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Natural organic matter composition determines
the molecular nature of silver nanomaterial-NOM
corona†

Mohammed Baalousha, *a Kamelia Afshinniaa and Laodong Guo b

Adsorption of natural organic matter (NOM) on nanomaterials (NMs) results in the formation of interfacial

area between NMs and the surrounding environment (referred to as NOM-corona), giving rise to NMs'

unique surface identity. This unique surface identity is determined by the ligands and their interactions with

NM surfaces. Since the chemical structure and functionality is heterogeneous and polydisperse, the molec-

ular composition of NOM-corona is the result of competitive adsorption of NOM molecules on the NM

surface. Here, we investigate the molecular composition of NOM-corona formed from two different NOM

samples (isolated from the Yukon River and Milwaukee River) on the surface of AgNMs using electrospray

ionization-Fourier-transform ion cyclotron resonance mass spectrometry (ESI-FT-ICR-MS). The composi-

tion of AgNM-NOM corona varied with the composition of the original NOM. In general, AgNM-NOM

corona is rich with N- and S-containing compounds. Furthermore, AgNM-NOM corona is rich with com-

pounds with high molecular weight, high unsaturation, and high number of oxygenated groups. However,

CHOS (carbon, hydrogen, oxygen and sulfur) compounds adsorbed on AgNMs from the Yukon River NOM

have low molecular weight (LMW) and low saturation index, which might be due to selective adsorption via

chemical complexation (Ag–S). On the other hand, NOM compounds with LMW and low unsaturation or

compounds containing few oxygenated groups (mainly alcohols and ethers) are preferentially maintained

in solution phase. The results here provide evidence of molecular interactions between NOM and NMs,

which are critical to understanding NM behavior and toxicity in natural environments.

1. Introduction

Natural organic matter (NOM) is ubiquitous in natural envi-
ronments and varies in concentration from 0.1 to 10's of mg
C L−1, depending on biogeochemical and climatic condi-
tions.1,2 It has been long known that NOM interacts with
metals,3 organic pollutants4 and surfaces of nanomaterials,5

and NOM adsorption results in chemical fractionation be-

tween particle surfaces and solution.6,7 Selective adsorption
of NOM on nanomaterial (NM) surfaces results in formation
of a surface coating (i.e., NOM-corona),8 giving NMs a unique
surface identity. NOM-corona is the primary interface that de-
termines NM surface characteristics (e.g., reactivity, adsorp-
tion capacity, charge), environmental behavior (e.g.,
aggregation,9–11 dissolution,12–14 and sulfidation15), and bio-
logical interactions (e.g., bioavailability and toxicity),16 and
these processes are anticipated to depend on NOM composi-
tion and thus NOM-corona composition. Understanding
NOM-corona characteristics is fundamental to understanding
NM environmental and biological interactions.

NOM is a large pool of carbon-based compounds derived
from chemical and biological degradation of plant and
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Environmental significance

Natural organic matter-corona (NOM-corona) is an interfacial area between nanomaterials (NMs) and the surrounding environment, which gives rise to
NMs' unique surface identity. This study demonstrates that the composition and properties of AgNOM-corona depends on NOM molecular properties and
is dominated by the selective sorption of N- and S-containing NOM molecules, highly unsaturated, and high molecular weight molecules. In addition, NOM
compounds with low molecular weight and low unsaturation or compounds containing few oxygenated groups (mainly alcohols and ethers) are preferen-
tially maintained in solution phase. The results here provide evidence of molecular interactions between NOM and NMs, which are critical to understand-
ing NM behavior and toxicity in the natural environment.
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animal residues. NOM is composed of a complex mixture of
polyelectrolytic and polyfunctional organic molecules (tens of
thousands of unique chemical species) that vary spatially and
temporally in molecular composition, acidity, molecular
weight and structure, and charge density.17 The polydisper-
sity in composition and physical and chemical properties of
NOM impacts the molecular composition of NOM-corona,
and influences NM fate, behavior, bioavailability and toxicity.
For instance, higher molecular weight NOM increases the sta-
bility of AuNMs due to increased electrosteric repulsion.18–21

Additionally, aggregation of ZnS particles (laboratory simula-
tion of natural ZnS particles) decreased with increasing NOM
concentration, molecular weight, and aromatic content of
NOM fractions.22 Some studies reported that Suwannee River
humic acid (SRHA) and fulvic acid (SRFA) did not alter
AgNMs dissolution,12 but others reported suppression of
AgNM dissolution by SRHA13 and SRFA.14 Similarly, one
study reported that Pony Lake fulvic acid (PLFA) significantly
decreased AgNM dissolution due to PLFA's sulfur and nitro-
gen content,12 but others have reported that PLFA increased
AgNM dissolution.23 In addition, NOM has been shown to en-
hance the dissolution of other NMs such as ZnO (ref. 24) and
Cu,25 due to complexation of divalent cations (Zn2+, Cu2+) by
NOM functional groups. These apparent contradictory results
may be attributed to differences in the molecular composi-
tion of NOMs.

