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Abstract 1 

Adsorption fractionation of dissolved organic matter (DOM) induced by soil minerals is a 2 

common geochemical process, which has been widely documented on natural DOM. Hydrochar 3 

is a promising functional material in soil remediation but can continuously release abundant 4 

endogenic DOM with potential biotoxicity. However, adsorption fractionation at molecular level 5 

and its influence on toxicity evolution of hydrochar-derived DOM (HDOM) at genetic level at the 6 

soil-water interface remain poorly understood. Herein, we investigated the molecular fractionation 7 

of HDOM on three typical soil iron minerals (i.e., ferrihydrite, goethite, and hematite). Results 8 

from ultrahigh-resolution mass spectrum showed that HDOM molecules with high molecular 9 

weight and high contents of unsaturated oxidized or aromatic structures (e.g., unsaturated phenolic 10 

compounds, polyphenols, and organic acids) were preferentially absorbed by iron oxyhydroxides, 11 

while aliphatic molecules and poorly oxygenated compounds (e.g., hydrocarbon, phenols, and 12 

alcohols) were retained in aqueous phase. Furthermore, we quantitatively evaluated their 13 

genotoxicity variation using a toxicogenomics assay using green fluorescence protein-fused 14 

whole-cell array, and results showed that oxidative, protein, membrane, and DNA stress was 15 

primary responses upon exposure to original HDOM. Interface fractionation induced by iron 16 

oxyhydroxides significantly reduced genotoxicity of HDOM, especially for oxidative, membrane 17 

and DNA stresses. Overall, the selective absorption of HDOM molecules by iron oxyhydroxides 18 

shifted its biotoxicity, which might change the ecological effects of hydrochar amendment, e.g., 19 

microbial community structure, environmental pollutant transformation, and even the ecological 20 

function of terrestrial and aquatic ecosystems. These findings would contribute to unravel the 21 

environmental geochemistry process of HDOM in the natural soil-water interface and provide a 22 

new insight into the biotoxicity of hydrochar usage to terrestrial and aquatic environments. 23 
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1. Introduction 27 

Application of biochar into agricultural soils is considered as a promising strategy for carbon 28 

sequestration and greenhouse gas mitigation in the context of global carbon emissions reduction 29 

(Xia et al., 2023). The global biochar market was valued at USD 1.5 billion in 2022 and is expected 30 

to reach USD 4.2 billion by 2030, which means that over 135,000 tons of biochar are used in 31 

agricultural fields annually (Zhang et al., 2019). Hydrochar is an emerging type of biochar 32 

synthesized at 180-340 ℃ in a closed system with saturated vapor pressure (Magdziarz et al., 33 

2020). Compared to pyrochar produced by conventional dry pyrolysis, hydrochar produced from 34 

hydrothermal liquefaction has received more attention due to the cost-effectively direct 35 

transformation of wet biomass without pre-drying and simultaneously higher yields of products 36 

(Yan et al., 2010). Currently, hydrochar has been widely used as soil amendments because they 37 

can immobilize contaminants (e.g., heavy metals and organic chemicals), increase soil fertility, 38 

and hasten crop growth due to their strong adsorption capacity, excellent hole structure, and high 39 

nutrient content (Luo et al., 2023; Xiang et al., 2022). Nevertheless, the potential ecological risks 40 

of hydrochar application in soil amendment has been neglected for quite a long time. The prepared 41 

hydrochar exhibits less stable structure and high oxygen-containing functional groups due to the 42 

low temperature of hydrothermal carbonization (Sun et al., 2020). Additionally, hydrochar can 43 

persist for a long time in the soil due to it is carbon-based material, which might undergo various 44 

aging effects including microbial, sunlight, and precipitation during this process (Ge et al., 2024). 45 

As a result, the abundant endogenic dissolved organic matter can be readily released from 46 

hydrochar after being applied in soil system, and potentially infiltrating into the groundwater layer 47 

or transporting to surface water along with precipitation and surface runoff. However, unlike 48 

natural organic matter, hydrochar-derived dissolved organic matter (HDOM) contained a higher 49 
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content of phenols, polyphenols, and organic acids which have been reported to have potential 50 

biotoxicity to aquatic biota (Ennis et al., 2012; Hao et al., 2018). Therefore, it is crucial to gain a 51 

comprehensive understanding of the environmental processes and ecological impacts of HDOM 52 

to terrestrial and aquatic environments in the soil-water interface when using hydrochar for 53 

practical soil remediation. 54 

Soil minerals serve as vital barriers against the migration of pollutants (e.g., percolation into 55 

groundwater or transport to surface water), which greatly influence the distribution and potential 56 

environmental risks of pollutants at soil-water interface due to their diverse adsorption capacities. 57 

Among various soil minerals, iron oxyhydroxides play an important role in controlling the fate and 58 

transport of organic compounds due to their wide distribution, large specific surface area, and 59 

abundant hydroxyl sites (Lalonde et al., 2012; Melton et al., 2014; Ye et al., 2023; Zhao et al., 60 

2022). For instance, previous study reported that the loading of goethite increased the sorption 61 

affinity of pyrene to quartz the through non-covalent cation-π interaction, and prevented their 62 

further migration into groundwater (Mueller et al., 2007). Hanna et al (2007) also revealed that the 63 

transport of aromatic carboxylate compounds (e.g., gentisic acid and 1-hydroxy-2-naphthoic acid) 64 

in the soil could be strongly intercepted by iron oxyhydroxides. In addition, a recent study 65 

demonstrated that the addition of natural hematite enhanced the removal (closed to 99% after 7 66 

days) of phenol pollutants through increasing soil porosity (Zhang et al., 2023). As a vital potential 67 

source of aromatic organics, the interaction between HDOM molecules with iron oxyhydroxides 68 

and its influence on evolution of potential ecotoxicity are necessary to be studied, which was not 69 

investigated in-depth by previous studies. For instance, prior studies investigated the interactions 70 

between various DOM and iron minerals via chromatography and spectroscopic methods, and 71 

found that high molecular weight, hydrophobic, aromatic, and carboxylic fractions are 72 
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preferentially retained on iron mineral surfaces (Ennis et al., 2012; Huang et al., 2018). In addition, 73 

a recent study reported that HDOM significantly caused inhibition cyanobacterial growth, and its 74 

biotoxicity increased with the elevation of production temperature (180-330 ℃) (Hao et al., 2018). 75 

