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Kinetics, thermodynamics and isotherm studies on adsorption of methyl orange
from aqueous solution using ion exchange resin Amberlite IRA-400
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ABSTRACT

Study on removal of anionic dye methyl orange (MO) from aqueous solution was investigated using
ion exchange resin Amberlite IRA-400 batch adsorption process. Effect of operating adsorption factors
that influence on the adsorption process such as contact time (1-300 min), initial dye concentration
(25-500 ppm), solution pH (2.5-11.5), resin dose (5-100 g/L) and temperature (293-353 K) were stud-
ied. The extent of MO adsorption was increased with increase in the contact time, agitation speed,
temperature, initial dye concentration and adsorbent dose but decreased with increase/decrease of the
solution pH (maximum at pH-6.5). Equilibrium data were analyzed by both Langmuir isotherm and
Freundlich adsorption isotherm. The maximum monolayer adsorption capacity of Amberlite IRA-400
was resulted as 74.4 mg/g at 303 K. The value of separation factor (R,) from Langmuir equation and
Freundlich constant (1) indicated on favorability of adsorption. Thermodynamic parameters such as
AG®°, AH® and AS° were calculated and the positive value of AH® (4.13, 3.63 and 7.09 k] mol™) for cor-
responding initial MO dye concentrations: 50, 100 and 200 ppm, respectively, in the solution indicated
that the adsorption was of endothermic in nature. Kinetics result revealed that the adsorption of MO
is of pseudo second-order and chemisorptions type.
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1. Introduction

Nowadays, organic contaminations from a various
sources have become an important issue in worldwide
because of their impact not only the public health but also
the whole environment. Especially the organic dye pollut-
ants from various industries like textile industry, paper,
leather tanning, food processing, plastics, cosmetics, rub-
ber, printing and dye manufacturing industries etc. have

* Corresponding author.

received greater attention due to increasing of the environ-
mental risk when they are discarded into water [1-6]. A very
low concentrations of colored effluent though discharged
into water bodies, that can again prevent the penetration of
sunlight and oxygen throughout water as a result of which
chemical and biochemical oxygen demands (COD and
BOD) increases [4,7-9] and further it affect photosynthetic
activity in aquatic systems [10-13]. However, some dyes are
also degrading into various compounds which have toxic,
mutagenic or carcinogenic influences on living organisms
[5,10,11,14-17]. There are also some dyes which are resis-
tant to aerobic digestion, and also stable to oxidizing agents
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because of their synthetic processes and complex chemical
structure which makes them exist in environment for a very
long period of time [11,18]. Azo dye is one of them where
the azo linkages (R,-N=N-R)) shows various character-
istics colors leading to their extensively usages in various
industrial fields and also in research laboratories. However,
when these azo dyes decomposed that produce at about 20
kinds of carcinogenic aromatic amines which can changes
human DNA structure to result in induced lesions and can-
cer [5,6,19]. At present scenario more than 10,000 dyes are
commercially available in worldwide and the production
is approximately 7 x 10° million tons. At about 5%-10%
of these dyestuffs become waste which subsequently dis-
charges into the aqueous phases as a result of which toxicity
level of water bodies increases [4,11]. Of these dyes, sulpho-
nated-based azo dye like MO is one of them, which is being
most commonly used as an acid-base indicator. Therefore,
it is very much essential to investigate the removal of azo
dye from waste contaminated water due to this dye. Though
preferentially preliminary pre-treatment of waste water is
adopted while purifying waste water; there is still a big chal-
lenge prior to its disposal. This is mainly because synthetic
dyes used in industries are designed to resist upon exposure
to light, heat, many chemicals including oxidizing agents,
water, sweat and microbial attacks [12,20].

In recent years, various techniques or methods
are being practiced by the researchers for removal of
dye from industrial effluents including photo catalytic
degradation, sonochemical degradation, ozone treat-
ment, micellar-enhanced ultra filtration, ion exchange
membranes, electrochemical degradation, integrated
chemical-biological degradation, integrated iron (III)
photo-assisted biological treatment, solar photo-Fenton and
biological processes and Fenton-biological treatment, coag-
ulation and also adsorption [5,6,16,17,20-26]. Each of the
above-mentioned methodology has some advantages and
disadvantages. However, to overcome several issues such
as incomplete removal of said metal/dye, usage of high cost
reagent and high energy generation of toxic sludge or other
waste products, high operating costs of these processes, an
alternate effective method must be adopted. Adsorption is
one of the most attracting technologies because of high effi-
cient, cost-effective, simple design process, effortless oper-
ation in alternative to conventional methods as described
above. The adsorption process is of eco-friendly approach
because it does not produce any harmful substances after
adsorption and on the other hand the availability of a wide
range of adsorbents is high [27-30].

The adsorbent materials like activated carbons, modified
clays, waste materials, zeolites, numerous bio-adsorbents
were extensively being used in various adsorption processes
[21,26,31,32]. However, the use of such adsorbent does not
show greater potential in context of high selectivity and effi-
cientremoval of dyes or metal from the contaminated industrial
waste water. Nevertheless, the above adsorbents have major
drawback with regard to their regenerability issue. In contrast,
commercially available polymeric resins such as Amberlite
IR-120, Amberlite IR-400, Amberlite IRC-748, Amberlite IRC-
718, and Lewatit TP-207 are found to be widely used in recent
years as adsorbents due to good selectivity, binding energy
and mechanical stability, easily regeneration property because

of bearing various specific functional (cationic/anionic/chelat-
ing exchange type) sites within it. Therefore, it can be used for
multiple adsorption-desorption cycles and good reproducibil-
ity in sorption characteristics [16,32].

