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ABSTRACT

Chromium metal is found in industrial wastewater at a much higher concentration than the
prescribed limit set by different regulatory authorities. Since chromium(VI) is very toxic
and carcinogenic, it requires removal at source, that is, before its discharge to the water
bodies. The present study is carried out for removal of Cr(VI) from aqueous solution by
using locally available rubber leaf as a low-cost adsorbent in batch and continuous column
mode. The effects of pH, adsorbent dose, contact time, initial metal ion concentration, and
temperature on removal of Cr(VI) were studied in batch process. Different kinetic and
isotherm models were examined and the model parameters were determined. The column
studies were conducted to investigate the effects of flow rate, bed height, and initial metal
ion concentration on removal efficiencies. The experimental data reflects reasonably with
Thomas and Yoon–Nelson models in continuous mode.

Keywords: Rubber leaf; Isotherm; Breakthrough curve; Langmuir model; Freundlich model;
Thomas model; Yoon–Nelson model

1. Introduction

Water pollution due to the disposal of heavy
metals through industrial effluents in the water bodies
is a global concern. Heavy metal pollution in water
bodies occurs by metal plating, mining operations,
battery manufacturing, tannery, ceramic, and glass
industries. The wastewater from these industries com-
monly includes heavy metals like Cd(II), Pb(II), Cu(II),
Zn(II), Ni(II), and Cr(VI) etc. The toxic heavy metals
are non-biodegradable and when exposed to the

natural eco-system, accumulation of metal ions in
human bodies may occur through either direct intake
or food chains. Therefore, heavy metals should be pre-
vented from reaching the natural environment and be
treated at its source to a safe limit. Chromium is
unique among regulated toxic elements in the environ-
ment due to its varied toxicity at different oxidation
numbers and is treated differently. Chromium exists
in +3 and +6 oxidation states, as other oxidation states
are not stable in aqueous solution. Chromium(III) is a
dietary requirement for a number of organisms.
Hexavalent chromium is very toxic to flora and fauna.
Health effects related to Cr(VI) exposure include
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diarrhea, stomach and intestinal bleedings, cramps,
liver and kidney damage. Hexavalent chromium is
mutagenic [1–3].

Chromium and its compounds are discharged in
surface water through industries like metallurgical,
electroplating, paints and pigments, leather tanning,
wood preservation etc. All toxic metal ions are regu-
lated based on their total toxic concentrations, irre-
spective of their oxidation state. The World Health
Organization has established 0.05 mg/l as a maxi-
mum allowable concentration of Cr(VI) in drinking
water. The concentration of chromium in industrial
wastewater varies from 0.5 to 270 mg/l [2] and IS
10500 allows a discharge limit of 2 mg/l in inland
surface water [4].

Conventional removal methods have been used
are chemical precipitation, coagulation, solvent
extraction, filtration, evaporation, ion exchange,
membrane separation etc. Due to huge amount of
sludge generation, precipitation method creates seri-
ous disposal problems [5]. Adsorption of heavy met-
als on conventional adsorbents, such as activated
carbon, has been used widely in many applications
as an effective method. However, the high cost of
the activation carbon limits its use in wastewater
treatment and there is search for low-cost adsor-
bents. Agricultural waste is one of the rich sources
of low-cost adsorbents [6] besides industrial by-
products and natural materials. Due to its abundant
availability, agricultural wastes, such as peanut husk,
rice husk, wheat bran, different kinds of leaves, fruit
peels, and seeds are tried by different researchers as
low-cost adsorbent for removal of heavy metals from
industrial wastewater. Emine et al. [7] studied on
pomace—an olive oil industry waste in batch and
column studies for removal of Cr(VI) and obtained
encouraging results. Bhattacharyya et al. [5] used
different industrial waste, activated alumina, neem
bark, and saw dust. Singha and Das [8] worked on
six different adsorbents of agriculture origin and
concluded their usefulness as bio-adsorbents. Excel-
lent adsorption capacity was noticed by Chen et al.
[9] for removal of Cr(VI) from aqueous solution in
fixed-bed column study using chemically treated
corn slack.

A detailed literature survey indicates that rubber
leaf powder has most probably not been tried for
removal of Cr(VI) so far. Modified Rubber leaf pow-
ders were used for removal of Pb(II) and Cu(II)
[10,11]. Adsorption capacity of locally available rubber
leaf has been explored in this paper for removal of
Cr(VI) from aqueous solution in batch and continuous
flow packed bed columns.

2. Materials and methods

2.1. Preparation of adsorbents

Tripura is the second largest natural rubber (Hevea
brasiliensis) producing state in India. Approximate 1
lakh hectors of land are under rubber production. The
plants are fast growing and medium to tall tree
(25 m). Leaves are very leathery, smooth and shining,
elliptic-oblong, 15–25 cm long. Rubber leaf was
collected from a rubber garden near NIT Agartala,
Tripura, India and washed thoroughly with double
distilled water to remove any dust and mud present.
Then it was sun dried for 15 d and grinded in a
Philips grinder and dried in an oven at 60˚C for 6 h.
Finally, it was sieved to obtain desired particle size of
−44 +52 mesh (250–350 μm) and kept in desiccators
prior to use for adsorption studies.

