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a b s t r a c t
The present study aims at evaluating the potential of adsorbent obtained from fallen leaves of 
Ficus racemosa with NaOH activation for Acid Blue 25 (AB 25) dye removal from aqueous solution 
in a continuous mode. The effect of various operating parameters such as bed height (2–6 cm), 
initial dye concentration (50–200 mg/L) and flow rate (6–10 mL/min) on the extent of dye removal 
has been investigated. The obtained results for the variation of operating parameters confirmed 
better column performance at higher bed height and lower flow rate. Different kinetic models 
such as Thomas, Adams–Bohart, Yoon–Nelson and bed depth service time (BDST) were applied 
to the obtained experimental data using column studies to predict the breakthrough curves and 
average mean square error has been employed to check the best suitability of the model. Thomas 
and BDST model predictions were established to be in better agreement with the experimental 
results. Maximum biosorption capacity for 100 mg/L of dye concentration present initially was 
obtained as 44.14 mg/g at optimum condition of 6 mL/min as the flow rate. The experimental 
observed capacity matched with the predicted biosorption capacity of 45.71 mg/g using the 
Thomas model. Elution studies conducted for seven cycles confirmed the reusability of synthe-
sized biosorbent to treat industrial dye effluent in a column. Overall, the study clearly established 
the utility of synthesized biosorbent for the removal of AB 25 from wastewater in a continuous 
fixed bed adsorption process.
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1. Introduction

In recent years, one of the serious environmental problems 
is the increasing pollution levels due to the presence of different 
toxic chemicals in the industrial effluents [1] that are refractory 
toward conventional approaches. One of the major effluents 
giving significant problems is the colored effluents released by 
textile industry [2] as it is the most difficult to treat [3] by the 
conventional approaches. The dye effluent contains different 
contaminants such as acid, base, color bearing dyes and toxic 
constituents [4]. Various sources discharging dye effluent to 
the water stream are textile finishing, dyestuff manufacturing, 

printing, ink, paper, leather and plastic industries [5,6]. Annual 
production of dyestuff is approximately 7 × 105 tones and 15% 
of the dyes produced are directly released into the effluents 
which may find their way into water bodies without suitable 
treatment [7]. Dyes are highly visible in water even at low con-
centration [8]. Dye effluents in water bodies can give rise to 
cancer, skin irritation and mutation [9] problems in humans on 
persistent exposure. Dyes give a blocking effect on the sunlight 
penetration affecting photosynthesis of aquatic plants and 
inhibit the growth of aquatic life [10]. Considering the adverse 
dye effluent effects on the environment, it is important to treat 
the dye effluents before discharging it into the water streams 
and hence development of the efficient dye removal methods 
is an important research area [11].
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Different physiochemical treatment methods have been 
applied by researchers for the dye removal from  wastewater 
such as cloud point extraction [12], photocatalytic degra-
dation [13,14], coagulation/flocculation [15], sonochemical 
degradation [16], membrane [17], electrochemical [18] and 
chemical oxidation [19]. However, these treatment tech-
niques suffer from limitations of low removal efficiencies, 
complexity in operation and higher operating cost and 
hence are not considered to be effective to be applied for 
dye removal especially in the developing countries [20,21]. 
Adsorption offers a simple alternative for the removal of 
color from the wastewater and the advantages of adsorp-
tion compared with other techniques are flexibility, lower 
initial costs, ease of operation, simple design, insensitivity 
to toxic pollutants and applicability to treatment of wide 
range of compounds [4,22,23]. High quality treated effluent 
can be produced by suitably designed adsorption system 
[24,25]. In adsorption, activated carbon is widely used for 
dyes removal. However, it suffers from drawbacks of slow 
desorption kinetics, regeneration difficulties [26] and pro-
duction of activated carbon is costlier process [27]. Hence, 
in recent years, research into development of efficient and 
cheaper adsorbents as an alternative to activated carbon is 
on forefront. Many of the biosorbents, in their natural form, 
such as Citrus limetta peel waste [28], natural zeolite tuff [29], 
coconut shell [30], garlic straw [31], longan shell [32], grape-
fruit peelings [33], oil palm leaves [34], Ageratum conyzoi-
des leaf powder [35] and water hyacinth leaves [36] have 
been applied by investigators for dye removal. There have 
also been some reports related to the improvement in the 
adsorption capacity of the adsorbents using chemical activa-
tion and few examples of such modified biosorbents include 
surfactant-modified Prunus dulcis [37], Fe3O4-impregnated 
walnut shell [38], FeCl3-activated Rosa canina L. leaves [39], 
ZnCl2-activated corncob [40], NaClO- and NaOH-activated 
Opuntia ficus-indica fruit waste [41], HCl-activated montmo-
rillonite [42], H3PO4-activated apricot stone [43] and H2O2-
activated polyacrylonitrile fiber [44].

