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Sustainability Spotlight

Efficient utilization of lignocellulosic biomass is a cornerstone of sustainable chemical 

production, yet the repolymerization of lignin during acidic pretreatment remains a major 

obstacle to its efficient utilization. 

This study advances sustainability by further developing a novel method for the conversion of 

lignocellulosic biomass. The approach involves the use of cation scavengers for suppressing 

undesired lignin repolymerisation in biomass pretreatment. This strategy enhances cellulose 

bioconversion offering a sustainable alternative to non-renewable fossil resources.

This research primarily aligns with UN Sustainable Development Goal 7: Affordable and Clean 

Energy, and SDG 12: Responsible Consumption and Production, by promoting renewable 

biomass as a sustainable resource for fuels and chemicals. It also supports SDG 13: Climate 

Action, through its contribution to carbon-neutral production pathways.
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14

15 Abstract

16 As a renewable biomass resource, lignocellulose holds significant potential for the production 

17 of chemicals and fuels, due to its vast availability and low cost. However, its complex and 

18 chemically stable structure poses a major challenge to its efficient utilization. Acidic 

19 pretreatment methods (including autohydrolysis) are widely employed to improve the 

20 conversion efficiency of lignocellulose into valuable chemicals. While the acidic environment 

21 promotes the breakdown of the lignocellulose structure, facilitating its (bio)chemical 
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22 conversion, it also induces lignin repolymerization reactions, thereby hindering the 

23 pretreatment and further valorisation of cellulose and lignin. 

24 The use of carbocation scavengers to cap reactive sites (carbocations) formed during the 

25 pretreatment process in lignin, has recently proven to be an effective method for mitigating 

26 these issues. Therefore, the discovery and evaluation of effective scavengers has emerged as a 

27 key research focus in lignocellulose valorisation. In this study, we investigate the performance 

28 of three hydroxynaphthoic acid isomers – 3-hydroxy-2-naphthoic acid, 6-hydroxy-1-naphthoic 

29 acid, and 6-hydroxy-2-naphthoic acid – as potential scavengers for suppressing lignin 

30 repolymerization. Fukui function calculations were employed to determine the most favourable 

31 nucleophilic sites within each compound. In addition, the acid-catalysed dehydration and cation 

32 scavenging processes were simulated using a representative lignin cluster model. Our results 

33 demonstrate that the binding interactions between the scavengers and the lignin-derived 

34 carbocations at favorable active sites play a critical role in suppressing repolymerization. 

35 Among the hydroxynaphthoic acid tested, 3-hydroxy-2-naphthoic acid exhibited the strongest 

36 binding affinity with the lignin carbocation (-16.8 kJ/mol) and the most significant scavenging 

37 effect. This result was further validated experimentally, by studying the consumption of the 

38 three hydroxynaphthoic acids and their effect on the lignocellulose structure in the 

39 autohydrolysis pretreatment of spruce wood. Among the investigated scavengers, 3-hydroxy-

40 2-naphthoic acid showed the lowest recovery (2%) after pretreatment at 210 °C, indicating its 

41 high reactivity. Moreover, evaluation of the scavenger effect on lignocellulose digestibility 

42 revealed that 3-hydroxy-2-naphthoic resulted in the highest glucose yield. 

43

44
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45

46 1. Introduction
47

48 The extensive use of fossil resources and its contribution to global warming have become major 

49 obstacles to the sustainable development of the global economy and society, demanding urgent 

50 and effective solutions. Using renewable biomass resources, especially lignocellulose materials, 

51 to produce liquid fuels and essential bulk chemicals offers a promising approach to address 

52 these issues.1  This strategy offers a sustainable alternative to the diminishing reserves of non-

53 renewable fossil resources, such as petroleum, thereby contributing to long-term societal and 

54 economic progress.2, 3 

55 Lignocellulose has a complex structure, primarily consisting of three major components: 

56 cellulose, hemicellulose and lignin. These constituents coexist within the plant cell wall in 

57 various configurations, where they are closely intertwined and connected. Structurally, 

58 cellulose forms a rigid framework that is embedded with hemicellulose and lignin complexes, 

59 resulting in a heterogeneous architecture. These components are interconnected through a 

60 variety of chemical bonds, which contribute to the inherent recalcitrance of lignocellulose.4, 5 

61 As a result, the efficiency of direct bioconversion of lignocellulose is typically low, 

62 necessitating pretreatment to enhance the conversion process.5, 6 Among various pretreatment 

63 strategies, autohydrolysis, acid pretreatment, or lignin-removing organosolv processes have 

64 proven effective for facilitating the subsequent enzymatic or microbial processing.7 The 

65 addition of acid catalysts or the in-situ release of acids from hemicellulose during the 

66 pretreatment (autohydrolysis) facilitates the depolymerisation of lignocellulosic biomass and 

67 promotes the formation of lignin-derived carbocations (denoted as lignin+) (Figure 1, route a).8 
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68 Subsequent depolymerisation cleaves the β-arylether linkages of lignin+ resulting in the 

69 formation of smaller lignin fragments (Figure 1, route b).9  However, the formed carbocationic 

70 intermediates are highly reactive and can undergo nucleophilic attack by the aromatic 

71 structures of other lignin fragments. This interaction leads to repolymerization, forming high-

72 molecular weight lignin structures and stable C–C bonds (Figure 1, route c).9 

73 Carbocation scavengers can be used for capping the reactive carbocation on the lignin 

74 backbone and suppress lignin repolymerization (Figure 1, route d). Wayman et al. were among 

75 the first to report that the use of specific aromatic compounds as cation scavengers can 

76 effectively inhibit lignin repolymerization, thereby enhancing the yield of lignin that is 

77 extractable by organic solvents.10 More recently, Pielhop et al.11, 12 disclosed that this approach 

78 also enhances the bioconversion of cellulose and the chemical value of the obtained lignin. The 

79 less repolymerized (or condensed) lignin enhances cellulose accessibility and reduces 

80 unproductive cellulase adsorption in enzymatic saccharification. Simultaneously, the lower 

81 degree of condensation increases its potential for use in polymers – including a targeted 

82 functionalization by the scavenger – or for depolymerization to aromatic building blocks. 

83 2-Naphthol has emerged as one of the most widely used and effective cation scavengers. Its 

84 ability to stabilize reactive carbocations can significantly reduce the molecular weight of the 

85 resulting lignin.12-14 It was further reported that certain monocyclic aromatic compounds, such 

86 as dimethylphloroglucinol – which are highly nucleophilic while offering only a single reactive 

87 site – demonstrate equal performance in suppressing lignin repolymerization compared to 2-

88 naphthol.12 In further studies with monoaromatic compounds, Zhai et al.15 have shown that 

89 additives such as 4-hydroxybenzoic acid, vanillic acid, and syringic acid also act effectively as 
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90 cation scavengers, improving the enzymatic cellulose saccharification of lignocellulosic 

91 biomass. With regard to the valorisation of the lignin fraction, it has recently been confirmed 

92 that the use phenolic compounds such as syringol and phenol allows obtaining an arylated 

93 lignin fraction, which is valuable for polymer applications such as the conversion to 

94 bisphenols.16 These studies show that the use of suitable carbocation scavengers in the 

95 (pre)treatment of lignocellulosic biomass can enable improved and holistic utilization of all 

96 biomass components.

