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Abstract:

Regression analysis was carried out to explore the effects of almond shell activated carbon
(ASAC) as a biosorbent for the uptake of Cr(VI) ions from synthetic waste water. The
equilibrium and kinetics models for biosorption were examined to best describe the
experimental data of Cr(VI) ions biosorption by ASAC using MatLab. Kinetic models
(Pseudo 1st order and Pseudo 2nd order) were analyzed by least square method (linear and
Non-linear). Two parameters (Langmuir and Freundlich) and three parameter (Redlich-
Peterson, Sips, Toth, Koble-Corrigan and Radhke-Prausnitz) adsorption isotherm models
were analyzed by both linear and non-linear least square method to obtain the best fit model.
Non- linear regression presented a better fitting of model equations. The kinetics is best
described by pseudo 2nd order model. The equilibrium data of Cr(VI) ion followed the
Langmuir, Redlich- Peterson and Radke-Prausnitz isotherm models preferably than the other
models.
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1. Introduction

Developing countries mostly depends on large stalastrialization to make their economy

strong. This economical development is largely bl on the expense of production of
significant quantities of metal, organic and inarigacontaminants. The existing industrial

activities are altering the material’'s natural flamd introducing novel chemicals into our

environment [1]. Toxic metals such as Pb, Cu, Zna@d Cd were listed as concerned pollutants
by the U.S Environmental protection Agency (U.S BEPAhe heavy metals anthropogenic

sources find their ways to the industries as melaing industries, nickel batteries, chemical

manufacturing, mine drainage, tannery operati@ehker tanning industries, pigments, stabilizers
of alloys and as polluted ground water from hazasdwaste locations [2]. Presence of these
toxic metals/heavy metals is a major warning toimment and human life due to their toxicity,

bio-accumulating tendency [3].

Chromium (Cr) is available in nature as an odorledsel grey hard metallic element. It

constitutes as one of the major environmental paiiiu Chromium exists in nature as stable
hexavalent and trivalent forms [4]. Although miapeantity of chromium is necessary for human
body as it control our glucose metabolism but siggimount can leads to carcinogenic effect [5].
Human activities and natural processes are redpengdr the chromium discharge in our

environment. It may cause nosebleed, ulcers, weakeanmune system, allergic reactions, liver
damage, skin rash, genetic material alteration [6].

Waters and soil around industrial locations aregtamimated by chromium and its removal from
agueous solution is very difficult. The most comnpmtysico-chemical techniques used for the
Cr(VI) removal includes chemical reduction followbg precipitation with caustic soda. Other
processes like electrolysis, reverse osmosis amédohange are currently un-economical and
inefficient [7].

Among all the processes, adsorption is acceptenh &ffectual and economic technique to make
waste water free from heavy metal pollution. Adichcarbon adsorption is extensively applied
for the extraction of trace amount of heavy meta@itis technique is relatively expensive. This
fact turns the focus of the researchers to user atbet effective materials like industrial
byproducts, agricultural waste, and natural sultetsifi8]. Heavy metals biosorption by biomass
has been much explored in recent years. In addibmsorption is especially useful to handle
dilute heavy metal contaminations. Biosorption jg@cess which is characterized as economical,
efficient and generates less waste, and in sones dasiay help in recovery of metal [9].

In the present study, Synthetic waste water comgi€@r(V1) as heavy metal impurity is treated
with almond shell activated carbon(ASAC). Numbkexperimental parameters for Cr(VI) ions
adsorption from aqueous solutions were investigatedbatch study under different equilibrium
conditions [10]. To determine the best fit equiliibon and kinetic models, the experimental data is
fitted to Pseudo®lorder and Pseudd“order kinetic models and adsorption isotherms. &nd
three parameter adsorption isotherm were testeth&r capability to specify the biosorption of
Cr(Vl) ions. Two parameter models include Langmaird Freundlich adsorption isotherm.
Similarly, three parameter models include RedlietePson (R-P), Sips, Toth, Koble-Corrigan
(K-C), and Radke-Prausnitz adsorption isotherm.
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2. Modeling
2.1 Kinetic Models
2.1.1 Pseudo First Order

Pseudo first order [11] equation suggested by lgrgeris a simple kinetic model that describes
the process of sorption. There are some limitatafrigseudo first order kinetic model [12].

