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environment quality which is quite alarming and a matter of concern. In the
present study, the removal of a carcinogenic azo dye, congo red (CR), was
modelled for column adsorption dynamics following batch study in aqueous
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solution using iron modified cellulose nanobead. The effect of process
parameters has been described for both batch and column study. Adsorption
capacity of CR in the batch mode and column mode was calculated to be 3.29 and
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8.69 mg g! respectively. The elution of retained CR from FeCNB phase was
performed using 1.0 x 10! mol dm® NaOH and the maximum elution was
found to be 81.25%. The experimental data were well described by BDST
model.
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I. INTRODUCTION adsorption [10-12] for monitoring. Considering the

simplicity and ease of operation, toxic organic

Rapid industrialization has made a serious impact on

the environment with introduction of several
xenobiotic compounds. Dyes are widely used in
several industrial operations and as a result huge
amount of dye wastewater are introduced in the
environment [1]. The presence of these compounds
has become a cause of worldwide concern due to their
persistence, toxicity and health hazards. It is therefore
of prime necessity to control the load of such
toxicants prior to discharge into receiving water
bodies. Popular treatment processes include biological

degradation [2-4], chemical oxidation [5-9] and

compounds are widely removed from aqueous waste
streams by adsorption onto a solid surface via weak
van der Waals forces. Separation and removal of dyes,
too, by adsorption is a promising field of research.
Several techniques such as AOPs [5-9], coagulation-
flocculation [13-14], membrane separation [15-16],
bioaccumulation [17-18], dialysis/ electrodialysis [19],
reverse osmosis (RO) [20-21], ion-exchange [22],
biosorption [23-24], phytoremediation [25] including
adsorption [10-12] are used for dye removal. Common
adsorbents for CR are mainly derived from different

natural products such as biomass, agricultural waste,
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rock, clay etc. In addition, nanoparticles and
nanocomposites, as adsorbent show promise in
removing CR from water and wastewater.

The effectiveness of iron(III) modified cellulose
nanobead, the iron cellulose nanocomposite (FeCNB)
in removing CR, an azo dye was studied in batch
mode [26]. In continuation, the present report deals
with the design, operation and performance of a fixed
bed FeCNB column for removal of CR. In order to
simulate the design of column operation knowledge of
adsorption isotherms as well flow dynamics is

considered.

II. MATERIALS AND METHODS

2.1. Materials

The chemicals and the solvents used are of Analytical
grade. Congo red (CR) and cellulose powder (CS)
were purchased from Merck Loba Chemie, India
respectively. A stock solution (250 mg dm=3) of CR
was prepared using deionized water. Fe(IIl) nitrate
(Merck, India) solution (10% w/v) was prepared and
used for the synthesis of the FeCNB.

2.2. Synthesis of the nanobiocomposite, the adsorbent

The Fe(IlI) loaded

nanocomposite bead (FeCNB) was made in a two steps

synthesis  of cellulose
process via, synthesis of cellulose nanobead (CNB)
using sol-gel technique and iron loaded cellulose
nanocomposite bead (FeCNB) by impregnation of
ferric nitrate (10% w/v) over CNB [26].

2.3. Batch study

In the batch adsorption process CR solution of
known concentration was agitated with FeCNB in an
incubator till the attainment of the equilibrium. The
solution was filtered and the CR concentration in the
filtrate was measured spectrophotometrically at a
wave length of 498 nm. The process was optimized for
dose (1.0 g), initial CR concentration (50-200 mg
dm3), shaking time (5-200 min), pH (2.2-8.5) and

temperature (293-313 K) of working solution [26]. The
kinetic investigation was performed by withdrawing

the CR solution at regular adsorption time interval.

2.3. Column study

Column dynamic experiment was performed in a
down-flow manner using a perspex column (i.d. 1.3
cm, length 60.0 cm) packed with FeCNB of uniform
size following the procedure of Hutchins [27]. The
feed solution flow rate was controlled through a flow
controller. The process was investigated for the feed
flow rate (2.0-6.0 cm® min!), feed CR concentration
(50-150 mg dm3) and FeCNB bed height (10-30 cm)
in the column. The effluent was collected from the
column end at regular time intervals and CR
concentration was measured spectrophotometrically at

a wave length of 498 nm.