2.2. Preparation of standard Cr(VI) solution

The stock containing 1,000 mg/l of Cr(VI) was pre-
pared by dissolving 2.828 g of A.R grade K2Cr2O7 in
1,000 ml de-ionized water. The stock solution was
diluted several times to make the required initial con-
centrations of Cr(VI) standards and test solutions.

2.3. Analysis of chromium(VI) ions

The concentration of chromium(VI) ions in the
standard and treated solutions after adsorption was
determined by using a UV-Spectrophotometer
(Lambda-25 UV–vis, Perkin Elmer, USA) by using 1,5
diphenyl-carbazide as the complexing agent as recom-
mended [12]. The absorbance of the purple-colored
solution was read at 540 nm after 10 min. The calibra-
tion curve was prepared first with known strengths of
dilute Cr(VI) solutions prepared from stock solutions.

2.4. Reagents and processes

All the chemicals, K2Cr2O7, H2SO4, NaOH, and 1,5
diphenyl-carbazide, were used of analytical grade and
obtained from E. Merck India Limited, Mumbai, India.
The pH of the solution was measured with a EUTECH
make digital microprocessor-based pH meter previ-
ously calibrated with standard buffer solutions.

The batch experiments were conducted in 250 ml
stoppered Erlenmeyer flask with known strength
Cr(VI) solutions. Flask were agitated in an electrically
thermostat reciprocating shaker at 120–130 strokes per
minute. The test samples were withdrawn at the speci-
fic time, filtered, and the filtrate were analyzed for
residual Cr(VI) concentration.
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The transport of Cr(VI) ion through fixed-bed was
explored. The experimental setup comprised of 1.5 cm
diameter Perspex column and 50 cm height. Four such
columns, in parallel, homogeneously packed with
rubber leaf powder, are used simultaneously. The
schematic diagram of the experimental setup is shown
in Fig. 1. The continuous down flow was maintained
by using a multi-channel peristaltic pump; model
Master Flex L/S (SN-07528-30) of Cole-Parmer, USA.
A constant head was maintained above the bed to
avoid channeling of the liquid. The effects of four dif-
ferent flow rates, bed heights, and four different initial
metal ion concentrations on breakthrough curves were
studied. Samples were collected for analysis from the
bottom of the columns initially at 10 min interval for
2 h and thereafter at 30 min interval.

3. Results and discussion

3.1. Characterization of the adsorbent

The different physical characteristics of the
adsorbents are shown in Table 1. The density was
measured by specific gravity bottle and the surface
area was measured by BET apparatus, Chemisorb
2720, Micrometrics Instruments Corporation, USA.
FTIR analysis was conducted by Nicholet iS10,
Thermo Scientific, USA. The point of zero charge of

the adsorbent was determined by solid addition
method [13]. Fig. 2(a) and (b) shows the scanning elec-
tron micrograph (SEM) (FEI-QUANTA-200, The
Netherlands) of the rubber leaf powder before and
after adsorption with Cr(VI). The observed image
(Fig. 2(a)) shows high roughness and pores on the
adsorbent surface. These provide larger effective
surface for the easy sorption of Cr(VI) ions. A
decrease in the surface roughness is observed in the
SEM image of Cr(VI)-loaded rubber leaf and is shown
in Fig. 2(b). This shows the adherence of Cr(VI) ions
on the adsorbent surface [5,8].

Fig. 3 shows the FTIR plot for fresh and Cr(VI)-
loaded rubber leaves and Table 2 represents the shift in
the wave number of dominant peak associated with the
Cr(VI) loaded in the FTIR plots by comparing between
fresh rubber leaves and Cr(VI)-loaded adsorbents.
These shift in the wave number indicated that there
was metal binding at the surface of the adsorbent [8].
The shift of wave number of 1,109.35 cm−1 (fresh) to
1,099.71 cm−1 (metal loaded) indicated surface –OH is
one of the functional group responsible for adsorption.
Other major functional group responsible for the
adsorption are amine (1,159.01–1,167.20 cm−1), aro-
matic, acid (1,235.18–1,249.65 cm−1), carbonyl (1,738.99–
1,732.00 cm−1), and alkene (1,642.75–1,651.73 cm−1)
group present in the adsorbent and some minor shift
ester (1,020.16–1,018.23 cm−1), alkane (2,922.59–
2,921.14 cm−1 and 2,848.34–2,846.49 cm−1) etc. are also
responsible for adsorption.

Crystal radius of Cr(VI) is 0.52 Å
´
. It is moderately

large ion, fit into the binding site of the natural adsor-
bents and bind to several group present in the adsor-
bents simultaneously.

3.2. Batch studies

Batch studies were conducted to investigate the
effects of pH, adsorbent dose, contact time, and initial
concentration of Cr(VI) ions on metal adsorption.
Equilibrium studies were conducted at different
Cr(VI) concentrations and at three different tempera-
tures at a constant speed in the electro stated water
bath shaker.

