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ABSTRACT

A new low-cost adsorbent such as sulphuric acid modified Strychnos potatorum seeds
(SMSP) was employed for the removal of toxic Cr(VI) ions from aqueous solution in batch
and column modes. Results showed that the removal of Cr(VI) ions could be effectively
removed with the SMSP in batch operation. Adsorption of Cr(VI) ions onto SMSP followed
the pseudo-first-order and Redlich–Peterson models in batch operation and Thomas model
in column operation. Adsorption was more favourable at acidic pH of 2.0 with the
maximum monolayer adsorption capacity of 202.7 mg/g. NaOH was a better desorbing
agent with the recovery of 93.245% of Cr(VI) ions. Column studies were optimized with
various parameters such as bed height (2–10 cm), Cr(VI) ions concentration (50–250 mg/L)
and flow rate (5–25 mL/min). According to the fact that SMSP-based adsorption process
could be a promising technology for the removal of Cr(VI) ions from wastewaters.
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1. Introduction

The chromium finds many applications in indus-
trial processes such as leather tanning, electroplating,
steel fabrication, mining, paper, paints and pigments,
dye manufacturing, aluminium conversion coating
operations, inorganic chemical industries, wood
preservative treatment and petroleum refining pro-
cesses [1–5]. The wastewater from these industries
mainly consists of the large amounts of chromium
ions. If these chromium ions are not properly treated,

then it causes serious pollution effects to the living
environment, because, hexavalent chromium [Cr(VI)]
is considered as a highly toxic, carcinogenic and
mutanogenic [6–12]. The maximum permissible limit
of Cr(VI) ions in drinking water as given by Bureau of
Indian Standards (BIS) is 0.05 mg/L [13]. Therefore,
the removal of these chromium ions from the water/
wastewater is highly important.

The different traditional techniques were available
for the removal of Cr(VI) ions from the wastewater
which includes the chemical precipitation, filtration,
electrodeposition, membrane process, ion exchange
and adsorption processes. The chemical precipitation
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and chemical reduction process produces waste sludge
which requires additional treatment techniques for its
disposal. These processes require large number of
chemicals and which is not able to completely remove
the Cr(VI) ions from the wastewater because of the
structure of the precipitates. The membrane process for
the removal of Cr(VI) ions from the wastewater which
leads to the major problems such as membrane scaling
and fouling. The major drawback of the electrodeposi-
tion method is more energy intensive than the other
treatment methodologies. The main disadvantage of
the ion exchange process for the treatment of Cr(VI)
ions containing wastewater is due to the high cost of
the resin materials. Among these techniques, the
adsorption process was shown to be an economic, effi-
cient and simple operation [14–24]. Activated carbon
adsorption has been proven to be the most widely and
effective adsorbents for the removal of heavy metals
from the water/wastewater. Its adsorption properties
are mainly owing to the high surface area, high poros-
ity, high mechanical strength and high degree of
surface reactivity. Its application was restricted because
of the high cost and which is difficult to recover after
the treatment. To overcome these problems, the
researchers are mainly focussed on the maximum
removal of Cr(VI) ions by the low-cost materials which
are mostly cheap and plentiful. The preparation of new
and effective low-cost adsorbent is more essential for
the removal of Cr(VI) ions from the water/wastewater.
A number of low-cost adsorbent materials have already
been used to remove the Cr(VI) ions from the wastewa-
ter which includes agricultural biowaste [25], rice straw
[26], green alga [27], banana peel [28], palm flower [29],
chitosan [30–32], Aspergillus niger [33], pine saw dust
[34], saw dust [35,36], grape waste [37], wheat bran
[38], fungi [39], peat [40], bentonite [41] and boehmite
[41]. However, the adsorption capacity of the natural
adsorbents for the removal of Cr(VI) ions was relatively
low and also the regeneration ability of the natural
adsorbents was found to be poor. Therefore, the adsor-
bent materials with strong affinity and higher adsorp-
tion capacity for the Cr(VI) ions have been synthesized
by modifying the natural materials with various
organic compounds which includes sulphuric acid [42],
surfactant [43] and silane coupling agent [44–46].

In this research, the raw Strychnos potatorum (RSP)
seed powders were first applied for the removal of Cr
(VI) ions from the aqueous solution. The adsorption
capacity of the RSP is relatively low as compared with
the other natural materials. Therefore, there is a need
to improve the adsorption capacity of the adsorbent
for the removal of Cr(VI) ions using the sulphuric acid
as a modifying agent. The first main objective of the
present research was to develop a new low-cost

adsorbent such as sulphuric acid modified S. potatorum
seeds (SMSP) towards to remove the Cr(VI) ions from
the aqueous solution. The adsorption system was opti-
mized by controlling the operating parameters such as
adsorbent dose, temperature, initial Cr(VI) ions
concentration, solution pH, and time for the maximum
removal of Cr(VI) ions in a batch mode operation. The
influence of effect of different salts on the removal of
Cr(VI) ions was investigated. The adsorption
equilibrium and kinetic data for the removal of Cr(VI)
ions by the adsorbents were analysed to investigate the
adsorption thermodynamics, isotherms and kinetics in
order to understand the dynamics of the adsorption
process and also to predict the adsorption mechanism.
The desorption of the Cr(VI) ions from the spent SMSP
was recovered with the different desorbents. The sec-
ond main objective of the present research was to
check the efficiency of the SMSP bed column for the
removal of Cr(VI) ions from the aqueous solution
through continuous adsorption system. The effect of
different column operating parameters such as bed
height, initial Cr(VI) ions concentration and flow rate
were investigated using a laboratory scale packed-bed
column. The removal efficiency curves for the adsorp-
tion of Cr(VI) ions onto SMSP were analysed, and the
Thomas and bed depth service time (BDST) models
were also analysed to study the dynamic behaviour of
the adsorption column.

2. Materials and methods

2.1. Chemicals and instruments

A stock solution of Cr(VI) ion concentrations (50
and 500 mg/L) was prepared by dissolving the mea-
sured amount of potassium dichromate (K2Cr2O7) salt
in a double-distilled water. This stock solution was
diluted with double-distilled water to prepare the
desired experimental Cr(VI) ions solution concentra-
tion. All the chemicals used throughout the experimen-
tal studies were of analytical grade. The solutions of
0.1N NaOH and 0.1N HCl were used to adjust the pH
of the experimental solutions (pH meter, Elico Model,
India). All the glassware was rinsed with 0.1N HCl
solutions, and then, it was washed with double-distilled
water to remove the adsorbed metal ions on the glass
wall. The concentration of the Cr(VI) ions in the solu-
tion was measured using atomic absorption spectrome-
ter (AAS, SL176 Model, Elico Limited, Chennai, India).

2.2. SMSP preparation

The S. potatorum seeds were collected from the
Pudukkottai District, Tamilnadu, India, to prepare
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the surface modified S. potatorum seeds using concen-
trated sulphuric acid (dehydration process). The
collected seeds were washed with adequate tap water
to remove the impurities. The washed materials were
dried in sunlight, and then, this was made into
powder using conventional mixer grinder. The
prepared materials were abbreviated as raw S. potato-
rum seeds (RSP). The required amounts (say 25 g) of
dried RSP were treated with the required amount
of concentrated sulphuric acid of 16 mol/L (1:2
ratio of RSP to acid) to increase the adsorption proper-
ties of the adsorbent, and this reaction mixtures were
kept in a dark room for about 24 h. The excess acid
present in the reaction mixtures was removed by
repeated washing with double-distilled water until the
supernatant pH reached the value of 7.0. The collected
wet solid materials were completely dried at 80˚C in
the hot-air oven. The dried solid materials were
ground into a fine powder using conventional mixer
grinder, and then, it was sieved to obtain the average
particle size of 0.354 mm. This prepared material was
abbreviated as sulphuric modified S. potatorum seeds
(SMSP), and this material was utilized as an adsorbent
for the removal of Cr(VI) ions from the aqueous
solution.

2.3. Scanning electron microscopic (SEM) analysis

The surface morphology of the RES and SMES was
measured using a Quanta 200 FEG scanning electron
microscope at an accelerating voltage of 30 kV and
with the working distance of 100 μm was used.

2.4. Point of zero charge (PZC) measurement

The measured amount of SMSP (2.5 g) was placed
in a 50-mL conical flask along with 25 mL of
double-distilled water. This mixture was agitated in a
temperature-controlled incubation shaker, and the pH
of the solution was tested continuously until a
constant pH value was obtained. The PZC of the
adsorbent was calculated by mass titration method
suggested by Noh and Schwas [47]. The different
initial solution pH (2.0–10.0) was prepared using
0.1N NaOH and 0.1N HCl. The five conical flasks of
50 mL capacities were filled with 15 mL of the differ-
ent pH solution and with the different amounts of
SMSP (0.1–5%). The mixtures were agitated in a
temperature-controlled incubation shaker for about
24 h, and the equilibrium pH was measured and
which was plotted against mass fraction. The PZC of
the SMSP is the point at which the change of the pH
is zero.

