I_J,II separations

Review

Review of Photochemical Activity of Dissolved Black Carbon in
Aquatic Environments: Primary Influencing Factors
and Mechanisms

Huaying Liu !, Yina Tu %*, Wei Tang 2, Weilin Wu ? and Yingjie Li %*

check for
updates

Citation: Liu, H; Tu, Y;; Tang, W.;
Wu, W.; Li, Y. Review of
Photochemical Activity of Dissolved
Black Carbon in Aquatic
Environments: Primary Influencing
Factors and Mechanisms. Separations
2023, 10, 408. https://doi.org/
10.3390/separations10070408

Academic Editor: Dimosthenis
Giokas

Received: 16 June 2023
Revised: 14 July 2023

Accepted: 15 July 2023
Published: 16 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Chemical Engineering, Kunming University of Science and Technology, Kunming 650500, China;
20220109@kust.edu.cn

Faculty of Environmental Science and Engineering, Kunming University of Science and Technology,
Kunming 650500, China; twdyx1998@gmail.com (W.T.); wwl20221007@163.com (W.W.)

*  Correspondence: tuyina9517@163.com (Y.T.); yjli@kmust.edu.cn (Y.L.)

Abstract: Dissolved black carbon (DBC), the particular component of black carbon that can be
dissolved in the water, which accounts for ~10% of the organic carbon cycle in the earth’s water body,
is an essential member of the dissolved organic matter (DOM) pool. In contrast to DOM, DBC has a
higher proportion of conjugated benzene rings, which can more efficiently encourage the degradation
of organic micropollutants in the aquatic environment or more rapidly generate reactive oxygen
species to photodegrade the organic micropollutants. Therefore, it is of great significance to study the
changes and mechanisms of DBC photochemical activity affected by different factors in the water
environment. Our work reviewed the main influencing factors and mechanisms of the photochemical
activity of DBC. It focuses on the methodologies for the quantitative and qualitative investigation
of the photochemical activity of DBC, the impact of the biomass source, the pyrolysis temperature
of biochar, and the primary water environmental parameters on the photochemical activity of DBC
and the indirect photodegradation of pollutants. Based on this, a potential future study of DBC
photochemical activity has been prospected.

Keywords: dissolved black carbon; photochemical activity; qualitative and quantitative analysis;
water-soluble components

1. Introduction

Organic micropollutants, including toxic and harmful chemicals such as endocrine
disruptors and antibiotics, are frequently detected in aquatic environments and pose
significant environmental risks. Organic micropollutants originate primarily from human
activities, such as industrial activities, medical treatment, personal care, livestock and
poultry, and large-scale aquaculture emissions [1]. Currently, there are many technologies to
remove antibiotics and other organic micropollutants from aquatic environments, including
adsorption, the photo Fenton process, photodegradation, and the advanced oxidative
degradation of target pollutants with the help of various materials (e.g., biochar, GO-based
composite materials, hexaferrite, porous silica-based composite materials, and metal oxide-
based materials) [2-5]. However, the photodegradation pathway of organic micropollutants
in natural aquatic environments primarily involves direct photodegradation or indirect
photodegradation using other substances (e.g., dissolved black carbon (DBC)).

Black carbon (BC) is generated through the incomplete pyrolysis of common agri-
cultural waste plant tissues (e.g., wheat straw, bamboo, corn straw, and pine needles) or
fossil fuels [6], and BC has significant effects on a wide range of earth’s ecosystems and
environmental systems including global carbon cycling and climate change [7-9]. BC is a
typical solid carbon source that is frequently utilized as a soil amendment in agricultural op-
erations to improve soil cation exchange and carbon sequestration capabilities [10-12]. The
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soluble portion of BC, known as DBC, leaches as a result of human activity, surface runoff,
and rainfall on exposed BC and has gained significant attention in recent years [13,14].

The structure of aromatic hydrocarbons in organic matter was discovered in the Rio
Negro waters [15] and soil pore water [16] using ultra-high resolution mass spectrometry,
and this was the first proof of DBC in natural waters. It has been reported that approxi-
mately 26.5 Tg of charcoal or BC-derived DBC is released into aquatic environments every
year, accounting for approximately 10% of the global river carbon cycle flux [13]. DBC
contributes 4% to 20% of the dissolved organic matter (DOM) to estuaries and seas, making
it a significant part of the DOM pool [17-19]. DBC differs from common DOM in that
it has a high-density conjugated aromatic ring with smaller aromatic structures and an
abundance of oxygen-containing functional groups [20,21] that allow DBC to undergo
quick photosensitization reactions, producing reactive oxygen species (ROS) either directly
or indirectly, and this is crucial in the reduction and fate of organic micropollutants in
aquatic bodies [22,23]. It has been reported that the unstable structure of DBC encourages
its excited triplet state to possess more sensitive photo reactivity than the common DOM
triplet state (DOM?*), allowing quicker electron transfer and producing higher quantum
yield values for the DBC triplet state (*DBC") [24]. In addition, DBC can also effectively
produce singlet oxygen ('O,) and has a much greater quantum yield than DOM [6,25].
Zhou et al. [26] also found that DBC can degrade triplet-state unstable173-estradiol more
quickly than common DOM.

In general, researchers have been studying the physicochemical properties of DBC and
continuously exploring qualitative and quantitative analysis methods for its photochemical
activity, as well as the mechanism of indirect photodegradation for organic micropollutants
since 2004. Researchers have also found that the content of oxygen-containing functional
groups of DBC and its ability to degrade organic micropollutants are also closely related to
the biomass source and pyrolysis temperature of the biochar and an aquatic environment.
An investigation of the photochemical activity of DBC will aid in understanding its potential
to self-transform, its fate, and the ability to photodegrade organic micropollutants in aquatic
environments. Therefore, in this study, we review the qualitative and quantitative analysis
methods used to investigate the photochemical activity of DBC. We also examine the
influence of the biomass source, the BC pyrolysis temperature, and changes in the primary
aquatic environmental factors on the photochemical activity of DBC, as well as the influence
on the indirect photodegradation of pollutants. On this basis, future DBC photochemical
activity research directions are proposed.

