of shaking time is much more con-
spicuous in case of CV. Percent removal increases from 85 to 98%
between the first 15 to 30 minutes of contact time. However, it be-
comes slow with further increase in contact time, and finally becomes
time independent after 60 minutes. Similar behavior has been re-
ported in literature for CV using various adsorbents [19,20,43]. The
effect of contact time is not much pronounced for EB (Fig. 5) and
equilibrium is visibly attained after 75 minutes of shaking. In both
cases, the initial rise in the percentage removal of dyes can be at-
tributed to a number of reasons like large amount of surface area
available for adsorption, strong attractive forces between the adsor-
bate molecules and the adsorption sites of adsorbent, elevated dif-
fusion on the external surface of adsorbent, which leads toward
fast pore diffusion into the intra-particle matrix and results in a
rapid attainment of equilibrium [46]. The decrease in adsorption
in higher contact time gradually leads towards equilibrium. This
decrease may be associated with a decrease in the total adsorbent
surface area and fewer available binding sites on adsorbent. Hence,
from these studies, the equilibrium time for maximum dye uptake
was regarded as 60 minutes for CV and 75 minutes for EB.
2-4. Effect of Temperature

Fig. 6 presents the percentage removal of CV and EB as a func-
tion of temperature. Both dyes behave differently as the tempera-
ture of adsorption system is increased. The percentage removal of
CV is augmented from 78.6% to 99.9% as the temperature was in-
creased from ambient to 313 K. This increase was quite drastic be-
tween 298 K to 303 K and then became nearly independent of tem-
perature. The increased uptake of CV at higher temperature indi-
cates that adsorption in this system was an endothermic process
and leads towards higher surface coverage at elevated temperature.
This may be attributed to the increased penetration of CV inside
micropores of adsorbent due to reduced solution viscosity at higher

100 - @

S o0 f /
E os [ *- —
é 85 F ———
L / —o(CV
80 F
r —+FR

:‘\ L L L L L 1 L i i L 1 i i L L 1 i i ]
295 300 305 310 315
Temperature (K)

Fig. 6. Effect of temperature on percentage removal of CV and EB
over Syzygium cumini at contact time of 60 and 75 minutes
respectively (Dose of adsorbent=0.2 g for CV and 0.6 g for
EB, solution pH=8 for CV and 2 for EB).
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temperatures, which also enhances the rate of diffusion of the adsor-
bate molecules across the external boundary layer or increased inter-
actions between adsorbate molecules and adsorption sites. It is the
usual trend for both gasses or liquids that adsorption is exother-
mic and an increase in temperature abates the adsorption due to
release of heat as the result of the development of strong interac-
tions between adsorbate and adsorbent [42,47,48]. The behavior of
CV in the present study apparently looks peculiar, but trends simi-
lar to this can be seen in literature [49-53].

As depicted in Fig. 6, the rise in temperature decreased the per-
centage uptake of EB, but this decrease is not much drastic and
percentage removal declined only up to 84.7% from 86% as the
temperature was increased from 298 K to 313 K. This negligible
decline in the removal indicates that adsorption of EB is an exo-
thermic process but it is accompanied with very small heat changes.
The decrease in the percentage removal of EB may be attributed
to the weakening of the bonds between the EB molecules and the
binding sites on the surface of adsorbent and due to favoring of
the reverse process (desorption) of exothermic interactions at in-
creased temperature.

2-5. Effect of Initial Concentration

Fig. 7 demonstrates the effect of initial concentration of dyes on
their adsorption over Syzygium cumini. The percentage removal of
both dyes, decreased with increase in initial concentration; how-
ever, this decrease is much marked for EB where an increase in
the initial concentration up to 120 mg/L resulted in a decline in
removal up to 8.5% from 90.4% at the concentration of 20 mg/L.
The decrease in the percentage removal for CV is not much sig-
nificant as compared to that of EB. A gradual 20% decrease in the
removal of CV was observed when initial concentration was ac-
creted to 120 mg/L. The decrease in the removal of both dyes by
an increment in their concentration can be attributed to the defi-
ciency of sufficient surface area available on adsorbent to accommo-
date many more molecules of the adsorbate present in the solution.
It can be attributed to the fact that lower concentration paves the
way for adsorbate molecules in solution to interact with all bind-
ing sites on the adsorbent surface and results in a higher percent-
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Fig. 7. Effect of initial concentration of CV and EB on their percent-
age removal and uptake at 308 K and contact time of 60 and
75 minutes, respectively (Dose of adsorbent=0.2g for CV
and 0.6 g for EB, solution pH=8 for CV and 2 for EB).
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Table 3. The effect of salts on adsorption of CV and EB using

