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Abstract

:

Water transports organic matter through soils, where mineral-organic associations form to retain dissolved organic matter (“DOM”), influencing terrestrial carbon cycling, nutrient availability for plant growth, and other soil organic matter functions. We combined Fourier transform ion cyclotron resonance mass spectrometry with novel data analysis techniques to examine the role of sorptive fractionation in the associations between Fe(III)-montmorillonite and DOM from composted biosolids (“anthropogenic DOM”). To examine the influence of DOM composition on sorption and sorptive fractionation, we used resin-based separation to produce DOM subsamples with different molecular compositions and chemical properties. A large proportion (45 to 64%) of the initial carbon in every DOM solution sorbed to the Fe(III)-montmorillonite. However, when the compositions of the initial solutions were compared to the sorbed organic matter, the computed changes in composition were lower (10 to 32%). In fact, non-selective sorption was more important than selective sorption in every sample, except for the hydrophilic neutral (HiN) fraction, where high nitrogen content and acidic conditions appeared to enhance sorptive fractionation. The results from this study demonstrate that the importance of sorptive fractionation varies with DOM composition and other factors, and that non-selective sorption can contribute substantially to the formation of mineral-organic associations.
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1. Introduction


Soils are composed of mineral matter, natural organic matter, and voids that are filled with air, water, or both. Soil constituents are transformed under the influence of biota, climate, topography, and other factors to produce cohesive aggregates of soil materials, a range of chemical environments (e.g., reducing and oxidizing) [1,2], and diverse microenvironments teeming with life. Soils have been called the most complicated biomaterial on Earth, and are heterogeneous across all measured scales, from nm to km [3]. Soils contain far more carbon than vegetation and the atmosphere combined [4], evidencing both that carbon turnover times in soils are relatively long, and that soil organic matter plays a key role in terrestrial carbon cycling. Other important soil organic matter functions include increasing water retention, improving soil structure and aeration, providing nutrients for plant growth, and sequestering contaminants [5,6].



The natural organic matter in soils is derived primarily from plants and microbes [7,8]. Biotic and abiotic processes transform the precursor molecules to various degrees, producing an extremely complex mixture of organic molecules with almost a continuous range of properties and reactivities [9]. Natural organic matter is most abundant in litter layers and upper mineral horizons, and is transported to subsoils in water as dissolved molecules and fine suspended colloids (collectively, “dissolved organic matter” or “DOM”) [10,11]. DOM concentrations decrease with depth due to degradation and the formation of mineral-organic associations [12,13,14]. As a result, most of the DOM produced in terrestrial ecosystems is mineralized or retained in soils [10].



Mineral-organic associations comprise organic matter that is sorbed to minerals or trapped in micro-aggregates [12,13] and co-precipitates [15,16]. The amount of organic matter in such associations varies among soil types, and even among horizons within the same soil [12]. Because mineral-organic associations account for up to 91% of total soil carbon, and have carbon turnover times that average four times longer than free or occluded organic matter [13], a comprehensive understanding of the formation and chemical composition of mineral-organic associations would provide important insights into many soil organic matter functions.



According to the zonal model proposed by Kleber et al. [17], organic matter self-assembles on mineral surfaces in a sequence composed of a “contact zone” at the mineral surface, a “hydrophobic zone” in the middle, and a “kinetic zone” at the organic matter-solution interface where organic matter is loosely retained and exchangeable. This implies that mineral-organic associations include a range of chemical and physical interactions that are not confined to mineral surfaces. In support of this model, Solomon et al. [18] observed a wide range of organic carbon functionalities and inorganic components at the organo-mineral interface, and carbon repository zones that were spatially and compositionally distinct, when examining mineral-organic associations with synchrotron-based scanning x-ray transmission microscopy coupled to near edge x-ray absorption fine structure spectroscopy (STXM-NEXAFS). They suggested that no single binding mechanism could explain mineral-organic associations. Similarly, the combination of chemical force spectroscopy with Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has revealed that different DOM components adhere to iron oxide surfaces with different strengths [19]. Also, Comprehensive Multiphase nuclear magnetic resonance (NMR) spectroscopy has demonstrated that soil organic matter includes a rigid, hydrophobic interior and a gel-like, hydrated exterior [20]. Finally, nano-scale secondary ion mass spectrometry (NanoSIMS) has shown that new organic matter preferentially attaches to pre-existing mineral-organic associations [21].



On the other hand, carbon accumulation in soils is limited [22,23], and numerous studies have reported the selective fractionation of natural organic matter during sorption to metal oxides and clay minerals [24,25,26,27]. This implies that the formation and the chemical composition of mineral-organic associations are influenced by interactions between mineral surfaces and specific DOM components. Recently, Fleury et al. [28] used high resolution Orbitrap mass spectrometry (MS) with batch-equilibrium sorption experiments to examine the selective fractionation of DOM by alumina (an aluminum oxide) and kaolinite (a 1:1 clay with permanently non-charged surfaces). They demonstrated that sorptive fractionation was mineral type-dependent. Specifically, the kaolinite exhibited weak selectivity, which the authors attributed to nonselective hydrogen bonding, and the alumina exhibited strong selectivity for polycyclic aromatic and oxygen-rich compounds, which they attributed to hydrophobic effects and ligand exchange reactions. Similarly, Lv et al. [29] used FT-ICR MS with batch-equilibrium sorption experiments to examine the sorptive fractionation of peat leachates by iron oxides. They observed comparatively weak sorptive fractionation by goethite and lepidocrocite, and strong sorptive fractionation by ferrihydrite, including the preferential sorption of DOM constituents with high O/C ratios, high double-bond equivalent (DBE) values, and low H/C ratios. Finally, Avneri-Katz et al. [30] used FT-ICR MS, resin fractionation, and batch-equilibrium sorption experiments to examine the sorptive fractionation of DOM from composted biosolids by a mineral soil, and demonstrated that sorptive fractionation was concentration-dependent. Specifically, unsaturated, oxygen-rich DOM components preferentially sorbed to the mineral soil, and selectivity decreased with increasing concentration.



