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ABSTRACT: The aggregation behavior of ubiquitous dissolved black

carbon (DBC) largely affects the fate and transport of its own contaminants

and the attached contaminants. However, the photoaging processes and

resulting effects on its colloidal stability remain yet unknown. Herein,

dissolved biochars (DBioCs) were extracted from common wheat straw

biochar as a proxy for an anthropogenic DBC. The influences of UV

radiation on their aggregation kinetics were systematically investigated under

various water chemistries (pH, electrolytes, and protein). The environmental

stability of the DBioCs before and after radiation was further verified in two

natural water samples. Hamaker constants of pristine and photoaged DBioCs

were derived according to Derjaguin—Landau—Verwey—Overbeek (DLVO)

prediction, and its attenuation (3.19 # 0.15 X 107" J to 1.55 + 0.07 X 107!

J after 7 days of radiation) was described with decay kinetic models. Pearson

correlation analysis revealed that the surface properties and aggregation

behaviors of DBioCs were significantly correlated with radiation time (p < 0.05), indicating its profound effects. Based on
characterization and experimental results, we proposed a three-stage mechanism (contended by photodecarboxylation, photo-
oxidation, and mineral exposure) that DBioCs might experience under UV radiation. These findings would provide an important
reference for potential phototransformation processes and relevant behavioral changes that DBC may encounter.
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1. INTRODUCTION

Black carbon (BC), a collective term for organic residue
produced during incomplete combustion of biomass or fossil

Upon being released into the environment, BC will
inevitably undergo aging, involving physical,””** chemical,*!
and biological processes.”” Photoaging is particularly important
for DBC in sunlit waters. As one of the most photosensitive
components in natural organic matters (NOM),33 it can be
excited by photons to produce *DBC* and various reactive

fuels, exists widely in the natural environment."”” Its global
annual production is as much as 50—270 Tg C (1 Tg = 10"

g), 80% of which is entrapped in soil.”* The dissolved fraction
(DBC, <0.45 pm) eventually enters the aqueous media via
runoff and infiltration.”® With the high affinity and strong
colloidal stability,”® DBC may carry various environmental
! playing
vital roles in carbon cycling, climate change, and human
health."*”"* However, the research on aggregation of DBC that
largely dominates the carbon flux is far from sufficient,” in

. . . o
contaminants over long-distance once in the water,

contrast with more concerns on that of carbonaceous
nanoparticles (e.g, graphene oxide (GO),'®"” carbon nano-
tubes (CNTs),"® fullerenes (Cgp),"" %' etc.), metal-
(oxide),”*™*° and nanoplastics.m27 Indeed, DBC has much
higher environmental relevant concentration and suspending
capability than these engineered nanomaterials”® and is more
worthy of attention.

© 2024 American Chemical Society

WACS Publications

8053

oxygen species (ROS).>*** These active species can signifi-
cantly change the physicochemical properties of DBC,*® via
various mechanisms, commonly including photo-oxidation,””
photodecarboxylation,® and photobleaching.”” Thus, the
photoaging could be another crucial factor affecting DBC
colloidal stability besides water chemistries, e.g.,, pH, electro-
lytes, and NOM.** But opinions on its influence are widely
varying. Xu et al. found that sunlight exposure led to enhanced
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Figure 1. Characteristics of DBioCs. TEM images of (a) W0d and (b) W7d, (c) FT-IR spectra, (d) X-ray photoelectron spectroscopy (XPS)
analyses, and (e) XRD spectra for pristine and photoaged DBioCs. It can be seen from TEM images that the biochar particles were evenly
dispersed in the suspension. After irradiation, the particles got a more irregular shape, rougher surface, and smaller size, which is consistent with the
results of SEM images (Figure S4). FT-IR spectra revealed the changes of surface functional groups of DBioCs. As aging proceeds, the surface
oxygen-containing function groups (—OH, —C=0, C—O—C/C—0, etc.) increased significantly, except for W6h. XPS and XRD data recorded the
gradual processes of DBioCs with the strengthened O 1s peak, the weakened C 1s peak, the disappeared graphite C, and the exposited mineral

elements under the UV irradiation.

colloidal stability of DBC extracted from bamboo-shavings
biochar."> However, lower critical coagulation concentrations
(CCCs) occurred on dissolved black nitrogen (DBN) and
DBC extracted from wood-shavings biochar in an NaCl
solutions after xenon-lamp radiation.*’ These photoinduced
variations in DBC stability were explained by surface potentials
and reactivity, but its possible impacts on intrinsic attributes of
materials, e.g., Hamaker constant, were often overlooked. This
constant is a key parameter for assessing van der Waals (vdW)
attraction.*” Its value, immune to environmental conditions, is
only related to materials’ inherent structure.*’ As reported,
sunlight can degrade the chromophores and even mineralize
DBC.*** Such a drastic evolution inspired us that photoaging
may change the DBC structure, thus affecting its Hamaker
constant, which has recently been confirmed in soot nano-
particles (SNPs).** However, there have been, hitherto, few
studies on the Hamaker constants of DBC, let alone the impact
of the aging processes on them. Therefore, exploring the
photoaging mechanism, establishing the relation between
photoaging and colloidal stability, and determining the
variation rules on the Hamaker constant under photoaging
are imperative to accurately describe and predict the actual
environmental behaviors of DBC.

