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Manganese oxides may enhance phenolic contaminant removal in passive in situ treatment 

systems. This study investigates the interactions between organic structure and solid 

characteristics, comparing synthetic δ-MnO2 with two reclaimed oxides found to degrade a suite 

of phenols. Organic structure controls the relative rates and mechanisms of oxidation while 

reactant complexity decreases the utility of QSARs in this system.
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19 Abstract

20 Manganese (Mn) oxides have been proposed for in situ treatment of organic (e.g., phenolic) 

21 contaminants, although little is known about the reactivity of reclaimed solids that might be used 

22 as alternatives to synthetic oxides. In this study, we investigate the impacts of phenol substituents 

23 and manganese oxide properties (e.g., surface area, iron substitution) on the kinetics and 

24 mechanism of this reaction. Reclaimed solids from acid mine drainage and drinking water 

25 treatment systems contain Mn(IV) and are capable of oxidizing phenolic contaminants, although 

26 their reactivity is 1 – 3 orders of magnitude slower than synthetic δ-MnO2. Both electron transfer-

27 limited and sorption-limited mechanisms occur in 29 phenols reacted with the three manganese 

28 oxide materials. This finding contrasts the common assumption that the first one-electron transfer 

29 from the phenol to the manganese oxide is rate-limiting. The occurrence of both mechanisms has 

30 implications for the rates and products of phenol oxidation. Interestingly, the mechanism for a 

31 given phenol changes between solids. We attribute this observed mechanism shift primarily to 

32 phenolic substituent effects, with influences from the pHpzc, surface area, and iron substitution of 

33 the manganese oxide materials. In addition, we investigate the predictive utility of quantitative 

34 structure-activity relationships, as these models have not been tested using complex reactants and 

35 non-synthetic manganese oxides. In-depth analysis and external validation measures indicate these 

36 common QSAR models are ineffective at predicting the behavior of complex contaminants or 

37 reactions with non-synthetic manganese oxides, and therefore have limited application for 

38 predicting contaminant oxidation by manganese oxides in environmental and engineered systems. 

39
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40 Introduction

41 Manganese (Mn) oxides (e.g., MnO2) are ubiquitous, strong oxidants that control the fate 

42 of redox active inorganic (e.g., arsenic) and organic (e.g., anilines, phenols) contaminants1-11 in 

43 surface waters1, 3 and soils.1, 2, 9, 12-15 Mn oxides form naturally and are also generated as byproducts 

44 in water treatment systems that use pyrolusite filters to remove dissolved Mn and iron (Fe), as well 

45 as in acid mine drainage remediation systems that precipitate Mn on passive limestone or coir fiber 

46 beds.16-18 Mn oxides may coprecipitate with Fe and other non-Mn species (e.g., Zn, Al, silica) or 

47 comprise a fraction of a heterogenous mixture, as in the case of natural soils. As a result, Mn oxides 

48 exhibit a wide range of characteristics (e.g., surface area, Mn oxidation state) that alter their 

49 reactivity compared to synthetic materials.2, 4, 7, 19-21 Contaminants that react with Mn oxides are 

50 present in many anthropogenic systems that discharge to natural environments, where they are 

51 typically recalcitrant and often threaten ecosystem and human health.1, 22-26 Therefore, Mn oxides 

52 have been proposed for passive, in situ treatment of contaminated waters. Such applications are 

53 particularly attractive for reclaimed solids as inexpensive alternatives for the treatment of phenolic 

54 contaminants in wastewater effluents, landfill leachates, or stormwater basins. However, there is 

55 a lack of research bridging well-controlled, microscopic studies with in situ macroscopic 

56 investigations.

57 Phenols react with Mn oxides through a series of one-electron transfers, first forming a 

58 phenoxy radical which can either desorb from the manganese surface reaction site and couple to 

59 form a polymeric product or undergo a second one-electron transfer to form benzoquinone-like 

60 products.1, 6 The phenol oxidation reaction is more nuanced than this generalized pathway details, 

61 as hydrogen abstraction, coupled proton-electron transfer, and desorption processes may obscure 

62 the rates of sorption and electron transfer.29-31 However, there is no clear experimental evidence 
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63 that these processes control oxidation rates in this system. Thus, this work follows the simplified 

64 theory that either the first one-electron transfer or sorption of the phenolate ion limits the overall 

65 oxidation rate, resulting in one or two electron transfers, respectively.1, 6, 27, 28 The overall reaction 

66 mechanism, identified by the rate-limiting step, dictates both the rate of reaction and final 

67 oxidation products (i.e., benzoquinone or polymeric products).1, 32-34 The influence of reclaimed 

68 Mn oxide characteristics (e.g., surface area, Fe content) on the rates and mechanism of phenol 

69 oxidation are unknown. 

70 The oxidation of organic compounds by Mn oxides is frequently investigated with a limited 

71 set of simple phenols and well-characterized synthetic manganese oxides (e.g., δ-MnO2).6, 11, 27, 34-

72 44 These highly controlled studies then use quantitative structure-activity relationships (QSARs) 

73 to describe trends in the reactivity of Mn(III/IV) oxides with anilines1, 38, 39, 41 and phenols.1, 6, 29 

74 QSARs are simple models relating descriptive molecular parameters and structural properties to 

75 reactivity to predict reaction rate constants of related compounds, determine differences in reaction 

76 mechanisms between groups of compounds (e.g., phenols versus phenolates) or oxidants, or 

77 provide other insights into the reaction system.29, 30, 45-48 However, previous studies applying these 

78 models to predict organic oxidation rates by manganese oxides do not test the applicability in 

79 complex environmental systems. Notably, the acceptance of QSAR models is not grounded in 

80 external validation techniques, but rather on basic linear regression statistics. Importantly, there is 

81 a lack of data for isomeric sets of phenols (i.e., ortho-, meta-, and para-), complex phenols (e.g., 

82 triclosan, 17β-estradiol), and non-synthetic manganese oxides.