The objective of this study was to examine the role of sorptive fractionation in associations between DOM from composted biosolids (hereafter, “anthropogenic DOM”) and Fe(III)-montmorillonite, a 2:1 clay with permanently charged surfaces. FT-ICR MS simultaneously resolves and determines the molecular formulas of thousands of constituents per sample, thus permitting a molecular-level qualitative examination of the differences in complex mixtures such as DOM [31]. We combined FT-ICR MS with novel data analysis techniques to compare the compositions of DOM with the compositions of organic matter sorbed during batch-equilibrium experiments. To examine the influence of DOM composition, we used resin-based separation to produce DOM subsamples with different molecular compositions and chemical properties, separated by hydrophobicity and acidity, and compared the sorption and sorptive fractionation of each structural fraction. We hypothesized that the amount of sorbed organic carbon, and the strength of sorptive fractionation, would depend on the composition of the initial DOM solutions. In particular, we expected the hydrophobic acid (HoA) fraction, which generally contains high carboxyl content [32,33], to sorb most due to the potential for cation bridging and ligand exchange interactions [34,35]. We also expected the samples with the greatest proportion of aromatic and oxygen-rich DOM components to fractionate most. Finally, we hypothesized that the sorbed organic matter would be similar in every experiment due to sorptive fractionation, notwithstanding substantial differences among the initial DOM solutions.




2. Materials and Methods


2.1. Sorbent Preparation


Wyoming Na+-montmorillonite (SWy, cation exchange capacity = 76.4 meq/100 g) was obtained from the Clay Minerals Society (Chantilly, VA, USA). The <2 µm fraction of SWy was collected by sedimentation with deionized water and enriched with Fe(III), as described by Olshansky et al. [36]. In brief, 6 g aliquots of the <2 µm SWy fraction were agitated with 180 mL of 0.3 M FeCl3 for 2 h at 200 rpm. Next, the SWy was centrifuged at 15,000 g for 10 min, the supernatant was discarded, and the wash procedure was repeated with a fresh FeCl3 solution. After four sequential washes, the Fe-enriched SWy fraction (Fe(III)-montmorillonite) was dialyzed against deionized water in 12–14 K molecular weight cut-off dialysis bags (Medicell International LTD., London, UK) until the dialysate’s electrical conductivity and chloride concentration were negligible. The pH of the Fe(III)-montmorillonite suspensions was approximately 3.5, limiting the formation of a separate iron oxide mineral phase [37,38]. After preparation, the Fe(III)-montmorillonite was freeze dried and stored in a desiccator.




2.2. DOM Extraction and Fractionation


Structural fractions of the anthropogenic DOM were prepared as described by Avneri-Katz et al. [30]. In brief, DOM was extracted from commercially available composted biosolids (Kfar Menachem, Dlila Facility, Israel; 50% sewage sludge, 50% tree clippings) by overnight agitation at 200 rpm with a 1:10 (w:v) compost to water ratio. The tree clippings are a carbon source [39], and a bulking agent that absorbs moisture and improves aeration during composting [40].The resulting suspension was centrifuged at 17,000 g for 20 min and filtered through a 0.45 μm Acrodisc Supor membrane (PALL Corp., Ann Arbor, MI, USA). A portion of the resulting anthropogenic DOM was freeze-dried and stored in a desiccator for comparison with the structural fractions.



To produce the structural fractions, the remaining anthropogenic DOM was acidified to pH 3 with 6 M HCl and loaded onto a glass column containing Supelite DAX-8 resin (Supelco, Bellefonte, PA, USA), which selectively retains the hydrophobic fraction [32,41]. The hydrophobic acid (HoA) fraction was recovered from the DAX-8 resin with 0.1 M NaOH, and the hydrophobic neutral (HoN) fraction was recovered by Soxhlet extraction with methanol for 24 h. The HoN fraction was not recovered in sufficient quantities for replicate experiments. The unretained hydrophilic fraction was loaded sequentially onto glass columns containing cation-exchange (Amberlyst® 15) and anion-exchange (Amberlyst® A21) resins to retain the hydrophilic base (HiB) and hydrophilic acid (HiA) fractions, which could not be recovered in sufficient quantities for further experimentation. The unretained eluent comprised the neutral (HiN) fraction. After preparation, all of the recovered structural fractions were freeze-dried and stored in a desiccator.




2.3. Sorption Experiments


To examine the influence of DOM composition on sorption and sorptive fractionation, batch-equilibrium sorption experiments were conducted using the Fe(III)-montmorillonite, DOM structural fractions, and unfractionated anthropogenic DOM.



