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ABSTRACT 19 

Using sulfate radicals to initiate polymer production in persulfate-based advanced oxidation 20 

processes (AOPs) is an emerging strategy for organics removal. However, our understanding of 21 

this process remains limited due to a dearth of efficient methods for in-situ and real time 22 

monitoring of polymerization kinetics. This study leverages plasmonic colorimetry to monitor the 23 

polymerization kinetics of an array of aromatic pollutants in the presence of sulfate radicals. We 24 

observed that the formation of polymer shells on the surfaces of gold nanoparticles (AuNPs) led 25 

to an increase and red shift in their localized surface plasmon resonance (LSPR) band, as a result 26 

of an increased refractive index surrounding the AuNP surfaces. This observation aligns with Mie 27 

theory simulations and transmission electron microscopy–electron energy loss spectroscopy 28 

characterizations. Our study demonstrated that the polymerization kinetics exhibit a significant 29 

reliance on the electrophilicity and quantity of benzene rings, the concentration of aromatic 30 

pollutants, and the dosage of oxidants. In addition, we found that changes in LSPR band 31 

wavelength fitted well into a pseudo-first-order kinetics model, providing a comprehensive and 32 

quantitative insight into the polymerization kinetics involving diverse organic compounds. This 33 

technique holds the potential for optimizing AOP-based water treatment by facilitating the 34 

polymerization of aromatic pollutants. 35 
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INTRODUCTION 40 

Advanced oxidation processes (AOPs) are widely adopted stratagies to alleviate the pollution of 41 

recalcitrant and non-biodegradable organic chemicals in water and wastewater treatment due to 42 

their remarkable efficiency and effectiveness.1-3 AOPs rely on in-situ generation of highly reactive 43 

species, such as hydroxyl and sulfate free radicals, which exhibit extensive decomposition 44 

capabilities across a broad spectrum of pollutants.4 Persulfate-based AOPs have recently attracted 45 

tremendous interest because of several advantages of sulfate radicals (SO4
-•) over hydroxyl 46 

radicals (•OH), such as higher redox potential at circumneutral pH ([E0 (SO4
-•/SO4

2-) = 2.5-3.1 V 47 

vs. E0 (•OH/OH-) = 1.8 V]),5 longer lifetime,4 and higher selectivity.6 Sulfate radicals can be readily 48 

generated through photo,7, 8 thermal,9, 10 chemical, and catalytical activiation11, 12 of their 49 

precursors, such as peroxydisulfate (PDS) and peroxymonosulfate (PMS).  50 

The ultimate goal of AOPs is to achieve complete mineralization of organic pollutants in 51 

order to effectively decontaminate water. Unfortunately, targeted pollutants and natural organic 52 

matter can be transformed into undesired and potentially more harmful byproducts during AOPs 53 

depending on water matrix compositions and peroxide dosages.2, 7, 9, 13 Polymers are one of the 54 

commonly formed byproducts during AOPs, as free radicals are well-known initiators for aromatic 55 

compound polymerization.14 Despite the fact that polymerization substantially diminishes the 56 

efficiency of organic pollutant mineralization, recent studies have proposed that the formation of 57 

polymers in persulfate-based AOPs can be utilized as an innovative strategy for organic pollutant 58 

abatement.10, 15, 16 This strategy excels due to the lower peroxide consumption required for 59 

polymerization, as well as facile separation and recovery of the resulting products from the waste 60 

stream. As an example, the polymerization-based strategy can save up to 85% of PDS in coking 61 
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wastewater treatment compared to the mineralization-based strategy, while removing the same 62 

amount of dissoved organic carbon.10  63 

Despite the recent advances made in understanding polymerization processes during 64 

persulfate-based AOPs,17 there is still a gap in systematically investigating the polymerization 65 

kinetics of various organic pollutants under typical persulfate doses. Recent studies have generally 66 

estimated polymerization kinetics by monitoring the reduction in monomer concentrations via 67 

high-performance liquid chromatography.10, 15, 16, 18 The generated polymers have typically been 68 

characterized using a combination of techniques, such as scanning electron microscopy, 69 

transmission electron microscopy (TEM), electrospray ionization mass spectrometry, Fourier 70 

transform infrared spectroscopy, X-ray diffraction, and thermogravimetric analysis.10, 15, 16, 18 71 