Wawrzkiewicz [13] demonstrated that adsorptions of
dyes using natural adsorbent are not more efficient as com-
pared with synthesized product while investigating on com-
parative study of adsorption of C. I. Direct Blue 71 dye using
different adsorbent (Amberlite IRA 67, Lewatit MonoPlus
MP 62, Lewatit MonoPlus MP 64, Amberlite IRA 458,
Amberlite IRA 900, Amberlite IRA 958, Lewatit MonoPlus
MP 500, and Lewatit MonoPlus M 500) with natural sorbent
materials such as orange peel. Both batch and column sorp-
tion methods were investigated for this adsorption process.
Authors reported that the adsorbent material like Amberlite
resin of IRA 958 (synthetic) was more efficient than the nat-
ural adsorbent material [13]. Karcher et al. [33] studied the
effect of anion exchange resins S6328a (strong basic) and
MP62 (weak basic) for removal of reactive dyes from textile
wastewaters in which the regeneration of resin was easier in
this process and the reaction was efficient when the pH of
solution was below 8.0. Wawrzkiewicz and Hubicki [34] also
studied the effect of weak and strong base anion exchange
resins (Amberlite IRA-67, Amberlite TRA-402, Amberlite
IRA-958 and Lewatit M-600) for sorption of Indigo Carmine
from aqueous solutions. From these results, the ion exchange
capacities of Amberlite IRA-67, IRA-402, IRA-958 and
Lewatit M-600 towards Indigo Carmine were 0.1 mmol/g,
0.17 mmol/g, 1.5 mmol/g and 0.21 mmol/g, respectively. They
have also comparatively studied the potential adsorption of
Acid Blue 29 using synthesized strongly basic anion exchange
resin (Purolite A-520E) and natural adsorbent material of
activated carbon (Purolite AC-20G), where Purolite A-520E
showed high sorption capacity than activated carbon. Tang
et al. [35] studied the removal of MO from aqueous solutions
with poly (acrylic acid-co-acrylamide) superabsorbent
resin and maximum of 394.6 mg/g loading efficiency was
resulted at room temperature. Ma et al. [18] also studied the
removal of MO and Methylene Blue from aqueous solution
using alkali-activated multiwalled carbon nanotubes and in
consequences, CNTs-A showed excellent adsorption capac-
ity of 149 mg/g for MO and 400 mg/g for MB which can be
attributed to multiple adsorption interaction mechanisms.

These results suggest that ion exchange resins in general
could be effective sorbents for the removal of dyes from numer-
ous industrial wastes or other aqueous medium. Nevertheless,
the removal of MO using Amberlite IR-400 is scanty. Therefore,
the objective of this work was to study on the removal of MO
from the industrial waste water using anion exchanger resin
Amberlite IRA-400. The sorption study on removal of MO by
IRA 400 was investigated in the function of dye concentration,
pH, shaking speed, contact time, temperature and resin dose
rate. Langmuir and Freundlich isotherm models were derived
from the results of initial dye concentration in the range 25-500
ppm study and reported. Further experimental data were ana-
lyzed to ensure the order of the adsorption reacting while
fitting with the pseudo-first and pseudo-second-order intra
particle diffusion model equations. Optimum experimental
condition was established for quantitative removal of MO
from waste water and the typical resin sample resulted was
characterized by FT-IR, UV-VIS and described.
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2. Experimental
2.1. Materials

Amberlite resin IRA-400 (average molecular weight
is 341.917) was supplied from SD fine Chemical Ltd. The
physical properties of the resin beads reported by suppliers
are shown in Table 1. To ascertain the proposed adsorption
mechanism, surface physical property characterization
study of Amberlite IRA-400 resin was carried out by
pore size analyzer, Pore master (Model no.: PM33GT-18,
Quantachrome, USA, PVT LTD). The porosity characteristics
such as pore diameter, pore volume, porosity and surface area
of Amberlite IRA-400 resin was obtained as: 4.738053 um,
0.2824 cc/gm, 6.7246% and 3.03381 m?/gm, respectively.
MO was procured from Himedia chemical reagent Ltd. The
molecular structure and formula is also shown in Fig. 1.
Sulphuric acid (Fisher Scientific), hydrochloric acid (Fisher
Scientific), nitric acid(Fisher Scientific), sodium chloride
(Merck), sodium hydroxide (Merck) used in this experiment
were all of analytical grade.

Table 1
General properties of MO dye and Amberlite IRA-400

Parameter Remarks (MO dye) Remarks (IRA-400)
Molecular  C,,H,,N,NaO,S C,,H,,CIN
formula
Molecular  327.33 g/mol 34191
weight
Structure ~
(CHS)EN@—MN—@SOSM NA(CH)CF
N-(CHs)sCF
Functional SO, -N'R,
group
Ionic form Na* Cl-
100 | .—p g o
80 | (&
o]
=
'E 60 /|y ——25ppm
% —8—50 ppm
% —&—T75 ppm
x 40 iz
< : —*—100 ppm
—%—200 ppm
20 : —6—300 ppm
—6—400 ppm
——500 ppm
0 I I I L
0 40 80 120 160 200

Time (t), min.

