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ABSTRACT

Using sulfate radicals to initiate polymer production in persulfate-based advanced oxidation
processes (AOPs) is an emerging strategy for organics removal. However, our understanding of
this process remains limited due to a dearth of efficient methods for in-situ and real time
monitoring of polymerization kinetics. This study leverages plasmonic colorimetry to monitor the
polymerization kinetics of an array of aromatic pollutants in the presence of sulfate radicals. We
observed that the formation of polymer shells on the surfaces of gold nanoparticles (AuNPs) led
to an increase and red shift in their localized surface plasmon resonance (LSPR) band, as a result
of an increased refractive index surrounding the AuNP surfaces. This observation aligns with Mie
theory simulations and transmission electron microscopy—electron energy loss spectroscopy
characterizations. Our study demonstrated that the polymerization kinetics exhibit a significant
reliance on the electrophilicity and quantity of benzene rings, the concentration of aromatic
pollutants, and the dosage of oxidants. In addition, we found that changes in LSPR band
wavelength fitted well into a pseudo-first-order kinetics model, providing a comprehensive and
quantitative insight into the polymerization kinetics involving diverse organic compounds. This
technique holds the potential for optimizing AOP-based water treatment by facilitating the

polymerization of aromatic pollutants.
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INTRODUCTION

Advanced oxidation processes (AOPs) are widely adopted stratagies to alleviate the pollution of
recalcitrant and non-biodegradable organic chemicals in water and wastewater treatment due to
their remarkable efficiency and effectiveness.!> AOPs rely on in-situ generation of highly reactive
species, such as hydroxyl and sulfate free radicals, which exhibit extensive decomposition
capabilities across a broad spectrum of pollutants.* Persulfate-based AOPs have recently attracted
tremendous interest because of several advantages of sulfate radicals (SO4*) over hydroxyl
radicals (*OH), such as higher redox potential at circumneutral pH ([Eo (SO4*/SO4%) =2.5-3.1 V
vs. Eo ("OH/OH") = 1.8 V),’ longer lifetime,* and higher selectivity.® Sulfate radicals can be readily
generated through photo,” ® thermal,” ' chemical, and catalytical activiation'!" 12 of their
precursors, such as peroxydisulfate (PDS) and peroxymonosulfate (PMS).

The ultimate goal of AOPs is to achieve complete mineralization of organic pollutants in
order to effectively decontaminate water. Unfortunately, targeted pollutants and natural organic
matter can be transformed into undesired and potentially more harmful byproducts during AOPs
depending on water matrix compositions and peroxide dosages.> ”>* !> Polymers are one of the
commonly formed byproducts during AOPs, as free radicals are well-known initiators for aromatic
compound polymerization.'* Despite the fact that polymerization substantially diminishes the
efficiency of organic pollutant mineralization, recent studies have proposed that the formation of
polymers in persulfate-based AOPs can be utilized as an innovative strategy for organic pollutant
abatement.!® 15 16 This strategy excels due to the lower peroxide consumption required for
polymerization, as well as facile separation and recovery of the resulting products from the waste

stream. As an example, the polymerization-based strategy can save up to 85% of PDS in coking
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wastewater treatment compared to the mineralization-based strategy, while removing the same
amount of dissoved organic carbon.!°

Despite the recent advances made in understanding polymerization processes during
persulfate-based AOPs,!” there is still a gap in systematically investigating the polymerization
kinetics of various organic pollutants under typical persulfate doses. Recent studies have generally
estimated polymerization kinetics by monitoring the reduction in monomer concentrations via
high-performance liquid chromatography.!® !> 118 The generated polymers have typically been
characterized using a combination of techniques, such as scanning electron microscopy,
transmission electron microscopy (TEM), electrospray ionization mass spectrometry, Fourier
transform infrared spectroscopy, X-ray diffraction, and thermogravimetric analysis.!% !5 16 18
While these analytical methods provide valuable insights, they are time-consuming, expensive,
and require delicate equipment along with complex sample pre-treatment procedures. More
importantly, none of these techniques can provide in-situ and real-time acquisition of
polymerization kinetics.

Plasmonic nanoparticles (PNPs) have demonstrated immense potential in sensing
chemicals, biomolecules, and pathogens because of a unique optical phenomenon — localized
surface plasmon resonance (LSPR).!”?! LSPR refers to the collective oscillation of conduction
electrons of PNPs at a resonant frequency under the excitation of incident light,* leading to
extremely strong light extinction (i.e., absorption and scattering). The wavelength, at which LSPR
occurs, is particularly sensitive to changes in the aggregation state of PNPs and the refractive index
of the surrounding media,**?* both of which can be concurrently modified by the polymerization

of organic pollutants in the vicinity of PNPs. Hence, monitoring the variations in LSPR through
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plasmonic colorimetry can serve as a potent and untapped approach to monitoring the evolution of
polymerization reaction in situ and in real time.