97 Previous research revealed that an effective cation scavenger has to provide a nucleophilic 

98 active site to react with lignin carbocations and prevent crosslinking of lignin fragments. 2-

99 Naphthol derivatives have shown significant potential due to the high electron density 

100 associated with their two aromatic rings, which enhances their ability to stabilize lignin-derived 

101 carbocations.11, 17 In addition, they preferentially undergo only a single aromatic substitution, 

102 which prevents lignin crosslinking.10, 12 More recently, it has been shown that hydroxynaphthoic 

103 acid derivatives of 2-naphthol also show excellent performance in repolymerization 

104 suppression. Sheng et al. reported that 2-hydroxy-1-naphthoic acid, 3-hydroxy-2-naphthoic 

105 acid, 6-hydroxy-1-naphthoic acid, and 6-hydroxy-2-naphthoic acid even outperformed 2-

106 naphthol in the dilute acid pretreatment of poplar for enzymatic cellulose saccharification.18 

107 Next to that, 3-hydroxy-2-naphthoic acid could also outperform 2-naphthol in the acidified 

108 organosolv pretreatment of pine wood for this purpose.18 Hydroxynaphthoic acids have 

109 generally proven effective for enhancing dilute acid19-22 and organosolv18, 20 pretreatments for 

110 the enzymatic saccharification of hardwood21, 22, softwood18, 20 and agricultural residues (wheat 

111 straw, corn stover and corn cob)19. In those studies, cellulose sacchrifiaction yields could be 
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112 enhanced between 39-72%, compared to a pretreatment without additive.18, 23 Next to 

113 supressing lignin repolymerization, hydroxynaphthoic acids can also introduce new carboxylic 

114 acid groups into the lignin backbone, which decreases lignin hydrophobicity and reduces the 

115 non-productive adsorption of cellulase enzymes.20-23  It was also found that the addition of 

116 hydroxynaphthoic acid increases lignin removal and cellulose accessibility in both dilute acid20-

117 22 and in organosolv20 pretreatment. Further, pretreatment with hydroxynaphthoic acid also 

118 enhanced enzymatic saccharification at high solid loading (10% w/w cellulose), and enabled 

119 more than double the ethanol yield in the subsequent fermentation,20 demonstrating the high 

120 application potential of this approach. However, despite an increasing number of experimental 

121 studies on the use of hydroxynaphthoic acids as carbocation scavengers for a range of different 

122 biomasses, their different behaviours and activities for preventing lignin repolymerization have 

123 not yet been systematically studied and fully understood.

124 In this work, we propose a synergistic computational and experimental approach to assess the 

125 effectiveness of three hydroxynaphthoic acid isomers, namely 3-hydroxy-2-naphthoic acid, 6-

126 hydroxy-1-naphthoic acid, and 6-hydroxy-2-naphthoic acid, as cation scavengers for 

127 suppressing lignin repolymerization. Hydroxynaphthoic acids are particularly well suited for 

128 this study, since they have already proven as effective scavengers in lignocellulose 

129 pretreatment, and since their different isomers allow for the investigation of structure-reactivity 

130 relationships in modelling. The three isomers were chosen based on commercial availability 

131 and chemical stability in pretreatment. Our findings identify key molecular properties that 

132 govern the effectiveness of these scavengers, offering valuable insights for the rational design 

133 of novel and even more efficient lignin repolymerization inhibitors. 
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134

135

136

137 Figure 1. Reaction of lignin in acidic media: (a) acid catalysed depolymerization and formation 
138 of carbocation, (b) cleavage of β-O-4’ bond and depolymerization, (c) lignin depolymerization 
139 reaction, (d) scavenging of carbocation. Adapted from Pielhop, 202324.

140

141 2. Materials and Methods
142

143 2.1. Computational Methods. All density functional theory (DFT) calculations presented in this 

144 work were performed using the Gaussian 16 software package.25 A cluster model of 

145 veratrylglycerol-β-guaiacyl ether, (C18H22O6, VG) was employed to represent lignin. The 

146 model was constructed by substituting the adjacent lignin structures with a H atom and a methyl 

147 capping group, following the approach reported by Mu et al.26 Geometry optimizations were 

148 conducted using the M06-2X level of theory with the 6-311+G (d,p) basis set.27 M06-2X is a 
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149 meta-hybrid functional with a high percentage of Hartree-Fock exchange, offering improved 

150 performance for thermochemistry, noncovalent interactions and barrier heights.27 6-311+G (d,p) 

151 provides a triple-ξ valence description with both polarization and diffuse functions, making it 

152 suitable for reaction energetics, noncovalent interactions, and charged intermediates. This 

153 combination of functional and basis set has been proved to be accurate enough and suitable for 

154 describing the π-π stacking and hydrogen bond interactions involved in lignin molecules.26

155 All atoms were allowed to relax during the optimization to identify the configurations with 

156 minimum energy. The binding energy (BE) of scavengers or water with lignin+ for all possible 

157 configurations was calculated using Equation (1), where E indicates the electronic energy:

𝐵𝐸 =  𝐸𝑙𝑖𝑔𝑛𝑖𝑛++𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ― 𝐸𝑙𝑖𝑔𝑛𝑖𝑛+ ― 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 + 𝐸𝐵𝑆𝑆𝐸 (1)

158 Specifically, 𝐸𝑙𝑖𝑔𝑛𝑖𝑛++𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the total energy of lignin+ interacting with a molecule 

159 (scavenger or water), 𝐸𝑙𝑖𝑔𝑛𝑖𝑛+  is the energy of the carbocation intermediate, 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the 

160 energy of the scavenger or water, and 𝐸𝐵𝑆𝑆𝐸 is the basis set superposition error. 

161 Frequency calculations were conducted at the same level of theory to determine the thermal 

162 corrections and identify the transition states. 

163 The binding enthalpy (∆𝐻) was calculated by adding the zero-point (∆𝐸𝑍𝑃𝐸), rotational (∆𝐸𝑟𝑜𝑡), 

164 translational (∆𝐸𝑡𝑟𝑎𝑛𝑠), vibrational (∆𝐸𝑣𝑖𝑏) contributions, and the pressure volume work ∆(𝑃𝑉) 

165 to the previously calculated electronic BE, as shown in Equation 2: 

∆𝐻 =  𝐵𝐸 + ∆𝐸𝑍𝑃𝐸 + ∆𝐸𝑟𝑜𝑡 + ∆𝐸𝑡𝑟𝑎𝑛𝑠 + ∆𝐸𝑣𝑖𝑏 + ∆(𝑃𝑉) (2)

166 The Gibbs free energy (∆𝐺) was calculated following Equation 3:
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167                                                     ∆𝐺 = ∆𝐻 ― 𝑇∆𝑆                                                                  (3)

168 Specifically, 𝑇 is the temperature (298 K) and ∆𝑆 is the entropy change associated with the 

169 binding step.

170 Intrinsic reaction coordinate (IRC) calculations were conducted to confirm that the identified 

171 transition states smoothly connect to the corresponding reactants and products. In order to 

172 investigate the solvent effects, the solvation model based on density (SMD) method was 

173 applied for all mentioned calculations by employing water as an implicit solvent, representing 

174 the environment of an autohydrolysis or acid pretreatment. Interaction region indicator (IRI) 

175 calculations and orbital weighted (OW) Fukui function calculations were conducted at the 

176 B3LYP functional level28 with the 6-311+G (d,p) basis set, using Multiwfn software and 

177 visualized with VMD packages.29, 30 

178

179

180

181 2.2. Experimental Methods.

