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a b s t r a c t

The adsorption behaviour of Ginsenoside from aqueous solution onto polymeric resins such as XAD-
4, XAD-7, XAD-16 and XAD-1180 was studied. Adsorption isotherms were interpreted from various
isotherm models like Langmuir, Freundlich, Redlich–Peterson, Dubinin–Radushkevich and Temkin and
their parameters were evaluated and compared. The adsorption kinetics was analyzed using series of rate
equations like first-order rate equation, second-order rate equation, Bangham’s model, Intra-particle dif-
fusion model, Boyd’s diffusivity model and Elovich kinetic equation. The adsorption performance was
investigated thermodynamically under batch equilibrium conditions at 293, 298, 303 and 308 K. The
optimum temperature of adsorption was observed to be 298 K. Studies of external mass transfer and
inetics

hake-flask
insenoside

sotherm

pore diffusion effects revealed that both film and pore diffusion play significant role in different extent
and stages of contact in the sorption process. The adsorption efficiency and uptake rates of Ginsenoside
were compared and the highest adsorption efficiency was observed with XAD-7 (>90%). The removal
effectiveness is in order of XAD-7 > XAD-16 > XAD-1180 > XAD-4. The rate of Ginsenoside removal better
follows pseudo-second-order rate kinetic model, corroborating high correlation coefficients for calcu-

e exp
lated parameters with th

. Introduction

Ginseng is a well known oriental medicinal plant with wide
iological activities. The triterpene derivatives called Ginsenosides,
resent in the Ginseng roots are the main pharmacoactive ingre-
ients in Ginseng. They are known to exhibit immuno-modulatory
nd stimulatory effects facilitating both physical and mental activ-
ties on human health including antihypertensive, anticancer,
nti-aging and hepato-protective effects [1–4]. However, extrac-
ion of the active Ginsenosides from the roots or cultured products
5] and their further purification encounters difficulties because of
heir presence in low amount and also complexity of the matri-
es [6]. Amberlite XAD polymeric adsorbents are highly porous
pherical polymer beads based on cross-linked, macro-reticular
olystyrene, aliphatic, or phenol-formaldehyde condensate poly-
ers. Their high internal surface areas can adsorb and desorb a

ide variety of different species depending on the environment in
hich they are used. Polymeric adsorbents are increasingly used

or selective separation of biomolecules for their wide variations
n functionality, surface area and porosity. The adsorption based
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separation techniques are one of the most promising methods for
separation processes since they are non-denaturing, highly selec-
tive, energy efficient and relatively inexpensive and hence used
for bulk separation and purification in food, pharmaceuticals and
chemical industries. They are attractive due to their favourable elu-
tion and regeneration characteristics and have many advantages
like low toxicity, effective separation from very dilute aqueous
solutions and special selectivity. Extensive studies have been made
on the adsorption of various bio-molecules on neutral polymeric
resins [7–10]. There is, of course, no hint in the literature the appli-
cation and effectiveness of Amberlite polymeric adsorbents in the
separation of Ginsenosides from aqueous solutions of crude Gin-
seng extract.

Adsorption is a process of accumulation of molecules from a bulk
solution onto the external and internal surfaces of the adsorbent.
This process involves various interactions such as hydrophobic,
electrostatic attraction and hydrogen bonding. The sorption capac-
ity of the adsorbents strongly depends on the surface area, contact
time, polarity, concentration and the degree of hydrophobicity
in the adsorption system. The equilibrium adsorption isotherms

depict the correlation between equilibrium concentration of the
adsorbate in the solid and liquid phase at constant temperature
and suggest the interactive forces operational in the process. The
evaluation of the adsorption rate constants could assess the effi-
cacy of the sorbents as well as determine the overall adsorption

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:barkakati@yahoo.com
mailto:barkakatip@rrljorhat.res.in
dx.doi.org/10.1016/j.cej.2010.04.018
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Table 1
Properties of Amberlite polymeric adsorbents.

Properties XAD-4 XAD-7 XAD-16 XAD-1180

Chemical nature Polystyrene divinyl benzene acrylic ester Polystyrene divinyl benzene Polystyrene divinyl benzene
Polarity Non-polar Weakly polar Non-polar Non-polar
Porosity 0.51 0.55 0.55 0.60
Pore volume (cm3 g−1) 0.97 1.14 1.40 1.68
Particle size (mm) 0.49–0.69 0.25–0.84 0.30–1.20 0.35–0.60
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Mean pore dia (Å) 50 80
Density (g ml−1) 1.04 1.07
Surface area (m2 g−1) 750 450

erformance for designing a sorption system. Another practice in
he adsorption study is the fitting of the experimental data with dif-
erent isotherm model equations for prediction of a suitable model
or the adsorption process design.

In this paper, the feasibility of using micro-porous polymeric
dsorbents as a simple and effective tool for separation and purifi-
ation of Ginsenosides from aqueous solutions has been discussed.
he work reports experimental data on the batch equilibrium
dsorption of Ginsenoside from aqueous solutions at various con-
entrations and temperature on to Amberlite neutral resins of
ifferent properties. The isotherms were established and the exper-

mental data points were compared to different isotherm models.
he diffusivity and the adsorption capacities of the resins were esti-
ated and the enthalpy and free energy of adsorption were also

valuated.

. Materials and methods

.1. Adsorbents and their properties

The polyaromatic adsorbents used in the study are Amberlite
AD-4, XAD-7, XAD-16 and XAD-1180. While XAD-4, 7 and 16
ere procured from Fluka Chemika, France, XAD-1180 resin was

upplied by Acros Organics, NJ, USA. The physical properties and
haracteristics of the resins as available from the manufacturer are
eported in Table 1. Ginseng dry extract samples were acquired
rom Himedia Laboratories, Mumbai, India. Potassium dihydro-
en orthophosphate and dipotassium hydrogen phosphate were
btained from Central Drug House, Mumbai, India.

.2. Adsorbate (Ginsenoside) and its preparation

Standard solutions of Ginsenoside in the range of
.085–0.425 g L−1 concentrations were prepared using known
eight of Giseng dry extract in specific volumes of de-ionized
ater (Millipore Milli-Q).