In our earlier work [45], a novel biosorbent was synthe-
sized from Ficus racemosa (FR) fallen leaves with activation 
using NaOH and batch experiments were performed to 
determine the kinetic and thermodynamic parameters for 
the removal of Acid Blue 25 (AB 25) dye from wastewater. 
The work also established set of optimum parameters for 
maximum dye removal. The objective of present study is to 
investigate the potential of synthesized NaOH-treated FR 
(NTFR) biosorbent for the removal of AB 25 from wastewater 
in a continuous mode of operation, which is a very important 
study considering the possible commercial scale applications. 
The data obtained from batch experiments are typically not 
applicable for direct designs of the commercial scale opera-
tions due to the existence of insufficient contact time required 
to attain equilibrium. Hence, from the industrial treatment 
point of view, column adsorption studies at bench scale are 
important so as to establish the adaptability of continuous 
columns to versatile processes at commercial scale [46]. 

Fallen leaves of FR has been selected in the present study 
for the synthesis of adsorbent and subsequent application for 
dye removal in continuous column operation as it is a waste 
source, available in abundance and the utilization as adsor-
bent would also help in reducing waste biomass quantum. 

A detailed literature survey also revealed that the applica-
tion of fallen leaves of FR in a continuous mode of operation 
has not been explored for the removal of AB 25 and hence, 
the present study is novel in terms of exploring the use for 
removal of new dye. Using NaOH activation during the syn-
thesis of adsorbent can help in increasing the surface area 
that can lead to significant biosorption capacity for AB 25 dye 
removal in continuous column and hence was applied in the 
present work for synthesis of efficient biosorbent. The regen-
eration study was also conducted in column to establish the 
potential of synthesized biosorbent for AB 25 dye removal 
in continuous reuse cycles. Such type of reusability studies 
in continuous operations have also not been reported in the 
literature for FR leaves–based biosorbent, which again con-
firms the novelty of the present work. AB 25 is selected as 
a model anthraquinonic dye in the present work due to its 
wide applications in industries such as ink, wool, nylon and 
paper [47]. The effects of bed height, initial dye concentration 
and flow rate on the extent of adsorption have been investi-
gated. The entire research work in the present study has been 
performed at K. K. Wagh Institute of Engineering Education 
and Research, Nashik, Maharashtra, India

2. Materials and methods

2.1. Synthesis of biosorbent and characterization

Fallen leaves of FR were collected from Nashik, 
Maharashtra, India. The fallen leaves of FR, which has been 
selected as sustainable raw material, contain colored lignin 
that can create hurdle in measuring the color of dye solution 
and also the presence of lignin blocks the pores available on 
the adsorbent. Considering these aspects, NaOH treatment has 
been used for the removal of lignin. NaOH treatment involving 
impregnation of FR powder with NaOH followed by thermal 
treatment and subsequent distilled water washes was found 
to remove lignin from the powder. Synthesized NTFR biosor-
bent was kept in an airtight container before use in the column 
study. Detailed procedure for NTFR synthesis, characterization 
using different analytical methods, such as Scanning Electron 
Microscopy (SEM), Fourier Transform Infrared Spectroscopy 
(FTIR) and Brunauer–Emmett–Teller (BET), as well as the 
method for determination of pH corresponding to zero point 
charge (pHpzc) have been explained in our earlier work [45].

2.2. Pollutant dye

AB 25 dye (molecular formula = C20H13N2NaO5S, molecu-
lar weight = 416.38 g/mol) was obtained from Sigma-Aldrich, 
Mumbai, as analytical grade dye, in the form of dark blue 
powder. The dye was used without any further treatment. 
Stock solution of 1,000 mg/L of AB 25 dye was prepared by 
dissolving 1 g of dye powder in 1 L of distilled water. The dye 
solutions of desired concentrations were subsequently pre-
pared by dilution of the stock solution with distilled water.