Similarly, the impact of NOM on NM bioavailability and
toxicity is complex; i.e., even for the same type of NMs, en-
hanced,26 mitigated27,28 and non-significant effects29 have
been observed. For instance, PLFA mitigated AgNM toxicity to
the nematode Caenorhabditis elegans more effectively than
SRFA,30 which was attributed to the higher metal binding ca-
pacity of PLFA compared to SRFA due to compositional dif-
ferences between these two NOMs. PLFA has higher N and S
contents (6.5% N, 3.0% S) than SRFA (0.72% N, 0.44% S),
suggesting that PLFA has a higher percentage of amine li-
gands and reduced sulfur groups that provide more binding
sites for Ag+ and AgNM surfaces.31,32 Tannic acid has also
been shown to reduce ZnO toxicity more efficiently than FA
and HA by reducing bioavailability of free Zn2+ in aqueous
media.33 This is because tannic acid has a higher affinity to
Zn2+ among tested NOMs due to formation of stable tannic
acid–Zn2+ complexes via highly concentrated O-diphenol
groups on the tannic acid surface. In addition, compared to
NOM samples, proteins and carbohydrates were less effective
in mitigating ZnO-NMs toxicity in embryonic zebrafish.16

However, the specific mechanisms are largely unknown.
Therefore, acquiring a comprehensive description at the mo-
lecular level of the composition of NOM-corona on NM sur-
faces is sorely needed.

During the last two decades, there has been a growing
interest in getting a detailed understanding of the behavior
of NOM compounds during adsorption onto NMs interfaces.
Spectroscopic evidence identifies strong sorptive fraction-
ation that occurs between diverse organic compounds of hu-
mic substances.7,34,35 In addition, the hydrophobic fraction

of fulvic acids (and/or the organic molecules with high con-
tents in aromatic moieties activated by oxygenated function-
alities) were preferentially sorbed compared to aliphatic frac-
tions on metallic oxide mineral surfaces.7,34,36 Moreover, size-
exclusion-chromatography and spectroscopic analysis of
fulvic or humic acids highlight the fractionation of molecules
based on size during adsorption to mineral surfaces,37 which
was attributed to structural trends in the molecular weight
fractions (e.g., degree of aromaticity, chemical functionality
and the underlying adsorption processes). Selective adsorp-
tion of high molecular weight (HMW) compounds, aro-
matic,38 hydrophobic compounds38 has been reported on the
surface of natural and engineered NMs through bulk mea-
surement techniques (i.e., fractionation and UV-vis). How-
ever, few studies describe the molecular level composition
and properties of NOM molecules that selectively sorb on the
surface of NMs. Moreover, most previous studies used humic
substances extracted by a highly operationally defined chemi-
cal procedure, such as PLFA, SRFA and SRHA provided by the
International Humic Substances Society. Although humic
substances are a major NOM component in aquatic environ-
ments, NOMs also contain other organic compounds that
may not be isolated using solid phase extraction methods
used to isolate humic and fulvic acids. Thus, NOMs extracted
by physical separation, such as ultrafiltration methods, likely
contain a broader spectrum in NOM composition or
functionalities.39,40

Recently, the development of an advanced technique,
namely ultra-high resolution-Fourier transform-ion cyclotron
resonance-mass spectrometry (FT-ICR-MS) offers resolving
power sufficient for identification of NOM compounds at the
level of elemental composition assignment. FT-ICR-MS is a
technique that measures the mass-to-charge ratio of organic
compounds with up to six decimal place precision.41 Thus,
FT-ICR-MS provides elemental composition assignment for
compounds with the same nominal mass-to-charge ratio (m/
z), but differing in exact mass, critical to elucidate NOM and
selective adsorption to NMs. Few studies have addressed the
molecular-level characterization of NOM formulas that selec-
tively sorb on the surface of minerals using ultrahigh resolu-
tion FT-ICR-MS. For instance, enrichment of highly reactive,
acidic, oxygen functionalized aromatic and aliphatic mole-
cules has been reported, and of highly condensed aromatic
compounds depleted in hydrogen carrying only a few oxygen-
ated groups were selectively sorbed on alumina surfaces.42,43

Another study demonstrated that Ferrihydrite exhibited
higher affinity to NOM than did goethite or lepidocrocite,
and HMW (>500 Da) compounds and compounds high in
unsaturation or rich in oxygen (including polycyclic aro-
matics, polyphenols and carboxylic compounds) had higher
affinity to iron oxyhydroxides, and especially ferrihydrite.

Here, we characterize NOM-corona formed on the surface
of citrate-coated silver nanomaterials (cit-AgNMs) at the mo-
lecular level through negative-ion electrospray ionization FT-
ICR-MS. Comparisons of molecular signatures derived from
two HMW-NOM samples isolated from the Yukon River and
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the Milwaukee River by ultrafiltration that form NOM-corona
provide new insights into NOM–NM interactions.

2. Materials and methods
2.1. Synthesis and characterization of nanomaterials

Citrate-coated silver nanomaterials (cit-AgNMs) were synthe-
sized as reported in previous studies.31 Briefly, a 100 mL of
0.31 mM trisodium citrate, 100 mL of 0.25 mM silver nitrate,
and 10 mM of sodium borohydride solutions were prepared
in ultra-pure water and kept at 4 °C in the dark for 30 min.
The silver nitrate and trisodium citrate solutions were com-
bined together, vigorously stirred, and then 6 mL of sodium
borohydride (NaBH4), a reducing agent, was added. The solu-
tion was stirred for 10 min, heated slowly to boiling, boiled
for 90 min, and cooled to 4 °C in the dark. AgNMs were then
cleaned, to remove the excess reagents before use, by ultrafil-
tration (Amicon, 1 kDa regenerated cellulose membrane,
Millipore) using a diafiltration method to prevent NM aggre-
gation and drying. AgNMs were re-dispersed in 0.31 mM
trisodium citrate solution to avoid further growth; this pro-
cess was repeated a minimum of three times. The concentra-
tion of AgNMs was measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES) and was about 7.72
± 0.001 mg-Ag L−1.