.3. Analytical methods

The resins were washed with deionized water (Millipore Milli-
) several times to remove any NaCl and Na2CO3 and dried at
23 K in a hot air circulating electrical oven for 6 h and kept in
esiccator to reach ambient temperature until use. Ginsenoside
as analyzed by UV visible spectrometry in the range 193–203 nm
sing Shimadzu UV-1601PC spectrophotometer and cross checked
y chromatography in HPLC (Waters) on a reverse phase Luna C-18
2) column with water:acetonitrile as eluent for detection at �max

03 nm and flow rate of 1 ml min−1. A calibration graph was plot-

ed for the spectrometric assay of Ginsenoside using an external
tandard. UV spectrophotometry is one of the various techniques
or analysis and detection of Ginsenosides [11,12]. Because of the
eak UV absorption of Ginsenosides, their detection is usually

chieved at 193–203 nm. Phosphate buffers are used at pH 5.8 for
100 140
1.02 1.04
825 600

the detection process and the concentration of the phosphate buffer
is important in order to obtain the separation of Ginsenosides.

2.4. Adsorption equilibrium and kinetics

The time dependent adsorption studies were conducted by
adding 0.1 g of each of the resins to 20 ml of 0.33 g/L of aqueous
Ginsenoside solution. Adsorption was carried out in a tempera-
ture controlled orbital shaker (Kühner AG IRC-1-U) at 200 rpm
and 298 K. Each experiment was continued for a definite period of
adsorption from 1 to 24 h, and after each experiment the adsorbents
were removed by paper filtration and the left over Ginsenoside in
the solution was estimated analytically. The equilibrium adsorp-
tion capacity was calculated following the mass balance equation
(1).

qe = (C0 − Ce)
V

m
(1)

where qe is the equilibrium solute phase concentration in solute
mass/adsorbent mass; C0 is the initial liquid phase concentration
in solute mass/solution volume; Ce is the equilibrium solute phase
concentration in aqueous phase in solute mass/solution volume; V
is the volume of the solution and m is the mass of the adsorbent
used.

For the establishment of the equilibrium adsorption isotherm,
experimental data points were obtained by contacting known
amount of each of the adsorbents (XAD-4, XAD-7, XAD-16 and XAD-
1180) with solutions of varying Ginsenoside concentration for a
fixed period of time to achieve the equilibrium. 0.2 g of the adsor-
bents were added to 20 ml of aqueous solution of 0.085–0.40 g/L
concentration of Ginsenoside and adsorption reactions were car-
ried out at 298 K for 18–24 h in a temperature-controlled orbital
shaker (Kühner AG IRC-1-U) at 200 rpm when equilibrium condi-
tions were reached. At the end of the reaction, the sorbents were
removed from the solution by paper filtration and the residual Gin-
senoside concentration in the solution was estimated analytically.

2.5. Adsorption isotherm modeling

The equilibrium data obtained at a temperature of 298 K for
adsorption of Ginsenoside onto the polymeric adsorbents were
analyzed using the following isotherm model equations.

2.6. Langmuir isotherm

The Langmuir isotherm model [13] is based on monolayer cover-
age of adsorbent surfaces by the adsorbate at specific homogeneous
sites within the adsorbent and is represented as

q K C

qe = m L e

1 + KLCe
(2)

where qe is the equilibrium concentration of the adsorbate on the
adsorbent in mg/g; Ce is the equilibrium concentration of the solute
in liquid phase expressed as mg L−1; qm (mg g−1) and KL (L mg−1)
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re the Langmuir equation constants, representing the maximum
dsorption capacity and adsorption energy parameter respectively.
he equation can be linearized as given in (3) and plotting Ce/qe

ersus Ce will give a straight line with 1/qm as slope and 1/qmKL as
ntercept.

Ce

qe
= 1

qmKL
+ Ce

qm
(3)

The model (3) was tested with the equilibrium adsorption data
f Ginsenoside adsorption on different adsorbents by the plot of
e/qe versus Ce.

.7. Freundlich isotherm

The basic isotherm model developed by Freundlich [14] is based
n multilayer adsorption of adsorbate onto the heterogeneous sur-
aces with a non-uniform distribution of heat of adsorption over
he adsorbent surfaces and is represented by the equation

e = KFCe
1/n (4)

here qe and Ce are the solute phase concentrations in solid and
iquid phases respectively as defined earlier and KF and n are the
reundlich equation parameters. The linearized form of the Fre-
ndlich equation is given by

og qe = log KF + 1
n

log Ce (5)

A plot of log qe versus log Ce of the linearized equation (5) should
esult in a straight line whose slope and intercept would deter-
ine the values of n and KF. The Freundlich isotherm is derived

y assuming a heterogeneous surface. The Freundlich model equa-
ion (5) was tested by the plot of ln qe against ln Ce for all the four
dsorbents under study.

.8. Redlich–Peterson isotherm

The Redlich–Peterson isotherm [15] has a linear dependence
n concentration and an exponential function in the denomina-
or. It approaches the Freundlich model at high concentration and
s in concurrence with the low concentration limit of the Langmuir
quation. The Redlich–Peterson equation is represented as

e = KRCe

1 + aRCˇ
e

(6)

here aR (L mg−1)−1/ˇ and KR (L g−1) are isotherm constants and
xponent ˇ lies between 0 and 1. For ˇ = 1 the equation reduces to
angmuir equation and for ˇ = 0 it is reduced to Henry’s equation.
he linear form of the Redlich–Peterson equation is obtained by
aking logarithm and is

n
(

KR
Ce

qe
− 1

)
= ln aR + ˇ ln Ce (7)

The three parameters of equation (7) viz. aR, ˇ and KR are used to
nalyze the experimental data via linear regression with trial and
rror optimization of ˇ to yield the maximum regression coefficient
alue R2.