2.3. Experimental methodology

All continuous operation adsorption experiments were 
conducted in a glass column of 2 cm internal diameter 
and 25 cm height. A layer of glass wool was packed at the 
top and bottom end of the column to avoid the adsorbent 
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loss and to ensure closely packed adsorbent arrangement. 
The packed biosorbent was also supported with the inert 
glass beads as shown in Fig. 1. The column experiments were 
conducted by pumping AB 25 dye solution in the upward 
direction with the help of variable speed peristaltic pump 
(Ravel Hiteks, Chennai, India). The experiments were per-
formed at room temperature and the initial pH as 2. pHpzc 
was obtained as 7.48. Hence, at lower pH (pH of 2) than pHpzc, 
positive charge is developed on the biosorbent surface, which 
can yield maximum removal of anionic AB 25 dye. The effects 
of biosorbent bed height (2–4 cm), initial dye concentration 
(50–200 mg/L) and flow rate (6–10 mL/min) on the extent of 
dye removal have been investigated in the column mode of 
operation. The effluent dye samples were collected from the 
top of the adsorption column at different intervals of time 
and centrifuged in a research centrifuge (Remi Scientific, 
Mumbai) at speed of 8,000 rpm to remove any suspended 
particles. Supernatant samples were analyzed to determine 
AB 25 dye concentration (Ct) at λmax of 602 nm using UV–
visible spectrophotometer (UV 1800, Shimadzu, Japan). The 
obtained column data were fitted with various adsorption col-
umn models and model parameters were obtained to check 
the fitting of the model to the experimental results. Elution 
studies were also conducted for the set of experiments with 
initial dye concentration of 100 mg/L for seven cycles. All the 
column experiments were performed in triplicates and mean 
values were considered for further calculations.

2.4. Column data analysis

The performance of the adsorption column was analyzed 
with the help of breakthrough curve. The breakthrough 
curve was obtained by plotting the graph of Ct/Ci (where Ct is 
the concentration of dye at any time t, mg/L, and Ci is initial 
dye concentration, mg/L) vs. time. The breakthrough time (tb) 
was determined as the time when dye concentration in the 
effluent reaches 10% of the initial concentration (Ct/Ci = 0.1) 
[48]. The exhaustion time (te) is determined as the time when 
dye concentration in the effluent reaches 90% of the initial 
concentration (Ct/Ci = 0.9) [49].

Effluent volume, Veff (mL) processed in the operation is 
calculated as [27]:

Veff = Qte (1)

where Q is the volumetric flow rate of dye solution (mL/min) 
and te is the column exhaustion time (min).

Total dye adsorbed, qad (mg) for given dye concentration 
and flow rate is given as [50]:

q Q C dt
t

t t

ad ad=
=

=

∫1000 0

total  (2)

Cad is the concentration of dye adsorbed on the biosorbent 
(mg/L) and ttotal is total time of operation (min).

Dye adsorbed in milligrams per gram of biosorbent, qexp 
(mg/g) was obtained as per the following equation [51]:

q
q
mexp =
ad  (3)

where m is mass of biosorbent in grams.
Similarly, uptake capacity at breakthrough (qb, mg/g) has 

been calculated as [52]:

q
q
mb
b= ad,  (4)

where qad,b is dye adsorbed (mg) at breakthrough.
Elution efficiency (E) has been determined as ratio of 

mass of dye desorbed from biosorbent (md) to mass of dye 
adsorbed on biosorbent (ma) as per the following equation 
[53]:

E
m
m
d

a

%( ) = ×100  (5)

3. Results and discussion

3.1. Effect of bed height (H)

The effect of the bed height was investigated over the 
range of 2–6 cm considering the obtained results in the ear-
lier work [44] related to batch adsorption giving the amount 
of adsorbent required for adequate separation and the quan-
tum of adsorbent that could be effectively synthesized. Fig. 2 
represents the obtained breakthrough curves at different bed 
heights of 2 cm (2.7 g of biosorbent), 4 cm (5.4 g) and 6 cm 
(8.1 g) at constant flow rate of 8 mL/min and initial dye con-
centration of 100 mg/L. As seen from Fig. 2, with a decrease 
in the bed height, the breakthrough curves become steeper 
indicating faster saturation, resulting in the early exhaustion 
of the bed [3]. The biosorption data were evaluated for the 
breakthrough parameters and obtained results have been 
given in Table 1. The slope of the breakthrough curve was 
found to decrease with an increase in the biosorbent bed 
height [54]. The breakthrough times and exhaustion times 
obtained in the present work increased from 50 to 210 min 
and from 225 to 720 min, respectively, with an increase in the 
bed height from 2 to 6 cm. In addition, for a similar increase in 
the bed height from 2 to 6 cm, maximum biosorption capacity 
increased from 35.68 ± 0.6 to 43.54 ± 0.77 mg/g. The increase in 
breakthrough and exhaustion times and biosorption capacity Fig. 1. Experimental setup of fixed bed column.
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can be attributed to the fact that more amount of biosorbent 
is available at higher bed heights which makes more sites 
available for the adsorption of dye molecules [2,55]. Similar 
trend has been reported for the removal of methylene blue 
using pinecone [56]. Considering the possible optimization 
of the quantity of adsorbent to be used, a bed height of 4 cm 
was considered for further studies.

