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Abstract

Natural organic matter (NOM) plays important roles in biological, chemical, and physical processes within the terres-
trial and aquatic ecosystem. Despite its importance, a clear and exhaustive knowledge on NOM chemistry still lacks.
Aiming to prove that advanced solid-state '*C nuclear magnetic resonance (NMR) techniques may contribute to fill
such a gap, in this paper we reported relevant examples of its applicability to NOM components, such as biomass,
deposition material, sediments, and kerogen samples. It is found that nonhydrolyzable organic carbons (NHC), chars,
and polymethylene carbons are important in the investigated samples. The structure of each of the NHC fractions is
similar to that of kerogens, highlighting the importance of selective preservation of NOM to the kerogen origin in the
investigated aquatic ecosystems. Moreover, during the artificial maturation experiments of kerogen, the chemical and
structural characteristics such as protonated aromatic, nonprotonated carbons, and aromatic cluster size play impor-

Advanced solid-state '*C NMR

tant roles in the origin and variation of nanoporosity during kerogen maturation.
Keywords: Natural organic matter, Biomass, Algae, Pollen, Atmospheric deposited particles, Sediments, Kerogen,

Background

Terrigenous NOM generally includes a large fraction of
biologically and chemically resistant (recalcitrant) com-
pounds such as nonhydrolyzable organic matter, kero-
gen, and residual NOM, resulting from an enhanced
degradation carried out by soil microbes [2, 19]. Despite
its intrinsic recalcitrance, terrigenous NOM can also be
recycled in the terrestrial environment. Ancient terrig-
enous NOM fractions also comprise kerogen or old soil
NOM and humic substances, albeit to a lesser extent
(<25%; [14]). Terrigenous NOM supplied by rivers under-
goes intensive reworking in estuaries and deltas [9], with
some estimates suggesting losses of two-thirds of the
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global fluvial input of particulate NOM (POM) in these
environments [21]. Part of terrigenous NOM may be lost
if leached (conversion to dissolved NOM), completely
mineralized, exported, or buried. However, the control-
ling mechanisms for these processes are highly variable
and are not yet well known [49].

Biomass residues (such as pollens and algae) are trans-
formed via chemical, biological, and physical processes
into more stable forms during humification processes.
During humification, the number of aromatic and par-
affinic carbons increases, whereas the level of alkyl C-O
carbons decreases. Therefore, humification and degrada-
tion processes result in the loss of some of the charac-
teristic signals of structurally identifiable materials such
as carbohydrates and lead to the enhancement of signals
from refractory structures, such as aromatic and alkyl
compounds. It is well established that refractory biomac-
romolecules (such as lignin and sporopollenin biopoly-
mers) are a recalcitrant and important constituent of
NOM [3, 11].
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Atmospheric particulate matter contains organic mat-
ter and inorganic materials and its sources can be either
anthropogenic or natural. Its composition is closely
related to issues such as direct and indirect climate
modifications, air pollution, and reduced visibility. In
the literature, most of the studies on the characteriza-
tion of organic matter in atmospheric particulate mat-
ter have been conducted on the water soluble fraction
using '"H NMR [5]. Note that even 2D 'H-'*C HSQC
and HMQC can only detect protonated carbons. Thus,
these studies completely lose the nonprotonated struc-
tural information. In addition, the characterization of
insoluble fractions is also examined. To some extent,
solid-state NMR is essential for providing relatively com-
plete structural information on organic matter in atmos-
pheric organic matter. To the best of our knowledge,
there are only a number of cases using solid-state NMR
to study its organic matter. In almost all these studies,
simple '3C cross polarization/magic angle spinning (CP/
MAS) and spectral editing techniques have been used.
The high-spinning speed multi-ramped amplitude cross
polarization/magic angle spinning (multiCP/MAS) tech-
nique was applied for acquiring quantitative *C NMR
spectra [20]. This multiple-cross polarization (mul-
tiCP) technique provides a simple, robust way to obtain
quantitative solid-state '*C NMR spectra of organic
materials, with good signal-to-noise ratio. The spec-
tral editing techniques (i.e., dipolar dephasing and a *C
chemical-shift-anisotropy filter) are employed to inves-
tigate the subspectra of the chemical groups. Therefore,
the advanced solid-state techniques to the characteriza-
tion are yet to be applied.