Herein, dissolved biochars (DBioCs) extracted from wheat
straw biochar were used as proxies for DBC. Our objectives
were to (1) investigate the aggregation behaviors of DBioCs
under different water chemistries (pH, IS, and cation type);
(2) quantify the changing trends in the Hamaker constant and
photoaging process of DBioCs with radiation time; and (3)
inspect the colloidal stabilities of pristine and photoaged
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DBioCs in the presence of bovine serum albumin (BSA) and
natural water. Insights gained from these findings should be
significant in predicting the environmental behavior and fate of
DBC, especially those exposed to sunlight.

2. MATERIALS AND METHODS

2.1. Chemicals. NaCl, CaCl,, BSA powder, and pH
adjustors (ie, NaOH and HCI) of analytical grade were
purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). All water used was deionized (DI) water
with resistivity > 18.25 MQ-cm™.

2.2. Preparation of DBioCs. Biochar was produced under
anaerobic conditions using a patented slow-pyrolysis process
(China patent No. Z1200920232191.9).” The bulk biochar
was first homogenized by ball-milling and then dispersed in DI
water. The pristine DBioC (WO0d) was obtained via a series of
operations including ultrasound, deposition, filtration, and
freeze-drying. The details are shown in TEXT S1, Supporting
Information (SI).

2.3. Irradiation Experiments. The irradiation experiment
was conducted in a BILON-GHX-V photochemical reactor
(Bilon. China) equipped with a 1000 W Hg lamp (4 = 200—
600 nm) (Figure S1). With the assistance of a photo-
radiometer (PL-MW 2000, Perfectlight, China), the light
intensity provided by the lamp was measured to be nearly 100
mW-cm ™ on quartz sample tubes, which is equivalent to that
of solar light in summer at the equator.”> More details are
shown in TEXT S2. The obtained DBioCs, assigned as WOd,
W6h, W12h, W1d, W3d, W5d, and W7d, were stored in a
desiccator for backup.
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2.4. Characterizations. The pHs of DBioCs suspensions
before and after radiation were recorded by a pH meter (PHS-
3E, INESA, China), and their hydrodynamic sizes (D;) and ¢
potential distributions in DI water were measured using
Zetasizer Nano ZS (Malvern, UK.). The morphology of
DBioCs was characterized using field-emission scanning
electron microscopy (SEM, ZEISS Sigma 300, Germany)
and transmission electron microscopy (TEM, FEI Tecnai F20,
U.S.). X-ray diffraction (XRD) data were analyzed with the
help of a diffractometer (Rigaku SmartLab SE, Japan). Surface
properties of DBioCs were identified by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, U.S.) and
Fourier transform infrared spectroscopy (FT-IR, NICOLET
iN10, Thermo Fisher Scientific, U.S.). The elemental
compositions of bulk DBioCs were determined using an
element analyzer (EA, Vario EL Cube, Elementar, Germany).
Based on the EA and XPS data, the bulk and surficial O/C
ratios were calculated. In order to eliminate the possible
interference from dissolved small molecules and salts, DBioCs
samples were ultrafiltered to conductivities of the filtrates less
than 5 yuS/cm using a molecular weight cutoff of 100 kDa
(Millipore, U.S.) before FT-IR, XPS, and elemental analysis
measurements. The detailed information was described in
TEXT S4.

2.5. Aggregation Kinetics. Before the aggregation
experiments, the freeze-dried DBioCs powder was accurately
weighed (2.5 = 0.1 mg) and mixed with about 30 mL of DI
water. After 1 h of ultrasonic treatment, the mixtures were
further treated by a cell crusher (KM-450D, Kunshan Meimei,
China, 450 KW, 20 kHz, 10 s on, and S s off) for 1 h to ensure
the complete dispersion, followed by another 1 h of ultrasound
to stabilize the colloidal systems. Then the well-dispersed
samples were added to DI water, yielding SO mg-DBioCs/L
stock suspensions, and immediately subjected to the
aggregation experiments under the designed conditions
(TEXT S5).

2.6. Natural Water Sampling. Two different natural
water samples were collected from the Xiangjiang River (N
28°11'1", E 112°5655’") and Taozihu Lake (N 28°11'1"’, E
112°56'51’") using precleaned polyethylene containers (Figure
S2). Although close in distance, they are typically flowing and
enclosed waters, respectively. After returning to the lab, both of
them were filtered through a 0.45 ym membrane, charac-
terized, and then stored at 4 °C.** The pH (7.34 + 0.03 vs
7.75 % 0.10), TOC (2.26 mg/L vs 3.65 mg/L), and electric
conductivity (194.3 + 0.5 uS/cm vs 391.6 + 1.0 uS/cm) of the
Xiangjiang sample were lower than those of the Taozihu one.
They have the same most abundant univalent (Na*) and
divalent (Ca®*) cations and anions (SO,>”) (Table S1). For
the sake of testing the aggregation behavior of DBioCs in
natural water, filtered water samples were employed to replace
the DI water, and other operations were the same as the
aggregation experiments (TEXT SS).

3. RESULTS AND DISCUSSION

3.1. Characterization of DBioCs before and after UV
Radiation. All DBioCs formed dark-brown suspensions in DI
water, and no obvious aggregation/sedimentation occurred
within 30 days (Figure S3), suggesting their long-term stability.
TEM images exhibited the irregular-shape of typical DBC
(Figures la and 1b)."" SEM images recorded the gradual
roughening and fragmentation of DBioCs during aging (Figure
S4), which might be caused by the attack of UV-induced
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ROS." Figure S5 revealed size distributions of pristine and
radiated DBioCs. The z-average Dy, of fresh DBioCs (W0d) is
263.50 + 5.70 nm with a polydispersity index (PDI) of 0.24 +
0.04 (Figure S6), close to that of GO'® and pinewood-chips-
derived biochar colloids.”" This value fluctuated with radiation
gradually instead of decreasing as polystyrene nanoparticles
(PSNPs) did.** Compared with nanoplastics, DBioCs have
highly complex composition and structure.** The increased D,
values upon radiation (r = 0.657, p = 0.109) may result from
the presence of a hydration layer.49 Nevertheless, on the whole,
the variation in D}, was not drastic over the experiment periods,
and all PDI values were less than 0.3, indicating that UV-
radiation did not change the good dispersibility of DBioCs.*’
The fluctuations also appeared in their zeta potentials (r =
0.221, p = 0.634), which ranged from —47.10 = 1.12 mV
(W3d) to —42.10 = 0.61 mV (W7d), experiencing an increase
(Wod — W6h), a decrease (W6h — W3d), and then an
increase (W3d — W7d) (Figure S6b).