However, the detailed adsorption process at molecular level and its influence on toxicity evolution 76 

of HDOM at genetic level during the fractionation process on iron oxyhydroxides remain so far 77 

largely unknown, which greatly limited the in-depth understanding the potential ecological risk of 78 

hydrochar application in soil amendment. 79 

 80 

Recently, the remarkable development of high-resolution mass spectrum techniques makes it 81 

possible to analysis DOM at molecular level. Fourier transform-ion cyclotron resonance mass 82 

spectrometry (FT-ICR MS) is a non-targeted mass spectrometry with ultrahigh resolution and low 83 

detection limits, which has been proved to reveal the molecular composition of complex organic 84 

chemicals from aquatic and terrestrial environments (Fu et al., 2020a), which may provide novel 85 

insights into the chemical nature of organic matters based on their accurate molecular formulas 86 

(Feng and Siegel, 2007; Gao et al., 2021). With the help of this technique, thousands of molecular 87 

formulas in HDOM can be obtained unambiguously, which contributing to elucidate the molecular 88 

composition variation of HDOM during the adsorption process on iron oxyhydroxides with more 89 

precision. In addition, a toxicogenomics-based toxicity assessment approach could monitor 90 

thousands of genes corresponded to external stressors in transcription and expression levels with 91 

one single assay within 2 - 4 h, and provide comprehensive information to demonstrate the 92 

pollutant-specific toxicity profiles and molecular mechanisms (Gou et al., 2010; Gou et al., 2011). 93 

This method has been successfully applied to screen various contaminants, such as nanomaterials, 94 

heavy metals, and organic pollutants, to evaluate their genotoxicity and potential environmental 95 
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risks (Gou et al., 2011; Gou et al., 2010; Gou et al., 2014; Liu et al., 2023; Zheng et al., 2020). 96 

Therefore, the utilization of this platform can offer pollutant-specific toxicity mechanisms, which 97 

may deepen our understanding on genotoxicity evolution of HDOM before and after adsorption 98 

by iron oxyhydroxides. Hence, we suppose that these high-resolution, high-sensitive, and high-99 

throughput techniques are feasible to clarify the distribution and environmental risks of HDOM in 100 

soil-water ecosystems. 101 

Therefore, the objectives of this study were to comprehensively investigate the fate and 102 

transport of HDOM in soil-water interface and reveal genotoxicity evolution of HDOM during 103 

adsorption fractionation at molecular level. Three types of typical iron oxyhydroxides (i.e., 104 

ferrihydrite, goethite, and hematite) were selected in the present study since they are vital mineral 105 

components in soil-water environments and play an important role in adsorption of organic matter 106 

(Wu et al., 2023). All experiments were conducted in iron oxyhydroxides suspension system to 107 

exclude the disturb of environmental factors and obtain accurate mechanisms at molecular level. 108 

Fourier Transform Infrared Spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS), 109 

and FT-ICR MS were conducted to elucidate the interaction mechanisms of between iron 110 

oxyhydroxides and HDOM. Subsequently, a quantitative toxicogenomics-based assay was 111 

employed to reveal their genotoxicity and intrinsic mechanisms before and after sorption by iron 112 

oxyhydroxides at the molecular level. Lastly, correlation analysis between the FT-ICR-MS 113 

molecular parameters and genotoxicity was conducted to further demonstrate the effects of 114 

molecular fractionation on genotoxicity evolution of HDOM. Overall, our results would be helpful 115 

to understand the geochemical behaviors and ecological risks of hydrochar-derived dissolved 116 

organic matter in soil-water systems, providing a guideline for hydrochar application on a large 117 

scale in the future. 118 
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 119 

 120 

2. Material and methods 121 

2.1. Preparation and characterization of iron oxyhydroxides and hydrochar  122 

The iron oxyhydroxides including ferrihydrite and goethite were synthesized according to 123 

methods reported by previous studies (details were given in the Supporting Information) (Ona-124 

Nguema et al., 2005; Wang et al., 2021), while hematite was purchased from Sigma-Aldrich (US). 125 

All iron oxyhydroxides were repeatedly washed with ultrapure water (> 18.2 Mcm) and freeze-126 

dried before experiments and characterizations. X-ray diffraction (XRD) and scanning electron 127 

microscope (SEM) analysis indicate that the obtained iron oxyhydroxides were standard 2-line 128 

ferrihydrite, goethite and hematite, respectively (Fig. S1). The Brunauer-Emmett-Teller specific 129 

surface areas (SSA) and pore size of each iron oxyhydroxides were examined by N2 130 

adsorption−desorption (Tristar II 3020M, Micromeritics, US). The zeta potentials of ferrihydrite, 131 

goethite and hematite were characterized using a Zetasizer Nano ZS (Malvern Instruments, UK). 132 

Hydrochar was produced from rice straw powder through hydrothermal carbonization at 133 

200°C for 2 h (detailed preparation procedures and characterization were provided in the 134 

Supporting Information) according to previous studies (Hao et al., 2018; Zhang et al., 2020). The 135 

HDOM extraction was conducted following the similar procedures reported by previous studies 136 

(Lv et al., 2016; Zhang et al., 2020). The release of HDOM from hydrochar was performed by 137 

shaking 0.3 g sample in 100 mL ultrapure water for 24 h (200 rpm, 25 ℃). The HDOM was 138 

collected by centrifugation at 6000 rpm for 10 min and then filtering through a 0.45 μm mixed 139 

cellulose ester membrane. The obtained HDOM solution was kept in the dark at 4 ℃ and used 140 

within 7 days after extraction. The total organic carbon (TOC) concentration of HDOM was 141 
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determined using a TOC analyzer (Vario, Elementar, Germany). UV-vis spectrum of HDOM was 142 

collected (UV-2600, Shimadzu, Japan), and the corresponding SUVA254 values were calculated. 143 