.9. Dubinin–Radushkevich isotherm
The Dubinin–Radushkevich isotherm [16] assumes that the
haracteristics of the sorption curves are related to porosity of the
dsorbents and is represented by the following equation

e = QD exp(−BDε2) (8)
ring Journal 161 (2010) 34–45

where QD (mg g−1) is the Dubinin–Radushkevich isotherm constant
and ε (kJ mol−1) is the Polanyi Potentiali. The Polanyi Potentiali, ε
is correlated as

ε = RT ln
(

1 + 1
Ce

)
(9)

where R is the gas constant (8.314 × 10−3 kJ mol−1 K−1) and T is
temperature (K). BD (mol2 kJ−2) is related to mean free energy of
sorption E (kJ mol−1) and is correlated by the following equation

E = 1√
2BD

(10)

The Dubinin–Radushkevich isotherm constant can be estimated
from the plot of the linear form of equation (8) as

ln qe = ln QD − BDε2 (11)

2.9.1. Temkin isotherm
The Temkin isotherm model [17] has been developed in con-

sideration with the chemisorption of the adsorbate onto the
adsorbent. The model assumes that the heat of adsorption of all the
molecules in the layer decreases linearly with the coverage due to
adsorbate-adsorbent interactions. The equation and its linearized
form are represented as follows:

qe = RT

b
ln(KTCe) (12)

qe = Bl ln KT + Bl ln Ce (13)

where Bl = RT/b, b (mol kJ−1) is the Temkin isotherm constant,
KT (L mg−1) is equilibrium binding constant, qe (mg g−1) and Ce

(mg L−1) are the solute concentrations in solid and liquid phases
respectively, T (K) is temperature and R (8.314 × 10−3 kJ mol−1 K−1)
gas constant. The isotherm parameters, b and KT can be calculated
from the slope and intercept of the linear plot of qe versus ln Ce in
Eq. (13).

2.10. Adsorption kinetics model equations

In an attempt to express the mechanism of Ginsenoside adsorp-
tion onto the surface and pores of the polymeric resins, the
following kinetic model equations are used to analyze the adsorp-
tion experimental data for determination of the related kinetic
parameters.

2.11. Pseudo-first-order model

The pseudo-first-order rate expression based on solid capacity
is the most widely used rate equation for assigning the adsorp-
tion rate of an adsorbate from a liquid phase and is known as the
Lagergren rate equation [18]. It is represented as

dq

dt
= kf(qe − q) (14)

where qe (mq g−1) and q (mg g−1) are the adsorption capacity at
equilibrium and time t respectively and kf (min−1) is the rate con-
stant of the pseudo-first-order adsorption reaction. On integration
and applying boundary conditions as q = 0 at t = 0 and q = qe at t = t,
Eq. (14) becomes
log(qe − q) = log qe − kft

2.303
(15)

The value of the adsorption rate constant kf is determined from
the linear plot of log (qe − q) against t.
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.12. Pseudo-second-order model

The pseudo-second order kinetic expression was developed by
o and McKay [19] to describe the adsorption of metal ions onto
dsorbents. The rate expression is represented as

dq

dt

)
= ks(qe − q)2 (16)

here qe and q (mg g−1) are the adsorption capacities at equi-
ibrium and time t respectively and ks (g mg−1 min−1) is the rate
onstant for the pseudo-second-order adsorption reaction. The
ntegrated second order rate equation, at boundary conditions q = 0
t t = 0 and q = qe at t = t, becomes

t

q
= 1

ksq2
e

+ t

qe
(17)

The value of qe and ks can be calculated from the linear plot of
q. (17). The initial adsorption rate can be obtained as q/t, when t
pproaches zero. This is expressed as

= ksq2
e (18)

here h is the initial adsorption rate and is expressed in
g g−1 min−1.

.13. Bangham’s equation

The Bangham model [20] of adsorption kinetic studies tests out
f the pore diffusion is the only rate controlling step. The model can
e represented by the following equation

og
{

log
(

Cb

Cb − qtm

)}
= log

(
k0m

2.303V

)
+ � log(t) (19)

here Cb (mg) is the amount of initial adsorbate in the liquid phase,
t (mg g−1) is the concentration of solute in solid phase at any time
(min), m (g) is the amount of adsorbent, V (L) is the volume of
olution used and k0 (L g−1) and � (<1) are the Bangham’s equation
arameters.

.14. Intra-particle diffusion model

The Weber’s diffusion model [21] is the most commonly used
echnique for identifying the mechanism involved in the adsorp-
ion process. During the process of adsorption, the transportation
f the adsorbate particles to the surface of the adsorbent surface
akes place in several steps. The adsorption process may be con-
rolled by film or external surface diffusion, pore diffusion, surface
iffusion and adsorption on the pore surface or a combination of
ne or more steps. In a rapidly stirred batch process, the diffusive
ass transfer can be related by an apparent diffusion coefficient
hich will fit experimental adsorption rate data. Usually a process

s diffusion-controlled if its rate is dependent on the rate at which
he components diffuse towards each other. The Weber’s diffusion

odel is expressed as

t = kdt1/2 + I (20)

here qt (mg g−1) is concentration of adsorbate in solid phase at
ime t (min) and kd (mg g−1 min−½) is the intra-particle diffusion
ate constant. A linear plot of qt versus t ½ will give I as the intercept
hich gives an idea about the thickness of the boundary layer on

he adsorbent surface. The larger the value of I, the greater is the
oundary layer effect.
.15. Boyd’s diffusivity model

Boyd’s kinetic model [22] for adsorption reaction is based on
iffusion through the boundary liquid film, considering adsorption
ring Journal 161 (2010) 34–45 37

kinetics as a chemical phenomenon. The simplified form of the rate
equation can be expressed as

ln

[
1

1 − F2 (t)

]
= �2Det

R2
a

(21)

where F(t) = qt/qe is the fractional attainment of equilibrium at time
t, De (m2 s−1) is the rate constant and Ra (m) is the radius of the
spherical adsorbent particle. A linear plot of ln[1/{1 − F2(t)}] versus
t will give the value of De.

