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Abstract: Biochar is a carbon-rich product obtained by pyrolyzing biomass under oxygen-limited
conditions and has a wide range of potential for environmental applications. In particular, dissolved
organic matter (DOM) released from biochar has an important impact on the fate of pollutants.
The study aimed to systematically assess how varying pyrolysis temperatures and biomass feed-
stocks influence the characteristics of biochar-derived DOM. DOM samples were comprehensively
characterized utilizing UV-vis spectroscopy and excitation-emission matrix (EEM) fluorescence spec-
troscopy, coupled with parallel factor (PARAFAC) analysis. The study discovered that pyrolysis
temperature significantly affects DOM characteristics more than feedstock type. An increase in
pyrolysis temperature correlated with a notable decrease in dissolved organic carbon content, aro-
maticity, and fluorescence intensity, alongside a marked increase in pH and hydrophilicity. PARAFAC
analysis identified three distinct DOM components: two humic-like substances (C1 and C2) and
one protein-like substance (C3). The proportion of protein-like substances increased with higher
pyrolysis temperatures, while the humic-like substances” proportion declined. The compositional
shifts in DOM with pyrolysis temperature may significantly influence its environmental behavior
and functionality. Further research is necessary to explore the long-term environmental impact and
potential applications of biochar-derived DOM.

Keywords: biochar; dissolved organic matter; spectral characteristics; parallel factor analysis

1. Introduction

Biochar is a carbon-rich product obtained by pyrolyzing biomass under conditions
with limited oxygen as well as being known for its substantial carbon content, porosity,
large specific surface area and adsorption capacity [1,2]. These characteristics give biochar
potential for application in various fields, including agriculture, environmental remediation,
energy production, and carbon emission reduction [3-5]. As the use of biochar increases,
the release of its dissolved organic matter (DOM) has become a focal point of research [6].
DOM is an important part of the biochar dissolution process, which can enter soil or
aquatic environments through rainwater or surface runoff, becoming a significant source of
exogenous DOM that should not be ignored [7,8].

Research indicates that the DOM released by biochar has a significant impact on the
migration, transformation, and fate of nutrients and pollutants [9-12]. For instance, the
organic acids and other nutrients contained in DOM can enhance the cation exchange
capacity of the soil, thereby improving its ability to retain and supply key nutrients such
as nitrogen and phosphorus [13]. Moreover, functional groups such as hydroxyl and
carboxyl groups in DOM can form stable complexes with heavy metal ions, reducing their
mobility and bioavailability, which in turn mitigates their pollution to plants and aquatic
systems [14]. Additionally, the presence of DOM increases the organic carbon content
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in soil solutions, potentially affecting the solubility and migration behavior of non-polar
organic pollutants, slowing their rate of movement in the soil. Humic and fulvic acids
within DOM can act as electron donors or acceptors, participating in the reduction and
oxidation processes of organic pollutants [15,16]. Therefore, a profound understanding of
the chemical composition and structural characteristics of biochar-derived DOM is vital for
enhancing biochar’s use and for the conservation of ecosystems.

Current studies have shown that the content, composition, and structural characteris-
tics of DOM released by biochar are influenced by a variety of factors, including feedstock
type, pyrolysis temperature, and extraction methods [17-19]. For instance, Tang et al. [20]
compared the DOM released from biochars of different feedstocks using UV-vis and EEM
technology, finding that soybean straw biochar and rice straw biochar possess higher DOM
content and a higher degree of humification. Rajapaksha et al. [17] characterized the DOM
in biochar samples derived from various feedstocks using EEM-PARAFAC analysis, discov-
ering that biochar from oak has a higher abundance of protein- or tannin-like components.
Li et al. [21] studied the effects of different feedstocks and pyrolysis temperatures on the
spectral characteristics of DOM, noting that high-temperature pyrolysis conditions enhance
the aromaticity of DOM, with significant differences in molecular weight changes among
various feedstocks. Yan et al. [22] explored the impact of different pyrolysis temperatures
and plant sources on the characteristics of DOM, finding that higher pyrolysis temperatures
led to a reduction in dissolved organic carbon (DOC) content, aromaticity, and fluorescent
substances. Liu et al. [19] studied the influence of pyrolysis temperature on the properties
of DOM produced from macroalgae biochar, discovering that DOM generated at lower
pyrolysis temperatures exhibits higher fluorescence intensity. Huang et al. [23] showed
that higher pyrolysis temperatures correspond to a greater extent of aromaticity, molecular
weight, and functional group content of humic-like fluorescent bodies in DOM. These
studies demonstrate that feedstock and pyrolysis temperature significantly affect the char-
acteristics of DOM, but conclusions are not entirely consistent due to the differences in
feedstock and pyrolysis temperature used by various researchers. Further studies are neces-
sary to systematically investigate the specific effects of feedstock and pyrolysis temperature
on the chemical composition and structure of DOM.