Figure lc exhibited the typical FT-IR spectra of biochar with
characteristic peaks of —OH (3406 cm™), aliphatic —CH,—
(2913 cm™), —C=0 (1643 cm™"), aromatic C=C (1608
em™!), —COO— (1419 em™'), C—O—C/C-0 (1099 cm™),
and aromatic C—H (879 cm™).>"*"**> With radiation, the
—OH band and C—O0—-C/C—O peak became significantly
wider and deeper, while the C=C peak tended to shift toward
the —C=0 one. It suggested that more oxygen—containin%
function groups (OFGs) appeared on the DBioCs surface,™
which was confirmed by XPS spectra (Figure 1d). The peak
area of C 1s decreased gradually, and that of O 1s increased
remarkably. The surficial O/C ratio thus rose from 0.32 (W0d)
to 0.98 (W7d) (p < 0.001), indicative of the higher surface
polarity of DBioCs as photoaging.”’ This was in line with the
polarity indexes (O/C and (O+N)/C ratios) obtained by EA
data (Table S2). Although there was a slight difference in
values between surficial and bulk O/C ratios, their trends with
radiation time were highly consistent (p < 0.001) (Figure S7).
The bulk O/C and (O+N)/C ratios increased from 0.26 and
0.30 (Wod) to 0.60 and 0.64 (W7d), getting closer to the
average values of environmental humic substances (0.58 =+
0.08 for O/C and 0.62 + 0.08 for (O+N)/C) provided by the
International Humic Substances Society (IHSS).'* It implied
that UV radiation might promote the evolution of DBioCs
toward humic substances. Moreover, the H/C ratio rose from
0.06 (W0d) to 0.07 (W7d) (p = 0.01), indicating the declined
aromatization degree of DBioCs.”* Reflecting in the XRD
pattern (Figure le), the symmetric peak at ~26.6° diminished
and eventually disappeared after 5 days of radiation,
demonstrating that graphite C transited to an amorphous
state gradually.'® The enhanced KCl peak (PDF #75—0296)
after photoaging implied that the UV-radiation could expose
minerals on the DBioCs surface. This was in conformity with
the enhancement of the Si—O—Si peak (798 cm™) in the FT-
IR spectra (Figure 1c), the peak’s appearance of Mg 1s, Ca 2p,
K 2p, and Cl 2s in the XPS spectra (Figure 1d), and the
increased ash content obtained by EA data (Table S2).>

3.2. Aggregation Kinetics of DBioCs at Various
Solution pHs. The influence of pH on pristine DBioC was
tested in NaCl solutions (10—1000 mM) at pH S, 7, and 9,
respectively. These conditions encompassed the typical IS and
pH values in surface waters.”® As shown in Figure S8, all
DBioCs had zeta potentials less than —30 mV over the tested
pH range, suggesting their electrostatic stability.”” However,
these values gradually increased with increasing electrolyte
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Figure 2. Aggregations of pristine DBioCs in an NaCl solutions with various pHs (5, 7, and 9). (a) The variations in zeta potentials of DBioCs, as a
function of NaCl concentration (10—1000 mM), and (b) aggregation attachment efficiencies (@) of DBioCs at pH S, 7, and 9 (data points,
experimentally measured based on eq S2, and dotted lines, theoretically fitted by eq S3, and critical coagulation concentration (CCC) values were
yielded on the basis of eq S3 with R? > 0.98). All experiments were carried out at 12.5 mg-DBioCs/L and 25 °C.

Figure 3. Colloidal stability of DBioCs before and after UV irradiation. Attachment efficiencies () of DBioCs as a function of (a) NaCl (10—1000
mM) and (b) CaCl, concentration (0.5—100 mM) after 0d, 6 h, 12 h, 1d, 3 d, 5 d, and 7 d of UV radiation (data points, experimentally measured
based on eq S2, and dotted lines, theoretically fitted by eq S3, and critical coagulation concentration (CCC) values were yield on the basis of eq S3
with R? > 0.98). All experiments were carried out at 12.5 mg-DBioCs/L and 25 °C.