While these analytical methods provide valuable insights, they are time-consuming, expensive, 72 

and require delicate equipment along with complex sample pre-treatment procedures. More 73 

importantly, none of these techniques can provide in-situ and real-time acquisition of 74 

polymerization kinetics. 75 

Plasmonic nanoparticles (PNPs) have demonstrated immense potential in sensing 76 

chemicals, biomolecules, and pathogens because of a unique optical phenomenon ‒ localized 77 

surface plasmon resonance (LSPR).19-21 LSPR refers to the collective oscillation of conduction 78 

electrons of PNPs at a resonant frequency under the excitation of incident light,22 leading to 79 

extremely strong light extinction (i.e., absorption and scattering). The wavelength, at which LSPR 80 

occurs, is particularly sensitive to changes in the aggregation state of PNPs and the refractive index 81 

of the surrounding media,23, 24 both of which can be concurrently modified by the polymerization 82 

of organic pollutants in the vicinity of PNPs. Hence, monitoring the variations in LSPR through 83 
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plasmonic colorimetry can serve as a potent and untapped approach to monitoring the evolution of 84 

polymerization reaction in situ and in real time.  85 

In this study, we employed plasmonic colorimetry, for the first time, to monitor the 86 

polymerization of a wide variety of organic pollutants during persulfate-based AOPs. Gold 87 

nanoparticles (AuNPs) were selected as PNP transducers due to their excellent chemical stability 88 

and biocompatibility. In the presence of SO4
-•, the AuNP colloid rapidly collapsed due to the 89 

oxidation of the citrate stablizing layer on AuNP surfaces.25 However, when aromatic compounds, 90 

such as 2,4-dichlorophenoxyacetic acid (2,4-D), bisphenol A (BPA), and diclofenac sodium (DIC), 91 

were introduced, the AuNP colloid was stablized due to the formation of polymeric layers on 92 

AuNP surfaces. TEM images confirmed polymer formation, while electron energy loss 93 

spectroscopy (EELS) characterization provided insights into the polymer compositions. We 94 

measured the polymerization kinetics of organic pollutants by monitoring the shifts of the LSPR 95 

bands, which was further corroborated by Mie theory simulations. We also explored how 96 

functional groups, halogen substitutions, and benzene ring quantities influenced the 97 

polymerization kinetics of the pollutants. This study introduces a simple and cost-effective method 98 

for quantifying the rate and extent of polymer formation during persulfate-based AOPs, aiding in 99 

the optimization of persulfate dosages and reaction times to either inhibit or promote 100 

polymerization.  101 

EXPERIMENTAL SECTION 102 

Chemicals. Chemicals used in our experiments are described in Text S1.  103 

AuNP synthesis. AuNPs were synthesized using a seed-mediated growth method detailed 104 

in our previous study and Text S2.26 The as-synthesized AuNPs were nanospheres with a uniform 105 

size distribution (43±5 nm, N=20) based on TEM analysis (Fig. S1).  106 
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In-situ monitoring of pollutant polymerization via plasmonic colorimetry. All 107 

experiments were conducted in 4-mL quartz cuvettes sealed with airtight stoppers. An aliquot of 108 

3-mL AuNP suspension was first pipetted into a cuvette, followed by successive additions of 0.5-109 

mL PDS solution and 0.5-mL pollutant solution. To prompt the photolysis of PDS and subsequent 110 

generation of SO4
-•, the cuvette was exposed to simulated sunlight irradiation, facillitated by a 111 

solar simulator (Abet Technologies, Milford, CT, USA). For each experiment, a parallel control 112 

was set under the same conditions in the absence of light. The extinction spectra of the described 113 

mixtures were acquired using a UV-vis spectrofluorometer (Horiba Aqualog, NJ, USA). A UV-114 

vis spectrum was immediately recorded upon adding both PDS and pollutant stock solutions into 115 

the AuNP colloid (termed “0 min”). To monitor the kinetics of polymerization, the UV-vis spectra 116 

of the mixture were measured at 15-min intervals over a period of 2 hours after mixing. Before 117 

each spectroscopic measurement, the cuvette was gently shaken three times to ensure the thorough 118 

mixing of all internal components. More experimental details are provided in Text S3. 119 

Characterization of the generated polymers. To confirm the generation of polymers on 120 

the AuNP surfaces, the above-mentioned mixtures after 2-hour sunlight irradiation were purified 121 

via centrifugation and resuspension. This procedure was employed to separate the AuNPs from 122 

the excess chemicals present in the suspensions. The resulting purified polymer-stabilized AuNPs 123 

were then characterized using TEM (FEI Tecnai TF30, Hillsboro, Oregon, USA) and EELS (FEI 124 

Titan 80-200, Hillsboro, Oregon, USA) to gain insights into the morphology and chemical 125 

composition of the formed polymers. Additionally, the stability of the polymer-coated AuNPs was 126 

tested under the conditions of high ionic strength. More details regarding the purification 127 

procedures, TEM and EELS characterization, as well as stability testing are described in Text 128 

S4&S5.  129 
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RESULTS AND DISCUSSION 130 

In-situ Monitoring of 2,4-D polymerization kinetics via plasmonic colorimetry. Agricultural 131 

industry effluents were reported to contain a variety of aromatic pollutants with high 132 

concentrations.27 2,4-D, a widely used herbicide that is present in pesticide production 133 

wastewater,27 was initially selected as a representative aromatic pollutant to test the feasibility of 134 

monitoring polymerization kinetics using plasmonic colorimetry. Upon adding 5 mM PDS and 135 

0.23 mM 2,4-D into the AuNP colloid (labelled as “0 min” in Fig. 1a&b), the LSPR band was 136 

found at 530 nm, mirroring the pristine 43-nm AuNP colloid (Fig. S2a). Under simulated sunlight 137 

irradiation, the intensity of the LSPR band gradually increased over the first 105 min from 0.8 to 138 

