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a  b  s  t  r  a  c  t

The  feasibility  of  using  Indian  Jujuba  Seeds  (IJS)  (Zizyphus  maruritiana),  abundantly  available  in  and  around
the Nallamalla  forest  in  Andhra  Pradesh,  for the  anionic  dye  (Congo  red,  CR)  adsorption  from  aqueous  solu-
tion, has  been  investigated  as low  cost  and  eco-friendly  adsorbent.  Adsorption  studies  were  conducted
on  a  batch  process,  to  study  the  effects  of  contact  time,  initial  concentration  of CR,  pH  and  temperature.
Maximum  colour  removal  was  observed  at pH  2. The  equilibrium  data  was  analyzed  by  the  Langmuir,  the
eywords:
dsorption

ndian Jujuba seeds
ongo red
hermodynamic parameters

Freundlich  and the  General  isotherms.  The  data  fitted  well  with  the  Langmuir  model,  with  a maximum
adsorption  capacity  of 55.56  mg  g−1. The  pseudo-second-order  kinetics  was  the  best  for  the  adsorption
of  CR,  by  IJS (Z.  maruritiana)  with  good  correlation.  Thermodynamic  parameters,  such  as  standard  free
energy change  (�G◦),  standard  enthalpy  change  (�H◦) and  standard  entropy  change  (�S◦),  were  ana-
lyzed.  The  results  suggest  that  IJS (Z.  maruritiana)  is  a potential  low-cost  adsorbent  for  the  CR  dye  removal

wate
from synthetic  dye  waste

. Introduction

Now-a-days number of dyes are being widely used in textile,
aper, rubber, plastic, leather, cosmetic, pharmaceutical, and food

ndustries, which generate huge volumes of wastewater every year
1]. The wastewater contains large amount of dissolved dyestuffs
nd other products,such as dispersing agents, dye bath carrier, salts,
mulsifiers, leveling agents and heavy metals [2].  The disposal of
ye wastewater without proper treatment is a big challenge as it
auses harm to the aquatic environment, such as reducing light
enetration and photosynthesis [3].  Some of the dyes present in
astewater even decompose into carcinogenic aromatic amines
nder anaerobic conditions and cause serious health problems to
uman beings as well as other animals [4].  Due to the complex
olecular structure, dyes are usually very difficult to be biode-

raded, and is too hard to eliminate them under natural aquatic
nvironment [5].  Many dyes and their by-products break down in
o products which are toxic for living organisms [6].

The dyes have low biodegradability. Conventional biological

astewater treatment processes are not efficient in treating dyes
resent in wastewater [7].  Therefore, dye-wastewater is usually
reated by physical and chemical methods, such as sonochemical
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degradation [8],  photochemical degradation [9,10], electrochemi-
cal removal [11], electrochemical degradation [12], coagulation and
flocculation [13], membrane separation [14,15],  activated carbon
adsorption [16], bio degradation [17], fento-biological treatment
scheme [14], photo-fenton processes [11], oxidation or ozonation
[18]. However, in developing countries, these methods are still
too expensive to be used widely. Developing economical adsor-
bents to treat dyes wastewater has attracted a great interest in
recent years. Recently, the application of low-cost adsorbents for
the dyes and metal ions removal has been reviewed [19–22].  Many
non-conventional, low-cost adsorbents such as jute stick powder
[23], cattail root [1],  peanut hull [24], jute processing wastes [25],
Azadirachta indica leaf powder [26], orange peel [27], coir pith [28],
hardwood sawdust [29], bagasse pith [30], soy meal hull [31], rice
husk [32], maize stalk [33], hazelnut shells [34], bottom ash and
de-oiled Soya [35,36],  wheat bran and rice bran [37], Alternathera
bettzichiana plant powder [38], jackfruit peel [39], spent brewery
grains [40], chitosan based composite hydro gels [41], sunflower
seed hull [42], papaya seed [43], Guava (Psidium guajava) leaf pow-
der [44], Posidonia oceanica (L.) fibers [45], Tamarind Fruit Shell [46],
Pumpkin seed hull [47], Broad bean peels [48] etc., have been used
to remove dyes from wastewater. But the adsorption capacities of
most of the above adsorbents are limited. New, economical, locally
available and highly effective adsorbents are still in the process of

development.

The objective of this paper is to study and investigate the feasi-
bility of using Indian Jujuba seed to remove CR from synthetic dye
wastewater.

dx.doi.org/10.1016/j.jhazmat.2011.11.083
http://www.sciencedirect.com/science/journal/03043894
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.1. Theory of adsorption kinetics and isotherms

.1.1. Kinetic models
The Lagergren’s pseudo-first-order model (Eq. (1))  and pseudo-

econd-order model (Eq. (2))  [1] have been widely used to predict
orption kinetics. The pseudo-first-order equation is generally
pplicable to the initial stage of the adsorption processes whereas
he pseudo-second-order equation predicts the behavior over the
hole range of adsorption. These two models were used to fit the

xperimental data of this study.

og(qe − qt) = log qe −
(

k1

2.303

)
t (1)

t

qt
=

(
1

k2q2
e

)
+

(
1
qe

)
t (2)

here k1 (min−1) is the rate constant of pseudo-first-order
dsorption and k2 (g mg−1 min−1) is the rate constant of pseudo-
econd-order adsorption. qe, amount of dye adsorbed on adsorbent
t equilibrium.