2.5. Batch adsorption methods

Batch adsorption methods were carried out for the
removal of Cr(VI) ions from the aqueous solution
using RSP and SMSP, as an adsorbents. Based on the
batch adsorption results, the efficient adsorbent will
be tested for the column adsorption methods. Batch
adsorption experiments were performed in a stop-
pered conical flask agitated in a temperature-
controlled incubation shaker (180 rpm) at different
adsorbent dose (0.5–4.0 g/L), different temperatures
(30–60˚C), different contact time (0–90 min), different
pH values (2.0–4.0) and at different initial Cr(VI) ion
concentrations (5–500 mg/L) to optimize the adsorp-
tion process parameters to get the maximum removal
of Cr(VI) ions. An aqueous solution with a volume of
100 mL of known Cr(VI) ion concentration was taken
in the 100 mL of a stoppered conical flask along with
the measured amount of adsorbent dose. This adsorp-
tion system was kept in a temperature-controlled
incubation shaker at 180 rpm. The samples were
carried out at an appropriate time intervals, and then,
the supernatant/spent adsorbent was separated using
centrifugation operation. The residual concentration of
Cr(VI) ions in the solution was measured using AAS.
The removal of Cr(VI) ions from the aqueous solution
for the known initial Cr(VI) ions concentration was
calculated by the following relationship:

% Removal ¼ C0 � Ce

C0
� 100 (1)

where C0 and Ce are the initial and final or equilib-
rium Cr(VI) ions concentrations (mg/L), respectively.

2.5.1. Batch thermodynamic studies

In this adsorption experimental study, the aqueous
solution temperature was varied from 30 to 60˚C in
order to estimate the thermodynamic parameters. The
experiments were carried out in series of 100-mL
stoppered conical flasks at different temperatures in a
temperature-controlled incubation shaker. The samples
were withdrawn at specific time intervals, and then, it
was analysed for the measurement of Cr(VI) ions con-
centration in the solution using AAS. Adsorption
thermodynamics are essential to estimate whether the
process is a spontaneous or not and also to check the
process is an exothermic or an endothermic. The nega-
tive value of Gibb’s free energy (ΔG˚) indicates the
adsorption process is a spontaneous in nature of
adsorption. The adsorption thermodynamic parame-
ters such as Gibb’s free energy (ΔG˚), enthalpy change
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(ΔH˚) and entropy change (ΔS˚) were evaluated from
the following equation:

DG ¼ �RT ln
CAe

Ce

� �
(2)

log
CAe

Ce

� �
¼ DS

2:303R
� DH
2:303RT

(3)

where R is the gas constant (8.314 J/mol/K), T is the
temperature (K), CAe is the amount of Cr(VI) ions
adsorbed onto the adsorbent per L of solution at equi-
librium (mg/L), and Ce is the equilibrium concentra-
tion of Cr(VI) ions in the solution (mg/L).

2.5.2. Batch equilibrium studies

It is most important to predict the best adsorption
isotherm equation for the equilibrium curve to opti-
mize the design of a batch adsorption system. The
removal of the metal ions from the aqueous solution
by the adsorbent highly depends on the initial solu-
tion pH of the adsorption system. The influence of
solution pH on the removal of Cr(VI) ions was studied
by applying the adsorption equilibrium data to the
different adsorption isotherm models. In the adsorp-
tion isotherm experimental study, the aqueous solu-
tion pH was varied from 2.0 to 4.0 in order to check
the influence of the solution pH on the removal of Cr
(VI) ions. The adsorption isotherm experiments were
carried out in series of 100 mL stoppered conical flasks
at different pH values for the different initial Cr(VI)
ions concentration in a temperature-controlled incuba-
tion shaker. The samples were withdrawn from the
adsorption system after the system was reached equi-
librium time. The adsorption mixtures were separated
by centrifugation operation, and then, the supernatant
was analysed for the residual concentration of Cr(VI)
ions in the solution using AAS. The amount of Cr(VI)
ions adsorbed onto the SMSP at equilibrium time, qe
(mg/g), was calculated by the following equation:

qe ¼ ðCo � CeÞV
m

(4)

where qe is the equilibrium adsorption capacity
(mg/g), V is the volume of Cr(VI) ions solution, and
m is the mass of adsorbent (g).

In this study, the two-parameter (Langmuir [48]
and Freundlich [49]) and the three-parameter (Redlich–
Peterson [50] and Sips [51]) adsorption isotherm

models were applied to fit the adsorption equilibrium
data. The non-linear regression analysis was per-
formed to estimate the parameters, R2 and error values
using MATLAB R2009a software. The results of the
analysis can able to predict the best adsorption
isotherm models for the obtained equilibrium curve.

Langmuir model [48]:

qe ¼ qmKLCe

1þ KLCe
(5)

where qm is the maximum monolayer adsorption
capacity of the adsorbent (mg/g), and KL is the Lang-
muir constant related to the affinity of the Cr(VI) ions
to the adsorbent (L/mg).

Freundlich model [49]:

qe ¼ KFC
1=n
e (6)

where KF is the Freundlich constant ((mg/g)(L/mg)(1/n))
related to the bonding energy, n is a measure of the
deviation from linearity of adsorption (g/L). The signifi-
cance of “n” is as follows: n = 1 (linear); n < 1 (chemical
process); n > 1 (physical process).

Redlich–Peterson model [50]:

qe ¼ KRPCe

1þ aRPC
bRP
e

(7)

where KRP is Redlich–Peterson isotherm constant
(L/g), αRP is Redlich–Peterson isotherm constant
(L/mg)1/βRP, and βRP is the exponent which lies
between 0 and 1. The importance of “β” is as follows:
β = 1 (Langmuir adsorption isotherm model is a
preferable adsorption isotherm model); β = 0
(Freundlich adsorption isotherm model is a preferable
adsorption isotherm model).

Sips model [51]:

qe ¼ KSC
bS
e

1þ aSC
1=bS
e

(8)

where KS is the Sips model constant (L/g)βs, αS is the
Sips isotherm constant (L/g)1/βs, and βS is the Sips
model exponent. The constant βS is often considered
as the heterogeneity factor. The significance of βS is as
follows: βS > 1 (heterogeneous adsorption system);
βS = 1 (a material with relatively homogenous binding
sites). For βS = 1, the Sips model reduces to the
Langmuir model equation.

12588 K. Anbalagan et al. / Desalination and Water Treatment 57 (2016) 12585–12607



2.5.3. Batch kinetic studies

The adsorption kinetic studies were performed in a
series of stoppered conical flasks with 100 mL of
known concentration of Cr(VI) ions solutions along
with the adsorbents (RSP and SMSP) and by varying
the contact time from 10 to 90 min, while keeping the
other operating parameters (adsorbent dosage, solu-
tion pH, different initial Cr(VI) ions concentration and
temperature) constant. The adsorption mixtures were
then agitated in a temperature-controlled incubation
shaker at 180 rpm. At predetermined time interval, the
samples were withdrawn and it was analysed for the
measurement of Cr(VI) ions using AAS. The amount
of Cr(VI) ions adsorbed onto the SMSP at different
time intervals, qt (mg/g), was calculated using the
following equation:

qt ¼ ðCo � CtÞV
m

(9)

where qt is the amount of Cr(VI) ions adsorbed onto
the adsorbent at any time t (mg/g), Ct is the
concentration of the Cr(VI) ions measured at any time
t (mg/L), V is the volume of the Cr(VI) ions solution
(L), and m is the mass of the biosorbent (g).

In order to evaluate the rate of adsorption and the
rate-controlling mechanism in the removal of Cr(VI)
ions by the adsorbents (RSP and SMSP), the
adsorption kinetic data were modelled using pseudo-
first-order, pseudo-second-order, and Elovich kinetic
models.

Pseudo-first-order kinetic model [52]:

qt ¼ qeð1� expð�k1tÞÞ (10)

where k1 is the pseudo-first-order kinetic rate constant
(min−1), and t is the time (min).

Pseudo-second-order kinetic model [53]:

qt ¼ q2ek2t

1þ qek2t
(11)

where k2 is the pseudo-second-order kinetic rate
constant (g/mg.min).

