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Adsorption of Zn(II) ions from aqueous environment by surface modifi ed 
Strychnos potatorum seeds, a low cost adsorbent
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The surface modifi ed Strychnos potatorum seeds (SMSP), an agricultural waste has been developed into 
an effective adsorbent for the removal of Zn(II) ions from aqueous environment. The Freundlich model 
provided a better fi t with the experimental data than the Langmuir model as revealed by a high coeffi cient 
of determination values and low error values. The kinetics data fi tted well into the pseudo-second order 
model with the coeffi cient of determination values greater than 0.99. The infl uence of particle diffusion 
and fi lm diffusion in the adsorption process was tested by fi tting the experimental data with intraparticle 
diffusion, Boyd kinetic and Shrinking core models. Desorption experiments were conducted to explore 
the feasibility of regenerating the spent adsorbent and the adsorbed Zn(II) ions from spent SMSP was 
desorbed using 0.3 M HCl with the effi ciency of 93.58%. The results of the present study indicates that 
the SMSP can be successfully employed for the removal of Zn(II) ions from aqueous environment.
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INTRODUCTION

Heavy metals such as lead, copper, cadmium, zinc, 
nickel, etc., are the most important pollutants thro-
ughout the world and many of them are toxic even at 
very low concentration. Among the heavy metals, zinc 
[Zn(II)] is one of the most important heavy metals and 
it is released into the environment from various natural 
and anthropogenic activities, such as acid mine draina-
ge, galvanizing plants, ores and municipal wastewater 
treatments. Zinc ions are not biodegradable and can 
get accumulated easily in the living tissues. Further they 
can get readily absorbed into the human body, through 
the food chain. Higher concentrations of zinc ions can 
cause hazardous effects in plants and animals. Bureau of 
Indian Standards (BIS) has recommended the maximum 
permissible limit for zinc in drinking water as 5 mg/L1. 
A number of treatment technologies are available with a 
varying degree of success to remove heavy metals from 
wastewater. Some of them are chemical precipitation, 
ion exchange, electro-winning, electro-coagulation, 
cementation, solvent extraction, evaporation, reverse 
osmosis and electro-dialysis. However, most of them 
require substantial fi nancial input initially, and their use 
is restricted because of the operational cost overriding 
the importance of water pollution control. However, 
these methods are either expensive or ineffi cient, when 
heavy metals exist in low concentrations2. And also they 
have several disadvantages that include incomplete me-
tal ions removal, high reagent and energy requirements 
and generation of toxic sludge or other waste products 
that require proper disposal and further treatment. So, 
it is important to fi nd new treatment technologies for 
the removal of heavy metals from wastewater. In the 
present day scenario, adsorption is proven to be one of 
the simplest and most effective treatment technologies 
for the treatment of  wastewater containing heavy me-
tal ions3–6. Activated carbon has undoubtedly been the 
most popular and widely used adsorbent in wastewater 
treatment throughout the world. In spite of the abundant 
uses of activated carbon, its applications are sometimes 
restricted due to their high cost. Therefore, researchers 

are on the lookout for low-cost materials for water 
pollution control, particularly, where the cost factor 
plays a major role. For quite some time, efforts have 
been directed towards the development of alternative 
adsorbents which are effi cient and cheap. They can be 
prepared from a wide variety of raw materials, which 
are abundant and possess high organic (carbon) content, 
low inorganic content and can be easily activated. Some 
of the low cost materials reported for the removal of 
zinc ions from the aqueous media are given as: cashew 
nut shell, maize husk (EDTA modifi ed), sulphuric acid 
treated cashew nut shell, activated carbon from bagasse, 
xanthate modifi ed magnetic chitosan, orange peel, rice 
bran, peat, coir, barely straw, Azadirachta indica bark, 
bagasse fl y ash, physic seed hull, lignin, olive mill residue, 
banana peel, cork biomass, lignocellulosic substrate, etc.