182 In order to verify the computational predictions of the scavengers’ nucleophilicities and 

183 reactivities, their bromination rates were compared. Therefore, the protocol for the bromination 

184 of aromatic compounds by Carreño et al.31 was adapted (lower reaction temperature, more 

185 diluted solutions, equimolar concentrations of reactants, different solvent, quenching, 

186 quantification of unreacted scavenger), in order to enable a kinetic benchmarking assay. 1.0 

187 mM solutions of the hydroxynaphthoic acid isomers and of N-bromosuccinimide (NBS) were 
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188 prepared in acetonitrile (>99.9%,), which is a favorable solvent for electrophilic aromatic 

189 substitutions. Both stock solutions were pre-cooled for 1 h in the dark in crushed ice prior to 

190 mixing. The reaction was initiated by mixing equal volumes (5 mL) of the scavenger solution 

191 and the NBS solution in a light-protected and magnetically stirred 10 mL scintillation vial. To 

192 enable timely sampling of the highly reactive reactants, the reaction was carried out at 0 °C in 

193 an ice bath. 0.5 mL aliquots were taken at different time intervals (15, 30, 60, 120, 300, and 

194 600 s) and immediately quenched in 1.5 mL vials containing an excess of sodium thiosulfate 

195 (50 µL of 1% w/v sodium thiosulfate in water mixed with 450 µL acetonitrile). The t = 0 s 

196 sample was obtained by dispensing 0.25 mL of the NBS solution and 0.25 mL of the scavenger 

197 solution directly into the quenching vial. The residual scavenger concentration was quantified 

198 by high-performance liquid chromatography (HPLC) as indicated in Table S3. All kinetic runs 

199 were performed in duplicate, and single standard deviations are reported with the mean.

200 In order to study the reactivity of the hydroxynaphthoic acids with real biomass, Norway spruce 

201 (Picea abies, debarked and milled < 1 mm, dry matter content: 92.2 %) was pretreated in the 

202 presence of either 3-hydroxy-2-naphthoic acid, 6-hydroxy-1-naphthoic acid, or 6-hydroxy-2-

203 naphthoic acid. Pretreatment experiments were carried out in stirred batch reactor vessels (Parr 

204 Series 5000 Multiple Reactor System). 2.5 g biomass were mixed with 0.153 g of scavenger 

205 (0.205 mol mol-1 C9 lignin unit) in 40 mL ultrapure water. A control experiment without 

206 scavenger was conducted as reference. Reactors were stirred at 400 rpm and heated for 1 h 

207 under autogenous pressure at 130, 150, 190 or 210 °C. The 1 h pretreatment time was recorded 

208 from the moment the internal reactor temperature reached the target temperature minus 5 °C. 

209 At the end of the pretreatment, the reactor vessels were quenched below 50 °C (internal 
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210 temperature) within 1 min using flowing tap water. The pH of the pretreatment slurry was 

211 measured, and 10 mL of the slurry were transferred to 50 mL centrifuge tubes and diluted 1:1 

212 (v/v) with methanol to solubilise both unreacted hydroxynaphthoic acids and 2-naphthol that 

213 may have formed through degradation. The mixture was vortexed, and 1 mL was filtered 

214 through a 0.45 µm PTFE syringe filter (Whatman) for analysis of the hydroxynaphthoic acid 

215 and 2-naphthol concentrations by HPLC. All analyses were performed in duplicate. The 

216 detailed chromatographic conditions are provided in the Supporting Information (Table S3).

217 To study the thermal stability of the scavengers, each hydroxynaphthoic acid was also 

218 subjected to the pretreatment conditions in the absence of biomass. Therefore, ultrapure water 

219 was adjusted to pH 3.5 with 0.1 M glacial acetic acid, matching the pH of the biomass slurry 

220 at the end of a pretreatment without additive (control). 40 mL of this solution were combined 

221 with 0.153 g scavenger, added to the reactor vessel, stirred at 400 rpm and heated for 1 h at 

222 130, 150, 190 or 210 °C under autogenous pressure as described above. Duplicate runs were 

223 performed for each scavenger. Work-up and HPLC analysis were identical as described for the 

224 experiments with biomass.

225 The pretreated biomass underwent enzymatic saccharification, to study the scavenger effect on 

226 the digestibility of the cellulose fraction. Therefore, pretreatments were carried out at 210 °C 

227 as described above, but with a pretreatment time of 2 h to enhance enzymatic conversion. 

228 Enzymatic saccharification of the pretreated biomass was conducted according to the National 

229 Renewable Energy Laboratory (NREL) standard procedure, preparing 10 g of slurry with a 

230 cellulose concentration of 1% w/w in 20 mL scintillation vials.32 The following adaptions were 

231 made: sodium azide with a final concentration of 0.2 g L−1 was used instead of antibiotics, and 
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12

232 the pH of the 0.05 M sodium citrate buffer was adjusted to 5.0. Accellerase 1500 (Genencor) 

233 with an activity of 26 FPU (filter paper units) mL−1, determined according to the NREL 

234 standard procedure,33 was used with a starting concentration of 15 FPU g−1 cellulose. The 

235 samples were incubated in a shaker (Multitron Standard; Infors HT) with a shaking throw of 

236 25 mm, at 180 rpm and 50 °C.  After 72 h, a second dose of 15 FPU g−1 cellulose was added, 

237 resulting in a total of 30 FPU g−1 cellulose, and the enzymatic saccharification was allowed to 

238 proceed further 72 h (in total 144 h). 0.3 mL samples of the biomass slurry were taken after 72 

239 h and 144 h and analysed for sugars in the supernatant by HPLC. All saccharification 

240 experiments were carried out in triplicate, and single standard deviations are reported with the 

241 mean.

242 The lignin of the pretreated biomass was also isolated and analysed. Therefore, pretreatments 

243 were carried out as described for the enzymatic saccharification experiments. The pretreated 

244 biomass was analysed for its cellulose, hemicellulose, acid-insoluble lignin (AIL) and acid-

245 soluble lignin (ASL) contents.34, 35 The lignin of the biomass was then isolated by enzymatic 

246 cellulose saccharification with an excess of cellulase enzymes as described elsewhere11, to 

247 remove cellulose as much as possible. Therefore, the pretreated biomass underwent enzymatic 

248 saccharification as described above, however with a higher enzyme concentration of 180 FPU 

249 g−1 cellulose and in 250 mL flasks32 for 120 h. The solids from enzymatic hydrolysis were 

250 recovered by filtration and centrifugation-washed two times with 15 mL pH 2.5 HCl solution 

251 and once with 25 mL pH 9.6 carbonate buffer, using a 50 mL centrifuge tube. Afterwards, the 

252 lignin residues were treated with bacterial protease (Type XXIV), in order to remove adsorbed 

253 cellulase enzymes.36, 37 Therefore, the lignin residues were dispensed in carbonate buffer (pH 
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254 9.6) at a concentration of 50 mg solids mL-1 and a protease concentration of 0.02 mg mg-1 

255 lignin. The protease treatment was carried out for 60 h at 37 °C and 200 rpm in a shaker 

256 (Multitron Standard; Infors HT). The recovered biomass was centrifuge washed three times 

257 with 15 mL pH 2.5 HCl and then freeze dried for 48 h. To enhance lignin extractability, the 

258 residues were ball milled (Retsch Planetary Ball Mill PM 400, eight Ø10 mm zirconium oxide 

259 balls). Milling was carried out with a low rotation speed of 250 min-1 for 20 h (pausing every 

260 5 h for 15 min and changing the rotation direction) to limit heating of the biomass. After milling, 

261 the composition of the samples (cellulose hemicellulose, AIL, ASL) was determined. 