concentrations (Figure 2a). Correspondingly, the colloidal
stability was challenged. The aggregation profiles of W0d as a
function of NaCl concentration conformed to classical DLVO-
type interaction with distinct reaction-limited (RLCA) and
diffusion-limited (DLCA) regimes (Figure S9a-c).”” The
CCCy, values calculated according to eq S3 were 95.68 mM,
107.86 mM, and 128.89 mM at pH §, 7, and 9, respectively
(Figure 2b). Obviously, acidic conditions were more favorable
for DBioCs aggregation, whereas the opposite was true for the
alkaline counterpart. This phenomenon also appeared in
particles reported elsewhere.””* The reason may be manifold.
For one thing, under acidic conditions, excess free H" served as
a counterion compressing the electric double layer (EDL) and
protonated the DBioCs surface groups (e.g, —OH and
—COOH), which made the DBioCs surface less negatively
charged (Figures 2a and S8). For another, more H-bond
formed between WOd and water at a higher pH may wrap the
DBioCs surface with a layer of water sheath,”” which is not
conducive to the mutual collision and adhesion of particles.
Apart from CCCy, values, the pH-dependent characteristic
also was reflected in the fast aggregation rate (k). As
exhibited in Figure S9d, the kg, value gradually decreased from
1.0S (pH S) to 0.75 (pH 7) and 0.69 nm/s (pH 9) (p =
0.121), indicating that protons promote faster aggregation for
WOd in the initial stage. The aggregations of other DBioCs at
different pHs also showed similar patterns (Figure S10). After
exploring TEXT S6, we believe that the lower aggregation rate
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under higher pH was caused by enhanced hydrogen bonding of
DBioCs, which increased the solution viscosity. Moreover, the
pH dependence of kg may be affected by the nature of the
interested particles. For example, Wang et al. reported the kg
values of engineered nanoparticles and kaolin clays were
nonmonotonic functions of pH.”” So far, it remains unclear
how the particle properties affect the pH dependence of k.

These findings imply that DBioCs drifting in natural waters
may undergo significant changes in their colloidal stability
when encountering pH-abrupt regions (e.g., acidic wastewater
outfalls) or unexpected events (e.g, acid rain) even in the
environmentally relevant pH (5—9). It might profoundly affect
the environmental fate of DBioCs themselves and adsorbed
pollutants. Therefore, the transient variations in DBioCs
aggregation behavior under these changing events are worthy
of further investigation.

3.3. Effects of Irradiation Time on the Colloidal
Stability of DBioCs. In the electrolyte-free systems, no
significant aggregations were observed for all DBioCs (Figures
S1la and S12a), implying their stability during the experiment
period, regardless of irradiation. This may be attributed to the
strong electrostatic repulsion, as evidenced by their highly
negative charges (Figure S6b). However, their stability was
disrupted in electrolyte solutions (Figures S11 and S12). Their
zeta potentials were less negative with the electrolyte
concentration (Figure S13). For instance, the { values of
WOd shifted from —42.25 + 1.01 mV at 10 mM NaCl to —8.52

https://doi.org/10.1021/acs.est.4c00780
Environ. Sci. Technol. 2024, 58, 8053—8064


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c00780/suppl_file/es4c00780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c00780?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c00780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Figure 4. Predication and fitting for Hamaker constants of DBioCs. (a) Theoretical DLVO simulation (dotted lines, derived by eq S14) for
experimentally obtained attachment efficiencies (data points, given by eq S3) of pristine and photoaged DBioCs in the NaCl solutions at
unadjusted pH (~7.5). The yielded Hamaker constants (Apyp) according to eq S14 for DBioCs were decreased from 3.19 + 0.11 to 1.55 + 0.07 X
107" J with UV exposure. (b) The nonlinear fitting of kinetic models (Modified zero-order, first-order, and second-order models) for Apwp of

DBioCs decaying with UV radiation duration.

+ 291 mV at 1000 mM NaCl. It means the substantially
weakened electrostatic repulsion between DBioCs at high
counterion concentrations.”' In comparison to Na*, Ca** has a
remarkably stronger ability to shield surface charges of DBioCs
(Figure S13). Taking WOd as an example, 10 mM NaCl can
only increase its zeta potential from —43.53 + 0.51 mV to
—42.23 + 1.01 mV, while 10 mM CaCl, can make it to —12.80
+ 0.10 mV; 0.5 mM CaCl, can raise its zeta potential to
—22.87 + 0.50 mV, but more NaCl concentrations (>100
mM) were required to reach this value.

Aggregation profiles of DBioCs over time as a function of
electrolyte concentrations are shown in Figures S11b-h and
S12b-h. Figure 3 presented that all the stability profiles can be
well quantified by eq S3 (R%,4; > 0.98). For W0d, the obtained
CCCy, was 112.80 mM. It approached that for some
carbonaceous particles like N-PBC500 (108 mM)' and
WDBC700 (127 mM)* but was higher than that for nano
activated carbons (NACs, 42.4—76.2 mM)® and various
engineering nanomaterials (ENMs) involving CeO, (15
mM),” CuO (27.8 mM),** TiO, (50 mM),”” and Ag NPs
(12 mM).” It showed that W0d had colloidal stability higher
than those of these widely concerned ENMs. The CCCy,
increased (p = 0.001) and kg, values decreased (p = 0.002)
with radiation, except W6h (Figures 3a and S11i), which
means that UV-radiation may promote DBioCs dispersion and
migration. This photoinhibited aggre%ation in NaCl solutions
also occurred in nCq'” and PSNPs,”® but the opposite was
observed in DBN,*' SNPs,"* COOH-MWCNT,"® GO NPs"’
and aged TiO,.%® This implies that the change in aggregation
behaviors dominated by the aging process may vary from
material to material.

