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Abstract The increasing groundwater pollution
resulting from industrial dyes and pharmaceutical prod-
ucts, which come from various sources, requires urgent
attention to implement effective remediation measures.
We demonstrate that the rough particles studded with
platinum (Pt) nanoparticles can be fabricated at room
temperature straightforwardly and in a single step.
These rough particles displayed a good catalytic power
(100% removal efficiency) against a model indus-
trial dye (methylene blue) and pharmaceutical residue
(tetracycline) within a reasonable time scale. Charac-
terization techniques such as X-ray diffraction (XRD),
atomic force microscopy (AFM), and field emission
scanning electron microscopy (FESEM) confirmed the
uniform deposition of Pt nanoparticles on the surface
of polystyrene particles, forming dense islands and
the roughened surface. Further, we investigated the
influence of particle size, concentration, and contact
patterns on the performance of rough catalytic parti-
cles. The semi-batch conditions favoured the complete
decomposition of tetracycline within 40 min, but the
batch-wise operation offered a good contacting pattern
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for methylene blue, yielding a maximal output within
10 min. The kinetics of the heterogeneous catalytic
process modelled by Langmuir-Hinshelwood kinetics
(r = k,KC/1 + KC) predicts that the given methylene
blue decomposition reaction induced by the rough par-
ticles follows the pseudo-first-order kinetics. The rate
constants for the reaction catalyzed by 0.6 and 1.0
um-sized rough particles are 0.048 and 0.032 min~!,
respectively. Furthermore, we established the proof-
of-concept using magnetically responsive nanoparti-
cles for real-time applications, including decontami-
nation and recovery of catalyst particles via an exter-
nally applied magnetic field in one cycle. Our pro-
posed method helps achieve a near-100% degrading
efficiency within 10 to 40 min at minimal catalytic par-
ticle concentration, i.e., 200 ppm. Since we can turn
the rough particles into super-paramagnetic, we can
recover and reuse them for several wastewater treat-
ment cycles without incurring running costs.

Keywords Polystyrene (PS) - Iron Oxide (IO) - Plat-
inum nanoparticles - Rough particles - Magnetically-
responsive nanoparticles - Methylene blue - Tetracy-
cline - Environmental remediation

1 Introduction
The rapid rise of contamination in the groundwater due

to industrial dyes and pharmaceutical products gener-
ated from textile and pharma industries has been a most
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pressing issue globally that it has urged the intervention
of policymakers, researchers, and engineers around the
globe [1,2]. Although the contamination of several azo-
based dyes and pharmaceutical residues is a matter of
concern, the primary issue that remains to be tackled is
the establishment of efficient removal of the contami-
nants from wastewater as they pose a severe threat to the
ecology. In recent years, much attention has been given
to the advanced oxidation processes (AOPs) over tradi-
tional water treatment methods such as mechanical sep-
aration, coagulation, and filtration. The various tech-
niques of AOPs include (1) photolysis [3,4], (2) Fen-
ton reaction [5,6], (3) photo-Fenton [6,7], (4) photo-
catalysis [3,8-10], (5) ozonation [8,11], (6) sonochem-
istry [6,12], (7) adsorption [13—17], and (8) microwave
[18-22]. Despite the advancement in these techniques
being well received under AOPs, each method has mer-
its and demerits. For instance, high energy demand
(sono), strict pH range (Fenton) [23], high HyO; con-
sumption (Fenton/photo-Fenton), and cost of imple-
mentation.

Among several AOPs, Fenton reaction-based meth-
ods are found to be the most efficient for removing
organic pollutants [24]. Nevertheless, this method is
not attractive due to shortcomings, such as (1) the ten-
dency to aggregate and sediment against gravity, (2)
process conditions that demand a narrow pH range
of 2-3 to be maintained, and (3) high peroxide con-
sumption. On the contrary, heterogeneous Fenton-like
catalyst-assisted reaction based on iron oxides [24],
transition metal oxides [25], and the alloy made up of
zero-charge metal/metal-iron oxides [26] are promis-
ing candidates owing to its increased electrocatalytic
activity even at higher pH. Toda et al. reported the
enhanced electrocatalytic activity of Pt alloyed with Fe
electrodes. Based on the analysis by these authors, the
enhanced electrocatalytic activity is due to increased
d-electron vacancy of the Pt surface induced by alloy-
ing the metal with Fe [27]. Furthermore, the efficiency
of the Fenton reaction (based on Fe304 nanoparticles)
is expected to decrease as the considerable amount of
hydroxyl and perhydroxyl radicals formed during reac-
tion are involved in converting Fe>* back to Fe?*, in
addition to organic molecules. However, the decompo-
sition reaction catalyzed by platinum-x hybrid parti-
cles instead of Fenton eliminates the perhydroxyl for-
mation, and the unwanted reaction step [5]. In 2012,
Hsieh and Lin reported the electrocatalytic activity of
Fe-Pt nanoparticles (Fenton-like) for the first time with
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a maximum efficiency of 90% by the end of the 90
min reaction time [5]. The study of the decomposi-
tion of MB based on the Pt/Fe route was not pursued
by many researchers considering the cost of synthesis
involved, despite knowing the fact that the issue associ-
ated with the cost of production could be eliminated by
employing a magnetically responsive core-shell parti-
cle system decorated with platinum nanoparticles, as
the particles can be recovered by applying magnetic
force externally. Such particles are regarded as rough
particles with controlled surface deposition. We aim
to demonstrate the chemical decomposition of MB (an
example system of azo dyes) and tetracycline (an exam-
ple system of pharmaceutical drugs) using nano and
micron-sized polystyrene (PS) rough particles deco-
rated with platinum as a catalyst. Since the organics
mentioned above are chemically deactivated, there is no
need to regenerate the catalyst particles once the reac-
tion is completed. Furthermore, since the particles can
be made magnetically responsive and easily separated
by applying magnetic force externally, it is possible to
carry out the treatment process continuously with less
or no manual intervention without regeneration. Thus,
as outlined above, the method of heterogeneous cata-
lyst particles is a cost-effective alternative, as the costs
spent are predominantly linked to the capital budget or
one-time investment.