Additionally, to avoid polymer pollution, all vessels used in this work are glassware and combusted 144 

at 450 ℃ for 2 h before used. 145 

 146 

2.2. Batch adsorption experiments 147 

To simulate the interaction between HDOM and iron oxyhydroxides, batch adsorption 148 

experiments of HDOM (10-100 mg-C/L) onto iron oxyhydroxide suspensions (1 g/L ferrihydrite, 149 

goethite, and hematite) were conducted with 10 mM NaNO3 background electrolyte in glass tubes 150 

(Ding et al., 2019). The desired reaction pH values (i.e., 3, 6.5, and 9) were adjusted with 0.1 M 151 

HCl and 0.1 M NaOH. Each experiment was conducted in triplicates, and thus the sample numbers 152 

in batch experiments were 125. The suspensions were horizontally shaken on a shaking table (200 153 

rpm, 25 °C) for 24 h to reach equilibrium under dark condition. After that, the samples were 154 

centrifuged at 6000 rpm for 10 min and filtered through 0.45 μm membranes. The filtered 155 

supernatants were collected and stored at 4 °C before UV-vis spectrum measurement, TOC 156 

analysis, FT-ICR MS measurement, and toxicogenomics assay. Each experiment was conducted 157 

in triplicates to increase the statistical power for data analysis. The zeta potentials of iron 158 

oxyhydroxides before and after HDOM adsorption were determined over a range of pH (2-10) to 159 

obtain their isoelectric points (IEP). After sorption, the iron oxyhydroxides were also collected and 160 

lyophilized for FTIR (Nicolet iZ10, Thermo Fisher Scientific, US) and XPS (Escalab 250Xi, 161 

Thermo Fisher Scientific, US) analysis to study the structures and functional groups of iron 162 

oxyhydroxides and HDOM as well as their interactions. The detailed procedures are described in 163 

the Supporting Information. 164 
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 165 

2.3. FT-ICR MS measurement and data analysis 166 

HDOM samples before and after iron oxyhydroxide sorption were purified and condensed by 167 

solid phase extraction (SPE) using Agilent Bond Elute PPL cartridge (500 mg, 6 mL) (Kellerman 168 

et al., 2015). The molecular composition of HDOM was analyzed using an FT-ICR MS (Solarix, 169 

Bruker Daltonik GmbH, Germany) equipped with a 7 T superconducting magnet, which was 170 

operated with an electrospray ionization (ESI) source in negative mode. A same instrument 171 

parameter and detection limit were employed for each measurement to facilitate the maximum 172 

comparability among samples. Ultrahigh resolution mass spectra with the range of 100-1000 mass-173 

to-charge ratio (m/z) were acquired and then internally recalibrated with known CHO-homologous 174 

series of natural organic matter (m/z = 200-600 with >200 mass calibration points) using Bruker 175 

Daltonics Data Analysis 4.0 (Gao et al., 2021). Peaks with signal-to-noise ratio (S/N) > 6 were 176 

identified as potential target molecules, which were exported for formula assignments. Herein, 177 

molecular formulas were assigned using an in-house MATLAB routine (Fu et al., 2020b), with 178 

elemental composition of C3-50H5-100O1-30N0-2S0-2 and elemental ratios of hydrogen-to-carbon (H/C) 179 

≤ 2.0 and oxygen-to-carbon (O/C) ≤ 1.2. Formulas assignments were considered valid if mass error 180 

for a given chemical formula between measured mass and theoretical mass was less than 1 ppm, 181 

following by double check with seven golden rules (Kind and Fiehn, 2007). 182 

Based on the identified formulas, the key parameters for data analysis were determined 183 

according to prior literatures: H/C ratio and O/C ratio, values for constructing van Krevelen 184 

diagram (Kim et al., 2003); double bond equivalence (DBE) to estimate number of double bonds 185 

or rings in a given molecule (Stenson et al., 2003); aromaticity index (AI), a reference for the 186 

degree of aromatic and condensed aromatic structures (Koch and Dittmar, 2006); nominal 187 



 

11 

 

oxidation state of carbon (NOSC) to assess the potential redox capacity of each molecule (Fu et 188 

al., 2020a); Kendrick mass and Kendrick mass defect (KMD) in order to identify COO 189 

homologous series (Hughey et al., 2001). Furthermore, the calculated H/C ratio and AI cutoffs 190 

were applied to divided compounds into four groups as follow (Kellerman et al., 2015): aliphatic 191 

compounds (1.5 ≤ H/C ≤ 2.0), highly unsaturated and phenolic compounds (H/C < 1.5 and AI ≤ 192 

0.50), vascular plant-derived polyphenols (0.5 < AI ≤ 0.66), and combustion-derived condensed 193 

polycyclic aromatics (AI > 0.66). The detailed calculation processes are described in the 194 

Supporting Information. 195 

 196 

2.4. Toxicogenomics bioassay 197 

The samples of HDOM before and after sorption by iron oxyhydroxides were subjected to the 198 

genotoxicity assessment. Given the correlation analysis between genotoxicity profiles and 199 

adsorbed molecules, the initial concentration of HDOM was consistent with FT-ICR MS 200 

measurement (i.e., 10 mg-C/L). After sorption, the retained molecules were enriched using SPE 201 

method, and kept at 4 °C in the dark. The samples were diluted to same values of initial 202 

concentration before genotoxicity assay (i.e., 10 mg-C/L). Details of sample preparation and test 203 

process are presented in the Supporting Information. In this study, we employed a developed 204 

Transcriptional Effect Level Index (TELI) profiling analysis using a green fluorescent protein 205 

(GFP) fused whole-cell array of Escherichia coli (E. coli) K12 MG1655 to conduct a 206 

toxicogenomics-based toxicity assessment, which can convert the information-rich toxicogenomic 207 

data into integrated and quantitative endpoints (Gou et al., 2011). The selected cell-library with 208 

transcriptional GFP fusions monitors the promoter activities of genes associated with various 209 

known cellular stress response pathways (e.g., oxidative stress, protein stress, membrane stress 210 



 