262 For nuclear magnetic resonance (NMR) analysis, samples were prepared by extracting 28 mg 

263 of the ball-milled residues in 0.75 ml of dimethyl sulfoxide (DMSO)-d6 (Deutero, 99.8% atom% 

264 D). Extraction was carried out in 1.5 mL reaction tubes in a shaker (Multitron Standard; Infors 

265 HT) at 50 °C for 24 h and 210 rpm. After extraction, the samples were centrifuged and the 

266 supernatant used for NMR analysis. The extracted residues were dried overnight at 60 °C, and 

267 the extraction yield was determined gravimetrically. 13C–1H heteronuclear single quantum 

268 coherence (HSQC) spectra were recorded at ambient temperature on a Bruker Avance III HD 

269 500 MHz spectrometer using a standard Bruker pulse program.

270 For size-exclusion chromatography (SEC) analysis, 2 mg of the ball milled residues were 

271 extracted with 1 ml of NaOHaq at pH 12 in 1.5 mL reaction tubes using an ultrasonic bath 

272 (Elmasonic Easy 100H) for 5 min.  The extraction yield of the biomass samples was determined 

273 gravimetrically, and lignin concentrations of 0.5-1.2 mg mL-1 were obtained. SEC analysis was 

274 performed on a Thermo Fisher Vanquish Flex UHPLC System equipped with a cascade of SEC 

275 columns from Polymer Standards Service GmbH (MCX combination medium HR, 100-
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276 1000000 Da, 2 columns 8x300mm + precolumn) and UV detector (254 nm). The eluent (0.1 

277 mol-1 NaOHaq.) was freshly prepared, and the columns were operated at 40 °C at a constant 

278 flow rate of 1 mL min-1. The calibration was performed with 10 poly-(styrenesulfonate) sodium 

279 salt standards with low dispersity in the range of 976,000-891 g mol-1. The retention time of 

280 monomeric species in the chromatogram was determined with vanillin.38

281

282 Results and Discussion

283

284 3.1. Model construction of VG and cation scavengers. In order to identify the most stable 

285 configuration of VG, we optimized four different possible geometries based on the possible 

286 conformations permitted by rotation around the Cα–Cβ bond and the orientation of hydroxyl 

287 group. Figure S1 shows the optimized molecular structures, along with the corresponding 

288 dihedral angle (C–Cα–Cβ–O) and the relative electronic energy (𝐸𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒). Among the four 

289 configurations, VG (a) exhibits the lowest electronic energy, making it the most energetically 

290 favourable structure by a margin of 5.9 to 37.3 kJ/mol. As shown in Figure S1, strong 

291 intramolecular H-bonds are present in all optimized structures, occurring either between two 

292 hydroxyl groups or between a hydroxyl group and an oxygen atom. Both types of H-bonds can 

293 be observed in VG (a) and VG (b), contributing to their enhanced stability compared to the 

294 other two structures. VG (a), with the shortest hydrogen bond distances (1.93Å and 1.99 Å), is 

295 the most stable configuration and was therefore selected for subsequent studies.
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296 The representative cation scavengers investigated in the present study include 3-hydroxy-2-

297 naphthoic acid, 6-hydroxy-1-naphthoic acid, and 6-hydroxy-2-naphthoic acid. Various cluster 

298 models were considered for each scavenger, based on the orientation and spatial arrangement 

299 of their hydroxyl and carboxyl functional groups. Figure S2 exemplarily shows three optimized 

300 structures of 3-hydroxy-2-naphthoic acid, with the corresponding calculated 𝐸𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒. The 

301 partial positive charge on H(OH) and the localization of negative charge on the double-bonded 

302 oxygen of the carboxylic group, facilitates the formation of a hydrogen bond between these 

303 two atoms, resulting in a more stable, minimum energy configuration. Figure S3 shows the 

304 selected cluster models constructed for the three cation scavengers investigated in the present 

305 study.

306 In order to identify the binding site of each scavenger with the lignin framework, we employed 

307 the orbital-weighted (OW) Fukui functions and performed dual descriptor calculations for all 

308 candidate molecules. These approaches, established within the framework of DFT, are widely 

309 used for identifying reactive sites and assessing local reactivity in molecular systems.39 The 

310 orbital-weighted Fukui functions 𝑓+
𝑜𝑤 and 𝑓―

𝑜𝑤 represent the electron density contributions from 

311 the LUMO and HOMO, respectively. The dual descriptor (∆𝑓𝑜𝑤), defined as the difference 

312 between 𝑓+
𝑜𝑤 and 𝑓―

𝑜𝑤 (i.e., ∆𝑓𝑜𝑤 = 𝑓+
𝑜𝑤 ― 𝑓―

𝑜𝑤), provides insights into local reactivity. In 

313 particular, a site with a more positive 𝑓―
𝑜𝑤 and more negative ∆𝑓𝑜𝑤 is more susceptible to 

314 electrophilic attack. Figure 2 shows the most positive calculated Fukui function 𝑓―
𝑜𝑤 and the 

315 corresponding most negative dual descriptors. The numerical labels correspond to the highest 

316 integrated values of the respective orbital-weighted functions within the Hirshfeld space of 

317 each specific atom. 
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318 It is worth noting that the identified nucleophilic carbon sites exhibit ∆𝑓𝑜𝑤 values significantly 

319 more negative (35％ to 40％) compared to the second most nucleophilic carbon for all selected 

320 scavengers. Blue isosurfaces represent regions with negative values of ∆𝑓𝑜𝑤, while green 

321 isosurfaces indicate positive values. Among all atoms in the three analysed scavenger 

322 molecules, the C4 nucleophilic carbon site in 3-hydroxy-2-naphthoic acid exhibits a ∆𝑓𝑜𝑤, of 

323 -0.142, as shown in Figure 2, which is significantly more negative compared to the 

324 corresponding values of 6-hydroxy-1-naphthoic acid (-0.058) and 6-hydroxy-2-naphthoic acid 

325 (-0.052). This indicates a higher nucleophilicity, suggesting that this carbon site in 3-hydroxy-

326 2-naphthoic acid is more reactive toward an electrophilic species such as lignin+, thereby 

327 facilitating the formation of the C–C bond between lignin and scavenger. The results of the 

328 Fukui function calculations are in excellent agreement with the expected electronic effects of 

329 the hydroxyl and carboxylic acid substituents on the naphthalene ring. The hydroxyl group acts 

330 as a strong electron-donating substituent through resonance interaction between the oxygen 

331 lone pair and the aromatic π system, increasing electron density at the ortho and para positions 

332 and therefore enhancing susceptibility to electrophilic attack. In contrast, the carboxylic acid 

333 substituent exerts an electron-withdrawing effect, leading to deactivation of the aromatic ring, 

334 reduced electron density at the ortho and para positions, and a preference for electrophilic meta-

335 substitution.