2. Quantitative Analysis Methods for the Photochemical Activity of DBC

Pollutant degradation in aqueous environments is greatly affected by DBC-produced
ROS, such as 3DBC’, 10, hydroxyl radical (-OH), and the superoxide radical (O, ™), which
is possible due to the aromatic structure, carboxyl group, hydroxyl group, and other
functional groups present in DBC. Therefore, it is necessary to perform quantitative and
qualitative analyses of the photochemical activity of DBC. Research on the photochemical
activity of DBC has primarily focused on characterizing the different physical properties
of DBC (e.g., the organic carbon content, group structure, ultraviolet (UV) absorption
components, and fluorescence components), as well as the degree of reaction between DBC
and chemical probes. The following describes the current qualitative and quantitative
methods for photochemical activity investigations of DBC.

2.1. Qualitative Methods

The photochemical activity of DBC is often closely related to its physicochemical
structure [14,27,28]. In addition, the detection of the DBC physicochemical structure is also
closely related to current instrumental analysis techniques.

A significant portion of the chromophore components in DBC have the potential for
photochemical and energy transfer once they capture a certain wavelength of sunlight,
and they play a part in photochemical processes in aqueous environments. As a conse-
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quence, the qualitative methods related to DBC photochemical activity can be primarily
divided into UV-visible spectroscopy analysis, 3D fluorescence spectroscopy analysis, and
Fourier transform infrared spectroscopy analysis based on the characteristics of the DBC
physicochemical structure.

Previous studies have demonstrated that the spectrum parameters of UV-visible
spectroscopy for DBC can potentially be used to evaluate its photochemical activity and
structural characteristics because of the absorption characteristics of the photosensitive
components [14,24,28,29]. As shown in Table 1, the spectral parameters of commonly
used ultraviolet-visible (UV-VIS) spectra are SUVAjs4 (the ratio of absorbance at 254 nm
to the concentration of dissolved organic carbon), and this can be used to evaluate the
molecular weight and aromaticity of DBC [28,30]. The absorbance ratio at 254 nm and
365 nm is known as E,/E3, and it is frequently considered to be inversely correlated with
the molecular weight of DOM and directly linked to its capacity for electron transfer [28,31].
E4/Eg is the absorbance ratio at 465 nm and 665 nm, which is negatively correlated with
the aromatic cluster structure of DOM [14,24]. Sy75 295 and S3s0_400 are calculated using
linear regression of the logarithmic transformation data at 275 nm to 295 nm and 350 nm to
400 nm, respectively, of which the former reflects the degree of fragmentation of the DOM
molecular structure [32], and the latter reflects the aliphatic content of DOM [33]. Moreover,
SR is the ratio of Sy75 995 to S350_400 that is inversely proportional to the molecular weight
of DOM [24,34,35] and positively related to the degree of photobleaching for DOM [28,35].

Table 1. The calculation method and characteristics meaning of different spectral parameters for
DBC samples.

Spectral Parameters Calculation Method and Characteristics Meaning

the ratio of absorbance at 254 nm to the concentration of dissolved
SUVA 54 organic carbon;
characterizing the molecular weight and aromaticity of DBC

absorbance ratio at 254 nm and 365 nm;
E,/E; inversely proportional to the molecular weight of DBC and related to the
internal Electron transfer capability of DBC

absorbance ratio at 465 nm and 665 nm;

E4/E . . . .
+/Ee negative correlation with DBC aromatic cluster structure
S linear regression of logarithmic transformation data at 275 nm to 295 nm;
275-295 characterize the damage degree of DOM molecular structure
S linear regression of logarithmic transformation data at 350 nm to 400 nm;
350-400

reflecting the aliphatic content of DBC

the ratio of Sy75_295 to S350-400;
Sk inversely proportional to the molecular weight of DBC and positively
related to the degree of photobleaching of DBC

For the photochemical activity of DBC, it is crucial to understand the composition
and alterations of the chromogenic groups of DBC. A three-dimensional fluorescence
spectroscopy analysis may assist in clarifying these changes in functional groups. In
accordance with the majority of studies, humus, tyrosine-protein molecules, tryptophan
proteins, or phenolic substances all correspond to the unique peak of the three-dimensional
fluorescence spectrum [36-39]. As shown in Figure 1, the ranges of regions I and II are
those with excitation wavelengths less than 250 nm and emission wavelengths less than
380 nm, of which the peak of the fluorescence spectrum can be considered to be related to
simple aromatic proteins [40,41]. The range of region III is the region with an excitation
wavelength of less than 250 nm and an emission wavelength greater than 380 nm, and the
primary component of DOM with a three-dimensional fluorescence peak in this region is
related to humic acid substances [42]. The region that has an emission wavelength of less
than 380 nm and an excitation wavelength greater than 250 nm is recognized as region
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IV. Infrequently, soluble microbial byproducts are thought to be attached to the primary
components of the DOM in the area where the peak of the three-dimensional fluorescence
spectrum is in region IV [43,44]. The range of region V includes regions with excitation
wavelengths greater than 280 nm and emission wavelengths greater than 380 nm. The
primary DOM components with a peak in the three-dimensional fluorescence spectrum
located in this region are believed to be related to humic acid organic matter, according to a
majority of the literature [45,46].

J—
region [V regionV
Soluble microbial Humic acids
byproducts
250
Ex (nm)
region | region IT region III
Aromatic Aromatic fulvic acid
Proteinsl ProteinsII
330 Em (nm) 380

Figure 1. Characteristic peaks in different areas of the three-dimensional fluorescence spectrum.