2.16. Elovich kinetic model

The Elovich kinetic model [23] is based on chemisorption phe-
nomena. It is expressed as

dq

dt
= ˛ exp(−ωq) (22)

In order to simplify the Elovich equation (20), Chine and Clayton
[24] assumed that ˛ωt»1, and when the boundary conditions q = 0
at t = 0 and q = q at t = t, are applied the equation becomes

q = 1
�

ln (˛�) + 1
�

ln t (23)

where q (mg g−1) is the adsorbate in solid phase at time t (min), ˛
is the initial adsorption rate and ω is the adsorption rate. Eq. (23)
can be rearranged as

q = A1 + B1 ln t (24)

where A1 = ln(˛ω).1/ω and B1 = 1/ω. From the linear plot of Eq. (24)
the values of A1 and B1 can be evaluated as intercept and slope of
the straight line.

2.17. Effect of adsorbent concentration on adsorption efficiency

Different amounts of the resins XAD-4, XAD-7, XAD-16 and
XAD-1180 in concentrations of 5–25 g L−1 were added to 20 ml of
0.33 g L−1 aqueous solution of Ginsenoside in 250 ml Erlenmeyer
flasks and adsorption was carried out at 200 rpm in the orbital
shaker at 298 K for 18–24 hrs till the equilibrium is reached. The
efficiency of the adsorption process was estimated as the ratio of
the mass of Ginsenoside adsorbed to the mass of the adsorbent.

2.18. Effect of temperature on adsorption

The effect of temperature on adsorption of Ginsenoside on poly-
meric adsorbents was studied on two of the adsorbents, XAD-7 and
XAD-16. 0.2 g of each of the adsorbents was contacted to 20 ml of
four different concentrations of aqueous Ginsenoside solution in
the range of 0.10–0.33 g L−1. The experiments were carried out four
different temperatures of 293, 298, 303 and 308 K in a temperature
controlled orbital shaker at 200 rpm for 24 h. At the end of each
experiment the adsorbents were separated by paper filtration and
Ginsenoside in solution was analytically assayed.

2.19. Thermodynamic study

Considering the activity coefficient to be unity at low solute con-
centration as per Henry’s law, the thermodynamic parameters for
the adsorption process was calculated using the following thermo-
dynamic relations
�H◦ = T�S◦ + �G◦ (25)

and

�G◦ = −RT ln K0 (26)
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the most appropriate relationship for the equilibrium curves is
very much essential. Various isotherm model equations have been
used to describe the equilibrium characteristics of the Ginsenoside
adsorption onto the studied polymeric adsorbents. The values of
the estimated Langmuir isotherm parameters are given in Table 2
Fig. 1. Effect of contact time for adsorption of Ginsenoside on resins.

Eqs. (25) and (26) can be combined as follows

n K0 = �S◦

R
− �H◦

RT
(27)

r

n
Cad

Ce
= �S◦

R
− �H◦

RT
(28)

here K0 is the equilibrium constant at temperature T (K) and is
qual to the adsorption affinity Cad/Ce. Cad (mg L−1) is the reduc-
ion of adsorbate concentration of solution at equilibrium and Ce

mg L−1) is the equilibrium concentration of the adsorbate in liquid
hase. �H◦ (kJ mol−1), �G◦ (kJ mol−1) and �S◦ (kJ mol−1 K−1) are
he change in enthalpy, free energy and entropy at standard states
espectively. R (8.314 × 10−3 kJ mol−1 K−1) is gas constant. Assum-
ng �H◦ and �S◦ to be constants within the studied temperature
ange, their values can be calculated from the slope and intercept
f the straight line in the linear plot of ln Cad/Ce versus 1/T and the
hange in free energy �G◦ at various temperatures are calculated
rom Eq. (25).

. Results and discussions

.1. Adsorption examination

The effect of contact period for the adsorption of Ginsenoside
nto the resins is plotted as residual concentration of solute in
iquid phase at Co of 0.33 g L−1 against time in Fig. 1. The result indi-
ates that the uptake of Ginsenoside is rapid during the initial phase
f 2 h of the contact time, and thereafter, becomes slower near the
quilibrium. In between these final and initial stages of adsorption
he rate is found to be virtually consistent. This is apparent from
he fact that a large number of vacant surface sites are available for
dsorption during the initial stage, and after a fall of time, the resid-
al vacant sites are difficult to be occupied due to repulsive forces
etween the solute molecules on the solid and bulk phases. No
ignificant change in Ginsenoside removal is observed after about
h except in case of XAD-16, where the rate of removal continued

teadily till around 18 h of contact. This may be because of the high-
st surface area of XAD-16 amongst the range of Amberlite resins
sed in the study. It has also been observed that the adsorption effi-
iency of Ginsenoside by the resins is high and significant in case

f XAD-7 and XAD-16 where the percentage removal is recorded
s 91.2% and 76.9% respectively. The removal effectiveness is in the
rder of XAD-7 > XAD-16 > XAD-1180 > XAD-4.

The results on the rate of Ginsenoside adsorption onto the
olymeric adsorbents XAD-7 and 16 as a function of the initial
Fig. 2. Effect of initial concentration on the adsorption of Ginsenoside onto XAD-7.

Ginsenoside concentration are shown in Figs. 2 and 3. The Gin-
senoside adsorption was fast up to 2 h in case of XAD-7 and 4 h in
case of XAD-16. Thereafter the adsorption was found to be slow.
The time required to reach equilibrium was also observed to be
more at higher initial concentrations. The adsorption onto both the
resins, XAD-7 and XAD-16 was better and considerably uniform at
0.33 g L−1 concentration.

The effect of varying doses of the adsorbents XAD-4, XAD-7,
XAD-16 and XAD-1180 was investigated using 0.33 g L−1 of Gin-
senoside concentration at 298 K temperature. Fig. 4 shows an
increase in the percentage of removal of Ginsenoside with the
increase in dose of the adsorbents up to certain limit and then
the rate of change in increase becomes negligible. The increase in
the adsorption with increasing doses of adsorbents is likely due to
increase in adsorbent surface area and availability of more adsorp-
tion sites. The optimum adsorbent doses for all the adsorbents were
found to be 10–15 g L−1 of Ginsenoside solution.