.1.2. Intra-particle diffusion model
In order to investigate the mechanism of the CR adsorption onto

JS (Zizyphus maruritiana), intra-particle diffusion based mecha-
ism is studied. The most commonly used technique for identifying
he mechanism involved in the adsorption process is, fitting an
ntra-particle diffusion plot. It is an empirically found functional
elationship, common to the most adsorption processes, where
ptake varies almost proportionally with t0.5 rather than with the
ontact time t. According to the theory proposed by Weber and
orris [39].

t = kpit
0.5 + Ci (3)

here kpi (mg  g−1 min−0.5), the rate parameter of stage i, is obtained
rom the slope of the straight line of qt versus t0.5 where as Ci is the
ntercept of the plot that gives an idea about the thickness of the
oundary layer.

.1.3. Thermodynamic parameters
Thermodynamic parameters are calculated using the following

quations

G◦ = −RT ln Kc (4)

here Kc = Cs

Ce
(5)

n Kc =
(

�S◦

R

)
−

(
�H◦

RT

)
(6)

here �G◦, �S◦ and �H◦ are standard free energy change, standard
nthalpy change and standard entropy change, respectively, Kc is
he equilibrium constant, Cs is the equilibrium concentration of CR
n adsorbent (mg  L−1), Ce is the equilibrium concentration of CR
n solution (mg  L−1), R is the ideal gas constant (8.314 J mol−1 K−1)
nd T is the adsorption temperature on Kelvin scale.

Langmuir isotherm model was applied to describe the adsorp-
ion of CR. The model is represented by the following equation.

Ce

qe

)
=

(
1

QmaxKL

)
+

(
Ce

Qmax

)
(7)

here Qmax is the maximum adsorption capacity of IJS (Z. maru-
itiana) (mg  g−1) and KL is the Langmuir constant related to the
dsorption energy (L mg−1).
RL, a dimensionless constant, is used to determine whether an
dsorption is favorable or not and is calculated by

L = 1
(1 + KLC0)

(8)
SO3
- SO3 Na+  Na

Fig. 1. Chemical structure of CR.

Freundlich isotherm model is also applied to describe the
adsorption of CR. Linearized in logarthemic form of Freundlich
isotherm model equation is represented by.

log qe = log KF +
(

1
n

)
log Ce (9)

where KF is the Freundlich constant and ‘1/n’ is the heterogeneity
factor.

Generalized isotherm model is also applied to describe the
adsorption of CR. A linear form of generalized isotherm equation
[2] is given by

log
[(

Qmax

qe

)
− 1

]
= log K − nb log Ce (10)

where K is the saturation constant (mg  L−1) and nb the cooperative
binding constant.

2. Materials and methods

2.1. Preparation of Indian Jujuba Seeds (IJS) (Z. maruritiana)
adsorbent

Indian Jujuba Fruits were collected in 2009 summer from
Somayajulapally village, located very near to Nandyal town of
Kurnool district in Andhra Pradesh State of India. The village is very
close to the famous Nallamalla forest. After taking out the pulp of
the fruits, the Indian Jujuba Seeds were thoroughly washed with
tap water to remove the pulp left, if any and were Sun dried. The
dried seed were crushed and sieved to desired mesh sizes varying
from <53 �m to <150 �m.  The prepared sample was  abbreviated as
IJS (Z. maruritiana) and was  stored in an airtight container for fur-
ther use. No other chemical or physical treatments were applied
prior to adsorption experiments.

The Indian Jujuba belongs to the family of Rhamnaceae and its
botanical name is Z. maruritiana.

2.2. Adsorbate

The Congo red used in this study was purchased from
Sigma–Aldrich. Its C.I. No. is 22120, FW = 696.7 and �max = 497 nm.
The chemical structure is shown in Fig. 1. The chemical is used
without any further purification.

Stock solution of 1000 mg  L−1 was prepared by dissolving accu-
rate quantity of the dye in doubly distilled water. The experimental
solution was obtained by diluting the stock solution to the designed
initial dye concentration.