25 mg/L initial concentration
KCl KBr AgNO, Cdcl, HgCl,
Dye uptake (mg/g) with salt concentration=0.1 M
Cv* 10.516 12.482 7.771 11.964 12.471

EB** 7.001 6.682 5915 6.363 7.722

Dye uptake (mg/g) with salt concentration=0.01 M
Cv 11.322 12.342 10.634 12.491 11.431
EB 8.932 9.611 8.127 9.029 7.940

*Normal uptake value for CV without salt=12.30 mg/g
**Normal uptake value for EB without salt=10.28 mg/g

age removal at low concentration. However, all these adsorption
sites of adsorbent get saturated at higher concentration of adsor-
bate and result in a decrease in removal.

Fig. 7 shows that the uptake of CV increased with increase in
dye concentration, which is an opposite trend from that of its re-
moval. This increased uptake (9.8-41.3 mg/g) may be attributed to
increase in concentration gradient in solution, ie., increase in the
driving forces towards adsorbent and to the involvement of ener-
getically less favorable adsorption sites at increased concentration
[26]. The uptake trend of EB was unique: it first increased precipi-
tously as the initial concentration was increased from 20 mg/L to
30mg/L and then started decreasing with further increase in con-
centration. The initial increase may again be attributed to the en-
hanced effect of concentration gradient and large available adsorp-
tion sites, but decrease in uptake may be due to increased interac-
tions between adsorbate molecules at increased concentration, which
reduces the extent of adsorption.

2-6. Effect of Salts

The presence of salts in adsorption system affects the removal
of dye due to the formation of their interactions with adsorbate
and adsorbent [54]. Table 3 indicates that uptake of CV increases
from its normal value on the additions of salts like KBr and HgCL.
However, the addition of AgNO; imparts a slight reduction in its
uptake when concentration of this salt is higher. Under dilute con-
dition, CdCl, enhances the uptake from its normal value. The change
in uptake of CV is less obvious when KCl is used. The addition of
salts in the adsorption system of EB reduces its uptake both under
low or high dilutions of salts. However, the effect of higher concen-
tration is more obvious in terms of reduction. The effect of those
salts which increase the dye uptake can be explained in terms of
their neutralization of negatively charged parts of adsorbate mole-
cules and the negatively charged surface of adsorbent and reduce
the electrostatic repulsion on both ends [54]. The electrostatic repul-
sions between the adsorption sites and adsorbate molecules is such
influencing in the micropores. The diffusion of adsorbate molecules
into these micropores is hindered by the negatively charged sur-
face of adsorbent. The addition of salts in such systems screened
this repulsion and enhanced the dye uptake. Similarly;, some of these
salts can also work to neutralize the positively charged surface of
adsorbent and diminish the electrostatic attractions between dye
molecules and adsorption sites. The counterions of salts also com-
pete with negatively charged adsorbate molecules for the single

adsorption site and reduce the dye uptake. This reduction in dye
uptake by the addition of salts signifies that various types of inter-
actions, other than electrostatic interactions between adsorbate
and adsorbent, are also involved in the adsorption process. In addi-
tion, the effect of the ionic strength on the adsorption process of
dyes has been well established [55-57]. The increased ionic strength
of the adsorption system usually increases the dye uptake by enhanc-
ing the aggregation of dye molecules and improving the electro-
static attractions.
3. Adsorption Isotherms

The magnitudes of constants obtained from the plots of D-R
(In C,y versus £°), Freundlich (log C,y versus log C,), Langmuir
(CJC,y versus C,) and Temkin (q, versus In C,), for adsorption of
both CV and EB over Syzygium cumini are listed in Table 3. The
plots of adsorption isotherm data with correlation coefficients of
linear regression are shown in Figs. 8, 9, 10 and 11, respectively.

