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ABSTRACT

Composites of sawdust and sugarcane molasses with styrene-maleic acid copolymer
[(SD-SMA) and (SM-SMA)] were successfully synthesized by suspension polymerization and
used as adsorbents for removal of Congo red (CR) dye from aqueous solution. The surface
morphology of composite beads was observed under scanning electron microscope, which
revealed highly porous surface. Maximum 20wt.% sawdust and 10wt.% sugarcane molasses
loading were achieved in respective composite. Adsorption of CR was performed in batch
process. The effect of initial solution concentration, amount of composite dose, and biomate-
rial content into the composite were investigated to test the adsorption efficiency and adsorp-
tion capacity of these composite beads at pH 7. Adsorption efficiency of 90 and 48% was
observed in 2 h using SM-SMA and SD-SMA composites, respectively. The equilibrium data
was analyzed using Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherm
models. Adsorption onto SD-SMA composites followed the Langmuir model whereas
Freundlich model was obeyed by SM-SMA composite beads. Pseudo-second-order kinetics
was followed by both types of composites with good correlation coefficient values. The
results indicates that SD-SMA and SM-SMA composite beads can be considered as potential
adsorbent for the CR dye removal from aqueous solutions.
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1. Introduction

Dyes symbolize colored chemicals used in
numerous industries such as textiles, leather, paper,
plastic, etc. Colored wastewater is a direct conse-
quence of dye production, use, and inability to
remove during coagulation processes. Majority of dyes
are synthetic in nature, usually composed of aromatic

rings [1], which make them carcinogenic and
mutagenic, inert and non-biodegradable when dis-
charged into waste streams, and known to exert
potent acute and/or chronic effects on exposed organ-
isms. The water soluble dyes also absorb/reflect
sunlight and can inhibit the growth of bacteria.
Moreover, are easily visible, resulting in esthetic con-
tamination even at low concentrations [2]. As such,
removal of color from aquatic systems has gained
significant importance [3,4].*Corresponding author.
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Congo red (CR), a benzidine-based azo dye was
selected for the study due to its complex chemical
structure and high solubility in aqueous solution. CR
metabolizes to benzidine, a known human carcinogen
and exposure of which can cause allergic responses.
CR is observed in the wastewater discharged (up to
15%) from various dyeing industries [5] and during
dyeing operation. Amongst the numerous methods for
removal of CR molecules, the treatment methods are
divided into three major categories such as: (1) physi-
cal methods (adsorption) [6–8]; (2) chemical methods
(ozonation [9,10], photo degradation [11] and electro-
chemical process [12]); and (3) biodegradation [13].
Coagulation, electrocoagulation, flotation, chemical
oxidation, filtration, ozonation, membrane separation,
ion-exchange, aerobic, and anaerobic microbial degra-
dation are the few methods employed for removal of
dye from wastewaters. Selection of the wastewater
treatment method is based on the concentration of
waste and the cost of treatment. However, these pro-
cesses have significant disadvantages such as incom-
plete dye removal, particularly at low concentrations,
and high operational costs [14]. Although chemical
and biological methods are effective for removing
dyes, they involve specialized equipment which are
energy intensive and also lead to production of large
amounts of by-products [15]. Amongst the several
physicochemical processes used for removal of dyes
from effluent wastes, adsorption is found to be the
most effective [16–18]. Easy regeneration ability, less
operational cost, simple design, easy operation, and
free or less generation of toxic substances are some of
the advantages render by this process [19]. Adsorption
process at solid/liquid interface has been extensively
employed for several reasons, mainly due to its effi-
ciency and economy [20,21]. Physical adsorption
because of its low cost, high efficiency, easy handling,
wide variety of adsorbents, and high stabilities
towards the adsorbents, is the most widely used
method. The economical, easily available, and highly
effective adsorbents are still needed and developed
[22–24]. Waste materials seem to be viable option for
dye removal due to their economic and eco-friendly
traits, abundance availability, low cost, regeneration of
the biosorbent, and possibility of dye recovery. In this
connection, special attention have been given to agri-
cultural wastes like orange peel, banana pith, banana
peel, plum kernels, apple pomace, wheat straw, saw-
dust, coir pith, sugarcane bagasse, tea leaves, bamboo
dust, etc.