III. RESULTS AND DISCUSSION

3.1. Characterization of FeCNB sample

The FeCNB sample was characterized for FT-IR
spectra, SEM and associated EDAX (FEI Quanta FEG
250), FESEM (JEOL, JSM 6700 F with voltage 5.0 kV),
and TEM (JEOL-JEM-2100-HR) studies. The O-H
stretching, symmetrical C-H stretching, C-H bending
C-0-C, C-C-O, C-C-H
deformation and stretching of cellulose moiety was
noticed from FTIR spectra [26]. The observed bands
due to the stretching and bending vibration of Fe-O

(in plane) as well as

and O-Fe-O were indicated binding of Fe with
cellulose [28]. The surface roughness and topography
were investigated from SEM and FESEM. Presence of
carbon, oxygen, iron, nitrogen, sulphur and sodium
along with size distribution of particles in the

nanoscale range was shown [26].

3.2. Parametric design of CR retention in a batch
operation

3.2.1. Effect of operational parameters

Operational parameters such as adsorbent dose,

solution pH and temperature, shaking time and speed
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as well as the adsorbate concentration influence the
adsorption extent in the batch process. Percent
removal of the dye was increased initially with
increasing adsorbent dose from 0.5 to 1.0 gdm™ and
thereafter became almost constant. The percent
removal was increased from pH 2.0 to 6.0 and
gradually decreased from pH 6.0 to 10.0. This can be
explained from the point of zero charge of FeCNB
(pHzpc; 7.58). The electrostatic interaction between
positive surface of FeCNB and the anionic dye
molecules prevails leading to increased removal at pH
< 758. At pH > 7.58 the electrostatic repulsion
between adsorbent surface and CR was increased and
the extent of adsorption was found to diminish
rapidly. It was found that the equilibrium reached in
90 min and further increase in contact time did not
change the extent of adsorption. The percent removal
was found to be 94.34 and 89.80% for the initial
concentration of 50 and 200 mgdm, respectively.
With increase in shaking speed from 50 to 100 spm,
percent removal was increased from 51.44 to 89.61%
corresponding to dye solution of 200 mg dm=3, and
from 65.04 to 94.23% corresponding to dye solution
of 50 mg dm™. The percent removal was decreased
from 94.23 to 89.61% with an increase in initial dye
concentration from 50 to 200 mg dm3 at 303 K. With
increase of solution temperature the extent of CR
adsorption was increased from 88.58 to 95.48 %
corresponding to initial CR concentration of 100 mg

dm3.

3.2.2. Adsorption equilibrium study
the

feasibility criterion of the adsorption process. The

Study of the adsorption isotherm reveals
isotherm models tested are Langmuir, Freundlich,
Temkin and Sips. Fig. 1 demonstrates the equilibrium
isotherm linerized Langmuir,
Freundlich, The

applicability of a particular isotherm model was

corresponding to

Temkin and Sips models.
assessed from R? (regression coefficient) and SE
(standard error of estimate) values. The higher R? and

lower SE suggest the Langmuir model as the most

fitted one. The adsorption isotherm characteristics are
presented in Table 1. The thermodynamic parameters
such as AG®, AH? and AS° are evaluated and presented
in Table 2.

—&— Langmuir
1.6 —=&— Freundlich
—&— Temkin

—v—Sips

Ce (mgdm's)

Fig. 1: Plot of model ge against Ce of different isotherm
models

Table 1: Isotherm characteristics and related linear

equations:
Isotherm Equation* R? SE
Langmuir |Se_—_1 | Ce 0.9993 | 0.1055
de Qdob o
[30]
Freundlich | Inq. = InKp + 0.9951 | 0.0665
1
;ll’lce
[31]
Temkin Qe = (1;_:) InAt + 0.9873 | 0.1082
RT
(5:)InCe
[32]
Sips In (K_) = 0.9950 | 0.0665
e
—BsInC, + In(Ag)
[33]

*Ce (mg dm3): equilibrium concentration of adsorbate,
b (dm3 mg'):
Langmuir adsorption constants related to energy,
qo (mg g):
Freundlich constant, R: Universal gas constant, T (K):

qe (mg g'): amount of adsorbate,
adsorption capacity, Kg (gm g™):
temperature at which the adsorption process is

performed, At (dm?® mg): adsorption capacity, By (J
mol?): heat of adsorption, Kg (dm? g!): Sips isotherm
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constant, Ps: Sips isotherm model exponent and Ag

(dm3mg1): Sips isotherm model constant

Table 2: Thermodynamic parameters and the related

equations
Thermodynamic | Equation* | -AG® | AH? | AS°
XJ] | X | (K]
mol- | mol- | mol
1) 1) 1K-1)
Gibb’s AG® =
AH® — 6.311 | 38.23 | 0.147
TAS°
[34]
RanC =
van’t Hoff ASO — $
[34]

*AG®: Gibb’s free energy, AS®: change in entropy, AH®:
change in enthalpy, R (J mol K'): Universal gas
constant, T(K) = temperature in Kelvin scale and Kc is

the equilibrium constant of the process.

