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and humic acid induced by interactive
molecular exchange
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Abstract

Biochar and humic substances are prevalent redox pools in the environment, which is critical to electron transfer

in geochemical cycles and pollution control processes. The dissolution of biochar and the sorption of humic sub-
stances on biochar have the potential to redistribute redox substances, consequently altering the redox proper-

ties of solid and liquid phases. However, studies have often focused on either sorption or dissolution separately,
overlooking the mutual effects and not involving redox properties. Herein, molecular interactions between biochar
and humic acid (HA) and variations in their redox properties were elucidated using UPLC Orbitrap MS and medi-
ated electrochemical measurement. The dissolution of biochar was far greater than the sorption of HA constituents,
and HA enhanced the dissolution of biochar through molecular exchange. But preferential sorption of oxygenated
aromatics to pine char (pi500) mainly by hydrogen bonding and higher saturated molecules to starch char (st700)
mainly by hydrophobic interactions caused the oxygenated functional groups on biochar to increase (1~ 1.5 times).
Thus the Electron exchange capacities (EEC) of pi500 and st700 turned to 1~ 3 times, and the EEC of HA decreased ca.
50%. Absorption (partition) caused more sorption of HA constituents to pi500 than to st700, while larger surface area
resulted in higher EEC of st700 with sorbed HA. The enrichment of redox constituents on biochar is promising for its
long-term use in waste reclamation and pollution control. The findings can aid in the understanding of variations

in redox properties under interactions between pyrolytic and natural organic matter.

Highlights

« The dissolution of biochar was far more than the sorption of HA constituents.

- Dissolution of biochar was enhanced by humic acid through molecular exchange.

- Sorbed redox constituents increased biochar EEC to 1~3 times.

- Oxygenated aromatics were sorbed to pine biochar mainly by hydrogen bonding.

- Higher saturated molecules were sorbed to starch biochar mainly by hydrophobic interactions.
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1 Introduction

Biochar is a carbonaceous material derived from the
pyrolysis of biomass which has been increasingly uti-
lized for resource reclamation, pollution control, and cli-
mate change mitigation (Lehmann et al. 2021; Yang et al.
2020). The role of biochar in facilitating electron transfer
is well recognized to contribute a lot to the redox trans-
formation of contaminants (Wang et al. 2022; Yu et al.
2015) and waste valorization (Cruz Viggi et al. 2017;
Shao et al. 2019) during these applications. Meanwhile,
the functions of biochar are closely associated with the
redox properties which are derived from redox-active
moieties (Cruz Viggi et al. 2017). Humic substances are
ubiquitous organic matters in the environment, also pro-
cessing redox properties like biochar and being able to
act as electron shuttles for redox reactions like biochar
(Aeschbacher et al. 2012, 2010; Guo et al. 2018; Lee et al.
2019). Therefore, redox properties play critical roles in
functions of biochar and humic substances in mediating
electron transfer and affecting the geobiochemical redox
cycles (He et al. 2022; Sun et al. 2017).

Once biochar is applied to the natural environment or
artificial microbial reactors, sorption of organics or disso-
lution of biochar fractions will occur. The sorption-disso-
lution behavior will bring changes to the physicochemical
properties of biochar, thus affecting subsequent redox
properties and functions of biochar in the niches. For
instance, it was reported that co-composted biochar was
coated by complex organic matter and hence the plant
growth was more promoted by co-composted biochar
than by pristine biochar (Hagemann et al. 2017). But

another research discovered the co-composted biochar
loaded with nitrogenated matters showed less enhance-
ment than un-composted biochar during agronomic
application (Kaudal and Weatherley 2018). Majority of
the above organic matter are humic substances, which
are highly transformed natural organic matter widely
persisting in biochar applied environments, such as soil,
marshes and swamps, and municipal sewage sludge
(Lipczynska-Kochany 2018), compost (Qi et al. 2022)
and digestate (Guilayn et al. 2020). In addition, the dis-
solved fractions of biochar will enter into liquids. It has
been estimated that the forest output 5~7x10* tons of
dissolved biochar to rivers annually (Dittmar et al. 2012).
And the dissolved biochar fractions are mostly highly
functionalized with phenol/aromatic ether C-O, alkene
C=C/amide C=O0, polysaccharides C-O, and alcohol/
ether/carbohydrate C—O groups (Song et al. 2023), which
have been proved to be redox-active (Li et al. 2020). Thus,
the dissolution might cause redox-active molecules to
run off from biochar particle.

