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ABSTRACT
Rationale: The complexation with dissolved organic matter (DOM) is a pivotal factor influencing transformations, transport, 
and bioavailability of mercury (Hg) in aquatic environments. However, identifying these complexes poses a significant challenge 
because of their low concentrations and the presence of coexisting ions.
Methods: In this study, mercury–dissolved organic matter (Hg-DOM) complexes were isolated through solid-phase extraction 
(SPE) from Hg–humic acid suspensions, and complexes were putatively identified using ultrahigh resolution Fourier transform 
ion cyclotron resonance mass spectrometry (FTICR-MS).
Results: Dissolved organic carbon (DOC) and total Hg analysis before and after SPE showed an increase in DOC:Hg ratio. The 
DOC:Hg ratio was lower in extracts from cartridges with silica structure bonded with hydrocarbon chains (C18) than priority 
pollutant (PPL) cartridges at circumneutral pH, indicating that C18 was more effective at extracting DOM complexed Hg. These 
results were confirmed with FTICR-MS analysis, where two Hg-DOM complexes were putatively identified from PPL extracts as 
opposed to eight from C18 (Winnow score > 75%). In addition, C8H13HgN2O2S, a molecular formula with a m/z ratio of 403.04, 
was identified across three separate extractions using a C18 cartridge, suggesting that the complexes were preserved during ex-
traction and, presumably, electrospray ionization.
Conclusions: The results highlight the effectiveness of the methodology developed in this study—SPE coupled with FTICR-MS 
for isolating and identifying Hg-DOM complexes. This approach allows for the exploration of the elemental and structural com-
position of Hg-DOM complexes, which affects Hg speciation, bioavailability, and transformations in aquatic ecosystems.
Synopsis: A methodology was developed to identify Hg-DOM complexes at low concentrations to gain insight into mercury 
bioavailability, transformations, and transport in the environment.

1   |   Introduction

In the environment, mercury (Hg) exists in both inorganic 
and organic forms. The organic form of Hg, methylmercury 
(MeHg), is of greatest concern because of its neurotoxicity 

and ability to transfer to the fetus through the placenta [1, 2]. 
Moreover, the bioaccumulation and biomagnification of MeHg 
through the aquatic food web poses health risks to humans and 
wildlife. The main route of exposure to humans is through fish 
and shellfish consumption. Both biotic and abiotic processes 
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mediate Hg methylation and demethylation processes in 
aquatic environments, which are influenced by the presence of 
dissolved organic matter (DOM) [3, 4]. DOM is complex and het-
erogeneous, with varying chemical composition and contain-
ing functional groups like quinone, carboxyl, amino hydroxyl, 
and thiols [5, 6]. In reducing environments, quinone- like struc-
tures in DOM can reduce oxidized and soluble Hg (II) to highly 
insoluble and volatile elemental Hg(0). Thiol functional groups 
have a high binding affinity with Hg that results in the for-
mation of thermodynamically stable Hg- DOM complexes [7]. 
Low- molecular- weight organic acids like carboxylic can bind 
to Hg and facilitate cotransport under aerobic conditions [8, 9]. 
This binding of Hg with DOM in aquatic environments affects 
bioavailability.

Microbes that possess the hgcA and hgcB genes assimilate 
bioavailable Hg via passive diffusion and facilitated trans-
port before methylation to MeHg [10]. Hg complexed with 
low- molecular- weight and aliphatic Hg- S complexes can dif-
fuse through the cell membrane, making it readily available 
for methylation [11]. Abiotic MeHg production induced by 
solar radiation is also driven by the smaller sized fraction of 
DOM [4]. Similar to the methylation of Hg, demethylation is 
also influenced by the presence and complexation with DOM. 
Demethylation of MeHg within MeHg- DOM complexes has 
been reported through intramolecular energy transfer, radi-
cal interaction, and direct photolysis [12]. The DOM- mediated 
methylation and demethylation of Hg depend on the concen-
tration, chemical composition, and aromaticity of DOM [13]. 
Therefore, insight into the molecular composition of Hg- DOM 
complexes is crucial for unraveling the factors that govern Hg 
transformations and fate in water bodies.