1, before stablizing in the final 15 min (Fig. 1a). Simultaneously, the wavelength of the LSPR band 139 

experienced a significant red shift from 530 to 544 nm within a 2-hour period (Fig. 1a), suggesting 140 

an increased refractive index (RI) of the medium surrounding the AuNPs.24, 28 According to our 141 

previous study, SO4
-• are readily generated by breaking the S-S bond of PDS through UV 142 

photolysis under the illumination conditions employed in this study.25 Since AuNPs exhibit weak 143 

absorption in the UV range (Fig. S2a), their influence on PDS photolysis is likely negligible. Given 144 

that SO4
-• often initiate polymerization, we expect it to aid in the formation of 2,4-D polymeric 145 

layers on the AuNP surfaces. 146 

To verify the critical role of each component in polymer formation ‒ namely illumination, 147 

2,4-D, and PDS, a series of control experiments was performed. Initially, when the aforementioned 148 

experiment was conducted in the absence of light, the LSPR band intensity marginally decreased 149 

and the band wavelength remained unchanged over 2 hours (Fig. 1b). Without simulated sunlight, 150 

PDS remained predominantly as persulfate ions (S2O8
2-), contributing less to inducing 2,4-D 151 

polymerization compared to SO4
-•. Furthermore, when the 2,4-D solution was replaced with an 152 
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equivalent volume of Milli Q water, the LSPR band significantly decreased and blue shifted during 153 

the first hour of irradiation, and disappeared completely afterwards (Fig. 1c). These results imply 154 

continuous aggregation and susequent collapse of the AuNP colloid due to the rapid oxidation of 155 

citrate stabilizing layers on AuNP surfaces.25 Without simulated sunlight, the LSPR band 156 

decreased by only 25% over 2 hours, suggesting slower citrate oxidation kinetics by S2O8
2- 157 

compared to SO4
-• (Fig. 1d). Additionally, when only 2,4-D was added to the AuNP colloid, there 158 

was virtually no change in the UV-vis extinction spectra over 2 hours, regardless of the presence 159 

or absence of simulated sunlight (Fig. S2b&c), demonstrating that no polymerization occurred 160 

without PDS. It is clear that for suscessful polymerization as depicted in Fig. 1a, all three 161 

components ‒ simulated sunlight, PDS, and 2,4-D, are crucial. 162 

Influence of PDS and 2,4-D concentrations on 2,4-D polymerization kinetics. Keeping 163 

the experimental setup consistent, we acquired the polymerization kinetics using various 164 

combinations of PDS and 2,4-D concentrations (Fig. S3). When the 2,4-D concentration was kept 165 

constant at 0.23 mM, the LSPR band wavelength consistently increased from 531 nm to 533, 537, 166 

541, and 546 nm during 1 hour of sunlight irradiation at PDS concentrations of 1, 2.5, 5, and 10 167 

mM, respectively (Fig. S3a). Higher PDS concentrations corresponded to larger LSPR band shift, 168 

indicating accelerated polymerization kinetics in the initial hour. In the subsequent hour, at lower 169 

PDS concentrations (i.e., 1, 2.5, and 5 mM), the LSPR bands continued to rise, accompanied by 170 

slow red shifts until reaching the plateau (Fig. 1a, S3a, S4a & S4c). Conversely, at a higher PDS 171 

concentration (i.e., 10 mM), the LSPR band started to decrease and blue shift (Fig. S3a & S4e), 172 

indicating oxidative degradation of the polymeric layers by the excess SO4
-•.  173 

As the 2,4-D concentration was gradually reduced from 0.23 to 0.045 mM while the PDS 174 

concentration was maintained at 10 mM, the oxidant was more excessive, leading to an earlier blue 175 
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shift of the LSPR band (Fig. S3c). Similar to the trend observed at the higher 2,4-D concentration 176 

(0.23 mM), the LSPR band initially red shifted to 535 nm in the first 30 min, and subsequently 177 

blue shifted to 523 nm at a 2,4-D concentration of 0.11 mM (Fig. S3c & S5e). The LSPR band 178 

wavelength at the 2-hour point even fell below its initial value, indicating that the surface coatings, 179 

including the polymer and citrate, were significantly removed due to the oxidation induced by SO4
-180 

•. When the 2,4-D concentration dropped below 0.1 mM, the LSPR bands only experienced blue 181 

shifts within 45 min before disappearing entirely (Fig. S3c, S5a, & S5c), which was attributed to 182 

the rapid removal of citrate coatings on AuNP surfaces and the resulting colloid collapse.  183 

Polymerization kinetics were found to be dependent on the concentration ratio of PDS to 184 

