
2374

Korean J. Chem. Eng., 33(8), 2374-2383 (2016)
DOI: 10.1007/s11814-016-0078-6

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: doctornadh@yahoo.co.in
Copyright by The Korean Institute of Chemical Engineers.

Kinetic, thermodynamic and equilibrium studies on removal of hexavalent
chromium from aqueous solutions using agro-waste biomaterials,

casuarina equisetifolia L. and sorghum bicolor

Mokkapati Ramya Prasanthi*, Mokkapati Jayasravanthi**, and Ratnakaram Venkata Nadh***,†

*Department of Chemistry, ANUCET, Acharya Nagarjuna University, Guntur - 522510, India
**Department of Biotechnology, Acharya Nagarjuna University, Guntur - 522510, India

***GITAM University - Bengaluru Campus, Karnataka - 561 203, India
(Received 30 August 2015 • accepted 15 March 2016)

Abstract−Removal of Cr(VI) by biosorption on two agro waste materials, casuarinas fruit powder (CFP) and sor-
ghum stem powder (SSP), has been investigated. The prepared adsorbent materials were characterized by SEM, EDX,
FTIR and BET. These biomaterials effectively removed Cr(VI) with a maximum removal of 93.35% and 63.75% using
15 gL−1 and 5 gL−1 of CFP and SSP, respectively, at 60 oC with 20 mgL−1 initial Cr(VI) concentration in solution. In both
cases of adsorbents, kinetic data of adsorption fitted well in pseudo-second-order in terms of correlation coefficient
(R2). This helps in proposing the process of adsorption as chemical coordination, which is correlated with the thermo-
dynamic study results conducted at different values of temperature. Langmuir, Freundlich and D-R models were evalu-
ated for description of metal sorption isotherms. Values of coefficients of intra-particle diffusion and mass transfer have
also been determined at different values of temperature.
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INTRODUCTION

Chromium is a type of heavy metal involved in a number of
industrial applications like textile dyeing, pigment, leather tanning,
electroplating, oil refineries, fertilizers, production of ferrochrome,
steel and cement, fungicides, and metal finishing, causing water
pollution, which is a major environmental concern [1]. Chromium
exists in two stable oxidation states: relatively innocuous and im-
mobile Cr(III) and a readily movable and strong oxidizing agent
Cr(VI). This common aquatic pollutant in its hexavalent state
Cr(VI) released by industrial activities into natural waters has det-
rimental effects on both the living organisms and the ecosystems
[2,3]. The permissible limit of Cr(VI) into the water bodies given
by WHO is 0.05-1 mgL−1; however, a report by WHO, 2004 says
that a much higher concentration around 100 mgL−1 of Cr(VI)
would be present in the untreated effluent of an electroplating indus-
try [4]. Therefore, to bring down the concentration of Cr(VI) to
acceptable levels, almost all the industries must treat their efflu-
ents before disposal.

Hexavalent chromium is capable of being absorbed through the
skin, which makes it highly toxic to living organisms [5]. It has very
adverse effects if exposed strongly causing skin irritation to lung
cancer, kidney, liver and gastric damage, epigastric pain, nausea,
vomiting, severe diarrhea and hemorrhage; and due to its muta-
genicity and carcinogenicity to human beings, it belongs to group
“A” human carcinogen [6,7].

The downside of many conventional techniques for the removal
of Cr(VI) from aqueous solutions such as chemical reduction, pre-
cipitation, ion-exchange, and adsorption (using commercial char-
coal) is that they are expensive for large-scale treatment of industrial
effluents, which is making these procedures unaffordable for devel-
oping nations [8]. Emphasizing on this aspect, many researchers
have used unconventional materials as adsorbents for the removal
of Cr(VI) from aqueous solutions and industrial effluents [9-23].

To potentially remove the toxic heavy metals from water streams,
biosorption is an attractive alternate to traditional industrial efflu-
ent treatment processes as it utilizes the biological materials as ad-
sorbents which have high surface area and electric charges to accu-
mulate heavy metals [24-32]. Polar functional moieties (contain-
ing heteroatoms) adsorb Cr(III) because these heteroatoms donate
their lone pairs of electrons to Cr(VI), and in the process reduced
Cr(VI) to Cr(III) [33]. The brown macroalga Pelvetia canaliculata
was used as a natural electron donor for the reduction of Cr(VI)
to Cr(III) at acidic pH followed by removal of other metal ions
present in the mixture by ion-exchange [34]. In addition, removal
of Cr(III) by different biosorbents was studied recently [35-39]. It
has been reported in the literature that, in comparison to the crude
ones, the chemically modified natural adsorbents are much more
advantageous in their pollutant removal efficiency from aqueous
environment [8].

