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Abstract−The biosorption potential of hen feathers (HFs) to remove hazardous textile dyes, namely congo red (CR)

and crystal violet (CV), from their aqueous solutions was investigated in batch and dynamic flow modes of operation.

The effect of biosorption process parameters such as solution pH, initial dye concentration, temperature, feed flow rate

and bed height was studied. Biosorption equilibrium data were well described by the Langmuir isotherm model. Kinetic

studies at different temperatures showed that the rate of biosorption followed the pseudo second-order kinetics well.

A thermodynamic study showed that biosorption of both CR and CV was spontaneous and endothermic. Break-

through time increased with increase in bed height but decreased with increase in flow rate. The Thomas model showed

good agreement with the dynamic flow experimental data. Overall, the results suggest the applicability of HFs as an

efficient biosorbent for removal of carcinogenic textile dyes from aqueous media.
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INTRODUCTION

The contamination of water resources by synthetic dyes is a seri-

ous environmental problem, particularly due to their negative ecotoxi-

cological effects and bioaccumulation in wildlife [1-4]. Over 100,000

different commercially available dyes exist and more than 7×105 tons

of dyestuff are produced worldwide annually [5]. A large number

of industries and sectors, such as textile, leather, paper, printing,

food, cosmetics, paint, pigments, petroleum, solvent, rubber, plas-

tic, pesticide, wood preserving chemicals and pharmaceutical indus-

try, use dyes to color their products and the effluents of these in-

dustries are highly colored [6-8]. The textile manufacturing indus-

try alone discharges about 146,000 tons of dyes per year along with

its wastewater which ultimately finds its way into the surrounding

water bodies [6].

Increasing concern about the continuing deterioration of the glo-

bal environment has led to extensive research and development in

wastewater treatment processes. Biosorption, defined as the the re-

moval of materials (organic compounds, metal ions, dye molecules

etc.) by inactive, non-living biomass (materials of biological origin),

has been suggested as an economically viable sustainable technol-

ogy for the treatment of wastewater streams [9]. A huge number of

low-cost biosorbents derived from agricultural/industrial waste such

as rice husk [2,6], rice straw [10], groundnut shell [11], tamarind

fruit shell [12], wheat shell [13], wheat bran [14], orange peel [15],

lemon peel [16], pineapple leaves and stem [9,17], rejected tea [18],

deoiled soya [19], fly ash [20], and bottom ash [19] have been in-

vestigated intensively for removal of dyes from their aqueous solu-

tions.

Natural materials like feathers (from both chickens and hens)

are generated in huge quantities as waste at commercial poultry pro-

cessing plants. Worldwide, nearly 8.5 billion tons of feathers are

generated annually as waste by poultry-processing industries, of

which India’s contribution alone is 350 million tons [21]. To date,

few studies have shown the feasibility of employing feathers as ef-

fective and economic biosorbent to remove heavy metals (Cu2+, Pb2+,

Ni2+, Cd2+, Hg2+) and dyes (malachite green, tartrazine, brilliant blue

FCF and erythrosine) from their aqueous solutions [22-26]. Feath-

ers are composed mainly of keratin, a kind of self organized protein

that has interesting physicochemical properties for sorption of organic/

inorganic compounds because of the number of functional groups

(carboxyl, hydroxyl and amine-groups), both on the backbone and

the side chain [22]. Considering this interesting property of feath-

ers, the primary aim of this study was to investigate the possibility

of exploiting waste HFs as potential low-cost biosorbent for removal

of two synthetic dyes, namely congo red (CR) and crystal violet

(CV), from their aqueous solutions. CR is widely used in textiles,

paper, rubber and plastic industries [27]. However, the dye can cause

allergic reactions and is metabolized to benzidine, a human carcin-

ogen. It is a skin, eye, and gastrointestinal irritant that may also affect

blood factors such as clotting, and induce somnolence and respiratory

problems [27]. CV is a well known textile colorant [2]. It also finds

application in the manufacture of paints and printing inks. The dye

is non-biodegradable and environmentally persistent, and has there-

fore been classified as a recalcitrant molecule [2]. The dye has been

found to have cytotoxic and carcinogenic effect on mammalian cells

and can also cause severe damage to the cornea and conjunctiva

[2]. CR and CV are, respectively, acid and basic dye molecules and

therefore release negative and positive charged colored moieties in

aqueous solution, allowing the assessment of any preferential sur-

face interaction. Exploitation of the waste feathers for biosorption

is a novel approach, solving the problem of waste disposal.

