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ABSTRACT: The feasibility of the use of jute fiber for the adsorption of azo dye from an aqueous solution was evaluated with batch

and fixed-bed column studies. The batch studies illustrated that dye uptake was highly dependent on different process variables,

namely, the pH, initial dye concentration of the solution, adsorbent dosage, contact time, ionic strength, and temperature. The exo-

thermic and spontaneous nature of adsorption was revealed from thermodynamic study. The equilibrium adsorption data were highly

consistent with the Langmuir isotherm and yielded an R2 value of 0.999. Kinetic studies divulged that the adsorption followed a

pseudo-second-order model with regard to the intraparticle diffusion. In the column studies, the total amount of adsorbed dye and

the adsorption capacity decreased with increasing flow rate and increased with increasing bed height and initial dye concentration.

Also, the breakthrough time and exhaustion time increased with increasing bed depth but decreased with increasing flow rate and

influent dye concentration. The column performances were predicted by the application of the bed-depth service time model and

Thomas model to the experimental data. The virgin and dye-adsorbed jute fiber was characterized by Fourier transform infrared

spectroscopy and scanning electron microscopy analyses. The investigation suggested that jute fiber could be applied as a promising

low-cost adsorbent for dye removal. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Nowadays, one major environmental issue is the increasing

worldwide pollution of freshwater systems with hazardous

industrial chemical compounds.1 Among various organic or

inorganic pollutants, dyes are also common contaminants that

pose a major threat to the environment. A huge volume of toxic

wastewater with highly colored synthetic dyes are discharged to

the environment from different dyestuff manufacturing and

using industries, including the textile, leather, paper, petroleum,

printing, cosmetics, paint, pigments, rubber, plastic, pesticide,

wood preserving chemicals, food, and pharmaceutical indus-

tries.2 The presence of dyes, even at very low concentrations,

imparts color to water systems and restricts their beneficial

use.3 The discharge of colored effluents into aquatic systems

increases chemical oxygen demand and dissolved and suspended

solids and also impedes light penetration into water. This, in

turn, creates interference for the photosynthesis of aquatic

plants, hinders the growth of microbes, and eventually results

ecological inequity in water bodies. Dye-polluted water is also

harmful to human beings and animals because of the carcino-

genic, mutagenic, allergic, and toxic nature of dyes and their

metabolites.4 The dyes are highly stable and complex organic

molecules and, thus, are difficult to degrade by means of oxidiz-

ing agents, light, heat, and microbial attacks. Dye-contaminated

wastewater can be treated by various techniques, such as coagu-

lation and flocculation, ozonation, membrane-filtration proc-

esses, ion exchange, and chemical precipitation. However, these

techniques have several disadvantages, including inefficiency at

lower concentrations, the requirement of a high energy and

reagents, the generation of toxic sludge or other wastes as

byproducts that need careful treatment and disposal, high capi-

tal and operational costs, and labor intensiveness.5 In these cir-

cumstances, the removal of toxic dyes from wastewater emerges

as a major challenge. Accordingly, adsorption has been proven

to be an efficient and reliable alternative dye-removal process to

available wastewater treatment techniques because of its simple

design and low initial investment cost. Among a large variety of

adsorbents, activated carbon is most widely used because of its
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excellent adsorption ability. However, its use is restricted, at

least in developing countries, because of its high cost. Thus, this

constraint has rendered the application of industrial waste, nat-

ural material, or agricultural byproducts as adsorbents. These

materials are inexpensive, simple, and abundantly available.

Such low-cost adsorbents have satisfactory performance on the

laboratory scale for dye adsorption from aqueous solution.6

Azo dyes, generally, members of the anionic category, are of

extreme environmental concern on account of their bright color,

ability to irritate the skin, eyes, and gastrointestinal tract, and

well-known human carcinogenic and mutagenic nature.7 In this

context, in recent years, several authors have reported various

kinds of low-cost agricultural materials as dye adsorbents, for

example, straw, phoenix leaf powder, rice husk, chitosan, peanut

husk, jackfruit leaf powder, grape stalk waste, and so on.1–9

However, the main problem associated with those aforemen-

tioned bioadsorbents is their nonabundant availability in the

global market; this eventually makes them incapable of meeting

the huge commercial demand. On other hand, most researchers

have investigated dye adsorption with various low-cost adsorb-

ents by a batch process only.8 Batch experiments basically evalu-

ate the equilibrium adsorption capacity (qe) of adsorbents for

adsorbates present in aqueous phases.9 However, the data

obtained from such batch methods are generally not applicable

to the practical operation of full-scale biosorption processes by

continuous-flow, fixed-bed columns because, in column opera-

tions, the contact time is not sufficient enough for the attain-

ment of equilibrium. The adaptability of column systems to

versatile processes, low reagent handling, and accordingly low

operational costs make column techniques popular for the re-

moval of hazardous materials from industrial effluents.9,10 Thus,

equilibrium studies using columns need to be performed before

the design and optimization of fixed-bed column operations.8

Considering all these facts, in this article, we report on the cost-

effective removal of anionic azo dye from aqueous solution using

low-cost, renewable, and abundantly available jute fiber. Jute, a

lignocellulosic bast fiber, is produced from plants in the genus

Corchorus, species olitorius. Jute fiber contains stable matrix of

cellulose, hemicellulose, and lignin, which consists of various

active functional groups, such as hydroxyl, carbonyl, and ether,

that can make the adsorption process feasible. The largest jute-

producing countries are India (mainly West Bengal), Bangladesh,

China, and Myanmar. It is one of the cheapest natural fibers and

is second only to cotton, in terms of usage, global consumption,

production, and availability. Currently, a significant effort is being

undertaken to explore the possible utilization of this locally pro-

duced lignocellulosic fiber for socioeconomic development. Jute

stick powder11 and activated carbon prepared from jute sticks12

have already been used as adsorbents for the removal of dyes.

