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pH-responsive adsorbents are promising tools in water remediation as they possess selective adsorption
towards cationic and anionic dyes, which can be controlled by varying the pH of the medium. In this
study, a pH-responsive nhanocomposite of polyaniline—sodium alginate (PANI/SA) was synthesized. The
composite was found to be an efficient adsorbent for the removal of both cationic and anionic dyes
from water at different pH values. The extent of adsorption was evaluated as a function of initial dye
concentration, solution pH, temperature, contact time, dose of adsorbent and coexisting ions. The
detailed investigation of kinetics and adsorption isotherm showed that the dyes adsorbed in accordance
with pseudo-second order kinetic and Langmuir adsorption isotherms. The maximum adsorption
capacities of the nanocomposite for Methylene blue (MB), Rhodamine B (RB), Orange-Il (O-lI), and
Methyl orange (MO) dyes were found to be 555.5 mg g%, 434.78 mg g%, 476.19 mg g%, and 416.66 mg
g™, respectively, which is higher compared to other reported adsorbents. The feasibility of the
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Introduction

The discharge of untreated industrial effluents from textile,
paper, cosmetics, and leather industries causes damage to the
aesthetic nature of the environment.* The major constituent of
these industrial wastes is dye, which is very difficult to degrade
by natural processes.”> The non-degradable nature of dyes and
their stability toward light and oxidizing agents make them very
enduring pollutants that can have a highly toxic and carcino-
genic effect on human health and the ecosystem.® Therefore, it
is pertinent to remove these dyes from the waste effluents to
meet stringent environmental quality standards.* Despite the
fact that many emerging treatment methodologies like
membrane separation, chemical oxidation, coagulation and
electrochemical processes, have been employed to remove the
dyes from waste-water, adsorption has gained much attention
and is considered the most effective technique for the removal
of pollutants due to its cost effectiveness and efficiency.>*
Although activated carbon is most widely used as an adsor-
bent for the removal of dyes, there are some heeded drawbacks
associated with it. For instance, the high cost of regeneration
and non-selective nature make it economically not suitable for
many applications. To circumvent these problems, polymeric
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materials are possible alternatives used as adsorbents due to
their reusability, low cost, stability and comparatively quick
processability.”**

One of the fascinating properties possessed by adsorbents in
wastewater treatment is selectivity towards only one dye.
Although considerable effort has been given to develop polymeric
adsorbents for the selective removal of one type of dye (either
cationic or anionic), materials able to adsorb both cationic and
anionic dyes selectively by changing the adsorption parameter
(pH) are in continuous demand and rarely reported.’>™®

Polyaniline (PANI), prepared from inexpensive monomer
aniline, has attracted great interest from researchers because of
their chemical and physical properties such as environmental
stability, high electrical conductivity, easy synthesis and its
numerous applications in plastic batteries, display devices and
optical storage lithography.'” Composites of polyaniline and its
copolymers have been used as potential adsorbents for the
removal of dyes and toxic metal from water.'®>* Although the
application of PANI for selective dye removal is well docu-
mented, the acidic conditions required for the preparation of
doped PANI make it a less ecofriendly material.*®

Sodium alginate (NaAlg) is an anionic natural macromolecule
that is composed of poly-B-1,4 D-mannuronic acid (M units) and
o-1,4 1-glucuronic acid (G units) in varying proportions through
1-4 linkages. Sodium alginate can be extracted from marine algae
or produced by bacteria. In addition, it is abundant, non-toxic,
renewable, water-soluble, biodegradable and biocompatible.>***
Alginates are used in a range of biomedical applications, food,
and pharmaceutical additives as a gelling agent. It accomplishes

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra08125f&domain=pdf&date_stamp=2020-12-08
http://orcid.org/0000-0002-6783-0311
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08125f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010071

Open Access Article. Published on 16 December 2020. Downloaded on 5/19/2026 10:38:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

high mechanical as well as natural strength and possesses good
stability in extreme functioning conditions.”®

By incorporating sodium alginate into polyaniline, the cost
as well as biodegradability and environmental issues can be
addressed. Furthermore, different functional groups present in
the polymeric nanocomposites can be tuned at different pH
values, which makes it suitable for the selective adsorption of
different dyes.