Moreover, due to the capability of lowering heavy metal concen-
tration to mgL−1 level, wide range of availability and ecofriendly
nature, the usage of biopolymers from agricultural wastes as adsor-
bents is attracting many industries [40]. Hence, in the present work,
the chemically modified powders of two abundantly available agri-
cultural wastes (casuarinas fruit and sorghum stem) have been used
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for the removal of Cr(VI) from aqueous solutions. Additionally,
the kinetics and equilibrium of adsorption process have also been
evaluated to classify the mechanism of adsorption process as intrin-
sic adsorption, which is based on the surface area of adsorbent or
the coulombic interaction, which is based on the electrostatic inter-
action between opposite charges on adsorbents and solute [2,41].

EXPERIMENTAL

Raw materials such as casuarinas fruit and sorghum stem for
the preparation of adsorbents are available abundantly in nature.
The left-over material of the dehisced cones of casuarinas trees and
the left over sorghum stems after harvesting of the grains were col-
lected from the coastal Andhra Pradesh, India. They were cleaned
with distilled water and then washed with formaldehyde solution
(2%), which helps to reduce organic leaching and prevent mold
growth during batch sorption [42] and completely air dried. The
dried materials were pulverized into fine powder and sieved with
standard sieves of particle size 0.3-1.0 mm. Then the finest pow-
ders of casuarinas fruit (CFP) and sorghum stem (SSP) were treated
with 1 N H2SO4 and allowed to soak for 24 h at room tempera-
ture. The samples were oven dried and allowed to cool to room
temperature, and thereafter used for adsorption studies without
further modification. The preliminary studies show that the removal
capacity of these treated adsorbents is higher by about 30% com-
pared to those of untreated adsorbents. Hence, treated samples were
used throughout the study. The biosorbent was stored in clean air
tight containers. All the chemicals used were of analytical grade.
1. Instrumentation

The physico-chemical characterization of adsorbents was per-
formed by scanning electron microscopy (SEM) coupled to energy-
dispersive X ray spectroscopy (EDX) (F E I Quanta FEG 200 - High
resolution scanning electron microscope), which allows the identi-
fication and quantification of the metal ions on the surfaces of the
adsorbents. The Fourier transform infra red (FT-IR) spectra of the
crude and metal treated adsorbents were performed using Bruker,
ALPHA-T to identify the active functional groups responsible for

the adsorption. Specific surface areas and pore sizes of the adsor-
bents were determined with Brunauer Emmett Teller (BET) N2

surface area analyzer (Nova 1000 Ver. 3.70).
2. Preparation of Synthetic Solutions

The standard Cr(VI) stock solution was prepared by dissolving
potassium dichromate in deionized water and diluted according to
the required concentrations. The initial Cr(VI) concentration of
the untreated sample was 20 mgL−1. The typical pH of the experi-
ments was about 1, and it was adjusted to the desired value by the
addition of few drops of 0.1 M HCl or 0.1 M NaOH.
3. Batch Adsorption Studies

The experiments were performed in batch process by taking
50 mL of metal ion solution in 250 mL conical flask and using
CFP and SSP as adsorbents. While observing the effect of each
parameter, the values of remaining parameters were kept constant.
For each adsorbent, the metal ion removal efficiency was deter-
mined in individual experiments. The range of experimental con-
ditions of different parameters were 1 to 20 gL−1 (adsorbent dose),
0.5 to 180 min (time), 1 to 5 (pH), 30 to 70 oC (solution tempera-
ture), and 50 to 300 rpm (speed of rotation). In each experiment,
the metal ion solution was equilibrated with adsorbent and then
aliquots were withdrawn. After centrifugation, the final Cr(VI) con-
centrations were measured by diphenyl carbazide method [43].
Each experiment was repeated thrice and average of the results was
reported. The adsorption capacity and the percent removal of metal
ions were determined by the following equations.

