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Abstract

Coordination compounds as dopants to conducting polymers combine desirable properties of individual components
for a synergistic effect. Prussian red (PR) a low spin iron (III) coordination compound was doped in polythiophene
(PTP) matrix to explore propensity of this inorganic-organic hybrid composite material towards wastewater treatment.
PR doping was observed to improve mechano, thermal, electrical, and photocatalytic attributes of pure PTP. PTP/PR
composite characterization was attempted using the powder X-ray diffraction, TEM, TGA, FTIR, BET analysis and
UV-Visible spectroscopy. Optimization of adsorption conditions, adsorbent regeneration, adsorption thermodynamics
studies of PTP/PR were carried out using malachite green (MG) dye as a model system. Under optimized conditions 92%
MG dye adsorption was observed over 20 mg PTP/PR nanocomposite in 20 minutes at pH 7. PTP/PR nanocomposite
also demonstrated a complimentary performance with real wastewater samples. Thermodynamic studies indicate spon-
taneous process with electrostatic attraction as the predominant noncovalent interaction. This study highlights designing
catalysts capable of synergistic adsorption and photocatalytic activities for effective wastewater treatment.

Keywords: Adsorption; Malachite Green; Prussian red; Hybrid Material, Nyquist plot; Kinetics; Isotherms

1. Introduction

Water is the most significant substance for living be-
ings, water scarcity is a global problem, and contamination
further adds to it. Persistent contaminants from industrial
effluents, domestic sewage, and agricultural practices
make water unsafe to the aquatic ecosystem as well as hu-
man life."? Dyes as coloring agents have many applica-
tions, limiting their usage is practically impossible, and
their eventual disperse in the wastewater/environment is
inevitable. Synthetic dyes bring toxicity risks as their inter-
mediate metabolites have been identified to be mutagenic,
teratogenic, or carcinogenic, posing serious health threats
to ecosystems® as well as aesthetic concerns. Malachite

green is a triaryl methane cationic dye commonly used in
pharmaceutics, paper, textile and printing industries.
Treatment methods based on ozonation, nano-filtration,
reverse osmosis, flocculation, electrochemical, photocata-
lytic and advanced oxidation processes are in vogue for
discoloration of colored water contaminants.* Among wa-
ter treatment methods such as advanced-oxidation, filtra-
tion, flocculation, coagulation and microbial degrada-
tion,>%adsorption based methods owing to their simplicity,
non-invasive reactions, broader scale applicability, lower
operational cost, good recyclability are interesting envi-
ronmentally.”® Consequently, adsorption based methods
are still desirable for safer and cost effective wastewater
treatment application.
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Designing adsorbents with good adsorption capacity
and selectivity is a major concern for effective adsorption
processes. Natural adsorbents, although pleasing, have
limitations of selectivity with lower adsorption capacity.’
Synthetic adsorbents can be desirably tuned for improved
results under controlled conditions such as in sewage
treatment plants. Among synthetic adsorbents, conduct-
ing polymers (CP) having charge distribution over the en-
tire polymeric surface offer many adsorption sites making
these attractive materials towards adsorptive removal of
water contaminants. CPs are significantly influenced in
shape, porosity, charge separation etc. by doping with suit-
able dopant. A well-engineered conducting polymer com-
posite can desirably improve the adsorption capacity of the
pristine conducting polymer.!? PR was selected as a dopant
with the rationale of its good crystallinity, stability over en-
vironmental pH range, high charge density, moderate par-
amagnetism, redox behavior with relatively lower toxici-
ty.!! Thus in continuation of our interests in applications of
transition metal complexes,'?~1¢ especially as photocata-
lysts in organic synthesis,!”!® and as dopants in conduct-
ing polymer matrix for electrical and environmental appli-
cations,!*-2! herein we envisaged the effect of Prussian red
(PR) as a transition metal complex dopant to the polythio-
phene conducting polymer matrix. We synthesized poly-
thiophene (PTP) Prussian red (PR) nanocomposite PTP/
PR to envisage the effect of this versatile dopant on its pol-
ymer properties. The effect of PR dopant on the polymer
properties indicated an enhancement in the mechano,
thermal, electrochemical and photocatalytic descriptors of
pure PTP. The comparative studies of PR doping to PTP,
relative to other organic dopants, revealed an increase in
surface area, electrical conductivity, charge separation dy-
namics, and electrochemical stability as desirable attrib-
utes for sensing, photocatalytic activity, and device fabri-
cation. The observed physicochemical properties of
synthesized PTP/PR nanocomposite indicate its suitability
as material for environmental applications, which was
modelled using malachite green (MG) dye adsorption in
aqueous phase. PTP/PR nanocomposite displayed signifi-
cant adsorptive tendency towards decoloration of samples
having up to 100 ppm of MG dye concentration under en-
vironmentally viable conditions (pH 6-7). The effect of
adsorbent dose, dye concentration, temperature, adsorp-
tion time and pH effect were optimized for its develop-
ment as adsorbent in real time water treatment plant appli-
cation. The experimental data of MG dye adsorption over
PTP/PR nanocomposite was also analyzed for parameters
such as: kinetics, adsorption isotherms and thermody-
namics. PTP/PR signified good propensity as hybrid mate-
rial towards adsorptive handle of water treatment. The
development of PTP/PR nanocomposite as an effective
water treatment nanomaterial via synergistic adsorptive
and photocatalytic elimination of MG dye was also estab-
lished and its further extension to other persistent water
contaminants is underway in our laboratory.

2. Experimental
2. 1. Materials

All the reagents used in the study were of analytical
grade and procured from Himedia and Merck India. Thio-
phene was distilled prior to its use. Malachite green (MG),
Potassium ferricyanide and anhydrous Ferric chloride
were purchased from Merck India. Potassium ferricyanide
was ground by ball milling for size reduction to nano di-
mension (<10 nm).