2.3. Point of zero charge (pHPZC)

The zero surface charge characteristics of the IJS (Z. maruritiana)
were determined, using the solid addition method [43,44].  40 mL  of
0.1 M KNO3 solution was  transferred to a series of 100 mL  Stopperd

conical flasks. The pHi values of the solutions were roughly adjusted
between 2 and 12 by adding either 0.1 N HCl or NaOH and were
measured by using pH meter (Systronics pH system 361 Model,
India). The total volume of the solution in each flask was  exactly
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djusted to 25 mL  by adding KNO3 solution of the same strength.
he pHi of the solutions were then accurately noted. 50 mg  of IJS
Z. maruritiana) was added to each flask, and the flask was  securely
apped immediately. The suspensions were then kept shaking for
4 h and allowed to equilibrate for 0.5 h. The final pH values of the
upernatant liquid were noted. The difference between the initial
nd final pH (pHf) values (�pH) was plotted against the pHi. The
oint of intersection of the resulting curve with abscissa, at which
H 0, gave the pHPZC.

.4. Batch kinetic studies

To study the effect of variables like initial concentration, tem-
erature, adsorbent dosage and pH for the colour removal of CR,
atch experiments were carried out, in a 50 mL  screw type Erlen-
eyer flask and in a thermostatic Julabo water bath shaker at a

onstant speed of 180 rpm at 30 ± 1 ◦C. Adsorption experiments
ere carried out by agitating 50 mg  of adsorbent, IJS (Z. maruri-

iana) with 25 mL  of dye solutions of desired concentration and
H. 25 mL  of CR solution of 50 mg  L−1, with 50 mg  of <53 �m of IJS
Z. maruritiana). The original pH of the solution was  6.95 (without
ny pH adjustment). Similar procedures were followed for another
hree sets of Erlenmeyer flask containing the same initial CR con-
entrations and same IJS (Z. maruritiana) dosage, but were kept
nder 40, 50 and 60 ◦C for the thermodynamic studies. The effect
f pH on dye removal was studied over a pH range of 2–12. The
H was adjusted by adding a few drops of 1.0 N NaOH or 1.0 N
Cl. In this study, 25 mL  of a fixed initial concentration of CR at
ifferent pH were agitated with 50 mg  of IJS (Z. maruritiana) adsor-
ent for 180 min. The effect of IJS (Z. maruritiana) dose on the
mount of CR adsorbed is obtained by taking different amounts
f IJS (Z. maruritiana) (10 to 100 mg)  and agitated for 180 min
ith 50 mg  L−1 solution of CR at original pH of CR. These samples
ere withdrawn from the shaker at pre-determined time intervals

or kinetics and the dye solution was separated from the adsor-
ent by centrifugation at 10,000 rpm for 20 min. The absorbance
f supernatant solution is measured. The concentration of CR is
etermined spectrophotometrically by monitoring the absorbance
t 497 nm using Chemito UV–VIS Spectrophotometer and two 1-
m cells. The wavelength, �max with maximum absorbance for CR
as selected and is found to be 497 nm.  The pH of dye solutions
as determined using pH meter (Systronics pH system 361 Model,

ndia).
The amount of adsorption at time t, qt (mg  g−1), was  calculated

y

t = [(C0 − Ct)V ]
W

(11)

here C0 and Ct (mg  L−1) are the liquid phase concentrations of dye
t initial time and at any time t, respectively. V is the volume of the
olution (L) and W is the mass of dry adsorbent used (g).

The dye removal percentage is calculated as follows

emoval percentage =
[

(C0 − Ce)
C0

]
× 100 (12)

here Ce is the equilibrium concentration in solution (mg  L−1).

.5. Desorption studies

After adsorption experiments, the CR loaded IJS (Z. maruritiana)
as separated out by filtration using Whatman filter paper No.42
nd the filtrate was discarded. The CR loaded IJS (Z. maruritiana)
as given a gentle wash with double-distilled water to remove the
on-adsorbed CR if present. The dye loaded samples were agitated
ith distilled water by adjusting the initial pH from 2 to 12 for
Fig. 2. Effect of adsorbent dose on the adsorption of CR on to IJS (Zizyphus maruri-
tiana). Conditions: agitation time = 3 h; C0 = 50 mg  L−1; V = 0.025 L; temp. = 30 ± 1 ◦C;
speed of agitation = 180 rpm; pH 6.95; size of IJS (Zizyphus maruritiana) ≤ 53 �m.

180 min. The desorbed CR in the solution was separated by cen-
trifugation and analyzed as before. The percentage of desorption
was  calculated.

2.6. FTIR analysis

FTIR spectra of pristine IJS (Z. maruritiana) biomass are obtained
by Thermo Nicolet, Nexus 670 Spectrometer with resolution
4 cm−1. Pressed pellets were prepared by grinding the powder
specimens with IR grade KBr in an agate mortar.

2.7. Scanning electron microscopy

Scanning electron microscopy of IJS (Z. maruritiana) before and
after adsorption is visualized by using Hitachi S-3000N Scanning
Electron Microscope (SEM).