3.2. Adsorption equilibrium studies

To optimize the design of the adsorption system for the adsorp-
tion of Ginsenoside onto various adsorbents the establishment of
Fig. 3. Effect of initial concentration on the adsorption of Ginsenoside onto XAD-16.
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ig. 4. Effect of adsorbent concentration for Ginsenoside adsorption on resins.

nd the R2 values are based on actual deviation between the exper-
mental points and the theoretically predicted data points. It has
een observed that the Langmuir isotherm equation more or less
ts the experimental data points for all the adsorbents. The param-

ters indicate better adsorption capacity of XAD-7 for Ginsenoside
dsorption.

The essential characteristics of the Langmuir isotherm can
e expressed in terms of a dimensionless factor, RL [25] which

able 2
sotherm parameters for Ginsenoside adsorption on various adsorbents.

Langmuir constants qm (mg g−1) KL (L mg−1) R2 RL

Adsorbents
XAD-4 17.3 0.024 0.99 0.217
XAD-7 63.9 0.027 0.97 0.197
XAD-16 39.4 0.021 0.99 0.244
XAD-1180 30.2 0.004 0.98 0.617

Freundlich constants 1/n KF (L mg−1) R2

Adsorbents
XAD-4 0.327 2.56 0.98
XAD-7 0.670 2.87 0.98
XAD-16 0.531 2.32 0.97
XAD-1180 0.666 0.40 0.99

Redlich-Peterson constants KR (L g−1) aR (L mg−1)−1/� ˇ R2

Adsorbents
XAD-4 1.4 0.32 0.762 0.99
XAD-7 10.4 2.96 0.361 0.92
XAD-16 3.9 1.19 0.529 0.97
XAD-1180 2.1 4.80 0.347 0.99

Dubinin-Radushkevich
constants

QD (mg g−1) BD (mol2 kJ−1) E (kJ mol−1) R2

Adsorbents
XAD-4 12.8 42.9 0.108 0.76
XAD-7 28.5 7.4 0.259 0.79
XAD-16 22.4 21.3 0.153 0.73
XAD-1180 13.1 311 0.040 0.80

Temkin constants Bl (kJ2 mol−2) b (mol kJ−1) KT (L mg−1) R2

Adsorbents
XAD-4 3.4 0.729 0.332 0.98
XAD-7 13.4 0.185 0.294 0.98
XAD-16 8.8 0.282 0.197 0.97
XAD-1180 6.2 0.397 0.044 0.98
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describes the type of isotherm and is defined as follows

RL = 1
(1 + KLC0)

(29)

If, RL > 1, the adsorption is unfavourable; RL = 1; the adsorption
is linear; 0 < RL < 1, the adsorption is favourable and if RL = 0, the
system is irreversible. The values of RL at C0 = 150 mg L−1 are tabu-
lated in Table 2 and they are found to be less than 1 for Ginsenoside
adsorption on all the adsorbents verifying that the adsorption pro-
cesses are favourable.

The Freundlich isotherm model equation (4) was examined by
the plot of ln qe versus ln Ce for the four adsorbents under test and
the values of R2 as shown in Table 2 are based on actual deviation of
the experimental and theoretically predicted data points. Table 2
also shows the estimated Freundlich parameters for Ginsenoside
adsorption on the adsorbents. The values of 1/n were observed
to be less than unity for all the adsorbents indicating favourable
adsorption [26].

There are two limiting factors in the Redlich–Peterson adsorp-
tion model for the variation of ˇ = 0 (Langmuir form) and ˇ = 1
(Henry’s law). The Redlich–Peterson isotherm plots (not shown)
for Ginsenoside adsorption onto the adsorbents indicate a better
fitting of the equilibrium data for XAD-4 and XAD-1180. The val-
ues of the Redlich–Peterson isotherm parameters aR, KR, ˇ and the
correlation coefficient R2 for adsorption of Ginsenoside onto the
adsorbents are presented in Table 2. The values of ˇ for all the
adsorbents lie between 0 and 1, indicating favourable adsorption.
The higher correlation coefficient values also signify well prediction
of the experimental data by the R–P model.

The estimated values of the Dubinin–Radushkevich isotherm
parameters for the adsorption of Ginsenoside are shown in Table 2.
It is observed that the theoretical maximum adsorption capac-
ity as evaluated using D–R equation is highest for the adsorbents
XAD-7 and XAD-16. The mean free energy of adsorption, E esti-
mated using the Polanyi Potentiali and the D–R isotherm constants
were in the range of 0.04–0.26 kJ mol−1 which signifies of physical
adsorption reaction due to weak Vander Waals forces. It is known
that if the magnitude of the mean free energy lies between 8 and
16 kJ mol−1, the mechanism of adsorption process can be explained
by chemisorption or ion exchange [27]. It has also been observed
that the values of the correlation coefficients for the D–R isotherm
plots (not shown) are the lowest in comparison to the other four
different isotherms model used for this study. It can therefore be
determined that the D–R equation does not represent the experi-
mental data satisfactorily.

The Temkin isotherm constants computed from the plots for
Ginsenoside adsorption onto the resins are listed in Table 2. It is
observed that the values of the correlation coefficients (R2) are in
the range of 0.97–0.98, signifying satisfactory representation of the
equilibrium experimental data with the Temkin equation (12) for
sorption model. It can therefore be presumed that the Ginseno-
side adsorption is characterized by uniform distribution of binding
energy and the heat of adsorption of the molecules in the layer
decreases linearly with coverage of the adsorbate on the surface of
the adsorbent particles [28].