2,4-D. With a ratio below 22, polymer growth persisted until all SO4
-• were completely consumed, 185 

with the growth rate decreasing as the ratio further decreased (Fig. S3a). Conversely, at a ratio 186 

exceeding 43, polymer growth ensued until 2,4-D was fully consumed, followed by degradation 187 

or complete removal of the polymer by the excess SO4
-• (Fig. S3c). Nevertheless, further results 188 

indicated that maintaining a consistent ratio does not necessarily lead to consistent outcomes. By 189 

preserving the PDS-to-2,4-D ratio at 22 while lowering the PDS and 2,4-D concentrations by 190 

factors of 2 and 5, respectively, significantly slower polymerization kinetics were observed (Fig. 191 

S3e and Fig. S6a&c). Therefore, both the absolute concentrations and the concentration ratios of 192 

the organic substrate (2,4-D) and the oxidant (PDS) play equally important roles in polymerization 193 

kinetics. As shown in Fig. S3b,d,&f, Fig. S4b,d,&f, Fig. S5b,d,&f, and Fig. S6b&d, the LSPR 194 

bands remained relatively consistent during 2 hours under dark conditions, irrespective of the 195 

organic substrate and oxidant concentrations. This further reinforces the instrumental role of SO4
-196 

• in driving 2,4-D polymerization.  197 
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Dramatically different polymerization kinetics of aromatic and aliphatic carboxylates. 198 

To further understand the SO4
-•-induced polymerization of 2,4-D, model aromatic and aliphatic 199 

carboxylates representing different moieties of 2,4-D, including 2-CBA, 3-CBA, 4-CBA, acetic 200 

acid, and chloroacetic acid, were selected as the target analytes. When adding 5 mM PDS and 0.64 201 

mM 2-CBA into the AuNP colloid, the LSPR band intensity gradually increased, and its 202 

wavelength shifted from 531 to 551 nm after 2 hour of simulated sunlight irradiation (Fig. S7a). 203 

These findings align closely with those from the 2,4-D tests, showcasing the rapid polymerization 204 

of 2-CBA when light, chemical substrate, and PDS were simultaneously present. The 205 

polymerization kinetics of 2-CBA were investigated across varied combinations of PDS and 2-206 

CBA concentrations (Fig. S7, Fig. S8, Fig. S9, Text S6).  207 

Generally, an excess of aromatic carboxylates resulted in a continuous generation of 208 

polymers, evident from the red shift of the LSPR band, until the SO4
-• were entirely exhausted. On 209 

the other hand, excess PDS led to a blue shift of the LSPR band due to further oxidation of the 210 

generated polymers. Similar to 2,4-D, no polymerization evidence was observed for any 211 

combinations of PDS and 2-CBA concentrations without simulated sunlight (Fig. S7b,d,&f, 212 

S8b,d,&f, S9b,d,&f). Furthermore, the indespensible role of SO4
-• in polymerization was validated 213 

by replacing 10 mM PDS with a 10 mM K2SO4 solution, which maintained the same ionic strength 214 

but without generating SO4
-•. In this situation, there were no notable differences in the UV-vis 215 

spectra of the AuNP colloid between sunlit and dark condition (Fig. S10). This suggests that no 216 

polymerization occurred in the presence of K2SO4, unlike the observations when PDS was present 217 

(Fig. S8e&f). Two isomers of 2-CBA, namely 3-CBA and 4-CBA, were also evaluated, which 218 

demonstrated similar trends to 2-CBA when tested at equivalent concentrations (Fig. S11).   219 
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In contrast to aromatic carboxylates, aliphatic carboxylates did not show any capacity to 220 

form polymers under comparable conditions (Fig. S12). Compared to the pristine AuNP colloid 221 

with 5 mM PDS, the addition of 0.64 mM acetic acid or chloroacetic acid led to the stabilization 222 

of the AuNP colloid under simulated sunlight irradiation (Fig. 1c, S12a&c). Nevertheless, no 223 

evidence of polymerization was observed for both aliphatic carboxylates, as suggested by the 224 

constant LSPR band intensity and wavelength over a 2-hour period (Fig. S12a&c). This was a 225 

stark contrast to 2-CBA at the same concentration (Fig. S7a).  226 

In-situ monitoring of phenol polymerization. Phenols and their derivatives are prevalent 227 

in various industrial wastewater effluents, such as petrochemicals, pharmaceuticals, and 228 

refineries.29 Particularly, halogenation greatly enhances the recalcitrancy and toxicity of phenols,30, 229 

31 which underscores the importance of effective monitoring and removal of these contaminants. 230 

Consequently, phenol and three chlorophenols are selected as target analytes to explore their 231 

polymerization kinetics in the presence of SO4
-•. Compared to aromatic carboxylates, phenols are 232 

more reactive with SO4
-•, especially under basic conditions.32, 33 We thus anticipate that phenols 233 

will exhibit higher polymerization kinetics than aromatic carboxylates. Similar to aromatic 234 

carboxylates, the polymerization of phenols only took place under sunlit conditions (Fig. 2a-d & 235 