Redox properties could be quantified by electron
exchange capacities (EEC) consisting of electron-donat-
ing capacities (EDC) and electron-accepting capacities
(EAC). Preferential sorption of natural organic matter
on aluminum oxide could cause the EEC of dissolved
and adsorbed fractions to change (Subdiaga et al. 2020,
2019). Biochar also shows polarity with the presence of
noncarbon atoms, and thus, when biochar is added to
humic substance-rich environment, sorption of organic
constituents onto biochar probably affects the EEC of
humic substances. And the dissolved fractions of biochar
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will become part of the humic substances and induce
potential changes into the EEC of them. Thereby, as the
abundant organic substances in nature, the interactions
between biochar and humic substances can be essential
to the redox pool.

Although the sorption of humic substances (Kasozi
et al. 2010; Shi et al. 2020) onto biochar has been inves-
tigated, there is a lack of elucidation in sorption-dis-
solution coexistence behavior and fate of redox-active
substances. Additionally, the subsequent effects on the
redox properties of biochar and humic substances were
not considered. Moreover, previous research on the dis-
solution of black carbon into acid, alkaline solution or
organic liquid (Qu et al. 2016; Song et al. 2021) cannot
reflect the additional effects of humic substances on
dissolution processes. Thus, this work was intended to
investigate the molecular evolution during bidirectional
interactions of sorption and dissolution using ultra-per-
formance liquid chromatography coupled with Orbitrap
mass spectrometry (UPLC Orbitrap MS), the respective
structural and constituent changes of biochar and humic
acid, and the subsequent changes in redox properties of
solid and liquid phases. The findings can provide under-
standing of the long-term changes in the redox proper-
ties of biochar applied in organic environment.

2 Materials and methods

2.1 Material preparation

Biochars were prepared according to previous research
(Kliipfel et al. 20145 Li et al. 2020). The pine-wood bio-
chars were derived from pine wood pyrolyzed at 500 °C
and possessed relatively higher EEC (Kliipfel et al. 2014).
The starch-derived biochars pyrolyzed at 700 °C under
nitrogen flow of 1 L/min showed an outstanding sur-
face area and EEC in comparison to chars derived from
other biomass components (Li et al. 2020). As EEC was
decided by both surface area and redox-active moie-
ties, the two types of biochar were selected because both
exhibit excellent EEC but differ in terms of surface area,
and the two chars have opposite spatial distribution of
redox-active moieties within the biochar particles, as dis-
covered in our previous work (Li et al. 2023). The chars
pyrolyzed from pinewood and starch were labeled as
pi500 and st700, respectively. Both chars were ground by
mortar and pestle and then passed through a 200-mesh
sieve (<75 um). The atomic proportion (obtained by
X-ray photoelectron spectroscopy), BET specific area and
EEC of pristine biochar are shown in Table S1.

ABTs (2,2’-azino-bis[3-ethylbenzothiazoline-6-sulfonic
acid] diammonium salt, >98.0%, CAS: 30,931-67-0) and
diquat dibromide monohydrate (analytical standard,
CAS: 6385-62-2) were purchased from Sigma Aldrich,
China. Humic acid (HA) was used to represent humic
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substance with concern that HA represents a large por-
tion of natural organic matter in soils, sediments and
waters (Shaker and albishri 2014). HA purchased from
Sigma Aldrich was dissolved in Millipore deionized water
by adjusting the solution to alkaline, and then 1 M HCl
was titrated until pH reached 7.0 to prepare a HA stock
solution of 200 mg/L. The stock solution was stored in
the dark under 4 °C and was filtered by membranes (0.45
pum, Whatman, Germany) before subsequent use.

2.2 Interaction experiments

HA stock solution was purged with nitrogen for 45 min
and then diluted into six concentrations (5, 20, 40, 60,
80, and 100 mg/L). 0.5 g of biochar was mixed with 50
mL diluted HA solution. The control treatments had 0.5
g of biochar mixed with 50 mL ultrapure water (Mil-
lipore, USA) for comparison. The experiments and con-
trol treatments were all conducted in triplicate. Samples
were periodically collected and the pH was manually
adjusted to 7.0 by 0.1 M KOH or HCI during sample
collection until apparent equilibrium. Apparent equilib-
rium of interactions was indicated by constant pH and
dissolved organic carbon (DOC) of solution samples fil-
tered by membranes (0.45 pm, Whatman, Germany). All
the operations were conducted in an anaerobic glovebox
(AW400SG/TG, Electrotek, UK; oxygen<1l ppm). The
sealed vessels were vibrated by a rotator in a dark incuba-
tor at 20 °C (YC-80, Hangzhou Miu Instruments Co.Ltd).