Compared with aggregations in NaCl solutions, the
behaviors of DBioCs in CaCl, were distinctly different (Figure
3b). Although the magnitude of changes in CCCc, and CCCy,
of DBioCs before and after radiation was similar (177.61% vs
154.22%), the former (4.40—6.43 mM) was significantly
smaller than the latter (103.34—183.55 mM). These CCCc,
approached those for black phosphorus (2.5 mM),** pristine
and aged nCy, (3.24—4.25 mM),"” fresh SNPs (3.5 mM),**
and nano-BCs (2.7—4.3 mM)>" but were less than those for
WB300 (61.4 mM)®° and pristine and aged PB300 and PB600
(25.2—58.6 mM).”" The smaller CCCq, implies that DBioCs
may tend to aggregate easier than WB300 and PB300 in a
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CaCl, solutions. The variation trends of CCC, (p = 0.011)
and kg, (p = 0.003) with aging were opposite those in the
NaCl solutions. It is consistent with the findings on PSNPs*
and nCg,'"” despite there being also many publications
revealing the photoinduced accordant tendency between
them.'”**** These discrepancies may result from differences
in particle attributes and aging conditions. Larger kg and
lower CCC appeared in the CaCl, solution (Figures S12i and
Figure 3b), indicating that Ca’>" had a stronger capacity to
destabilize DBioCs. According to the Schulze-Hardy rule,
CCC is proportional to z* (n = —6 to —2; z is ion valence).”*°
Counterions with higher valence possess more efficient charge
screening capability,”” which echoes the above discussion on
zeta potentials. CCC,/CCCy, ratios were 2713, 27392 27435
2748 =482 97517 and 27538 for W04, W6h, W12h, W1d,
W3d, WSd, and W7d, respectively (Table SS), well obeying the
Schulze-Hardy rule (TEXT S7). It once again verified that the
aggregations of DBioCs may originate from EDL compression
and charge screening.67 Furthermore, the power term, n,
gradually reduced as DBioCs aged (p = 0.001), consistent with
previous research by Qu et al., wherein they found that 7 days
of UV radiation decreased the n-value of nCy, from —4.3 to
—7.1." The Schulze-Hardy rule was proposed based on
classical DLVO interactions, but some specific interactions,
e.g., Ca* bridging, were not taken into account. ¥%® Tt may be
the main reason why the n-value of DBioCs gradually
decreased with radiation.”* Reports on Ca>* bridging-enhanced
aggregation are readily available.'” Herein, UV-increased
OFGs provided more Ca** binding sites, resulting in a
stronger bridging effect and a more significant aggregation
enhancement.

Overall, DBioCs aggregations in water were mainly governed
by the surface charge that was deeply affected by the ionic
strength. This means that DBioCs well-suspended in fresh-
water may be destabilized and even separated out from the
water column in some unexpected events (e.g., discharge of
highly concentrated ionic water, etc.) or specific areas (e.g.,
estuaries, etc.). Sunlight exposure may alter the DBioCs surface
chemistry, which resulted in higher stability in the presence of
Na* (dominated by electrostatic repulsion) and easier
aggregation in the presence of Ca®* (dominated by bridging
effect). This complex electrolyte association profoundly affects
the possible behaviors of DBioCs in natural water.
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3.4. Hamaker Constants of DBioCs Derived from the
DLVO Theory. Na* is generally considered as a nonreactive
ion," and aggregation behaviors of particles in the presence of
Na® can be roughly inferred by analyzing the surface charge.
However, in this work, the variation in zeta potentials of
DBioCs alone could not account for their increased CCCy,
values (r = 0.187, p = 0.688), especially for ones that suffered
from long-time irradiation (WSd and W7d had less negative
charges but higher CCCy, values than did W3d did). It
enlightens us that UV exposure may have other effects on
DBioCs. According to the classical DLVO theory, we found
that the parameter dominating the colloidal stability of
particles was the Hamaker constant in addition to the surface
potential. This crucial constant is considered to be an intrinsic
property of the constituent materials®” and should be a fixed
value.”” However, the surface dependence of the Hamaker
constant has attracted attention since the last century,”" as
discussed in TEXT S8. More recently, it was pointed out that
the surface region of hematite particles had different
compositions and structures to its interior part, which could
affect the Hamaker constant.”” Based on the data of EA and
XPS analysis (Tables S2 and S8), it is reasonable to assume
that UV radiation can induce changes in the dielectric
properties of the DBioCs surface and cause differences
between the surface and interior of the particles, thereby
affecting the Hamaker constants of DBioCs. In fact, this
hypothesis has been verified in other carbon materials.*>**
Therefore, the experimentally measured attachment efficiencies
(a) for pristine and photoaged DBioCs in NaCl solutions were
fitted as a function of electrolyte concentrations grounded in
classical DLVO theory (TEXT S9).

Good agreement between experimental data and DLVO
prediction for all DBioCs (R,;" > 0.96) (Figure 4a)
demonstrated that their aggregation behaviors still obeyed
the DLVO theo?r well even after UV-exposure, following the
prior research.'®*® The derived Hamaker constant for WO0d in
water (Apwp) was (3.19 + 0.11) X 107! J, approaching that
for PSNPs (3.5 X 107! J),” slightly smaller than those for
SNPs (7.6—7.8 X 1072! J)**7* and fullerene (6.7—8.5 x 1072
71),>%*" and much lower than those for TiO, (6.5 X 1072° J)™*
and Ag NPs (13 X 1072°J).”® The lower Apyp corresponds to
a smaller van der Waals attraction between particles.
Therefore, DBioCs may have colloidal stability higher than
those of these widely concerned materials. Note that due to the
presence of water in DBioCs voids, Apyp derived here was an
effective value that may be lower than the true one.”” However,
it is more relevant when assessing the DLVO interaction
energies. With UV-radiation, derived Hamaker constants for
DBioCs gradually decreased from 3.19 + 0.11 (W0d) to 1.55
+0.07 (X 1072']) (W7d) (p = 0.02, Figure 4a). As depicted in
eq S17, vdW energy is proportional to the Hamaker constant,
Apwp, and hydrodynamic radius, R. Herein, negligible
discrepancy in particle sizes (Figure S6a) suggested gradually
decreased vdW attraction between DBioCs. This might be the
reason why W 5d and W7d required higher NaCl
concentrations to reach the DLCA regime, although they
were less negatively charged than W3d. It was worth
mentioning that the UV-induced decrease in Apyp here
coincided with the result reported for PSNPs** but contra-
dicted that for SNPs.** We believed that the photoinduced
change in the Hamaker constant may depend on many factors,
including particle properties, radiation conditions, etc. It
warrants more systematic and comprehensive research in the
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future to better discern and predict the possible alteration of
environmental behaviors of different particles in waters upon
sunlight-exposure.
The Hamaker constant in vacuum (App) can be
. : . . . 20,62
approximated using the following relationship