12 

 

general stress, and DNA stress) and other specific functions (Gou et al, 2014). The selected stress 211 

genes and their main functions are presented in Table S1. More detailed calculation procedures are 212 

presented in the Supporting Information. 213 

 214 

2.5. Statistical analysis 215 

 All experiments and relevant measurements were conducted in triplicates to increase the 216 

statistical power for data analysis. Data of genotoxicity between triplicated treatments were 217 

statistically analyzed using a one-way ANOVA in SPSS 25 software. A difference was considered 218 

significant at P < 0.05. 219 

 220 

3. Results and discussion 221 

3.1. Adsorption of HDOM on iron oxyhydroxides 222 

The adsorption isotherms for HDOM on hematite, goethite, and ferrihydrite at pH 6.5 are 223 

presented in Fig. 1a, which were well fitted using the Freundlich and Langmuir models (R2 > 0.98) 224 

with fitting parameters summarized in Tables S2 and S3. It can be observed that the sorption of 225 

HDOM on three iron oxyhydroxide all exhibited nonlinearities (Table S2). Among these iron 226 

oxyhydroxides, ferrihydrite displayed the highest adsorption capacity to HDOM with the value of 227 

maximum adsorption capacity (qm) was 34.55 mg-C/g, which was higher than those of goethite 228 

(30.60 mg-C/g) and hematite (29.14 mg-C/g) (Table S3). Such values were comparable to the 229 

adsorption capacity of biochar-derived DOM on iron oxyhydroxides, but greatly lower than that 230 

of natural organic matter (Liu et al., 2019; Zhang et al., 2020), which might be related the unique 231 

molecular properties (e.g., hydrophobicity and aromaticity) of HDOM. Specific UV absorbance at 232 

254 nm (SUVA254) was calculated to evaluate the relative aromaticity of DOM (Maizel and 233 
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Remucal, 2017). Fig. 1b shows that the SUVA254 value of HDOM significantly decreased from 234 

~1.5 to ~0.2-0.9 (L mg-C-1 m-1) after sorption on iron oxyhydroxides, indicating the molecular 235 

fractionation between aromatic and non-aromatic components. In addition, ferrihydrite exhibited 236 

the most evident adsorption for aromatic molecules compared with goethite and hematite. The 237 

adsorption capacity of three iron oxyhydroxides to HDOM was consistent with the trend of their 238 

specific surface areas (i.e., 236.1, 40.9, and 4.6 m2/g for ferrihydrite, goethite, and hematite, 239 

respectively) (Fig. S2). Such result was consistent with a previous study that ferrihydrite exhibited 240 

higher affinity to peat-derived DOM than did goethite or lepidocrocite (Lv et al., 2016). Moreover, 241 

the HDOM sorption on iron oxyhydroxide decreased with the pH increasing from 3 to 9 (Fig. S3), 242 

which could be attributed to the variation of surface charge of iron oxyhydroxide and HDOM. As 243 

illustrated in Fig. S4, the IEP for hematite, goethite, and ferrihydrite were 5.0, 8.5, and 6.9, 244 

respectively, while the HDOM remained negative charged under the tested pH (2-10). Hence, as 245 

pH increased from 3 to 9, the interaction between iron oxyhydroxides and HDOM transformed 246 

from electrostatic attraction to electrostatic repulsion, and thereby resulted in declining sorption, 247 

which was in line with the adsorption of soil organic matter on allophane and ferrihydrite (Ding et 248 

al., 2019; Liu et al., 2019).  249 

 250 

3.2. Variation of surface functional groups for iron oxyhydroxides caused by HDOM sorption 251 

The changes of surface functionality for three iron oxyhydroxides before and after HDOM 252 

sorption are characterized with FTIR and XPS analysis (Figs. 1c and d). For the virgin hematite, 253 

the typical adsorption peaks at 429 and 525 cm-1 were attributed to bending vibration of Fe-O band 254 

(Chen et al., 2022). Typical peaks at 641, 798, and 904 cm-1 for goethite belonged to Fe-O/Fe-O-255 

H bending, while Fe-O/Fe-O-H bending for ferrihydrite appeared at 1382 and 1465 cm-1. After 256 
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adsorbing HDOM by hematite and goethite, these characteristic peaks for Fe-O/Fe-O-H bending 257 

remained stable, while new peaks occurred at 1045, 1641, and 3394 cm-1 corresponding to 258 

stretching vibrations of C-O-C, C=O, and -OH, respectively (Fig. 1c) (Liu et al., 2020; Lv et al., 259 

2016). However, the characteristic peaks of ferrihydrite after the HDOM sorption changed in the 260 

intensities and positions to some extents. The intensities of the peaks at 1382 and 1465 cm−1 for 261 

Fe-O bending decreased due to the coordination interaction between ferrihydrite and HDOM 262 

molecules, which was consistent with the FTIR spectrum of ferrihydrite-biochar derived DOM 263 

complex (Zhang et al., 2020). These emerging peaks presented on three iron oxyhydroxides after 264 

HDOM sorption were all in line with FTIR spectrum of the original HDOM (Fig. S5 and Table 265 

S4), indicating that various HDOM component were adsorbed by three iron oxyhydroxides. 266 

XPS measurement was further conducted to reveal the discrepancy of the adsorbed HDOM 267 

component caused by iron oxyhydroxides (Figs. 1d, S6, and Table S5). The overall results showed 268 

that the contents of C/O/N on iron oxyhydroxides obviously increased after HDOM sorption, and 269 

followed the order of ferrihydrite > goethite > hematite (Fig. S6 and Table S5). Moreover, the 270 

high-resolution C1s spectra was analyzed and three main functional groups (i.e., -C-C/-C=C 271 

(284.86 eV), C-O-(C, H) (286.45 eV), and HO-C=O (288.13 eV)) were identified (Fig. 1d) (Zhang 272 

et al., 2020). The molecules containing functional groups of -C-C/-C=C were the primary 273 

component (~60%) on the goethite and hematite after HDOM sorption, whose contents were 274 

significantly higher than those of C-O-(C, H) (~30%) and HO-C=O (~10%). Conversely, the 275 

relative content of C-O-(C, H) was the greatest (~52%) on the ferrihydrite surface after HDOM 276 

sorption, and followed by -C-C/-C=C (40%) and HO-C=O (9%) (Table S5). Such phenomenon 277 

demonstrated that the less aromatic molecules with more polar groups were preferentially retained 278 

by goethite and hematite, while ferrihydrite preferentially absorbed unsaturated polyphenols and 279 
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carboxylic compounds. The selective adsorption of HDOM on iron oxyhydroxides might mainly 280 

be attributed to their physicochemical properties. Amorphous ferrihydrite dominated by 281 