3.2. Effect of initial dye concentration (Ci)

Fig. 3 depicts the obtained breakthrough curves at dif-
ferent initial dye concentrations of 50, 100 and 200 mg/L at a 
constant bed height of 4 cm and flow rate of 8 mL/min. Again 
the obtained results for the breakthrough parameters have 
been given in Table 1. The breakthrough time and exhaustion 
time decreased from 165 to 50 min and from 630 to 360 min, 
respectively, with an increase in dye concentration from 50 
to 200 mg/L, which can be attributed to the early saturation 
of available adsorption sites at higher initial dye concentra-
tions [57]. Similar trend has been reported for removal of 
methylene blue by activated carbon prepared from oil palm 
shell [58]. Treated effluent volume (Table 1) based on the 
experiments of continuous operation was also the lowest at 
the maximum dye concentration. The maximum biosorption 
capacity increased from 26.39 ± 0.26 to 52.40 ± 0.8 mg/g with 

an increase in dye concentration from 50 to 200 mg/L, which 
can be attributed to the fact that driving force for the adsorp-
tion is based on the difference in dye quantity between the 
biosorbent surface and the remaining dye solution. Thus, 
with an increase in dye concentration, driving force for mass 
transfer increases which results in a corresponding increase 
in the biosorption capacity [23]. Considering the possi-
ble contradictory effects of higher adsorption capacity and 
lower volume of the effluent that could be treated, further 
experiments were performed using 100 mg/L as the initial 
concentration.

3.3. Effect of flow rate (Q)

Fig. 4 depicts the breakthrough curves at different dye flow 
rates of 6, 8 and 10 mL/min at a constant bed height of 4 cm 
and initial dye concentration of 100 mg/L. The breakthrough 
time and exhaustion time decreased from 165 to 80 min and 
from 750 to 330 min, respectively, with an increase in flow 
rate from 6 to 10 mL/min as per the data shown in Table 1. 
Increase in flow rate reduced the residence time of dye in the 
biosorbent bed and enhanced exposure of the new dye mol-
ecules in quick succession leading to early saturation of the 
bed and breakthrough was achieved quickly. Similar trend has 
been reported for removal of methylene blue using biosorbent 
based on oil palm empty fruit fibers [59] and for the removal 
of synthetic dyes from textile wastewater using immobilized 

Table 1
Column data and breakthrough parameters at different bed height (H), initial dye concentration (Ci) and flow rate (Q)

H (cm) Ci (mg/L) Q (mL/min) tb (min) t0.5 (min) te (min) Veff (L) qb (mg/g) qexp (mg/g)

2 100 8 50 105 225 1.8 11.47 35.68
4 100 8 120 240 480 3.84 14.54 39.28
6 100 8 210 420 720 5.76 19.79 43.54
4 50 8 165 330 630 5.04 11.61 26.39
4 200 8 50 165 360 2.88 15.51 52.40
4 100 6 165 360 750 4.5 17.43 44.14
4 100 10 80 180 330 3.3 12.59 34.74

Fig. 2. Breakthrough curve for adsorption of AB 25 dye on 
NTFR biosorbent at different bed heights (pHi = 2, Ci = 100 mg/L, 
Q = 8 mL/min).

Fig. 3. Breakthrough curve for adsorption of AB 25 dye on NTFR 
biosorbent at different initial dye concentrations (pHi

 = 2, H = 
4 cm, Q = 8 mL/min).
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dead Candida tropicalis [60]. The maximum biosorption capac-
ity was found to decrease from 44.14 ± 0.79 to 34.74 ± 0.56 mg/g 
with an increase in the flow rate from 6 to 10 mL/min, which 
can be attributed to the steepening of the breakthrough curve 
with an increase in the flow rate. The increase in flow rate 
decreases residence time of dye and hence, the dye molecules 
do not get sufficient time to penetrate and diffuse into the 
biosorbent pores and dye leaves the bed before equilibrium 
is established resulting in decrease in biosorption capacity at 
high flow rates [46,61]. The observed results have clearly con-
firmed that efficient use of biosorbent is not favored at higher 
flow rates [52] and hence lower flow rates are recommended 
for better performance of the column in terms of complete uti-
lization of the surface area and maximum adsorption.

3.4. Modeling of column data

The successful design of adsorption column requires 
development of good model which gives correct prediction 
of breakthrough curves for the removal of dye effluents. 
In the present study, different models for adsorption were 
applied for the breakthrough curve prediction. The different 
applied models in the present work and the obtained results 
for the fitting have been discussed below.