2. 2. Synthesis of Nanocomposite

The synthesis of PTP/PR nanocomposite was carried
out via oxidative polymerization using FeCl; as oxidant in
a nonaqueous medium.?! In the optimized synthetic pro-
cedure,180mL of 0.05 M FeCl; solution in chloroform sol-
vent were added (dropwise) to a magnetically stirred solu-
tion of 0.022 M distilled thiophene monomer (in 70 mL of
chloroform). The reaction mixture contained about 1 g of
ground PR dopant (Schemel). The polymerization reac-
tion mixture was continuously stirred for 24 h, followed by
filtering and washing the product several times with meth-
anol to remove any oligomers and unreacted impurities.
After repeated acetone washings and room temperature
drying, the polymer composite was obtained as a brown
powder which was subjected to structural characteriza-
tion.

2. 3. Measurements

The characterization of the synthesized composite
was done using analytical methods and spectroscopic
techniques. Infrared spectra were obtained over a Bruker
Alpha FTIR spectrophotometer in range 4000-500 cm ™.
The structural characterization of samples was performed
by the powder X-ray diftfraction (PXRD) method using a
PW3050 diffractometer (CuKa radiations, A = 1.5418 A).
The particle shape and size of PTP/PR nanocomposite was
analyzed using transmission electron microscopy (TEM)
measurements performed on Hitachi SU 8000 microscope
at an accelerating voltage of 30 kV. For TEM studies the
samples were prepared by spin-casting a THF solution of
PTP/PR nanocomposite (3mg/L) on copper grids with
carbon coating. The thermogravimetric analysis (TGA) of
samples was performed on a SEIKO TG/DTA 6200 instru-
ment. Thermal analysis was done from room temperature
to 800°C at a heating rate of 10 °C min~! under nitrogen
environment. Adsorption measurements were performed
using Double Beam Microprocessor UV-VIS Spectropho-
tometer (Model:LI-2802). Zeta Potential (surface charge)
of the adsorbent particles were determined using an An-
ton Par Particle Size Analyser (Model:Litesizer 500). BET
studies for surface area were attained at 77K using BET
instrument, Quantachrome Austosorb IQ Station. The
specific surface area and pore size distribution was calcu-
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Scheme 1. Schematic depiction of PTP/PR nanocomposite synthesis via FeCl; oxidative polymerization.

lated using a multiple point BET method and non-local
density functional theory (NLDFT) equilibrium model.
Electrochemical experiments were carried out on Bio-Log-
ic SAS Potentiostat (Model SP 150) using three electrode
system.

2. 4. Adsorption Experiments

For adsorption studies, 20 mg of PTP/PR nanocom-
posite was added to a 30mL solution of 10ppm MG dye
and the suspension was magnetically stirred. Under the
optimized reaction conditions, at the regular time inter-
vals aliquots were taken, the adsorbent was separated via
centrifugation at 1000 rpm for 20 min and the left-over
concentration of dye in the supernatant was measured by a
UV-visible spectrophotometer at A, = 617 nm (corre-
sponding to MG dye). The adsorptive capacity of PTP/PR
hybrid material was optimized under influencing parame-
ters like, adsorbent dose, contact time, initial MG dye con-
centration and temperature range of 25-45 °C. The equa-
tions 1, 2 were used to calculate adsorption capacity of
PTP/PR nanocomposite and % dye removal efficiency.??

Adsorption capacity q = % |4 (1)

% Removal = %100 (2)
(1]

Where, Cy and C, (mg/L) are the initial and final (af-
ter adsorption) concentrations of MG dye solution respec-
tively, m(g) is the weight of PTP/PR nanocomposite, and
V (L) is the initial volume of dye solution.

2. 5. Adsorption Studies of M.G Dye in Real
Water Samples

To test the adsorption efficiency of PTH/PR in real
samples, the analysis was performed on collected industri-
al effluent from local textile dye shop (Hazratbal, Srina-
gar). The dye sample of (1 mg/mL) concentration was pre-
pared in 100 mL deionised water to which required
quantities of fixing agent and mordant were also added. To
30 mL of this prepared dye solution 20 mg of PTP/PR
composite was added, samples were magnetically stirred
and subjected for left over MG dye estimation over differ-
ent time intervals using UV-visible spectrophotometry.
Furthermore, analysis of MG dye adsorption propensity of
samples prepared in different water samples (Tap water
and deionised water) was also explored under optimized
conditions for comparative studies.

2. 6. Cyclic Voltammetry Experiments

The cyclic voltammetry experiments were carried out
using three electrode system with Ag/AgCl as reference,
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glassy carbon as working, and platinum wire as a counter
electrode with 0.1M KNO; as supporting electrolyte. The
solid samples of PTP/PR and PR each were dispersed in
0.5mL ethanol solution to which 15 pL of nafion was added
as binder. The suspensions were kept on ultrasonication for
about 30 min to make the slurries of each suspension. The
obtained slurries were drop-casted onto glassy carbon elec-
trodes and left for open air drying for 40 min.

3. Results and Discussion

A well-planned dopant to the polymer matrix can
generate composites with unique properties for aimed ap-
plications. PR turned out to be one such interesting dopant
to the polythiophene matrix in terms of modulating essen-
tial parameters of a polymer composite system for potential
applications. These included enhancement in the mechano,
thermal, electrochemical, and photocatalytic attributes of
pure PTP. The comparative studies of PR doping to PTP
relative to organic dopants revealed an increased surface
area, conductivity, and electrochemical stability desirable
for electrochemical sensing and device fabrication. The
shifting of band gap towards visible region and prevention
of charge carrier recombination after PR doping were im-
portant attributes for its development as photocatalyst. The
synergistic effect of adsorption and photocatalysis was also
explored for effective degradation of MG dye.