Elovich kinetic model [54]:

qt ¼ ð1þ bEÞ lnð1þ aE bEtÞ (12)

where βE (g/mg) is the desorption constant related to
the extent of the surface coverage and activation
energy for chemisorption, and αE is the initial

adsorption rate in mg/(g min). The non-linear
regression analysis was carried out to evaluate the
kinetic parameters, equilibrium adsorption capacity,
R2 and error values using MATLAB R2009a software.
The results of the kinetic analysis can able to predict
the suitable adsorption kinetic model for the obtained
kinetic data.

2.5.4. Effect of different salts

The effect of different salts such as NH4Cl,
NH4NO3, KNO3, MgSO4, NaHCO3, and K2P2O7 on the
removal of Cr(VI) ions was tested by taking 100 mL of
Cr(VI) ions concentration of 100 mg/L along with an
optimum amount of SMSP in a stoppered conical flask
with the presence of the above-mentioned salts. This
adsorption mixtures where shaken in a temperature-
controlled incubation shaker at 180 rpm for about 2 h.
After that, the adsorption mixtures were separated
using centrifugation operation and the supernatant
was analysed for residual Cr(VI) ions concentration
using AAS.

2.6. Batch desorption methods

The spent adsorbent was collected from the differ-
ent batch adsorption experimental studies. The
measured amount of spent adsorbent was taken in a
series of stoppered conical flasks along with the
known concentration of 100 mL of different desorbents
(0.1N H2SO4, 0.1N HCl, 0.1N HNO3, 10% HCHO,
0.1N KOH and 0.1N NaOH). This system was agitated
in a temperature-controlled incubation shaker at
180 rpm for about 2 h. After this time duration, the
spent adsorbent-desorbing agent system mixtures
were separated by centrifugation operation. The recov-
ered concentration of Cr(VI) ions in the supernatant
was analysed by AAS. The recovery of Cr(VI) ions
was calculated using the following equation:

% of CrðVIÞ ions recovery

¼ amountofCrðVIÞ ionsdesorbed
amount of CrðVIÞ ions adsorbed

� 100
(13)

2.7. Column adsorption methods

Column adsorption methods were performed for
the removal of Cr(VI) ions from the aqueous solution
using SMSP as an effective adsorbent. Column adsorp-
tion tests were conducted in a vertical packed-bed
column with varying the different operating parame-
ters such as different bed height (2–10 cm), different
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initial Cr(VI) ions concentration (50–250 mg/L) and at
different flow rates (5–25 mL/min) to optimize the
column adsorption process parameters to know the
maximum removal of Cr(VI) ions. The adsorption
column was packed with an adequate amount of
SMSP to obtain the required bed height of the
adsorbent (2–10 cm) and keep the flow rate constant
(5 mL/min) and by varying the different influent Cr
(VI) ions concentration (50–250 mg/L). The effluent
sample was collected at regular time intervals to esti-
mate the residual Cr(VI) ions concentration using
AAS. The flow of the influent was continued until
there was no further adsorption in the column pro-
cess. The Cr(VI) ions concentration in the effluent was
used to estimate the adsorption capacity of the SMSP.

2.8. Column adsorption data analysis

The removal of Cr(VI) ions by the SMSP in the
adsorption column was represented in the mass trans-
fer zone of the breakthrough curves. At initially, the
maximum removal of Cr(VI) ions by the SMSP was
observed, and after that, it was gradually changed
with the time until the breakthrough curve was
obtained. The breakthrough curves were attained by
plotting C/C0 against t; where C is the concentration
of Cr(VI) ions at the exit of the adsorption column
(mg/L), Co is the initial concentration of Cr(VI) ions at
the inlet of the adsorption column (mg/L), and t is
the service time (min). The adsorption column was
analysed for the removal of Cr(VI) ions at different
bed heights (2, 4, 6, 8 and 10 cm), at different initial
Cr(VI) ions concentration (50, 100, 150, 200 and
250 mg/L) and at different flow rates (5, 10, 15, 20
and 25 mL/min). The treated effluent volume (Vt) was
calculated as follows:

Vt ¼ Q ttotal (14)

where Q is the volumetric flow rate (mL/min), and tto-
tal is the total flow time (min).

The maximum column adsorption capacity (qtotal,
mg) for a given Cr(VI) ions concentration of feed and
the flow rate are the measure of the area under the
plot of the concentration of Cr(VI) ions adsorbed. This
can be expressed as follows:

qtotal ¼ QA

1; 000
¼ Q

1; 000

Z t¼total

t¼0

Cad dt (15)

where Q is the volumetric flow rate (mL/min), A is the
area under the breakthrough curve, and Cad = (Co−Ct)
is the concentration of Cr(VI) ions adsorbed (mg/L).

Maximum adsorption capacity or equilibrium
adsorption capacity of the column (qe, mg/g) is
expressed as follows:

qeq ¼ qtotal
m

(16)

where m is the dry weight of the adsorbent in the
adsorption column (g). The total amount of Cr(VI)
ions entered into the adsorption column (mtotal) is
calculated as follows [55]:

Wtotal ¼ Co Q ttotal
1; 000

(17)

The percentage removal of Cr(VI) ions can be
calculated as follows:

Y% ¼ qtotal
Wtotal

(18)

The removal efficiency of Cr(VI) ions was calculated
as follows:

% Removal efficiency ¼ 1� C

C0
� 100 (19)

where Co and C are the initial and final concentration
of Cr(VI) ions solution (mg/L), respectively.

2.8.1. Thomas model

Thomas model [56] is the most general and widely
used adsorption models in describing the adsorption
column performance and prediction of breakthrough
curves. Thomas model assumes plug flow behaviour
in the adsorption bed. Theoretically, it is useful to
determine the adsorption process where the internal
and external diffusion resistances were extremely
small and they will not be the rate limiting steps in
the adsorption process. If the adsorption process is
explained by the pseudo-second-order kinetic rate
principle, then, it is reduced to a Langmuir isotherm
equation at equilibrium condition. The expression
developed by Thomas is used for the determination of
the maximum solid phase concentration of the solute
on the adsorbent, qo, and the adsorption rate constant,
kth. The linearized form of this model is represented
as follows:

ln
C0

C

� �
� 1

� �
¼ kthqom

F

� �
� kthCot (20)
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where Co and C are the input and output concentra-
tions in the adsorption column (mg/L), respectively,
qo is the maximum solid phase concentration (mg/g),
kth is the Thomas rate constant (Lmg−1 h−1), m is the
amount of adsorbent (g) in the column, and F is the
volumetric flow rate (Lmin−1).

2.8.2. BDST model

The analysis of the breakthrough curve was further
carried out using the BDST model [57]. The BDST
model is used to discuss the adsorption bed capacity
of the adsorbent with the help of the different break-
through values. It is the easiest method used in the
adsorption system design. This model is used in the
calculation of the relationship between bed depth, Z,
and service time at breakthrough, tb. A linear relation-
ship between the bed depth (Z) and service time (t) in
terms of process concentrations and adsorption
parameters is represented as follows:

ln
Co

Cb
� 1

� �
¼ lnðekaNoZ=t � 1Þ � kaCot (21)

Hutchins [57] proposed a linear relationship between
the bed height (Z) and service time (t) given as
follows:

t ¼ Na

C0t

� �
Z� 1

kaC0
ln

C0

Cb
� 1

� �
(22)

where C0 is the influent concentration of Cr(VI) ions
(mg/L), Cb is the breakthrough Cr(VI) ion concentra-
tion (mg/L), i.e. the effluent Cr(VI) ions concentration
reached 5% of the total influent Cr(VI) ions concentra-
tion, Na is the adsorption capacity of the bed (mg/L),
υ is the linear velocity (cm/min), and ka is the rate
constant (L/mg.min). The model constants ka and Na

can be determined from the plot of Z against t of the
above equation.

3. Results and discussion

3.1. Characterization of the S. potatorum seeds

SEM analysis was used to identify the surface mor-
phology of the adsorbent materials. The SEM images
of the RSP and SMSP were shown in Figs. 1(a) and
(b), respectively. From Fig. 1(a), it was observed that
the RSP surface had a uniform surface morphology
but the surface of the RSP was much more irregular in
shape. The SEM image of RSP also shows that there

are no pores present on its surface. The RSP particles
were treated with sulphuric acid to modify its surface
and which creates more pores on the treated particles,
i.e. SMSP surface. This was clearly showed in Fig. 1
(b). From Fig. 1(b), it can be seen that the irregular
pores were developed on the SMSP surface because of
the action of sulphuric acid on the RSP which indi-
cates the formation of different sizes of the distributed
pores. Based on the SEM analysis, it can be concluded
that the SMSP has a more adequate morphology for

Fig. 1a. SEM image of RSP.