Infrared spectroscopy can also be used to analyze the structural changes and chemical
characteristics of DBC before and after photochemical reactions [47-49]. Table 2 shows
the structural characterization corresponding to peak changes in the DOM in different
infrared bands. The infrared spectrum peak at 3500-3200 cm ™! in the infrared spectrum
indicates that there exists alcohol or phenol in the molecular structure and ~OH in the
soluble protein stretch vibration [50-53]. The characteristic peak changes at 30002850 cm ™!
often represent the tensile vibrations of aliphatic alkanes -CH,, aromatic hydrocarbons
—-CH, and C-CHj3; [53,54]. The infrared spectral peaks at 1800-1600 cm ™! are attributed to the
stretching vibration of C=0O in carboxylic acids and ketones [47,55,56]. The characteristic
peak at 1600-1540 cm ! indicates the tensile vibration of the aromatic group C=C or N-H of
amide I or the tensile vibration of C-N, C=N for amide II [55,57,58]. The characteristic peak
change at 1420 cm ™! is believed to be related to the O-H deformation of carboxyl groups
within the molecule [49]. The characteristic peak of the infrared spectrum at 1380 cm !
corresponds to the OH deformation of phenolic hydroxyl groups within the molecule or
the C-O stretching deformation of carboxylic acid groups [51,55]. Additionally, the peak
changes from 1250-1000 cm ™! are considered to be due to C-O stretching and C-O-P
stretching and OH stretching of polysaccharides, alcohols, carboxylic acids, and lipids, or
the O-H deformation of carboxyl groups [55,59].
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Table 2. Peak changes in different infrared bands and their corresponding characteristics.
Wavelength (em—1) Characteristics of Peaks
3500-3200 Tensile vibration of -OH in alcohols, phenols, or soluble proteins
3000-2850 Anti-symmetric stretching of aliphatic -CH, alkanes, aromatic

CH, and C-CHj3;
1800-1600 Tensile Vibration of C=0 in Carboxylic Acids and Ketones

The stretching of aromatic group C=C or N-H of amide I, or the

1600-1540 deformation vibration of C-N, C=N of amide II
1420 O-H deformation of carboxyl groups
1380 OH deformation of phenolic hydroxyl groups within molecules,
or C-O deformation of carboxylic acid groups
12501000 Tensile vibration of C-O, C-O-P, or -OH of polysaccharides,

alcohols, carboxylic acids, and lipids

2.2. Quantitative Methods

Quantitative methods to examine the photochemical activity of DBC can also be
divided into physical property quantitative methods and chemical property quantitative
methods according to the different physicochemical properties of DBC. These include the
total organic carbon (TOC) method, the electron-donating capacity (EDC) method, and the
ROS production method.

2.2.1. Total Organic Carbon Method

Many studies have found that the photochemical activity of DBC is closely related to
the TOC content of the DBC itself [50,60,61]. Zhang et al. [60] found that the TOC value of
DBC at lower pyrolysis temperatures was greater than that at higher pyrolysis temperatures,
which was correlated to that at lower pyrolysis temperatures (300—400 °C). In addition,
the degree of carbonization of the BC was lower, and the content of dissolved substances
was higher [61]. When the pyrolysis temperature rose to 500 °C, further decomposition
and polymerization of cellulose and lignin led to the production of more stable aromatic
substances [61], resulting in a decrease in the TOC value of the DBC.

Quantitative methods for the TOC content for DBC include molecular notation (e.g.,
the levoglucosan method and the benzene polycarboxylic acid (BPCA) method), the ther-
mal oxidation method, and ultra-high-resolution mass spectrometry (e.g., FI-ICR/MS). The
levoglucosan method is applicable to BC produced by combustion at lower temperatures
(<250 °C), as natural levoglucosan is primarily produced by biomass combustion below
250 °C, of which the concentration of levoglucosan is quantified using gas chromatography-
mass spectrometry. This is multiplied by a conversion coefficient to obtain the DBC content
in the sample [62,63]. The principle of the high-temperature oxidation method is to use
the high-temperature resistance of black carbon (e.g., soot) and burn the sample in an
environment with high temperature (typically 375 °C) and sufficient oxygen for approx-
imately 24 h. Non-black carbon organic matter is oxidized and removed, and then the
residual C content was measured using an elemental analyzer, and the residual C is consid-
ered black carbon [64,65]. For DBC, it is necessary to concentrate the sample into a solid
powder (e.g., freeze-drying or solid-phase extraction) before conducting the determina-
tion [66]. However, for this method, there may be organic matter coking during the thermal
oxidation process of the sample, resulting in higher measurement values [67]. Fourier
transform ion cyclotron resonance mass spectrometry (FI-ICR/MS) can analyze complex
compounds and provide detailed composition information of DOM (including DBC) [68].
Ultra-high-resolution mass spectrometry can qualitatively analyze the composition of DBC
and semi-quantitatively analyze the DBC concentration. However, due to its high instru-
ment usage cost and long analysis time, it is generally rarely used for large-scale DBC
analysis and determination [15,17].
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2.2.2. Electron-Donating Capacity Method

The photochemical activity of DBC can also be reflected by the measurement of the
electron-donating capacity (EDC) parameters to demonstrate its electron-donating ability
between the electron transfer reactions. Based on variations in the current signal of an
electrochemical workstation, the EDC value of various DBC samples may be estimated,
which is caused by the transfer of electrons from the DBC solution to ABTS*. This is
primarily based on direct or indirect electrochemical methods to quantify the redox ca-
pacity of DBCs [69,70]. By using an electrochemical analysis, Zheng et al. [29] discovered
that the DBC derived from six different types of biochar (soybean, wheat, sorghum, rice,
corn, and peanut crop straw) had a higher EDC (2.42-7.10 mmole_-gc 1) and lower EAC
(0.40-0.81 mmole_-gc 1) as compared to common DOM. This result was attributed to a
high content of phenolic hydroxyl groups.

2.2.3. ROS Production Method

The rate of ROS production due to a DBC irradiation solution can also serve as a
reflection of its photochemical activity. To quantitatively analyze DBC-photoproduced
ROS formation, a probe is utilized in an experiment under simulated sunlight. The probe
photodegradation guided by ROS is often related to the concentration of the probe in the
photodegradation system, the steady-state concentration of the corresponding ROS, and
the rate constant of the second-order reaction between the probe and the corresponding
ROS. In a coexistence system of the probe and ROS, the apparent degradation of the probe
conforms to the second-order reaction kinetics:

—dP/dt = kros, p [ROS]ss P = kp P, 1)

where kgrog, p is the second order reaction rate constants of DBC photoproduced ROS and
the corresponding probes in units of M~! s~1; [ROS]ss is the steady-state concentration of
ROS in the DBC irradiated solution in units of M; P is the initial concentration of the probe
in units of M; and kp is the apparent degradation rate of the probe in the DBC irradiated
solution in units of s~1. Similarly, the reaction between pollutants and ROS can also be
applied to the above equation.