336 In 3-hydroxy-2-naphthoic acid, the synergistic influence of the hydroxyl and carboxylic acid 

337 groups leads to an accumulation of electron density at the C4 position, resulting in the highest 

338 electron density at this carbon site. By contrast, in both 6-hydroxy-1-naphthoic acid and 6-

339 hydroxy-2-naphthoic acid, the increase in electron density at the C5 position induced by the 
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340 hydroxyl group is partially counterbalanced by the electron-withdrawing effect of the 

341 carboxylic acid group.

342  

343

344

345 Figure 2. Calculated condensed orbital weighted Fukui function (𝑓―
𝑜𝑤) and dual descriptor 

346 (∆𝑓𝑜𝑤) for the cation scavengers (a) 3-hydroxy-2-naphthoic acid (b) 6-hydroxy-1-naphthoic 
347 acid (c) 6-hydroxy-2-naphthoic acid. Light yellow, white and red atoms correspond to C, H 
348 and O, respectively. The blue isosurfaces represent the positive ∆𝑓𝑜𝑤, the green isosurfaces 
349 represent the negative ∆𝑓𝑜𝑤. The blue arrows indicate the most nucleophilic C atoms.

350

351

352 3.2. Mechanism of VG dehydration. To compare the effectiveness of the different scavengers 

353 in suppressing lignin repolymerization, this and the subsequent sections present simulations of 

354 the acid-catalyzed lignin dehydration and the electrophilic aromatic substitution for the selected 

355 hydroxynaphthoic acids.

356 Figure 3 shows the calculated Gibbs free energy profile for the acid-catalysed dehydration of 

357 VG. The first elementary step of the reaction pathway is the coordination of a hydronium ion 

358 (𝐻3𝑂+) to the VG molecule via formation of a strong H-bond (1.05 Å) between 𝐻(𝐻3𝑂+) and 

359 𝑂(𝑉𝐺), which results in the formation of the reaction intermediate Int1. The following 

360 dehydration step leads to the formation of a benzylic carbocation intermediate (Int2) via a 
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361 transition state (TS1-2) with an energy barrier of 74.0 kJ/mol. The corresponding enthalpy 

362 profile of the VG dehydration pathway is reported in the Supporting Information in Figure S4.

363  

364

365 Figure 3. Reaction coordinate diagram showing the Gibbs free energy profile for the acid-
366 catalysed dehydration of VG with schematic representation of key molecular structures. Grey, 
367 white and red atoms correspond to C, H, and O, respectively.

368

369 3.3. Mechanism of electrophilic aromatic substitution. Following its formation, the carbocation 

370 intermediate (lignin+) interacts with the scavenger through the primary nucleophilic carbon 

371 atom identified in the previous section, as depicted in the reaction coordinate diagram in Figure 

372 4. The following coordination of this complex with a water molecule leads to the formation of 

373 intermediate Int3. This species undergoes deprotonation facilitated by the coordinated water 

374 molecule via the transition state TS3-4, with an associated energy barrier ranging from 9.4 to 
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375 17.7 kJ/mol, depending on the hydroxynaphthoic acid isomer. This elementary step results in 

376 the formation of Int4. The interaction site between lignin and water molecules is shown in the 

377 inset of Figure 4 corresponding to intermediate Int3. During geometry optimization, the water 

378 molecule is stabilized by two hydrogen bonds: one formed between H(H2O) and O(lignin+), 

379 and a second between O(H2O) and H(scavenger). Table S1 shows the calculated Gibbs free 

380 energy (𝛥𝐺) for the binding interaction step, ranging between -16.8 to 21.7 kJ/mol for the three 

381 scavengers. By contrast, the 𝛥𝐺 between lignin+ and the lignin fragment generated during the 

382 cleavage of the β-arylether linkages of VG (Figure 1, route b) was calculated to be 33.3 kJ/mol. 

383 The results indicate that all examined scavengers exhibit a stronger binding affinity toward 

384 lignin+ than the corresponding lignin fragment, demonstrating their potential in preventing 

385 lignin repolymerization.

386 Table S2 shows the calculated enthalpy changes (𝛥H) associated with the binding interaction 

387 of lignin+ with the three scavengers and with water. It is worth noting that the binding of lignin+ 

388 with both the scavengers and water is enthalpically favourable. However, these binding steps 

389 are dominated by an entropic penalty which results in a positive ∆𝐺 for 6-hydroxy-1-naphthoic 

390 acid and 6-hydroxy-2-naphthoic acid, as depicted in Figure 4 (lignin+ + scavenger). A 

391 comparison of the cluster models for Int3, TS3-4, and Int4 reveals a substantial change in the 

392 dihedral angle between the aromatic rings of the scavengers and the lignin+ complex, shifting 

393 from 28° to 90° as the deprotonation reaction progresses, consistent with trends reported in the 

394 literature for similar electrophilic aromatic substitutions.26 Despite this pronounced structural 

395 variation, the Gibbs free energy barriers associated with the deprotonation step remain modest. 
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396 It is worth noting that 3-hydroxy-2-naphthoic acid exhibits the lowest deprotonation barrier of 

397 (9.4 kJ/mol) in comparison to 6-hydroxy-1-naphthoic acid (16.0 kJ/mol), and 6-hydroxy-2-

398 naphthoic acid (17.7 kJ/mol), as depicted in Figure 4 (Int 3 to TS 3-4). The low activation 

399 barrier, combined with the favourable binding affinity of 3-hydroxy-2-naphthoic acid toward 

400 the lignin+ intermediate, identifies this isomer as the most effective scavenger for suppressing 

401 lignin repolymerization. 

402

403
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404 Figure 4. Reaction coordinate diagram showing the Gibbs free energy profile for 3-hydroxy-2-
405 naphthoic acid (black), 6-hydroxy-1-naphthoic acid (red), 6-hydroxy-2-naphthoic acid (blue) 
406 with schematic structures for the cation scavenging and corresponding deprotonation of the 
407 lignin-scavenger complex. The inset structures show the optimized geometries of lignin+ with 
408 3-hydroxy-2-naphthoic acid (left) and Int3 for 3-hydroxy-2-naphthoic acid (right). Grey, white 
409 and red atoms correspond to C, H, and O, respectively.

410

411 All simulations in this study were performed using an implicit solvation model to simulate the 

412 presence of water. To rule out potential artefacts from the solvation approach when analysing 

413 scavenger-water binding, binding energy calculations for all selected scavengers were 

414 additionally carried out in the gas phase. The results indicate stronger binding between the 

415 scavengers and lignin+ for 3-hydroxy-2-naphthoic acid (-41.8 kJ/mol), 6-hydroxy-1-naphthoic 

416 acid (-25.0 kJ/mol) and 6-hydroxy-2-naphthoic acid (-16.3 kJ/mol). However, the overall 

417 binding trend remains consistent.