A literature survey shows that most of the studies on dye bio-
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sorption using low-cost biosorbents have focused on sorption experi-

ments using batch configurations. Although the sorbent behavior

obtained from kinetic and equilibrium studies in batch conditions

is useful for the design of a specific sorbate/sorbent system, this

data may not be applicable to other, more realistic treatment con-

figurations (e.g., packed bed columns). Studies on packed bed col-

umns is necessary for the design of continuous-flow sorption pro-

cesses, which allow a more efficient utilization of the sorbent and

provide a better quality effluent. Therefore, in this paper we report

the removal of CR and CV from their aqueous solutions using HFs

in both batch and dynamic flow conditions. Specifically, we report

the fundamental biosorption behavior of HFs for removal of CR

and CV, including the effect of pH, temperature and initial dye con-

centration, biosorption isotherms, kinetics and thermodynamics, and

continuous column biosorption performance with special focus on

the influence of feed flow rate and bed height.

MATERIALS AND METHODS

1. Biosorbent Collection and Preparation

Hen feathers used in this study were collected from a local poultry

in Durgapur, West Bengal, India. The feathers were first washed

with detergent and rinsed thoroughly with distilled water to remove

adhering dirt and any unwanted particles. They were then washed

with aqueous ethanol (20% v/v) to remove organic residues, and

then rinsed again with distilled water. The washed feathers were

then air dried and the barbs were cut into about 0.5 cm length with

scissors, discarding the hard middle rachis. This biosorbent size is

adequate for performing both batch and continuous experiments

and, in particular, is useful to prevent a significant pressure drop

during operation of packed bed columns as reported earlier [22].

Finally, the prepared biosorbent was stored in sterile, air tight glass

bottles and used without any further treatment for dye biosorption.

2. Dye Solutions

CR (CI 22120, MF: C32H22N6Na2O6S2, FW: 696.7, λmax: 570 nm)

and CV (CI 42555, MF: C25H30N3Cl, MW: 408, λmax: 580 nm) used

in this study were of commercial grade and used as such without

further purification. Dye stock solution (500mg L−1) was prepared

by dissolving accurately weighed quantity of the dye in double dis-

tilled water. Experimental solutions of different concentration were

prepared by diluting the stock solution with suitable volume of double

distilled water. The initial solution pH was adjusted with 0.1M HCl

and 0.1M NaOH solutions using a digital pH meter (LI 127, ELICO,

India) calibrated with standard buffer solutions.

3. Biosorbent Characterization

The surface structure of the biosorbent before and after dye bio-

sorption was analyzed by a scanning electron microscope (S-3000N,

Hitachi, Japan) operated at an electron acceleration voltage of 15

kV. Prior to scanning, the unloaded and dye-loaded HF samples

were mounted on a stainless steel stab with double stick tape and

coated with a thin layer of gold in a high vacuum condition.

4. Batch Biosorption Studies

Batch biosorption experiments were conducted in 250mL glass-

stoppered, Erlenmeyer flasks with 100mL of dye solution (of desired

concentration and pH). A weighed amount (0.5 g) of biosorbent

was added to the solution. The flasks were agitated at a constant

speed of 150 rpm in an incubator shaker (Innova 42, New Brun-

swick Scientific, Canada) at a constant temperature of 303±1K

(unless otherwise mentioned) until reaching equilibrium. Each test

lasted for nearly 5 h after which the biosorbent was separated from

the solution by centrifugation at 5,000 rpm for 5min. The residual

dye concentration in the supernatant was then analyzed by using a

UV/Vis spectrophotometer (U-2800, Hitachi, Japan).

4-1. Effect of pH

The effect of pH on the biosorption capacity was studied in the

range of 2-10 in batch experiments already described. The biosor-

bent dose was fixed at 0.5 g, and the initial dye concentration was

50mg L−1.

4-2. Effect of Initial Dye Concentration

To investigate the effect of initial dye concentration on the bio-

sorption efficiency, batch experiments were carried out by varying

the initial dye concentration from 20 to 100mg L−1; the biosorbent

dose fixed at 0.5 g.

4-3. Effect of Temperature

To study the effect of temperature on the biosorption performance,

batch experiments as above described were carried out with tem-

peratures 293, 303 and 313K, respectively. The biosorbent dose

was fixed at 0.5 g while the initial dye concentration was 50mg L−1.

4-4.Kinetic Studies

Kinetic studies were performed by contacting 100mL (50mg

L−1) dye solution with 0.50 g HFs in 250mL glass-stoppered, Erlen-

meyer flasks at temperatures in the range of 293 to 313K. Sam-

ples were collected from the flasks at fixed time intervals: 5, 10,

20, 30, 40, 50, 60, 90, 120, 150, 180, 210, 240, 270 and 300min.

The withdrawn samples were centrifuged at 5,000 rpm for 5min

to separate the biosorbent from the solution. The residual dye con-

centration in the samples was then analyzed by using a UV/Vis spec-

trophotometer (U-2800, Hitachi, Japan).

5. Calculations

The amount of dye adsorbed per unit biosorbent (mg dye per g

biosorbent) was calculated according to a mass balance on the dye

concentration using Eq. (1):

(1)

where Ci is the initial dye concentration (mg L
−1), Ce is the equilib-

rium dye concentration in solution (mg L−1), V is the volume of the

solution (L), and m is the mass of the used biosorbent (g).