(001/021)-like faces have abundant singly coordinated surface hydroxy, which could bond to 282 

reactive oxygen-containing functional groups (e.g., hydroxy and carboxyl) via ligand exchange 283 

surface complexation and form innersphere complex (Buck et al., 2012; Gu et al., 1994). However, 284 

goethite and hematite possess stable crystal structure, low specific surface area, and less surface 285 

hydroxy, electrostatic interaction, hydrogen bonding, and van der Waals forces were recognized 286 

as main mechanisms for HDOM adsorption and exhibited higher affinity to aliphatic polar 287 

molecules (Han et al., 2021; Lv et al., 2018; Wang et al., 2019). Therefore, it can be inferred by 288 

combining FTIR and XPS analyses that iron oxyhydroxides exhibited the selective sorption and 289 

fractionation for HDOM, but the details of molecular fractionations need to be further 290 

characterized for the residue HDOM after sorption using FT-ICR MS. 291 

 292 

3.3. Molecular fractionation of HDOM induced by iron oxyhydroxides 293 

The remarkable advances in high-resolution mass spectrum make it possible to reveal the 294 

evolution of DOM composition at molecular level. In this study, we used FT-ICR MS to reveal the 295 

molecular fractionation of HDOM on the iron oxyhydroxides. By using H/C ratio and AI cutoffs, 296 

all the detected HDOM molecules presented in the van Krevelen diagram were divided into four 297 

groups: the aliphatic compounds (Group I), the highly unsaturated and phenolic compounds 298 

(Group II), the vascular plant-derived polyphenols (Group III), and the combustion-derived 299 

condensed polycyclic aromatics (Group IV) (Fig. 2). For the original HDOM, the highest 300 

proportion of the compounds was the highly unsaturated and phenolic compounds (74%), which 301 

significantly exceeded those of aliphatic compounds (16%), polyphenols (9%), and condensed 302 
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polycyclic aromatics (0.5%) (Fig. 2a). After adsorbed on ferrihydrite, nearly 70% of the total 303 

compounds disappeared in the residual HDOM, in which Group I, Group II, Group III, and Group 304 

IV accounted for 10%, 78%, 11%, and 0.3% of total adsorbed molecules, respectively (Figs. 2d 305 

and S7). However, only 27% and 58% of HDOM molecules were adsorbed by hematite and 306 

goethite, respectively. Meanwhile, the proportion of Group I in total adsorbed molecules by 307 

hematite and goethite were greatly higher than those of ferrihydrite (~19% vs 10%), but Group II 308 

and Group III was less adsorbed by hematite and goethite compared with ferrihydrite (~72% vs 309 

78% for Group II; ~8% vs 11% for Group III) (Figs. 2b, 2c and S7). These results indicated that 310 

the three iron oxyhydroxides exhibit variations in the adsorption fractionation of HDOM, which 311 

might mainly due to their different physicochemical properties. Amorphous ferrihydrite is 312 

dominated by (001/021)-like faces and possess large specific surface area and high singly 313 

coordinated surface hydroxy (≡FeOH) (Jambor and Dutrizac, 1998), while goethite is dominated 314 

by (110/100)-like faces contributes to triply coordinated (≡Fe3OH) surface hydroxyl. Previous 315 

study demonstrated that the singly coordinated (≡FeOH) groups exhibited a higher affinity to 316 

organic substances than the triply coordinated (≡Fe3OH) surface hydroxyls, leading to different 317 

molecular fractionation of HDOM on ferrihydrite and goethite (Liu et al., 2014). Hematite exhibits 318 

less surface adsorption sites, resulting in the weakest adsorption fractionation of HDOM. Such 319 

selective sorption of those unsaturated phenolic compounds, polyphenols, and organic acids with 320 

high O content in HDOM by iron oxyhydroxides further resulted in an increase in H/C, and 321 

decrease of molecular weight (MW), O/C, DBE, and NOSC of the residual HDOM in the solution 322 

(Table S6).  323 

In addition, van Krevelen plots of HDOM molecules in Figs. S8 and S9 showed the positive 324 

correlation between O number and DBE values for the iron oxyhydroxide-adsorbed molecules, 325 
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which manifested that the oxygen content and the unsaturation level of various compounds in 326 

HDOM might play important roles in governing HDOM adsorption behavior. Plots of DBE values 327 

versus O numbers in the molecular formulas of HDOM before and after adsorption on iron 328 

oxyhydroxides were therefore investigated (Fig. 3). Most of molecules in the original HDOM 329 

contained 3-20 oxygen atoms with DBE ranging from 1-25. Hematite represented little 330 

contribution to the adsorption of molecules with special oxygen number or DBE values (Fig. 3a), 331 

while these compounds with O atoms over 17 or DBE value above 22 basically disappeared in the 332 

residual HDOM after goethite sorption (Fig. 3b). In particular, almost all the compounds 333 

containing over 14 O atoms or with DBE values above 17 were adsorbed by ferrihydrite (Fig. 3c). 334 

All above results indicated that that the HDOM components with higher O contents and DBE 335 

values (e.g., carboxylic molecules) were preferentially adsorbed by iron oxyhydroxides. Therefore, 336 

COO-scale KMD analysis was employed to probe the roles of -COO groups in the adsorptive 337 

fractionation of HDOM on iron oxyhydroxide surface. The molecules which share the same KMD 338 

value are those in a COO homologous series or with an identical core structure. As shown in Figs. 339 

4a-c, the adsorption of specific molecules increased with the increase of COO number, which 340 

suggested that the molecules with more COO groups were preferentially adsorbed on iron 341 

oxyhydroxides. Particularly, ferrihydrite represented the most dominant adsorption for the 342 

molecules with higher MW and COO number. Such results suggested that the molecule acidity 343 