In the context of the synthesis of rough particles
concerning immobilization of metallic nanoparticles,
a common approach has been to decorate the surface
of core particles with gold (Au) or any other metallic
nanoparticles via electrostatic interaction, or covalent
bonding [28-32]. These routes demand that the core
particles be cationic to adsorb/deposit the gold nanopar-
ticles (anionic) to make suitable rough colloids. How-
ever, itis of interest to immobilize platinum (Pt) instead
of Aunanoparticles to explore its application in the field
of contaminant removal. The synthesis route follows
the covalent bonding route in which the Pt nanoparti-
cles are deposited by the chemical reduction of platinic
acid using a reducing agent such as sodium borohy-
dride (NaBHy). In 2012, Hsich and Lin devised Fe-Pt
nanoparticles to deactivate MB dye to achieve a more
significant reaction extent [5]. However, the method
offered by Hsieh and Lin is slightly complicated and
involves heating to 297°C. Therefore, it is essential to
study heterogeneous catalysts of many kinds to find the
suitability of the method to tackle various pollutants.
Thus, we have chosen to extend the studies beyond Fe-
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based supports to get insight into the degradation kinet-
ics against other organics removal. For instance, the as-
synthesized Pt-based rough particles have shown good
catalytic activity in decomposing hydrogen peroxide,
which helps degrade methylene blue (MB) and tetracy-
cline (TC). Our suggested technique achieves a near-
100% degrading efficiency within 10 to 40 minutes at
lower concentrations (200 ppm), making it a viable
alternative to Fenton-based AOPs.

The remainder of the manuscript is structured as
follows: To provide the reader with a better under-
standing, we first address the synthesis, characteriza-
tion, and application of Pt-decorated PS rough particles
for wastewater treatment. Consequently, we show the
proof-of-concept (POC) by using magnetically respon-
sive rough nanoparticles (MR-RP) for the application.
In addition to the application of discolouration or deac-
tivation, this POC portion addresses the separation of
catalyst particles under an externally applied magnetic
force.

2 Experimental
2.1 Materials

We used Invitrogen™ grade amidine functionalized
polystyrene (PS) latex particles purchased from
Thermo Fisher Scientific, India, to prepare catalytic-
enabled rough particles for treating the wastewater con-
taining specific contaminants. The particles of this type
with different sizes were employed for the decompo-
sition reaction. The size of the particles employed, as
per the manufacturer’s specifications, are 1.0, 0.5, and
0.02 um. However, the size of the particles determined
based on image analysis using a scanning electron
microscope (SEM) and dynamic light scattering (DLS)
technique are 1.0 £ 0.1, 0.579 £ 0.006, and 0.022
4 0.001 um. An electrophoretic study was conducted
to determine the particles’ potential at the boundary
between the shear and diffuse plane, i.e., Zeta potential
(¢). The ¢ potential of the particles determined for PS
particles of size 1.0, 0.6 (rounded-off), and 0.02 um
in 1 mM NaCl electrolyte medium were 46 £ 3, 55.8
4 3.2, and 42.7 £ 1 mV, respectively. To prepare a
core-shell assembly of magnetically responsive rough
particles, we employed iron oxide (IO) nanoparticles
purchased from Sigma Aldrich Chemicals Pvt. Ltd.,
India. Polydiallyldimethylammonium chloride (DAD-

MAC), gifted by Dr. Sarang Gumfekar, IIT Ropar, was
used to modify the IO particles by imparting posi-
tive sites to the surface. Chloroplatinic acid hexahy-
drate (H,PtClg.6H,0), used as precursor solution to
deposit platinum (Pt) nanoparticles on the PS sur-
face, was procured from Sigma-Aldrich Chemicals Pvt.
Ltd., India. Sodium borohydride (NaBH4), obtained
from Sigma-Aldrich Chemicals Pvt. Ltd., was used
as a reducing agent. Hydrogen peroxide (30 w/v %),
used in the decomposition reaction mixture to gener-
ate hydroxy radical, was procured from Sigma-Aldrich
Chemicals Pvt. Ltd., India. The model pollutants used
to demonstrate the deactivation kinetics, such as methy-
lene blue and tetracycline, were procured from Sigma-
Aldrich Chemicals Pvt. Ltd., India. A hydrogen perox-
ide test strip (MQuant® Peroxide-Test) received from
Sigma-Aldrich Chemicals Pvt. Ltd., India, was used
to quantitatively predict the catalytic-assisted decom-
position kinetics under the presence of rough col-
loids. All reagents received were analytical grades and
used without any further purification. The deionized
water obtained from a Smart2Pure™ water purifica-
tion system (Make: Thermo Fisher Scientific, Model:
Smart2Pure 12 UV/UF) was used for all experiments
involving the use of aqueous solutions.