83 In this study, phenols ranging in complexity from simple model compounds to complex 

84 contaminants and metabolites are reacted with synthetic δ-MnO2 and two reclaimed sources of Mn 

85 oxides to investigate how organic structural properties and solid phase characteristics 
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86 mechanistically alter reactivity. In addition, we assess whether QSARs can overcome the 

87 complexities expected in environmental systems to which such QSAR models may be applied. To 

88 do this, we first compare the oxidation rates and rate-limiting steps of 29 phenols reacted with δ-

89 MnO2 and verify the results with kinetic models. Second, we react selected phenols with two 

90 reclaimed Mn oxides to determine the impact of Mn structural changes on reactivity and oxidative 

91 mechanism. Finally, we construct QSARs using general and specific structural descriptors to 

92 assess their utility as a predictive tool for complex contaminants using external validation 

93 measures. This work combines complementary aqueous and solid-phase analyses to demonstrate 

94 how both complex contaminants and non-synthetic solids mechanistically alter phenol degradation 

95 by Mn oxides, with implications for oxidation rates and products. In addition, we show that 

96 previous literature QSARs built for this system have little predictive utility outside of simple, well-

97 controlled laboratory studies.

98

99 Experimental

100 Materials. Commercial chemicals were used as received (Electronic Supplementary 

101 Information Section S1). Phenol stock solutions were prepared in methanol and stored at 4 oC. 

102 Ultrapure water was supplied by a Milli-Q water purification system maintained at 18.2 MΩ∙cm. 

103 δ-MnO2 was synthesized by a modified Murray method (Section S1).49 Drinking water 

104 treatment (DWT) solids were collected from a Mn removal system at Well 29 in Madison, WI, 

105 operated by Madison Water Utility. Acid mine drainage (AMD) remediation  solids were collected 

106 by Hedin Environmental from a passive limestone Mn removal bed in western Pennsylvania.16 

107 Both reclaimed solids were pre-equilibrated in pH 5.5 10 mM sodium acetate buffer over four days 

108 at 4 oC to remove carbonate phases and stabilize the solution pH prior to reaction with phenols. 
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109 Solid Characterization. δ-MnO2, DWT, and AMD starting materials were characterized 

110 to determine average manganese oxidation number (AMON) by X-ray absorption near edge 

111 spectroscopy (Mn K edge; 6532 eV).50 Specific surface area was determined by Brunauer–

112 Emmett–Teller measurements (Quantachrome Autosorb-1, nitrogen adsorbate; 30 oC). The solids 

113 were also characterized by X-ray diffraction (Rigaku Rapid II, Mo Kα source; λ = 0.7093 Å) and 

114 scanning electron microscopy (LEO 1530, Schottky-type field-emission electron source). Sodium 

115 (δ-MnO2) or trace metal (DWT and AMD solids) content was quantified by dissolution in HCl 

116 followed by inductively coupled plasma-optical emission spectrometry (ICP-OES; Perkin Elmer 

117 4300). The pH of zero charge values (pHpzc) were determined by rapid potentiometric titration.51, 

118 52 Details are provided in Section S2.

119 Kinetic Reactions. Triplicate batch reactions of each target phenol (10 μM; <0.1% 

120 methanol) and Mn oxides (15 mg-Mn/L) were conducted in pH 5.5 10 mM sodium acetate buffer. 

121 Experiments with 4-n-nonylphenol used a concentration of 1 μM with 1.5 mg-Mn/L due to its 

122 lower solubility.53 All experiments were conducted in the dark. This pH and buffer were selected 

123 for several reasons. Although pH 5.5 is low for most natural waters, it is relevant for AMD systems. 

124 More importantly, this pH is below the phenolic acid dissociation constant (pKa) of all 29 phenols 

125 (Table S8). 2-Nitrophenol has the lowest phenolic pKa at 6.43 (10.5% deprotonated at pH 5.5), 

126 followed by 3-trifluoromethyl-4-nitrophenol (pKa = 6.7, 5.9% deprotonated). All other phenolic 

127 pKa values are above 7 (<3% deprotonated), so speciation is not a driving factor of relative 

128 observed rate constants and reactivity trends described here. Furthermore, this lower pH value is 

129 also correlated with faster oxidation kinetics by Mn oxides, enabling rate determination of less 

130 reactive solids.1, 6, 11, 35 Finally, unlike Good’s buffers and phosphate,1, 33, 35, 38, 54, 55 sodium acetate 

131 does not reduce or complex δ-MnO2 (Section S3). 

Page 7 of 37 Environmental Science: Water Research & Technology



7

132 The reactors were continuously stirred for up to ten days. Two aliquots were collected at 

133 each timepoint to quantify the parent phenol concentration of filtered (0.2 μM PTFE) and quenched 

134 (5:1 ascorbic acid:Mn molar ratio) samples. Filtering removes all solids from the filtered aliquots, 

135 including any sorbed parent phenol. In contrast, the Mn oxide and all sorbed species are dissolved 

136 into solution in the acid quenched aliquots. Organic compound concentrations were quantified by 

137 high performance liquid chromatography (HPLC) and used to calculate initial pseudo-first-order 

138 rate constants (Section S4). The sorbed fraction of the parent compounds was calculated at each 

139 timepoint as the difference between the total dissolved (i.e., quenched) and aqueous (i.e., filtered) 

140 concentrations. Compounds with observed maximum sorption <10% or with error greater than the 

141 average measured sorption were operationally defined as having reaction rates that were sorption-

142 limited, as discussed in Section S5. The phenols with a maximum observed percent sorption >10% 

143 were classified as undergoing electron transfer-limited reactions assuming no atom transfer occurs. 

144 Fifteen phenols with oxidation rates limited by either electron transfer or sorption and that 

145 represent a range of structural complexity were selected for experiments with DWT and AMD 

146 solids. Solids were added at a Mn normalized concentration of 15 mg-Mn L-1. Quenched aliquots 

147 were subsequently filtered through 0.2 μm PTFE filters to remove residual solids prior to analysis.

148 Kinetic Modeling. Calculated rate constants for the electron transfer-limited and sorption-

149 limited reaction pathways (k’ and k”, respectively) were fit to quenched experimental data, as 

150 described previously.28 The calculated pseudo-first-order rate constant (k’ or k” multiplied by the 

151 initial phenol concentration) that gave a higher R2 fit to the experimental loss curve was selected 

152 for each compound and compared to observed pseudo-first-order rate constants for phenolic 

153 oxidation by δ-MnO2. Details are provided in Section S6.
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154 Quantitative Structure-Activity Relationship Descriptors. Hammett constants (σ) were 

155 summed from tabulated substituent group values.56-59 These constants were only available for 

156 sixteen phenols to avoid the assumption that ortho-substitutions are adequately described by para-

157 substituted values.60 Acid dissociation constants were calculated using ChemAxxon software;61 

158 the lowest predicted phenolic pKa values were used. 