The objective of the present study is to prepare an 
adsorbent by modifying the Strychnos potatorum seeds 
with the concentrated sulphuric acid, and apply it to 
remove the Zn(II) ions from aqueous solutions. The 
adsorption behaviours of the surface modifi ed Strychnos 
potatorum seeds (SMSP) for Zn(II) ions are analyzed by 
fi tting the experimental data in Langmuir and Freundlich 
adsorption isotherm models. To further investigate the 
adsorption behaviours, kinetic data obtained are also 
tested using the pseudo-fi rst order, pseudo-second order, 
intraparticle diffusion, Boyd kinetic and shrinking core 
models. Desorption studies were also carried out to check 
the regeneration ability of the adsorbent.

EXPERIMENTAL

Materials and instrument  
Strychnos potatorum seeds in the present studies for 

making adsorbent were collected from Pudukkottai 
District, Tamilnadu, India. The collected seeds were 
washed with double distilled water to remove the 
impurities and then it was dried under sun. The dried 
materials were ground into a fine powder using mixer 
grinder. The powdered seeds were then treated with 
concentrated sulphuric acid in a ratio of 2 : 1 (acid : 
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seeds) and this system was kept for about 24 h. The 
excess acid present in the system was removed by 
washing the material with the double distilled water 
until the pH of the solutions remained constant (pH 
= 7.0). Finally, the materials were dried in hot air 
oven at 80oC for 3 h, cooled, ground and sieved in the 
size of 0.354 mm and stored in airtight plastic box for 
further use. The prepared material was abbreviated as 
surface modifi ed Strychnos potatorum seeds (SMSP) and 
this material was used as an adsorbent for the removal 
of Zn(II) ions from the aqueous solution. The FTIR and 
SEM analyses of the unmodifi ed and modifi ed Strychnos 
potatorum seeds were already discussed in our previous 
research work7. Aqueous solution of Zn(II) ions was 
prepared (500 mg/L) by dissolving the required quantity 
of ZnSO4

.7H2O salt (Merck Chemicals, India) in double 
distilled water. The aqueous solution was diluted with 
double distilled water to obtain the Zn(II) ions synthetic 
wastewater of desired concentrations. The pH of the 
solution was adjusted to the required value with 0.1 N 
NaOH or 0.1 N HCl. The pH of solution was measured 
with a Hanna pH meter using a combined glass electrode 
(HI 98107, Hanna Equipments Private Limited, Mumbai, 
India). The concentration of Zn(II) ions in the solutions 
was measured by SL176 Atomic absorption spectrometer, 
AAS (Elico, India).

Batch adsorption experiments
Batch adsorption experiments were performed using 

0.40 g of SMSP with 100 mL of Zn(II) ions solution 
of known concentrations (100–500 mg/L) in 100 mL 
stoppered conical fl asks, at an optimum solution pH 
of 5.0 and at the temperature of 30oC. The mixtures 
of SMSP and the Zn(II) ions solution were shaken in 
an orbital incubation shaker (Royal Testing Equipment, 
Chennai, India) at 180 rpm. After the target contact time 
was reached, the suspensions were centrifuged (5000 
rpm, R-24 REMI Centrifuge, India) to separate the 
spent adsorbent and supernatant. The supernatant was 
analyzed for Zn(II) ions using an AAS. All the batch 
adsorption experiments were carried out in duplicates. 
The percentage removal of Zn(II) ions was calculated 
by the following expression:

% Removal =   (1)

where Ci and Cf are the initial and fi nal Zn(II) ions 
concentrations in the solution (mg/L), respectively. The 
amount of adsorbed Zn(II) ions by the SMSP at equili-
brium, qe (mg/g), was calculated by using the following 
expression:

 
(2)

where Ce is the concentration of Zn(II) ions in the solu-
tion at equilibrium (mg/L), V is the volume of Zn(II) ions 
solution (liter) and m is the mass of the SMSP (g). The 
amount of Zn(II) ions adsorbed onto the SMSP at time 
t, qt (mg/g), was estimated by the following expression:

 (3)

where Ct is the concentration of Zn(II) ions in the 
solution at time t (mg/L), V is the volume of Zn(II) 
ions solution (liter) and m is the mass of the SMSP (g). 