3. 1. Characterization Analysis

3. 1. 1. IR Spectral Analysis

The FT-IR spectra of synthesized composite were
compared with pure reactant forms and are as shown in
Figure 1. The broad band around 1630 cm™! and 3300-
3400 cm™! is attributed to O-H stretching vibration of ad-
sorbed water on PTP surface, and the range of 600-1500
cm™! reflects the fingerprint region of PTP.2*>?* Further-
more, the C-S stretching vibration of PTP and C-H out of
plane deformation modes are designated by weak absorp-
tion bands around 690-1300 cm™'. From the Figure 1, the
black line corresponding to pure PR shows a specific ab-
sorption band around 2100 cm™ that designates CN
stretching and the peak at around 600 cm™! is due to Fe-
CN vibrations. Moreover, the PTP/PR nanocomposite
spectrum exhibits peaks from both the constituents (green
line). The intensity of pure PR vibrations is shifted and ob-
served at 2078 cm™ and 497 cm™! in the nanocomposite
FT-IR spectrum. Thus, from the peak pattern analysis
(shifting of the major stretching frequencies of PTP and
PR) the inclusion of PR nanoparticles particles in PTP ma-
trix can be expected.

3. 1. 2. Thermal Analysis
Thermal stability is an essential parameter for mate-
rial applications, and thermo-gravimetric analysis (TGA)

is used to examine this important property via % weight
change over the programmed heating. TGA curves of pure
PTP and PTP/PR nanocomposite are shown in Figure 2. It
is evident from TGA plots that incorporation of PR into
PTP matrix has enhanced its thermal stability noticeably.
The 33% enhancement in thermal stability of PTP/PR
composite compared to pristine PTP at higher tempera-
ture indicates stronger interaction between PR dopant and
PTP matrix possibly via noncovalent supramolecular type
forces. The observed initial weight loss at a lower tempera-
ture in case of PTP/PR composite can be attributed to the
evaporation of the solvent and clinging low molecular
mass volatile compounds. Furthermore, the improved
mechano strength of PTP post PR doping is evident from
the less sharp slope of % weight loss with temperature in
the PTP/PR TGA plot. At 600°C the amount of weight loss
in the case of PTP/PR composite is only 60% compared to
almost 100% for pristine PTP. Thus it can be inferred from
the thermograms that PR doping introduces interactions
between dopant and polymer matrix which modulates the
mechanical strength of pristine PTP polymer leading to its
enhanced thermal stability. A comparative analysis of the
dopant effect on the thermal stability of PTP composites
with varied dopants indicates the improved thermal stabil-
ity in the presence of PR dopant.?>?¢ The changes in pure
PTP structure and function post PR doping were also ana-
lyzed using PXRD, Microscopy, and BET analysis.
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Figure 1. PTP/PR composite characterization (from selected peak
picking) using FTIR spectra.

3. 1. 3. XRD Analysis

X-ray Diffraction patterns of PTP and PTP/PR na-
nocomposite are shown in Figure 3a. Evidently, PTP shows
an amorphous halo around Bragg angles of 20-30°, thus
exhibiting its amorphous nature.”” However, the X-ray dif-
fraction pattern of PTP/PR nanocomposite clearly re-
vealed strong intense peaks at various Bragg angles, illus-
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trating its crystalline nature. The crystallinity developed in
nanocomposite can be attributed to the incorporation of
PR in PTP matrix. This corroborates the successful synthe-
sis of prepared nanocomposite, which is also evidenced
from TEM micrographs. This is expected as polymers, be-
ing larger molecules, are capable of stronger Van der-
Waals and other types of possible non-covalent interac-
tions with dopant molecules. These polymer-dopant supra
interactions lead to a fair degree of order and compactness
in the nanocomposite material.?* The characteristic peaks
were indexed using Powder X software which revealed
monoclinic structure with FCC lattice. For crystallite size
determination, Scherrer equation (equation 3) has been
used.?8-2

o
~ BCosB

Where D is the average crystallite size, k the shape
factor (0.94), A the wavelength used (Cu Ka = 1.54 A), B
the FWHM (full width at half maximum) and 0 is the
Bragg angle. The average crystallite size as determined
from above equation has been found to be 7.94 nm. This is
almost similar to that obtained from TEM micrographs
(8.2 nm), which is indicative of the fact that PR nanoparti-
cle might represent a single grain or crystallite. Thus XRD
analysis corroborate with the FT-IR and thermal analysis
results.
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Figure 2. Thermogravimetric analysis plots showing PR enhanced
thermal stability of PTP polymer.

3. 1. 4. TEM Analysis

The TEM image of PTP/PR nanocomposite is shown
in Figure 3b. The image clearly reveals spherical/granular
shape of PR nanoparticles which are dispersed in PTP ma-
trix indicating the formation of nanocomposite. PR nano-
particles are seen to are dispersed in PTP matrix in discrete
(inset-1) as well as agglomerated units depending upon

their particle size. The agglomeration might result owing to
the Van der Waals interaction of smaller particles for bigger
sized particles. The particle size distribution of these nano-
particles has been carried out by Image J software followed
by Gaussian fitting that revealed the average particle size of
around 8.2 nm (inset-2), revealing a mesoporous character.
From TEM results, it is clear that PTP/PR is a nanocom-
posite. Thus, owing to the presence of small sized particles,
the nanocomposite is expected to show enhanced surface
area, which is confirmed from BET analysis.

3. 1. 5 Structural and Textural Characterization

Adsorption propensity is greatly influenced by the sur-
face area and pore size of the catalyst, BET analysis was at-
tempted to determine surface characteristics of the synthe-
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Figure 3. X-ray diffraction pattern of PTP & PTP/PR nanocompos-
ite (A). TEM image of PTP/PR nanocomposite (B) spherical shaped

PR nanoparticles of PTP/PR nanocomposite (inset-1). Gaussian
histogram fitting plot for particle size distribution (inset-2)
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sized PTP/PR nanocomposite. The N, adsorption-desorption
isotherms and pore diameter distributions of PTP/PR nano-
composite, PR, pure PTP are as shown in Figure 4. The meas-
ured surface area for PTP/PR nanocomposite was found to
be 81.018 m? g~ !, which is higher than both PTP (25.560
m?/g) and PR (15.453 m?/g) respectively. Besides, the N, ad-
sorption/desorption isotherm portrays combined type-II
and IV isotherm behavior which is typical of mesoporous
structure based on the IUPAC classification.®*! Pure PTP
has a granular texture with lesser inter-particle distance,
which is evident from its lower porosity and smaller surface
area. However, on addition of PR, the inter particle space gets
increased, which is evident from increased porosity, in case
of PTP/PR nanocomposite. The observed increase in poros-
ity can be the reason for the enhanced surface area of PTP/
PR nanocomposite compared to undoped PTP3? The major
pore size distribution of the PTP/PR nanocomposite (2.769
nm) is within the range of 1-3nm, which is a characteristic of
smaller pore volume systems. Thus, mesoporous structure
with enhanced surface area gives PTP/PR nanocomposite a
good adsorptive capacity desirable for an adsorption-based
wastewater treatment application. The good surface area and
visible region bandgap also makes PTP/PR a possible photo-
catalyst. The comparative analysis of PTP/PR nanocompos-
ite with other closely related PTP nanocomposite systems
indicates a significant increase in surface area for adsorption
in case of PTP/PR Table 1.