159 Theoretical molecular calculations were computed with NWChem EMSL Arrows online 

160 API service62 using density functional theory, 6-311++G(2d,2p) basis, M06-2x cross correlation, 

161 and COSMO-SMD solvation theory.29, 41 Energy of the highest occupied molecular orbital 

162 (EHOMO) values were calculated for each phenol species at pH 5.5. Oxidation energy of the first 

163 electron transfer (Eox) was determined for the loss of the first electron from the parent phenol and 

164 corrected (Eox,corr.) to values reported by Pavitt et al.29 (Section S7; Fig. S4).48 All pseudo-first-

165 order rate constants were normalized to 4-chlorophenol to enable cross-study comparison. 

166 Previous studies using relative rate constants further describe the convention of normalizing 

167 observed rate constants to 4-chloro congeners.41 Normalized literature pseudo-first-order rate 

168 constants were adjusted to kobs values where necessary and QSAR descriptors were calculated as 

169 described above to ensure consistency across datasets (Table S12).41

170

171 Results and Discussion

172 Kinetics and Mechanisms of Oxidation by δ-MnO2. We investigate the influence of 

173 increasingly complex organic structure on reaction rates and oxidation mechanism by reacting 29 

174 phenols with δ-MnO2. These phenols include a range of functional group placements (i.e., ortho-, 

175 meta-, or para-substitutions, including three isomeric sets), electron-withdrawing versus electron-

176 donating substituents, and structural complexity (Table S2). Initial pseudo-first-order rate 
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177 constants are fit to both total and dissolved kinetic data (i.e., quenched and filtered samples; Table 

178 S6). Percent sorption is calculated to experimentally determine the observed rate-limiting step 

179 (Section S5). 

180 Sixteen compounds (e.g., triclosan; Fig. 1a) rapidly sorb to δ-MnO2 over the initial reaction 

181 period and have a maximum observed percent sorption >13%. The degradation rates of these 

182 compounds, determined from quenched reactions, are on average 5 times slower than their removal 

183 rate from solution, indicating that sorption of these phenolic compounds to the mineral surface is 

184 more rapid than the first one-electron transfer.1, 6, 27, 28 These compounds are rapidly removed from 

185 solution by sorption to the treatment media (δ-MnO2), while overall degradation of the parent 

186 compound is limited by the rate of electron transfer with the Mn oxide. In contrast, degradation of 

187 the remaining thirteen phenols is sorption-limited since they show no evidence of accumulation 

188 on the manganese surface (Table S6).1, 6, 27, 28 For these compounds (e.g., 4,4’-dihydroxybiphenyl, 

189 Fig. 1b), the measured sorbed concentration is <8% and the average ratio of filtered to quenched 

190 rate constants is 1, indicating that the total removal rate equals the rate of oxidation. Thus, these 

191 thirteen species are degraded at the same rate as they partition to the manganese surface, so the 

192 observed removal from solution is attributable to oxidation. 
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193

194 Figure 1. Kinetic data and pseudo-first-order rate fittings for (a) triclosan and (b) 4,4’-
195 dihydroxybiphenyl based on quenched and filtered samples. 
196

197 The rate-limiting step is also investigated by fitting the data with a previously developed 

198 kinetic model from Zhang et al.28 This model separates the electron transfer- and sorption-limited 

199 reactions into two distinct equations which are both fit to the experimental kinetic data to determine 

200 the mechanism-dependent modeled pseudo-first-order rate constants, as described in Section S6. 

201 Modeled rate-limiting steps agree with the observed rate-limiting step for 24 of the 29 phenols. 4-

202 Cresol, 2-chlorophenol, and 4-n-nonylphenol are experimentally determined to be electron 

203 transfer-limited but are better fit by the modeled sorption-limited k”*C0. The opposite trend is 

204 observed for 2-nitrophenol and 4,4’-dihydroxybiphenyl. In the cases where the model and 

205 experimental rates disagree, minimal differences between the R2 fit of modeled electron transfer-

206 limited (i.e., k’) and sorption-limited (i.e., k”*C0) rate constants are observed (i.e., difference in 

207 R2 ranging between 8.7 x 10-6 and 4.7 x 10-2; Table S7). This model supports the 10% sorption 

208 cutoff used in this study and the occurrence of both operationally defined rate-limiting steps within 

209 the suite of 29 phenols reacted with δ-MnO2 (Section S5). 
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210 Compounds with larger observed rate constants (i.e., faster oxidation kinetics) are overall 

211 fit better by k’ and are electron transfer-limited, while phenols with smaller observed rate constants 

212 are better fit by k”*C0 and are sorption-limited (Table S7). Interestingly, isomeric differences in 

213 the rate-limiting step occur for chlorophenols, but not for nitrophenols or hydroxybenzoic acids. 

214 For example, 3-chlorophenol is sorption-limited, while 2- and 4-chlorophenol are electron transfer-

215 limited. While each of these isomeric substitutions (i.e., COOH, NO2, Cl) are electron 

216 withdrawing, halogens have unique interactions (e.g., orbital overlap) with the aromatic pi-bond 

217 system which may explain why chlorophenols exhibit isomeric effects not demonstrated by the 

218 nitro- or carboxylate-substituted phenol isomers. Previous studies also report isomeric effects for 

219 chlorophenols (i.e., primarily that meta-chlorophenols react slower than ortho- or para-

220 chlorophenols) and that reaction rates for all studied chlorophenols increased with increased 

221 sorption to MnO2 surfaces,11, 63 which we attribute here to the differences in the reaction 

222 mechanism between these isomers. However, there are no clear trends in substituent group effects 

223 on oxidation mechanism within the overall dataset. Similarly, there are no trends with the analyzed 

224 partitioning and structural properties of each compound, including the distribution ratio between 

225 octanol and water (log Dow), solubility, organic carbon partitioning coefficient (log Koc), or van 

226 der Waals’ volume (Table S8).

227 The occurrence of both electron transfer- and sorption-limited mechanisms within the 29 

228 phenols reacted with δ-MnO2 illustrates that contaminant structure controls both the mechanism 

229 and degradation kinetics when reacted with a given oxidant. This observation disagrees with the 

230 commonly accepted mechanism in which the rate of phenolic compound oxidation by manganese 

231 oxides is electron transfer-limited.1, 6, 27, 28 Although evaluation of the oxidation products of the 

232 large number of phenols is beyond the scope of this study, the divergence in rate-limiting steps 
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233 suggests that the relative importance of benzoquinone and polymeric degradation products will 

234 also vary across the studied phenols. 