In this study, we employed plasmonic colorimetry, for the first time, to monitor the
polymerization of a wide variety of organic pollutants during persulfate-based AOPs. Gold
nanoparticles (AuNPs) were selected as PNP transducers due to their excellent chemical stability
and biocompatibility. In the presence of SO4~, the AuNP colloid rapidly collapsed due to the
oxidation of the citrate stablizing layer on AuNP surfaces.?> However, when aromatic compounds,
such as 2,4-dichlorophenoxyacetic acid (2,4-D), bisphenol A (BPA), and diclofenac sodium (DIC),
were introduced, the AuNP colloid was stablized due to the formation of polymeric layers on
AuNP surfaces. TEM images confirmed polymer formation, while electron energy loss
spectroscopy (EELS) characterization provided insights into the polymer compositions. We
measured the polymerization kinetics of organic pollutants by monitoring the shifts of the LSPR
bands, which was further corroborated by Mie theory simulations. We also explored how
functional groups, halogen substitutions, and benzene ring quantities influenced the
polymerization kinetics of the pollutants. This study introduces a simple and cost-effective method
for quantifying the rate and extent of polymer formation during persulfate-based AOPs, aiding in
the optimization of persulfate dosages and reaction times to either inhibit or promote

polymerization.

EXPERIMENTAL SECTION
Chemicals. Chemicals used in our experiments are described in Text S1.

AuNP synthesis. AuNPs were synthesized using a seed-mediated growth method detailed
in our previous study and Text S2.%° The as-synthesized AuNPs were nanospheres with a uniform

size distribution (43+5 nm, N=20) based on TEM analysis (Fig. S1).
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In-situ monitoring of pollutant polymerization via plasmonic colorimetry. All
experiments were conducted in 4-mL quartz cuvettes sealed with airtight stoppers. An aliquot of
3-mL AuNP suspension was first pipetted into a cuvette, followed by successive additions of 0.5-
mL PDS solution and 0.5-mL pollutant solution. To prompt the photolysis of PDS and subsequent
generation of SO4”°, the cuvette was exposed to simulated sunlight irradiation, facillitated by a
solar simulator (Abet Technologies, Milford, CT, USA). For each experiment, a parallel control
was set under the same conditions in the absence of light. The extinction spectra of the described
mixtures were acquired using a UV-vis spectrofluorometer (Horiba Aqualog, NJ, USA). A UV-
vis spectrum was immediately recorded upon adding both PDS and pollutant stock solutions into
the AuNP colloid (termed “0 min”). To monitor the kinetics of polymerization, the UV-vis spectra
of the mixture were measured at 15-min intervals over a period of 2 hours after mixing. Before
each spectroscopic measurement, the cuvette was gently shaken three times to ensure the thorough
mixing of all internal components. More experimental details are provided in Text S3.

Characterization of the generated polymers. To confirm the generation of polymers on
the AuNP surfaces, the above-mentioned mixtures after 2-hour sunlight irradiation were purified
via centrifugation and resuspension. This procedure was employed to separate the AuNPs from
the excess chemicals present in the suspensions. The resulting purified polymer-stabilized AuNPs
were then characterized using TEM (FEI Tecnai TF30, Hillsboro, Oregon, USA) and EELS (FEI
Titan 80-200, Hillsboro, Oregon, USA) to gain insights into the morphology and chemical
composition of the formed polymers. Additionally, the stability of the polymer-coated AuNPs was
tested under the conditions of high ionic strength. More details regarding the purification
procedures, TEM and EELS characterization, as well as stability testing are described in Text