() ki (ge- gy does not correspond to the quantity of vacargdriation sites.
(i)  Intercept of plot betweelog (ge-a) and t does not compatible withy (ge).
(iii) It does not show linearity over the whole coursbio§orption.

% = k1(qe — q¢)

1)

The general form is,

qe = ge — qeexp(—kqt) 2)

Where,

k, (min™) is the pseudo®lorder rate constant.

Je andgq; are equilibrium and instantaneous uptake (mg/g).
2.1.2 Pseudo Second Order

For the sorption process, the Pseudd @der kinetics [13] is obtained by the following
expression;

d
1= ky(qe — q0)? 3)

The general form is

_ kaqlt
qe = 1+k,qet (4)
Where,

k. (g/mg.min) is Pseudd'2order rate constant.

ge andg;, are equilibrium and instantaneous uptake (mg/g).
2.2 Isotherm Models

2.2.1 Two Parameter Model

2.2.1.1 Langmuir Isotherm

In 1916, Irving Langmuir proposed the isothermaldelowhich deals the gas-solid adsorption.
Later on empirical relations were developed foruiiigsolid system. Langmuir adsorption
isotherm is effective for both chemical and phylsadsorption. In its formulation, this empirical
model assumes monolayer adsorption and adsorptanoccur at fixed number of specific
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localized sites of the adsorbent. There is no &urtbontact on adjoining sites and spatial

interference among the adsorbed metal ions [l4hgtmaiir also assumed that the energy of
adsorption of each and every molecule of a givesodmhte is the same which means that the
surface is energetically homogeneous [8]. Furtheemicangmuir theory has explained that with

the rise of the distance immediate reduction octutise intermolecular attraction forces.

The general form of Langmuir adsorption isothermejgresented by the following equation;

_ Amax-KL-Ce
de = 1+K.Co )5

The above mentioned equation is linearized into the following form;

Ce 1 Co
Ze—__ - 4 _e 6
de AmaxKL Amax ( )
Where,

0e = Equilibrium uptake of the adsorbate (mg/qg).

C.= Equilibrium concentration of the adsorbate (mg/L)

Omax= Maximum adsorption capacity (mg/g).

K. = Langmuir isotherm constant associated to thiaigffof the surface sites (L/mg).
2.2.1.2 Isotherm model of Freundlich

The Freundlich isotherm [15] model is proposed tsuRdlich and Kister (1894). Non-ideal and
reversible behaviour is initially described by Frdlich isotherm. This experiential model based
on multilayer coverage because of the non-unifoffiniges of the heterogeneous sites for the
metal ions (adsorbate) [16]. Due to this, the sitéh greater affinity occupied earlier resulting
multilayer adsorption. The non-linear form of theelndlich isotherm is described by the
following relations;

1

qe = KpCl (7)

When linearized the equation becomes;

log q. =logKF+%logCe (8)

Where;

Ke = the relative adsorption capacity of biosorber(nig/g).
n= the extent of biosorption.

2.2.2 Three Parameter Isotherms

2.2.2.1 Isotherm model of Redlich—Peterson

Redlich-Peterson (R-P) isotherm is obtained by imgrghe characteristics of both Freundlich
and Langmuir isotherm [17]. In its formulation diépends on the linear and exponential form of
concentration to illustrate equilibrium over an eexive range of concentration [18]. Both
homogeneous and heterogeneous surface adsorpt@mompkena can be analyzed by Redlich-
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Peterson model. At high metal ion concentratior? Rrodel reduces to Freundlich model with
exponent approaches to zero. At low metal ion coimagon, it reduces to Langmuir model with
exponent approaches to 1 [19]. Redlich-Petersdhdsm non-linear form is as follows;

krpCe
e = —Rele_ 9)

1+aRpC;?