235 Phenol Degradation by Reclaimed Manganese Oxides. Manganese oxides that form 

236 naturally (e.g., Mn rich soils or biogenic solids) or in engineered systems are potential alternatives 

237 to synthetic minerals for passive in situ contaminant treatment systems. Natural and reclaimed 

238 solids are often impure, heterogenous phases containing manganese, iron, and/or other trace 

239 metals. They differ from δ-MnO2 in crystallinity, bulk surface area and charge, and heteroatom 

240 interactions.1, 2, 5-9, 13, 21 Therefore, these oxides likely interact with organic contaminants 

241 differently than commonly studied synthetic materials. However, it is not clear which solid-phase 

242 characteristics have the greatest impact on contaminant degradation or how the phenol oxidation 

243 mechanisms change across Mn oxide materials as the only studies comparing these factors across 

244 Mn oxides use synthetic materials.27, 37 

245 To determine whether organic structure or solid characteristics control reactivity, we 

246 compare the degradation rates and mechanisms of fifteen selected phenols reacted with δ-MnO2 

247 and reclaimed manganese oxides from drinking water treatment and acid mine drainage 

248 remediation systems, which were chosen based on their reclamation potential for passive in situ 

249 treatment applications. The selected phenols vary in reactivity, identified reaction mechanisms 

250 with δ-MnO2, and substitution. Spectroscopic analyses discussed below indicate the Mn present in 

251 all three solids is primarily discrete Mn(III/IV) oxides, as opposed to coprecipitates or surface 

252 coatings. Although these reclaimed solids are impure, we refer to all three as Mn oxides for 

253 simplicity as we test the oxidation behavior of the bulk solid as a potential source of reclaimed Mn 

254 oxides. The fifteen phenols include contaminants (e.g., estrone, bisphenol A, and triclosan) and 

255 the full isomeric set of chlorophenols (Table S14). The three solids (i.e., δ-MnO2, AMD, and 
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256 DWT) are normalized in reactions to 15 mg-Mn L-1 and represent a range of bulk composition and 

257 structural properties (Section S2).1, 2, 5-9, 13, 14, 21

258 δ-MnO2 is a poorly crystalline layered mineral; it is a well-characterized, highly reactive 

259 proxy for birnessite.1, 35, 37, 49, 64 In contrast, the AMD and DWT solids are heterogenous (Fig. S1) 

260 and contain 0.2 and 42.9 weight % Fe, respectively, along with other trace metal impurities (e.g., 

261 up to 7.9 wt % Al; Table S3). All three solids have less than 5% organic carbon (Section S2). The 

262 bulk composition of AMD solids also includes crystalline phases (e.g., quartz, silica; Fig. 2). The 

263 surfaces of these materials highlight the variation between synthetic and non-synthetic materials. 

264 δ-MnO2 has a higher N2-BET surface area than DWT or AMD solids (191, 22, and 6 m2 g-1, 

265 respectively). In contrast, the DWT and AMD solids have higher average pHpzc values than δ-

266 MnO2 (9.9 and 6.2 versus 2.2, respectively) based primarily on their additional iron content, 

267 corresponding to differences in the net surface charge at the reaction pH of 5.5. All three solids in 

268 this study have AMON values around 3.8 (Table 1), so reactivity differences are indicative of bulk 

269 composition and surface characteristics, rather than Mn oxidation state.1, 5-7, 37, 64

270
271 Figure 2. X-ray diffraction patterns of δ-MnO2, drinking water treatment (DWT), and acid mine 
272 drainage (AMD) solids. 
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273 Based on the surface areas of the reclaimed oxides, these materials are expected to be less 

274 reactive than δ-MnO2. In addition, the lower Mn content, substitution with Fe (DWT solids), or 

275 the presence of other trace metals and crystalline phases (AMD solids) points to a lower reactivity 

276 of these minerals, as Mn is a stronger oxidant than Fe or other trace metal species. Measurable 

277 oxidation did occur for each of the fifteen phenolic compounds when exposed to the reclaimed 

278 solids, demonstrating the potential for natural and reclaimed solid reuse for passive in situ 

279 treatment applications. Overall, DWT solids are 1 – 2 orders of magnitude less reactive and AMD 

280 solids are 1 – 3 orders of magnitude less reactive than δ-MnO2 (Fig. 3; Table S6). For example, 

281 the quenched, pseudo-first-order oxidation rate constant for estrone is 6.0 hour-1 with δ-MnO2, 

282 0.09 hour-1 with DWT solids, and 0.01 hour-1 with AMD solids. 

283 Table 1. Solid phase characteristics of δ-MnO2, DWT, and AMD solids. 

% Mn % Fe
Average Mn 

oxidation 
number

Surface 
area 

(m2 g-1)

Point of zero 
charge

Surface charge 
at pH 5.5

δ-MnO2 63 ± 6 0 ± 0 3.8 ± 0.2 191 2.19 ± 0.06 Negative

DWT 8.7 ± 0.8 43 ± 2 3.82 ± 0.04 22 9.9 ± 0.2 Positive

AMD 42.8 ± 0.8 0.2 ± 0.2 3.79 ± 0.04 6 6.2 ± 0.3 Circumneutral

284

285 These observed rate constants are of similar magnitude to other studies comparing 

286 synthetic and natural soil Mn and Fe oxides. For example, one study reports 1 – 2 orders of 

287 magnitude lower percent loss for six phenolic acids reacted with Mn- and Fe-rich Palouse soil 

288 compared to MnO2 and Fe(OH)3.65 Similarly, catechol degrades at a rate of 0.04 to 1.8 hr-1 with 

289 four Mn- and Fe-containing soils at pH 8 compared to about 0.1 hr-1 with a commercial Mn(IV) 

290 oxide.66 These soil rates include microbial influences (e.g., re-oxidation of reduced Mn and direct 

291 microbial catechol degradation), which may explain the ten-fold faster rates of some soils 
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292 compared to commercial Mn(IV). Another study reports equal rates of diclofenac oxidation (0.2 

293 hr-1) for a biogenic manganese oxide and δ-MnO2 at pH 4.7.67 While these studies do not directly 

294 assess the reactivity of reclaimed materials and include a small number of target compounds, the 

295 results for biogenic and natural soil Mn oxides are similar to our finding that the reclaimed oxides 

296 degrade phenols 1 – 3 orders of magnitude slower than δ-MnO2 without additional microbial 

297 influences.

