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A B S T R AC T

Adsorbents like water hyacinth leaf, powdered activated carbon (PAC), PAC in combination 
with polymer beads (added to enhance the porosity) and a combination of PAC with water 
hyacinth leaves were used to remove hexavalent chromium from wastewater. Equilibrium was 
achieved after approximately 18 h. The maximum equilibrium sorption capacity (qmax), deter-
mined from Langmuir isotherm, are: ADRB1: 9.638 mg/g; ADRB2: 31.46 mg/g; ADRB3: 55.926 
mg/g; ADRB4: 33.575 mg/g for 1l wastewater solutions. The adsorption capacity of PAC (ADRB3) 
has been found more than the composite ADRB4 with a combination of WH (2 g) and PAC (1 
g). However, ADRB4 could be used for applications where large quantity of wastewater (e.g. 
leather complexes) containing hexavalent chromium is disposed into a huge water body where 
plenty of water hyacinths are grown naturally. Simultaneously three isotherms namely Temp-
kin, Freundlich and Langmuir were parameterized. The parameters were estimated using the 
Levenburg and Marquardt optimization scheme, which is based on the minimization of the 
Sum of the Squares of the Residuals or Deviations (SSQ). The uncertainties associated with 
the estimated parameters and the range of confi dence limits were computed. Close agreement 
was observed between the predicted Langmuir output and the experimental data for the sys-
tem considered. This particular case satisfi ed experimental conditions with almost negligible 
interaction, constant energy of adsorption and equally likely competition between species. 
Hence Langmuir ranked fi rst for three times out of four experiments.

Keywords:  Adsorption; Hexavalent chromium; Water hyacinth; Isotherm; Parameter estimation; 
Nonlinear least square

1. Introduction

Hexavalent chromium is a major pollutant pres-
ent in the wastewater of the metal and mineral pro-
cessing, leather processing and pulp and paper 
industries [1]. Hexavalent chromium usually exists in 
wastewater as oxy anions such as chromate ( 2

4CrO − )
and dichromate ( 2

2 7Cr O − ) and does not precipitate eas-

ily using conventional methods [2]. Cr(VI) anions, 
including chromates ( 2

4CrO − ) and di-chromates 
( 2

2 7Cr O − ) are highly soluble in aquatic systems and 
behave as hazardous contaminants in the environment 
due to their carcinogenic, mutagenic and teratogenic 
features in biological systems as indicated by Fendorf 
et al. [3]. Thus the presence of chromium ions in the envi-
ronment is of serious concern. Cr(VI) is known to cause 
distinct health eff ects. When present as a compound in 
leather products, it can cause allergic reactions, such as 
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skin rashes. After inhalation Cr(VI) can cause irritation 
to the mucous membrane. Other health hazards include 
skin rashes, gastric upsets, ulcers, respiratory problems, 
weakened immune systems, kidney and liver damages, 
changes to genetic material, lung cancer and death. 
Singh and Singh [4] demonstrate that Cr(VI) is highly 
mobile in soil and aquatic systems.

The maximum level permitt ed for trivalent chro-
mium [Cr(III)] and hexavalent chromium [Cr(VI)] in 
wastewater is 5 mg/l and 0.05 mg/l [5] respectively. 
Maximum contamination levels (MCL) set by the US 
EPA for chromium is 0.1 parts per million (~mg/l) 
in the drinking water [6,7]. The toxicity to fi sh from 
hexavalent chromium is comparatively high (LC50 for 
fresh water fi sh = 250–400 mg/l, for sea fi sh = 170–400 
mg/l and for trout = 10 mg/l). In chrome tanneries, 
the hexavalent chromium concentration in the treated 
wastewater has to be less than 45 mg/l, according to 
the General Standards for the Discharge of Environ-
mental Pollutants of Central Pollution Control Board, 
India [8]. The Recommended Criteria for Hazardous 
Waste Disposal into Secured Landfi ll (SLF) defi nes the 
limit of total chromium to be less than 0.5 mg/l with 
specifi c effl  uent standards for tanneries demanding a 
limit of 2 mg/l of total chromium [8]. Lower permis-
sible limits for hexavalent chromium are required for 
inland surface water and public sewers at 0.1 mg/l and 
2.0 mg/l [9].

Cr(VI) are generally removed from wastewaters by 
chemical precipitation, ion exchange, membrane pro-
cesses, electro-dialysis and adsorption [9,10]. Natural 
adsorbents can be comparatively easily regenerated 
without signifi cant loss of adsorption capacity, even 
after three cycles [11–13]. Water hyacinth (Eichhornia 
Crassipes) is a fl oating macrophyte belonging to the fam-
ily Pontederiaceae. It is found abundantly throughout 
the year and has been found to accumulate high concen-
trations of toxic metals as well as phenolic compounds 
from wastewater [14–16].

Batch adsorption of hexavalent chromium using 
natural adsorbents has been studied by a number of 
research groups [17–29]. Prigione et al. [30] and Srivas-
tava et al. [31] described the chromium removal from a 
tanning effl  uent by autochthonous and allochthonous 
fungi. Namasivayam et al. [32] details the performance 
of coconut coir pith as a special natural sorbent in remov-
ing Cr(VI) from water and wastewater containing modi-
fi ed surfactants. Similarly Quintelas et al. [33] show the 
potential for a pilot-scale bioreactor in treating Cr(VI) 
solutions through a biofi lm of Arthrobacter viscosus sup-
ported on GAC.