3.4.1. Thomas model

Thomas model [62] is often used for the prediction of 
adsorption column data and to study adsorption kinetics. 

This adsorption model fits the system especially when the 
internal and external diffusion resistances are very less. 
Thomas model assumes plug flow behavior in the column 
[63]. In addition, the model is based on the assumption that 
biosorption–desorption follows Langmuir kinetics without 
axial dispersion and the rate determining step follows sec-
ond-order reversible kinetics [60]. The linearized form of the 
Thomas model has been given as follows:

ln
C
C

k q m
Q

k C ti

t

Th Th
Th i−









 = −1  (6)

where Ci and Ct are initial concentration and concentration 
of dye at any time t, respectively (mg/L), kTh is Thomas rate 
constant (mL/min/mg), qTh is maximum adsorption capacity 
(mg/g), m is mass of biosorbent (g), Q is flow rate (mL/min) 
and t is time (min).

The obtained experimental adsorption column data in 
terms of the adsorption capacity at different flow rate, height 
and concentration were fitted to the Thomas model for deter-
mination of Thomas parameters, the Thomas rate constant, 
kTh and maximum adsorption capacity, qTh. The obtained 
results for the linear fittings of Thomas model have been 
given in Table 2. As seen from Table 2, values of kTh decreased 
and qTh increased with an increase in bed height [64]. Increase 
in uptake (qTh) can be attributed to increase in adsorption 
sites available due to more quantity of the adsorbent avail-
able at higher bed heights. Similar trend has been reported 
for removal of reactive azo dye onto granular activated car-
bon prepared from bamboo waste [63]. 

The observed values of kTh decreased and qTh increased 
with an increase initial dye concentration. Increase in concen-
tration increased driving force for mass transfer and hence 
qTh increased. Similar trend has been reported for removal of 
phenanthrene and acid red dye using modified kaolin [65]. 
Values of kTh increased and qTh decreased with an increase in 
flow rate. Retention time of dye in the column is less at high 
flow rate, which results in a decrease in the qTh. Similar trend 
has been reported for removal of Acid Blue 15 using freshwater 
macroalga Azolla filiculoides [66] and removal of anionic blue 
15 by using Moringa oleifera–encapsulated alginate beads [67]. 
From Table 2, it can be seen that the correlation coefficient, R2 
values range from 0.9534 to 0.9841, which are closer to unity. 
Maximum adsorption capacity values calculated experimen-
tally, qexp and obtained by Thomas model, qTh were also observed 
to be very close to each other for all the set of parameters inves-
tigated in the work. These findings suggested better fitting of 
the Thomas model to the obtained experimental results.

Table 2
Thomas model parameters for removal of AB 25 by NTFR biosorbent

H (cm) Ci (mg/L) Q (mL/min) kTh (mL/min/mg) qTh (mg/g) qexp (mg/g) R2 MSE

2 100 8 0.244 37.59 35.68 0.9709 0.0027
4 100 8 0.13 40.21 39.28 0.9645 0.0026
6 100 8 0.097 44.29 43.54 0.9568 0.0017
4 50 8 0.206 27.08 26.39 0.9565 0.0022
4 200 8 0.0785 53.39 52.40 0.9653 0.0019
4 100 6 0.077 45.71 44.14 0.9534 0.0033
4 100 10 0.19 35.69 34.74 0.9841 0.0012

Fig. 4. Breakthrough curve for adsorption of AB 25 dye on NTFR 
biosorbent at different flow rates (pHi

 = 2, H = 4 cm, Ci = 100 mg/L).
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3.4.2. Adams–Bohart model

Adams–Bohart model [68] describes the variation in the 
Ct/Ci in a continuous adsorption process. This model assumes 
that rate of adsorption is proportional to residual adsorption 
capacity and concentration of the adsorbing species [64]. 
The linearized form of the Adams–Bohart model is given as 
follows:

ln
C
C

k C t k N Z
U

t

i
AB i AB









 = − 0  (7)

where kAB is Adams–Bohart rate constant (L/mg/min), N0 is 
biosorption capacity of column (mg/L), U is velocity (cm/min) 
and Z is height of the biosorbent in the column (cm). 

The obtained experimental adsorption column data 
were fitted to Adams–Bohart model for determination of 
the model parameters, Adams–Bohart rate constant, kAB 
and biosorption capacity, N0. The obtained results for the 
linear fittings of Adams–Bohart model have been given in 
Table 3. As seen from Table 3, values of N0 increased and kAB 
decreased with an increase in initial dye concentration and 
bed height whereas N0 was found to decrease and kAB found 
to increase with an increase in the flow rate. An increase in 
kAB with an increase in the flow rate indicated that overall 
adsorption kinetics was dominated by external mass trans-
fer in early stages of adsorption. Similar trend has been 
reported for removal of methylene blue by  using polydopa-
mine-coated silica microspheres [23]. It was observed in the  
present work (data shown in Table 3) that the correlation 
coefficient, R2 values range from 0.7055 to 0.7905 which sig-
nificantly deviate from unity. These findings suggest that 
the Adams–Bohart model does not fit very well the experi-
mental results obtained in the present work.

