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Abstract: Although liquefaction technology has been extensively applied, plenty of biomass remains
tainted with heavy metals (HMs). A meta-analysis of literature published from 2010 to 2023 was
conducted to investigate the effects of liquefaction conditions and biomass characteristics on the
remaining ratio and chemical speciation of HMs in biochar, aiming to achieve harmless treatment of
biomass contaminated with HMs. The results showed that a liquefaction time of 1-3 h led to the largest
HMs remaining ratio in biochar, with the mean ranging from 84.09% to 92.76%, compared with
liquefaction times of less than 1 h and more than 3 h. Organic and acidic solvents liquefied biochar
exhibited the greatest and lowest HMs remaining ratio. The effect of liquefaction temperature on HMs
remaining ratio was not significant. The C, H, O, volatile matter, and fixed carbon contents of biomass
were negatively correlated with the HMs remaining ratio, and N, S, and ash were positively correlated.
In addition, liquefaction significantly transformed the HMs in biochar from bioavailable fractions (F1
and F2) to stable fractions (F3) (P < 0.05) when the temperature was increased to 280-330 °C, with a
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liquefaction time of 1-3 h, and organic solvent as the liquefaction solvent. N and ash in biomass were
positively correlated with the residue state (F4) of HMs in biochar and negatively correlated with F1
or F2, while H, O, fixed carbon, and volatile matter were negatively correlated with F4 but positively
correlated with F3. Machine learning results showed that the contribution of biomass characteristics to
HMs remaining ratio was higher than that of liquefaction factor. The most prominent contribution to
the chemical speciation changes of HMs was the characteristics of HMs themselves, followed by ash
content in biomass, liquefaction time, and C content. The findings of this meta-analysis contribute to
factor selection, modification, and application of liquefied biomass to reducing risks.

Keywords: liquefaction; heavy metal; biochar; remaining ratios; chemical speciation; liquefaction
parameters; biomass characteristics; carbon neutral

1. Introduction

In recent years, the environmental issue of global warming has been intensely discussed because
of the extensive use of fossil energy [1]. One of the most efficient strategies for addressing these
challenges lies in diminishing its utilization by replacing with a clean, green, sustainable, and
renewable energy source [2]. Progress has been made in converting renewable feedstocks into energy-
intensive fuels [3], thus addressing energy security issues [4]. This, in turn, has helped to reduce the
use of fossil fuels to fuel reserves, reduce fuel price volatility, and offset greenhouse gas emissions [5],
promoting carbon neutrality and peak carbon performance [6].

Liquefaction to produce biochar, a renewable energy source of organic materials rich in carbon,
reduces greenhouse gas emissions and advances the achievement of carbon neutrality [7]. Also, many uses
of liquefied biochar will return to the environment [8]. For example, application of biochar to soil not only
significantly increases soil pH, cation exchange capacity (CEC), dissolved organic carbon (DOC), and soil
enzyme activities [9], but also promotes microbial abundance and plant root growth [10], being an
important soil remediation material [11]. Meanwhile, the porous and functionalized surface of the
resulting biochar makes it a potential candidate for construction applications [12].

Hence, the broad implementation of biochar necessitates careful consideration of various factors,
in particular the possible presence of toxic HMs in biochar [13]. Environmental pollution by HMs or
metalloids such as chromium (Cr), cadmium (Cd), lead (Pb), arsenic (As), copper (Cu), nickel (Ni),
manganese (Mn), and zinc (Zn) is a common problem in most countries and regions [14]. Currently,
the high content of HMs in these extremely accessible biomasses is a challenge [15]. For instance,
biochar produced from contaminated corn stalks and rice husks contain high levels of lead [15,16].
Municipal solid waste, besides consisting of complex material as organic debris, inorganic particles,
pathogens, colloidal sludge, and water [17], also contains HMs and other toxic and hazardous
substances [18]. Animal waste is also rich in HMs [19]. Even so, biochar after liquefaction was reported
to have a lower content of the HMs chromium, cadmium, mercury, and zinc than raw materials (RM) [20].
However, after aging of the biochar after application, its adsorption as well as the adsorption of the
biochar to HMs may be reactivated again. HMs pose a potential threat to the environment and human
health [21].

To produce greener and more environmentally sustainable biochar, it is crucial to improve
liquefaction efficiency [22]. Understanding the RM characteristics and liquefaction process conditions
is essential to control the transport and transformation of HMs in liquefied biochar [23]. In previous
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studies, Li et al. [24] showed that under liquefaction conditions at 340 °C, major HMs, e.g., 70%-98%
of Zn and Cu, 71%-99% of Pb, 87%-98% of Cd, and 20%—75% of As, were concentrated in the
biochar and converted to more stable fractions. Zhang et al. [25] used different solvents (H-O and HCI)
to liquefy the biomass at 210-300 °C, and the results showed that the low temperatures and HCI
favored the removal of Cd and Zn from the biochar. Wang et al. [26] showed that the reaction
temperatures of 150-250 °C and reaction time of 0—120 min resulted in lower leachable HMs content
in biochar. Song et al. [27] showed that Cu and Zn content in biochar produced from pig manure at
different liquefaction temperatures (160—240 °C) and three residence times (1, 5, and 8 h) increased
with increasing temperature and time. In summary, researchers have reported various single conditions
for liquefaction treatment (process temperature, pressure, and residence time). Shafizadeh et al. [28] used
machine learning modeling techniques to obtain the optimal liquefaction operating conditions for
maximizing the quantity and quality of biocrude. Zhou et al. [22] investigated the effect of catalysts
and solvents on bioenergy production using machine learning. Luutu et al. [29] applied meta-analysis
and machine learning to explore the effects and drivers of biochar on seed germination or plant growth.
Zhang et al. [30] investigated the effect of hydrothermal carbonization on the transformation of
phosphorus fractions of biochar species from different organic matter using meta-analysis. However,
little research has been performed on the application of meta-analysis to investigate the effects of
multiple liquefaction parameters on the remaining ratio and speciation of HMs in biochar, while
incorporating machine learning techniques to predict the importance of different parameters.

