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Adsorptive Avidity of Prussian blue Polypyrrole Nanocomposite
for Elimination of Water Contaminants: a Case study of Malachite
Green and Isoniazid
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Persistent water contaminants include a variety of substances that evade natural cleaning processes posing severe risks to
ecosystems. Their adsorptive elimination is a key approach to safer attenuation. Herein we present the design and
development of Prussian Blue incorporated Polypyrrole (PPY/PB) hybrid nanocomposite as a high-performance adsorbent
for the elimination of malachite green (M.G), isoniazid (INH) and 4-nitrophenol (4-NP) water contaminants. The
nanocomposite synthesis was favored by strong dopant-polymer interactions, leading to a PPY/PB material with enhanced
electro-active surface area compared to pristine PPY. The structure-activity response of the nanocomposite for the
adsorption of target contaminants was unveiled by evaluating its maximum adsorption capacities under environmentally
viable conditions. In-depth analysis and optimization of adsorption influencing factors (pH, temperature, and adsorbent
dose) were performed. Using equilibrium studies, kinetic model fitting, aided with FTIR analysis, a multi-step mechanism
for the adsorption of target contaminants on the nanocomposite was proposed. Furthermore, the PPY/PB nanocomposite
also acts as a catalyst, enabling contaminant elimination following a synergistic scheme that was demonstrated using 4-NP
contaminant. The synergetic adsorption and catalytic degradation of 4-NP using PPY/PB as adsorbent and catalyst was
demonstrated in the presence of NaBH, as a reducing agent in absence of light. In summary, this work highlights the
targeted design of adsorbent, its optimization for adsorptive avidity, and the synergistic role of adsorption trapping in the
catalytic degradation of persistent contaminants.

treatment. With an estimated annual dye production of 7.10°

Introduction tonnes, the associated pollution concerns are significant.>* Among
The quality of water resources is at risk with the release of other chemicals, Malachite Green (M.G) is widely used for dyeing
persistent organic contaminants into the aguatic environment.! cotton, wool, and silk fabrics.> However, its runoff in effluent gives

These contaminants are characterized by high stability in water,
which allows them to evade natural cleansing processes, and water
treatment protocols, leading to their ubiquitous environmental
distribution, and even prevalence in municipal water distribution
facilities.2 Owing to non-biodegradability and chances of bio-
accumulation, these contaminants pose serious health risks to
humans and severe disturbances to aquatic ecosystems. For
instance, the effluent discharges of the synthetic dye industry often
contain a considerable amount of dyes even after general
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an aesthetically unpleasant colour to water and is bio-accumulative,
a probable carcinogen, and toxic to aquatic organisms.® Similarly,
trace quantities of pharmaceuticals, particularly antibiotics from
agricultural and livestock wastewater effluents, have been classified
as emerging contaminants of major concern.” The occurrence of
antibiotics in the environment poses serious health risks such as the
emergence of antibiotic resistant pathogens that are responsible for
an estimated 0.7 million deaths annually.®® Isoniazid (INH) one of
the first-line antibiotics for tuberculosis was flagged as one of the
persistent organic contaminants of concern in wastewater.'® Qut of
the various water treatment strategies, including coagulation,
oxidation processes and biological removal, adsorption of
contaminants has the advantages to be straightforward and
potentially economical. Its efficacy ultimately depends upon the
adsorbent design.!! However, widely reported adsorbents such as
activated carbon and other biomass-derived carbonaceous
materials require intensive modifications and under-desirable
adsorption performance.'>13 Porous conducting polymers have
received increasing attention for adsorption applications due to
their facile and scalable production, good surface area, and the

possibility of surface and functional group modifications towards
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improved adsorption capacity. Besides adsorption, these materials
can promote the degradation of contaminants through a two-step
effect.  First, adsorption activates persistent
contaminants on the surface of the adsorbent. Then the activated

synergistic

contaminant is mineralized or converted into a harmless form by a
catalytic reaction.’* This can be achieved by fine-tuning the
properties of conducting polymers by their composite formation
Such
composites enable to complement the properties of porous

with different classes of transition metal complexes.

conducting polymers, leading to improved contaminant
degradation performances compared to their pristine analogues.®
Here, Polypyrrole (PPY) was chosen as a porous conducting polymer
as its adsorbents have shown high adsorption capacity and
selectivity for a variety of dyes and contaminants due to
chemisorption and electrostatic interactions .1618 However, the
impact of transition metal complex doping on polymers for
adsorption applications has been scarcely studied. In continuation
of our interests in applications of transition metal complexes,1®-2
especially as dopants in conducting polymer matrix for dielectric
properties and water treatment applications,?> 22 we explore here
their structure-activity response for the adsorption of dye and
antibiotic contaminants under environmentally viable conditions
(pH 7, and 20°C). The systematic adsorption study was also
envisaged in the synergistic conversion of toxic nitrophenol (4-NP)
to non-toxic aminophenol using NaBH, as a reducing agent in the
absence of light, via combined adsorptive and catalytic steps.
Prussian blue (PB) was chosen as the transition metal complex to be
incorporated in the composite as it is of low cost, stable charge,
crystalline nature, lesser toxicity with good surface characteristics
making it a suitable dopant in designing sustainable material for
water treatment application. In addition, PB, as an adsorbent, has
shown exceptional selectivity for the adsorption of cesium ions. This
high selectivity is associated with a PB’s cubic framework composed
of iron centers bound by cyanide bridges, allowing additional
cations to intercalate into the interstitial sites. The structure
permits small hydrated cations to penetrate, while larger hydrated
ions are obstructed. Research findings have demonstrated that the
comparable size of the crystal cage of PB and the hydration radius
of Cs ions significantly enhance the attraction of Cs ions to
PB.2*Also PB and its analogues have shown a high affinity towards
thallium (T1).2°

In this work, PPY/PB nanocomposite was synthesized by a facile
oxidative polymerization method using pyrrole monomer and
nanosized Prussian blue dopant. The synthesized nanocomposite
showed an impressive adsorption capacity for M.G. and INH
contaminants with maximum adsorption capacities of 15.75 mg/g
and 34 mg/g respectively under environmentally viable conditions
(pH 7, and 20°C). The enhancement in adsorption capacity of
PPY/PB nanocomposite compared to pristine PPY polymer can be
attributed to
adsorbates and hybrid adsorbent. The optimization of adsorption
influencing factors like pH, temperature, and adsorbent dose, was

increased interactions between contaminant

attempted for applicability of nanocomposite to a wide range of
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conditions. Using equilibrium studies, kinetic model fitting, and FTIR
analysis, an adsorption mechanism was proposed. Taken together
this study envisages the targeted design of benign nanocomposite
adsorbents and their optimization towards high adsorptive avidity
in the attenuation of persistent contaminants under environmental
conditions. Besides, it highlights the complementary role of
adsorption in the catalytic elimination of persistent contaminants
and

under adsorption-trapped catalyst-degraded

(Scheme 1).
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Scheme 1. Schematic depiction of the materials and applications
developed in this study.