S4&S5.
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RESULTS AND DISCUSSION
In-situ Monitoring of 2,4-D polymerization kinetics via plasmonic colorimetry. Agricultural
industry effluents were reported to contain a variety of aromatic pollutants with high
concentrations.”” 2,4-D, a widely used herbicide that is present in pesticide production
wastewater,?’ was initially selected as a representative aromatic pollutant to test the feasibility of
monitoring polymerization kinetics using plasmonic colorimetry. Upon adding 5 mM PDS and
0.23 mM 2,4-D into the AuNP colloid (labelled as “O min” in Fig. la&b), the LSPR band was
found at 530 nm, mirroring the pristine 43-nm AuNP colloid (Fig. S2a). Under simulated sunlight
irradiation, the intensity of the LSPR band gradually increased over the first 105 min from 0.8 to
1, before stablizing in the final 15 min (Fig. 1a). Simultaneously, the wavelength of the LSPR band
experienced a significant red shift from 530 to 544 nm within a 2-hour period (Fig. 1a), suggesting
an increased refractive index (RI) of the medium surrounding the AuNPs.?*2® According to our
previous study, SO4~ are readily generated by breaking the S-S bond of PDS through UV
photolysis under the illumination conditions employed in this study.?® Since AuNPs exhibit weak
absorption in the UV range (Fig. S2a), their influence on PDS photolysis is likely negligible. Given
that SO4™ often initiate polymerization, we expect it to aid in the formation of 2,4-D polymeric
layers on the AuNP surfaces.

To verify the critical role of each component in polymer formation — namely illumination,
2,4-D, and PDS, a series of control experiments was performed. Initially, when the aforementioned
experiment was conducted in the absence of light, the LSPR band intensity marginally decreased
and the band wavelength remained unchanged over 2 hours (Fig. 1b). Without simulated sunlight,
PDS remained predominantly as persulfate ions (S20s*), contributing less to inducing 2,4-D

polymerization compared to SO4”. Furthermore, when the 2,4-D solution was replaced with an
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equivalent volume of Milli Q water, the LSPR band significantly decreased and blue shifted during
the first hour of irradiation, and disappeared completely afterwards (Fig. 1c). These results imply
continuous aggregation and susequent collapse of the AuNP colloid due to the rapid oxidation of
citrate stabilizing layers on AuNP surfaces.?> Without simulated sunlight, the LSPR band
decreased by only 25% over 2 hours, suggesting slower citrate oxidation kinetics by S,Os*
compared to SO4” (Fig. 1d). Additionally, when only 2,4-D was added to the AuNP colloid, there
was virtually no change in the UV-vis extinction spectra over 2 hours, regardless of the presence
or absence of simulated sunlight (Fig. S2b&c), demonstrating that no polymerization occurred
without PDS. It is clear that for suscessful polymerization as depicted in Fig. la, all three
components — simulated sunlight, PDS, and 2,4-D, are crucial.

Influence of PDS and 2,4-D concentrations on 2,4-D polymerization kinetics. Keeping
the experimental setup consistent, we acquired the polymerization kinetics using various
combinations of PDS and 2,4-D concentrations (Fig. S3). When the 2,4-D concentration was kept
constant at 0.23 mM, the LSPR band wavelength consistently increased from 531 nm to 533, 537,
541, and 546 nm during 1 hour of sunlight irradiation at PDS concentrations of 1, 2.5, 5, and 10
mM, respectively (Fig. S3a). Higher PDS concentrations corresponded to larger LSPR band shift,
indicating accelerated polymerization kinetics in the initial hour. In the subsequent hour, at lower
PDS concentrations (i.e., 1, 2.5, and 5 mM), the LSPR bands continued to rise, accompanied by
slow red shifts until reaching the plateau (Fig. 1a, S3a, S4a & S4c). Conversely, at a higher PDS
concentration (i.e., 10 mM), the LSPR band started to decrease and blue shift (Fig. S3a & S4e),
indicating oxidative degradation of the polymeric layers by the excess SO4™".

As the 2,4-D concentration was gradually reduced from 0.23 to 0.045 mM while the PDS

concentration was maintained at 10 mM, the oxidant was more excessive, leading to an earlier blue