Several studies have shown that numerous
low-cost materials have been successfully applied in
the removal of dyes from aqueous solution, some of
which are coal, fly ash, wood, silica, shale oil ash,

Fuller’s earths, zeolite, perlite, alunite, clay materials
(bentonite, montmorillonite, etc.) activated slag, and
agricultural wastes (bagasse pith, maize cob, coconut
shell, rice husk, sawdust, etc.) [25–27]. However, only
limited application of such data has been directed
towards the design of adsorption treatment systems,
for example, batch adsorber design [28,29]. Wood and
agricultural-based fibers have applications in water
purification. Sawdust is one of the cheapest and abun-
dantly available adsorbent consisting of cellulose,
hemicelluloses, and lignin, that has the capacity to
adsorb and accumulate heavy metals and pigments
from waters and wastewaters. The –COOH and –OH
functional groups present in sawdust involve chela-
tion, ion exchange, and complexation mechanism [30].
Cellulose constitutes one-third to one-half of the
approximately 150 billion tones of organic matter syn-
thesized annually. Hemicellulose is an ill-defined
group of carbohydrate, second in quantity to cellulose
[31].

Sugarcane molasses, a byproduct from sugarcane
industries and an agricultural waste, is also obtained
in large quantity at very cheap rates. For each 10
tonnes of sugarcane crushed, a sugar factory produces
nearly 3 tonnes of wet molasses. The high moisture
content 40–50% is detrimental to its use as a fuel. A
typical chemical analysis might be (on a washed and
dried basis): Cellulose 45–55%, Hemicelluloses
20–25%, Lignin 18–24%, Ash 1–4%, and Waxes < 1%.
Bagasse is an extremely inhomogeneous material com-
prising around 30–40% of “pith” fiber which is
derived from the core of the plant and is mainly
parenchyma material; and “bast,” “rind,” or “stem”
fibers which comprises the balance and is largely
derived from sclerenchyma material. The adsorptive
sites present in these sugarcane molasses such as car-
bonyl, carboxylic, amine, and hydroxyl groups are
able to adsorb dyes by ion exchange phenomena or
by complexation [32].

In this study, the removal of CR dye from aqueous
solution has been investigated using polymer compos-
ite of sawdust and sugarcane molasses with styrene
maleic acid copolymer. The main objective of the
study was to test the adsorption efficiency of these
composite beads under atmospheric conditions. The
system variables studied, include sorbent dose, wt.%
loading of biomaterials into composite, and initial
solution concentration of the dye. The equilibrium
and kinetic of adsorption at pH 7 was investigated
with these two types of composite beads. The Lang-
muir, Freundlich, Temkin, and Dubinin–Radushkevich
(D–R) isotherms models were used to fit the experi-
mental data. The adsorption rates were determined by
linearized models at high and low dye concentration.
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2. Methods and materials

2.1. Materials

Styrene (Merk) and divinylbenzene (Sigma–Aldrich
80%) were purified with 1N NaOH prior to use. Azob-
isisobutyronitrile (AIBN, SAS) and maleic anhydride
(Fluka) were recrystallized from chloroform. Methyl
isobutyl ketone, NaOH, NaCl, and MgCl2 were
obtained from Qualigens and used as received. CR
was obtained from Fluka and used without any purifi-
cation. The details of CR are presented in Table 1. Fine
sawdust powder and sugarcane molasses were
obtained from local market. These were washed with
distilled water to remove the adhering dust and other
fine solid particulates and impurities, and dried. These
materials were then sieved to obtain homogeneous
sized particle in the size range (50–100lm).

2.2. Preparation of dye solutions

The dye solution was prepared by dissolving 1 g
dye in 1,000mL deionized water and the desired solu-
tion concentrations (10, 20, and 40mg/L) were pre-
pared by dilution of the stock solution. These
solutions were mimicked as per the standards from a
local dye company in Pune city, Maharashtra, India.

2.3. Synthesis of SD-SMA and SM-SMA composites

The composite of styrene-maleic acid [33] with
sawdust and sugarcane molasses, respectively, were
synthesized by suspension polymerization. Briefly,
homogeneous mixture of organic monomers i.e. sty-
rene, DVB, MAn, and free radical initiator AIBN
(0.8wt.% based on monomers) was prepared using
MIBK solvent. The aqueous phase consisting of satu-
rated salt solution (NaCl, Mg(OH)2)) was prepared in

reaction vessel. The two phases were mixed together
under inert conditions. Sawdust and sugarcane molas-
ses were washed in distilled water, dried, and sieved.
When the gel point was reached at about 70˚C, fine
sawdust and sugarcane molasses by weight were
added to this mixture and stirred at 800 rpm to obtain
the composite beads of 300–600lm. These sawdust
composite beads and sugarcane molasses composite
beads were then isolated from the aqueous phase and
washed continuously with water followed by toluene
to remove unreacted monomers, dilute hydrochloric
acid for removal of magnesium hydroxide and finally
water washed to remove the acid and salts adhering
to the surface of the polymer beads.