3.2.1. Effect of operating parameters

3.2.1.1. Effect of pH. The study was conducted taking
100 ml solution in conical flasks, varying pH 1–5 that
is below ppzc, at Cr(VI) concentration of 10 mg/l at
30˚C at a speed of 120–130 strokes per minute. pH of
the solution was monitored by adding 0.1 N H2SO4 or
0.1 N NaOH as per requirement. Fig. 4 shows the
effect of pH on removal of Cr(VI). It is noted that
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Fig. 1. Experimental setup for column studies.
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between pH 1–2, removal efficiency is maximum and
the highest removal of 98.68% was found at a pH of
1.5. This result is consistent with other researchers

[14–16]. This may be due to the fact that at pH ≤ 1.0,
the dominant form of Cr(VI) is H2CrO4 [17] and
increase in pH shifts the concentration of HCrO�

4 to
Cr2O

2�
7 and CrO4�. At low pH, a large number of H+

ions are present, which neutralizes the OH– ions on
the adsorbent surface and facilitating diffusion and
adsorption of Cr(VI) ions on the adsorbent surface [5].
Above pH 2, the removal percentage falls sharply and
reaches to 21.7% at pH 5 due to the overall surface
charge on the biosorbents become negative and hence
adsorption decreases [18]. The same trend was also

Table 1
Characteristic of rubber leaf powder

Particle size
mesh

Bulk density
(g/cc)

Surface area
(unloaded) (m2/g)

Surface area (loaded
with Cr(VI)) (m2/g) pzc

Ash content
(dry basis) (%)

Moisture content
(dry basis) (%)

−44 +52 0.315 29.17 13.06 7.013 4.50 5.44

(a) (b)

Fig. 2. SEM of the rubber leaf. (a) Raw rubber leaf, and (b) rubber leaf loaded with Cr(VI).
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Fig. 3. FTIR analysis for the fresh and Cr(VI)-loaded rub-
ber leaf.

Table 2
Wave number (cm−1) for dominant peak from FTIR of
adsorption of Cr(VI)

Functional group Fresh Cr(VI) loaded

Alcohol O–H stretching 1,109.35 1,099.71
Amine C–N stretching 1,159.01 1,167.20
Aromatic C=C stretching 1,382.23 1,368.25
Acid C–O stretching 1,235.18 1,249.65
Carbonyl C=O stretching 1,738.99 1,732.00
Alkene C=C stretching 1,642.75 1,651.73
Alkane C–H stretching 2,922.59 2,921.14
Alkane C–H stretching 2,848.34 2,846.49
Ester C–O stretching 1,020.16 1,018.23
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reported by other researchers [5–8]. The following
equilibrium exist for Cr(VI) anions in aqueous
solutions:

H2CrO4 ! HCrO�
4 þHþ K1 ¼ 1:21 (1)

2HCrO�
4 ! Cr2O

2�
7 þH2O K2 ¼ 35:5 (2)

HCrO�
4 ! CrO2�

4 þHþ K3 ¼ 3� 10�7 (3)

Adsorption of Cr(VI) was not significant at higher pH
(pH > 6) due to the formation of complex of anions
Cr2O

2�
7 ; CrO2�

4 ; OH� which adsorbed on the adsorp-
tion surface [18–20]. This study helped in designing
the appropriate pH of the effluent/wastewater to
achieve maximum efficiency for removal of Cr(VI) by
rubber leaf powder. In future studies, the aqueous
solution pH was maintained at 1.5 to get the optimum
adsorption.

3.2.1.2. Effect of adsorbent dose. Effect of adsorbent dose
is shown in Fig. 5 and it showed that, initially, percent
removal increased at a very fast rate with the increase
in adsorbent concentration and reaches to 98.68% at a
concentration of 2 g/l and thereafter it did not
increase so significantly. It may be explained that with
increase in adsorbent dose, more surface area was

available for adsorption, so the removal efficiency
increased. At concentration of adsorbent increased,
equilibrium the metal ion adsorption capacity, qe,
decreased. At 2 g/l, adsorption capacity was 9.6 mg/g
and at 5 g/l, it fell down to 1.97 mg/g against 98.68%
removal. Since optimum removal efficiency was found
at an adsorbent concentration of 2 g/l, it was
maintained for rest of the experiments. This reduces
the usages of adsorbent quantity and hence is more
economical.

3.2.1.3. Effect of initial metal ion concentration. Fig. 6
shows that the Cr(VI) removal percentage is decreased
with increase in initial metal ion concentration.
Removal efficiency gradually falls with increase of
Cr(VI) concentration and drops to 85.82% at 50 mg/l
concentration level. The possible reason may be that at
lower concentration level, adsorption takes place at
higher active sites of the adsorbent and as concentra-
tion of metal ion increases, adsorption is to take place
at lower active sites and thus adsorption decreases [5].
However, equilibrium adsorption capacity, qe,
increased from 2.49 mg/g at 5 mg/l solution to
21.45 mg/g at a concentration of 50 mg/l as mass
transfer increased due to higher concentration level of
metal ions. Cr(VI) concentration, Ce, was measured as
7.47, 3.347, and 0.386 mg/l at 30, 40, and 50˚C, respec-
tively, for Cr(VI) initial concentration of 50 mg/l at
equilibrium.
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Fig. 4. Effect of pH on removal of Cr(VI): initial Cr(VI)
concentration 10 mg/l, adsorbent dose 5 g/l, contact time
4.5 h.
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Fig. 5. Effect of adsorbent dose on Cr(VI) removal: initial
concentration 10 mg/l, pH 1.5, contact time 4.5 h.
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3.2.1.4. Effect of contact time. The effect of contact time
on batch adsorption of at 30˚C is shown in Fig. 7. It
shows that the reaction 90% adsorption was com-
pleted within 1 h. Thereafter, the reaction rate became
very slow and reaches equilibrium in nearly three
hours. However, contact time of 4.5 h was chosen uni-
formly for all experiments to attain equilibrium.