2.2. Solution chemistry

Two HMW-NOM (1 kDa–0.45 μm) samples, isolated from the
Yukon River (YRNOM), Alaska, and the Milwaukee River
(MRNOM), Wisconsin, USA by ultrafiltration,44 were com-
pared to highlight compositional differences between NOM-
corona formed by selective adsorption of NOM molecules on
the surface of cit-AgNMs. Stock solutions of NOM samples
(100 mg L−1) were prepared by dissolving 2 mg of freeze dried
NOM in 20 mL ultrapure water. The pH was adjusted to 7.0
through addition of 0.1 or 1 M NaOH. Each suspension was
filtered through a 100 nm filter to remove any aggregated
molecules. Total organic carbon (TOC) and specific UV absor-
bance (SUVA254) was calculated as the ratio of UV-vis absor-
bance at λ254 to TOC concentration.45 SUVA254 was 3.24 and
3.91 L mg−1 m for the YRNOM and MRNOM sample,
respectively.

Aliquots of cit-AgNM stock suspension was diluted in
ultrapure water (18.2 MΩ cm) and mixed with predetermined
amounts of NOM and sodium bicarbonate buffer to yield a fi-
nal AgNM concentration of 4 mg-Ag L−1, and all measure-
ments performed with 5 mg L−1 of NOM and 0.1 mM sodium
bicarbonate buffer addition to maintain a constant pH at
8.2–8.4 and constant ionic strength at 0.1 mM for the experi-
mental duration. Mixed NM and NOM suspensions were left
for 24 hours to equilibrate. NMs and NOM suspension mix-
ture was then ultrafiltered (using an Amicon stirred cell unit,
with 10 kDa regenerated cellulose ultrafiltration disc, Milli-
pore YM-10) to separate NMs from the <10 kDa ultrafiltrate.
Similarly, control samples that contained NOM and no NMs
were ultrafiltered on 10 kDa membranes. Filtrates were col-

lected in amber HDPE bottles and shipped overnight to the
National High Magnetic Field Laboratory Ion Cyclotron Reso-
nance facility at Florida State University (Tallahassee, Florida)
for electrospray ionization FT-ICR mass spectral analysis.

2.3. Characterization of NOM-corona

FT-ICR-MS. NOM samples were analyzed using a custom
build 21 T FT-ICR-MS46 to monitor compositional changes
that occur in NOM before and after selective adsorption by
cit-AgNMs. NOM samples were acidified to pH 2 with HCl
extracted by solid-phase extraction (SPE) on PPL (modified
styrene divinyl benzene polymer type sorbents) cartridges,
and eluted with HPLC-grade methanol to concentrate NOM
and remove salts.47,48 NOM samples were analyzed using a 21
T FT-ICR-MS using microelectrospray ionization in negative
mode. For each spectrum, 100 scans (200 < m/z < 1200) were
co-added, apodized with a full Hanning weight function, and
zero-filled once prior to fast Fourier transformation.2 ICR fre-
quencies were converted to ion masses based on the
quadrupolar trapping potential approximation.49 Each spec-
trum was scaled according to the most abundant peak, inter-
nally calibrated based on the “walking” calibration equa-
tion50 for a highly abundant homologous series (mass of
–CH2– repeating unit 14.01565 Da) confirmed with isotopic
fine structure.

Elemental compositions assignment was facilitated by
PetroOrg© software3 and further detailed in ESI.† The follow-
ing criteria were used for assignment of molecular formulas
to the peaks detected on the mass spectra: signal-to-noise ra-
tio of peak (S/N) ≥ 6; mass accuracy better than 0.5 ppm; ele-
mental constraints O ≤ 25, C ≤ 100, H ≤ 200, N ≤ 3, and S
≤ 2. Molecular weight (MW), hydrogen to carbon ratio (H/C),
oxygen to carbon ratio (O/C), oxygen to sulfur ratio (O/S), oxy-
gen to nitrogen ratio (O/N), double bond equivalent (DBE,
number of rings plus double bonds to carbon),4 and modi-
fied aromaticity index (AImod, eqn (1))51 were calculated from
each elemental formulas. Elemental ratios (H, C, O/C, and O/
S) were calculated by dividing the number the corresponding
atoms in each assigned formula.

AImod. AImod and DBE estimate the degree of aromaticity
for organic compounds calculated from elemental
composition.51 A low AImod indicates a low degree of
aromaticity, where a value of zero is an aliphatic compound,
a value between 0 and 0.5 is representative of olefinic
compounds (containing at least one double bond) and
includes alicyclic molecules.52 A high AImod indicates a
higher degree of aromaticity where a compound having a
value of 0.5 is aromatic, and a value ≥0.67 indicates
condensed aromatic compounds (fused rings).38,51

Aromaticity index has been widely used to evaluate the
aromaticity of a given molecular formula. By using AImod and
element ratios of H/C, all the detected molecules displayed in
the van Krevelen diagram were divided into four groups
according to their molecular components (Table S1†).
Molecules with Mod AImod ≥ 0.67 are classified as condensed
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aromatics, 0.5 < Mod AImod < 0.67 are classified as
aromatics, and molecules with Mod AImod ≤ 0.5 thus have an
aliphatic character that is more or less pronounced (aliphatic
compound or compound carrying many and/or long aliphatic
chains).38,43

(1)

Double bond equivalents. DBE indicates the number of
double bonds and/or rings to carbon and is calculated
according to eqn (2).53

(2)

NOM-corona composition. For NOM-corona composition,
only elemental compositions selectively removed to AgNM
surfaces following NOM adsorption were considered, as these
represent the compounds with the highest affinity to AgNM
surface. However, because FT-ICR-MS provides accurate mass
measurements that correspond to elemental compositions,
structural isomers are not differentiated. The selectively
sorbed NOM molecules corresponded to elemental composi-
tions present in NOM prior to AgNMs adsorption, but absent
in NOM after adsorption to AgNMs identified with PetroOrg.