The percent removal (%) of dye was calculated using the follow-

ing equation:

(2)

6. Continuous Biosorption Studies

Continuous flow biosorption experiments were conducted in a

glass column (3 cm internal diameter and 50 cm height) at room

temperature. A known quantity of the biosorbent was packed into

the glass column. A porous sheet was attached at the bottom of the

column to support the biosorbent bed. The top of the bed was covered

by a layer of glass beads (1mm in diameter) to avoid the loss of

biosorbent and also to ensure a closely packed arrangement (Fig. 1).

To eliminate air bubbles inside the column and ensure a good liquid

distribution, a definite volume of distilled water was passed through

the column prior to biosorption study. Dye solution of known con-

qe = 

Ci − Ce( )V
m

------------------------

Removal %( ) = 

Ci − Ce

Ci

--------------- 100×
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centration (50mg L−1) was pumped to the column in a down-flow

direction by a peristaltic pump (PP-EX204C, Miclins, India). The

effect of feed flow rate (v) (5-15mL min−1) and bed height (h) (3-

10 cm) was studied. Dye solution at the outlet of the column was

collected at regular time intervals and the concentration of the dye

in the effluent was analyzed using UV/Vis spectrophotometer (U-

2800, Hitachi, Japan). Operation of the column was stopped when

the effluent dye concentration exceeded a value of 99.5% of its initial

concentration.

7. Statistical Analysis

To ensure the reproducibility of results, all the biosorption experi-

ments were performed in triplicate and the results are presented as

means of the replicates along with standard deviation (represented as

error bars). Microsoft Excel 2007 program was employed for data pro-

cessing. Linear regression analysis was used to determine slopes and

intercepts of the linear plots and for statistical analysis of the data.

RESULTS AND DISCUSSION

1. Biosorbent Characterization

The SEM micrographs of the biosorbent material before and after

dye biosorption are illustrated in Fig. 2(a)-(c). SEM image of the

biosorbent material before biosorption shows a main arbor barb with

numerous barbules on both sides (Fig. 2(a)). This arrangement indi-

cates a very large surface area that could possibly facilitate the entrap-

ment and subsequent sorption of dye molecules onto the surface of

the biosorbent. The morphological characteristic of the biosorbent

was altered after dye biosorption. Biosorption of CR induced crack-

ing of the barb (Fig. 2(b)). This could be a consequence of the cor-

rosive nature of the acidic CR dye, thereby facilitating the penetra-

tion of the CR molecules within the internal structures of the biosor-

bent and interact therein with the keratin protein. On the other side,

following biosorption of CV there are marked changes on the sur-

face morphology of the biosorbent particularly that of the barbules

(Fig. 2(c)). This may be due to possible interaction of CV mole-

cules with the keratin in the barbules.

2. Batch Studies

2-1. Effect of pH

Solution pH is an important monitoring parameter in dye bio-

sorption processes. It not only influences the surface charge of the

biosorbent and the dissociation of functional groups on the active

sites of the biosorbent, but also the degree of ionization of the dye

present in the solution. Therefore, in the present investigation, the

effect of pH on the removal efficiency of CR and CV by HFs was

studied at different solution pH ranging from 2.0 to 10.0. Data ob-

Fig. 1. Schematic diagram of the experimental setup.
1. Feed tank 5. HFs
2. Peristaltic pump 6. Porous sheet
3. Glass column 7. Effluent storage tank
4. Glass beads

Fig. 2. SEM images of HFs (a) before biosorption (b) after bio-
sorption of CR (c) after biosorption of CV.
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tained from the experiments are presented in Fig. 3. Evidently, pH

significantly affects the extent of biosorption of both CR and CV

by HFs. As seen in Fig. 3, with increase in pH of the solution the

percentage removal of CR increases till pH 5.0, but with further

increase in pH, percentage removal of dye drops significantly. On

the contrary, the percentage removal of CV by HFs increases with

increase in solution pH appreciably up to pH 7.0 (Fig. 3). With further

increase in pH from 7.0 to 10.0 the percentage CV removal increases,

but the difference in the percentage increase is not very significant.

The maximum removal of CR and CV was obtained at pH 5.0 and

pH 8.0, respectively. Therefore, all further studies pertaining to CR

and CV were carried out at pH 5.0 and pH 8.0, respectively.

CR is an anionic dye that exists in aqueous solution in the form

of negatively charged ions, while CV is a cationic dye that exists in

aqueous solution in the form of positively charged ions. As a charged

species, the degree of their biosorption onto the biosorbent surface

is primarily influenced by the surface charge of the biosorbent, which

in turn is influenced by the solution pH. At low pH values, protona-

tion of the functional groups present on the biosorbent surface easily

takes place. The surface of the biosorbent becomes positively charged,

and this increases the biosorption of the negatively charged CR ions

through electrostatic forces of attraction. However, in case of CV-

HFs system, this positive charge density decreases the biosorption

of the positively charged CV ions through electrostatic repulsion.