Therefore, this study selected maize straw (MS) and pine sawdust (PS), two of the most
common agricultural and forestry waste materials, to explore the influence of different py-
rolysis temperatures and feedstock types on the chemical composition and structural charac-
teristics of biochar-derived DOM. We conducted a comprehensive analysis of the elemental
composition, optical traits, and functional groups of DOM from various biochar sources
using techniques such as elemental analysis, FTIR, and UV spectroscopy. Furthermore,
changes in the fluorescence components and distribution of DOM originating from different
pyrolysis temperatures and feedstocks were investigated using EEM-PARAFAC analysis.

2. Materials and Methods
2.1. Preparation of Biochar

Maize straw and pine sawdust were collected from the local agricultural fields of
Xingtai, Hebei Province, China. The clean biomass was placed in a tubular furnace under a
pure nitrogen atmosphere. The process of carbonization was carried out at temperatures of
300 °C, 500 °C, and 700 °C, with each stage lasting 2 h and a temperature increase rate of
10 °C per minute. The obtained biochars were ground to go through a 100-mesh sieve and
then stored in sealed bags. The biochars derived from MS and PS were denoted as MBC
and PBC, respectively.

2.2. Extraction of DOM

To explore the properties of the DOM, we performed batch extraction experiments.
Briefly, 2.0 g of biochar was immersed in 200 mL of deionized water and then sonicated for
1 h [24]. The resulting suspension was then shaken at a temperature of 25 + 1 °C and at
a speed of 180 rpm for 72 h [25]. Two replicates were prepared for each biochar sample.
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Subsequently, the suspension was subjected to filtration using a 0.45 pm cellulose filter
(Millipore, Merck KGaA, Darmstadt, Germany) to separate and acquire the DOM solution.
All the experiments were repeated three times and the solutions were refrigerated at a
temperature of 4 °C. DOM samples were labeled in accordance with their feedstock and
pyrolysis temperature. For instance, MDOMS3 refers to DOM derived from MBC prepared
at 300 °C. The DOC concentrations in DOM were determined using a total organic carbon
analyzer (multi N/C 3100, Analytik Jena, Jena, Germany), and the pH values were assessed
by an FE28 pH meter (METTLER TOLEDO, Greifensee, Switzerland).

2.3. Characterization of DOM

UV-vis spectral characteristics of DOM were quantified using a UV spectrophotometer
(UV-2600, Shimadzu, Kyoto, Japan). Utilizing a 1 cm quartz cell and a baseline correction
of ultrapure water, the absorbance spectra were captured within the 200 to 800 nm range.
Moreover, the specific UV absorbance (SUVA) values at 254 nm and 260 nm were calculated
according to their respective formulas. SUVAjs54 and SUVAy¢) were computed as the ratio
of absorbance at 254 nm and 260 nm to the DOC concentration [26].

The elemental composition of DOM was measured by an elemental analyzer (Vario
MACRO, Elementar, Langenselbold, Germany) operated in CHNS mode. The oxygen
content was determined using a mass balance equation:

0% =100% — (C% + H% + N% + S%) (1)

Additionally, the mass ratios of H/C, O/C, and (N + O)/C were determined, offering
insights into the aromaticity and polarity of DOM [15,24].

For FTIR spectroscopy, freeze-drying was utilized to dehydrate a section of the DOM
solution to prepare samples for analysis. The dried DOM was combined with potassium
bromide and pressed into flakes for examination. The spectrometer was set to scan from
400 to 4000 cm ! at 4 cm ! intervals.