Fig. 1b. SEM image of SMSP.
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the removal of Cr(VI) ions than the RSP particles. The
Fourier transform infrared spectroscopic analyses of
the adsorbents (RSP and SMSP) were discussed in our
previous research work [22].

The pH value of the SMSP solution was found to
be of 3.95 at a solid-to-liquid water ratio of 1:1 (w/v).
The PZC of the SMSP was measured as 3.5. The pH
value which is less than 3.5 indicates that the surface
of the SMSP is positively charged and the net negative
charge will be observed above the pH value of 3.5.

3.2. Batch adsorption studies

3.2.1. Effect of adsorbent types and dose

The effect of adsorbent types (RSP and SMSP) and
the adsorbent dose for the removal of Cr(VI) ions from
the aqueous solution were carried out, and the results
were shown in Figs. 2(a) and (b). Fig. 2 shows that the

removal of Cr(VI) ions was increased with the increase
in adsorbent dose but the equilibrium adsorption
capacity was decreased with the increase in adsorbent
dose. The removal of Cr(VI) ions was almost constant
beyond 3 (for RSP) and 2 g/L (for SMSP). This may be
due to the increase in the active sites of the adsorbent
with the increase in adsorbent dose, and the maxi-
mum removal was observed at an optimum dose of 3
(for RSP) and 2 g/L (for SMSP). The equilibrium
adsorption capacity was found maximum at 3 (for
RSP) and 2 g/L (for SMSP), and then, declining trend
was observed at higher doses of the adsorbent. This
may be due to the availability of the more active sites
for the lower adsorbent dose and overlapping or
aggregation of the adsorption sites at higher adsorbent
dosages. The initial increase in the equilibrium
adsorption capacity can be due to the increase in the
adsorbent surface area and the availability of the more
adsorption sites. It may also be explained that at
higher adsorbent dosages, the available Cr(VI) ions
were not enough to cover all the active sites of the
adsorbent which indicates the lower Cr(VI) ions
uptake capacity. The results show that the SMSP is
suitable for higher initial Cr(VI) ion concentrations
because of its effectiveness but the RSP is suitable only
for lower initial Cr(VI) ion concentrations.

3.2.2. Effect of temperature

The effect of temperature on the removal of Cr(VI)
ions by the adsorbents (RSP and SMSP) was investi-
gated by varying the temperatures from 303 to 333 K,
and the results were shown in Figs. 3(a) and (b). From
Fig. 3, it was observed that the removal of Cr(VI) ions
was decreased with the increase in temperature. The
results indicated that the temperature highly influenced
the adsorption of Cr(VI) ions onto the adsorbents. The
maximum removal of Cr(VI) ions by the adsorbents
was obtained at 30˚C. The removal of Cr(VI) ions and
equilibrium adsorption capacity (not shown) was
decreased sharply with the increase in temperature.
The decrease in the removal of Cr(VI) ions and the
equilibrium adsorption capacity indicates that the
lower temperature favours the removal of Cr(VI) ions
by the adsorbents. The adsorption of Cr(VI) ions from
the aqueous solution phase onto the solid–liquid inter-
face occurs by eject the water from the interfacial
region. The solution viscosity was decreased with the
rise in temperature which appeared to be more favour-
able for the transfer and diffusion of the Cr(VI) ions
from the bulk solution to the adsorbent surface. But the
removal of Cr(VI) ions was decreased with the increase
in temperature might be due to the desorption of Cr(VI)
ions from the adsorbent surface at higher temperature.

Fig. 2b. Effect of adsorbent dose on the removal of Cr(VI)
ions by SMSP [Cr(VI) ions concentration = 100 mg/L, pH
2.0, volume of sample = 100 mL, equilibrium time = 30 min
and temperature 30˚C].

Fig. 2a. Effect of adsorbent dose on the removal of Cr(VI)
ions by RSP [Cr(VI) ions concentration = 10 mg/L, pH 2.0,
volume of sample = 100 mL, equilibrium time = 60 min
and temperature 30˚C].
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It is also possible that as the temperature increases, the
denaturation of the active sites of the adsorbents also
increases. This process indicates that the adsorption of
Cr(VI) ions onto the adsorbents was exothermic
process.

3.2.3. Adsorption thermodynamics

The adsorption mechanism was explained by esti-
mating the adsorption thermodynamic parameters
such as Gibbs free energy change (ΔG˚), enthalpy
change (ΔH˚) and entropy change (ΔS˚). The value of
ΔG˚ is calculated from Eq. (2), and it was listed in
Tables 1 (for RSP) and 2 (for SMSP). The values of
ΔH˚ and ΔS˚ were calculated from the slopes and
intercepts of the plots of log Kc vs. 1/T [Fig. 4(a) for
RSP and Fig. 4(b) for SMSP], and these were listed in
Tables 1 (for RSP) and 2 (for SMSP). The negative val-
ues of ΔG˚ confirm the feasibility of the adsorption

process and the spontaneous nature of the adsorption
process with a high preference of Cr(VI) ions onto the
adsorbents. The values of ΔG˚ was decreased with the
increase in temperature which indicate that the affinity
of Cr(VI) ions onto the adsorbents was higher at a
lower temperature. The significance of the ΔG˚ value
is: −20 to 0 kJ/mol (physical process) and −80 to
−400 kJ/mol (chemical process). The values of ΔG˚ for
the present adsorption process were between −20 and
0 kJ/mol which indicates that the adsorption of Cr(VI)
ions onto the adsorbent was a physical process. The
value of ΔH˚ was found to be positive which indicates
that the adsorption of Cr(VI) ions onto the adsorbents
was exothermic in nature which may be due to the
weak interaction between the adsorbent and Cr(VI)
ions. The negative value of ΔS˚ suggests a decrease in
the randomness at the solid/solution interface during
the adsorption process.

3.2.4. Adsorption isotherms

Adsorption isotherm is the relationship between
the amounts of solute adsorbed per gram of the adsor-
bent as a function of the equilibrium concentration in
the solution at constant temperature. The adsorption
isotherm study was carried out with the help of the
data obtained from the effect of initial Cr(VI) ions con-
centration and the solution pH studies. The removal
of Cr(VI) ions from the aqueous solution by the adsor-
bents was dependent on the initial concentration of Cr
(VI) ions. At low Cr(VI) ions concentration, the ratio
of the available surface to the initial concentration of
Cr(VI) ions was larger which indicates that the
removal of Cr(VI) ions was found to be high. How-
ever, at higher Cr(VI) ions concentration, this ratio
was low; hence, the removal of Cr(VI) ions was also
found to be lower. The equilibrium adsorption capac-
ity was increased with the increase in initial Cr(VI)
ions concentration which may be due to the increased
rate of mass transfer and which indicates the
increased concentration of driving force. The removal
of Cr(VI) ions by the adsorbents is highly depends on
the pH of the adsorption system. The influence of the
solution pH on the removal of Cr(VI) ions was deter-
mined by applying the adsorption equilibrium data to
the most widely used adsorption isotherm models
such as two-parameter (Langmuir and Freundlich)
adsorption isotherm models and the three-parameter
(Redlich–Peterson and Sips) adsorption isotherm mod-
els, and the fitted models were shown in Figs. 5–8.
The calculated parameters from these models were
listed in Tables 3 (for RSP) and 4 (for SMSP). The
solution pH affects the net negative charge on the
adsorbent surface, physico-chemistry and hydrolysis

Fig. 3a. Effect of temperature on the removal of Cr(VI) ions
by RSP [Cr(VI) ions concentration = 5–50 mg/L, pH 2.0,
adsorbent dose = 3 g/L, volume of sample = 100 mL and
equilibrium time = 60 min].