Batch desorption experiments 
Batch desorption of Zn(II) ions from the spent SMSP 

was conducted with varying concentrations of a HCl 
solution (0.1–0.35 M). 0.30 g of spent SMSP was trans-
ferred to stoppered conical fl asks containing 100 mL 
of the HCl solution. The bottles were shaken at 30oC 
in a rotary shaker. The adsorbent was then removed 
by fi ltration. The concentrations of Zn(II) ions in the 
aqueous solutions were determined by using the AAS, 
to evaluate the extent of desorption.

RESULTS AND DISCUSSION

Adsorption isotherms
The effect of initial Zn(II) ions concentration on the 

removal of Zn(II) ions by SMSP is shown in Fig. 1. It 
can be seen that the removal percentage of Zn(II) ions 
was decreased with the increase in initial Zn(II) ion 
concentration. At lower Zn(II) ions concentration, Zn(II) 
ions in the solution would interact with the active sites 
of the SMSP and thus facilitated maximum adsorption. 
At higher Zn(II) ions concentration, many Zn(II) ions 
leave adsorbent due to the saturation of the active si-
tes of the SMSP. This suggested that energetically less 
favourable active sites become involved with increase in 
concentration of Zn(II) ions in the solution.

The Langmuir8 and Freundlich9 adsorption isotherm 
models were employed to fi t the data observed from 
the effect of initial Zn(II) ions concentration studies. 
The non-linear form of Langmuir adsorption isotherm 
model is given as follows: 

eL

eLm
e CK1

CKq
q


  (4)

and the separation parameter from the Langmuir equ-
ation is given as follows:

oL
L CK1

1R


  (5)

Figure 1.  Effect of initial Zn(II) ions concentration on the 
adsorption of Zn(II) ions onto the SMSP (Zn(II) 
ions concentration = 100–500 mg/L, pH = 5.0, 
SMSP dose = 0.4 g, volume of sample = 100 mL,  
equilibrium time = 30 min and temperature 30oC)
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The non-linear form of Freundlich adsorption isotherm 
model is given as follows: 

n
1
eFe CKq   (6)

where qe (mg/g) and Ce (mg/L) are the amount of Zn(II) 
ions adsorbed onto the SMSP and the concentration of 
Zn(II) ions in solution at equilibrium, respectively; qm 
is the maximum monolayer adsorption capacity of the 
SMSP for the Zn(II) ions (mg/g), KL is the Langmuir 
constant related to the affi nity of the Zn(II) ions to the 
SMSP (L/mg), Co is the initial concentration of Zn(II) 
ions in the solution (mg/L), KF is the Freundlich constant 
((mg/g)(L/mg)(1/n)) related to the adsorption capacity and 
1/n is the Freundlich exponent related to the adsorption 
intensity (L/g)2–7.

The adsorption isotherm parameters, error values 
(SSE, Sum of Squared Error and RMSE, Root Mean 
Squared Error) and coeffi cient of determination (R2) 
values were calculated from the plot of Ce versus qe 
(Fig. 1 (b)) and the values were given in the Table 1. 
As seen from the Table 1, the Freundlich adsorption 
isotherm model is able to provide a better fi t to the 
experimental data than the Langmuir adsorption isotherm 
model. This indicates that the adsorption of Zn(II) ions 
onto the SMSP is a multilayer adsorption process. The 
parameter, 1/n, in the Freundlich model is related to 
the intensity of adsorption, and the values of n in the 
range of 1–10 showed favourable adsorption process10. 
Table 1 indicates that the SMSP have higher affi nity and 
adsorption capacity for Zn(II) ions. The parameters of 
Langmuir isotherm were found to be: qm value of 98.75 
mg/g and KL value of 0.092 (L/mg). The values of sepa-
ration parameter, RL, were calculated by the above Eq. 
(5) and the values are in the range of 0.098–0.021 for 
an initial Zn(II) ions concentration of 100–500 mg/L, 
respectively. The calculated RL values are in the range 
of 0–1, indicates the favourable adsorption process11. 
The maximum monolayer adsorption capacity (qm) of the 
SMSP was compared with the other adsorbents in order 
to evaluate the effi ciency of the SMSP in the removal 
of Zn(II) ions. Table 2 contains the qm values of the 
different adsorbents for the adsorption of Zn(II) ions 
from the aqueous solution. The qm value of the SMSP for 
Zn(II) ions removal was higher than that of the majority 
of adsorbents listed in the Table 2. Therefore, it can be 
identifi ed that the SMSP has adequate potential for the 
adsorption of Zn(II) ions from the aqueous solutions.