3. Results and discussion

NOM-corona formation on surfaces and NMs has been dem-
onstrated by measuring coating thickness on mica sheets by
atomic force microscopy,5 iron oxides NMs by field flow frac-
tionation,54,55 or thickness of oxygen rich layer around
AgNMs with transmission electron microscopy-coupled with
electron energy loss spectrometry.56 Suwannee River humic
acid (SRHA) has been shown to form a 1–3 nm thick surface
coating on freshly cleaved mica surface, and the thickness of
this coating increased with decreasing pH and increasing ex-
posure time.5 Similarly, SRHA has been shown to form a <1
nm thick surface layer around 7 nm iron oxide NMs, and the
thickness of this layer increased with the increase in SRHA
concentration.54,55 Suwannee River fulvic acid (SRFA) has
been shown to form a 1.3 nm oxygen-containing corona
around 20 nm citrate coated AgNMs.56 However, little is
known about the elemental composition and molecular prop-
erties of NOM molecules that form NOM-corona. Only FT-
ICR-MS achieves resolving power and mass accuracy suffi-
cient to identify NOM compounds at the molecular level.38

Here, NOM-corona is the ensemble of molecules selectively
sequestered (removed from solution) on AgNM surfaces.
NOM-corona composition was determined as the difference
between elemental compositions (as mass-to-charge ratios,
m/z) present in original NOM but absent from ultrafiltered
NOM after interaction with AgNM surfaces. However, this

method only delineates between m/z ratios unique to each
sample, but does not account for isomeric separation.

3.1. Mass spectra of NOM and corresponding AgNM-NOM
corona

Fig. S1a and S2a† shows the broadband negative-ion ESI FT-
ICR-MS mass spectra for all mass spectral peaks above six-
times-the baseline RMS noise level detected in original
YRNOM and MRNOM that highlight NOM compositional
complexity.38 The FT-ICR-MS spectra of the YRNOM and the
MRNOM reveal a tri-modal distribution of peaks with the
first between m/z 200 and 350, the second between m/z 350
and 600, and the third between m/z 600 and 1000. Based on
the occurrence of carbon isotope peak twins with a distance
of 1.0034 m/z, nearly all ions were singly charged57 as previ-
ously reported.58 The molecular weight distribution deter-
mined by FT-ICR-MS is <1 kDa, in agreement with previous
reports of the supramolecular assembly concept.59 Each FT-
ICR spectrum was optimized based on a low resolution linear
ion trap prescreen. Mass spectra of YR and MR AgNM-NOM
corona are dominated by spectral peaks with m/z > 400 (Fig.
S3a and 4a†), indicating selective adsorption of NOM formu-
las with higher molecular mass, consistent with previous
reports.18

3.2. NOM-corona composition

Heteroatom classes of compounds. More than 13 000 mass
spectral peaks with signal magnitude >6σ for YRNOM and
MRNOM were assigned elemental compositions, with RMS
error <500 ppb across the entire distribution. The assigned
compounds correspond to four compound types: carbon, hy-
drogen, and oxygen (CHO); carbon, hydrogen, oxygen, and
nitrogen-containing (CHON); carbon, hydrogen, oxygen, and
sulfur containing (CHOS); and compounds that contain car-
bon, hydrogen, oxygen, nitrogen and sulfur (CHONS). The
YRNOM contained only CHO, CHON, and CHOS compounds;
whereas, the MRNOM contained CHO, CHON, CHOS, and
CHONS compounds. CHONS formulas in MRNOM are likely
to be protein-like material (e.g., amino acids), in good agree-
ment with the excitation emission spectra of MRNOM (Fig.
S5b, Table S2†). In the YRNOM, 6603 (50.6% formulas, 85.6%
relative abundance, (RA)) of the compounds were CHO, 5235
(40.1% formulas, 12.2% RA) of the compounds were CHON,
1214 (9.3% formulas, 2.2% RA) of the compounds were
CHOS, and 0 (0%) of the compounds were CHONS (Table 1).
In the MRNOM, 5425 (40.7% formulas, 66.9% RA) of the
compounds were CHO, 5893 (44.2% formulas, 26% RA) of
the compounds were CHON, 1518 (11.4% formulas, 5.8% RA)
of the compounds were CHOS, and 501 (3.8% formulas, 1.3%
RA) of the compounds were CHONS (Table 1). The differ-
ences are likely due to differences in sources/processing of
the NOM samples, rather than due to ionization and detec-
tion variations in the measurement technique as all samples
were separated, extracted, and analyzed using the same pro-
tocol and at the same time.
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For the AgNM-NOM corona formed by adsorption of
YRNOM, 2398 formulas were assigned to AgNM-NOM corona,
representing 18.4% of all formulas in the YRNOM. Among the
formulas forming AgNM-NOM corona, 549 (22.9% formulas
and 24.8% RA), 647 (27% formulas and 31.5% RA), and 1202
(50.1% formulas and 43.6% RA) were CHO, CHOS and CHON,
respectively, indicating that the majority (77% of all AgNM-
NOM corona formulas and 75.1% of the total relative abun-
dance of all assigned formula) of NOM formulas in AgNM-
NOM corona are CHON followed by CHOS (Table 1). CHO,
CHOS and CHON formulas in AgNM-NOM corona represented
8.3%, 53.3% and 23.0% of total number of respective assigned
formulas in the raw NOM, indicating selective adsorption of
CHOS and CHON formulas compared with CHO formulas.