3.2.2. Adsorption kinetic study

Predicting rate of adsorption is the most important
factor in adsorption system design.

The kinetic study described the solute uptake rate
and evidently this rate controlled the residence time
of adsorbate uptake at the solid-solution interface
including the diffusion process. This mechanism
depends on the physical and chemical characteristics
of the adsorbents and also the mass transfer process
[8]. Several kinetic models are available to represent
the order of the reaction based on solute concentra-
tion. The reaction orders may be specified based on
different kinetic models. Kinetic models, namely,
pseudo-first-order, pseudo-second-order models were
tried and rate limiting step was predicted. The reac-
tion kinetics was studied at 30˚C with initial metal ion
concentration of 10 mg/l and at an adsorbent dose of
2 mg/l with an average shaking speed of 120–130
strokes per minute. The solute uptake was controlled
by the metal ion diffusion rate on the adsorbent

surface and the mechanism of adsorption depends
upon physical and chemical characteristics of the
adsorbents.

The pseudo-first-order model was proposed by
Lagergren [21]. The model assumes that the adsorp-
tion is diffusion-controlled and the integral form of
the model is expressed as:

logðqe � qÞ ¼ log qe � Kadt

2:303
(4)

The parameters were obtained from the plot of log
(qe − q) vs. time and shown in Fig. 8 and Table 3
shows the parameters with statistical analysis.

The pseudo-second-order model [22] assumes that
chemisorption takes place on the adsorbent surface.
The linear form of pseudo-second-order equation is
expressed by:

t

q
¼ 1

K2q2e
þ t

qe
(5)

The parameters can be determined from the plot of
t=q vs. t and shown in Fig. 9 and the values are shown
in Table 3. From Table 3, it can be concluded that the
pseudo-second-order model fits the experimental data
well. This means that the chemical interaction between
the adsorbent sites and Cr(VI) ions could be the sole
rate-determining step [23].
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Fig. 6. Effect of initial Cr(VI) concentration on removal:
adsorbent dose 2 g/l, pH 1.5, contact time 4.5 h.
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3.2.3. Prediction of adsorption rate-limiting step

The adsorbate transport from solution phase to the
adsorbent surface takes place in several steps. First,
transport to solute from the solution phase to the sur-
face of the adsorbent by mass transfer through the

boundary layer which is known as film diffusion.
Second step is diffusion of the solute to the surface
and pores of the solid. This is called intra-particle
diffusion and the last step is adsorption reaction on to
the active groups in inner and outer surface of adsor-
bent. Generally, the inner or outer diffusion controls
the adsorption rate. To describe the diffusion process
of Cr(VI) ions on the microsphores, Fick’s equation is
attempted and is given by [8]:

qt
qe

¼ 6

Ra

ffiffiffiffiffiffiffiffi
Det

p

r
(6)

q∞ is replaced by qe and the plot of qt/qe vs. t0.5 of
experimental data shows multi-linear segments as
depicted in Fig. 10. The first stripper portion repre-
sents that the adsorption is diffusion mass transfer
controlled and the second linear portion gives an idea
of intra-particle diffusion domination in that part [8].
The last linear portion related to adsorption–desorp-
tion equilibrium. The first linear portion took 30 min
and the second linear portion took 60 min. The ratio
of the time taken by film diffusion to intraparticle
diffusion is 1:2. So, it can be concluded that intraparti-
cle diffusion is predominant over the film diffusion
and intraparticle diffusion is the rate-controlling step.

3.2.4. Mass transfer analysis

Mass transfer analysis for removal of Cr(VI) from
aqueous solution was carried out using the following
equation [24]:

ln
Ct

C0
� 1

1þMKbq

� �
¼ ln

MKbq

1þMKbq
� 1þMKbq

MKbq

� �
bSst

(7)

The plot of ln Ct=C0 � 1=1þMKbq

� �
vs. t yields a

straight line and from the slope,
1þMKbq

MKbq

� �
bSs, the value

of mass transfer co-efficient (β) was calculated. Value
of mass transfer co-efficient was estimated to be
10.51 × 10−4 cm/s with a correlation co-efficient of 0.95
for initial Cr(VI) ion concentration of 10 mg/l. The
value of mass transfer co-efficient indicates that the
mass transfer rate for the liquid phase to the solid
phase was quite fast.

3.2.5. Equilibrium studies

The equilibrium studies were conducted varying
initial Cr(VI) ion concentration from 5 to 50 mg/l at
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30–50˚C at adsorbent dose level of 2 g/l and the
adsorption equilibrium data are represented by
Langmuir and Freundlich isotherm models. Adsorp-
tion isotherms indicate the qualitative information on
the nature of the solute–surface interaction and also
relation between the concentration of adsorbate and
its degree of accumulation onto adsorbent surface.
Adsorption isotherms are used to optimize the use of
adsorbents and the analysis of the isotherm data fit-
ting them to different isotherm models is an important
step to find the suitable model which can be used for
scale-up design [25,26].