2.4. Effect of sorbent dose at constant dye concentration

The effect of sorbent dose on the equilibrium
uptake of dye ions was investigated with sorbent dose
of 0.1, 0.3, and 0.5 g. The experiments were conducted
by adding known weights of composite beads to
40mg/L, 20mL dye solution at pH 7. The equilibrium
concentration of the remaining dye was determined
spectrophotometerically. The % adsorption was calcu-
lated using formula:

%Ad ¼ ðCo � CeÞ=Co � 100 ð1Þ

2.5. Effect of initial dye concentrations

Equilibrium uptake of the dye was investigated at
303K with 0.3 g of composite beads with 10, 20, and
40mg/L dye solution. The equilibrium concentration
of the remaining dye at regular time interval was
determined spectrophotometerically.

Table 1
Details of CR dye used for the study

Structure

IUPAC name Sodium 3,3´-([1,1´-biphenyl]-4,4´-diyl)bis(4-aminonaphthalene-1-sulfonate)

CAS number 573-58-0

Molecular formula C32H22N6Na2O6S2
Molar mass 696.665 g/mol
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2.6. Effect of biomaterial loading in composite

The effect of wt.% loading of sawdust in SD-SMA
composite beads and sugarcane molasses in SM-SMA
composite beads was investigated using 40mg/L dye
solution at 303K. The equilibrium concentration of the
remaining dye at regular time interval was deter-
mined spectrophotometerically.

2.7. Equilibrium Isotherms

Adsorption isotherm studies were conducted at
constant temperature 303K using 0.3 g composite
soaked in 20mL dye solution for 240min. Absorbance
was observed at regular time interval of 15min.
Adsorption isotherms are plots of equilibrium adsorp-
tion capacity (qe) vs. equilibrium concentration of the
residual dye in the solution (Ce). The equilibrium
adsorption capacity was calculated using:

qe ¼ ðCo � CeÞ=MÞ � V ð2Þ

where qe (mg/g) is the equilibrium adsorption capac-
ity, Co and Ce the initial and equilibrium concentra-
tion (mg/L) of CR in solution, V (L) the volume, and
M (g) is the weight of the adsorbent.

2.8. Kinetic studies

Kinetic experiments were conducted by using
known weight of composite samples of uniform diam-
eter and different initial CR solution concentrations.
Suitable aliquots of the CR solutions with SD-SMA
and SM-SMA beads were analyzed for residual con-
centration of CR present in the solution and recorded
at regular time interval of 15min. The rate constants
were calculated by using the conventional rate expres-
sion. The amount of metal ion sorbed, qt, was
calculated as:

qt ¼ ððCo � CtÞ=MÞ � V ð3Þ

where qt (mg/g) is the equilibrium adsorption capac-
ity, Co and Ct the initial and equilibrium concentration
(mg/L) of CR solution, V (L) the volume, and M (g) is
the weight of the adsorbent.

3. Results and discussion

The synthesized SD-SMA and SM-SMA composite
beads were prepared with varying wt.% of biomateri-
als (5, 10, and 20wt.%). Addition of sawdust beyond
20wt.% resulted in encapsulated sawdust particles
and no bead formation was observed. Similarly for

sugarcane molasses, formation of beads beyond 10wt.
% was not possible. Photographs of SD-SMA and
SM-SMA composite beads are shown in Fig. 1.

The study on adsorption of CR dye was carried out
at pH 7. CR dye was observed to be chemically and
structurally stable at pH 7. Drastic color change was
noticed with slight change in pH, hence pH 7 was
selected for the study. Similar observations have been
reported in the literature [34]. Further, acidic or basic
pH affected the adsorbents and it was also observed that
solutions with pH 7 were desired in the dye industries.

3.1. Characterization of SD-SMA and SM-SMA composite

The composite beads formed were all in the size
range 300–600lm as observed from the SEM micro-
graphs shown in Fig. 2. It was observed that maxi-
mum incorporation of biomaterials into the composite
was achieved by addition of biomaterial prior to gel
point which resulted in formation of spherical com-
posite beads. The sawdust composite beads obtained
were spherical shape while the sugarcane molasses
composite beads were elliptical shape. The low magni-
fication SEM micrograph as shown in Fig. 2(a) and (b)
confirms the elliptical and spherical shape of SM-SMA
and SD-SMA composite beads respectively. The mag-
nified SEM micrographs revealed the porous surface
of the formed composites with presence of micropores
(1–10lm). The composite beads possessed hydrophilic
nature due to the –COOH group from the organic
monomer, lignin, and cellulose content of the biomate-
rial, and had an affinity towards water, together with
these interconnected micropores and rough surface,
proved beneficial for diffusion of the dye molecule,
which in turn should lead to high adsorption rates.