3.2.3. Adsorption Kinetic study
In order to determine the rate of adsorption and
plausible mechanism of CR-FeCNB

pseudo-first-order and pseudo-second order kinetic

interaction,

models were tested. The model kinetic characteristics
are presented in Table 3. The validity of the particular
kinetic model was tested with R? and SE values. The
higher R? and lower SE favour the Pseudo-second-
order kinetic model

Table 3: Kinetic characteristics and the related linear

equations
Kinetics Equation* R? SE
Pseudo-first- | In(ge — q¢) = 0.9794 | 0.6520
order In ge — Kyt

[35]
Pseudo- t__1 .t 0.9982 | 1.016

deorder | k208 ge

second-order 35]

*q: (mgg™): amount of solute adsorbed on the surface

of adsorbent at time ‘t’, ki: pseudo-first-order rate

constant, qe (mg g!): amount of dye adsorbed at
equilibrium, k2 (g mg' min'): pseudo-second-order

rate constant

3.3. Parametric design of CR adsorption in a column
operation

Adsorption isotherm, being a batch equilibrium test,
however, fails to simulate or predict dynamic
performance during continuous flow movement. The
most important deficiency is the lack of a predictable
contact time necessary to achieve the equilibrium
capacity in a granular bed. In order to design the
operation in a fixed bed column as well as to dictate
the flow dynamics the breakthrough curve is
constructed.

For the retention CR solution of known concentration
and pH was continuously fed at the top of the column
bed at a fixed flow rate. A plot of C/Co against time or
the volume of effluent yielded the breakthrough
curve. It is assumed that during solute retention on
the FeCNB bed CR mass transfer occurs by convection
only, no radial and axial dispersions occur, the flow
pattern is ideal plug flow and no chemical reaction
occurs in the column [36-37].

Retention of CR in the column occurs as equilibrium
is established. With progress of time (t) the upper part
of the column becomes saturated with incoming CR,
in the intermediate zone CR is found in solution as
well as on FeCNB surface with any CR still to reach
the lower part of the column. In the intermediate
interaction zone, the concentration (C) of CR retained
is different at different bed or the distance (d) from
the top of the column bed. The ratio C/Co is a
function of d at a given t. The interaction zone moves
downwards as primary adsorption zone following the
mass balance concept. Finally, the interaction zone to
reach end of the column at the breakthrough point (t»)
and CR is first detected in the column end. At the
exhaustion point (tex) the total bed became exhausted.
The shape of the breakthrough curve in the column
operation is largely dependent on the type of adsorption

isotherm governing the static equilibrium [36]. The
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performance of the column is expressed as the column
capacity and was compared with that from batch
operation.

3.3.1. Effect of operational parameters

The operation and performance of a column as is
influenced by several operational parameters like
the bed height, volume, concentration and flow
rate of the feed solution, the optimization of such

variables was made.
3.3.1.1. Effect of feed CR concentration

CR retention on the FeCNB column was investigated
with different CR concentrations, viz. 50, 100 and 150
mg dm3. Sharp breakthrough curve was obtained at
higher feed CR concentration. The breakthrough time
decreases as the feed CR concentration increases. The
percent adsorption lies in the range between 35.47
and 70.32 % and found to increase with feed CR

concentration (Table 4).

3.3.1.2. Effect of flow rate of feed CR solution

The effect of flow rate of the feed CR solution was
studied for a fixed CR concentration (100 mg dm-3) and
FeCNB bed height (20 cm). It is found that the column
capacity does not change up to a flow rate (F) of 7.0
cm?® min! even for the highest concentration studied.
However, in subsequent studies a flow rate of 4.0 cm3
min! was maintained. At a lower flow rate due to
adequate interaction time adsorption was expected to
be very efficient and with progress of solution
movement CR retention gradually decreases. With
the

becomes steeper. The breakthrough time and adsorbed

increase of flow rate breakthrough curve
CR concentration decreases (Table 4) due to the

shorter residence time of CR in column.