The correlation coefficients for both CV and EB indicate that
the equilibrium data is fitted well to D-R isotherm for CV; but it is
poorly modeled for EB. The constant 5 of D-R isotherm can be
used to calculate the mean free energy of adsorption (E) by the fol-
lowing relationship [58]:
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Fig. 8. D-R adsorption isotherm for adsorption of CV and EB over
Syzygium cumini (%200 was plotted for EB).
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Fig. 9. Freundlich adsorption isotherm for adsorption of CV and
EB over Syzygium cumini.
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tion process involving weak van der Waals forces. The higher value
of energy for CV indicates that it is more strongly attached on the
surface of adsorbent than EB. Fig. 9 shows that both CV and EB
are strongly following the logarithmic model of the Freundlich
isotherm but with opposite trend. The Freundlich model exhibits
a slightly better fit to the adsorption data than the D-R model for
CV, but the almost unity value of correlation coefficient for EB in-
dicates that the results are significantly better and experimental data
are strongly fitting this model than D-R model of the isotherm.
The magnitude of heterogeneity factor or adsorption intensity; ie.,
n for both the dyes (Table 4), illustrates that adsorbates are favor-
ably adsorbed on the adsorbent, and higher value of n for CV indi-
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Fig. 10. Langmuir adsorption isotherm for adsorption of CV and
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Fig. 11. Temkin adsorption isotherm for adsorption of CV and EB
over Syzygium cumini.

The value of energy calculated using the above equation provides
an idea about the type and nature of adsorption process. The pro-
cess may be regarded as physisorption (physical adsorption) if the
magnitude of E is less than 8 k] mol ' and it becomes a chemical
ion exchange process if E is between 8 to 16 k] mol ' [58]. The value
of energy was calculated as 4.081 kJ mol ' for CV and 0.267 k] mol '
for EB. It implies that the adsorption of EB is a physical adsorp-

cates its higher adsorption intensity than EB.

The correlation of adsorption data of both CV and EB was ex-
tremely high with theoretical model for monolayer adsorption, ie.,
Langmuir isotherm model with R’ values nearly unity for both sys-
tems (Fig. 10). The maximum adsorption capacity of Syzygium
cumini for CV and EB, calculated from the regression analysis of
Langmuir isotherm data is 38.750 and 16.286 mg/g (Table 4), respec-
tively, at 308 K. The values of dimensionless equilibrium separation
factor R; calculated using Langmuir constant are between 0.236 to
0.051 for CV and 0.0569 to 0.032 for EB, clearly indicating the favora-
bility of adsorption of both dyes. The lower value of R; for CV at
higher concentration indicates that adsorption is more favorable at
high concentration of dye. The validity of the Langmuir isotherm
turther establishes that adsorption of dyes is accompanied with mono-
layer formation. It is well established in the literature [59] that the
dye molecules adsorbed favorably on adsorbent with low competi-
tion of solvent molecules, and the surface of adsorbent gets satu-
rated slowly with dye molecules until the concentration reaches its
maximum value (Q). In addition, the process of multilayer forma-
tion is less favorable due to the presence of electrostatic repulsion
between adsorbed molecules and those finding the adsorption sites
[60]. The plot of equilibrium adsorption data for validity of Tem-
kin isotherm indicates that both CV and EB follow this isother-
mal model of adsorption, but like Freundlich and D-R models the
trend of fitting for both dyes is opposite. The calculated values of
Temkin isotherm energy constant and Temkin constant are given
in Table 4. As indicated by R’ values (Fig. 11), the validity of the
Temkin model of adsorption is less both for CV and EB than Lang-
muir and Freundlich models, but for EB it is much better fitted

Table 4. D-R, Langmuir, Freundlich and Temkin constants for adsorption of CV and EB over Syzygium cumini

D-R constants

Langmuir constants

Freundlich constants Temkin constants

Dye

X,, (mg/g) 3 (mmol’/") Q (mg/g) K, C,, (mg/g) n k, (L/mg) K,
cv 32.890 3x10° 38.750 3.739 23.520 0422 2.848 1.83x10°
EB 13.610 7x10° 16.286 0.735 42.360 0302 2268 8.78x 107

Table 5. Kinetic parameters for adsorption of CV and EB over Syzygium cumini

Pseudo-first order kinetic model

Pseudo-second order kinetic model

Dye Qe,exp (Mg/Q)

qtz, calc (mg/ g) l(1 (minil) qe, calc (mg/ g) k2 (g/ mg mll’l)
(61" 49.787 27.797 0.118 51.020 0.014
EB 10.288 10.431 0.068 11.876 0.008
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Fig. 12. Lagergren’s plot for adsorption of CV and EB over Syzyg-
ium cumini.