3.2. Effect of sorbent dose on dye adsorption

Fig. 3(a) and (b) shows the adsorption behavior of
CR with different amount of SD-SMA and SM-SMA
composite beads. The adsorption efficiency was calcu-
lated according to the equation:

Adð%Þ ¼ ððCo � CtÞ=CoÞ � 100 ð4Þ

where Co is the initial conc. of the CR solution, and Ct

is the conc. of the CR at time t. For each curve, the
Ad increased gradually with time till saturation was
achieved. With increase in the SD-SMA adsorbent
dose from 0.1 to 0.5 g, the adsorption increased from
15 to 48% and from 35 to 70% with SM-SMA compos-
ite. Removal of dye increases with increased
adsorbent dosage due to increase in active sites. The
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difference in the adsorption efficiency in the two com-
posite beads can be attributed to the lignin content,
cellulose content, and hemicelluloses content. Since
the polar groups present in lignin such as aldehydes,
ketones, alcohols, acids, and phenolic hydroxides are
involved in the uptake of organic molecule, presence

of more functional groups resulted in increase in the
efficiency. Further the presence of microtubes in the
sugarcane molasses also contributes to this increased
adsorption efficiency.

It was observed that the complete decolorization of
the CR solution with SD-SMA occurred in 24 h while

Fig. 2. SEM images (a) SM-SMA; (b) SD-SMA composite bead; magnified surface view of (c and e) SM-SMA and
(d and f) SD-SMA.

Fig. 1. (a) Spherical SD-SMA; (b) Elliptical SM-SMA composite beads.
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48h were required for complete decoloration of CR
solution of same concentration with SD-SMA compos-
ite beads.

3.3. Effect of initial dye concentrations

The effect of CR concentration on the adsorption
efficiency and adsorption capacity of the SD-SMA and

Fig. 3. Effect of adsorbent dose (a) SD-SMA and (b) SM-SMA composite; effect of CR concentration (c) SD-SMA and (d)
SM-SMA composite; effect of loading of biomaterial (e) SD-SMA, and (f) SM-SMA composite.
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SM-SMA composite beads is shown in Fig. 3(c) and
(d), respectively. It was observed that increase in the
initial dye concentration led to an increase in the
adsorption capacity of dye onto composite beads.
The adsorption efficiency however decreased from 48
to 30% and 90 to 35% with increase in CR solution
concentration. These results indicate that the initial
dye concentration played an important role in the
adsorption capacity of the CR on the SD-SMA and
SM-SMA composite beads. As a rule, increasing the
initial dye concentration results in an increase in the
adsorption capacity because it provides a driving
force to overcome all mass transfer resistances of dyes
between the aqueous and solid phase. However, the
sorption efficiency decreases since the adsorbent has a
limited number of active sites, which becomes satu-
rated at a certain concentration. This indicates that the
adsorption capacity will increase with the increase of
initial dye concentration mainly due to the rise in the
mass transfer from the concentration gradient. How-
ever, the concentration will inversely impact on the
adsorption efficiency because of the limited adsorption
sites available for uptake of dye [35].

3.4. Effect of biomaterial loading in composite beads for
adsorption of CR

The effect of increase biomaterial content in the
composite on adsorption of CR was investigated with
5, 10, and 20wt.% of sawdust in SD-SMA and 5 and
10 wt.% sugarcane molasses in SM-SMA composite.
Fig 3(e) and (f) shows the adsorption efficiency SD-
SMA composite and SM-SMA composite beads with
increased wt.% loading of sawdust and molasses
respectively. It was observed that with increasing the
loading from 5 to 20% of sawdust, no significant
change in the adsorption efficiency was observed,
however, there was slight increase in Ad, the Ad
increased from 13 to 15%. In SM-SMA composite
beads however, there was increase in adsorption
capacity from 17 to 23% with increasing the loading
from 5 to 10 wt.%. This difference in the Ad with
different biomaterials is possible due to the increased
functional groups and presence of tubular structures
in SM-SMA composite.