2.3 Mediated electrochemical analysis

The EDC and EAC of HA stock solution, filtrates and
suspensions (containing biochar and HA solution) in
interaction equilibrium were determined by mediated
electrochemical oxidation and reduction, respectively.
The EEC of biochar in interaction equilibrium was calcu-
lated by the electron difference between the suspensions
and corresponding filtrates. All the measurements were
carried out at least in triplicate and the outliers were
removed according to Grubbs’ test with a significance
level of 0.01. The detailed procedures were provided in
Text S1, Supplementary Information.

2.4 Characterization of biochar and biochar-HA complex

The biochar-HA complex after interactions were cen-
trifuged, and then dried for 24 h at 40 ‘C for subsequent
X-ray photoelectron spectroscopy analysis, in order to
recognize the changes in functional groups of biochar
induced by interactions with HA solution. The spectra
recorded by X-ray photoelectron spectroscopy (XPS,
AXIS Ultra DLD, Kratos Analytical Ltd, Japan) were
deconvoluted into several peaks by XPS Peak Fit soft-
ware for C 1s and O 1s. C 1 s spectrum was fitted into
sp? (284.6 eV), sp° (285.2 eV), C-O (286.8 eV), C=0
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(288.9 eV), and m-1t* (291.0 eV) peaks (Varga et al. 2017).
O 1 s spectrum was fitted into quinone (531.2 eV), C=0
(532.5 eV), C-OH (533.7 eV) (Wang et al. 2018), and —
COOH (534.3—-535.4 eV) peaks (Chen et al. 2018). The
BET surface area of pristine biochar was determined by
a nitrogen adsorption method using a surface area and
porosity analyzer (ASAP 2460, Micromeritics Instrument
Corp., United States).

2.5 Characterization of HA

The DOC of filtered suspension during sorption and
dissolution processes was detected using a TOC ana-
lyzer (TOC-VCPH, Shimadzu, Japan). Excitation-emis-
sion matrix (EEM) fluorescence spectra of the filtrates
were obtained using a fluorescence spectrometer (Cary
Eclipse, Agilent, USA). The filtrates were diluted until
the SUVA,;, values were less than 0.3 L/(mg-m) to avoid
inner filter effects (Subdiaga et al. 2019). SUVA,;, is the
specific UV-vis absorbance at 254 nm calculated by the
formula (SUVA,;, =Abs,;, X100 / DOC), where Abs,,
is UV-vis absorbance at 254 nm measured using 1 cm
quartz cuvettes and a UV-vis spectrophotometer (UV-
1800, Shimadzu, Japan). EEM spectra were scanned
under a range of emission (Em 280~ 520 nm) and exci-
tation (Ex 200 ~400 nm) wavelengths with scan steps of
2 nm and 10 nm, respectively. EEM data were preproc-
essed in the order of excluding noisy or contaminated
wavelengths, removing scatter peaks and parts, remov-
ing outlier samples, normalizing the dataset, and then
decomposed by parallel factor analysis (PARAFAC) using
Matlab toolbox (drEEM) according to the detailed tuto-
rial in a previous publication (Murphy et al. 2013). The
exported maximum intensity of the components (Fmax)
was correlated with the relative amount of the corre-
sponding component. Split half analysis and residual
analysis were used for validating a PARAFAC model
(Stedmon and Bro 2008).

2.6 UPLC Orbitrap MS analysis

The molecular characteristics of HA stock solution and
filtrates in equilibrium were analyzed using ultra-per-
formance liquid chromatography coupled with Orbit-
rap mass spectrometry (UPLC Orbitrap MS, Q-Exactive
Plus, Thermo Fisher Scientific, USA). A C18 column
was equipped for separation; electrospray ionization
(ESI) was used for the ionization of molecules in posi-
tive (ESI+) and negative (ESI-) mode; and the analy-
sis conditions referred to our previous publication (Qiu
et al. 2020; Shao et al. 2021). All the samples were deter-
mined in triplicate. The pretreatment procedures of
samples are depicted as follows. The concentration and
desalination of samples were performed by solid-phase
extraction (SPE) using PPL (a styrene—divinylbenzene
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copolymer, 1 g, 6 mL, Agilent, USA) according to the dif-
ference in polarity between inorganic salts and organic
matters. The pH of samples was pre-adjusted to around
2 using 1 M HCI to protonate acidic functional groups,
decrease polarity, and improve stationary phase bind-
ing (Bahureksa et al. 2021). The SPE cartridges were
rinsed with 1 cartridge volume of methanol (HPLC
grade, >99.9%, Sigma-Aldrich), and then rinsed with 2
cartridge volumes of 0.01 M HCl for the re- equilibrium.
Samples were passed through the cartridges at a flow
rate of 5 mL/min, and the cartridges were subsequently
rinsed with at least 2 cartridge volumes of 0.01 M HCI to
remove the salt. The cartridges were dried with air and
adsorbed organics were eluted with 1 cartridge volume
(6—40 mL) methanol at a flowrate of <2 mL/min (Dittmar
et al. 2008; Qiu et al. 2020). The eluates were stored in the
dark at —20 °C before UPLC Orbitrap MS analysis. Eluate
aliquots were dried by a vacuum freezing dryer, and then
dissolved in ultrapure water to determine the carbon
recovery of samples during SPE using a TOC analyzer
(TOC-VCPH, Shimadzu, Japan).