(e.g., COO groups) may control the DOM adsorptive fractionation on iron oxyhydroxides, possibly 344 

through the surface ligand exchange involving carboxylic groups. Similar phenomenon was also 345 

observed for the adsorption of soil organic matter on ferrihydrite and allophane (Ding et al., 2019; 346 

Lv et al., 2014). 347 

 348 
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3.4. Evolution in molecular toxicity transcriptomic fingerprints of HDOM induced by molecular 349 

fractionation 350 

Previous studies mainly investigated the molecular fractionation of DOM on iron 351 

oxyhydroxides (Liu et al., 2019; Lv et al., 2014; Wang et al., 2019; Ye et al., 2023), while its 352 

effects on biotoxicity evolution at genetic level has been neglected. TELI, a quantitative endpoint 353 

for toxicogenomics-based toxicity assay, was employed to investigate the genotoxicity of HDOM 354 

before and after adsorption on iron oxyhydroxides through various damage pathways (i.e., 355 

oxidative, protein, membrane, general, and DNA stresses) to microbial cells. As shown in Fig. 5, 356 

the altered gene expression induced by original HDOM and post-adsorption HDOM components 357 

exhibited completely different profiles. Overall, lots of gene expressions (e.g., gst, marR, flgM, 358 

ssrA, mutT, and nfo) induced by HDOM were changed by iron oxyhydroxide sorption as reflected 359 

by TELI heatmap (Fig. 5a). Based on statistical analysis, the total stresses were significantly 360 

induced by original HDOM (Fig. 5b), which was comparable to the heavy metals (e.g., Pb2+, Cu2+, 361 

and Ni2+), and organic pollutants (e.g., trichloroacetic acid, erythromycin, and bisphenol A) at 362 

similar concentration levels (Gou et al., 2011; Gou et al., 2010; Gou et al., 2014; Liu et al., 2023; 363 

Zheng et al., 2020), indicating the higher genotoxicity of original HDOM to microbes. The total 364 

stresses were also significantly induced by original HDOM molecules after hematite sorption, 365 

while HDOM molecules after goethite and ferrihydrite sorption made no significant genotoxicity 366 

to microbe (P < 0.05) (Fig. 5b). Subsequently, the transcriptional level response for each stress 367 

category was further quantified by calculating their individual TELI values. The results showed 368 

that all damage pathways were significantly induced by original HDOM, while iron oxyhydroxide 369 

sorption reduced the responses in oxidative, membrane, and DNA stresses. In detail, the original 370 

HDOM and HDOM after hematite sorption both exhibited significantly higher TELI values for 371 
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oxidative and membrane stress, while HDOM molecules after goethite and ferrihydrite sorption 372 

represent no obvious toxicity compared with the control group (Figs. 5c and e). Notably, there was 373 

no significant difference observed in protein and general stress between HDOM samples before 374 

and after sorption by iron oxyhydroxide (Figs. 5d and f), whereas, all iron oxyhydroxide sorption 375 

remarkably reduced DNA stress with P < 0.01 (Fig. 5g). 376 

To reveal genetic level information of oxidative, membrane, and DNA stresses induced by 377 

various HDOM samples before and after adsorption on iron oxyhydroxides, more in-depth 378 

examination of gene activities (TELIgene >1.5) for stress response pathways was conducted (Fig. 379 

S10). Fig. S10a showed the altered gene expression in selected oxidative stress biomarker genes, 380 

which are involved in defending against oxidative stress and scavenging intracellular oxidative 381 

radicals (e.g., •OH, O2
•- and 1O2) (Keseler et al., 2011). Genes (i.e., sodA, katE, and aphC) which 382 

contributed to the synthesis of enzymes converting superoxide radicals to water, scavenging H2O2, 383 

and quenching hydroperoxide, respectively, were all significantly upregulated when exposed to 384 

original HDOM. In addition, gst gene coding the synthesis of glutathione s-transferases which play 385 

an important role in detoxification by catalyzing the conjugation of many hydrophobic and 386 

electrophilic compounds with reduced glutathione (Hilliou et al., 2021), was also greatly 387 

upregulated by original HDOM (Fig. 5a). However, these genes were not activated or 388 

downregulated when exposure to HDOM after adsorption on iron oxyhydroxides (Figs. 5a and 389 

S10a). Similar phenomenon was also observed for DNA stress in which most of genes related with 390 

SOS response (e.g., recA), base excision repair (e.g., mutT and nfo), nucleotide excision repair 391 

(e.g., uvrA), mismatch repair (e.g., ssb), and double-strand break repair (e.g., recA and recN) were 392 

overexpressed by original HDOM, while none of them were activated when exposure to HDOM 393 

after adsorption on iron oxyhydroxides (Fig. S10b). Different from oxidative and DNA stresses, 394 
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membrane stress is less affected by adsorption of iron oxyhydroxides (Fig. S10c). Genes were 395 

classified into several subcategories based on the membrane structure and function, including 396 

energy (sdhC and cyoA), multidrug efflux (emrA, emrE, and marR), cell wall and membrane 397 

structure (san, bacA, and dacB), and flagella (motA and flgM). All these genes were upregulated 398 

by original HDOM, and many genes related to multidrug efflux and the cell membrane structure 399 

and envelope (e.g., emrA, emrE, san, bacA, and dacB) continuously kept activated by HDOM 400 

molecules after adsorption on iron oxyhydroxides, only genes connected with energy (sdhC and 401 

cyoA), and flagella (motA and flgM) were not activated when exposure to HDOM after adsorption 402 

on goethite and ferrihydrite. Additionally, ssrA gene related with the synthesis of specific proteases 403 

which responsible for degradation of organic compounds (Fritze et al., 2020), was greatly 404 

upregulated by original HDOM, while failed to be activated by HDOM molecules after adsorption 405 

on iron oxyhydroxides (Fig. 5a).  406 

 407 

3.5. Correlation between molecular fractionation and genotoxicity profiles of HDOM 408 

Spearman’s correlation between the FT-ICR MS molecular parameters and TELI values was 409 

conducted to reveal the effects of molecular fractionation on genotoxicity and ecological risks of 410 