3.2.5.1. Langmuir isotherm model. Langmuir [27] model
assumes monolayer adsorption with a finite number
of adsorption sites. Linearity of the plot indicates the
application of the isotherm. The equation is commonly
written as follows:

Ce

qe
¼ Ce

qmax
þ 1

qmaxb
(8)

The linear plot of Ce=qe vs. Ce, is shown at Fig. 11.
From the slope and intercept, the values of qmax and b
are determined and tabulated at Table 4. The essential
characteristics of Langmuir isotherm may be
expressed in terms of a dimensionless constant, called
separation factor [8], RL, which is defined as:

RL ¼ 1

1þ bC0
(9)

The RL value lying between 0 and 1 indicates strong
affinity for adsorption. The RL value varied from 0.011
to 0.1 for initial concentration 5 to 50 mg/l at 30–50˚C.
Hence, it indicates favorable adsorption.

3.2.5.2. Freundlich isotherm model. It is based on the
assumption that adsorbent had a heterogeneous sur-
face composed of different classes of adsorption sites.
Freundlich equation is as follows:

log qe ¼ logKf þ 1

n
logCe (10)

Kf, the Freundlich adsorption capacity and n, the
Freundlich isotherm constant, is an empirical parame-
ter that varies with degree of heterogeneity and its
values lie between 1 and 10 for favorable adsorption
[7]. The constants were calculated from the Freundlich
plot as shown in Fig. 12. The values of the constants
are provided in Table 4. The n values lie between 1
and 10, it indicates favorable adsorption. From Table 3,
it is clear that statistical parameter indicated that
Langmuir model fitted better than the Freundlich
model. This indicates that the adsorption occurs on
the homogeneous surface by monolayer adsorption
and is described by chemisorption due to formation of
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ionic or covalent bonds between the adsorbents and
adsorbate [14].

3.2.5.3. Dubinin–Radushkevich isotherm model [28]. The
nature of adsorption process may be predicted by this
model. The linear form of model is described by:

lnCabs ¼ lnXm � ke2 (11)

where the Polani potential, e, is given by:

e ¼ RT ln 1þ 1

Ce

� �
(12)

From the plot of lnCabs vs. e2, the values of k and Xm

are calculated from slope and intercept, respectively.
The mean sorption energy, E, was evaluated from:

E ¼ 1ffiffiffiffiffiffiffiffiffi�2k
p (13)

The calculated value of the sorption energy, E
(kJ/mol), gives an information about the nature of
adsorption process, whether physical or chemical. If
the value of E is less than 8 kJ/mol, the process is
physical adsorption and the values between 8 and
16 kJ/mol the process is chemisorption. The estimated
value came to 8.45 kJ/mol at 30˚C, which indicated
the process was chemisorption [8,29].

3.2.6. Thermodynamic studies

To see the effects of temperature, adsorption stud-
ies were conducted at temperatures 30–50˚C, varying
initial metal ion concentration from 5 to 50 mg/l at an
adsorbent dose level of 2 g/l. The heterogeneous equi-
librium was established between the Cr(VI) in the
solution and Cr(VI) on the adsorbent. The apparent
equilibrium constant, K0

C was calculated by Eq. (11) at
different initial concentrations and then extrapolating
to zero to get K0

c . The thermodynamic parameters,
such as Gibbs free energy (ΔG˚), enthalpy (ΔH˚), and
entropy (ΔS˚) (J/mol) on adsorption of Cr(VI) on
rubber leaf powder were determined by using the
following equations:

K0
C ¼ Cad;eq

Ceq
(14)

DG� ¼ �RT lnK0
c (15)

The Gibbs free energy (ΔG˚) is calculated from
Eq. (9) and given in Table 5. The negative value of
free energy suggests that the adsorption process is
spontaneous and its further decrease with tempera-
ture increase indicates that the spontaneity increases
with increase in temperature. The enthalpy (ΔH˚) and
entropy were calculated from the slope and the inter-
cept of the plot of lnK0

c vs. 1/T and shown in
Fig. 13.

lnK0
c ¼ �DH�

RT
þ DS�

R
(16)

Table 3
Reaction kinetics data

Pseudo-first-order rate constant Pseudo-second-order rate constant Mass transfer analysis

Kad

(min−1)
qe
(mg/g)

Correlation
coefficient (R2)

K2

(mg/g/min)
qe
(mg/g)

Correlation
coefficient (R2)

Mass transfer
coefficient β (m/s)

Correlation
coefficient (R2)

0.46 32.13 0.9769 6.46 × 10−3 50.12 0.9998 10.51 × 10−4 0.9521
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Fig. 12. Freundlich plot for adsorption
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The enthalpy was calculated to be 81.22 kJ/mol and
entropy was 303.54 J/mol K. Positive values of
enthalpy and entropy change suggest the adsorption
process was endothermic and random in nature.
Moreover, the value of enthalpy change suggests that
the adsorption of Cr(VI) on rubber leaf powder was
chemisorption in nature as it lies between 40 and
800 kJ/mol [30].