Fluorescence characteristics of DOM samples were captured using a fluorescence
spectrophotometer (F-4700, HITACHI, Tokyo, Japan). Excitation—emission matrix spectra
were obtained in a 1 cm quartz cuvette with excitation (Ex) and emission (Em) wavelengths
spanning 200-500 nm and 250-600 nm, respectively. The excitation interval was set to 5 nm,
while emission was tuned at 2 nm steps. The scan rate reached 12,000 nm/min, with a
slit width of 5 nm for both excitation and emission. Initially, the fluorescence of ultrapure
water was recorded, which was later subtracted from the DOM sample readings to correct
for Raman scattering. The optical characteristics of DOM were assessed by utilizing the
fluorescence index (FI), humification index (HIX), and biological index (BIX) [27]. Parallel
factor analysis (PARAFAC) modeling was utilized to figure out the main fluorescent
components of DOM, relying on the analysis of maximum excitation and emission (Ex/Em)
values [28].

2.4. Statistical Analysis

All statistical analyses were performed using SPSS v.20 (IBM Corp., Armonk, NY,
USA). The experimental data were described, encompassing the computation of the mean
and standard deviation. The effects of feedstocks and temperatures on data were assessed
using two-way analysis of variance (two-way ANOVA), including the evaluation of main
effects and their interactions, with significance determined at the 0.05 level.

3. Results and Discussion
3.1. pH and DOC Concentration

The mean pH values of MDOM and PDOM derived from biochar pyrolyzed at 300 °C,
500 °C, and 700 °C are depicted in Figure 1a. The pH values increased with rising pyrolysis
temperatures, and MDOM generally exhibited a higher pH than PDOM at the same temper-
ature, except at 700 °C. ANOVA results indicated that pyrolysis temperature significantly
affected pH (p < 0.01), whereas the type of feedstock did not. Notably, the interaction
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between feedstock and temperature was significant for pH. The influence of pyrolysis
temperature on DOM is significant, suggesting that its chemical structure and ionization
state change with temperature, affecting the pH. Specifically, higher pyrolysis temperatures
enhance the precipitation of alkali metals and inorganic minerals in biochar and promote
the formation of alkaline groups while volatilizing acidic ones, potentially increasing the
solution’s pH [21,29]. The lack of a significant effect from the type of raw material implies
that the trend and degree of pH change during pyrolysis are consistent across different
feedstocks. This consistency might be attributed to the minimal influence of the initial
chemical composition and structure of the feedstock on the pH value during the pyrolysis
process, which is supported by the results observed in the study of Li et al. [21].
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Figure 1. Mean pH (a) and DOC concentrations (b) of MDOM and PDOM obtained from biochar
pyrolyzed at 300 °C, 500 °C, and 700 °C.

Figure 1b illustrates the DOC concentrations in DOM at different pyrolysis temper-
atures. The feedstock type and the pyrolysis temperature are both significant factors
affecting the DOC content in DOM, with both exhibiting a statistically significant impact
(p < 0.05). The concentration of DOC is markedly higher at lower pyrolysis temperatures
compared to higher ones. Specifically, raising the pyrolysis temperature from 300 °C to
500 °C results in a notable decrease in DOC concentration: from 91.05 £ 10.86 mg/L to
37.43 £+ 7.26 mg/L for MDOM, and from 62.91 + 7.60 mg/L to 32.47 £+ 2.89 mg/L for
PDOM. This significant reduction in DOC concentration is similar to some previous studies,
potentially attributable to the reduction in biochar’s volatile content and an increase in fixed
carbon content [18,30]. Furthermore, the DOM released from low-temperature biochar
predominantly comprises oligomers, humus, and low molecular weight compounds. These
components are susceptible to thermal reactions such as decomposition, condensation, and
polymerization at higher temperatures [31]. Upon reaching a pyrolysis temperature of
700 °C, the concentration of DOC in MDOM continued to decrease, while that in PDOM
increased after an initial decrease, which may be attributed to secondary reactions affecting
low-temperature products under high-temperature conditions.