To prepare DOM solutions for the sorption experiments, the freeze-dried DOM extracts were dissolved in a background solution prepared with DDW and chloride salts (cations = Ca, K, Mg, and Na, I = 2 mM) to simulate the ionic strength and composition of the original extract from composted biosolids. Prior to DOM addition, the Fe(III)-montmorillonite was agitated in the same background solution at a suspension concentration of 15 g L−1 for 2 h at 200 rpm. Next, the DOM solutions were added to the Fe(III)-montmorillonite suspension to produce 3 g L−1 clay suspensions with the initial organic C concentrations presented in Table 1. The pH of the resulting samples was approximately 3.5. The resulting samples were agitated at 200 rpm for 48 h at 25 °C, based on preliminary kinetics experiments. After equilibration, the samples were centrifuged at 17,000 g for 10 min, and the supernatants were decanted. Following sedimentation, the Fe(III)-montmorillonite samples were washed with DDW to remove unbound DOM, and the sorbed organic matter was extracted from the mineral-organic associations by agitation with 0.1 M NaOH at a suspension concentration of 15 g L−1 for 2 h at 200 rpm. The resulting extracts (each, a “sorbed OM extract”) were filtered through a 0.45-μm filter, and were loaded onto a cation-exchange resin (Amberlyst 15), activated with hydrochloric acid (H+), to remove excess sodium.



The original DOM solutions and the sorbed OM extracts were examined by total organic carbon (TOC) analysis (VCPH model TOC analyzer, Shimadzu Scientific Instruments, Kyoto, Japan) to determine the masses and the proportions of organic carbon that sorbed to the Fe(III)-montmorillonite during the batch-equilibrium experiments (Table 1). The samples were also analyzed by FT-ICR MS to examine their compositions before and after sorption.




2.4. FT-ICR MS Analysis


2.4.1. Sample Preparation


All of the samples were prepared for FT-ICR MS analysis by solid phase extraction (SPE) following the procedure described by Dittmar et al. [42] and Li et al. [43], with some modifications. In brief, 1 g, 6 mL Bond Elut PPL cartridges (Agilent Technologies, Santa Clara, CA, USA) were conditioned with 18 mL of HPLC grade methanol (Sigma-Aldrich, Rehovot, Israel), followed by 30 mL of 0.01 M HCl. Each DOM sample was acidified to pH ~2.5, and loaded onto the SPE cartridges at masses ≤10 mg C. Following sample loading, the SPE cartridges were washed with 12 mL of 0.01 M HCl and dried under N2 for 3–5 min. Next, the DOM was eluted with 2 mL of HPLC grade methanol, freeze-dried, and stored in a desiccator. Immediately prior to analysis, the freeze-dried DOM samples were dissolved in a 50:50 (v/v) HPLC grade methanol:DDW solution containing 1% (by volume) NH4OH to enhance the deprotonation of acidic species for negative ion mode electrospray ionization (ESI−).




2.4.2. Instrumental Analysis


The samples were analyzed with a custom-built passively shielded 9.4 T FT-ICR mass spectrometer [44], equipped with a modular software package for data acquisition (Predator) [45]. Negative ions were generated at atmospheric pressure and were transferred into the mass spectrometer by a tube lens/skimmer at 250 V. The ions were accumulated in an RF-only external quadrupole [46], passed through a mass resolving RF-only quadrupole, and collisionally cooled with helium gas (∼3.5 × 10−6 Torr) before transfer by octupole ion guides with capacitively coupled excitation electrodes into a seven-segment cylindrical cell [47,48]. A broadband frequency-sweep (“chirp”) excitation (∼70 to 720 kHz, 50 Hz/μs sweep rate, 350 Vp-p amplitude) was used for detection. For each sample, 100 time domain transients were coadded, zero-filled, apodized, fast Fourier transformed, and phase-corrected to yield an absorption-mode mass spectrum [49]. The ICR frequencies were converted to m/z using a two-term calibration equation based on quadrupolar trapping potential approximation [50,51]. Peak lists were constructed from peaks of magnitude at least six times greater than the standard deviation of the baseline noise (6σ). Next, the spectra were internally calibrated by a “walking” calibration using the most abundant homologous ion series [52].




2.4.3. Data Analysis


Custom software (PetroOrg©) was used for additional calibration and elemental composition assignment [53]. The m/z values were converted to the Kendrick mass scale [54], assigned an elemental composition (C1-100 H4-200 N0-5 O0-20 S0-1), and grouped by heteroatom class (OoNnSs) [55]. For each elemental composition, a modified aromaticity index (ModAI) was computed according to Koch and Dittmar [56]. To compare the structural fractions by composition, principal component analysis was performed on selected categories of the FT-ICR MS data using R software (version 3.4.0) [57] and the FactoMineR package [58].






3. Results


3.1. Sorption by Mass


The amounts and proportions of organic carbon that sorbed to the Fe(III)-montmorillonite are presented in Table 1. The original anthropogenic DOM (54 mg C L−1) and original HoA fraction (55 mg C L−1) contained more organic carbon than the original HoN fraction (39 mg C L−1), and more than 3.5 times the organic carbon in the original HiN fraction (14 mg C L−1). The proportions of organic carbon that sorbed to the Fe(III)-montmorillonite, ordered from most to least, were: HoA fraction (64 ± 3%) > HoN fraction (58%) > anthropogenic DOM (54 ± 2%) > HiN fraction (45 ± 4%). The HiN fraction appeared to exhibit unique sorption behavior, because the amount of sorbed organic matter (mg C/g clay) is usually a linear or decreasing function of DOM concentration (mg C L−1), but the HiN fraction sorbed least on a proportionate basis (45 ± 4%) with the lowest concentration (14 mg C L−1).




