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Abstract Abundantly available agricultural waste materi-

als (banana bunch, sorghum stem and casuarinas fruit) are

processed with negligible cost and are found to be highly

suitable as biosorbents for chromium(VI) removal from

aqueous environment due to high surface area and func-

tional groups of adsorbents. The equilibrium data have

been analyzed for the adsorbate–adsorbate/adsorbent

interactions and found to be fitted to the data in the order,

Hill–de Boer C Fowler–Guggenheim % Frumkin[Kise-

lev. To determine the characteristic parameters for process

design, mass transfer studies have been carried out using

two-parameter isotherm models (Harkins–Jura, Halsey,

Smith, El-Awady and Flory–Huggins) and three-parameter

isotherm models (Redlich–Peterson and Sips) which are

applied to the experimental data. The fitness of the iso-

therms describes that both mono- and multilayer adsorp-

tions occur in the present studied three biosorbents in

preference to the latter. The mechanism of adsorption has

been studied using diffusion kinetic models (viz. liquid film

diffusion, Dunwald–Wagner intra-particle diffusion model

and moving boundary model) and described the possibility

of diffusion in the order of banana bunch–stem pow-

der[ sorghum stem powder[ casuarinas fruit powder in

terms of diffusion coefficients. In essence of all the results,

the selected adsorbents can be used as a potential adsorbent

for the removal of Cr(VI) from aqueous solutions.

Keywords Agricultural waste � Biosorption �
Chromium(VI) removal � Diffusion � Mass transfer �
Surface interaction

Introduction

Disposal of agricultural wastes adversely affects the quality

of air, water and soil, leading to many problems including

unbalanced natural ecological systems and increase in

eutrophication (Sharma et al. 2010). About 500 Mt of crop

residues is generated every year as per the estimation of the

Ministry of New and Renewable Energy (MNRE 2009),

Government of India. In spite of the traditional uses of crop

residues (such as fuel, roof thatching, animal feed, fodder,

composting and packaging), about 91–141 Mt of crop

residues per year is estimated as surplus in India (IARI

2012). The surplus residues are burnt which is one of the

noteworthy sources of atmospheric aerosols, carbon diox-

ide (CO2), carbon monoxide (CO), methane (CH4), volatile

organic compounds (VOC), nitrogen oxides and halogen

compounds (Guyon et al. 2005), which exhibit impact on

climate as well as human health (van der Werf et al. 2006;

Irwin 2014). Effect on climate includes the formation of

dense ‘brown clouds’ in South Asia (Gustafsson et al.

2009) and smoke particles impact by serving as cloud-

condensation nuclei (CCN) and changing the cloud

microphysical and optical properties (Cattani et al. 2006).
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The common aquatic pollutant in its hexavalent state

Cr(VI) released by industrial activities into natural waters

has detrimental effects on both the living organisms and the

ecosystems (Igwe and Abia 2003; Rana et al. 2004). It has

very adverse effects, and strong exposure causes skin irri-

tation, lung cancer, kidney, liver and gastric damage, epi-

gastric pain, nausea, vomiting, severe diarrhea and

hemorrhage. Due to its mutagenicity and carcinogenicity to

human beings, it belongs to group ‘A’ human carcinogen

(USDHHS 1991; Cieslak-Golonka 1996). In order to bring

down the concentration of Cr(VI) to acceptable levels

(WHO 2004), almost all the industries must have to treat

their effluents before disposal (Ismail and Bedderi 2009;

Ismail et al. 2013a, b). In order to potentially remove the

toxic heavy metals from water streams, biosorption is an

attractive alternate to traditional industrial effluent treat-

ment processes as it utilizes the high surface area and

electric charges present in biological materials which help

to accumulate heavy metals (Fourest and Roux 1992;

Ramya et al. 2015a). It is reported in the literature that the

chemically modified natural adsorbents are much more

advantageous in their efficiency than crude ones (Orr et al.

2004). Moreover, due to the capability of lowering heavy

metal concentration to ppm level, wide range of avail-

ability and eco-friendly nature, the usage of biopolymers

from agricultural wastes as adsorbents is attracting many

industries (Deans and Dixon 1992). In continuation to the

traditional adsorption isotherms (Ramya et al.