In this study, a polyaniline and sodium alginate composite is
synthesized and employed for the selective removal of both
cationic and anionic dyes from wastewater. The effect of various
parameters such as pH, temperature, initial dye concentration
and contact time on the adsorption process are analyzed. The
effect of adsorption doses, kinetics of adsorption, and ther-
modynamic parameters were studied as well. To our delight,
this material showed pH-responsive selectivity in dye removal
from wastewater.

Experimental section
Materials

Sodium alginate (Lobachemie, India) and ammonium persul-
fate (APS) [(NH,4),S,05] (Merck) were used as received. Aniline
(Merck India) was distilled under vacuum before use. Methy-
lene blue (MB) (Nice Chemicals, India), Rhodamine-B (RB)
(Lobachemie, India), Methyl orange (MO) and Orange-1I (O-1I)
(Acros Organic) were used as received.

Synthesis and characterization of PANI/SA nanocomposite

The PANI/SA nanocomposite was synthesized by a chemical
oxidative polymerization method using APS as the oxidant with
minor modification of the procedure reported elsewhere.>® In
a typical method, 0.1 g of SA was dissolved in 200 mL of 0.1 M
NaOH at 60 °C for 6 h. Then, 0.5 mL of aniline was added to the
above solution at 35 °C with stirring for 1 h and the resulting
solution was cooled to 0 °C. The pH value was adjusted to 7 by
adding 0.1 M HCI], and then aqueous solution of APS (0.9 g of
APS) along with 2 mL of 0.1 M HCI was added to the solution
mixture at 0 °C, and stirred for 24 h. The resulting product was
collected by centrifugation and washed with deionized water
several times and finally, PANI/SA was dried at 50 °C in
a vacuum desiccator. The nanocomposite was characterized by
TGA, FTIR, X-ray diffraction (XRD), TEM and Scanning Electron
microscopy (SEM). FTIR spectra were obtained by using a Per-
kinElmer Spectrum-2000 (FTIR) spectrophotometer between
400 and 4000 cm ™. The SEM measurements were carried out
using the Zeiss EVO50 scanning electron microscope. The X-ray
diffraction patterns were recorded on a Rigaku Miniflex II X-ray
diffractometer using CuKo as the source. TEM images were
observed on a Jeol JEM F-200 transmission electron microscope.

Adsorption & desorption experiment

1000 mg L™ of stock solutions for MB, RB, O-II, and MO dyes
were prepared and further diluted to different experimental
concentrations. The experiments were performed with varying
amounts of adsorbent, contact time, initial dye concentration,
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pH and temperature in the thermodynamics, adsorption
isotherm and adsorption kinetics studies. In a distinctive
experiment, 0.1 g of PANI/SA nanocomposite was added to
100 mL of different dye solutions of different initial concen-
trations (100-1000 mg L") and stirred. Samples were collected
at different time intervals and the dye concentration of each
experimental solution before and after adsorption was evalu-
ated using a calibration curve plotted with UV-vis spectroscopy.
The % removal of dye was determined using the equation
(Co — C.)/Cy x 100 and at equilibrium the amount of dye
adsorbed was evaluated by (C, — C.) x V/M, where C, (mg L")
and C. (mg L") are the initial and final concentration of dye
solutions, respectively. V (mL) and W (g) are the volume of the
dye solution and the weight of the PANI/SA nanocomposite,
respectively.

Selective adsorption of cationic and anionic dyes

The selective separation of cationic and anionic dyes from
a mixture of dyes is very essential from an industrial point of
view.”” The selective removal of individual dyes from a mixture
of dye solution was carried out under optimum conditions.
Individual stock solutions of MB (500 mg L"), RB (500 mg L™ 1),
MO (500 mg L"), and O-II (500 mg L~ ') were prepared in
500 mL volumetric flasks. These solutions were used for prep-
aration of two different mixtures of dye solutions. The dye
solutions were used in mixture 1 (MB and O-II) and mixture 2
(MO and RB), respectively. From the 100 mL dye mixture, 50 mL
of each individual dye was taken for analysis. The selective
removal was performed for mixture 1 and mixture 2 at their
corresponding optimized condition. After centrifugation, the
sample solutions were analysed using UV-vis spectroscopy.