Aowo = (App — \/Aww)2 (1)

where A, is the Hamaker constant for water in vacuum, 3.7 X
1072 J.°* The as-obtained App, for WOd to W7d was 6.19 +
0.05, 6.05 + 0.03, 5.91 + 0.04, 5.83 + 0.03, 5.65 + 0.06, 5.50
+ 0.05, and 5.37 + 0.04 (X 107*°J), respectively. These values
fell in the range for carbon fibers (5.2—6.2 x 107*° 7)7"7¢ and
activated carbons (ACs) (5.0-7.8 X 1072 J)”” but were
almost half that for NACs.”> It indicated that there may be
considerable differences in the Hamaker constant between
carbon materials. The properties of different biochars may
vary, depending on their feedstock, pyrolysis conditions, post-
treatment, etc.”>’? However, research on the Hamaker
constant and its alterations with environmental aging for
biochar colloids has rarely been studied to date. Therefore,
Hamaker constants reported here are of great significance in
supplementing the database of biochar characteristics.

To better understand the influence of the radiation duration
on the Hamaker constant of DBioCs, Apyp and App were
fitted using decay kinetic models (TEXT S10). High R4’
(>0.94) may imply the modified first-order model and the
modified second-order model can describe and predict the
attenuation pattern of DBioCs’ Hamaker constant well in
sunlit water (Figures 4b and S14). The nondecayable
components of the Hamaker constant, Apwp(ny,e and
App(nye are 1.38 X 107" J and 5.26 x 107*° J, respectively
(Tables S6 and S7), and are theoretically the values that the
Hamaker constants of DBioCs will eventually present under
long-term photoaging. In addition, these two values can almost
be converted to each other though eq 1 with the error less than
0.26%, which once again verified the accuracy of the model.
The conundrum of whether the yielded values are the final
Apwp and App, of DBioCs that persist in real environments or
they will be affected by other physicochemical processes such
as adsorption or biological interactions requires further
investigation. However, the models proposed here are still
vital because this is the first attempt, to the best of our
knowledge, to depict the changing law of Hamaker constants
over time using kinetic models with very good results. Such
models could be applicable in simulating where the Hamaker
constant decays with time like the present work and Liu et al.
study,” but may fail to describe those where the Hamaker
constant increases with radiation like the research of Duan et
al.** There are many reasons. On the one hand, owing to the
lack of models to portray the changes in parameters, the
models proposed in this study are based on the equation of
chemical reaction kinetics. On the other hand, the variation in
the Hamaker constant may be affected deeply by material
properties and aging conditions. Accordingly, it is of great
importance to dig a deeper understanding of the intrinsic
relationship among materials-conditions-variations and to
develop targeted models for simulating and predicting changes
in environment behaviors of various particles under different
aging conditions.

Furthermore, we performed Pearson correlation analysis on
several important parameters (Table S9). There are significant
correlations between most parameters (e.g, CCCy, vs time, r
= —0.987, p < 0.001) (Figure S15). A prior work argued that
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Figure 5. Aggregation behaviors of pristine and photoaged DBioCs in the presence of BSA or in the nature water samples. The variations in
attachment efficiencies of DBioCs as a function of BSA concentrations (0, 1, 2, S mg-C/L) in (a) various NaCl (0, 10, 100, 200 mM) and (b)
CaCl, concentrations (0, 1, S, 10 mM). (c) Aggregation profiles of DBioCs in nature water samples (XJ and TZH). The inset shows the
comparison of the according initial aggregation rates (k) for DBioCs before and after UV irradiation in these two water samples. All experiments

were carried out at 12.5 mg-DBioCs/L and 25 °C.

CCCy, significantly correlated with O/C and zeta potential."’
Herein, the O/C ratios and CCC values were found to
correlate well with radiation time (p < 0.011). However, poor
correlation was observed between the {, values and radiation
time (p = 0.634), which may signify that DBioCs experienced a
multistage process during radiation.

3.5. Photoaging Mechanisms. UV-induced photo-
oxidation of nanoparticles by ROS has been reported to result
in a sustained increase in surface oxygen content and decrease
in their ¢ values.” But, UV-aged SNPs showed a monotonic
decrease in surface OFGs and less negative charge due to
decarboxylation.44 Here, nonmonotonic variations in {, and
CCC values over time may imply a nonsingle-factor-dominated
process that DBioCs experienced under UV radiation. To
deeply investigate the photoaging mechanisms, XPS spectra
were thoroughly analyzed (Figures S16 and S17). The
deconvolution of the C 1s peak provided three main peaks,
namely underivatized carbon (Cl, C-C/C-H) at 284.8 eV,
mono-oxygenated carbon (C2, C-O) at ~286.3 eV, and
dioxygenated carbon (C3, C=0 and O-C-O) at ~288.5
eV,*>*! which was assigned to sp® aromatic rings, epoxy and
alkoxy, and carbonyl moieties, respectively.*” The two strong
O Is peaks at ~531.5 eV and ~533.1 eV corresponded to
carbonyl and carboxyl oxygen (01, C=0)** and hydroxyl and
ether oxygen (02, C-O).”" Combining the data of FT-IR, XPS,
DLS, and EA, we speculated that DBioCs could undergo three
stages under UV radiation.