2015a, b, 2016), the present study was conducted during

the year 2015 at Acharya Nagarjuna University, India, in

which new isotherms (both two-parameter and three-pa-

rameter models) are employed to completely understand

the mass transfer and surface interaction in the removal of

chromium(VI) using three biosorbents (banana bunch–stem

powder—BSP, sorghum stem powder—SSP and casuari-

nas fruit powder—CFP).

Materials and methods

Materials preparation and analytical methods

Acid treatment of the powdered raw agricultural waste

materials, viz. banana bunch–stem (BSP), sorghum stem

(SSP) and casuarinas fruit (CFP) of particle size

0.3–1.0 mm, was done using 1 N H2SO4/HNO3 in order

to improve the adsorption capacities as described in

previous studies (Ramya et al. 2016). Advantage of acid

treatment was manifested from the changes in surface

area, pore volume and pore diameter of adsorbents

which were determined with a Brunauer–Emmett–Teller

(BET) N2 surface area analyzer (Nova 1000 version

3.70) (Table 1).

All the chemicals used are of analytical grade. The standard

Cr(VI) stock solution was prepared by dissolving potassium

dichromate in deionized water and diluted according to the

required concentrations. The initial chromium(VI) concen-

tration of the untreated sample was 20 mg L-1.

Batch adsorption experiments were performed to study

the chromium removal efficiency of each adsorbent with

respect to parameters such as time (0–180 min), and initial

Cr(VI) concentration (10–70 mg L-1) with common con-

ditions such as 50 mL of chromium solution with initial

concentration of 20 mg L-1, 200 rpm, 30 �C, 180 min

contact time, 5 g L-1 adsorbent dose. After each experi-

ment, chromium ion concentrations were measured by

diphenyl carbazide method (ASTM 1972). Blank experi-

ments were carried out to study the adsorption of chro-

mium on the walls of batch reactor and were found to be

negligible. Each experiment was repeated thrice, and

average result has been reported. The relative errors in the

experimental results were about 5%.

SEM, EDX and FT-IR studies

Scanning electron micrograph imaging of the biosorbent

materials revealed rough surface with some pore formation

before adsorption as an indication of large surface avail-

ability which helps for high adsorption (Ramya et al.

2015b) and a smooth surface covering of the pores after

adsorption in all three cases of adsorbents. Further, EDX

spectra of biosorbents (Wt% of chromium: before adsorp-

tion: BSP/SSP/CFP—0.00, after adsorption: BSP—0.24;

SSP—0.15; CFP—0.16) supported the successful loading

of Cr(VI) ions on the surface of sorbents.

From the study of FT-IR bands, adsorption of Cr(VI)

ions can be partly attributed to electrostatic attraction due

to the presence of functional groups such as acid, alcohol

and amine [C–O, C=O and aliphatic C–H str in three

biosorbents: 1026–1039, 1614–1689 and 2917–2920 cm-1;

CFP: =C–H str, C=C str, phenolic group: above 3000,

1450–1550, 3737 cm-1 (s); SSP/BSP: –OH str of acid:

3305–3320 cm-1 (br)] (Ramya et al. 2015b).

Adsorption isotherm studies

In order to predict the overall adsorption performance of

the biosorbents, Fowler–Guggenheim, Kiselev, Hill–de

Boer, Frumkin, Sips, Jovanovic, Harkins–Jura, Halsey,

Smith, El-Awady, Flory–Huggins and Redlich–Peterson

isotherms are employed to the batch adsorption experi-

mental data.
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Adsorption diffusion study

The sorption of Cr(VI) ions onto BSP, SSP and CFP from

their aqueous solutions may be considered as a liquid–solid

phase reaction, and the diffusion of ions into the biosor-

bents is studied using liquid film diffusion, Dunwald–

Wagner intra-particle diffusion and moving boundary

models.

Results and discussion

Analysis of the equilibrium data using isotherm equations

in an adsorption system is important to describe how

adsorbate interacts with the biosorbent materials during

the adsorption process. An adsorption isotherm is char-

acterized by certain constants where values express the

overall biosorption performance and affinity of the sor-

bent. This information also helps to find out the capacities

of different sorbents and the optimization of the

biosorption mechanism pathways, and effective design of

the biosorption systems (Aytas et al. 2011). Several iso-

therm equations have been used for the equilibrium

modeling of adsorption systems. In order to understand

the interaction between adsorbate and adsorbate/adsor-

bent, the sorption data have been subjected to different

two-parameter sorption isotherms, namely Fowler–

Guggenheim, Frumkin, Hill–de Boer and Kiselev, and

three-parameter Sips isotherm.