3.2. UV-Vis Spectral Characterization and Elemental Analysis

The elemental composition, atomic ratios, and polarity indices of MDOM and PDOM
are summarized in Table 1. The primary components of DOM are carbon and oxygen,
accompanied by minor amounts of hydrogen and trace amounts of nitrogen. As the
pyrolysis temperature increases, the carbon content exhibits a gradual decrease, while the
oxygen content shows a corresponding increase. Notably, a high oxygen content in DOM
suggests a significant presence of oxygen-containing functional groups [32].
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Table 1. Characterization of MDOM and PDOM obtained from biochar pyrolyzed at 300 °C, 500 °C,

and 700 °C.
SUVA,s4 SUVA,69 Elemental of DOM (%wt) Atomic Ratio
Samples _1 _1
(em~1) (cm™1) C H N o o/C H/C (N + 0)/C

MDOM3 1.94 1.92 24.26 4.42 0.35 40.97 1.69 0.18 1.70
MDOM5 0.25 0.24 8.97 3.00 0.00 42.41 4.73 0.33 4.73
MDOM?7 0.05 0.05 6.67 2.71 0.05 48.15 7.22 0.41 7.23
PDOM3 1.35 1.31 25.96 3.98 0.36 33.30 1.28 0.15 1.30
PDOM5 0.19 0.18 10.61 2.04 0.02 45.26 4.27 0.19 4.27
PDOM7 0.03 0.03 8.97 4.04 0.11 51.10 5.70 0.45 5.71

Notes: MDOMn and PDOMn refer to DOM extracted from biochar produced by pyrolysis of maize straw and
pine sawdust, respectively, with n indicating pyrolysis temperature; all DOM samples were ash-free.

The H/C ratio is a crucial parameter for characterizing the degree of aromatization;
a lower ratio of H/C indicates higher aromaticity. Typically, the H/C ratio in biochar is
seen to decrease with higher pyrolysis temperatures, implying greater aromaticity at higher
preparation temperatures [33]. However, in this study, the trend for DOM is exactly the
opposite. Specifically, the DOM samples prepared at 300 °C have the highest aromaticity
compared to DOM prepared at higher pyrolysis temperatures, which is consistent with
the findings of Yang et al. [24]. The O/C and (N+O)/C ratios are indicative of the polar
properties of DOM, being directly proportional to the content of polar functional groups [34].
As the pyrolysis temperature increases, the content of polar functional groups in both
MDOM and PDOM gradually increases, which in turn enhances the hydrophilicity of
the DOM.

Analysis of the UV-vis absorption spectra (Figure 2a) revealed an exponential decrease
in the DOM samples prepared at varying pyrolysis temperatures within the 200-800 nm
wavelength range, followed by stabilization, a finding consistent with previous research
findings. The SUVAjs4 value served as an indicator for evaluating the concentration of C=O
and C=C bonds, as well as the presence of humic acid macromolecules in DOM [8]. A higher
SUVAjs54 value indicates a higher molecular weight and increased humic acid content [35].
The SUVA4 value is a metric that reflects the abundance of hydrophobic constituents
within DOM. A higher SUVAy4, value suggests a greater proportion of hydrophobic
components, which is associated with enhanced activity in contaminant migration and
transformation [36].
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Figure 2. (a) UV-vis absorption spectra of 10 mgC/L DOMs and (b,c) the correlation between SUVA 54
and SUVA 49 for DOMs obtained from biochar pyrolyzed at 300 °C, 500 °C, and 700 °C.

As detailed in Table 1, the trends for the SUVA,54 and SUVAy¢y of MDOM and PDOM
were consistent, showing a decline with the elevation of pyrolysis temperatures. This
implies that DOM samples pyrolyzed at lower temperatures, and specifically MDOM3
and PDOMS3 are enriched with humic acids and hydrophobic components, indicating a
higher degree of aromatization. This enrichment may be attributed to the fact that at
higher temperatures, the aromatic structures are more likely to be disrupted or converted
into more stable forms, which leads to a lower proportion of aromatic organics in the
soluble fraction [25]. Figure 2b,c illustrate a significant positive correlation (R% > 0.99)
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between the SUVA54 and SUVA4 values for both MDOM and PDOM,, indicating that a
higher SUVAy reflects a higher SUVAjs54. The results reveal that the hydrophobicity of
DOM is closely associated with its aromatic structure, predominantly localized within the
hydrophobic segments. This observation is in agreement with the work of He et al. [18],
demonstrating a tight connection between the hydrophobic characteristics and aromatic
structure of DOM originating from biochar of dewatered sludge.