Results and discussion

Chemical characterization of the PPY/PB nanocomposite

The FT-IR spectra of pure PPY, PB, and PPY/PB nanocomposite are
presented in Figure 1(A). The characteristic peaks in the FTIR
spectra of PPY are observed at 3411 cm?, 1553 cm™ and 1399 cm!
attributed to N-H, C=C, and C-N stretching frequencies of the
pyrrole ring, respectively.2627 The other vibration bands in the
fingerprint region (595-1300 cm™) can be attributed to N-H, C-H in-
plane deformation, and C-H outer bending. The spectrum of PB
exhibits vibration bands at around 2080 cm® and 487 cm®
corresponding to C=N stretching and Fe(Il)-CN-Fe(lll) vibrational
modes, respectively. Moreover, the broad and low-intensity
absorption bands at 3393 cm™ and 1600 cm! are attributed to O-H
stretching and H-O-H bending modes of adsorbed water on the
surface of PB.28 The PPY/PB nanocomposite displays contributions
from both PPY and PB with slight shifts, suggesting the successful
incorporation of PB dopant into the PPY matrix, most likely by the
interaction of dopant PB molecules with PPY’s aromatic rings.
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Figure 1. (A) Comparative FTIR spectra of PPY, PB, and the PPY/PB
nanocomposite and (B) TGA/DTA analysis of the PPY/PB
nanocomposite showing three weight loss steps.
behaviour

To confirm these the thermal of the

nanocomposite was analyzed by thermogravimetry. TGA/DTA

results,

analysis of the PPY/PB nanocomposite is depicted in Figure 1B and
that of pristine PPY and PB are shown in Figure S1 (A, B). The
observed thermogram of PB shows three weight loss steps
characterized by three exothermic peaks at 332°C, 478°C, and 604°C
in the DTA curve. The first step is attributed to the removal of
absorbed water while the second, with two exothermic peaks,
corresponds to the loss of CN moieties. The third transition, with
one exothermic dip, is attributed to the decomposition of PB to iron
oxide.?? The TGA curve of pure PPY depicts two transitions, one at a
lower temperature up to 94 °C, which can be assigned to the loss of
solvent molecules and unreacted monomer. The DTA curve of PPY
exhibits an endothermic peak at about 94 °C, indicating that the
initial decomposition involves the absorption of heat. The other
transition with two exothermic dips starts at around 95°C and ends
at 546°C where complete degradation of the PPY chain has
occurred. At this temperature, a total weight loss of 50% was
reached for the PPY/PB nanocomposite compared to 97%
decomposition for the pure PPY. Such an improvement of the
thermal stability of the nanocomposite infers stronger interactions
after the incorporation of PB dopant into the PPY matrix. The DTA
analysis of the nanocomposite exhibits three exothermic peaks, the
first two at 258°C and 427°C are due to the elimination of doping
ions in PB and PPY, and the third peak at 563°C is due to the
decomposition of polymer The synthesised PPY/PB
nanocomposite exhibits superior thermal stability compared to that

chains.
of similar materials reported in the literature. 3931

Structural characterization of the PPY/PB nanocomposite

Powder X-ray diffraction was used to identify the crystalline phases
and sizes in PPY, PB and in the nanocomposite. The PXRD pattern of
PPY shows an amorphous nature with a broad hump at a 26 value
of 25.8° (Figure S2).3233 This peak is due to intermolecular pi-pi
stacking of pyrrole units.23* The pattern of PB nanoparticles
displays well-defined crystalline peaks which can be indexed as the
FCC phase with space group Fm3m (No.225) (JCPDS 73-0687) with a
lattice parameter of 10.14 A. From the XRD pattern of PPY/PB, most
of the characteristic peaks of PB are present, indicating the
incorporation of PB into the polymer matrix. This reveals the
successful synthesis of the PPY/PB composite, corroborating the
FTIR and TGA analysis. In addition, the observed shifting of PB peaks
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Figure 2. N, adsorption-desorption isotherms of (A) PPY and (B) the

PPY/PB nanocomposite. Insets depict their corresponding pore size
distribution curves.

Relative Fressure(F/Pu)

in the nanocomposite can arise from non-covalent interactions
between PPY chains and dopant molecule. These interactions lead
to the ordered arrangement of PPY chains within the
nanocomposite resulting in higher thermal stability and crystallinity.
Meanwhile, compared to the XRD analysis of PB, the degree of
crystallinity decreases in the nanocomposite, which is attributed to
the amorphous nature of the PPY matrix. Accordingly, crystallite
sizes of 29 and 11 nm for PB and PPY/PB were obtained. Next, the
surface area of the nanocomposite was investigated by nitrogen
sorption. The specific surface area, pore size, and pore volume of an
adsorbent are indeed strong influencing parameters that determine
adsorption efficiency. The N, adsorption/ desorption isotherms of
PPY and PPY/PB nanocomposite are given in Figure 2. Both PPY and
PPY/PB display a type-1V adsorption isotherm with a hysteresis loop
at relatively high pressures, indicating the presence of mesopores
as per IUPAC classification.3>37 Multipoint BET and NLDFT (Non-
local Density Functional theory) models were used to calculate the
specific surface area and the pore size distribution of the samples.
Surface areas of ca 22 m?/g and 95 m?/g were obtained for PPY and
PPY/PB respectively, with pore volumes of 0.08 cm3/g and 0.22
cm3/g. This suggests that the addition of PB nanoparticles to the
PPY matrix increases the surface area, due to a higher porosity,
which is desirable for an efficient adsorption process. A comparison
of the effect of PB dopant on the surface area of PPY composites
with other dopants indicates the sizeable enhancement in the
surface area of PPY/PB nanocomposite.383? In addition, the pore
size diameter (shown in insets of Figure 2) in the materials evolved
from mostly mesoporous (2.9 nm) for pure PPY to a mixture of
mesopores (2.9 nm) and micropores (<2 nm) for the PPY/PB
nanocomposite. Due to its higher surface area, mesoporous
structure, and multimodal pore size distribution, PPY/PB can be a
potential adsorbent for the attenuation of persistent organic
contaminants from aqueous solution. To confirm these results, the
morphology and microstructure of PPY, PB, and PPY/PB
nanocomposite were examined by using FE-SEM and TEM analysis
with the elemental mapping patterns. From the FE-SEM
the PB dopant exhibited a shaped
morphology (Figure 3 (A)) while pristine PPY appears as sheets
(zoomed region, Figure 3 (B)). Observations of the PPY/PB

micrographs, spherical

composite revealed a uniform dispersion of PB over the PPY surface
with a particle diameter of 47nm (Figure 3 (C and D)). Moreover,
many cavities get developed in the composite wich may be
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Figure 3. FE-SEM micrographs of (A) PB,(B) PPY, and (C and D) PPY/PB. Corresponding EDX analysis of (E) PB and (F) PPY/PB.

beneficial for mass transfer and pore accessibility during the
adsorption process. To determine the composition of synthesized
materials, elemental analysis was carried out and the results are
depicted in Figure 3 (E and F). The EDX spectra of PB (Figure 3(E))
and PPY/PB nanocomposite (Figure 3(F)) indicate the presence of C,
N, and Fe elements with a higher percentage of C and N for the
later, confirming the successful incorporation of PB into the PPY
matrix (inset of Figure 3(F)). The absence of any additional element
in the synthesised samples suggests the high purity of PB dopant
and of the PPY/PB nanocomposite. The elemental distribution was
further examined through elemental mapping analysis (shown in
Figure S3 and S4), which confirmed the uniform distribution of C, N
and Fe elements in the PB and nanocomposite. To gain deeper
insights into the microstructure of the PPY/PB composite, TEM
analysis was utilized. The Image) software was employed to
estimate the particle sizes from the Gaussian fitting of respective
histograms. The dopant exhibited a spherical shaped morphology
with an average particle size of 2 nm (inset of Figure 4 (A)). This

PB Nanoparticles
20nm
e

shape was retained in the nanocomposite. The TEM micrographs of
the nanocomposite showed agglomeration of PPY chains in which
spherical PB dopant are uniformly dispersed (Figure 4 (B and C)).The
average particle size of nanocomposite is around 18 nm (inset of
the Figure 4(D) which is large as compared to the size of the pure
dopant, confirming their encapsulation in the PPY matrix. At higher
magnification (Figure 4 (D and E)), the compact morphology of the
nanocomposite was unveiled, as all PB particles seem to be
agglomerated in the composite. This result indicates the strong
interaction between PB nanoparticles and PPY chains probably via
non-covalent forces as well as a good nucleating effect of PPY
chains. The electron diffraction pattern (Figure 4 (F)) of the
corresponding sample area evidenced the polycrystalline nature of
the nanocomposite. The rings with varying diameters,
corresponding to different d-spacing values, indicate the presence

of distinct crystallographic planes within the material as found in
the PXRD pattern of PB.