In our present study we tried to use five different isotherm mod-
els provided by Langmuir, Freundlich, Redlich Peterson, Dubinin
Radushkevich and Temkin to fit the experimental equilibrium data
for aqueous Ginsenoside onto four different polymeric adsorbents,
XAD-4,7,16 and 1180. The observed profiles of solid phase concen-
tration of Ginsenoside at equilibrium, onto the resins against the

liquid phase concentration Ce, indicate a good fit for the Langmuir,
Freundlich, Redlich Peterson and the Temkin models to the experi-
mental data as shown in Fig. 5. However, the profiles do not fit to the
Dubinin Radushkevich model for adsorption onto all the resins in
the higher range of equilibrium with the experimental data points.
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Fig. 5. Isotherms of Ginsen

rom the comparison of the values for the correlation coefficients as
etermined by the standard statistical least square data reduction
ethod for minimizing the deviations between the experimental

nd calculated values, the best fitting of the equilibrium data has
een observed in the Freundlich, Langmuir and Temkin isotherms.
.3. Adsorption kinetic study

The Ginsenoside adsorption data onto different resins were
nalyzed using various kinetic model equations like pseudo-

Fig. 6. Pseudo-first and -second-order plot for
adsorption onto the resins.

first-order, pseudo-second-order, intra-particle diffusion, Boyd’s
diffusion model, Bangham kinetic model and Elovich model.

The values of the first-order rate constant kf, for adsorption of
Ginsenoside onto the adsorbents were calculated from the slope
of the linear plots of log (qe − q) versus time also known as the

Lagergren plot (Fig. 6). The adsorption capacity and the values of
kf are tabulated in Table 3. The plot and the calculated correlation
coefficients (R2) indicate that the rate of removal of Ginsenoside
from the solution onto the adsorbents does not follow the pseudo-
first-order equation.

Ginsenoside adsorption onto the resins.
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Table 3
Kinetic parameters for adsorption of Ginsenoside by various resins.

Pseudo-first
order

kf (min−1) qe (mg g−1)
calculated

qe (mg g−1)
experimental

R2

Adsorbents
XAD 4 1.96 × 10−3 2.91 29.2 0.82
XAD 7 4.68 × 10−3 2.36 60.4 0.79
XAD16 3.57 × 10−3 4.07 51.0 0.85
XAD1180 5.60 × 10−3 3.00 28.3 0.88

Pseudo-second order ks (g mg−1 min−1) h (mg g−1 min−1) qe (mg g−1) (calculated) qe (mg g−1) (experimental) R2

Adsorbents
XAD 4 6.38 × 10−4 0.54 29.1 29.2 0.99
XAD 7 2.56 × 10−3 9.45 60.7 60.4 0.99
XAD16 3.78 × 10−4 1.04 52.4 51.0 0.99
XAD1180 1.39 × 10−3 1.16 28.9 28.3 0.99

Bangham’s model � k0 (L g−1) R2

Adsorbents
XAD 4 0.159 0.036 0.88
XAD 7 0.085 0.272 0.70
XAD16 0.163 0.090 0.97
XAD1180 0.087 0.061 0.90

Elovich model ω ˛ A1 B1 R2
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The kinetic data were analyzed by the Weber’s kinetic diffusion
model represented by the intra-particle diffusion kinetic equation
(20). Fig. 9 shows a plot of the mass of Ginsenoside adsorbed per
unit mass of the adsorbents versus the square root of the contact
XAD 4 0.32 1.43 × 10
XAD 7 2.38 6.61 × 1058

XAD16 0.26 1.49 × 103

XAD1180 0.81 9.93 × 106

Linear plots of t/q against time t as shown in Fig. 6 are used
o estimate the values of ks from the intercept of linear fit of the
xperimental points. The plots were observed to be linear and the
alculated ks values for XAD-4, XAD-7, XAD-16 and XAD-1180 at
98 K with their coefficients of deduction in linear regression anal-
sis (R2) are presented in Table 3. The correlation coefficients of all
he data are found to be very encouraging in the range of R2 >= 0.99,
hich corroborates that the adsorption of Ginsenoside onto the

tudied adsorbents follow the pseudo second order kinetic model.
he calculated values of the solid phase solute concentration along
ith those of the experimental data are also presented in Table 3.

he values are very close to each other signifying better approx-
mation of the sorption data by the pseudo-second-order kinetic

odel than the first-order kinetic model for the sorption process
y all the four adsorbents. It has also been observed that the values
f h for the adsorption of Ginsenoside is highest in case of XAD-
and is followed by XAD-1180 and XAD-16. It was observed that

he adsorption rate for Ginsenoside on the resins were in the order
f ks(XAD-7) > ks(XAD-1180) > ks(XAD-16) > ks(XAD-4). Thus, the adsorption
ate for XAD-7 is highest in comparison to those with XAD-1180,
AD-16 and XAD-4. The reason may be attributed to weak polarity

or enhancing sorption rate in XAD-7 and slower rate of diffusion
ue to lower pore dia in XAD-4.

The kinetic data for Ginsenoside adsorption onto the Amberlite
esins were analyzed by using the Bangham’s equation to check if
ore diffusion is the only controlling step in the adsorption process
r not. The experimental data put to representation by equation
19) did not yield a desired linear fit in the double logarithmic plot
s shown in Fig. 7. This indicates that the adsorption kinetics is not
imited to only pore-diffusion or in other words the diffusion of
he adsorbate into the pores of the adsorbents is not the only rate
ontrolling step [29]. The values of the Bangham equation param-

ters � and k0 along with the correlation coefficients are given in
able 3. Results show highest value of k0 for XAD-7 and the val-
es of �, less than unity for all the adsorbents. The values of the
orrelation coefficients also indicate poorer representation of the
xperimental data with the Bangham model. It may be possible that
11.8 3.09 0.91
57.4 0.42 0.97
23.0 3.86 0.96
19.6 1.23 0.87

both film and pore-diffusion play significant role to different extent
and stages of contact in the sorption process.

The kinetic data are also analyzed using the Elovich equation
(22). The plot of solid phase adsorbate concentration versus ln t
in rearranged Elovich equation (24) for the adsorption process at
298 K is shown in Fig. 8 and the model parameters determined
along with their correlation coefficients are given in Table 3. The
parameter values for XAD-7 are observed to be highest in the series.