However, to the best of our knowledge and belief, no work has

been reported on dye adsorption by jute fiber. Jute fiber can be

incinerated and disposed of after use without expensive regenera-

tion as it is abundantly available and low in cost. In this study, the

performance of jute fiber on dye adsorption in batch and contin-

uous fixed-bed column operations was evaluated. A systematic

investigation of the effects of the initial pH, adsorbent dose, tem-

perature, and initial dye concentration (C0) of the solution on

dye uptake were explored in the batch study. Furthermore, break-

through studies were carried out at different bed depths (Z’s), vol-

umetric flow rates (F’s), and C0’s. The plausible dye–adsorbent

interaction during adsorption in a single-component system was

studied in this investigation.

EXPERIMENTAL

Materials

Congo Red (CR) and Stock Solution. CR {1-napthalenesul-

fonic acid 3,3-[4,4-biphenylene bis(azo)]bis(4-aminodisodium)

salt} was considered a model anionic azo dye for this study. It

was supplied by Loba Chemicals (Guaranteed Reagent (GR)

grade, India). A stock solution of CR in deionized water (1000

mg/L) was prepared. The working solutions were prepared by

the dilution of the stock solution with deionized water.

Preparation and Characterization of the Adsorbent. Jute fiber

was collected from Gloster Jute Mill (Howrah, India). The long

fibers were chopped to about 5 mm in length; washed with

deionized water, and dried in an oven. The dried fibers were

cooled and stored in an airtight container.

A Fourier transform infrared (FTIR) spectroscopic study

(Thermo Nicolet Nexus 870 spectrophotometer, Madison, Wis-

consin, USA) of the jute fiber before and after CR adsorption

was done to determine the plausible involvement of functional

groups on the fiber surface in the dye-biosorption process. The

surface morphology of the jute fiber was investigated before and

after CR adsorption with a scanning electron microscope (TES-

CAN VegaLSV, Czech Republic).

Batch Adsorption Studies

Procedure. Batch studies of CR adsorption were performed by

contacting washed and oven-dried jute fiber (� 5 mm length)

with 100 mL of CR solution. The mixture was continuously agi-

tated (140 rpm) at 303 K in an incubator for better mass transfer

with a high interfacial area of contact. Aliquots were drawn from

flasks at regular intervals of times up to 180 min for kinetic study

of CR adsorption on the jute fiber. The concentration of CR in

the supernatant was estimated with an ultraviolet–visible (UV–

vis) spectrophotometer (Perkin Elmer, Lambda 750, Germany) at

497 nm, and the amount of CR adsorbed (qe; mg/g) by jute fiber

from aqueous solution at equilibrium was calculated as follows:13

qe ¼ ðC0 � CeÞV
m

(1)

where C0 is the initial dye concentration (mg/L), Ce is the equi-

librium dye concentration (mg/L), V is the volume of the solu-

tion (L), and m is the amount of adsorbent (g). To study the

effects of various process parameters, namely, pH (3–12), ad-

sorbent dose (2–10 g/L), C0 (10–250 mg/L), and temperature

(303–323 K), on dye removal, different sets of experiments were

conducted with one parameter varied while the others were

kept constant. Control experiments with no adsorbent were

conducted concurrently to ensure that adsorption occurred by

the adsorbent only and not by the container.

Error Analysis. The nonlinear error (v2) test was performed

for the models as a degree of error between the experimental
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and model predicted values. The v2 values were calculated as

follows:14

v2 ¼
X ðqe � qe;mÞ2

qe;m
(2)

where qe,m is the equilibrium adsorption capacity calculated

from the model data (mg/g). A small value of v2 indicates

resemblance between the model data with the experimental

values, whereas a large value of v2 signifies dissimilarity between

them.14

Column Adsorption Study

Column Experiments. The behavior of CR removal with the

jute fiber in fixed-bed column mode was studied through a se-

ries of column experiments with various C0, F, and Z values.

The experimental setup for the continuous-flow column study

consisted of a borosilicate glass column (3 cm internal diameter

and 30 cm height) with a ceramic sieve (0.5 mm thick) at the

bottom to provide support to the bed and also to prevent the

washing out of the adsorbent. The column was packed with a

known amount of jute fiber to obtain a desired bed height. The

top of the bed was covered with a layer of glass wool to prevent

the floating up of the jute fiber. A CR solution of known con-

centration was then percolated through the column at a fixed F.

At regular time intervals, samples were collected from the col-

umn exit, and concentrations of CR in the collected effluents

were analyzed with a UV–vis spectrophotometer (Perkin Elmer,

Lambda 750, Germany). The column operation was continued

until the CR concentration in the effluent exceeded a value of

99.8% of its C0. All of the experiments were performed at room

temperature (303 6 3 K) and an initial pH of about 6.2.

Column Performance. The overall performance of a fixed bed

column is usually described through the concept of a break-

through curve. The breakthrough curve is a plot of the relative

concentration of the dye solution (ratio of the effluent concen-

tration at any time to C0) versus the time or volume of the

effluent. The breakthrough point is usually defined as the phe-

nomenon when concentration of the effluent is about 3–5%

that of the influent.8 In this study, the breakthrough time (tb)

was considered the time at which the effluent dye concentration

(Ct) reached 5 mg/L and the exhaustion time (te) was consid-

ered when Ct reached 99.8% of C0. The total mass of adsorbate

removed by jute fiber in the column at exhaustion, that is, the

maximum capacity of column [total mass of dye adsorbed (mad;

mg)] for a definite C0 (mg/L) and F (mL/min), could be deter-

mined by the calculation of the area under the plot of the

adsorbed CR concentration versus effluent time (t; min).3 Thus,

mad could be computed as follows

mad ¼ F

1000

Zt¼ttotal

t¼0

C0 � Ctð Þdt (3)

where C0 and Ct are the influent and effluent dye concentra-

tions (mg/L), respectively. The experimental mass of dye

adsorbed per unit mass of adsorbent, that is, the experimental

adsorption capacity [qexp (mg/g)], was calculated as follows:

qexp ¼ mad

Total mass of dry adsorbent in the column ðgÞ (4)