Fig. 1. Effect of initial dye concentration (conditions: 0.5 g of
resin, temperature 303 K, pH 6.5, shaking speed 250 rpm).

2.2. Preparation and analysis of dye solution

For carrying out the adsorption study a stock solution of
methyl orange (MO) dye of 1.0 g/l was prepared by dissolv-
ing the required amount of MO dye powder with distilled
water. From that stock solution, the desired concentration
of solution was prepared by diluting the stock solution. The
desired concentration range of MO used in this investigation
resembles to the concentration profile of industrial discharge
waste effluent [2,5]. Estimation of MO was performed by col-
ory metric method and the absorbance of respective sample
(s) was read at wavelength of 464 nm using a UV-Visible
Spectrophotometer (UV-1800, Shimadzu, Japan). The pH of
the aqueous samples were read using pH meter (Systronics
model no. 361, India). Characterization of the MO loaded
and original ion exchange resin bead Amberlite IRA-400 was
performed by FTIR (in the region of 400-4,000 cm™) using
SHIMAZDU, IRAffinity-1S FTIR Spectrophotometer, which
further supported the above adsorption mechanism.

2.3. Experimental procedure

The adsorption experiments on Amberlite resin IRA-400
were carried out in batches. Adsorption on Amberlite resin
of different dose were determined by performing adsorption
tests in 250 ml Erlenmeyer flasks where 100 ml of MO solu-
tions with different initial concentrations (25-500 ppm) were
placed and put them on thermo-stetted shaking incubator
(LSI-3016R, Labtech, Korea). Adsorption experiments were
carried out by varying pH, initial dye concentration, adsorbent
dose, temperature and shaking speed. The temperature was
controlled during the experiment to be + 1°C. The pH of the
solution was adjusted by adding 0.1 mol/L NaOH/HCI. The
kinetics of the adsorption was carried out for a contact time
range of 1-60 min, while keeping the resin amount constant in
the shaking vessel. The adsorption isotherm was studied with
a different initial mo dye concentration. The resin amount was
varied from 0.1 to 5 g in the batch test adsorption study. The
temperature of the solution was maintained at 303 K in most
of the experiments except when the effect of temperature was
studied in the range of 293-333 K. The shaking speed was kept
fixed at 250 rpm in most of the batch test experiments except
when the effect of agitation speed was studied in the range
of 50-250 rpm. The amount of MO dye adsorbed by resin at
equilibrium g, (mmol g™), and g, (mmol g™') at time “t” were
obtained according to Egs. (1) and (2), respectively, as follows:

_(G,-C)V

T )
C,-C)V
T @

In addition, the percentage of MO dye adsorbed from
aqueous solution with the resin was calculated using Eq. (3):

(€ -C)

%M = x100 3)

0

where C  and C, (mol.L™) are initial and equilibrium concen-
tration of MO dye in aqueous phase, respectively, C, (mol.L™")
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is the concentration of MO at time t; V (mL) is the volume of
the solution and m (g) is the mass of dry resin. Other equa-
tions such as Egs. (4)—(7) was fitted for interpreting the ther-
modynamics data, Eqs. (8)-(10) for fitting of kinetic modal
and Egs. (11)—(14) for fitting adsorption isotherm results and
detail description for fitting of above equations are provided
the respective sections. All the studies were executed by trip-
lication of the experiments and, accordingly, the average of
triplicate determinations data were reported. The standard
deviations resulted in each experiments are provided in
correspondence to the figures. Overall relative errors were
obtained to be ~2.0%.

3. Results and discussions
3.1. Effect of contact time and initial dye concentration

Effect of contact time for the study of adsorption of MO
by Amberlite resin IRA 400 from 1-300 min was studied using
0.5 gm of resin in 100 ml of the aqueous solution while keeping
other parameters fixed at: shaking speed 250 rpm, tempera-
ture 303 K, MO concentration range 25-500 ppm. It was seen
from the results of Fig. 1 that the adsorption of MO increases
from  14.99%-99.99%, 12.99%-99.99%, 10.99%-99.99%,
7.75%-97.94%, 6.05%-92.70% and 4.96%-70% with increase
in the contact time from 1-60 min for 50 ppm, 1-120 min for
100 ppm and 1-180 min for 200, 300, 400 and 500 ppm, respec-
tively, and thereafter, the adsorption efficiency remains unal-
tered up to 300 min [35]. The adsorption equilibrium of MO
onto IRA-400 was attained at 60 min, 120 min and 180 min,
respectively, for 50 ppm, 100 ppm and 200 ppm, indicating
about requirement of higher contact time with corresponding
higher initial MO concentration. The contact time of 60 min
was kept fixed for further studies since studied initial concen-
tration was of 50 PPM in most cases unless otherwise speci-
fied. Furthermore, the results of the adsorption of MO with
three different initial concentrations (50, 100 and 200 ppm) at
different time were interpreted (as discussed in kinetic model
section) to obtain the order of the reaction.