3.2.7. Desorption studies

The weakly bonded Cr(VI) ions with the rubber
leaf were removed by using alkaline solution to form
soluble chromate [31,32]. After adsorption, the used
rubber leaf powder was regenerated by washing it
with 0.5 N NaOH solution and then by distilled water
and oven dried. The regenerated powder was again
used in batch process under same operating condi-
tions and the removal percent of Cr(VI) was obtained
91.57% against 97.0% for the fresh rubber leaf for an
initial concentration of 16.5 ppm and adsorbent dose

of 2 g/l at pH 1.5 at 30˚C. After second regeneration,
the removal percentage further decreased and the
overall performance is presented in Table 6.

3.2.8. Comparison of adsorbent capacity with different
adsorbents reported in literature

The adsorption capacity of Cr(VI) onto different
natural adsorbents were compared with other adsor-
bents reported in literature and is shown in Table 6.
The adsorption capacity varies and it depends on the
characteristics of the individual adsorbent and initial
concentration of the adsorbate. Results of our investi-
gation revealed that rubber leaf has potential to be
used for the removal of Cr(VI) ions from aqueous
solution (Table 7).

3.3. Continuous column adsorption studies

Adsorption in fixed-bed columns are often used in
industry due to several advantages like handling of
bulk quantities of liquids and efficient use of adsor-
bents. But the bed does not attain equilibrium while
discharging liquid in continuous flow mode. So the
batch experimental data cannot be used directly for
scale up in columns. The major characteristic of con-
tinuous fixed-bed column is the history of the effluent
concentration. These concentration-time curves are
commonly known as breakthrough curves. The
rational design of the fixed-bed column system is
based on accurate predictions of the breakthrough
curves under specific operating conditions. The fixed-
bed analysis in general is very complex. The operation
depends on equilibrium (isotherm and capacity),
kinetics (diffusion and convective coefficients), and
hydraulic (liquid holdup, geometric analysis, and mal-
distribution) factors [41,42].

The column performance was evaluated by plot-
ting relative concentration of Cr(VI) ion, which is
defined as the ratio of the concentration of Cr(VI) ion
in effluent to the concentration in Cr(VI) ion in influ-
ent (Ct/C0) with respect to flow time, t. The total
Cr(VI) ion adsorbed, qt, in the fixed-bed column for a
given solute concentration and flow rate is calculated
from the following equation:

Table 4
Isotherm values

Temperature
Langmuir constants Freundlich constants

qmax (mg/g) b R2 Kf (mg/g)/(mg/l)1/n n R2

30˚C 22.97 1.18 0.988 12.88 3.58 0.876

3.10 3.15 3.20 3.25 3.30
4.0

4.5

5.0

5.5

6.0

6.5

ln
K

0 c

1/T*1000

Fig. 13. lnK0
c vs. 1/T plot.
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qt ¼ v

1; 000

Z t¼ts

t¼0

Cad dt (17)

The equilibrium uptake of Cr(VI) ions, qeq, based on
the weight of the biomass can be calculated from the
following equation:

qeq ¼ qt � qt0
v

(18)

The percentage of removal (R) can be calculated from
the following equation:

R ¼ C0 � Ct

C0
� 100 (19)

3.3.1. Effect of the operating parameters

3.3.1.1. Effect of flow rate on breakthrough curves. The
breakthrough curves at various flow rates (5, 10, 15,
and 20 ml/min) are shown in Fig. 14 at a bed height
of 5 cm, equivalent to 2.5 g of adsorbent. The curves
show that earlier breakthrough is reached with
increase in flow rate. The equivalent metal uptake
capacity is also influenced by the flow rate. The break-
through curves become steeper with flow rate and the
breakthrough time decreases. The removal efficiency
of Cr(VI) is reduced. The uptake capacity of 17.5 and
20.18 mg/g was recorded at velocity of 5 and 20 ml/l,
respectively, and the percentage removal decreased
from 100 to 26.89% at the initial Cr(VI) concentration
of 10 mg/l. This shows that at high flow rates, the
adsorption capacity was lower due to residence time
being low and also the diffusion of the solute into
pores of the adsorbent and hence the solution leaves

Table 5
Thermodynamic parameters

Temperature (˚C) −ΔG˚ (kJ/mol) ΔH (kJ/mol) ΔS (J/mol/˚C)

30 10.65 81.22 303.54
40 13.96
50 16.73

Table 6
Desorption studies

Adsorbent % Removal of Cr(VI)

Fresh rubber leaf 97
After 1st regeneration 91.57
After 2nd regeneration 79.4

Table 7
Langmuir adsorption capacity for various low-cost natural adsorbents

Sl. No. Adsorbents Adsorbent capacity for Cr(VI) (mg/g) Refs.