3.2. Presence of “Surfactant-Like” Peaks


When the composition of the original and sorbed organic matter samples were examined by FT-ICR MS, several series of “surfactant-like” peaks were evident. Using the Kendrick mass scale [54,55], which assigns the same Kendrick mass defect (KMD) to groups of molecules that differ in elemental composition only by one or more −CH2− groups (i.e., by alkyl chain length), several sulfur-containing Kendrick series were identified. The surfactant-like series were present in all of the samples, but much less abundant in the sorbed OM extracts (e.g., Supplementary Materials Figure S1). This suggested both that the surfactant-like series were not preferentially sorbed, and that their presence was not caused by laboratory contamination. When the surfactant-like series were highly abundant, ion suppression limited the number of other peaks that could be detected and assigned elemental compositions. As a result, fewer formulas were assigned to the original DOM solutions than their sorbed OM extracts. This was particularly evident in the HoA fraction, when the surfactant-like series were especially abundant.




3.3. Composition-Dependent Sorptive Fractionation


To examine composition-dependent sorptive fractionation, we used FT-ICR MS to identify the formulas that were present both in the original DOM solution and its corresponding sorbed OM extract, and then normalized them to 100% in each sample (hereafter, “Common Formulas”). Formulas that were unique to the original DOM solution or its corresponding sorbed OM extract, due to differences in ion suppression or any other cause, were excluded to ensure that changes in percent abundance were attributable to sorption, and not to differences in the number of assigned formulas. The surfactant-like series were excluded from both samples because they were highly abundant in the original DOM solutions, and much less abundant in the sorbed OM extracts. Without exclusion, they would have dominated the composition of the original DOM solutions, and would have caused the abundances of most other DOM components to appear enhanced in the sorbed OM extracts, masking their sorption behavior relative to each other. The sorption behavior of the surfactant-like series was clear: they tended to remain in solution.



For each sample, the median, mean, and standard deviation of the absolute errors (ppm) of the Common Formula assignments are set forth in Supplementary Materials Table S1. No Common Formula assignment had an absolute error greater than 1 ppm, and no sample had a mean absolute error greater than 0.07 ppm. Except for the HiN fraction (87%), more than 98% of the formulas identified in the original DOM solutions were also identified in their respective sorbed OM extracts. This indicated that the formula assignments for relatively abundant, “unsuppressed” peaks were reproducible, and that most of the identified components in the original DOM solutions were sorbed to the Fe(III)-montmorillonite, at least to some extent. These percentages, like the TOC analysis, suggested that the HiN fraction exhibited unique sorption behavior.



3.3.1. Composition of the Structural Fractions


The van Krevelen diagrams (H/C vs. O/C) in Figure 1 demonstrate that resin-based fractionation produced structural fractions with different molecular compositions, including different relative abundances in the same plot regions. To highlight the Common Formulas that contributed most to the composition of each original sample, the Common Formulas were ranked from most to least abundant and divided into quartiles. The “Top 25%” (dark blue in Figure 1), totaling ~25% of the sample’s cumulative abundance, comprised the most abundant Common Formulas. The “Bottom 25%” (light green in Figure 1), also totaling ~25% of the sample’s cumulative abundance, comprised the least abundant Common Formulas. Viewed differently, the Top 25% comprised the smallest proportion, and the Bottom 25% comprised the largest proportion, of the total number of Common Formulas in each sample (Supplementary Materials Figure S2). All of the Common Formulas with a ModAI > 0.5 were designated aromatic (AROM) in accordance with Koch and Dittmar [56], and all of the formulas with H/C ratios ≥ 1.5 were designated aliphatic (ALIPH), in accordance with Lv et al. [29] and D’Andrilli et al. [59]. Among the structural fractions, the area of greatest abundance (dark blue in Figure 1) varied, notwithstanding substantial overlap in the center of the van Krevelen diagrams.



To examine the composition of the structural fractions in greater detail, we divided the van Krevelen diagrams into nine discreet regions, illustrated in Supplementary Materials Figure S3, and performed a principal component analysis (PCA) using the samples’ cumulative percent abundance in each region (Supplementary Materials Table S2). Specifically, the van Krevelen diagram was divided into aliphatic (ALIPH), aromatic (AROM), and mid saturation (MS) regions, and these regions were subdivided by the degree of oxygenation (“LO” = low oxygen content, O/C ≤ 0.3; “MO” = mid oxygen content, 0.3 < O/C ≤ 0.6; “HO” = high oxygen content, O/C > 0.6). These categories were created to avoid describing regions of the van Krevelen diagram with reference to lignin, polyphenols and other biomolecules, which can overlap in the same van Krevelen plot region [60,61] and which can become attenuated beyond recognition in natural organic matter [62].



According to the PCA (Figure 2), the HoA fraction and the anthropogenic DOM separated from the HiN and HoN fractions along the first principal component (“Dim 1”, x axis), primarily because the former group had greater aromatic and MS-HO content, and because the latter group had greater aliphatic content. Along the second principal component (“Dim 2”, y axis), the HoN fraction separated from the HiN fraction primarily because the HoN fraction had greater ALIPH-LO and MS-LO content, and because the HiN fraction had greater ALIPH-HO content. The same observations were evident when the cumulative percent abundances of the structural fractions were quantified relative to the anthropogenic DOM in each van Krevelen plot region (Supplementary Materials Figure S4). The HoA fraction did not separate from the anthropogenic DOM in the PCA plots, and differed little from the anthropogenic DOM in Supplementary Materials Figure S4, because their Common Formulas were similarly distributed across the van Krevelen plot regions.



