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ABSTRACT: The ﬂuvial export of dissolved black carbon (DBC) is a
major land-ocean ﬂux in the global black carbon cycle, aﬀecting the size of
refractory carbon pool in the oceans. The aggregation behavior of DBC is a
signiﬁcant determinant of its transport and vertical mass ﬂux. In this study,
the aggregation kinetics and interaction energy of DBC leached from
biochar were investigated. DBC was mainly stabilized by hydration force
and underwent structural compacting in divalent cation solutions. Na+ and
Mg2+ had limited impact on the colloidal stability of DBC due to the
strong hydration of these cations. Ca2+ and Ba2+ readily destabilized DBC
by forming inner-sphere complexes, reducing its hydrophilicity. Consistently, charge reversal of DBC was observed with high concentrations of
Ca2+ and Ba2+. Simulated sunlight exposure led to photo-oxidation of
DBC, increasing its colloidal stability. DBC behaved nonconservatively in
laboratory mixing experiments using estuary water samples due to
aggregation/sedimentation; while model aquatic humic acid behaved conservatively. Our results infer that there is a vertical
mass ﬂux of DBC and possible fractionation from the dissolved organic matter pool in the ﬂuvial and estuarine systems, which
have been overlooked in eﬀorts to determine global carbon budgets and associated climate change implications.

■

INTRODUCTION
Black carbon is the carbonaceous residue formed during
incomplete combustion of biomass or fossil fuel.1 It can release
the water-soluble fraction, usually referred to as dissolved black
carbon (DBC), when in contact with water during inﬁltration
or surface runoﬀ of stormwater, which comprises around 10%
of the dissolved organic carbon (DOC) in the rivers and 2% in
the oceans.2−6 Global ﬂuvial discharge of DBC is estimated to
be about 26.5 million tons per year, being the major ﬂux of
black carbon to the oceans.5 Owing to the recalcitrant nature of
DBC, this ﬂux is an important contributor to the oceanic pool
of refractory carbon, which plays a signiﬁcant role in oceanic
carbon cycling, atmospheric CO 2 levels, and climate
change.2,5−8 Furthermore, DBC contains abundant aromatic
domains and oxygen-containing functional groups,3,4 making it
a good sorbent for organic compounds and metals. Thus, it can
serve as a carrier for priority pollutants,9 aﬀecting their fate and
transport.
The rate and extent of aggregation of DBC and subsequent
formation of fast-settling particles in ﬂuvial systems can
signiﬁcantly aﬀect its ﬂux to the oceans, inﬂuencing the global
© 2017 American Chemical Society