The spectroscopic techniques such as X- ray absorption near- 
edge structure (XANES), extended X- ray absorption fine struc-
ture (EXAFS), and Fourier transform infrared (FTIR) have 
been employed to study Hg interaction with reduced sulfur 
and carboxylic groups found in humic acid [14, 15]. However, 
these techniques have limited ability to characterize the struc-
ture of Hg- DOM complexes, focusing primarily on Hg binding 
with adjacent ligands. Recently, Chen et al. [16] identified Hg- 
DOM complexes and their chemical structures using ultrahigh 
resolution Fourier transform ion cyclotron resonance mass 
spectrometry (FTICR- MS). Successful detection of Hg- DOM 
complexes was achieved under DOC:Hg with ratios of 3.5 × 10−2 
[8] and 3 × 10−4 [16], when the experimentally proposed optimal 
ratio was 5 × 10−3 [7]. Although high- resolution FTICR- MS pro-
vides molecular- level information of DOM with the potential 
to identify Hg- complexed DOM, the widespread application of 
FTICR- MS for detecting Hg- DOM complexes has been limited. 
This constraint is due to the concentrations of extractable Hg- 
DOM complexes often falling below the analytical detection 
limit of FTICR- MS. [16] In this study, we seek to address this 
limitation by preconcentrating Hg- DOM complexes using a 
solid- phase extraction (SPE) methodology. Using Hg–humic 
acid (Hg- HA) suspensions, we report on the conditions that 
enhance the preservation of Hg- DOM complexes during ex-
traction and facilitate their identification during electrospray 
ionization (ESI).

2   |   Methods

2.1   |   Sample Preparation

In natural environments, the majority (50%–90%) of DOM is 
composed of humic and fulvic acids [17]. In this study, humic 
acid (HA, Sigma- Aldrich, MO, USA) was used as a surrogate 
for DOM because of its higher solubility at circumneutral pH, 
which is generally representative of most natural waters. A stock 
solution of Hg- HA suspensions was prepared in Milli- Q with a 
final concentration of 0.1- mg/L Hg and 0.6- g/L HA. The stock 
was diluted to a working concentration of 5- μg/L Hg and 30- 
mg/L HA before extraction. To investigate the effect of pH on 
the extraction of Hg- DOM complexes, working solutions were 
adjusted to pH 4, 6, 7, and 8 with 0.1 N HCl/NaOH.

2.2   |   Solid- Phase Extraction and Preconcentration 
of Hg- DOM

SPE was performed using a semiautomatic 12- sample loading 
SPE system (EZSPE, Fluid Management Systems, Inc., Billerica, 
MA, Figure  S1). Two different cartridges, C18 cartridges with 
silica structure bonded with hydrocarbon chains (C18) and pri-
ority pollutant (PPL) cartridges containing hydrophobic styrene 
divinylbenzene copolymer (Fluid Management Systems, Inc., 
Billerica, MA), were tested for the extraction efficiency of Hg- 
DOM complexes. The cartridges were conditioned immediately 
before extraction by passing a 5- mL acetone:hexane solution 
(1:1 volume), followed by 10- mL methanol (MeOH). Lastly, the 
cartridges were rinsed three times with 10- mL Milli- Q water to 
flush the remaining solvent to prevent the premature elution of 
samples (Figure 1, Step 2). The cartridges were kept damp during 
conditioning and extraction processes to avoid deactivation 
of sorption sites and preserve the efficiency of cartridges. Five 
hundred milliliters of Hg- HA suspensions was passed through 
the cartridges at a constant flow rate using the built- in vacuum 
pump and N2 pressure in the EZSPE system to extract the Hg- 
DOM complexes (Figure 1, Step 3). Prior to drying the cartridges, 
the rinse bottles were filled with 25 mL of Milli- Q to rinse and 
extract any residual complexes left in the sample bottles.

After extraction, the cartridges were dried for 45 min with N2 
filled with 10- mL MeOH to elute Hg- DOM complexes. (Figure 1, 
Step 4). After 5 min, the eluent was collected in 60- mL receiving 
vials (Figure 1, Step 5). Instrument blanks were prepared with 
500 mL of Milli- Q water and processed through the EZSPE sys-
tem following the procedure described above. All the samples 
were extracted and measured in triplicates.

The extracted samples were preconcentrated to improve the de-
tection of Hg- DOM complexes on the FTICR- MS (Figure 1, Step 
6). MeOH in the eluent was evaporated under vacuum and N2 
pressure. The dried samples were stored at −20°C until further 
analysis. Before analysis, the dried complexes were reconsti-
tuted into 2- mL MeOH. An aliquot of 0.8 mL was used for FT- 
ICR analysis. The remaining 1.2 mL was dried under vacuum 
and N2 pressure and dissolved in Milli- Q water for DOC and 
total Hg (THg) analysis (Supporting Information).
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2.3   |   Total Hg and DOC Analysis

THg was analyzed using the Tekran 2600 Automated Sample 
Analysis System following the USEPA method 1631, Rev. E [18]. 
DOC was measured by the TOC/DOC fusion system following 
the USEPA method 415.3 [19]. The precision and accuracy of 
the analysis were verified using standard reference materials 
(Standard Reference Material 1641d), duplicate samples, and 
spike samples. Instrument precision was established by analyz-
ing continuing calibration verification and continuing calibra-
tion blank samples after every batch of 10 samples. The mean 
recovery of reference material was 96.5 ± 3.2, the relative per-
cent difference for triplicate samples was ≤ 10%, and the aver-
age recovery of the continuous calibration verification samples 
was 97.1 ± 5.2%, all within the quality control criteria of the 
methods.