Various physical and chemical methods have been
used, whereas advanced solid-state NMR techniques
have not been applied yet, despite they are potentially
capable to significantly improve the knowledge on black
carbon (BC) and kerogen carbon (KC). Methods for BC
quantification in soils and sediments have been exten-
sively evaluated [13, 16, 32, 35, 42]. By contrast, less
efforts have been directed at the quantification of KC in
soils and sediments, and the current protocols are mainly
restricted to the fields of organic—petrographic analyses
and chemical treatments [6, 12, 22, 39, 40, 46]. Kerogen
is the most abundant organic matter in the Earth’s crust
[48]. Major input of kerogen to soils and sediments is
from the natural weathering processes of sedimentary
rocks and from coal since the latter, which is mainly com-
posed of kerogen, is dispersed during mining operations.
Kerogen typically has a three-dimensional structure
with aromatic nuclei cross-linked by aliphatic chain-like
bridges. These nuclei consist of aromatic sheets sepa-
rated by voids with an average width of 30-40 nm. The
aliphatic bridges contain linear or branched chains, and/
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or S- or O-containing functional groups [10]. Although
most kerogens are distributed in deeply buried reservoirs
[48], they can be present in significant amounts in soils
and sediments. For example, (Ran et al. [40] found that
Borden aquifer with a total OC content of 0.21 g kg™
consisted of at least 186 g kg™! of KC. Song et al. [46]
reported 240-480 g kg™! of KC out of total OC in one
soil and three sediments. However, all existing KC quan-
tification methods may suffer from operational short-
comings such as fine NOM particle loss, and incomplete
amorphous organic carbon removal [13, 40, 46].

Kerogen is the sedimentary organic matter, which gen-
erates petroleum and natural gas. In this respect, many
efforts have been devoted to its isolation and to the char-
acterization of its chemical structure and evolution dur-
ing sediment burial, aiming at a better prediction of oil
and gas pools. With kerogen being a complex mixture
of organic materials tightly mixed with minerals in sedi-
ments, its characterization represents a challenging goal.
This notwithstanding, many progresses have been so
far done and are due not only to the development of oil
exploration via geological sample availability, but also to
the huge increase in analytic capabilities during the last
40 years. However, despite the numerous advances made
with respect to kerogen knowledge, important points are
still far from being elucidated.