Modeling of the Column Data. The experimental data of labo-

ratory-scale column studies are the basis of full-scale adsorption

column design. Several mathematical models have been devel-

oped to analyze laboratory-scale column studies to design pilot-

scale columns. In this study, Thomas and bed-depth service

time (BDST) models were used to predict the column perform-

ance. The Thomas model, which is used to calculate the maxi-

mum solid-phase concentration of the solute on the adsorbent

and the adsorption rate constant for adsorption in continuous

column mode, is as follows:6

ln
C0

Ct

� 1

8>: 9>; ¼ kThqe;ThM

F
� kThC0t

8>: 9>; (5)

where qe,Th is the Thomas maximum solid-phase concentration

of the solute (mg/g), kTh is the kinetic rate constant of the

Thomas model (mL min�1 mg�1), and M is the total dry

weight of adsorbent in column (g).

The BDST model, the simplest approach for predicting column

design and performance, can be given as follows:5

ts ¼ No

C0v
Z � 1

KaC0

ln
C0

Cb

� 1

8>: 9>; (6)

where ts is the service time at the breakthrough point (min), No

is the adsorption capacity of the bed per unit bed volume (mg/

L), Z is the column bed depth (cm), v is the linear velocity

(cm/min) and is defined as the ratio of F (mL/min) to the

cross-sectional area of bed A (cm2), Cb is the breakthrough ad-

sorbate concentration (mg/L), and Ka is the rate constant (L

mg�1 min�1) of the BDST model and characterizes the rate of

solute transfer from the liquid phase to the solid phase.

Desorption and Adsorbent Regeneration Studies

For the desorption study, the dye-loaded jute fiber was washed

gently with water to remove any unadsorbed dye and dried. The

spent adsorbent (1 g) was then agitated (130–140 rpm) at 303

K for 3 h in stoppered Erlenmeyer flasks containing 100 mL of

the desorbing agent solution. Four different eluting solvents

were used, namely, neutral deionized water, HCl (0.1M), NaOH

(0.1M), and CH3COOH (0.1M). The desorbed CR concentra-

tion was quantified with the UV–vis spectrophotometer (Perkin

Elmer, Lambda 750, Germany). The desorption efficiency of the

adsorbent could be calculated as follows:15

Desorption efficiencyð%Þ ¼
Amount of dye desorbed from the adsorbent ðmgÞ
Amount of dye adsorbed on the adsorbent ðmgÞ � 100 ð7Þ

After desorption, the recovered adsorbent was thoroughly

washed with deionized water. The regenerated material was then

dried and suspended in dye solution to be reused in the next

cycle of adsorption experiments. The amount of regenerated ad-

sorbent and other experimental conditions were the same as

those used in the aforementioned adsorption studies.
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RESULTS AND DISCUSSION

Characterization of the Adsorbent

FTIR Study. Figure 1 illustrates the FTIR spectra of the jute

fiber before and after CR adsorption. In the FTIR study of both

the virgin and CR-adsorbed jute fiber, a characteristic broad

band in the range 3200–3600-cm�1 was observed for hydrogen-

bonded AOH stretching. The peaks at 2910 cm�1 represented

the ACH stretching vibration of methyl and methylene groups

in cellulose and hemicellulose. The absorbance bands at 1452,

1374, and 1035 cm�1 were ascribed to ACH3 asymmetric

stretching, ACH symmetric stretching, and aromatic ACH in-

plane deformation in lignin, respectively. The band at 1738

cm�1 represented CAO stretching of the carboxyl and ester

groups in the hemicelluloses of the fiber. The peak at 1249

cm�1 corresponded to CAO stretching in the acetyl groups in

hemicellulose.16 The absorbance maximum ratio of the AOH

group (3380 cm�1) to the internal standard peak (2920 cm�1)

of the methyl and methylene groups of the jute fiber was found

to decrease from 1.2535 to 1.1399 after adsorption. This indi-

cated the involvement of AOH groups in the CR adsorption.

Scanning Electron Microscopy (SEM) Analysis. The surface

morphology of the jute fiber before and after CR adsorption is pre-

sented in Figure 2. The SEM micrograph of the pristine jute fiber

[Figure 2(a)] showed that the surface of the jute fiber was smooth,

but an uneven and irregular surface morphology was observed in

case of the CR-adsorbed jute fiber [Figure 2(b)]. It was also

observed that the natural golden color of the jute fiber became red

after the adsorption process; this clearly indicated that the surface

of the fiber was covered with the dye molecules [Figure 2(c,d)].

Batch Adsorption Study

Effect of pH on adsorption. The effect of the initial pH on the

adsorption of CR from its aqueous solution by jute fiber is

shown in Figure 3(a). This figure shows that the dye removal

increased as the initial pH of the solution increased from 3 to 4

but decreased drastically as the pH increased further from 4 to

12. The adsorptive process was affected by the change in solu-

tion pH because of the protonation and deprotonation of active

functional groups of the adsorbent and adsorbate.17 The lower

adsorption at pH 3 was due to the interionic repulsion between

the positively charged dye molecules and the adsorbent. At pH

4, the nitrogen atoms and sulfonate groups of the dye molecules

became protonated (¼¼NþA, i.e., positively charged, and

ASO3H, i.e., neutral, respectively),18 whereas at pH 3.6, the sur-

face charge of the adsorbent remained negative because the

point of zero charge (pHPZC) of the jute fiber was approxi-

mately 3.6 (see Supporting Information, Figure S2), which

resulted in an electrostatic attraction between the positively

charged dye molecules and the negatively charged adsorbent,

which in turn, led to the maximum removal of CR (86%) by

jute fiber at pH 4. On the contrary, as pH was increased from 4

to 12, the negative surface charge of the jute fiber hindered the

adsorption of CR by electrostatic repulsion between the depro-

tonated dye molecules and the negatively charged jute fiber.