418

419 3.4 Lignin-scavenger coordination. To elucidate the lignin-scavenger binding interaction, 

420 interaction region indicator (IRI) calculations were applied to the optimized configurations 

421 (Figure S5) following an approach previously reported in the literature.40 The isosurfaces reveal 

422 the repulsive or attractive forces, including van der Waals (vdW) interactions and hydrogen 

423 bonds that exist both between different molecules and among functional groups within the same 

424 molecule. The vdW interactions including π-π stacking between aromatic rings, weak 

425 hydrogen bonding between H(scavenger) and O(scavenger), and weak hydrogen bonding 

426 between H(scavenger) and O(lignin+) are indicated by green isosurfaces. The repulsion 

427 interactions, such as those occurring in the centre of aromatic rings are represented by red 
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428 isosurfaces. In addition, relatively strong interactions, primarily hydrogen bonds, are depicted 

429 as blue isosurfaces in the IRI map. The scattered map depicted in Figure S6 quantifies the 

430 intensity of the isosurfaces. The points at the base of each peak in Figure S6 correspond to IRI 

431 minima, representing the interaction regions between atoms, as illustrated in Figure S5. In the 

432 IRI analysis, ρ indicates the electron density, 𝑠𝑖𝑔𝑛(𝜆2) denotes the sign of the second largest 

433 eigenvalue of Hessian of ρ. Peaks appearing on the negative x-axis, where 𝑠𝑖𝑔𝑛(𝜆2)𝜌 < 0, 

434 indicate strong attractive interactions, which correspond to blue isosurfaces in the IRI analysis. 

435 In contrast, peaks on the positive x-axis (𝑠𝑖𝑔𝑛(𝜆2)𝜌 > 0) indicate atomic repulsion and are 

436 visualized as red isosurfaces. As demonstrated in both Figures S5 and S6, in addition to the 

437 weak interaction between lignin+ and the scavengers – which are the primary focus of this study 

438 – strong bonds and weak intramolecular interaction within the individual molecules are also 

439 observed. 

440 Figure 5 shows the IRI analysis with the corresponding scatter maps (𝑠𝑖𝑔𝑛(𝜆2)𝜌 ranging from 

441 -0.05 to 0.05) for the lignin+ and 3-hydroxy-2-naphthoic acid complex (a), lignin+ (b), and 3-

442 hydroxy-2-naphthoic acid (c), respectively. The peaks with most negative value of 𝑠𝑖𝑔𝑛(𝜆2)𝜌, 

443 highlighted in the blue dashed box, correspond to the strongest interactions in the system, 

444 specifically, the hydrogen bond between H(lignin+) and O(lignin+) within the lignin+ cation and 

445 the hydrogen bond between H(scavenger) and O(scavenger) within the scavengers. Conversely, 

446 the peak with the most positive value of 𝑠𝑖𝑔𝑛(𝜆2)𝜌, indicated in the red dashed box represents 

447 the repulsive steric interaction in the aromatic rings – an effect consistently observed across all 

448 designed systems. In Figure 5, many overlapping peaks with identical values can be observed 

449 in both the individual components (lignin+ or scavengers) and the complex. These peaks 
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450 correspond primarily to vdW interactions and atomic repulsions. By isolating these overlapping 

451 regions, we determined that the weak interactions describing the binding between lignin+ and 

452 the scavengers are predominantly distributed within the range of -0.02 to 0.02. The peaks in the 

453 scatter map describing the attractive and repulsive interactions between the scavenger and the 

454 lignin carbocation are highlighted with a green and red background, respectively. 

455

Page 24 of 42RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 1
1:

59
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00841G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00841g


24

456

457 Figure 5. Scatter map of IRI vs sign(𝜆2)𝜌 (-0.05 to 0.05) of (a) lignin+ and 3-hydroxy-2-
458 naphthoic acid, (b) lignin+, (c) 3-hydroxy-2-naphthoic acid (left), and corresponding IRI 
459 isosurfaces (right). The blue dash box indicates peaks corresponding to hydrogen bonding and 
460 the red dash box indicates peaks corresponding to the repulsion between atoms. The coloured 
461 backgrounds in (a) highlight the attractive (green) and repulsive (red) interactions between the 
462 scavenger and the lignin carbocation.
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463

464 Figure 6 presents the scatter maps describing the interaction of the lignin carbocation with the 

465 different scavengers. The binding interactions between 3-hydroxy-2-naphthoic acid and lignin+ 

466 are described by a highly intense peak concentrated in a restricted interval around sign(𝜆2)𝜌 = 

467 -0.01. On the other hand, the attractive interactions between lignin, 6-hydroxy-1-naphthoic acid 

468 and 6-hydroxy-2-naphthoic acid are described by multiple and relatively dispersed peaks. This 

469 analysis provides a rationale for the stronger binding between 3-hydroxy-2-naphthoic acid and 

470 lignin+ compared to the other investigated isomers, presented in Figure 4.

471

472 Figure 6. Scatter map of IRI vs sign(𝜆2)𝜌 ranging from -0.05 to 0.05 for lignin+ coordination 
473 with (a) 3-hydroxy-2-naphthoic acid, (b) 6-hydroxy-1-naphthoic acid and (c) 6-hydroxy-2-
474 naphthoic acid.

475

476
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477 3.5 Experimental validation. 

478 To provide experimental evidence for the reactivity trends predicted by the Fukui dual 

479 descriptors (Figure 3), the bromination rates of the hydroxynaphthoic acids were compared. 

480 NBS was used as brominating agent, serving as an electrophilic bromine source, which enables 

481 benchmarking the hydroxynaphthoic acids’ propensity for electrophilic substitution. 

482 Bromination was carried out under equimolar conditions with very diluted solutions and at 

483 reduced temperature, in order to enable a kinetic benchmarking assay. Nevertheless, most of 

484 the reaction occurred within the first 15 s, with the hydroxynaphthoic acids exhibiting different 

485 reactivities (Figure 7). 3-Hydroxy-2-naphthoic acid was the most reactive compound, reaching 

486 a conversion of 83.9% after 15 s. In contrast, 6-hydroxy-1-naphthoic acid and 6-hydroxy-2-

487 naphthoic acid reacted substantially more slowly, achieving conversions of only 42.7% and 

488 56.1%, respectively, within 15 s. The observed differences are largely determined by the 

489 reaction kinetics in the initial phase, whereas changes in the concentration of the 

490 hydroxynaphthoic acids after 15 s were comparatively small. The higher and faster conversion 

491 of 3-hydroxy-2-naphthoic acid compared to 6-hydroxy-1-naphthoic acid and 6-hydroxy-2-

492 naphthoic acid is consistent with their predicted nucleophilicities and reactivities (Figure 3). 

493 The near-quantitative depletion of 3-hydroxy-2-naphthoic acid under equimolar conditions 

494 with NBS suggests substitution dominated by a highly activated site, whereas the partial 

495 conversions observed for the 6-hydroxy isomers reflect slower substitution kinetics and could 

496 be influenced by competing multi-bromination pathways. Thus, the results provide empirical 

497 support for the scavengers' inherent reactivities and are consistent with the computational 

498 predictions.
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499

500

501 Figure 7. Kinetics of the bromination of the hydroxynaphthoic acids with NBS, showing the 
502 residual concentrations of 3-hydroxy-2-naphthoic acid, 6-hydroxy-1-naphthoic acid and 6-
503 hydroxy-2-naphthoic acid. Experimental conditions: 0.5 mM hydroxynaphthoic acid, 0.5 mM 
504 NBS, temperature = 0°C.