Solid-state NMR spectroscopy is commonly used
to characterize complex humic substances [7, 18, 33,
38] including humic and fulvic acids [1, 17, 44, 47] and
humin Preston and Newman [36, 37]. The primary tech-
nique used in these studies is the solid-state 3C CP-MAS
technique. Our understanding of chemical structures
of humic substances has markedly improved over dec-
ades of extensive investigations using the solid-state *C
CP-MAS spectroscopy [47, 51]. For example, it is well
documented that marine humic acids generally contain
less aromatics than lignin-derived terrigenous ones [27,
33]. Despite the knowledge gained by these NMR stud-
ies using '3C CP-MAS, the full potential of solid-state
NMR for characterizing humic substances has yet to be
realized [33]. 13C CP-MAS has drawbacks such as loss
of structural information and poor quantification [8,
23, 30, 41, 45]. Moreover, due to their complex and het-
erogeneous nature, 3C CP-MAS or direct polarization
magic angle spinning (DP-MAS) NMR spectra of NOM
generally reveal broad, poorly resolved peaks pertain-
ing to major functional groups. Therefore, ambiguous
assignments can be caused by the overlapping chemi-
cal shifts of numerous different structural moieties [33].
Thus, other analytic methods have also been used in sedi-
ment NOM characterization as reviewed in the previous
review [19, 33].
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During the recent years, many advanced solid-state '3C
NMR techniques have been developed, improved, and
applied for characterizing complexity of NOM in algaes,
plants, soils, sediments, and kerogens [23, 43]; Mao
and Schmidt-Rohr [24-26], Mao et al. [27-29]. These
advanced solid-state NMR techniques include *C DP/
MAS NMR, quantitative DP/MAS plus dipolar dephas-
ing, 1*C chemical-shift anisotropy filter (CSA), and CH,
CH, spectral editing [28]. They overcome the drawbacks
of conventional CP/MAS techniques and enable us to
obtain more detailed chemical and structural informa-
tion on various types of NOM. The identification and
quantification of specific functional groups such as CH,,
CHj, aromatic CH, aromatic C—O, protonated aromatic
C, nonprotonated aromatic C, carbonyl C, and carboxyl
C can be achieved. The structural parameters such as
aromaticity and aromatic cluster size can also be esti-
mated by using spectral analysis and long-range 'H-'*C
recoupled dipolar dephasing [4, 28]. These advanced
techniques provide reliable measurements and have
proven to be powerful tools for the characterization
of NOM [28]. In the following sections, we will discuss
several case studies (algae organic matter, pollen organic
matter, sediment organic matter, atmospheric deposi-
tion particles, and kerogens) to prove the applicability
of advanced 1D solid-state in this research field. Moreo-
ver, solid-state NMR experiments were performed on a
Bruker spectrometer operating at 400-MHz 'H and 100-
MHz 3C frequencies in all reported cases.

Algal organic matter

The three algae (Spirulina, Seaweed, and Porphyra) sam-
ples were fractionated into the lipid (LP), lipid free (LF),
alkaline nonhydrolyzable carbon (ANHC), and acid
nonhydrolyzable carbon (NHC) to obtain the refractory
component. The major steps for isolation of the algal
fractions were described elsewhere [54]. Briefly, the bulk
samples (OS) were extracted to separate lipids by using
Soxhlet extraction with 2:1 CH,Cl,/CH;OH (v/v) for
24 h. The LP fractions were dried at 100 °C. Subsamples
of the LF fractions were saponified for 1 h in 1 N KOH
in 85:15 methanol/H,O (v/v). The ANHC fractions were
hydrolyzed twice with 2 N trifluoroacetic acid (TFA) at
100 °C for 3 h. Subsequently, samples were hydrolyzed in
4 and 6 N TFA at 100 °C for 18 h. Finally, the residual
hydrolyzable organic matter was removed with 6 M HCl
at 110 °C for 24 h.