2.2 Synthesis of PS rough particles decorated with Pt

First, we prepared a chloroplatinic acid hexahydrate
solution using DI water such that the precursor concen-
tration in the stock solution was 10mM. We devised
a wet-chemical method to achieve a uniform deposi-
tion of Pt nanoparticles on the PS surface in an end-
less array of monolayer fashion. The deposition of Pt
nanoparticles was realized using the method reported
by our group that involves the deposition of gold (Au)
nanoparticles [33]. However, a slightly different strat-
egy was used, including a wet-chemical deposition by
nucleating Pt nanoparticles instead of Au on the PS
surface. Since both the precursors of Au and Pt bear a
net negative charge, favouring the attachment of ions
over the positive sites of PS due to net electrostatic
attraction, the modified protocol helped us synthesize
Pt-decorated PS particles in a single step. Unlike the
work of Lu et al., our modified protocol is devoid of pre-
deposition of Au nanoparticles as seeds to catalyze the
reduction reaction of PtClé_ ions [34]. Figure 1 depicts
the schematic description of making rough particles
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Table 1 Average size and zeta potential of the PS and IO
particles

Type Avg. Size (um) Zeta potential (mV)
Bare Modified
PS 0.02 £ 0.009 427+£1.0 —33+£0.7
0.6 £ 0.006 55.8£3.2 —-33+£0.3
1.0£0.1 46 £3 -35+04
10 0.06 £ 0.001 —27+18 3324+£22

and their application towards wastewater treatment. As
explained in Fig. 1A, a known concentration of plat-
inum precursor (0.5 mM), PS particles (0.5 mg/mL)
are mixed using a magnetic stirrer for up to 30 min
before adding a reducing agent, sodium borohydride,
to the mixture. Subsequently, after the equilibration of
the mixture for about 30 min, the chemical reduction
reaction is induced by adding 5mL of 10mM sodium
borohydride solution into the beaker containing the
reaction mixture. The reaction is allowed to continue
until the solution becomes clear. To achieve maximum
conversion, an excess of sodium borohydride has been
employed, specifically ten-fold. Additionally, we have
given sufficient time for reaction, i.e., 4 h. Note: The
reaction mixture becomes transparent and clear when
the chemical reduction process continues for up to four
hours. Further, these samples were allowed to undergo
centrifugation to separate the modified PS particles by
removing the supernatant and washing them several
times. The particles recovered in this way are further
utilized to study the kinetics of MB and TC decompo-
sition. Table 1 presents the size and zeta potential (¢) of
the bare PS and the rough PS particles. The negative ¢
values of Pt-deposited PS particles are attributed to the
adsorption of borohydride or borohydride derivatives
on the surface of Pt. Many researchers have reported
the effect of reducing agents on the zeta potential values
of metallic colloids such as gold nanoparticles [35,36].
Karimi et al. reported that the zeta potential values of
gold nanoparticles produced with sodium borohydride
are higher than sodium citrate [35].

2.3 Selection of target pollutants
Two representative pollutants from the family of azo

dyes and antibiotic drugs, such as MB and TC, were
chosen for the decomposition studies. We endeavoured
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to understand the role of rough particles in the chemical
deactivation of these target pollutants. The initial pollu-
tants concentration was maintained constant at 15 uM
throughout while the decomposition of the respective
pollutants was studied in batch and semi-batch condi-
tions to replicate the real-time process of large-scale
operation.

2.4 Heterogeneous batch degradation process

All degradation experiments that involve batch-wise
operations were performed in different initial volumes,
such as 25, 50, and 100 mL. The rough particle concen-
trations employed were 200, 100, and 50 ppm, respec-
tively. For the studies, we prepare the required mixture
using the rough particles at appropriate concentrations
along with the target pollutants with known initial con-
centration, i.e., 15 uM, to induce the decomposition
reaction in the presence of a known amount of H,O», 5
vol% per the total volume mentioned above. The reac-
tion is set to proceed for the desired time by adding
the radical generator, i.e., HoO;. Further, the reaction
mixture is continuously stirred using a stirrer at a pro-
grammed speed of 140 RPM. The entire reaction was
conducted at room temperature, 25°C, throughout the
desired duration.

2.5 Heterogeneous semi-batch degradation process

All degradation experiments that involved semi-batch
operations were performed in different initial dosing
volumes at a uniform interval of 10 min until comple-
tion. The rough particle concentrations employed were
200, 100, and 50 PPM, respectively. For the studies,
we prepare the required mixture using the rough par-
ticles at appropriate concentrations along with the tar-
get pollutants with known initial concentration, i.e., 15
1M, to induce the decomposition reaction in the pres-
ence of a known amount of H,O3, 5 vol% per the total
initial volume. The reaction is initiated to proceed for
the desired length by adding the radical generator, i.e.,
H,0; at a desired dosing volume. Using the stirrer, we
stirred the reaction mixture nonstop at a programmed
speed of 140 RPM. The decomposition reaction was
conducted at room temperature, 25°C, throughout the
desired duration.

Figure 1B and E depict the schematic description
showing the catalytic action of PS rough particles and
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Temperature = 25°C
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Fig. 1 Schematic description showing the process of synthe-
sizing rough particles and their application towards deactivation
of the target pollutants. A Schematic illustration showing the
synthesis methodology of making rough particles. B Schematic
illustration showing the application of rough particles in treating

the discolouration process of MB due to contact with
the modified PS particles of varying sizes, respectively.

2.6 Hydrogen peroxide decomposition

To understand the kinetics of HyO» decomposition, we
decoupled the decomposition reactions of MB and TC
by eliminating them in the lab-scale reactor. Subse-
quently, in a separate set of experimental studies, the
reaction flasks containing H>O;, and rough particles
were employed to conduct investigations at different
lengths of time. We recorded the concentration vs time
of HyO, as the reaction proceeds to understand the
effect of contacting patterns on the catalyst-assisted
H>0O; decomposition reaction.

