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Abstract

Background and Objectives: Cr (VI) is identified as one of the toxic heavy metal that is discharged into the environment. Adsorption
technique is one of the ideal methods for removal of heavy metals because of its efficiency and low cost. A variety of materials have been
tried as adsorbents for removal of Cr (V). Blue Green Marine Algae (BGMA) is chosen as adsorbent and aimed to investigate its maximum
adsorption capacity for adsorption of Cr (V) from its synthetic stock solutions. Materials and Methods: The metal adsorption capacities
of BGMA for adsorption of Cr (V1) ion were studied by varying the initial metal ion concentration from 25-250 ppm. All the experiments
were performed at room temperature. To forecast the adsorption isotherms for modeling and to establish the characteristic parameters
for process design various models were studied. Results: The optimum pH, biomass loading and an agitation rate for maximum removal
of Cr (V1) ion were found to be 5, 2 g and 120 rpm, respectively. Freundlich isotherm was more apt than all other models investigated in
this study. Conclusion: L shape of the isotherm indicated that there was no strong competition between solvent and Cr (VI) to occupy
the active site s of BGMA. Also it was concluded that BGMA had a limited sorption capacity for adsorption of Cr (VI). Concurrence of
Freundlich isotherm with experimental data indicated the extent of heterogeneity of the BGMA surface. The n; value indicated that the
adsorption of Cr (VI) from its synthetic solution onto BGMA was favourable one.
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INTRODUCTION

Water pollution by heavy metal contamination is a serious
threat to mankind and aquatic life. The present study is aimed
tofocus the contamination by chromium. Tanning and leather
industries, electroplating industries, catalyst and pigments
manufacturing industries, fungicides, ceramics, crafts, glass,
photography and corrosion control application are main
sources for Chromium'3. These industrial effluents can contain
Cr (VI) from 10-100 mg L= which is higher than the standard
limit of 0.1 mg L~" in industrial waste water*®. Chromiumis a
transition metal. It transpires in nine different forms of its
oxidation states. The range is found to be Cr (-Il) up to Cr (+VI).
The Cr (Ill) and Cr (V1) oxidation states are the most commonly
observed in chromium compounds. In aqueous systems
contamination with chromium is mainly found as Cr (lll) and
Cr (VI). The remaining forms are rare states'. Cr (lll) is
considered as a bioelement since it plays an important role in
the metabolic activity of plants and animals at its low
concentrations”®. But Cr (VI) is highly toxic®3,

According to report submitted by IARC'6, Cr (VI) is
classified in Group 1 (carcinogenic to humans) and chromium
(1) is classified in Group 3 (not carcinogenic to humans).
The maximum permissible limit of Cr (VI) for discharge to
land surface water is 0.1 mg L™ and in potable water
0.05 mg L7'1720, Hence utmost attention is emerged in the
removal of chromium (VI) from wastewater before discharge
into the aquatic system.lon exchange, membrane separation,
dialysis and electro dialysis reduction followed by chemical
precipitation, electro coagulation and adsorption/filtration
are the conventional treatment technologies to remove Cr
(Vl) from water and wastewater?’?*, Among the various
conventional methods, adsorption is documented as the most
efficient, promising and widely used fundamental technique.
It is simple and cost effective for recovering and eliminating
heavy metalions from dilute solutions®28, Understanding the
basic mechanism of adsorption is also simple. It is a surface
phenomenon in which one or more components presentin a
multi-component fluid (gas or liquid) mixture is attracted to
the surface of solid adsorbents via physical or chemical
bonds?-*2, The presence of metal ions in aqueous media and
subsequent development of pollution measures have resulted
in the success of adsorption process. Studies with various bio
sorbents are abundant in literature which includes seaweeds,
moulds, yeast, bacteria, crab shells and agricultural products
so on3335,

Marine macro-algae are harvested or cultivated in many
parts of the world and are therefore readily available in large
quantities for the development of highly effective bio sorbent

materials'. The microalgae which exist in the freshwater
environment and in the oceans are important in global
ecology, extremely efficient and taxonomically diverse363,

The investigation of adsorption capacities of various
adsorbents for the removal chromium has been made
conventionally with study of two parameter models. Extensive
investigation have been made by various researchers in
evaluating the characteristics of specificadsorbent-adsorbate
systems and evaluating the degree of applicability of two
parameter models for the systems concerned specifically. The
mechanism of chromium adsorption from relevant sources
with three, four and five parameter models in literature is very
limited**#1, Hence it is essential to formulate the adsorption
phenomena with well-designed models describing adsorption
isotherms.

Description with high parameter models may lead to
provide very clear and apt information about the adsorption
process under equilibrium condition. Then the applicability of
oneandtwo parameterisotherm models have very limited*.
The high parameter model would overcome the limitations of
the simple models with two-parameter**’. The objectives of
the present research were to study the single metal removal
efficiency and biosorption capacity of BGMA for the removal
of Cr (VI) metal ions from the synthetically prepared stock
solution. More emphasis was given to analyze the isotherm
data-two, three, four and five parameter models.

MATERIALS AND METHODS

Blue Green Marine Algae (BGMA) used in this
investigation to recover the hexavalent chromium metal ion
from its respective synthetic solution under equilibrium
condition. Preparation of adsorbent, synthetic stock solution
and determination optimum experimental parameters viz.,
pH, temperature and adsorbent dosage under batch condition
were provided here along with the effect initial metal ion
concentration of equilibrium metal uptake. Analyses of
effluent concentration to calculate the equilibrium metal
uptake experimentally and theoretically with isotherm models
were discussed.

Adsorbent-BGMA: BGA used in thisinvestigation for the study
of biosorption of Cr (VI) ions from its synthetic stock solution.
The algae were collected from ponds in and around
Chidambaram town and Veeranam Lake. The algae was
washed with distilled water and dried at room temperature
(above 30°C) then it was powdered with a uniform size of
150-200 microns. The dried and powered algae was
immobilized on silica gel using standard methods for
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continuous adsorption* which involves wetting a mixture of
silicagel and biomass with ultra pure water followed by drying
at 150°C for 20 min.

Adsorbate-Cr (VI): Analytical grade salt Potassium Dichromate
K,Cr,0; is used to prepare the synthetic hexavalent chromium
Cr (V1) solution. The stock solution of Cr (VI) was prepared by
dissolving a pre calculated quantity of respective salt in
double distilled water. This stock solutions are further diluted
to obtain desired concentration in the range of 25-200 ppm.
The pH of each solution is adjusted 2-6. The pH adjustments
were done by using 0.1 N nitric acid (HNO;) and 0.1 N sodium
hydroxide (NaOH) solutions.