Consequently, the dye removal decreased to 50.8%.

Effects of the contact time and initial dye concentration of the

solution on adsorption. The results of the experiments con-

ducted to evaluate the contact time needed by the systems to

reach equilibrium and the influence of initial dye concentration

are presented in Figure 3(b). The dye adsorption increased with

increasing contact time and finally attained an apparent equilib-

rium after 25–35 min, depending on the C0 of the solution. The

dye uptake in the initial phase of contact time was very rapid,

and 80% adsorption was completed within 25 min; this was fol-

lowed by a gradual removal of dye, which continued for a lon-

ger period. The rapid adsorption during the initial stage was

probably due to the abundant availability of active sites on the

sorbent surface. At this stage, the adsorption mainly took place

on the surface of the adsorbent. After the rapid dye uptake at

the very beginning, the adsorbent became exhausted because of

the gradual occupancy of the active sites, and the adsorption

was replaced by the transportation of dye from the external sites

to the internal sites of the adsorbent particles. Thus, the uptake

rate began to decline.19

It can be observed from Figure 3(b) that qe of the jute fiber for

CR increased from 2.8 to 9.0 with increasing C0 from 10 to 250

mg/L; this indicated a dependency of the dye removal on C0. As

the dye concentration in aqueous solution increased, more dye

molecules became available for adsorption on the adsorbent

surface. This was probably due to the effect of the concentration

gradient between dye in solution and dye on the jute fiber sur-

face at higher dye concentrations, which produced the main

driving force for mass transfer during the adsorption process.20

However, the dye-removal percentage at equilibrium decreased

from 85 to 30 as C0 increased from 10 to 250 mg/L. This phe-

nomenon was due to the fact that at lower concentration, the

ratio of the initial number of dye molecules to the available sur-

face area was low, and subsequently, the fractional adsorption

became independent of C0. However, at higher concentrations,

the available sites of adsorption became limited, and hence, the

percentage removal of dye was dependent on C0.
21

Figure 1. FTIR spectra of the jute fiber (a) before and (b) after dye

adsorption. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Effect of adsorbent dosage on adsorption. Figure 3(c) repre-

sents the effect of the adsorbent dosage on the adsorption

capacity of the jute fiber for CR. The adsorption capacity of

jute fiber decreased at higher adsorbent dosages because of the

significant unsaturation of adsorption sites at the constant dye

concentration and volume.22 The effective utilization of active

sites was caused by the establishment of better contacts between

the adsorbent particles and dye molecules with a small amount

of adsorbent; that is, a low adsorbent-to-adsorbate ratio

increased the adsorption capacity at lower adsorbent dosages.23

However, the removal of CR increased from 17.89 to 55.74%,

with increasing amount of jute fiber from 2 to 10 g/L. This may

have been due to the greater availability of surface area and an

increase in the number of adsorption sites of the adsorbent

with increasing amount of adsorbent.24

Effect of the ionic strength of the solution on dye

removal. Sodium salt is often used as a stimulator in the dye

industry, and sodium dodecyl sulfate (SDS), an anionic surfac-

tant, is often present in the effluent of dye industries. The pres-

ence of these salts affect the ionic strength of the solution,

which in turn, influences the adsorption process, as it changes

the activity coefficients of OH�, H3O
þ and, specifically, electro-

lyte ions by controlling the extent of the electric double layer

around the adsorbent particles and affecting the electrostatic

forces between the adsorbent and the charged species.25 Hence,

the effect of the addition of these salts in small quantities on

the adsorption of CR by the jute fiber was investigated. As

shown in Figure 3(d), an increase in the ionic strength of the

solution with the addition of NaCl and SDS significantly

increased the extent of adsorption. The removal of CR increased

from 51.4 to 99.9% with increasing concentration of NaCl from

0 to 1.5M. Moreover, the addition of SDS (3%) enhanced the

removal of CR to 57.5%. When the solution pH was 6.2 (pH at

which the effect of the ionic strength on dye adsorption was

studied), both the jute fiber surface and the dye molecules

became negatively charged, as the pHPZC of jute fiber was

approximately 3.6 and the pKa of CR was 4.5–5.5.18 Theoreti-

cally, when the surface charge of the adsorbate and adsorbent

are opposite, that is, the electrostatic forces between the adsorb-

ent surface and adsorbate molecules are attractive, an increase

in the ionic strength will decrease the removal of adsorbate.

Figure 2. SEM images of the (a) pristine and (b) dye-adsorbed jute fiber. Photographs of the (c) pristine and (d) dye-adsorbed jute fiber. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conversely, when the surface charge of both the adsorbate and

adsorbent are identical, that is, the electrostatic forces between

them are repulsive, as in this case, an increase in the ionic

strength will increase the adsorption.18 The experimental results

obtained from this investigation show an enhancement in dye

adsorption with an increase in the ionic strength of the solu-

tion. The adsorption of negatively charged dye molecules on the

negatively charged jute fiber increased with salt addition because

of the decrement of negative charge on the adsorbent surface

with increasing ionic strength; this increased the electrostatic

interaction between the dye and adsorbent. Similar observations

were also reported by Hu et al.25 for the adsorption of CR by

cattail root.