2.7 Characterization

The zeta potential of bare PS and rough PS parti-
cles were measured based on the electrophoretic light

w

0.64
99.36

Pt-coated rough partlcle

. === OH° + OH-

wastewater containing the target pollutants. C and D FESEM
and EDX spectrum of 0.6 ;m rough particles modified with Pt
nanoparticles, respectively. E Vial pictures showing the discol-
oration of MB dye in the presence of rough particles

=

scattering (ELS) technique using Zetasizer procured
from Malvern Instruments, Model: Zetasizer Nano
ZSP. The average diameter of PS particles of 0.6 um
and 1.0 um were determined using a high-resolution
scanning electron microscope (HRSEM), Make: FEI,
USA and Model: Inspect F. The hydrodynamic radius
of PS of size 22 nm was deduced using the dynamic
light scattering (DLS), Make: Malvern Instruments,
and Model: Zetasizer Nano ZSP. To confirm the dis-
tribution of platinum (Pt) particles on the surface
of core polystyrene (PS) particles, the atomic force
microscopy (AFM) (Make: Bruker Corp. Germany,
Model: Multimode-8 AFM) and electron mapping
analysis using a scanning electron microscope (Make:
JEOL Ltd. Japan, Model: JSM-6610) were conducted
on the as-synthesized rough particles engineered with
Pt nanoparticles. The kinetics of MB and TC decompo-
sition reactions were studied by capturing concentra-
tion as a function of time using UV-VIS spectropho-
tometers (Make: Hach company US, Model: DR3900
& Make: PerkinElmer Inc., USA, Model: LAMBDA

@ Springer
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365). The surface area of the platinum-coated parti-
cles was determined using BET analysis (Make: Micro-
trac BEL Corp. Japan, Model: BELSORP Max II). X-
ray diffraction (XRD), Make: Bruker Corp. Germany,
Model: Bruker D8 Venture, was utilized to analyze the
PS particles and platinum-coated PS rough particles to
gain a deeper understanding of their properties in their
as-synthesized state. To identify any intermediate prod-
ucts formed during the decomposition of TC and MB,
the LC-MS/MS (Make: Waters Corp. USA, Model:
XEVO G2-XS QTOF) technique was performed using
a C18 column with Triple Quad, utilizing H>O and ace-
tonitrile with 0.1% (v/v) formic acid solution as mobile
phases at room temperature with a flow rate of 4 ml/min
and 2 pL injection rate.

Fig. 2 Structural
characterization of modified
PS particles. A and B
FESEM images of 1.0 and
0.6 pm, respectively. C and
D EDX spectrum of 1.0 and
0.6 um, respectively. E and
F AFM images of
platinum-deposited PS
particles of sizes 1.0 and 0.6
pm, respectively. The scale
bars given in the FESEM
images correspond to 500
nm. The scale bar given in
Figure 2F (AFM)
corresponds to 1.0 pm

3 Results and discussion
3.1 Characterization of rough particles

FESEM was used to determine the size of PS particles
and the morphological changes in PS rough particles
due to the reaction. EDX was performed concurrently
to identify the presence of Pt nanoparticles. Figure 2
displays the surface morphology of surface-engineered
PS rough particles decorated with Pt nanoparticles in
the form of islands (Fig.2A and B) and the EDX spec-
trum used to validate the deposition of Pt nanoparti-
cles on the surface of PS (Fig.2C and D). As depicted
in Fig.2C and D, the distinctive peaks at 1.5 KeV
indicate the existence of Pt nanoparticles. To confirm

@ Springer
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the distribution of platinum (Pt) particles on the sur-
face of core polystyrene (PS) particles, we utilized
AFM and electron mapping analysis on the synthe-
sized rough particles engineered with Pt nanoparticles.
In Fig.2C, D, E, and F, we present the AFM images
and electron mapping of the rough particles, which
demonstrate the deposition of Pt in the form of islands.
These findings suggest that the Pt nanoparticles are uni-
formly distributed throughout the surface of the larger
PS particles. In the case of electron mapping, the red
spots in the images confirm the uniform distribution
of Pt nanoparticles in the matrix throughout. High-
resolution atomic force microscopy provides a clear
contrast between metal and polymer boundaries, con-
firming the existence of metallic nanoparticles as uni-
formly distributed denser islands. Further, a line-cut
analysis has been performed to examine the morpho-
logical distinctions between bare and rough particles.
In short, atomic force microscopy (AFM) has collected
surface attributes and interactions. The force-distance
measurements, involving the indentation and retraction
of force, were employed to quantify the adherence of

platinum nanoparticles onto rough surfaces and illus-
trate the deposition of Pt in the form of islands on the
surface of polystyrene (PS) particles. Figure3 A and
B represent 1 pum bare and rough particles. Similarly,
Fig.3C and D depict the surface profile of bare and
rough particles of size 0.6 um, respectively. The sur-
face roughness data (Fig.3B and D) suggest that Pt
nanoparticles are evenly distributed across the surface
of the larger PS particles as islands.

Figure4 illustrates the X-ray diffraction pattern
obtained from the particles, and the presence of plat-
inum nanoparticles was detected at angles of 39.81°,
46.31°, and 67.61°, confirming the 110, 200, 220 ori-
entation, respectively. These findings align with previ-
ously reported results in the literature [37]. Further, the
surface area of the platinum-coated particles exposed to
hydrogen peroxide was determined using BET analy-
sis. The results revealed that particles with sizes of 0.02
wm and 1 um had specific surface areas of 6.83 x 10!
m?/g and 6.63 m?/g, respectively. While we initially
assumed that nanoparticles would have a larger surface
area than microparticles, they demonstrated reduced

Fig.3 Line-cut analysis of bare and rough particles using AFM
technique: A and B show the line-cut analysis for the bare and
rough particles of size 1 um, respectively, and C and D show
the line-cut analysis for the bare and rough particles of size 0.6

pm, respectively. E and F AFM images of the bare and rough
particles of size 1 um, respectively, showing the surface line. G
and H) AFM images of the bare and rough particles of size 0.6
pm, respectively, showing the surface line

@ Springer
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PS
Pt/PS
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Fig. 4 XRD spectrum showing the characteristic peaks corre-
sponding to bare (PS) and rough particles (Pt/PS) of size 1.0
pm

catalytic activity due to buoyancy effects arising from
bubble formation during hydrogen peroxide decompo-
sition, the details of which are provided in the later part
of this manuscript.

