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a b s t r a c t

Removal of a synthetic azo dye Congo Red has been investigated using a low cost biosorbent i.e. 
NaOH treated Jute fibre (NTJF). Response surface methodology (RSM) has been employed to opti-
mize the process variables or operating parameters for the removal of the dye (Congo red) from 
aqueous solution using Design Expert 9.0. To get optimum condition for the dye removal and to 
obtain maximum adsorption capacity (Qmax), four operating parameters were considered as Jute dose 
(10–18 mg/L), pH (5–9), Dye concentration (50, 100 and 150 mg/L ) and temperature (293 K, 303 K 
and 313 K), which are also taken as input process variables and have been varied accordingly as per 
experimental design as prescribed by the software, whereas maximum adsorption capacity (Qmax) of 
the jute for the removal of dye is considered as output response. ANOVA analysis was imposed to 
investigate the influence of process variables and their interactions. For obtaining Qmax the optimized 
conditions are found as (pH = 7.20, temperature 302.130 K, jute dose = 14.524 g/L, dye concentration 
= 150.00 mg/L). The experimental Qmax value was 33.69 mg/g, and the RSM predicted Qmax value is 
found out as 31.20 mg/g, with a desirability of 0.840, showing excellent accuracy of the experimenta-
tion processes. Further, a second order quadratic mathematical model has been developed in order 
to estimate the performance characteristics. The results depicts that Jute dose and temperature have 
a great influence on the adsorption capacity. Other studies revealed that the adsorption process was 
entropy driven, following pseudo-second order rate kinetics, endothermic in nature, sorption occur-
ring is mainly physical-adsorption, and the sorption data fits better to Langmuir isotherm model.
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1. Introduction

Dyes are complex chemical compounds which when 
come in contact with most of the substance, can get easily 
attached to them and imparts colour like they do for cloths 
and fabrics. As per the recent data available, there are about 
100,000 different dyes known with an annual production of 
over 7 × 105 ton/y [1]. Moreover the dye consumption of 
textile industry alone is 10,000 ton/y worldwide of which 
100 ton of dyes are discharged in water bodies on a yearly 
basis [2]. Due to their complex bonding structure, they are 

hard to break and thus possesses serious environmental and 
health hazard issues and apart from other effects some dyes 
are found to possess carcinogenic characteristics [3]. Based 
upon the source of material, dyes can be classified as nat-
ural dyes and synthetic dyes. Majority of the natural dyes 
are from vegetable dyes derived from plant sources such 
as roots, berries, berk, leaves, wood etc., which are readily 
biodegradable and possess less or no harm to the environ-
ment [4]. On the other hand almost any colour we see today 
is from synthetic dyes, starting from food to wood, clothes 
to paper, synthetic dye is everywhere and in everything 
[5]. The main reason for using synthetic dyes are that they 
are economical to produce, easily applicable in fabrics and 
other materials.
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Synthetics azo dyes find their use in a wide range of 
industries but are mainly associated with textile industry 
[6]. Effluents from textile industries can possess substantial 
amount of dye concentration. The environmental and simul-
taneous health hazard issues arising of dye released from 
textile industries are becoming a subject of scientific inves-
tigation [6]. Thereby subsequent Environmental legislations 
are getting imposed to control the release of dyes, especially 
azo based dye directly in the free flowing water bodies.

Based upon technique, researchers have employed 
different method for the removal of dye from wastewater 
solutions. Some of the techniques include biological treat-
ments [7] oxidation [8], ultrasound irradiation [9], coag-
ulation-flocculation [10], photo catalysis [11], ozonation 
[12] and membrane separation [13]. Among these, adsorp-
tion using activated carbon is found to be one of the most 
eco-friendly and efficient method and has the capacity 
to remove almost all the dyes from the aqueous solution. 
But activated carbon has its own limitation such as initial 
high cost of production, complexities in regeneration after 
exhaustion, decrement in removal efficiency after regenera-
tion [14,15]. So that now a days researchers are putting lot of 
emphasis on use of low cost bio sorbents which are econom-
ical, biodegradable, and easily available for the adsorption 
purpose [16–19]. In this study one such low cost bio-sorbent 
(jute) is considered for the removal of Congo red dye from 
aqueous solution using adsorption process. Jute is one of 
the agricultural product which is abundant in India, and is 
an important crop in Indian sub-continent. Of the total pro-
duction of jute in the world, around 85% of the jute is pro-
duced in the Ganges Delta (India, Bangladesh) and some 
parts of China. Principal components of jute fibre are cellu-
lose, hemicellulose, lignin and other low molecular weight 
hydro-carbons [20]. These components consist of important 
functional groups such as hydroxyl and carboxyl, which are 
the responsible agents for adsorption of dye onto the adsor-
bent in aqueous solution [20]. Previously researchers suc-
cessfully used surface modified low-cost bio-sorbent for the 
removal of dye from aqueous solution [16–18]. So recently 
the focus is also onto surface modification of adsorbent 
which can be used efficiently as an alternative of activated 
carbon in removing harmful dyes from waste water [21]. 
The surface modifications are to enhance the fractions of the 
influential functional groups such as hydroxyl, carboxyl, 
sulphate, carboxylate, phosphate groups on the adsorbent 
surface [21]. 