(1)

(2)

(3)

where Co is the initial concentration of Cr(VI) in solution, Ce is
the final concentration of Cr(VI) in solution after adsorption, Ct is
the concentration of Cr(VI) in solution after adsorption at any time
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Table 1. Linear and nonlinear forms of adsorption kinetics and isotherm models
Adsorption kinetics models

Model Non-linear form Linear form Reference
Pseudo-first-order [25]

Pseudo-second-order [26]

Elovich [13]

Intra-particle diffusion - [13,20]
Adsorption isotherm models

Langmuir [16,22]

Freundlich [16,22]
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t, qe (mgg−1) is the adsorption capacity of the adsorbent at equilib-
rium, qt (mgg−1) is the adsorption capacity of the adsorbent at
time t, V(L) is the volume of suspension, and W(g) is the mass of
adsorbent.
4. Adsorption Kinetics

Kinetics of adsorption was carried out by employing pseudo-
first-order [44] and pseudo-second-order [45] kinetic equations to
examine the mechanism of Cr(VI) adsorption on to these adsor-
bents. Adsorption kinetics and isotherms models studied in the
present study are shown in Table 1.

In the Table 1 qt and qe (mgg−1) are the amounts of chromium
adsorbed on adsorbent material at time t and at equilibrium, respec-
tively; k1 and k2 are the corresponding pseudo-first and second-
order adsorption rate constants; α is the initial Cr(VI) sorption rate
(mgg−1 min−1); β is the desorption constant (gmg−1) during any one
experiment; Kd is the rate constant of the intraparticle transport
(mgg−1min1/2); θ is the constant related to the thickness of the bound-
ary layer (mgg−1); Ce is the equilibrium concentration (mgL−1); qe is
the monolayer adsorption capacity (mgg−1); KL (Lmg−1) is the Lang-
muir constant related to the energy of sorption; KF and n are Fre-
undlich constants for a given adsorbate and adsorbent at a particular
temperature; BD is a constant related to the mean free energy of ad-
sorption per mole of the adsorbate (mol2kJ−2); qD (DR isotherm con-
stant) is the theoretical saturation capacity (mgg−1); and ε is the
Polanyi potential, which is equal to RT ln(1+(1/Ce)), where R (Jmol−1

K−1) is the gas constant; and T (K) is the absolute temperature.
5. Adsorption Thermodynamics

Thermodynamic parameters such as change in free energy (ΔG),
enthalpy (ΔH) and entropy (ΔS) were determined using the below
equations. The apparent equilibrium constant (KC) of the biosorp-
tion is defined as KC=Cad, eq/Ceq, where Cad, eq and Ceq are the con-
centration of Cr(VI) on the adsorbent and residual Cr(VI) con-
centration at equilibrium, respectively. Thermodynamic equilib-
rium constant (KC) of the adsorption system is related to free energy
change as following equation [46].

ΔGo=−RT lnKc (4)

where ΔG is free energy change, R is the universal gas constant,
8.314 Jmol−1K−1 and K is the absolute temperature [27]. Thermo-
dynamic parameters were calculated using van’t Hoff equation as
given below.

(5)

The plot of ln KC as a function of 1/T yields a straight line. ΔH
and ΔS can be calculated from the slope and intercept, respectively.

RESULTS AND DISCUSSION

1. SEM, EDX, FT-IR and BET Studies
Scanning electron microscopy dictates the nature of adsorption

process through visible observation of the surface texture and poros-
ity of the samples and is given in Fig. 1. Before adsorption, rough
surface with some pores was visible on the surface of each adsor-
bent (Fig. 1(a)), whereas, a smooth surface covering of the pores
can be observed after adsorption (Fig. 1(b)). EDX studies were
carried out to determine the chemical composition of adsorbents,
CFP (wt% of elements) before adsorption: C-46.84, O-40.49, Fe-
0.45, Cr-0.00; SSP:C-61.26, O-34.69, Fe-0.22, Zn-0.26, Cr-0.00;
after adsorption: C-58.53, O-38.44, Fe-01.34, Cr-0.15; SSP: C-53.47,
O-41.46, Fe-0.34, Zn-0.31, Cr-0.16 (Fig. 1(c)). In both absorbents,
presence of stretching for C-O, C=O and aliphatic C-H can be
confirmed from peaks in the range of 1,023-1,039 cm−1, 1,614-1,689
cm−1 and 2,917-2,920 cm−1 respectively. Presence of amine/amide
group is evident from the peaks in the ranges of 3,400-3,250 cm−1

(N-H str) and 1,650-1,580 cm−1 (N-H bend). But, additional peaks
in CFP above 3,000 cm−1 indicate the =C-H stretching and further
C=C stretching can be observed from peaks in the range of 1,450-
1,550 cm−1. Broad peaks in the range of 3,305-3,320 cm−1 indicate
the presence of carboxylic acid groups in SSP, whereas, dominant
sharp peak at 3,737 cm−1 indicates phenolic groups in CFP (Fig. 2).