1 Saw dust 20.7 [5]
2 Neem bark 19.60 [5]
3 Rice straw 12.172 [8]
4 Rice bran 12.341 [8]
5 Rice husk 11.398 [8]
6 Hyacinth root 15.281 [8]
7 Neem leaves 15.954 [8]
8 Coconut shell 18.695 [8]
9 Sugar beat pulp 17.02 [33]
10 Hazelnut shell 17.70 [34]
11 Almond shells 10.616 [35]
12 Cactus leaves 7.082 [36]
13 Coconut tree sawdust 3.6 [37]
14 Wheat bran 0.942 [38]
15 Coconut husk fibers 29 [39]
16 Waste tea 1.55 [40]
17 Pine leaves 0.277 [41]
18 Rubber leaves 22.97 Present study
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the column before reaching the equilibrium [41,43].
Hence, lower flow rates are suggested for effective
removal of Cr(VI) from wastewater in fixed-column
mode.

3.3.1.2. Effect of bed depth on the breakthrough curve. The
breakthrough curves at different bed heights are
shown in Fig. 15. From the figure, it was noted that
with the increase in bed height, the Cr(VI) ions get in
contact with more adsorbent, hence higher removal
efficiency was observed. So at higher bed heights,
decrease in concentration of Cr(VI) in the effluent was
observed. The slope of the breakthrough curves
decreased with increase in bed height as the mass
transfer zone increased [30]. Higher metal uptake
capacity of 18.89 mg/g was observed at the bed height
of 3 cm and the uptake was reduced to 9.42 at 9 cm
bed height due to availability of more adsorbents, that
is, more surface area [41].

3.3.1.3. Effect of initial Cr(VI) concentration on the break-
through curve. The breakthrough curves at different
initial Cr(VI) concentrations are shown in Fig. 16.
From the figure, it was noted that with the increase in
initial concentration, breakthrough curves become
sharper. As more Cr(VI) ions come in contact with
adsorbent, lower removal efficiency was observed.
Removal percentage decreased from 76.87 to 54.09%

with increase in concentration from 5 to 20 mg/l at a
flow rate of 15 ml/min and 7 cm bed height. Metal
uptake increased from 6.89 to 17.76 mg/g with
increase in initial metal ion concentration due to
increased mass transfer rate at higher concentration.
The similar results were obtained by other researchers
[44–48].

3.3.2. Modeling of breakthrough curves

The performance of a fixed-bed column may be
represented by breakthrough curves. Modeling of
adsorption dynamics of the column are based on mass
balance across an infinitesimal element in the normal
to the direction of flow. The axial and redial disper-
sion are neglected. Several empirical models, like,
Thomas model, Yoon–Nelson model, Bohart–Admas
model etc. are available for breakthrough curve pre-
diction. In this paper, first two models are discussed
and the model parameters are determined. The experi-
mental breakthrough curves are also compared with
the model predicted curves which show reasonable
good fittings.

3.3.2.1. Thomas model [48]. Thomas model is one of the
most widely used models. The Thomas model,
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Fig. 14. Effect of flow rate on breakthrough performance
and comparison with Thomas model and Yoon–Nelson
model: pH 1.5, effluent concentration: 10 mg/l, bed height:
5 cm and flow rate: 15 ml/min.
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assumes Langmuir kinetics of adsorption–desorption
and no axial dispersion, is derived with an assump-
tion that it follows second-order reversible reaction
kinetics. In general, the adsorption is not limited by
chemical reaction kinetics, but also is often controlled
by interphase mass transfer; it leads error when used
to model the adsorption process [49].

The non-linear form of the equation is expressed
by the equation:

Ct

C0
¼ 1

1þ exp Kth
q0v�C0Veff

v

� �h i (20)

or,

ln
C0

Ct
� 1

� �
¼ Kthq0v

v
� KthC0Veff

v
(21)

The kinetic coefficient, Kth and the adsorption capac-
ity, q0 are determined from plot of ln C0=Ct�1ð Þ against
Veff at a given flow rate. The model parameters and
correlation co-efficients are shown in Table 8. This
model agrees well with the experimental data in the
range of Ct=C0 < 0.3. This model assumes that the
external and internal diffusion is not the limiting step
and the Langmuir isotherm is valid. From Table 8, it
is clear that as flow rate is increased, equilibrium
adsorption capacity increases in line with the experi-
mental values. The correlation coefficients are in the
range of 0.92–0.99, and shows good correlation of the
experimental data and Thomas model. At increased
bed depth, the values of Kth became smaller while the
values of q0 increased. The values of Kth increase with
increase in flow rate, but decrease with bed height
and initial metal ion concentration. Adsorption capac-
ity,q0 depends upon the quantity of adsorbent present
in the column and increases with increase in flow rate
and concentration and decreases with bed height.

3.3.2.2. Yoon–Nelson model [50]. This model assumed
that the rate of decrease in the probability of adsorp-
tion for each adsorbate molecule is proportional to the
probability of adsorbate and also probability of adsor-
bate breakthrough on the adsorbent. The model is
expressed as:
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Fig. 16. Effect of initial Cr(VI) concentration on
breakthrough performance and comparison with Thomas
model and Yoon–Nelson model: flow rate: 15 ml/min, pH
1.5, bed height: 7 cm.