HDOM. As showed in Fig. S11, the key molecular parameters (i.e., Mass, O/C, and DBE) were 411 

significantly positive with the values of TELItotal, TELIoxidative, TELImembrane, and TELIDNA (P < 412 

0.05), which indicated that the compounds with higher MW, O content, and unsaturated groups 413 

tended to induce genotoxicity including oxidative, membrane, and DNA stresses. HDOM 414 

molecules with higher MW, O content, and unsaturated groups mainly contained aromatic 415 

structures, hydroxy, and carboxyl, which could be classified into phenols, polyphenols, and 416 

organic acids (Ennis et al., 2012). Such molecules were reported to have higher affinity to lipid 417 
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compounds and higher biotoxicity to organisms (Hao et al., 2018). Therefore, when contacted with 418 

microbes, these HDOM molecules might adhere to bacterial surface or get inside cell, and induce 419 

the production of reactive oxygen species (e.g., •OH, O2
•- and 1O2) and trigger oxidative stress. 420 

The overproduction of reactive oxygen species could further attack cell membrane and even DNA 421 

chains, and consequently induced more serious membrane damage and DNA stress (Gou et al., 422 

2010; Gou et al., 2011; Liu et al., 2023). Compared with natural organic matters, HDOM had 423 

higher MW and DBE values (Table S7), and therefore exhibited a high potential genotoxicity to 424 

microbes (Fig. 5 and Table S8). Such results could explain why the selective adsorption of 425 

unsaturated phenolic compounds and polyphenols with high O content by iron oxyhydroxides 426 

significantly reduced the genotoxicity of HDOM (Figs. 2-5). Noticeably, the genotoxicity of 427 

HDOM was remarkably weaken after iron oxyhydroxide adsorption, indicating that these toxic 428 

compounds were retained in iron oxyhydroxides. As discussed above, such toxic compounds might 429 

adhere to bacterial surface or even get inside cell, and consequently result in the oxidative stress 430 

of microorganism (Fig. 5c), and the overproduction of ROS further induced more serious 431 

membrane stress and DNA damage which involve almost all the DNA repair pathways (e.g., base 432 

excision repair, excision repair, mismatch repair, double-strand break repair) (Figs. 5c-g and S10). 433 

Additionally, the increased possibility of base mismatch caused by multi-repair mechanisms might 434 

result in gene mutation and further increase the environmental risks (Garcia et al., 2020; Maiques 435 

et al., 2006). Therefore, selective adsorption of toxic chemicals by iron oxyhydroxides may change 436 

the microbial community of surrounding soil and even provide selective pressure to pathogens 437 

(Cheng et al., 2023), imposing a potential threat to soil ecosystems (Fig. 6). On the other hand, the 438 

remaining molecules with lower biotoxicity would flow into aquatic environments and can provide 439 

carbon source for microorganism growth, and thus affect microbial community structure and even 440 
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the ecological functions of aquatic ecosystems (Fig. 6). Furthermore, the variation of gene 441 

expressions (e.g., gst, marR, and ssrA) associated with detoxification and drug resistance induced 442 

by HDOM before and after iron oxyhydroxide sorption not only disturbed the microbial growth 443 

but also affected transformation of environmental pollutants, imposing a potential threat to 444 

terrestrial and aquatic ecological functions. Therefore, future studies are needed to study the 445 

ecological effects of HDOM to soil and water environments with consideration of the sorption by 446 

soil minerals especially for iron oxyhydroxides. 447 

 448 

4. Conclusions 449 

Hydrochar is a kind of functional material with application value in the field of soil remediation, 450 

yet the environmental process and potential risks of hydrochar-based DOM at molecular level at 451 

soil-water interface with consideration of soil minerals remain largely unknown. Using ESI-FT-452 

ICR MS and TELI-based toxicity assessment approach, this study addressed the sorption 453 

fractionation of HDOM on iron oxyhydroxides and its influence to genotoxicity evolution at 454 

molecular level. Results demonstrated that HDOM molecules with high MW and high contents of 455 

unsaturated oxidized or aromatic structures (e.g., unsaturated phenolic compounds, polyphenols, 456 

and organic acids) were preferentially absorbed by iron oxyhydroxides, while aliphatic molecules 457 

and poorly oxygenated compounds (e.g., hydrocarbon, phenols, and alcohols) were retained in 458 

water phase. Such selectively adsorption process further leaded to the mitigation of genotoxicity 459 

(especially for oxidative, membrane, and DNA stresses) in residual HDOM as confirmed by the 460 

decreased TELI values. Notably, poorly crystalline ferrihydrite exhibited more pronounced 461 

molecular fractionation and genotoxicity reduction of HDOM than did goethite or hematite. 462 

Overall, iron oxyhydroxides affect the distribution of HDOM molecules between soil and water 463 
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phase, which might potentially disturb the microbial community structure, transformation of 464 

environmental pollutants, and even the ecological function of both terrestrial and aquatic 465 

ecosystems through mediating genotoxicity evolution. Therefore, future studies are needed to 466 

study the ecological effects of HDOM to soil and water environments considering the sorption by 467 

iron oxyhydroxides and to optimize the hydrothermal carbonization operation for generating 468 

hydrochar with less toxicity. 469 
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Figure captions 656 

Fig. 1. (a) Adsorption isotherms of HDOM on hematite, goethite, and ferrihydrite (pH 6.5, 10 mM 657 

NaNO3). (b) SUVA254 of HDOM before and after sorption on hematite, goethite, and 658 

ferrihydrite. (c) FTIR spectra of three iron oxyhydroxides before and after HDOM sorption. 659 

(d) High-resolution of C1s spectrums with curve-fitting for original HDOM and iron 660 

oxyhydroxides-adsorbed HDOM components. Hematite/Goethite/Ferrihydrite-HDOM 661 

denote HDOM components adsorbed by hematite, goethite, and ferrihydrite, respectively. 662 

rHDOM- Hematite/Goethite/Ferrihydrite denote residual HDOM components after 663 

adsorption by hematite, goethite, and ferrihydrite, respectively. 664 

 665 

Fig. 2. van Krevelen (VK) diagrams revealed molecular composition of HDOM (a) before and 666 

after adsorption on (b) hematite, (c) goethite, (d) ferrihydrite, respectively. Four categories 667 

are divided by the aromaticity index (AI) and H/C cutoffs as follow: aliphatic compounds 668 