Regeneration study via desorption

The desorption experiments were conducted with dye-loaded
PANI/SA nanocomposite, in which the PANI/SA nano-
composite was treated with dye for 4 h. After adsorption of dye,
the PANI/SA samples were removed by centrifugation and
washed with distilled water several times and finally dried
under vacuum. Adsorbed dye was desorbed by maintaining the
pH of the respective dye solutions. The solution pH was
adjusted by adding 0.1 M NaOH and 0.1 M HCIL For pH
adjustment, a stock solution of 0.1 M NaOH and 0.1 M HCI was
prepared, which were further diluted 10-20 times (as required)
before adding them in the system. For the desorption study,
optimized dye concentrations of cationic (MB, RB) and anionic
(MO, O-1I) dyes were used. The weighed amount of adsorbent
was added into the dye solutions. The desorption study was
continued until the dyes were stripped out in the solution phase
at different pH values.

Results and discussion

Characterization of polyaniline-sodium alginate (PANI/SA)
nanocomposite

The FTIR spectra for pure PANI, SA and PANI/SA are given in
Fig. 1a. The characteristic peaks of SA appearing at 1628, 1419,
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Fig. 1

and 1035 cm ' are attributed to the stretching of -COO-
(asymmetric), -COO- (symmetric), and C-O-C, respectively.?®
For PANI, the band at 1585 cm™* and 1485 cm ™!, arises from
both C=C stretching of the quinoid and benzenoid unit,
respectively. C-N and C=N stretching vibrations correspond to
the peaks at 1323 and 1109 cm ™. The FTIR spectrum of PANI/
SA is similar to that of pure PANI. The spectrum of the PANI/SA
nanocomposite exhibits a band at 1720 cm ™" due to the asym-
metric stretching of -COO- groups present in SA.*® This -COO-
stretch peak exhibits a large shift to higher wavenumbers, as
well as a decrease in intensity. The results confirm that the
conducting polymer is successfully introduced onto the SA
surface.

The thermal properties of polymers and the polymeric
composite were evaluated by thermo gravimetric analysis under
N, atmosphere at the heating rate of 10 °C min " up to 1000 °C.
The thermograph is depicted in Fig. 1b. It is obvious that there
is a significant change in the thermal stability of SA when
unified with PANI. The PANI shows an initial weight loss around
100 °C, which is caused by the loss of absorbed water. The PANI
is stable up to ~420 °C, above which temperature the polymer
begins to decompose.** The thermograph of SA shows two
stages of mass% loss. SA shows a mass loss beginning at 95 °C

43906 | RSC Adv, 2020, 10, 43904-43914

(a) FTIR spectra (b) TGA curve (c) XRD of pure PANI, SA and PANI/SA.

that is attributed to the loss of absorbed water. The peak at
238 °C corresponds to the thermal degradation of the inter-
molecular chain.** In the PANI/SA nanocomposite, an addi-
tional important weight loss of about 10-15% between 200 and
300 °C can be observed. A larger mass loss of the PANI/SA
nanocomposite begins at 400 °C. As shown in Fig. 1b, it is
understood that the thermal stability and the temperature for
maximum weight loss of the PANI/SA nanocomposite is
between those of SA and PANI.

The XRD patterns of pure PANI, SA, and PANI/SA are shown
in Fig. 1c. One typical peak at 20 = 25° is observed for pure
PANI. This peak may be ascribed to the periodicity parallel to
the polymer chain.** The diffraction of SA shows typical peaks
around 14°.** The spectrum for the PANI/SA nanocomposite
clearly reveals two new diffractions (namely, at 20 = 14° and
23°). The new additional ordered structure is introduced by SA.
Furthermore, the diffraction intensities of new peaks at around
20 = 14° and 23° increase considerably in the PANI/SA nano-
composite and become the dominant feature in the composites.

Fig. 2a shows the surface morphology of the PANI/SA nano-
composite. From the existing micrographs, it can be seen that
both bigger and smaller spherical particles are formed, which
are agglomerated during the process of washing and drying.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08125f

Open Access Article. Published on 16 December 2020. Downloaded on 5/19/2026 10:38:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 2 (a) SEM image (b) TEM image of PANI/SA composite.

The pores present in the structure are shown in Fig. 2a (marked
by arrow) are desired for adsorption.** The TEM image (Fig. 2b)
of PANI/SA nanocomposites shows a uniform distribution of
smaller and bigger spherical paricles with diameters ranging
from 50 to 90 nm. A histogram based on the TEM measurement
was plotted and is shown in Fig. S1(ESI).T It is speculated that
the nanoscale size of PANI/SA can make it a promising candi-
date for the adsorption of dyes.