Analysis: The batch bio sorption study was carried out in a
500 mL conical flask. The initial metal ion concentrations are
varied to 25, 50, 100, 125, 150, 175, 200 and 250 ppm. The pH
adjustments are done by using 0.1 N nitric acid (HNO;) and
0.1 N sodium hydroxide (NaOH) solutions. The biomass to be
added to the conical flask is varied from 0.5, 1.0, 1.5, 2.0 and
2.5 g. All the experiments are performed at the room
temperature. The flasks are kept in a rotary shaker at rpm of
120 for 24 h. This is more than sufficient for adsorption
equilibrium. The samples are taken regularly with
predetermined time intervals. The percentage removal and
specific uptake of metal is then calculated.

The bio sorption of Cr (VI) metal ions from its respective
synthetic solutions by the BGMA is performed under shaking
conditions in rotary shaker (REMI-12, India). The experiments
are performed under batch operation mode. To each 400 mL
of metal solution a desired quantity of the blue green
microalgae is added in 500 mL conical flasks. The mixture is
agitated in the rotary shaker at the room temperature and at
120 rpm for predetermined time intervals.

The initial and final concentrations of metal solutions
are predicted by double beam Atomic Adsorption
Spectrophotometer (AAS SL176-Elico Limited India). The
percentage removal of metal ionsis calculated from the initial
concentration (C) and the analyzed final concentration (C,,) of
the metal ion solution according to the following Eq. 1:

C‘gceq x100 (1)

Removal (%) =

The equilibrium metal uptake is calculated from the initial
concentration (C) and the analyzed final concentration (C,,) of
the metal ion solution according to the following Eq. 2:

\%
q:M(Ci_Cm) )

where, V is the volume of liquid sample in liter and M is the
weight of bio sorbent. The same procedure is repeated for
anotherinitial metal ion concentration of 50, 75, 100, 125, 150,
175, 200 and 250 ppm of all the metals. The experimental
variables namely pH and biomass loading are optimized and
at these optimized conditions the effect of Initial metal ion
concentration on percentage removal and specific uptake of
metal ions are studied.

EQUILIBRIUM ADSORPTION ISOTHERMS

Two parameter models (Langmuir, Freundlich, Dubinin-
Radushkevich, Temkin, Hill-de Boer, Fowler-Guggenheim,
Flory-Huggins, Halsey, Harkin-Jura, Jovanovic and Elovich,
Kiselev), Three parameter models (Hill, Redlich-Peterson, Sips,
Langmuir-Freundlich, Fritz-Schlunder-lll, Radke-Prausnits-I,
Radke-Prausnits-ll, Radke-Prausnits-lll, Toth, Khan, Koble-
Corrigan, Jossens, Jovanovic-Freundlich, Brouers-Sotolongo,
Vieth-Sladek, Unilan, Holl-Krich and Langmuir-Jovanovic),
Four parameter models (Fritz-Schlunder-1V, Baudu Weber-van
Vliet and Marczewski-Jaroniec) and Five parameter model
(Fritz-Schlunder-5) are used to analyze the experimental
equilibrium adsorption data.

Cftool and goodness-of-fit statistics: Applicability of these
models to fit the experimental data in predicting the
mechanism of adsorption is accomplished using cftool kit
available in MATLAB R2010a software. This toolkit aids in
estimating the model parameters along with the non-linear
Regression coefficient (R?), Sum of Squares due to Error (SSE)
and Root Mean Squared Error (RMSE).

Isotherm models-theoretical knowledge: The isotherms of
adsorption indicate the distribution of molecules between
the liquid and solid phase when the adsorption process
reaches equilibrium. It is employed to establish the maximum
capacity of adsorption of metals on adsorbents, expressed in
terms of quantity of metal adsorbed per unit mass of
adsorbent used (mg g7). Insight knowledge on adsorption
mechanism provides proper understanding and interpretation
on the phenomena of adsorption of metal ions on the surface
of adsorbents. This enables to improvise the adsorption
pathways to facilitate effective design of adsorption*°,

Two parametermodels: In this section, more attention is paid
toaccrue theoretical insight knowledge on models containing
two parameters to explain the adsorption mechanism.
Essential theoretical approach for a total of twelve models
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viz,, Langmuir, Freundlich, Dubinin-Radushkevich, Temkin,
Hill-de Boer, Fowler-Guggenheim, Flory-Huggins, Halsey,
Harkin-Jura, Jovanovic, Elovich and Kiselev are provided.

Langmuir isotherm model: The Langmuir model assumes
that the surface ashomogeneous. Thismodel clearly indicates
that the adsorption sites have equal sorbate affinity. Also the
adsorption at one site does not affect sorption at the adjacent
site. The formation of monolayer coverage of the adsorbate at
the outer surface of the adsorbent is well explained by this
model. It accounts the surface coverage by balancing the rate
of adsorption and rate of desorption relatively under
equilibrium condition.

This model sates that the rate of adsorption is
proportional to the fraction of the adsorbent surface that is
open while desorption is proportional to the fraction of the
adsorbent surface thatis covered'*2. The model is given in
Eq. 3:

_ qmaxbLCeq
O = 1+b.C,, 3

where, b_is Langmuir constant related to adsorption capacity
(mg g™"), which correlates the variation of the suitable area
and porosity of the adsorbent. The features of the Langmuir
isotherm can be explained by a dimension less constant called
the Langmuir separation factor R, which is calculated as Eq. 4:

_ 1
1+b, Oy

(4)

L

where, R, values indicate the adsorption to be unfavorable
when R >1, linear when R, = 1, favourable when 0<R, <1 and
irreversible when R, = 0.

Freundlich isotherm model: The Freundlich adsorption
isotherm model indicates the extent of heterogeneity of the
adsorbent surface. The adsorptive sites are made up of
small heterogeneous adsorption sites each of which is
homogeneous®. The model is given in Eq. 5:

1

Oy =3:Cy; ©)

where, a; is Freundlich adsorption capacity (L mg~') and n¢ is
adsorption intensity. Relative distribution of the energy and
the heterogeneity of the adsorbate sites are well indicated
by this model. The larger the value of the adsorption

capacity ag, the higher the adsorption capacity is. The
magnitude of 1/n; ranges between 0 and 1, is an indicative of
favourable adsorption, becoming more heterogeneous as its
value tends to zero>*,

Dubinin-radushkevichisotherm model: Thisempirical model
assumes a multilayer characterinvolving Van Der Waal's forces
applicable for physical adsorption processes. Itis often used to
estimate the characteristic porosity in addition to the apparent
free energy of adsorption®s. This empirical model is initially
conceived for the adsorption of subcritical vapours onto
micro pore solids following a pore filling mechanism. This
model providesinsight knowledge on the adsorption of gases
and vapours on micro porous sorbents>,

This isotherm is applicable for intermediate range of
adsorbate concentrations because it exhibits unrealistic
asymptotic behaviour and does not predict Henry’'s laws at
low pressure. Also it is suitable to distinguish the physical
and chemical adsorption of metal ions with its mean free
energy. Another unique feature of the Dubinin-Radushkevich
isotherm is the fact that it is temperature dependent®”,
Dubinin-Radushkevich isotherm model is given in Eq. 6:

O = Kor exp{—BDR[RTIn[h Clj] ] (6)

¢=RT Lnl:cl} 7)

e

where, € is called as Polanyi Potential shown in Eq. 7. The
energy of activation or mean free energy E (kJ mol™") of
adsorption per molecule of the adsorbate when it is
transferred to the surface of the solid from infinity in the
solution and can be calculated by the Eq. 8.