budget of refractory carbon, its impact on climate change, and
the environmental fate of priority contaminants. However, little
is known about the aggregation behavior and vertical mass ﬂux
of DBC in aquatic systems. Two previous studies investigated
the deposition behavior of DBC in the saturated granular
media,10,11 and described the deposition behavior adequately
using the extended Derjaguin−Landau−Verwey−Overbeek
(XDLVO) theory to consider electrostatic and Lewis acidbase interactions between DBC and quartz sand.10 The
presence of humic acid was reported to enhance the transport
of DBC in sand columns, while iron oxyhydroxide coatings on
sand grains decreased DBC transport.11 Nevertheless, the
aggregation behavior of DBC has not been addressed in the
literature. Furthermore, DBC was reported to undergo
structural changes during solar irradiation,3,12−14 and the
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black carbon was pulverized and passed through a 100-mesh
sieve. The sieved black carbon powder (30 g) was mixed with
500 mL deionized water in a 1000 mL glass beaker; sonicated
in a sonication bath (KH-800TDB, Kunshan Hechuang
Ultrasonic Instrument, China) at 50 W for 30 min; and ﬁltered
through a 0.45 μm membrane (Pall). The residue retained on
the membrane was collected and subjected to another round of
sonication and ﬁltration. The sonication-ﬁltration cycle was
repeated three times. The ﬁltrate from each cycle was collected
and freeze-dried to yield DBC powder, which was stored in a
desiccator at room temperature until use. The DBC stock
solution was made by dissolving the DBC powder in deionized
water. The pH of the stock solution was adjusted to 6.8 using
HCl.
Irradiation Experiments. DBC solution was irradiated
with simulated sunlight to examine the impact of sunlight
exposure on the colloidal stability of DBC. A xenon lamp
(CEL-HXF300, AULTT, China) was used to simulate the solar
irradiation. The lamp spectrum was similar to natural sunlight
as measured by a spectrometer (USB2000+, Ocean Optics, FL)
(Supporting Information (SI) Figure S1). The DBC solution
(20 mL, 100 mg/L) was stirred at 200 rpm in a 50 mL glass vial
which was immersed in a water-circulating bath at 20 ± 0.1 °C.
The DBC solution was irradiated by the xenon lamp from the
top at a distance of 0.2 m for 24 and 48 h, respectively. Water
loss due to evaporation during the experiment was
compensated using deionized water.
Aggregation Kinetics of DBC. Measurement of Particle
Aggregation Rate. The aggregation kinetics of the original and
irradiated DBC were studied in various solution chemistry by
time-resolved dynamic light scattering (DLS) measurements
using a ZEN 3500 Zetasizer Nano ZS (Malvern, Worcestershire, UK) equipped with a 532 nm laser. The refractive index
of DBC was set to be 2.20.24 The DBC stock solution was
sonicated in a sonication bath at 50 W for 5 min before the
aggregation experiments. In the measurements of aggregation
kinetics, 0.2 mL of 100 mg/L DBC solution and a
predetermined amount of electrolyte stock solution and
deionized water were introduced into a disposable polystyrene
cuvette (Sarstedt, Germany) to yield a sample with a total
volume of 1 mL. The sample was brieﬂy mixed and
immediately analyzed at 25 °C. The time-resolved DLS
measurements monitor the average hydrodynamic diameter of
DBC with the autocorrelation function being accumulated over
a period of 7 s. If the particle size increased or decreased more
than 50% in 7 s, the measurement was removed from the data
set.
Determination of Aggregation Kinetics. The initial
aggregation rate of DBC was determined by applying linear
least-squares regression to the dh(t) data from the initial value
dh(0) to 1.5 dh(0). The attachment eﬃciency α is a key matric
to quantify the tendency of particle aggregation in a given water
chemistry. It was determined by normalizing the initial
aggregation rate in the solution of interest by that in the
diﬀusion-limited regime.25,26 Stability curves of DBC were
drawn by plotting the α value as a function of the electrolyte
concentration. The initial aggregation rate in the diﬀusionlimited regime was the average of the initial aggregation rates at
the plateau of the stability curve. The critical coagulation
concentration (CCC) was approximated by the electrolyte
concentration where the diﬀusion-limited regime was achieved.

impact of solar exposure on DBC aggregation behavior is still
unknown.
The removal of DOM from aquatic systems is determined by
its degradation or aggregation into large particulates.15 Several
studies have reported that the riverine DOM pool is
transported conservatively (i.e., without addition or loss) to
the oceans.16−18 On the other hand, several studies pointed out
that DOM behaves nonconservatively in several estuaries due
to multiple biogeochemical processes including aggregation/
sedimentation, degradation, autochthonous production, and
solute-particle interactions.19−21 The vertical mass ﬂux of DBC
was largely unaccounted for in the current estimation of its
land-ocean ﬂux.2,5,8,22 The nonconservative behavior of DBC
due to aggregation/sedimentation may potentially result in the
fractionation of DBC from the DOM pool and its accumulation
in terrestrial sediments as important intermediate pools, which
has not been addressed yet.
In the present study, DBC leached from biomass-derived
black carbon was used as a proxy for DBC in natural aquatic
systems.3,12 It is a continuum of macromolecules with high
aromaticity, which is diﬀerent from black carbon nanoparticles
generated by ball-milling in a previous study.4,12,23 The initial
aggregation kinetics and electrokinetic properties of DBC were
characterized in the presence of naturally abundant mono- and
divalent cations, including Na+, Mg2+, Ca2+, and Ba2+. The
interaction energy of London-van der Waals force, electrostatic
force, and Lewis acid-base interactions was calculated based on
the XDLVO model. The impact of solar exposure on its
structural properties and aggregation behavior was also
examined. The behavior of DBC during mixing of natural
water samples collected from two end-members in the Yangtze
River Estuary was compared with a theoretical conservative
mixing scenario to discern the signiﬁcance of nonconservative
processes (i.e., aggregation/sedimentation in this case). Our
main objectives were to (1) determine the eﬀect of ionic
strength, ionic composition, and sunlight exposure on the
aggregation behavior of DBC; (2) discern the aggregation
mechanisms; and (3) examine possible vertical mass ﬂux and
fractionation of DBC along the salinity gradient due to
aggregation/sedimentation processes, which are important
knowledge gaps to inform global black carbon budgets and
associated climate change implications.