Adsorption optimizations

The removal of dyes from water using adsorbents depends on
temperature, solution pH, added salt, contact time, tempera-
ture, adsorbent dosage and initial dye concentration. The
extents of dye adsorption from aqueous solution were studied
by using different kind of dyes like cationic (Methylene blue,
Rhodamine-B) and anionic (Orange-II, Methyl orange) dyes with
variation of pH, contact time, temperature, adsorbent dosage
and dye concentration. All the parameters were optimized to
have the best adsorption conditions.

Effect of pH

Since pH is an important factor for determining the adsorption
of dyes, adsorption experiments were performed in the entire
range of pH from 2 (acidic) to 11 (basic) adjusted by adding
0.1 M HCI and 0.1 M NaOH, respectively.

120
90 -
—o—MB
—4—RB
% 60 - —m— 01
3 —e—MO
=)
[}
e~ 30
0 : . :
0 3 6 9 12

pH

Fig.3 % removal of dyes as a function of pH in presence of 0.1 g L™ of
adsorbent at 35 °C; dye concentration 500 mg L™%; contact time 4 h.
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Fig. 3 reveals that a maximum dye removal was observed for
O-II (99.4%), MO (94.5%) at pH 3 and for MB (99.1%), RB (96%)
at pH 9. Beyond pH 9 and pH 3 the removal of dye is constant. In
an acidic environment, the composite was protonated and the
surface of the adsorbent is positively charged, leading to the
maximum adsorption of anionic dyes. Under alkaline condi-
tions, because of the deprotonation of carboxylic acid groups of
the composite, the numbers of negatively charged sites
increases, resulting in a higher percentage of adsorption of
cationic dye molecules. The formation of an ionic complex
between cationic or anionic dyes with the negatively or posi-
tively charged surface of PANI/SA, respectively, under different
environment is responsible for the high adsorption efficacy. The
surface charge was evaluated by measuring the zeta potential
(Fig. S2, ESIT). The result indicated that the point of zero charge
of the composite (pHy,c) is 7.3. Thus, the composite carries
a positive surface charge at pH < 7.3 and negative surface charge
at pH > 7.3. Therefore, the electrostatic force of attraction is
responsible for the removal of anionic dyes in an acidic medium
and cationic dyes in a basic medium.

The dye removal efficiency of the synthesized PANI/SA
nanocomposite was compared with PANI in the presence of
both cationic (MB, RB) and anionic dyes (O-II, MO) at pH 9 and
pH 3, respectively, by using 500 mg L™" dye solution at 35 °C. It
was observed that at this experimental condition, there is no
significant adsorption of dyes O-II (13%), MO (11%) and MB
(11%), RB (10%) when PANI is used as the adsorbent. This result
confirms the superiority of PANI/SA over PANI.

Effect of contact time

The adsorption study was performed with variable contact
times for MB, RB, O-II, and MO dyes. As shown in Fig. 4a, the
initial rate of dye uptake for both cationic and anionic dye
increased sharply and within 90 min, 93% of MB and 95% of O-
II are removed at their respective pH and after that, the
percentage of slowly increased and reached
a maximum within 210 min. Likewise, there was a sharp uptake
of RB (93%) and MO (92%) dyes within 210 min and then slow
adsorption of dyes occurs to reach the maximum within
240 min. Thus, the efficient and rapid adsorption for MB and O-
II revealed that a quick monolayer formation occurred on the

removal

RSC Adv, 2020, 10, 43904-43914 | 43907
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removal% of dyes.

external surface of adsorbent. After the initial rapid adsorption,
the dye adsorption rate was controlled by mass transport in the
nanocomposite. It is observed that the adsorption of O-II and
MB are faster than MO and RB in their respective pH and the
reason for this observation is discussed in detail in the plausible
mechanism section.

Effect of adsorbent dosage

The effect of the adsorbent mass usually determines the solid
adsorbent's capacity for a given initial concentration of adsor-
bate in a solution. The amount of adsorbent dosage played
a crucial role in the dye removal process. A plot of dye removal
(%) against adsorbent dosage (g L™ ') is shown in Fig. 4b. The
extent of adsorption increased consequently with the increase
of dosage. The adsorption efficiency showed no obvious change
when the dosage exceeded 0.1 g L™* for O-II, MB, MO and RB
and the dosage of 0.1 ¢ L™ " was found to be the optimal dose for
the adsorption at their respective pH.