EDX and FT-IR observations correlate with the compositions of
SSP - cellulose, hemicelluloses, lignin, cutin, silica [47], and CFP -
α-pinene, benzaldehyde, 1,8 cineole, furanoid, α-campholenal, 4-
terpineol, α-terpineol, α-terpinyl acetate, spathulenol, caryophyl-
lene-oxide, guaiol [48]. The presence of functional groups like acid,
alcohol and amine is evident from these studies. Protons of phe-
nols/alcohols and carboxylic acid groups in these biosorbent facili-
tate them for ions getting exchanged during the adsorption process
(Fig. 3). Hydroxyl groups in these biopolymers may function as
donors. Hence the de-protonation of hydroxyl groups can be in-
volved in the co-ordination with metal ions [49]. Moreover, pres-

Kc = − 
ΔG
RT
-------- = − 

ΔH
RT
-------- + 

ΔS
R
------ln

Fig. 1. Scanning electron micrographs of CFP (a) before adsorption, (b) after adsorption and (c) EDX energy profile of CFP after adsorption.
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ence of more number of peaks in CFP compared to SSP can be
explained based on presence of good number of phytochemicals
as mentioned above.

Acid treatment improved the specific surface area and total pore
volume of crude SSP from 5.0030 m2g−1 to 24.7714 m2g−1 and
0.00235 cm3 g−1 to 0.02090 cm3 g−1, respectively. Similarly, specific
surface area and total pore volume of crude CFP increased from
1.2270 m2g−1 to 41.8931 m2g−1 and 0.00277 cm3 g−1 to 0.03119 cm3

g−1 by acid treatment.
2. Studies on Effect of Contact Time and Adsorption Kinetics

To better understand the Cr(VI) sorption characteristics by the
two adsorbents, SSP and CFP, both kinetic and equilibrium mod-
els were used to describe the data. Changes in Cr(VI) concentra-
tions over time were investigated by varying the contact time from
0.5 to 180 min, while other parameters were kept constant and are
shown in Fig. 4. As the contact period between adsorbent and
Cr(VI) ions increases the adsorption of metal ion increases as
more time familiarizes the metal ion to make an attraction com-
plex with the adsorbent [50]. The results revealed that the satura-
tion level of adsorption was reached at equilibration point of 120
min in case of SSP and 150 min in case of CFP as adsorbents and
remained constant. This is apparent from the fact that a large num-
ber of sites are available for sorption during the initial stage, and
few minutes later the remaining vacant surface sites are hard to be
occupied due to repulsive forces between the Cr(VI) on the solid

and the aqueous phases [51,52]. The better performance of SSP
and CFP compared to the earlier used adsorbents is manifested
from the optimum period of 120 and 150 min, respectively, in the
present case because it is 180 min using Bengal gram (Cicer arienti-
num) [16] and Erythrina Variegata Orientalis leaf powder (Gan-
navarapu Venkata Vamsi Aditya et al., 2012), 80 min using Fagas
orientalis L. saw dust [53], 70 min using a low cost fertilizer indus-
try waste material [18], 120 min using biomass of filamentous algae
spirogyra species [17].

Pseudo-first-order [44] and pseudo-second-order [45] kinetic

Fig. 4. Effect of contact time on Cr(VI) sorption, at 30 oC, 20 mgL−1

Cr(VI) and 200 rpm.

Fig. 3. Fourier Transform Infra Red spectrum of acid treated (a) CFP and (b) SSP.

Fig. 2. Scanning electron micrographs of SSP (a) before adsorption, (b) after adsorption and (c) EDX energy profile of SSP after adsorption.
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equations were employed to examine the mechanism of Cr(VI)
adsorption on to these adsorbents, as the literature survey clearly
shows that the sorption of Cr(VI) from aqueous solution is either
first- or second-order (Table 1). For example, removal of Cr(VI)
by Tamarindus Indica seed (TS), crushed coconut shell (CS), almond
shell (AS), ground nut shell (GS) and walnut shell (WS) follows
the pseudo-first-order biosorption [54], whereas, pseudo-second-
order was found to correlate with the experimental data well by
using peat, leaf mold and granular activated carbon [55-57], cor-
nelian cherry, apricot stone and almond shell [13], fertilizer indus-
try waste material [18], as adsorbents. In the present case, kinetic
data is in good agreement with pseudo-second-order in terms of
coefficient of determination (R2) than pseudo-first-order and the
adsorption kinetic parameters are given in Table 2.