With increase in solution pH, deprotonation of the positively charged

groups on the biosorbent surface leads to decrease in CR biosorp-

tion due to electrostatic repulsion between negatively charged sites

on the biosorbent and CR anions. On the other side, the biosorp-

tion of CV increases owing to electrostatic attraction between nega-

tively charged sites on the biosorbent and CV cations. The present

findings are in accordance with those previously reported for bio-

sorption of CR by neem leaf powder [28] and CV by coniferous

pinus bark powder [29].

2-2. Effect of Temperature

Temperature seems to have a great influence on biosorption pro-

cess, so the effect of temperature on the biosorption of CR and CV

by HFs was investigated. Batch biosorption experiments were car-

ried out at different temperatures ranging from 293 to 313K and

the results are shown in Fig. 4. The CR and CV uptake increase with

increase in temperature suggesting that CR and CV uptake process

were endothermic in nature. An increase in temperature leads to an

increase in mobility of the dye molecules. Increasing temperature

also decreases the retarding forces acting on the molecules. There-

fore, there is an enhancement in the dye binding capacity of the bio-

sorbent with increasing temperature [30]. A quite similar trend has

been reported for biosorption of CR by CaCl2 modified bentonite

[31] and CV by treated ginger waste [32].

2-3. Effect of Initial Dye Concentration

The effect of different initial dye concentration on the biosorp-

Fig. 3. Effect of pH on biosorption of CR and CV by HFs (experi-
mental conditions: initial dye concentration: 50mg L−1, bio-
sorbent dose: 0.5 g/0.1L, agitation speed: 150 rpm, temper-
ature: 303 K, contact time: 5 h).

Fig. 4. Effect of temperature on biosorption of CR and CV by HFs
(experimental conditions: initial dye concentration: 50mg
L−1, biosorbent dose: 0.5 g/0.1L, agitation speed: 150 rpm,
contact time: 5 h).

Fig. 5. Effect of initial dye concentration on biosorption of CR and
CV by HFs (experimental conditions: biosorbent dose: 0.5
g/0.1L, agitation speed: 150 rpm, temperature: 303K, con-
tact time: 5 h).
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tion of CR and CV by HFs was also investigated. With increase in

initial dye concentration, the dye removal efficiency decreases in

both CR-HFs and CV-HFs systems (Fig. 5). This can be explained:

all biosorbents have a limited number of active sites, which become

saturated at a certain concentration [33]. On the contrary, the amount

of dye uptake per unit mass of the biosorbent increases (not shown

in Fig. 5). Such behavior is a result of the increase in the driving

force from the concentration gradient [33]. In addition, if the con-

centration of the dye in solution is higher, the active sites of the bio-

sorbent are surrounded by more dye molecules. The biosorption

phenomenon occurs more efficiently, and thus the value of qe in-

creases with the increase of initial dye concentration [34]. Similar

results were previously reported for biosorption of CR by clay materi-

als [35] and CV by grapefruit peel waste [36].

2-4. Biosorption Isotherms

In the present investigation, equilibrium data obtained from batch

experiments conducted at different temperatures was used for iso-

therm modeling. The Freundlich, Langmuir and Dubinin-Radush-

kevich (D-R) isotherm models were used to describe the equilibrium

biosorption data of CR and CV [37].

Langmuir: (3)

Freundlich: (4)

Dubinin-Radushkevich (D-R): lnqe=lnqm−βε
2 (5)

The parameters and correlation coefficients obtained from the plots

of Langmuir (Ce/qe versus Ce), Freundlich (logqe versus logCe) and

D-R (lnqe versus ε
2) (figures not shown) for both CR and CV are

listed in Table 1. Based on the correlation coefficients, the applica-

bility of the isotherms was compared (Table 1). As seen in Table 1,

the biosorption of both CR and CV onto HFs follows the Lang-

muir isotherm model, confirmed by the high values of the correla-

tion coefficients. The excellent fit of the Langmuir isotherm to the

experimental biosorption data confirms that the biosorption of both

the dyes is monolayer; biosorption of each molecule has equal activa-

tion energy, and that sorbate-sorbate interaction is negligible. The

maximum biosorption capacity of HFs (qm) increases from 72.17

mg g−1 at 293K to 78.62mg g−1 at 313K for CR, while it increases

from 55.23mg g−1 at 293K to 63.49mg g−1 at 313K for CV. From

Table 1, it is also evident that the Langmuir constant, KL increases

with increase in temperature for both the dyes. Seen overall, the

information thus obtained specifies an endothermic nature of the

existing biosorption processes. The magnitude of the Freundlich

constant n gives a measure of favorability of biosorption. The values

of n between 1 and 10 (i.e., 1/n less than 1) represent a favorable

biosorption process [9]. For the present study the value of n also

presents the same trend for both the dyes representing beneficial

biosorption processes of CR and CV onto HFs.