Fowler–Guggenheim isotherm

Fowler–Guggenheim equation in an ideal adsorption

assumes the existence of lateral interactions among

adsorbed molecules on a set of localized sites with weak

interactions between molecules adsorbed on neighboring

sites (Fowler and Guggenheim 1949; Koubaissy et al.

2012). This model explains that the random character of

distribution of the sorbate molecules on the adsorbent

surface is not significantly altered when the interaction

energy among the adsorbed molecules is constant and

independent of fractional coverage of the surface (h)

(Hamdaoui and Naffrechoux 2007). Equations (1) and

(2) represent the Fowler–Guggenheim isotherm model.

Nonlinear equation: KFGCe ¼
h

1 � h
exp

2hW
RT

� �
ð1Þ

Linear equation: ln
Ce 1 � hð Þ

h

� �
¼ � lnKFG þ 2Wh

RT
; ð2Þ

where KFG is Fowler–Guggenheim equilibrium constant

(L mg-1) for adsorption of the adsorbate on an active site,

which represents the interaction between the adsorbate and

the adsorbent, Ce is the concentration at equilibrium

adsorption, W is the empirical interaction energy between

two molecules adsorbed on nearest neighboring sites

(kJ mol-1), R is ideal gas constant (8.314 J mol-1 K-1),

T is thermodynamic temperature (K) and h is the fractional

coverage of the surface.

The slope of the Fowler–Guggenheim model graph

(a = 2 Wh/RT) gives information about the interaction

between adsorbed molecules which can be predicted as

repulsive when ‘a’ is positive and as attractive when ‘a’ is

negative, whereas there is no interaction between adsorbed

molecules when a = 0 (Davoudinejad and Ghorbanian

2013). In other words, if the interaction between the

adsorbed molecules is attractive (W\ 0), the heat of

adsorption will increase with loading which is due to the

increased interaction between adsorbed molecules as the

loading increases. However, if the interaction among

adsorbed molecules is repulsive (W[ 0), the heat of

adsorption shows a decrease with loading. If there is no

interaction between adsorbed molecules (W = 0), this

Fowler–Guggenheim equation will reduce to the Langmuir

Table 1 Surface area, pore volume and pore diameter of adsorbents

Sample Total surface

area (m2)

Specific surface

area (m2 g-1)

Total pore

volume (cc g-1)

Pore diameter

(less than) (�A)

Average pore

diameter (�A)

BSP (UT) 0.039 4.91 0.006 325.88 46.42

BSP (AT) 0.068 16.95 0.021 334.58 48.79

BSP (CA) 0.024 8.07 0.012 319.15 58.23

SSP (UT) 0.025 5.00 0.002 327.09 18.79

SSP (AT) 0.198 24.77 0.021 319.60 33.75

SSP (CA) 0.217 19.70 0.020 309.05 26.49

CFP (UT) 0.023 1.28 0.003 327.68 86.70

CFP (AT) 0.297 41.89 0.031 328.39 29.78

CFP (CA) 0.120 39.87 0.030 332.37 18.98

UT untreated, AT acid treated, CA after chromium adsorption
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equation (Yonli et al. 2011). From Table 2 and Fig. 1a, the

interaction energy (W) is negative, which envisages that

there is an attraction between the adsorbed molecules

indicating a possible interaction between the adsorbed

molecules. Similar attraction between adsorbed molecules

was reported earlier by Yonli et al. (2011) based on

observed negative W values for the studied adsorbents.

Kiselev isotherm

This isotherm assumes the metal ion adsorption in local-

ized monomolecular layer and the equation is expressed as

Eqs. (3) and (4) (Kiselev 1958).

Nonlinear form: k1Ce ¼
h

1 � hð Þ 1 þ knhð Þ ð3Þ

Linear form:
1

Ce 1 � hð Þ ¼
k1

h
þ k1kn; ð4Þ

where ‘h’ is the surface coverage which is equal to q/qs or

(1 - Ce/Co), k1 is Kiselev equilibrium constant (L mg-1)

and kn is the constant of complex formation between

adsorbed molecules/adsorbate and adsorbent. These

parameters explain the plausible formation of complex

between adsorbed molecules in the adsorption mechanism

(Hamdaoui and Naffrechoux 2007). When kn[ 0, the

adsorbed molecules form complex on adsorbent surface

that improves adsorption. When kn B 0, there will be no

complex and for kn = 0, the equation is similar to Lang-

muir equation (the straight line) (Davoudinejad and

Ghorbanian 2013). In the present case, for adsorption of

chromium(VI) metal ions on three adsorbents, kn values are

found to be negative (Table 2) which indicates that there is

no formation of complex between the adsorbed molecules.