2.7 Molecular information analysis

Compound Discoverer 3.2 (Thermo Fisher Scientific,
Inc., USA) was used for the analysis of mass spectra to
calculate molecular formulas (mass error<5 ppm). The
obtained formulas were validated based on the chemical
constraints (Text S2). The molecules which did not meet
the constraints and existed in the control samples were
excluded. Only when a formula exists in more than two
replicates was it considered to be included in the sample.
Moreover, the molecules were classified into 7 catego-
ries according to H/C and O/C ratios (Shao et al. 2021;
Smith et al. 2013; Yuan et al. 2017), and the detailed clas-
sifications were provided in Text S3. Molecular indexes
including molecular weight (MW), H/C, O/C, modified
aromaticity index (Almod), double bond equivalence
(DBE), and nominal oxidation state of carbon (NOSC),
were calculated to reflect molecular characteristics
according to Text S4 (Shao et al. 2021). Almod, DBE, and
NOSC can indicate the aromaticity, degree of unsatura-
tion, and redox state, respectively (Zhang et al. 2021).
Peak-area weighted averages of molecular indexes for a
sample can indicate the overall molecular characteristics
of the sample (Text S4).

3 Results and discussion

3.1 DOC and EEM changes during interaction processes
As shown in Fig. Sla-b, the DOC of filtered suspen-
sion for all treatments (including the control groups)
increased and then got steady over time, indicat-
ing that the dissolution amount of the dissolved frac-
tions of biochar surpassed the sorption amount of
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HA constituents. Additionally, after deducting the
DOC values in the control group dissolved from bio-
char, the DOC of experimental groups with relatively
higher HA concentration still increased (Fig. Slc-d),
indicating that the presence of HA promoted the dis-
solution of biochar. Meanwhile, the higher increase of
DOC (Fig. S1) illustrated that the dissolution of pi500
exceeded that of st700, which can be ascribed to the
combination of feedstock and pyrolysis temperature.
Because pine wood char released relatively more dis-
solved organic matter than chars from corncob, corn
straw and bamboo (Han et al. 2021), and more aliphatic
carbons and unstable organics existed in biochar pyro-
lyzed at a lower temperature (Smith et al. 2016; Tahery-
moosavi et al. 2017).

However, for DOC results, the adsorption of HA to
biochar was shielded by the dissolution of biochar. There-
fore, fluorescent technique was used to distinguish the
changes of HA substances. EEM spectra were decom-
posed into one component (Fig. S2), and the Fmax can
reflect the relative concentration of HA. Thus, Fmax
values (Fig. 1) were used to fit the sorption isotherms
instead of the conventional method that is based on
DOC concentrations. The Freundlich model (Kasozi
et al. 2010) based on the fitting of the absorbed HA
was selected for best simulation (coefficients of deter-
mination, R*=0.986). The modified Freundlich affinity
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coefficient (k) for pi500 is 1.3 times that for st700, show-
ing HA had more affinity to pi500 than st700.