(8)

The value of Eis used to predict whether an adsorption is
physisorption or chemisorptions. If E<8 KJ mol~!, the
adsorption is physisorption and if E = 8-16 KJ mol~/, the
adsorption is chemisorptions in nature®.

Temkin isotherm model: Temkin adsorption isotherm
model is highly suitable for predicting the gas phase
adsorption equilibrium. On the other hand, complex
adsorption systems including the liquid-phase adsorption
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isotherms are usually not suitable to be described. Moreover,
Temkin isotherm model is valid only for an intermediate
range of ion concentrations. It illustrates the effects of
indirect adsorbate/adsorbate interactions on the adsorption
process. The main assumption in this model is the heat of
adsorption decreases linearly with increasing coverage and
the adsorption is characterized by a uniform distribution of
binding energies®®®'. The Temkin adsorption isotherm model
isgivenin Eq. 9:

Ueq :%(InATCm) )

T

The term RT/b; correlates the heat of adsorption. A; is the
equilibrium binding constant (L mg~") equivalent to the
maximum binding energy.

Hill-de boer isotherm model: Mobile adsorption as well as
lateral interaction among adsorbed molecules are well
described by this Hill-Deboer isotherm model%2¢3. The
Hill-Deboer isotherm model is given in Eq. 10:

L
KiCa=15 eXp[ 1-6 RT ) (19)

Positive value of K, indicates the attraction between
adsorbed species and the negative value of K, is the indication
of repulsion. If K, is equal to zero, it indicates no interaction
between adsorbed molecules and it reduces to the Volmer
equation®,

Fowler-guggenheim isotherm model: Fowler-Guggenheim
adsorption isotherm model details the lateral interaction of
the adsorbed molecules. This is the simplest model allowing
for the lateral interaction and it indicates that the heat of
adsorption varies linearly with loading. Fowler-Guggenheim
adsorption isotherm model is given in Eq. 11:

0 20W
Kee Cag :ﬁexp[ﬁJ (1)

Positive W indicates that the interaction between the
adsorbed molecules is attractive. Negative W value is the
indication of the interaction among adsorbed molecules is
repulsive. If Wis equal to zero, there is no interaction between
adsorbed molecules and this model reduced to the
Langmuir®%6, This model simply relates the interaction
between the adsorbed molecules and heat of adsorption. If
the interaction between the adsorbed molecules is
attractive it results an increase in heat of adsorption.

Similarly If the interaction between the adsorbed molecules
is repulsive, it results a decrease in heat of adsorption.

Flory-huggins isotherm model: Flory-Huggins isotherm
discusses the degree of surface coverage characteristics of the
adsorbate onto the adsorbent. This model is well appropriate
tofind thefeasibility and spontaneous nature of an adsorption
process*4167.68 Flory-Huggins adsorption isotherm model is
givenin Eq. 12:

9
C

in

=Ky [1-6

] nFH

(12)

where, Kgy is used to calculate the spontaneity Gibbs free
energy.

Halseyisotherm model: Halsey adsorption isotherm modelis
appropriate to discuss the multilayer adsorption at a relatively
large distance from the surface. Thefitting of the experimental
datato this equation prove to the heterosporous nature of the
adsorbent®. Halsey adsorption isotherm model is given in
Eq.13:

LnKHa—LnCeq} (13)

=Ex
Uey p[ n

Ha

Harkin-juraisotherm model: Hurkin-Jura adsorptionisotherm
accounts for multilayer adsorption on the surface of
absorbents having heterogeneous pore distribution. The
existence of a heterogeneous pore distribution can be well
explained by this model®. Hurkin-Jura adsorption isotherm
model is given in Eq. 14:

AHJ

BHJfLogCeq (14)

Oy =

Jovanovic isotherm model: Jovanovic adsorption isotherm
model is similar to that of Langmuir model with the
approximation of monolayer localized adsorption without
lateral interactions. The assumptions in this model are samein
the Langmuir model in addition with the possibility of some
mechanical contacts between the adsorption and desorbing
molecules”. Jovanovic adsorption isotherm model is given in
Eqg. 15:

U = O [1—6’(“%)} (15)

At high concentrations of adsorbate, it becomes the
Langmuir isotherm, however does not follow the Henry's law.
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Elovich isotherm model: The Elovich isotherm model
assumes that the adsorption site grows exponentially with
adsorption, indicating a multilayer adsorption. It is highly
useful in describing chemisorption on highly heterogeneous
adsorbents. This model is often valid for systems in which the
adsorbing surface is heterogeneous’'. The Elovich adsorption
isotherm model is given in Eq. 16:

e

9 _ K., exp™ (16)

qmax

Kiselev isotherm model: The Kiselev adsorption isotherm
model explains the localized monomolecular layer formation
of adsorbate on adsorbents’2. This modelis valid when surface
coverageisgreaterthan 0.68. TheKiselev adsorptionisotherm
model is given in Eq. 17:

0 (17)
KanCa = (1-0)(1+K ,.0)
Three parameter models: Models containing three
parameters to explain the mechanism of adsorption are
discussed using sixteen models viz,, Hill, Redlich-Peterson,
Sips, Langmuir-Freundlich, Fritz-Schlunder-lll, Radke-Prausnits,
Toth, Khan, Koble-Corrigan, Jossens, Jovanovic-Freundlich,
Brouers-Sotolongo, Vieth-Sladek, Unilan, Holl-Krich and
Langmuir-Jovanovic.

Hill isotherm model: The Hill isotherm model is derived to
describe the adherence of different species onto
homogeneous substrates. An assumption is made in this
model is adsorption is a cooperative phenomena. It indicates
that the adsorbate at one site of the adsorbent would
influence the other sites on the same adsorbent’. Hill
adsorption isotherm model is given in Eq. 18:

g = o G
9 Ky+CY

(18)

If n, is greater than 1, this isotherm indicates positive
co-operativity in binding, ny is equal to 1, it indicates
non-cooperative or hyperbolic binding and ny is less than
1, indicating negative co-operativity in binding.