The objective of this work was to identify the most 
relevant adsorption isotherm for a system contain-
ing varied concentrations of hexavalent chromium 
along with various combinations of natural and chemi-

cal adsorbents. Adsorption behaviors were evaluated 
using some adsorption isotherm models. A number of 
well-known isotherm models (e.g. Tempkin isotherm, 
Freundlich isotherm and Langmuir isotherm) were con-
sidered to correlate the experimental data. Parameters 
for three diff erent adsorption isotherms were estimated 
using a robust nonlinear least square scheme, based on 
the minimization of the Sum of the Squares of the Resid-
uals or Deviations (SSQ), established by Levenburg and 
Marquardt. Uncertainties on the estimated parameters 
were also computed along with the confi dence limits. 
These models were later ranked according to their per-
formance.

2. Experimental methods

2.1. Chemicals

All chemicals used were analytical reagent grade 
(Make: MERCK, Germany).

2.2. Simulated wastewater

Artifi cial wastewaters were prepared in the labo-
ratory for this experiment. Hexavalent chromium(VI) 
solution was prepared by dissolving potassium di-chro-
mate (K2Cr2O7) in double distilled water with chromium 
solutions ranging from 10 to 100 mg/l.

2.3. Adsorbents

Water hyacinths were collected from ponds 
around the metropolitan area of the city of Kolkata, 
India. Then they were washed thoroughly to remove 
all mud and particulates. The leaves and stem por-
tions of the green hyacinth was then cut into small 
pieces for use in combination with other adsorbents 
like powder activated carbon (PAC). High density 
poly-propylene (HDPE) beads were used for their 
non-adsorbing properties to increase the porosity of 
the composite adsorbent bed. Morphological analy-
sis of the water hyacinth leaf was done using a scan-
ning electron microscope (SEM) (JEOL; Model: JSM 
5800) at three different resolutions, see Fig. 1a–c. The 
adsorbing BET surface area of the water hyacinth 
leaves were measured using the BET surface area 
analyzer (Quantachrome; Model: NOVA 40003). The 
resulting area was found to be 1.03 m2/g, with nitro-
gen as the adsorbate.

Zeta potential ranges for the water hyacinth leaves 
were measured using a Malvern Zeta Sizer, Nano 
Series (Nano-Z Model No; ZEN 2600). pH values for 
the leaf solution were adjusted from 2.0 to 9.0 by add-
ing 0.1 M nitric acid (HNO3) and 0.1 M potassium 
hydroxide (KOH) to the sample solution at 25 °C. 
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determined by reaction with 1,5 diphenyl carbazide 
(DPC) in an acidic solution to produce a violet col-
ored (Magenta Chromagen) complex absorbing light 
at λ  = 540 nm, as per Standard Methods [34]. Here, 
the required amount of fi ltrate (after adsorption) was 

Measurements for each sample were taken to deter-
mine the average value of zeta potential for the water 
hyacinth leaf samples at diff erent values of the pH. 
By measuring the zeta potential as a function of pH, 
the acidity or basicity of the leaf surfaces and point 
of zero charge ( pzcpH 1) were determined. Zeta poten-
tial analysis is shown in Fig. 2. It was evident that the 
solution pH aff ected the surface charge of the water 
hyacinth’s leaf. The optimum value of pHpzc for water 
hyacinth’s leaf was found to be 3.116. Thus a pH of 
approximately 5.9 was maintained for all the experi-
ments of batch adsorption.

2.4. Analytical procedure

A 330–900 nm wavelength spectrophotometer 
(Perkin Elmer, Model: PRECISELY LAMDA 25 UV/
Visible) equipped with a standard 10 nm path length 
sample cell was used for absorption measurements 
of hexavalent chromium. Hexavalent chromium was 

1The point of zero charge (pHpzc) is the pH above which 
the total surface of the leaf is negatively charged.

Fig.1. Scanning electron micrograph of water hyacinth (E. crassipes) leaf. (a) Resolution: 16 mm represents 50 μm; (b) resolu-
tion: 14 mm represents 10 μm; (c) Resolution: 7 mm represents 10 μm.

Fig. 2. Zeta potential versus pH of the solution before adsorp-
tion to fi nd out the point of zero charge.
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taken to a 50 ml graduated make-up fl ask by Eppen-
dorf automated pipett e and the volume was made up 
with double distilled water. Concentrations of hexava-
lent chromium in each solution was calculated from a 
standard curve already developed.

Sulfuric acid was added prior to the addition of DPC 
to lower the pH of the solution.

The equilibrium adsorbate phase concentration was 
calculated after adsorption as given by the following 
equation:

qe = (C0 – CE)V/m

where, qe is the adsorbent phase concentration after 
equilibrium has been achieved in mg adsorbate/g adsor-
bent, C0 is the initial concentration of adsorbate in mg/l; 
CE is the fi nal equilibrium concentration of adsorbate 
after adsorption in mg/l, V is the volume of liquid and m 
is the mass of the adsorbent in grams.

2.5. Design of experiment

In the current study, we att empted to fi nd suitable 
adsorbent material/s those are cheap and easily available 
for the removal of chromium from wastewater. Thus, a 
series of adsorbent combinations including; PAC, water 
hyacinth, mixture of PAC and water hyacinth, PAC in 
combination with polymer beads, in diff erent compo-
sitions were prepared. Adsorption capacities of these 
adsorbents were then examined.