3.4.3. Yoon–Nelson model

Yoon–Nelson model [69] is relatively a simple adsorp-
tion model describing breakthrough observed in the con-
tinuous column operation. The model assumes that the rate 
of decrease in the adsorption probability for each adsorbate 
molecule is proportional to the adsorbate–adsorption inter-
action probability and the adsorbate breakthrough proba-
bility [57]. The linearized form of the Yoon–Nelson model is 
given as follows:

ln
C

C C
k t kt

i t
YN YN−









 = −τ  (8)

Simple rearrangement of the Eq. (8) gives the following 
new equation used for establishing the parameters:

ln
C
C

k t ki

t
YN YN−









 = − +1 τ  (9)

where kYN is Yoon–Nelson rate constant (min–1) and τ is the 
time required for 50% dye breakthrough (min) obtained from 
Yoon–Nelson model. 

The obtained experimental adsorption column data 
were fitted to Yoon–Nelson model for the determination of 
Yoon–Nelson model parameters, Yoon–Nelson rate constant, 
kYN and time required for 50% dye breakthrough, τ. The 
obtained results for the linear fittings of Yoon–Nelson model 
have been given in Table 4. It can be seen from Table 4 that 
kYN increases and τ decreases with an increase in initial dye 
concentration. Increase in kYN is due to increase in driving 
force for mass transfer at high concentrations and decrease 
in τ is due to faster saturation of the bed at higher concen-
tration [70]. Similar trend has been reported for removal of 

Table 4
Yoon–Nelson model parameters for removal of AB 25 by NTFR biosorbent

H (cm) Ci (mg/L) Q (mL/min) kYN (min−1) τ (min) t0.5 (min) R2 MSE

2 100 8 0.0244 126.86 105 0.9709 0.0027
4 100 8 0.013 271.39 240 0.9645 0.0026
6 100 8 0.0097 448.46 420 0.9568 0.0017
4 50 8 0.0103 365.58 330 0.9565 0.0022
4 200 8 0.0157 180.18 165 0.9653 0.0019
4 100 6 0.0077 411.38 360 0.9534 0.0033
4 100 10 0.019 192.73 180 0.9841 0.0012

Table 3
Adams–Bohart model parameters for removal of AB 25 by NTFR biosorbent

H (cm) Ci (mg/L) Q (mL/min) kAB × 105 (L/mg/min) N0 (mg/L) R2 MSE

2 100 8 9.6 29,635.91 0.7116 0.1813
4 100 8 5.2 30,561.35 0.7284 0.1040
6 100 8 4.3 30,586.30 0.7886 0.0890
4 50 8 7.8 20,646.84 0.7388 0.0939
4 200 8 3.1 43,995.54 0.7114 0.1292
4 100 6 3.1 35,866.77 0.7055 0.0706
4 100 10 8.8 24,900.46 0.7905 0.1709
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Congo red dye using Romanian soil [53]. An increase in flow 
rate resulted in a corresponding increase in kYN and decrease 
in τ. Similar trend has been reported for removal of ceph-
alexin using the walnut shell–based activated carbon [71]. 
An increase in bed height resulted in a decrease in kYN and 
increase in the τ, which can be attributed to slower saturation 
of the bed at higher bed heights [72]. Similar trend has been 
reported for removal of methylene blue dye using Eucalyptus 
sheathiana bark biomass [73]. From Table 4, it can be seen that 
the correlation coefficient, R2 values range from 0.9534 to 
0.9841, which are closer to unity. However, it was observed 
that the time required for 50% dye breakthrough calculated 
from model, τ and time required for 50% dye breakthrough 
obtained experimentally, t0.5 were observed not to be very 
much closer to each other. These finding suggested fair fit-
ting of the Yoon–Nelson model to the experimental results 
obtained in the present work.

3.4.4. Bed depth service time model

The bed depth service time (BDST) model [74] is a sim-
ple adsorption model that requires minimum column tests to 
determine necessary data. The model assumes that intra-par-
ticular diffusion forces and external resistance to mass trans-
fer are negligible and surface reaction between the solute 
remaining in the solution and the unused adsorbent controls 
the adsorption kinetics [75]. The model establishes relation-
ship between adsorbent bed height (Z) and operation time 
(t) in terms of process parameters. The linearized form of the 
BDST model is given as follows:

t
N Z
CU k C

C
Ci a i

i

t

= − −










0 1 1ln  (10)

where N0 is biosorption capacity of column (mg/L), U is lin-
ear velocity of solution through column (cm/min) and ka is 
BDST rate constant (L/mg/min).