S13a-d). With the presence of 0.64 mM phenol and 5 mM PDS, the LSPR band of the AuNP 236 

colloid significantly shifted from 531 to 564 nm over 2 hours, accompanied by a two-fold increase 237 

in intensity (Fig. 2a). The most substantial change in LSPR band wavelength was observed within 238 

the first 15 min (Fig. 2a), indicating dramatically faster polymerization kinetics of phenol 239 

compared to aromatic carboxylates. On the other hand, the polymerization of 2-CP exhibited a 240 

trend similar to phenol, but with slightly slower kinetics (Fig. 2b). In a recent study, the 241 

polymerization of 1 mM phenol or 2-CP in a heat/PDS system ([PDS] = 10 mM) achieved the 242 
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maximum at 35 min, whereas the polymerization processes in our system ([phenol] or [2-CP] = 243 

0.64 mM, [PDS] = 5 mM) lasted for 2 hours.10 The slower kinetics of phenol and 2-CP 244 

polymerization in our system can be attributed to the lower concentrations of the organic substrates 245 

and oxidant, which is consistent with our earlier findings (Fig. S3a&c).  246 

Li et al. mentioned that different oxidation mechanisms could be involved in the oxidation 247 

of aromatic compounds with strong electron-withdrawing substituents, such as -Cl and -Br.10 In 248 

this study, an analysis of three isomers of chlorophenols at the same concentration suggested that 249 

the position of halogen substition on the benzene ring significantly affected the polymerization 250 

kinetics. During the initial 15-min polymerization of 3-CP and 4-CP, the LSPR band of the AuNP 251 

colloid immediately decreased and red shifted, accompanied by the increasing light extinction 252 

within the 600-800 nm region (Fig. 2c&d). These results indicate a concurrent process of 3-CP or 253 

4-CP polymerization and AuNP aggregation. In the subsequent 105 min, the aggregation of AuNPs 254 

did not persist as the resulting AuNP multimers were stabilized by the gradual polymerization of 255 

3-CP or 4-CP (Fig. 2c&d). Unlike 2-CP that rapidly polymerized during the first 15 min (Fig. 2b), 256 

the polymerization kinetics of 3-CP and 4-CP were much slower. Therefore, the polymers that 257 

were generated during the initial 15-min polymerization of 3-CP and 4-CP were insufficient to 258 

stabilize the AuNP monomers, which thus exhibited strong tendency for aggregation as the citrate 259 

stabilizing layer was oxidized and the ionic strength was high. 260 

The faster polymerization kinetics of phenolic compounds compared to aromatic 261 

carboxylates can be attributed to the weaker electron-withdrawing effect of hydroxyl groups 262 

compared to the carboxylic groups on the benzene rings. To verify this hypothesis, the hydroxyl 263 

and carboxylic groups were replaced by a nitro group that exhibits strong electron-withdrawing 264 

effect. At the same concentration with 2-CBA and 2-CP (0.64 mM), 1-chloro-2-nitrobenzene 265 
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barely polymerized in the presence of 5 mM PDS under sunlit condition (Fig. S14). This is 266 

supported by the fact that the LSPR band slightly decreased and shifted from 531 to 533 nm over 267 

2 hours under simulated sunlight irradiation, while the LSPR band wavelength remained constant 268 

in the absence of light (Fig. S14). Consistent with previous study, the reaction rate constant of 269 

nitrobenzene with SO4
-• was more than 3 orders of magnitude lower than that of benzoic acid.34 270 

Due to the reduced reactivity with SO4
-•, aromatic pollutants with strong electron-withdrawing 271 

substituents could exhibit significantly slower polymerization kinetics during persulfate-based 272 

AOPs.35 273 

Polymerization kinetics of aromatic pollutants with greater complexity. To further 274 

verify the effectiveness of this innovative sensing approach in monitoring polymerization, we 275 

selected two aromatic pollutants with dual benzene rings and either hydroxyl or carboxylic group 276 

s: bisphenol (BPA) and diclofenac (DIC). BPA is extensively used in the plastics and resin 277 

manufacturing industry. Known as an endocrine disruptor, BPA has garnered widespread attention 278 

due to its reproductive and developmental toxicities, as well as its potential association with 279 

diabetes and thyroid dysfunction.36-38 DIC, a non-steroidal anti-inflammatory drug, has been 280 

detected in aquatic environments globally and recognized as an emerging contaminant. The 281 

hazardous effects of DIC residues on mammals and ecosystems are well-documented.39-41 282 

Persulfate-based AOPs have proven effective ways in removing both pollutants,42-45 during which 283 

polymerization may take place. 284 

BPA, possessing two phenolic moieties, displayed peculiarly rapid polymerization kinetics 285 

in the presence of 5 mM PDS and simulated sunlight. The LSPR band of the AuNP colloid 286 

immediately shifted to the 550-600 nm range within 15 min of simulated sunlight irradiation (Fig. 287 