Experiments were carried out in an incubator, keep-
ing a constant temperature of 25 °C to optimize the 
equilibrium time. The adsorption equilibrium is reached 
within 18 h. Four sets of experiments were carried out 
with 10 samples per set. Each of these 10 samples had 
varying feed concentrations and a constant adsorbent 
quantity. After reaching the equilibrium in 18 h the mix-
tures were fi ltered using Whatman 5892 (125 mm) fi lter 
papers. The standard DPC method was chosen as the 
specifi c analytical technique to determine hexavalent 
chromium.

Table 1 shows the details of experiments for the batch 
study to assess the amount of adsorption for a variety of 
dilutions of chromium samples, along with weight ratio 
for diff ering adsorbents.

2.6. Models for AadsorptionIisotherms

Adsorption, described through an isotherm, nor-
mally creates a fi lm of adsorbate on the surface of the 
adsorbent, whether mon layer or multi layer. An iso-
therm can be generated by the amount of adsorbate 
on the adsorbent as a function of its pressure (if gas) 
or concentration (if liquid) at constant temperature. 

There are many types of isotherms available for vari-
ous systems. Most popular and useful isotherms are 
Freundlich, Langmuir, BET, Tempkin, Toth, Redlic-–
Peterson, etc. 

2.6.1. The Tempkin isotherm (Model 1)

Tempkin and Pyzhev [35] considered the eff ects of 
certain indirect adsorbate–adsorbate interactions on 
adsorption isotherms. They suggest that the heat of 
adsorption of all the molecules in the layer decreases 
linearly with coverage due to these interactions. The 
Tempkin isotherm has been used in the following 
form:

q = k2 logC = k1 (1)

Here q is the equilibrium solid phase concentration 
in mg per 100 ml per gm of adsorbent and C is the equi-
librium liquid phase concentration in mg per 100 ml. 
The constant k1 is related to the heat of adsorption.

2.6.2. The Freundlich isotherm (Model 2)

The Freundlich expression assumes that the adsor-
bate concentration increases with the concentration of 
adsorbate on the adsorbent surface 

 (2)

In this equation k1 and k2 are the Freundlich constants. 
This expression is characterized by the heterogeneity 
factor, k2. Hence this isotherm may be used to describe 
various heterogeneous systems [36, 37]. The Freundlich 
equation agrees well with the Langmuir equation over 
moderate concentration ranges but, unlike the Lang-
muir expression, it does not reduce to the linear iso-
therm (Henry’s law) at low surface coverage. Both these 
theories suff er from the disadvantage that equilibrium 
data over a wider range of concentrations cannot be fi t-
ted with a single set of constants. 

2.6.2. The Langmuir isotherm (Model 3)

The theory for Langmuir isotherms assumes mono-
layer coverage of adsorbate over a homogenous adsor-
bent surface. Therefore, at equilibrium a saturation 
point is reached where no further adsorption can occur. 
This takes place at specifi c homogeneous sites within 
the adsorbent. In the following equation, k1, k2 are the 
Langmuir constants 

Ck
Ckq
+

=
2

1  (3)
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3. Parameter Estimation

The nonlinear Levenbur–Marquardt param-
eter estimation method, as described in the function 
LMF of MATLAB Version 7.0 was used to obtain the 
parameters in each of the three models described in 
eqs. (1)–(3). In this method, we usually defi ne a merit 
function, sum of the squares of the deviations (SSQ) 
and determine the best-fi t parameters by its minimiza-
tion. Given a set of empirical data pairs of indepen-
dent and dependent variables, (xi, yi), we optimize the 
parameters β of the model curve f(x,β) so that the SSQ 
becomes minimal.

∑[ ])()(β β= −
=

S y f x ,i i
i

m
2

1

 (4)

The parameters are iteratively adjusted, due to non-
linear dependences, to minimize the SSQ in order to 
achieve a global minimum (Refer Appendix1A). We 
start with a set of trial values for the parameters to be 
estimated, which are gradually improved. The proce-
dure is then repeated until the SSQ decreases no fur-
ther. A gradient (sensitivity) matrix was derived for 
the three models for the adsorption functions (amount 
adsorbed/unit amount of adsorbent used versus 
equilibrium C (VI) concentration) with respect to the 
parameters k1  and k2.

The sensitivity matrix can be writt en as:

For Model 1:

∂
∂

=
q
k

1.0
1

 (5a)

∂
∂

=
q
k

Clog
2

 (5b)

For Model 2:

2

1

kq C
k

∂ =
∂

 (6a)

CCk
k
q k log2

1
2

=
∂
∂  (6b)

For Model 3:

)( 21 Ck
C

k
q

+
=

∂
∂  (7a)

∂
∂

= −
+

q
k

k C
k C( )2

1

2
2  (7b)

3.1 Evaluation of the Three Models

Evaluation of the following statistical parameters is 
necessary to infer the estimated parameters:

1. The minimized SSQ function, S(β) as given in Eq. 
(4), which is the least-squares measure of the fi t (the 
smallest SSQ gives the best model). 

2. The uncertainties associated with the estimate of each 
parameter, formally termed as the standard error σ. 
These are the square-root of the error term covariance 
matrix Cij of the fi t. The closer this value is to zero, the 
bett er the fi t.