In addition, the simple Elovich equation was also employed for
its applicability on the adsorption process [13]. The interactions
between adsorbate and adsorbent materials follow film diffusion,
pore diffusion and intra-particle transport, among which pore dif-
fusion and intra-particle diffusion are often rate-limiting in a batch
reactor, whereas film diffusion is more likely the rate-limiting step
for a continuous flow system [13]. Hence, Weber’s intraparticle
diffusion model was analyzed. Biosorption is a complex process,
mainly comprised of ion exchange, chelation and adsorption by
physical forces and entrapment in inter and intra-fibrillar capillar-
ies and space of the structural polysaccharide network as a result
of the concentration gradient and diffusion [58]. In addition, non-
conventional adsorbents contain cellulose, and the polar hydroxyl
groups on the cellulose could be involved in chemical reaction and
hence bind heavy metals from solutions [59]. Thus, in the present
case also, the mechanism of adsorbate and adsorbent interaction
as chemical coordination is explained by two stages of the adsorp-
tion of Cr(VI), i.e., the first stage, solute uptake, which is the im-
mediate solute uptake achieved within less time, followed by the
second stage, which is the subsequent uptake of solute, which con-
tinues for a long time period [13]. Similar observations were re-
ported on removal of Cr(VI) using fertilized industry waste mate-
rial [18]. Both the Elovich and Weber intraparticle diffusion mod-
els showed reasonably good correlation (Table 2).
3. Effect of Adsorbent Dose

The varying pattern of adsorption with adsorbent dose gives
the adsorption efficiency of adsorbent. By observing the results, it
was clear that the adsorbent dose can greatly affect the adsorption

of Cr(VI), and it was increased with increase in adsorbent concen-
tration in reaction mixture due to the availability of more active
sites on the adsorbent surface [60,61]. But unit adsorption was de-
creased with the increase in adsorbent dosage which may be due
to overlapping of adsorption sites as a result of overcrowding of
adsorbent particles, shown in (Fig. 5 and 6). Higher Cr(VI) sorp-
tion at lower levels of adsorbents, CFP and SSP could be due to
the higher metal to biosorbent ratio, which decreases as the bio-
mass quantity is increased [62].

Table 2. Adsorption kinetic parameters for the removal of Cr(VI) using CFP and SSP

Adsorbent
Pseudo-first-order Experimental

value Pseudo-second-order

qt (mg g−1) k1 (min−1) R2 qt (mg g−1) qt (mg g−1) k2 (g mg−1 min−1)  R2

SSP 1.190 0.018 0.779 2.400 2.433 0.059 0.997
CFP 0.950 0.016 0.600 3.600 3.623 0.062 0.998

Adsorbent
Elovich model  Weber’s intra-particle diffusion model

α (mgg−1min−1) β (gmg−1) R2 Kd (mgg−1min1/2) θ (mgg−1) R2

SSP 1.202 2.564 0.979 0.159 0.575 0.866
CFP 2.319 1.684 0.899 0.221 1.177 0.659

Fig. 6. Effect of adsorbent dose on Cr(VI) sorption by CFP, at 30 oC,
pH 1, 20 mgL−1 Cr(VI) and 200 rpm.

Fig. 5. Effect of adsorbent dose on Cr(VI) sorption by SSP, at 30 oC,
pH 1, 20 mgL−1 Cr(VI) and 200 rpm.
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4. Effect of pH
In addition to surface charge of the adsorbent, the other param-

eters influencing the adsorption are degree of ionization and the
type of adsorbate species, which in turn depends on pH of the
solution. Moreover, the stability of the chromium in its two pre-
dominant oxidation states (+6 and +3) is also dependent on the
pH of the system [63,64]. Hence, it was thought important to study
the effect of pH on the removal of Cr(VI). It is reported in the lit-
erature that Cr(VI) is predominantly removed in the pH vicinity of
1 [13]. However, maximum Cr(VI) removal was observed at pH
2.0 using a low cost fertilizer industry waste material [18], waste
pomace of olive oil factory [46], husk of Bengal gram (Cicer arienti-
num) [16]. However, higher removal of Cr(VI) was observed using
chitosan as an adsorbent at pH 5 [65].