3.5. Isotherm studies

Adsorption isotherms are important to describe
the adsorption mechanism for the interaction of dye
on the adsorbent surface for the design of an adsorp-
tion process and to determine the efficiency of adsorp-
tion. The adsorption isotherm indicates how the

adsorption molecules distribute between the liquid
phase and the solid phase when the adsorption
process reaches an equilibrium state. By plotting
solid-phase concentration against the liquid-phase
concentration, graphically it is possible to depict the
equilibrium isotherm. The analysis of the isotherm
data by fitting them to different isotherm models is an
important step to find the suitable model that can be
used for design purpose. The isotherm thus yields
certain constants whose values express the surface
properties and affinity of the sorbent. There are
several isotherm equations available for analyzing
experimental adsorption equilibrium data. Several
adsorption isotherms originally used for gas-phase
adsorption are available and readily adopted to corre-
late adsorption equilibria in dye adsorption [35]. Some
well-known ones are Freundlich, Langmuir, Tempkin,
Redlich–Paterson, Dubinin-Rudushkevich, and Sips
equation [36]. In this study, the equilibrium experi-
mental data for adsorbed CR dye onto SD-SMA and
SM-SMA composite beads were analyzed using
the Langmuir, Freundlich, Tempkin, and Dubinin-
Rudushkevich models. The isotherm constants for the
four models were obtained by linear regression meth-
ods are presented in Table 2.

3.5.1. Langmuir isotherm model

The Langmuir model assumes monomolecular
layer formation when adsorption takes place without
any interaction between the adsorbed molecules [37].
Langmuir isotherm is applicable to homogeneous
sorption where the sorption of each sorbate molecule
onto the surface has equal sorption activation energy
[38]. The basic assumption of the Langmuir theory is
that the uptake of dye occurs on a homogeneous sur-
face by monolayer adsorption without any interaction
between the adsorbed ions [39]. The Langmuir model
can be represented as:

qe ¼ ðqmax KLCeÞ=ð1þ KLCeÞ ð5Þ

where Ce is the equilibrium concentration (mg/L), qe
the amount of CR dye adsorbed (mg/g), qmax is qe for
a complete monolayer (mg/g), and KL is a constant
related to the affinity of the binding sites (L/mg). The
linearized form of the Langmuir equation is:

Ce=qe ¼ 1=ðqmax KLÞ þ Ce=qmax ð6Þ

The values of Langmuir constants qmax and KL
were obtained by linear regression method and shown
in Table 2. The essential features of a Langmuir

R.R. Gonte et al. / Desalination and Water Treatment 52 (2014) 7797–7811 7803



isotherm can be expressed in terms of a dimensionless
constant separation factor or equilibrium parameter,
RL which is defined by Hall et al. [40] as:

RL ¼ 1=ð1þ KLCoÞ ð7Þ

The calculated values of the dimensionless factor
RL are included in Table 2. The value of RL provides
information as to whether the adsorption is irrevers-
ible (RL= 0), favorable (0 <RL< 1), linear favorable
(RL= 1) or unfavorable (RL> 1). The RL value
obtained for CR with SD-SMA is 0.616 and with SM-
SMA is 0.059 which indicate favorable adsorption. The
regression coefficient gives good fit to the experimen-
tal data for both types of composite beads. This means
that the equilibrium isotherms can be well described
by the Langmuir model for SM-SMA but describes
best the adsorption of CR onto SD-SMA beads con-
firming monolayer formation.

3.5.2. Freundlich isotherm model

The Freundlich isotherm theory states that the
ratio of the amount of solute adsorbed onto a given
mass of sorbent to the concentration of solute in the
solution is not constant at different concentrations.
The heat of adsorption decreases in magnitude with

increasing the extent of adsorption [41]. The Freundlich
isotherm is an empirical equation assuming that the
adsorption process takes place on heterogeneous
surfaces and adsorption capacity is related to the con-
centration of dye at equilibrium. This isotherm model
is defined by the equation [42] below:

qe ¼ KF ðCeÞn ð8Þ

where qe, and Ce are the equilibrium concentrations of
dye in the adsorbent (mg/g) and liquid phases (mg/L),
respectively, KF and n are the Freundlich constants
which are related to adsorption capacity and intensity
respectively. This equation can be written in the linear
form given below:

ln qe ¼ 1=n lnCe þ lnKF ð9Þ

To determine the maximum sorption capacity, it is
necessary to operate with constant initial concentra-
tion C0 and variable weights of sorbent, thus ln qm is
the extrapolated value of ln q for C=Co [37]. Accord-
ing to Halsey [43], the linear plot of ln qe vs. ln Ce

gives slope of value 1/n and an intercept ln KF. When
Ce equals unity ln KF is equal to ln qe. In the other
case, when 1/n= 1, the KF value depends on the units
in which qe and Ce are expressed. A favorable adsorp-
tion tends to give Freundlich constant n a value
between 1 and 10. Larger value of n (smaller value of
1/n) implies strong interaction between sorbent and
metal ions while 1/n equal to 1 indicates linear
adsorption leading to identical adsorption energies for
all the sites. It can be observed from Table 2 that the
adsorption of CR onto SD-SMA and SM-SMA compos-
ite beads yields positive value of n (1.77 and 6.97 for
SD-SMA and SM-SMA, respectively) indicating strong
interactions between composite beads and dye. Strong
interaction was observed with SM-SMA beads. The
high values for the regression coefficients obtained for
both the composite beads clearly indicate that the
equilibrium adsorption isotherm can be very well
described by the Freundlich model.