3. The correlation coeffi  cient (r2). The higher the %, the 
bett er is the fi t. 

4. Results

Table 1 shows details for the experiments for the 
batch study to determine the amount of adsorption 
at varied dilutions of hexavalent chromium samples. 
Table 2 gives the adsorption capacity of various adsor-
bents used for the removal of hexavalent chromium. 
Parameter estimation results are given in Table 3 where 
the uncertainties and confi dence intervals of each 
parameter are presented for each of the models for vari-
ous samples.

Models are ranked according to their performance 
in the nonlinear least square fi t with their respective val-
ues of SSQ (see Table 3). The overall performance for all 
the three models is given in Table 4. Model 1 (based on 
Tempkin isotherm) was ranked 1st for only 1 case (see 
Table 4), while Langmuir ranked fi rst for three cases out 
of four. Fig. 1–c clearly reveal the surface texture and 
diff erent levels of porosity within the water hyacinth 
leaves under study. 

Fig. 3a shows how the amount of hexavalent chro-
mium adsorbed, per unit amount of adsorbent varies 
with the equilibrium hexavalent chromium concentra-
tions for the sample ADBR1, with respect to each of the 
three models. The performance of model 3 was the best 
with a rank 1 out of 3 based on the estimate of minimum 
SSQ (= 0.5274) and a comparatively low value of uncer-
tainties on k1 (= 0.25) and k2 (= 2.99). Widths of the 95% 
confi dence interval for both the model parameters look 
relatively narrow. The confi dence interval for k1 ranges 
from –0.153 to –0.1233 while that for k2 varied from 0.7934 
to 0.8106. In Fig. 3b residual concentrations (Residual 
Concentration = Predicted Concentration – Measured 
Concentration) are plott ed against the equilibrium chro-
mium concentrations with respect to the three mod-
els tested. This shows no serious departures from the 
model assumptions. Models 1 and 2 show higher values 
of SSQ than for Model 3. Thus it could be concluded that 
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Model 3 (based on Langmuir Isotherm) and the corre-
sponding regression parameters could be accepted for 
the adsorption analysis of the sample ADRB1. 

Similarly Fig. 4a shows the predicted isotherms 
along with the observations for ADRB2. Model 3 per-
formed best with Model 1 ranking second. The uncer-
tainties on k1 and k2 are 0.033 and 0.0034, respectively 
for Model 3. Corresponding confi dence intervals for 
k1 ranges from –3.64 to 3.856 while that for k2 varied 
from 0.2442 to 0.2658. Fig. 4b shows very small val-
ues of residuals ranging from –0.26 to +0.49. In case 
of ADRB3, Model 3 again ranked fi rst with the low-
est value of SSQ = 0.5628. The uncertainties on the fi t-
ted parameters were also very low (uncertainty on k1 
= 0.0083 and that on k2 =0.0002). Figs. 5a and 5b sup-
port these results. The same trend was not found for 
ADRB4. Here Model 2 performed bett er (SSQ = 0.269) 
as compared to the other two Models (SSQModel1 = 
0.7587; SSQModel3 = 0.5024). Figs. 6a and 6b support this 
observation.

5. Discussion

Removal of hexavalent chromium from wastewater 
by biomaterials has been reported by many researchers 
including Park et al., [60–62] and Massara et al.[63]. Fur-
ther, Lu et al. [15] demonstrate the phyto-remediation 
potential of water hyacinth E. Crassipes for the removal 
of heavy metals. The accumulation of cadmium and 
zinc in shoots and roots increased with the initial con-
centration and also with the passage of time. Plants 
treated with 4 mg/l of cadmium accumulated the high-
est concentration of metals in roots (2049 mg/kg) and 
in shoots, approximately 113.2 mg/kg after 8 days. On 
the other hand, the plants treated with 40 mg/l of Zn, 
showed an uptake value of 9652.1 mg/kg in the roots 
and 1926.7 mg/kg in the shoot after 4 days. Abdel-Halim 
et al. [64] report that the percentage removal of lead was 
100% by bone powder, 90% by active carbon, 80% by 
plant powder from water hyacinth and 50% by commer-
cial carbon. The maximum equilibrium sorption capac-
ity (qmax) of our adsorbent samples, determined from 
Langmuir isotherm, are: ADRB1: 9.638 mg/g; ADRB2: 
31.46 mg/g; ADRB3: 55.926 mg/g; ADRB4: 33.575 mg/g 
for 1 l wastewater solutions. The adsorption capacity of 
PAC (ADRB3) has been found more than the composite 
ADRB4 with a combination of WH (2 g) and PAC (1 g). 
However, this particular combination of ADRB4 could 
be very successfully applied for special cases where the 
wastewater is disposed into an inland surface water-
body where loads of water hyacinths are naturally 
grown.