Talking of different methods that are in use for the 
removal of dyes, researchers are not limited to use of exper-
imental models only, there are several mathematical mod-
els and software’s which are in use to analyse and find out 
the optimum conditions required for the desired output as 
necessary. There are several works already being done in 
the relevant area such as the use of Response surface meth-
odology (RSM) for the optimization of process variables 
for dye removal using a novel adsorbent [22]. Use of RSM 
for methylene blue dye removal using low cost adsorbent 
[23]. Application of statistical designs and surface plots for 
the optimization and regression analysis for the purpose of 
decolourization of aqueous dye solution by a novel adsor-
bent [24]. Application of RSM for optimization of azo dye 
removal by oxalate catalysed photo electro-Fenton process 
using carbon nano tube-PTFE cathode [25]. Optimization 

and modelling for photo catalytic degradation of azo dye 
(Reactive red) using RSM based on the central composite 
design [26].

2. Materials and method

2.1. NaOH treated jute as an adsorbent

Jute is a multi-constituent and multicellular fibrous 
material containing high percentage of cellulose. Apart from 
large portion of-cellulose (~60%) other two major chemical 
components available in jute are hemi-cellulose (~23%) and 
lignin (~14%) and traces of fat and wax. Researchers sug-
gested that there is formation of ester linkage between parts 
of hemi-cellulose and lignin which are linked chemically by 
the hydroxyl groups of lignin and those of carboxyl groups 
of hemi-cellulose [27]. The main reason for the adsorption 
of dyes from aqueous solution is the presence of functional 
groups such as hydroxyl and carboxyl groups on the sur-
faces of the adsorbent.

In the present analysis the adsorbent is pre-treated 
with NaOH as alkali treatment is view ed as one of the 
widely employed chemical treatment techniques for sur-
face modification of cellulose based materials for the pur-
pose of improving its adsorption properties [28]. Also the 
treatment of jute fibre with aqueous sodium hydroxide 
(NaOH) solutions breaks the covalent association between 
ligno cellulose components, hydrolysing hemicellulose 
and de-polymerising lignin [28]. This treatment has a sub-
stantial influence on morphological, molecular and supra 
molecular properties of cellulose, causing changes in crys-
tallinity, pore structure, accessibility, stiffness, unit cell 
structure and orientation of fibrils in cellulosic fibres [29]. 
NaOH also improves mechanical and chemical properties 
of cellulose such as structural durability, reactivity and nat-
ural ion-exchange capacity. Treatment with NaOH removes 
natural fats and waxes from the cellulose fibre surfaces 
thus revealing chemically reactive functional groups like –
OH [30]. Previous findings indicated that NaOH-modified 
rice husk (rich in cellulose compound) could be employed 
as an effective adsorbent for the removal of azo dyes [31] 
from aqueous solutions. Since in jute fibres the cellulose 
and hemicellulose components are also present in huge 
amount, and Congo red is essentially an azo dye, so an 
attempt of the feasibility of applying NTJF for the removal 
of Congo red dye from aqueous solution was explored in 
the present study.

2.2. Material preparation

Jute which is naturally dried was cut into pieces of size 
approx to 1 mm and cleaned by washing with distilled 
water at 60°C. Then the sample was treated with 0.01 M 
NaOH at 27°C for 4 h. The resulting sample then distilled 
washed to remove excess chemicals present in fibre, pH for 
the sample was adjusted to 7.0 using 0.1 M NaOH or 0.1 M 
HCL, then kept in a container for 24 h after drying at 100°C. 
The final resulting sample which is NaOH treated jute fibre 
(NTJF), was considered as the adsorbent.

An azo dye Congo red is the sodium salt of 3, 3′-([1, 
1′-biphenyl]-4, 4′-diyl) bis (4-aminonaphthalene-1-sul-
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fonic acid) (formula: C32H22N6Na2O6S2; molecular weight: 
696.66 g/mol). It is a secondary diazo dye. Which is syn-
thesized by coupling tetrazotised benzidine with two 
molecules of napthionic acid. It has a strong, though 
apparently noncovalent, affinity to cellulose fibres. 
Congo red is used in the cellulose industries (cotton tex-
tile, wood pulp, and paper) is considered as the adsor-
bate. The dye used is of Analar grade and was obtained 
from Himedia. Before the start of the experimentation a 
stock dye solution of (1000 mg/L; pH 7.0; was prepared 
using double distilled water. The molecular structure of 
Congo red is shown in Fig.1 

3. Theory

3.1. Adsorption capacity and percentage removal 

In the present study the main emphasis was to find the 
maximum sorption capacity (Qmax) of CR using NaOH treated 
jute fibre. The amount of maximum dye adsorbed per unit 
adsorbent (mg dye per g adsorbent) was calculated accord-
ing to a mass balance on the dye concentration using Eq. (1):

q
c c

m
i f

max =
−( )

  (1)

where Qmax = Maximum adsorption capacity (mg/g); Ci = 
Initial dye concentration in the solution (mg/L); Cf = Final 
dye concentration in the solution (mg/L); V = Volume of 
solution (L); = weight of adsorbent (g)

The percent removal (%) of dye was calculated using 
the following equation:

Removal %  ( ) =
−( )

×
C C

C
i e

i

100  (2)

3.2. Adsorption isotherm

Adsorption isotherm studies are the basic operations 
which are required to determine the adsorption relation 
between adsorbent and adsorbate. Isotherms not only check 
the favour ability of adsorption but also reveals information 
regarding homogenous or heterogeneous nature interaction 
between the adsorbent and adsorbate. In the present anal-
ysis, the feasibility of adsorption of CR dye onto the NTJF 
was checked using two basic non-linear form of isotherm 
equations, namely Langmuir [32] and Freundlich [33] iso-
therm models.