Table 1. Comparative effect of dopants on the surface area of PTP
composites

PTP Composite Sul;face area  Reference
(m/g)

PTP/Fe(CN)3(NO)(bpy).4HzO 18.9 33

PTP /Fe O 19.4 27

PTP/Cu 20.88 34

PTP/CuFe,0, 30.9 35

PTP/PR 81.018 Present work

3. 2. Modeling Adsorptive Propensity of PTP/
PR Towards Industrial Dye Malachite
Green (MG)

The higher surface area coupled with negative zeta po-
tential value around pH 7 range indicates selectivity of PTP/
PR nanocomposite towards cationic water contaminants.
With this rationale, we used Malachite green as a model cat-
ionic dye for exploring the adsorptive propensity of PTP/PR
nanocomposite under environmentally viable conditions.

3. 2. 1. Effects of Contact Time and Initial MG
Solution Concentration

The effects of initial MG dye concentration and its
contact time on PTP/PR nanocomposite adsorption ca-

pacity were observed around 20°C + 2°C under fixed pH
and MG dye concentrations from 10 to 30 mg/L. The ad-
sorption capacity of MG dye on PTP/PR nanocomposite
under different initial concentrations with contact time is
shown in Figure Sla. At lower dye concentrations, the re-
moval rate was relatively fast and equilibrium was reached
within 20 min. which shifted to 25 min. at higher concen-
trations. The adsorption rate was high for first 20 min. and
then progressively saturated with increasing contact time
(after 60 min). This observation can be corroborated with
the progressive saturation of the available surface sites
with increasing contact time. Since many of the adsorption
sites get occupied initially and as process proceeds the
number of vacant sites gets decreased and occupying re-
maining sites becomes difficult to occupy due to repulsive
forces between the adsorbate molecules on the surface and
bulk phases.?? The effect of initial concentration of MG dye
on equilibrium adsorption capacity is shown in Figure
S1b. From Figure S1b it can be seen that the equilibrium
capacities of MG dye under different initial concentrations
showed an increasing trend from 14.187 to 34.5 mg/g sig-
nifying that MG dye concentration gradient offers a
stronger driving force to reduce the mass transfer resist-
ance of the MG dye. The removal efficiency of MG by PTP/
PR displayed relatively higher % removal at lower concen-
trations with decreasing trend towards high concentra-
tions. This can be corroborated with the fixed adsorption
capacity of the 20 mg of PTP/PR sample. Thus from ad-
sorption capacities and removal efficiency studies, 10mg/L
was observed as optimized concentration of MG dye in the
subsequent experiments.

3. 2. 2. Effect of Adsorbent Dosage

The effect of PTP/PR nanocomposite dosage on ad-
sorption properties was studied by adding its increasing
amounts (10 to 30 mg) to 30mL of 10 mg/L MG dye solu-
tion at 298 K with stirring for 160 min. with the corre-
sponding results presented in Figure S2. The removal efhi-
ciency of MG dye increases from 93.8 to 95.94% on
increasing adsorbent dosage from 10 to 30 mg. This behav-
ior can be attributed to the fact that there are more acces-
sible active adsorption sites for MG dye over increasing
adsorbent dosage, which increases its % removal efficien-
cy. However, the adsorption capacity reduces from 28.2 to
9.59 mg/g with increasing PTP/PR dose which can be at-
tributed to the aggregate formation at high concentra-
tion.¢ The aggregation of adsorbent particles at their high-
er concentrations was supported by Dynamic Light
Scattering technique. DLS data indicates that with increase
in adsorbent dosage, particle diameter increases and is
shown in Figure S3. The aggregated particles at higher ad-
sorbent dosage create diffusion resistance for MG dye to-
wards the adsorbent surface, thereby decreasing the ad-
sorption capacity. Thus from adsorbent dosage studies of
10 mg to 30 mg PTP/PR, 20 mg gives 94.58% removal effi-

Mustafa et al.: Hybrid Polymer Composite of Prussian Red Doped ...

853



854

Acta Chim. Slov. 2022, 69, 848-862

— TS
:"? :ﬂm SBET = 25.5!‘!213 PTP ':?
- on =2 E 2204
H oy =
I i-
& " 8 s 3 1904
= - -
: LR LY ©
E o z —p~Adsorption g -
S ol -E . == Desorption -E
= - - - - - - .2 v T T = 04
00 02 04 08 Q8 10 0.00 0 050 ors 10 am o oD ars 100
Relative Pressure (P/Pg) Relative Pressure(P/Po) Relative Pressure(P/Pg)

E o - PTP/PR

=

- oM

:"é N --PIP

o

=

E

=

| &

5 o

0o 6 1'2_ 8 M B B
Pore diameter(nm
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ciency under an adsorption capacity of 14.2 mg/g. Further
increase in PTP/PR dose was not observed to significantly
increase the removal efficiency. Therefore, from the adsor-
bent dose studies 20 mg was observed as optimum dose for
subsequent experiments.