■

MATERIALS AND METHODS
Materials. CaCl2 (>99%) was obtained from Alfa Aesar,
UK. MgCl2 (>99.5%), NaCl (>99.5%), and BaCl2 (>99%) were
purchased from Sigma-Aldrich. Deuteroxide (D2O, 99.8 atom
% D) was purchased from Tokyo Chemical Industry, Japan.
Sodium-3-trimethylsilyl propionate (TMSP-2,2,3,3-D4) was
purchased from Cambridge Isotope Laboratories, USA.
Suwannee River humic acid (SRHA) was provided by the
International Humic Substances Society (IHSS, St. Paul, MN).
Deionized water (18.2 MΩ·cm resistivity at 25 °C) used in the
experiments was produced by an ELGA Labwater system
(PURELAB Ultra, ELGA LabWater Global Operations, UK).
Preparation of DBC. DBC was released from bulk black
carbon by gentle sonication in water as described in a previous
study.3 Brieﬂy, bamboo shavings collected from Lishui,
Zhejiang Province, China was pulverized into powder (highspeed pulverizer FW 100, Tianjin Taisite Instrument, China)
and pyrolyzed in a muﬄe furnace under oxygen-limited
condition. The pyrolysis temperature was set to increase from
20 to 400 °C in 2 h and kept at 400 °C for 3 h. The resulting
13724
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Figure 1. (a) Aggregation proﬁle of 20 mg/L DBC in 10 and 800 mM NaCl solutions at pH 6.5 ± 0.4 measured by time-resolved dynamic light
scattering; (b) ζ-potential of DBC as a function of NaCl concentration. Error bar represents one standard deviation of ﬁve measurements. The
interaction energy of London-van der Waals force (LW), electrostatic force (EDL), Lewis acid-base interactions (AB), and the total interaction
energy (TOT) of DBC in (c) 10 mM and (d) 800 mM NaCl solutions.

Water Sample Collection and Mixing Experiments.
The freshwater sample was collected from Yangtze River near
Shanghai (N 31°33.143′, E 121°44.645′). The seawater sample
was collected from the beach at Gouqi Island in the East China
Sea (N 30°43.176′, E 122°47.573′). Both water samples were
ﬁltered through 0.45 μm membranes (Pall) after collected. To
investigate the estuarine mixing behavior of DBC, the
laboratory mixing experiments were carried out using these
two water samples as the end-members of Yangtze River
Estuary. Two milligrams of DBC or SRHA was dissolved in 200
mL freshwater sample to simulate a high-DBC/SRHAcontaining river water. It was mixed with the seawater sample
in diﬀerent proportions to form a salinity gradient. The
resulting mixtures were kept quiescent for 24 h in the dark. The
absorption spectra of the mixtures after 24 h settling were
measured by UV−vis spectroscopy in a 1 cm quartz cuvette.
The absorption coeﬃcient at 254 nm, a254, was used to quantify
the abundance of DBC/SRHA in water samples.22

Characterization of DBC. Transmission electron microscope (TEM) images of DBC were taken using a JEM-200CX,
JEOL, Japan.
Electrokinetic Properties of DBC. The electrophoretic
mobility (EPM) and ζ-potential of DBC in diﬀerent solution
chemistry were measured by phase analysis light scattering
(PALS) using the ZEN 3500 Zetasizer Nano ZS (Malvern,
Worcestershire, UK). Each sample was measured ﬁve times at
25 °C in a folded capillary cell (Malvern, Worcestershire, UK).
Contact Angle Measurements. The DBC solution with
diﬀerent water chemistry was ﬁltered through an ultraﬁltration
membrane (3 kDa, Millipore Corporation) using an ultraﬁltration cell (model 8010, Millipore Corporation) to form a
DBC layer on the membrane. The DBC layer on top of the
ultraﬁltration membrane was dried by nitrogen gas under room
temperature and then subjected to static contact angle
measurements. Static contact angles of probe liquids including
water, glycerol, and n-decane on the surface of DBC layer were
measured at least three times at diﬀerent locations by an optical
contact angle measuring device (OCA30, Dataphysics Instruments Gmb, Germany).
Proton Nuclear Magnetic Resonance (1H NMR) Analysis.
Ten milliliters of 1000 mg/L DBC in D2O was irradiated using
the same setting as irradiation experiments. Samples were
withdrawn from the reactor at predetermined irradiation time
and analyzed by NMR spectroscopy. The 1H NMR spectra
were acquired on a Bruker AVANCE DRX-600 NMR
spectrometer (Bruker, MA). The chemical shifts (δ, ppm)
were internally referenced to a standard, TMSP-2,2,3,3-D4.