Furfuryl alcohol (FFA) and deuterium oxide (D,O) are commonly used as capture
agents, or Ny is introduced into the DBC photoirradiation solution to study the formation
rate of DBC-photoproduced 10, [71,72]. The second-order reaction rate constant of FFA
and 'O, (widely valued at 1.2 x 108 M~1 s~1, which can be 1.0 x 10% M~1s~1in freshwater)
has little dependence on the temperature of the solution and no dependence on the pH
of the solution, and it only shows a small increase under high salinity conditions [73].
FFA only reacts with 1O, in a DBC solution and does not react with other free radicals or
oxidants in an irradiated DBC solution [71,74,75]. Regarding D,O, it may take the place of
H,0 in a DOM-irradiated solution, participating in the production of DOM-photoproduced
10,, and hence properly calculating the quantitative changes in the photogenerated 'O, in
a DOM solution based on isotope detection [76]. In several studies, the aromatic ketone
and quinone groups in DBC are reduced with NaBH4 to examine whether these structures
affect the photochemistry of 'O, in a DBC irradiated solution [21,77].

3DBC" is an important intermediate of ROS in irradiated surface water [14,24,28,78,79].
2,4,6-trimethylphenol (TMP) and sorbic acid can be used to quantify >DBC" [21,77]. *DBC’
can react with TMP through the electron transfer pathway [76,80], as well as with sorbic
acid, sorbic alcohol, and sorbic amine through the energy transfer pathway [77,80,81]. For
the TMP method, different concentrations of TMP probes can be selected and added to
different DBC solutions. The formation rate of different SDBC” (Fr, M s~ 1), the reaction rate
constant of the second-order reaction of >DBC" and TMP (kp, M1 s~1), and the steady-state
concentration of 3DBC” ([T]ss, M) in the electron transfer process between 3DBC" and TMP
were explored according to the following equation:

1/ktmp = [TMP]o/Fr + k' /(Ft kp), )
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where kr\p is the apparent photolysis rate of TMP in different DBC solutions with simulated
sunlight conditions, with the unit of s~ L; [TMP]y is the initial concentration of TMP in the
DBC solution with the unit of M; and ks’ is the quenching rate constant of 3DBC” in the
DBC irradiation solution with the unit of s~*.

ks = koo [O2] + kg, 3)

where ks included the dissolved oxygen quenching pathway of >DBC” (ko, [O2], s~ 1) and
the physical quenching pathway of >DBC” (kq, s~ 1):

The probe for O, — includes 2-methyl-6-[p-methoxyphenyl]-3,7-dihydroimidazolo
[1,2-a]pyrazine-3-one (MCLA) as a chemiluminescence probe and is equipped with a
flow injection analysis detector system to detect the products of MCLA and superoxide
radicals (e.g., dioxocyclopentanone and the UV visible wavelength band 380 nm) [77,81].
Furthermore, O, can also react with XTT sodium salt resulting in XTT-O,~, and the total
amount of O~ produced by a DBC-irradiated solution can be determined by evaluating
its change in the UV-visible absorbance at 475 nm [78,79].

For H,O,, the N,N-diethyl-p-phenylened iamine (DPD) method is used for the analysis,
and the DPD reagent is prepared by dissolving 0.1 g N,N-diethyl P-Phenylenediamine
sulfate in 10 mL 0.1 N HpSOy4 [71,82]. The analysis of the irradiated DBC solution involves
two measurements, one before sodium bisulfite quenched H,O, and the other after sodium
bisulfite is used. This is conducted to correct the analysis signal of the oxidant from DBC. A
total of 50 pL of a 0.5 M phosphate buffer is rapidly mixed with 50 pL of the DPD reagent
and added to a 0.5 mL sample. After the rapid mix, 50 uL of 1 mg mL~! horseradish
peroxidase is added and reacted for approximately 30 s. This is then placed in a quartz
spectrometer to measure the absorbance of the DPD free radical cation at 551 nm, of which
the molar absorption coefficient of the DPD radical cations is 21,000 M~! em 1.

With the use of benzene or terephthalic acid probes, the production of -OH in irradia-
tion solutions containing chromophores can be identified [72,83]. Benzene degrades as a
result of the reaction between -OH and benzene. The degradation rate of benzene, i.e., the
generation rate of -OH, can be determined by matching a high-performance liquid chro-
matography instrument with a UV detector. The reaction between -OH and terephthalic
acid can generate 2-hydroxyterephthalic acid (2-HTC). 2-HTC can be detected using high-
performance liquid chromatography instruments paired with fluorescence detectors [84].

For the photochemistry of DBC in surface water bodies, sunlight or laboratory-
simulated light can be selected. Sunlight needs to be calibrated in conjunction with a
P-nitroanisole pyridine (PNA-pyr) photometer for experimental data. Similarly, simulated
sunlight in the laboratory is also required for the use of a PNA-pyr photometer. The light
sources for simulating irradiation in general laboratories are xenon lamps and mercury
lamps. To better simulate the natural sunlight of surface water (greater than 290 nm), a
290 nm filter is selected to cut off simulated sunlight from the lamp that is less than 290 nm.
Compared with xenon lamps, mercury lamps are often closer to the natural spectral in-
tensity ratio. However, for some difficult-to-degrade organic micropollutants, mercury
lamps are often chosen as light sources to explore DOM photochemical activity in order to
achieve experimental efficiency and control related variables. This is applicable to the UVB
band, and most organic micropollutants that are difficult to degrade can undergo relatively
efficient photodegradation or chemical reactions in this band, and the light intensity of
mercury lamps in this band is much greater than that of xenon lamps in this band.