Form this study, it was assured that the higher adsorp-
tion rate of MO was resulted within 30 min of contact time,
though adsorption equilibrium was attained on 60 min and
the observation for attaining rapid adsorption was attributed
to the adequate free adsorptive site and high concentration
gradient [5]. Similar to the results of the reported investiga-
tion [36,37], adsorption capacity of IRA 400 of present study
showed that MO adsorption was increased with time in all
studied initial concentration range and reached to a plateau
value which revealed that the dye (MO) content is being
adsorbed on to the resin site in of state of equilibrium with
the amount of MO desorbed from the IRA 400. The adsorp-
tion rate was significantly enhanced while increasing the ini-
tial dye concentration (MO) of the solution and this may be
due to strong interaction/exchange of anionic MO with IRA
400 [25].

3.2. Effect of pH

The solution pH is most important factor in the adsorption
process, since the variation of pH leads to the change in the
degree of ionization of the MO dye and the surface properties

of adsorbent [38]. The effect of pH on removal of MO dye
from aqueous solution at various solution pH (2.5-10.5) was
shown in Fig. 2. From which, it can be seen that the maxi-
mum removal of dye was observed at pH 6.5 (merely neutral
pH range). There was significant lowering of MO adsorption
percentage was observed either by increasing pH beyond
neutral pH range or by decreasing the pH below pH 6.5. The
above observations can be explained by following reasons as:
(i) at lower pH range, the H" ion concentration increases and
therefore, highly acidic medium of the solution prevents on
strong ionization of SO,” of MO and that subsequently causes
on lowering of MO adsorption. On the other hand, (ii) The
loading of ionized form of MO ion on to IRA 400 resin phase
was less pronounced due to increase in hydroxyl ion (OH") at
higher pH range (beyond neutral pH) [39]. This can further
be explained due to the reason that the competitive effects of
OH- ion and the electrostatic repulsion between the anionic
MO molecule and the negatively charged active adsorption
site, i.e., CI” of the IRA-400 is appears to be very high at alka-
line pH ranges. The observations are in well agreement with
the reported literature where the study MO adsorption was
carried out using hydrothermal synthesized Mg-Al layered
double hydroxide [36].

3.3. Effect of shaking speed

The study of the effect of shaking speed on adsorption of
dye was shown in Fig. 3. Adsorption is carried out by varying
the shaking speed in the range of 50-250 rpm using 0.5 gm
of resin dose with a solution of volume 100 ml, temperature
303 K and 50 ppm of MO concentration. As shown in Fig. 3,
the percentage of MO adsorption increases with increase in
the shaking speed. The adsorption of MO increases from
3.99% to 52.85%, 4.93% to 88.7%, 6.61% to 93.22%, 10.55% to
99.57% and 13.99% to 100% with the corresponding shaking
speed of 50 rpm, 100 rpm, 150 rpm, 200 rpm and 250 rpm,
respectively. From the results, it was ensured that % of MO
removal beyond 200 rpm remained same and hence further
experiments were carried out at 200 rpm shaking speed.

100 |

80 |

60 |

40

% Removal of MO

20

1] 30 60 90 120
Time (t}, min.

Fig. 2. Effect of pH on adsorption of MO (conditions: 0.5 g of
resin, 50 ppm of dye, temperature 303 K, shaking speed 250 rpm).
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Fig. 3. Effect of shaking speed on adsorption of MO, conditions:
mass of resin 0.5 gm, temperature 303 K, solution 100 ml.

The observation of achieving high adsorption efficiency may
be due to mass transfer through pore diffusion unlike film
diffusion which occurs at low agitation speed [40]. Thus,
from this investigation, it was evident that at higher agitation
speed, the film diffusion increases to a maximum value and
pore diffusion thus becomes the rate controlling step and it
was supported by the literatures [41].

3.4. Effect of adsorbent dosage

To find the optimum amount of adsorbent for maximum
uptake of MO molecules by the adsorption sites of resin,
study on variation of Amberlite IRA-400 quantity (0.1-5 g)
was carried out while keeping rest of the parameters: pH 6.5,
temp. 303 K time 180 min, shaking speed: 200 rpm, constant.
The adsorption efficiency of MO was shown in Fig. 4. As can
be seen from the results, the adsorption efficiency of MO
showed increasing order from (29.64% to 99.99%) by increas-
ing IRA-400 dosage in the range of 0.1-5 gm and adsorption
equilibrium was achieved just after 10 min of contact time at
higher resin dose (5 g) and on further increase in contact time
and adsorbent site show only plateau. The enhancement of
the adsorption efficiency at higher resin dose can be caused
due to the increase in active sites of the resin which become
available with the increase in mass of resin per unit volume
solution [21].

3.5. Effect of temperature

It is well known that temperature has significant role
during adsorption of dyes on to resin phase. Therefore, effect
of temperature on the adsorption was investigated at varying
range from 293-333 K. The results are shown in Fig. 5 and
from which it was observed that while increasing the tem-
perature of the solution the adsorption capacity of IRA 400
increases which favors about endothermic process (it was
further interpreted with thermodynamic date resulted from
the experiments as discussed below).