Langmuir isotherm model: q
q bCe

bCee
m=
+1

 (3)

where qe = adsorbed value of dye at equilibrium concen-
tration (mg/g); qm = maximum mono layer adsorption 
capacity, it is independent of temperature; b = Langmuir 
adsorption constant, constant related to energy, it is tem-
perature dependant (L/mg); Ce = concentration value of 
dye in the solution at equilibrium (mg/l).

The nature of Langmuir isotherm can be predicted 
depending upon whether the adsorption is favourable, lin-
ear or unfavourable based on the value of dimensionless 
constant separation factor RL [34], given by Eq. (4). Value of 
RL reveals the nature of isotherm, whether the adsorption is 
favourable (RL ˂ 1), unfavourable (RL ˃ 1), linear (RL = 1) or 
irreversible (RL = 0).

R
bCL =

+






1
1 0

 (4)

where C0 = Initial adsorbate/dye concentration in the solu-
tion (mg/L)

An empirical equation [35], the Freundlich isotherm 
equation which describes about the heterogeneity of the 
adsorbent surface during adsorption is been analysed in 
the present study.

Freundlich: qe = Kf Ce
1/n (5)

where Kf and 1/n are Freundlich constant characteristics of 
the system; Ce = dye concentration of the solution at equilib-
rium (mg/L); qe = adsorption capacity at equilibrium con-
centration (mg/g).

Kf and n suggests about adsorption capacity and adsorp-
tion intensity. If the Kf value increases with increase in tem-
perature then the nature of reaction will be endothermic 
and if the Kf value decreases with increase in temperature 
then the process will be exothermic in nature. The other Fre-
undlich constant, 1/n suggests the adsorption type. When 
the case is 0 < 1/n < 1, then the sorption process is favour-
able, when it is so that 1/n = 1, then the adsorption situation 
will be irreversible, and finally when it is 1/n > 1, then the 
sorption is not favourable [35].

3.3. Adsorption kinetic modelling

Time depending experimental results were next used 
to study the kinetic parameters of the sorption system. Well 
known kinetic models viz. pseudo-first-order [36] and pseu-
do-second-order [37] were used to achieve the rate constant 
and optimum sorption capacity at various temperature range.

Pseudo-first order: q q k tt = − −( ) 1 11 exp  (6)

Pseudo-second order: q
q k t

q k tt =
+

2
2

2

2 21
 (7)

The above kinetic models has a limit when they are asso-
ciated with finding the diffusion mechanism of the sorption 
process, so a diffusion model (Weber and Morris, 1963) was 
employed to find the rate controlling steps.Fig. 1. Molecular structure of Congo Red (CR).
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Intra-particle diffusion: qt = kit
0.5 (8)

3.4. Activation energy and thermodynamic parameters

For the adsorption of CR onto NTJF, activation energy 
Ea was found out using Arrhenius equation. The equation 
for the same is listed below 

ln ln  k A
E
RT

a= −  (9)

After plotting a graph of ln K vs 1/T, activation energy 
Ea can be obtained from the slope of the plot of the same. 
Where, T = Temperature in kelvin, K = either pseudo first 
order rate constant or pseudo second order rate constant 
which again depends on the rate of adsorption favoured 
in the kinetic reaction. Activation energy reveals about the 
nature (physical or chemical) of adsorption. Thermody-
namic parameters such as ∆G° = Gibbs free energy change, 
∆H° = Enthalpy change, ∆S° = Entropy change were investi-
gated to check the temperature suitability of the adsorption, 
endothermic or exothermic nature of the sorption process, 
and also to verify that the adsorption is enthalpy or entropy 
driven. The investigations were done using the following 
equations.

∆G° = – RT ln Kad  (10)

K
C C

Cad
e

e
n=

−0  (11)

∆G°= ∆H° – T∆S° (12)

The values of ∆H° and ∆S° were obtained from the plot of 
∆G° and T. Where, Co and Ce are the initial and equilibrium 
dye concentration of solution. Kad is the rate constant of 
adsorption process at equilibrium. The value of n is found 
by rate kinetic analysis by observing which rate model the 
observed data best fit.

4. Batch wise experimental procedure 

At the start of the experiment, a stock dye solution of 
1000 mg/L was prepared, from that concentration values of 
50 mg/L, 100 mg/L and 150 mg/L solution were prepared, 
which were used for the analysis in the present study. The 
aim of the analysis was to find maximum sorption capacity 
(Qmax) as a function of the following input process param-
eters, which are pH, Jute dose, Temperature and dye con-
centration. To analyze the removal of CR with the help of 
variation in the aforementioned process parameters adsorp-
tion analysis was done in batch-wise.

The experiment was carried out at pH range 5–9. Let 
us elaborate the experimentation regarding the influence of 
a change in pH onto final outcome (Qmax). Firstly jute dose 
10 g/L was taken in 200 ml of dye solution where the ini-
tial pH was adjusted to 5.0, initial temperature 293 K and 
the dye concentration was adjusted at 50 mg/L. Next, the 
solution was allowed to agitate and samples were collected 
to analyze the concentration of sample solution, after each 

5 min interval (after 5 min, 10 min, 15 min and so on up 
to 180 min). After agitation of 180 min adsorption seemed 
no more time-dependent. UV/VIS spectroscopy (Perkin-
Elmer, Lambda 45) was used to calculate the dye concentra-
tions. From that data amount of maximum dye adsorbed, 
Qmax (mg/g) were calculated. Similar kind of experiments 
was carried out for other pH values by keeping other pro-
cess parameters constant. Likewise, once the study of pH 
variation was over then other parameters were studied by 
varying them similar to the case of first experimentation of 
process parameters.