Effect of the temperature on dye adsorption. Various textile

dye effluents are usually discharged at relatively higher tempera-

tures. Hence, the effect of the temperature on the biosorption

process of the dye by the jute fiber was studied as a vital fac-

tor.11 From Figure 4(a), it can be perceived that the temperature

adversely affected the removal efficacy of the jute fiber for CR.

The adsorption capacity of the jute fiber decreased from 2.818

to 1.984 mg/g as the temperature increased from 303 to 323 K.

The reason behind the drop in the adsorption efficiency at ele-

vated temperatures could be explained by the following

facts:23,25

1. At higher temperatures, the mobility of the solute mole-

cules increased. Consequently, the solute molecules showed

an inclination to escape from the solid phase and reen-

tered the liquid phase. This resulted in a reduction of the

adsorption capacity of the jute fiber.

2. At elevated temperatures, the interaction between the

active sites of the adsorbent and dye molecules weakened

due to the weakening of physical forces, such as hydrogen

bonds and van der Waals interaction. As a result, the

amount of dye molecules held by the adsorbent decreased.

3. As the temperature was increased, the pores of the adsorb-

ent expanded, and some of the dye molecules from the ad-

sorbent were released into the aqueous solution. This led

to a decrease in the removal percentage of the dye.

Figure 3. Effects of (a) pH, (b) m, (c) C0 [(3) 10, (n) 50, (l) 100, (~) 150, (^) 200, and (!) 250 mg/L], and (d) ionic strength of the dye solution

on CR adsorption by the jute fiber.
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The higher adsorption capacity at lower temperatures implied

that the biosorption process of CR by the jute fiber was exo-

thermic in nature.

Calculation of the Thermodynamic Parameters. Thermodynamic

parameters were calculated to evaluate the thermodynamic feasi-

bility of the adsorption process and to confirm the nature of

the adsorption process with the following relation:25

DGo ¼ DHo � TDSo (8)

We also used the van ’t Hoff equation as follows:

lnKC ¼ DSo

R
� DHo

RT
(9)

where DG0 is the change in the Gibbs free energy (kJ mol�1),

DH0 is the change in enthalpy (kJ/mol), DS0 is the change in

entropy (J mol�1 K�1) of adsorption, T is the adsorption tem-

perature (K), R is the universal gas constant (8.314 J/mol/K),

and KC is the distribution coefficient for the adsorption process,

which is the ratio of the equilibrium concentration of the dye

ions attached to the jute fiber compared to the equilibrium con-

centration of the dye ions in the aqueous phase. The values of

DH0 and DS0 were calculated from the slope and intercept of

the linear plots of ln KC versus 1/T [Figure 4(b)]. Once these

two parameters were obtained, DG0 was determined from eq.

(8). Theoretically, it was expected that the adsorption processes

(either from gas or liquid phase) would be exothermic because

of the liberation of heat during bond formation between the

solute and adsorbent.18 The negative value of DH0 (�33.14 kJ/

mol) confirmed the exothermic nature of CR adsorption by the

jute fiber. The values of DG0 at 303, 313, and 323 K were

�24.53, �24.25, and �23.97 kJ/mol, respectively. The negative

values of DG0 demonstrated the thermodynamic feasibility and

spontaneity of the adsorption process. The shifting of DG0 to

higher negative values with decreasing temperature indicated

that the studied adsorption was rapid and more favorable at

lower temperatures with a higher affinity of CR onto the jute

fiber.25 The adsorption was associated with a negative value of

DS0 (�28.39 J mol�1 K�1); this revealed the decreased random-

ness of dye molecules at the solid–solution interface, and no

significant changes occurred in the internal structure of adsorb-

ent during dye fixation on the active sites of the jute fiber. Simi-

lar observations were also reported by Vimonses et al.14 for CR

adsorption by Australian clay.

Adsorption Isotherms. Adsorption isotherm models are funda-

mental for estimating the adsorption capacity of adsorbent for

designing an operating adsorption system for industrial efflu-

ents. The experimental data of dye adsorption onto the jute

fiber were analyzed by two well-known adsorption isotherm

models, the Langmuir and Freundlich models.

Langmuir isotherm. The Langmuir adsorption isotherm assumes

that the adsorption occurs with a monolayer coverage of adsorbate

onto a homogeneous adsorbent surface. The linearized and rear-

ranged form of the Langmuir equation [eq. (10)] is as follows:26

1

qe
¼

�
1

bqm

�
1

Ce

þ 1

qm
(10)

where qm is the mass of adsorbed solute required for complete

saturation of a unit mass of adsorbent, that is, the maximum

monolayer capacity of the adsorbent (mg/g), and b is the Lang-

muir constant (L/mg), which represents the energy or net en-

thalpy of the adsorption process.

qm and b were computed from the slopes and intercepts of the

straight line obtained from the linearized plot of 1/qe versus 1/

Ce [Figure 5(a)]. The adsorption of CR onto the jute fiber fit

very well with the Langmuir model and had a correlation coeffi-

cient of 0.999 and small v2 value. This demonstrated the mono-

layer coverage of CR onto the jute fiber (Table I). The theoreti-

cal maximum monolayer adsorption capacity of the jute fiber

for CR was calculated to be 8.12 mg/g. The calculated maxi-

mum qm was found to be very close to qe from the experiment.

Thus, the Langmuir isotherm model described the experimental

data of the adsorption of CR by the jute fiber precisely.