253
100
80
o]
?_ 60 —e—0.1gm
% —8—0.25gm
B —&—0.5gm
E 40 ——0.75 gm
52 —*—1gm
20 ——1.5gm
——2gm
——5gm
0 1 1 1 1 1 1
o] 10 20 30 40 50 60

Time (t), min.

Fig. 4. Effect of adsorbent dose (conditions: shaking speed
250 rpm, 50 ppm of dye, temperature 303 K and pH 6.5).
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-
——313K
20
0 [ 1 1 1
60 90 120

Time (t), min.

Fig. 5. Effect of temperature (conditions: 0.5 g of resin, 50 ppm,
pH 6.5, shaking speed 250 rpm).

The equilibrium constant K_for adsorption was calcu-
lated using the Eq. (4):

= 4)

where C, and C, are the concentrations of MO in resin
phase (g/L) and in solution (g/L) at equilibrium. Equilibrium
loading capacity of dye was enhanced up to 0.431 mg/g,
0.44 mg/g, and 0.757 mg/g with corresponding initial dye
concentration of 50 ppm, 100 ppm and 200 ppm, respectively,
at temperatures ranges of 293 to 333 K. The values of AG®,
AH? and AS° can be calculated by following thermodynamic
relationships in Egs. (5)—(7).

AG®=—RTLnK_ (5)
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AG®= AH® — TAS® ©)
AS®  AHP

logK = L

988 T3 303R  2.303RT )

where AG? is the standard free energy, AH® and AS°® are the
enthalpy and entropy change of adsorption process. The
thermodynamic co-relation of rate constant K. with standard
free energy (AG®) is described in Egs. (5) and (6). The value
of AH® and AS® were calculated from the slope and intercept,
respectively, and presented in Table 2. The thermodynamics
constants determined from the experimental study appear to
be consistent and independent of initial dye concentration of
the solution. The negative value of AG® indicated the feasibil-
ity of the adsorption process and the spontaneous interaction
of MO dye ion with active sites of the resin. The positive
values of AH® (+4.13, +3.63, +7.09) k] mol™ corresponds to
an endothermic nature of the adsorption process and the
positive values of AS°® (5.44, 4.11, 19.18) J mol'K™ reveals
the increased randomness of the dye and Amberlite resin
IRA 400 interface during adsorption process. The increasing
in adsorption efficiency of MO at higher temperature level
may be caused due to increase rate of diffusion of the MO
molecules across the external boundary layer and in the
internal pores of the IRA-400 particles which subsequently
leads to decrease the viscosity of the solution [2]. Moreover,
the increase in temperature also shifts the equilibrium resin
loading capacity from the bulk solution towards the IRA-400
surface and therefore, loading efficiency of resin to adsorb
MO was significantly enhanced. On the other hand, the
increase in temperature may result in the increase in activity
of MO in solution as well as the strong affinity on exchanging
the anionic site (CI") of IRA 400. The above reasons for high
adsorption efficiency resulted at increased temperature level

Table 2
Thermodynamic parameters of Amberlite IRA-400 adsorption at
different initial MO dye concentration

Initial dye Temperature, AG°, AH®°, AS°,
concentration K k] mol? k] mol? ] mol 'K
(&/L)
50 ppm 293 252 413 5.44
303 -2.50
313 -2.40
323 -2.36
333 -2.32
100 ppm 293 —2.44 3.63 4.11
303 -2.35
313 -2.31
323 -2.32
333 -2.27
200 ppm 293 -1.56 7.09 19.18
303 -1.12
313 -1.10
323 -0.85
333 -0.77

of the present investigation are strongly supported by the
reported literatures [10,26,42].

3.6. Kinetic model

The kinetic behaviors of the ion exchange resin IRA 400
with MO dye was examined in the systems with an initial
dye concentration of 50 ppm. The pseudo-first-order kinetic
model (30) described in Eq. (8) shown in Fig. 7 was fitted with
the logarithmic form of the contact time data of Fig. 1. The
rate constant of adsorption is determined from the first-order
rate expression given by Lagergren and Svenska [20]:

k
log(q, —q,) =logq, —[2 3103] -t 8)

where g, and g, are the amounts of MO adsorbed (mg/g) at
equilibrium and at time ¢ (min), respectively, and k, is the rate
constant of adsorption (s™).

a
1 450ppm W 100 ppm A200ppm (‘ )
y=-0.0257x +1.2245
R?=0.9541
0
=] y=-0.0334x+0.8748
) R?=0.9703
2t
3t
y = -0.0666x +0.716
R?=0.9989
4
0 10 20 30 40 50 60 70
Time (t), min.
30
+50ppm ®W100ppm A200ppm (b)
y=0.1901x + 0.8599
R*=0.9972
20
g y=0.0939x +0.5751
R*=0.9976
10
y=0.0472x +0.4083
R*=0.9984
0 L . . L
0 30 60 90 120
Time (t), min.