3.3.1.3. Effect of FeCNB bed height

In order to study the effect of bed height on CR
retention, FeCNB column of three different bed
depths, viz. 10, 20 and 30 cm were taken. CR solution
of fixed concentration (100 mg dm=3) was passed

through the individual column at a fixed flow rate of

4.0 cm® min-'. The experimental study revealed that
the percent adsorption (P) increases with increasing
bed height and initial concentration but decreases
with flow rate (Table 4).

Table 4: Column characteristics of CR adsorption

d F Co th tex % P
(cm) | (cm? (mg dm- | (min) | (min)
min) 3)

10 4 100 42 606 | 55.58
20 4 100 50 725 55.62
30 4 100 57 825 61.24
20 2 100 100 1100 | 58.41
20 6 100 47 550 | 52.00
20 4 50 28 550 | 35.47
20 4 150 97 1000 | 70.32

*d (cm): bed depth, F (cm3min™) flow rate, Co (mg
dm3): CR

breakthrough time, tex (min): bed exhaust time, P:

initial concentration, t» (min):

Column adsorption (%) of CR

3.3.2. Breakthrough service time model
Breakthrough service time (BDST) model is used to
predict the column performance for any bed length.
A linear relation between bed depth and service time
is given by Eq. 1 [27].

_NozZz 1 Co _
t= Cov  KaCo In (cb 1) (1)

Where Co is the initial dye concentration (mgdm=),
No is the adsorption capacity of bed (mgdm=), v is
the linear velocity (cm h), Co is the breakthrough
CR concentration (mgdm®) and K. is the rate

constant (dm®mgh).

A plot of service time against bed depth, following
the above model of Hutchins gives a straight line
(Fig. 2). The high regression values (R? = 0.9985) of
the linear plot indicates the validity of BDST
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Fig. 2: Linear plot of service time against bed depth

3.4. Adsorption performance evaluation in batch and

column mode

Adsorption capacity of CR in the batch mode and
column mode is calculated to be 3.29 and 8.69 mg g1,
respectively, indicating that column capacity is higher
than the batch capacity for the CR-FeCNB system.
Thus, column operation is preferred to the batch

operation.
3.5. Elution study

Elution of the retained CR from the FeCNB phase was
tested with different eluting agents such as ethanol,
methanol, 1:1 ethanol/H20, 1:1 methanol/H20 and
sodium hydroxide solution. It was found that the
maximum elution of retained CR from FeCNB phase
was achieved using sodium hydroxide solution as the
eluting agent. The elution process was also performed
using different concentrations of sodium hydroxide. A
constant flow rate of 3.0 cm® min' was maintained
throughout the operation. It is found that a
maximum of 81.25% of retained CR was eluted

with1.0 x 10-! mol dm-3 NaOH solution.
3.6. Effectiveness of the column operation

In order to find the effectiveness of the column the
operation is repeated for a number of times and the
capacity after each cycle was evaluated. In a typical
set with initial CR concentration of 100 mg dm3 and
bed height 20 cm, the retention—elution (NaOH:1.0 x
10! mol dm-3) process was repeated for five times. Itis

found that column capacity decreases with cycle

within 66.8%. The

experimental column capacity (8.69 mg g1) is

number although remains
compared with theoretical breakthrough capacity
(8.75 mg g ') as well as the CR recovery (7.06 mg g!)

through elution.

IV. CONCLUSIONS
FeCNB, the nanobiocomposite is found to be a
suitable adsorbent for the removal of CR from
aqueous sample. The equilibrium behaviour of the
adsorption was represented by Langmuir and
Freundlich isotherm model. The thermodynamic
constants estimate that CR removal on FeCNB is

feasible and spontaneous.

The mass balance concept is applied to predict the
behaviour of solution movement through the
column. The nature of breakthrough curve is
influenced by the flow rate, column bed height,
adsorption capacity and adsorption rate. The
formation of primary adsorption zone is predicted
and characterized by different secondary
parameters. The column capacity is found higher
compared to the batch capacity. The retained CR
can be eluted with NaOH solution (1.0 x 10-! mol

dm-3).
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