Figure 4. TEM observations of (A) pristine PB and (B-E) the PPY/PB nanocomposite at different magnifications. Insets show the histogram
plots for the average particle size distribution fitted by a Gaussian function. (F) Electron diffraction pattern of the PPY/PB nanocomposite.
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Electrochemical characterization
Cyclic voltammetry (CV) employed to analyze the
electrochemical behaviour, surface area, and kinetics of PB and the

was

PPY/PB nanocomposite following their deposition on glassy carbon
electrodes (GCE).*>*! The voltammograms of an electrochemical
probe 6mM K;[Fe(CN)e] with 0.1M KCl as electrolyte were recorded
on PB and PPY/PB modified electrodes at various scan rates (Figure
5). The PB-modified electrode shows two pairs of redox peaks,
which are typical redox events showing the presence of PB. The first
pair of redox waves exhibiting an oxidation peak at 0.37 V and a
reduction peak at 0.01 V is attributed to the Prussian white/PB
redox. The second pair of peaks with anodic and cathodic peaks
positioned at 0.85 V and 0.78 V respectively is assigned to the redox
process between PB and Berlin Green.*? The redox couple towards
negative potentials (Prussian white/PB) is due to high spin iron
coordinated to nitrogen and the other at more positive potentials
(PB/ Berlin Green) is because of low spin iron coordinated to
carbon.®® These electrochemical signatures are also observed in
PPY/PB modified GCE with shifting of peaks confirming the
incorporation of PB in the nanocomposite. The peak-to-peak
separation (AEp) value of Prussian white/PB redox of PB/GCE
electrode (0.38V) was significantly decreased to 0.11 V for the
composite at the same scan rate (100mV/s) indicating that the rate
of electron transfer was enhanced at the PPY/PB electrode. In
addition, the higher peak current of PPY/PB/GCE compared to
PB/GCE could be ascribed to the presence of the PPY matrix
enabling a synergistic effect between PB and PPY at the electrode
surface for the transport of charge carriers with the increased
effective area. To further support these findings, the electroactive
surface area of the different electrodes was calculated using the
Randles-Sevcik equation:

Ipa = 2.69 X 10°n3/2ACDY/ 2y1/2

Where |, is the oxidation peak current (pnA), C is the concentration
of the redox probe (mol/L), A is the electroactive area (cm?2), D is
the diffusion coefficient of the redox probe (6.7x10°°cm?/s), n is the
number of electrons transferred and v is the scan rate (V/s).

The cyclic voltammetry studies of PB/GCE and PPY/PB/GCE were
carried out in the same electrolyte solution at different scan rates
(from 20 mV/s to 100 mV/s). From the slope of the plot of IP vs v1/2,
the electroactive values obtained are 0.008 cm?, 0.010 cm?, and
0.024 cm? for bare GCE, PB/GCE, and PPY/PB/GCE respectively.
Therefore, the greater electrochemical reactivity obtained with
PPY/PB modified electrodes can be attributed to its larger active
surface area that enables more adsorption of analytes on its
surface. Moreover, the effect of scan rate on the CV plots of
PB/GCE and PPY/PB/GCE was investigated to know the kinetics of
electrode reactions. As evident from Figure 5 (D and B inset), the
peak current varies linearly with the square root of the scan rate,
suggesting a diffusion-controlled process at both electrodes.
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Figure 5. CV responses of modified electrodes in 6 mM [Fe(CN)g]3
containing 0.1M KCl. (A) comparative CVs of PB/GCE and
PPY/PB/GCE at 100 mV/s. (B and C) Voltammograms recorded for
PB and PPY/PB modified GCE nanocomposite with changing scan
rates (from 20 to 100 mV/s). (D and inset of the figure B) Evolution
of the peak intensity (I,) as a function of v/2and the resulting linear

fits.

Evaluation of the adsorption of PPY/PB towards industrial M.G
dye and antituberculosis INH drug

Effect of pH. The solution pH can influence both the surface charge
and functional groups on the adsorbent while changing the degree
of ionization of contaminants. Therefore, the effect of pH on the
adsorption capacity of PPY/PB nanocomposite towards M.G (20
mg/L) and INH (50 mg/L) was studied. As shown in Figure 6(A), the
highest PPY/PB adsorption capacity for M.G (15.4 mg/g) was
achieved at pH 7 with a removal capacity of 71 %, which is a
promising result from the wastewater treatment perspective. The
lower adsorption capacity (14.2 mg/g, 65.6 % M.G removal),
obtained under acidic conditions, is attributed to positive ionization
of the PPY/PB surface by protonation of the nitrogen atom of
pyrrole rings.'” The same process leads to ionization of M.G at pH
values below 7,% resulting in lowering its adsorption in acidic
media. No adsorption tests were performed under alkaline pH for
M.G because the dye lost its colour (beyond pH 8.5) indicating a pH-
triggered molecular reaction forming new species.*>*® The observed
results of the pH effect on the adsorption of M.G. over PPY/PB
nanocomposite were supported by zeta potential studies (Figure
6(c)). The point of charge (pHy.) for the PPY/PB
nanocomposite was found at a pH of 3.99, implying that below this

zero

pH its surface is positively charged and negatively charged above it.
The maximum negative value of the zeta potential is attained at pH
7. Therefore, the attractive interaction of the dye with the
composite at pH 7 and repulsive interaction at acidic pH are
confirmed. In addition to electrostatic forces, interactions including
n-Tt stacking and hydrogen bonding are also possible between PPY

Page 14 of 39
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and M.G. In the case of the sorption of INH antibiotic, adsorption
propensities and removal efficiency (%) increased from 8.2 mg/g
(16.7 %) to 29.3 mg/g (58.7 %) with the increase in pH from 4 to 7
(Figure 6(B)). Further increase in pH decreased the adsorption
capacity to 24.8 mg/g. As INH is amphoteric, it has multiple
ionisable groups generating different species as a function of pH. Its
acid ionization constants of 1.8, 3.5, and 11.4, arise as a result of
the protonation of terminal nitrogen of the hydrazide and
heterocyclic nitrogen of the pyridine ring under acidic conditions
and loss of a proton from the amide nitrogen atom in basic pH
conditions respectively.*’*¢ Under acidic conditions (below pH 4)
INH mainly exists in its cationic form in aqueous solutions, while the
surface of PPY/PB nanocomposite is also positively charged, thus
the adsorption capacity decreases due to repulsive interactions. The
higher INH adsorption at pH 7 is ascribed to hydrophobic
interactions and hydrogen bonding *° between the nanocomposite

ARTICLE

and INH. Similarly, the decrease in adsorption uptake above pH 8 is
due to the repulsion between the anionic form of INH and the
negatively charged surface of the nanocomposite. Regardless of
electrostatic repulsion, adsorption still occurs under these pH
conditions, indicating that m- m stacking could also make a
contribution to contaminant adsorption over PPY/PB. Thus, both pH
and zeta potential studies point towards a maximum adsorption of
both - M.G and INH on PPY/PB nanocomposite under the
environmentally viable condition of neutral pH. The possible
interaction mechanism between PPY/PB and contaminants is
presented in Figure 6(D). Similar mechanism has been described for
the adsorption of Methyl Orange and Eosin Yellow dye removal
onto conducting polymer-based nanocomposite.>®
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Figure 6. Effect of the pH on the removal efficiency of (A) M.G and (B) INH with initial concentrations of 20 mg/L (M.G) and 50 mg/L (INH).
Experiments were carried out using 200 mL of a 1 mg/mL dispersion of PPY/PB at pH = 3-8, T=298 K, for 20 to 200 min. (C) Zeta potential
analysis of the PPY/PB nanocomposite. (D) Proposed adsorption mechanism of M.G and INH onto the PPY/PB nanocomposite
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Effect of the contact time. The investigation of contact time is a
crucial adsorption parameter of an adsorbent. The percentage
removal of M.G and INH under different time intervals using PB,
PPY, and PPY/PB nanocomposite is presented in Figure 7 (A and B).
The adsorption capacity and removal efficiency for the first 60 min
increased sharply before levelling off and stabilizing after 180 min,
indicating that equilibrium had been established. The faster
adsorption for short contact time can be explained by the presence
of initial available active sites on the surface of the adsorbent,
resulting in bulk interaction with adsorbate molecules. As contact
time progresses, the decrease in the rate of adsorption is due to the
lowering number of active sites. The effect of contact time on M.G
and INH removal was evaluated in the presence of PB, PPY, and
PPY/PB nanocomposite.’! The observed uptake percentage of M.G
dye (20 mg/L) and INH (50 mg/L) at the equilibrium stage is 71%
and 59% respectively. The performances of the PPY/PB
nanocomposite were compared to that of PB and PPY used
separately and under similar adsorption conditions. Removal rates
of M.G and INH using pure PB were 8% and 7.6% respectively, while
PPY removed 15% and 12% of the contaminants (Figure 7(A and B)).
The improved adsorptive propensity of PPY/PB is attributed to its
increased surface area and porosity, which favour the mass transfer
and sorption of M.G and INH on the nanocomposite.