Redlich-peterson isotherm model: The Redlich-Peterson
isotherm modelis derived with hybrid features of Langmuir
and Freundlich isotherms. Consequently the mechanism of
adsorption is a hybrid one and it does not follow ideal
monolayer adsorption’. This Redlich-Peterson isotherm model
is givenin Eqg. 19:

_ ALC

RP ~eq
e = 1+BLCh, (19)

This model is applicable with wide concentration range,
the model has a linear dependence on concentration in the
numerator and an exponential function in the denominator.
It is applicable for both homogeneous and heterogeneous
systems. At high liquid-phase concentrations of the adsorbate,
Redlich-Peterson isotherm model reduces to the Freundlich
model. This model approaches Henrys Law model when the
liquid phase concentration is low. The exponent, Bgp, generally
ranges between 0 and 1. While Bz = 1 this model approaches
Langmuir model and Bg = 0 this isotherm approaches to
Freundlich model.

Sips isotherm model: Sips adsorption isotherm model
described mainly the localized adsorption without adsorbate-
adsorbate interactions”™. This model is a combined of
Langmuir and Freundlich expressions developed to predict
the heterogeneous adsorption systems. The limitation of
increased adsorbate concentration normally associated with
the Freundlich isotherm is neglected in this model. At low
adsorbate concentrations, it is transformed to Freundlich
isotherm. At high adsorbate concentrations, it predicts a
monolayeradsorption capacity characteristic of the Langmuir
isotherm?’s, Sips adsorption isotherm model is given in Eq. 20:

_q,K.Ch
e = 1+K CE

(20)

When Bs equal to 1 this isotherm approaches Langmuir
isotherm and Bs equal to O, this isotherm approaches
Freundlich isotherm.

Langmuir-freundlichisotherm model: Langmuir-Freundlich
isotherm model describes the adsorption in heterogeneous
surfaces. It explains the distribution of adsorption energy of
the adsorbent onto heterogeneous surface. When the
adsorbate concentration is low, this model becomes the
Freundlich isotherm model, contradictorily when the
adsorbate concentration is high, this model becomes the
Langmuirisotherm?>'. Langmuir-Freundlich isotherm model is
givenin Eq. 21:

qmax (KLFCeq) "
= mr (21)
14+(KCy )
where, m; is heterogeneous parameter and it lies between
0 and 1. m; would increase with a decrease in degree of
surface heterogeneity. For mLF is equal to 1, this model covert
to Langmuir model.
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Fritz-schlunder-Ill isotherm model: Fritz-Schlunder three
parameter isotherm models is developed to fit over an
extensive range of experimental results because of huge
number of coefficients in their isotherm””. This expression is
givenin Eq. 22:

_ qmax K FSBCeq

qé!—‘l - l+qmax C:]FSS

(22)

If Mg is equal to 1, the Fritz-Schlunder-Ill model
becomes the Langmuir model but for high concentrations of
adsorbate, the Fritz-Schlunder-Ill reduces to the Freundlich
model.

Radke-prausnitz isotherm model: The Radke-Prausnitz
isotherm model has several important properties which
makes it more preferred in most adsorption systems at low
adsorbate concentration. This isotherm is applicable over a
wide range of adsorbate concentration. This isotherm model
reduces to a linear isotherm (Henrys Model) when the
adsorbate concentration is low. This model becomes the
Freundlich isotherm when the adsorbate concentration is
high. When Radke-Prausnitz model exponent mg,; is equal
to zero, this model becomes the Langmuir isotherm’®,
Radke-Prausnitz isotherm models are given in Eq. 23-25:

Mode 1 qeq = 7(%3’( KRBP]'CT]RH (23)
[1+K g Ca |
qmax K RaPZC
Model 2 = e A
G 1+K o, C ™ (24)
K CmRaPa
Modd 3 g, ——merea (25)

m -
14K oG ™

If the value of both mg,; and mg,p, is equal to 1, the
Radke-Prausnitz 1, 2 models reduce to the Langmuir model
but at low concentrations, the models become Henry's law,
but for high adsorbate concentration, the Radke-Prausnitz
1 and 2 models becomes the Freundlich model. But the
Radke-Prausnitz-3 equation reduces to Henry's law while the
exponent Me,ps is equal to 1 and become Langmuir isotherm
when the exponent mg,p; is equal to 0.

Toth isotherm model: Toth adsorption isotherm model is
developed to describe the heterogeneous adsorption systems
which satisfy both low and high end boundary of adsorbate
concentration. This model is the modified form of Langmuir
isotherm with the intension of rectifying the error between
experimental and predicted data’®. The Toth isotherm model
is given Eq. 26:

It is clear that when n = 1, this equation reduces to
Langmuir isotherm equation, the process approaches
onto the homogeneous surface. Therefore the parameter
n characterizes the heterogeneity of the adsorption system. If
it deviates further away from unity, then the system is said to
be heterogeneous. This isotherm model is suitable for the
modelling of several multilayer and heterogeneous adsorption
systems.

Khanisotherm model: The Kahnisotherm model is developed
for adsorption of bi-adsorbate from pure dilute equations
solutions. This isotherm has applicable on both limits
Freundlich on one end and Langmuir isotherm on the other
end®. Kahn isotherm model is given in Eq. 27:

qmbKCeq
Oy =
“ (1+bKCeq)aK (27)

While, ay is equal to 1, Toth model approaches the
Langmuir isotherm model and at higher values of
concentration, Toth model reduces to the Freundlich isotherm
model.

Koble-corrigan isotherm model: Koble-Corrigan isotherm
model is the resemblance of Sips isotherm model. This
modelincorporates both Langmuirand Freundlichisotherm?'.
Koble-Corrigan isotherm model is given in Eq. 28:

o PG
“ 1+BC"

(28)

This model reduces to Freundlich at high adsorbate
concentrations. It is only valid when the constant n is greater
than or equal to 1. When n is less than unity, it signifies that
the model is incapable of defining the experimental data
despite high concentration coefficient or low error value.

Jossens isotherm model: The Jossens isotherm model is
developed on the basis of energy distribution of
adsorbate-adsorbent interactions at adsorption sites. An
assumption is made in this model is the adsorbent has
heterogeneous surface with respect to the interactions it has
with the adsorbate®?. At low concentrations this model is
reduced to Henry's law model. Jossens isotherm model is
givenin Eq. 29:
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K,C
S (29)

= 75 ace

where, J is corresponds to Henry's constant at low capacities.
b, is Jossens isotherm constant and it is characteristic of the
adsorbent irrespective of temperature and the nature of
adsorbents.