Adsorption kinetics
Figure 2 (a) illustrates the effect of contact time on 

the removal of Zn(II) ions from aqueous solution using 
SMSP. This result revealed that the adsorption of Zn(II) 
ions is fast and the equilibrium was reached by 30 min 
of contact time. The results shows that the removal of 

Zn(II) ions increases with increasing contact time. From 
the results, it was observed that the removal of Zn(II) 
ions increased very rapidly at initial stage of contact time. 
However, after this contact time, the rate of adsorption 
decreased and became slower near the equilibrium 
condition. This may be due to the saturation of Zn(II) 
ions adsorption by the functional groups present in the 
SMSP surface, while the remaining Zn(II) ions were 
adsorbed by the pores of the SMSP inside the surface 
of the adsorbent. This phenomenon occurred due to 
the presence of large number of pores and vacant sites 
on the SMSP surface. Therefore, the higher removal of 
Zn(II) ions by the SMSP was observed at the initial sta-
ges of adsorption process. After certain time, the vacant 
sites get decreased and the Zn(II) ions were diffi cult to 
occupy due to the repulsive forces between the Zn(II) 
ions and the SMSP surfaces.

The different kinetic models have been applied to 
explain the removal of metal ions from the aqueous 
solution, whereas the most often used are Lagergren 
pseudo-fi rst order12 and pseudo-second order13 kinetic 
equations. For the evaluation of the adsorption kinetics 
of Zn(II) ions, the adsorption kinetic data were applied 
to the pseudo-fi rst order and pseudo-second order ki-
netic equations. 

The pseudo-fi rst order kinetic model assumes that the 
rate of change of the solute uptake to be proportional 
to the difference in the saturation concentration and the 
amount solid uptake with the time, i.e. the rate of occu-
pation of adsorption sites is proportional to the number 

Figure 2.  Adsorption isotherms for the removal of Zn(II) ions 
by SMSP (Zn(II) ions concentration = 100–500 
mg/L, pH = 5.0, SMSP dose = 0.4 g, volume of 
sample = 100 mL, equilibrium time = 30 min and 
temperature 30oC)

Table 1.  Langmuir and Freundlich isotherm constants for Zn(II) ions adsorption onto the SMSP
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of unoccupied sites. The linear form of the pseudo-fi rst 
order kinetic model is given by the following expression: 

 (7)

where qe is the equilibrium adsorption capacity (mg/g), 
qt is the adsorption capacity at time t (mg/g), k1 is the 
pseudo-fi rst order rate constant (min-1) and t is the time 
(min). The pseudo-fi rst order kinetic parameters can 
be calculated from the slope and intercept of the plot 
log(qe–qt) versus time (Fig. 2 (b)) and the values were 
listed in Table 2. 

The pseudo-second order kinetic model assumes that 
the rate of occupation of adsorption sites is proportional 
to the square of the number of unoccupied sites. The 
non-linear form of the pseudo-second order kinetic model 
is given by the following expression:  

 
(8)

where k2 is the pseudo-second order rate constant (g/
mg.min) and h = k2.qe

2, is the initial adsorption rate (mg 
g-1 min-1). The pseudo-second order kinetic parameters 
can be calculated from the slope and intercept of the 
plot t/qt versus time (Fig. 2 (c)) and the values were 
listed in Table 2. The pseudo-second order kinetic plots 
shows a higher coeffi cient of determination values (R2) 
and better conformity with the pseudo-second order 
kinetic model. The R2 values for the pseudo-second 
order kinetic model are greater than 0.996 at optimum 
conditions. The calculated values of qe from the pseu-
do-second order kinetic model are much closer to the 