3.5.3. Temkin isotherm model

Temkin isotherm, considers the effects of the heat
of adsorption that decreases linearly with coverage of
the adsorbate and adsorbent interactions. [44]. It
assumes that the heat of adsorption of all the mole-
cules in the layer decreases linearly with the coverage
of molecules due to the adsorbate–adsorbate repul-
sions and the adsorption of the adsorbate is uniformly
distributed [45] and that the fall in the heat of adsorp-

Table 2
Equilibrium adsorption constants

Isotherm
parameters

Adsorption
Isotherm

SD-
SMA

SM-
SMA

Langmuir qmax (mg/g) 1.3020 0.9746

KL 0.0623 1.5857

RL 0.6166 0.0593

R2 0.9997 0.9999

Freundlich n 1.77 6.97

KF (mg1–1/nl1/n/g 0.1298 0.6249

R2 0.9965 0.9634

Tempkin BT (J/mol) 0.3016 0.1100

aT (l/min) 0.5453 297.60

R2 0.9987 0.9769

Dubinin–
Radushkevich

qmax (mg/g) 0.8896 0.9265

K� 10�6 11.09 0.13

R2 0.9931 0.9932
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tion is linear rather than logarithmic as implied in the
Freundlich equation. The Temkin isotherm has been
used in the form as follows [46]:

qe ¼ ðRT=bTÞ ln ðaTCeÞ þ ðRT=bTÞ lnCe ð10Þ

where R is gas constant 8.314� 10�3 kJmol�1K�1. T is
absolute temperature K, bT is the Temkin constant
related to the heat of adsorption (kJmol�1), and aT is
the equilibrium binding constant corresponding to the
maximum binding energy (L/g).

The sorption data can be analyzed according to
Eq. (6). The linear plots of qe vs. ln Ce enable to deter-
mine the constant AT, BT, and bT. Typical bonding
energy range for ion exchange mechanism is reported
to be in the range of 8–16 kJmol�1 while physisorption
processes are reported to have adsorption energies
less than �40 kJmol�1 [47]. The Temkin constants
given in Table 2 suggest that the adsorption involves
chemisorption and physisorption of the dye molecule.

3.5.4. D–R isotherm

Dubinin [48] proposed the isotherm to estimate the
mean free energy of adsorption and is represented in
a linear form by equation:

ln qe ¼ ln qmax � Ke2 ð11Þ

where K (mol2 kJ�2) is a constant related to the mean
adsorption energy and e is the Polanyi potential,
which can be calculated from equation:

e ¼ RT lnð1þ 1=CeÞ ð12Þ

The plot between ln qe and e2 at 303K yields the
constant K and qmax.

The constant K gives the mean free energy E of
sorption per molecule of the sorbate when it is trans-
ferred to the surface of the solid from infinity in the
solution and can be computed using [49]:

Fig. 4. Equilibrium adsorption isotherm for uptake of CR by SD-SMA and SM-SMA composite (a) Langmuir,
(b) Freundlich, (c) Tempkin, and (d) D–R.
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E ¼ 1=
ffiffiffiffiffiffi

2K
p

ð13Þ

The adsorption of CR onto both composite beads
fits well with the D–R isotherm with regression coeffi-
cient values 0.92 and 0.98, respectively, for SD-SMA
and SM-SMA. This suggests that the isotherms could
be more appropriate under industrial conditions.

The results indicate that the experimental data fits
well with the Langmuir, Freundlich, Temkin, and D–R
isotherm models for both SD-SMA and SM-SMA com-
posite beads. Adsorption of CR onto SD-SMA is best
represented by Langmuir model whereas Freundlich
model best describes the adsorption of CR onto
SM-SMA composite beads, indicating adsorption onto
heterogeneous surface via physicochemical process
involving the –OH, –COOH groups of the composite
beads. Fig. 4 presents the equilibrium isotherms dis-
played by SD-SMA and SM-SMA composite for
uptake of CR from aqueous solution and the isotherm
constants are mentioned in Table 2.

3.6. Kinetics

The uptake of CR as a function of contact time
was tested using different initial concentration of dye.
It was observed that the adsorption rate of dye uptake
was slow and maximum uptake was achieved within
2 h. Complete uptake of dye occurred in 48h. To
investigate the mechanism of adsorption and its
potential rate-controlling steps that include mass
transport and chemical reaction processes, kinetic
models have been exploited to analyze the experimen-
tal data. In addition, information on the kinetics of
dye uptake is required to select the optimum condi-
tion for full scale batch dye removal processes [35].
Several kinetic models such as pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffu-
sion have been applied to examine the rate-controlling
mechanism of the adsorption process.