When the Common Formulas from each structural fraction were compared, 5375 Common Formulas were unique to one structural fraction, 1932 Common Formulas were detected in two of the three structural fractions, and 1283 Common Formulas were detected in all three structural fractions (Supplementary Materials Figure S5). Many of the 1283 Common Formulas that were detected in every structural fraction were abundant in the original, unfractionated anthropogenic DOM sample, suggesting that their structural fractionation was incomplete. For example, 319 Common Formulas composed the Top 25% of the original, unfractionated anthropogenic DOM sample, and 301 of them were detected in every structural fraction. Only 155 Common Formulas were unique to the HoA fraction, presumably because the surfactant-like series suppressed and obscured its low abundance peaks, which were most likely to be completely fractionated.



The structural fractions also differed in elemental composition (Supplementary Materials Table S3). The anthropogenic DOM contained elemental classes in the following order of abundance: CHNO (45.6%) > CHO (27.7%) > CHNOS (16.1%) > CHOS (10.6%). Relative to the anthropogenic DOM, the HoA fraction contained less N content (−10.0%), more CHO content (+7.5%), and more CHOS content (+2.5%), presumably because many sulfur-containing surfactant-like compounds were concentrated in the HoA fraction, notwithstanding the removal of the excluded surfactant-like series (as described in Section 3.3). The HiN fraction contained much more CHNO content (+30.1%), and very little CHOS content (1.4%), when compared to the anthropogenic DOM. Finally, the HoN fraction contained much more CHO content (+21.0%), and much less N content (−30.2%), than the anthropogenic DOM.




3.3.2. Sorptive Fractionation


To identify the occurrence of sorptive fractionation, we subtracted the percent abundance of each Common Formula in the sorbed OM extract from its percent abundance in the original DOM solution. A negative result indicated that sorption was favored, and a positive result indicated that sorption was disfavored. Next, we created a seven-category scale (“Most Sorbed” to “Most Unbound”) to describe the degree of sorptive fractionation by the magnitude of the difference in percent abundance (Figure 3). The magnitudes of the individual changes were small, because the total abundance of 100% was divided among thousands of formulas, but the negative and positive results could be summed separately to determine the cumulative compositional changes in each structural fraction (Figure 4a). These cumulative compositional changes were ordered as follows: 32% (HiN fraction) > 18% (HoN fraction) > 14% (HoA fraction) > 10% (anthropogenic DOM).



When the sorption categories were plotted in van Krevelen diagrams (Figure 3), the patterns of sorptive fractionation were apparent. For example, every sample contained ionizable aromatic and oxygen-rich components that preferentially sorbed to the Fe(III)-montmorillonite. To examine the sorptive fractionation in greater detail, the cumulative changes in each sorption category were divided into elemental compositions (Figure 4b) and van Krevelen plot regions (Figure 5).



In every sample, the ionizable CHO content preferentially sorbed to the Fe(III)-montmorillonite, and the ionizable sulfur-containing content (CHOS and CHNOS) preferentially remained in solution. In contrast, the ionizable CHNO content exhibited variable sorption behavior. In the HiN fraction, where the CHNO content was greatest (75.8%), the CHNO component mostly remained in solution. In the HoA fraction and anthropogenic DOM, where the sulfur-containing content was greatest, the CHNO component mostly sorbed to the Fe(III)-montmorillonite.



When the sorption categories were examined by van Krevelen plot region, the aromatic and MS-HO regions of every sample, and the ALIPH-LO region of the HiN fraction, mostly sorbed to the Fe(III)-montmorillonite. The other plot regions often split with respect to sorption preference, suggesting heterogeneity within the same plot region. For example, the ALIPH-LO and ALIPH-MO content of the HoN fraction were almost evenly split between “Sorbed” and “Unbound”.



To examine the interactions between elemental composition and van Krevelen plot region in greater detail, the van Krevelen diagrams in Figure 3 were subdivided by elemental composition (Supplementary Materials Figures S6 through S9). The resulting figures suggest that the heterogeneity in the van Krevelen plot regions was primarily driven by elemental composition. For example, in the aliphatic region of the HiN fraction, where the sulfur-containing content was the lowest, the ionizable CHO content preferentially sorbed to the Fe(III)-montmorillonite, and the ionizable CHNO content tended to remain in solution. Alternatively, in the aliphatic region of the HoN fraction, where the CHNO content was the lowest, the ionizable CHO content preferentially sorbed to the Fe(III)-montmorillonite, and the ionizable sulfur-containing content tended to remain in solution.



During the formula assignment, the maximum number of sulfur atoms was one (1), and the maximum number of nitrogen atoms was five (5). To examine the influence of the number of nitrogen atoms on sorption behavior, the ionizable CHNO content in every sample was subdivided by sorption behavior and the number of nitrogen atoms (Figure 6). In almost every case, preferential sorption to the Fe(III)-montmorillonite decreased as the number of nitrogen atoms increased. This behavior was especially prominent in the HiN fraction, which contained the greatest CHNO content (75.8%) and the lowest sulfur-containing content (6.4%). To examine the influence of the number of oxygen atoms on this behavior, the ionizable CHNO content in the HiN fraction was further subdivided by the number of oxygen atoms (Supplementary Materials Figure S10). When the number of nitrogen atoms exceeded one (1), the ionizable CHNO content in the HiN fraction tended to remain in solution, regardless of oxygen content. In contrast, when the number of nitrogen atoms was equal to one (1), the ionizable CHNO content tended to remain in solution when the number of oxygen atoms was less than or equal to six (6), and preferentially sorbed to the Fe(III)-montmorillonite when the number of oxygen atoms was greater than six (6).