3.3. FTIR Analysis

FTIR analysis revealed the existence of abundant functional groups in MDOM and
PDOM, as depicted in Figure 3. Notable absorption bands were identified, including those
corresponding to the hydroxyl group (-OH) at 3425 cm ™!, the aliphatic chain (-CH) at
2935 cm ™!, the carbonyl and carbon—carbon double bonds (C=0/C=C) on the aromatic
ring at 1635 cm ™! and 1695 cm ™!, the phenolic hydroxyl group (phenol-OH) at 1400 cm !,
and the ether linkage (C-O-C) at 1040 cm ™! [8,32]. Although the predominant functional
groups in the DOM are consistent across a range of pyrolysis temperatures, the intensity of
the infrared absorption peaks vary significantly.
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Figure 3. FTIR spectra of (a) MDOM and (b) PDOM obtained from biochar pyrolyzed at 300 °C,
500 °C, and 700 °C.

With the elevation of pyrolysis temperature, the intensity of the absorption peaks
corresponding to the -CH, C=0/C=C, and phenol-OH groups initially increases and subse-
quently decreases, indicating that these functional groups undergo further decomposition
at elevated temperatures [37]. This phenomenon reflects the weakening of the aromaticity
of DOM at high temperatures, which is in agreement with the decrease in the SUVAjs4
value of DOM.
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3.4. Fluorescence Spectrum Analysis

The EEM indices (FI, HIX, and BIX) of MDOM and PDOM are presented in Table 2.
The FI is used for assessing and characterizing the sources of humic substances within
DOM. An FI value > 1.9 is indicative of aquatic and microbial sources, whereas an FI
value < 1.4 suggests a predominance of terrestrial and soil sources [38]. With an increase
in pyrolysis temperature, the FI values for all DOM samples exhibit a gradual decline.
This trend indicates a reduction in the proportion of components derived from microbial
activity and a corresponding increase in the relative contribution of components from
plant sources. The HIX is used to assess the concentration of humic substances in DOM,
particularly in relation to the aromatic structure content [39]. In our study, HIX values
for all samples were < 1 and decreased upon the pyrolysis temperature rising. This trend
implies a reduction in the degree of humification within the DOM, correlating inversely
with the pyrolysis temperature, which is in accordance with the observed trend in the
SUVAjs54 values. Furthermore, the BIX is commonly used to evaluate the autochthonous
biological activity. High BIX values (>1) indicate a strong autochthonous contribution from
DOM, while lower values (0.6-0.7) suggest a reduced autochthonous presence [40]. The
BIX values of all samples ranged from 0.31 to 0.95, implying a relatively minor contribution
from autochthonous sources in the DOM components. Upon the pyrolysis temperature
rising, an upward trend in the BIX value was observed, indicating that DOM produced
through high-temperature pyrolysis is likely to have enhanced bioavailability relative to
that produced at lower temperatures. Consistent with the findings of Yan et al. [22], there
was no significant difference between the three fluorescence indices of MDOM and PDOM,
suggesting that they were less affected by the feedstocks.

Table 2. Characteristic parameters of three-dimensional fluorescence spectra of DOM obtained from
biochar pyrolyzed at 300 °C, 500 °C, and 700 °C.

Samples FI HIX BIX
MDOM3 3.98 0.70 0.57
MDOMS5 2.01 0.68 0.84
MDOM7 1.51 0.63 0.31
PDOM3 3.85 0.66 0.43
PDOMS5 1.84 0.57 0.87
PDOM?7 1.17 0.44 0.95

Notes: MDOMn and PDOMn refer to DOM extracted from biochar produced by pyrolysis of maize straw and
pine sawdust, respectively, with n indicating pyrolysis temperature; FI: fluorescence index, HIX: humification
index, BIX: biological index.