Effect of initial dye concentration

The effect of the initial concentration of dye on the adsorption
capacity was investigated in a range from 100 to 1000 mg L™ " at
the respective optimal pH of dyes for 4 h as it is an important
driving force to overcome the mass transfer resistance of the dye
from the aqueous to the solid phase. Fig. 4c shows the effect of
initial dye concentration on the percentage of removal of dyes
using 0.1 g L™ of PANI/SA nanocomposite. With an increase in
the initial dye concentration, the percentage of dye removal
decreased for a particular time. At lower concentrations, the
maximum number of dye molecules was easily adsorbed on the
available surface of the PANI/SA nanocomposite. This

43908 | RSC Adv, 2020, 10, 43904-43914

phenomenon is responsible for higher adsorption efficacy. At
higher dye concentrations, the saturation of the surface active
sites was responsible for the lower percentage of dye adsorp-
tion. The removal efficiency of all dyes was nearly 98% at the low
initial concentration, however at higher concentration, removal
of MB and O-II is much higher than those with RB and MO dyes,
which is probably due to the molecular structure of MB and O-1I
that facilitate the easier approach of these dyes to the adsorp-
tion sites of the PANI/SA nanocomposite.

Effect of temperature

Fig. 4d explains the effect of temperature on the removal of
dyes. The removal efficiency of the MB dye increases from 32%
to 94% with an increase of temperature from 15 to 35 °C. With
the increase in temperature, the mobility of respective dyes was
enhanced and it also provided sufficient energy to the dye
molecules to interact with the available active sites of adsorbent
molecule. This results in an increase of the dye adsorption.
However, at higher temperature, desorption may predominate
during the adsorption process due to violent molecular motion
that resulted in decreased adsorption capacity. Thus, the
temperature was kept at 35 °C for other investigations in this
work.

Selective adsorption

For selective adsorption, mixture 1 (MB and O-II) was taken for
analysis. After 90 min of contact of mixture 1 with the PANI/SA
nanocomposite, the residual concentration of both the dyes was
measured using UV-vis spectroscopy (Fig. 5a). Before adsorp-
tion, two absorption peaks are observed for O-II and MB at
485 nm and 663 nm, respectively. The peak for O-II vanishes at

This journal is © The Royal Society of Chemistry 2020
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35°Q).

pH 3, indicating that almost 99.4% of O-II is removed. At this
condition, only ~14% of MB dye was adsorbed, which is re-
flected in the UV-vis spectrum. It was noticed that (Fig. 5b) when
mixture 2 (MO and RB) was taken for selective adsorption, 96%
of RB is removed and only 20% of MO is removed at pH 9. All of
the above experimental findings indicate that the pH value
triggered selective cationic or anionic adsorption properties of
the synthesized nanocomposite. The selective adsorption of MO
at pH 3 and RB at pH 9 from a mixed solution of MO and RB as
well as the selective removal of O-II at pH 3 and MB at pH 9 from
a mixed solution of O-II and MB confirmed that the synthesized
nanocomposite is able to adsorb one dye selectively from
a mixture.

Effect of coexisting ions

The effect of ionic strength on the removal efficiency of MB and
O-1I was investigated using mono and divalent salts like sodium
chloride (NaCl), magnesium chloride (MgCl,), magnesium
sulphate (MgS0O,), and sodium sulphate (Na,SO,), as shown in
Fig. S3a and b (ESI). The removal efficiencies of dyes decreased
with the increase of ion concentrations from 1 to 10 mmol L™
in the dye solutions. This result could be explained by
a competitive effect between salt cations and cationic dyes with
the negatively charged surface of adsorbent at pH 9. Similar
results were reported for the removal of MB and MV (methyl
violet) using a nanocomposite of hydrolyzed polyacrylamide
grafted xanthan gum and incorporated nanosilica.*® With
increasing salt contents, the ionic atmosphere around the
cationic dye helps in enhancing the shielding of the charge of
the cationic dye molecule, which reduces the adsorption
rate.*®*” This result indicated that the adsorption might result
from the electrostatic interactions between the adsorbents and
the dye molecules.®**”** Similarly, removal of anionic dyes
decreases with increasing concentrations of ions.

Desorption and reuse of PANI/SA

An adsorbent with good regeneration capacity can reduce pre-
treatment costs and improve the reusability of an adsorbent,
which is of critical significance in practical applications for dye
removal from wastewaters. Therefore, the adsorption capacity
of dyes onto the PANI/SA composite at their respective pH was

This journal is © The Royal Society of Chemistry 2020

determined by repeated adsorption-desorption cycles (Fig. 6).
Consecutive adsorption-desorption cycles were repeated five
times using the same adsorbent. On the basis of the data ob-
tained from the present investigation, the removal efficiency of
dyes gradually decreases after two successive adsorption-
desorption cycles.