The multiCP/MAS spectra were measured at a spin-
ning speed of 14 kHz, where spinning sidebands are fairly
small (<3%) and have little overlap with center bands.
The 90° pulse lengths were 4.3 us for 'H and 4 ps for
13C. To achieve dead time-free detection, which is indis-
pensable for spectra with broad lines, all spectra were
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recorded with a Hahn echo generated by an exorcycled
180° pulse applied one rotation period (t,) after the end of
cross polarization. The 'H decoupling field strength was
|yB,|/2n = 65 kHz during the period of 2 £, = 0.14 ms
duration before the Hahn echo, and ca. 55 kHz during
signal detection. The ramp for CP was implemented with
11 steps of 0.1 ms duration and a 1% amplitude incre-
ment (90-100%). The duration of the repolarization
period (¢,) in multiCP was 0.7 s. Corresponding multiCP
spectra of nonprotonated C and mobile segments were
selected by recoupled dipolar dephasing (multiCP/DD)
with a dipolar dephasing time of 68 ps. The *C spectra of
three commercial algae and their LF and NHC fractions
are shown in Fig. 1. Thin lines and thick lines represent
quantitative 3C NMR spectra of all C (multiCP/MAS)
and of nonprotonated or mobile C (multiCP/MAS with
recoupled dipolar dephasing), respectively. The relative
percentages of different C functional groups are listed in
Table 1 [55]. In general, the three bulk commercial algae
samples contain high alkyl C-O (31.7-43.1% of all C) and
alkyl C (17.7-24.7%), but low aromatic C (5.91-7.89%).
After organic solvent extraction, the (CH,)n percentages
decrease in the LF fractions relative to the correspond-
ing bulk samples for Spirulina and Seaweed (Table 1). But
for Porphyra, the (CH,)n signal varies slightly and is quite
similar to that of the OS, likely due to the lower content
of lipid in Porphyra. The NHC fractions of three com-
mercial algae generally contain much lower alkyl C-O
(8.72-12.6% of all C) than their corresponding OS (31.7—
43.1%) and LF samples (28.9-43.4%), indicating that
the majority of polysaccharides and carbohydrates were
removed during alkaline and acid hydrolysis. In addition,
the aromatic C including aromatic C-C, aromatic C-H
and aromatic C-0O, and ketone/aldehyde C are much
more abundant in the NHC fractions than in correspond-
ing OS and LF samples. The signal at 27.5-31.8 ppm is
the most intense in the NHC fraction of Porphyra, sug-
gesting that its NHC fraction contains the highest polym-
ethylene carbon among the three commercial algae.

Pollen organic matter

The two pollens (Nelumbo nucifera and Brassica campes-
tris L.) were sequentially fractionated into the lipid (LP),
lipid free (LF), residue obtained after successive TFA
hydrolysis (TFAR), residue obtained after saponification
(SR), and acid nonhydrolyzable carbon (NHC) to obtain
the refractory component, as described elsewhere [53]. In
brief, the lyophilized OS samples were extracted to sepa-
rate lipids via Soxhlet extraction with CH,Cl,:CH;OH
(2:1, v/v) for 24 h. The LP fractions were dried at 60 °C.
Subsamples of the LF fractions were hydrolyzed twice
with 2 N TFA at 100 °C for 3 h. Subsequently, samples
were hydrolyzed in 4 and 6 N TFA at 100 °C for 18 h. The
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residue obtained after successive TFA hydrolysis (TFAR)
fractions was saponified by refluxing for 1 h in 5% KOH
in 2-methoxy ethanol/H,O (88/12, v/v). The residue
obtained after saponification (SR) fractions was treated
by 6 N HCI at 110 °C for 24 h. The remaining residues
made up the final NHC fraction. The cross polarization
(CP) experiments included '*C cross polarization/total
sideband suppression (CP/TOSS), CP/TOSS plus dipo-
lar dephasing (CP/TOSS/DD), and '*C chemical-shift-
anisotropy (CSA) filter. The '3C solid NMR spectra of
the investigated bulk pollens and their fraction samples
represent 3C CP/TOSS NMR spectra of all C (Additional
file 1: Figure S1). A pair of spectral editing techniques,
dipolar dephasing, and *C CSA were employed to study
the structures of the bulk pollens and their fractions in
more detail [53].

The bulk lotus and rape pollen samples contain the
largest amounts of alkyl C-O (53.9 and 47.7%, respec-
tively) (Additional file 1: Table S1). The relative propor-
tions of alkyl C-O for TFAR, SR, and NHC fractions
(11.6-19.1%) decrease greatly compared to those for LF
fractions (44.7-52.4%). After successive TFA and 6 N
HCI treatments, alkyl C increases to a greater extent
than does aromatic C. The TFAR, SR, and NHC fractions

display the highest relative amount of alkyl carbon
(44.1-53.2%), which includes polymethylene-based func-
tionalities. The NHC fractions mainly consist of alkyl
carbon (44.1-53.2%), aromatic moieties (110-165 ppm)
(20.5-25.8%), alkyl C-O (11.6-12.6%), and O—CH;/NCH
(8.82-10.4%). The NHC fractions have extremely high
poly(methylene) carbon percent, up to 21.0%. NMR spec-
troscopy indicates that the structure of the NHC frac-
tions in pollen samples is similar to that of sporopollenin,
which principally contains aliphatic, aromatic, ether, and
carbonyl and carboxylic groups in varying degrees [1, 15,
31, 50].