■

RESULT AND DISCUSSION
Characterization of DBC. DBC forms a stable solution of
brown color in deionized water. TEM images suggest that DBC
assembles into irregular-shaped particles with diameters of
hundreds of nanometers (SI Figure S2). It was negatively
charged with a ζ-potential of −25.8 ± 1.9 mV (i.e.,
electrophoretic mobility of −1.8 ± 0.1 × 10−8 m2 V−1 s−1) in
1 mM NaCl solution at pH 6.85. This is lower than the ζpotential of DBC released from black carbon made from the
slow pyrolysis of pine needle and wheat straw, −28.9 ∼ −36.6
mV.10,11 The elemental and structural properties of DBC were
13725
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Figure 2. (a) Aggregation proﬁle of 20 mg/L DBC in 10 and 800 mM MgCl2 solutions at pH 6.2 ± 0.5 measured by time-resolved dynamic light
scattering; (b) ζ-potential of DBC as a function of MgCl2, CaCl2, and BaCl2 concentration. Error bar represents one standard deviation of ﬁve
measurements. The interaction energy of London-van der Waals force (LW), electrostatic force (EDL), Lewis acid-base interactions (AB), and the
total interaction energy (TOT) of DBC in (c) 10 mM and (d) 800 mM MgCl2 solutions.

thoroughly characterized in our previous studies.3,4 The (O
+N)/C ratio of DBC was 0.66, slightly higher than SRHA, a
reference humic acid from the International Humic Substances
Society, 0.62.4,27 DBC used in this work contains 43.7%
aromatic carbon, 32.4% carboxyl/ester/quinone carbon, 5.5%
aromatic C−O carbon, and 18.5% aliphatic carbon as
determined by quantitative solid-state 13C NMR.3 It has more
carboxyl/ester/quinone and aromatic carbons, but less aliphatic
carbon than SRHA.3,25 The elemental and structural analyses
suggest the abundance of polar moieties, especially carboxyl
groups, in DBC. Note that DBC in this study refers to all
carbon leached from biomass-derived black carbon. It contains
a wider range of carbon materials than that in previous
spatiotemporal distribution studies which considered DBC as
only highly condensed aromatic structures in the DOM
pool.2,28,29
Aggregation Behavior of DBC in Monovalent Cation
Solutions. The aggregation kinetics of DBC in 10 mM and
800 mM NaCl solutions are shown in Figure 1a. There was no
signiﬁcant change of hydrodynamic size of DBC within 1 h with
NaCl concentrations up to 800 mM, which was higher than
most ionic strength found in natural aquatic systems. Classical
DLVO theory points out that the thermodynamics of particle
attachment is controlled by the interplay of London-van der
Waals force and electrostatic force;30,31 and the aggregation
behavior is mostly decided by the surface charge as reﬂected by
the electrokinetic properties.32−34 The ζ-potential of DBC was
examined over a wide range of NaCl concentrations as shown
in Figure 1b. DBC became less negatively charged from −25.8
± 1.9 mV to −4.5 ± 2.6 mV as the NaCl concentration