Figure 4. (a) Effect of the temperature on the dye adsorption by jute fiber. (b) Plot for ln KC versus 1/T for the CR adsorption onto the jute fiber.
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Calculation of the Dimensionless Separation Factor (RL). The

essential feature of the Langmuir adsorption isotherm could be

expressed in terms of a dimensionless constant separation factor

or equilibrium parameter (RL) with the Langmuir isotherm pa-

rameter. The following equation defines RL:
26

RL ¼ 1

1þ bCo

(11)

When RL is greater than unity and equal to one, the process is

supposed to be unfavorable and linear, respectively. Meanwhile,

Figure 5. (a) Langmuir and (b) Freundlich isotherm, (c) pseudo-second-order kinetic, and (d) intraparticle diffusion model [(n) 50, (l) 100, (~) 150,

(^) 200, and (!) 250 mg/L] plots for CR adsorption onto the jute fiber. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Isotherm Parameters and separation factors for the Adsorption of CR onto the Jute Fiber

Isotherm model parameters

Langmuir isotherm Freundlich isotherm

Temperature (K) qe (mg/g) qm (mg/g) b (L/mg) R2 v2 K (mg/g) 1/n R2 v2

303 7.382 8.116 0.2378 0.9998 0.1507 2.993 0.597 0.9648 16.9851

RL values at different initial dye concentrations

Temperature (K) C0 (mg/L)

10 50 100 150 200 250

303 0.2960 0.0776 0.0404 0.0273 0.0206 0.0165
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an irreversible process takes place when the value of RL is cal-

culated to be zero. Favorable conditions occur only when the

RL values are within the range 0 < RL < 1.26 The RL values

calculated in the study of C0 values were determined to be

0.296–0.0165, that is, well within the defined range. This

suggests that the adsorption of dye onto the jute fiber was a

favorable process under the conditions used for these experi-

ments (Table I).

Freundlich isotherm. The Freundlich model, the earliest known

empirical relationship for describing adsorption equilibrium,

illustrates the heterogeneity of the adsorbate surface, and the

linearized form of the equation is given by

log qe ¼ logKF þ 1

n
logCe (12)

where KF is an empirical constant (mg/g) signifying the adsorp-

tion capacity and n, also a constant, is the heterogeneity factor,

which is indicative of the bond energies between the dye and

the adsorbent.11

The graphical presentation of the Freundlich isotherm model is

expressed in Figure 5(b). The model parameters and error func-

tions reflected that this isotherm model showed poorer fit to

the experimental data (correlation coefficient ¼ 0.9648) than

the Langmuir isotherm under the studied C0’s (Table I).

Adsorption Kinetics. The prediction of the adsorption mecha-

nism and its potential rate-controlling steps is an important

issue to be considered. The adsorption dynamics of CR onto

the jute fiber were investigated with kinetic models, namely, the

pseudo-first-order, pseudo-second-order, intraparticle diffusion,

and liquid-film diffusion models.22

Pseudo-first-order model. The linearized form of the pseudo-

first-order rate equation was given by27

logðqe � qt Þ ¼ log qe � k1

2:303
t (13)

where qt is the amount of adsorbed CR at time t (mg/g), k1 is

the rate constant of pseudo-first-order adsorption (min�1), and

t is the contact time. The linear plot of log(qe � qt) versus t

(figure not shown) provided a poor R2 value, a large v2 value,

and a high disparity between the experimental adsorption

capacity and the calculated one (Table II). This indicated that

the first-order-model had very limited applicability to the

adsorption kinetics of CR onto the jute fiber.22

Pseudo-second-order model. The linear form of the pseudo-sec-

ond-order kinetic model is expressed as follows:27

t

qt
¼ 1

k2q2e
þ 1

qe
t (14)

where k2 (g mg�1 min�1) is the rate constant of second-order

adsorption. When the experimental data for the studied range

of C0’s were analyzed by the pseudo-second-order model, the

straight lines obtained through the plot of t/qt versus t [Figure

5(c)] generated R2 values close to 1 and negligible v2 values

(Table II). A comparison of the error functions suggested that

the pseudo-second-order kinetic model provided a better fit to

the experimental data for the adsorption of CR onto the jute

fiber than the pseudo-first-order model. The calculated adsorp-

tion capacity (qe,cal) was quite agreeable with that obtained

from the experimental findings; this confirmed the applicability

of the pseudo-second-order equation to the adsorption process

Table II. Kinetic Parameters for the Adsorption of CR onto the Jute Fiber at Different initial dye concentrations (mg/L)

C0 (mg/L)

Kinetic model Model parameter 50 100 150 200 250

Pseudo-first-order qe,exp (mg/L) 2.818 3.507 5.390 6.227 7.382

qe,cal (mg/L) 1.471 1.909 2.217 2.759 1.879

k1 (g mg�1 min�1) 0.0368 0.0467 0.0416 0.0345 0.0352

R2 0.9584 0.9555 0.9693 0.9196 0.8847

v2 3.353 1.337 11.452 13.357 12.653

Pseudo-second-order qe,cal (mg/L) 2.804 3.536 5.441 6.305 7.123

k2 (g mg�1 min�1) 0.1341 0.0763 0.0272 0.0169 0.0156

R2 0.9998 0.9999 0.9997 0.9984 0.9989

v2 0.001 0.002 0.002 0.002 0.001

Intraparticle diffusion kid1 (mg g�1 min�0.5) 0.1432 0.1828 0.4989 0.5304 0.5487

kid2 (mg g�1 min�0.5) 0.0166 0.0275 0.0534 0.0630 0.0462

Iid1 1.9851 2.9193 3.3242 3.9713 4.6540

Iid2 2.3906 3.2838 4.6781 5.2548 5.9968

R2 0.9993 0.9827 0.9995 0.9862 0.9497

Liquid-film diffusion kfd (min�1) � 10�3 �16.02 �23.01 �18.09 �15.00 �15.26

Ifd �1.411 �1.901 �0.877 �0.813 �1.328

R2 0.9584 0.9555 0.9694 0.9196 0.8848
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(Table II). The computed parameters and error functions from