Equation (10) describes the linear form of the niyode

e 1 %P9
de krp  krp Ce (10)
Where;

krp = R—P isotherm model constant (L/g)

agp = Constant of R-P model (L/mg)

g = Redlich—Peterson model exponent (that lies betvie& 1).
2.2.2.2 Sips isotherm model

Sips [20] proposed new equation to anticipate teteregeneous adsorption system. Sips
isotherm is also a combined form of Freundlich aadgmuir isotherm. The concentration of

adsorbate expresses inverse relation as comparBedlich-Peterson isotherm. At a smaller
amount of adsorbate it becomes Freundlich isottardhthus Henry's law is not obeyed. At high

concentration of adsorbate, it predicts the siniglger biosorption which is the essential

characteristic of the isotherm of Langmuir. Thessigotherm can be given by the following

expression;

KsCEs

Gde = ——23; (11)

1+asC,

The Sips equation has another simple linear folted¢tas Pseudo linear from represented as;

o . (12)

Where;

Ks= Sips constant (Litre/gram).

as = Sips constant (Litre/milligram).

B.= Sips model of adsorption exponent.
2.2.2.3 Koble—Corrigan isotherm model

Koble-Corrigan [21] model is similar to Sips isattme model. Like R-P isotherm and Sips
isotherm, it is formulated with the combination Bfeundlich and Langmuir isotherm. The
equation of model is given below;
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_ _AC*
1+B,C,*

(13)

e

The above expression is re-arranged to givéadilmving linear expression

- (14)

de  ARC* T Ag

Where;

A« = Koble-Corrigan constant ¢hg/g).

B« = Koble-Corrigan constant (Litre/milligram).
n, = Adsorption intensity.

2.2.2.4 Toth isotherm model

Studies showed that heterogeneous system can leibaeswell with the help of the Toth
isotherm model that is derived by the potentiabtlig22]. Toth isotherm can be represented by
following expression;

KrCe

(15)

qe T
(ar+Ce)t

Where,

Kt = Toth adsorption isotherm constant (mg/g).
ot = Toth adsorption isotherm constant (L/mg).
t = Tooth model exponent.

The linearization of Toth equation results in thiofving equation.

N 1
In (;—T) = In(C,) - 7 In(ar + C,) (16)
2.2.2.5 Isotherm model of Radke—Prausnitz

Isotherm model of Radke-Prausnitz is mostly estahdty high RMSE value. Model equation is
given as follow [1];

_ AmkgrCe (17)

de = 1+kgCP

The linearized form of the model equation is gibetow;

Ce 1 1 .p
Ze — +—C 18
de dmKkr dm e ( )

2.3 Regression Analysis

Regression analysis is a statistical tool for ttneestigation of relationship between variables,
usually the change in one dependent variable (dedissponse variable) with respect to change
in one or more than one independent variables. d8sgm analysis can be linear or non-linear
depending upon the nature of mathematical equatkanm. linearized regression, the major
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problem is the linearization step. The modificatiohthe original equation can violate the
theories existing behind the model so in fact theameter estimation gives the best fitting
parameters for the linear form of the model, natesearily for the original nonlinear model.
Nonlinear regression is a more general method dhatbe used to estimate model parameters
[23].

In this study all the model parameters in TableS4and 6] were analyzed by linear regression
and non-linear regression using curve fitting tadl MatLab. The validity of kinetic and
equilibrium models were checked by the estimatibarmor functions. The Best model selection
was done on the basis of coefficient of determima(R), SSE (Sum of square error), MSE
(Mean square error), RMSE (Root mean square er®f®R); (Average relative error), and SAE
(Sum of absolute error) as represented by Table 1.

Table 1: Mathematical expressions of Error Functions

Function Function Formulas
S Formulas S

n n
2 Geexp — Qemodel
(Qe,model - Qe,exp)i
i=1

c Qe,exp

i=1 i

1

n n
— (qe,exp - Qe,model)? Qe,exp - Qe,modell-
n 2 i i
i=1 i=1

1 n , Z(Qe,exp - qe,model)2
n—2 Z(qe,exp - qe,model)i Z(Qe,exp - qe,model)2 + Z(Qe,exp - qe,madel)2
i=1

3 Result and Discussion
3.1 Pseudo First Order Kinetic

Equilibrium constank; and equilibrium capacitg (Mmg/g) obtained by linear regression as well
as non-linear method. Thg value is much lower than the experimental valygasenting that
the Pseudo®lorder is not appropriate for the Cr(VI) removaiddics. Figure 1 justifies that there
is a poor correspondence between the first ordeteirand the experimental data. The value of
the parameters and coefficient of correlation iegiin the Table 4. Due to the limitations the
kinetic study was further extended to second okitegtics in order to obtain good fit for the
Cr(VI) biosorption on ASAC.