2.4   |   OM Characterization and Hg Detection

A 7.0 T SolariX Fourier transform ion cyclotron mass spectrome-
ter (Bruker; Germany) equipped with an ESI source in negation 
ionization mode was used for the characterization of Hg- DOM 
complexes. The methods used were similar to Mangal et  al. 
[8] where 200 full mass scans of Hg- DOM complexes were ac-
quired at 8 M resolution in negative ionization mode at a flow 
rate of 120 μL/h using a Hamilton syringe. A capillary voltage of 
4400 V was used to acquire spectra between the 150–1000 mass 
to charge (m/z) range. The instrument was calibrated with so-
dium trifluoroacetate prior to sample acquisition with known 
m/z peaks between the 150–1000 m/z range. Accumulation 
times ranged from 0.20 to 0.35 s to acquire at least 109 ions before 
data acquisition. Generated spectra were converted from mag-
nitude to absorption mode to enhance resolution and S/N ratios 
[20]. The Bruker Data Analysis software (v4.4) generated a list of 
m/z compounds, intensity, and resolution of each peak based on 
an S/N threshold of 4 using the FTMS function.

To detect Hg- containing compounds, the generated lists of m/z 
peaks were imported into the software Winnow [21] to detect seven 
isotopologues of Hg. Winnow generates a composite score sum-
marizing potential matches to isotopes of a given compound based 
on m/z, intensity, and resolution. Scores closer to 100% represent 

more confident annotation. To remove false positive annotations 
of potential Hg complexes, only peaks with a Winnow composite 
score > 75% were utilized for subsequent analyses. In addition, the 
ratio 200Hg:202Hg was calculated in samples and compared with 
the theoretical ratio of 0.76 [8, 16]. In the current study, a Hg peak 
was considered significant if the experimental ratio of 200Hg:202Hg 
was > 0.55, within a 5- ppm error based on exact mass, and the 
Winnow score was > 75%. After identifying Winnow clusters of 
Hg- containing peaks, we used Bruker molweight formula soft-
ware with elemental constraints C1–50, H1–100, O1–30, N0–4, S0–3, 
and P0–4. In addition, the isotope distribution patterns of theoreti-
cal versus experimentally derived spectra were manually checked 
for a given identification that met the above criteria to omit false 
positives. To confirm the molecules found, both 202Hg and 200Hg 
isotopes were added to the elemental constraints during the for-
mula assignment using the Bruker Data Analysis software (v4.4). 
The raw elemental formula and Hg- DOM isotopologues data are 
provided in a spreadsheet as Supporting Information.

3   |   Results and Discussion

3.1   |   Isolation and Preconcentration of Hg- DOM 
Complexes

The Hg- HA suspensions prepared at pH 4, 6, 7, and 8 underwent 
SPE for the extraction of Hg- DOM complexes. The initial THg 
concentrations in Hg- HA suspensions were measured as 5 μg/L. 
The DOC concentration in Hg- HA suspensions increased with 
an increase in pH, with values of 3.8, 5.7, 8.1, and 8.8 mgC/L at 
pH 4, 6, 7, and 8, respectively (Figure S2). The decreased solubility 
of HA at lower pH was ascribed to increased hydrophobicity and 
protonation of carboxylic functional groups under acidic condi-
tions, resulting in a decrease in negative surface charge on HA 
molecules and decreased electrostatic repulsion [22]. Note that 
precipitation was evident on cartridge filters, which increased 
with decreases in pH (Figure S2 inset). There was no significant 
difference observed in THg concentration extracted with both 
cartridges at pH 4, 6, and 8 (p < 0.05), but THg concentrations 
were higher in extracts from C18 than PPL at pH 7 (Figure S3b). 
Overall, Hg extracted from Hg- HA suspensions ranged from 
0.5% to 1.3% of the spiked Hg. Presumably, not all the Hg spiked 
in humic acid solution was complexed with DOM. The HA used 

FIGURE 1    |    Schematic diagram of solid phase extraction and preconcentration of Hg- DOM complexes isolated from Hg–humic acid (Hg- HA) sus-
pensions. Solid- phase extraction was performed with C18 and priority pollutant (PPL) cartridges using EZSPE system (Fluid Management System, 
Inc.; Figure S1).