increased from 1 mM to 800 mM owing to charge screening. In
the 800 mM NaCl solution, the ζ-potential of DBC was −4.5 ±
2.6 mV, close to neutral. Thus, electrostatic repulsion alone
cannot account for the strong colloidal stability of DBC (i.e., its
ability to resist aggregation). We further examined the
aggregation behavior of DBC in the framework of XDLVO
theory. The interaction energy of London-van der Waals force,
electrostatic force, Lewis acid-base interactions, and the total
interaction energy of DBC particles in 10 mM and 800 mM
NaCl solutions were summarized in Figure 1c and 1d (see
detailed calculation35,36 and data set in SI). The free energy of
Lewis acid-base interactions between DBC particles (GAB) was
determined using contact angle measurements and YoungDupré equation.10,35 The calculated ΔGAB were 37.3 mJ m−2
and 35.7 mJ m−2 in 10 mM and 800 mM NaCl solutions
respectively, indicating the strong hydrophilic nature of DBC
particle surfaces.35 This is consistent with the high polarity
index (i.e., (O+N)/C ratio) and the abundant oxygencontaining functional groups of DBC. The positive nature of
ΔGAB also suggests repulsive forces between DBC particles due
to surface cohesion water, that is, hydration force.35,37 Clearly,
the hydration force played a predominant role in the
stabilization of DBC at both low and high NaCl concentrations
(Figure 1c and d). The aggregation behavior of DBC is
diﬀerent from black carbon nanoparticles which can be
destabilized by Na+ with a CCC of 250 mM,23 consistent
with its macromolecular nature.
Aggregation Behavior of DBC in Divalent Cation
Solutions and Charge Reversal. Colloidal stability depends
strongly on the valence of counterions, as described by the
13726
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Figure 3. Aggregation proﬁle of 20 mg/L DBC in (a) CaCl2 and (b) BaCl2 solutions at pH 6.0 ± 0.5 measured by time-resolved dynamic light
scattering; and attachment eﬃciencies of DBC as a function of (c) CaCl2 concentration and (d) BaCl2 concentration. The interaction energy of
London-van der Waals force (LW), electrostatic force (EDL), Lewis acid-base interactions (AB), and the total interaction energy (TOT) of DBC in
100 mM (e) CaCl2 and (f) BaCl2 solutions.

Schulze-Hardy Rule.38 Mg2+, Ca2+, and Ba2+ are divalent cations
found in natural waters, which are expected to impact the
colloidal stability of DBC more signiﬁcantly than monovalent
cations. The aggregation kinetics of DBC in 10 mM and 800
mM MgCl2 solutions are shown in Figure 2a. The particle size
of DBC decreased in the initial stage after mixing with MgCl2
solutions and then stabilized at 422.7 ± 77.3 nm and 229.2 ±
22.4 nm in 10 mM and 800 mM MgCl2 solutions, respectively.
DBC contains abundant carboxyl and phenolic groups,
providing electrostatic repulsion between functional moieties
and consequently leads to a stretched conﬁguration. The
presence of Mg2+ reduced the intramolecular electrostatic
repulsion, resulting in a more compact conﬁguration of DBC.

Thus, the initial decrease in particle size can be attributed to
structural compacting, which was previously observed for DOM
and polyelectrolytes.39−41 No signiﬁcant aggregation was
observed in 800 mM MgCl2 solution in 1 h. The XDLVO
model calculation of the interaction energy of DBC in 10 mM
and 800 mM MgCl2 solutions is present in Figure 2c and d.
The high colloidal stability of DBC in MgCl2 solutions is
consistent with the high energy barrier provided by hydration
force.
In contrast to that observed in NaCl and MgCl2 solutions,
Ca2+ and Ba2+ can readily induce the aggregation of DBC.
Representative aggregation proﬁles of DBC in CaCl2 and BaCl2
solutions are present in Figure 3a and b. The attachment
13727
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Figure 4. (a) Attachment eﬃciencies of original and irradiated DBC as a function of CaCl2 concentration at pH 6.0 ± 0.4; (b) ζ-potential of original
and irradiated DBC in deionized water. Error bar represents one standard deviation of ﬁve measurements.