4. Discussion


4.1. Composition-Dependent Sorption


According to the TOC data (Table 1), each structural fraction sorbed to the Fe(III)-montmorillonite to a different extent, supporting our hypothesis that the amount of sorbed organic carbon would depend on the composition of the initial DOM solutions. More specifically, 45 to 64% of the initial organic carbon in every sample sorbed to the Fe(III)-montmorillonite. As expected, the HoA fraction sorbed most (64%), presumably due to its high carboxyl content [32,33], the potential for limited ferrihydrite formation [63], the potential for cation bridging and ligand exchange interactions [34,35], and the acidic conditions of the experiments [64].




4.2. Composition-Dependent Sorptive Fractionation


Two findings were required to demonstrate that DOM composition influenced sorptive fractionation by Fe(III)-montmorillonite: (1) the compositions of the original structural fractions had to be different; and, (2) sorptive fractionation had to vary among the structural fractions.



The structural fractions did exhibit unique molecular compositions (Figure 1), even though the anthropogenic DOM was not completely fractionated (Supplementary Materials Figure S5). For example, the anthropogenic DOM and the HoA fraction had greater aromatic and MS-HO content, and the HiN and HoN fractions had greater aliphatic content (Figure 2). Alternatively, from the perspective of elemental composition, the HoN fraction contained the highest CHO content (48.7%) and the lowest CHNO content (24.6%), while the HiN fraction contained the highest CHNO content (75.8%) and the lowest CHO content (17.8%) (Supplementary Materials Table S3).



Sorptive fractionation is evidenced by changes in composition that occur during sorption. If the composition of the sorbed organic matter differs from the composition of the original DOM solution, then sorptive fractionation has occurred. If its composition is considerably different, then strong sorptive fractionation has occurred.



In this study, a major challenge was to characterize the changes in composition when surfactant-like peaks, which are common to sewage treatment wastewater and biosolids [65,66,67,68], suppressed the ionization of constituents in the original DOM solutions. We excluded the surfactant-like series, and focused on the relative abundances of DOM constituents that were both sorbed to the Fe(III)-montmorillonite and present in the original DOM solutions, where most of the ion suppression was occurring. Using this approach, we could not examine every DOM component that sorbed to the Fe(III)-montmorillonite, but we did characterize changes in the abundances of 87 to 99% of the constituents that were identified in the original DOM solutions. These compositional changes are illustrated in Figure 3 and quantified, as much as possible, in Figure 4a. Using this approach, every sample exhibited sorptive fractionation, and the degree of sorptive fractionation varied, supporting our hypothesis that the strength of sorptive fractionation would depend on the composition of the initial DOM solutions.



On the other hand, Figure 2 illustrates that the sorbed organic matter in every experiment resembled the DOM solution from which it came more than it resembled the sorbed organic matter from the other experiments. This contradicts our hypothesis that all of the sorbed organic matter would be similar due to sorptive fractionation, and suggests that most DOM can be retained in mineral-organic associations, subject to changes in environmental conditions [13,69].




4.3. The Influence of Aromaticity, Oxygen Content, and Nitrogen Content on Sorptive Fractionation


Every sample contained ionizable aromatic and oxygen-rich components that preferentially sorbed to the Fe(III)-montmorillonite (Figure 3), as in previous studies [28,29,30]. However, those constituents did not determine the strength of sorptive fractionation, contrary to expectations. The greatest compositional change occurred in the HiN fraction (32%), which had low aromatic (1.7%) and MS-HO content (9.0%), and the smallest compositional change occurred in the anthropogenic DOM (10%), which had high aromatic (19.2%) and MS-HO (22.8%) content.



The HiN fraction contained the highest CHNO content (75.8%), which exhibited more sorptive fractionation than any other elemental composition (Figure 4; Supplementary Materials Figures S6 through S9). The HiN fraction also contained the highest ALIPH-MO (35.0%) and ALIPH-HO (15.9%) content, and the lowest aromatic content (1.7%). Aliphatic constituents with more than one nitrogen tended to remain in solution (Figure 6), and aliphatic constituents with one nitrogen split according to the number of oxygens. If the number of oxygens was greater than 6, then the aliphatic constituents preferentially sorbed to the Fe(III)-montmorillonite. Otherwise, the aliphatic constituents tended to remain in solution. We suggest that the strong sorptive fractionation of the HiN fraction was caused primarily by nitrogen-rich, non-aromatic DOM, and that the number of oxygens was only important when the number of nitrogens was low (i.e., 0 or 1).



Acidic conditions produce positively charged basic (e.g., amino) functional groups, uncharged acidic (e.g., carboxyl) functional groups, and positively charged surface hydroxyl groups [70]. Furthermore, montmorillonite facilitates cation bridging interactions if saturated with multivalent cations [25,71]. Under these conditions, DOM constituents with positively charged amino groups would tend to remain in solution, uncharged DOM constituents would tend to sorb through hydrophobic, van der Waals, or hydrogen bonding interactions, and highly acidic [72,73] organic functional groups would tend to participate in ligand exchange or cation bridging interactions [34,35,64]. This could explain strong sorptive fractionation in the HiN fraction. The anthropogenic DOM, HoA fraction, and HoN fraction contained greater CHO content (27.7%, 35.2%, and 48.7%, respectively), and exhibited weaker sorptive fractionation.