However, it is important to notice that the linearization is

poor in terms of coefficient of determination (R2) in all

three cases of adsorbents. As the linearization is poor, any

interpretation from Kiselev isotherm should be avoided in

the present case. In addition, Kiselev equilibrium constants

(k1) are negative (Table 2, Fig. 1b), which is surprising

because an equilibrium constant should be positive

(Hamdaoui and Naffrechoux 2007). This reinforces the

above proposal of avoiding the interpretation from Kiselev

isotherm in the present case.

Hill–de Boer isotherm

Hill–de Boer model helps to verify the Fowler–Guggen-

heim isotherm assumptions by considering the lateral

interaction among adsorbed molecules in a dynamic sorp-

tion system (Hill 1946; De Boer 1953). Hill–de Boer iso-

therm model equations are given in Eqs. (5) and (6).

Nonlinear equation: K1Ce ¼
h

1 � h
exp

h
1 � h

� k2h
RT

� �

ð5Þ

Linear equation: ln
Ce 1 � hð Þ

h

� �
� h

1 � h
¼ � lnK1 �

k2h
RT

;

ð6Þ

where K1 is the Hill–de Boer constant (L mg-1), h is

fractional coverage, R is universal gas constant

(J mol-1 K-1), T is temperature (K) and k2 is the energetic

Table 2 Adsorption isotherm

parameters for predicting

adsorbate interactions for the

sorption of Cr(VI) on to the

surface of biosorbents BSP, SSP

and CFP

Isotherm Parameter BSP SSP CFP

Fowler–Guggenheim W (kJ mol-1) -18.100 -16.400 -17.747

KFG (L mg-1) 1.13 9 10-5 1.56 9 10-4 1.50 9 10-5

R2 0.966 0.936 0.953

Kiselev k1 (L mg-1) -5.074 -0.172 -2.670

kn -1.671 -3.273 -1.743

R2 0.521 0.481 0.570

Hill–de Boer K1 (L mg-1) 8.03 9 10-9 9.85 9 10-5 1.31 9 10-7

k2 (kJ mol-1) 72.677 40.105 61.971

R2 0.947 0.949 0.965

Frumkin aF 7.185 6.510 7.045

lnK -11.390 -8.764 -11.110

R2 0.966 0.936 0.953

Sips n 0.943 0.703 0.947

m = 1/n 1.060 1.422 1.056

Ks (L mg-1) 0.180 0.030 0.566

qmax (mg g-1) 8.065 4.695 5.988

R2 0.996 0.997 0.993

Int. J. Environ. Sci. Technol.

123

Author's personal copy



constant of the interaction between adsorbed molecules

(kJ mol-1).

From this isotherm, the interactions between adsorbed

species are described as attractive, repulsive and no inter-

action when k2[ 0, k2\ 0 and k2 = 0, respectively.

Additionally, when k2 = 0, this equation will reduce to the

Volmer equation (Hamdaoui and Naffrechoux 2007). For

the studied three adsorbents, the energetic constant of the

interaction between adsorbed molecules (k2) is positive

(Fig. 1c, Table 2) which is an indication of attraction

between the adsorbed molecules. This result is in agree-

ment with the conclusion obtained using the Fowler–

Guggenheim equation. Hence, formation of a multilayer

can be predicted based on the possible attractions between

adsorbed species.

Frumkin isotherm

Frumkin isotherm is another empirical interaction model

which helps to elucidate the surface interactions of adsor-

bents in terms of Frumkin adsorption isotherm constant

‘aF’. If the value of aF is positive, then there is attractive

interaction between the adsorbed species where as negative

‘aF’ indicates repulsion (Vasudevan et al. 2010; Nwabanne

and Okafor 2012). Nonlinear and linear forms of Frumkin

isotherm are given as Eqs. (7) and (8), respectively.