than D-R isotherm.
4. Adsorption Dynamics

The values of the pseudo-first order rate constants, k, and equi-
librium adsorption capacity g, (Table 5) calculated from the slopes
and intercepts, respectively, of the Lagergren plots for pseudo-first
order kinetics (Fig. 12), provide that calculated and experimental
equilibrium adsorption capacity q,, differs widely for CV but is in
agreement for EB. The correlation coefficients for both dyes, which
are the sole measure of validity of this kinetic model, are signifi-
cantly lower from unity. It can be attributed from these findings
that the adsorption kinetics of CV and EB on Syzygium cumini
cannot be established using Lagergren's model. The variations in
experimental results from Lagergren’s plot are not solely due to the
nature of this adsorption process but may also be attributed to cer-
tain shortcomings associated with this mathematical expression
[61]. It is considered that variables along ordinate, ie., log (q.—q,)
represent the number of available sites, which, in actuality varies
largely from consideration [61]. The equilibrium adsorption capac-
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Fig. 13. Plot for validation of pseudo-second order kinetics for ad-
sorption of CV and EB over Syzygium cumini.

ity q,, calculated from intercept of this expression is an adjustable
parameter, usually found to be not representing the parameter ob-
tained from the intercept of actual pseudo-first-order plot. In addi-
tion, it has been established that Lagergrens equation is generally
applicable over the initials of adsorption process between 20 to 30
minutes [62]. Conversely; the kinetic data of both CV and EB exhib-
ited an excellent compliance with pseudo-second-order kinetic model.
The plot of t/q; against t showed excellent linearity (Fig. 13) with a
correlation coefficient of unity for CV and close to unity for EB.
As shown in Table 5, the calculated q, values using this kinetic model,
agree with experimental q, values for both adsorbate systems. The
excellent correlation for both the systems indicates that the adsorp-
tion process is following the pseudo-second-order kinetics, which
establishes that the adsorption process involves valence forces by
multiple processes like sharing or exchange of electrostatic poten-
tial between adsorbent and adsorbate, and the whole adsorption
process is comprised of such valence phenomena and transport
processes on the surface and any of these can be rate determining,
The transport processes on the surface are diffusional processes,
such as surface diffusion or bulk penetration, which involves the
electrostatic interactions or chemical bond formation along the diffu-
sion path [61]. The intraparticle diffusion model was applied to
investigate its possibility as a rate determining process. According
to this model, a plot of q, versus t** should be a straight line pass-
ing through origin if the adsorption process is being controlled by
intraparticle diffusion [63]; however, variation in linearity indicates
that the process is being governed by two or more steps. The cor-
relation coefficients in Fig. 13 exhibit that plots for both CV and
EB are not exactly linear, which provides that intraparticle diffu-
sion is associated with two other activated diffusional processes,
external surface adsorption or film diffusion in which transport of
adsorbate to the surface of adsorbent occurs through solution and
adsorption of the adsorbate in the interior of the adsorbent. The
former can be regarded as initial stages or beginning of adsorp-
tion and the latter as the final equilibrium stage. The intraparticle
diffusion is an intermediate of these two processes. In addition, as
Table 4 indicates for pseudo-second order kinetics, the adsorption
process at the adsorbent of both dyes is not rapid, hence accord-
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Fig. 14. Validation of Morris-Weber equation for adsorption of CV
and EB over Syzygium cumini.
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Fig. 15. Validation of Boyd, Adamson and Myers equation for ad-
sorption of CV and EB over Syzygium cumini.
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Fig. 16. Bangham plot of CV and EB over Syzygium cumini.

ing to Aharoni and Sparks [61] these are associated with surface
transport processes, ie., diffusion which also controls the overall
rate of adsorption. To distinguish between the significance of film
diffusion and particle diffusion adsorption processes for both CV
and EB systems, B, (values obtained from Reichenberg table using
calculated fractional attainment F values) versus time graph was
plotted (Fig. 15). Straight lines for both the systems which are not
passing through the origin suggest that film diffusion is a rate deter-
mining process during the adsorption of both CV and EB. Here,
external transport of ingoing dye molecules is much greater than
the transport of already adsorbed molecules [35,36] into the pores
of adsorbent. To validate these findings, Bangham’s equation was
applied to experimental data. The linearity of this equation indi-
cates that the rate determining step is particle diffusion [63]. But
correlation coefficients of plots in Fig. 16 indicate that Bangham’s
equation for both adsorbates is not exactly linear. Hence, the possi-
bility of particle diffusion as a sole rate controlling process for both
EB and CV systems is ruled out, which further strengthens the above
findings regarding film diffusion as rate controlling phenomenon.
5. Activation Energy and Thermodynamic Parameters