To study other parameters, their ranges were consid-
ered as jute dose range (10–18 g/L). Temperature range 
(293, 303 and 323 K) and dye concentration as (50, 100 and 
150 mg/L) respectively. For a different set of solutions, sep-
arate pH values were adjusted in the range of 5–9 using 0.1 
M HCL or 0.1 M NaOH. 

It was found that there was no degradation or adsorp-
tion of CR by container walls. Experiments were carried out 
in duplicate and mean values were taken. A similar set of 
experiments were carried out for all possible combinations 
of all the process variables. Different process parameter 
combination sets can be observed from Table 2.

5.  Adsorption studies by employing response surface 
methodology

Response Surface Methodology (RSM) approach is a 
better tool for optimization and can predict the influence 
of process variables on performance characteristics [38]. 
Hence, in this study, the face centred central composite 
design (CCD) of RSM is employed for the design of experi-
ments. The present work is an emphasis on finding out the 
Maximum sorption capacity (Qmax) of NaOH treated jute 
fibre for the removal of Congo red from aqueous solution 
by developing mathematical model and examine the effects 
of process parameters and their performance characteris-
tics using response surface methodology. Consequently, the 
quantitative mathematical models have been developed 
to study the effects of temperature, pH, Jute dose and dye 
concentration on the adsorption capacity, by using RSM 
approach [39].

To find the value of maximum adsorption capacity 
(Qmax) at different pH, temperature (K), jute dose (g/L) and 
dye concentration (mg/L) experiment were done batch 
wise. Qmax was found out once at a time, varying any one 
of the process parameters and keeping others constant. The 
value of Qmax which were found out in different batches of 
the experiment were used to find out optimum desirable 

Table 1 
Process parameters with their levels

Parameters Labels Levels

–1 0 +1

pH, A 5 7 9
Temperature, (ºk) B 293 303 313
Jute dose, (g/l) C 10 14 18
Dye concentration, (mg/L) D 50 100 150
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condition, using response surface methodology. Response 
surface methodology (RSM) is a collection of mathemati-
cal and statistical techniques utilization for modeling and 
optimizing the response characteristics, which incorporates 
quantitative independent variables. The quality characteris-
tic of the system is explained by a second order polynomial 
quadratic model also called regression model as shown in 
Eq. (13). The coefficients of regression model can be approx-
imated from the experimental data by ‘Design Expert 9.0’ 
software.

Y C
i

n

i

n
= + + ±

== ∑∑0
2

11
C X d Xi n i i ε  (13)

The experiments were carried out based on face-centered 
central composite second order design (CCD) technique in 
the present work. The CCD full factorial design with all fac-
tors combination at two levels (high, +1, and low, – 1) are 
considered which composed of eight-star points, and six cen-
tral point’s (coded level 0), corresponds to an α value of 1. 
The ‘‘face-centred CCD’’ includes 30 experimental trials with 
four distinct process variables. Table 1 shows all the pro-
cess parameters and their feasible ranges of both actual and 
coded values. The experimental design layout in the coded 
form that was espoused in this analysis is shown in Table 2.

6. Results and discussion

6.1. Time decay curve and equilibrium time

Time decay curve is measured by observing the reduc-
tion in the concentration of dye by its removal using adsor-
bent, from the solution over a period of time. It represents 
the removal of dye from aqueous solution as a function of 
contact time. For the analysis, an initial concentration of 
50 mg/L was considered. Fig. 2. shows the time decay curve 
for the removal of Congo red dye using NaOH treated jute 
fibre as the adsorbent. In adsorption, Equilibrium time is 
said to be achieved when beyond a particular time point 
there will not be any further significant adsorption of dye 
onto the adsorbent or in other words, adsorption of dye no 
more remain a time-dependent phenomenon, which gener-
ally can be observed from the time decay curve.

The curve shows that there is a rapid rate of adsorption for 
the first 30 min of the adsorbate- adsorbent interaction. After 
that the rate of adsorption drastically reduces. At the initial 
stages, the rate of adsorption increases due to the availability 
of a large number of adsorption sites initially available. But 
as the time passes, the decrease in the amount of adsorption 
and subsequent decrease in sorption has occurred. It mainly 
because of the molecule that is available at the adsorption 
sites gets saturated. For the given study equilibrium time 
was obtained at 90 min, after which the adsorption process 
does not remain time dependent. Similar kind of study was 
undertaken by Ahmed at el. Time decay data were primarily 
used to find the resulting adsorption of dye which was sub-
sequently used to analyze other parameters.

6.2. SEM analysis of NTJF before and after adsorption

The surface morphology of NaOH treated Jute fibre and 
also on CR adsorbed NaOH treated jute fibres were done 

Table 2 
Design layout and experimental results

Exp. 
no.