505 In order to validate the results from the modelling of the lignin-scavenger interaction, 

506 autohydrolysis pretreatment experiments were carried out with biomass in the presence of the 

507 scavengers. During the autohydrolysis pretreatment, organic acids such as acetic acid are 

508 released from the hemicellulose in the biomass41, leading to acidic conditions, which induce 

509 lignin repolymerization. However, the addition of carbocation scavengers can effectively 

510 suppress the undesired repolymerization.10 To study the effectiveness of the modeled 

511 scavengers, spruce wood was pretreated with either 3-hydroxy-2-naphthoic acid, 6-hydroxy-1-

512 naphthoic acid, or 6-hydroxy-2-naphthoic acid. The scavenger concentration of 0.205 mol mol-

513 1 C9 lignin unit allow observing a pronounced effect of aromatic additives in carbocation 

514 scavenging.11,12 In addition, softwood such as spruce is particularly prone to lignin 
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515 repolymerization11, and thus well suited for studying the scavenging effect of the 

516 hydroxynaphthoic acids. Pretreatment was performed at four different temperatures (130 °C, 

517 150 °C, 190 °C, 210 °C) to span a broad range from low to high scavenger consumption.

518 To rank the scavengers’ different reactivities with lignin, their residual concentrations after 

519 pretreatment in the recovered slurry was analysed (Figure 8). For all three scavengers, 

520 increasing the pretreatment temperature led to a decrease of recovered scavenger, indicating 

521 enhanced reaction with lignin and the integration of the scavenger into the solid biomass 

522 structure. 3-Hydroxy-2-naphthoic acid was found to be the most reactive compound, followed 

523 by 6-hydroxy-2-naphthoic acid and 6-hydroxy-1-naphthoic acid. At 210 °C only 2% of the 

524 initially added 3-hydroxy-2-naphthoic acid were recovered after pretreatment, highlighting its 

525 high reactivity with lignin. This compares to a much higher recovery of 19% for 6-hydroxy-1-

526 naphthoic acid and a 10% recovery for 6-hydroxy-2-naphthoic acid at the same temperature. 

527 The order of reactivity of the three hydroxynaphthoic acids was the same for all four tested 

528 temperatures. The observed order is consistent with the 𝛥𝐺 trend predicted in Section 3.3 

529 (Figure 4), indicating that the modelling results are in good agreement with the experimental 

530 observations. 
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531

532 Figure 8. Recovery of the different hydroxynaphthoic-acid scavengers after 1 h autohydrolysis 
533 pretreatment of spruce at 130, 150, 190 and 210 °C. 

534 To ensure that the observed scavenger recovery after pretreatment was not influenced by a 

535 potential degradation of the additives, the hydroxynaphthoic acids were subjected to similar 

536 conditions as in pretreatment, but in the absence of biomass. Under these conditions, any 

537 decrease in recovery can be attributed solely to degradation processes, such as thermal 

538 decarboxylation of hydroxynaphthoic acids to 2-naphthol. To simulate the acidity in the 

539 autohydrolysis pretreatment with biomass, the hydroxynaphthoic acids were subjected to a 

540 treatment in acidified water adjusted to pH 3.5, matching the pH of the recovered slurry after 

541 a pretreatment without additive (control). The treatment time and temperatures were identical 

542 to the experiments with biomass (1 h at 130, 150, 190 and 210 °C).

543 In the experiments, between 73-99% of the hydroxynaphthoic acids were recovered (Figure 9), 

544 indicating their relatively high stability under the studied conditions. In addition, only 0-2% of 

545 the hydroxynaphtoic acids were recovered as 2-naphthol after the treatment, demonstrating that 
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546 their thermal decarboxylation to 2-naphthol was minimal. These results confirm that the 

547 observed scavenging effect of the hydroxynaphthoic acids cannot be attributed to the in situ 

548 formation of 2-naphthol. Most importantly, the results confirm that the reduced recovery of the 

549 hydroxynaphthoic acids in the experiments with biomass (Figure 8) is almost exclusively due 

550 to the reaction with the biomass and not related to thermal degradation. For example, at 210 °C 

551 only 2% of 3-hydroxy-2-naphthoic acid was recovered in the experiment with biomass (Figure 

552 8), whereas 75% was recovered in the experiment without biomass (Figure 9). The difference 

553 in recovery can be attributed to the reaction with lignin present in the biomass. In general, the 

554 results from the stability trials confirm the observed order of reactivity of the different 

555 hydroxynaphthoic acids in pretreatment.

556 It is worth noting that we also conducted experiments with a fourth hydroxynaphthoic acid, 2-

557 hydroxy-1-naphthoic acid. However, in the stability trials in acidified water, 2-hydroxy-1-

558 naphthoic acid was practically completely degraded. After treatment at the lowest temperature 

559 of 130 °C, only 0.6% of the 2-hydroxy-1-naphthoic acid remained. 95.5% of the compound 

560 was recovered as 2-naphthol, showing that 2-hydroxy-1-naphthoic acid is highly susceptible to 

561 decarboxylation. Due to its instability, 2-hydroxy-1-naphthoic acid was not included in our 
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562 studies.

563

564 Figure 9. Recovery of the different hydroxynaphthoic-acid scavengers after a 1 h aqueous 
565 treatment at 130, 150, 190 and 210 °C at pH 3.5. Experiments were conducted without biomass 
566 to analyse potential degradation of the hydroxynaphthoic acids. 

567

568 The pretreated biomass underwent enzymatic cellulose saccharification, to investigate the 

569 scavenger effect on its digestibility. All hydroxynaphthoic acids allowed to increase the glucose 

570 yield compared to the control, both at enzyme concentrations of 15 and 30 FPU g-1 cellulose 

571 (Figure 10). However, by far the highest glucose yield was obtained with 3-hydroxy-2-

572 naphthoic acid, which enhanced the yield compared to the control by up to 308% (15 FPU g-1 

573 cellulose). In particular, it also improved the yield by 156-233% (15 FPU g-1 cellulose) 

574 compared to the other hydroxynaphthoic acids. This once again confirms its higher reactivity 

575 for supressing lignin repolymerization reactions, since lignin repolymerization is one of the 

576 main factors inhibiting enzymatic cellulose conversion.11 It is noteworthy that with 30 FPU g-1 
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577 cellulose, 3-hydroxy-2-naphthoic acid even enabled the complete saccharification of cellulose, 

578 which is remarkable for the recalcitrant softwood biomass. To the best of our knowledge, there 

579 is only one study in which different hydroxynaphthoic acids were compared in lignocellulose 

580 pretreatment. Sheng et al. investigated the suppression of lignin repolymerization in the dilute 

581 acid pretreatment of beech wood, using 2-hydroxy-1-naphthoic acid, 3-hydroxy-2-naphthoic 

582 acid, 6-hydroxy-1-naphthoic acid and 6-hydroxy-2-naphthoic acid as cation scavengers.23 

583 Compared to the other hydroxynaphthoic acids, 3-hydroxy-2-naphthoic acid showed a 

584 significantly improved performance for enhancing enzymatic cellulose conversion. These 

585 experimental results align well with our experimental and simulation findings, providing 

586 further validation for our study.