Similarly, for the AgNM-NOM corona formed by adsorp-
tion from MRNOM, 1815 formulas were assigned to AgNM-
NOM corona, representing 13.6% of formulas in MRNOM.
Among the formulas forming AgNM-NOM corona, 432 (23.8%
formulas and 26.7% RA), 300 (16.5% formulas and 17.1%
RA), 988 (54.4% formulas and 51.4% RA), and 95 (5.2% for-
mulas and 4.9% RA) were CHO, CHOS, CHON, and CHONS
respectively (Table 1), indicating that the% number and% rel-
ative abundance of formulas in AgNM-NOM corona follow
the trend CHON > CHO > CHOS > CHONS. The majority
(76.2% of all AgNM-NOM corona formulas and 73.3% of the
total relative abundance of all assigned formula) of NOM for-
mulas in AgNM-NOM corona contain S and N heteroatoms.
CHO, CHOS, CHON and CHONS formulas in AgNM-NOM
corona represented 8.0%, 19.8%, 16.8%, and 19.0% of total
respective assigned formulas in the raw NOM, indicating se-
lective adsorption of CHOS and CHON and CHONS com-
pared with CHO formulas.

These results clearly indicate that S- and N-containing
compounds/functionalities play a major role in determining

the molecular make-up of AgNM-NOM corona, despite their
low abundance (S = 0.5% to 3.0%,60,61 and N = 0.5–5% by
weight62) in NOM.63 This is in agreement with the study by
Gunsolus et al. suggesting that S and N content (i.e., sites
with high affinity for metallic silver and Ag+) plays a signifi-
cant role in determining NOM interaction with AgNMs in ad-
dition to molecular weight.12 NOM contains several func-
tional groups that can bind silver such as –COOH, –OH, –NR2,
and –SR2 with R as –CH2– or –H.64 Thiol and amine groups
are mainly responsible for Ag complexation while oxygen-
containing functional groups have only minor effects on Ag
binding to NOM.65,66 This is also consistent with stability
constants of S-, N-, and O-containing functional groups. The
values for logK for silver complexes follow the order inor-
ganic sulfide (14–21) > organic sulfide (12–15) > N (NH3 and
amines, 3–6) > Cl− (3) > O (carboxyl and hydroxyl groups <

2).66–70 Thus, in general, reduced sulfur ligands will react
first with AgNMs followed by N-ligands and finally O-
ligands.71

Sulfur in NOM occurs as reduced (e.g., sulfide, thiol) or as
oxidized species (e.g., sulfonate, sulfate), with oxidation state
ranging from −2 to +6. Of these, only reduced sulfur sites are
expected to be important for Ag binding. However, reduced
sulfur from aquatic environments can account for 20–70% of
total sulfur as a combination of highly reduced exocyclic S
(e.g., thioethers (R-S-R), cyclic thioethers, and thiolate (R-S-/S-
SH)) and moderately reduced heterocyclic species (e.g.,
thiophene).61,72–76 Exocyclic reduced sulfur represents 29 to
42%, heterocyclic reduced S represents 25–35%, while oxi-
dized sulfur (e.g., sulfoxide, sulfone, sulfonate, and
organisulfate) represents 23–38% of total sulfur in aquatic
NOM.61,76 Heterocyclic reduced sulfur species (e.g., thioethers
as in methionine with logK = 3) do not bind silver strongly77

and disulfides (R-SS-R) do not form significant complexes

Table 1 Properties of NOM and AgNM-NOM corona. Experiments were performed at 4 mg L−1 cit-AgNP and 5 mg L−1 NOM concentrations

Formulas
# of assigned
formulas

Formulas % in
NOM-corona

Formulas % in original
NOM RA % AMW DBE H/C O/C AImod

YR NOM All 13 052 100 — 100 560.1 14.0 1.11 0.58 0.34
CHO 6603 50.6 — 85.6 557.6 14.0 1.11 0.58 0.34
CHOS 1214 9.3 — 2.2 556.6 9.70 1.36 0.48 0.15
CHON 5235 40.1 — 12.2 574.9 14.8 1.08 0.59 0.34
CHONS — — — — — — — — —

MR NOM All 13 337 100 — 100 597.4 15.5 1.02 0.59 0.37
CHO 5425 40.7 — 66.9 594.1 15.2 1.03 0.59 0.37
CHOS 1518 11.4 — 5.8 571.1 13.6 1.08 0.63 0.29
CHON 5893 44.2 — 26.0 613.2 16.50 0.97 0.58 0.39
CHONS 501 3.8 — 1.3 549.8 14.7 0.90 0.61 0.40

Cit-AgNMs
YR-NOM corona All 2398 18.4 100 742.7 17.6 1.19 0.52 0.30

CHO 549 22.9 8.3 24.8 823.6 19.1 1.20 0.55 0.31
CHOS 647 27.0 53.3 31.5 641.9 10.9 1.40 0.40 0.16
CHON 1202 50.1 23.0 43.6 775.1 19.5 0.97 0.59 0.39
CHONS — — — — — — — —

MR-NOM corona All 1815 100 13.6 100 776.2 20.2 0.96 0.59 0.40
CHO 432 23.8 8.0 26.7 829.0 20.4 1.05 0.54 0.38
CHOS 300 16.5 19.8 17.1 705.3 17.3 0.98 0.66 0.34
CHON 988 54.4 16.8 51.4 780.0 21.0 0.90 0.59 0.42
CHONS 95 5.2 19.0 4.9 634.9 17.1 0.86 0.62 0.42
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with Ag+,78,79 and only one silver-disulfide structure is
known.77 Thus, only a fraction – mainly exocyclic reduced
sulfur containing compounds – of CHOS compounds are
expected to contribute to the formation of AgNM-NOM
corona.