The quantum yield is closely related to the irradiance of the surface water environment.
For the photochemistry of an aquatic environment, the irradiance of an aquatic environment
must be quantified so that the experimental photolysis rate can be explained according
to the basic parameters. The commonly used calculation method for the total energy of
light irradiation in surface water bodies is the chemical photometer method. The chemical
photometer method is a photosensitive chemical solution with known photon absorption
and reaction quantum yield, which is the number of moles of reactants lost or products
formed per Einstein’s absorption [85]. The two widely used photometry methods are
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PNA-pyr and P-nitroacetate pyridine (PNAP-pyr) [86]. PNA-pyr is used as an example to
describe the calculation of the aquatic environmental irradiance according to a chemical
photometer.

As a pseudo-first-order chemical photometer, PNA-pyr uses the peak area of high-
performance liquid chromatography (HPLC) to determine the first-order reaction rate
constant (kK'pna, s 1). The quantum yield of PNA-pyr (Ppna) depends on the initial
concentration of pyr. €, is the molar absorption coefficient of PNA per unit wavelength
(M~ em™1); z is the length of the optical path in the solution (cm); AA is the wavelength
of a single unit (1 nm); p, is the light intensity ratio; and [pyr] is the concentration of pyr
(mol L™1).

Ep tot’ = (K'pna [PNAJ 2)/(1000 @pna Y a pa (1 — 1072 2 [PNA]?) AA), )
Ep, }\0 = Ep, ’totO O, (5)
®pna = 0.29 [pyr] +0.00029, (6)

3. Influence of the Biomass Source and Biochar Pyrolysis Temperature

Considering that DBC primarily originates from water-soluble components in biochar,
the special aromatic structure of DBC (containing more oxidizing groups, such as carbonyl
and quinone groups, and less reducing groups, such as phenolic hydroxyl) is closely related
to the BC biomass source and the BC pyrolysis temperature.

3.1. Biomass Source

For DBC, the biomass raw material is a key factor that affects the content of oxygen-
containing functional groups or reducing groups contained in DBC. BC raw materials
include agricultural waste, river sludge, industrial waste, and other biomass. Biochar from
different biomass sources prepared at the same pyrolysis temperature also generates DBC
with different chemical properties (Table 3). Xing et al. [87] discovered that DBC with a 10%
sludge-based biochar had greater copper ion affinity than DBC made from pure sewage
sludge biochar. Rajapaksha et al. [88] investigated the effect of biomass material on DBC’s
photochemical components, including perilla, rice husk, rice bran, garlic stem, and tea
waste. They revealed that DBC generated from woody plant biochar had higher levels of
protein and tannin components. In a study conducted by Tang et al. [89], DBC derived
from soybean straw biochar had the greatest concentration and a relatively high degree of
humification as compared to DBC derived from other biochar (e.g., sewage sludge, straw
biochar, peanut charcoal, and mushroom residue). In addition, Wei et al. [90] observed that
DBC derived from straw biochar had more aromatic components than DBC derived from
pine, pig manure, and sewage sludge.

Table 3. Chemical properties of DBC from different biomass sources.

Biomass Sources Properties of DBC

H/C=0.740/C =0.27 C(%) = 68.81 O(%) = 24.99
pH =7.27 Specific surface area = 5.61 m? g_l DOC =140.0

H/C=0.740/C =0.27 C(%) = 81.98 O(%) = 15.45
pH = 11.32 Specific surface area = 420.30 m? g~! DOC = 64.4

H/C=0.740/C =0.27 C(%) = 58.94 O(%) = 34.57
Specific surface area = 1.49 m? g~! DOC = 658.7

H/C =028 0/C = 0.38 C(%) = 63.88 O(%) = 32.6
Specific surface area = 201.72 m? g_l DOC =35.4

H/C=0.150/C =0.16 C(%) = 71.83 O(%) = 15.27
pH = 10.62 Specific surface area = 473.39 m? g~! DOC = 219.0

300 °C-Soybean straw DBC

700 °C-Soybean straw DBC

300 °C-Garlic stem DBC

700 °C-Garlic stem DBC

700 °C-Purple perilla DBC
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Table 3. Cont.

Biomass Sources Properties of DBC
H/C=0.36 0/C =0.07 C(%) =89.22 O(%) = 7.9
pH = 9.96 Specific surface area = 324.61 m? g~! DOC = 11.3

H/C=0.16 0/C =0.08 C(%) = 88.71 O(%) = 9.72
pH = 10.17 Specific surface area = 207.76 m? g_1 DOC=14.6

500 °C-Pine sawdust DBC

400 °C-Oak DBC

3.2. Pyrolysis Temperature of Biochar

In addition, the pyrolysis temperature of biochar is also an important factor that
indirectly affects the content of oxygen-containing functional groups, such as carbonyl
and quinone groups, contained in DBC, as well as the degree of structural damage. For
DBC, as the pyrolysis temperature increases (250-600 °C), the lipid content, soluble organic
carbon components, and polar acidic functional group content of the DBC will decrease
with an increase in the pyrolysis temperature, and the degree of aromatization will continue
to increase [91]. In addition, the C—C bond length of biochar decreases as the pyrolysis
temperature increases from 500 °C to 700 °C, indicating the conversion of fatty carbon to
aromatic carbon during the heating period [92]. Wei et al. [93] found that a high pyrolysis
temperature alters the structure and content of DBC, resulting in a decrease in the content
of carboxyl groups that neutralize copper ions in DBC. This leads to a decrease in the
complexing ability of DBC and copper ions. Xing et al. [87] also observed that a high
BC pyrolysis temperature reduces the copper ion chelating ability of DBC derived from
sludge-based biochar.