the pseudo-second-order kinetic model also indicated that for

the studied cases and conditions, the adsorption kinetics of CR

onto jute fiber could be accurately described by this model.27

Intraparticle diffusion model. In this study, the possibility of

intraparticle diffusion in the kinetic process was investigated

with the following equation:

qt ¼ kidt
0:5 (15)

where kid is the equilibrium rate constant of intraparticle diffu-

sion (mg g�1 min�0.5).22 The intercepts (Iid) of the plots qt
against t0.5 from the intraparticle diffusion model give the mea-

surement of the boundary layer thickness. The multilinearity of

the plots [Figure 5(d)] implied that more than one mode of

adsorption was involved in the uptake of CR by the jute fiber,

and this indicated the complexity of the process. The short ini-

tial linear portion in Figure 5(d) shows the external mass trans-

fer, in which the adsorbate migrated through the solution to the

external surface of the adsorbent via macropore diffusion dur-

ing the early stage of adsorption. On the other hand, the long

successive linear portion may have been due to the gradual

adsorption stage with intraparticle diffusion via micropores.19

Liquid-film diffusion model. Assuming that liquid-film diffu-

sion may contributed to the determination of adsorption, the

kinetic data were analyzed by the liquid-film diffusion model,

given as follows:

lnð1� FÞ ¼ �kfdt (16)

where F ¼ qt/qe, that is, F is the fraction of solute adsorbed at

different times and kfd is the liquid-film diffusion rate constant

(min�1). The plots of ln(1 � F) versus t (figure not shown)

were linear, having R2 and intercept (Ifd) values within the

ranges 0.9694–0.8848 and �15.00 to �23.01, respectively (Table

II). The deviation of the straight lines from the origin in the

plots suggested that the liquid-film diffusion model did not

describe this adsorption system accurately.28

Effect of Various Parameters on the Column Performance

The effects of bed height, flow rate, and initial dye concentra-

tion were studied for the adsorption of CR by the jute fiber in

Figure 6. Breakthrough curves for CR adsorption onto the jute fiber at different (a) bed height, (b) F, and (c) C0 values. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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column mode. The breakthrough curves of dye adsorption at

different conditions of column operation were expressed plots

of Ct/C0 versus t.

Effect of the Bed Depth. The effect of the bed height on the col-

umn performance was studied with 10, 15, and 20 cm bed depths;

these were obtained when the column was packed with 15, 20,

and 25 g of jute fiber, respectively. Figure 6(a) shows the adsorp-

tion breakthrough curves for different bed depths at F ¼ 15 mL/

min and C0 ¼ 50 mg/L, yielded by plotting Ct/C0 versus t. It can

be observed from Table III, that as the bed height in the column

increased, mad at exhaustion time increased. The maximum bed

capacity (qe) was achieved at the highest bed height. This was due

to the fact that as the column bed height increased, the surface

area of the adsorbent increased because of the increasing adsorp-

tion dose, which in turn, increased the adsorption sites for CR on

the jute fiber. As the bed depth increased, the contact time of

influent inside the column increased; this permitted a deeper dif-

fusion of adsorbate molecules into the adsorbent.4 Thus, when Z

was increased from 10 to 20 cm, tb and te increased from 15 to 28

min and 265 to 420 min, respectively.

Effect of flow rate. The investigation of the effect of flow rate

on the performance of the column (the bed height and C0 were

10 cm and 50 mg/L, respectively) was executed with different F

values: 5 and 15 mL/min. Figure 6(b) shows the respective

breakthrough profiles. The values of tb and te decreased from 45

to 15 min and 430 to 265 min, respectively, as F was increased

from 5 to 15 mL/min. The reason behind this phenomenon was

the fact that at higher F values, the residence time of CR in the

column was insufficient to establish an adsorption equilibrium,

and hence, the adsorbate exited the column before equilibrium

was reached. Thus, at higher F values,the intraparticle diffusion

of the dye decreased, and the mass transfer rate increased. This

led to faster column saturation.8 This, in turn, resulted in a sig-

nificant decrease in the dye adsorption capacity (Table III).

Effect of initial dye concentration. Initial dye concentration

had a significant effect on column performance. Figure 6(c)

shows the breakthrough curves obtained for different C0’s (50

and 100 mg/L) at F ¼ 15 mL/min and column depth ¼ 10 cm

and implies that better column performance could be achieved

at lower C0’s. With an increase in C0 from 50 to 100 mg/L, tb
decreased from 15 to 7 min. te was also significantly affected by

C0. The te values for C0 values of 50 and 100 mg/L were 265

min (corresponding to a 3975-mL throughput volume) and 145

min (corresponding to a 390-mL throughput volume), respec-

tively. At a higher inlet concentration, faster transport, caused

by the higher concentration gradient due to an increased diffu-

sion coefficient and also a quick saturation of adsorption sites,

resulted in decreases in te and throughput volume.3 The mad

values at te and qe increased with increasing C0 (Table III)

because of the high driving force for the adsorption process

provided by the high concentration difference.4

Modeling of the Column Data

Thomas Model. The experimental data obtained from the col-

umn operation for CR adsorption onto the jute fiber were sub-

jected to the Thomas model. The data at Ct/C0 values higher

than 0.05 and lower than 0.98 for all sets of column studies

were considered for modeling. The Thomas rate constant (kTh)

and maximum solid-phase concentration (qe) were computed

from the slope and intercepts, using linear regression.8 The

Thomas model parameters are presented in Table IV. R2 values

ranging from 0.93 to 0.97, evaluated from regression coefficient

analysis, indicated that the regressed lines provided excellent fits

to the experimental data treated with the Thomas model. As

the F value of the operating column increased, the bed capacity

(qe) decreased, but the rate constant (kTh) increased. Conversely,

with increasing C0 and bed height, the value of qe increased,

and the value of kTh decreased. Thus, better column perform-

ance could be achieved with lower flow rates, higher bed

heights, and lower initial dye concentration.