The obtained experimental adsorption column data were 
fitted to BDST model (Fig. 5) for determination of the model 
parameters, BDST rate constant, ka and biosorption capacity 
of column, N0. The obtained results for the linear fittings of 

BDST model have been given in Table 5. It can be seen from 
Table 5 that N0 increases and ka decreases with an increase 
in Ct/Ci. The correlation coefficient, R2 values range from 
0.9904 to 0.9944, which are significantly closer to unity con-
firming the better fitting of the BDST model to the obtained 
experimental results. Similar trend has been reported for the 
removal of Congo red dye using rice husk–based biosorbent 
[76] and removal of Indosol Yellow BG dye using peanut 
husk–based biosorbent [77]. 

3.5. Comparison of the different models

In order to determine the best model to fit the experimen-
tal data obtained, it is necessary to analyze the column data 
using error analysis in addition to the observed values of the 
correlation coefficient. In the present study, average mean 
square error (MSE) has been employed to check the best suit-
ability of the model [50]. The equation for the MSE calcula-
tion is as follows:
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where (Ct/Ci)c is the ratio of effluent to initial concentration of 
dye, calculated from model equations and (Ct/Ci)e is the ratio 
of effluent to initial concentration of dye, obtained experi-
mentally. N is the number of experimental data points.

Linear regression has also been performed initially to 
determine all model parameters and correlation coefficient 
(R2) values. Comparison of the obtained R2 values for dif-
ferent models revealed that the values deviate significantly 
from unity for Adam–Bohart model as per the data shown in 
Table 3. On the other side, as seen from Table 2 and Table 4, 
R2 values of Thomas and Yoon–Nelson model, respectively, 
are closer to unity. In addition, the R2 values of BDST model 
(Table 5) are very close to unity also indicating better fitting of 
BDST model to the experimental data. In order to determine 
best fit among Thomas, Yoon–Nelson and Adams–Bohart 
models, breakthrough data obtained experimentally are com-
pared with the predictions of the three models in Fig. 6. It can 
be seen from Fig. 6 that Thomas and Yoon–Nelson model val-
ues are close to experimental values whereas Adam–Bohart 
values are deviating from experimental values. These find-
ing indicated that obtained experimental data do not fit to 
Adam–Bohart model. Graphs of Eq. 6 of Thomas model and 
Eq. 9 of Yoon–Nelson model are the same and represent a sin-
gle curve, thus the correlation coefficient (R2) and MSE values 
of these models are same for all studied parameters as seen 
from Tables 2 and 4. The least values of MSE were obtained 
for the Thomas and Yoon–Nelson model. The best fitting of 

Fig. 5. BDST model plot for adsorption of AB 25 dye on NTFR 
biosorbent (pHi = 2, Q = 8 mL/min).

Table 5
BDST parameters for removal of AB 25 by NTFR biosorbent

Ct/Ci N0(mg/L) ka × 105 (L/mg/min) R2

0.2 13,050.81 32 0.9904
0.4 17,825.50 7.2 0.9932
0.6 21,963.56 −9.01 0.9944
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these two models to the obtained experimental results is also 
confirmed by comparing experimental values with the model 
values. However, it was observed that the Yoon–Nelson 
model parameter (τ) which is the time required for 50% dye 
breakthrough and the experimental value of time required 
for 50% dye breakthrough (t0.5) are not very close to each 
other for all the studied parameters as seen from Table 4. On 
the other hand, the maximum adsorption capacity obtained 
by Thomas model (qTh) and experimental value of the maxi-
mum adsorption capacity (qexp) are very close to each other 
for all the studied parameters as seen from Table 2. All these 
findings suggest the best fitting of the Thomas model and 
comparatively fair fitness of Yoon–Nelson model to the 
experimental results.

3.6. Comparison of efficacy of adsorbent used in the present work 
with other biosorbents

In order to evaluate the potential of NTFR biosorbent to 
remove AB 25 dye from wastewater in continuous column, 
the maximum adsorption capacity (qexp) obtained in the 
present study has been compared with adsorption capacity 
of some of the commonly reported adsorbents in the litera-
ture for the column operation for removal of different dyes 
(Table 6). It can be established from these data that NTFR 
biosorbent developed in the present study has comparatively 
good qexp value, 44.14 mg/g. Hence, it is reasonable to suggest 

that NTFR biosorbent used in the present study is an efficient 
biosorbent to remove AB 25 from aqueous solution in contin-
uous mode of operation.