Effect of the initial adsorbate concentration. The key parameter in
the the
contaminant concentration due to its direct relevance on removal

adsorption process is to determine appropriate
efficiency and the amount of adsorbent required . The influence of
initial concentrations of M.G dye and INH drug on the adsorption
capacity of PPY/PB nanocomposite was investigated under ambient
conditions (pH=7, 298 K) by varying the initial dye and drug
concentrations from 5-30 mg/L and 10-60 mg/L respectively (Figure
S5 (A, C)). It can be inferred from Figure S5(A) that the adsorption
capacity increases from 6.4 to 15.4 mg/g for M.G with a change in
concentration from 5-20 mg/L and then shows a decreasing trend
with further increase in initial M.G dye concentration. An increase
in initial pollutant concentration augments the concentration
gradient which amplifies the thermodynamic driving force for the
transfer of pollutants from the solution phase to the adsorbent
surface.’2>* However, the removal efficiency of M.G by PPY/PB
(95% - 41.8%) with the in  pollutant
concentration from 5-30 mg/L which is attributed to the availability

decreases increase
of a sufficient number of active sites at low concentrations resulting
in the rapid uptake of pollutants from the bulk. The occupancy to
the same active sites becomes difficult with the increasing pollutant
concentration due to repulsions between the solute molecules on
the adsorbent and bulk phases leading to a decline in overall
adsorption efficiency. Similarly for INH uptake, adsorption capacity
rises from 9.9-29.3 mg/g under initial concentration change from
(10-50 mg/L) and then decreases (Figure S5(C)). Therefore, the
optimal concentration for further studies was found to be 20 mg/L
for M.G dye and 50 mg/L for INH.

Effect of the adsorbent dosage. The effect of PPY/PB dosage on
M.G and INH adsorption is shown in Figure S5 (B and D). The results

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. (A) Comparison of the Effect of the contact time on the
removal efficiency of (A) M.G (20mg/L) and (B) INH (50mg/L) at pH
7 and 298 K using PB, PPY, and PPY/PB nanocomposite. Experiments

0 60

were carried out using 200 mL of a 1 mg/mL dispersion of PPY/PB.

showed that the adsorption capacity increases from 11.9 to 15.4
mg/g for M.G and 11 to 29.3 mg/g for INH by increasing the
adsorbent dose from 150 to 200 mg.The enhancement in removal
fixed
concentration with increasing adsorbent doses may be ascribed to

efficiency and adsorption capacity at a adsorbate

the greater adsorbent surface area, thus providing a large number
of binding sites to adsorb M.G and
Furthermore, a continuous increase in the adsorbent dose beyond

INH contaminants.>®

the optimum level lead to a reduction in the adsorption capacity as
well as removal efficiency for both adsorbates. This is because at
higher doses, overlapping of adsorption sites takes place resulting
in a lowering of overall effective surface area.>® Under these
conditions, diffusion of adsorbate molecules to approach adsorbent
reactive sites gets prevented resulting in a decreased removal
efficiency. Thus 200 mg was observed to be the optimum dosage
for selected initial concentrations and chosen contact time for
subsequent control experiments.

Adsorption kinetics. Adsorption rate is another crucial factor in
predicting the adsorption efficiency of a contaminant over an
adsorbent. The standard kinetic models: pseudo-first order (PFO),
pseudo-second order (PSO), Elovich and Weber-Morris model
(Intraparticle diffusion model (IPD)) were employed for modelling
INH onto the PPY/PB
nanocomposite. The kinetic analysis for the M.G and INH
adsorption by PPY/PB was done at six different concentrations in
the range of 5-30 mg/L for M.G and 10-60 mg/L for INH. The
nonlinear equations (1-4)°7-°8 describing the four kinetic models are

the adsorption kinetics of M.G and

given below.
PFO: Gt = qe(1 — e ¥1t) (1)

1
PSO: 4t = qe(1 — 1) (2)

Elovich: 4 =3 In (@Bt + 1) (3)

IPD: q¢ =Kipat®> + C (4)
Where g; (mg/g) is the amount of adsorbate adsorbed at time t; g,
(mg/g) is the amount of adsorbate adsorbed at equilibrium; k1 is
the rate constant for PFO (min); k2 is the rate constant for PSO
(g/(mg/min); B (g/mg) and a (mg/g/min) are the desorption
constant and initial adsorption rate; Ki,q4 is the intraparticle diffusion
rate constant (mg/g/min®%) and C is the intercept related to
thickness of the boundary layer (mg/g).
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All observed kinetic parameters are presented in Table 1 and the
corresponding curves are given in Figure 8. As reflected in Table 1,
the correlation coefficients of pseudo-second order and Elovich
model are higher than that of pseudo-first order model at all
concentrations of M.G and INH. The chi-square (x?) values of both
models are smaller in comparison to the Pseudo-first order.
Furthermore, the g. (mg/g) calculated values of pseudo-second
order model are closer to the experimental values for M.G and INH.
Thus both pseudo-second order and Elovich model make the best
fit to experimental data, implying that adsorption of M.G and INH
onto PPY/PB nanocomposite follows the chemisorption process in
which chemical bonds between the adsorbent active sites and
adsorbate molecules are formed through share or exchange of
valence electrons. > This also implies that M.G and INH initially get
first adsorbed on the nanocomposite’s external surface but
subsequently diffuse and adsorb into the interior sites as the active
sites of the adsorbent get fully occupied. Although the calculated
and experimental values of g. were much closer for the Pseudo-first
order model but due to its lower R? and higher x? values, it cannot
be the acceptable adsorption kinetic mechanism. To predict the
diffusion mechanism and rate-limiting step of M.G and INH
adsorption onto the PPY/PB surface, an intra-particle diffusion
model was applied. The R? values for INH are higher than for M.G
(Table 1). As depicted in Figure 8 (D and H), the plot of IPD did not

Physical Chemistry Chemical Physics

pass through the origin suggesting that intraparticle diffusion
mechanism alone cannot explain the M.G and INH uptake by
PPY/PB adsorbent.®° This observation further validates that the
adsorption of M.G and INH on the adsorbent occurred through a
multi-step process. Figure 8 (D and H), shows two stages, the initial
stage represents the faster uptake of M.G and INH from the
aqueous phase to the adsorbent's external surface (film/surface
diffusion model). This migration is directly proportional to the
surface area of the adsorbent because a higher surface area
corresponds to a faster diffusion rate. The diffusion process then
slows down at the second stage, implying that less active sites are
available for effective adsorption (intraparticle diffusion
mechanism).®! The slope of the second stage gives the Kipp
parameter. Besides the larger intercept observed in the second
segment (greater than 0), which gives the thickness of the boundary
layer, indicating that surface adsorption is also involved in the rate-
limiting step. Thus, the adsorption of M.G and INH over PPY/PB
involves film dispersion and intraparticle diffusion as potential
mechanistic processes. As the diffusion rate constant of INH is
greater than that of M.G (Table 1) for the same concentration it
diffuses easily into the pores of PPY/PB nanocomposite than M.G
leading to its higher adsorption rates. These results are in good
agreement with other

experimental findings.
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Figure 8. Non-linear fitted curves of different kinetic models; PFO (A, E), PSO (B, F), Elovich (C, G ), and IPD kinetic models (D, H) for M.G
and INH adsorption respectively onto the PPY/PB nanocomposite at pH 7 and 298 K. Experiments were carried out using 200 mL of a 1
mg/mL dispersion of PPY/PB with contact times of 5 to 400 min (M.G) and 5 to 360 min (INH). Initial adsorbate concentrations varied from

5 to 30 mg/L (M.G) and 10 to 60 mg/L (INH).