Using rate constants of pseudo-second order kinetic model at
three different temperatures (298 K, 303 K and 308 K), activation
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Fig. 17. Arrhenius plot for the determination of activation energy
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Fig. 18. Variation in adsorption equilibrium of CV and EB on Syz-
ygium cumini with temperature.

energy (E,) for adsorption of both CV and EB was calculated. From
the slopes of Arrhenius plots, i.e,, In k, versus 1/T (Fig. 18), activa-
tion energy was estimated to be 57.265 and 6.721 kJ/mol for CV
and EB, respectively. The magnitude of energy of activation can be
used to ratify the nature of the adsorption process. If activation
energy is less than 40 kJ/mol, it is classified as physical adsorption,
while E, values higher than this threshold limit can be regarded as
chemical adsorption [20]. The magnitude of E, for CV indicates
that the adsorption process is chemical. This higher value of E, for
CV is in agreement with a reported value in literature [20]. While
the adsorption of EB can be classified as physical adsorption due
to its extremely low magnitude. The values of AH and AS for both
adsorbates were determined from the slope and intercept of the
vant Hoft plot (Fig. 17). The values of AH for CV and EB were found
to be 85.734 and —5.617 kJ/mol, respectively. The positive value of
AH for CV indicates that the adsorption process is endothermic,
whereas a negative value for EB establishes the exothermic nature
of adsorption process. The magnitude of AH for both systems val-
idates the finding that adsorption of CV on Syzygium cumini is
chemisorption, while it is physisorption in case of EB. The values
of AS were calculated as 102.914 kJ/mol for CV and —3.745 kJ/mol
for EB. The positive value of AS for CV indicates that its adsorp-
tion is associated with significant internal changes in Syzygium
cumini, while the negative magnitude of AS for EB provides that
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Table 6. Magnitude of Gibbs free energy calculated at different tem-
perature for adsorption of CV and EB over Syzygium cumini

AG (kJ/mol) for CV  AG (kJ/mol) for EB

Temperature (K)

298 -3.226 —4.501
303 —8.783 —4.490
308 —15.378 —4.447
313 —18.118 —4.453

though its adsorption is not associated with internal changes in ad-
sorbent but the process is enthalpy driven in nature. Table 6 pro-
vides the values of Gibbss free energy (AG) both for CV and EB at
different temperatures. The negative value of AG for both dyes at
all temperatures indicates the spontaneous nature of adsorption
process. Higher values of AG at low temperature indicate that ele-
vated temperature facilitates the adsorption of the CV but reverse
response is indicated for adsorption of EB. Hence adsorption is rela-
tively easier for EB at low temperature.
6. Column Studies

It was calculated from the breakthrough curve that 17.45 mg of
CV and 12.7 mg of EB were adsorbing over 1 g of adsorbent, respec-
tively. The breakthrough capacity of both the dyes is less than the
batch capacity; this may be due to lesser contact time of the dyes
with adsorbent which require longer time for equilibration, thus
inhibiting the utilization of column capacity. The total time involved
for the establishment of primary adsorption zone (t,), for the CV
and EB system, was 3653846.15 and 730769.23 min, respectively,
whereas the values for the primary adsorption zone to move down
its length (t;) were 1000000 and 653846.15 min, respectively (Fig.
19). On comparing the two, it has been noted that the values for
the CV system are much higher than EB system. The time for initial
formation of primary adsorption zone (t;) was found to be 5.75h
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Fig. 19. Breakthrough curve for CV and EB for Syzygium cumini
column.