Depending on the nature of each sample and range 
of concentration levels the isotherm model developed 

Table 2
Adsorption capacity of various adsorbents used for the 
removal of hexavalent chromium

S.No. Adsorbent Maximum  Reference
  adsorbent 
  capacity, 
  qm (mg g−1)

 1 Activated neem leaves 62.97 [38]

 2 Activated carbon 57.7 [39]

 3 Bentonite clay 49.75 [40]

 4 Sawdust 41.52 [41]

 5 Activated tamarind seeds 29.7 [38]

 6 Coconut husk fi ber 29 [42]

 7 Tea factory waste 27.24 [43]

 8 Leaf mould 25.9 [44]

 9 Pine needles 21.5 [45]

 10 Coconut shell based 
 activated carbon 20 [46]

 11 Sugar beet pulp 17.2 [47]

 12 Palm pressed-fi bers 15 [42]

 13 Maize cob 13.8 [47]

 14 Sugar cane bagasse 13.4 [47]

 15 Activated charcoal 12.87 [48]

 16 Almond 10 [45]

 17 Polymer grafted sawdust 9.4 [49]

 18 Maple sawdust 8.2 [50]

 19 Activated alumina 7.44 [48]

 20 Cactus 7.08 [45]

 21 Coal 6.78 [45]

 22 Biomass residual slurry 5.87 [51]

 23 Distillery sludge 5.7 [52]

 24 Calcined bauxite 2.02 [53]

 25 Fly ash impregnated 
 with aluminum 1.8 [54]

 26 Waste tea 1.55 [55]

 27 Fe(III)/Cr(III) hydroxide 1.43 [51]

 28 Walnut shell 1.33 [55]

 29 Agricultural waste biomass 0.82 [56]

 30 Rice husks 0.6 [57]

 31 Soya cake 0.28 [58]

32 River bed sand 0.15 [59]
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by Langmuir fi tt ed the data well on most occasions. 
Major assumptions within the Langmuir model are: 
(1) the surface of the adsorbent is uniform, i.e. all the 
adsorption sites are equivalent, (2) adsorbed molecules 
do not interact, (3) all adsorption occurs through the 
same mechanism and (4) At maximum adsorption, only 
a monolayer is formed: molecules of adsorbate do not 
deposit on those molecules already adsorbed but only 
get adsorbed on the free surface of the adsorbent. For 
the adsorbent combinations used in this study, the sur-

face of both the commercial activated carbon and water 
hyacinth leaves were found to be notably smooth (see 
Fig. 1a–c). Further, adsorbed molecules did not interact 
since they comprised of hexavalent chromium only and 
no other compounds, i.e., conditions (3) and (4) were 
naturally satisfi ed.

6. Conclusion

The equilibrium adsorption of hexavalent chro-
mium for varied combinations of adsorbents has 
been assessed. Specifi cally some of the established 
isotherms like the Tempkin, Freundlich and Lang-
muir models were fi tt ed and their respective param-
eters were estimated using nonlinear least square 
technique, with SSQ as the merit function. The over-

Fig. 4. (a) Plot of amount adsorbed/amount of adsorbents 
(mg/100 ml/g) vs. equilibrium concentration (mg/100 ml) 
using ADRB2 as the adsorbent material. (b) Plot of residual 
concentrations for the diff erent isotherm models developed 
using ADRB2 as the adsorbent material.

Fig. 3. (a) Plot of amount adsorbed/amount of adsorbents 
(mg/100 ml/g) vs. equilibrium concentration (mg/100 ml) 
using ADRB1 as the adsorbent material. (b) Plot of residual 
concentrations for the diff erent isotherm models developed 
using ADRB1 as the adsorbent material.

Table 4
Overall model performance

Rank Model 1 Model 2 Model 3

1 0 1 3

2 3 0 1

3 1 3 0
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all performance of these models was tested with the 
experimental data. The water hyacinth leaves were 
found to be very eff ective adsorbent in combination 
with another standard adsorbent like PAC. The quan-
tity of adsorption was predicted using three diff erent 
isotherms, fi tt ed with the well known Levenburg–
Marquardt parameter estimation technique, based 
on SSQ minimization. The Langmuir isotherm yields 
the best fi t for three out of four adsorbent combina-
tions as compared to Freundlich and Tempkin iso-
therms. Some agreement was observed between the 
predicted Langmuir output and experimental data 
for the system considered. The basic assumptions of 
the extended Langmuir model like the extended con-
stant energy of adsorption, no interaction and equally 
important competition between species could be per-
fectly maintained during the experiments.

The maximum equilibrium sorption capacity (qmax) of 
ADRB4 has been found to be 33.575 mg/g for 1 l wastewa-
ter solution. The adsorption capacity of ADRB3, though 
more than that of the composite ADRB4, could be used 

for applications where large quantity of wastewater (e.g. 
leather complexes) containing Hexavalent chromium is 
disposed into a huge water body where plenty of water 
hyacinths are grown naturally. Muslin bags could be 
packed with proportional quantity of PAC and hanged 
from the water hyacinth shoots, which could be regener-
ated later.

The measurements should  account for the extreme 
variability in the chromium contents of the samples, 
source type, its composition, pH, etc. It is important 
to determine the magnitude and distribution of such 
variability and its impact on the treatment process 
in order to design an accurate wastewater treatment 
technology which provides a coherent picture of the 
entire plant.

Symbols

C0 initial concentration (mg/l)
Ce fi nal equilibrium concentration (mg/l)
qe  sorption capacity after equilibrium has been 

reached (mg/100 ml solution/gm of 
adsorbent)

Fig. 5. (a) Plot of amount adsorbed/amount of adsorbents 
(mg/100 ml/g) vs. equilibrium concentration (mg/100 ml) 
using ADRB3 as the adsorbent material. (b) Plot of residual 
concentrations for the diff erent isotherm models developed 
using ADRB3 as the adsorbent material.