Fig. 6. (a) Pseudo-first-order kinetics for adsorption of MO by
Amberlite IRA 400, (b) pseudo-second-order kinetics for adsorp-
tion of MO by Amberlite IRA 400, conditions: mass of resin 0.5 g,
temperature 303 K, solution 100 ml.
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“ tr/

The plot of log(q, — g,) versus “t” shown in Fig. 6(a) gives
a straight line from which the rate constant k, found from the
slope value. The values of correlation coefficient R? g, and
rate constant k, are reported in Table 3. From this table, it was
found that the values of g, was significantly lower than the
measured values, therefore, the rate of adsorption were fur-
ther analyzed on the basis of the pseudo-second-order rate
expression described in Eq. (9).

t 1 t
1t 9
q, kg q, ©

where k, is the rate constant of the pseudo-second-order
adsorption and the other terms have the same meaning
as described in Eq. (9). The validity of second-order kinet-
ics can be evaluated if the plot of t/g, as the function of
t (min) gives straight lines shown in Fig. 6(b). The values
of slope (g, intercept (k,) and correlation coefficient (R?)
were calculated using the straight line of the graph and
also listed in the Table 3. The calculated values of g, from
pseudo-second-order reaction are in reasonable agree-
ment with the experimental g, values from Fig. 6(b) listed
in Table 3. From the above analytical data, it was presumed
that the pseudo-second-order model provides better cor-
relation of sorption fit than the pseudo-first-order model,
suggesting that the rate limiting step may be of chemical
sorption type [13,20]. The consistency of the resulted exper-
imental data in this kinetics investigation study while fitting
of the pseudo-second-order model ascertained the advan-
tage for predicting the behavior over the whole ion exchange
adsorption process. Moreover, it also indicates about the sig-
nificance of the active sites found in the adsorbent matrix.
Similar results are reported while removing the MO using
different adsorbents in the literatures [21,25].

3.7. Mechanism of adsorption

The adsorption of MO from the synthetic waste solution
using Amberlite resin IRA 400 appears to follow increas-
ing trend with increase in the contact time and it was also

Table 3
Kinetic parameters for MO adsorption with Amberlite IRA-400
at different initial concentrations

Initial MO dye concentration, 50 100 200
mg/L

q. exp (mg/g) 4.99 9.99 19.98
Pseudo first order model

k, 0.1534  0.0769  0.0591
q.cal (mg/g) 5.2 7.5 16.8
R? 0.9989  0.9703  0.9541
Pseudo-second-order model

k, 0.0414  0.0154  0.0055
q,cal (mg/g) 5.3 10.6 21.2
R? 0.9972  0.9976  0.9986
Intra particle diffusion model

k, 12333 22773 3.5086
R? 0.9564 0.9581  0.9513

observed that the adsorption process was very first at the
initial period of contact time and then attained platue with
the increase in contact time. Therefore, the adsorption mech-
anism for the removal of dye can be explained by considering
some assumptions [20] like:

* Migration of dye from the solution phase to the surface of
the adsorbent material.

¢ Diffusion of dye through the boundary layer to the sur-
face of the adsorbent.

* Adsorption of dye at an active site on the surface of
adsorbent and also.

¢ Intra-particle diffusion of dye into the interior pores of
the adsorbent particle.

The rate of adsorption process was mainly depends upon
the resistance of boundary layer of the adsorbent molecule.
With increase in the contact time, the resistance of the bound-
ary layer decreases and leading to increase the mobility of the
dye molecules. Thus, the rate of uptake of dye on the active
sites of adsorbent mainly governed by either liquid phase
mass transfer or diffusion through the boundary layer or
intra-particle mass transfer.

Furthermore, the adsorption process will not only occur
at the external surface of the resin but also may diffuse into
the inner layer of the porous resin. That intra-particle diffu-
sion can be explained using the intra-particle diffusion model
of Weber-Morris [12] on the rate of MO dye adsorption with
Amberlite Resin IRA 400, described by Eq. (10):
g,= X, + k" (10)
where ¢, is the concentration of MO dye adsorbed at a given
time f (min), kp (mg/g. min®®) is the intra particle diffusion
rate constant and X is the intercept, for which the effect of the
intra particle diffusion model for our experiment was stud-
ied, where the linearity behavior of MO adsorption profile
indicated the control of adsorption by intra particle diffusion
of the MO dye within the pores of resin to the adsorption
sites. From the slope of the plot the k, values was calculated
and shown in Table 3. The above adsorption mechanism can
also be studied by UV-VIS characterization where the study
of MO before and after adsorption with IRA-400 was per-
formed within the range of 200-800 nm and the results are

(@)
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—— 10 min
——— 20 min
—— 30 min
—— 60 min
120 min
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=3
&

e—— = - i o ©
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‘Wavelength (nm)

Fig. 7. (a) UV-Visible spectral analysis results on adsorption of
MO by Amberlite IRA 400 Ion-exchange resin and a view of
adsorption process, (b) MO dye solution before adsorption, (c)
after adsorption of MO by IRA 400 resin beads.
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Fig. 8. FTIR of Amberlite IRA-400 and MO loaded IRA-400.

shown in Fig. 7(a). The characteristics absorption peaks at
different time of aqueous MO bearing samples after adsorp-
tion revealed about decreasing MO concentration profile
with increasing in adsorption time length [43]. This was fur-
ther evident from Fig. 7(b) due to degradation of MO color
after adsorption and the appearance of the orange color in
the MO-loaded resin phase was due to the adsorption of MO
on to the resin IRA 400 phase.