4 of 8 Rapid Communications in Mass Spectrometry, 2025

in this study was not chemically or biologically reduced and the 
reduced HA has been reported to favor Hg complexation [23]. 
Moreover, Hg species analyzed in oligotrophic Wisconsin Lakes 
[24] and monimolimnion of meromictic Glacier Lake [25], USA, 
show that inorganic forms comprised more than 87.5% of THg. 
Thereby a major fraction of Hg in the Hg- HA suspensions may 
present as inorganic Hg (II). Although the percentage of Hg an-
alyzed in extracts by the C18 and PPL cartridges appears low, it 
represents a substantial amount of organic Hg and is compara-
ble with values reported for natural waters.

The DOC extracted from Hg- HA suspensions ranged from 2.6% 
to 4.1% for the PPL and 1.3% to 13.5% for the C18 cartridge of ini-
tial DOC analyzed at pH 4, 6, 7, and 8 (Figures S2 and S3a). DOC 
extracted with PPL cartridges was 2.0, 1.5, and 1.1 times higher 
than the DOC extracted with C18 at pH 8, 7, and 6, respectively. 
This higher DOC extraction with PPL as compared with C18 
might be attributed to the retention of both polar and nonpolar 
compounds by PPL, whereas C18 retains only nonpolar com-
pounds [26]. At pH 4, DOC extracted with C18 was 3.3 times of 
PPL, likely due to the increased hydrophobicity of HA at low 
pH [27] and redissolution of precipitated nonpolar hydrophobic 
HA during MeOH elution. Our DOM extraction efficiency was 
low compared with other values reported in literature [26]. This 
lower efficiency is attributed to higher pH levels (4 and 6–8) of 
Hg- HA suspensions tested in this study, whereas in previous 
studies, natural samples were acidified to a pH of 2 before SPE. 
Moreover, the DOM in natural waters varies greatly in struc-
tural and chemical composition, whereas the DOM tested in this 
study consisted only of humic acid. We focused primarily on the 
extraction and preconcentration of Hg- DOM complexes at more 
circumneutral pH, as these conditions are more representative 
of natural waters. Moreover, under highly acidic conditions, pro-
ton competition for Hg binding sites leads to the breakdown of 
Hg- DOM complexes [28] and carbon chains through hydrolysis 
[29] potentially altering the structure and composition of these 
complexes.

The DOC to Hg mole ratios (DOC:Hg) in Hg- HA suspensions 
decreased with decreases in pH values (1.3 × 104 at pH 4 from 
2.9 × 104 at pH 8), which was attributed to the precipitation of 

FIGURE 2    |    Change in the molar DOC:Hg ratio in Hg–humic acid 
suspensions before and after solid- phase extraction calculated from 
Figure S3a.

FIGURE 3    |    Identified Hg- DOM complexes (red spectra) after extraction by PPL (a) and C- 18 (b) cartridges and their respective theoretical isotopic 
distribution (black spectra) based on exact mass and isotopic conformation.



5 of 8

humic acid (HA) at lower pH levels. The DOC:Hg ratio increased 
significantly in all the extracts (Figure 2) and was 2.3–8.7 times 
higher with PPL and 2.0 to 11.3 higher with C18 than the initial 
DOC:Hg ratio. This increase in DOC:Hg ratio suggests that the 
cartridges retained the fraction of Hg that was complexed with 
DOM, whereas inorganic Hg was washed out during extraction. 
When comparing the two cartridges, extracts obtained with 
C18 at circumneutral pH (6–8) showed a lower DOC:Hg ratio. 
This pattern suggests that C18 retained only nonpolar Hg- DOM 
complexes.

3.2   |   Identification of Hg- DOM Complexes

In Hg- DOM samples before SPE, no Hg- DOM peaks were confi-
dently identified in the spectra acquired using FT- ICR- MS with 
Winnow scores above 75% at any pH (Figure S4). The highest 
aggregate score for Hg- DOM complexes in samples before ex-
traction was 60%, where the presence of false positive peaks may 
arise [21]. The failure to confidently identify Hg- DOM peaks in 

samples before extractions suggests that the natural abundance 
of these complexes is quite low and presumably below the detec-
tion limit for FT- ICR- MS.