Fig. 6. (a) Plot of amount adsorbed/amount of adsorbents 
(mg/100 ml/g) vs. equilibrium concentration (mg/100 ml) 
using ADRB4 as the adsorbent material. (b) Plot of residual 
concentrations for the diff erent isotherm models developed 
using ADRB4 as the adsorbent material.
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qmax  maximum sorption capacity equilibrium 
has been reached (mg/100 ml solution/g of 
adsorbent)

V volume of liquid (l)
m mass of the adsorbent (g)
q  equilibrium solid phase concentration 

(mg/100 ml/g
C  equilibrium liquid phase concentration 

(mg/100 ml)
k1 adsorption isotherm constant
k2 adsorption isotherm constant
σ standard error
Cij covariance matrix
λ wavelength (nm)

Acknowledgement

We are grateful to the Council for Scientifi c and 
Industrial Research (CSIR) for providing partial fi nan-
cial support for carrying out this research work.

References
 [1]  T. Karthikeyan, S. Rajgopal and L. R. Mirinda, Cr(VI) adsorp-

tion from aqueous solution by Hevea Brasilinesis sawdust acti-
vated carbon. J. Hazard. Mater., 124 (2004), 192–199.

 [2]  C.C. George, Electroplating Wastewater Pollution Control 
Technology, Noyes Publication, Park Ridge, 1985, pp. 30–39. 

 [3]  S. Fendorf, B.W. Wielinga and C.M. Hansel, Chromium trans-
formations in natural environments: the role of biological and 
abiological processes in chromium(VI) reduction. Int. Geol. 
Rev., 42 (2000) 691–701.

 [4]  I.B. Singh and D.R. Singh, Cr(VI) removal in acidic aqueous 
solution using iron-bearing industrial solid wastes and their 
stabilisation with cement. Environ. Technol., 23 (2002) 85–95.

 [5]  P. Gikas and P. Romanos, Eff ects of tri-valent [Cr(III)] and 
hexavalent [Cr(VI)] chromium on the growth of activated 
sludge. J. Hazar. Mater., 133 (2006) 212–217.

 [6]  F.N. Acar and E. Malkoc, The removal of chromium (VI) from 
aqueous solutions by Fagus orientalis L. Bioresour. Technol., 
94 (2004) 13–15.

 [7]  D.C. Ayres and D.G. Hellier, Dictionary for Environmentally 
Important Chemicals, 3rd ed. New York, 1998.

 [8]  IS: 10500-1991. Bureau of Indian Standards, 1991.
 [9]  J.W. Patt erson, Wastewater Treatment Technology, Ann Arbor 

Science Publishers, Inc., New York, USA 1977.
[10]  G. Tiravanti, D. Petrluzzelli and R. Passino, Pretreatment of 

tannery wastewaters by an ion exchange process for Cr(III) 
removal and recovery. Water Sci. Technol. 36 (1997) 197–207.

[11]  G.S. Agarwal, H.K. Bhuptawat and S. Chaudhari, Biosorption 
of aqueous chromium(VI) by Tamarindus Indica seeds. Biore-
sour. Technol., 97 (2006) 949–956.

[12]  J. Ye, H. Yin, B. Mai, H. Peng, H. Qin, B. He and N. Zhang, 
Biosorption of chromium from aqueous solution and electro-
plating wastewater using mixture of Candida lipolytica and 
dewatered sewage sludge. Bioresour. Technol., 101 (2010) 3893–
3902.

[13]  N. Fiol, C. Escudero and I. Villaescusa, Chromium sorption 
and Cr(VI) reduction to Cr(III) by grape stalks and yohimbe 
bark. Bioresour. Technol., 99 (2008) 5030–5036. 

[14]  X. Lu, M. Kruatrachue, P. Poketchitiyook and K. Homyok, 
Removal of cadmium and zinc by water hyacinth, Eichhornia 
Crassipes. Science Asia, 30 (2004) 93–103.

[15]  S.H. Hasan, M. Talat and S. Rai, Sorption of cadmium and 
zinc from aqueous solutions by water hyacinth (Eichhornia 
Crassipes). Bioresour. Technol., 98 (2007) 918–928.

[16]  S. Sadhukhan, S. Singha and U. Sarkar, Adsorption of para 
chloro meta xylenol (PCMX) in composite adsorbent beds: 
parameter estimation using nonlinear least square technique. 
Chem. Eng. J., 152 (2009) 361–366.

[17]  E. Uğuzdoğan, E.B. Denkbaş and O.S. Kabasakal, The use 
of polyethylene glycol methacrylate-co-vinylimidazole 
(PEGMA-co-VI) microspheres for the removal of nickel(II) and 
chromium(VI) ions. J. Hazard. Mater., 177 (2010) 119–125.

[18]  J. Wu, H. Zhang, P.J. He and Q. Yao, Cr(VI) removal from aque-
ous solution by dried activated sludge biomass, J. Hazard. 
Mater., 176 (2010) 697–703.

[19]  P. Albino Kumar, M. Ray and S. Chakraborty, Hexavalent 
chromium removal from wastewater using aniline formalde-
hyde condensate coated silica gel. J. Hazard. Mater., 143 (2007) 
24–32.