Jovanovicfreundlichisotherm model: Jovanovic-Freundlich
isotherm model is developed to describe single-component
adsorption equilibrium on heterogeneous surfaces. An
assumption is made in this model is the rate of decrease of the
fraction of the surface unoccupied by the adsorbate molecules
is proportional to a certain power of the partial pressure of the
adsorbate. If the adsorbent surface is homogeneous, this
model reduced to Jovanovic. At low pressures, the equation
reduces to the Freundlich isotherm but at high pressures,
monolayer coverage is achieved. As in the case of Jovanovic
model, the Jovanovic-Freundlich model regard as the
possibility of some mechanical contacts between the
adsorbing and desorbing molecules. Furthermore, this
isotherm was utilized for heterogeneous surfaces without
lateral interactions®. Jovanovic-Freundlich isotherm modelis
givenin Eq. 30:

Oy =l [Le’(K’C“"ﬂ ] (30)

Brouers-sotolongo isotherm model: This isotherm is
designed in the form of deformed exponential function for
adsorption onto the heterogeneous surface mainly because
of Langmuir who has recommended the extension of the
simple Langmuirisothermto non-uniform adsorbent surfaces.
The assumption made in this isotherm is the surface of
adsorbent consists of a fixed number of patches of active sites
of equal energy®. Brouers-Sotolongo modelis givenin Eq. 31:

Gy =G| 16 | 31)

The parameter ag is related with distribution of
adsorption energy and the energy of heterogeneity of the
adsorbent surfaces at the given temperature®.

Vieth-sladek isotherm model: This model incorporates two
distinct sections to calculate the diffusion rates in solid
adsorbents from transient adsorption. The first one is defined
by a linear section (Henry’s law) and second one is non-linear
section (Langmuir isotherm). The linear section clarifies the

physisorption of gas molecules onto the amorphous
adsorbent surfaces and the non-linear section explains the
adherence of gas molecules to sites on the porous adsorbent
surfaces®. Vieth-Sladek isotherm model is given in Eq. 32:

qmaxBVSCeq

=K,C,+
qeq Ve 1+ﬁVSCeq

32)

Unilan isotherm model: Unilan isotherm model is presumed
the application of the local Langmuir isotherm and uniform
energy distribution. This equation is restricted to Henry's
law, thusitis valid at extremely low adsorbate concentrations.
It is frequently used for adsorption of gas phase onto a
heterogeneous adsorbent surface’®. Unilan isotherm model is
givenin Eq. 33:

— qmax

qeq 15
u

14K, C €"
Ln[1+KUCeqe”“ (33)

The higher the model exponent By, the system is more
heterogeneous. If B is equal to 0, the Unilan isotherm model
becomes the classical Langmuir model as the range of energy
distribution is zero in this limit38788,

Holl-krich isotherm model: Holl-Krich Isotherm Model is a
modified form of Langmuir isotherm®. This model becomes
the Freundlich isotherm at low concentrations. The capacity
reaches a finite capacity more leisurely than the Langmuir
isotherm at high concentrations®. Holl-Krich Isotherm Model
is given in Eq. 34:

q :qmaxKHchr;K
“ l+KHKC2;K

(34)

Langmuir-jovanovic isotherm model: This empirical model
is the combined form of both Langmuir and Jovanovic
isotherm®. The Langmuir-Jovanovic model is given in Eq. 35:

KLJCguU
qmaxCeq [l— e( q

1+C,,

- (35)

Four parameter models: The four parameter models
discussed in this study are Fritz-Schlunder-IV, Baudu,
Weber-van Vliet and Marczewski-Jaroniec models.



Int. J. Chem. Technol, 10(1): 1-22, 2018

Fritz-schlunder-1Visotherm model: Fritz-Schlunder IV model
is another model comprised of four-parameter with combine
features of Langmuir-Freundlich isotherm”’. The model is
givenin Eq. 36:

Q. = AFSSC:qFSS
= 14 B Ol

(36)

This isotherm is valid when the values of ass and B are
less than or equal to 1. At high adsorbate concentration,
Fritz-Schlunder-IV isotherm becomes Freundlich equation.
Conversely if the value of both arss and Brs equal to 1, this
isotherm reduces to Langmuir isotherm. At high
concentrations of the adsorbate in the liquid-phase this
isotherm model becomes the Freundlich.

Baudu isotherm model: Baudu isotherm model has been
developed mainly due to the arise of discrepancy in
calculating Langmuir constant and coefficient from slope an
tangent over a broad range of concentrations®. Baudu
isotherm model is the transformed form of the Langmuir
isotherm. It is given in Eq. 37:

C(1+x+y)

_qmaxbo eq
qeq_ l+b C(1+x) (37)
0~eq

This model is only applicable in the range of (1+x+y)<1
and (14+x)<1. For lower surface coverage, Baudu model
reduces to the Freundlich equation®. It is given in Eq. 38:

(L+x+y)

_ qmobo eq
e = 1+b, (38)

Weber-van vliet isotherm model: Weber and van Vliet
isotherm model is to describe equilibrium adsorption data
with four parameters®?4, The model is given in Eq. 39:

Ceq _ Plq(%qg’g#m) (39)

eq
The isotherm parameters P;, P,, P; and P, can be defined

by multiple nonlinear curve fitting techniques which is
predicated on the minimization of sum of square of residual.

Marczewski-jaroniec isotherm model: The Marczewski-
Jaroniec isotherm model is the resemblance of Langmuir
isotherm model. It is developed on the basis of the

supposition of local Langmuir isotherm and adsorption
energies distribution in the active sites on adsorbent®*, The
Marczewski-Jaroniec isotherm model is given in Eq. 40:

G =0 [(Kc)l (40)
14+(K 4,Ca)

where, Ky, describes the spreading of distribution in the path
of higher adsorption energy. ny, describes the spreading in
the path of lesser adsorption energies. The isotherm reduces
to Langmuirisotherm when ny, and Ky, are equal to unity. The
isotherm reduces to Langmuir-Freundlich model when ny,
equal to KMJ.

Five parameter model: Accounting the high parameter
models certainly provides clear information on mechanism of
adsorption under equilibrium condition. In this section, only
one, five parameter model i.e., Fritz-Schlunder-V isotherm
model is applied.