3.2 Batch and semi-batch experiments

Next, we discuss the performance of rough particles in
batch and semi-batch conditions. This study highlights
the engineering processes that can substantially impact
transitioning between real-time applications. Figure 5
refers to the decomposition reaction catalyzed by rough
particles (Pt/PS) in the presence of a moderate concen-
tration of 5% H»O,. Note: The absorbance maxima
at 358 nm from each UV-Vis spectral plot were uti-
lized to determine the concentration as a function of
time. The concentration of particles and the pollutants
used for the comparison study are 100 ppm and 15
1M, respectively. According to the data, the highest TC
elimination may be accomplished when the reaction is
conducted under semi-batch conditions. On the other
hand, when similar decomposition kinetics was run
under batch circumstances, the catalyst-assisted hetero-
geneous response produced a high reaction rate for MB
removal, i.e., 100% elimination of MB in 10 minutes.
These results intrigued us to set up reaction conditions
appropriately. We, therefore, systematically conducted
the heterogeneous catalyst-assisted reactions using the
rough particles of desired sizes and concentrations.

Fig. 5 Decomposition of

TC and MB with time. 1004 A 100{ B R
Removal of TC when ‘
carried out in batch (A) and 80+ 80
semi-batch (B) set-up. 9 /\c/u
Removal of MB when < 604 : 60 7
carried out in batch (C) and £
semi-batch (D) set-up. The 2 404 40
concentration of rough a =
particles, MB, TC, and 20- 20- :
H,0; employed are 100 /
ppm, 15 uM, 15 uM, and 0 . ' . . ’ . ' 0 ; E i . . . i
5%, respectively 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
100 c B ——a——8 100 D ,]/D & a
80+ 80 /
NS
< 60- 60- /
2 40 40
=
20+ 204
0-g . . . . . . s 0 . . . . . . .
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (min) Time (min)
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To this end, we demonstrate the performance of
rough particles in semi-batch conditions to determine
the optimum parameters. Since the semi-batch oper-
ation was effective for TC, we conducted all experi-
ments related to TC removal using a semi-batch set-up
to find the optimal point. Figure 6 displays the kinet-
ics of the decomposition reaction of TC carried out
in semi-batch operation. By comparing Figs.5 and 6,
the kinetic data suggest that pollutants’ concentration
has an inverse effect on the reaction rate associated
with TC removal. Therefore, the semi-batch catalyzed
reaction favours maximal elimination at a higher rate.

In contrast to batch mode, this condition improved
the reaction rate because H,O, concentrations were
kept as low as possible due to drop-wise addition.
We infer from Fig.6 that the maximum efficiency is
proportional to particle concentration. Table 2 sum-
marizes the performance of rough particles employed
to deactivate TC. As shown in Fig.6 and Table 2,
the rough particles with a size of 0.6 um and con-
centration 200 ppm along with a dosing volume of
0.416 mL H,O; exhibited the best performance among

the given set of rough particles and the experimental
conditions.

—=—0.02 pm —=—0.02 pm I 0.02 pm
l00'—0—0.6pm A wo-+0.6pm B| 100 —o—0.6 pm C
—a—1 pm —a—1 pm
80 80
S
= 60 60+
-
e
5 40 40+
O
—
20 20
0-¢ T T T T T T T T T T 0- T T T T T T
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60
—=—0.02 pm - 0.02 pm
1004 ,_ 0.6 um D 10015 0.6 pm F
—a—1 pm 4 lpm
80 80
: .
= 60 60 o
g :
£
g 40 40- .
g
o .
204 .
20 4 . &
4 .
G 0 + v v - T
0 10 20 30 40 50 60 70 80 90 100110 0 0 20 30 40 50 60
—=—0.02 pm —=—0.02 pm e 0.02
4 J .02 pm
1004 4 0.6 ym G| 10 —e—0.6 pm H 1009_,_ 0.6 pm |
—&— 1 pm —a—1 pm ——1pm
80 80 80-
9
5 601 60
2
£
2 40+ 40
O
=
) / 201
0-4 y T T T T T T T T T T y y T T T T T 0
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60 70 80 0 Y ' Y y i

Time (min)

Fig. 6 Effect of dosing volumes of H>O» on the decomposition
of TC with time under semi-batch mode at regular intervals. A—
C Removal of TC at different dosing volumes of 0.416, 0.624,
and 0.833 mL of H,O», respectively. D-F Removal of TC at
different dosing volumes of 0.833, 1.25, and 1.66 mL of H,O»,

Time (min)

0 10 20 30 40 50 60
Time (min)

respectively. G-I Removal of TC at difterent dosing volumes of
1.66, 2.5, and 3.33 mL of H,O», respectively. The concentration
of rough particles used are 200 ppm (A—C), 100 ppm (D-F),
and 50 ppm (G-I), respectively. The initial concentration of TC
employed for the study is 15 uM, throughout

@ Springer



4 Page 10 of 17

J Nanopart Res (2024) 26:4

Table 2 Summary of performances of the rough particles over the removal of TC

Type Size (um)  Initial TC conc. (uM)  Particles conc. (ppm)  Dosing volume (mL)  Max. Efficiency (%) Time (min)
Pt-PS 1 15 100 1.25 100 50

0.6 200 0.416 100 40

0.02 100 1.66 21 50

Further, we discuss the performance of rough parti-
cles in batch conditions. Since the batch operation was
effective for MB, we ran all experiments related to MB
removal using a batch mode to determine the optimal
point. Figure7 displays the kinetics of the decompo-
sition reaction of MB carried out in batch operation.
Note: The absorbance maxima at 664 nm from each
UV-Vis spectral plot were utilized to determine the
concentration as a function of time. We infer that the
performances of the rough particles of size 1.0 and 0.6
pm overlap significantly over time. Barring 0.02 um,
the rate of decomposition data shows direct dependency
on the concentration of rough particles. Therefore, the
batch-catalyzed reaction favours the maximal elimi-
nation rate at a higher concentration of rough parti-
cles. In contrast to the semi-batch mode, this condition
improved the reaction rate because the concentration of
H;, O, was kept high at the start. Table 3 summarizes the
performance of rough particles employed to deactivate
MB. As shown in Fig. 7 and Table 3, the rough particles
with a size of 1 and 0.6 um and concentration 200 ppm
at a concentration of 5% H,O; exhibited the best per-
formance among the given set of rough particles and
the experimental conditions.