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Adsorption kinetic parameters after non-linear fitting for the adsorption of M.G and INH onto PPY/PB adsorbent at pH 7 and 298 K.
Experiments were carried out using 200 mL of a 1 mg/mL dispersion of PPY/PB with contact times of 5 to 400 min (M.G) and 5 to 360 min
(INH). Initial adsorbate concentrations were varied from 5 to 30 mg/L (M.G) and 10 to 60 mg/L (INH).

Adsorbate Pseudo-1* order Pseudo-2"? order
CO qeaexp qe,cal kl Rz Xz k2 qe,cal R2 Xz
5 6.38 5.83 0.04 0.96 0.14 0.01 6.54 0.99 0.04
10 10.74 10.4 0.02 0.96 0.29 0.002 11.8 0.99 0.07
15 14.84 13.97 0.024 0.93 0.83 0.0024 15.45 0.98 0.23
M.G
20 15.37 15.24 0.014 0.98 0.27 0.0009 18 0.98 0.25
25 14.77 13.98 0.013 0.96 0.55 0.00093 16.65 0.99 0.18
30 13.04 11.65 0.009 0.89 0.87 0.0023 13.06 0.96 0.33
10 9.96 9.15 0.016 0.95 0.33 0.002 11.14 0.98 0.14
20 16.2 16.22 0.008 0.96 0.74 0.00038 21.04 0.97 0.47
30 22.16 24.5 0.005 0.95 1.65 0.00014 34 0.96 1.34
INH
40 25.53 259 0.007 0.97 1.57 0.00017 349 0.98 1.07
50 29.266 28.6 0.013 0.97 1.52 0.0004 34.72 0.99 0.48
60 28.73 28.14 0.009 0.97 1.99 0.00024 36.2 0.98 1.12
Adsorbate Elovich model Intraparticle diffusion (IPD) Model
Co o B R? Xz KIPD C R? x2
2.1 . . .
3 3 095 0-99 0.008 0.42 1.25 0.86 0.48
10 0.77 0.44 0.99 0.03
0.47 2.59 0.89 0.75
15 2.98 0.412 0.99 0.05
M.G 0.58 4.69 0.83 2.01
20 0.6 0.25 0.97 0.45
0.72 2.79 0.89 1.78
25 0.5 0.27 0.99 0.03
0.67 2.33 0.95 0.63
1. 4 . .
30 > 045 0-99 0.06 0.51 342 0.88 2.8
10 0.36 0.38 0.99 0.05 0.56 0.99 0.97 0.19
20 0.24 1.17 0.98 0.26 0.83 0.64 0.99 0.12
INH
30 0.197 0.095 0.97 1.05 1.14 0.09 0.98 0.52
M.G
40 0.27 0.097 0.98 0.67 1.31 0.06 0.99 0.19
50 0.85 0.122 0.99 0.27 1.49 3.54 0.96 2.63
60 0.45 0.102 0.99 0.56 1.47 1.23 0.99 0.58
Equilibrium studies can be best described by adsorption isotherms. Non-linear isotherm

The correlation between the amount of M.G and INH adsorbed on  models, including Langmuir, Freundlich, Temkin, and Redlich-
the PPY/PB nanocomposite and its maximum adsorption capacity Peterson models were employed to fit the experimental data.
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Langmuir model is based on the assumption of a monolayer
adsorption onto the homogenous surface of adsorbent without any
lateral interactions between the adsorbate molecules.®? The
separation factor (R, is an important parameter in Langmuir
isotherm that determines the feasibility of the adsorption process.
The adsorption process will be favourable if 0<R,<1, unfavourable
(Re>1), linear (R=1), or irreversible (R.=0).>8462 The Freundlich
isotherm elucidates the adsorption process as a multilayer
formation on a heterogeneous surface of adsorbent. The Temkin
isotherm considers the interaction between adsorbent and
adsorbate molecules with a linear decrease of adsorption heat with
the surface coverage.®® The value of the Temkin constant enables
determining whether physical or chemical adsorption occurs on the
adsorbent surface. If br>40 kJ/mol, chemisorption occurs, and if
br<40 kJ/mol, physisorption proceeds.’®> The Redlich-Peterson
model is a combination of Langmuir and Freundlich isotherm
models applicable for homogenous and heterogeneous adsorption
processes. When the g parameter is equal to 1 and 0, the R-P model
becomes the Langmuir equation and Freundlich equation
respectively.®* The nonlinear equations of isotherm models are

expressed as:

qmky, Ce

Langmuir: e=1+K,C, (5)
1

R =1k (6)
Freundlich: qe= KrCq (7)
Temkin: ge = BIn(ArC,);

_RT
B=- (8)
KrpCe

Redlich-Peterson:  qe=17, —-5 (9)

where C. (mg/L) is the equilibrium concentration of M.G and INH,
dm (mg/g) is the maximum adsorption capacity, K, is the Langmuir
binding constant (L/mg), R, is the separation factor related to
adsorption feasibility. Kr is the Freundlich constant which gives
strength of adsorption ((mg/g (L/mg)") and n is the adsorption
intensity parameter; At is the equilibrium binding constant (L/mg),
by is the Temkin constant (kJ/mol) related to the heat of adsorption,
T is the temperature (K) and R (J/mol/K) is the universal gas
constant; agp and Kgp are the R-P constants corresponding to affinity
of the binding sites and adsorption capacity respectively and g is an
exponent which gives adsorption intensity (0< g < 1).

The observed isotherm parameters are summarised in the Table 2
and the respective plots are given in the Figure S6. Out of four
models, Langmuir and R-P models displayed the highest R? (0.99)
and lowest % values for M.G and INH. Also, the maximum
adsorption capacities calculated from the Langmuir model (15.8
mg/g for M.G and 34.3 mg/g for INH) were in close agreement with
experimental data (15.4 mg/g for M.G, 29.3 mg/g for INH). This
means that the Langmuir model is the most suitable model for
explaining the adsorption mechanism of M.G and INH onto the
PPY/PB. Also, the R, values for both adsorbates lie in between 0 and
1 reflecting a favourable adsorption process. From the Temkin

This journal is © The Royal Society of Chemistry 20xx
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isotherm, the lower by values for both M.G and INH correspond to
physisorption. It was noticed from Table 2, that the g parameter
value in the R-P model is equal to 1, meaning that the Langmuir
model fits more easily into the adsorption data of both M.G and
INH using PPY/PB adsorbent than the Freundlich model.

Table 2. Adsorption isotherm parameters after non-linear fitting for
the adsorption of M.G and INH onto PPY/PB adsorbent at pH 7 and
298 K. Experiments were carried out using 200 mL of a 1 mg/mL
dispersion of PPY/PB with contact times of 400 min (M.G) and 360
min (INH), and initial adsorbate concentrations Ci=5-40 mg/L (M.G)
and 10-60 mg/L (INH).