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

shift of the LSPR band (Fig. S3c). Similar to the trend observed at the higher 2,4-D concentration
(0.23 mM), the LSPR band initially red shifted to 535 nm in the first 30 min, and subsequently
blue shifted to 523 nm at a 2,4-D concentration of 0.11 mM (Fig. S3¢ & S5e). The LSPR band
wavelength at the 2-hour point even fell below its initial value, indicating that the surface coatings,
including the polymer and citrate, were significantly removed due to the oxidation induced by SO4
‘. When the 2,4-D concentration dropped below 0.1 mM, the LSPR bands only experienced blue
shifts within 45 min before disappearing entirely (Fig. S3c, S5a, & S5c), which was attributed to
the rapid removal of citrate coatings on AuNP surfaces and the resulting colloid collapse.
Polymerization kinetics were found to be dependent on the concentration ratio of PDS to
2,4-D. With a ratio below 22, polymer growth persisted until all SO4™ were completely consumed,
with the growth rate decreasing as the ratio further decreased (Fig. S3a). Conversely, at a ratio
exceeding 43, polymer growth ensued until 2,4-D was fully consumed, followed by degradation
or complete removal of the polymer by the excess SO4 (Fig. S3c). Nevertheless, further results
indicated that maintaining a consistent ratio does not necessarily lead to consistent outcomes. By
preserving the PDS-to-2,4-D ratio at 22 while lowering the PDS and 2,4-D concentrations by
factors of 2 and 5, respectively, significantly slower polymerization kinetics were observed (Fig.
S3e and Fig. S6a&c). Therefore, both the absolute concentrations and the concentration ratios of
the organic substrate (2,4-D) and the oxidant (PDS) play equally important roles in polymerization
kinetics. As shown in Fig. S3b,d,&f, Fig. S4b,d,&f, Fig. S5b,d,&f, and Fig. S6b&d, the LSPR
bands remained relatively consistent during 2 hours under dark conditions, irrespective of the
organic substrate and oxidant concentrations. This further reinforces the instrumental role of SO4”

" in driving 2,4-D polymerization.
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Dramatically different polymerization kinetics of aromatic and aliphatic carboxylates.
To further understand the SO4"-induced polymerization of 2,4-D, model aromatic and aliphatic
carboxylates representing different moieties of 2,4-D, including 2-CBA, 3-CBA, 4-CBA, acetic
acid, and chloroacetic acid, were selected as the target analytes. When adding 5 mM PDS and 0.64
mM 2-CBA into the AuNP colloid, the LSPR band intensity gradually increased, and its
wavelength shifted from 531 to 551 nm after 2 hour of simulated sunlight irradiation (Fig. S7a).
These findings align closely with those from the 2,4-D tests, showcasing the rapid polymerization
of 2-CBA when light, chemical substrate, and PDS were simultaneously present. The
polymerization kinetics of 2-CBA were investigated across varied combinations of PDS and 2-
CBA concentrations (Fig. S7, Fig. S8, Fig. S9, Text S6).

Generally, an excess of aromatic carboxylates resulted in a continuous generation of
polymers, evident from the red shift of the LSPR band, until the SO4~" were entirely exhausted. On
the other hand, excess PDS led to a blue shift of the LSPR band due to further oxidation of the
generated polymers. Similar to 2,4-D, no polymerization evidence was observed for any
combinations of PDS and 2-CBA concentrations without simulated sunlight (Fig. S7b,d,&f,
S8b,d,&f, S9b,d,&f). Furthermore, the indespensible role of SO4” in polymerization was validated
by replacing 10 mM PDS with a 10 mM K>SO solution, which maintained the same ionic strength
but without generating SO4~". In this situation, there were no notable differences in the UV-vis
spectra of the AuNP colloid between sunlit and dark condition (Fig. S10). This suggests that no
polymerization occurred in the presence of K2SOs, unlike the observations when PDS was present
(Fig. S8e&f). Two isomers of 2-CBA, namely 3-CBA and 4-CBA, were also evaluated, which

demonstrated similar trends to 2-CBA when tested at equivalent concentrations (Fig. S11).

10
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In contrast to aromatic carboxylates, aliphatic carboxylates did not show any capacity to
form polymers under comparable conditions (Fig. S12). Compared to the pristine AuNP colloid
with 5 mM PDS, the addition of 0.64 mM acetic acid or chloroacetic acid led to the stabilization
of the AuNP colloid under simulated sunlight irradiation (Fig. 1c, S12a&c). Nevertheless, no
evidence of polymerization was observed for both aliphatic carboxylates, as suggested by the
constant LSPR band intensity and wavelength over a 2-hour period (Fig. S12a&c). This was a
stark contrast to 2-CBA at the same concentration (Fig. S7a).