3. Results and discussion

3.1. Effect of IJS (Z. maruritiana) dose

The effect of adsorbent (IJS) (Z. maruritiana) dose on the removal
of CR from the aqueous solution is shown in Fig. 2. The figure reveals
that the removal of CR increases up to a certain limit (150 mg)  and
then it remains almost constant. An increase in adsorption with
adsorbent dose can be attributed to increased surface area and the
availability of more adsorption sites [43]. But the amount adsorbed
for unit mass of the adsorbent decreases considerably. The decrease
in unit adsorption with increasing dose of adsorbent is basically due
to the adsorption sites remaining unsaturated during the adsorp-
tion process [38]. For the quantitative removal of CR, a maximum
dose of 150 mg  of adsorbent is required.

3.2. Effect of pH

CR is a diazo dye. It is reported that at and below pH 2, the
solution changes its colour from red to dark blue and the original
red colour is different above pH 10. Therefore, the effect of pH is
studied between 2 and 10. pH values as shown in Fig. 3, the max-
imum removal efficiency is achieved around pH 2 which is due
to the very low solubility of CR at pH < 2. The dye removal is not
affected over a pH range of 5–12. It is evident that the maximum
removal of dye absorbed is at pH 2 and below. Low pH leads to
an increase in H+ ion concentration in the system and the surface
of the IJS (Z. maruritiana) acquires positive charge by adsorbing H+
ions. As the IJS (Z. maruritiana) surface is positively charged at low
pH, a significantly strong electrostatic attraction appears between
the positively charged sites. A negatively charged surface site on
the IJS (Z. maruritiana) does not favor the adsorption of anionic CR
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olecule due to the electrostatic repulsion. Further, lower adsorp-
ion of the CR in alkaline medium is also due to the competition
etween excess OH− ions and the anionic CR dye molecule for the
dsorption sites. A similar result is observed for the adsorption of
R on cashew nut shell [49], sun flower seed hull [42], soy meal hull
31] and baggese fly ash [50].

The pH of the CR solution was measured after adsorption and for
lear understanding purpose it is taken as final pH in presence of CR.
n a similar way, pH of the solution was measured after desorption
nd it is taken as final pH in absence of CR. The initial pH of CR
olution was plotted against final pH of solution in presence and
bsence of CR and this plot is shown in Fig. 4. The final pH was
igher than the initial pH the solution with no dye. This may  be due
o the consumption of H+ ions during the desorption of alkali metal
ons present in the adsorbent and probably, H+ ions are exchanged

ith alkali metals as well as with dye molecules. The final pH is
ower in the presence of CR compared to the blank. This is due to
he release of H+ ions, during the adsorption of CR. This kind of
bservation was made for the removal of rhodamine-B by using an
gricultural waste, coir pith [51].

.3. Kinetic study

.3.1. Effect of initial dye concentration and contact time
The adsorption of CR on IJS (Z. maruritiana) was  studied at dif-

erent CR concentrations (25–100 mg  L−1). Fig. 5 shows the result of
ffect of initial concentration on adsorption of CR onto IJS (Z. maruri-

iana) at 30 ± 1 ◦C. It is observed that dye uptake is rapid for the first
0 min  and thereafter proceeds at a slower rate and finally attains
aturation. Fig. 5 shows that an increase in initial CR concentration
esults in increase in the adsorption of CR on IJS (Z. maruritiana). The
Fig. 5. Effect of initial concentration and contact time on CR adsorption. Condi-
tions: V = 0.025 L; temp. = 30 ± 1 ◦C; speed of agitation = 180 rpm; size of IJS (Zizyphus
maruritiana)  ≤ 53 �m; dose = 50 mg; pH 6.95.

equilibrium adsorption increases from 10.4677 to 34.6469 mg  g−1,
with increase in the initial CR concentration from 25 to 100 mg  L−1.
Thus equilibrium removal of CR gets decreased from 87.95% to
69.87%. The dye attains equilibrium approximately at 1, 1.5, 2 and
2.5 h for dye concentrations 25, 50, 75 and 100 mg  L−1, respec-
tively. However, the experimental data is measured at 300 min  to
make sure that a complete equilibrium is attained. Hu et al. [1] and
Somasekhara Reddy [46] studied and reported that the adsorption
equilibrium of CR on cattail root [1] and tamarind fruit shell [46]
took 3 h and 7 h respectively.

3.3.1.1. Adsorption kinetics. For evaluating the adsorption kinet-
ics of CR, the pseudo-first-order and pseudo-second-order kinetic
models are used to fit the experimental data. Using Eqs. (1) and (2),
a log(qe − qt) versus t is plotted at different CR concentrations (fig-
ure is not shown). The pseudo-first-order model data do not fall on
straight lines for most of the initial concentrations indicating that
this model is less appropriate. The Lagergren first-order rate con-
stant (k1) is calculated from the model and is presented in Table 1
beside the corresponding correlation coefficients.