Organic nitrogen incorporated into NOM accounts for
more than 90% of the total nitrogen in soils,80 sediments
and aquatic environments. Its primary source is biochemical
nitrogen from dead plant and animal residues (predomi-
nantly proteinaceous substances). N is typically present in
aquatic dissolved organic matter in the form of amides,
amines, and heterocyclic nitrogen.81–83 Nitrogen-containing
functional groups play important role in organic ligand–
metal particle interactions. For instance, among DNA bases
(e.g., adenine, guanine, cytosine, and thymine), AgNMs inter-
act strongest with cytosine due to its exocyclic nitrogen and
weakest with thiamine due to the absence of an exocyclic
amine.84 Similarly, nitrogen sites in polyacrylamide act as
partial electron acceptors from metallic nanoparticles and
thereby create an attractive physical or weak chemical inter-
action leading to the adsorption of the metal particle specific
to the nitrogen sites in the pendant of the polymer
molecules.85

Additionally, S- and N-containing organic ligands have a
range of affinities to Ag. For instance, mercaptants show very
strong binding with logK values around 13, whereas doubly
bonded sulfur and thioethers (e.g., dimethyl sulfide, logK =
3.7) have logK values similar to those of amines (e.g., methyl-
amine, logK = 3.06).77 The presence of multiple amine func-
tions, as in tetraethylene pentamine, can considerably in-
crease the value of logK (e.g., logK = 7.4). On the other hand,
carboxylates have very low logK and only with
multifunctional species, such as EDTA, do values become sig-
nificant. Thus, the co-occurrence of S- and N-ligands/formu-
las in AgNM-NOM corona.77

Comparing AgNM-NOM corona formed from the YRNOM
and MRNOM indicates higher selectivity for adsorption of
CHOS formulas from the YRNOM (e.g., 53.3% of all formulas
were selectively removed on the surface of AgNM, Table 1)
compared to the MRNOM (e.g., 19.8% of all formulas were se-
lectively removed on the surface of AgNM, Table 1). The dif-
ference in the selectivity of CHOS formulas between the
YRNOM and MRNOM can be attributed to the difference in
their molecular characteristics. CHOS formulas in the
YRNOM are characterized by higher relative abundance of ali-
phatic compounds (Table S3†), lower MW, DBE, O/C, and
AImod, and higher H/C compared to those in the MRNOM
(Table 1).

It is worth noting here that, the other compounds that did
not selectively sorb on AgNMs displayed a lower intensity in
the ultrafiltered samples (<10 kDa) after adsorption to
AgNMs than in the corresponding original NOM. The magni-
tude of the decrease in intensity (from NOM before to after
adsorption to AgNMs) varied considerably depending on spe-
cific compounds. This indicates that these compounds were
partitioned between the solution and the surface of AgNMs

to different extents, showing different affinities for the
surface.

Biogeochemical classes of compounds. Elemental compo-
sitions derived from FT-ICR-MS spectra can be rapidly visual-
ized in van Krevelen diagrams,58 which plot H/C ratio versus
O/C ratio. Every data point represents a single monoisotopic
elemental composition derived from NOM, with color on the
z-axis that indicates relative abundance. Compound classes
(e.g., aromatics, polyphenols and aliphatic) are located in dif-
ferent regions of the van Krevelen diagram as described in
detail elsewhere.58

Fig. 1 shows van Krevelen diagrams for identified com-
pounds in both NOMs. Fig. 1a and e suggest that the organic
compounds in YRNOM correspond to species with slightly
higher H/C (1.11) compared to MRNOM (1.02; Table 1), and
that both NOMs have similar O/C ratios. CHO compounds
(Fig. 1b and f) are the most abundant (85.6% and 66.9% RA
for the YRNOM and MRNOM, respectively, Table 1) class
detected by ESI FT-ICR-MS of NOM.6,8–15 CHON formulas
(Fig. 1c and g) in the YRNOM span wider O/C and H/C ranges
compared with those in the MRNOM, with approximately
identical relative-abundance weighted average O/C (0.58–0.59,
Table 1) and higher H/C in the YRNOM (1.08) compared to
MRNOM (0.97), which could indicate that YRNOM contains a
slightly higher proportion of aliphatic compounds (1.5 ≤ H/C
≤ 2.0). The most noticeable differences are observed for the
CHOS compounds (Fig. 1d and h). The YRNOM contained
CHOS compounds with low O/C (0.2–0.4, Fig. 1d) together
with CHOS formulas with high O/C (0.4–0.9, Fig. 1d) with an
average value of 0.48 (Table 1); whereas, the MRNOM
contained CHOS formulas with high O/C (0.4–0.9, Fig. 1h)
with an average O/C of 0.63 (Table 1).

The van Krevelen diagram of all, CHO, CHON, CHOS and
CHONS formulas forming AgNM-NOM corona formed by se-
lective adsorption of NOM formulas from YRNOM and
MRNOM are presented in Fig. 2. Results in Fig. 2a and b
show an evident selective adsorption of compounds with rela-
tively high O/C (ca. 0.5–1.0) and low H/C (ca. 0.5–1.2) ratios
in both YRNOM and MRNOM, except for a group of com-
pounds at low O/C and high H/C values in the YRNOM,
which are sulfur rich compounds (Fig. 2d).