Chromium (VI) exists as neutral Cr(OH)3 species at pH between
7 and 12. At pH 7, the chromium presents as neutral Cr(OH)3

species, which has low affinity for electrostatic interaction with the
functional groups present on adsorbent [17]. The removal of metal
ion at pH values higher than 12 could be attributed to the forma-
tion of their hydroxides, which results in precipitates [66]. More-
over, the literature survey shows that with increase in the pH,
from 4.0 to 11.0, the degree of protonation of the surface reduced
gradually and hence decreased adsorption was noticed [10,67].
Hence the adsorption experiments were better performed in acidic
pH (1 to 5) to avoid precipitate formation and for focus study.

Adsorption efficiency of metal ion with varying acidic pH is
depicted in Fig. 7. The removal of Cr(VI) is greatly affected by
changes in pH with the use of CFP and SSP as adsorbents because
the functional groups responsible for binding of metal ions in the
adsorbent are affected [59]. At lower pH levels, the adsorption of
the chromium ions reaches a maximum of 82 and 92% at pH for
SSP and CFP, respectively. The effect of pH can be better explained
by considering the surface charge on the adsorbent materials. In
general, the ionic attraction attained by the functional groups (car-
boxylate and -OH groups) present on biosorbent leads to the ad-
sorption of cations on it. However, in the present case, anionic
forms of chromium(VI) are adsorbed by protonated amines/amides
of biomass, as these groups act as anion-adsorption sites. The role of
protonated functional groups in removal of anionic forms of chro-
mium(VI) in acidic pH was well documented by An and Dultz
[68].

Chromium exhibits different types of Ph-dependent equilibria
in aqueous solutions. As the pH is shifted, the equilibrium will
also shift; in the pH range 2-6, HCrO4

−, and Cr2O7
2−, ions are in

equilibrium. At lower pH (pH<2.0) values, Cr3O10
− and Cr4O13

2−

species are formed. As the optimum pH for biosorption of hexava-
lent chromium on CFP and SSP was observed at pH 1.0, the chro-
mium was removed in its polymerized form because it is well
known that the dominant form of Cr(VI) at pH 1 is HCrO4

− [55],
as comparable with the chromium removal by Bengal gram [16].

In the present case, an increase in the removal of Cr(VI) with a
decrease of pH of the medium from 5 to 1 can be explained based
on the existence of Cr(VI) in different forms of negatively charged
chromium species (oxy anions like HCrO4

−, Cr2O7
2−, CrO4

2− etc.) in
acidic medium. When pH is below 5, the presence of a large num-
ber of H+ ions causes an increased protonation of adsorbent, which
causes a strong electrostatic attraction between the oxyanions of
Cr(VI) and positively charged surface of the adsorbent [69]. In some
cases, Cr(VI) was completely reduced to Cr(III) by contact with
biomass [70,71], but in the present case, the chromium remains in
its +6 state, which is evident from the non-formation of character-
istic green color of Cr(III).
5. Effect of Temperature of the Medium During Adsorption

Temperature of the medium has a critical impact on any reac-
tion process to occur. During adsorption, the effect of temperature
on the removal of Cr(VI) from aqueous solutions has significance
to say whether the process is endothermic or exothermic and relates
to the physisorption or chemisorptions. The removal of Cr(VI) using
CFP and SSP as adsorbents with varying temperatures is shown in
Fig. 8. The maximum adsorption of Cr(VI) was 92% at 50 oC using
CFP and 63% at 60 oC using SSP. The adsorption percentage in-
creased with an increase in temperature in case of SSP, whereas, in
case of CFP, the adsorption percentage did not significantly change
with increasing temperature.

In general, preferable binding can be expected at higher tem-
peratures for endothermic reactions. Hence, in the present study, it
indicates that the enthalpy change ΔH is positive (endothermic) due
to increase in adsorption on successive increase in temperature.
Further, negative ΔG values show that thermodynamically feasi-
ble and spontaneous nature of the adsorption process and positive
value of ΔS reveals the increased randomness at the solid-solution
interface during the adsorption of the Cr(VI) on the adsorbent

Fig. 8. Effect of temperature on Cr(VI) sorption by 5 gL−1 CFP at pH
3, 20 mgL−1 Cr(VI) and 200 rpm.