Fritz-Schlunder
adsorption isotherm model is developed with the aim of
simulating the model variations more precisely for application
over a wide range of equilibrium data”. Fritz-Schlunder
adsorption isotherm model is given in Eq. 41:

Fritz-schlunder-V isotherm model:

_ qmaxKll=$5¢§af55
G =7 K yessChr “n
RESULTS AND DISCUSSION

Experimental results show that the maximum adsorption
of Cr (VI) by BGMA can be achieved at pH of 5 and at 2 g of
BGMA biomass loading. The maximum adsorption capacity of
BGMA is found to be 37.426 mg g~'. The optimum agitation
rate 120 rpm is maintained during the continuous 24 h of
contact time.

To validate the prediction of maximum adsorption
capacity of BGMA, the finding is compared with several
authors who have reported their results of the investigation on
adsorption of Cr (VI) using different sorbents. The maximum
adsorption capacity of activated charcoal (prepared from
wood apple shell) used by Doke and Khan® for removal of
Cr (V) from agqueous solution of concentration 1250 mg g~'is
reported to be 151.51 mg g~' at a pH 1.8. Though the g is
relatively very higher than the present investigation, their
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Fig. 1: Experimental results of adsorption of Cr (VI) onto BGMA

sorbent are found to be more effective at a low pH
which is highly acidic. However such acidic environments are
tedious, hazardous and also uneconomical to industrial scale.
Similarly a new low-cost activated carbon is prepared by
Gorzin and Abadi*® from paper mill sludge in order to
remove Cr (V) ions from aqueous solution of concentration
100 mg L7'. The maximum adsorption capacity of
23.18 mg g~ 'is reported at optimum pH 4.0 and contact time
of 180 min. Subsequently magnetic natural zeolite-Chitosan
composite is used as adsorbent to remove Cr (VI) from an
aqueous solution of 200 mg L™ concentration by
Gaffer et a/”. The 98% of removal efficiency is reported at
pH 2 and 0.2 g of dosage. Chemically treated banana peels is
used by Ali et a/°® as an adsorbent for removal of Cr (VI) from
aqueous solution of concentration 400 mg L=' and the
maximum adsorption capacity reported is reported to be
6.178 mg g~' at 120 min contact time, 4.0 g L' adsorbent
dosage and 3.0 pH. Potato peelsis used by Mutongo et a/*
as adsorbent for removal of Cr(VI) from aqueous solution
of concentration 100 mg L' and the maximum adsorption
capacity is reported as 3.28 mg g~' at 48 min contact
time, 4.0 g L= adsorbent dose and 2.5 pH. Mulani et a/'®
studied the removal of chromium (VI) was performed using
coffee polyphenol-formaldehyde/acetaldehyde resins as
adsorbent. The maximum adsorption capacity of coffee
polyphenol-formaldehyde resins is reported as 19.342mg g~!
at pH 2 and 150 min contact time.

Contradictorily, Guar gum-nano zinc oxide (GG/n ZnO)
bio composite is used as an adsorbent by Khan et a/'°! for
enhanced removal of Cr (VI) from aqueous solution of
concentration 25 mg L™' and the maximum adsorption
capacity is reported as 55.56 mg g~' at 50 min contact time,

10

1.0gL~"adsorbent dose and 7.0 pH. Though the reported g,y
is found to be very high efficiency with an artificially made
sorbent, this is comparatively inferior to naturally occurring
BGMA in terms of availability, accessibility and cost.

Adsorptionisotherms: The shape of the adsorptionisotherms
aids to classify the nature of the phenomena of adsorption of
Cr (VI) onto BGMA. The experimental adsorption nature of
Cr (V1) from its synthetic agqueous solutions onto BGMA is
shown in Fig. 1 which is very much useful to perceive the
shape of the isotherm'®#. Giles et a/'® classified the
isotherms according to their shapes and grouped as L, S, H
and C.Based on the above classification, the isotherm of Cr (VI)
onto BGMA shows the L curve pattern. The L shape is the
indication of no strong competition between solvent and
the adsorbate to occupy the adsorbent surface sites.
Figure 1 shows concavity curve which indicates that the ratio
between the concentration of the compound remaining in
solution and adsorbed on the solid decreases when the solute
concentration increases. It reveals the progressive saturation
of the solid.

Limousin et a/* details further, two sub-groups of
Lshaped isotherms: (i) The curve reaches a strict asymptotic
plateau (the solid has a limited sorption capacity) and (ii) The
curve does not reach any plateau (the solid does not show
clearly a limited sorption capacity). Figure 1 infers that
BGMA has a limited sorption capacity for adsorption of Cr (VI)
under the conditions employed in this investigation.

Two parameter models: The values of parameters and
regression coefficient R? of two parameter adsorption
isotherm models for adsorption of Cr (VI) onto BGMA are
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Fig. 2: Comparison of experimental values of equilibrium uptake of Cr (VI) with two parameter model values

Table 1: Parameter values of two parameter adsorption isotherm models for adsorption of Cr (VI) onto BGMA

Models Parameter Value SSE R? RMSE

Langmuir isotherm model b, 0.0354 100.9 0.9019 3.552
Omax 50.04
R. 0.3608

Freundlich isotherm model ar(mgg™) 5.315 34.76 0.9662 2.084
ne 2.194

Dubinin-radushkevich model Bog 7416X107 477.8 0.5358 7.728
Kor 25.98

Temkin model A 4.546 191.5 0.8139 4.893
br 474

Hill-de boer model K, 3.375%10% 1.72X10" -3.795%X10° -1.466 X 10°
K, 2.206X10°

Fowler-guggenheim model Ko 1.343X10° 3121 03116 19.75
W -1.836%x10*

Flory-huggins isotherm Ky 0.006463 7.156X10* -0.3878 94.58
Ney 2085

Halsey isotherm model Kiia 1.287 X 10* 4067 -2.952 22.55
Nia 3.495

Harkin-jura isotherm model Ay 2.576 23 -3.13 32
By 3.754

Jovanovic isotherm model K, 0.03826 115.5 0.8877 38
Omax 37.85

Elovich isotherm model Ke -5.892 5804 -4.64 26.94
Qrmax -1

Kiselev isotherm model Keqk -10 4797 -0.05829 24.49
Kok -1.341

given in Table 1. Dubinin-Radushkevich, Hill-de Boer,
Fowler-Guggenheim, Flory-Huggins, Halsey, Harkin-Jura,
Elovich and Kiselev are eliminated from the running discussion
in the initial stage itself due to the negative R-square values.
Jovanovic and Temkin are also removed from the discussion
due to their low R? value when compared to other isotherm
models under study. Only two models viz. Freundlich and
Langmuir are taken into consideration for further discussion.
Aplot of C,, (mg L™") against q., (Mg g~') for both the models
along with experiential values is shown in Fig. 2. Among the

1

two models, Freundlich isotherm model shows greater
accuracy with experimental data (R?=0.9662). Itindicates that
the extent of heterogeneity of the BGMA surface. Due to this,
the adsorptive surfaces of BGMA are expected to be made
up of small heterogeneous adsorption sites that are
homogeneous in themselves. Through the surface exchange
mechanism, adsorption sites are activated which results in
increased adsorption. The value of a; and n; are found to be
5.315mg g and 2.194, respectively. Since the value of n¢is in
therange of 1-10, it infers that the adsorption of Cr (VI) from
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Fig. 3: Accuracy of two parameter model values of equilibrium uptake of Cr (VI) with experimental values

its synthetic solution onto BGMA is favourable one. The value
of 1/n is calculated as 0.4558 which is closer to zero ensures
that the active sites of BGMA for adsorption of Cr (VI) onto its
surface are more heterogeneous.