Kinetics of adsorption

In order to design a fast and effective model, investigation of the
adsorption kinetics is important. Several kinetics model
(Fig. S4, ESIY) such as pseudo-first order, pseudo-second order
and intraparticle diffusion models were used to examine the
controlling mechanism of the adsorption process.*>*°

The kinetics data were analyzed by pseudo-first order,
pseudo-second order, and intraparticle diffusion models by
using eqn (1)-(3), respectively.

In(ge — q) = In g. — kit 1)
g, = Ukage® + 1get (2)
g = k' + C (3)

where k4, k,, k; are the pseudo-first order rate constant (min’l),
pseudo-second order rate constant (g mg ' min '), intra-
particle diffusion rate constant (mg g ' min ?) for the
adsorption process, respectively. g. and g, are the adsorption
capacity of dye molecules onto the PANI/SA composite at

100

90

80

70

Removal %

60

50

Operation cycles

Fig. 6 Concentration profile of MB and O-II at different consecutive
cycles at pH 9 and pH 3, respectively.
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equilibrium (mg g~ ') and at time ¢, respectively. C (mg g~ ') is
the constant and ¢ is the time (min).

The intraparticle diffusion model explains the boundary
layer effect on adsorption. The value of the intercept is related to
the thickness of the boundary layer, i.e., larger intercepts result
in a greater boundary layer effect.

The R values demonstrate that the pseudo-first order and
intraparticle diffusion kinetic models do not play a significant
role in the uptake of the dye by PANI/SA. The linear fit between
the t/q, versus contact time (£) and the calculated R* value for the
pseudo-second order kinetic model shows that dye removal
kinetics can be approximated as pseudo-second-order kinetics.
In addition, the experimental g (ge, exp) values agree with the
calculated ones (ge, ca), obtained from the linear plots of the
pseudo-second order model (Table 1).*¢

Adsorption isotherm

The adsorption isotherm provides evidence in support of the
mass of the solute adsorbed per unit mass of adsorbent from
the liquid phase at equilibrium. It provides information on the
efficiency of a given adsorbent with respect to the competing
solute in the solution. Three important isotherms, the Lang-
muir, Freundlich and Temkin adsorption model, were used to
fit the experimental data shown in eqn (4)-(6), respectively.>**'

C 1
. + Ce max 4
qe KLQmax /Q ( )
qe = KFCelln (5)
¢ = RTIb In(K+C.) (6)

where K;, (L. mg ") is the Langmuir constant and Q.. (mg g )
corresponds to the maximum Langmuir monolayer adsorption
capacity. g. is the quantity of dye per mass of adsorbate at
equilibrium (mg g™ "), C. is the concentration at equilibrium, Ky
is the Freundlich constant that is indicative of adsorption
capacity and 7 is the Freundlich constant (index of adsorption
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intensity or surface heterogeneity). Ky is the equilibrium
binding constant (L mg~') corresponding to the maximum
binding energy and constant B; = RT/b is related to the heat of
adsorption (J mol™'). The R and T are the gas constant
(8.314 ] mol ' K™') and the absolute temperature (in Kelvin),
respectively.

The essential feature of the Langmuir isotherm can be
expressed in terms of a dimensionless constant called the
separation factor (R;, also known as equilibrium parameter),
which is defined by eqn (7).*

1

RR= ——
L 1+11LC()

)
where C, is the initial concentration (mg L") and a is the
Langmuir constant related to the energy of adsorption (L mg ™)
calculated from the slope of the Langmuir isotherm. The value
of Ry, corresponds to the shape of the Langmuir isotherm, which
can be either unfavourable (R;, > 1), linear (R;, = 1), favourable
(Ry < 1), or irreversible (R = 0).** The Langmuir, Freundlich and
Temkin isotherms fitting of the experimental data for the dyes
are shown in Fig. S5 (ESIt) and the corresponding parameters Q
max> K1, R, Kg, n and R’ are given in Table 2. It can be seen that
the R* value for the Langmuir model is closer to one, indicating
that the Langmuir adsorption model is the best model among
the three models to explain the adsorption process of both the
dyes. These results indicate that the adsorption of dyes take
place at specific homogeneous sites and a single layer adsorp-
tion on the composite surface. Since the value of 1/n is less than
1, the adsorption of dyes on the composite surface is favourable.
Finally, the Quax for all the dyes at 308 K were calculated and
found to be 555.5 mg g ' for MB, 434.78 mg g ' for RB,
476.19 mg g ' for O-II and 416.66 mg g ' for MO. To better
understand the versatility of the adsorbent, it is compared with
a few pH sensitive adsorbents reported in the literature
(Table-S1, ESIT). It was observed that the adsorption capacity of
the composite was found to be relatively higher than the other
reported materials.”™*® While the adsorption capacity of the
composite is slightly lower in comparison to the material