BDST Model. The capability of the BDST model to predict the

column performance was inspected with the experimental data

obtained from column operation. The constants No and Ka were

calculated from ts versus Z plots for Ct/C0 values of 0.2, 0.6,

and 0.9. A consistent increase in the slope from 1.7 to 12.04

min/cm with increasing Ct/C0 and successive increases in the

corresponding No from 180.23 to 1279.08 mg/L can be observed

in Table V. The lower adsorption capacity at low breakthrough

Table III. Effects of Different Bed Heights, flow rates, and initial dye

concentration on the Column Parameters

Z (cm)
F
(mL/min)

C0

(mg/L)
tb
(min)

te
(min)

mad

(mg)
qe,exp

(mg/g)

10 15 50 15 265 30.12 2.008

15 15 50 18 315 41.014 2.051

20 15 50 28 420 56.225 2.249

10 5 50 45 430 32.19 2.146

10 15 100 7 145 36.03 2.402

Table IV. Thomas Model Parameters Calculated with Linear Regression

Analysis under Different Conditions

Z (cm)
F
(mL/min)

C0

(mg/L)

kTh
(mL mg�1

min�1)
qe,exp
(mg/g)

qe,cal
(mg/g) R2

10 15 50 0.320 2.1218 2.008 0.9709

15 15 50 0.216 2.3510 2.051 0.9384

20 15 50 0.160 2.5204 2.249 0.9360

10 5 50 0.214 2.4002 2.146 0.9634

10 15 100 0.307 2.6554 2.402 0.9675

Table V. BDST Model Parameters for the Adsorption of CR at C0 5 50

mg/L and F 5 15 mL/min

Ct/C0

a
(min/cm)

b
(min)

Ka (L mg�1

min�1) No (mg/L) R2

0.2 1.6979 0.3510 0.07899 180.2321 0.9864

0.6 2.3044 �8.3390 0.00097 244.6120 0.9981

0.9 12.0498 �24.1923 0.00182 1279.0862 0.9832
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than that at exhausted conditions of the column bed was due to

the unsaturation of several adsorbent active sites by the dye

molecules. However, as the value of Ct/C0 increased, the Ka

value decreased. The high R2 values (>0.98) demonstrated the

validity of the BDST model for this system.

Batch Desorption and Adsorbent Regeneration Studies

The desorption studies of the dye-adsorbed jute fiber gave an

important insight into the overall adsorption mechanism. A

very low desorption (2.6%) of CR was obtained with 0.1M HCl,

whereas water and 0.1M CH3COOH desorbed 24.5 and 14.8%

of the dye, respectively. The maximum desorption of dye

(82.3%) was achieved by 0.1M NaOH; this indicated that the

dye molecules were attached to the adsorbent, most probably by

ion exchange.24

The adsorption efficiency of the jute fiber deteriorated during

the adsorption–desorption cycles of CR onto the jute fiber. The

adsorption of dye diminished slightly from 55.78 to 52.60% in

the first reused cycle and then further decreased to 48.06, 45.31,

and 43.21% in the second, third, and fourth cycles, respectively.

Adsorption Mechanism

In an adsorption study, the proposition of the mechanism is the

foremost challenge. The structure of the adsorbate and the prop-

erties of an adsorbent surface having various functional groups

must be taken into account to elucidate the adsorption mecha-

nism. In this context, it is necessary to mention that CR was an

anionic dye containing amine, sulfonate, and azo groups as func-

tional groups, whereas the FTIR study (Figure 1) confirmed the

major presence of oxygen-containing functional groups, such as

hydroxyls, ethers, and carbonyls, in the jute fiber.16 Combining

the experimental findings of this study and FTIR analyses and

considering the structure of the adsorbate and adsorbent, we

assumed that the mechanism for CR adsorption by the jute fiber

included the involvement of physical forces, such as hydrogen

bonding between N, S, O, and the benzene ring of CR and AOH

groups of the jute fiber surface, and van der Waals forces, during

the adsorption process. Figure 7 represents a plausible mecha-

nism of anionic dye adsorption by the jute fiber.29 The desorp-

tion study in batch mode suggested that ion exchange may also

be a possible mechanism of dye adsorption onto the jute fiber.

However, we believe that more experiments are needed to con-

firm this proposed mechanism.

CONCLUSIONS

The maximum removal of dye was observed at pH 4 in the

batch adsorption study. The adsorption of dye increased with

increasing adsorbent dosage and ionic strength of solution and

decreased as C0 increased. The spontaneity and exothermic na-

ture of the process was confirmed by the negative DG0 values

and positive DH0 values obtained from the thermodynamic

study. The adsorption process agreed reasonably well with the

Langmuir equilibrium isotherm and pseudo-second-order ki-

netic model, with R2 ¼ 0.999. Fast dye adsorption and quick

attainment of equilibrium is desirable and advantageous for

practical applications. The experimental column data revealed

that both tb and te increased with increasing bed height. How-

ever, increases in F and C0 decreased tb and te, which resulted in

faster saturation of the column. Both the Thomas and BDST

models successfully described the adsorption of CR onto the

jute fiber in column mode with various experimental condi-

tions. Although a direct comparison of the adsorption capacity

of the jute fiber with other low-cost adsorbents was difficult

because of the employment of nonidentical experimental condi-

tions, it can be observed from Table VI that the adsorption

capacity of the jute fiber for azo dye adsorption was reasonably

good and comparable to other adsorbents. Thus, the batch and

column adsorption studies identified jute fiber as an alternative,

efficient and inexpensive adsorbent for treating dye-contami-

nated wastewater. After observing significant performance with

untreated jute fibers for dye removal, our research group is cur-

rently involved in further improving the performance with suit-

able chemical modification.
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