eﬃciency α, ranging from 0 to 1, represents the probability of
forming an aggregate during a collision between two DBC
particles in the given water chemistry. It was determined by
normalizing the initial aggregation rate in the solution of
interest by that in the diﬀusion-limited regime.25,26 Higher
attachment eﬃciency suggests a less stable colloidal system.
The attachment eﬃciencies of DBC in CaCl2 and BaCl2
solutions are summarized in Figure 3c and d. The stability
plot has two distinct regimes. At low salt concentrations, the
attachment eﬃciency increased with salt concentration. Then
the attachment eﬃciency reached a plateau after the salt
concentration exceeded the CCC. The CCC values for Ca2+
and Ba2+ are 75 mM and 60 mM, respectively. Overall, the
destabilization capacity of the cations tested follows the order
of Ba2+ > Ca2+ ≫ Mg2+, Na+.
The electrokinetic properties of DBC in MgCl2, CaCl2, and
BaCl2 solutions are shown in Figure 2b. The ζ-potential of
DBC became less negatively charged as salt concentration
increased at the initial stage. Among the three divalent cations
tested, the eﬃciency in reducing the surface potential of DBC
follows Ca2+ > Ba2+ > Mg2+ (Figure 2b), and they were all
much more eﬃcient in reducing the surface charge of DBC
than monovalent ions. As the salt concentration further
increased, charge reversal was observed in CaCl2 and BaCl2
solutions, which was in contrast to that in NaCl and MgCl2
solutions and cannot be predicted by electric double layer
models. The charge reversal concentration, cR, (i.e., the
concentration of electrolyte at the isoelectric point) was 150
mM for Ca2+ and 190 mM for Ba2+. Charge reversal of particles
and macromolecules was previously attributed to the formation
of adsorbed layer of cationic polyelectrolytes, charge correlation
eﬀect, or speciﬁc sorption.42−47 We hypothesize that Ca2+ and
Ba2+ can speciﬁcally bond to DBC, which leads to the
overcharging of the surface.
The drastically diﬀerent aggregation and electrokinetic
properties of DBC in Na+, Mg2+, Ca2+, and Ba2+ solutions
can be attributed to the diﬀerent interaction mechanisms
between cations and DBC. Na+ is surrounded by a compact
water shell in the aqueous phase and behaves as indiﬀerent
counterions that only aﬀect the electrical double layer thickness.
Thus, Na+ has little impact on the hydrophilicity of DBC
particles and consequently its aggregation behavior. Consistently, the ΔGAB only slightly decreased from 37.3 mJ m−2 to
35.7 mJ m−2 as NaCl concentration increased from 10 mM to
800 mM. Mg2+ was reported to either form no complex with
carboxyls in natural organic matter48 or weak complexes.49,50 It

is also reported that the stability constants for complexes
between Mg2+ and fulvic acids were much lower than that for
Ca2+.51 The ΔGAB decreased from 30.1 mJ m−2 to 9.8 mJ m−2
as MgCl2 concentration increased from 10 mM to 800 mM.
This decrease is more signiﬁcant than that in NaCl solutions.
Nevertheless, the energy barrier for aggregation was still high at
800 mM MgCl2, 1.49 × 10−18 J (i.e., 368 kBT, Figure 2d). Thus,
Mg2+ also had limited impact on the aggregation behavior of
DBC.
On the other hand, Ca2+ and Ba2+ were previously reported
to form inner-sphere complexes with the carboxylic groups of
humic substances.48−50,52,53 The strong complexation between
Ca2+/Ba2+ and the oxygen-containing functional groups in DBC
was consistent with the charge reversal observed (Figure 2b)
and the XDLVO model calculation (Figure 3e and f). The
ΔGAB decreased to −4.6 mJ m−2 and −5.3 mJ m−2 in 100 mM
CaCl2 and BaCl2 solutions receptively, indicating that the
Lewis acid-base interactions shifted from repulsive (i.e.,
hydration force) to attractive (i.e., hydrophobic eﬀect) at
elevated Ca2+/Ba2+ concentrations. Previous studies reported
that highly charged biosurfaces changed from hydrophilic to
hydrophobic as their charge was partially or completely
neutralized by Ca2+.35,54,55 The complexation with Ca2+/Ba2+
brings polar groups together, leading to a compact conﬁguration of DBC. In this conﬁguration, less polar groups but
more hydrocarbon structures of DBC were exposed to the
water phase, resulting in increased hydrophobicity.54 This is
consistent with the signiﬁcantly reduced electron-donor surface
tension component (γ−) and the increased electron-acceptor
surface tension component (γ+) of DBC after the addition of
Ca2+/Ba2+ (Table S1). In addition, Ca2+ and Ba2+ can form
complexes with carboxyl groups in diﬀerent DBC particles,
potentially leading to enhanced aggregation through bridging
eﬀect.56
Sunlight Exposure Increases the Colloidal Stability of
DBC. The colloidal stability of DBC is closely related to its
structural properties, which would determine its hydrophilicity
and surface charge. Interactions with natural elements such as
sunlight are expected to change the structure of DBC and
consequently inﬂuence its colloidal stability. The aggregation
proﬁles and electrokinetic properties of DBC before and after
simulated sunlight exposure are compared in Figure 4. The
colloidal stability of DBC in CaCl2 solutions increased with
irradiation time (Figure 4a). The CCC of the 48 h irradiated
DBC was 400 mM, more than 5 times higher than that of the
original DBC, 75 mM.
13728
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The aromatic protons decreased with increasing irradiation
time from 42.8% to 39.9% after 48 h irradiation (Table 1),
which was attributed to the substitution on aromatic rings and
ring cleavage. On the other hand, the percentage of protons
connected to oxygen and nitrogen atoms (i.e., heteroatom
substituted H) increased from 11.2% to 13.2% after 48 h
irradiation. As the formation of nitrogen-containing functional
groups was expected to be minimal, the increase in the presence
of these protons was attributed mostly to the oxidation
processes that led to the formation of oxygen-containing
functional groups. The percentage of aliphatic protons also
increased, owing to the selective preservation and the
generation of aliphatics during aromatic ring cleavage. Thus,
DBC lost aromatic moieties but gained oxygen-containing and
aliphatic moieties during sunlight exposure. This argument is in
general consistent with a previous report using solid-state 13C
NMR technique.3 Total aliphatics (including methyl, aliphatics,
and functionalized aliphatics), which favor the hydrophobicity
of DBC, grew 0.8% after 48 h. However, the loss of
hydrophobic aromatic structures was more signiﬁcant at 2.9%.
DBC became more hydrophilic due to the loss of aromatic
units and the addition of oxygen-containing moieties during
irradiation, contributing to stronger hydration force. Meanwhile, the increase in oxygen-containing functional groups also
leads to the increase in surface charge. The ζ-potential of DBC