2e), indicating the rapid polymerization of BPA. Pinpointing the exact wavelength of this 288 
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transverse dipole LSPR band is challenging due to its overlap with a higher-order multipole LSPR 289 

band that emerges as a consequence of AuNP aggregation.46 Similar to 3-CP and 4-CP (Fig. 2c&d), 290 

the polymers formed within the initial 15 min were insufficient to protect AuNP monomers from 291 

aggregating, which can be attributed to the low BPA concentration (0.055 mM). However, AuNP 292 

aggregation almost stopped after 15 min as the polymeric layer on AuNP surfaces continued to 293 

grow (Fig. 2e). In comparison with 2-CBA and 4-CBA at similar concentrations (Fig. S9a & S11e), 294 

BPA showed a considerably enhanced propensity for polymerization. This is supported by the 295 

more pronounced red-shifted LSPR band and the increased stability of the AuNP colloid (Fig. 2e). 296 

This higher polymerization potential is attributed to the two phenolic moieties in one BPA 297 

molecule.  298 

The fast polymerization kinetics of DIC further support our hypothesis that chemicals with 299 

dual benzene rings have a higher propensity to polymerize than those with a single benzene ring. 300 

With 0.31 mM DIC and 5 mM PDS, the LSPR band of the AuNP colloid shifted from 535 to 558 301 

nm within the initial 15 min, and further shifted to 562 nm by 120 min (Fig. 2f). Simultaneously, 302 

the intensity of the LSPR band continued to increase over the 120-min period. Compared to 2-303 

CBA and 3-CBA that possess only one benzene ring and one carboxylic group (Fig. S9e & S11c), 304 

DIC exhibited significantly faster polymerization kinetics that can be attributed to its double 305 

benzene rings. For both compounds, in the absence of simulated sunlight, the transverse dipole 306 

LSPR bands barely shifted over 120 min, indicating that no polymerization occurred (Fig. S13e&f). 307 

Characterization of the formed polymers. The formed polymers on AuNP surfaces 308 

significantly enhanced the stability of AuNPs in environments with high ionic strength. After 2-309 

hour simulated sunlight irradiation, the LSPR band of the AuNP colloid in the presence of 5 mM 310 

PDS and 0.64-mM 2-CBA increased and red shifted from 532 to 554 nm (Fig. S15), indicating 311 
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polymer formation on AuNP surfaces. After reaction, the polymer-coated AuNPs were purified 312 

and resuspended in a 100-mM K2SO4 solution (see details in Text S4). Such high ionic strength 313 

typically causes immediate aggregation of citrate-coated AuNPs, but did not detrimentally affect 314 

the stability of the polymer-coated AuNPs even after 24 h. This stability is supported by the 315 

persistent transverse LSPR band wavelength at 554 nm during 24 h and the absence of a higher-316 

order LSPR band in the near-infrared region (Fig. S15).  317 

The characterization of polymers on AuNP surfaces generated from 2,4-D, 2-CBA, and 2-318 

CP after 2 hour of light irradiation was conducted using TEM and EELS. It is important to note 319 

that it is extremely challenging to use TEM to measure polymer thickness after 5 and 15 minutes 320 

of light irradiation (data now shown), underscoring the effectiveness of the plasmonic colorimetric 321 

method in detecting early stages of polymer growth. In comparison with the citrate-coated AuNPs 322 

(Fig. S1), the TEM images of the polymer-coated AuNPs showed a ~43 nm gold core surrounded 323 

by an opaque polymeric layer (Fig. 3a-c). Furthermore, the results of high-angle annular dark-field 324 

scanning transmission electron microscopy (HAADF-STEM) and EELS spectrum imaging 325 

indicated that the polymer shells predominantly consisted of C, while O and Cl were preferably 326 

distributed on the surfaces of AuNPs (Fig. 3d). Oxygen on the AuNP surfaces likely originates 327 

from either the citrate trapped within the polymer or the hydroxyl groups interacting with AuNPs 328 

at the initial stages of polymerization. The presence of Cl on the AuNP surfaces may arise from 329 

either residual Cl- during AuNP synthesis or Cl- generated during the dechlorination process. In 330 

addition, we observed a competing behavior between O and Cl for binding sites on the AuNP 331 

surfaces. 332 

The thickness and density and of the polymeric shells were consistent among polymer-333 

coated AuNPs derived from the same chemical. However, there were notable variations when 334 
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comparing polymers derived from different chemicals. Specifically, the average shell thicknesses 335 

for 2,4-D-, 2-CBA-, and 2-CP-derived polymers were 3, 8, and 20 nm, respectively (Fig. 3a-c). 336 

While precise measurements were challenging, the densities of these polymer shells follow the 337 

order: 2,4-D < 2-CBA < 2-CP according to visual inspection of their contrast against the 338 

background in TEM images. According to the Mie theory, the LSPR of PNPs is dependent on the 339 

identity, shape, size, and aggregation state of the nanoparticles, as well as the refractive index (RI) 340 

of the surrounding medium.47-49 To delve deeper into the effects of shell thickness and RI 341 

(indicative of shell density) on LSPR, the extinction spectra of the polymer-coated AuNPs were 342 

simulated based on the extinction cross sectional areas calculated from the Mie theory.50 When the 343 