Nonlinear equation: h= 1 � hð Þe�2aFh ¼ KCe ð7Þ

Linear equation: ln
h

1 � h

� �
1

Ce

� �
¼ lnK þ 2aFh; ð8Þ

where ‘aF’ is the Frumkin interaction parameter

between the adsorbate species and K is the Frumkin

constant. The observed positive values of ‘aF’ showed

that attractive interactions are present between the

adsorbed species (see Fig. 1d, Table 2), and hence,

there is a possibility of multilayer formation which

corroborates with the above two isotherms (Fowler–

Guggenheim and Hill–de Boer).

Sips isotherm

Sips isotherm helps to circumvent the limitation of the

rising adsorbate concentration associated with Freundlich

isotherm model by combining it with Langmuir isotherm

for predicting the heterogeneous adsorption systems (Sips

Fig. 1 a Fowler–Guggenheim, b Kiselev, c Hill–de Boer and d Frumkin adsorption isotherms for the removal of Cr(VI) using BSP, SSP and

CFP
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1948). Unlike the other adsorption isotherm models

(Fowler–Guggenheim, Frumkin, Hill–de Boer and Kise-

lev), Sips model contains three parameters (qmax, KS and 1/

n), and the additional parameter—‘n’ values—is deter-

mined via trails and errors to obtain the maximum linear

regression value of the isotherm graph (Fig. 2a). For single

solute equilibrium data, the Sips model is expressed as

Eqs. (9) and (10).

Nonlinear SIPS isotherm equation: qe ¼
qmaxKS Ceð Þ1=n

1 þ KSC
1=n
e

ð9Þ

Linear SIPS isotherm equation:
1

qe

¼ 1

qmaxKS

1

Ce

� �1=n

þ 1

qmax

; ð10Þ

where KS is Sips isotherm model constant (L g-1) and ‘1/

n’ (which is numerically equal to ‘m’) is the Sips iso-

therm model exponent. From the plot of ‘1/qe’ versus ‘(1/

Ce)
1/n,’ the values of Ks, qmax and R2 are obtained and are

tabulated along with ‘1/n’ (Table 2). When m[ 1, a

positive cooperativity between adsorbed molecules exists,

whereas the contrary is considered for m\ 1 (Cazalbou

et al. 2015). From the results of Sips isotherm, positive

cooperativity can be expected from 1/n values (Table 2)

which are greater than unity in all three cases of

adsorbents.

In order to determine the characteristic parameters

for process design, mass transfer studies have been

carried out using two-parameter isotherm models

(Harkins–Jura, Halsey, Flory–Huggins, Smith and El-

Awady) and three-parameter isotherm model (Redlich–

Peterson).

Jovanovic isotherm

This model is similar to that of Langmuir model, except

that the allowance is made in the former for the surface

binding vibrations of an adsorbed species (Jovanović 1969;

Arabloo et al. 2015). This model is given by using rela-

tionships Eqs. 11 and 12.

Nonlinear form: qe ¼ qmax 1 � exp �KJCeð Þð Þ ð11Þ
Linear form: ln qe ¼ ln qmax � KJCe; ð12Þ

where KJ (L g-1) is a Jovanovic parameter and qmax

(mg g-1) is the maximum metal uptake. The estimated

constants for the Jovanovic model are presented in Table 3.

Poor correlation coefficient values indicate that monolayer

adsorption is not only the sole mechanism in the removal of

chromium(VI) using these three biosorbents (Fig. 3a).

Harkins–Jura isotherm

The Harkins–Jura adsorption isotherm considers the exis-

tence of heterogeneous pore distribution with multilayer

formation. In other words, this model is merely based on

the assumption of non-uniform adsorption sites distribution

of the adsorbents and is not applicable unless a condensed

film is shaped (Jura and Harkins 1946). This model is given

by using Eqs. (13) and (14).

Nonlinear form: qe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AH

BH � logCe

s
ð13Þ

Linear form:
1

q2
e

¼ BH

AH

� 1

AH

logCe; ð14Þ

where AH (g2 L-1) and BH (mg2 L-1) are two parameters

characterizing the sorption equilibrium. The values of

Fig. 2 Three-parameter isotherm models, viz. a Sips and b Redlich–Peterson for the removal of Cr(VI) using BSP, SSP and CFP
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coefficient of determination show that removal of chro-

mium(VI) by these biosorbents does not obey Harkins–Jura

adsorption isotherm (Fig. 3a, Table 3).