Factor 1 
A: pH

Factor 2  
B: 
Temperature 
(K)

Factor 3 
C: Jute  
Dose 
(g/L)

Factor 4 
D: Dye  
concentration  
(mg/L)

Response 
Qmax  
(mg/g)

1 9 313 18 150 14.24

2 9 313 10 150 11.37

3 7 303 14 100 25.57

4 5 293 10 150 9.89

5 9 293 18 150 17.23

6 5 293 10 50 7.15

7 5 313 10 50 8.56

8 9 293 10 50 10.64

9 5 293 18 150 11.86

10 5 313 18 150 12.47

11 9 293 10 150 14.97

12 5 313 10 150 10.64

13 5 313 18 50 9.75

14 7 303 14 100 25.14

15 7 303 14 100 27.81

16 5 293 18 50 8.46

17 9 313 18 50 10.49

18 9 313 10 50 7.56

19 7 303 14 100 26.86

20 9 293 18 50 12.24

21 9 303 14 100 19.55

22 5 303 14 100 14.42

23 7 303 10 100 20.23

24 7 303 14 150 33.69

25 7 303 14 50 21.46

26 7 313 14 100 23.34

27 7 303 18 100 23.45

28 7 303 14 100 27.15

29 7 303 14 100 26.57
30 7 293 14 100 22.25

Fig. 2. Time decay curve for the removal of CR onto NTJF.
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using scanning electron microscope analysis using SEM 
(MODEL: JSM-6360, JEOL) working conditions were as, 
resolution: 3 nm in the secondary electron mode at working 
distance 8 mm and an accelerating voltage 0f 30 KV, acceler-
ating voltage: From 1 KV–30 KV in 1 KV step. From the SEM 
images shown below in Fig. 3, it can be observed that Fig. 3a 
shows the image of only NaOH treated jute fibre and in Fig. 
3b it can be seen that there are lot of particles of Congo red, 
which are got attached on the surface of the NaOH treated 
jute fibre. Both the figures are of 1 μm resolution.

6.3. Characterization using FTIR analysis

FTIR spectra confirms the successful adsorption of 
CR onto NTJF. FTIR spectra of NTJF before and after is 
shown in Fig 4. Adsorption was confirmed by the shift-
ing of wavelength bands before and after the adsorption. 
The broad and strong band at 3444.63 cm−1 was due to 
bounded hydroxyl or a mine groups. The peak observed 
at 2918.12 cm−1 was due to the –CH asymmetric stretch-
ing. The peak at 1740.78 cm−1 was attributed to stretch-
ing vibration of carboxyl group. The bands at 1633.41 
cm–1, 1507.43 cm−1 and 1461.05 cm–1 were attributed 

to asymmetric and symmetric stretching vibration of 
C=O groups. The C–N stretching band was observed at 
1375.40 cm−1. The band at 1020.51 cm−1 were assigned to 
C–O stretching of alcohols and carboxylic acids. After CR 
adsorption, the symmetrical stretching vibration bands 
of hydroxyl or a mine groups were shifted from 3444.63 
cm–1 to 3443.98 cm−1 for CR-loaded NTJF. The stretch-
ing band of carboxyl groups was shifted from 1740.78 
to 1740.70 cm−1. The stretching bands at 1633.41, 1507.43 
and 1461.05 cm−1 were also shifted to 1633.68, 1507.55 
and 1460.92 cm−1 respectively. The C–O peak at 1020.51 
cm−1 were shifted to 1020.31 cm−1, respectively. The anal-
ysis of the FTIR spectral results in terms of frequency 
shifts indicate that these functional groups above men-
tioned are responsible for the binding of the CR to the 
surface of the NTJF.

6.4. Adsorption isotherm

In the present study the results were verified with the 
help of two nonlinear adsorption isotherms, namely Lang-
muir and Freundlich isotherm studies. From the plot of qe vs 
Ce, from Fig. 5, it has observed that the adsorption process 
better fits to Langmuir Isotherm, which suggests that there 
is mono layer adsorption of the CR dyes on the surface of 
NTJF. Several isotherm parameters are shown in Table 3. 
Fig. 5 shows the adsorption isotherm studies at the tem-
perature 303 K.

Fig. 3. (a) SEM image of NTJF (b) SEM image of CR adsorbed 
NTJF.
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Fig. 4 (a) FTIR spectra of Virgin NTJF, (b) FTIR spectra of CR 
adsorbed NTJF.
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6.5. Adsorption kinetics

For the study of sorption kinetics the pseudo-first-order 
and pseudo-second-order kinetic models were analysed to 
study and compare with experimental results, to analyse the 
rate constants and to measure the equilibrium adsorption 
capacity at various temperature. The pseudo-first-order rate 
constants, k1 and qe were evaluated from slopes and inter-
cepts of the plots of log(qe – qt )vs. t (figure not mentioned).
The results of correlation coefficients R2 obtained for pseu-
do-first-order, comparable studies of theoretical and experi-
mental equilibrium sorption capacities of pseudo-first-order 
kinetic model shows that that is a considerable variation 
between this kinetic model and theoretical studies. Similar 
studies were also conducted for theoretical data sans pseudo- 
second-order kinetic model, and Fig. 6 shows that pseudo-sec-
ond-order model fits well with the theoretical data compared 
to the other kinetic model for the removal of CR onto NTJF.

6.6. Activation energy and thermodynamic parameters

Activation energy Ea, for the process was determined 
from Arrhenius equation (Eq. (9)) by drawing the Arrhe-

nius plot of CR adsorption onto NTJF. It is found out to 
determine the nature of adsorption taking place in the 
process and it thus holds a significant role in determin-
ing whether the adsorption taking place is physical or 
chemical. As low Ea value (˂ 40 KJ/mol) indicates phys-
ical adsorption and higher Ea value (≥ 40 KJ/mol) indi-
cate chemical adsorption. In the present study, the rate of 
adsorption was better suited as per the kinetics of second 
order rate constant so the plot was done by taking ln K (K= 
pseudo second order rate constant) values in Y axis and 
1/T (time inverse in Kelvin) in X axis. Ea was determined 
from the slope of the linear plot, which is found out as 
15.12 KJ/mol. From the result we can conclude that the 
following process is predominantly governed by physical 
adsorption [40]. Fig. 7 shows the Arrhenius plot for the 
determination of Ea.