RI was fixed at 1.4, there was a slight increase and red shift from 531 to 538 nm in the LSPR band 344 

as the shell thickness increased from 0 to 20 nm (Fig. 3e). In contrast, the influence of RI on the 345 

LSPR band was much more prominent than thickness (Fig. 3f). As the RI increased from 1.4 to 346 

1.7 and the thickness was fixed at 20 nm, the LSPR band significantly increased and red shifted 347 

from 531 to 566 nm, which is consistent with the polymerization processes observed in phenol and 348 

2-CP (Fig. 2a&b). Our experimental data demonstrate that the light extinction of the polymers 349 

alone primarily occur in the UV region (Fig. S16). The weak light extinction they exhibit in the 350 

visible spectrum cannot lead to the observed shifts in the LSPR band (Fig. S16 and Fig. 3e&f), 351 

which we use to monitor polymerization kinetics (Fig. 4). 352 

The thickness and density of the polymeric shells, which determine the LSPR band of 353 

polymer-coated AuNPs, are dependent on both the concentration and chemical structure of the 354 

polymer precursor. This is verified by both the TEM images and the extinction spectra. The 355 

polymer shells derived from 2,4-D were notably the thinnest and least dense, manifesting the 356 

smallest LSPR band shift (13 nm), which is attributed to the lowest concentration of 2,4-D (0.23 357 
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mM, Fig. 3a). In comparison, the polymer shells derived from 2-CBA were visually thicker and 358 

denser, with a higher LSPR band shift (19 nm), due to its higher concentration (0.64 mM) than 359 

2,4-D. Despite sharing the same concentration with 2-CBA, the polymer shells derived from 2-CP 360 

emerged as the thickest and most dense, aligning with its most pronounced red shift in the LSPR 361 

band (33 nm). In general, an elevated concentration and a favored chemical structure of the 362 

polymer precursor result in increased polymer thickness and density, which are reflected as an 363 

increase in LSPR band intensity and red shift.  364 

CONCLUSIONS 365 

Recent studies have proposed that instead of mineralizing all the organics in AOPs, the generation 366 

of polymers can be utilized as a novel strategy for organic removal.10, 33 With maximized polymer 367 

yield and appropriate separation, both carbon dioxide emission and oxidant dosage can be 368 

significantly reduced.10 This dual benefit makes the polymerization strategy a promising and 369 

sustainable solution for the treatment of industrial wastewater that contains high levels of aromatic 370 

pollutants. Herein, our study presents an approach that enables the real-time and in-situ monitoring 371 

of polymerization kinetics for aromatic pollutants during persulfate-based AOPs. Through a 372 

comprehensive comparison of model compounds, we have gained insights into the influence of 373 

aromatic pollutant chemical structures, including funtional groups, chlorine substitution positions, 374 

and benzene ring quantities on their polymerization potential. Whether the AOPs are geared 375 

towards polymerization or mineralization, this rapid and cost-efficient approach can be employed 376 

to optimize the peroxide dosage and reaction time required for pilot-scale and full-scale 377 

deployment.  378 

This method also enables a quantitative description of polymerization kinetics, thereby 379 

facilitating a deeper understanding of the polymerization mechanisms (Fig. 4). To normalize the 380 
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discrepancy between the LSPR band wavelength measured at each time point (WLt) and the 381 

baseline wavelength at 0 min (WL0), the values of WLt-WL0 were divided by the values of WL0. 382 

Variations in the normalized LSPR wavelength shift (designated as “y”) over 2 hours for all the 383 

phenolic compounds can be perfectly fitted into a pseudo-first-order kinetics model as depicted in 384 

Eq. S1 (see details in Text S7 and Fig. S17) and Fig. 4. Within this model, the parameter “b” 385 

represents the pseudo-first-order rate constant, while the parameter “a” signifies the intrinsic 386 

polymerization capacity of a chemical that can be determined by fitting the experimental data to  387 

Eq. S1. This intrinsic polymerization capacity is reflected as the density and thickness of the 388 

resulting polymers as elaborated earlier. The fitting results were summarized in Table S1. 389 

As shown in Fig. 4a, phenol exhibited the fastest polymerization kinetics (b=0.097 min-1) 390 

and highest polymerization capacity (a=0.062) among all the aromatic compounds possessing a 391 

single benzene ring. Equilibrium of the polymerization reaction was achieved after 45 min because 392 

of the depletion of phenol, rather than sulfate radicals. Our data indicate that the PDS concentration 393 

decreased by about 25% after a 120-min polymerization reaction (Fig. S17 and Text S7). This 394 

finding reinforces our initial hypothesis that sulfate radicals were present in excess relative to 395 

concentration of organic pollutants. While slower than phenol. the polymerization kinetics of 2-396 