Further, the treated water was tested for its chem-
ical oxygen demand (COD) using the standard titra-
tion method outlined in the Indian Government’s

1S3025:2006 standard. The results showed that the
COD values of the treated water were within the per-
missible limit (250 mg/L) for effluent water. The total
organic carbon (TOC) corresponding to the treated
wastewater was estimated using the equation proposed
by Dubber and Gray [38], based on the measured
COD values. The estimated TOC values for the treated
water samples involving TC and MB using 1.0 um-
sized rough particles were 29.68 mg/L and 31.02 mg/L,
respectively. It is worth noting that 1.0 um-sized rough
particles were chosen for the study as they showed
100% removal efficiency in both semi-batch and batch
conditions at a concentration of 100 ppm.

3.3 The proposed pathway of TC and MB degradation

In addition to the TOC analysis, an LC-MS/MS tech-
nique was used to examine the intermediate products
formed during the Fenton-like reaction. The rough par-
ticles of size 1.0 um at a concentration of 100 ppm
were employed under semi-batch and batch conditions
to find TC and MB degradation products. The reac-
tion time maintained for the analysis of byproducts
formation corresponding to MB and TC is 20 and 70
min, respectively. As can be inferred from the proposed
degradation scheme, the tetracycline is represented by

100{ A 100-B’ PR o s o o 3 100{ C gttt
- -
.
» s
80+ —a—0.02 ym 80+ 1 % , = 0.02 um
& —o— 0.6 um o = 0.02 pum 2 o e 0.6 ym
? 60+ —a— 1 pm °\: 60 e 0.6 ym 560 4 1pm
g z a4 1pum g
é 40 E | - . g 40 : 4
2 40+ S 404 2
g g7 €.l 4 .
= - - -
20+ 20 *
04 .l —a—
o ——————— 0-4p—" e e T S
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Time (min) Time (min) Time (min)

Fig. 7 Removal of MB catalyzed by varying sizes of rough particles at a concentration of A 200 ppm, B 100 ppm, and C 50 ppm
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Table 3 Summary of performances of rough particles against MB removal at 5% H>O»

Type Size (um) Initial MB conc. (uM) Particle conc. (ppm) Max. Efficiency (%) Time (min)
PS 1&0.6 15 100 10

100 20

100 40

the 445 m/z, while the mass divided by the charge num-
ber associated with MB is 284 m/z. Following a Fenton-
like reaction, LC-MS/MS identified four major inter-
mediates in the TC deteriorated solution with masses of
318, 274, 225, and 194 m/z. The suggested intermedi-
ates and the ratio m/z obtained from the LC-MS/MS
spectra following 70 minutes of TC degradation are
shown in Fig. 8A. The loss of the dimethylamino group
and dehydroxylation reaction caused the TC to form
an intermediate product identified as 318 m/z (prod-

OH OH
OH
= O

Product 1
TC (318 m/z)

OH 0 OH 9 |
| on
— —
oh  CH, OH 0 Sl

Product 2
TC (274 m/z)

- L0~

N[CHa)z N‘C”;’z

MB (284 m/z)

Product 3
TC (225 m/z)

uct I) [39,40]. Subsequently, the deacetylation com-
bined with oxidation reactions led to the conversion of
the product I into product II (274 m/z) and product III
(225 m/z) [39]. Finally, the attack of radicals on product
[T resulted in the formation of yet another intermediate,
i.e., product IV, at 194 m/z [40], before being converted
into water, carbon-di-oxide, and N-minerals. Accord-
ing to Fig. 8B, a major intermediate product has been
observed at 274, as shown in the proposed pathway, due
to the addition of °OH and loss of a methyl group [41].

TC (445 m/z)

1, S
— H,0, CO

N-minerals

Product 4
TC (194 m/z)

Co, H,0,
d :Q _ Smaller molecules

NH,

MB (274 m/z)

Fig. 8 The proposed degradation pathway for A Tetracycline B Methylene Blue
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However, the byproducts formed via the decomposition
of TC and MB are non-harmful to the environment. It
is worth noting that 1.0 um-sized rough particles were
chosen for the study as they showed 100% removal
efficiency in both semi-batch and batch conditions at a
concentration of 100 ppm.

3.4 Kinetics of MB removal

Besides % of elimination, the order of the reaction
and rate constant also provide good insight into the
kinetics of the Pt-PS-assisted reactions. Langmuir-
Hinshelwood (LH) kinetics is the most popular model
for describing the kinetics of heterogeneous catalytic
processes, which is described as shown in Eq. 1 below
(421,

dC _ kKC
di — 1+KC

ey

Where r, k,, K, and C refer to the rate of reaction that
changes with time, limiting rate constant of reaction at
maximum coverage under the given experimental con-
ditions, the equilibrium constant for adsorption of the
substrate onto the catalyst, and concentration at any-
time t during degradation, respectively.