3. 3. Adsorption Kinetic Analysis

Adsorption as a physicochemical process involves
the mass transfer of a solute from bulk liquid to the adsor-
bent surface. Kinetic investigations of such a transfer pave
a significant understanding of the adsorption parameters.
The kinetics of MG dye adsorption on the PTP/PR nano-
composite was explored by using three kinetic models:
pseudo-first-order, pseudo second-order and Elovich
models Figure 5 A-C. These kinetic models can be stated
in their linear form as equations (4-6). 378

In(g. — q.) = In(q,) — kqt (4)
t 1 t

P Koz | (5)

qe = 1/ﬁlnaﬁ + l/ﬁlnt O

where, g (mg/g) and q. (mg/g) are the amounts of MG ad-

sorbed at any time t (min) and at equilibrium, respectively;
k; (min!) and k, (g/mg/min) are the rate constants of
pseudo first order and pseudo-second-order kinetic mod-
els respectively. The kinetic parameter counting correla-
tion coefficients (R?), ki, k, and q. (cal) values were deter-
mined by linear regression. The ‘@’ in the equation 6
denotes initial adsorption rate (mg/g/min) and ‘P’ is the
desorption constant (g/mg). From the plot of q; vs Int,
Elovich constants (a, p) were determined from slope and
intercept values and the values are presented in Table 2. It
is seen from table 2, that the R? value (0.9999) for the pseu-
do-second-order kinetic model was much higher than that
of pseudo first-order as well as Elovich kinetic models. In
addition, the values of q. ., calculated under pseudo-sec-
ond-order model were found close to the experimental
Qe.exp- Based on these observations, the pseudo-second-or-
der kinetic model can be predicted to be the suitable to
quantify the adsorption kinetics of MG onto PTP/PR na-
nocomposite. As is evident from calculated descriptors in
table 2, the experimental data do not have an acceptable
fitting to pseudo first order and Elovich models. The pseu-
do second order kinetic model better describes adsorption
behavior of MG onto PTP/PR nanocomposite. The pseudo
second-order kinetic model broadly involves adsorption,
including external film diffusion, intraparticle diffusion
and surface adsorption.?? Typically, intraparticle diffusion
is considered as a possible rate-limiting step for a batch
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reaction. To envisage the rate-limiting step of the MG dye
adsorption process on PTP/PR nanocomposite, the proba-
bility of intraparticle diffusion was tested by using Weber-
Morris equation 7.8

Qe =Kigt®® + C (7)
Here, Kjq (mg/g/min~'"?) is the intraparticle diffu-
sion rate constant, C (mg/g) is the intercept related to the
thickness of the boundary layer. Figure 5D displays the
plot of q, against t*°, and the corresponding kinetic pa-
rameters are listed in table S1. It is seen that the regression
of g, versus t was prompted to be linear, and the plots did
not pass through the origin, interpreting that besides in-
traparticle diffusion, film diffusion may also be involved in
the rate-controlling step. The Figure 5D shows two stages,
an initial stage showing a faster adsorption rate of MG dye
from solution, and flat portion depicting decreased ad-
sorption rate due to unavailability of active sites.>*** The
smaller slope of intra-particle stage than that of the film
diffusion stage illustrates lower adsorption is occurring at
intra-particle stage.!! Besides the more significant inter-
cept of the second segment, which gives the thickness of
the boundary layer indicates that surface adsorption is also
involved in the rate limiting step.*? Thus, adsorption of
MG dye over PTP/PR nanocomposite involves film disper-
sion and intraparticle diffusion as possible mechanistic
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processes, with the intraparticle diffusion as a dominant
adsorption mechanism.

3. 4. Adsorption Isotherms

In general, adsorption isotherm marks the relation-
ship between the amount of adsorbate adsorbed per unit
mass of an adsorbent at a given temperature. Adsorption
isotherms are essential descriptors for analyzing and de-
veloping any adsorption system.*> The equilibrium ad-
sorption isotherm unfolds the interaction between the ad-
sorbate and adsorbent. In view of this, MG, PTP/PR
system was tested for Langmuir, Freundlich, Temkin iso-
therm models Figure 6. The Langmuir isotherm model
considers monolayer adsorption with all the sorption sites
identical and energetically equivalent.** The Freundlich
isotherm is based on multilayer adsorption on the hetero-
geneous surface, and there are interactions between the
adsorbed molecules.**Temkin model considers adsorption
on heterogeneous surfaces, effects of indirect adsorbate/
adsorbent interactions and assumes heat of adsorption of
all molecules decreases linearly with an increase in surface
coverage.** The linear forms of the three isotherms are giv-
en by the following equations (8-10).
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Figure 5. Kinetic models for data fitting of MG (10, 15, 20, 25 mg/L) adsorption onto PTP/PR adsorbent (20mg in 30mL solution at 298K): (A)
Pseudo-first order (B) Pseudo-second order (C) Elovich kinetic models (D) Intraparticle diffusion model
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Here, q. (mg/g) is the amount of MG adsorbed at
equilibrium time, C, (mg/L) is equilibrium concentration,
qm (mg/g) is the maximum adsorption capacity and K is
the Langmuir constant. The parameters of Langmuir mod-
el can be calculated from the slope and intercept of the lin-
ear plot 1/q.vs 1/C,,

log(q.) = log(ky) + ~logCe ©)
K and n are Freundlich constants
q. = finAr + pinCe (10)

Where 3 = RT/bp, by (kJ/mol) is Temkin constant
gives heat of adsorption, T is the absolute temperature (K),
R is the universal gas constant (equal to 8.314 J/mol), and
Ar is equilibrium binding constant (L/g). The value of
Tembkin constant indicates the possible mechanism (phys-
ical or chemical adsorption) on the adsorbent surface. If
bt > 40 kJ/mol, chemisorption occurs and if by < 40 kJ/
mol, physisorption proceeds.*® The quantities K, Ky, n, qq,
b and qt were calculated, and the values are summarized in
Table 3. The correlation coefficient for Langmuir isotherm
has been found to be higher (0.997) and the adsorption
capacity calculated from Langmuir model (34.48 mg/g) is
found to be close to the experimental value of 34.5 mg/g.
This suggests that the Langmuir isotherm could well ex-
plain the adsorption characteristic of PTP/PR nanocom-
posite. In addition, the separation factor or equilibrium
parameter (Ry) of Langmuir adsorption isotherm, which
evaluates the feasibility of adsorption on adsorbent was
calculated by equation (11). 4