The experimental kinetic data is further analyzed using the
pseudo-second-order model. By plotting t/qt against t for differ-
ent initial CR concentrations (figure is not shown), a straight line is
obtained in all cases and using Eq. (2), the second order rate con-
stant (k2) and qe values are determined from the plots. The values
of correlation coefficient are very high (R2 > 0.9947) and the the-
oretical qe cal values obtained, from this model are closer to the
experimental qe exp values at different initial CR concentrations
(Table 1). It is important to note that for the pseudo-first-order
model, the correlation coefficient obtained in this study, R2 < 0.95
at different initial CR concentrations, is lower compared to the cor-
relation coefficient obtained from the pseudo-second order model.
Moreover, from Table 1, it is seen that the experimental values
of qe exp are not in good agreement with theoretical values calcu-
lated (qe cal) from the pseudo-first-order equation. Therefore, it is
concluded that the pseudo-second-order kinetic model provides a
better correlation for the adsorption of CR on IJS (Z. maruritiana)
at different initial CR concentrations compared to the pseudo-
first-order model. A similar result is reported for the adsorption
of methylene blue on jackfruit peel [39] and on Guava leaf pow-
der [44]. The pseudo-first-order and pseudo-second-order kinetic
models do not identify the diffusion mechanism. Thus the kinetic
results are then analyzed by using the intraparticle diffusion model.

Weber and Moris model [47,48] is used with Eq. (3) to investigate
intra-particle diffusion mechanism by plotting a graph between,
qt versus t0.5 (figure is not shown). If the intra-particle diffusion
is the only rate-controlled step, then the plot shall pass through
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Table 1
Pseudo-first-order and pseudo-second-order rate constants at 30 ◦C and different initial CR concentrations. Conditions: size of IJS (Zizyphus maruritiana) ≤ 53 �m; pH of CR
solution  6.95; dose of IJS (Zizyphus maruritiana) = 50 mg;  speed of agitation = 180 rpm.

C0 (mg  L−1) qe exp (mg  g−1) Pseudo-first-order model Pseudo-second-order model

k1 (min−1) qe cal (mg  g−1) R2 K2 (min−1) qe cal (mg  g−1) R2

25 10.4677 0.0207 10.4887 0.9910 0.0166 10.5177 0.9947
50  19.9197 0.0138 20.2395 0.9500 0.0059 20.0607 0.9991
75 28.3407 0.0138 28.7957 0.9820 0.0034 28.5858 0.9982

0.9950 0.0024 34.9472 0.9983
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he origin. Else it is understood that the boundary layer diffusion
ontrols the adsorption to some degree [47]. As seen from the plot
/qt against t, the plots are not linear over the entire time range,
mplying that more than one process affected the adsorption and a
imilar behavior is reported by Hameed et al. [47]. Further, the plot
t versus t0.5 shows at least three regions that represent boundary
ayer diffusion, are followed by intra-particle diffusion in macro,

eso, and micro pores [47]. These three regions are followed by a
orizontal line representing the equilibrium of the system.

From qt versus t0.5 plot, there are three linear regions are
bserved. One at the beginning of adsorption, representing the
apid surface loading, followed by the second representing pore
iffusion, and lastly representing the equilibrium. The Microsoft
xcel 2003 software package is used to analyze various regions and
esults of linear regression are obtained from the plot of qt versus
0.5 for various initial concentrations. The intra-particle diffusion
arameter, kpi, is determined from the slope of each region, while
he intercept of each region is proportional to the boundary-layer
hickness. The calculated values of kpi and the intercept, C, for all
he linear regions are shown in Table 2. It is obvious from Table 2
hat values of kpi for first linear region increases slightly from 0.534
o 2.36 when the initial CR concentration is increased from 25 to
5 mg  L−1 and further increase to 100 mg  L−1 has little effect. More
r less similar trend is observed for all other linear regions. It was
lso observed that the value of the intercept increases when C0 is
ncreased from 25 to 100 mg  L−1.

.3.2. Effect of temperature
To understand the effect of temperature on the influence of the

emoval of CR by IJS (Z. maruritiana), experiments were carried out
t temperatures 30, 40, 50 and 60 ◦C at pH 6.95, CR concentration
f 50 mg  L−1, and adsorbent dosage 2 g L−1 (not shown in figure).
he removal efficiency increases with rise in temperature from 30
o 60 ◦C at the same dye concentration. This process is endothermic
hus the increase in the temperature increases the value of Qmax.

The adsorption of CR is increased from 79.68% to 99.82 for
he initial concentration of 50 mg  L−1 with the rise in temper-
ture from 30 to 60 ◦C. This is mainly due to the increased
urface activity suggesting that adsorption between CR and
JS (Z. maruritiana) was endothermic. Endothermic adsorption
f some dyes on various adsorbents has been reported ear-
ier. The adsorption of methylene blue on chemically treated
sidium Guyava leaves [44], on nanoporous SBA-3 [52] and
n neem leaf powder [53] are found to be endothermic
Tables 3 and 4).

Similar to the effect of concentration of CR, the experimental
esults are analyzed and shown in Table 7.