FTIR spectrum of Amberlite resin IRA-400 before adsorp-
tion and after MO dye adsorption was shown in Fig. 8. This
showed various absorption bands for corresponding various
functional group which is responsible for binding of dye mol-
ecule. The band observed at 1,003 and 1,134 cm™ correspond
tov (5=0O) of the -SO,” group in the loaded IRA-400 was found
in MO-loaded resin phase that may be due to the presence
of above functional group of MO in the resin bead surface
[18]. The absorption peak 1,485 and 1,642 cm™ due to v (N=N)
and aromatic ring of MO, respectively, was appeared in MO
loaded functionalized resin. This confirms the association of
MO with Amberlite IRA-400(CI") [44]. The band appearing
at 2,950 cm™ is due to the v(C-H) of CH, found in both the
cases. The band appears at 1,240 cm™ corresponds to v (C-N)
was also found in both original IRA 400 as well as loaded
resin phase. Based on the FTIR results the functional group
characteristics property was ensured. In addition, the Bohem
titration method was further adopted while taking equal
concentration of NaOH, Na,CO, and NaHCO, and HCI [45].
From the results, it was assured that the exchanging site was
basic in nature having tertiary ammonium chloride form.
Based on the FTIR study and Boehm titration results pos-
sible, the adsorption/ion exchange mechanism of MO with
Amberlite IRA 400 was proposed as presented in Fig. 9. There
is the exchange of the anionic MO species with chloride ion
of IRA 400 [46].

3.8. Adsorption isotherms

To establish the mechanism of MO adsorption on the
Amberlite Resin 400 at different initial MO concentration
(from 0.05 to 0.5 g/L) the experimental data were applied
to the Langmuir and Freundlich isotherm equations, where

other parameters were as follows: resin mass of 0.5 gm, agita-
tion speed 250 rpm, pH 6.5, temp 303 K and solution volume
of 100 ml. As shown in Fig. 1, it was seen that the amount of
MO dye adsorbed per unit mass of resin increased with time
and reached the plateau value when the active sites of the
resin bed were saturated. The equilibrium adsorption data
of different initial dye concentrations listed in Table 4 were
analyzed according to Langmuir and Freundlich adsorp-
tion isotherm models [5,13] as given in Egs. (11) and (12),
respectively.

C 1 1
1)
q. bg, .
1
logg, =log K, +—logC, (12)
n

Hy

N(CHg)5CI
+ 2 Naoss Hy
N(CHy)sCl —@—

-2NaCl

R(CHz); 058

N(CHy)s 08 :

Fig. 9. Adsorption mechanism of MO with Amberlite IRA 400 resin.

Table 4
Equilibrium adsorption results of MO dye at different initial
concentration

Initial MO dye Equilibrium concentrations, mg/L (303 K)
concentration, mg/L C. q.

25 4.99 2.499

50 9.98 4.999

75 14.99 7.499

100 19.97 9.989

200 39.99 19.95

300 59.95 29.97

400 93.11 46.55

500 70.23 35.11
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where g, is the amount of dye adsorbed at the equilibrium
(mg/g), C, is the concentration of solution at the equilibrium
state of the system (ppm), b is the Langmuir constant (L/mg),
and g, is the maximum adsorption capacity (74.4 mg/g) and
K, is the Freundlich constant (L/mg). From Langmuir adsorp-
tion isotherm model, the values of R? g, and b were deter-
mined from the slope and intercept of the straight line of a
plot of C/q, vs. C, shown in Fig. 10(a) and results are given
in Table 5. From the Fig. 10(a), the correlation coefficient (R?)
was found to be well fitted to the experimental data in case of
Langmuir isotherm’s model (Table 5). It also suggests that all
of the adsorption sites are of equivalent energy.

Table 5
Langmuir and Freundlich isotherm parameters for MO dye
adsorption with Amberlite resin of IRA-400 at 303 K temperature

Temp. Langmuir isotherm Freundlich isotherm

K qm/ b/ RZ n kF RZ
mmol.g? mmol™
303 5,000 0.0001  0.9998 0.995 2.007 0.998
2.005
(a)
2.002
y = 0.0002x + 1.9956
. R?=0,9998
g
o
1.999
1.996 -
0 10 20 30 40 50
C.
14
. (b)
1
° y=1.0045x-0.3012

& R= 0.998
g

06

0.2 L N

0.5 1 1.5 2
log C,

Fig. 10. (a) Plot of Langmuir isotherm for adsorption of MO by
Amberlite IRA 400, (b) plot of Freundlich isotherm for adsorption
of MO by Amberlite IRA 400. Conditions: mass of resin 0.5 g,
temperature 303 K, solution 100 ml.

The essential characteristic of the Langmuir isotherm can
be expressed by the dimensionless constant called equilib-
rium parameter, R, defined by:
R, =1/(1+bC,) (13)
where b is the Langmuir constant and C; is the highest initial
dye concentration. From this R, we can determine the process
of adsorption isotherm. The adsorption isotherm is irrevers-
ible if R, = 0, the isotherm is favorable if 0 < R, <1, linear if
R, =1 or unfavorable if R, > 1. The R, values for the adsorp-
tion of MO dye on the resin sample were calculated and
were found to be 0.0739, 0.0383, 0.0259, 0.0195, 0.0098, 0.0066,
0.0049 and 0.0039 for the MO dye concentration of 25 ppm,
50 ppm, 75 ppm, 100 ppm, 200 ppm, 300 ppm, 400 ppm and
500 ppm, respectively, at temperature 303 K, indicating that
the adsorption of MO on resin is favorable [10,13,23,30].