298

299 Figure 3. Initial pseudo-first-order log k values for reactions of 15 phenolic compounds with δ-
300 MnO2, drinking water treatment solids, and acid mine drainage remediation solids. Filled points 
301 are electron transfer-limited and hollow points are sorption-limited. Error bars indicate the 
302 standard deviation of triplicate data. 

303
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304 The rate-limiting step is different between the three different manganese oxides for twelve 

305 of the fifteen phenols as defined by the sorption behavior of the parent phenol (Fig. 3; Table S14). 

306 For example, 4,4’-dihydroxybiphenyl, 4-tert-octylphenol, 3-chlorophenol, and 3-nitrophenol are 

307 sorption-limited with δ-MnO2 and electron transfer-limited with both reclaimed solids. In contrast, 

308 eight phenols (e.g., triclosan, phenol, 2-chlorophenol) switch from an electron transfer-limited 

309 reaction with δ-MnO2 to a sorption-limited reaction with one or both reclaimed solids. The rate-

310 limiting step does not change for the three remaining phenols; 4-nitrocatechol and 4-chlorophenol 

311 remain electron transfer-limited and 2-nitrophenol remains sorption-limited across the three solids. 

312 There are no clear trends in reaction mechanism with phenolic structure across the three solids. 

313 The changes in reaction mechanism cannot be explained by a single parameter related to 

314 either the organic compound structure (e.g., isomeric substitution, partitioning coefficients; Table 

315 S8) or Mn oxide surface chemistry (e.g., surface area, pHpzc; Table 1). Instead, the variability in 

316 rate-limiting steps implies that unique interactions between each individual pair of solid and 

317 organic-phase reactants influence the relative sorption and electron transfer kinetics controlling 

318 the rate-limiting process. For example, although 2- and 4-chlorophenol are both electron transfer-

319 limited with δ-MnO2, the differences in ortho- and para-substitution cause these compounds to 

320 react differently with the reclaimed solids. The reaction of 2-chlorophenol is sorption-limited and 

321 4-chlorophenol is electron transfer-limited with both AMD and DWT solids. While this may be 

322 attributed to the unique inductive and steric hindrance effects of 2-chlorophenol, these effects do 

323 not explain why triclosan, phenol, and resorcinol share the same rate limitation pattern (Fig. 3). 

324 This is a novel result overlooked by research on a single contaminant or single solid which suggest 

325 simple explanations for shifts in observed mechanisms.27, 28, 37, 42 Past work identifies AMON,27, 37, 

326 68, 69 surface area,37, 68, 69 or pHpzc
37, 69 as the dominant reactivity-controlling characteristics of 
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327 synthetic manganese oxides with limited sets of organic compounds, while our study demonstrates 

328 that organic structure must also be considered.

329 Since the rate-limiting step is both compound- and solid-dependent, we analyze the relative 

330 number of sorption-limited and electron transfer-limited reactions with each Mn oxide (Fig. 3) to 

331 identify which solid characteristics are most important. With δ-MnO2, 11 of the 15 phenols are 

332 electron transfer-limited, despite electrostatic repulsion of the phenolate anion (pHpzc = 2.2; Table 

333 1). Thus, the relatively fast sorption kinetics are likely due to the high surface area of δ-MnO2 (191 

334 m2 g-1). In contrast, only six phenols are electron transfer-limited with AMD solids even though 

335 the circumneutral net surface charge (pHpzc = 6.2) should be more attractive toward the phenolate 

336 anion than δ-MnO2. The reactive surface area of AMD solids (6 m2 g-1) is 30 times smaller than 

337 that of δ-MnO2, which may explain the shift towards sorption-limited kinetics despite increased 

338 electrostatic attraction. AMD solids also contain incorporated crystalline phases (e.g., quartz, 

339 silica; Fig. 2) and trace metal impurities (e.g., Zn, Ni; Table S3), which decrease the concentration 

340 of available manganese surface sites and further slow the relative sorption rate.

341 Ten phenols are electron transfer-limited with DWT solids. Although the relatively low 

342 surface area (22 m2 g-1) is similar to AMD solids, the large Fe content and resultingly high pHpzc 

343 (i.e., 9.9; Table 1) enhance sorption to the bulk surface. Fe surface sites have a higher sorption 

344 potential and lower oxidation potential than Mn, so phenolic compounds may favorably sorb to 

345 these Fe surface sites without undergoing oxidation by Fe.2, 5, 10, 13, 14, 44, 70 This change in surface 

346 chemistry favors sorption and shifts organic oxidation by the bulk solid towards an electron 

347 transfer-limited mechanism. 

348 In summary, electrostatic interactions, surface area, and the presence of impurities control 

349 general reactivity and influence the rate-limiting step across the Mn oxides. Bulk characteristics 
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350 (e.g., elemental composition, crystallinity) appear to have a larger effect on the rate of the first 

351 one-electron transfer, while the surface characteristics (e.g., surface area, pHpzc) influence the rate 

352 of sorption. These properties also relate to the decrease in kinetics observed between δ-MnO2 and 

353 the reclaimed solids because each of the selected 15 phenols are 1 – 3 orders of magnitude less 

354 reactive with DWT and AMD solids than with δ-MnO2. The reclaimed solids have a lower Mn 

355 content, higher Fe and impurity content, smaller surface area, and larger pHpzc values than δ-MnO2. 

356 Additionally, the DWT solids are generally more reactive than the AMD solids (Fig. 3), which 

357 implies that larger surface area and/or lower crystallinity may be the primary driver of the observed 

358 oxidation rate trends between the three solids. Although the role of organic compound structure 

359 cannot be linked to a specific structural descriptor, it contributes to some of the variability in 

360 reactivity, as discussed below.

361 QSAR Analysis for Synthetic and Reclaimed Mn Oxides. To assess the extent to which 

362 organic structure controls reactivity across the three studied Mn oxides, we analyze differences 

363 between structural groups and solid oxidants using quantitative structure activity relationships. 