CP (b=0.043 min-1) were considerably faster than 3-CP and 4-CP (0.031 and 0.029 min-1), 397 

indicating that the introduction of a chlorine substituent to the meta and para positions of phenol 398 

leads to a more pronounced reduction in polymerization kinetics compared to a substitution at the 399 

ortho position. For 1-chloro-2-nitrobenzene and the two aliphatic carboxylates, the variations in 400 

their LSPR band wavelengths over 2 hours were minimal, rendering them inconsistent with the 401 

pseudo-first-order kinetics model (Fig. 4a).  402 
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Regarding the polymerization kinetics of aromatic carboxylates, e.g., 2-CBA and 2,4-D, a 403 

distinct "induction period" lasting for the initial 30 minutes was evident before the commencement 404 

of polymerization (Fig. S18). Unlike phenol and 2-CP, which exhibit enhanced reactivity towards 405 

SO4
-•, both aromatic carboxylates had to compete with citrate (an aliphatic carboxylate employed 406 

in AuNP synthesis at a concentration of 0.2 mM) at the initial stage, thereby retarding their 407 

polymerization processes. At the same concentration (0.64 mM), the rate constant of 2-CBA 408 

polymerization (b=0.014 min-1) was much lower than the phenolic compounds (Fig. 4a), 409 

highlighting the important role of functional groups in aromatic pollutant polymerization. 410 

Interestingly, 2-CBA at a lower concentration of 0.32 mM exhibited higher polymerization kinetics 411 

(b=0.025 min-1), but a much lower polymerization capacity (a=0.040 for 0.64 mM vs. a=0.0066 412 

for 0.32 mM). These results indicate that polymerization of aromatic carboxylates at low 413 

concentrations can rapidly reach the maximum point, which is simultaneously governed by the 414 

driving forces for polymerization and polymer degradation. 415 

At a slightly lower concentration of 0.23 mM, 2,4-D demonstrated faster polymerization 416 

kinetics (b=0.030 min-1) and a higher polymerization capacity (a=0.021) compared to 2-CBA (Fig. 417 

4b), which is tentatively attributed to the higher complexicity of 2,4-D chemical structure. This 418 

hypothesis was subsequently validated by the much faster polymerization kinetics (b=0.15 min-1) 419 

and higher polymerization potential (a=0.048) observed for DIC, a chemical with even higher 420 

structural complexicity. Co-existing ions in water matrices, such Cl- and CO3
2-, can react with SO4

-421 

• and potentially decelerate the polymerization reaction kinetics, especially at higher 422 

concentrations typically found in industrial wastewater. This impact will be quantitatively 423 

evaluated using this plasmonic colorimetric approach in our future studies. Overall, this in-situ and 424 

real time analytical method can be used to assess the polymerization kinetics and capacity for any 425 
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chemicals in a broad range of water matrices, offering an avenue to deepen our understanding of 426 

the mechanisms behind the formation of polymeric by-products during AOPs.  427 
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 604 

Figure 1. Variations in the UV-vis spectra of AuNP colloid with 5 mM PDS and 0.23 mM 2,4-D 605 
as a function of time under (a) sunlit and (b) dark conditions. Variations in the UV-vis spectra of 606 

AuNP colloid with 5 mM PDS as a function of time under (c) sunlit and (d) dark conditions. 607 
Simulated sunlight intensity: 2 Sun. 608 
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 610 

Figure 2. Variations in the UV-vis spectra of AuNP colloid over time under sunlit conditions, with 611 
5 mM PDS and 0.64 mM (a) phenol, (b) 2-chlorophenol, (c) 3-chlorophenol, (d) 4-chlorophenol, 612 
(e) 0.055 mM BPA, and (f) 0.31 mM DIC. Simulated sunlight intensity: 2 Sun. 613 
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 615 

Figure 3. TEM images of polymer-coated AuNPs generated from the reactions of 5 mM PDS and 616 
(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 617 
radiation. (d) HAADF-STEM image (left) and EELS spectrum images of the C, O, and Cl elements 618 

within the polymer-stabilized AuNPs generated from 2-CP. Simulated extinction spectra of 619 
polymer-coated AuNPs based on Mie theory when (e) the shell RI is fixed at 1.4 and (f) the shell 620 
thickness is fixed at 20 nm.  621 
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 623 

Figure 4. (a) Variations in the normalized LSPR wavelength shift of the AuNP colloid in the 624 

presence of 5 mM PDS and 0.64 mM phenol, 2-CP, 3-CP, 4-CP, 2-CBA, 1-chloro-2-nitrobenzene, 625 

acetic acid, and chloroacetic acid under sunlit conditions. Pseudo-first-order kinetics model 626 

regression was implemented for all the aroamatic compounds except 1-chloro-2-nitrobenzene. 627 

Linear regression was implemented for acetic acid, chloroacetic acid, and 1-chloro-2-nitrobenzene 628 

because of their minimal LSPR wavelength shifts. (b) Variations in the normalized LSPR 629 

wavelength shift of the AuNP colloid in the presence of 5 mM PDS and 0.32 mM 2-CBA, 0.23 630 

mM 2,4-D, and 0.31 mM DIC under sunlit conditions. Pseudo-first-order kinetics model regression 631 

was implemented for all the three chemicals. Simulated sunlight intensity: 2 Sun. 632 

  633 



32 
 

TABLE OF CONTENTS ART 634 

 635 

 636 