[20]  L. Levenkumar, V. Muthukumaran and M.B. Gobinath, Batch 
adsorption and kinetics of chromium (VI) removal from aque-
ous solution by Ocimum Americanum L. seed pods. J. Hazard. 
Mater., 161 (2009) 709–713.

[21]  H. Zhang, Y. Tang, D. Cai, X. Liu, X. Wang, Q. Huang and Z. 
Yu, Hexavalent chromium removal from aqueous solution by 
algal bloom residue derived activated carbon: equilibrium and 
kinetic studies. J. Hazard. Mater., (2010).

[22]  A.V. Bankar, A.R. Kumar and S.S. Zinjarde, Removal of chro-
mium (VI) ions from aqueous solution by adsorption onto two 
marine isolates of Yarrowia Lipolytica. J. Hazard. Mater., 170 
(2009) 487–494.

[23]  S. Ozturk, B. Aslim and Z. Suludere, Evaluation of 
chromium(VI) removal behaviour by two isolates of Synecho-
cystis sp. in terms of exopolysaccharide (EPS) production and 
monomer composition. Bioresour. Technol., 100 (2009) 5588–
5593.

[24]  A. El-Sikaily, A. El Nemr, A. Khaled and O. Abdelwehab, 
Removal of toxic chromium from wastewater using green alga 
Ulva lactuca and its activated carbon. J. Hazard. Mater., 148 
(2007) 216–228.

[25]  H. Li, T. Liu, Z. Li and L. Deng, Low-cost supports used to 
immobilize fungi and reliable technique for removal hexava-
lent chromium in wastewater. Bioresour Technol., 99 (2008) 
2234–2241.

[26]  M.H. Isa, N. Ibrahim, H.A. Aziz, M. Nordin Adlan, N.H. Md. 
Sabiani, A.L. Zinatizadeh and S.R. Mohamed Kutt y, Removal 
of chromium (VI) from aqueous solution using treated oil 
palm fi bre. J. Hazard. Mater., 152 (2008) 662–668.

[27]  G. Arslan and E. Pehlivan, Batch removal of chromium(VI) 
from aqueous solution by Turkish brown coals. Bioresou. 
Technol., 98 (2007) 2836–2845.

[28]  S. Srivastava and I.S. Thakur, Isolation and process parameter 
optimization of Aspergillus sp. for removal of chromium from 
tannery effl  uent. Bioresour. Technol., 97 (2006) 1167–1173.

[29]  I. Tadesse, S.A. Isoaho, F.B., Green and J.A. Puhakka, Lime 
enhanced chromium removal in advanced integrated waste-
water pond system. Bioresou. Technol., 97 (2006) 529-534. 

[30]  V. Prigione, M. Zerlott in, D. Refosco, V. Tigini, A.G. Anastasi 
and C. Varese, Chromium removal from a real tanning effl  uent 
by autochthonous and allochthonous fungi. Bioresour. Tech-
nol., 100 (2009) 2770–2776.

[31]  S. Srivastava, A.H. Ahmad and I.S. Thakur, Removal of chro-
mium and pentachlorophenol from tannery effl  uents. Biore-
sour. Technol., 98 (2009) 1128–1132.

[32]  C. Namasivayam and M.V. Sureshkumar, Removal of 
chromium(VI) from water and wastewater using surfactant 
modifi ed coconut coir pith as a biosorbent. Bioresour. Technol., 
99 (2008) 2218–2225.

[33]  C. Quintelas, B. Fonseca, B. Silva, H. Figueiredo and T. Tava-
res, Treatment of chromium(VI) solutions in a pilot-scale bio-
reactor through a biofi lm of Arthrobacter viscosus supported on 
GAC. Bioresour. Technol., 100 (2009) 220–226.



S. Singha et al. / Desalination and Water Treatment 48 (2012) 70–81 81

[34]  A.D. Easton, L.S. Clesceri and A.E. Greenberg (Eds.), Standard 
Methods (APHA, AWWA, WEF), Standard Methods for the 
Examination of Water and Wastewater, 17th ed., 1989.

[35]  M.J. Tempkin and V. Pyzhev, Recent modifi cation of Langmuir 
isotherm, Acta. Physiochim. URSS, 12 (1940) 217.

[36]  H. Moon and W.K. Lee, Intraparticle diff usion in liquid phase 
adsorption of phenols with activated carbon in fi nite batch 
adsorber. J. Colloid Interface Sci., 96 (1983) 162–170.

[37]  B. Al-Duri and G. McKay, Basic dye adsorption on carbon 
using a solid-phase diff usion model.Chem. Eng. J., 37 (1988) 
23–31.

[38]  B.V. Babu and S. Gupta, Removal of Cr(VI) from wastewater 
using activated tamarind seeds as an adsorbent. J. Environ. 
Eng. Sci., 7 (2008) 553–557.

[39]  C.P. Huang and M.H. Wu, The removal of chromium (VI) from 
dilute aqueous solution by activated carbon. Water Res., 11 
(1977) 673–679.

[40]  S.S. Tahir and R. Naseem, Removal of Cr(III) from tannery 
wastewater by adsorption onto bentonite clay. Sep. Purif. 
Technol., 53 (2007) 312–321.

[41]  S. Gupta and B.V. Babu, Removal of toxic metal Cr(VI) from 
aqueous solutions using sawdust as adsorbent: Equilibrium, 
kinetics and regeneration studies, Chem. Eng. J., 150 (2009) 
352–365.