One of the thermodynamics parameters, change in 
Gibb’s free energy (∆G°) was found out using the values of 
equilibrium rate constant (Kad) and other two parameters, 
entropy (∆S°) and enthalpy (∆H°) were found out from the 
intercepts of the plot of ∆G° vs time (T). Along with the plot, 
the parameters were found out using Eqns. (10)–(12). The 
values of ∆G° for the temperature values of 293 K, 303 K and 
313 K were found out as –6.2, –7.61 and –9.38 KJ/mol respec-
tively. Decrease in the value of change in Gibb’s free energy 
with increase in temperature indicates that the adsorption 
was favourable at slightly higher temperature. The rise in 
sorption capacity with rise in temperature also suggests for 
the rise in kinetic energy of the sorbent particles. Positive 
value of ∆S° (0.1551 KJ/mol K) indicates there is increase 
in the randomness at the solid/solution interface during 
adsorption and entropy driven. Positive value of ∆H° (23.22 
KJ/mol) suggests that the reaction involved in the process is 
endothermic [41]. Also the value of ∆H° suggests whether 
the adsorption is physical or chemical in nature, in general 
if the value of ∆H° is in the range of 8–25 KJ/mol, it indi-
cates physical adsorption and if the value is in the range of 
80–200 KJ/mol, means the process is governed by chemical 
adsorption. In the present study, by observing the value of 

Fig. 5. Adsorption isotherms of CR onto NTJF at temperature 
303 K.

Fig. 6. Adsorption kinetics of CR onto NTJF at a temperature 
of 303 K.

Table 3 
Various isotherm parameters for adsorption of CR onto NTJF

Isotherm model Parameter Temperature in Kelvin

293 K 303 K 313 K

Langmuir model Qmax (mg/g) 28.14 32.21 26.83
b (L/mg) 7.456 7.877 8.612
RL 0.017 0.012 0.022
R2 0.913 0.954 0.897

Freundlich model KF (mg/g) 11.87 12.23 14.46
n 5.53 6.12 7.65
R2 0.785 0.796 0.768
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∆H° it is revealed that the adsorption is governed by physi-
cal adsorption which justifies the study of activation energy. 
The plot for ∆G° vs T is shown in Fig. 8. Table 4 shows the 
different thermodynamic parameters.

6.7. Modelling of maximum adsorption capacity, Qmax

For the analysis of Qmax, description of a model fit sum-
mary is shown that the second order quadratic model is 
statically significant. The results for the quadratic model 
are shown is ANOVA in Table 5. The model F value indi-
cates that the model is significant. The probable value of 
F is more than the value of F given for the model are less 
than 0.05 (i.e.,α = 0.05, or –95% confidence) which implies 
that the developed models are evaluated to be statically 
significant and it implies that the model term have signif-
icant influence at the performance characteristic [42]. The 
evaluated response model has better fits with actual data 

when the multiple regressing co efficient R2 approaches to 
unity which indicates the less deviation between the actual 
and predicted value. Fig. 9 shows the actual and predicted 
value for Qmax which indicates the degree of proximity. Max-
imum values are near to straight line implying the errors 
are distributed normally. In addition, the value of adequate 
precision (AP) in this model which compares the span of 
predicted value at the design point to the mean predic-
tion error. This represents the model is discrimination. The 
developed model proposes the higher value of the deter-
mination coefficient (R2) and adequate precision (AP) at 
the same time. The evaluated value is as follows: R2 = 0.84 
and AP = 19.78 for Qmax ; therefore the developed quadratic 
mathematical model can be influenced significantly and 
evaluating the result and concurrently the lack of-fit test 
also found to be important. The process of backward elim-
ination eradicates the significant factor to alert the fitted 
quadratic response surface models. This model term can be 
eliminated and the test of lack of fit reveals to be insignifi-
cant. The model of response surface equations obtained by 
using backward elimination technique is shown in Eq. (14) 
as given below.

The ultimate response surface equations for Qmax is-:

Qmax =  0.10 + 0.065 * A + 0.17 * B – 0.019 *  
C + 0.026 * AB – 0.020 * BC + 0.15 * B2  (14)

6.8. Effect of process parameters on Qmax

6.8.1. Effect of pH

Fig.10 depicts the approximated response surface plot 
for Qmax in relation to the process parameters of solution pH, 
jute dose, temperature and RPM. pH play as an important 
influential factor for the removal of dye onto adsorbent in 
an aqueous solution. pH influence on the surface properties 
of the adsorbent and ionization/dissociation of the adsor-
bate molecule [43]. Subsequently there is change in adsorp-
tion process depending on the change in surface properties 
of both the parties that are in consideration. It was observed 
that the Qmax increases with the increase in pH. The reason 
behind that is at lower pH, the functional groups present 
on the adsorbent surface undergoes protonation, due to this 
phenomenon, absorbent surface gets positively charged, 
which is followed by decrease in adsorption of dye ions due 
to electrostatic repulsion. And on the increment of pH of the 
dye solution, there is increment in the adsorption process 
due to eventual deprotonation of the functional groups of 
the adsorbent, and thereby enhances the electrostatic attrac-
tion between the dye cations and negatively charged sites 
on the adsorbent.