Fig. 3b. Effect of temperature on the removal of Cr(VI)
ions by SMSP [Cr(VI) ions concentration = 50–500 mg/L,
pH 2.0, adsorbent dose = 2 g/L, volume of sam-
ple = 100 mL and equilibrium time = 30 min].
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Table 1
Adsorption thermodynamic parameters for the removal of Cr(VI) ions by RSP

Conc. of Cr(VI) ions solution (mg/L) ΔH˚ (kJ/mol) ΔS˚ (J/mol/K)

ΔG˚ (kJ/mol)

30˚C 40˚C 50˚C 60˚C

5 −118.942 −339.096 −17.993 −10.239 −8.607 −7.516
10 −63.511 −170.773 −12.320 −9.274 −8.113 −7.102
15 −36.609 −91.274 −9.054 −7.941 −7.052 −6.325
20 −26.863 −63.530 −7.619 −6.973 −6.375 −5.699
25 −23.244 −55.642 −6.346 −5.873 −5.324 −4.667
30 −17.636 −40.439 −5.364 −5.006 −4.572 −4.158
35 −15.086 −35.001 −4.454 −4.166 −3.794 −3.408
40 −13.577 −33.009 −3.558 −3.278 −2.891 −2.586
45 −9.662 −22.402 −2.851 −2.664 −2.473 −2.162
50 −10.362 −26.749 −2.245 −1.976 −1.769 −1.418

Kc values

5 1,264.823 51.138 24.654 15.101
10 133.048 35.298 20.515 13.004
15 36.383 21.148 13.819 9.820
20 20.584 14.581 10.739 7.836
25 12.417 9.553 7.261 5.396
30 8.408 6.847 5.489 4.489
35 5.860 4.958 4.108 3.424
40 4.107 3.524 2.935 2.545
45 3.101 2.783 2.512 2.184
50 2.438 2.137 1.932 1.669

Table 2
Adsorption thermodynamic parameters for the removal of Cr(VI) ions by SMSP

Conc. of Cr(VI) ions solution (mg/L) ΔH˚ (kJ/mol) ΔS˚ (J/mol/K)

ΔG˚ (kJ/mol)

30˚C 40˚C 50˚C 60˚C

50 −128.382 −367.051 −19.357 −10.340 −8.961 −7.919
100 −92.347 −258.295 −15.107 −10.143 −8.119 −7.347
150 −51.812 −136.423 −10.673 −8.917 −7.569 −6.608
200 −35.192 −86.622 −9.113 −7.864 −7.140 −6.492
250 −28.739 −68.547 −8.019 −7.218 −6.671 −5.920
300 −23.091 −52.942 −7.049 −6.488 −6.029 −5.436
350 −20.966 −48.749 −6.159 −5.754 −5.325 −4.667
400 −13.271 −27.055 −5.098 −4.779 −4.484 −4.299
450 −11.089 −24.949 −4.250 −3.974 −3.782 −3.481
500 −9.832 −21.694 −3.242 −3.022 −2.888 −2.559

Kc values

50 2,172.913 53.171 28.138 17.471
100 402.226 49.302 20.561 14.209
150 69.175 30.766 16.756 10.879
200 37.241 20.533 14.281 10.434
250 24.132 16.021 11.989 8.486
300 16.416 12.098 9.444 7.123
350 11.533 9.126 7.263 5.397
400 7.565 6.274 5.400 4.726
450 5.404 4.605 4.089 3.516
500 3.621 3.194 2.931 2.519
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of the Cr(VI) ions. This is highly important to predict
the optimum solution pH for the maximum removal
of Cr(VI) ions. It was observed from the Tables 3 and
4, the adsorption capacity of the adsorbents for the
removal of Cr(VI) ions was found to be decreased
with the increase in the solution pH. The higher
adsorption capacity was observed at the strong acidic
pH condition which indicates that the electrostatic
attraction between the negatively charged chromium
species and the positively charged adsorbent surface.
At these very low pH ranges or high acidic pH
ranges, the functional groups will be protonated due
to the excess availability of H+ ions. The low adsorp-
tion capacity value was observed at the pH value of
4.0, and the maximum adsorption capacity value was
observed at a pH value of 2.0. From these results, it
was observed that the optimum solution pH for the
maximum removal of Cr(VI) ions was 2.0.

In the adsorption isotherm study, the two-parame-
ters (Langmuir and Freundlich) and the three-parame-
ters (Redlich–Peterson and Sips) adsorption isotherm
models were employed to fit the adsorption equilib-
rium data of the adsorption of Cr(VI) ions onto adsor-
bents (RSP and SMSP). These adsorption isotherm
models were tested using the MATLAB R2009a soft-
ware to calculate the adsorption isotherm parameters,
error function values (SSE, Sum of Squared Error and
RMSE, Root Mean Squared Error) and coefficient of
determination (R2) values at different solution pH
conditions. These values were estimated from the plot
of Ce vs. qe (Figs. 5–8), and these values were listed in
Tables 3 and 4. The high R2 and low error values were
chosen as the best fitted adsorption isotherm model
with the adsorption equilibrium data than the other
adsorption isotherm models. The experimental adsorp-
tion isotherms followed a general trend that the equi-
librium adsorption capacity (qe) was increased with
the increase in the equilibrium Cr(VI) ions concentra-
tion (Ce) and it was reached the saturation value at
higher equilibrium concentrations at all studied differ-
ent solution pH conditions. The L-shaped isotherm
curves observed which indicates that the ratio
between the equilibrium concentration of Cr(VI) ions
(Ce) and the equilibrium adsorption capacity (qe)
decreases when the Cr(VI) ions concentration
increased, which gave a concave curve.

The Langmuir adsorption isotherm parameters (qm
and KL), R

2 values and error (SSE and RMSE) values
were calculated from the plot of qe vs. Ce (Figs. 5 and
7)at 30˚C, and the values were given in Tables 3 and
4. The separation parameter (RL) values gave the

Fig. 4b. Adsorption thermodynamics for the removal of Cr
(VI) ions by SMSP [Cr(VI) ions concentration =
50–500 mg/L, pH 2.0, adsorbent dose = 2 g/L, volume of
sample = 100 mL and equilibrium time = 30 min].

Fig. 4a. Adsorption thermodynamics for the removal of Cr
(VI) ions by RSP [Cr(VI) ions concentration = 5–50 mg/L,
pH 2.0, adsorbent dose = 3 g/L, volume of sample = 100 mL
and equilibrium time = 60 min].

Fig. 5. Two-parameter adsorption isotherm models for the
removal of Cr(VI) ions by RSP [Cr(VI) ions concentra-
tion = 5–50 mg/L, pH 2.0, adsorbent dose = 3 g/L, volume
of sample = 100 mL and equilibrium time = 60 min].
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important details on the nature of adsorption process,
i.e. favourable or unfavourable or linear or irre-
versible. The importance of RL values are as follows:
RL = 0 (irreversible), 0 < RL < 1 (favourable), RL = 1
(linear) or RL > 1 (unfavourable). The separation
parameter (RL) values were calculated from the Lang-
muir adsorption isotherm parameters. The RL values
for the present adsorption system presented between
0 and 1 which indicates that the adsorption process is
a favourable adsorption [58]. The Freundlich adsorp-
tion isotherm parameters (KF and n), R2 values, error
(SSE and RMSE) values were estimated from the plot
of qe vs. Ce (Figs. 5 and 7) at 30˚C, and these values
were given in Tables 3 and 4. From Tables 3 and 4, it
can be seen that the n value was observed between 1
and 10 which recommend that the adsorption of
Cr(VI) ions onto the adsorbents is a physical process
[59]. Based on the high value of R2 and low error
values, the Freundlich adsorption isotherm model was
most suitable than the Langmuir adsorption isotherm
model for the present adsorption system. The overall
results showed that both Langmuir and Freundlich
adsorption isotherm models best fits the adsorption
equilibrium data and indicates that both monolayer
and heterogeneous surface properties exit at

studied experimental conditions. The three-parameter
(Redlich–Peterson and Sips) adsorption isotherm
model parameters, R2 values and error (SSE and
RMSE) values were calculated from the plot of qe vs.
Ce (Figs. 6 and 8) at 30˚C, and the values were listed
in Tables 3 and 4. The three-parameter adsorption iso-
therm models explain the adsorption equilibrium data
are better than the two-parameter adsorption isotherm
models because of the additional parameter in the
three-parameter model and also due to the complexity
in nature. Among the studied adsorption isotherm
models, Sips model gave the best fit to the adsorption
equilibrium data based on the higher R2 and low error
values. The Redlich–Peterson adsorption isotherm
parameters (KRP, aRP and βRP), R2, error (SSE and
RMSE) values were estimated from the plot of qe vs.
Ce (Figs. 6 and 8) at 30˚C, and the values were
presented in Tables 3 and 4. The Redlich–Peterson
model exponent (βRP) values were appeared to be
closer to unity, suggests that the data follow the Lang-
muir model. The Sips adsorption isotherm parameters
(KS, as and βS), R

2 and error (SSE and RMSE) values
were calculated from the plot of qe vs. Ce (Figs. 6 and
8) at 30˚C, and the values were given in Tables 3 and
4. In the present adsorption isotherm study, the Sips

Table 3
Isotherm constants of two-parameters and three-parameters models for the removal of Cr(VI) ions by the RSP

Adsorption isotherm models

Two-parameters model constants

pH 2.0 2.5 3.0 3.5 4.0

Langmuir qm (mg/g) 11.92 11.39 9.972 9.806 9.738
KL (L/mg) 8.459 1.115 0.521 0.3309 0.226
R2 0.844 0.9553 0.9812 0.9959 0.9985
SSE 25.65 6.934 2.695 0.373 0.1214
RMSE 1.688 0.8778 0.5472 0.2036 0.1162