In-situ monitoring of phenol polymerization. Phenols and their derivatives are prevalent
in various industrial wastewater effluents, such as petrochemicals, pharmaceuticals, and
refineries.?’ Particularly, halogenation greatly enhances the recalcitrancy and toxicity of phenols,>®
31 which underscores the importance of effective monitoring and removal of these contaminants.
Consequently, phenol and three chlorophenols are selected as target analytes to explore their
polymerization kinetics in the presence of SO4~". Compared to aromatic carboxylates, phenols are
more reactive with SO4~, especially under basic conditions.* 3 We thus anticipate that phenols
will exhibit higher polymerization kinetics than aromatic carboxylates. Similar to aromatic
carboxylates, the polymerization of phenols only took place under sunlit conditions (Fig. 2a-d &
S13a-d). With the presence of 0.64 mM phenol and 5 mM PDS, the LSPR band of the AuNP
colloid significantly shifted from 531 to 564 nm over 2 hours, accompanied by a two-fold increase
in intensity (Fig. 2a). The most substantial change in LSPR band wavelength was observed within
the first 15 min (Fig. 2a), indicating dramatically faster polymerization kinetics of phenol
compared to aromatic carboxylates. On the other hand, the polymerization of 2-CP exhibited a
trend similar to phenol, but with slightly slower kinetics (Fig. 2b). In a recent study, the

polymerization of 1 mM phenol or 2-CP in a heat/PDS system ([PDS] = 10 mM) achieved the
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maximum at 35 min, whereas the polymerization processes in our system ([phenol] or [2-CP] =
0.64 mM, [PDS] = 5 mM) lasted for 2 hours.!” The slower kinetics of phenol and 2-CP
polymerization in our system can be attributed to the lower concentrations of the organic substrates
and oxidant, which is consistent with our earlier findings (Fig. S3a&c).

Li et al. mentioned that different oxidation mechanisms could be involved in the oxidation
of aromatic compounds with strong electron-withdrawing substituents, such as -Cl and -Br.!° In
this study, an analysis of three isomers of chlorophenols at the same concentration suggested that
the position of halogen substition on the benzene ring significantly affected the polymerization
kinetics. During the initial 15-min polymerization of 3-CP and 4-CP, the LSPR band of the AuNP
colloid immediately decreased and red shifted, accompanied by the increasing light extinction
within the 600-800 nm region (Fig. 2c&d). These results indicate a concurrent process of 3-CP or
4-CP polymerization and AuNP aggregation. In the subsequent 105 min, the aggregation of AuNPs
did not persist as the resulting AuNP multimers were stabilized by the gradual polymerization of
3-CP or 4-CP (Fig. 2c&d). Unlike 2-CP that rapidly polymerized during the first 15 min (Fig. 2b),
the polymerization kinetics of 3-CP and 4-CP were much slower. Therefore, the polymers that
were generated during the initial 15-min polymerization of 3-CP and 4-CP were insufficient to
stabilize the AuNP monomers, which thus exhibited strong tendency for aggregation as the citrate
stabilizing layer was oxidized and the ionic strength was high.

The faster polymerization kinetics of phenolic compounds compared to aromatic
carboxylates can be attributed to the weaker electron-withdrawing effect of hydroxyl groups
compared to the carboxylic groups on the benzene rings. To verify this hypothesis, the hydroxyl
and carboxylic groups were replaced by a nitro group that exhibits strong electron-withdrawing

effect. At the same concentration with 2-CBA and 2-CP (0.64 mM), 1-chloro-2-nitrobenzene
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barely polymerized in the presence of 5 mM PDS under sunlit condition (Fig. S14). This is
supported by the fact that the LSPR band slightly decreased and shifted from 531 to 533 nm over
2 hours under simulated sunlight irradiation, while the LSPR band wavelength remained constant
in the absence of light (Fig. S14). Consistent with previous study, the reaction rate constant of
nitrobenzene with SO4™ was more than 3 orders of magnitude lower than that of benzoic acid.*
Due to the reduced reactivity with SO4”, aromatic pollutants with strong electron-withdrawing
substituents could exhibit significantly slower polymerization kinetics during persulfate-based
AOPs. %

Polymerization Kinetics of aromatic pollutants with greater complexity. To further
verify the effectiveness of this innovative sensing approach in monitoring polymerization, we
selected two aromatic pollutants with dual benzene rings and either hydroxyl or carboxylic group
s: bisphenol (BPA) and diclofenac (DIC). BPA is extensively used in the plastics and resin
manufacturing industry. Known as an endocrine disruptor, BPA has garnered widespread attention
due to its reproductive and developmental toxicities, as well as its potential association with
diabetes and thyroid dysfunction.***® DIC, a non-steroidal anti-inflammatory drug, has been
detected in aquatic environments globally and recognized as an emerging contaminant. The
hazardous effects of DIC residues on mammals and ecosystems are well-documented.**!
Persulfate-based AOPs have proven effective ways in removing both pollutants,**** during which
polymerization may take place.

BPA, possessing two phenolic moieties, displayed peculiarly rapid polymerization kinetics
in the presence of 5 mM PDS and simulated sunlight. The LSPR band of the AuNP colloid
immediately shifted to the 550-600 nm range within 15 min of simulated sunlight irradiation (Fig.