.3.2.1. Thermodynamic study. The variation of dye removal effi-
iency with respect to temperature shall be explained by the

hermodynamic parameters, such as �G◦, �H◦ and �S◦ [1] which
re evaluated from Eqs. (4)–(6).  The plot of ln Kc versus T−1 of the
R adsorption process is carried out as indicated in Fig. 6, in which
he slope and intercept obtained by a curve-fitting program are
log Ce 

Fig. 7. General isotherm of CR on IJS (Zizyphus maruritiana) at 30 ± 1 ◦C.

used to calculate the �H◦ and �S◦. The slope of the plot equal to –
�H◦/R and its intercept is equal to �S◦/R. The �G◦, �H◦ and �S◦

are shown in Table 5. The positive value of �S◦ suggests increased
randomness at the solid or solution interface during the adsorp-
tion of CR on IJS (Z. maruritiana) and corresponds to an increase in
the degree of freedom of the adsorbed species. Thus, adsorption is
favored on CR. This kind of results are observed in case of adsorp-
tion of acid violet 17 on sunflower seed hull [42] and adsorption of
methylene blue on chemically treated Psidium Guyava leaves [44],
nanoporous SBA-3 [52] and neem leaf powder [53].

3.4. Equilibrium modeling

Several mathematical models may  be used to describe the
experimental data of adsorption isotherms. In this study, the equi-
librium data at different concentrations of CR, the adsorption of CR
on IJS (Z. maruritiana) are modeled with the Langmuir, Freundlich

and General isotherm models. The details of the Langmuir, Fre-
undlich and General isotherms are given in Eqs. (7), (9) and (10) and
the general isotherm plot is shown in Fig. 7. The values of the Lang-
muir, Freundlich and general isotherm constants (Langmuir and
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Table 2
Intra-particle diffusion constants for different initial CR concentrations at 30 ◦C. Conditions as in Table 1.

Linear portion ↓ Constants ↓ C0 = 25 mg L−1 C0 = 50 mg L−1 C0 = 75 mg  L−1 C0 = 100 mg L−1

First
KP1 (mg  g−1 min−0.5) 0.5336 1.513 2.3614 1.6872
C1 (mg  g−1) 5.7993 6.8721 8.9803 16.887
R2 0.9964 0.9747 0.993 0.9711

Second
KP2 (mg  g−1 min−0.5) 0.3206 0.3802 1.5244 1.3036
C2 (mg  g−1) 6.8465 14.712 12.359 18.244
R2 0.9684 0.991 0.9837 0.9543

Third
KP3 (mg  g−1 min−0.5) 0.042 0.1703 0.7937 0.9664
C3 (mg  g−1) 9.7207 16.984 18.057 20.666
R2 0.9634 0.9858 0.9986 0.9998

Fourth
KP4 (mg  g−1 min−0.5) – – 0.2542 0.5284
C4 (mg  g−1) – – 23.986 25.705
R2 – – 0.9859 0.97

Table 3
Pseudo-first-order and pseudo-second-order rate constants for different temperatures. Conditions as in Table 1.

Temperature (◦C) qe exp (mg  g−1) Pseudo-first-order model Pseudo-second-order model

k1 (min−1) qe cal (mg  g−1) R2 K2 (min−1) qe cal (mg  g−1) R2

30 19.9197 0.0138 20.2395 0.9500 0.0059 20.0607 0.9991
40  21.9960 0.0069 25.1613 0.8430 0.0311 22.0227 0.9990
50  22.3090 0.0092 23.8115 0.9070 0.0368 22.3316 1
60  22.7022 0.0046 30.3141 0.8690 0.0440 22.7212 1

Table 4
Intra-particle diffusion constants for different temperatures. Conditions as in Table 1.

Linear Portion ↓ Constants ↓ 30 ◦C 40 ◦C 50 ◦C 60 ◦C

First
KP1 (mg  g−1 min−0.5) 1.513 0.651 0.1241 0.208
C1 (mg g−1) 6.8721 17.49 20.293 20.841
R2 0.9747 0.820 0.8758 1

Second
KP2 (mg  g−1 min−0.5) 0.3802 0.383 0.1763 0.1481
C2 (mg g−1) 14.712 18.67 20.296 20.982
R2 0.991 0.927 0.9987 0.9666

Third
KP3 (mg  g−1 min−0.5) 0.1703 0.046 0.1269 0.0139
C3 (mg g−1) 16.984 20.59 20.699 22.01
R2 0.9858 0.885 0.9213 0.9168

Fourth
KP4 (mg  g−1 min−0.5) – – – –
C4 (mg g−1) – – – –
R2 – – – –

Table 5
Thermodynamic parameters for the adsorption of CR on IJS (Zizyphus maruritiana). Conditions as in Table 1.