Tu et al. [28] previously studied the photochemical differences of DBC from different
biochars at different pyrolysis temperatures. As shown in Table 4, with an increase in
pyrolysis temperature, the SUVAys4 value of the different DBC samples in the investigation
significantly decreased, indicating that low-temperature pyrolysis DBC can absorb more
sunlight than high-temperature pyrolysis DBC [28]. These results may have been related to
the continuous reduction of aromatic C=C and C=O bonds in DBC derived from biochar
with high-temperature pyrolysis [94-96]. In addition, the Sg value, which is inversely pro-
portional to the molecular weight size, continuously increases with increasing temperature.
This also shows that the molecular weight of DBC decreases with an increasing BC pyrolysis
temperature, indicating that DBC derived from biochar with low-temperature pyrolysis
has a larger molecular weight and stronger absorbance compared to DBC derived from
DBC with high-temperature pyrolysis. Our results also indicated that the DBC pyrolyzed
at 400 °C had a high E,/E3 value, suggesting that the DBC at this temperature contained
aromatic ketones and quinones that were conducive to the generation of oxidizing groups
that stimulated the triplet state. Hence, it had a high *®DBC" quantum yield (Figures 2 and 3).
As3DBC" is a precursor of 'O,, the pyrolysis of DBC at 400 °C also had a higher quantum
yield of 10,, and there was a good positive linear correlation between the quantum yield
of >DBC" of DBC and the quantum yield of 'O, (Figures 4 and 5). The low-temperature
pyrolysis DBC had a small Sg value, indicating that the DBC was rich in phenolic hydroxyl
and other reducing groups, and this was conducive to electron transfer to produce -OH
and O, .

Table 4. Characteristics of DBC derived from biochar from different sources and pyrolysis temperatures.

SUVA ;54

DBC Sample pH [DBC] (mgCL~1) (L mgC-—1 m-1) E>/E3 S275-295 S350-400 Sr
200 °C-Wheat Straw DBC 7.0 10 3.0725 3.1152 0.0105 0.0144 0.73
300 °C-Wheat Straw DBC 7.0 10 2.2055 6.0100 0.0250 0.0227 1.10
400 °C-Wheat Straw DBC 7.0 10 1.2681 5.5078 0.0200 0.0116 1.73

500 °C-Wheat Straw DBC

7.0 10 0.3128 5.0017 0.0190 0.0190 1.00
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Table 4. Cont.

DBC Sample pH [DBC] (mgCL~Y) I:ggﬁszl ) Ey/E3 S275-205 S350-400 Sr
600 °C-Wheat Straw DBC 7.0 10 0.2659 4.6014 0.0132 0.0069 1.93
200 °C-Rice Straw DBC 7.0 10 2.6586 3.2939 0.0093 0.0120 0.78
300 °C-Rice Straw DBC 7.0 10 19114 3.8854 0.0144 0.0096 1.50
400 °C-Rice Straw DBC 7.0 10 2.0496 2.6603 0.0148 0.0102 1.46
500 °C-Rice Straw DBC 7.0 10 0.6379 2.2522 0.0066 0.0047 1.42
600 °C-Rice Straw DBC 7.0 10 0.2072 2.1957 0.0114 0.0065 1.76
200 °C-Bamboo DBC 7.0 10 2.0625 3.7124 0.0141 0.0160 0.89
300 °C-Bamboo DBC 7.0 10 1.6811 8.5700 0.0175 0.0169 1.04
400 °C-Bamboo DBC 7.0 10 0.8866 2.5600 0.0100 0.0061 1.63
500 °C-Bamboo DBC 7.0 10 0.2049 4.2300 0.0099 0.0077 1.30
600 °C-Bamboo DBC 7.0 10 0.0898 3.6337 0.0060 0.0038 1.61
200 °C-Corn Straw DBC 7.0 10 3.0169 3.4655 0.0099 0.0158 0.63
300 °C-Corn Straw DBC 7.0 10 2.3915 7.8008 0.0200 0.0364 0.55
400 °C-Corn Straw DBC 7.0 10 2.0143 9.7900 0.0250 0.0240 1.04
500 °C-Corn Straw DBC 7.0 10 0.2256 2.4606 0.0053 0.0052 1.02
600 °C-Corn Straw DBC 7.0 10 0.0690 1.7249 0.0048 0.0015 2.28
200 °C-Pine Needle DBC 7.0 10 2.4268 5.9860 0.0119 0.0118 1.02
300 °C-Pine Needle DBC 7.0 10 1.4991 4.8913 0.0138 0.0115 121
400 °C-Pine Needle DBC 7.0 10 0.9878 3.2500 0.0098 0.0065 151
500 °C-Pine Needle DBC 7.0 10 0.5643 2.8553 0.0067 0.0048 1.41
600 °C-Pine Needle DBC 7.0 10 0.3090 1.6854 0.0061 0.0020 2.141

1 The data in Table 4 are obtained from the study of Tu et al. [28].

2
R =0.63

p <0.001

[ R R R R R R S
0 20 40 60 80 100 120 140 160

Srup M)

Figure 2. Linear fitting between SDBC” quantum yields (fTypp) and optical parameters E; / E3 from

different DBC samples. The circle data comes from Tu et al. study [28], and the lines are linear fitting
lines of x-axis and y-axis data.
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Figure 3. Linear fitting between 'O, quantum yields (®107) and optical parameters E,/E3 from
different DBC samples. The circle data comes from Tu et al. study [28], and the lines are linear fitting
lines of x-axis and y-axis data.
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Figure 4. Quantum yields of SDBC" (frmp) and 10, (@102) in DBC with different sources and
pyrolysis temperatures under sunlight conditions. The data in the figure are mainly obtained from
the research of Tu et al. [28].
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Figure 5. Linear fitting between SDBC” quantum yield (ftypp) and 10, quantum yield (®10p) from

different DBC samples. The circle data in the figure are mainly obtained from the research of Tu
et al. [28]. The lines are linear fitting lines of x-axis and y-axis data.