Halsey isotherm

Another multilayer supporting isotherm is the empirically

derived Halsey isotherm which pertains only when the

adsorption film thickens beyond two or three molecular

layers of adsorbents, and the effect of the surface is largely

smoothed out (Halsey 1948; Arabloo et al. 2015). This

model equation is expressed as Eqs. (15) and (16).

Nonlinear form: qe ¼ exp
lnKHa � lnCe

nHa

� �
ð15Þ

Linear form: ln qe ¼
lnKHa

nHa

� lnCe

nHa

; ð16Þ

where KHa (mg L-1) and nHa are Halsey isotherm con-

stants. For the Halsey adsorption isotherm, the best fitting

of experimental data with reasonably good correlation

coefficient values for chromium removal using BSP, SSP

and CFP, respectively (Fig. 3b, Table 3) confirmed the

heteroporous nature of the adsorbents with multilayer

formation.

Smith isotherm

The Smith model can be applied to multilayer and con-

densed water behaviors involved in the second region of

the water sorption isotherm (Karaca et al. 2006). This

isotherm considers the progressive enlargement of the

adsorptive surface which accompanies swelling in an

aqueous environment. The Smith isotherm equation is

expressed by as Eq. (17).

Smith equation: qe ¼ Wb �W ln 1 � awð Þ; ð17Þ

where aw is water activity is during adsorption, qe is the

amount absorbed at equilibrium (mg g-1), W and Wb are

the constant parameters for the isotherm equation. Good

regression values (R2) of three adsorbents for the Cr(VI)

removal using Smith isotherm (Fig. 3c, Table 3) further

support the formation of multilayer of metal ions on the

surface of the three biosorbents.

El-Awady isotherm

Unlike the Langmuir monolayer adsorption isotherm, El-

Awady’s isotherm presumes multilayer adsorption or

adsorption of single molecule on more than one active site

(Gobara et al. 2015). Hence, the experimental data are

fitted into the El-Awady model and the characteristic of the

isotherm is given by Eq. (18).

El-Awady equation: log
h

1 � h
¼ logK � y logC; ð18Þ

where h is the degree of surface coverage, Kads (=K1/y) is

the equilibrium constant of adsorption process and y rep-

resents the number of adsorbate molecules occupying a

given active site. El-Awady isotherm gives information of

the possibility of multilayer formation related to the ratio

of 1/y. If the ratio is less than unity, the formation of

multilayers of adsorbed molecules on the surface is

expected, whereas if the value of 1/y is greater than unity,

it means that the adsorbed molecules plausibly occupy

more than one active site (Obot et al. 2009). The literature

survey shows that El-Awady’s isotherm is applied to

understand the corrosion inhibition by adsorption of dif-

ferent organic molecules with high molecular weight

(Gobara et al. 2015; Sabirneeza and Subhashini 2014;

Karthikaiselvi and Subhashini 2014) and no report of

application to metal ions adsorption is available. Also in

the present study, the negative 1/y values (Table 3, Fig. 4a)

for the El-Awady’s isotherm render suspicious the validity

of this model for the Cr(VI) removal using all three

biosorbents.

Table 3 Adsorption isotherm parameters for predicting mono-/mul-

tilayer adsorption of Cr(VI) on to the surface of biosorbents BSP, SSP

and CFP

Isotherm Parameter BSP SSP CFP

Jovanovic KJ (L g-1) -0.042 -0.025 -0.043

qmax (mg g-1) 2.588 1.478 2.399

R2 0.756 0.677 0.743

Harkins–Jura AH (g2 L-1) 4.739 1.314 3.717

BH (mg2 L-1) 1.365 1.586 1.364

R2 0.750 0.732 0.697

Halsey nHa -2.119 -1.704 -1.845

KHa (mg L-1) 0.359 3.415 0.648

R2 0.967 0.920 0.948

Smith -W 1.970 1.386 2.116

Wb 27.950 18.070 29.320

R2 0.977 0.954 0.979

El-Awady Kads 0.019 0.116 0.018

1/y -1.898 -2.427 -2.188

R2 0.974 0.851 0.928

Flory–Huggins nFH -0.381 -1.484 -0.466

KFH (L g-1) 0.085 0.036 0.078

R2 0.966 0.983 0.985

Redlich–Peterson KR (mg g-1) 31.750 0.850 10.760

bR 0.537 0.497 0.477

aR (mg L-1) 18.784 1.114 7.745

R2 0.975 0.867 0.930
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Flory–Huggins isotherm

The graph of Flory–Huggins isotherm equation drawn for

log (1 - h) against log (h/C) gives a straight line with

slope equal to nFH and intercept is equal to log KFH (Flory

1942; Huggins 1942). Nonlinear and linear forms of Flory–

Huggins isotherm equation are expressed as Eqs. (19) and

(20), respectively.