Temperature (◦C) Kc = Cs/Ce �G◦ (kJ mol−1) �S◦ (kJ mol−1 K−1) �H◦ (kJ mol−1)

30 3.9210 −3.4994

F
s
m
m

0
p

T
I

40  7.3222 −5.2646
50 8.2902 −5.7688
60 9.8802 −6.4378

reundlich plots are not given) obtained in these studies are pre-
ented in Table 6. The Langmuir, Freundlich and General isotherm
odels are well suited for the experimental data of CR on IJS (Z.

aruritiana), as per the coefficients of correlation.

The RL value for the adsorption of CR on IJS (Z. maruritiana) is
.0124 as per Eq. (8),  indicating that the adsorption is a favorable
rocess.

able 6
sothermal parameter values for the removal of CR on IJS (Zizyphus maruritiana) at differe

Variable Langmuir constants 

Qmax (mg  g−1) KL (L mg−1) R2

Conc. of CR (mg  L−1) 55.5556 3.1847 0.999 

Temp. (◦C) 18.1818 17.5439 0.999 
0.0579 12.9434

The experimental results are in good agreement with the calcu-
lated values by using Freundlich, Langmuir and general isotherm
parameters.
Similar to above calculations for various concentrations of CR,
both Langmuir, Freundlich and general isotherm equilibrium mod-
els, are extended to understand the effect of temperature of CR
solutions, on the adsorption of CR on IJS (Z. maruritiana). The

nt concentrations and temperatures of CR solution.

Freundlich constants General isotherm constants

KF n R2 K nb R2

4.69 1.6639 0.987 17.02 0.979 0.999
29.6 −5.9172 0.989 – – –
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Table 7
Adsorption capacities of CR on various adsorbents.

S. no. Name of adsorbent qe (mg  g−1) Reference

1 IJS (Zizyphus maruritiana) 55.56 Present study
2 Jute stick powder 35.70 [23]
3 Sunflower stalks 31.5–37 [65]
4  Cattail root 38.79 [1]
5 Wheat bran 22.73 [37]
6  Rice bran 14.63 [37]
7  Tamarind fruit shell 10.48 [46]
8  Alternanthera bettzichiiana

plant powder
14.67 [38]

9  Banana peel 11.2 [27]
10 Orange peel 7.9 [27]
11  Coir pith 6.72 [28]
12  Banana pith 5.92 [28]
13  Cashew nut shell 5.18 [49]
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Fig. 8. Desorption studies for the removal of CR.

alues of the Langmuir, Freundlich and General isotherm constants
alculated from the figures (figures are not shown) are presented in
able 6. Negative values for the Langmuir and Freundlich isotherm
onstants in Table 6 indicate the inadequacy of the isotherm model
o explain the sorption process and are reported in the literature
54–58].

.4.1. Comparison of various low-cost adsorbents
The adsorption capacity of IJS (Z. maruritiana) for the removal of

R is shown in Table 7. The adsorption capacity of various adsor-
ents for removal of CR is also shown in Table 7 for comparison
urpose and the removal capacity of IJS (Z. maruritiana) is found
o be extremely good. Therefore, IJS (Z. maruritiana) is considered
o be an excellent adsorbent for the removal of CR from aqueous
olution.

.5. Desorption

Desorption studies help to elucidate the mechanism of adsorp-
ion and recovery of the adsorbate and adsorbent. Regeneration of
dsorbent makes the treatment process economical. The trend in
he desorption process at different pH values is just converse to that
f the adsorption process in the pH effect. This is shown in Fig. 8.
he percent desorption is decreased from 49.4 to 40 with increase
H from 2 to 12. This indicates that the CR adsorption is mainly
ue to ion exchange and physical adsorption [29]. Similar type of

bservation is made in case of desorption of rhodamine-B from the
urface of coir pith [51]
Fig. 9. Determination of the point of zero charge of IJS (Zizyphus maruritiana).

3.6. Point zero charge

It is observed from Fig. 9 that the surface charge of the IJS (Z.
maruritiana) around pH 7 is zero. Hence, the pHPZC at point of zero
charge of the IJS (Z. maruritiana) is 7.

The effect of pH on the biosorption efficiency of CR is shown
in Fig. 3. CR uptake is higher around pH 2, and no signifi-
cant variations in the pH range from 4 to 7. The high uptake
of CR under acidic conditions is probably due to the exces-
sive positive charge on dye anion CR for the adsorption sites.
As pH is increased above the PZC value, which is found to be
greater than 7, the adsorbent surface becomes predominantly neg-
atively charged, enhancing the electro static repulsion between
surface and CR anions. A similar behavior is reported by the
adsorption of reactive orange 16 on non-activated Brazilian-pine
fruit shell [59] and adsorption of CR on biogas residual slurry
[60].

3.7. Cost analysis of IJS (Z. maruritiana) waste adsorbent

The maximum adsorption capacity value was used to assess the
quantity of adsorbent required to remove 1 kg of CR. This quantity
was  used as the basis for costing the adsorption process. The relative
cost of adsorbents are shown in Table 8, together with adsorption
cost to remove 1 kg of CR. Activated carbon was  taken as a reference
[61] under almost all identical conditions of this study, having a
comparative cost of unity.