Langmuir Model Freundlich Model

Qesexp  qm,cal I<L RL R? Xz KF n R2 Xz

MG 154 1575 24 0.076 097 0.4 10.8 0.19 0.61 4.6
INH 293 34 022 031 098 1 9.95 034 092 45
Temkin Model Redlich-Peterson Model
Ar  br R 42 Krp orp g R? 2
MG 484.2 145 0.70 3.52 29.67 162 105 0.99 0.103
INH 229 034 097 175 7.05 0.182 1.03 098 14

Thermodynamic analysis

The effect of the temperature on the adsorption of M.G and INH
onto PPY/PB nanocomposite was monitored at three temperatures
under optimum conditions. The thermodynamic studies determine
the adsorption feasibility and physicochemical parameters such as
Gibbs free energy, entropy change, and enthalpy change. These
equations are shown below

AG® = —RTIn(Ky) (10)

Ln(Kq) = —AH°/RT + AS°/R(Vant Hoff equation)  (11)

The observed thermodynamic parameters are summarized in Table
3 and are calculated from the slope and intercept of the plot of
log(K4) with 1/T of Figure S7 (B and D). The adsorption of M.G and
INH decreases with the rise in temperature from 298 to 318 K
(Figure S7(A and C)) which indicates that product formation is
reduced as the equilibrium of the reaction shifts towards the
backward direction. Thus the higher temperature is not favourable
for M.G and INH adsorption and their interactions with the PPY/PB
are exothermic in nature (AH° is negative). The similar results of the
temperature dependence were obtained from the previous reports
for the removal of M.G and INH.#7:6566 The negative value of AS® for
both adsorbates signifies the decreased disorder and degree of
freedom at the adsorbate-adsorbent interface. The negative AG® at
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all temperatures of INH implies the adsorption process is
spontaneous and favourable and it increases with the increase in
temperature. However, the positive value of AG® in the case of M.G
at 318K indicates its less spontaneous adsorption than INH.
Moreover, the values of AG® for M.G and INH come in the
sphere/range of -20<AG°<0 kJmol?, which signifies the spontaneous
physical adsorption process at the solid-solution interface.>867

These results corroborate with the Temkin isotherm model.

Table 3. Thermodynamic parameters for the adsorption of M.G and
INH onto PPY/PB adsorbent at pH 7 with T=298-318 K. Experiments
were carried out using 200 mL of a 1 mg/mL dispersion of PPY/PB
with contact times of 400 min (M.G) and 360 min (INH), and initial
adsorbate concentrations of 20 mg/L (M.G) and 50 mg/L (INH).

ASO
AGO AHO
Temp (K)  y/mol)  (kJ/mol) %‘“"'
298 -1.07 21.93 0.07
MG 308 -0.37 21.93 -0.07
318 0.33 21.93 -0.07
298 -0.39 5.4 -0.017
INH 308 -0.226 5.4 -0.017
318 -0.0576 5.4 0.017

Proposed adsorption mechanism of M.G and INH onto the PPY/PB
nanocomposite

To gain an insight into the adsorption mechanism, FTIR and FE-
SEM-EDX analysis after adsorption was performed (Figure 9 and
figure 10). There occurs appreciable changes in the FTIR spectra
after the adsorption of M.G and INH onto PPY/PB nanocomposite
(Figure 9). The peak at 3454 cm? on the spectrum of the
nanocomposite (N-H stretching vibration of pyrrole) slightly shifts to
a lower wave number (3431 cm?, 3430 cm™?) with reduced intensity
after adsorption, suggesting that N-H groups of PPY are involved in
hydrogen bonding with the adsorbed M.G and INH. The other bands
at 1638 cm® and 1383 cm in the nanocomposite spectrum shifts
to 1628 cm™, 1630 cm™ and 1392 cm?, 1380 cm™ which may be due
INH)
molecules. The bands at 2080 cm™ and 502 cm™ characteristic of -C-

to m-m interactions between PPY and adsorbate (MG,

N- and Fe-CN stretching frequencies of PB moiety also get
shifted
nanocomposite after adsorption indicating electrostatic interactions
with the cationic dye. The structural stability can also be analysed

decreased and respectively as compared to fresh

from FTIR spectra as there occurs no noticeable changes in the
structural regions of vibration of nanocomposite after the
adsorption. To sum up, the adsorption of M.G and INH onto PPY/PB
nanocomposite can be due to variety of interactions such as m-m

interactions, electrostatic interactions, and hydrogen bonding.®®

This journal is © The Royal Society of Chemistry 20xx

3430
2080
630~
380
467

M.G loaded
PPY/PB

% Transmittance(a.u)

Wavenumbercm)
Figure 9. (A) FTIR analysis of the PPY/PB nanocomposite before and
after adsorption of M.G and INH.

The diffusion of INH into the interior sites of adsorbent is also
possible due to its smaller hydrodynamic diameter compared to
M.G. As the molecular structures of both pollutants are different,
INH shows additional interactions (hydrogen bonding) than M.G
which accounts for its higher adsorption propensity. The proposed
mechanism supports the experimental results where the PPY/PB
nanocomposite displayed higher adsorption capacity towards INH
than M.G. Similarly, from the intraparticle diffusion model, the
observed Kpp value is higher for INH leading to its higher removal
than M.G. Analysis by FE-SEM-EDX were carried out to observe the
morphology and composition of the PPY/PB nanocomposite after
the adsorption of M.G dye and INH drug (Figure 10). Post-
adsorption observations (Figure 10(A and D)) suggest a rise in
likely
attributed to the adherence of contaminants onto the adsorbent

particle/granular size of the nanocomposite which is

surface. Also, the surface of PPY/PB appears more uniform due to
the clogging of pores/cavities by the contaminants, thereby
validating the adsorption of M.G and INH onto PPY/PB.
Nevertheless, the morphology of PPY/PB remained largely
unchanged following the adsorption, highlighting its structural
stability. After contaminant loading, there was a significant increase
in the percentage weight of carbon and nitrogen detected by EDX
analisis, corroborating the successful adsorption of contaminants
onto PPY/PB (insets of Figure 10 (B and E)).

Adsorption studies of M.G and INH in samples from natural
environments. To demonstrate the usefulness of PPY/PB as an
adsorbent in real-time application, its adsorption efficiency for M.G
and INH removal was further investigated in different water
samples including lake water and tap water. It is observed from
Figure S8(A) that a minimal decrease in M.G and INH adsorption
occurs under optimized conditions when environmental water
samples were used, suggesting that PPY/PB may be a potential

candidate for wastewater treatment applications.
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Figure 10. SEM micrographs (A and D), EDX spectra (B and E), and elemental mapping patterns of C, N, O, and Fe (C and F) of the PPY/PB

nanocomposite after adsorption of M.G and INH respectively.

Reusability, regeneration and robustness of the PPY/PB
nanocomposite as an adsorbent.
For sustainable applications, the adsorbent needs to be

regenerated after the adsorption process. The PPY/PB loaded with
adsorbate species was treated with 0.1M HNO; as the eluting
agent. After four cycles of regeneration, the adsorption capacity of
PPY/PB nanocomposite for M.G and INH removal slightly decreases
to 14 mg/g and 28 mg/g respectively (Figure S8(B)). The efficiency
decay during cyclic adsorption is attributed to the inevitable matter
and energy losses.?®® These results demonstrate that the PPY/PB
nanocomposite displays good regeneration and reusability ability
making it suitable for real-time water treatment.

Furthermore, the stability of the PPY/PB nanocomposite under
harsh conditions (pH= 3 and 9) was evaluated through FTIR and DR-
(figure S9 (A)). The FTIR spectra of the
nanocomposite remained constant regardless of pH. The stability of

UV experiments

the nanocomposite was further confirmed by calculating band gap
values from DR-UV analysis and the obtained values were almost
the same under these conditions, suggesting similar electronic and
optical properties of the PPY/PB nanocomposite(Figure S9 (B)). In
addition, interference studies were carried out (Figure S10) to study
how the contaminant uptake percentage would change when M.G,
INH, and 4-NP are simultaneously put into contact with by PPY/PB.
The data revealed that under the optimized experimental
conditions, there was no significant change in the removal
efficiencies of adsorbates by PPY/PB nanocomposite in a ternary
mixture.