3.2 Percentage of sorbed and dissolved molecules

Molecular information was obtained by UPLC Orbit-
rap MS analysis. Sorption percentage of molecules was
calculated according to methods in Text S5. The sorp-
tion percentages of sorbed molecules in 5 mg/L of HA
were all 100%, and sorption percentages of only about
20 in more than 1000 sorbed molecules in 100 mg/L of
HA did not reach 100%. Therefore, the molecules that
were not totally sorbed were counted as not sorbed
hereafter. The identified molecules were classified into
6 categories based on sorption and dissolution charac-
teristics (Table S3): 1) HA constituents that were totally
sorbed (sorbed), 2) HA constituents that remained in the
filtrates at equilibrium (remained), 3) HA constituents
that were transformed or dissolved black carbon of which
the dissolution was inhibited by HA (changed); 4) mol-
ecules shared by HA and dissolved black carbon (shared);
5) molecules only existing in dissolved black carbon (bio-
char); 6) molecules that were generated from the reac-
tions between biochar and HA or enhanced dissolution
(generated). The proportion of molecules for each cat-
egory in HA and dissolved black carbon were shown in
Fig. 2. 75% and 69.4% of molecules in HA were sorbed by
pi500 in ESI- and ESI+modes, respectively, while 23.7%
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Fig. 1 HA sorption isotherms on biochar.“pi”and “st" represent the chars derived from pine wood and starch, respectively. The number suffixes
represent pyrolysis temperatures. Solid lines represent Freundlich model fitting
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Fig. 2 Proportion of molecules for each category in HA and dissolved black carbon. a Proportion of molecules in HA which were sorbed, changed
by biochar and molecules which remained in the filtrates at equilibrium; b proportion of molecules which were both shared in dissolved biochar
and HA, unique in biochar, and newly generated from the interactive reactions or enhanced dissolution. “pi”and “st" represent the chars derived
from starch and pine wood, respectively. The number suffixes represent pyrolysis temperatures

and 69% of molecules in HA were sorbed by st700 in
ESI- and ESI+modes, respectively. This revealed that the
sorption of HA by pi500 were higher than that by st700.
Additionally, molecules generated from reactions or
enhanced dissolution of pi500 (58.7% and 55.3% in ESI-
and ESI+modes, respectively) were more abundant than
those of st700 (19% and 51.1% in ESI- and ESI+ modes,
respectively).

3.3 Changes of molecules in HA solution after interactions
with biochar
The identified molecules were classified into different
categories according to elemental composition and van
Krevelen diagram (Fig. S3). The majority of the mole-
cules were identified in ESI+mode, indicating that most
molecules tend to subtract a H atom or add an electron
(Kujawinski and Behn 2006). This is consistent with
CHO, lipids, and lignin categories dominating in all the
samples. The counts of assigned formulas in the catego-
ries are shown in Fig. S4. The assigned formulas in the fil-
trates at the equilibrium of interactions between HA and
pi500 were more than HA stock solution, in accord with
the stronger dissolution than sorption of pi500. Accord-
ing to the count of assigned formulas, the dissolved
molecules from pi500 mainly belonged to CHO, CHON
(Fig. S4), while the relative intensity of CHOS dominated
(Fig. S5). As for the molecular categories, the dissolved

molecules from pi500 mainly belonged to lignin/CRAM-
like, aliphatic/proteins, and lipids (Fig. S4-5). The peak-
area weighted averages of molecular indexes (Table S2)
showed that Owa, O/Cwa, DBEwa, and (Almod)wa of
HA were higher while Hwa and H/Cwa were lower than
those of filtrates after interactions with pi500. Besides,
the H/C of sorbed molecules was significantly lower
(p<0.05) than dissolved ones, while the O/C, NOSC, and
Almod were significantly higher (p <0.05). This indicated
that unsaturated aromatic and oxygenated compounds in
HA were sorbed after interactions and the dissolved mol-
ecules contained more hydrogen contents than HA and
sorbed molecules, also consistent with the dissolution of
lipids and aliphatics. The counts of assigned formulas in
filtrates after interactions between HA and st700 were
fewer than those in HA and the control group, indicat-
ing the preference for sorption and changes in dissolved
molecules induced by HA. The little change in DOC
after deduction of dissolution (Fig. S1) showed that the
sorbed DOC was comparable to the dissolved DOC
facilitated by HA. The counts of assigned formulas and
relative intensity revealed that the sorbed molecules
to st700 belonged to lipids and the dissolved molecules
from st700 belonged to CHO, lignin/CRAM-likes, and
aliphatic/proteins. In addition, the DBE of sorbed mol-
ecules was less than the dissolved ones, indicating that
molecules of higher saturation were sorbed.
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3.4 Changes in EEC and surface functional groups
of biochar after interactions