The results given in Table 8 indicate that the adsorption capac-
ity of IJS (Z. maruritiana) is 18.52% of that of activated carbon.
The relative cost of the removal of CR onto IJS (Z. maruritiana) is
only 5.4% of that of activated carbon. In addition, based on the
low cost of the IJS (Z. maruritiana) compared to activated car-
bon, there is no need to recover the IJS (Z. maruritiana) and the
exhausted IJS can also be used as a fuel. Similar type of cost
analysis was  done by comparing the anionic dye, astrazone blue
removal capacity of hardwood with activated carbon [62]. Rela-
tive costs of astrazone blue (anionic dye), maxilon red (anionic
dye) and telon blue (cationic dye) removal by using number of
low-cost materials like bagasse pith, maize cob and natural clay
were also reported [63] based on the adsorption capacity of car-
bon. The cost estimation of another agricultural waste, coconut
bunch for the removal of methylene blue was  also reported
[64].

These results indicate that the removal capacity of CR by acti-
vated carbon is higher than that of IJS (Z. maruritiana). However,

an economic model indicated that IJS (Z. maruritiana) may  be eco-
nomically attractive for the removal of CR from aqueous solutions.
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Table 8
Relative cost of CR removal.

Adsorbent Adsorption capacity Mass (kg) of adsorbent
required to remove 1 kg of CR

Relative cost kg−1

adsorbent
Relative cost to remove
1 kg of CR

Reference

mg  g−1 %

Activated carbon 300 100 3.3333 1.000 1.000 [61]
IJS  (Zizyphus maruritiana) 55.56 18.52 17.9986 0.01 0.054 Present Study

Table 9
FTIR of IJS (Zizyphus maruritiana) adsorbent. Table 1.

IR peak Frequency (cm−1) Differences Assignment

Before adsorption After adsorption

1 3761.36 3761.57 −0.21 NH2 stretching
2  3416.19 3419.77 −3.58 OH stretch, H-bonded
3  2925.69 2925.58 0.11 CH stretch (strong)
4  1741.21 1735.60 5.61 C O stretch and stretch (strong) aldehyde
5  1649.93 1625.71 24.22 C O stretch (strong) amide
6  1519.51 1510.16 9.35 N O stretch (strong, two  bonds) nitro
7  1460.03 1458.87 1.16 C H bending alkane
8  1378.50 1378.31 0.19 N O stretch (strong)
9  1325.97 1322.62 3.35 C H bending alkane

10 1246.28 1254.28 −8 C F stretch (Strong) alkyl halide
11  1048.74 1043.16 5.58 C O stretch (Strong)

−4.42 C Cl stretch (strong)
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Fig. 11. Scanning electron microscopic photograph of IJS (Zizyphus maruritiana).
12  604.66 609.08 

.8. Characterization of IJS (Z. maruritiana)

.8.1. FTIR analysis
The FTIR spectrum of IJS (Z. maruritiana) is shown in Fig. 10 for IJS

Z. maruritiana) and CR loaded IJS (Z. maruritiana). This figure shows
hat some peaks are shifted or disappeared and some new peaks are
lso detected. The change observed in the spectrum indicates the
ossible involvement of those functional groups on the surface of
he IJS (Z. maruritiana) in adsorption process. FTIR data of IJS (Z.
aruritiana) adsorbent is shown in Table 9.

.8.2. SEM micrographs
Figs. 11 and 12 show the SEM micrographs of IJS (Z. maruri-

iana) sample before and after CR adsorption. It is clear from these
gures that IJS (Z. maruritiana) has considerable number of hetero-
eneous layers of pores. Thus, there is a good possibility for CR to

e adsorbed. The surface of CR loaded-IJS (Z. maruritiana), however,
learly shows that the surface of IJS (Z. maruritiana) is covered with
R molecules and the same is observed in Fig. 12.

ig. 10. FTIR spectra of (a) IJS (Zizyphus maruritiana) alone and (b) CR loaded IJS
Zizyphus maruritiana).
Fig. 12. Scanning electron microscopic photograph of CR loaded IJS (Zizyphus maru-
ritiana).

4. Conclusions
The present study establishes the fact that IJS (Z. maruritiana)
may  be used as an adsorbent for the removal of CR from aqueous
solutions. The amount of dye adsorbed is found to vary with ini-
tial CR concentration and contact time. The Langmuir adsorption
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sotherms are found to provide the best fit to the experimental data
ith a maximum adsorption capacity of 55.56 mg  g−1. The adsorp-

ion kinetics can be determined by pseudo-second-order kinetics.
he results of the present investigation indicate that the IJS (Z.
aruritiana) has potential for use in removing CR from aqueous

olutions.
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