This journal is © The Royal Society of Chemistry 20xx

Adsorption performance of PPY/PB with other adsorbents for the
removal of M.G and INH.

Based on the calculated adsorption capacity and solution pH, the
comparison of PPY/PB nanocomposite towards the removal of M.G
and INH with other adsorbents in literature**48496%77 have been
investigated (Table 4). It is clear from the table that the prepared
PPY/PB showed the highest adsorption capacity for both M.G and
INH at neutral conditions (pH 7, 298K). Although the adsorption
capacity of PPY/PB for M.G removal is lower than some of the
already known composites, but due to its low cost and simple
synthetic procedure, it becomes applicable for treating wastewater.

Synergistic effect of adsorption on catalytic reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP)

Although adsorption is a versatile method of water treatment, it
suffers the limitation that contaminants are only trapped on the
adsorbent surface without actual degradation or conversion to any
of their less toxic form. At the same time, adsorption is crucial for
effective photocatalysis or surface catalysis. Thus, the synergy
between adsorption and degradation is very important for efficient
and effective decontamination of persistent contaminants for
sustainable water treatment. An ideal or perpetual water treatment
method would be a process that very effectively adsorbs
contaminant under environmentally viable conditions and post-
surface concentration (on adsorbent) cumulated with a faster
visible light mineralization.

J. Name., 2013, 00, 1-3 | 12
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Table 4: Comparison of adsorption capacities of the PPY/PB nanocomposite with other adsorbents for M.G and INH removal
Adsorbent Om pH Leontact Ref. Adsorbent Im pH teontact g
(mg/g) (min) (mg/g) (min)
M.G INH
Mn-Fe 13.5 7 60 69 Graphene Oxide 13.9 2 60 70
LDH /PES composite 60
Carbon nanotube/ Polyaniline 15.4 7 120 71 Bentonite 21.1 <4 20 48
Catha edulis stem 5.6 10 60 a4 Organobentonite 33.9 <4 48
Unsaturated polyester Ce(IV) 1 8 30-35 72 Perlite 0.1 30 49
phosphate
Rice Husks 6.5 7 100 73 Kaolinite 0.8 49
Mesoporous Chitosan-Zinc oxide 11 8 180 74 Vermiculite 0.1 49
MWCNT-COOH 11.7 9 10 75 PPY/PB 34 7 180 This
work
Activated carbon 19.9 6 3 76
Citric acid-treated pea shells 17.2 7 35 77
PPY/PB 15.8 7 180 This
work
This dual action would enable self-cleaning the adsorbent for as concomitant presence of both NaBH, and the PPY/PB

many further decontamination cycles as possible. Towards this
endeavour, we evaluated the reduction of toxic 4-nitrophenol (4-
NP) to 4-aminophenol (4-AP) using (NaBH,) as a reducing agent.
When 4-NP was put into contact with the PPY/PB nanocomposite in
the presence of visible light (Figure S11 (A)) only adsorption of 4-NP
occurred without any reduction to 4-AP, precluding the photo-
redox-based reduction possibility. A similar result was obtained
from PPY/PB mixtures under dark conditions without the addition
of NaBH, (Figure S11 (B)). In addition, in the presence of only NaBH,
as a reducing agent under dark or visible light irradiation, no
reduction of 4-NP to 4-AP was observed over an extended time,
suggesting the kinetic constrains to this reduction. In contrast,
when the reaction mixture contained both NaBH, and the PPY/PB
nanocomposite, the reduction of 4-NP to the 4-AP was achieved in
less than 10 minutes under dark conditions. The rates of
nitrophenol reduction became faster with increasing weight
percent of PPY/PB, confirming the surface catalyst-based synergistic
effect on the nitrophenol reduction (Figure 11(B-D)). The surface
catalytic effect of synthesized PPY/PB composite for reduction of 4-
NP to 4-AP in the presence of NaBH, as a reducing agent was
monitored spectrophotometrically. The UV—-visible spectra of pure
4-NP shows a sharp peak at 317 nm which shifts to 400 nm (Figure
11 (A)) in the presence of NaBH; owing to the formation of
nitrophenolate ion.”® In the presence of NaBH, alone, no
appreciable decrease in absorption peak of 4-NP was obtained after
90 min suggesting that NaBH, alone cannot reduce 4-NP (Figure
11(A)). This can be attributed to the high potential energy barrier
between donor NaBH, and acceptor 4-NP.”? However, in the

nanocomposite, the intensity of the absorption peak at 400 nm
rapidly declines and the appearance of a new intense peak at 315
nm confirms the formation of 4-AP 8.1 which is also depicted from
the colour change (Figure S12). The complete reduction to 4-AP
occurs within 4 min in the presence of 30 mg of catalyst (Figure 11

(D).
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Figure 11. Time-dependent UV-Vis Plots of 4-NP(0.1 mM) in the
presence of NaBH, (2mM) as a reducing agent at different PPY/PB
catalyst amounts (A: without catalyst, B:15 mg, C:20 mg, and D:30
mg
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Table 5. Kinetic parameters obtained for reduction of 4-NP to 4-AP under different experimental conditions.
PPY/PB dose k % Conversion k 4-NP k
) ) R2 NaBH, (mM) ) R2 ) R2
(mg) (min1) (after 5min) (min1) (mM) (min-1)
4-NP=0.1mM 4-NP=0.1mM NaBH;=1mM
NaBH4; =2mM PPY/PB=0.02g PPY/PB=0.02g
Without .
0.001 3% (90min) 0.99 1 0.178 0.98 0.05 0.175 0.97
catalyst
15 0.024 11.8% 0.99 2 0.08 0.98 0.1 0.2 0.96
20 0.077 50.83% 0.99 3 0.023 0.98 1 0.233 0.98
30 0.280 90% 0.98
The rate of reaction does not depend on NaBH, concentration taken NaBH;  BOy OH
in excess; thus pseudo-first order kinetics can be used to evaluate > e -H
; p y —=2 on
rate constants for the catalytic hydrogenation of 4-NP. The 0
apparent rate constants were calculated by using the following \ 4-NP t': N E
" J
equation.”® =N OH 3
N
Int = —kt (12) """"’“\mﬁ.(.n on o
where k is the apparent rate constant, C; and C; are the 4-NP lm -Hzo
concentration at time t and time O respectively. Nion

The effect of the catalyst dose on the 4-NP reduction in the
presence of NaBH, was also studied (Figure 11(B-D)) and their
kinetic plots and conversion rate to 4-AP are given in Figure S13.
The values of the rate constant increase with the increase in
catalyst amount from 15 mg to 30 mg and are presented in the
Table 5. This is due to the presence of more available active sites on
the catalyst surface as the dosage is increased. For the catalytic
recudtion of 4-NP to 4-AP, the influence of 4-NP and NaBH,
concentrations was investigated by keeping the concentration of
PPY/PB catalyst constant to 20 mg (Figure S14 and S15). The values
of apparent rate constants increase as the concentration of 4-NP
increases from 0.05 mM to 1 mM and decrease on increasing the
NaBH, concentration from 1 mM to 3 mM (Table 5). Thus 1:1 ratio
of 4-NP and NaBH, is suitable for catalytic reduction under
synergistic adsorption-activated catalysis.

Mechanism for the catalytic reduction of 4-NP

The high surface area of the PPY/PB nanocomposite allows good
surface properties for the catalytic reduction of 4-NP to 4-AP. The
Langmuir-Hinshelwood model can be applied to describe the
reaction mechanism of catalytic reduction of 4-NP.7? Initially, NaBH,
gets adsorbed on the surface of PPY/PB as borohydride ions. The
adsorbed BH;  ions generate active hydrogen on the catalyst
surface to reduce 4-NP in a multistep process via the formation of a
stable intermediate (Scheme 2). Ater reduction, the adsorbed 4-AP
gets desorbed from active sites on the catalyst surface enabling the
next catalytic cycle.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Plausible mechanism of the reduction of 4-NP to 4-AP by
NaBH,4 over the PPY/PB nanocomposite acting as both an adsorbent
and a catalyst.