3.6.1. Pseudo-first-order kinetic model

Lagergren showed that the rate of adsorption of
solute on the adsorbent is based on the adsorption
capacity and followed a pseudo-first-order equation
which is often used to estimate the kad considered as
mass transfer coefficient in the design calculations.
The pseudo-first-order rate equation is given as:

logðqe � qtÞ ¼ log qe � ðK1=2:303Þt ð14Þ

where qe and qt are the amounts of adsorbed dye on
the adsorbent at equilibrium and at time t, respec-
tively (mg/g), and k1 is the first-order adsorption rate
constant (min�1). The plot of log (qe� qt) vs. t gives a
straight line and the pseudo-first-order rate constant
can be calculated from the slope value. The calculated
results of the pseudo-first-order rate equation for
SD-SMA and SM-SMA composite beads are presented
in Table 3. The correlation coefficient values obtained
by this method for SD-SMA are in the range 0.91–0.98
which shows good quality of linearization; however,
the qe values acquired by this method do not match
with the experimental values. For SM-SMA also
though the regression coefficients give a well linear
fit, the qe do not match the experimental values. So
the reaction cannot be classified as first order. One
suggestion for the differences in experimental and the-
oretical qe values is that there is a time lag, possibly
due to a boundary layer or external resistance control-
ling at the beginning of the sorption. This time lag is
also difficult to quantify. For this reason, it is neces-
sary to use a trial-and-error method in order to obtain
the equilibrium uptake [50].

3.6.2. Pseudo-second-order kinetic model

The pseudo-second-order reaction is greatly
influenced by the amount of dye on the adsorbent’s
surface and the amount of dye adsorbed at equilib-

Table 3
Kinetic parameters for adsorption

Co (mg/l) Pseudo-first-order Pseudo-second-order Elovich Intraparticle
diffusion

qe K1 R2 qe K2 R2 r Hr R2 Kint R2

SD-SMA 10 0.171 2.27� 10�3 0.9439 0.207 0.398 0.9995 38.14 11.60 0.9739 22.12 0.8932

20 0.239 0.0103 0.9939 0.605 0.058 0.9987 12.13 2.70 0.9937 35.52 0.8832

40 825.2 6.53� 10�6 0.9923 1.364 0.005 0.9921 2.41 0.04 0.9962 61.94 0.9306

SM-SMA 10 0.915 0.020 0.9642 1.127 0.004 0.9973 2.39 11.61 0.9739 56.79 0.8662

20 0.692 0.011 0.9768 1.066 0.016 0.9906 4.98 4.09 0.9350 52.80 0.9621

40 1.029 0.011 0.9910 1.587 0.004 0.9917 3.14 0.07 0.9900 78.30 0.9666

7806 R.R. Gonte et al. / Desalination and Water Treatment 52 (2014) 7797–7811



rium. The rate is directly proportional to the number
of active surface sites [51]. The pseudo-second-order
equation is given as:

t=qt ¼ 1=ðK2qeÞ þ t=qe ð15Þ

where K2 is the second-order adsorption rate constant
(gm/(g min)), and qe is the adsorption capacity calcu-
lated by the pseudo-second-order kinetic model
(mg/g). The constant K2 is used to calculate the initial
sorption rate h (mg/(g min)), at t!0 as follows:

h ¼ K2qe ð16Þ

The application of the pseudo-second-order kinetic
by plotting t/qt vs. t yielded the second-order rate con-
stant K2. The kinetic parameters calculated are shown
in Table 3 for SD-SMA and SM-SMA. The calculated qe

values agreed very well with the experimental data
and the correlation coefficient gives best fit linearized
plots for both the composite beads. Thus experiment
results supports the assumption behind the model that
the rate-limiting step in adsorption of CR dye are
chemisorptions involving valence forces through the
sharing or exchange of electrons between adsorbent
and dye molecules.