Most of the time, researchers approximated Eq. 1 to
the first order, i.e., n = 1, by assuming KC << 1. Thus,

when —ln(c%> is plotted on the ordinate and time is

plotted on the abscissa, the slope of the straight line is
the product of k, and K. However, if the value of the
slope found is >> 1, then the assumption that KC <<
1 becomes invalid. That means the subsequent kinet-
ics will be in zero order. Figure9 displays the pseudo-
first-order kinetics corresponding to the heterogeneous
reactions catalyzed by the rough particles of varying
sizes. The rate constants for the reaction catalyzed by
0.6 and 1.0 pem particles at 50 ppm are 0.048 and 0.032
min~!, respectively. The reported values are in the same
order as that of the performance of the Fe-Pt nanopar-
ticles reported by Hsieh and Lin for 5 ppm [5]. Due
to variations in the concentration of the rough parti-
cles, the reported values in our case are 1.4 to 2.0 times
higher than the literature value [5]. It is also notewor-
thy that the process catalyzed by the rough particles
at a concentration of 50 ppm completes (100%) at the
end of the 40-minute reaction time. By 90 minutes, the
absorbance maximum near 665 nm for the Fe-Pt par-
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Fig. 9 Plot showing the pseudo-first-order kinetic study of MB
degradation using rough particles of sizes 0.6 and 1.0 um

ticles exhibited by Hsieh and Lin had dropped by just
90 % [5].

Before moving on to the following section and
exhibiting the proof-of-concept employing magneti-
cally responsive particles, we propose probable causes
for the disparity in performance between the different-
sized rough particles. It is generally understood that
the nanoparticles offer a more significant surface area
(SA) for a given concentration in a batch reactor. For
instance, we anticipate that the smaller rough particles
would expose Pt significantly due to more particles than
the same concentration of bigger rough particles. To
account for any variations in the quality of Pt depo-
sition, we refer to Table 1 for zeta potential values,
AFM (Fig.2), and electron mapping analysis (Fig.2)
of the rough particles of varying sizes. Based on these
data, we assume that the quality of Pt deposition is con-
sistent across all rough particle sizes. Consequently,
the SA of rough particles should increase as their size
decreases, i.e., 1.0 um < 0.6 um < 0.02 um. In con-
trast, according to Figs.7 and 9, we observed a kinetics
that is an inverse function of particle size when examin-
ing the decomposition of MB using the rough particles
under batch conditions. This unusual behaviour could
be attributed to the crowding effect of bubbles and the
buoyancy effect of the nanoparticles caused due to the
attachment of bubbles. As a result, 1) particles diffuse
rapidly towards the interface, decreasing the contact
time with a key reactant, and 2) the catalyst’s power is
diminished due to a layer of bubbles around the par-
ticles obstructing the active sites. Figure 10 displays
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the peroxide decomposition reaction as a function of
time in minutes. Except for 0.6 and 1.0 xm, we found
a marked difference in performance concerning 0.02
pm. The differences in peroxide breakdown kinetics
found using the detector strips could be linked to the
aforementioned factors. The video showing the rapid
generation of the bubbles and the movement of the
nanoparticles from bulk to the interface can be found in
the supplementary information (Please see supplemen-
tary video-1 given in the supplementary information).
Further, a gravimetric analysis has been performed to
ensure that the catalytic activity reported is consistent
with the degree of Pt loading per the rough particles of
different sizes. The percentage loading was determined
by measuring the mass of the bare and Pt-loaded PS par-
ticles at a known concentration of 100 ppm, as given
in Eq.2. The catalytic activity was calculated based
on the performance of the rough particles at a specific
decomposition time. For instance, the catalytic activ-
ity of the rough particles of sizes 0.02, 0.6, and 1 um,
obtained by deducing the percentage decomposition of
MB at 10 min, are 2%, 95%, and 97%, respectively.
Figure 11 displays the catalytic activity and Pt loading
for the rough particles of varying sizes, with a parti-
cle concentration of 100 ppm, during the degradation
of MB at a reaction time of 10 min using 5% H>O5.
Figure 11 clearly illustrates that the smaller particles
(0.02 pum) exhibit a higher Pt loading due to their larger
surface area. However, their catalytic activity is signifi-
cantly reduced due to the substantial generation of bub-
bles during H,O, degradation and the buoyancy effect
caused by the attachment of these bubbles and the rapid
diffusion of nanoparticles toward the liquid-gas inter-
face, as mentioned above.

%Pt loading = (Mass of catalyst)/
(Mass of the bare PS))
x 100 (2)

3.5 Proof-of-concept

Thus far, we have demonstrated a straightforward
methodology to make the rough particles by modify-
ing the surface of the PS using the Pt nanoparticles
through the wet-chemical route and their performances
in decontamination application. Here, we show that the
magnetically responsive rough particles (MR-RP) can
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—=—0.02 pm
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10000
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Fig. 10 H,0O, decomposition using the rough particles of vary-
ing sizes

be made by decorating platinum-coated PS nanopar-
ticles with iron oxide nanoparticles like a core-shell
structure to accomplish chemical deactivation and par-
ticle recovery in a single step. The benefits of MR-RP
include ease of fabrication of Pt nanoparticles as the
deposition takes place by attractive electrostatic forces
between the Pt precursor (negatively charged) and the
positively charged PS particles. This combination helps
us achieve a uniform deposition like a monolayer of
islands distributed throughout space without stabiliz-
ers like oleic acid and oleyl amine. Secondly, unlike
the method proposed by Hsieh and Lin [5], the tech-
nique does not demand heating at high temperature,
i.e., 297°C, and the entire process can be completed in
room temperature.