587

588 Figure 10. Cellulose conversion (glucose yield) in the enzymatic saccharification of spruce 
589 pretreated with 3-hydroxy-2-naphthoic acid, 6-hydroxy-1-naphthoic acid and 6-hydroxy-2-
590 naphthoic acid. An experiment without pretreatment additive (control) is shown for comparison. 
591 Saccharification: 1% w/w cellulose, 0-72 h: 15 FPU g-1 cellulose, 72-144 h: 30 FPU g-1 
592 cellulose. Conversion results are shown for 72 h (15 FPU g-1 cellulose) and 144 h (30 FPU g-1 
593 cellulose).
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594

595

596

597 In order to analyse the lignin obtained from biomass pretreatment with the different 

598 hydroxynaphthoic acids, additional experiments were conducted. The analysis of the pretreated 

599 biomass compositions is shown in Table S4. Hemicellulose was practically completely 

600 removed from the biomass due to acidic degradation, and no major differences can be observed 

601 among the samples. The lignin content, i.e., the sum of acid-insoluble lignin (AIL) and acid-

602 insoluble lignin (ASL), increased after treatment with the hydroxynaphthoic acids. Both the 

603 increase in AIL and ASL content can be attributed to the integration of carbocation scavengers 

604 into the lignin backbone11, 12, further confirming that the hydroxynaphthoic acids reacted with 

605 the lignin. The biomass treated with 3-hydroxy-2-naphthoic acid exhibited the highest total 

606 lignin content (ASL + AIL), highlighting its superior reactivity compared to the other 

607 scavengers.

608 The lignin was further analysed by HSQC NMR spectroscopy. Therefore, the lignin in the 

609 pretreated biomass was first isolated by enzymatic cellulose saccharification with an excess of 

610 cellulase enzymes, allowing to practically completely remove the cellulose (cellulose content 

611 < 10%). The biomass residues were additionally ball-milled to achieve higher extraction yields 

612 of the different lignins. In the extraction with DMSO, all scavenger additives enhanced the 

613 yield of extractable lignin compared to the control (Table S5), confirming their effectiveness 

614 in suppressing lignin repolymerization.10, 11 In addition, the signals observed in the 7-8 ppm (1H 

615 chemical shift) and 120-130 ppm (13C chemical shift) region of the NMR spectra (Figure S7) 
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616 provide evidence of naphthalene structure incorporation into the lignin14 by the different 

617 hydroxynaphthoic acids. Once more, this effect is especially pronounced in the sample 

618 pretreated with 3-hydroxy-2-naphthoic acid.

619 The suppression of lignin repolymerization by the hydroxynaphthoic acids was additionally 

620 confirmed through SEC analysis of the isolated lignin residues (Table S6). All 

621 hydroxynaphthoic acids resulted in lignins with significantly lower molecular weight and 

622 narrower polydispersity index (PDI) which can be attributed to the prevention of lignin 

623 condensation (Figure 1, route b-c). Compared to the control, the weight average molecular 

624 weight (Mw) was 6-8 times lower, while the PDI was approximately half as low. Surprisingly, 

625 the molecular weight of the 3-hydroxy-2-naphthoic acid sample was slightly increased 

626 compared to the 6-hydroxy-1-naphthoic acid and 6-hydroxy-2-naphthoic acid samples. This 

627 observation needs further elucidation, but may be related to the fact that effective scavengers 

628 can also suppress lignin depolymerization (Figure 1, route b), next to suppressing 

629 repolymerization. Notably, the less condensed lignins with additional aryl functionalisation by 

630 the scavenger can have a higher application potential, e.g. for the use in polymers or for their 

631 depolymerization to aromatic building blocks.11, 12

632

633 3. Conclusion
634

635 This integrated computational and experimental study provides a comprehensive analysis of 

636 three hydroxynaphthoic acid isomers to assess their potential as cation scavengers for the 

637 suppression of lignin repolymerization. We characterised and simulated the cation scavenging 

638 process with the goal of identifying key molecular descriptors for the rational identification 
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639 and design of promising scavenger candidates. The analysis of the Fukui functions indicate that 

640 all selected isomers possess a predominant nucleophilic site. Among the evaluated scavengers, 

641 3-hydroxy-2-naphthoic acid exhibits the most nucleophilic active site, with a dual descriptor 

642 ∆𝑓𝑜𝑤 = ―0.142. 

643 Our results show that the binding energy difference between the scavengers and lignin+ is a key 

644 descriptor to characterize the performance of the scavenger. As demonstrated by the Fukui 

645 function analysis, 3-hydroxy-2-naphthoic acid exhibits the strongest binding energy with 

646 lignin+ of -16.8 kJ/mol. The calculated binding energy depends on the strength of hydrogen 

647 bonding, vdW interactions, and repulsion forces existing between lignin+ and the different 

648 scavengers. Results from the IRI calculations reveal that the C–C bond formed between the 

649 electrophilic carbon of lignin+ and the nucleophilic carbon site of the scavenger exhibit 

650 comparable strength across all candidates. Consequently, the observed differences in binding 

651 energy are primarily driven by the balance between van der Waals interactions and repulsive 

652 forces. Among the evaluated compounds, 3-hydroxy-2-naphthoic acid demonstrates the 

653 strongest binding affinity with lignin+, highlighting its effectiveness as a cation scavenger for 

654 the investigated process.

655 Our experimental results provided further validation for the computational results. Among all 

656 selected hydroxynaphthoic acids, 3-hydroxy-2-naphthoic acid exhibits the highest reactivities 

657 with lignin. Only 2% of 3-hydroxy-2-naphthoic acid were recovered after pretreatment at 

658 210 °C. When investigating the scavenger effect on the digestibility of pretreated lignocellulose, 

659 3-hydroxy-2-naphthoic acid also exhibits the highest glucose yield (up to 308% enhancement 
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660 compared to the control), which further proves the better performance in preventing lignin 

661 repolymerization compared to the other hydroxynaphthoic acids.

662 To the best of our knowledge, this is the first study to systematically combine the modelling 

663 and experimental investigation of carbocation scavengers in lignocellulose pretreatment. The 

664 innovation lies not in the examination of hydroxynaphthoic acids as pretreatment additives, but 

665 in opening up a completely new route based on computational modelling for studying the 

666 effectiveness of carbocation scavengers.  Modelling can serve as a powerful starting point for 

667 the digital screening of a wide range of compounds, allowing only the most promising 

668 candidates to be selected for subsequent laboratory invetigation. In this way, new effective 

669 compounds can be identified with reduced experimental effort. This represents a conceptual 

670 step forward, as it shifts the approach from largely empirical screening toward a more rational 

671 model-guided strategy. In a subsequent stage, modelling can also be used to optimize the 

672 process pretreatment conditions. The effects of carbocation scavengers on enhancing 

673 lignocellulose pretreatment are case-specific, depending on scavenger, biomass, and 

674 pretreatment method.42 Consequently, predictive modelling of the corresponding processes can 

675 provide insights into reaction pathways and peformance trends.

676 Future work will focus on extending the approach to a broader range of scavengers and further 

677 refining the methodology to enhance predictive power and practical applicability. The further 

678 development of this approach may even integrate the use of other digital tools such as AI and 

679 data mining, providing foundation for an even more systematic and accelerated progress in this 

680 research area. Additionally, considering that hydroxynaphthoic acids are predominantly fossil-
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681 derived, these efforts will aid in identifying alternative scavengers that can be sustainably 

682 sourced from renewables. 
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