3.4. Diffusivity study
Fig. 7. Bangham plot for adsorption of Ginsenoside onto the sorbents.
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Fig. 8. Elovich model equation plot for adsorption of Ginsenoside.
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Fig. 9. Adsorption of Ginsenoside at 25 ◦C vs t1/2 for different adsorbents.

ime. Apparently, the data points in case of XAD-7 can be connected
y a straight line, which indicates that the adsorption of Ginseno-
ide onto XAD-7 is controlled by a single rate controlling diffusion
tep. However, in the case of all other adsorbents, there are multi-
inear plots depicting influence of two or more rate controlling steps
n the sorption process. The first linear portion is for macropore
r inter-particle diffusion and the second portion representing the
icropore or intra-particle diffusion [30]. The intra-particle diffu-
ion model parameters for sorption of Ginsenoside are evaluated
nd presented in Table 4. It is observed that the values of I and kd
re the highest and lowest in the series respectively in case of XAD-
. The Weber’s model attributes significant influence by external

able 4
ntra-particle diffusion model parameters and effective pore diffusivities for Ginsenoside

Adsorbents Intra-particle diffusion model parameters

kd (mg g−1 min−1/2) I (mg g−1)

XAD-4 0.179 21.9
XAD-7 0.033 59.2
XAD-16 0.306 39.8
XAD-1180 0.092 25.1
Fig. 10. Boyd’s diffusivity plot for adsorption of Ginsenoside onto the sorbents.

mass transfer effect in the adsorption process on XAD-7 because of
higher value of I [31,32].

Table 4 shows the values of effective diffusion coefficients (De)
as calculated by Eq. (21) from the Boyd’s Diffusivity Plot (Fig. 10).
The values of De show that XAD-16 has the highest overall pore dif-
fusion rate (7.77 × 10−13 m2 s−1). The Boyd’s diffusion model also
indicates that XAD-7 has less influence of pore diffusion in the
adsorption process in comparison to XAD-16 resins. This is in sup-
port of the Weber’s model for intra-particle diffusion, wherein the
surface diffusion for Ginsenoside adsorption is observed to be sig-
nificant in case of XAD-7 resins.

3.5. Effect of temperature and thermodynamic study

The effect of temperature on the adsorption process of Gin-
senoside onto the polymeric Amberlite resins XAD-7 and XAD-16
was obtained by batch equilibrium experiments. It is observed that
temperature has a distinct effect on the adsorption capacity of the
adsorbents. Fig. 11 shows the plot of adsorption isotherm for Gin-
senoside adsorption onto XAD-7 and XAD-16 resins at four different
temperatures ranging from 293 to 308 K. It is observed that at lower
adsorbate concentrations, the solute uptake increases sharply and
thereafter the increase is gradual at higher concentrations. At 293 K,
the adsorption capacity of both the resins is lower as depicted by
the isotherm plots in Fig. 11. Experimental results also show that
298 K is the ideal temperature for both the resins in the adsorption
process. Beyond 298 K, it is observed that with increase in tem-
perature the adsorptivity decreases. This may be attributed for the
exothermic nature of the sorption process and greater mobility of
of some previously adsorbed molecules at higher temperature. In
this regard it is noteworthy that the endothermic pore diffusion has
less influence in the sorption process on both the adsorbents at the
studied range of adsorbate concentration and temperature because

adsorption onto various resins.

Effective pore diffusivities

R2 De (m2 s−1) R2 Ra (m)

0.91 2.48 × 10−13 0.88 2.95 × 10−4

0.94 5.51 × 10−13 0.83 2.73 × 10−4

0.98 7.77 × 10−13 0.85 3.75 × 10−4

0.79 2.49 × 10−13 0.88 2.95 × 10−4
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Fig. 11. Effect of temperature on a

therwise there would have been an increase in the adsorption
apacity with temperature.

The isotherm parameters for three different isotherm models
iz. Langmuir, Freundlich and Temkin models at different tem-
eratures for Ginsenoside adsorption onto XAD-7 and XAD-16 are
resented in Table 5 along with the values of the correlation coef-
cient. From the correlation coefficients (R2 > 0.9) it appears that
emkin and Freundlich model best fits the experimental adsorption

ata for XAD-7 and XAD-16 resins and 298 K is the most preferred
emperature for adsorption.

The values of entropy change (�S◦) and enthalpy change (�H◦)
ere obtained from intercept and slope of the plot of ln Ko ver-

able 5
sotherm parameters for Ginsenoside adsorption onto XAD-7 & 16 at different temperatu

Temp (K) XAD-7

KF (L mg−1) 1/n R2

Freundlich isotherm parameters
293 1.30 × 10−2 0.127 0.9
298 2.62 0.721 0.9
303 0.70 0.832 0.9
308 0.42 0.845 0.9

Temp (K) XAD-7

KL (L mg−1) qm (mg g−1) R2

Langmuir isotherm parameters
293 4.61 × 10−3 49.2 0.8
298 2.79 × 10−2 64.7 0.9
303 5.46 × 10−3 85.8 0.7
308 3.48 × 10−3 79.0 0.7

Temp (K) XAD-7

Bl (kJ2 mol−2) b (mol kJ−1) KT (L mg−1) R2

Temkin isotherm parameters
293 9.2 0.27 0.057 0.9
298 13.0 0.19 0.312 0.9
303 12.6 0.20 0.092 0.9
308 11.3 0.22 0.060 0.9

able 6
hermodynamic parameters for Ginsenoside adsorption onto XAD-7 & 16 resins.

Temp (K) Ko �H◦ (kJ mol−1) �G◦ (

XAD-7 XAD-16 XAD-7 XAD-16 XAD-7

298 13.5 4.88 −137 −92.7 −6.44
303 3.8 2.41 −3.31
308 2.3 1.45 −2.01
ion of Ginsenoside on XAD-7 &16.

sus 1/T (Fig. 12). The estimated values of the thermodynamic
parameters for the three operating temperatures are presented in
Table 6. The negative values of �G◦ confirm feasibility of Ginseno-
side adsorption onto XAD-7 and XAD-16 surfaces and the negative
values of �S◦ indicates non-spontaneity of the adsorption pro-
cess. Negative value of �H◦ again indicates that the adsorption is
exothermic in nature. It has also been observed that with rise in
temperature the K value decreases for adsorption onto both the
0
resins.