The adsorption data were further interpreted while
fitting with Freundlich isotherm model. The plots of log g, vs.
log C, also showed straight lines in Fig. 10(b). As it is known
that the value of K, indicates about adsorption capacity and
1/n is the adsorption intensity and both of these values can
be is derived from the slope of the above plot. The values of
R? K, and 1/n obtained from the slope and intercept of the
straight line are also listed in Table 5, where g, represents the
quantity of dye adsorbed onto adsorbent at unit equilibrium
concentration and n represents the degree of favorability of
adsorption. In general, the value of n found to be less than
10 and higher than unity that reveals on favoring for adsorp-
tion condition and in this study the value was obtained as
0.995, which is slightly close than unity; therefore, overall
results do not fit well as compared with Langmuir Isotherm.
Nonetheless, while comparing the results of Freundlich with
Langmuir isotherm model, Langmuir Isotherm showed bet-
ter fit as R? values is very close to unity. The best fit of equilib-
rium data in the Langmuir isotherm ensures the monolayer
coverage of MO onto IRA400 resin beads [47].

3.9. Elution study

To study the elution of dye (MO), the MO-loaded
Amberlite resin phase (adsorbed at pH 6.5 for 60 min) was
treated different acid, alkali and salt reagents (NH,OH, HC],
NH,CI, H,SO,, HNO,, NaCl). As can be seen from the results
of Fig. 11, the percentage of desorption of MO was less pro-
nounced with alkaline reagents or salts. However, desorp-
tion was significantly high with acidic reagents (HCl, H,SO,,
HNO,), which was well evident from the initial reagent
screening study. Of these, maximum desorption of 99.7%
was found with both HCI solution and the elution efficiency
of above reagents follows the order as HCl > H,SO, > HNO,
> NaCl > NH,Cl > NH,OH. Therefore, further desorption of
MO from MO loaded resin IRA-400 while varying acid con-
centration was studied using HCI solution and the results
were as shown in Fig. 12, from which it was found that the
desorption of MO increased from 40.55% to 99.71% with
increase in HCI concentration from 0.1 to 1.0 M, respectively,
after 3 h of contact time at 303 K and it was insignificant on
further increase in time (up to 5 h). Moreover, the desorption
efficiency of MO from MO-Loaded resin phase observed to
be increases with time at the studied HCI concentration level,
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Fig. 11. Plot of desorption efficiency of MO dye from MO-loaded
Amberlite resin IRA 400 using various solvent. Conditions:
agitation speed of 250 rpm, temperature 303 K.
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Fig. 12. Effect of desorption efficiency of MO dye from MO-loaded
Amberlite resin IRA 400. Conditions: agitation speed of 250 rpm,
temperature 303 K.

though, it was maximized with 1.0 M HCI. Hence, 1.0 M HCI
will be sufficient for quantitative desorption of MO from
MO-loaded IRA 400 phase vis-a-vis more than 99% yield on
regeneration of IRA 400 after 3 h of contact time at ambient
temperature condition.

4. Conclusion

Removal of MO from the aqueous solution bearing
50 ppm using anion exchange resin IRA400 was investi-
gated. The adsorption studies were carried out as a func-
tion of contact time, temperature, resin dose, initial dye
concentration and pH of the solution. The resulted date
of the above adsorption parameters was rigorously inter-
preted by Kinetics, thermodynamic and isotherm study to
establish the mechanism of adsorption process of MO onto

IRA400 beads. The adsorption of MO with resin was critical
with the influence of time, temperature and pH. Percentage
removal of the dye was decreased with increase in initial
dye concentration, whereas increased with increase time,
temperature and adsorption equilibrium was achieved
in just after 60 min of the treatment. pH affects the sur-
face charge of the adsorbent and the degree of ionization
of adsorbate and adsorption was efficient at merely neu-
tral water pH range (pH-6.5). The adsorption of MO was
also enhanced while increasing resin dose as well as initial
MO concentration. Maximum loading capacity of MO was
obtained to be 74.4 mg/g by IRA-400 in this study which
seems significantly larger than the reported literatures.
Experimental equilibrium data showed best fit with the
Langmuir isotherm model as compared with the Freundlich
isotherm though R? values of both were close to unity,
indicating monolayer sorption on a homogeneous surface.
The monolayer sorption capacity increased with increase in
temperature from 298 K to 333 K. Thermodynamic parame-
ters such as change in Gibbs free energy (AG®), adsorption
enthalpy (AH®) and adsorption entropy (AS°) were deter-
mined showed the relevance on favoring the adsorption
process. The positive value of AS° suggesting an increase
in degrees of freedom of adsorbed species and positive
value of AH® indicated that the process is of endothermic in
nature. The present investigation ensured that IR400 can be
an effective anion exchanger while applying on purification
of contaminated water/process aqueous solution at the neu-
tral pH range. Elution of MO using 1 M HCI was adequate
enough to regenerate at about 99% of Amberlite IRA-400
after 3 h of contact time.
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