We investigated the structural evolution and hydrophilicity of
DBC during irradiation using 1H NMR. The 1H NMR spectra
were integrated over ﬁve regions: 0−1.2 ppm, methyl groups
and unfunctionalized aliphatics; 1.2−1.9 ppm, aliphatic protons
β and γ connected to keto or aromatic groups; 1.9−3.1 ppm,
functionalized aliphatics, aliphatic protons α connected to keto
or aromatic groups; 3.1−4.7 ppm, aliphatic protons connected
to oxygen and nitrogen atoms; and 5.9−8.6 ppm, aromatic
protons.57,58 The percentages of protons in diﬀerent moieties in
DBC before and after irradiation from NMR analysis were
summarized in Table 1.
Table 1. Composition of H Atoms in Diﬀerent Moieties in
DBC Obtained by 1H-NMR
moieties
location
(ppm)
original DBC
24 hirradiated
DBC
48 hirradiated
DBC

0.0−1.2

1.2−1.9

1.9−3.1

3.1−4.7

5.9−8.6

methyl

aliphatic

functionalized
aliphatic

heteroatom
substituted

aromatic

8.7
7.7

7.4
8.7

29.9
30.0

11.2
12.0

42.8
41.6

9.0

8.5

29.3

13.2

39.9

Figure 5. a254 as a function of the salinity for the mixture of seawater endmember and 10 mg/L (a) SRHA- or (b) DBC-containing freshwater
endmember with diﬀerent ratios after 24 h settling in dark condition at pH 7.7 ± 0.2 and 7.9 ± 0.2. The dashed line represents the theoretical
conservative mixing line. The aggregation proﬁle of (c) SRHA and (d) DBC in natural freshwater, seawater, their 1:1 mixture, and seawater with
13.68 mM EDTA at pH 7.0 ± 0.2 measured by time-resolved dynamic light scattering.
13729
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resistant to aggregation than that initially released from soils.
Meanwhile, photodegradation processes were suggested to be
one of the mechanisms for the loss of DBC in estuary waters.59
Nevertheless, these eﬀect is inﬂuenced by the light transmittance of the water column and will be hampered in highturbidity waters. Results in this work imply that a portion of
DBC ﬂux will be transformed into the particulate matter by
aggregation, leading to vertical mass ﬂux in the estuaries. It is
worth noting that the vertical mass ﬂux of DBC is also expected
in the freshwater systems based on our data. Thus, a portion of
DBC released from the soil system, along with the
contaminants associated, might accumulate in the riverine and
estuarine sediments and will, therefore, be lost before it enters
the oceans. The source material and combustion conditions will
aﬀect the properties and colloidal behavior of DBC. DBC with
more hydrophilic structures is expected to have higher colloidal
stability due to the predominant role of Lewis acid-base
interactions. The structure−activity relationships for the
colloidal stability of DBC should be addressed in future
research. The diﬀerent behavior of DBC and other DOM
fractions in the ﬂuvial and estuarine systems also may lead to
the fractionation of DBC from the DOM pool, aﬀecting the
DBC/DOC ratio which is often assumed to be a stable
characteristic for major rivers around the world and is used to
estimate the global DBC ﬂux.5,22 Our results imply that this
approach might lead to an overestimation of the land-ocean ﬂux
of DBC through ﬂuvial transport as the DBC/DOC ratio will
decrease along the salinity gradient due to the fractionation
process. The signiﬁcance of the fractionation process as well as
riverine/estuarine sediments as a sink of DBC is unclear so far
and needs further investigation at multiple scales.