364 Linear QSARs relating normalized rate constants to organic structural properties are successful at 

365 predicting the reactivity of meta- and para-substituted phenols and anilines with synthetic 

366 manganese oxides,1, 6, 29, 39, 41, 71 yet their utility outside of reactions between synthetic Mn oxides 

367 and simply substituted model compounds is untested. We evaluate the strength of QSARs with 27 

368 phenols; hydroquinone and 2,5-dihydroxybenzoate are excluded from QSAR development due to 

369 indeterminable quenched rate constants (Section S4). The 27 phenols are separated into three 

370 groups. The first group includes meta- and para-substituted phenols, which are commonly studied 

371 and for which structural descriptors are readily available. The second group includes ortho-

372 substituted phenols, which are more difficult to accurately describe with general molecular 
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373 descriptors (e.g., Hammett constants) due to intramolecular interactions and steric hinderance.6, 41, 

374 45, 60, 71 Ortho-substituted compounds are less common in mechanistic studies of phenol oxidation 

375 by manganese oxides and studies that include these compounds typically focus on substituted 

376 chlorophenols.6, 11, 34, 40 The final group includes complex phenols, which are also difficult to 

377 predict by molecular descriptors as they contain multiple aromatic rings or large, branched 

378 functional groups. These phenols are not typically included in multi-compound reactivity studies 

379 but are common environmental contaminants.1, 6, 11, 39-41 

380 General molecular descriptors used in the development of QSARs include Hammett 

381 constants (σ) and pKa values.39, 56-59, 71 Hammett constants are available for sixteen compounds, 

382 while predicted pKa values are calculated for all 27 phenols. Electron-withdrawing substituents 

383 (i.e., denoted by positive σ and correspondingly low pKa) decrease electron density on the phenolic 

384 moiety, making the phenol group less susceptible to oxidation.39, 41, 56, 60, 71 Thus, phenolic 

385 oxidation rates are expected to increase with decreasing Hammett constants and increasing pKa.39, 

386 41, 57, 60, 71 QSARs developed with Hammett constants and pKa values for δ-MnO2 follow the 

387 expected trends (Figs. 4a and 4b), although the goodness of the fit (e.g., R2 and p-values) of the 

388 linear relationship decreases as phenol complexity increases (Table S9). QSARs developed with 

389 Hammett constants inherently select for simple compounds due to the lack of tabulated values for 

390 complex substituents,30, 41, 47 therefore Hammett constants are not a realistic descriptor to predict 

391 complex contaminant reactivity in this system, despite the strong linear regression (p = 0.00022 

392 for meta- and para-phenols; Fig. 4a). The pKa-dependent QSAR also fails to accurately account 

393 for complex substituents. Although the regressions are significant at p <0.05, the linear relationship 

394 contains visible scatter even for meta- and para-substituted compounds (Fig. 4b; Table S9).
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395

396 Figure 4. The log of the quenched pseudo-first-order rate constant of 29 target phenolic 
397 compounds reacted with δ-MnO2 normalized to the rate constant of 4-chlorophenol versus (a) sum 
398 of the tabulated Hammett constants, (b) first phenolic pKa, (c) energy of the highest occupied 
399 molecular orbital, and (d) corrected oxidation energy of the first electron transfer. Error bars 
400 indicate the standard deviation of triplicate data. Filled data points indicate electron transfer-
401 limited mechanisms and hollow data points indicate sorption-limited reaction mechanism. 
402 Regression values are for the simple meta- and para-substituted phenols; regression values for all 
403 lines are given in Table S9. Experiments were conducted with 10 μM phenol and 15 mg/L δ-MnO2 
404 in 10 mM acetate at pH 5.5.

405
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406 Unlike general structural properties determined from substituent groups, the energy of the 

407 highest occupied molecular orbital (EHOMO) and corrected one-electron oxidation potential 

408 (Eox,corr.) values are calculated for the molecule of interest and account for intramolecular 

409 interactions not explained by Hammett constants and pKa values.30, 45, 60 This study uses 

410 NWChem's open source API62 to calculate EHOMO and Eox values for 24 and 23 phenols, 

411 respectively. This computational database is an ideal tool for molecular contaminant fate 

412 predictions than traditional software due to its increased accessibility, but it does not currently 

413 contain all 27 species. EHOMO is related to the inverse of ionization potential, so compounds with 

414 larger values will lose an electron more easily and have faster oxidation rate constants.30, 41, 45, 60, 

415 71 The strong linear regression (Fig. 4c; p = 1.3 x 10-5 for meta- and para-substituted phenols) 

416 follows the expected positive trend. In contrast, higher Eox,corr. is significantly correlated with lower 

417 oxidation rate constants (Fig. 4d; Table S9) as the increasing energy required for oxidation of the 

418 first electron slows reaction rates with Mn oxides. This correlation is not as strong as the 

419 correlation of EHOMO or Hammett constants for meta- and para-substituted compounds (p = 

420 0.0004). However, Eox,corr. is the best descriptor for modeling complex phenols based on the 

421 availability of data and low p-value (p = 0.0082 for all phenols; Table S9).

422 These linear regression results are expected based on literature model trends and first 

423 principles of phenol oxidation.11, 29, 30, 41, 45, 47, 48, 60 However, without identifying the rate-limiting 

424 steps of each reaction, studies cannot delve further into the structural and mechanistic trends 

425 present in these QSAR models.30, 45, 47 Qualitatively, all four descriptors illustrate the clear 

426 separation between the faster electron transfer-limited reactions and the slower sorption-limited 

427 reactions with δ-MnO2. As a result, in these well-controlled investigations of phenol oxidation by 

428 synthetic δ-MnO2, QSARs illuminate the influence of substituent effects on the rate-limiting steps 
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429 of reaction. Phenols that are sorption-limited with δ-MnO2, and thus have lower observed rate 

430 constants, are those with high Hammett constants, low pKa values, low EHOMO values, and high 

431 Eox,corr. values. Thus, the sorption-limited compounds have electron-withdrawing substituents, 

432 have less electron density on the phenolic group, and have greater oxidation potential energies.  

433 The relationship between the rate-limiting step and the observed pseudo-first-order rate constants 

434 suggests that organic structure is a major factor influencing the reaction mechanism with δ-MnO2. 

435
436 Figure 5. Quantitative structure-activity relationships for 15 phenols reacted with drinking water 
437 treatment and acid mine drainage remediation reclaimed solids and 29 phenols reacted with δ-
438 MnO2, all normalized to 15 mg-Mn L-1. Plots show the log of the quenched rate constant 
439 normalized to the rate constant of 4-chlorophenol versus (a) sum of the tabulated Hammett 
440 constants and (b) corrected oxidation energy of the first electron transfer. Error bars indicate 
441 standard deviation of triplicate measurements. Filled data points indicate electron transfer-limited 
442 mechanisms and hollow data points indicate sorption-limited reaction mechanism. Lines indicate 
443 regression fits through each solid. Regression values for all 15 phenols with each manganese oxide 
444 are given in Table S11.