4. Major Aquatic Environmental Factors

In conclusion, as shown in Figure 6, the performance of DBC is affected not only by
its own UV /fluorescence absorption components, physical and chemical structure, total
organic carbon content, redox capacity, biomass source, and biochar pyrolysis temperature
but also by its aquatic environment. Compared to the ideal environment preset in the
experiment, the natural water conditions in a natural environment are quite complex. For
example, estuaries are transitional areas between rivers and oceans and important ecosys-
tem sites that are rich in halogen ions and other salt components [97-100]. Halogen ions
will not affect the absorption of DBC chromophores but will affect the energy and electron
transfer of DBC and further affect the indirect photolysis of organic micropollutants such
as carbamazepine and 173-estradiol [78]. Many researchers have also found that common
dissolved ions in water, such as NO;~ and SO,42, can significantly inhibit the absorption
of photons by DBC or DOM, thereby inhibiting the photolysis of chromophores [101,102].
In addition, the pH value of an aquatic environment also affects the surface activity of
DBC and the electron density of organic micropollutants, thereby affecting the photo-
chemical degradation of organic micropollutants when DBC and organic micropollutants
coexist [103]. This is consistent with the research results of Li et al., where DOM had the
most significant degradation effect on sulfamethoxazole with a pH of 11. This may have
occurred because the pH increase promoted the DOM stability and increased the efficiency
of DOM-photoproduced ROS [104]. At the same time, the degree of deprotonation of the
target pollutant increases with higher pH values, and the electron density increases, making
it more vulnerable to attack by ROS. For the coexistence of DBC and halogen ions, our pre-
vious research also found that the ionic strength effect of halogen ions inhibited the charge
transfer process of 3DBC” in its high/low energy state, and the quantum yield coefficient of
3DBC" decreased, while the quantum yield of 'O, did not change significantly [78].
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Figure 6. Related factors or pathways that affect DBC performance.

Furthermore, DBC contains a large number of sites for metal ion binding, and once
metal ions form a complex with DBC, it will also affect the photochemical activity of
DBC [27,105-107]. Some metal ions, such as Na™, Mg2+, CaZ*, and Ba?Z*, further affect
the photochemical behavior of DBC by affecting its aggregation morphology [96]. In
addition, some metal ions can undergo redox reactions with specific aromatic groups in
DBC, thereby affecting the photochemical activity of DBC. For example, DBC can reduce Cr
(VI) to Cr (III) through specific aromatic groups (such as carboxyl, quinones, and phenolic
hydroxyl groups) or oxidize As (III) to As (V) [105]. Our previous research found that
the complexation reaction between copper ions and DBC leads to a decrease in DBC".
However, due to an increase in electron shuttle volume during the reaction between copper
ions and DBC, the photo-mediated -OH content in the DBC increases [79]. With the
addition of silver ions, Liu et al. [103] also observed an increase in the electron shuttle in
DBC light-irradiated solutions and the rapid photoreduction of silver ions. Therefore, the
photochemical activity of DBC is significantly influenced by changes in different aquatic
environmental factors.

5. Impact on Pollutants Photodegradation

Under light conditions, DBC’s chromophore absorbs photon energy to form an ex-
cited singlet DBC ('DBC*) [79]. 'DBC* transitions to higher vibrational levels through
inter-system traversal, becoming 3DBC" [79]. 3DBC" can form important ROS in the pho-
todegradation process of other organic micropollutants in an aquatic environment through
energy transfer and electron transfer [22,23]. For example, 3DBC" can generate !0, by
reacting with O, by energy transfer, or SDBC” generates -OH by reacting with H,O by elec-
tron transfer (Figure 7). The ROS generated by DBC under light conditions can efficiently
degrade phenols, amines, or refractory organic micropollutants in an aquatic environment.
The mechanism of the photo-mediated degradation of organic micropollutants is shown in
Figure 7.

Generally, the reaction rate constant of the secondary reaction of organic micropollu-
tants or probes with ROS can be quantified using laser flash technology [108] or competitive
kinetics [109-111]. Competitive dynamics are relatively simple and widely used, requir-
ing only simple competitive experiments. In brief, a reference compound with a known
reaction rate constant of the second-order reaction with ROS is added to a simulated sun-
light/sunlight irradiation solution where organic micropollutants or probes coexist with
DBC to generate ROS so as to produce a competitive reaction. The relevant equations are
as follows:

kros, p/kros, r = kp/kg, (7)
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10, 3DBC*

where in krog, p is the reaction rate constant of the second-order reaction between ROS
and a probe or organic micropollutant; and the unit is M-ls 1 kros, r is the second-order
reaction rate constant of ROS and a reference compound molecule; with the unit of M- 1s 1
kp is the apparent degradation rate of the probe or organic micropollutant in the solution
irradiated by simulated sunlight; with the unit of s~!; and kg is the apparent degradation
rate of reference compound molecules in a solution irradiated by simulated sunlight; and

the unit is s—1.

hv hv

1DBC* DBC DBC+/-

abs

Disc Ky 0,

0, H,0

-‘OH

k02

| kuonc c c o

DBC-...C*

degradation products degradation products

C DBC C+ degradation
products

Figure 7. Mechanism of phototransformation kinetics and photoinduced organic micropollutants
degradation of DBC under light conditions. The references for relevant mechanisms and pathways
include the research of Tu et al. [28,78,79], Wan et al. [14], Wang et al. [24], Zhou et al. [26], and Tian
etal. [27].

However, >DBC" has no definite value of its oxidation reduction potential because of
the different DBC sources, and *DBC” is a complex triplet heterozygote, unlike a single
reactive oxygen species such as 'O, or -OH [112]. Therefore, it was relatively difficult to
detect the secondary reaction rate constant of >DBC" and conventional probes or organic
micropollutants.