3.7. Column regeneration studies

The economical viability of the adsorption process can 
be determined by regeneration of the biosorbent in a col-
umn and subsequent reuse for the adsorption. In the pres-
ent study, column regeneration was performed based on 
the adsorption experiments using the AB 25 dye solution 
of 100 mg/L in the NTFR loaded column of 4 cm bed height 
at the rate of 8 mL/min, subsequent elution and reuse for 
seven cycles. NTFR biosorbent is regenerated in column 
by performing an elution step after each biosorption cycle. 
An elution step is based on the passage of distilled water 
under condition of pH of 12. AB 25 dye adsorption in col-
umn is carried out at lower pH (pH of 2) and elution is 
carried out at higher pH (pH of 12). High electrostatic 
attraction between acidic dye-loaded NTFR biosorbent and 
alkaline distilled water of pH 12 resulted in dye desorption 
at a faster rate. The elution efficiency values were found 
to be 99.93%, 99.06%, 97.76%, 96.07%, 94.57%, 90.96% 
and 85.71% from first to seven adsorption–elution cycles, 
respectively. Elution curve for seventh cycle in terms of the 
concentration of the dye in eluent after passage through 
the column is illustrated in Fig. 7. The obtained results 
for seven cycles established slight decrease in adsorption 
capacity from 39.28 mg/L for first cycle to 38.10 mg/g for 
fifth cycle, indicating excellent reusability of synthesized 
NTFR biosorbent to treat industrial dye effluent till five 
cycles. Subsequent increase in the reuse cycle resulted 
in a stronger decrease in the adsorption capacity (from 
38.1 mg/g in the fifth cycle to 36.02 mg/g in the seventh 
cycle). It is important to understand that almost 90% of dye 
removal always occurred in less than 30 min for all cycles. 
The obtained results for seven cycles indicated that synthe-
sized NTFR biosorbent in the present study could be regen-
erated in a column and used repeatedly for dye removal 
from aqueous solution with minimal loss in the adsorption 
capacity till five cycles and with marginally reduced capac-
ities for seven cycles. The presented regeneration results 
ensured potential of synthesized biosorbent to treat textile 
dye effluents at larger scale and more importantly in con-
tinuous mode of operation.

Table 6
Comparison of column maximum adsorption capacity (qexp) of different adsorbents with NTFR

Dye Adsorbent Ci (mg/L) Flow rate (mL/min) Column height (cm) qexp (mg/g) References

AB 25 NTFR 100 6 4 44.14 Present study
Direct Yellow 50 Sugarcane bagasse 50 1.8 4 10.44 [2]
Reactive Black 5 Bamboo waste 100 10 8 39.02 [63]
Congo red Rice husk 30 3.6 12 3.08 [76]
Indosol Yellow BG Peanut husk 100 1.8 4 25.92 [77]
Methylene blue Natural zeolite 30 2.2 15 4.36 [78]
Methylene blue Modified chitin 

supported on sand 
50 10 15 51.8 [79]

Fig. 6. Comparison of breakthrough curve (pHi = 2, H = 4 cm, 
Ci = 100 mg/L, Q = 8 mL/min).
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4. Conclusions

The present study established the potential of synthesized 
NTFR biosorbent for the removal of AB 25 from aqueous 
solution in a continuous mode of operation. The established 
breakthrough curves represented the effect of biosorbent bed 
height, initial dye concentration and flow rate on AB 25 dye 
removal in a fixed bed column. Higher bed height (6 cm) and 
lower flow rate (6 mL/min) favored maximum AB 25 dye 
removal from aqueous solution. The maximum biosorption 
capacity for 100 mg/L of dye concentration was observed to 
be 44.14 mg/g. Thomson and BDST model were found to pro-
vide the best fit to the column experimental data as per the 
values of the correlation coefficient as well as the error func-
tion, MSE. Elution studies conducted for seven cycles estab-
lished slight decrease in adsorption capacity from 39.28 mg/L  
for first cycle of reuse to 38.10 mg/g for fifth cycle, indicating 
potential reusability of synthesized NTFR biosorbent to treat 
industrial dye effluent, whereas adsorption capacity margin-
ally decreased from 38.1 mg/g in the fifth cycle to 36.02 mg/g 
in the seventh cycle. Overall, it has been established that the 
NTFR biosorbent serves as a low cost biosorbent and can be 
considered as promising biosorbent for removal of AB 25 dye 
from wastewater in a continuous mode of operation based on 
the fixed bed.
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