To determine the nature of biosorption processes as physical or

chemical, the equilibrium biosorption data of CR and CV were also

tested with the D-R model. The mean free energy E (kJ mol−1) of

biosorption calculated from the D-R isotherm model constant β can

characterize the type of biosorption process as chemical ion exchange

(E=8-16 kJ mol−1), or physical sorption (E<8 kJ mol−1). E can be

calculated using the relationship [2]:

(6)

The calculated E values were found to be >8 kJ mol−1 for both the

dyes at all temperatures (Table 1), which implies that biosorption

of both CR and CV onto HFs proceeds via a chemical ion exchange

mechanism [2,9].

2-5. Biosorption Kinetics

For evaluating the biosorption kinetics of CR and CV onto HFs,

the pseudo-first-order and pseudo-second-order kinetic models were

fit to the experimental data [37].

Pseudo-first-order: (7)

Pseudo-second-order: (8)

The values of pseudo-first-order rate constants, k1 and qe were cal-

culated from the slope and intercept of the plots of log(qe−qt) versus

t (figure not shown). The k1 values, the correlation coefficients, and

theoretical and experimental equilibrium biosorption capacity qe
for both the dyes are listed in Table 2. The low correlation coeffi-

cient values at all temperatures for both CR and CV suggest that

the pseudo-first-order kinetic model was not suitable for describing

the kinetics of the biosorption processes. Also, the theoretical and

experimental equilibrium biosorption capacities (qe) differed widely

for both CR and CV, confirming that biosorption of CR and CV

onto HFs does not follow pseudo-first-order kinetics. On the other

hand, the pseudo-second-order kinetic model shows excellent fit to

the experimental kinetic data of biosorption of CR and CV by HFs

at all temperatures studied. The pseudo-second-order rate constants,

k2 and qe for biosorption of CR and CV at different temperatures as

calculated from the plots of t/qt versus t (figures not shown) and the

Ce

qe

----- = 

Ce

qm

----- + 

1

KLqm

-----------

qe = KF + 

1

n
---
⎝ ⎠
⎛ ⎞ Celogloglog

E = 

1

2β
----------

qe − qt( ) =  qe − 

k1

2.303
-------------tloglog

t

qt

---- = 

1

k2qe

2
--------- + 

1

qe

----t

Table 1. Isotherm constants for biosorption of CR and CV by HFs at different temperatures

Dye
T

(K)

Langmuir Freundlich Dubinin-Radushkevich

qm (mg g
−1) KL (l mg

−1) R2 KF (mg g
−1) (l mg−1)1/n n R2 qm (mg g

−1) β (mmol2 J−2) E (kJ mol−1) R2

CR

293 72.17 1.487 0.998 14.90 2.56 0.943 56.98 4.38×10−9 10.67 0.902

303 75.29 1.732 0.997 19.12 2.97 0.952 59.41 4.12×10−9 11.01 0.908

313 78.62 1.896 0.994 22.71 3.24 0.948 62.86 3.89×10−9 11.33 0.912

CV

293 55.23 0.722 0.998 26.40 5.83 0.947 37.27 2.75×10−9 13.47 0.926

303 58.76 0.945 0.995 29.19 6.39 0.955 40.14 2.43×10−9 14.33 0.911

313 63.49 1.093 0.992 31.68 6.76 0.941 42.53 2.13×10−9 15.29 0.918
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corresponding correlation coefficients values are given in Table 2.

All the correlation coefficients at different temperatures for both the

dyes are considerably high (R2>0.99). In addition the theoretical qe
values show good agreement with the experimental qe values for

both CR and CV, confirming that the ongoing biosorption processes

proceed via a pseudo-second-order mechanism involving sharing or

exchange of electrons between the dyes and the biosorbent. Simi-

lar results have been reported in the literature for biosorption of CR

by bentonite [38] and CV by NaOH-modified rice husk [2].

In a well-agitated batch biosorption system, there is a possibility

of intraparticle pore diffusion of adsorbate ions, which can be the

rate-limiting step. Therefore, the possibility of intra-particle diffusion

resistance affecting the biosorption process was explored by using

the intra-particle diffusion model [37].

Intraparticle diffusion: qt=kit
0.5 (9)

According to Eq. (9), if a plot of qt versus t
0.5 is linear and passes

through the origin, then intraparticle diffusion is the sole rate-limit-

ing step. In the present study, the plots of qt versus t
0.5 were linear at all

temperatures for both CR and CV, but the plots did not pass through

the origin (figure not shown), suggesting that though intraparticle

diffusion was involved in the biosorption processes, it was not the

only rate-controlling step and that some other mechanisms also play

an important role.