= Catalytic activity
1004 Catalyst loading P 1100
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Z 60 160 2
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Fig. 11 Catalytic activity and loading versus a particular size of
the rough particles
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FESEM

Iron oxide
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Polymer grafted
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Fig. 12 Schematic description showing the process of synthesizing magnetically responsive rough particles using the wet-chemical

method

To this end, we demonstrate the discolourization
of MB using MR-RP. Figure 12 describes the pro-
cess of making MR-RP using a wet-chemical route.
Since the process follows the modifications in bulk,
we can eliminate the shortcomings such as scale-up
and yield. As shown in Fig. 12, the attractive forces
between IO and Polydiallyldimethylammonium chlo-
ride (PolyDADMAC) allow the binding of the poly-
mers on the surface of IO nanoparticles. Subsequently,
the suspension containing Pt-modified PS nanoparti-
cles of size 0.02 um was introduced into the polymer-
coated IO mixture. This addition results in the self-
assembly of negatively charged Pt-modified PS and
positively charged polymer-modified IO leading to the
formation of core-shell particles. Note: Since the suffi-
cient concentration of PS nanoparticles was considered
during the wet-chemical deposition and a suitable ratio
of Pt-decorated PS and polymer-decorated IO was cho-
sen before mixing, there were very little or no free Pt
nanoparticles found in the supernatant solution (Please
see supplementary video-2 given in the supplementary
information). We demonstrate a start-to-finish proof-
of-concept of a two-step process (removal of MB +
recovery of MR-RP) achieved by the proposed surface-
engineered nanoparticles via a real-time video (Please
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see supplementary video-3 given in the supplementary
information).

4 General remarks
We comment on the proposed method’s applicability

and shortcomings in this section. The proposed method
works well against pollutants that accept electrons for
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Fig. 13 MB degradation using platinum nanoparticles with 5%
H,0; in the batch mode
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chemical deactivation. For instance, the process would
not fit well for the methyl orange dye, a contaminant
that would give up electrons while decomposing. The
applicability of the rough particles was tested against
methyl orange, and the decomposition rate is relatively
slow compared to the reaction of its counterparts. Thus,
we understand that the proposed rough particles show
catalytic power and facilitate electron transfer from free
radicals to pollutants over time. Secondly, the proposed
method requires PS particles to be positively charged to
attract the precursor ions, which are negatively charged,
and induce nucleation of platinum nanoparticles on
the surface of PS. Therefore, the method is unsuit-
able for making rough particles if the terminal end
groups of PS are negatively charged. Our proposed
methodology employs chloroplatinic acid (H2PtClg)
and research-grade polystyrene microspheres to estab-
lish a proof-of-concept. However, in practical large-
scale applications, we can utilize nanoparticles derived
from expanded polystyrene (EPS) waste through nano-
precipitation or green recycling methods, as reported
in the literature [43—45]. Based on the stoichiometric
analysis, treating one tonne of wastewater containing
methylene blue (MB) as the target contaminant requires
10 g of platinum nanoparticles, assuming a rough par-
ticle concentration of 50 ppm. The calculated cost,
including NaBHy, is approximately $6200, based on
analytical-grade quality. It is crucial to emphasize that
there is substantial room for cost reduction, possibly
by 10-20 times, with more cost-efficient sources in
place of research-grade raw materials. The utilization
of Pt nanoparticles in wastewater treatment encoun-
ters various challenges, including issues with sepa-
ration and synthesis. A significant drawback is the
prolonged degradation times observed for pollutants
like MB. Figure 13 illustrates that the degradation time
remains considerable despite achieving nearly 100%
degradation of MB dye with Pt nanoparticles synthe-
sized from different precursor solutions. Furthermore,
increasing the nanoparticle concentration accelerates
the degradation process, reducing the time required.
However, when employing the same precursor quantity
for synthesizing rough platinum particles, the result-
ing Pt-decorated PS particles exhibit swift and efficient
degradation of pollutants. For instance, the synthesized
platinum nanoparticles achieve complete degradation
(100%) within 135 minutes, whereas the rough par-
ticles achieve an impressive 97% degradation within
10 minutes using the identical precursor quantity. The

considerable variation in performance could be linked
to a lack of active sites due to the depletion of catalytic
activity associated with platinum-bubble collision and
the buoyancy effect caused by the attachment of these
bubbles.

5 Conclusion

We established a facile approach for producing Pt-
studded PS-based rough particles with good catalytic
activity in a single step. The proposed method offers
an exciting route to make catalyst particles on desired
supports at room temperature, compared to the exist-
ing process, which requires chemical precipitation fol-
lowed by heating the reaction mixture to 297°C. Fur-
thermore, the proposed approach could be an excellent
alternative to existing Fenton-based heterogeneous par-
ticles studded with Pt metal nanoparticles. Our study
revealed that the contacting patterns play a significant
role in determining the performance of the rough parti-
cles over the decomposition of any given pollutant. For
instance, the highest catalytic activity of PS-Pt rough
particles was observed when tetracycline decomposi-
tion was performed in semi-batch rather than batch
settings. Conversely, batch-wise operations recorded
the maximal output of rough particles in eliminating
methylene blue. Further, the impact of particle sizes,
concentrations and dosing rate of hydrogen peroxide
on the catalytic activity of rough particles was studied.
To cite an example, the desired operating parameters to
achieve 100% efficiency vary for different rough par-
ticles of size 0.6 um (Optimum concentration = 200
ppm, dosing volume = 0.416 mL) and 1m (Optimum
concentration = 100 ppm, dosing volume = 1.25 mL).
The heterogeneous reaction modelled by Langmuir-
Hinshelwood kinetics indicates that the catalytic reac-
tion follows the pseudo-first-order process with rate
constants of 0.048 and 0.032 min~—! for the reaction
catalyzed by 0.6 and 1.0 um-sized rough particles,
respectively. Using a well-known layer-by-layer tech-
nique, we presented a straightforward methodology to
achieve a core-shell assembly of magnetically respon-
sive rough particles (MR-RP). In a batch reactor config-
uration, the proof-of-concept for the decomposition of
methylene blue using MR-RP was demonstrated. Since
we can deactivate pollutants and recover catalyst par-
ticles in a single cycle, the proposed technique would
be effective in real-time and large-scale applications
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without incurring operating expenses. The study utiliz-
ing these rough particles in mitigating a target pollutant
at various fluid-fluid interfaces is ongoing.
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