 (9)

where qt is the amount of Zn(II) ions adsorbed onto the 
SMSP at time t (mg/g), kp is the intraparticle diffusion 
constant (mg/g min0.5), t is the time (min) and C is the 
intercept. The values of kp and C were calculated from 
the slope and intercept of the plot of qt versus square 
root of time (Fig. 3 (a)) and the values are listed in 
Table 3. If this plot passes through the origin then the 
intraparticle diffusion is the rate controlling step. But, 
the linear portion of the plot did not pass through the 
origin. This deviation from the origin may be due to the 
difference in rate of mass transfer in the initial and fi nal 
stages of adsorption. This is the indicative of some degree 
of fi lm diffusion controls the adsorption process. This 
was further confi rming that the intraparticle diffusion is 
not only the rate-limiting step but also may be the rate 
of adsorption or all may be playing simultaneously. The 
infl uence of mass transfer in the removal of Zn(II) ions 
using SMSP was also checked with the help of Boyd 
kinetic plot.

Table 2. Comparison of maximum monolayer adsorption ca-
pacity of SMSP for Zn(II) ions with other adsorbents

Figure 3.  Adsorption kinetics for the removal of Zn(II) ions by 
SMSP (Zn(II) ions concentration = 100–500 mg/L, 
pH = 5.0, SMSP dose = 0.4 g, volume of sample 
= 100 mL,  and temperature 30oC)

experimental qe values than that of pseudo-fi rst order 
kinetic model. So the adsorption of Zn(II) ions onto 
the SMSP in this study was better fi tted to the pseudo-
-second order kinetic model. 

Adsorption mechanism
The intraparticle diffusion model14, Boyd kinetic mo-

del15 and shrinking core model16 were plotted in order 
to verify the infl uence of mass transfer resistance on the 
adsorption of Zn(II) ions onto the SMSP. The possibility 
of the particle diffusion resistance affects the adsorption 
of Zn(II) ions onto the SMSP was explored using the 
intraparticle diffusion model as follows: 
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Table 3.  Pseudo-fi rst order and pseudo-second order kinetic constants for Zn(II) ions adsorption onto the SMSP

Figure 4.  Adsorption mechanism for the removal of Zn(II) 
ions by SMSP (Zn(II) ions concentration = 100–500 
mg/L, pH = 5.0, SMSP dose = 0.4 g, volume of 
sample = 100 mL, and temperature 30oC)

Table 4.  Intraparticle diffusion, Boyd kinetic and SCM Model for Zn(II) ions adsorption onto the SMSP

The adsorption kinetic data was applied to the Boyd 
kinetic plot to know the actual slowest step in the ad-
sorption process and the results were presented in the 
Fig. 3 (b). The Boyd kinetic equation is given by the 
following relationship:

  (10) 

The Eq.(10) can be modifi ed into the following form:
 (11)

where qe is the amount of Zn(II) ions adsorbed onto 
the SMSP at equilibrium (mg/g), qt is the amount of 
Zn(II) ions adsorbed onto the SMSP at time t, F is 
the fraction of Zn(II) ions adsorbed at any time t, 
and Bt is a mathematical function of F. If the plot of 
[–0.4977–ln(1–F)] versus time is linear and pass through 
the origin then the actual slowest step or rate controlling 
step in the adsorption of Zn(II) ions onto the SMSP is 
the intraparticle diffusion.  But, it can be seen from the 
Fig. 3(b) that the plots were appeared to be linear but 
did not pass through the origin. This suggests that the 
adsorption of Zn(II) ions onto the SMSP was actually 
controlled by fi lm diffusion. The effective diffusion coef-
fi cient, Di (m2/s) values was estimated using the following 
relationship and the values are listed in Table 3:

 (12)

where Di is the effective diffusion coeffi cient and r is 
the radius of the SMSP particles.

The adsorption kinetics data was further applied to 
the shrinking core model and the results were presen-
ted in Fig. 3 (c). The overall rate for the adsorption of 
adsorbate onto the adsorbent (diffusion plus reaction) 
depends primarily on the diffusivity. The kinetic models 
have been developed to calculate the mass transfer 
characteristic parameters in the adsorption process. This 
kinetic model was applied to the fl uid-particle chemical 
reactions by Levenspiel16. If the process is controlled 
by the fi lm diffusion then the extent of the adsorption 
process is a function of time and it is given by the fol-
lowing expression: 

 (13)