Based on their locations in the van Krevelen diagram,
NOM formulas in YRNOM and MRNOM were assigned to dif-
ferent biogeochemical compound classes (Fig. 3, Table S3†).
The relative distribution of the biogeochemical compound
classes in all assigned formulas and in each heteroatom class
of compounds is shown in Fig. 3a and b. The most abundant
compounds correspond to highly unsaturated and phenolic
compounds (HUPC, 75%) and polyphenolic compounds in
both samples (YRNOM = 16% and MRNOM = 19%), typical of
riverine NOM.86 The proportion of condensed polycylic aro-
matics (CPA) and aliphatic compounds were 4.2 and 3.7% for
the YRNOM and 3.9 and 1.0% for the MRNOM. CHO, CHON,
and CHONS formulas generally follow the same trend as all
assigned formulas. However, YRNOM CHOS compounds were
mainly HUPC (75.3% RA) and aliphatic (22.4% RA), with
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2.3% phenolic compounds. In the MRNOM, the majority of
CHOS compounds were HUPC (80.5% RA), and phenolic
(14.5% RA) with ∼3% aliphatic and ∼1% CPA.

AgNM-NOM corona is rich with HUPC (ca. 69–71% RA)
and phenolic compounds (ca. 19–20% RA) for AgNM-NOM
corona formed from the YRNOM and MRNOM (Fig. 3c and d
and Table S3†). Condensed polycylic aromatics were slightly
enriched, increasing from 4.1% RA in YRNOM to 5.7% RA in
AgNM-NOM corona formed from the YRNOM and from 3.8%
RA in the MRNOM to 9.1% RA in the AgNM-NOM corona
formed from the MRNOM. Aliphatic formulas were <1% in
AgNM-NOM corona formed from the MRNOM. This is in
agreement with the limited adsorption of aliphatic formulas
on the surface of other types of NMs e.g., aluminum oxide,43

and iron oxides.57 However, aliphatic compound represented
11.3% RA in the AgNM-NOM corona formed from the

YRNOM. This enrichment of aliphatic compounds is domi-
nated by CHOS aliphatics (represent 28.6% RA of all CHOS
forming AgNM-NOM corona), suggesting an important role
of sulfur in the selective adsorption of these aliphatic com-
pounds. Most likely sulfur occurs as sulfide in these com-
pounds and AgNMs have higher affinity for S-containing li-
gands as discussed above. This suggests that aliphatic
compounds have a negligible contribution to AgNM-NOM co-
rona, except when aliphatic compounds have a chemical af-
finity to the NM surface. This is in good agreement with pre-
vious studies, where Lv et al. demonstrated selective
adsorption of aromatic and the polyphenols to iron oxides,
while aliphatic compounds were preferentially retained in the
aqueous phase (i.e., did not sorb on the surface of iron oxide
NMs).86 Galindo and Del Nero (2014) demonstrated fraction-
ation of SRFA by alumina surfaces, and reported major

Fig. 1 van Krevelen diagrams of Yukon River (a–d) and Milwaukee River (e–i) NOM by (—) ESI 21 T FT-ICRMS: (a and e) all formulas, (b and f) CHO,
(c and g) CHON, (d and h) CHOS, and (i) CHONS. NOM concentration was 5 mg L−1.

Fig. 2 van Krevelen diagrams of unique formulas to AgNM-NOM corona in Yukon River (a–d) and Milwaukee River (e–i) NOM by (—) ESI 21 T FT-
ICRMS: (a and e) all formulas, (b and f) CHO, (c and g) CHON, (d and h) CHOS, and (i) CHONS. NOM concentration was 5 mg L−1.
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removal of highly oxidized aromatic compounds and multiple
oxygenated functionalities, unsaturated polycyclic aromatic
compounds with fewer oxidized groups, and aliphatic com-
pounds characterized by relatively high O/C values. It was
suggested that adsorption of these compounds was due
mainly to the interaction of their oxygenated functionalities
with particle surfaces.43

3.3. Effect of NOM molecular properties on AgNM-NOM
corona

The relative abundance (RA) distribution of molecular de-
scriptors (MW, and DBE) was constructed and presented in
Fig. 4. The relative abundance average molecular descriptors
were calculated and summarized in Table 1 for each sample
and subsequent heteroatom class. Slight differences (<10%)
in the average H/C, O/C and AImod values were observed in
YRNOM, MRNOM and their corresponding AgNM-NOM
corona (Table 1). However, higher differences (>10%) were
observed in MW and DBE values as discussed below.

Molecular weight. The broadband negative-ion ESI FT-ICR-
MS mass spectra for each class of compounds in the original

YRNOM (Fig. S1†) and MRNOM (Fig. S2†) and those of the
corresponding AgNM-NOM corona (Fig. S3 and S4†) indicate
selective adsorption of NOM formulas with higher molecular
mass for each class of compounds. This is further illustrated
in the shift in the MW of AgNM-NOM corona to higher values
compared to those in the original NOM (Fig. 4a and c). This
is in line with previous studies demonstrating the selective
adsorption of higher molecular weight compounds on NMs
or mineral surfaces.86–89 For instance, Galindo demonstrated
the selective adsorption of fulvic acid formulas with m/z
values ranging from 120 to 980, with almost all fulvic acid
formulas with m/z ≥ 775 selectively sorbed on the surface of
aluminum oxide.43 However, few studies investigated the
changes in molecular weight distribution based on hetero-
atom classes of compounds. The molecular weight distribu-
tion of the different heteroatom based compound classes in
AgNM-NOM corona follow the order of CHO > CHON >

CHOS > CHONS (Fig. S6† and Table 1). This trend in MW
suggests that molecular size plays a more important role in
the adsorption of CHO compounds compared to CHON and
CHOS compounds, likely due to the selective adsorption of
compounds with high oxygen content (see discussion below).

Fig. 3 Distribution of descriptive compound classes in each class of heteroatom class of compounds (a) YR-NOM, (b) MR-NOM, (c) AgNM-
YRNOM-corona, and (d) AgNM-MRNOM-corona. CPA: Condensed polycyclic aromatics; HUPC: highly unsaturated and polyphenolic compounds.
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This could also be attributed to the differences in the mecha-
nisms of adsorption of these different compounds. To the
best of our knowledge, this is the first study to reveal the de-
tailed selective adsorption of different molecular weight for-
mulas for different compound classes of NOMs.