2-6. Activation Energy

The activation energies (Ea) of CR and CV biosorption pro-

cesses by HFs was determined using the Arrhenius equation [1]:

(10)

Ea was obtained from the slope of the linear plots of lnk2 versus 1/

T and were calculated as 55.95 kJ mol−1 and 48.53 kJ mol−1 for CR

and CV, respectively. According to the literature [1], these values

suggest that biosorption of both CR and CV onto HFs proceeds via

a chemical-ion exchange mechanism as already inferred from the

D-R isotherm.

2-7. Biosorption Thermodynamics

Thermodynamic parameters, namely Gibbs free energy change

(∆G0), enthalpy (∆H0) and entropy (∆S0), for the CR-HFs and CV-

HFs systems were calculated using the following equations for the

temperature range 293-313K [1]:

(11)

(12)

(13)

The calculated ∆G0 values for biosorption of CR and CV onto HFs

at all temperatures are listed in Table 3, as are the values of ∆H0

and ∆S0 as determined from the slope and intercept of the plots of

∆G0 versus T. Negative values of ∆G0 indicate the thermodynami-

cally feasible and spontaneous nature of the dye biosorption pro-

cesses. Positive values of ∆H0, 46.73 kJ mol−1 and 28.48 kJ mol−1

for CR and CV, respectively, imply that the biosorption phenom-

ena are endothermic. In addition positive ∆S0 values for both CR-

HFs and CV-HFs systems reflects the affinity of the biosorbent to-

wards the sorbate species. It also suggests increased randomness at

the solid/solution interface [39].

3. Column Studies

To evaluate the effectiveness of HFs for continuous mode dye

biosorption, column experiments were performed. The effects of

feed flow rate and bed height were studied.

3-1. Effect of Feed Flow Rate

Flow rate is an important parameter in evaluating the performance

of a biosorption process, particularly for continuous treatment of

wastewater on industrial scale. Therefore, the effect of flow rate on

the CR and CV biosorption characteristics of HFs in the continu-

ous flow packed bed column was examined by varying the flow

rate from 5 to 15mL min−1, while the bed height and initial dye con-

centration was kept constant at 5 cm and at 50mg L−1, respectively.

The effect of flow rate on breakthrough performance at the above

operating conditions is shown in Fig. 6(a)-(b). It can be seen that

the biosorption of each dye onto HFs is strongly dependent on flow

rate. In general, for both the dyes, the breakthrough curves become

stepper and breakthrough time decreases with increasing flow rate.

This can be explained by the fact that at lower flow rate, the residence

time of the dye ions is more and hence they get more time to capture

the available reaction sites of the biosorbent [40]. The dye ions also

k = A − 

Ea

RT
-------lnln

∆G0

 = − RT ln KC

KC = 

Ca

Ce

-----

∆G0

 = ∆H0

 − T∆S0

Table 2. Kinetic parameters for biosorption of CR and CV by HFs

Dye T (K) qe, exp (mg g
−1)

Pseudo-first-order Pseudo-second-order

qe, cal (mg g
−1) k1 (min

−1) R2 qe, cal (mg g
−1) k2 (g mg

−1 min−1) R2

CR

293 69.24 41.73 6.34×10−2 0.796 70.12 1.46×10−3 0.992

303 72.66 44.25 7.10×10−2 0.813 73.89 3.51×10−3 0.997

313 74.17 47.03 8.85×10−2 0.762 74.92 6.29×10−3 0.996

CV

293 53.91 27.83 1.50×10−3 0.849 54.73 2.76×10−4 0.998

303 57.35 30.64 2.62×10−2 0.872 58.17 5.62×10−4 0.998

313 60.29 33.57 3.49×10−2 0.821 61.02 9.81×10−4 0.999

Table 3. Thermodynamic parameters for biosorption of CR and
CV by HFs

Dye T (K) ∆G0 (kJ mol−1) ∆H0 (kJ mol−1) ∆S0 (J mol−1 K−1)

CR

293 −16.87 46.73 182.00

303 −18.31

313 −20.52

CV

293 −12.38 28.48 139.00

303 −13.81

313 −15.17
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have more time to diffuse into the pores of the biosorbent through

intra-particle diffusion. As the flow rate increases, the residence time

of the dye solution in the column decreases. The contact time of

the dye ions with the biosorbent is very short and hence they do not

have enough time to capture the reaction sites on the biosorbent

surface or diffuse into the pores of the biosorbent, leaving the column

before equilibrium occurs [41].

3-2. Effect of Bed Height

The column biosorption performance of HFs for CR and CV dyes

was also tested at different bed heights. For this purpose a dye solution

having influent concentration 50mg L−1 was passed through the

column at a flow rate of 5.0mL min−1 by varying the bed height

from 3 to 10 cm. Fig. 7(a)-(b) represents the performance of break-

through curves at bed heights of 3 cm, 6 cm, and 10 cm. From Fig.