Followed by the Freundlich, Langmuir isotherm model
shows better agreement with experimental adsorption data
with an R? value of 0.9019. It suggests the applicability of the
Langmuiradsorption isotherm and indicates the formations
of monolayer coverage of the sorbate at the outer surface of
the sorbent. The value of Langmuir adsorption equilibrium
constant b, is 0.0354 mL g~' which shows quantitatively the
affinity between Cr (VI) and BGMA. Since the calculated value
of R isequal to 0.3608, which is in between 0-1, it ensures that
the adsorption of Cr (VI) onto BGMA is favourable. Based on
Langmuirisotherm model, the maximum adsorption capacity
of BGMA for Cr (VI) is found to be 50.04 mg g~" and itindicates
the reasonable agreement of Langmuir isotherm model with
experimental data of Cr (VI) adsorption by BGMA form its
synthetic solution under the conditions employed in this
investigation.

Since the R? values of both the Freundlich and Langmuir
are highly significant and gives good agreement with the
experimental data mathematically, It is suppose to be arrived
two different opinions: One is surface heterogeneity of
adsorbent through Freundlich isotherm and the another is
monolayer coverage of adsorbate onto the surface of
adsorbent from Langmuirisotherm. Figure 3 ensures the same
and shows the comparison and extent of concurrence of both
models with experimental equilibrium uptake.

However it cannot be claimed that both the mechanisms
suit for adsorption of Cr (V) onto BGMA for the entire range of

12

concentration employed in this investigation. From Fig. 4,
it is clearly observed that the concurrence of Langmuir
isotherm mechanism is lesser than Freundlich when the
initial concentration of Cr (VI) synthetic solution is low.
Subsequently as the initial concentrationisincreased toalevel
of 100 mg L=, the mechanism shows a closer association with
experimental data under equilibrium condition. This trend
continuous up to the initial concentration of 120 mg L™,
thereafter the trend deviates from the concurrence. Again
in-between 200-220 mg L~ initial concentration level a closer
association is noticed. Up to 70 mg L' and above 220 mg L™
of initial concentration level, though the Freundlich
adsorption mechanism shows a deviation from experimental
data under equilibrium condition, the magnitude of deviation
is less when compared with Langmuir mechanism. Not only
that, in-between 70-220 mg L= initial concentration level is a
closer association observed with Freundlich isotherm
mechanism than Langmuir. Freundlich isotherm mechanism
provides maximum satisfaction with the equilibrium
experimental data under the range of experimental conditions
investigated in this study.

Three parameter models: Table 2 provides the parameter
values for three parameter adsorption isotherm models for
adsorption of Cr (VI) onto BGMA.  As in the case of two

parameter  models,  Langmuir-Freundlich,  Jossens,
Jovanovic-Freundlich, Redlich-Peterson Isotherm Model,
Radke-Prausnits isotherm Model-ll and Toth isotherm

model are eliminated from the running discussion in
the initial stage itself due to its poor R? values. Though
Unilan, Hill, Sips, Fritz-Schlunder-lIl, Radke-Prausnits-I, Khan,
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Brouers-Sotolongo, Holl-Krich, Langmuir-Jovanovic Isotherm
Models
obtained in each of these models are either negative or

have significant R? values, the gmax values

too high which are not physically realizable. Hence these
models are eliminated from the running discussion.
Koble-Corrigan isotherm Model shows an amazing
concurrence with experimental data points. Its R? value is
equal to 0.9919. Since the value of Koble-Corrigan’s isotherm
constant (ngc = 0.07927), it signifies that the model is
incapable of defining the experimental data despite high
concentration coefficient and low error value. Among the

13

eighteen, three parameter models, only two models viz,
Vieth-Sladek and Radke-Prausnits-lll are taken into the
consideration for the running discussion. Figure 5 shows the
plot of C, (mg L) against q., (mg g~') for the two models
along with experiential values. Vieth-Sladek isotherm model
gives R?value of 0.9652. Hence itis arrived that the adsorption
of Cr (VI) onto BGMA is influenced both by van der waals
forces (physical adsorption) and ionic forces (chemical
adsorption) for the entire range of concentration employed in
this investigation. However a conflict of interest is arises upon
the lower gmax value of 10.02 mg g~".
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Table 2: Parameter values of three parameter adsorption isotherm models for adsorption of Cr (VI) onto BGMA

Models Parameter Value SSE R? Adj R? RMSE

Hill isotherm model Ky 1596 57.01 0.9446 0.9288 2.854
ny 0.3538
Omax 1.241x10*

Redlich-peterson isotherm model Age 1.332%x10* 114.50 0.8888 0.857 4.044
Bep 6687
B 0.286

Sips isotherm model Ks 0.001247 39.77 0.9614 0.9503 2384
Omax 5121
B 0.4066

Langmuir-freundlich model Kir 116.8 813.50 0.2096 -0.0163 10.78
me 0.302
Omax 2343

Fritz-schlunder-Ill isotherm model Kees 2455 87.97 0.9145 0.8901 3.545
Mess 034
Omax 6783

Radke-prausnits isotherm model-| Keapr 19.84 81.86 0.9205 0.8977 3.42
Meapr 0.3589
Omax 0.3861

Radke-prausnits isotherm model-Il Kpapa 3249 176.40 0.8286 0.7797 5.019
Mgapz 0.1776
Omax 1314

Radke-prausnits isotherm model-Ill Kpaps 0.02039 81.80 0.9205 0.8978 3418
Mgaps 0.6439
Omax 130.6

Toth isotherm model Ky 3014 166.40 0.8383 0.7921 4.876
nr 0.03382
Omax 5.44x10*

Khan isotherm model ax 03615 78.18 0.924 0.9023 3.342
by 2889
Omax 0.07209

Koble-corrigan isotherm model Axc 2.755 8.365 0.9919 0.9896 1.093
Byc -0.6465
Ngc 0.07927