Table 7. Fixed bed adsorber calculations
C, C, C, V.-V, F, D

Dye (mg/L) (mg/L) (mg/L) (ml) (mg/ cm’/min) (cm)
(6% 30 28.73 3.23 260 0.00026 4
EB 32 30.95 19.39 170 0.00026 4

Table 8. Parameters for fixed bed adsorber
t, ts te f )
(min) (ml) (cm)
345 0.999 1.0948 99.97
10 0.984 3.5789 99.91

Dye % Saturation

(min) (min)

CV  3653846.15 1,000,000
EB 73076923 653846.15
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Fig. 20. Desorption of CV and EB from Syzygium cumini column.

for CV and 0.17 h for EB, respectively. The values calculated for all
the breakthrough parameters are summarized in Tables 7 and 8.
The percentage saturation of the column was found to be 99.97%
for CV and 99.91% for EB.

Fig. 20 demonstrates desorption curves for both CV and EB. For
complete desorption of CV, 170 mL of acidic water was required
and for EB, about 55 mL of the eluent brought complete desorp-
tion. The percentage recovery of CV and EB was almost 91.94%
and 58.08%, respectively. The graphs reveal that out of an adsorbed
349 mg of CV, 3.20 mg was removed in total 170 mL of the eluent.
On the other hand, an initial 55 mL of eluent desorbed 442 mg out
of 7.62 mg of total adsorbed EB in the case of column regeneration.
7. Adsorption Mechanism

It can be proposed that adsorption of CV and EB is associated
with the presence of alcoholic and carboxylic acidic groups, which
provides the platform for adsorption by establishing hydrogen bond-
ing and electrostatic interactions. In aqueous medium, the adsorp-
tion of CV is mainly controlled by OH groups, which undergo dis-
sociation to generate -O~ group. This generated anion interacts
with cationic CV molecules by strong chemical forces (as indicated
by thermodynamic studies) and removes it from aqueous medium.
Therefore, elevated pH enhances the rate of CV removal. The pro-
cess which can also be called as hydrogen-CV ion-exchange can
be described as:

Syzygium cumini-OH= Syzygium cumini-O” +H"
Syzygium cumini-O”+CV" = Syzygium cumini-O-CV

The adsorption process of EB is strongly controlled by the pH of
the medium. At low pH, OH groups on the surface of adsorbent
undergo protonation and promote the hydrogen bonding between
protonated groups on the surface and nitrogen atoms of EB mole-
cule. Lower pH enhances the protonation which in turn increases

Korean J. Chem. Eng.(Vol. 32, No. 5)



894 A. Mehmood et al.

the adsorption process. The process can be shown as:

Syzygium cumini-OH+H' = Syzygium cumini-OH,
Syzygium cumini-OH; +O,N-EB = Syzygium cumini-OH,--- O,N-EB

From kinetic and surface transport studies, these interactions between
adsorbent and dyes can be the first step of the adsorption process
where dye molecules interact with the surface from the bulk of aque-
ous solution. This step is followed by film diffusion or transport of
adsorbed dye molecules from the boundary layer to the interior of
adsorbent. This step is very significant in the overall adsorption of
both dyes, as it has been classified as a rate-controlling step. The
last step, which propagates along with the second step until equi-
librium is established, is the intra-particle diffusion where dye mol-
ecules diffuse into the pores of adsorbent.

CONCLUSION

We investigated the potential use of Syzygium cumini leaves as
an adsorbent for the aqueous removal of CV and EB. pH 8,02 ¢
of adsorbent and 60 minutes contact time were found to be opti-
mum parameters for effective removal of CV, while maximum re-
moval of EB was observed at pH 2, 0.6 g of adsorbent, and 75 minutes
of contact time. High temperature favored the CV adsorption, but
the opposite trend was observed for the removal of EB. Presence
of salts in the adsorption medium was found to have a profound
effect on the adsorption capacity of both dyes. Under optimized
conditions both EB and CV strongly followed the Langmuir, Fre-
undlich and Temkin models of adsorption, but variations were ob-
served from D-R adsorption isotherm. Detailed study of adsorp-
tion kinetics revealed that the pseudo-second order model is the
characteristic of both dyes, and film diffusion was found to be rate
controlling step instead of particle diffusion. The adsorption of CV
was found to be chemisorption and endothermic, while process
was found to be exothermic for EB systems which involves physi-
cal interactions with adsorbent but adsorption of both dyes was a
spontaneous process and this was inferred from thermodynamic
calculations. From the column studies the percentage saturation is
found to be 99.97% for CV and 99.91% for EB. Taking into account
all the aforementioned studies, it can be concluded that Syzygium
cumini is an effective, efficient and economic adsorbent for the re-
moval of CV and EB from aqueous medium.
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