The EEC were calculated by integrating current peaks
illustrated by Fig. S6-9. Both the EDC and EAC of bio-
char in equilibrium became higher than those of bio-
char in the control group, and increased with the weight
ratios of HA to biochar and then got steady (Fig. 3).
For the groups with 100 mg/L HA, the EDC and EAC
of pi500 became 1.63-fold (13.37+0.81 pmol e™/g vs.
8.20+1.01 pmol e”/g) and 1.15-fold (72.34+2.70 pmol
e /g vs. 63.15+4.30 umol e"/g) compared with biochar
in the control group, respectively. The EDC and EAC
of st700 became 2.67-fold (63.01+3.84 pmol e /g vs.
23.60+8.97 umol e /g) and 1.45-fold (504.3 £48.9 pumol
e /gvs. 347.6 £ 67.0 umol e”/g) compared with biochar in
the control group, respectively. It is noted that the EDC
of biochar in the control group in equilibrium became
much lower than pristine biochar (23.6+9.0 umol e™/g
vs. 201.2+21.0 pmol e”/g for st700; 8.2+0.8 pmol e”/g
vs. 21.7 £2.5 for pi500) and the EDC of filtrates at equi-
librium was below detection, which can result from the
permeation of oxygen into the vessels.

Biochar interacted with 5 mg/L and 100 mg/L HA were
selected to characterize changes of surface functional
groups as determined by XPS (Fig. S10). The proportion
of C 1s, O 1s, and N 1s categories were calculated based
on the relative amount of peak area and illustrated in
Fig. 4. Compared with biochar in the control groups, the
C 1s categories of biochar in equilibrium were similar,
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indicating the little change in the carbon structure of
biochar. The oxygenated groups (including C=0, C-0O,
and —-COOH) were elevated after interaction with HA.
For the groups with 100 mg/L of HA, the proportions of
C=0, C-0, and -COOH in st700 became 1.30, 1.53, and
1.18 times as the control group, respectively, while those
in pi500 became 1.42, 1.23, 1.27 times as the control
group, respectively. The proportion of quinones in pi500
was elevated to 1.42 times. Furthermore, the oxygenated
groups of pi500 and st700 in 5 mg/L of HA were similar
to those in control groups, suggesting that the increase
of functional groups was related to concentrations of HA,
and sorption of substances containing such groups was
probably the reason (Kasozi et al. 2010). On the contrary,
pyrrolic-N of st700 and pi500 decrease during the inter-
actions with HA. For the groups with 5 mg/L of HA, the
proportions of pyrrolic-N in st700 and pi500 decreased
to 71% and 35% of the control groups, respectively. For
the groups with 100 mg/L of HA, the proportions of pyr-
rolic-N in st700 and pi500 decreased to 42% and 52% of
the control groups, respectively.

Based on the analysis of molecular changes in the solu-
tion, the increase of oxygenated groups on pi500 resulted
from the sorption of oxygenated and aromatic molecules
as well as the dissolution of more saturated aliphatic mol-
ecules. Given that EDC and EAC are positively correlated
with C-O and quinone/C=0 (Li et al. 2020), respec-
tively, the EDC and EAC were subsequently elevated.
Although the oxygenated functional groups on st700

pi500

=
|

EAC (mmol e7/g)

T T T T T T o T \"
W on % malg il oy malg ol o

Fig. 3 EEC of a) biochar and b) HA stock solution and filtrates at equilibrium. “pi” and “st" represent the chars derived from pine wood and starch,
respectively. The number suffixes represent pyrolysis temperatures. The dashed lines represent values of control groups
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Fig. 4 Proportion of C 15,0 1sand N 1s bonding of biochar.“pi”and “st"represent the chars derived from pine wood and starch, respectively. The
number suffixes represent pyrolysis temperatures. “BC" represents biochar in the control groups

were elevated after interaction with HA, the O contents
did not express a significant difference (p >0.05) between
sorbed and dissolved molecules, which can result from
the low mass of sorption. Comparing between st700 and
pi500, the increasing folds of both EDC and EAC of st700
exceeded pi500. Combined with the weaker sorption of
st700 than pi500, this phenomenon can be attributed to
the larger surface area of st700 expanding the exposure of
sorbed molecules (Li et al. 2020).