Table 5 shows the primary ROS for DBC to degrade organic micropollutants and the
pseudo-first-order degradation reaction rate constant of organic micropollutants when
they coexist. Most of the organic micropollutants underwent indirect photodegradation
primarily through DBC-photogenerated 3DBC” and 'O,. Chen et al. [113] summarized
the potential mechanisms of DBC photodegradation of organic micropollutants as two
pathways, namely direct photodegradation and free radical-driven indirect photodegrada-
tion reactions. Previous research has shown that DBC can effectively generate 'O, under
simulated sunlight, with an apparent quantum yield of 4.07 & 0.19%, which was more
than twice that of other DOM [6]. Due to the excellent ability of DBC to generate ROS,
its ability to degrade some pollutants under light conditions may be superior to that of
DOM. Zhou et al. [26] found that compared with DHS, the apparent quantum yield of
DBC-mediated 17-estradiol photo transformation is approximately six times that of DOM,
of which 3DBC” is the active species that plays a major role in the process of 17B-estradiol
phototransformation, contributing approximately 91% to indirect photolysis. Wan et al. [14]
found that DBC has a higher RS quantum yield than some well-studied dissolved organics
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that can rapidly degrade atenolol, diphenhydramine, and propyl p-hydroxybenzoate. Tian
et al. [27] reported that DBC can significantly promote the photodegradation of carbon
tetrachloride in which 3DBC” is the primary reaction intermediate, contributing more than
90% to the photodegradation of total carbon tetrachloride. In addition, the results also
showed that the photosensitivity efficiency of DBC increased with a decrease in molecular
weight, and DBC with low molecular weight exhibited stronger photosensitivity due to its
higher carbonyl compounds. Wang et al. [24] measured the quantum yields of 3DBC" and
10, for six different DBC samples and compared them to the natural organic matter (NOM).
The results indicated that the average of @10, for six DBC samples (4.2 = 1.5%) was greater
than the terrestrial NOM (2.4 £ 0.3%) and equivalent to the local NOM (5.3 £ 0.2%). Using
TMP as the probe for the oxidation of the triplet state, DBC showed a significantly higher
apparent quantum yield coefficient of triplet states than the reference NOM, reflecting
that the frvp value of low-energy DBC” was approximately 20 times higher than that of
low-energy >°NOM*. Many studies have found that DBC can promote the photodegrada-
tion of plasticizers (such as diethyl phthalate) [23], pesticides (such as imidacloprid) [114],
personal care products (such as atenolol) [14], sex hormones (such as 17(3-estradiol) [26],
and other organic pollutants. Zhang et al. [60] explored the effect of DBC generated by
two types of biomass at different pyrolysis temperatures on tetracycline degradation. The
results demonstrated that DBC had no significant effect on tetracycline concentration under
dark conditions, indicating that nonphotochemical processes had no obvious effect on
tetracycline degradation. Under simulated sunlight conditions, the presence of DBC signifi-
cantly increased the photolysis rate of tetracycline (16.3-97.0%), and the promotion effect
of high-temperature DBC was stronger. Under the same pyrolysis temperature conditions,
the promoting effect of bamboo DBC was higher than that of reed DBC. Moreover, Zhou
et al. [26] also reported that bamboo DBC increased the reaction rate constant of the first-
order photodegradation of 173-estradiol by one order of magnitude, which was consistent
with the above results of DBC increasing the photodegradation of tetracycline. These
results indicated that DBC can promote the photodegradation of organic micropollutants
in aquatic environments as an efficient photosensitizer. However, the chromophore of DBC
may also compete with the target pollutant due to the light shielding effect, thus inhibiting
the photodegradation of the target micropollutant [28]. DBC is prone to occur in areas
where biochar is applied more frequently, and its photosensitive properties lead to DBC
directly participating in the degradation of organic micropollutants, and its own properties
or photogenerated ROS would also be affected by soluble components in an aquatic envi-
ronment [28,78,79]. Hence, there remains uncertainty regarding the degradation process of
organic micropollutants in an aquatic environment that DBC participates.

Table 5. The main ROS of organic micropollutants degraded by DBC and the pseudo-first-order
degradation reaction rate constant of organic micropollutants.

Organic Micropollutants

Pseudo-First-Order Reaction Rate Constant for

Main ROS from DBC for Degrading Organic Micropollutants (s—1)

Atenolol 2.47 x 1072 [14]
Diphenhydramine 3DBC” 3.20 x 1072 [14]
Propyl 4-Hydroxybenzoic acid 0.53 x 1075 [14]

17B-estradiol 3DBC" and 1O, (4.1~6.9) x 1072 [26,78]
Chlortetracycline SDBC’ 49.83 x 1075 [27]
Sulfadiazine 3DBC" and 10, 5.33 x 1072 [28]

TMP SpBC” 1.58~27.70 x 107° [28]
Carbamazepine 3pBC” 0.125 x 1075 [78]
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6. Conclusions

DBC is part of BC that can be dissolved in an aquatic environment and accounts
for approximately 10% of the organic carbon cycle of the earth’s water bodies. It is an
important component of organic matter. DBC differs from common DOM in that it has a
high conjugation degree of benzene ring that can more efficiently generate ROS and promote
the degradation of organic micropollutants in an aquatic environment. Therefore, the study
of the influencing factors of DBC photochemical activity is of great significance. As an
important member of DOM, an exploration of the photochemical activity of DBC will assist
in understanding its ability to self-transform, its fate in an environment, and its ability to
degrade organic micropollutants. The photophysical properties and photochemical activity
of DBC vary depending on the source of BC, the BC pyrolysis conditions, and aquatic
environmental factors.

Since 2004, numerous researchers have conducted studies on DBC and have gained a
certain understanding and mastery of DBC. Currently, people also maintain a relatively
unified view of the basic understanding of DBC. They believe that DBC is a soluble compo-
nent of black carbon with rich oxygen-containing functional groups and high aromaticity.
Many researchers have researched the qualitative and quantitative detection, structural
detection, transformation, and degradation of DBC, and these studies have resulted in a
significant understanding of the behavior and fate of pollutants in the environment using
various means.

However, there remain some problems in the research on the photochemical activity
of DBC. Photochemical conversion is an important process that affects the environmental
fate of organic pollutants in an aquatic environment. However, as an active photosensi-
tizer in water, it is not yet clear what photochemical changes DBC may undergo under
different aquatic environmental factors (such as different pH, halogen ions, and other salt
ions). Therefore, further exploration of the influencing factors and mechanisms of the
changes in DBC photochemical activity under different aquatic environments is required in
subsequent research on DBC photochemical activity. Moreover, DBC accounts for 4-20%
of the DOM in aquatic environments, and it always coexists with DOM in aquatic en-
vironments [13,24]. Subsequent research should also consider the reduction of organic
micropollutants under the coexistence of DBC and other DOM systems. This will provide a
scientific understanding of the photochemical process of DBC in aquatic environments and
is of great significance for the environmental fate of DBC and organic micropollutants in
aquatic environments.
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