The change in free energy for physical adsorption is normally
in the range of −20 to 0 kJ mol−1 and is smaller than the chemi-
sorption process which is in the range of −80 to −400 kJ/mol

re.

XAD-16

KF (L mg−1) 1/n R2

7 0.05 1.16 0.95
7 2.14 0.60 0.97
8 0.41 0.90 0.98
8 0.23 0.93 0.99

XAD-16

KL (L mg−1) qm (mg g−1) R2

3 5.74 × 10−3 47 0.80
4 2.75 × 10−2 35 0.99
3 4.75 × 10−3 68 0.93
6 1.18 × 10−3 137 0.76

XAD-16

Bl (kJ2 mol−2) b (mol kJ−1) KT (L mg−1) R2

9 14.4 0.17 0.019 0.99
9 8.3 0.30 0.226 0.99
8 12.3 0.20 0.059 0.99
9 10.9 0.23 0.039 0.99

kJ mol−1) �S◦ (kJ mol−1 K−1) R2

XAD-16 XAD-7 XAD-16 XAD-7 XAD-16

−3.93 −0.439 −0.298 0.95 0.99
−2.18
−0.92
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Fig. 12. Vant Hoff’s thermodynamic plot for adsorption of Ginsenoside.

33]. The changes in free energy of adsorption for the resins were
stimated to be less than 0 kJ/mol, indicating occurrence of physio-
orption process [34]. The lower values of the free energy also
ndicate the feasibility of the adsorption process [35].

. Conclusion

The present study shows that Amberlite non-ionic polymeric
esins can be used as effective adsorbents for separation of Gin-
enosides from aqueous solution. The removal effectiveness is in
he order of XAD-7 > XAD-16 > XAD-1180 > XAD-4 and the equilib-
ium sorption was achieved in about 6 h. The adsorption efficiency
nd uptake rates of Ginsenoside onto various resins were compared
nd the highest adsorption efficiency and rate were observed with
AD-7. The optimum adsorbent doses for all the adsorbents were

ound to be 10–15 g L−1 with uniform adsorption at a concentration
f 0.33 g L−1 Ginsenoside. Five different isotherm models provided
y Langmuir, Freundlich, Redlich Peterson, Dubinin Radushkevich
nd Temkin were used to fit the experimental equilibrium data
or sorption of aqueous Ginsenoside onto four different polymeric
dsorbents, XAD-4,7,16 and 1180. The observed profiles of solid
hase concentration of Ginsenoside at equilibrium, onto the resins
gainst the liquid phase concentration Ce, indicate a good fit for
he Langmuir, Freundlich, Redlich Peterson and the Temkin mod-
ls to the experimental data verifying that the adsorption processes
re favourable. The mean free energy of adsorption was estimated
sing the Polanyi Potentiali and the D-R isotherm constants and
ere in the range of 0.04–0.26 kJ mol−1 signifying occurrence of
hysical adsorption. The thermodynamic study conducted on the
ost effective resins XAD-7 and 16, showed that adsorption is char-

cterized by uniform distribution of binding energy. The uptake of
insenoside increases with temperature, the optimum tempera-

ure of adsorption being 298 K. The estimated values of �G◦ confirm
easibility of Ginsenoside adsorption onto XAD-7 and 16 and the
egative values of �S◦ indicates non-spontaneity of the adsorption
rocess. Negative value of �H◦ designates the adsorption process to
e exothermic. The adsorption study also reveals that the diffusion
f the adsorbate into the pores is not the only rate controlling step

nd both film and pore-diffusion play significant role to different
xtent and stages of contact in the sorption process. XAD-7 has sig-
ificant influence of external mass transfer effect in the adsorption
rocess of Ginsenoside.
ring Journal 161 (2010) 34–45

Appendix A. Nomenclature

q amount of solute per unit mass of adsorbent (mg g−1)
qe equilibrium solute phase concentration in adsorbate

(mg g−1)
qt concentration of adsorbate in solid phase at time t

(mg g−1)
qm Langmuir equation constant (mg g−1)
C0 initial liquid phase concentration of solute (mg L−1)
Ce equilibrium solute concentration in liquid (mg L−1)
Cad reduction of adsorbate concentration of solution at equi-

librium (mg L−1)
V volume of the solution (L)
m mass of the adsorbent (g)
KL constant of Langmuir isotherm (mL mg−1)
RL Langmuir dimensionless factor
KF constant of Freundlich isotherm (mln mg(1−n) g−1)
n Freundlich isotherm parameter (dimensionless)
KR Redlich–Peterson isotherm constants (L g−1)
aR Redlich–Peterson parameter (L mg−1)−1/�

ˇ Redlich–Peterson dimensionless parameter
QD Dubinin–Radushkevich isotherm constant (mg g−1)
ε Polanyi Potentiali (kJ mol−1)
BD Dubinin–Radushkevich equation parameter (mol2. kJ−2)
E mean free energy of sorption (kJ mol−1)
KT equilibrium binding constant (L mg−1)
b Temkin isotherm constant (mol kJ−1)
kf rate constant of pseudo-first-order adsorption reaction

(min−1)
t time (h)
T temperature (K)
ks rate constant for pseudo-second-order adsorption reac-

tion (g mg−1 min−1)
Cb initial adsorbate in the liquid phase (mg)
k0 Bangham’s equation parameter (L g−1)
� Bangham’s equation dimensionless parameter
kd intra-particle diffusion rate constant (mg g−1min−½)
De Boyd’s rate constant (m2 s−1)
Ra radius of the spherical adsorbent particle (m)
˛ initial adsorption rate
ω adsorption rate
�H◦ enthalpy of adsorption (kJ mol−1)
�G◦ Gibb’s free energy of adsorption (kJ mol−1)
�S◦ entropy change (J mol−1 K−1)
R universal gas constant (8.314 J mol−1 K−1)
K0 thermodynamic equilibrium constant at temperature T
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