Saturation level (DBE). The distribution of DBE shows a
shift toward higher DBE values for compounds forming
AgNM-NOM corona compared to those in the original NOMs
(Fig. 4b and d and S7,† Table 1) indicating that molecules
forming AgNM-NOM corona are highly unsaturated, and/or
aromatic. With increasing DBE, the degree of unsaturation
and potentially aromaticity increases because higher DBE
values result from addition of double bond or an aromatic
ring. Molecules forming AgNM-NOM corona have a higher
DBE compared to the original NOM as carbon saturation de-
creases and unsaturation present in functional group in-
creases due to selective adsorption of highly oxygenated for-
mulas on AgNM surfaces (see discussion below). Aromaticity
(AImod) of NOM and AgNM-NOM corona did not change
significantly.

The DBE distribution of the different heteroatom classes
in AgNM-NOM corona followed the order CHO ≈ CHON >

CHONS > CHOS (Fig. S7†). The distribution and average DBE
of CHOS compounds in AgNM-NOM corona formed by NOM

adsorption from the YRNOM increased slightly (e.g., from 9.7
to 10.9, Table 1), whereas the DBE for CHOS sorbed from the
MRNOM increased from 13. 6 to 17.3, possibly due to differ-
ent adsorption mechanisms. Future studies are needed to in-
vestigate the effect of S-containing compounds/components
in NOMs on the molecular make-up of AgNM-NOM corona
using well-characterized NOM isolates with different sulfur
contents and speciation.76

Oxygen content. Most of the compounds forming AgNM-
NOM corona are highly oxygenated compounds and have
high DBE values (Fig. 4b and d), suggesting that oxygen atom
content and the unsaturation level of the compounds are im-
portant parameters governing their adsorption behavior.
Fig. 5 depicts the number of oxygen atoms versus the DBE
values in the molecular formulas of the original NOM and
AgNM-NOM corona, and demonstrates that formulas forming
AgNM-NOM corona are characterized by high DBE and high
oxygen content.

Fig. S8† shows the number of oxygen atoms in each for-
mula for the CHO, CHON, and CHOS formulas, which dem-
onstrates that AgNM-NOM corona is rich with the highly oxy-
genated formulas for each class of compounds. In the
YRNOM, only formulas with the highest number of oxygen
(25, 20, 18, and 16 for CHON1, CHON2, CHON3, and CHOS

Fig. 4 Distribution of MW and DBE of molecular formulas in (a and b) Yukon River natural organic matter (YRNOM) and the corresponding NOM-
corona, and (c and d) Milwaukee River natural organic matter (MRNOM) and the corresponding NOM-corona.
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formulas) were fully removed from solution (e.g., number of
formulas in NOM and AgNM-NOM corona are equal),
whereas in the MRNOM, formulas with the two highest num-
ber of oxygen (23–24, 21–22, 20–21 and 20–21 for CHON,
CHON1, CHON2, CHON3 and CHOS) were totally removed
on the surface of AgNMs. For CHO formulas, although the
number of formulas in AgNM-NOM corona increased with
the increased number of oxygen atoms in the formula, none
of the formulas were completely removed from solution to
AgNM surfaces (e.g., number of CHO formulas in AgNM-
NOM corona was always lower than number of CHO formulas
in the corresponding NOM).

These observations point to the importance of oxygen
(e.g., oxygenated functional groups) in the binding of NOM
formulas to the surface of AgNMs, presumably carboxyl
group-Ag bond, via ligand-exchange reaction. This is in good
agreement with previous studies, where oxygen-containing
Suwannee River fulvic acid-corona of approximately 1.3 nm
was observed around AgNMs using STEM-EELS.56 Addition-
ally, several studies have demonstrated the importance of ox-
ygenated functional groups in the binding of organic ligands
to Ag surfaces,90 and to soil, minerals, and NMs.38,42,43,86 Al-
though, carboxylic functional groups have very low affinity to

AgNMs, the affinity of organic ligand to AgNMs increase with
the increase in number of carboxylates.77

4. Conclusions

NOM plays a pivotal role in determining NM environmental
behavior such as aggregation, dissolution, uptake, and toxic-
ity. Previous studies have focused on effects of NOM on NM
aggregation, dissolution, uptake, and toxicity. Some studies
focused on selective adsorption of NOM on the surface of
NMs using bulk analysis techniques. However, very few stud-
ies have focused on molecular level characterization of NOM-
corona. Using ESI-FT-ICR-MS, our results indicate that NOM-
corona composition is a function of NOM chemical composi-
tion. Specifically, AgNM-NOM corona is rich with N- and
S-containing formulas and compounds with HMW, high
unsaturation, and containing high number of oxygenated
groups. An exception to this is the adsorption of CHOS com-
pounds on AgNMs in the YRNOM treatment which are char-
acterized by low molecular weight and low unsaturation,
likely resulting from selective adsorption via chemical com-
plexation (Ag–S). On the other hand, NOM compounds with
low molecular weight and low unsaturation or compounds
containing few oxygenated groups (mainly alcohols and
ethers) are preferentially maintained in solution. Similar mo-
lecular fractionation has also been observed for riverine
NOM on the surface of iron oxides and for FA and HA on the
surface of aluminum oxides. Therefore, the formation of
NOM-corona determines to a great extent NM and NOM envi-
ronmental behaviors. Future studies are needed to elucidate
the interrelationship between the properties of NOM-corona
and the environmental fate and behavior of NMs and NOM
in aquatic environments.
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