3.5 Effects of interactions on the constituents and redox
properties of HA

The dissolved substances from biochar possessed EAC

(1.17 mmol e /g C for dissolved st700; 1.45 mmol e™/g

C for pi500), while the EAC of filtrates in equilibrium
decreased compared with HA stock solution (3.91 mmol
e /g C). Combined with the increasing EAC of biochar
after interactions, this illustrates the net sorption of
electron-accepting constituents from HA onto biochar.
The changes in HA induced by biochar can be analyzed
by combining the difference in dissolved molecules and
HA constituents (Fig. 6) with the difference in sorbed and
dissolved molecules (Fig. 5). Comparing the molecules
shared by pi500 and HA with unique molecules dis-
solved from pi500 (Fig. 6), we found that the dissolution
of pi500 would induce molecules with lower C contents,
H/C, molecular weight, but higher NOSC and aromatic-
ity. Because the sorbed molecules possess more oxygen
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contents and aromaticity than dissolved ones (Fig. 5), it can be deduced that the sorption of oxygenated mole-
the interactions will bring down the oxygen contents and  cules by pi500 caused C=0 in HA to decrease. The EDC
aromaticity of HA. This can be supported by the lower of filtrates was below the detection limit, but the decrease
Owa, O/Cwa, DBEwa, and (Almod)wa of filtrates than  of oxygenated molecules in HA, and the increase of C-O
those of HA (Table S2). Combining the increase of C=0 and EDC of biochar implied that the EDC of HA would
on pi500 with the decrease of EAC during interactions,  drop. The molecules induced by st700 contained more C
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contents, lower O/C and lower NOSC (Fig. 6), combined
with the increasing oxygenated functional groups of
st700, suggesting that the oxygenated molecules enriched
on the biochar from HA, which can be the reason why
the EEC of HA decreased (Li et al. 2020).

4 Discussion

4.1 The presence of HA-enhanced dissolution of biochar
The dissolved molecules from biochar enhanced by HA
can be analyzed by comparing the molecules generated
from reactions or enhanced dissolution and the dis-
solved black carbon in the control groups (Fig. 6). Reac-
tions would not cause DOC to increase, but the DOC
after deduction of dissolved DOC in control groups still
increased, revealing that HA indeed enhanced the disso-
lution of some molecules from biochar. Compared with
dissolved black carbon in the control groups, dissolved
molecules from pi500 enhanced by HA contained lower
H/C but higher NOSC and AImod; while dissolved mol-
ecules from st700 enhanced by HA contained more car-
bon, H/C, and higher molecular weight but lower NOSC
and lower Almod. This indicates that HA promoted the
dissolution of more oxygenated aromatics from pi500
and more saturated molecules from st700. It’s noted that
the dissolved molecules enhanced by HA from pi500 and
st700 turned to be totally different from the normally
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dissolved ones that were hydrogenous molecules from
pi500 and higher carbonaceous molecules from st700,
but similar to the sorbed molecules to the correspond-
ing biochar, respectively. This suggests that the enhance-
ment of dissolution by HA resulted from molecular
exchange, which means that HA constituents displaced
the molecules previously present on biochar. The molec-
ular indexes of molecules, the dissolution of which was
changed by HA, fell in the range between those of sorbed
and remaining molecules (Fig. 7), which means the sorp-
tion bindings between them and biochar were at the crit-
ical point. Thus, it is reasonable that the bindings can be
affected by HA.

4.2 Mechanisms for the preferential sorption of HA
constituents on biochar

Adsorption and absorption (partition) often simulta-
neously existed during the sorption of organics to bio-
char, because biochar contains carbonized fractions as
adsorbent phase and noncarbonized fractions as par-
tition phase (Chen et al. 2008; Chun et al. 2004). From
the above, HA constituents displaced the molecules pre-
viously present on biochar, indicating the presence of
adsorption, as the displacer would not impede the solute
uptake by a partition process (Chiou et al. 2015). The
presence of preferential sorption of HA constituents can
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Fig. 7 Molecular indexes of molecules in HA which were sorbed, changed by biochar and molecules which remained in HA. *, **, *** represent
the presence of significant differences, where *, **, and *** correspond to p <0.05, p<0.01, p<0.001, respectively. ns represents no significant
differences (Wilcoxon test). “pi"and “st” represent the chars derived from pine wood and starch, respectively. The number suffixes represent pyrolysis

temperatures
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be recognized by comparing the sorbed molecules and
molecules remaining in the filtrates after interactions
(Fig. 7). Molecules containing lower C, H/C, molecular
weight but higher O/C, NOSC, and aromaticity were
preferentially sorbed by pi500; while molecules contain-
ing higher H/C but lower O/C and NOSC were prefer-
entially sorbed by st700. This is consistent with the above
findings that pi500 sorbed oxygenated aromatics (polar
substances), while st700 sorbed more saturated mole-
cules containing less oxygen (hydrophobic lipids). Known
from the analysis of XPS spectra (Fig. 3), the relative
contents of sp? hybridized carbon, quinone, C=0, and
carboxyl group on st700 are higher than those on pi500,
while pi500 contains more sp® hybridized carbon and
C—O. It is indicated that hydrogen bonding is the main
adsorption mechanism for pi500 and hydrophobic inter-
actions dominated in HA adsorbed to st700 (Shi et al.
2020). In this work, biochar sorption isotherms become
highly linear at higher concentrations for both pi500 and
st700, indicating the presence of absorption (Kasozi et al.
2010). Besides, the sorption of HA to pi500 was higher
than that to st700, whereas the specific surface area of
st700 (294.8 m?/g) was 3.67 times that of pi500 (80.4
m?/g) (Table S1). This can be ascribed to more absorp-
tion for HA to pi500, because of the presence of more
noncarbonized fractions as suggested by the relative con-
tent of sp> hybridized carbon (Chen et al. 2008), and the
dissolution of pi500 that caused sorption vacancies can
be the reason for more sorption of HA to pi500 (Kasozi
et al. 2010).