Based on the 13C NMR spectra of the classes reported
by Nelson and Baldock [34], the constituents of the bulk
pollen samples and their fractions are largely aliphatic
components (including sporopollenin), carbohydrates,
protein, and lignin as estimated by the four listed bio-
chemical classes (Additional file 1: Table S2). Carbohy-
drate and aliphatic components account for 63.3-68.0
and 12.5-15.4% of the total organic carbon in the bulk
pollen samples, respectively, followed by protein and
lignin ranging from 9.34 to 14.9% and from 5.83 to 8.67%
of the OC content, respectively. The aliphatic compo-
nents of LF fractions range from 10.8 to 11.7%, which are
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lower than in their OS samples. In NHC fractions, alkyl C
and aromatic C (especially aromatic C—C) were more vis-
ible because of the removal of carbohydrates. The NHC
fractions are composed of aliphatic components (52.1-
58.2%), lignin (20.5-25.9%), carbohydrate (11.5-13.4%),
and protein (7.96-10.4%), consistent with the previous
studies that sporopollenin is not a uniform macromol-
ecule but rather a series of closely related biopolymers
with different chemical groups occurring in varying
amounts [15, 50].

Sediment organic matter

Three surface sediment samples (B1, A01, and A04)
were sequentially fractionated into the demineralized
(DM), lipid (LP), lipid free (LF), and acid nonhydrolyz-
able carbon (NHC) to obtain the refractory component,
as described elsewhere [52]. Briefly, to remove para-
magnetic material and enrich the relative OC content
in samples, the bulk samples (OS) were tested with 1 N
HCl/10% HF to obtain the DM fraction. The free lipids
(LP) were extracted repeatedly from an aliquot of DM
with a 2:1 CH,Cl,/CH;0H (v/v) using soxhlet extrac-
tion for 24 h, and then dried at 50 °C. The solid residue
(lipid-free fraction, LF) was dried at 50 °C. The LF frac-
tions were hydrolyzed twice with 2 N TFA at 100 °C for
3 h. Subsequently, samples were hydrolyzed in 4 and 6 N
TFA at 100 °C for 18 h. Finally, the residual hydrolyzable
organic matter was removed with 6 M HCl at 110 °C for
24 h.

The 13C solid NMR spectra in the demineralized car-
bon (DM), LF, and NHC fractions for the three sedi-
ments collected from the Pearl River Delta represent >C
CP/TOSS NMR spectra of all C. In addition, the spectra
resulting from two spectral editing, dipolar dephasing,
and CSA are shown in Additional file 1: Figure S2, and
described elsewhere [52]. The ¥C CP/TOSS data show
that the alkyl carbon components account for 25.6—-32.4%
of the total organic carbon in the DM fractions (Table 2).
The LP fractions mainly consist of alkyl carbon. As a
result, alkyl carbon contents of the LF fractions decrease
to 22.0-27.3% relative to the DM fractions. The LF frac-
tions have higher aromatic C contents (38.8—-39.2%) than
DM fractions (32.8—35.9%) do.