3.6.3. Elovich model

In reactions involving chemisorption of adsorbate
on a solid surface without desorption of products,
adsorption rate decreases with time due to an
increased surface coverage. One of the most useful
models for describing such “activated” chemisorption
is the Elovich equation [52]. Elovich equation is a rate
equation based on the adsorption capacity describing

Fig. 5. Kinetic models for uptake of CR using SD-SMA composite (a) pseudo-first-order, (b) pseudo-second-order, (c)
Elovich, and (d) intraparticle diffusion.
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the adsorption on highly heterogeneous adsorbent
which is expressed as [53]:

dqt=dt ¼ a expð�bqtÞ ð17Þ

where a (mgg�1min�1) is the initial adsorption rate
and b (g/mg) is the desorption constant related to the
extent of surface coverage and activation energy for
chemisorption. The simplified equation can be given as:

qt ¼ 1=r lnðhrÞ þ 1=r ln t ð18Þ

Assuming hr � t and qt= 0 at t= 0 [53].
The linearized form of Elovich kinetic equation is

a plot of qt vs. ln t to obtain the kinetic constants. The
regression coefficient constants for almost all dye
concentration for both the composite beads gives best
fit and reveals linear characteristics.

3.6.4. Adsorption mechanism

The prediction of the rate-limiting step is an
important factor to be considered in the adsorption
process [54]. It is governed by the adsorption mecha-
nism, which is generally required for design mecha-
nism. For a solid–liquid sorption process, the solute
transfer is usually characterized by external mass
transfer (boundary layer diffusion), or intraparticle
diffusion, or both. The most commonly used tech-
nique for identifying the mechanism involved in the
adsorption process is by fitting and intraparticle diffu-
sion plot. According to Weber and Morris [55], an
intraparticle diffusion coefficient kid is given by the
equation:

qt ¼ Kint t
1=2 ð19Þ

Fig. 6. Kinetic models for uptake of CR using SM-SMA composite (a) pseudo-first-order, (b) pseudo-second-order,
(c) Elovich, and (d) intraparticle diffusion.
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where Kint is the intraparticle diffusion rate constant
(mgg�1min�0.5). The plot of qt vs. t1/2 at different
initial solution concentrations gives the value of Kint
and may present multilinearity which indicates two
or more steps occurring in the adsorption process.
The first sharper portion is the external surface
adsorption or instantaneous adsorption stage. The sec-
ond portion is the gradual adsorption stage where the
intraparticle diffusion rate is controlled. The third is
the final equilibrium stage where intraparticle diffu-
sion starts to slow down due to extremely low solute
concentration in the solution. The intraparticle diffu-
sion rate was obtained from the slope of the gentle-
sloped portion. The value of Kint was higher at the
higher concentrations. The multi-stepped adsorption
observed for CR and best fitting obtained for the
experimental data with high regression coefficient val-
ues indicates that the intraparticle diffusion might
play a significant role in the adsorption of dye onto
SD-SMA and SM-SMA composite beads. The three
step process indicates the attainment of equilibrium.
The kinetic models applied for CR with SD-SMA and
SM-SMA composite beads are shown in Figs. 5 and 6,
respectively, and the kinetic parameters are compiled
in Table 3.

3.7. Thermodynamic studies

Thermodynamic considerations are important to
conclude whether the adsorption process is spontane-
ous or not. The adsorption of CR dye SD-SMA beads
and SM-SMA beads was studied at 303K. The free
energy for adsorption (DG˚) was calculated from the
equation [56]:

DG
� ¼ �RT lnKL ð20Þ

where KL is the equilibrium constant obtained from
Langmuir isotherm, R is universal gas constant
(8.314 Jmol�1 K�1) and T is absolute temperature (K).
The free energy values obtained for uptake of CR onto
SD-SMA and SM-SMA are 6.99 and �1.16 kJmol�1,
respectively. The negative value obtained confirms
feasibility and spontaneous nature of adsorption and
endothermic adsorption.

4. Conclusion

The abundant agricultural waste/byproducts,
sawdust, and sugarcane molasses were used in
synthesizing polymer composite for uptake of CR dye
from aqueous solution. These were also identified as

the cheapest and easily/readily available source for
synthesizing composite material with high adsorption
capacity. The composites were found to possessed
high chemical resistance. Maximum of 20wt.%
sawdust and 10wt.% molasses could be incorporated
in the formation of composite beads. SM-SMA com-
posites exhibited 90% adsorption within 2 h while
SD-SMA composites could achieve only 50% adsorp-
tion for the same initial solution concentration of the
dye, and required 5 h to achieve 90% adsorption. The
adsorption capacities were significantly affected by
initial dye concentration. Langmuir, Freundlich,
Temkin, and D-R isotherm adsorption models were
used for the mathematical description of the adsorp-
tion equilibrium for both SD/SM-SMA composite
beads. The results indicated that adsorption onto
SD-SMA followed the Langmuir model whereas
adsorption on SM-SMA was best described by the Fre-
undlich model, indicating heterogeneous surface bind-
ing and suggesting physicochemical sorption of dye
from aqueous solution. The adsorption kinetics indi-
cates good agreement with the pseudo-second-order
kinetic model for all different CR concentrations.
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