2e), indicating the rapid polymerization of BPA. Pinpointing the exact wavelength of this
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transverse dipole LSPR band is challenging due to its overlap with a higher-order multipole LSPR
band that emerges as a consequence of AuNP aggregation.*® Similar to 3-CP and 4-CP (Fig. 2c&d),
the polymers formed within the initial 15 min were insufficient to protect AuNP monomers from
aggregating, which can be attributed to the low BPA concentration (0.055 mM). However, AuNP
aggregation almost stopped after 15 min as the polymeric layer on AuNP surfaces continued to
grow (Fig. 2e). In comparison with 2-CBA and 4-CBA at similar concentrations (Fig. S9a & S1le),
BPA showed a considerably enhanced propensity for polymerization. This is supported by the
more pronounced red-shifted LSPR band and the increased stability of the AuNP colloid (Fig. 2e).
This higher polymerization potential is attributed to the two phenolic moieties in one BPA
molecule.

The fast polymerization kinetics of DIC further support our hypothesis that chemicals with
dual benzene rings have a higher propensity to polymerize than those with a single benzene ring.
With 0.31 mM DIC and 5 mM PDS, the LSPR band of the AuNP colloid shifted from 535 to 558
nm within the initial 15 min, and further shifted to 562 nm by 120 min (Fig. 2f). Simultaneously,
the intensity of the LSPR band continued to increase over the 120-min period. Compared to 2-
CBA and 3-CBA that possess only one benzene ring and one carboxylic group (Fig. S9¢ & S11c),
DIC exhibited significantly faster polymerization kinetics that can be attributed to its double
benzene rings. For both compounds, in the absence of simulated sunlight, the transverse dipole
LSPR bands barely shifted over 120 min, indicating that no polymerization occurred (Fig. S13e&f).

Characterization of the formed polymers. The formed polymers on AuNP surfaces
significantly enhanced the stability of AuNPs in environments with high ionic strength. After 2-
hour simulated sunlight irradiation, the LSPR band of the AuNP colloid in the presence of 5 mM

PDS and 0.64-mM 2-CBA increased and red shifted from 532 to 554 nm (Fig. S15), indicating
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polymer formation on AuNP surfaces. After reaction, the polymer-coated AuNPs were purified
and resuspended in a 100-mM K>SO4 solution (see details in Text S4). Such high ionic strength
typically causes immediate aggregation of citrate-coated AuNPs, but did not detrimentally affect
the stability of the polymer-coated AuNPs even after 24 h. This stability is supported by the
persistent transverse LSPR band wavelength at 554 nm during 24 h and the absence of a higher-
order LSPR band in the near-infrared region (Fig. S15).

The characterization of polymers on AuNP surfaces generated from 2,4-D, 2-CBA, and 2-
CP after 2 hour of light irradiation was conducted using TEM and EELS. It is important to note
that it is extremely challenging to use TEM to measure polymer thickness after 5 and 15 minutes
of light irradiation (data now shown), underscoring the effectiveness of the plasmonic colorimetric
method in detecting early stages of polymer growth. In comparison with the citrate-coated AuNPs
(Fig. S1), the TEM images of the polymer-coated AuNPs showed a ~43 nm gold core surrounded
by an opaque polymeric layer (Fig. 3a-c). Furthermore, the results of high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and EELS spectrum imaging
indicated that the polymer shells predominantly consisted of C, while O and CI were preferably
distributed on the surfaces of AuNPs (Fig. 3d). Oxygen on the AuNP surfaces likely originates
from either the citrate trapped within the polymer or the hydroxyl groups interacting with AuNPs
at the initial stages of polymerization. The presence of Cl on the AuNP surfaces may arise from
either residual Cl” during AuNP synthesis or CI” generated during the dechlorination process. In
addition, we observed a competing behavior between O and Cl for binding sites on the AuNP
surfaces.