Fig. 7. Effect of pH on Cr(VI) sorption, at 30 oC, 20 mgL−1 Cr(VI)
and 200 rpm.
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material active sites. A similar observation of maximum adsorp-
tion of Cr(VI) by waste pomace was found at 333 K, which was
endothermic but spontaneous under studied conditions [46]. Also,
the rise in sorption capacity with temperature is because of rise in
the kinetic energy of sorbent particles, which is due to increased
collision frequency between sorbent and sorbate with increase in
temperature and results in enhanced sorption on to the surface of
the sorbent. Additionally, at high temperature, there may be an
increase in number of active sorption sites due to bond rupture of
functional groups on adsorbent surface, leading to enhanced sorp-
tion with the rise in temperature [72]. However, in case of CFP as
adsorbent, the modest increase in Cr(VI) removal with change in
temperature can be explained by the competitive dissolution of
functional groups like tannins and other phenol/alcohol compounds
in sorbing solution at high temperatures [73]. Thermodynamic
parameters (ΔG, ΔH and ΔS) were calculated [46] and were given
in Table 3.
6. Effect of Agitation

In earlier studies, removal of Cr(VI) increased with an increase
in agitation speed and reached an optimum value like 120 rpm
using the husk of Bengal gram (Cicer arientinum) [16] and Rhizo-
pus nigricans [74], whereas, in the case of Rhizopus arrhizus [75] it
was 100 rpm. Those observations were justified based on the fact
that agitation facilitates proper contact between the metal ions in
solution and the biomass binding sites and thereby promotes effec-
tive transfer of sorbate ions to the sorbent sites. In the present
study also the effect of agitation was of same pattern that is the
removal of Cr(VI) was increased with stirring rate and reached
equilibrium at 250 rpm using CFP and SSP as adsorbents when
studied in the range of 50 to 300 rpm. The effect of speed of rota-

tion on adsorption capacity of SSP and CFP towards removal of
Cr(VI) is shown in Fig. 9.
7. Effect of Initial Concentration of Metal Ion

The driving force to overcome all the mass transfer resistances
of the metal between aqueous and solid phase is the initial metal
concentration of the solution [76]. Incompletion of adsorption sites
during adsorption reaction and the aggregation of adsorbent par-
ticles at higher concentration are the important factors which con-
tribute to the adsorbate concentration effect. Fig. 10 shows the effect
of metal ion concentration on its removal from the aqueous solu-
tion for adsorbent materials, CFP and SSP. A continuous decline
of percentage removal with increase in metal ion concentration
was observed. This appears to be due to the increase in the num-
ber of ions competing for the available binding sites in the bio-
mass and also due to the lack of binding sites for the complexation
of Cr ions at higher concentration levels.
8. Adsorption Isotherms

Adsorption isotherms are significant in describing the mecha-
nism of adsorption for analyzing the interaction of metal ion on
the surface of adsorbent. Langmuir and Freundlich adsorption
isotherm equation were employed to evaluate the adsorption effi-
ciency of each adsorbent. The values of characteristic parameters
qm and KL are calculated from the slope and intercept of linear
dependencies and the correlation coefficient R2 associated to each
model are given in Table 4.

Linear plots obtained for both Langmuir and Freundlich adsorp-
tion isotherms indicate best fitness of experimental data to corre-
sponding models. The observed increase in uptake capacity of
CFP and SSP with the increase of Cr(VI) ion concentration is due
to higher availability of Cr(VI) ions in the solution, for the adsorp-
tion. Moreover, higher initial Cr(VI) concentration increased driv-
ing force to overcome all mass transfer resistance of metal ions

Table 3. Thermodynamic parameters at different temperatures for sorption of Cr(VI) on CFP and SSP

T (K)
SSP CFP

ΔG (Jmol−1) ΔH (Jmol−1) ΔS (JK−1mol−1) ΔG (Jmol−1) ΔH (Jmol−1) ΔS (JK−1mol−1)
303 0−342.4 11182.3 38.7 −5942.3 4472.9 34.4
313 −1250.3 −6240.0
323 −1371.8 −6717.4
333 −1562.9 −6925.4

Fig. 9. Effect of agitation on Cr(VI) sorption by 5 gL−1 CFP/SSP at
pH 1, 20 mgL−1 Cr(VI) and 200 rpm.

Fig. 10. Effect of initial Cr(VI) concentration on biosorption using
5 gL−1 CFP/SSP at pH 1, 30 oC and 200 rpm.
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between the aqueous and solid phases, resulting in higher proba-
bility of collision between Cr(VI) ions and sorbents. This also results
in higher metal uptake [72].