Stage I: WOd — W6h, featuring {, T, CCCy, |, and CCCq,
1. As known from FT-IR spectra (Figure 1c), the intensities of

—OH and C—O—C peaks in W6h decreased but were opposite
for the —C=C peak, relative to W0d. XPS data showed the
proportions of mono/dioxygenated carbons and carbonyl
oxygen reduced from 11.4%/5.8% and 27.3% to 10.7%/5.0%
and 23.9%, respectively (Figure S18). Meanwhile, the bulk O/
C ratio slightly decreased from 0.26 to 0.25 (Table S2). Those
revealed the first 6 hours of UV radiation reduced the
abundance of OFGs (—OH, —C—0, —COOH, etc.) on
DBioCs surfaces, probably indicating the occurrence of
photodecarboxylation.'™® In order to explore the variation
in this stage deeply, the samples experiencing 3 and 9 hours of
radiation (W3h and W9h) were prepared and meticulously
characterized (Figures S19 and $20, Tables S10 and S11).
From the results of FT-IR, EA, and XPS measurements, it
cleared that the OFGs content of W3h is reduced compared to
that of WOd, suggesting a slight decarboxylation occurred.
Decarboxylation was further enhanced on W6h, but then the
oxygen-bearing moieties increased on WO9h. These results
confirmed the DBioCs would undergo decarboxylation first
when subjected to UV radiation, and it occurred mainly within
6 h. Since black carbons mainly acquire their negative charges
from these OFGs,® the surface negative charge of DBioCs at
this stage became less, and electrostatic repulsion and the
CCCy, value thus decreased, in line with the prior ﬁndings.44
Furthermore, the reduced OFGs meant less binding sites to
Ca’" for bridging, and the CCCc, accordingly was raised.
Stage II: W6h — W3d, featuring ¢, |, CCCy, 1, and CCCc,
1, alike to chemical aging-induced surface oxidation on DBC.*!
Under radiation, protons are absorbed and attack aromatic and
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methyl moieties, producing various ROS***>*® and *DBC*,*
which may induce DBioCs surface photo-oxidation.”” In this
stage, surficial and bulk O/C and proportions of C2 and C3
continuously elevated, and the C1 proportion decreased from
84.3% to 80.4% (Figure S18a). The FT-IR peak of —C=C
gradually shifted to the —C—O peak (Figure 1c). Those
suggested the destruction of aromatic structures on DBioCs
and the formation of OFGs. The increased OFGs not only
brought more negative surface charges and stronger electro-
static repulsion, leading to higher colloidal stability of DBioCs
in the NaCl solution, but also provided more bridging sites for
Ca®", promoting aggregations of DBioCs in CaCl, solutions.
More importantly, they may further promote the formation of
ROS,”” thus accelerating the phototransformation of
DBioCs.”” Besides, the ash content increased continuously
(p = 0.003, Table S2). More exposed minerals may associate
with the phenol-like structure of DBioCs, also contributing to
producing ROS.*® Given above all, the biggest dioxygenated
carbon proportion and the most negative charge thus were
attained after 3 days of UV-exposure.

Stage III: W3d — W7d, featuring {, 1, CCCy, 1, and
CCC¢, |. The N element could play a vital role in producing
ROS, even at low levels.*® N content decreased steadily with
radiation (p = 0.014, Table S2), implying the DBioCs surfaces
were oxidized sustainedly, even after 3 days of radiation.”” This
further induced the aggregation of DBioCs in the presence of
CaCl,. However, {, values of W5d and W7d increased instead
of decreasing (Figure S6b). The increased CCCy, contradicted
the weakened electrostatic repulsion, perhaps resulting from
the continuous decay of the Hamaker constant, as afore-
mentioned. The increased {, may relate to the decrease in
—C=O0 content (Table S8). The C3 proportion fluctuated
eventually between 6.1% and 6.3% (Figure S18a), probably
attributed to the re-dominance of the decarboxylation effect in
DBioCs with excessive carboxyl moiety. The generated ROS
would attack carboxyl groups on highly oxidized COOH-
MWCNTSs upon UV exposure to induce decarboxylation
effect.'® Therefore, we believed that the DBioCs surface would
be subjected to competition between oxidation and decarbox-
ylation processes under UV-radiation, finally reaching dynamic
equilibrium. The massive mineral exposure may be another
cause for the less negative charges that DBioCs have. Most of
the ash species possess more positive charges than carbon
surfaces, as evidenced by the fact that the demineralized
biochar has less negative zeta potential than the raw one
does.”” W5d and W7d have ash contents of 42.54% and
46.47% (Table S2). Such contents could directly affect the ¢,
values of DBioCs.

In summary, DBioCs could suffer from multiple processes
involving photodecarboxylation, photo-oxidation, and mineral-
exposure under UV radiation. One of the important factors for
such complex aging phenomena may be the heteroggeneity of
DBioCs in component, structure, and properties.”” In real
scenarios, with the complexity of the water environments, the
aging process may be even more elusive.