became more negative with irradiation time (Figure 4b). As a
result, DBC samples with longer irradiation time underwent
higher electrostatic repulsion and hydration force which
facilitate their colloidal stability. The role of solar exposure
on the aggregation behavior of DBC will be aﬀected by the
turbidity of the water which inﬂuences the number of photons
received by DBC.
DBC in the Estuarine Mixing. The aggregation/
sedimentation processes of DBC during Yangtze River
Estuarine mixing were investigated by laboratory mixing
experiments. The mixing curves for a254 of SRHA and DBC
between two end-members, Yangtze River freshwater and East
China Sea seawater, are presented in Figure 5a and 5b. The
theoretical conservative mixing line represents the theoretical
dilution scenario in which the DBC/SRHA concentration
decreases linearly from 10 mg/L to ∼0 mg/L with the mixing
of water. It is a straight line connecting the two end-members.
The mixing curve of SRHA coincided with the theoretical
conservative mixing line as shown in Figure 5a, implying its
conservative behavior during the mixing. The mixing curve of
DBC was signiﬁcantly below the theoretical dilution line,
indicating the removal of DBC during the mixing (Figure 5b).
The nonconservative behavior of DBC was observed over the
entire salinity gradient including freshwater samples. The
presence of 269 mg/L suspended particulate matter in the
freshwater sample had limited impact on the sedimentation
pattern of SRHA/DBC (SI Figure S3).
The nonconservative behavior of DBC in the laboratory
mixing experiments can be attributed to its aggregation and
sedimentation in the presence of Ca2+ and Ba2+. The water
chemistry of the natural water samples is summarized in SI
Table S2. The aggregation proﬁles of SRHA and DBC in water
samples collected from Yangtze River and the East China Sea,
and their mixture are summarized in Figure 5c and d. The
freshwater end-member contained 1.04 mM Ca2+ and no Ba2+,
and therefore was only able to induce slow aggregation of DBC
(Figure 5d). The seawater end-member contained 12.82 mM
Ca2+ and 0.09 mM Ba2+, which led to fast aggregation of DBC
(Figure 5d). Ca2+ is more important than Ba2+ due to its natural
abundance. EDTA can eﬀective chelate with Ca2+, competing
for their bonding with DBC. The addition of 13.68 mM EDTA
to the seawater drastically inhibited the aggregation behavior of
DBC (Figure 5d), further conﬁrming the predominant role of
Ca2+. The aggregation kinetics increased with increasing
seawater proportion which introduced more Ca2+ cations into
the system. The aggregation behavior of DBC was also tested
by sedimentation experiments in freshwater, seawater, and their
mixture. The sedimentation rate increased with increasing
seawater proportion (SI Figure S4), agrees with the aggregation
kinetics. On the contrary, the size of SRHA remained
unchanged in all the water samples within 50 min (Figure
5c). These results are consistent with their behavior in
laboratory mixing experiments.
Environmental Implications. Our results suggest that the
aggregation behavior of DBC is mainly controlled by the
concentration of cations in aquatic systems that can complex
with the polar functional groups in DBC, predominantly Ca2+
owing to its natural abundance. The electrokinetic properties
commonly used for the prediction of colloidal stability, such as
ζ-potential and electrophoretic mobility, do not apply for DBC
as it is stabilized mainly through hydration force. Solar
irradiation enhanced the colloidal stability of DBC in aquatic
systems. Thus, the photoexposed DBC is expected to be more
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