Freundlich KF [(mg/g)(L/mg)(1/n))] 6.822 5.757 4.532 3.165 2.596
n (g/L) 4.739 3.73 2.965 2.893 2.617
R2 0.9798 0.9916 0.9882 0.9787 0.9795
SSE 3.32 1.299 1.684 1.933 1.641
RMSE 0.6073 0.3799 0.4325 0.4634 0.427

Three-parameters model constants
Redlich–Peterson KRP (L/g) 3,749 145.3 18.17 4.447 2.571

aRP (L/mg)(1/ βRP) 543.5 23.47 2.977 0.6573 0.34
βRP 0.7947 0.762 0.7662 0.8841 0.9245
R2 0.9802 0.9948 0.9963 0.9986 0.9992
SSE 3.256 0.8008 0.5253 0.1254 0.0678
RMSE 0.6379 0.3164 0.2563 0.1252 0.09201

Sips KS (L/g)βs 5,844 264.3 25.35 4.748 2.595
as (L/mg)(βs) 846.9 43.59 4.501 0.771 0.37
βS 1.108 1.13 1.136 1.072 1.047
R2 0.9803 0.9945 0.9958 0.9984 0.999
SSE 3.232 0.8595 0.5946 0.1489 0.0833
RMSE 0.6356 0.3278 0.2726 0.1364 0.102
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adsorption isotherm model gave relatively high R2

values and low error values. The Sips adsorption iso-
therm model exponent (βS) values were noticed to be
closer to unity which observes that the adsorption
equilibrium data follow the Langmuir adsorption

isotherm model [60]. The successful explanation of the
adsorption equilibrium data by the Sips adsorption
isotherm model indicates that the adsorption of Cr(VI)
ions onto the adsorbents followed the heterogeneous
process. The comparison of the maximum monolayer

Table 4
Isotherm constants of two-parameters and three-parameters models for the removal of Cr(VI) ions by the SMSP

Adsorption isotherm models

Two-parameters model constants

pH 2.0 2.5 3.0 3.5 4.0

Langmuir qm (mg/g) 202.7 195.1 172.3 147.4 132.3
KL (L/mg) 0.2054 0.0626 0.04 0.03947 0.03517
R2 0.9387 0.9715 0.9883 0.991 0.9985
SSE 2,835 1,156 332.1 194.5 26.13
RMSE 17.75 11.33 6.075 4.648 1.704

Freundlich KF [(mg/g)(L/mg)(1/n))] 69.02 37.27 26.48 23.7 21.23
n (g/L) 4.242 2.905 2.859 2.997 3.076
R2 0.9906 0.9958 0.9873 0.9841 0.9707
SSE 432.8 168.5 358.6 341.3 496.2
RMSE 6.935 4.327 6.312 6.158 7.425

Three-parameters model constants
Redlich–Peterson KRP (L/g) 5,618 140.6 15.35 10.4 5.448

aRP (L/mg)(1/ βRP) 79.61 3.26 0.2761 0.1766 0.0581
βRP 0.7699 0.686 0.788 0.8312 0.938
R2 0.9911 0.997 0.9969 0.999 0.9994
SSE 411.6 119.8 88.24 22.06 9.809
RMSE 7.173 3.87 3.321 1.661 1.107

Sips KS (L/g)βs 10,001 202.4 14.73 9.518 5.128
as (L/mg)(βs) 142.6 4.98 0.3152 0.1879 0.0601
βS 1.122 1.176 1.128 1.101 1.039
R2 0.991 0.9968 0.9962 0.9988 0.9994
SSE 414.7 130.1 107 24.84 10.08
RMSE 7.2 4.033 3.657 1.762 1.123

Fig. 6. Three-parameter adsorption isotherm models for
the removal of Cr(VI) ions by RSP [Cr(VI) ions concentra-
tion = 5–50 mg/L, pH 2.0, adsorbent dose = 3 g/L, volume
of sample = 100 mL and equilibrium time = 60 min].

Fig. 7. Two-parameter adsorption isotherm models for the
removal of Cr(VI) ions by SMSP [Cr(VI) ions concentra-
tion = 50–500 mg/L, pH 2.0, adsorbent dose = 2 g/L, vol-
ume of sample = 100 mL and equilibrium time = 30 min].
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adsorption capacity of the SMSP for the removal of Cr
(VI) ions was compared with the other adsorbents,
and it was presented in Table 5. From Table 5, it was
observed that the maximum value was observed for
SMSP as compared with the other adsorbents.

3.2.5. Adsorption kinetics

The adsorption rate for the removal of metal ions
by the adsorbents is most important while designing

the batch adsorption experiments. Also, it is highly
significant to establish the time dependence of the
adsorption systems under different process conditions.
The adsorption experimental results for the removal of
Cr(VI) ions by the adsorbents (RSP and SMSP) were
shown in Figs. 9 (for RSP) and 10 (for SMSP). This
result revealed that the adsorption of Cr(VI) ions was
fast and the equilibrium was achieved within 60 min
of contact time for RSP and 30 min of contact time for
SMSP. The time for reaching the equilibrium condition
was slightly increased with the increase in initial con-
centration of the Cr(VI) ions. The Cr(VI) ions uptake
was increased with the increase in initial Cr(VI) ions

Fig. 8. Three-parameter adsorption isotherm models for
the removal of Cr(VI) ions by SMSP [Cr(VI) ions concen-
tration = 50–500 mg/L, pH 2.0, adsorbent dose = 2 g/L,
volume of sample = 100 mL and equilibrium time =
30 min].

Table 5
Comparison of maximum monolayer adsorption capacity
of the SMSP with other adsorbents for the removal of Cr
(VI) ions

Adsorbents qm(mg/g) References

SMSP seeds 202.7 This study
Chemically modified coir pith 196 [61]
Unmodified coir pith 165 [61]
Commercial activated carbon 153.96 [61]
Durian shell waste 117 [62]
Prawn shell activated carbon 100.60 [63]
Cupressus lusitanica bark 87.5 [64]
Activated lignin 77.8 [65]
Cotton fibre 69.15 [66]
Activated carbon (Filtrasorb-400) 57.70 [63]
Sulfonated lignite 27.87 [3]
Activated charcoal 12.87 [67]
RSP seeds 11.92 This study
Coir pith carbon 10.9 [68]
Coal 6.78 [69]
AC derived from coconut shells 1.38 [70]

Fig. 9. Adsorption kinetics for the removal of Cr(VI) ions
by RSP [Cr(VI) ions concentration = 10–50 mg/L, pH 2.0,
adsorbent dose = 3 g/L, volume of sample = 100 mL and
temperature = 30˚C].

Fig. 10. Adsorption kinetics for the removal of Cr(VI) ions
by SMSP [Cr(VI) ions concentration = 100–500 mg/L, pH
2.0, adsorbent dose = 2 g/L, volume of sample = 100 mL
and temperature = 30˚C].
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concentration. This may be due to an increase in the
initial concentration of the Cr(VI) ions contributing a
larger driving force to overcome all the mass transfer
resistances between the solid and the liquid phase
which results in the higher adsorption of Cr(VI) ions.
At initial time period, the higher adsorption of Cr(VI)
ions was observed. This may be due to the availability
of more number of active sites which results in an
increased concentration gradient between the Cr(VI)
ions in the aqueous solution and the Cr(VI) ions on
the adsorbent surface. If the time for the adsorption
process was increased further then the concentration
gradient was reduced because of the adsorption of Cr
(VI) ions onto the active sites of the adsorbent. This
result suggested that the adsorption process was
reduced at the later stages.

The various adsorption kinetic models have been
applied to explain the removal of metal ions from the
aqueous solution, whereas the most widely used are
pseudo-first-order, pseudo-second-order and Elovich
kinetic models. To evaluate the adsorption kinetics
and rate-controlling mechanism in the removal of Cr
(VI) ions by the adsorbents, the adsorption kinetic
data were modelled using the different adsorption
kinetic models such as the pseudo-first-order, pseudo-
second-order and Elovich kinetic models. The adsorp-
tion kinetic results were shown in Figs. 9 (for RSP)
and 10 (for SMSP). The kinetic results indicated that
the pseudo-first-order kinetic model provides the best
fit to the adsorption kinetic data with the high R2 and
low error values than the other models (Table 6 for

RSP and Table 7 for SMSP). From Tables 6 and 7, it
was observed that the R2 values for the pseudo-first-
order kinetic model were close to one and the calcu-
lated value of qe also agreed with the experimental qe
value. This confirms that the adsorption of Cr(VI) ions
onto the adsorbents followed the pseudo-first-order
kinetic model. It was also observed that the R2 values
for the pseudo-second-order kinetic model were found
to be low and the huge difference between the calcu-
lated qe and experimental qe values. Therefore, the
adsorption of Cr(VI) ions onto the adsorbents (RSP
and SMSP) does not follow the pseudo-second-order
kinetic model. The obtained R2 values for the Elovich
kinetic model were found to be lower than that of the
pseudo-first-order and pseudo-second-order kinetic
equations. The Elovich kinetic model does not guess
any definite mechanism for the removal of Cr(VI) ions,
but it is helpful in explaining the adsorption of Cr(VI)
ions onto the highly heterogeneous adsorbents. This
Elovich model may also be used to guess the adsorp-
tion kinetics for the entire adsorption period because
all the adsorbents (RSP and SMSP) possess the
heterogeneous surface active sites.