3.6. Colloidal Stability of DBioCs in the Presence of
Protein and Natural Waters. NOM has attracted wide
attention due to its environmental omnipresence.]7’9]’92 Figure
Sa-b displayed the attachment efficiencies of DBioCs in NaCl
and CaCl, solutions with the presence of BSA. Obviously, BSA
can induce only a slight increase in a values in no electrolyte or
very low ion concentrations (10 mM NaCl or 1 mM CaCl,). It
is perhaps due to the weakened surface charge caused by BSA
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adsorption on DBioCs (Figure S$22).”° More often, BSA
significantly inhibited DBioCs aggregation, especially under IS
conditions, even at very low concentrations. For instance, 1
mg-C/L of BSA can reduce the attachment efficiency of W3d
from 1.00 to 0.14 at 200 mM NaCl and decline that of W1d
from 1.00 to 0.32 at 10 mM CaCl,. Those contradicted the less
negative charges, probably attributing to the steric hindrance
caused by BSA coating on the DBioCs surface, as widely
reported elsewhere.”””* Its existence overcame the advantages
arising from the reduced electrostatic repulsion and dominated
the aggregation, regardless of aging degree and electrolyte
type.”” This seems to indicate that the existence of DOM in
environmental water may be one of the important inducements
to inhibit DBioCs aggregation.

In order to gain insight into their environmental behaviors
more intuitively, the aggregation statuses of DBioCs in two
natural water samples (XJ and TZH, representing river and
lake waters, respectively) were investigated. As shown in Figure
Sc, the aggregation rates of DBioCs in lake water were
generally higher than those in the river counterpart, an
expected result as the concentration of each ion in TZH was
higher than that in XJ (Table S1). Correspondingly, the zeta
potentials of DBioCs in TZH were less negative (Figure $23),
which indicated weaker electrostatic repulsion. Nevertheless,
aggregation rates of DBioCs were very low (<0.06 nm/s), even
though their { values were higher than —30 mV. It could be
related to the presence of NOM, known from TOC (2.26 mg/
L for XJ and 3.65 mg/L for TZH, Table S1). As depicted
before, the NOM is an important incentive to stabilize
DBioCs. The higher TOC contents in the lake sample
explained why the aggregation rates of DBioCs were only
slightly higher in TZH despite its IS being much higher than
that of XJ. In addition, as flowing water, XJ carried more
suspended particles (with almost double the SS content as
TZH). They had the potential to heteroaggregate with
DBioCs, so as to change the colloidal stability of DBioCs.”*°
Besides, the shear force formed by river flow could alter the
aggregates structure.”” Thereby, the fate of DBioCs in a real
scenario is still fraught with much uncertainty.

Overall, the rather low aggregation rates of DBioCs in both
samples indicated the environmental stability of DBioCs."
The discrepancy in the aggregations of pristine and aged
DBioCs was not significant here (p = 0.319 for XJ and p =
0.585 for TZH). Therefore, photoaging alone may not be
sufficient to dominate the aggregation of DBioCs in real
waters. In fact, all environmental factors, such as water
chemistries represented by salt and TOC, hydrodynamic
conditions, etc, may have an impact on the behaviors of
DBioCs. What role each of these factors plays in a given
natural scenario requires more in-depth research.

4. ENVIRONMENTAL IMPLICATIONS

We demonstrated herein that solution chemistry, dominated
by salts and TOC, exerted non-negligible impacts on the
colloidal behaviors of DBC. It may reveal that DBC stably
suspended in typical freshwater could experience rapid
aggregation and even deposit into sediments when encounter-
ing the unexpected events areas, represented by estuaries.”®
Most of the terrestrial DBC eventually flows through rivers
into the ocean, the largest sink and final home for DBC, with
the amount of ~27 Tg-C year . The DBC in deep sea was
considered to possess conservative and salt-like properties but
was susceptible to UV radiation.”” ™" In addition to resulting
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to the loss of DBC from seawater'’’ and river water,'"

sunlight can also induce DBC aging as reported in this study,
thus having implications for its environmental behaviors. The
decreasing Hamaker constant over time implied that the aged
DBC may have higher colloidal stability. Moreover, acting as
carrier, DBC can absorb contaminants or nutrients®”'°
assist in their migration through freshwater, which is also
largely controlled by the aggregation processes.”” This means

and

that in estuaries contaminants would be deposited with DBC,
posing potential risks to sediment ecology. It is noteworthy
that photoaging can alter the surface properties of DBC to
affect its affinity and thus the amount and type of contaminants
loaded.*""*® The ROS excited from DBC under radiation can
not only degrade pollutants attached it** but may also lead to
the degradation of DBC itself thereby releasing loaded
pollutants back into the water column.'”® Therefore, the
environmental behavior and fate of DBC and the pollutants it
carried in aquatic ecosystems can be quite complex, which
deserves more attention.

The Hamaker constant derived in this study and its decay
models are of particular importance for developing predictive
models to quantitatively describe the fate and transport of
DBC in aquatic environments. It is a long-term and arduous
task to achieve this as of the extreme complexity in
components of DBC and natural waters. Nevertheless, the
variation in Hamaker constants induced by photoaging or
other processes (e.g., chemical aging, etc.), as long as altering
the surface properties, must be taken into account.

More importantly, it must be clarified that the DBioCs used
in this study were prepared in the laboratory, which reflected
the small fraction of DBC that is flushed out initially but
omitted the larger fraction that was produced over time. It
therefore may not be highly representative of fluvial DBC.
Moreover, the light source used in this work has a small
amount of UVC rays, and the aging is performed continuously
in pure water, which ignored the potential radiation
attenuation and complex interactions in actual circumstances.
Thus, the variation in the Hamaker constant and the aging
process of DBC in fluvial systems may be discrepant. However,
the Hamaker constant and photoaging mechanisms provided
in this study can serve as an important reference to
comprehend the fate of DBC in sunlit waters.
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