445 Furthermore, increasing compound complexity results in deviations away from the strong 

446 linear relationship developed for simple meta- and para-substituted compounds (Fig. 4). Although 

447 the QSAR correlations remain significant in all cases except for EHOMO, the addition of ortho-
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448 substituted and complex phenols lowers the R2 39 – 85% and increases p-values by 1 – 3 orders 

449 of magnitude compared to meta- and para-substituted phenols reacted with δ-MnO2 (Table S9). 

450 While QSARs previously developed using simple phenols or anilines reacted with δ-MnO2 result 

451 in strong correlations and support the utility of these relationships,29, 39, 41, 71 our dataset developed 

452 with structurally varied phenols shows that QSARs are ineffective for ortho-substituted and 

453 complex phenols. While the limited utility of QSARs for complex phenols is generally assumed, 

454 this assumption has not been previously tested in the Mn oxide literature.

455 QSAR plots constructed based on the kinetics of AMD and DWT solids (Fig. 5) show the 

456 same trends as observed for δ-MnO2. This result is unexpected given the orders of magnitude rate 

457 differences and mechanism shifts between the investigated manganese oxides, as previous studies 

458 demonstrate potential mechanism-dependent linear trends in QSARs developed for organic 

459 contaminant oxidation by a variety of oxidants.30, 47 The linear relationships are less significant 

460 than with δ-MnO2, with only Hammett constants (p = 0.0002) and Eox,corr. (p = 0.0045; Table S11) 

461 giving significant linear correlations across all solids. Unlike the QSAR trends for the 27 phenols 

462 reacted with δ-MnO2, the separation between electron transfer-limited and sorption-limited 

463 relative rate constants is not distinctive in DWT and AMD solids (Fig. 5). The lack of a distinct 

464 separation between electron transfer- and sorption-limited rate constants highlight how the two 

465 reclaimed solids behave differently than synthetic δ-MnO2 beyond the 1 – 3 orders of magnitude 

466 rate differences. This indicates that structural properties are important determinants of the reaction 

467 mechanism across Mn oxides and, importantly, that synthetic oxides may not predict the reactivity 

468 of reclaimed solids. However, the inconsistent shifts in the rate-limiting step between the three 

469 solids for each of the 15 phenols (Table S14), as well as the consistent QSAR trends with structural 
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470 descriptors (Fig. 5), suggests that organic structure may have a greater influence on oxidation rates 

471 and overall reactivity than Mn oxide characteristics. 

472
473 Figure 6. Quantitative structure-activity relationships for literature normalized rate constants of 
474 phenols and anilines reacted with synthetic manganese oxides6, 11, 39-41 and reactions from this study 
475 with δ-MnO2. The log of the average observed rate constant normalized to the rate constant of 4-
476 chlorophenol or 4-chloroaniline is plotted against (a) sum of Hammett constants and (b) oxidation 
477 energy of the first electron transfer. Error bars indicate the standard deviation of triplicate 
478 measurements. Filled data points indicate meta- or para-substitution, partially filled points indicate 
479 ortho-substitution, and hollow points indicate complex compounds. Given regression values are 
480 for the simple meta- and para-substituted compounds; regression values for all lines are provided 
481 in Table S10. 

482 The ability of QSARs to predict reactivity of substituted phenols and anilines with synthetic 

483 manganese oxides is further tested by constructing QSARs using literature rate constants (Figs. 6 

484 and S5).6, 11, 39-41 Despite differences in reaction conditions (Table S12), log k values normalized 

485 to the rate constant for 4-chlorophenol enable cross-study comparison. The resulting QSARs 

486 follow the same trends as our experimental data, with stronger correlations due to the larger data 

487 set (n = 69 versus 27). For example, p-values are 2 – 40 times higher when considering QSARs 

488 developed using all compounds as compared to only meta- and para-substituted compounds for 

489 Hammett constants, EHOMO, and Eox. Despite this improvement, the scatter is pronounced with 
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490 structural complexity in QSARs constructed using literature data. The pKa QSAR statistics do not 

491 show the same trend because QSARs were developed using both aniline and phenol species (Fig. 

492 S5a). Separating this relationship by anilines versus phenols results in p-values of 2.7 x 10-4 and 

493 7.5 x 10-2, respectively (Table S10). 

494 Assessment of Quantitative Structure Activity Relationships. The QSAR plots (Figs. 4 

495 – 6) show significant linear relationships that follow the expected trends based on first principles 

496 and literature relationships.29, 41, 48, 70, 71 In spite of significant p-values, it is apparent that the 

497 QSARs are scattered with the inclusion of more complex compounds; average R2 values decrease 

498 from 0.78 for meta- and para-compounds reacted with δ-MnO2 to 0.26 when ortho- and complex 

499 compounds are included. These observations directly contrast the strong linear regression statistics 

500 presented in the existing literature examining phenol and aniline oxidation by Mn oxides1, 29, 39, 41, 

501 48, 70, 71 and suggest that organic structure may impact the predictive utility of these models. 

502 However, linear regressions are not enough to test these qualitative results as R2 values only 

503 measure how closely the data falls to the trendline and p-values test the probability that the linear 

504 correlation is random. These methods, relied upon heavily in previous QSAR studies, are 

505 inadequate to demonstrate model validity and are largely limited to simple comparisons.

506 Thus, we investigate the structure-dependent systematic deviations and the validity of 

507 QSAR models in order to quantify the qualitative observations described above and to test whether 

508 organic structural complexities directly influence the observed non-linearity of these QSARs. First, 

509 to test the impact of organic structure on the observed scatter, we analyze the residuals for both 

510 the simple (e.g., meta-, para-dependent or individual solid) and the all-encompassing (e.g., all 

511 phenols or all solids) regression lines for QSARs constructed using the three solids and literature 

512 data (Figs. 4 – 6; Section S8). Plotting the normalized log k residuals for each compound against 
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513 independent descriptor parameters shows that the residuals are not randomly distributed for any 

514 tested QSAR model, but instead follow clear linear or funnel-shaped trends (Figs. S9 and S10). 