1

R, = ———
LTI KLG, an

where, K; was the Langmuir equilibrium constant and C,
(mg/L) was the initial MG dye concentration. The value of

R} indicated the type of the isotherm to be either irrevers-
ible (R;=0), favorable (0 < R;< 1), unfavorable (R;> 1) or
linear (R, = 1). The calculated value of R; was found in the
range of 0.01 - 0.1 in this study,*® indicating the adsorp-
tion of MG on PTP/ PR is favorable, and as such, it can be
a good adsorbent material for MG removal from aqueous
solution. In addition, the calculated R? value of 0.994, for
the Freundlich isotherm model signifies a good degree of
fit and the heterogeneity factor (n) was calculated to be
1.304. This also confirms a conducive adsorption process-
es as a reaction is classified as favorable if 1 < n < 10.* The
fitting of observed adsorption data with regression values
of R? > 0.99 to both Langmuir and Freundlich isotherms
models indicate that adsorption of MG dye over PTP/PR
nanocomposite includes combined physical as well as
chemical adsorption with monolayer/multilayer adsorp-
tion.>®>! The possible forces involved in adsorbate adsor-
bent interaction include m-m stacking, hydrogen-bond in-
teraction, and electrostatic interaction.

3. 5. Effect of Temperature

To assess effect of temperature on adsorption capac-
ity of PTP/PR nanocomposite for MG, batch adsorption
experiments in the temperature range of 25-45 °C were
carried out. The adsorption propensity of the PTP/PR na-
nocomposite improved slightly with increase of system
temperature®>*3 (Figure 7A). This can be attributed to in-
creased thermal motion of MG molecules at higher tem-
perature allowing more MG molecules to interact with
adsorption sites on PTP/PR nanocomposite. Increasing
temperature also decreases viscosity and enhances diffu-
sion of MG dye molecules due to adsorbent surface.”* An
important observation to note was that adsorption capaci-
ties of PTP/PR for MG dye remained at relatively high val-
ue of above 14.5 mg/g over the entire investigated temper-
ature range, specifying its ability towards MG dye removal
under varied temperature conditions.

Table 2. Kinetic models for the adsorption of MG on PTP/PR nanocomposite at 298 K

Pseudo-1st-order Pseudo-2nd-order Elovich model

C() Geexp k1 Qecal R? k2 qecal R? a I3 R?
(mg/L) (mg/g) (min™!) (mg/g) (g /mg/min)  (mg/g) (mg/g/min)  (g/mg)
10 13.92 0.05 1.042 0.50 0.18 14.14 0.99 7.787 0.368 0.821
15 20.81 0.046 1.218 0.51 0.22 21.28 0.99 22.606 0.248 0.813
20 27.45 0.045 17.95 0.78 0.06 28.17 0.99 51.779 0.185 0.831
25 34.15 0.031 6.184 0.86 0.116 34.5 0.99 164.130 0.151 0.814

Table 3. Isotherm parameters for the adsorption of MG onto PTP/PR nanocomposite at 298 K
Langmuir Freundlich Temkin
K (L/mg)  qu(mg/g) R, R? K¢(L/g) n R? by (kJ/mol) A R?
1.14 34.48 0.08 0.997 18 1.304 0.994 0.145 12.5 0.98
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3. 6. Thermodynamic Analysis

The thermodynamic parameters (change in Gibbs
free energy (AG), enthalpy (AH) and entropy (AS)) were
assessed from the effect of temperature on the adsorption
of MG dye onto PTP/PR using the equations (12,13)

AG®° = —RTIn(K,) (12)
In(K,) = —AH°/RT + AS°/R (13)

where, K (L/mol) is the Langmuir equilibrium constant;
T(K) is system temperature and R (8.314 J/(mol K)) is the
molar gas constant. The negative values of AG calculated
using equation 12 inferred that adsorption of MG onto
PTP/PR nanocomposite is thermodynamically feasible.
AH and AS calculated from slope and intercept of the van’t
Hoff plot log(K;) versus 1/T shown in Figure 7B. The cal-
culated thermodynamic parameters of MG dye onto PTP/
PR are presented in Table 4. Furthermore, the positive val-
ue of AH (9.03 kJ/mol) specified that the adsorption pro-
cess is endothermic in nature. Also, the positive value of

AS (54.95 J/mol K) means that the randomness increased
at the solid-liquid interface during the adsorption of MG
dye in the aqueous solution on the PTP/PR nanocompos-
ite.

3. 7. Effect of pH

The pH is a vital parameter to consider adsorptive
propensity as it influences surface charge of the adsorbent,
degree of ionization of different adsorbates, protonation/
deprotonation of functional groups at the adsorbent active
sites as well as adsorbate. Moreover, for a significant real
time application the adsorption shall occur in the environ-
mentally viable pH range.”> Accordingly, pH effect for MG
dye adsorption on PTP/PR nanocomposite was studied.
Figure 8A depicts comparative pH influence towards MG
dye adsorption on PTP/PR nanocomposite. Noticeably,
adsorption capacities of PTP/PR nanocomposite for MG
were relatively higher at pH 7 (14.187 mg/g) and progres-
sively decreased from pH 7 to 4 from 14.187 to 13.53 mg/g.
The higher adsorption of MG dye by PTP/PR nanocom-
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posite from the neutral solutions was an encouraging re-
sult from the wastewater treatment point of view. Under
acidic pH, the surface of the PTP/PR gets positively
charged due to protonation of sulphur atom of the thio-
phene units in the polymer matrix,>® thereby repelling the
cationic MG dye from polymer matrix. For pH lower than
7.0, MG dye gradually takes positive charge due to proto-
nation on its nitrogen atoms®’ which decrease adsorption
capacities with decreasing solution pH. Around pH 7 de-
protonation of sulphur atoms of polymer matrix is com-
plete which attracts cationic MG dye towards PTP/PR sur-
face leading to increased adsorption capacity at
environmentally viable neutral pH. The pH effect results
were supported by zeta potential studies of PTP/PR nano-
composite over a pH scan Figure 8B. From the zeta poten-
tial studies, the pH corresponding to point of zero charge
(pHpzc) of pristine PTP® and PTP/PR nanocomposite
were calculated to be 4.3 and 3.79 respectively. PTP/PR na-
nocomposite has a point of zero charge (pHpzc) at pH of
3.79 which also marks its transient pH. Above this pH its
surface is negatively charged and below it positively
charged. The lowered value of pHpzc corroborates with
the presence of negative surface charge in case of PTP/PR
nanocomposite above pH 3.8. In pH range 0-3 surface of
the nanocomposite is expected to have positive zeta poten-
tial, which progressively changes with increasing pH and
acquires a maximum negative zeta potential value around
pH 7 Figure 8B. From zeta potential studies repulsive in-
teraction at lower pH as well as attractive interaction near
neutral pH between cationic MG dye and adsorbent sur-
face can hence be confirmed. The negative surface charge
under the environmental pH range of 6 to 8 makes, PTP/
PR nanocomposite an excellent adsorbent for cationic
contaminants in wastewater. The adsorptive propensity of
PTP/PR nanocomposite for cationic MG dye prepared in
tap, deionized waters and also with anionic dyes was at-