If the fi lm diffusion is the rate controlling step in the 
adsorption process then the plot of X versus α should 
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produce a straight-line. If the process is controlled by 
the diffusion through the reacted shell (particle diffusion 
control) then the kinetic model is given by the following 
expression: 

 (14)

For the particle diffusion control, a plot of F(X) ver-
sus α gave a straight-line (Fig. 3 (c)) and the diffusivity 
values can be calculated from the following expression 
and the values are listed in Table 3: 

 (15)

where

 (16)

 (17)

where Co is the initial Zn(II) ions concentration (mg/L), 
Co is the average Zn(II) ions binding site density of the 
SMSP (mg/L), C is the fi nal Zn(II) ions concentration 
(mg/L), Ceq is the concentration of Zn(II) ions at equ-
ilibrium (mg/L), δ is the fi lm thickness (mm), D is the 
diffusion coeffi cient (m2/s) and R is the radius of the 
adsorbent particle (m).

Effect of solution pH
One of the most important operating parameters 

which affect the adsorption of metal ions onto the ad-
sorbent surface is acidity of the solution. The effect of 
solution pH on the adsorption of Zn(II) ions onto the 
SMSP was studied at pH 2.0–7.0 for initial Zn(II) ion 
concentration of 100 mg/L solution. The results of the 
pH studies were presented in Fig. 5. It was observed 
from the Fig. 5, the percentage removal of Zn(II) ions 
was increased with the increase in solution pH and it 
reaches the maximum value of 99.444% at a pH of 5.0 
and then declined with further increase in pH. At low 
pH, the adsorption of Zn(II) ions is very low because 
the large quantity of hydronium ions competes with the 
Zn(II) ions to the adsorption sites of the adsorbent. 
The decrease in the removal of Zn(II) ions at higher 

pH may be due to the formation of insoluble hydroxide 
precipitation from solution which makes the true Zn(II) 
ions adsorption studies impossible. From the results, 
it was observed that the optimum solution pH for the 
present adsorption system was 5.0.

Batch desorption experiments
Both incineration and land disposal methods are the 

most important method for the disposal of the spent 
adsorbent. However, both of these methods produce 
either direct or indirect impacts over the environment. 
The application of the thermal activation method to 
regenerate the spent adsorbent would require more 
energy and 5–10% adsorbent loss in each cycle. If the 
regeneration of Zn(II) ions from the spent SMSP is 
possible, it would not only protect the environment, but 
also help recycle the Zn(II) ions and SMSP, and hence, 
contribute to the economy of wastewater treatment. 
Desorption studies help in elucidating the adsorption 
mechanism of the removal of Zn(II) ions from the 
aqueous solution using the SMSP and the recovery 
of Zn(II) ions from the spent SMSP and the aqueous 
solution. Hence, desorption studies were tried through 
chemical regeneration for the spent SMSP. The results 
of the desorption studies indicates that the percentage 
recovery of Zn(II) ions was increased with the increase 
in the concentration of HCl solution from 0.1 M to 0.35 
M and it reaches a constant value (93.58%) with the 
0.30 M HCl for spent SMSP.

CONCLUSIONS

The adsorption experimental investigation concluded 
that the surface modifi ed Strychnos potatorum seeds 
(SMSP) could be used as a adsorbent for the removal of 
Zn(II) ions from aqueous environment. The adsorption 
equilibrium data best fi tted the Freundlich adsorption 
isotherm model. The maximum monolayer adsorption 
capacity of the SMSP for the removal of Zn(II) ions was 
found to be 98.75 mg/g at an optimum pH of 5.0. The 
adsorption kinetics revealed that the adsorption process 
followed the pseudo-second order kinetic model. The 
particle diffusion and fi lm diffusion  played an important 
role in controlling the adsorption of Zn(II) ions onto the 
SMSP and this was identifi ed by fi tting the adsorption 
kinetic data with the intraparticle diffusion, Boyd kinetic 
and Shrinking Core Models. The reusability of the SMSP 
was found to be good without any considerable loss in 
adsorption capacity during the cycles of desorption.  
From the results, it was observed that the SMSP can 
be used as an alternative adsorbent for the removal of 
Zn(II) ions from the aqueous solution.
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