Table 1 Modelling of the adsorption kinetics of RB, MB, O-Il and MO at 35 °C

Pseudo-first order kinetics

Pseudo-second order kinetics

Intra-particle diffusion

Co e, €XP K, x 10* qe, cal K, x 10* qe, cal K;
Dye (mgL™") (mgg ') (min") (mgg") R (gmg ' min"") (mgg ) R (mgg ' min~?) ¢ R
MB 100 49.49 2.54 50 0.9584  42.30 50 0.9995  3.32 19.96 0.6709
500 231.47 3.95 238 0.9842  0.94 137 0.9840 12.85 8.24 0.9672
1000 481.01 0.65 474 0.9944  0.32 556 0.9995  49.05 93.53 0.9756
RB 100 48.42 2.66 55 0.9655  49.42 49 0.9995  3.14 20.78 0.6357
500 219.91 1.45 318 0.8244  0.38 217 0.9903  12.85 8.24 0.9672
1000 430.45 0.81 441 0.9964  0.52 435 0.9965  36.81 27.01 0.9359
Ol 100 49.49 2.67 38 0.9541  58.82 50 0.9998  2.61 25.99 0.7126
500 228.30 1.43 302 0.8186  0.37 227 0.9954  12.51 27.54 0.8969
1000 452.01 0.77 454 0.9924  0.47 455 0.9973  36.11 15.723  0.9362
MO 100 46.5 2.59 65 0.9195  25.22 48 0.9991  3.72 11.943  0.8131
500 211.53 1.26 282 0.8953  0.36 213 0.9732 13.18 2.2569  0.9332
1000 411.33 0.78 440 0.9922  0.45 417 0.9962  35.27 41.398  0.9426
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Table 2 Parameters of the Langmuir, Freundlich and Temkin isotherm models at 35 °C

Langmuir adsorption isotherm

Freundlich adsorption isotherm

Temkin adsorption isotherm

Dye Omax(mgg™) K. (Lmg ) Ry, R n Ke (Lmg ™) R Kr (L mg ™) B, (J mol™) R
MB 555.55 0.22 0.0046 0.9985 3.99 174.38 0.9516 54.97 79.89 0.9705
RB 434.78 0.17 0.0081 0.9936 3.98 148.79 0.9866 16.68 77.64 0.9764
O-1I 476.19 0.14 0.0095 0.9928 3.35 119.06 0.9516 2.09 91.30 0.9233
MO 416.66 0.02 0.0506 0.9899 1.54 14.49 0.9476 63.36 112.85 0.9105
Table 3 Thermodynamic parameters for the adsorption of dyes onto PANI/SA nanocomposite
AG° AH® AS° AG° AH° AS®

Dye T (kJ mol ™) (k] mol ™) (k] mol ' K1) Dye T (k] mol ™) (k] mol ™) (kJ mol ' K1)
MB 288 —1.25 57.36 0.21 O-11 288 —2.35 71.17 0.25

298 —2.35 298 —6.85

308 —6.75 308 —8.06

318 —9.82 318 —9.87
RB 288 —2.35 77.77 0.28 MO 288 —-1.21 68.02 0.24

298 —6.85 298 —3.72

308 —9.81 308 —6.53

318 —16.24 318 —8.27

reported by Sarkar et al., it is more suitable as it is a green and
low cost adsorbent.*® This result indicates that the composite is
a versatile adsorbent for the removal of both cationic and
anionic dyes.

Thermodynamic parameters

The value of enthalpy change (AH®) and entropy change (AS°)
were calculated from the van't Hoff eqn (8).