It is currently believed that the fluorescent properties of biochar-derived DOM are
predominantly a result of the presence of compounds including tryptophan and tyrosine,
as well as the notably dominant fulvic and humic acids [41,42]. In this study, we observed
distinct fluorescence responses among the DOM samples, with a significant decrease in total
fluorescence intensity as the pyrolysis temperature increased (Figure 4). This observation
is in accordance with previous findings, highlighting that the total fluorescence intensity
of biochar-derived DOM is generally diminished at pyrolysis temperatures exceeding
300 °C [30,43]. The principal cause of this reduction is attributed to the pronounced
aromatization and polycondensation reactions occurring within the biochar matrix as
temperatures rise, consequently leading to a substantial reduction in DOM content [44].

Three fluorescent components of MDOM and PDOM were confirmed by the PARAFAC
model, as illustrated in Figure 5. Subsequently, these findings were uploaded to the
OpenFluor database, where two humic-like (C1 and C2) and one protein-like (C3) substance
were classified [45]. C1 exhibited a peak at 355/430 nm (Ex/Em), likely indicative of
humic-like substances, which are considered to represent a larger, more hydrophobic
fraction [46,47]. C2 displayed two peaks at 280/402 nm and 230/402 nm (Ex/Em), identified
as a combination of UV humic-like and marine humic-like components observed in both
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terrestrial and marine systems [48,49]. C3 featured a major peak at 215/288 nm and a minor
peak at 265/288 nm (Ex/Em), suggesting its composition is similar to that of a tryptophan-
like component [28,50]. A red shift was observed in C1 compared to C2, suggesting that C1
contains more aromatic and polymeric compounds [17].
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Figure 4. Excitation-emission matrix fluorescence spectra of MDOM and PDOM obtained from

biochar pyrolyzed at 300 °C, 500 °C, and 700 °C.
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Figure 5. The (a) fluorescent components and (b) spectral loadings of DOM from the PARAFAC model.

The maximum fluorescence intensity (Fmax) represents the concentration of each
DOM component in the corresponding sample. The total fluorescence intensity of DOM
was obtained by summing the Fmax values of components C1, C2, and C3. Furthermore,
the relative contribution of each component to the total fluorescence was then determined
by calculating its proportion as a percentage (e.g., %C1 = C1/SoF x 100) [45]. Figure 6
illustrates the fluorescence intensity and relative distribution of the three DOM components.
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Figure 6. The (a) fluorescence intensity and (b) relative distribution of the three DOM components.

Both MDOM and PDOM under pyrolysis conditions at 300 °C exhibited significantly
higher total fluorescence intensity compared to those pyrolyzed at 500 °C and 700 °C. The
proportion of protein-like components (C3) in DOM increased as pyrolysis temperatures
went up, leading to a reciprocal reduction in the proportion of humic-like substances
(C1 + C2), which was consistent with previous studies [22,51]. In particular, there was a
significant decrease in the proportion of C1, plunging from 54.54% to 7.99% for MDOM,
and from 55.53% to 8.57% for PDOM. This decrease is likely the result of the accelerated
decomposition of aromatic and polymeric compounds within C1 at increasing pyrolysis
temperatures [17].

4. Conclusions

This study identified a critical effect of pyrolysis temperature on the properties of
biochar-derived DOM, greater than that of biomass feedstock type. The study found a
clear upward trend in pH with rising pyrolysis temperature, indicating a shift of DOM
solutions toward alkaline conditions. It was observed that DOC concentration decreased
with the escalation of pyrolysis temperature, indicating that lower temperatures produce
higher DOM release. Spectral analysis showed that the content of aromatic and humic
acids decreased with increasing pyrolysis temperature. Elemental composition data con-
firmed these findings, with a decrease in carbon content and an increase in oxygen content,
indicating that DOM has a higher hydrophilicity and polarity at high temperatures. Fluo-
rescence spectroscopy revealed a decrease in total fluorescence intensity and a changing
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composition of DOM, with a relative increase in protein-like substances and a decrease in
humic-like substances at higher pyrolysis temperatures. Overall, the study confirmed that
pyrolysis temperature is a determining factor in the chemical and optical characteristics
of biochar-derived DOM. These findings are essential for optimizing biochar production
and application strategies to maximize its environmental benefits. Further research should
explore DOM’s long-term behavior and ecosystem role.
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