20 40 60 80 10 120

Time(min.)

tempted for comparative analysis. Although pH and zeta
potential studies indicate dominance of electrostatic inter-
action for MG dye adsorption onto PTP/PR nanocompos-
ite but the possibility of other interactional forces such as
pi-pi stacking and van der Waals type interactions cannot
be ruled out.

Table 4. Thermodynamic parameters for adsorption of MG (10 mg/L,
30 mL) onto (20 mg/L) PTP/PR nanocomposite.

T (K) AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol K)
298 -3.194 9.03 54.95
308 -3.446 9.03 54.95
318 -3.663 9.03 54.95

3. 8. Adsorption Mechanism IR Spectrum

To gain some insights about the adsorption mecha-
nism, FTIR spectral analysis of PTP/PR nanocomposite
before and after MG dye adsorption was carried out and
are as shown in Fig. S4. The FTIR bands of PTP/PR nano-
composite at 490-498 cm™! corresponding to ~C-S-C- ring
deformation are decreased in intensity and the absorption
bands corresponding to —-C-H-, -C-C-, O-H stretch get
slightly shifted to lower wave numbers post adsorption
with MG dye. These changes indicate role of sulphur site
-S- in MG dye adsorption process. A prominent absorp-
tion band at 2090 cm™! characteristic of -C-N- stretching
frequency due to PR particles also gets decreased in inten-
sity after MG dye adsorption indicates ionic type interac-
tion with -C-N-group. Furthermore, the red shift in ab-
sorption frequencies can be attributed to electrostatic
attraction resulting from lone pair on -S- and cationic MG
dye. In addition, pi-pi stacking interaction could be possi-
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Figure 8. (A) Effects of solution pH on adsorption of MG (10 mg/L, 30 mL) onto the 20 mg of PTP/PR nanocomposite at 298 K.(B) Zeta potential

studies of PTP/PR over pH range of 2-12.
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ble between aromatic rings of MG dye and polythiophene
matrix. The possible adsorption mechanism and probable
interactions are shown in Figure S5.

3. 9 Adsorption Studies of MG Dye in Real
Time Samples

The real time efficiency of PTP/PR nanocomposite
was examined via dye removal efficiency in textile indus-
try wastewater samples. The good adsorptive removal of
MG dye from textile industry effluents offers the possibili-
ty of using PTP/PR nanocomposite in environmental
wastewater treatment application.” The efficacy of PTP/
PR nanocomposite towards MG dye removal in samples,
prepared in normal tap water and deionized water depict-
ed more or less similar % adsorption under optimized
conditions Figure 9A. The viability of selective adsorption
using PTP/PR were studied by taking Rhodamine as cati-
onic dye, Congo red and Methyl orange as anionic dyes. It
was found that the synthesized PTP/PR exhibited higher
adsorption capacity towards cationic dyes than anionic
dyes Figure 9B. This can be ascribed to the negative surface
charge on the PTP/PR nanocomposite under an environ-
mentally viable pH range.

Industrial
sample, 35.80%

Figure 9. Adsorptive efficiency of PTP/PR towards: (A) real time
samples (B) representative dyes from different dye classes.

4. Adsorbent Recovery
and Recycling

Adsorption process being a benign and non-invasive
method for the widespread wastewater treatment applica-
tions is often limited by adsorbent recovery and regenera-
tion post treatment. Regarding regeneration and reusabil-
ity of adsorbent post treatment, recovery is one of the
crucial parameters, magnetic separation is a very helpful
method to recover magnetically active adsorbents for an
improved economic feasibility. PTP/PR nanocomposite
has PR as a magnetic core in the adsorbent nanocompos-
ite, bringing the chances of easy magnetic separation.
PTP/PR nanocomposite adsorbent was recovered using
magnetic separation any undesired change for better recy-
clability. In each regeneration cycle, the used adsorbent
was suspended in distilled water and magnetically stirred
overnight followed by resuspending in 0.1 M HNOj; and
0.1M NaOH. The adsorption capacity of PTP/PR nano-

composite decreased overall by around 20% after five con-
secutive cycles post. However, adsorption equilibrium
time of 30 minutes progressively increased to 50 minutes
after 5 cycles.

4. 1. Synergism of Photocatalysis and
Adsorption for Removal of MG Dye by
PTP/PR Nanocomposite.