Based on the 3C NMR spectra, the contribution of
four biomacromolecule classes (lignin, protein, carbohy-
drate, and aliphatic component) in sediments and their
isolated fractions is estimated according to Nelson and
Baldock (Table 2). As the sediments were reported to
contain char or black carbon (BC), the char end member
is added. The solid-state '>*C CP/MAS NMR spectra of
char are cited from one previous investigation [34]. The
result shows that aliphatic components and carbohydrate
account for 22.7-34.8 and 21.3-25.5% of the total OC
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contents in the DM fractions, followed by char and lignin
ranging from 15.6 to 24.1% and from 13.7 to 16.8% of the
total OC contents, respectively (Table 3). After organic
solvent extraction, the aliphatic components of LF frac-
tions range from 17.9 to 25.6%, which are lower than
those of their DM fractions. The NHC fractions (normal-
ized to OC contents) are composed of char (30.8—-40.9%),
aliphatic component (25.0-33.9%), lignin (14.0-17.4%),
carbohydrate (11.2-11.9%), and protein (6.71-8.27%).
The NHC fractions are enriched in aromatic moieties due
to the removal of carbohydrates and proteins.

Atmospheric deposition particles

Atmospheric dry and wet deposition particles were sea-
sonally collected with several stainless steel buckets (i.d.
50 £ 0.5 c¢m, height 50 cm, flat bottom) in the Guang-
zhou Institute of Geochemistry (DHS) in Guangzhou,
an urban area of Pearl River Delta (PRD), South China
from Apr. 2010 to Jul. 2011. Bulk dry and wet deposi-
tion samples were collected by using 25 L plastic buck-
ets and were carried back to the laboratory. The samples
were centrifuged by using a high-speed refrigerated cen-
trifuge (Changsha, China) to collect the suspended par-
ticulate materials (SPM). Then the separated atmospheric
SPM were analyzed by advanced solid-state '*C NMR
techniques combined with elemental analysis and Rock-
Eval pyrolysis for their chemical and structural charac-
terization. In order to calculate the deposition fluxes,
the rainfall amount records at each sampling site were
periodically obtained from the reservoir administration
offices or from the local meteorological departments.

The results show that the deposition fluxes of SPM
range from 47.58 to 65.07 mg/d/m? (data not shown), and
are higher in spring and fall than in summer and win-
ter. The total organic carbon (TOC) of SPM ranges from
13.15 to 17.09% in DHS.

The NMR data indicate a similar distribution of domi-
nated nonpolar alkyl C and alkyl C-O in all the deposited
SPM, followed by aromatic, and aromatic C-O, COO,
NC=O0, ketone, quinone, and aldehyde carbon (Duan
et al. unpublished data). Relative high contents of COO
are observed in the suburb area during summer and fall
seasons. Aromaticity is in the range of 11.04-18.4%,
whereas polymethylene carbon varies from 5.00 to 5.97%.
The percentages of nonprotonated aromatic carbon
accounting for aromatic carbon range from 5.5 to 14.81%.
The above results are further confirmed by the data of the
Rock-Eval pyrolysis and the five-component model, as
used in the above sediment section. The Rock-Eval shows
that the S2 concentrations range from 43.67 to 61.34 mg
HC/g and the hydrogen index (HI) values are in the range
of 332-380 mg HC/g TOC, suggesting the presence of
high aliphatic components (Table 4). Moreover, the S1
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Table 3 Contributions (%) of five model components
for the sediments and their fractions

Samples Carbohydrate  Protein  Lignin  Aliphatic Char
DM
B1 255 114 158 266 20.8
AO01 213 1.4 16.8 34.8 156
AO4 24.7 14.8 137 227 24.1
LP
B1 17.8 109 19.0 523 0.00
A01 109 431 109 739 0.00
A04 13.7 14.5 14.3 574 0.00
LF
B1 28.8 129 15.8 179 24.7
AO1 23.1 14.9 164 256 20.1
AO4 264 14.5 134 189 26.7
NHC
B1 114 7.82 15.8 25.1 39.8
AO1 11.2 6.71 174 339 30.8
AO4 11.9 8.27 14.0 25.0 409

and S2 values are positively related to aliphatic carbon.
The carbohydrates accounting for 32.47-47.95% of the
total carbon are the main components in the atmos-
pheric bulk deposition, followed by aliphatic components
(19.88-27.33%), proteins (12.65-17.87%), lignin (16.68—
26.86%), and BC (0.00-1.61%) (spectra not shown). In
general, the chemical compounds of alkyl groups are
more abundant than those of aromatic groups.