Nonlinear form:
h
C
¼ KFH 1 � hð ÞnFH ð19Þ

Linear form: log
h
C
¼ logKFH þ nFH log 1 � hð Þ; ð20Þ

where KFH is Flory–Huggins equilibrium constant and nFH

is the numerical size parameter of metal ions occupying

sorption sites.

If the value of the size parameter (nFH) is greater than

one, the formation of multilayer of adsorbate molecules

on the surface of adsorbents can be predicted (Flory 1942;

Huggins 1942). However, a value of nFH less than unity

means that an adsorbate molecule will occupy more than

one active site (Nwabanne and Okafor 2012). Similar to

El-Awady isotherm model, in spite of good correlation

values, negative nFH values obtained from Flory–Huggins

isotherm in all three cases of adsorbents (Table 3,

Fig. 4b) show that Flory–Huggins isotherm is not appli-

cable for removal of Cr(VI) ions by the present three

biosorbents.

Redlich–Peterson isotherm

Redlich–Peterson isotherm incorporates the features of the

Langmuir and Freundlich isotherms into a single equation,

thereby facilitating the characterization of the adsorption

equilibria over a wide concentration range (Prasad and

Srivastava 2009). Nonlinear and linear RP isotherm equa-

tions can be expressed as Eqs. (21) and (22).

Nonlinear RP isotherm equation: qe ¼
KRCe

1 þ aRCbR
e

ð21Þ

Fig. 3 a Jovanovic, b Harkins–Jura, c Halsey and d Smith adsorption isotherms for the removal of Cr(VI) using BSP, SSP and CFP
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Linear RP isotherm equation: ln KR

Ce

qe

� 1

� �

¼ bR lnCe þ ln aR; ð22Þ

where, KR is the Redlich–Peterson adsorption capacity

constant (L g-1) which is determined via trials and errors

in order to obtain the maximum linear regression value of

the isotherm graph (See Fig. 2b), aR is also a constant

(L mg-1) and bR is an exponent (0\ bR\ 1). Since the

exponent bR lies between 0 and 1, it has two limiting

behaviors: the Langmuir isotherm form for bR = 1 and the

Freundlich form for bR = 0. However, the accuracy of

these interpretations strongly depends on the fitting method

(Kumara et al. 2014). From Table 3, it is clear that this

model is in agreement with the experimental data and

based on the bR values for BSP, SSP and CFP lower than

one and in the vicinity of 0.5, Redlich–Peterson adsorption

isotherm studies describe the multilayer adsorptions in the

present studied three biosorbents for the removal of Cr(VI)

ions from aqueous system.

Hence, adsorption isotherm studies describe that both

mono- and multilayer adsorptions occur in the cases of

present studied three biosorbents in preference to the latter.

Similar adsorption isotherm studies predicting the possi-

bility of both mono- and multilayer adsorptions was

reported earlier by other researchers (Li et al. 2015;

Rathnakumar et al. 2009; Prapagdee et al. 2014).

Adsorption diffusion studies

In the adsorption system, the overall sorption rate can

directly be affected by the mass transfer of solute or sorbate

onto and within the sorbent particle. The rate at which the

solute is removed from aqueous solution can be determined

by studying the mass transfer mechanism which is useful to

apply the adsorption by solid particles to industrial uses.

Hence, the overall adsorption process is assumed to occur

using a three step model, viz. (1) diffusion of ions from the

solution to the biosorbent surface, (2) diffusion of ions

within the biosorbent and (3) chemical reaction between

ions and the functional groups of biosorbent (Raji and

Pakizeh 2014).

A quantitative study of the external mass transport of

metal ions onto three biosorbents has been carried out, and

results are discussed below.