Similar behavior has been observed in natural systems. Scott and Rothstein [14] recently determined that nitrogen-rich hydrophilic DOM was weakly retained, when compared to hydrophobic DOM, in soil cores from six forests at pH 4.5 to 6.0. In addition, dissolved organic nitrogen concentrations and C:N ratios commonly increase with soil depth [74].




4.4. The Influence of Non-Selective Sorption on the Formation of Mineral-Organic Associations


Among the structural fractions, the HoA fraction sorbed most (64%), but exhibited the smallest composition change (14%). This suggested that non-selective sorption was important. In fact, every sample appeared to exhibit non-selective sorption because the sorbed organic carbon percentage (Table 1) always exceeded the cumulative compositional change (Figure 4a). To estimate the relative importance of selective and non-selective sorption in every sample, we compared the cumulative compositional change (Figure 4a) to the sorbed organic carbon percentage (Table 1). If the compositional changes appeared to comprise the primary share of the sorbed organic carbon, then selective sorption was deemed more important. If the compositional changes appeared to comprise a minor share of the sorbed organic carbon, then the opposite was true. On this basis, non-selective sorption was more important than selective sorption in every sample except the HiN fraction, notwithstanding the preferential sorption of aromatic and oxygen-rich DOM in every sample, as in previous studies [28,29,30]. This supports the zonal model [17], and the suggestion that no single binding mechanism can explain mineral-organic associations [18]. It also supports the suggestion that most DOM constituents can be stabilized in mineral-organic associations.



Other studies have reported multiple binding mechanisms and the sorption of various DOM components to cation-enriched clays. Polubesova et al. [35] used resin-based separation, TOC analysis, UV absorbance spectroscopy, and Fourier transform infrared (FT-IR) analysis with batch equilibrium experiments to examine the sorption of anthropogenic DOM to Cu(II)-montmorillonite, Fe(III)-montmorillonite, and crude montmorillonite. For all clays, the HoN fraction sorbed more than the HoA fraction, and both fractions sorbed to the montmorillonite in the following order: Fe(III)-montmorillonite > Cu(II)-montmorillonite > crude montmorillonite. Sorption of the HoN fraction was attributed to higher hydrophobicity, and sorption of the HoA fraction to the Fe(III)-montmorillonite was attributed to a combination of ligand exchange, van der Waals forces, and hydrogen bonding.



Similarly, Genest et al. [75] combined 1H high resolution-magic angle spinning (HR-MAS) NMR spectroscopy with batch-equilibrium experiments to examine the sorption of forest soil DOM, Leonardite humic acid, and peat humic acid to Ca2+-enriched kaolinite and montmorillonite. In addition, they used 1H HR-MAS and solid state 13C NMR spectroscopy to examine whole soils containing kaolinite and montmorillonite. The authors determined that long-chain aliphatic compounds preferentially sorbed to the Ca2+-enriched kaolinite, and that a mixture of aliphatic components and proteins preferentially sorbed to the Ca2+-enriched montmorillonite. In the whole soils, they observed aliphatic components, carbohydrates, and amino acids at the soil–water interface. However, when a more penetrating solvent was used, they also observed aromatic components, implying the existence of hydrophobic, surface-inaccessible domains. Like our study, these findings support the zonal model, and the suggestion that multiple DOM components can be stabilized in mineral-organic associations.



The importance of non-selective sorption is difficult to evaluate during qualitative analyses, which tend to focus on differences in DOM composition. However, the results from this study show that non-selective sorption can contribute substantially to the formation of mineral-organic associations, and thereby influence many soil organic matter functions.




4.5. Additional Environmental Relevance


The use of anthropogenic DOM in this study was environmentally relevant for two reasons. First, composted biosolids are regularly applied to agricultural lands to provide nutrients, enhance soil physical properties, and improve plant yield [76,77]. In the United States, it has been estimated that eight million tons of biosolids are produced each year, and that ~50% is land applied [78]. In addition, Zbytniewski and Buszewski [79] have reported that sewage sludge composting produces organic matter that is structurally similar to soil organic matter. Second, the anthropogenic DOM can serve as a proxy for microbial DOM, which is richer in nitrogen and sulfur-containing constituents than DOM from plant material [80]. In fact, the organic matter in biosolids includes bacterial biomass [81], which might explain the high CHNO content of the anthropogenic DOM.



In addition, the applied experimental conditions were environmentally relevant with respect to acid sulfate soils, which comprise more than 17 million hectares worldwide [82]. These soils form when sulfide minerals oxidize, producing sulfuric acid and soil pH values < 4. Organic matter addition improves the energy supply for sulfate reducing bacteria, ameliorating the effect of sulfide oxidation, but this improvement depends on the availability of biodegradable organic matter [83,84]. In turn, this availability could be influenced by the formation of mineral-organic associations at low pH.