4.3 Implications
The selected biochars (pi500 and st700) were chosen due
to the excellent EEC and the opposite spatial distribu-
tion of redox-active moieties caused by different pyrolysis
mechanisms (unreacted-core-shrinking approximation
for pine wood, decomposition and condensation for
starch) (Li et al. 2023). In our previous work (Li et al.
2023), redox-active moieties increase from outside to
inside of pi500 particles, while those of st700 decrease.
For biochar with these different characteristics, the inter-
actions didn’t cause redox-active moieties of both biochar
to transport into HA solution, but preferentially sorbed
different molecules and had both the EECs promoted,
and HA enhanced both to dissolve molecules whose
characteristics were similar to the referentially sorbed
ones, suggesting the universality of these phenomena.
The present study demonstrated that although more
organic matters entered into the liquid phase during the
interactions between biochar and HA, the redox constit-
uents in HA were selectively sorbed onto biochar, induc-
ing variations in redox properties of both the solid and
liquid phases. Given that both HA and biochar can act
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as redox mediators in the environment and they often
co-exist in an environmental system, e.g., soil, sedi-
ment, compost, anaerobic reactors and wastewater treat-
ment tanks, the redox substances in these systems will
be redistributed and preferentially sorbed to biochar.
Thus, the redox constituents will become enriched in
solid phases, which is encouraging for the long-term use
of biochar in waste reclamation and pollution control.
Meanwhile, the findings also provide a new perspective
that the redox properties of biochar can be elevated using
HA that is ubiquitous and readily accessible in the envi-
ronment. Furthermore, environmental factors, such as
pH, play an important part in molecular interactions and
redox states, but the present study only took the neutral
condition for example, hence further investigation in the
effects of these factors is still required.

5 Conclusions

The molecular redistribution between HA and biochar
and the resulting changes in redox properties were clari-
fied. The increase in DOC resulting from the dissolution
of biochar molecules far exceeded the decrease in DOC
resulting from sorption. And HA turned out to enhance
the dissolution of biochar molecules in the water phase
through molecular exchange. Specifically, HA promoted
the dissolution of more oxygenated aromatics from pi500
and more saturated molecules from st700. Additionally,
oxygenated aromatics were preferentially sorbed to pi500
mainly through hydrogen bonding, while more saturated
molecules containing less oxygen were preferentially
sorbed to st700 by hydrophobic interactions, resulting
from the polar surface of pi500 (containing C=0, C-O,
and sp®) and more carbonized surface of st700 (more sp>
and quinone). Absorption (partition) caused more sorp-
tion of HA constituents to pi500 than to st700, while
larger surface area resulted in higher EEC of st700 with
sorbed HA. Overall, the selective sorption of HA con-
stituents caused the increase of oxygenated functional
groups (C=0, C-O, -COOH, quinone) on both pi500
and st700, leading to increase in the EEC of biochar
(1~3 times) and decrease in the EEC of HA. This study
observed simultaneous dissolution and sorption of bio-
char (derived from different pyrolysis mechanisms with
opposite spatial distribution of redox-active moieties) in
HA solutions by elucidating the molecular changes of
HA constituents, and provides the evidence of preferen-
tial sorption and HA-enhanced dissolution, and reveals
the redistribution of redox-active molecules, which can
add insights into the redox effects in biochar applicated
environments.

Abbreviations
EEC Electron exchange capacities
EDC Electron-donating capacities
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EAC Electron-accepting capacities

HA Humic acid

DOC Dissolved organic carbon

EEM Excitation—emission matrix

SPE Solid-phase extraction

UPLC Orbitrap MS  Ultra-performance liquid chromatography coupled with
Orbitrap mass spectrometry

XPS X-ray photoelectron spectroscopy

ABTs (2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt

MW Molecular weight

Almod Modified aromaticity index

DBE Double bond equivalence

NOSC Nominal oxidation state of carbon
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