3.2.6. Effect of different salts

Generally, the chromium-contaminated industrial
wastewaters consist of different types of salts along
with the chromium. These salts may disturb the
removal of Cr(VI) ions from the wastewater by the
adsorbent (SMSP). Hence, the effect of different salts

Table 6
Adsorption kinetic parameters for the removal of Cr(VI) ions by RSP

Kinetic model Parameters

Concentration of Cr(VI) ion solution (mg/L)

10 20 30 40 50

Pseudo-first-order equation k1 (min−1) 0.04449 0.04301 0.03842 0.03971 0.03428
qe, cal (mg/g) 3.451 6.774 9.603 11.38 13.04
R2 0.9988 0.9976 0.9973 0.9978 0.996
SSE 0.02873 0.2203 0.4943 0.568 1.298
RMSE 0.04111 0.1138 0.1705 0.1828 0.2763

Pseudo-second-order equation k2 (g/mg.min) 0.00929 0.004019 0.00262 0.00235 0.001616
qe,cal (mg/g) 4.47 8.958 12.83 15.07 17.8
qe,exp (mg/g) 3.421 6.453 9.104 10.825 11.984
R2 0.9947 0.9925 0.9918 0.9936 0.9909
SSE 0.1259 0.6866 1.493 1.647 2.928
RMSE 0.08606 0.201 0.2963 0.3112 0.415

Elovich kinetic equation α (mg/g.min) 127.3 1.014 0.2015 0.1578 0.07809
β (g/mg) 0.0004267 0.1488 0.675 0.9368 1.405
R2 0.9305 0.9832 0.9829 0.9852 0.9838
SSE 1.64 1.535 3.12 3.781 5.222
RMSE 0.3106 0.3005 0.4284 0.4716 0.5543
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(NH4Cl, NH4NO3, KNO3, MgSO4, NaHCO3 and
K2P2O7) and control (Cr(VI) ions alone) on the
removal of Cr(VI) ions by the SMSP was investigated,
and the results were shown in Fig. 11. From Fig. 11, it
was observed that the presence of the sulphate ions
(SO2�

4 ) decreases the removal of Cr(VI) ions. It was
indicated that the high level of SO2�

4 will increase the
reduction of Cr(VI) ions to the Cr(III) ions. This may
be attributed to the SO2�

4 does not act as a competitive
electron acceptor in the reduction of Cr(VI) ions to the
Cr(III) ions by the adsorbent [26,61]. For the present
adsorption system, the removal of Cr(VI) ions was
decreased because of the competition between the
SO2�

4 and the chromate/dichromate ions towards the
active sites of the adsorbent and which indicates that

both Cr(III) and Cr(VI) ions were adsorbed onto the
adsorbent. It was observed that only less influence of
the NH4Cl, NH4NO3 and KNO3 on the removal of Cr
(VI) ions by the SMSP. The presence of dissolved
NO3− in the solution may control the removal of Cr
(VI) ions and the reduction of Cr(VI) ions to the Cr
(III) ions. Further, it was also observed that the
removal of Cr(VI) ions was decreased with the
presence of NaHCO3 and K2P2O7 salts because of the
competition between CO2�

3 and P2O
2�
7 with the Cr(VI)

ions to the active sites of the adsorbent. The observed
results from the effect of different salts were compared
with the control, and the results are shown in Fig. 11.
It was concluded that the presence of other salts hin-
ders the removal of Cr(VI) ions from the aqueous
solution by the SMSP.

3.3. Batch desorption studies

The effect of different desorbents such as 0.1N
H2SO4, 0.1N HCl, 0.1N HNO3, 10% HCHO, 0.1N KOH
and 0.1N NaOH on the recovery of Cr(VI) ions from
the spent SMSP were carried out to identify the best
desorbing agents, and the results were shown in
Fig. 12. From Fig. 12, it was observed that the recovery
of Cr(VI) ions from the spent adsorbent was found to
be maximum while using NaOH as a desorbing agent
as compared with the other desorbing agents. KOH
also showed some positive results for the recovery of
Cr(VI) ions from the spent adsorbent. The recovery of
Cr(VI) ions from the spent adsorbent by other
desorbents such as H2SO4, HCl, HNO3 and HCHO

Table 7
Adsorption kinetic parameters for the removal of Cr(VI) ions by SMSP

Kinetic model Parameters

Concentration of Cr(VI) ion solution (mg/L)

100 200 300 400 500

Pseudo-first-order equation k1 (min−1) 0.08677 0.08162 0.07806 0.07658 0.0672
qe, cal (mg/g) 52.78 103.5 150.9 190.3 214.1
R2 0.9871 0.9869 0.9864 0.9785 0.9799
SSE 61.51 241.3 530.3 1,382 1,584
RMSE 1.902 3.768 5.585 9.018 9.653

Pseudo-second-order equation k2 (g/mg.min) 0.001308 0.000606 0.000387 0.000293 0.000213
qe,cal (mg/g) 66.4 131.6 193.3 245.7 282.5
qe,exp (mg/g) 49.992 97.632 141.852 177.156 196.537
R2 0.9629 0.9643 0.9651 0.9544 0.9593
SSE 176.5 655.7 1,364 2,939 3,210
RMSE 3.222 6.211 8.958 13.15 13.74

Elovich kinetic equation α (mg/g.min) 0.07313 0.02875 0.01681 0.01187 0.007504
β (g/mg) 6.531 14.33 21.97 28.71 34.73
R2 0.9287 0.9329 0.9357 0.9232 0.9343
SSE 339.3 1,232 2,513 4,942 5,185
RMSE 4.467 8.514 12.16 17.05 17.46

Fig. 11. Effect of different salts on the removal of Cr(VI)
ions by SMSP.
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was found to be low. The most efficient desorbing
agent was 0.1N NaOH and which was recovered
nearly 93.245% of Cr(VI) ions from the spent SMSP.
Another desorbing agent such as 0.1N KOH showed
the recovery of Cr(VI) ions from the spent SMSP was
about 78.362%. The reason may be due to the reduc-
tion in the electrostatic attraction between the Cr(VI)
ions and the SMSP because of the effect of alkaline
medium such as 0.1N NaOH and KOH solutions [65].
The complete recovery of the Cr(VI) ions from the
spent adsorbent is not possible because of the non-
electrostatic forces between the Cr(VI) ions and the
SMSP [71,72].

3.4. Column adsorption studies

The performance of the SMSP in a fixed packed-
bed column is an important factor to access the
feasibility of the SMSP in the real industrial wastewa-
ter treatment processes. The adsorption studies in a
fixed packed-bed column were carried out in a glass
column (40 cm height and 3 cm inner diameter) which
consists of a known measured quantity of SMSP. The
arrangement of fixed packed-bed column was shown
in Fig. 13. All the experimental studies were carried
out at 30˚C. For all the experimental studies, the
adsorption column was packed with the known quan-
tity of SMSP for the required bed height (2–10 cm), at
different constant flow rate (5–25 mL/min) and the
known initial Cr(VI) ions concentration (50–250 mg/L)
having the pH value of 2.0 which was pumped from
top to the bottom through the adsorption column with
the help of peristaltic pump. The 0.1N HCl was used
to adjust the pH of the treatment solution. At prede-
termined time intervals, the samples were collected
and it was analysed for the residual Cr(VI) ions
concentration using the AAS.

3.4.1. Effect of bed height

The effect of bed height on the removal of Cr(VI)
ions by the SMSP at pH 2.0, 50 mg/L of Cr(VI) ions
solution, 5 mL/min flow rate and at a constant tem-
perature of 30˚C was investigated, and the results

Fig. 12. Desorption results on the recovery of Cr(VI) ions
from spent SMSP.