The fractional attainment at equilibrium

The ratio of the amounts of sorbate removed from solution

after a certain time to that removed when sorption equi-

librium is attained gives the fractional attainment at equi-

librium in which the rate of attainment of equilibrium is

controlled either by film diffusion or by particle diffusion

even though these two different mechanisms cannot be

sharply demarcated (Imaga and Abia 2015). If the liquid

film diffusion controls the exchange rate, Eq. (23) can be

applied to the adsorption system.

ln 1 � Fð Þ ¼ �kFat; ð23Þ

where F(=qt/qe)—the fractional attainment of the equilib-

rium, kFa—the overall rate constant, t—time observed that

the fractional attainment of equilibrium which can be cal-

culated from the equation is an important parameter usually

obtained from kinetic studies. Dr is the diffusion coefficient

in biosorbent phase which can be calculated from Eq. (24)

using values of k and r0 (average radius of a biosorbent

particle).

k ¼ �Drp2

r2
0

: ð24Þ

Fig. 4 a El-Awady and b Flory–Huggins isotherms for the removal of Cr(VI) using BSP, SSP and CFP

Int. J. Environ. Sci. Technol.

123

Author's personal copy



For this model, the poor regression values (Table 4) show

that the liquid film diffusion is not the sole controlling

mechanism of exchange rate (Raji and Pakizeh 2014).

Dunwald–Wagner model

As mentioned earlier, the kinetic process of adsorption is

always controlled by either liquid film diffusion or intra-

particle diffusion; hence, one of these processes should be

the rate limiting step (Imaga and Abia 2015; Abderrahim

et al. 2011). In the case of diffusion of metal ions within

the biosorbent, Dunwald–Wagner proposed an intra-parti-

cle diffusion model (Raji and Pakizeh 2014), which can be

simplified into Eq. (25).

log 1 � F2
� �

¼ � kDW

2:303
t: ð25Þ

Diffusivity coefficients in liquid film diffusion and intra-

particle diffusion are almost equal in each case of adsor-

bent (Table 4). However, the order of diffusivity coeffi-

cients in liquid film diffusion/intra-particle diffusion is:

BSP[ SSP[CFP. Correlation data show that the diffu-

sion models fits well for Cr(VI) sorption on BSP compared

to SSP and CFP.

Moving boundary model

This model helps to describe the metal ions adsorption

involving mass transfer accompanied by a chemical reac-

tion with an assumption of a sharp boundary that separates

a completely reacted shell from an unreacted core (Ab-

derrahim et al. 2011). This boundary advances from the

surface toward the center of the solid with the progression

of adsorption. In this case, the rate is expressed as Eq. (26).

3 � 3 1 � Fð Þ2=3�2F ¼ kt: ð26Þ

The correlation coefficient (R2) values show that BSP is the

only biosorbent that obey this model (Table 4).

Regeneration of the spent adsorbent and recovery of

metal ions are highly enviable (Kumar et al. 2013) as the

disposal of spent adsorbents is neither economical nor

environmental friendly. Different methods (chemical,

thermal, electrochemical, ultrasonic, solvent and

biological) for regeneration of spent adsorbents are well

documented in the literature (Mishra 2014; Gautam et al.

2014; Kumar et al. 2007). Out of all the available methods,

the prominent one is desorption with adequate eluents such

as acids/alkalis/chelating agents (Lata et al. 2015). Hence,

the present three biosorbents can be used on commercial

scale for removal of chromium(VI) in view of possible

regeneration of adsorbent, recovery of metal as well as

based on the results of systematic study on surface inter-

action and mass transfer studies in the present case.

Conclusion

The use of abundantly available agricultural waste mate-

rials (banana bunch, sorghum stem and casuarinas fruit) as

biosorbents for chromium(VI) removal from aqueous

environment was investigated. High surface area and

functional groups of adsorbents indicate the high possi-

bility of Cr(VI) ions adsorption. Altogether adsorption

isotherms describe that both mono- and multilayer

adsorptions occur in the present studied three biosorbents

in preference to the latter. From the diffusion study, the

order of diffusivity coefficients in liquid film diffusion/

intra-particle diffusion is BSP[ SSP[CFP. Diffusion

models fits well for Cr(VI) sorption to BSP compared to

SSP and CFP. Hence, the efficient removal of Cr(VI)

removal from wastewater could be achieved by utilizing

these agricultural waste materials as adsorbents in large

quantities.
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