The thickness and density and of the polymeric shells were consistent among polymer-

coated AuNPs derived from the same chemical. However, there were notable variations when
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comparing polymers derived from different chemicals. Specifically, the average shell thicknesses
for 2,4-D-, 2-CBA-, and 2-CP-derived polymers were 3, 8, and 20 nm, respectively (Fig. 3a-c).
While precise measurements were challenging, the densities of these polymer shells follow the
order: 2,4-D < 2-CBA < 2-CP according to visual inspection of their contrast against the
background in TEM images. According to the Mie theory, the LSPR of PNPs is dependent on the
identity, shape, size, and aggregation state of the nanoparticles, as well as the refractive index (RI)
of the surrounding medium.*”* To delve deeper into the effects of shell thickness and RI
(indicative of shell density) on LSPR, the extinction spectra of the polymer-coated AuNPs were
simulated based on the extinction cross sectional areas calculated from the Mie theory.>® When the
RI was fixed at 1.4, there was a slight increase and red shift from 531 to 538 nm in the LSPR band
as the shell thickness increased from 0 to 20 nm (Fig. 3e). In contrast, the influence of RI on the
LSPR band was much more prominent than thickness (Fig. 3f). As the RI increased from 1.4 to
1.7 and the thickness was fixed at 20 nm, the LSPR band significantly increased and red shifted
from 531 to 566 nm, which is consistent with the polymerization processes observed in phenol and
2-CP (Fig. 2a&b). Our experimental data demonstrate that the light extinction of the polymers
alone primarily occur in the UV region (Fig. S16). The weak light extinction they exhibit in the
visible spectrum cannot lead to the observed shifts in the LSPR band (Fig. S16 and Fig. 3e&f),
which we use to monitor polymerization kinetics (Fig. 4).

The thickness and density of the polymeric shells, which determine the LSPR band of
polymer-coated AuNPs, are dependent on both the concentration and chemical structure of the
polymer precursor. This is verified by both the TEM images and the extinction spectra. The
polymer shells derived from 2,4-D were notably the thinnest and least dense, manifesting the

smallest LSPR band shift (13 nm), which is attributed to the lowest concentration of 2,4-D (0.23
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mM, Fig. 3a). In comparison, the polymer shells derived from 2-CBA were visually thicker and
denser, with a higher LSPR band shift (19 nm), due to its higher concentration (0.64 mM) than
2,4-D. Despite sharing the same concentration with 2-CBA, the polymer shells derived from 2-CP
emerged as the thickest and most dense, aligning with its most pronounced red shift in the LSPR
band (33 nm). In general, an elevated concentration and a favored chemical structure of the
polymer precursor result in increased polymer thickness and density, which are reflected as an

increase in LSPR band intensity and red shift.

CONCLUSIONS
Recent studies have proposed that instead of mineralizing all the organics in AOPs, the generation
of polymers can be utilized as a novel strategy for organic removal.'%3* With maximized polymer
yield and appropriate separation, both carbon dioxide emission and oxidant dosage can be
significantly reduced.'® This dual benefit makes the polymerization strategy a promising and
sustainable solution for the treatment of industrial wastewater that contains high levels of aromatic
pollutants. Herein, our study presents an approach that enables the real-time and in-sifu monitoring
of polymerization kinetics for aromatic pollutants during persulfate-based AOPs. Through a
comprehensive comparison of model compounds, we have gained insights into the influence of
aromatic pollutant chemical structures, including funtional groups, chlorine substitution positions,
and benzene ring quantities on their polymerization potential. Whether the AOPs are geared
towards polymerization or mineralization, this rapid and cost-efficient approach can be employed
to optimize the peroxide dosage and reaction time required for pilot-scale and full-scale
deployment.

This method also enables a quantitative description of polymerization kinetics, thereby

facilitating a deeper understanding of the polymerization mechanisms (Fig. 4). To normalize the
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discrepancy between the LSPR band wavelength measured at each time point (WL¢) and the
baseline wavelength at 0 min (WLo), the values of WL-WLo were divided by the values of WL,.
Variations in the normalized LSPR wavelength shift (designated as “y”) over 2 hours for all the
phenolic compounds can be perfectly fitted into a pseudo-first-order kinetics model as depicted in
Eq. S1 (see details in Text S7 and Fig. S17) and Fig. 4. Within this model, the parameter “b”
represents the pseudo-first-order rate constant, while the parameter “a” signifies the intrinsic
polymerization capacity of a chemical that can be determined by fitting the experimental data to
Eq. S1. This intrinsic polymerization capacity is reflected as the density and thickness of the
resulting polymers as elaborated earlier. The fitting results were summarized in Table S1.