7(a)-(b), the breakthrough time increased with increasing the bed

height for both CR-HFs and CV-HFs systems. As the bed height

increased, the dye ions had more time to contact with HFs result-

ing in higher removal efficiency in the column [41]. Also, the slope

of breakthrough curve decreased with increasing bed height due to an

increase in the availability of more binding sites for the biosorption.

3-3.Modeling of Column Data

In this study, the bed depth service time (BDST) model and Tho-

Fig. 6. Effect of flow rate on breakthrough curve for biosorption
of CR and CV onto HFs (h=5 cm; C0=50mg L−1).

Fig. 7. Effect of bed height on breakthrough curve for biosorption
of CR and CV onto HFs (v=5.0mL min−1; C0=50mg L−1).

Table 4. BDST model parameters for continuous fixed-bed biosorption of CR and CV by HFs

Parameters
CR CV

k (mL mg
−1 min−1) No (mg L

−1) R2 k (mL mg
−1 min−1) No (mg L

−1) R2

Flow rate (mL min−1)

05 0.764 18972 0.945 0.431 13782 0.929

10 0.763 17026 0.934 0.430 12257 0.927

15 0.762 16412 0.941 0.429 11366 0.934

Bed height (cm)

03 0.562 16871 0.951 0.263 12892 0.917

06 0.461 17689 0.944 0.156 13764 0.923

10 0.343 18972 0.947 0.086 14562 0.025
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mas model were fitted to the dynamic flow experimental data of

CR and CV in order to determine the characteristic parameters of

the column [42].

BDST: (16)

Thomas: (17)

where N0 is the maximum volumetric sorption capacity (mg L
−1),

Z is the bed height (cm), C0 is the initial dye concentration (mg L
−1),

Ct is the concentration of dye at time t (mg L
−1), u is the linear velocity

(cm min−1), k is the biosorption rate constant (L mg−1 min−1), kTh is

the Thomas rate constant (mL mg−1 min−1), q0 is the equilibrium ad-

sorbate uptake (mg g−1), m is the mass of the biosorbent in the column

(g), F is the volumetric flow rate (mL min−1) and te is the bed ex-

haustion time (min).

The BDST model parameters k and N0 as estimated from the slope

and intercept of the plot between ln(C0/Ct−1) versus t at different

experimental conditions are presented in Table 4. The correlation

coefficient (R2) values are also given in Table 4. Analysis of the R2

values suggests that the BDST model does not provide a good fit

to the dynamic biosorption data of CR and CV. With increasing bed

height, the rate constant (k) decreases while the volumetric sorption

capacity of the bed (N0) increases. Such behavior can be attributed

to establishment of a greater interaction between dye and biosor-

bent due to prolonged residence time of the fluid inside the column

at higher bed heights. Furthermore, as seen in Table 4, k did not

change significantly with change in flow rate, implying that the BDST

model can be used to scale up to other flow rates without further

experimental tests [42].

The Thomas rate constant (kTh) and bed capacity (q0) were cal-

culated from the slope and intercept of the plot between ln(C0/Ct−1)

versus t at different flow rates and bed heights. The calculated values

of kTh and q0 along with regression coefficients are presented in Table

5. The relatively high R2 (>0.98) values at all the operating condi-

tions suggests that the Thomas model was suitable for describing

the column biosorption data of CR and CV by HFs. The calcu-

lated qe values (qo) show good agreement with the experimental qe
values (qe, exp), further confirming the suitability of the Thomas model

for column design and analysis. From Table 5, it can be seen that

as the flow rate increases, the bed capacity (q0) decreases while the

Thomas rate constant (kTh) increases. The Thomas model showed

good agreement with the dynamic flow experimental data. On the

contrary, qo increases and kTh decreases with increasing bed height.

4. Comparison of HFs with Other Sorbents

A comparative study of the maximum dye uptake capacity of

HFs has been carried out with other reported sorbents. The maxi-

mum amount of CR and CV uptake by HFs has been compared to

the maximum CR/CV uptake capacity of other reported sorbents

and is presented in Table6. From Table6 it is evident that the maxi-

mum sorption capacity of HFs for CR and CV is comparable and

t = 

N0Z

C0u
--------- − 

1

C0k
--------

C0

Ct

----- −1ln

C0

Ct

-----
⎝ ⎠
⎛ ⎞

 −1  = 

kThq0m

F
---------------- − kThC0teln

Table 5. Thomas model parameters for continuous fixed-bed biosorption of CR and CV by HFs

Parameters
CR CV

kTh (mL mg
−1 min−1) qo (mg g

−1) qe, exp (mg g
−1) R2 kTh (mL mg

−1 min−1) qo (mg g
−1) qe, exp (mg g

−1) R2

Flow rate (mL min−1)