Experimental
Materials and methods

The reagents potassium ferricyanide, chloroform, and anhydrous
ferric chloride used in the synthesis of PPY/PB nanocomposite were
of analytical grade (Himedia, India) and were used without further
treatment except pyrrole (stored at -5 C).

The functional groups and chemical bonds of the synthesized
materials were characterized using an FTIR spectrophotometer
(Alpha Bruker) in a mid-frequency region (400-4000 cmt).
Thermogravimetric analysis for determining the thermal behaviour
and decomposition was carried out on a SEIKOTG/DTA 6200
instrument between 25°C to 800°C at a heating rate of 10°C under
a nitrogen environment. The structural properties of samples were
done on powder X-ray diffraction (PXRD, PW3050 diffractometer).
The crystallite size was calculated from the most intense diffraction
peak with 26=17.31°, FWHM=0.275° for PB nanoparticles and
20=17.36°, FWHM=0.76° for the nanocomposite by using Scherrer’s

equation 8 as mentioned in equation 13

_ KA
~ BCosb (13)

Where K= 0.9 is the shape factor, A is the wavelength of the X-ray, B
is the full width at half maximum (FWHM) and 6 is the diffraction
angle.
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Transmission electron microscopy (TEM) measurements were
performed on a TEM Hitachi (H-7500) for analysing the particle
morphology and size. SEM-EDX images were captured using a ZEISS
Gemini SEM 500 instrument operating at 15.00kV. Nitrogen
adsorption-desorption measurements were obtained at 77K using a
IQ Station BET instrument.
measurements, samples were degassed under vacuum at 200°C for
3h. The surface area was calculated using the Brunauer-Emmett-

Quantachrome Autosorb Prior to

Teller (BET) method and the corresponding pore size distribution
was obtained by the non-local density functional theory (NLDFT)
equilibrium model. For determining the surface charge of the
PPY/PB nanocomposite, an Anton Par particle size analyzer was
used (Litesizer 500). The cyclic voltammetry experiments were
carried out on a Bio-Logic SAS potentiostat (Model SP 150) using a
conventional three-electrode cell containing 6 mM Ks[Fe(CN)g] and
0.1M KCI electrolyte solution. The glassy carbon electrode (GCE, 3
mm in diameter), Ag/AgCl, and platinum wire were used as the
working electrode, reference electrode, and counter electrode
respectively. The adsorption and catalytic reduction studies were
performed using a UV-visible spectrophotometer (Double Beam
Microprocessor Mode: LI-2802).

Synthetic procedures

Synthesis of PB and the PPY/PB nanocomposite. The PPY/PB
nanocomposite was synthesised by oxidative polymerization using
FeCls as the oxidant in a non-aqueous medium as per our previous
work.?22683 The synthetic protocol involves the dropwise addition
of anhydrous FeCl; (0.05 M) in CHCl3 solvent (170 mL) to a stirred
solution of pyrrole monomer (0.02 M) containing 1 g of synthesized
Prussian Blue (PB) which was ground for about 20 min using a
mortar and pestle. The reaction mixture was vigorously stirred for
24 hours so that effective polymerization takes place. Subsequently,
the obtained blue precipitate was collected by filtration, washed
several times with water and then dried in the oven. For
comparison, pure PB was synthesised using an equimolar mixture of
anhydrous FeCl; and K3[Fe(CN)e] (0.05 M) under similar conditions
in the absence of pyrrole. The overall synthetic procedure of

PPY/PB composite is presented in scheme 3.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3. Schematic procedure for the preparation and

characterization of the PPY/PB nanocomposite

Preparation of modified electrodes

Prior to the fabrication of PB and PPY/PB electrodes, the surface of
GCE was polished with alumina powder (0.05 um) followed by
washing with triple distilled water and ethanol, and then dried in
open air. PB or PPY/PB samples (3 mg) were dispersed in water with
10 pL of nafion as a binder. The mixtures were sonicated for about
40 min to form a homogenous suspension. Then, 4 pL of each
suspension was drop casted onto polished GCE and allowed to dry
for 1 hour in open air.
Adsorption experiments.
performed under dark conditions. The volume of the adsorbate

The adsorption experiments were

solutions (200 mL) and stirring speed (1200 rpm) were uniform for
all experimental procedures. The effect of adsorption parameters
like adsorbent dose (150-250 mg), adsorption contact time of 6
hours, initial adsorbate concentration (5-30 mg/L M.G,10-60 mg/L
INH), three solution pH (3, 7, and 8) and a temperature range of
25—45°C on the relative adsorption propensity of M.G, INH, and 4-
NP was investigated. After regular time intervals of 5.0 min, 3mL
aliquots were withdrawn and centrifuged for 5.0 min to remove
adsorbent particles. The residual concentrations of pollutants were
analysed through UV-visible spectrophotometer>®84at A,., of 617
nm, 264 nm, and 317 nm corresponding to M.G dye, INH antibiotic,
and NP respectively.85>8’The concentrations were calculated from
the prepared calibration curve using Beer-Lambert law using
standard solutions of each adsorbate. The following equations were
used to calculate adsorption capacity and % removal.

g="C=v (14)

%Removal = %.100 (15)
0
Where m is the mass of PPY/PB nanocomposite (g), Cy is the initial

and C; is the final concentration of M.G and INH (mg/L), and V
represents the volume of adsorbate solution in mL.
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Catalytic reduction of 4-NP. The procedure for the catalytic
reduction involves the addition of excess NaBH, (2mM) to a 30mL
solution of 4-NP (0.1mM) resulting in a deep yellow coloured
solution. After that, 20mg PPY/PB was added to the deep yellow
solution and stirred at ambient conditions. Then the samples were
collected at different intervals of time and followed with
centrifugation. The concentration of 4-NP was monitored by a UV-
visible spectrophotometer. The decrease in absorption intensity at
400nm was used to determine the progress of the catalytic
reduction reaction.

Conclusions

This study highlights the targeted design of the PB/PPY
nanocomposite as an adsorbent and its optimization towards
INH antibiotic as
environmentally

adsorptive attenuation of M.G dye and

representative  contaminants under viable
conditions. Besides, it envisages a perpetual water treatment
method in which the adsorbent effectively traps contaminant for its
surface concentration and activation towards a faster catalytic
transformation followed by visible light-mediated self-cleaning of
adsorbent for further treatment cycles. As a modular case of
synergistic adsorptive and catalytic transformation, nitrophenol
adsorption by PPY/PB nanocomposite was utilized in its catalytic
reduction to aminophenol using NaBH, as a reducing agent under
dark conditions. The structure-activity response-based adsorption
propensity of M.G dye and INH antibiotic towards PB/PPY was
monitored for their corresponding adsorption capacities. The
optimization of adsorption influencing factors (pH, temperature,
initial contaminant concentration, adsorbent dose, contact time)
was systematically conducted to customize the adsorptive avidity of
The
thermodynamic studies indicated the adsorption process to be

spontaneous and exothermic in nature. The equilibrium studies,

contaminants under environmentally viable conditions.

and kinetic model fitting, aided with FTIR analysis, have been
employed in the prediction of the adsorption mechanism. The
mixed mechanism involving surface adsorption via physisorption, as
well as the pore-filling effect as a plausible adsorption mechanism,
can be proposed based on FTIR and control experiments. The major
interactions involved in physisorption are pi-stacking, electrostatic,
and hydrogen bonding type interactions. The surface concentration
and activation of 4-NP adsorbate and surface generation of active
hydrogen from NaBH,; can be the plausible mechanism for the
synergistic reduction of toxic 4-nitrophenol to less toxic 4-
aminophenol.
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