AH®  AS
k=27 * & (8)
Kd = qe/Ce (9)

where, K4 (eqn (9)) is the equilibrium constant, g, is the amount
of dye adsorbed at equilibrium (mg g™ '), C. is the concentration
at equilibrium (mg L"), R is the ideal gas constant (8.314 ]

BMB
®RB
1 1 AO-TI
eMO

0.0033 0.0034

1/T

0.0031 0.0032 0.0035

Fig. 7

This journal is © The Royal Society of Chemistry 2020

mol ' K %) and T is the temperature in Kelvin. Values of AH®
and AS° (Table 3) were calculated from the slope and intercept
of van't Hoff plots of In K4 versus 1/T (Fig. 7a).

The values of Gibb's free energy (AG®) at different tempera-
tures were calculated according to eqn (10).

AG® = —RTIn Ky (10)

The negative value of AG® indicates the spontaneous nature
of the adsorption process. The values of AG® lie in the range of
—1to —16 k] mol !, which suggests that the adsorption process
is physisorption.**** Generally, in the case of physisorption, the
AG° value lies in the range of —20 to 0 kJ mol~" while the AG®
value ranges from —400 to —80 k] mol " in the case of chemi-
sorptions.*>* It is also observed that the AG® value increases
with increasing temperature of the adsorption, suggesting that
the adsorption of MB is enhanced at high temperature.

Ink
&
wn

-8.0
0.0031

0.0032 0.0033

/T

0.0034 0.0035

(a) Plots In Kq vs. 1/T (b) In k vs. 1/T for the adsorption of dyes onto PANI/SA.
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The calculated AH® values from van't Hoff plots were found
to be 57-78 kJ mol™', indicating that the adsorption is an
endothermic process. The adsorption process is governed by
a physical process as the AH° is within the range of 1-
93 kJ mol '.** The positive value of AS® (0.21-0.28 kJ mol )
reveals the increased randomness at the dye and PANI/SA
interface during the adsorption process.*

The magnitude of activation energy gives information about
the adsorption mechanism. The physisorption processes
usually have energies in the range of 5-40 kJ mol ', while
higher activation energies (40-800 kJ mol ') suggest chemi-
sorption.*® The activation energy, E,, is calculated from the
slope of plots of In k versus 1/T, (Fig. 7b) using the Arrhenius
equation (eqn (11)).

Ink=InA4 - EJ/RT (11)
where A is the Arrhenius pre-exponential factor, R is the
universal gas constant, and T is the temperature in Kelvin.

The activation energy for MB, RB, O-II, and MO were calcu-
lated from the slope and were found to be 20.2, 15.1, 11.9, and
15.7 k] mol™ ", respectively, indicating that the adsorption
process is governed by physical adsorption.
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Plausible mechanism of adsorption

From the above results it is proposed that electrostatic force of
attraction is responsible for the adsorption of dyes on the
composite. The proposed mechanism of formation of
composite and adsorption of dyes is shown in Fig. 8. Zare et al.
proposed a similar kind of mechanism for the formation of
a polypyrrole and dextrin nanocomposite.>* In acidic medium,
positive charge is developed on the nitrogen atom of the
composite, thus, the removal of anionic dyes occurs. Similarly,
in basic medium, the carboxylate group present in the
composite is responsible for the removal of cationic dyes.
However, interaction forces other than electrostatic force of
attraction could also contribute to the dye adsorption. In this
work, all the four dyes are planar molecules and can be easily
adsorbed by -7 stacking interactions. It is observed that the
adsorption of O-II and MB are faster than MO and RB in their
respective pH (Fig. 4a-d). This can be attributed to the presence
of more aromatic backbone components present in the O-II
molecule than MO, which is responsible for -1 stacking
interaction. On the other hand, this type of -1 stacking
interactions is not effective in RB due to the steric hindrance of
the molecule, which resulted in slower adsorption than that of
MB.>*

@NHZ +  Sodium alginate

COOH
(In Acidic pH)

Fig. 8 Mechanism of adsorption of dyes in acidic and basic medium.
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Conclusion

In conclusion, a green and regenerable composite adsorbent
synthesized by a simple and effective method was used for the
selective removal of both cationic and anionic dyes from water.
The synthesized composite showed the selective adsorption of
a dye from mixed MB/O-II and RB/MO solutions at different pH
values. The adsorption process followed pseudo-second order
kinetics and the Langmuir adsorption isotherm. The synthe-
sized adsorbent composite is efficiently regenerated by
desorption and is reusable five times without a significant
reduction in its adsorption efficiency. The PANI/SA nano-
composite proved to be an eco-friendly, low cost, and highly
efficient adsorbent for the removal of both cationic and anionic
dyes from waste water.
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