Table 8
Thomas and Yoon–Nelson model parameter at different flow conditions

Q
(ml/min)

C0

(mg/l)
Z
(cm) qe,exp

%
Removal

q0
(mg/g)

Kth

(l/mg min)
R2 for
Thomas model

kYN
(min−1)

τ
(min)

R2 for
Yoon–Nelson model

5 10 5 7.0 99 16.3 0.00101 0.98 0.0152 701.9 0.97
10 10 5 13.28 90.4 15.33 0.00230 0.97 0.0178 502.3 0.96
20 10 5 8.07 26.89 8.54 0.00473 0.99 0.0401 125.4 0.98
15 10 3 18.89 54.34 19.23 0.00105 0.99 0.0081 264.2 0.97
15 10 5 15.55 74.5 18.29 0.00102 0.99 0.0079 407.5 0.97
15 10 7 11.22 75.28 13.33 0.00099 0.98 0.0075 420.9 0.98
15 10 9 9.42 81.34 12.06 0.00094 0.98 0.0079 615.9 0.98
15 5 7 6.89 76.87 8.82 0.00140 0.96 0.0064 459.4 0.98
15 15 7 15.84 67.6 17.91 0.00050 0.94 0.0067 322.7 0.99
15 20 7 17.76 54.09 18.75 0.00041 0.92 0.0071 266.1 0.99
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Ct

C0 � Ctð Þ ¼ exp kYNt� kYNsð Þ (22)

Using linear plot of ln C0=Ct�1ð Þ vs. time t, at different
flow rate, initial Cr(VI) ion concentration and bed
height the values of kYN and s are determined. The
parameters are presented in Table 8 along with
Thomas parameters. The correlation coefficient values
vary in the ranges of 0.97–0.99, which indicates
applicability of the model. The rate constant kYN values
increased with increased in flow rate and concentra-
tion, but decreased with increase in bed height. The
50% breakthrough time, s, min decreased considerably
with increase in flow rate and initial metal ion concen-
tration. It increased with increase in bed height. Similar
results are also obtained by other researchers [18,41].

Figs. 14–16 show the experimental breakthrough
plots for various operating condition and also
predicted breakthrough curves using Thomas and
Yoon–Nelson Model. Based on the correlation coeffi-
cient, it may be concluded that Yoon–Nelson model
predicts the experimental data slightly better than the
Thomson model.

3.4. Safe disposal of the Cr(VI)-loaded adsorbent

The Cr(VI)-loaded rubber leaf disposal in the open
atmosphere is not recommended due to possibility of
leaching of Chromium ions. Hence, the Cr(VI)-loaded
adsorbents are first incinerated at 700˚C and then
5 mg of ash samples were mixed with 25 ml of deion-
ized water to give a liquid–solid ratio of 5 [51]. After
continuous gentle stirring for 24 h ,the filtrate was
analyzed for Cr(VI) ions [51]. It was observed that
Cr(VI) did not leach from the ash sample. So this ash
may be used to fill in the road particularly in the
nearby rural areas or place it to the nearby agricul-
tural field. So the ash formation of the used adsorbent
will lead to the safe disposal.

4. Conclusions

This study demonstrated the potency of dry rubber
leaf in the Cr(VI) removal from aqueous solution.
Batch and continuous column experiments were con-
ducted using rubber leaf, a locally available waste, for
removal of Cr(VI) from aqueous solution at different
process parameters, like pH, adsorbent dose, initial
metal ion concentration, contact time etc. in batch
operation and different bed height, initial metal ion
concentration, and flow rates in continuous column
mode. The results may be summarized as follows:

(1) The removal of Cr(VI) from aqueous solution
strongly depends upon pH of the solution. The
optimum pH for removal of Cr(VI) on rubber
leaf powder was found at pH 1.5.

(2) The point of zero charge on the adsorbent sur-
face is 7.01.

(3) Almost 100% removal of Cr(VI) was possible at
specified process parameters both in batch ad
column mode.

(4) The kinetic process was best described by the
pseudo-second-order model with correlation
coefficient 0.99.

(5) Langmuir adsorption isotherm was better fitted
than Freundlich model, which indicates that
the monolayer adsorption took place.

(6) Thermodynamic parameters show that the
adsorption was spontaneous and endothermic
in nature.

(7) Desorption studies indicate that the rubber leaf
powder may be used consecutive three times
and after second regeneration, Cr(VI) removal
percentage was 79.4%.

(8) Column studies show that breakthrough curves
were affected by flow rate, bed height, and ini-
tial metal ion concentration. Increase in flow
rate decreased the Cr(VI) removal efficiency
due to less contact time, and exhaustion rate of
adsorbent was faster at higher flow rates
whereas increase in bed height improved
removal efficiency.

(9) Adsorption data slightly better fitted with
Yoon–Nelson model compared to Thomas
model.

(10) The study suggests the use of rubber leaf
powder as potential adsorbent for removal of
Cr(VI) from aqueous solution.

Nomenclature

b — langmuir constant (l/mg)
Cad — adsorbed concentration (mg/l)
C0 — influent metal ion concentration at t = 0

(mg/l)
Ct — effluent metal ion concentration at time t

(mg/l)
Ct/C0 — relative concentration (dimensionless)
De — effective diffusion co-efficient of absorbate

in the absorbent phase (m2/s)
ΔpH — difference of pH
ΔG˚ — gibbs free energy (kJ/mol)
ΔH˚ — enthalpy (kJ/mol)
ΔS˚ — entropy (kJ/(mol/K))
Kad — lagergren rate constant (min−1)
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