[42]  W.T. Tan, S.T. Ooi and C.K. Lee, Removal of chromium (VI) 
from solution by coconut husk and palm pressed fi bres. Envi-
ron. Technol., 14 (1993) 277–282.

[43]  E. Malkoc and Y. Nuhoglu, Potential of tea factory waste for 
chromium(VI) removal from aqueous solutions: thermody-
namic and kinetic studies. Sep. Purif. Technol., 54 (2007) 291–
298.

[44]  D.C. Sharma and C.F. Forster, A comparison of the sorbtive 
characteristics of leaf mould and activated carbon columns for 
the removal of hexavalent chromium. Proc. Biochem., 31 (1996) 
213–218.

[45]  M. Dakiky, M. Khamis, A. Manassra and M. Mer’eb, Selective 
adsorption of chromium(VI) in industrial wastewater using 
low-cost abundantly available adsorbents. Adv. Environ. Res., 
6 (2002) 533–540.

[46]  G.J. Alaerts, V. Jitjaturant and P. Kelderman, Use of coconut 
shell based activated carbon for chromium (VI) removal. 
Water Sci. Technol., 21 (1989) 1701–1704.

[47]  D.C. Sharma and C.F. Forster, A preliminary examination into 
the adsorption of hexavalent chromium using low-cost adsor-
bents. Bioresour. Technol. 47 (1994) 257–264.

[48]  S. Mor, K. Ravindra and N.R. Bishnoi, Adsorption of chro-
mium from aqueous solution by activated alumina and acti-
vated charcoal. Bioresour. Technol., 98 (2007) 954–957.

[49]  C. Raji and T.S. Anirudhan, Batch Cr(VI) removal by poly-
acrylamide-grafted sawdust: kinetics and thermodynamics. 
Water Res., 32 (1998) 3772–3780.

[50]  L.J. Yu, S.S. Shukla, L.D. Kenneth, A. Shukla and J.L. Margrave, 
Adsorption of chromium from aqueous solutions by maple 
sawdust. J. Hazard. Mater., B 100 (2003) 53–63.

[51]  C. Namasivayam and K. Ranganathan, Waste Fe(III)/Cr(III) 
hydroxide as adsorbent for the removal of Cr(VI) from aque-
ous solution and chromium plating industry wastewater. 
Environ. Pollut. 82 (1993) 255–261.

[52]  K. Selvaraj, S. Manonmani and S. Patt abhi, Removal of hexava-
lent chromium using distillery sludge. Bioresour. Technol. 89 
(2003) 207–211.

[53]  S.S. Baral, S.N. Das, P. Rath and R. Chaudhury, Chromium(VI) 
removal by calcined bauxite. Biochem. Eng. J. 34 (2007) 69–75.

[54]  S.S. Banarjee, M.V. Joshi and R.V. Jayaram, Removal of Cr(VI) 
and Hg(II) from aqueous solutions using fl y ash and impreg-
nated fl y ash. Sep. Sci. Technol., 39 (2004) 1611–1629.

[55]  Y. Orhan and H. Buyukgungur, The removal of heavy met-
als by using agricultural wastes. Water Sci. Technol., 28 (1993) 
247–255.

[56]  U.K. Garg, M.P. Kaur, V.K. Garg and D. Suda, Removal of 
hexavalent chromium from aqueous solution by agricultural 
waste biomass. J. Hazard. Mater., 140 (2007) 60–68.

[57]  K.M.S.S. Sumathi and R.M. Naidu, Use of low-cost biological 
wastes and vermiculite for removal of chromium from tan-
nery effl  uent. Bioresour. Technol., 96 (2005) 309–316.

[58]  N. Daneshvar, D. Salari, S. Aber, Chromium adsorption and 
Cr(VI) reduction to trivalent chromium in aqueous solutions 
by soya cake. J. Hazard. Mater. B, 94 (2002) 49–61.

[59]  Y.C. Sharma and C.H. Weng, Removal of chromium(VI) from 
water and wastewater by using riverbed sand: kinetic and 
equilibrium studies. J. Hazard. Mater., 142 (2007) 449–454.

[60]  D. Park, Y.S. Yun, J.H. Jo and J.M. Park, Mechanism of hexava-
lent chromium removal bydead fungal biomass of Aspergillus 
niger. Wat.Res. Technol., 39 (2005) 533-540. 

[61]  D. Park, Y.S. Yun and J.M. Park, Mechanisms of the removal 
of hexavalent chromium by biomaterials or biomaterial-based 
activated carbons. J. Hazard. Mater., 137 (2006) 1254–1257.

[62]  D. Park, L.R. Lim, Y.S. Yun and J.M. Park, Reliable evidences 
that the removal mechanism of hexavalent chromium by 
natural biomaterials is adsorption-coupled reduction. Chemo-
sphere, 70 (2007) 298–305.

[63]  H. Massara, C.N. Mulligan and J. Hadjinicolaou, Hexavalent 
chromium removal by viable, granular anaerobic biomass. 
Biores. Technol., 99 (2008) 8637–8642.

[64]  S.H. Abdel-Halim, A.M.A. Shehata and M.F. El-Shahat, 
Removal of lead ions from industrial waste water by diff er-
ent types of natural materials. Water Res. Technol., 37 (2003) 
1678–1683.