Jossens isotherm Model b, 0.0321 274.10 0.7337 0.6576 6.257
J 8069
K, 5976

Jovanovic-freundlich isotherm model K 9.556 711.90 0.3083 0.1107 10.08
N 2.524
Omax 23.73

Brouers-sotolongo isotherm model Kss 0.004147 39.80 0.9613 0.9503 2.384
ags 0.4084
Omax 1536

Vieth-sladek isotherm model Kys 0.437 35.81 0.9652 0.9553 2262
Bys -1.015%x10*
Omax 10.02

Unilan isotherm model Ky 26.48 17.52 0.983 0.9781 1.582
By -4.893
Omax -0.004235

Holl-krich isotherm model K 0.001655 4481 0.9565 0.9440 2.53
Ny 0.3864
Omax 4154

Langmuir-jovanovic isotherm model Ky -0.01276 71.80 0.9302 0.9103 3.203
n, 0.3741
Omax 592.8

Finally The Radke-Prausnits-Ill isotherm model gives an 0.6439 indicates that both Langmuir and Freundlich
appreciable R? value of 0.9205. The value of mg,p; is equal to mechanisms are suitable to describe the adsorption of Cr (VI)

14
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Fig.7: Concurrence of experimental values of equilibrium uptake of Cr (VI) with three parameter model values upon initial metal

ion concentration

onto BGMA for the entire range of concentration employed
in this investigation. As in the case of discussion in two
parameter model, Radke-Prausnits-lllisotherm model ensures
this conclusion. Figure 6 shows the comparison and extent of
concurrence of three models with experimental equilibrium
uptake. Figure 7 is the indication of equilibrium uptake of
metal by isotherm models upon the increase in initial
concentration of Cr (VI) synthetic solution.

Four parameter models: Fritz-Schlunder-1V Isotherm Model,
Baudu Isotherm Model, Weber-van Vliet Isotherm Model

15

and Marczewski-Jaroniec Isotherm Model are investigated
to know the mechanism of adsorption of Cr(VI) form its
synthetic solution by BGMA. Among the four models,
Weber-van Vliet Isotherm Model alone seems to be highly
significant (R? = 0.9811). Rest of the three models are not
applicable due its poor R? values and irreverent parameter
values. Hence it can describe the mechanism of
adsorption of Cr (VI) onto BGMA for the entire range of
concentration employed in this investigation. Figure 8
shows the comparison of equilibrium Cr (V) uptake by
both experimental and Weber-van Vliet Isotherm Model
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against equilibrium effluent concentration. Upto 120 mg L™
of initial metal ion concentration, the concurrence of
model data with experimental data is observed as significant.
Thereafter the deviation of model data from the
experimental valueis high. Itis ensured Fig. 9 which shows the
experimental and model equilibrium metal uptake upon
the initial metal ion concentration. Figure 10 shows the
concurrence of equilibrium experimental metal uptake
against the Fritz-Schlunder-V adsorption isotherm model
data. The values of parameters and regression coefficient R? of
four parameter adsorption isotherm models for adsorption of
Cr (V) onto BGMA are given in Table 3.

Five parameter model: Table 4 provides the parameter
values of Fritz-Schlunder-V parameter model. The R? value
indicates the significance of this model. Figure 11 shows the
comparison of equilibrium Cr (V) uptake by both
experimental and  Fritz-Schlunder-V.  model against
equilibrium effluent concentration. For the entire range of
concentrations investigated in this study, a significant
concurrence of model data with experimental data is
observed (Fig. 12). Figure 13 infers more precisely the
concurrence of equilibrium experimental metal uptake
against the Fritz-Schlunder-V adsorption isotherm model
data.
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Fig. 11: Comparison of experimental values of equilibrium uptake of Cr (V1) with five parameter model values

Table 3: Parameter values of four param

eter adsorption isotherm models for adsorption of Cr (VI) onto BGMA

Models Parameter Value SSE R? Adj R? RMSE
Fritz-schlunder-1V isotherm model Arss 2599 1413 0.8627 0.7941 4852
Brss 1809
Ass -0.5409
Bess -1.367
Baudu isotherm model X -2.987 1194 0.884 0.826 4.461
y 0.8044
b, 1.501x10*
Omax 1.627
Weber-van vliet isotherm model P1 6.54 12.98 0.9874 0.9811 1471
P2 0.2078
P3 0.168
P4 0.07878
Marczewski-jaroniec isotherm model Ky, 1.259%10* 3528 0.6572 0.4858 7.668
My 254
Ny 0.6157
Cmax 28.04
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Fig. 13: Accuracy of five parameter model values of equilibrium uptake of Cr (VI) with experimental values

Table 4: Parameter values of five parameter adsorption isotherm model for adsorption of Cr (VI) onto BGMA

Models Parameter Value SSE R? Adj R? RMSE
Fritz-schlunder -5 isotherm model Kigss 1.355 21.84 0.9788 0.9618 2.09
Krss -0.7524
arss 0.6394
Bess -0.1222
Grnax 1.029
CONCLUSION entire range of concentrations investigated in this

study. Applicability of Vieth-Sladek isotherm model
The adsorption of Cr (VI) onto BGMA is found to be infers that the adsorption of Cr (VI) onto BGMA is

L shape. It indicates that no strong competition exists influenced by van der waals forces and ionic forces for
between solvent and the active sites of BGMA to occupy.  the entire range of concentration employed in this
Freundlich adsorption model is more suitable for the investigation.
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RECOMMENDATIONS, APPLICATIONS, LIMITATIONS AND
FUTURE IMPLICATIONS OF THIS RESEARCH WORK

Blue green algae are recommended to recover the
chromium from industrial effluent under the conditions
employed in this investigation. The application of the blue
green algae is favorable for the recovery of heavy metal ions.
The only limitation is the procedure involved in recovery of
the adsorbed metal ions by desorption method on industrial
scale. In the future study, chemical modification of the algal
biomass can be done to enhance the recovery of heavy metal.
This can help to reduce the quantity of algae required.

SIGNIFICANCE STATEMENTS

This study discovers the modeling of adsorption
isotherms for removal of hexavalent chromium from aqueous
solutions using blue green algae with the application of
various isotherm models that can be beneficial for gaining
insight knowledge of sorbate/sorbent adsorption mechanism
whichis essential in design of real time operationsin industrial
scale. Isotherm modeling in adsorption studies isimportant
in identifying or predicting the mechanism of adsorption
processes. Hence in this present investigation, various two,
three, four and five parameter adsorption isotherm models
have been tested.

This study will help the researchers to uncover the critical
areas modeling in adsorption that many researchers were not
able to explore. Thus this article comprises of critical review of
the models with experimental data which would help the
readers in acquiring complete knowledge on adsorption
mechanisms.
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