5. Conclusions


In this study, we combined Fourier transform ion cyclotron resonance mass spectrometry with novel data analysis techniques to examine the role of sorptive fractionation in associations between Fe(III)-montmorillonite and anthropogenic DOM. To examine the influence of DOM composition, we used resin-based separation to produce DOM subsamples with different molecular compositions and chemical properties. A large proportion (45 to 64%) of the initial carbon in every DOM solution sorbed to the Fe(III)-montmorillonite, but each structural fraction sorbed to a different extent, indicating that the amount of sorbed organic carbon depends on DOM composition. Every sample also exhibited sorptive fractionation, and the degree of sorptive fractionation varied, indicating that the strength of sorptive fractionation also depends on DOM composition. Finally, non-selective sorption was more important than selective sorption in every sample except the hydrophilic neutral (HiN) fraction, where high nitrogen content and acidic conditions appeared to enhance sorptive fractionation. This suggests that non-selective sorption can substantially contribute to the formation of mineral-organic associations, and thereby influence a variety of soil organic matter functions.
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Figure 1. van Krevelen diagrams of the original dissolved organic matter (DOM) solutions. The plotted points represent only the formulas that were present both in the original DOM solution and the corresponding sorbed organic matter extract (Common Formulas). The percent abundances of the Common Formulas in the original DOM solutions were normalized to 100%, ranked from most to least abundant, and divided into quartiles based on their cumulative percent abundances. 
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Figure 2. Principal Component Analysis (PCA) plots relating the first and second principal components to (a) the nine van Krevelen plot region variables (Supplementary Materials Figure S3), and (b) the original and sorbed organic matter samples, considering only the formulas that were present in both the original DOM solutions and their corresponding sorbed organic matter extracts (Common Formulas). “ALIPH” = aliphatic (H/C ≥ 1.5); “AROM” = aromatic (ModAI > 0.5); “MS” = mid-saturation (H/C < 1.5 and ModAI ≤ 0.5); “LO” = low oxygen content (O/C ≤ 0.3); “MO” = mid-oxygen content (0.3 < O/C ≤ 0.6); “HO” = high oxygen content (O/C > 0.6); “ModAI” = modified aromaticity index. 
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Figure 3. van Krevelen diagrams illustrating the common formulas that were more abundant in the original DOM solutions (Blue), and more abundant in their sorbed organic matter extracts (Red), determined by subtracting the percent abundance of each formula in the sorbed organic matter extract from its percent abundance in the original solution (“Most Sorbed” = Δ abundance < −0.015%; “More Sorbed” = Δ abundance < −0.010%; “Sorbed” = Δ abundance < −0.005%; “Minimal Change”; “Unbound” = Δ abundance > 0.005%; “More Unbound” = Δ abundance > 0.010%; “Most Unbound” = Δ abundance > 0.015%). 
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Figure 4. (a) Cumulative changes in percent abundance for the sorption categories described in Figure 3. (b) Distribution of the cumulative changes in percent abundance according to elemental composition (“Most Sorbed” = Δ abundance < −0.015%; “More Sorbed” = Δ abundance < −0.010%; “Sorbed” = Δ abundance < −0.005%; “Minimal Change”; “Unbound” = Δ abundance > 0.005%; “More Unbound” = Δ abundance > 0.010%; “Most Unbound” = Δ abundance > 0.015%). 






Figure 4. (a) Cumulative changes in percent abundance for the sorption categories described in Figure 3. (b) Distribution of the cumulative changes in percent abundance according to elemental composition (“Most Sorbed” = Δ abundance < −0.015%; “More Sorbed” = Δ abundance < −0.010%; “Sorbed” = Δ abundance < −0.005%; “Minimal Change”; “Unbound” = Δ abundance > 0.005%; “More Unbound” = Δ abundance > 0.010%; “Most Unbound” = Δ abundance > 0.015%).



[image: Soilsystems 02 00014 g004]







[image: Soilsystems 02 00014 g005 550] 





Figure 5. Distribution of the cumulative changes in percent abundance from Figure 4a according to van Krevelen (VK) plot region. “ALIPH” = aliphatic (H/C ≥ 1.5); “AROM” = aromatic (ModAI > 0.5); “MS” = mid-saturation (H/C < 1.5 and ModAI ≤ 0.5); “LO” = low oxygen content (O/C ≤ 0.3); “MO” = mid-oxygen content (0.3 < O/C ≤ 0.6); “HO” = high oxygen content (O/C > 0.6); “ModAI” = modified aromaticity index. 
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Figure 6. Distribution of CHNO formulas as a function of their original abundance, nitrogen content, and status as “Sorbed” or “Unbound”. 






Figure 6. Distribution of CHNO formulas as a function of their original abundance, nitrogen content, and status as “Sorbed” or “Unbound”.



[image: Soilsystems 02 00014 g006]







[image: Table] 





Table 1. Initial and sorbed carbon amounts (mean ± std, n = 6) from the batch equilibrium experiments with 3 g L−1 Fe(III)-montmorillonite, the anthropogenic DOM, and each structural fraction. Sorbed DOC (%) = 3 g dry clay/L × Sorbed DOC (mg C/g dry clay) ÷ Initial DOC (mg C/L). The HoN fraction was not recovered in sufficient quantities for replicate experiments.
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	Fraction
	Initial DOC (mg C/L)
	Sorbed DOC (mg C/g dry clay)
	Sorbed DOC (%)





	Anthropogenic DOM
	54 ± 1
	9.8 ± 0.4
	54 ± 2



	HoA Fraction
	55 ± 0.9
	11.8 ± 0.5
	64 ± 3



	HoN Fraction
	39
	7.6
	58



	HiN Fraction
	14 ± 2
	2.1 ± 0.2
	45 ± 4
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