6.8.2. Effect of jute dose 

It is very important parameter which acts as a variable 
in determining the rate of adsorption capacity of adsorbate 
onto the adsorbent. In the present study, jute (adsorbent) 
dose was taken in the range of 10–18 g/L, to determine the 
rate of adsorption at various jute dose concentrations. It has 
been observed that there is an increase in adsorption and 
subsequent dye removal rate as the jute dose increases. This 

Fig. 7. Arrhenius plot for the adsorption of CR onto NTJF.

Fig. 8. Plot for change in Gibb’s free energy (∆G°) vs Tempera-
ture (T) for adsorption of CR onto NTJF. 

Table 4
Thermodynamic parameters for the adsorption of CR onto NTJF

Parameters Temperature in Kelvin

293 303 313

∆G° (KJ/mol) –6.285 –7.61 –9.386
∆S° (KJ/mol K) 0.1551
∆H° (KJ/mol) 23.22
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increase in dye removal rate with increase in jute dose could 
be due to increase in adsorbent surface area, resulting in 
morenumber of adsorption sites available for adsorption 
of adsorbates onto adsorbent [43,44]. The same phenom-
ena was observed when the jute dose was increased from 
10 to 14.905 g/L. Further increase in jute dose decreases 

the adsorption rate. The decrease in adsorption rate with 
increase in jute dose at constant volume of solution and 
constant dye concentration may be attributed to particu-
late interaction such as aggregation [45] which results in 
adsorption site saturation. Particulate interaction will result 
in decrease in available adsorption sites, due to decrease 
in total surface area of the adsorbent and increase in diffu-
sional path length [46]. Results are depicted in Fig. 10.

6.8.3. Effect of temperature

As observed in Fig.10, the adsorption rate and percent-
age removal of CR is higher at lower temperature and V is 
a versa. At higher temperature, there is weakening of bonds 
between adsorbent binding sites and adsorbate dye mole-
cules [47]. This is may be reason that adsorption phenom-
ena is better suited at lower temperatures. Moreover, the 
observed pattern of decreasing dye removal at increasing 
temperature hints that the adsorption process is kinetically 
controlled and is exothermic in nature, and the same is jus-
tified from the experimental analysis of the same which also 
suggested the same.

6.8.4. Effect of contact time and dye concentration

Dye concentration of the adsorbate into the solution 
plays a pivotal role in determining the adsorption rate of 
that adsorbate onto the adsorbent. If the dye concentration 

Table 5 
The ANOVA results for Qmax

ANOVA for response surface quadratic model

Analysis of variance table [Partial sum of squares - Type III]

Sum of Mean F p-value

Source Squares df Square Value Prob > F
Block 573.50 1 573.50
Model 1085.31 14 77.52 17.17 < 0.0001 significant
A-pH 34.97 1 34.97 7.75 0.0147
B-temperature 2.18 1 2.18 0.48 0.4981
C-jute dose 20.44 1 20.44 4.53 0.0516
D-dye concentration 98.65 1 98.65 21.85 0.0004 Significant
AB 14.98 1 14.98 3.32 0.0900
AC 0.71 1 0.71 0.16 0.6986
AD 2.21 1 2.21 0.49 0.4961
BC 0.18 1 0.18 0.039 0.8461
BD 0.60 1 0.60 0.13 0.7208
CD 0.23 1 0.23 0.050 0.8263

A2 224.41 1 224.41 49.70 < 0.0001

B2 32.76 1 32.76 7.26 0.0175

C2 52.49 1 52.49 11.63 0.0042

D2 12.65 1 12.65 2.80 0.1163

Residual 63.21 14 4.51
Lack of fit 58.57 10 5.86 5.06 0.1661 Insignificant
Pure error 4.63 4 1.16

Cor total 1722.02 29
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in the solution will be less than the affinity of the adsorbate 
particles will have a lesser tendency to get deposited on the 
surfaces of adsorbent. On the other hand if the dye concen-
tration of the solution is more than the solute dye particles 
will readily available to come out of near saturated solvent 
and get attached to the surfaces of adsorbent by adsorp-
tion. In the experimental study, three different dye con-
centrations were considered are 50 mg/L, 100 mg/L and 
150 mg/L. It was observed that adsorption was maximum 
for dye solution with a concentration of 150 mg/L. Results 
are shown in Fig.10.

7. Desirability based multi response optimization

The goals and ranges of process variables viz. pH, tem-
perature, jute dose and dye concentration and the response 
characteristics viz. Qmax is given in Table 6. The goal of RSM 
approach is to find a set of optimal processing conditions 
that will encounter all the goals. 1.0 desirability value is not 
obligatory, as the value is entirely reliant on how intently 
the upper and lower limits are set relative to the real opti-
mum.

A set 30 optimal solution is acquired for the specific 
design space constraints for Qmax using statistical Design 
Expert software 9.0.0.2. The set of parametric conditions 
possessing highest value of desirability is preferred as 
optimal processing condition for the desired performance 
characteristics [48,49]. The optimal parametric condition 
with greater desirability function is given in Table 7. Once 
the optimal set of the input parameters is chosen, the final 
measure is to predict and verify the enhancement of the 
response characteristics using the optimal level of the pro-
cessing parameters. Confirmation experiment was per-
formed at the above optimal setting of process parameter 
for pH, Temperature, jute dose and dye concentration to 
verify and compare with optimal value of response char-
acteristics. The calculated percentage of error for experi-
mental validation of the generated response models with 
optimal setting of process parameter during experimenta-
tion in given in Table 8. The observation reveals that the 
calculated error is small as depicted in Table 6. Noticeably, 
this confirms excellent reproducibility of the experimental 
outcomes.