The adsorption isotherms were studied by varying the initial
concentration of chromium ion. Langmuir, Freundlich and D-R
models were evaluated for description of metal sorption isotherms
(Table 4). Both Langmuir and Freundlich adsorption isotherm
models were found to be applicable to this adsorption system, in
terms of relatively high regression values compared to that of D-R
model. A similar observation of fitting well the adsorption data
with the Langmuir and Freundlich isotherm models was observed
in adsorption studies on the removal of hexavalent chromium from
aqueous solution using a low cost fertilizer industry waste material
[18], husk of Bengal gram (Cicer arientinum [16], whereas, Lang-
muir isotherm model fitted the results quite well, suggesting that
(a) the surface of the sorbent is homogeneous, (b) all sites are ener-
getically equivalent and each binding site accepts only one Cr(VI)
molecule, (c) the sorbed molecules are organized as a monolayer
and (d) no interaction occurs between sorbed molecules in the
Cr(VI) removal by waste pomace of olive oil factory [46] and chi-
tosan [65].

The essential characteristics of the Langmuir isotherms can be
expressed in terms of a dimensionless constant separation factor
or equilibrium parameter, RL, which is defined as 1/(1+KLCo), where
KL is the Langmuir constant and Co is the initial concentration of
Cr(VI). The RL value indicates the shape of isotherm as given in
Table 5. The separation factor (RL) values give information about
characteristics of adsorption isotherms (Langmuir). Unfavorable,
linear, favorable and irreversible adsorptions can be expected when
RL>1, RL=1. 0<RL<1 and RL=0, respectively [77].

Dubinin-Radushkevich (D-R) isotherm (Table 1) is an empirical
model which is generally applied to express the adsorption mech-
anism with a Gaussian energy distribution onto a heterogeneous
surface [41]. Sorption energy (BD) is a constant related to the mean

free energy of adsorption per mole of the adsorbate as it is trans-
ferred to the surface of the solid from infinite distance in solution.
Sorption energy value for CFP is lower compared to that of SSP
(Table 4), which is in parallel to their enthalpy values (Table 2).
Hence, higher amount of metal is removed by CFP compared to
SSP under similar conditions.

A comparison of the chromium ions uptake capacities of CFP
and SSP with other biomaterial based sorbents is presented in
Table 6. A direct comparison is not possible because the differ-
ences in metal uptake capacities are due to a variety of parameters
and conditions employed in each referenced work.

CONCLUSION

Biosorption observations on the ability of two agricultural waste
materials, CFP and SSP to remove Cr(VI) indicate them as the bio-
mass having potential application to sequester heavy metals from
low concentration waste waters. Crude fiber composed of cellulose,
hemicelluloses, lignin etc. in SSP, and α-pinene, benzaldehyde, 1,8
cineole, furanoid, α-campholenal, 4-terpineol, α-terpineol etc. in
CFP indicates the presence of functional groups like acid, alcohol
and amine, which facilitates them as capable adsorbents for partic-
ipation in ion exchange. As these CFP and SSP are agro-wastes,
they have negligible cost and have also proved to be an efficient
biosorbent for the removal of Cr(VI) ions.
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Table 4. Adsorption isotherm model parameters for the sorption of Cr(VI) on CFP and SSP
Langmuir isotherm Freundlich isotherm D-R isotherm

Parameter SSP CFP Parameter SSP CFP Parameter SSP CFP
KL (Lmg−1) 0.055 0.097 n 1.704 1.845 qD (mol g−1) 3.669 6.110
qm (mgg−1) 5.780 9.901 KF ((mgg−1)(Lmg−1)1/n) 0.490 1.260 BD (mol2 J−2) 5.9×10−6 1.5×10−6

R2 0.959 0.976 R2 0.920 0.948 R2 0.914 0.896

Table 6. Comparison of adsorption capacities of CFP and SSP with
different sorbents for Cr(VI) removal

Adsorbent Maximum adsorption
capacity (mgg−1) Reference

Cactus leaves 07.08 [14]
Almond 10.62 [14]
Carbon slurry 15.24 [18]
Maize corn cob 00.28 [42]
Jatropha oil cake 00.82 [42]
Sugarcane bagasse 00.63 [42]
Rice straw 03.15 [78]
Bagasse fly ash 04.35 [79]
Sorghum stem powder 05.78 This study
Casuarinas fruit powder 09.90 This study

Table 5. Langmuir adsorption equilibrium parameter at different
initial Cr(VI) concentrations

Co (mgL−1)
RL

SSP CFP
10 0.645 0.508
20 0.476 0.340
30 0.377 0.256
40 0.313 0.205
50 0.267 0.171
60 0.233 0.147
70 0.206 0.128
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SEM-EDX instrumentation facility and Chemistry Research Cen-
tre, Bangalore Institute of Technology, Bengaluru for providing BET
surface area and pore distribution analysis facility.
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