Bulk kerogen and thermally stimulated kerogen

Kerogen was isolated from the Maoming shale and
sequentially treated at different temperatures (250, 300,
350, 400, 450, and 500 °C) to understand changes in
chemical, structural, and nanoporous characteristics dur-
ing artificial maturation. Quantitative *C direct polariza-
tion magic angle spinning (DP/MAS) NMR experiments
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were performed at a spinning speed of 14 kHz. The 90°
13C pulse length was 4 ps. Nonprotonated carbons and
mobile carbon fractions were quantified using a combi-
nation of the DP/MAS technique with a recoupled dipo-
lar dephasing (DP/MAS/DD).

Advanced solid-state '>*C NMR techniques (DP/MAS
NMR, DP/MAS-DD, and CSA filter) were employed and
combined with Rock—Eval pyrolysis to characterize the
kerogen sample, whereas the nanoporosity and surface
properties were elucidated using N, and CO, adsorp-
tion techniques. The results show that the H/C and O/C
atomic ratios decrease, but vitrinite reflectance (R,) and
maturation (7,,,,) values increase with the increasing
temperature, which are consistent with the declining
trends for S2, S3, HI, and oxygen index (OI) parameters
derived from the Rock-Eval pyrolysis (data not shown),
suggesting that the dehydration, decarboxylation, and
condensation predominately occurred throughout the
artificial thermal process.

The aliphatic and carbonyl carbons of the kerogen
samples significantly decrease, but the aromatic nonpro-
tonated and protonated carbons significantly increase
when the temperature increases (Fig. 2). Aromaticity
(F,,,) is an important parameter for the kerogen struc-
ture characterization. The aromaticity ranges from 47.4
to 94.7% for the investigated kerogens (Table 5). As the
simulation temperature increases, F,, (%) increases
slightly from 47.4% at 25 °C to 54.9% at 300 °C, and then
sharply increases from 82.7% at 400 °C to 94.7% at 500 °C.
Moreover, F, , (%) is highly correlated with R, (R* = 0.93,
p <0.01)and T, (R* =0.73, p < 0.01). In addition, the
nonpolar nonprotonated aromatic carbon (F,,,,) is highly
correlated with R (%) (Fig. 2). The above statistics analy-
sis demonstrates that F,,, (%) and F,,,, (%) could be used
as appropriate proxies for the kerogen maturity. Further-
more, the average aromatic cluster sizze can be obtained
by the following equation: nc > 6/x, e > 6/ Xezdge, max’
which gives a lower limit to the number of carbons of an

Table 4 Rock-Eval parameters of atmospheric deposited particles in DHS

DHS $12 (mg of HC g™’ $2P (mg of HC g™’ S3°(mgof CO%2g~"  HI(hydrogenindex) Ol (oxygenindex)  TOC
dw) dw) dw) (mgofHCg~'TOC) (mgof CO, g~ ' TOC)

Spring (Apr. 2010-May ~ 9.62 43.67 13.93 332 23 13.15
2010)

Fall (Sep. 2010-Nov 9.74 53.04 18.25 351 20 15.09
2010)

Winter (Dec. 2010- 10.86 55.03 17.04 380 10 14.50
Feb.2011)

Summer (May 2011-  22.68 61.34 22.35 359 23 17.09
Jul.2011)

? S1is generated during pyrolysis under 300 °C
b $2is generated during pyrolysis from 300 to 650 °C
¢ S3is originated from CO and CO, detected by infrared (IR) during pyrolysis
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Kerogen