As shown in Fig. 4a, phenol exhibited the fastest polymerization kinetics (b=0.097 min™)
and highest polymerization capacity (a=0.062) among all the aromatic compounds possessing a
single benzene ring. Equilibrium of the polymerization reaction was achieved after 45 min because
of the depletion of phenol, rather than sulfate radicals. Our data indicate that the PDS concentration
decreased by about 25% after a 120-min polymerization reaction (Fig. S17 and Text S7). This
finding reinforces our initial hypothesis that sulfate radicals were present in excess relative to
concentration of organic pollutants. While slower than phenol. the polymerization kinetics of 2-
CP (b=0.043 min™') were considerably faster than 3-CP and 4-CP (0.031 and 0.029 min'),
indicating that the introduction of a chlorine substituent to the meta and para positions of phenol
leads to a more pronounced reduction in polymerization kinetics compared to a substitution at the
ortho position. For 1-chloro-2-nitrobenzene and the two aliphatic carboxylates, the variations in
their LSPR band wavelengths over 2 hours were minimal, rendering them inconsistent with the

pseudo-first-order kinetics model (Fig. 4a).
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Regarding the polymerization kinetics of aromatic carboxylates, e.g., 2-CBA and 2,4-D, a
distinct "induction period" lasting for the initial 30 minutes was evident before the commencement
of polymerization (Fig. S18). Unlike phenol and 2-CP, which exhibit enhanced reactivity towards
SO4~, both aromatic carboxylates had to compete with citrate (an aliphatic carboxylate employed
in AuNP synthesis at a concentration of 0.2 mM) at the initial stage, thereby retarding their
polymerization processes. At the same concentration (0.64 mM), the rate constant of 2-CBA
polymerization (b=0.014 min') was much lower than the phenolic compounds (Fig. 4a),
highlighting the important role of functional groups in aromatic pollutant polymerization.
Interestingly, 2-CBA at a lower concentration of 0.32 mM exhibited higher polymerization kinetics
(b=0.025 min"), but a much lower polymerization capacity (a=0.040 for 0.64 mM vs. a=0.0066
for 0.32 mM). These results indicate that polymerization of aromatic carboxylates at low
concentrations can rapidly reach the maximum point, which is simultaneously governed by the
driving forces for polymerization and polymer degradation.

At a slightly lower concentration of 0.23 mM, 2,4-D demonstrated faster polymerization
kinetics (b=0.030 min™") and a higher polymerization capacity (a=0.021) compared to 2-CBA (Fig.
4b), which is tentatively attributed to the higher complexicity of 2,4-D chemical structure. This
hypothesis was subsequently validated by the much faster polymerization kinetics (b=0.15 min™)
and higher polymerization potential (a=0.048) observed for DIC, a chemical with even higher
structural complexicity. Co-existing ions in water matrices, such C1- and COs*, can react with SO4”

and potentially decelerate the polymerization reaction kinetics, especially at higher
concentrations typically found in industrial wastewater. This impact will be quantitatively
evaluated using this plasmonic colorimetric approach in our future studies. Overall, this in-situ and

real time analytical method can be used to assess the polymerization kinetics and capacity for any
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chemicals in a broad range of water matrices, offering an avenue to deepen our understanding of

the mechanisms behind the formation of polymeric by-products during AOPs.
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Figure 3. TEM images of polymer-coated AuNPs generated from the reactions of 5 mM PDS and
(a) 0.23 mM 2.,4-D, (b) 0.64 mM 2-CBA, and (c) 0.64 mM 2-CP under 2-hour simulated sunlight
radiation. (d) HAADF-STEM image (left) and EELS spectrum images of the C, O, and Cl elements
within the polymer-stabilized AuNPs generated from 2-CP. Simulated extinction spectra of
polymer-coated AuNPs based on Mie theory when (e) the shell RI is fixed at 1.4 and (f) the shell
thickness is fixed at 20 nm.
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Figure 4. (a) Variations in the normalized LSPR wavelength shift of the AuNP colloid in the
presence of 5 mM PDS and 0.64 mM phenol, 2-CP, 3-CP, 4-CP, 2-CBA, 1-chloro-2-nitrobenzene,
acetic acid, and chloroacetic acid under sunlit conditions. Pseudo-first-order kinetics model
regression was implemented for all the aroamatic compounds except 1-chloro-2-nitrobenzene.
Linear regression was implemented for acetic acid, chloroacetic acid, and 1-chloro-2-nitrobenzene
because of their minimal LSPR wavelength shifts. (b) Variations in the normalized LSPR
wavelength shift of the AuNP colloid in the presence of 5 mM PDS and 0.32 mM 2-CBA, 0.23
mM 2,4-D, and 0.31 mM DIC under sunlit conditions. Pseudo-first-order kinetics model regression
was implemented for all the three chemicals. Simulated sunlight intensity: 2 Sun.
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