05 0.346 85.68 86.88 0.986 0.138 74.27 75.42 0.982

10 0.452 81.87 82.64 0.981 0.296 70.76 71.31 0.990

15 0.517 76.25 77.42 0.982 0.342 65.31 66.29 0.985

Bed height (cm)

03 0.257 83.26 84.13 0.991 0.115 70.17 71.38 0.983

06 0.169 88.59 89.61 0.986 0.085 75.63 76.92 0.987

10 0.099 93.73 94.55 0.988 0.056 79.47 80.27 0.985

Table 6. Comparison of CR and CV biosorption capacity of HFs
with other reported low-cost adsorbents

Sorbent
Maximum sorption

capacity (mg g−1)
Reference

CR

Fly ash 4.125 [43]

Acid activated red mud 7.080 [44]

Bagasse fly ash 11.890 [45]

Montmorillonite 12.700 [46]

Aspergillus niger 14.700 [47]

Orange peel 14.000 [48]

Banana peel 18.200 [48]

Jute stick powder 35.700 [49]

Cattail root 38.790 [50]

Neem leaf powder 41.200 [28]

Eggshells 69.450 [27]

Hen feathers 78.620 This study

CV

Coir pith 2.560 [51]

Sugarcane dust 3.800 [52]

Neem sawdust 3.800 [53]

Calotropis procera leaf 4.140 [54]

Jalshakti® Polymer 12.900 [55]

Orange peel 14.300 [48]

Jute fiber carbon 27.990 [56]

Coniferous pinus bark powder 32.780 [29]

Rice bran 42.250 [57]

Jackfruit leaf powder 43.390 [42]

NaOH-modified rice husk 44.870 0[2]

Hen feathers 63.490 This study
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moderately higher than that of many corresponding sorbent mate-

rials. Differences in dye uptake capacity are due to the properties

of each sorbent material such as structure, functional groups and

surface area. The easy availability and cost effectiveness of HFs

are some additional advantages, which make it better biosorbent

for treatment of dye effluents.

CONCLUSION

The use of HFs was investigated as a low-cost biosorbent for re-

moval of CR and CV from aqueous solutions. Batch biosorption

experiments were conducted in order to evaluate the effect of opera-

tional parameters - solution pH, initial dye concentration and tem-

perature on the dye uptake performance of the biosorbent. Both CR

and CV biosorption processes were found to be highly dependent

on reaction temperature and solution pH. The equilibrium biosorp-

tion data of both CR and CV fitted well in the Langmuir isotherm

model, indicating monolayer sorption on a homogeneous surface.

The maximum monolayer uptakes were 78.62mg g−1 for CR and

63.49mg g−1 for CV at 313K. Kinetic studies showed that the bio-

sorption of CR and CV onto HFs followed pseudo-second order

kinetics. Activation energy values further confirmed that the biosorp-

tion mechanism involved chemical ion-exchange. Thermodynamic

studies showed that biosorption of CR and CV was spontaneous

and endothermic. To evaluate the effectiveness of HFs for continu-

ous mode dye biosorption, packed-bed column experiments were

also performed. The column breakthrough curves were analyzed at

different feed flow rate and bed height. Breakthrough time increased

with increase in bed height but decreased with increase in flow rate.

The results suggest that HFs is a promising biosorbent for decolor-

ation of dye bearing effluents.

NOMENCLATURE

A : arrhenius constant

Ca : equilibrium dye concentration on the biosorbent [mg l−1]

Ce : equilibrium dye concentration in solution [mg l−1]

Ci : initial dye concentration [mg l−1]

Co : influent dye concentration [mg l−1]

Ct : effluent dye concentration [mg l−1]

E : mean free energy [kJ mol−1]

Ea : activation energy [kJ mol−1]

∆G0 : gibbs free energy change [kJ mol−1]

∆H0 : enthalpy of reaction [kJ mol−1]

h : bed height [cm]

KC : distribution coefficient for biosorption

KF : freundlich constant [mg g−1] [l g−1]1/n

KL : langmuir constant [l mg−1]

k : rate constant

ki : intraparticle diffusion rate constant [mg g−1min−0.5]

k1 : pseudo-first-order rate constant [min−1]

k2 : pseudo-second-order rate constant [g mg−1 min−1]

m : mass of biosorbent [g]

n : freundlich adsorption isotherm constant

qe : equilibrium dye concentration on biosorbent [mg g−1]

qm : maximum biosorption capacity [mg g−1]

qt : amount of dye adsorbed at time t [mg g−1]

R : universal gas constant [8.314 J mol−1K−1]

R2 : correlation coefficient

∆S0 : entropy of reaction [J mol−1 K−1]

T : temperature [K]

V : volume of the solution [l]

v : feed flow rate [mL min−1]

Greek Alphabet

β : D-R isotherm constant [mmol2 J−2]

ε : polanyi potential [J mmol−1]=RT ln(1+1/Ce)
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