— DP/MAS
— DP/MAS with dipolar dephasing CSAfilter

a RJ500 h

b RJ450 i

¢ RJ400 j

d RJ350

e RJ300 |

N
m Jk“
N

f RJ250

200 150 100 50 0 ppm 200 150 100 50 0 ppm

Fig. 2 13C NMR DP/MAS (thin lines a-g), DP with dipolar dephasing (solid lines, a-g, 20 s recycle delay), and CSA filtered spectra (h-n, 1 s recycle
delay) for thermally treated kerogens

aromatic cluster in the kerogen [28]. The minimum aro-  but significantly decrease to 78.9 uL/g on the kerogen at
matic cluster size ranges from 10 carbons at 350 °C to 38 500 °C. It is found that aromaticity and aromatic cluster
carbons at 500 °C. In addition, the nanopore volumes (V,,  size are tightly related to the nanoporous volumes for the
d-co) increase from 28.5 at 25 °C to 80.3 pL/g at 450 °C  thermally matured kerogen samples. In conclusion, the
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Table 5 NMR parameters of thermally stimulated kerogens

Keroqen Ro (%)a Faro (%)b Falkyl (%): FOaro (%)d Fnaro (%)e FHaro (%)f FHaro/Faro FarolFaIkyI ngge,min n:':,min
RJ25 0.36 474 46.3 7.57 38.7 1.10 0.02 1.02 0.18 4
R250 048 514 417 7.92 426 0.90 0.02 1.23 0.17 5
R300 0.52 549 40.1 7.65 444 2.80 0.05 1.37 0.19 6
R350 0.76 63.4 309 9.87 51.2 2.30 0.04 2.05 0.19 10
R400 140 82.7 14.1 8.90 56.6 17.2 0.21 5.89 032 22
R450 2.10 90.6 7.62 7.07 61.7 21.8 024 1.9 0.32 34
R500 2.69 947 4.94 546 63.0 26.2 0.28 19.2 0.33 38

@ R, is the vitrinite reflectance

b F,, is the aromaticity

¢ Fauy is the fraction of nonpolar alkyl carbon

d Foaro is the fraction of aromatic C-O carbon

€ Fraro is the fraction of nonpolar nonprotonated aromatic carbon

f Fharo IS the fraction of protonated aromatic carbon

9 Xedge, min 1S the fraction of minimum aromatic edge along the edges of the aromatic rings

P N min is the minimum aromatic cluster size

advanced NMR techniques are very useful for investigat-
ing the structure and maturation degrees of the thermally
simulated kerogen samples.

Conclusions

NMR techniques have facilitated our ability to identify
the key NOM composition, structure, transformation,
and fates, and their changes as a function of environmen-
tal factors. Terrestrial environments are important sites
of organic carbon cycling. In this manuscript, several
case studies have been reported to prove the applicability
of NMR tools to study the structures and compositions
of NOM. This study characterized the isolated NHC
from biomass, atmospheric deposition, and sediments in
the Pearl River Delta by using advanced NMR analytical
technique and Rock-Eval pyrolysis technique. It is feasi-
ble that biochemical macromolecules can be effectively
removed, and condensed NOM (NHC and BC) can be
effectively isolated from the investigated samples with
the multiple step hydrolysis procedure. The NHC frac-
tions are important or even dominant components of the
NOM in the investigated samples. Systematic characteri-
zation of NHC shows that it is originated from polymeth-
ylene C (algaenan, sporopollenin, cutin, and cuticle), and/
or bitumen, kerogen, aged terrigenous NOM (lignin), and
black carbon. Moreover, during the artificial maturation
experiments of kerogens, as their chemical composition
and structure are altered, their nanoporosity is changed
to some extent. The chemical and structural character-
istics such as aromatic protonated, nonprotonated car-
bons, and aromatic cluster size play important roles in
the development of nanoporosity during kerogen matu-
ration. In summary, the structure of each of the NHC

fractions is similar to that of kerogen, highlighting the
importance of selective preservation of NOM to the ker-
ogen origin in the investigated aquatic ecosystems. The
advanced NMR techniques are very useful to investigate
the compositions, constituents, and structures for the
biomass, sediment NOM, atmospheric SPM, and ther-
mally matured kerogen samples.
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