3.2 Pseudo Second Order

Four different Pseudo™®order linear forms are mentioned in Table 2. Psetliorder | is used

in this study, as it is the most preferable linfleam [24]. Using linear and non-linear least-square
regressive method, andg. was determined. The values demonstrate that thaelrexplains
sorption in better way confirming a chemisorptigmecess. This kinetic model gave best fit
between the predicted and experimental values gnréil. The value of the parameters and
coefficient of correlation is given in Table 4.
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Table 2: Linear Foms of Pseudd®rder Kinetic Model.

M odels Linearized form
t 1 1

_— + _

9 k2 qe
1 1 1 1

Pseudo 2" order 11 —= ( ) +

Pseudo 2™ order |

q_ \k,q2)t  q,

1 \q:
Pseudo 2™ order 111 = —( )—
qt Qe kz qe t

Pseudo 2™ order 1V

Comparison of Non-Linear Kinetic Models

‘,g*»

q,(mg/g)
q,(mgrg)

+ Experimental

# Experimental

Pseudo 1st order

, . L ) ) ) Pseudo 2nd order

o 10 20 30 40 50 60 0 10 20 30 10 50 60
t (min) t (min)

Pseudo 1st order
Pseudo 2nd order

Figure 1: Comaprison of Linear and Non-Linear plots of Pseliiand 2° order kinetic model
of Cr(VI) removal using ASAC.

3.3 Two Parameter Models
3.3.1 Langmuir Isotherm Model

Equation of Langmuir isotherm can be linearized ifdur altered forms given in the Table 3.
Langmuir | is used because of least deviation fthenfitted equation that results from best error
distribution [25]. Figure 2 shows that both lineand non-linear model fitted well to the
experimental data for Cr(VI) biosorption onto ASAThe parameters of the Langmuir equation
Omax @aNd K estimated by NL (Non-linear) and L (Linear) regies are 20.28 (mg/g), 0.0635
(L/mg) and 19.89 (mg/g), 0.06562 (L/mg). Thga.x predicts the monolayer capacity aKd
expresses the energy of adsorption used to cacti@ separation factd®_ [10]. Langmuir
model represented a good fit of experiment datahfersorption of Cr(VI) ions on ASAC in both
cases, as the coefficient of determinatiof) (Ras 0.9819 by linear regression and 0.9818 by non
linear regression. Since’Rs slightly less than unity indicates that theseniight be some
heterogeneity in the adsorption process of Cr(bfsion ASAC. The error functions (SSE, MSE,
RMSE, ARE, SAE) also indicating a good fit of Langmmodel and are shown in Table 5.
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Table 3: Different Linear Models of Langmuir Isothreequation.

Sr No. Linear M odédl

Langmuir |

Langmuir 1

Langmuir I11

Langmuir IV

3.3.2 Freundlich isotherm model

Figure 2 represents the compatibility of Freundimbtherm for equilibrium data, the non linear
model follows the experimental data for the biotiorpof Cr(VI) ions a bit more than the linear
model. The calculated values of Freundlich conskgnand exponent were 1.812 (mg/g) and
1.925 in the case of linear analysis and 2.691 djnghd 2.404 for non linear analysis. As the
values of R (0.9424, 0.9536) and other correlation given irbl&a5 predicting favourable
conditions in the result of both non-linear arnuedr regression for the sorption of Cr(VI) on
ASAC. The adsorption intensity/n ranges between 0 and 1 deduce the heterogenetus of
the system [15]. The values are below unity, sutjggshe chemisorptions process.

3.4 Three Parameter Models
3.4.1 Redlich-Peterson(R-P) Isotherm

Figure 2 delivers the comparison between experiaheduilibrium data and R-P model. The
Redlich-Peterson model has presented high0R802, 0.9834 and other correlation for the
biosorption of Cr(VI) ion in both linear and nomdiar model fitting in Table 6. The exponent
(0.8002 and 0.9023) approaches to unity specifhiagithe biosorption is homogeneous in nature
with the formulation of monolayer on the surfaceadsorbent [26]. Figure 2 also verified that R-
P model goes well with the Langmuir isotherm model.