In our attempt to investigate the PR based modula-
tion of the PTP matrix, we calculated the band gap of PTP/
PR nanocomposite using Tauc Method.®® The calculated
band gap of 8 wt% of PTP/PR was found to be 2.4 eV rela-
tive to the bandgap of 3.0 eV for pure PTP matrix. This PR
lowering of band gap has made the PTP/PR nanocompos-
ite as visible light absorbing semiconductor. The larger
surface area of 81m?/g and visible region band gap of PTP/
PR nanocomposite are desirable features for the photocat-
alytic activity. To examine the PR effect on the photo gen-
erated hole electron pair recombination of PTP/PR nano-
composite cyclic voltammetry (CV) technique was used.
CV experiments in 0.1 M KNOj; supporting electrolyte at
varying scan rates were carried out using PTP/PR nano-
composite and PR modified Glassy carbon electrodes
(GCE). The changes in the voltammograms of modified
GCE with increasing scan rates from 20 to 100 mV/s can
be ascribed to the modified rate of the PR electron transfer
in the form of PTP/PR nanocomposite. From Figure 10, it
was seen that peak currents increased with scan rate and
can be linearly correlated with square root of scan rates
suggesting diffusion-controlled process. The shifting of
peak potentials on increasing scan rate corroborates with
the overall quasi reversibility of redox process. The electro-
chemical impedance spectroscopy (EIS) analysis of the
PTP/PR modified electrode was observed in 0.1M KNO;.
The results of EIS are represented as Nyquist plots depict-
ing semicircular and linear regions. The semicircular part
portraying high frequency zone describes electron-trans-
fer resistance (Rct), while the lower frequency linear posi-
tion indicates diffusion-controlled operation. The higher
resistance of PR/GCE electrode can be evidenced from the
larger diameter of semicircle which is typically under high
Rct condition. The comparatively lower semi-circular arc
diameter (Nyquist plot inset of Figure 10) in case of PTP/
PR confirms attenuation of Rct on composite formation
with PR dopant. The lowering of Rct on composite forma-
tion with PTP, indicates that hybrid material (PTP/PR)
possesses lower charge transfer resistance indicating that
charge carriers (photogenerated electron-hole pairs) are
more separated with higher mobility and lower recombi-
nation tendency. These attributes are highly desirable for
photocatalytic activity.5'With such desirable properties of
PTP/PR nanocomposite towards photocatalytic activity,
we envisaged a synergistic effect of photocatalysis and ad-
sorption by PTP/PR nanocomposite towards the MG dye
attenuation. The synergistic effect of photocatalysis and
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for PR and PTP/PR nanocomposite.

adsorption could be observed within 30 minutes under the
irraddiation from 150 W CFL. The results of synergistic
effect are summarized in the Fig.11.

% MG Removal

15 2 ”

Figure 11. The synergistic effect of photocatalysis and adsorption
for MG dye attenuation by PTP/PR nanocomposite

5. Conclusion

Prussian red (PR) on account of its unique proper-
ties was envisaged as an inorganic dopant towards polyth-
iophene (PTP) conducting polymer matrix. Oxidative po-
lymerization reaction via solvothermal route was utilized

for incorporating ball milled PR in the polythiophene ma-
trix. The interaction of PR with PTP matrix was observed
from the spectral changes in the FTIR and PXRD patterns.
TEM imaging data identified PTP/PR hybrid material as a
nanocomposite system. The observed thermal, electro-
chemical and photocatalytic descriptors of PTP/PR over
pristine PTP suggested a desirable enhancement in these
properties for the possible applications as water treatment
nano-material. Zeta potential and pH studies suggest good
adsorptive propensity towards cationic dyes under envi-
ronmental conditions. An adsorption capacity of 35mg/g
for removal of cationic dye Malachite Green (MG) was ob-
served in the real time effluents from dye industry. From
structural analysis, electrostatic, and pi-pi type interac-
tions have been predicted to be predominant noncovalent
forces involved in adsorption of MG dye over PTP/PR na-
nocomposite. Adsorption data fitted Langmuir and Freun-
dlich adsorption isotherms suggesting monolayer as well
as multi-layer adsorption process, besides kinetic studies
revealed pseudo-second order model for the adsorption of
MG dye over nanocomposite. Negative value of free ener-
gy indicated thermodynamic spontaneity, recyclability
with good regeneration was observed even after five cycles.
Taken together PR as novel dopant in the PTP matrix has
desirably enhanced its polymeric properties and as PTP/
PR nanocomposite, it has increased the potency of con-
ducting polymer towards wastewater treatment applica-
tion. Further development of PTP/PR nanocomposite for
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a wider water treatment application involving combined
effect of adsorptive and photocatalytic elimination of per-
sistent water contaminants is underway in our laboratory.
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Povzetek

119-125. DIO:10.1016/j.electacta.2015.03.097

Koordinacijske spojine kot dodatki prevodnim polimerom zdruZujejo Zelene lastnosti posameznih komponent za namen
sinergisti¢nega ucinka. Koordinacijska spojina prusko rdeca (PR) z Zelezom (III) je bila dopirana v matriko politiofena
(PTP) z namenom raziskati nagnjenost tega anorgansko-organskega hibridnega kompozitnega materiala k ¢is¢enju od-
padne vode. Dopiranje PR izboljsa mehanske, toplotne, elektri¢ne in fotokatalitske lastnosti ¢istega PTP. Karakterizacija
kompozita PTP/PR je bila opravljena z rentgensko difrakcijo prahu, TEM, TGA, FTIR, BET analizo in UV-vidno spek-
troskopijo. Optimizacija adsorpcijskih pogojev, regeneracija adsorbenta, $tudije adsorpcijske termodinamike PTP/PR
so bile izvedene z uporabo barvila malahitno zeleno (MG). Pri optimiziranih pogojih je bila dosezena 92% adsorpcija
barvila MG pri 20 mg nanokompozita PTP/PR v 20 minutah pri pH 7. Nanokompozit PTP/PR je prav tako dokazal kom-
plementarno uc¢inkovitost v primeru realnih vzorcev odpadne vode. Termodinami¢ne $tudije kaZejo na spontan proces
z elektrostati¢no privla¢nostjo kot prevladujoco nekovalentno interakcijo. Raziskava poudarja pomembnost oblikovanja

Vv Y

katalizatorjev, ki so sposobni sinergisti¢ne adsorpcije in fotokatalitskih aktivnosti za uc¢inkovito ¢is¢enje odpadne vode.
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