Fig. 13. Schematic diagram of a continuous flow fixed-bed column.
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were shown in Fig. 14. From Fig. 14, it was observed
that the breakthrough and exhaustion times were
extended with increase in bed heights which may be
due to the longer bed heights which allows a longer
empty bed contact time between the Cr(VI) ions and
the SMSP. The movement of the Cr(VI) ions in the
packed-bed column may be due to the axial and longi-
tudinal distribution of the Cr(VI) ions in the packed-
bed column. It was also observed that the slope of the
breakthrough curve became flatter with the increase in
bed heights which provide in a broadened mass trans-
fer zone. The adsorption column was required much
longer time to reach the complete exhaustion. At low
bed height, only a less number of active sites were
available to remove the Cr(VI) ions from the aqueous
solution which indicates that the SMSP was saturated
at faster rate and the breakthrough was achieved ear-
lier. At higher bed height, the more number of active
sites for the adsorption of Cr(VI) ions by the SMSP
was observed because of the longer breakthrough time
and more volume of treated water. For the present
adsorption system, the sufficient or optimum bed
height for the removal of Cr(VI) ions from the aque-
ous solution was found to be of 6 cm.

3.4.2. Effect of influent Cr(VI) ions concentration

The effect of various influent concentration of Cr(VI)
ions (50–250 mg/L) on the adsorption of Cr(VI) ions
onto SMSP at pH 2.0, bed height of 6 cm, 5 mL/min
flow rate and at a constant temperature of 30˚C was
studied, and the results were shown in Fig. 15. The
breakthrough curves were obtained at five different ini-
tial Cr(VI) ion concentrations (50–250 mg/L) by plotting
the experimental data between C/C0 and t (Fig. 15). It
was found that the breakthrough time was decreased
with the increase in initial concentration of Cr(VI) ions.
It was also found that the adsorption capacity was

increased with the increase in the influent concentration
of Cr(VI) ions. This may attributed to the reduction in
length of adsorption zone by enhancing the Cr(VI) ions
concentration which improved the adsorption rate of
Cr(VI) ions.

3.4.3. Effect of flow rate

The influent flow rate plays an important role for
the evaluation of the adsorption capacity of the
adsorbent in the continuous treatment of industrial
wastewater. The effect of different flow rates
(5–25 mL/min) on the adsorption of Cr(VI) ions onto
SMSP at pH 2.0, 50 mg/L of Cr(VI) ions solution, bed
height of 6 cm and at a constant temperature of 30˚C
was investigated, and the results were shown in
Fig. 16. The breakthrough curves were obtained at five
different flow rates by plotting the experimental data
between C/Co and t (Fig. 16). The breakthrough
curves showed that the adsorption capacity was
decreased with the increase in the influent flow rate. It
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Fig. 14. Effect of bed height on the adsorption of Cr(VI)
ions onto SMSP.
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may be due to the shorter residential time was given
for the adsorption and also the diffusion process at
the high value of flow rate in the adsorption column.
It was also observed that the breakthrough time for
the present adsorption system was decreased with the
increase in the flow rate. This may be attributed to the
improvement in the speed of the adsorption region at
higher flow rate which causes the reduction in the
time necessary to reach the required breakthrough
concentration. The sufficient or optimum flow rate for
the present adsorption system was found to be of
5 mL/min.

3.5. Thomas model

The Thomas model is mostly used to estimate the
maximum solid phase concentration of the solute on
the adsorbent (qo, mg/g) and the adsorption rate con-
stant (kth, Lmg−1 min−1). The values of qo and kth were
estimated by applying the adsorption column data
from the effects of bed height, influent Cr(VI) ions
concentration and influent flow rate to the Thomas
model (Figs. 17–19). The values of qo and kth were
calculated by plotting the adsorption column data
between ln[(C0/C)−1] and t, and the results were
given in Table 8. The best fit of the adsorption column
data to the Thomas model was checked on the basis
of highest R2 values. From Table 8, it was observed
that the qo values were increased from 0.5635 to
1.991 mg/g and the value of kth reduced from 0.00214
to 0.00144 Lmg−1 min−1 by increasing the bed heights
from 2 to 10 cm. It was also observed that the qo
values were increased from 0.7488 to 1.5267 mg/g and
the value of kth reduced from 0.0018 to 0.001052
Lmg−1 min−1 by increasing the influent Cr(VI) ions
concentration from 50 to 250 mg/L. The contradictory
results were observed for the influent flow rate on the

column adsorption experimental studies. From Table 8,
it can be seen that the qo values were decreased from
0.7488 to 0.5642 mg/g and the value of kth increased
from 0.0018 to 0.00482 Lmg−1 min−1 by increasing the
influent flow rate from 5 to 25 mL/min. The results
showed that the Thomas model best fitted on the bed
heights, influent Cr(VI) ion concentrations and flow
rates.

3.6. BDST model

The BDST model provides the information on the
linear relationship among the bed depth (Z) and ser-
vice time (tb). The adsorption column data were
applied to the BDST model, and the plots were drawn
between Z and tb values. The result of the BDST
model was shown in Fig. 20. The values of Na and ka
were calculated from the slope and the intercept of
the plot of Z and tb values (Fig. 20). For a given linear
flow rate, the curve Z vs. tb was found to be linear
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which suggests that the BDST model applied to the
present adsorption system was found to be valid
(R2 = 1). The values of Na and ka were found to be 625
and 0.01557 L/mg.min. The advantage of the BDST
model is used to scale up for other flow rates without
further experimental run.

4. Conclusions

The SMSP was prepared, and it was successfully
applied in batch and column adsorption for the
removal of Cr(VI) ions from the aqueous solution.
The effectiveness of the SMSP for the removal of
Cr(VI) ions was compared with the RSP seeds, and
the results indicated that the SMSP showed better
adsorption properties than the RSP. The present
investigations showed that the SMSP can be used as
a potential low-cost adsorbent for the removal of

Cr(VI) ions from the aqueous solution. The results of
the present investigation can be summarized as
follows:

(i) In batch adsorption process, the influencing
operating parameters such as adsorbent
dose, temperature, solution pH, initial Cr(VI)
ions concentration and time were optimized
for the maximum removal of Cr(VI) ions
from the aqueous solution. The predicted
optimum conditions for the batch mode
operations are of solution pH 2.0, SMSP
dose = 2.0 g/L, equilibrium time = 30 min and
temperature = 30˚C.

(ii) Acidic solution pH was more favourable for
the removal of Cr(VI) ions from the aqueous
solution.

(iii) The adsorption isotherm data were better
described by the Redlich–Peterson model.

(iv) The Langmuir maximum monolayer adsorp-
tion capacity of the SMSP for the removal of
Cr(VI) ions was found to be of 202.7 mg/g.

(v) The adsorption thermodynamic parameters
indicated that the adsorption of Cr(VI) ions
onto RSP and SMSP was spontaneous and
exothermic in nature of adsorption.

(vi) The adsorption kinetics was found to follow
the pseudo-first-order kinetic model.

(vii) The influence of other salts such as NH4Cl,
NH4NO3, KNO3, MgSO4, NaHCO3 and K2P2O7

in removal of Cr(VI) ions was studied.
(viii) The desorption of Cr(VI) ions from the spent

adsorbent was studied by the help of different
desorbents such as H2SO4, HCl, HNO3, HCHO,
KOH and NaOH. The desorption results

Table 8
Thomas model parameters for the adsorption of Cr(VI) ions onto SMSP at different conditions

Bed depth (cm) Flow rate (mL/min) Initial Cr(VI) ions concentration (mg/L) qo (mg/g) kth (Lmg−1 min−1) R2

2 5 50 0.5635 0.00214 0.984
4 5 50 0.6201 0.00196 0.974
6 5 50 0.7488 0.0018 0.982
8 5 50 1.031 0.00154 0.980
10 5 50 1.991 0.00144 0.975
6 5 100 0.8585 0.00157 0.985
6 5 150 1.3481 0.00126 0.912
6 5 200 1.4173 0.00121 0.924
6 5 250 1.5267 0.001052 0.964
6 10 50 0.7128 0.00388 0.979
6 15 50 0.6857 0.00434 0.914
6 20 50 0.5921 0.00476 0.934
6 25 50 0.5642 0.00482 0.935
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Fig. 20. BDST model fit for the adsorption of Cr(VI) ions
onto SMSP.
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showed that the preferred desorbent for the
present desorption system was of NaOH.

(ix) In column adsorption process, the operating
parameters such as bed height (2–10 cm), Cr
(VI) ions concentration (50–250 mg/L) and flow
rate (5–25 mL/min) were studied and opti-
mized for the maximum removal of Cr(VI) ions.

(x) The column adsorption results were best
described by the Thomas and BDST models.

The adsorption results indicated that the prepared
SMSP is an efficient adsorbent for the removal of
Cr(VI) ions from the aqueous solution.
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