(Group I, 1.5 ≤ H/C ≤ 2.0), highly unsaturated and phenolic compounds (Group II, H/C 669 

< 1.5 and AI ≤ 0.50), vascular plant-derived polyphenols (Group III, 0.50 ≤ AI ≤ 0.66), 670 

and combustion-derived condensed polycyclic aromatics (Group IV, AI > 0.66). Color bar 671 

represents the relative abundance of molecules with % unit.  672 

 673 

Fig. 3. Plots of Double-bond equivalence (DBE) versus the number of O atoms in molecular 674 

formulas of HDOM after adsorption on (a) hematite, (b) goethite, and (c) ferrihydrite, 675 

respectively. The black hollow square represents the original HDOM molecules, and the blue, 676 

green, and red hollow circles represent the residual HDOM molecules after sorption by 677 
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hematite, goethite, and ferrihydrite, respectively. 678 

 679 

Fig. 4. Kendrick mass analysis of CHO molecules after sorption by (a) hematite, (b) goethite, and 680 

(c) ferrihydrite. Formulas that share the same KMD (COO) value are carboxylation homologs. 681 

The black hollow square represents the original HDOM molecules and the blue, green, and 682 

red hollow circles represent the residual HDOM molecules after sorption by hematite, 683 

goethite, and ferrihydrite, respectively. 684 

 685 

Fig. 5. Genotoxicity evolution of HDOM before and after sorption by three iron oxyhydroxides. 686 

(a) Heatmap of TELI value for each individual gene relative to the altered gene expression 687 

changes after exposure under original HDOM or the residual HDOM after adsorption by iron 688 

oxyhydroxides compared with untreated control. The X axis listed stress response categories 689 

and all selected genes (see Table S1 of the Supporting Information). The numbers from 1 to 690 

4 in Y axis represent origin HDOM and residual HDOM components after adsorption by 691 

hematite, goethite, and ferrihydrite, respectively. The concentrations of all sample were 10 692 

mg-C/L. TELI values for different stress functional categories including (b) total stress, (c) 693 

oxidative stress, (d) protein stress, (e) membrane stress, (f) general stress and (g) DNA stress. 694 

Different letters on columns displayed a significant difference based on the least significant 695 

difference (LSD) (P < 0.05). 696 

Fig. 6. Proposed schematic for the genotoxicity evolution of HDOM induced by molecular 697 

fractionation at soil-water interface. H, G, and F represent hematite, goethite, and ferrihydrite, 698 

respectively.699 
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 711 

Fig. 1. (a) Adsorption isotherms of HDOM on hematite, goethite, and ferrihydrite (pH 6.5, 10 mM 712 

NaNO3). (b) SUVA254 of HDOM before and after sorption on hematite, goethite, and ferrihydrite. 713 

(c) FTIR spectra of three iron oxyhydroxides before and after HDOM sorption. (d) High-resolution 714 

of C1s spectrums with curve-fitting for original HDOM and iron oxyhydroxides-adsorbed HDOM 715 

components. Hematite/Goethite/Ferrihydrite-HDOM denote HDOM components adsorbed by 716 

hematite, goethite, and ferrihydrite, respectively. rHDOM- Hematite/Goethite/Ferrihydrite denote 717 

residual HDOM components after adsorption by hematite, goethite, and ferrihydrite, respectively. 718 
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 730 

Fig. 2. van Krevelen (VK) diagrams revealed molecular composition of HDOM (a) before and 731 

after adsorption on (b) hematite, (c) goethite, (d) ferrihydrite, respectively. Four categories are 732 

divided by the aromaticity index (AI) and H/C cutoffs as follow: aliphatic compounds (Group I, 733 

1.5 ≤ H/C ≤ 2.0), highly unsaturated and phenolic compounds (Group II, H/C < 1.5 and AI 734 

≤ 0.50), vascular plant-derived polyphenols (Group III, 0.50 ≤ AI ≤ 0.66), and combustion-735 

derived condensed polycyclic aromatics (Group IV, AI > 0.66). Color bar represents the relative 736 

abundance of molecules with % unit.  737 
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Fig. 3. Plots of Double-bond equivalence (DBE) versus the number of O atoms in molecular 756 

formulas of HDOM after adsorption on (a) hematite, (b) goethite, and (c) ferrihydrite, respectively. 757 

The black hollow square represents the original HDOM molecules, and the blue, green, and red 758 

hollow circles represent the residual HDOM molecules after sorption by hematite, goethite, and 759 

ferrihydrite, respectively. 760 
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Fig. 4. Kendrick mass analysis of CHO molecules after sorption by (a) hematite, (b) goethite, and (c) ferrihydrite. Formulas that share 771 

the same KMD (COO) value are carboxylation homologs. The black hollow square represents the original HDOM molecules and the 772 

blue, green, and red hollow circles represent the residual HDOM molecules after sorption by hematite, goethite, and ferrihydrite, 773 

respectively. 774 
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Fig. 5. Genotoxicity evolution of HDOM before and after sorption by three iron oxyhydroxides. 787 

(a) Heatmap of TELI value for each individual gene relative to the altered gene expression changes 788 

after exposure under original HDOM or the residual HDOM after adsorption by iron 789 

oxyhydroxides compared with untreated control. The X axis listed stress response categories and 790 

all selected genes (see Table S1 of the Supporting Information). The numbers from 1 to 4 in Y axis 791 

represent origin HDOM and residual HDOM components after adsorption by hematite, goethite, 792 

and ferrihydrite, respectively. The concentrations of all sample were 10 mg-C/L. TELI values for 793 

different stress functional categories including (b) total stress, (c) oxidative stress, (d) protein stress, 794 

(e) membrane stress, (f) general stress and (g) DNA stress. Different letters on columns displayed 795 

a significant difference based on the least significant difference (LSD) (P < 0.05).  796 
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Fig. 6. Proposed schematic for the genotoxicity evolution of HDOM induced by molecular 806 

fractionation at soil-water interface. H, G, and F represent hematite, goethite, and ferrihydrite, 807 

respectively. 808 