Following peak identification with Winnow scores > 75%, 
10 Hg- containing DOM complexes were identified in Hg- HA 
extracts. Isotope simulation patterns confidently identified 
two Hg- DOM complexes using PPL extracts, whereas eight 
Hg- DOM complexes were identified with C18 cartridges 
(Figure 3). Among the eight complexes identified with C18 at 
pH 4, the molecule C8H13HgN2O2S with a m/z ratio of 403.04 
was confirmed across three separate extractions (Figure  4), 
based on Winnow scores and 200Hg:202Hg ratios similar to 
other identified complexes, suggesting that preferential iden-
tified complexes were retained during extraction and, pre-
sumably, ESI. The complexes identified with C18 at pH 4 had 
neutral masses ranging from 375 to 431. Similarly, complexes 
extracted with PPL had a neutral mass of 411 at pH 6 and 463 at 
pH 7. A decrease in mass at lower pH suggests the breakdown 
of carbon chains through hydrolysis [29]. When examining 

FIGURE 4    |    Identified Hg- DOM molecular formula (C8H13HgN2O2S, 403.04042) was consistently identified after triplicate extractions (a,b,c) 
using C- 18 cartridges at pH 4.
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compositional characteristics of DOM presumably complexed 
with Hg, most DOM species were within 0.11 ≤ O/C ≤ 0.35 and 
1.63 ≤ H/C ≤ 2.78 regions (Table 1). Based on conventional Van 
Krevelen diagram regions [30, 31], these molecules would be 
within the unsaturated hydrocarbon/low oxidized lignin re-
gion, suggesting that many of the OM molecules associated 
with Hg may resemble molecules with more hydrogenated 
compound classes. To infer the mobility and reactivity of 
identified Hg- DOM complexes, we calculated DOM proxies, 
including atomic ratios, double bond equivalence (DBE), aro-
maticity indices (AImod) [32], and the nominal oxygenation 
state of carbon (NOSC) [33]. The identified DOM molecules 
associated with Hg at pH 4 had DBE values ranging from 1.5 
to 4.5, indicating multiple saturated double bonds (Table  1). 
AImod values ranging from −0.84 to 0 suggest relatively al-
iphatic DOM molecules with sulfur and oxygen functional 
groups that may participate in Hg complexation. In addition, 
negative NOSC values ranging from −1.64 to −0.13 suggest 
binding of DOM molecules that are generally found in reduced 
form and relatively thermodynamically accessible for micro-
bial consumption [33, 34]. After eliminating false positives 
(Winnow scores > 75%), no Hg- DOM complex was identified 
from Hg- HA suspensions of pH 8 with either of the cartridges. 
This absence of spectra is likely attributed to the electrostatic 
repulsion between negatively charged Hg- DOM and sorbent 
material that limits the extraction of complexes during SPE 
at pH 4 and higher. At pH values greater than 4, carboxylic 
groups in humic acids deprotonate that result in a negative 
charge on humic acid surface [22].

Most of the C18 identified complexes contained sulfur hetero-
atoms, strong binding functional groups that form thermody-
namically stable bonds with Hg (II). In comparison, the two 
Hg- DOM complexes identified after PPL extraction contained 
two sulfur molecules where C8H19HgNOS2 was one of the most 
aliphatic complexes identified with an H/C ratio of 2.37 and an 
NOSC value of −1.25. Although there were no major differences 
between the molecular properties of Hg- DOM complexes, the 
number of confidently identified Hg- containing DOM com-
plexes was greater for C18 than for PPL cartridges. Even though 
PPL cartridges have become the standard for DOM extractions, 
C18 cartridges tend to accumulate more nonpolar constituents 
[35] and preserve Hg complexes, as aromatic sulfur- containing 
DOM form more favorable bonds with Hg (II) [13].

4   |   Summary and Implications

In the natural environment, Hg- DOM complexes exist at cir-
cumneutral pH values; however, these complexes occur at 
trace levels. Our results demonstrate that SPE effectively 
isolates and concentrates the Hg- DOM complexes at circum-
neutral pH. A decrease in pH can lead to the breakdown of 
these complexes through hydrolysis of carbon chain and an-
alyzing Hg- DOM complexes at lower pH can underestimate 
the Hg- DOM complexes. In addition, we found the selection 
of cartridges is important for target Hg- DOM complexes. C18 
cartridges were effective in preserving the complexes across 
replicates. In addition to DOC:Hg ratio, estimating the fraction 
of Hg complexed with DOM is crucial to assess the bioavail-
ability and transport of Hg in natural systems. In this study, we T
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developed a methodology that effectively isolates and preserves 
Hg- DOM complexes at circumneutral pH and provides an in-
novative approach to studying the dynamic variability of Hg 
across ecosystems.
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