3.4.2 Sips Isotherm Model

The unknown parameters of the Sips isotherm modgkvevaluated through linear and non-
linear curve fitting method. The linear model prese a poor fit of experimental data a5iR
0.4400 as compared to non-linear model showing fitestt equilibrium data with R0.9818 and
acceptable values of error functions in Table &. Bg1, the Sips model reduces to Langmuir
model [27]. Non-linear model gaw& = 0.938 slightly less than unity predicting Sipsdal
overlapping the Langmuir model as shown in Figure 2

3.4.3 Koble-Corrigan (K-C) Isotherm

The non linear regression of Koble-Corrigan modelegparameterByc, Bkc, nkc values 1.446,
0.069, and 0.938 similar to the Sips model configrthe theoretical correspondence of these two
models. Like Sips model, it is also coinciding witle Langmuir model as value mf; was 0.938

as depicted in Figure 2. K-C model follows the &htium data providing R0.9818 and suitable
values of errors are analyzed in Table 6. The perars obtained as a result of the linear
regression and coefficient of determination givenTaeble 6 does not satisfy the experimental
data as justified by Figure 2.
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3.4.4 Toth Isotherm

Figure 2 depicts a poor fit for linear model anfine correlation in case of non-linear model of
Toth isotherm. This is presented by the comparisfoR? and error values in Table 6. The Toth
model exponent estimated by non linear regression was 0.1784% (fietween 0 and 1)
suggesting a good correspondence of Toth isothatmbangmuir isotherm in FigureE2ror!
Reference sour ce not found..

3.4.5 Radhke-Prausnitz Isotherm

The curve fitting of linear and non-linear modelRddhke-Prausnitz isotherm came up with good
results. Figure 2 shows conformity between the RadPrausnitz model and experimental data of
Cr(VI) adsorption. Non-linear model slightly betteward the Cr(VI) ion adsorption onto ASAC
with R? value of 0.9834 and minimization of error funcsoihe parametet§g, kg andp were
estimated at 12.59, 0.1232 and 0.9023.

Comparison of Linear Two-Three Parameter Models Comparison of Non-Linear Two-Three Parameter Models
+ Experimental ‘ ‘ ‘ B + Experimental I ‘ ‘
e | angMuiir s | aNgMuir
Freundlich Freundlich
% Redlich-Petrson 7 B — Sips
----- Sips =-==- Redlich-Petrson
----- Koble-Corrigan --==- Koble-Corrigan
20 Radke-Prauznits 4 20 Radke-Prauznits B
Toth Toth +
Hills Hills g

q,(mg/g)
q_(mg/g)
=]

120 0 20 40 60 80 100 120
C, (mgil) C_ (mg/L)

Figure2: Comparison of Linear and Non-Linear plots of twoee parameter models of Cr(VI)
removal using ASAC.

4 Conclusions

Various mathematical equation models were usediimstudy to evaluate the equilibrium and
kinetics of Cr(VI) ion removal. It is concluded thaon-linear regression analysis of the
adsorptive behavior of Cr (V1) ions onto ASAC imfsamore acceptable results. Pseutfmder
model delineated the kinetics of the process hetteygesting a chemisorptions process. Among
models of two parameter isotherms, Langmuir isothehowed the best results. For three
parameter isotherms, both, the Redlich-PetersonRautke-Prausnitz were found to be the best
choice.

Table 4: Comparison of Kinetic Model.

Values Of Different Error Functions

k1 ae;
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Non-Linear
Pseudo 2™
Order (g/mg.min

)

Linear 0.01541 . . . . 837 67.940.9046
Non-Linear 0.02082 . . . .3 8.1 0.8946

SAE

Langmuir

(L/g)
Linear . 0.0635

Non-Linear . 0.06562
Freundlich

Linear
Non-Linear

Lineai
Non-Lineat
Koble-
Corrigan

Lineai

Non-Lineat
Toth

Linea
Non-Lineat

Sips

Lineai

Non-Lineat
Radke-
Prausnitz
Lineau

Non-Lineat
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