515 The bimodal ‘s’ shaped distributions of the normality plots (Figs. S11 and S12) further support the 

516 observed non-random residual distributions and suggest that non-linear descriptors may fit the data 

517 better,72 although non-linear models have limited utility for this system.45 In addition, the log k 

518 terms for each organic compound are consistently overpredicted (negative residuals) or 

519 underpredicted (positive residuals) by a similar magnitude, regardless of which QSAR model is 

520 used (Figs. 7 and S13). This result suggests that organic structure directly influences not only 

521 reactivity, but also the utility and predictive ability of QSARs, although there is no clear trend with 

522 substitution (i.e., simple, ortho-, or complex) across the residual distribution (Fig. 7). These 

523 residual analyses showing the non-random error distribution and systematic over- and 

524 underprediction of normalized reaction rates illustrate the problematic nature of relying on QSARs 

525 for modeling contaminant reactivity.

526 Second, we test the validity of the structural descriptors (e.g., Hammett constants) and the 

527 cross-application of these models using external validation methods (Section S8). While residual 

528 analyses demonstrate the systematic error in predicting rate constants using QSARs, we use 

529 validation statistics (e.g., R2
pred, rm

2) to quantify the data variability and compare test and training 

530 data subsets to investigate if these QSARs can be applied across compound type, studies, or Mn 

531 oxides.73-75 All combinations of test-training subsets (e.g., this study versus literature and 

532 randomized) return results outside the accepted range except for a Hammett constant descriptor 

533 case for which the relationship is inapplicable to complex contaminants lacking tabulated constants 

534 (Table S18). More importantly, QSARs developed using meta- and para-substituted phenols do 

535 not accurately predict the reactivity of  ortho- and complex phenols (Table S18), supporting our 
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536 conclusion that the behavior of commonly studied simple phenols cannot be used to predict 

537 oxidation rates or otherwise describe oxidation of complex contaminants by MnO2 due to the 

538 strong influence of organic structure. Similarly, the rate constants for δ-MnO2 are not predictive 

539 of the oxidation rate constants with the two reclaimed materials (Table S19), demonstrating that 

540 commonly collected δ-MnO2 kinetic data cannot be extended to non-synthetic materials through 

541 cross correlation analyses, further supporting the conclusion that the rate-determining step of a 

542 single compound with any given oxidant is not constant.30

543
544 Fig. 7. Average residuals of Hammett constant, pKa, EHOMO, Eox,corr. (or Eox) based QSAR models 
545 developed with either all compounds or only simple meta- and para-substituted compounds, using 
546 data from this study or compiled from literature. Error bars indicate one standard deviation. 
547 Residual values for each QSAR model are given in Table S15 for this study and Table S16 for 
548 literature data.  
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549 Conclusions

550 This study provides evidence that both sorption-limited and electron transfer-limited 

551 reaction mechanisms are observed across a wide range of phenols reacted with δ-MnO2. The 

552 studied phenols are also oxidized by both drinking water treatment and acid mine drainage 

553 reclaimed manganese oxides, although the rate-limiting steps of reaction changes as a result of 

554 both solid-phase and organic structural characteristics. These results indicate that reclaimed Mn-

555 containing oxide materials could potentially be applied as an alternative to synthetic materials for 

556 the in situ degradation of organic contaminants. By analyzing the degradation mechanism for a 

557 suite of phenols with three different solid phase oxidants, this study provides the first coupled solid 

558 and aqueous-phase insight into the complex interactions that govern both degradation rate and 

559 mechanism. We identify organic structure as the primary factor influencing the oxidation 

560 mechanism and observe that solid characteristics (e.g., iron content, surface area) also influence 

561 the relative sorption and electron transfer rates. 

562 The mechanism by which each contaminant degrades with any given manganese oxide has 

563 implications for the in situ processes and rates of removal. Electron transfer-limited reactions result 

564 in relatively fast physical removal by sorption to the solid species, potentially followed by slower 

565 chemical transformation. In contrast, sorption-limited reactions are relatively slow. Since both 

566 mechanisms may occur in applied systems targeting multiple contaminants, the rates and extent of 

567 total contaminant removal from waters (e.g., by both physical sorption and chemical 

568 transformation) will differ from the rate and extent of contaminant degradation. In addition, the 

569 phenol oxidation products will differ between electron transfer-limited and sorption-limited 

570 removal pathways (i.e., polymers versus benzoquinones, respectively), which has implications for 

571 both the toxicity and environmental fate of the transformation products in treated waters.1, 6, 27, 28 
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572 Thus, both mechanisms need to be considered to accurately predict contaminant fate, removal 

573 rates, and product formation in manganese oxide treatment systems.

574 Furthermore, we demonstrate that QSARs are ineffective for relating the reactivity of 

575 ortho-substituted or complex structures (e.g., multiple aromatic rings), including contaminants of 

576 environmental concern, to simple meta- or para-substituted phenols. While QSARs constructed to 

577 evaluate Mn oxide reactivity are acknowledged for their predictive strength,29, 39, 41, 71 the oxidation 

578 of complex organic structures (i.e., those of key contaminants and metabolites identified in natural 

579 water systems) and reclaimed solids does not follow the same linear regressions. QSAR models 

580 constructed using previously identified descriptor constants (e.g., pKa and EHOMO)29, 30, 41, 45, 60 have 

581 limited validity and non-random error distributions indicate these common models are not a good 

582 predictor of  observed rate constants for the oxidation of organic species by manganese oxides. 

583 Polyparameter relationships built to incorporate multiple descriptors, data transformation, or much 

584 larger datasets may improve the error distributions, validity, and fit of such QSARs.70, 73-75 

585 However, these empirical strategies are ineffective for describing or predicting environmental 

586 systems as they move away from the first principles that ground linear QSARs in well supported 

587 theory and may not apply across reaction conditions.30, 45 In addition, constructing a large enough 

588 dataset that spans reaction conditions, rate-limiting processes, and oxidant characteristics to 

589 potentially overcome these challenges is infeasible without dedicated data sharing platforms like 

590 those available for environmental toxicology. 

591 The oxidation kinetics, QSAR utility, and environmental implications (e.g., organic 

592 product formation) of the system depend on the unique interactions between contaminant structure 

593 and Mn oxides. Solution conditions (e.g., pH, dissolved organic matter concentration and 

594 composition) are expected to further influence the kinetics of organic contaminant oxidation by 
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595 manganese oxides and warrant continued studies in increasingly complex matrices. This study 

596 highlights the necessity for studies investigating both the aqueous organic and solid phases in-

597 depth and calls for a departure from reliance on QSARs along with the adoption of standardized 

598 model validation procedures.
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Phenolic substituents and manganese oxide characteristics influence oxidation kinetics and mechanism, as 
well as the utility of QSARs.
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