The desirability function for performance characteris-
tics using ramp function graph and bar graph illustrates in 
Figs. 11 and12 respectively. Each dot on the ramp indicates 
the parameter settings or response prediction for that per-
formance characteristic. The elevation of the dot reveals the 

amount of desirability of that response. A linear ramp func-
tion is generated between the high value and the goal or the 
low value and the target as the weight for each factor was 
set equal to one. Bar graph depicts the overall desirability 
function of the quality characteristics. Depending upon the 
proximity of the response towards goal the value of desir-
ability varies from 0 to 1. The bar graph illustrates how well 
each process variable satisfies the design criterion, desir-
ability value close to one are appraised good.

3D desirability plots were drawn by considering the 
process parameters in range and response characteristics 

Table 6 
Range of input parameters and responses for desirability

Name Lower Upper Lower Upper Importance

Goal limit limit weight weight

A:pH is in range 5 9 1 1 3
B:Temperature is in range 293 313 1 1 3
C:Jutedose is in range 10 18 1 1 3
D:Dyeconcentration is in range 50 150 1 1 3
Qmax maximize 7.15 33.69 1 1 5

Table 7 
Input process parameters and their optimum value

Parameter Goal Optimum value

pH, in range 7.20
Temperature, (0k) in range 302.130
Jute dose, (g/l) in range 14.524
Dye concentration (mg/L) in range 150.00
Desirability 0.840

Table 8 
Predicted and observed values of responses of Qmax

Responses Qmax (mg/g)

Goal Maximize
Predicted value 31.20
Observed value 33.69
Error (%) 7.98

Fig. 11. Ramp function plot of desirability for Qmax.
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Qmax at maximum. The distribution of desirability function 
for desired response of Qmax inconsonance with temperature 
and jute dose are shown in Fig. 13. It can be interpreted that 
the value of overall desirability is less at higher pulse cur-
rent and pulse on time region. The region for optimal desir-
ability was located near the top region of the plot, which 
shows the overall desirability value greater than 0.840042 
that gradually decreased while moving right and back-
wards. Hence, the elucidated desirability value of 0.840042 
illustrates the proximity of the response towards target.

8. Mechanism of adsorption

One of the interesting challenge in any adsorption study 
is to understand the adsorption mechanism. To do the same, 
it is important to consider two key points, (1) The structure 
of the adsorbate and (2) To know the functional groups pres-
ent in an adsorbent responsible for adsorption. In the pres-
ent study of CR it is revealed that the dye contains amino 
groups which are responsible for formation of hydrogen 
bond with the exposed hydroxyl groups present in NTJF. 
The results obtained from SEM and FTIR study suggests 
and justifies that NaOH treatment of Jute fibre changes 
the surface morphology, reduce silica content and increase 
the crystallinity of the cellulose fraction. The same has also 
been discussed elaborately in section 2.1 of this article. This 
change in surface characteristics of treated jute fibre will 
probably favour chemical interaction between the hydroxyl 
exposed adsorbent and dye ions and favour mechanical 
bonding due to more affinity of dye ions towards the modi-
fied and suitable adsorbent molecular structure.

As discussed in the section 5.1, the adsorption was 
very rapid for the first 30 min for all the cases, thereafter 
gradually slowed down and eventually the equilibrium 
time reached at 120 min suggests that there was mainly 
intra-particle diffusion supported by film diffusion. The 
sorption was maximum at around pH of 7.0, Jute dose 
and RPM played a vital role in determining sorption 
capacity.

Based on the findings the following adsorption mecha-
nism may be listed as:

•	 Transfer of CR dye from bulk of the solution to the Jute 
fibre surface.

•	 Diffusion of dye particles from aqueous solution 
through boundary layer to the surface of adsorbent.

•	 Successful adsorption of dye molecules on the surface 
jute fibres probably due to formation of hydrogen bond 
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between amino groups of dye and the exposed hydrox-
yl group present in jute fibres. The same is depicted in 
Fig. 15. Fig. 14 shows a general mass transport step in 
adsorption.

9. Comparison of NTJF with other adsorbents

A comparative observation for the adsorption of CR 
dye with various types of adsorbents is presented in 
Table 9. Upon comparison with other adsorbents [50–64] 
it is revealed that adsorption capacity of NTJF is quite 
significant among various adsorbents suggesting that 

NTJF can be successfully employed for the removal of 
CR dye.

10. Conclusions

In the present study removal of CR dye was success-
fully carried out using NaOH treated jute fibre as an adsor-
bent. Use of input process parameters pH, temperature, jute 
dose and dye concentration were successfully investigated 
for designing the output of maximum adsorption capacity 
using face centered central composite design of response 
surface methodology by attending 30 experimental trials 
with repetition of three in each of the process parameters at 
three different levels. Modelling results reveals that neutral 
pH, low to moderate temperature, moderate to high jute 
dose and high dye concentration will be crucial for opti-
mum adsorption capacity. The obtained predicted value of 
R2 for Qmax as 0.840042 justifies the same, which reflects the 
models adequacy. The jute dose and dye concentration are 
the two main significant factors that affected the outcome 
of Qmax. Rate of adsorption increased with increase in jute 
dose, and at moderate dye concentration. The effect of each 
process parameters and the reasoning’s for the same are 
discussed in the relevant sections of the paper. The com-
bination of optimum parameter setting for Qmax obtained 
are pH 7.20, temperature, 302.130K, jute dose 14.524g/l and 
dye concentration 150.00 mg/L for maximizing the Qmax. 
The agreeable error percentage of 7.98 between the pre-
dicted and observed values for Qmax confirm precision of the 
methodology. 
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