The remaining ratio is defined as the total content of HMs in biochar related to that in the material.
Considering that, here we: (1) Evaluated the effect of different liquefaction parameters on the
remaining ratio of waste biochar HMs; (2) evaluated the effect of different liquefaction processes on
the fraction of waste biochar HMs; (3) applied machine learning to determine the main factors and
importance of the liquefaction process affecting the remaining ratio and fraction of biochar HMs.

2. Methods
2.1. Literature search and selection of relevant primary studies

Using several databases, including the China Knowledge Resource Integrated Database, Web of
Science, Google Scholar, SpringerLink, and Environmental Science & Technology, Nature, Science,
we searched keywords including “biochar or hydrochar” AND “liquefaction, hydrothermal
carbonization, hydrothermal liquefaction, and sub/super-critical water gasification” AND “fraction
and remaining ratio of heavy metals” AND “Cr, Cd, Cu, Zn, Mn, Ni, Pb, As fraction and availability”.

The selected manuscripts encompass articles published between 2010 and 2023, with 56% of
them published from 2019 to 2023, 11% published prior to 2016, and the remaining 33% from 2017
to 2018. The research focused on quantitatively evaluating the potential ecological hazards of HMs in
biochar using the chemical fractions and remaining ratios of HMs. The study primarily focused on
analyzing the term “fraction and remaining ratios of HMs in biochar”. Each published manuscript’s
title and abstract were meticulously reviewed. Further details on the literature selection process can be
found in Figure S1.

For the meta-analysis process, the literature was stringently filtered based on the following criteria:
(1) The experimental designs included a minimum of three replicates to ensure analytical reliability;
(2) the studies offered clear, direct comparative data between control groups devoid of liquefaction
and treatment groups that underwent such processes; (3) it was imperative for biochar or hydrochar to
be recognized as a critical element within the experimental framework; (4) the research was required
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to engage at least one biomass under the parameters of direct liquefaction or hydrothermal treatment,
and studies focusing on pyrolysis were deliberately omitted. The literature was screened according to the
above requirements. Sixty-two references were incorporated into the study, including 33 municipal waste
studies, 15 manure studies, and 14 plant studies. Sorted data are shown in the supporting information.

2.2. Data extraction

Data extraction was meticulously conducted from manuscript tables, figures, and supplementary
documents. Information was directly retrieved from textual and tabular data present in the literature.
For the extraction of data from graphical representations and tables, tools such as Plot Digitizer
version 2.6.8 [31,32] and ABBYY FineReader 14 software were employed [33]. The information
included reaction parameters (temperature, time, solvent, elemental composition, and biochemical
composition of RM), material type (municipal waste, manure, or plant), biochar yield, four fraction,
and remaining ratios of HMs. Each publication underwent a thorough examination by two researchers,
with the requisite information subsequently logged in a Microsoft Excel spreadsheet. The geographical
distribution of the experimental sites is depicted in Figure 1, along with specific site information. The
main biomass of the selected literature is municipal waste, as rapid urbanization and industrialization
worldwide is generating large quantities of municipal waste with high concentrations of HMs, whose
treatment and utilization has become a research priority, resulting in more research literature in this
area. Different regions of China face different environmental problems and resource conditions, so
research is more focused.

60°NT ™ i B0

30°N

30°81 o 4
Municipal waste'

i ® Manure

£ i * Plant

180° 80°W 20°E 120°E

Figure 1. Geographical location of the 62 studies included in the meta-analysis.

2.3. Data statistical and meta-analysis

HMs studied in this paper included copper, zinc, manganese, nickel, cadmium, chromium, lead,
and arsenic. If a certain HM is not shown in the picture in this paper, it is because the sample size of
that metal was too small to draw a picture, for example, the effect of liquefaction temperature on the
remaining ratio of As, the effect of liquefaction time on the remaining ratio of As and Mn, and the
correlation between elemental and industrial analyses of As and Mn. According to the data distribution,
the hydrothermal treatment reaction temperature, time, solvent, RM element, and industrial analysis were
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divided into several categories. The following categories were used: (1) Reaction temperature (< 180 °C,
180229 °C, 230-279 °C, 280-329 °C); (2) reaction time (duration < 1 h, 1-3 h, > 3 h), (3) type of
reaction solvent (water, organic solvent, acidic solvent), and (4) elemental analysis of feedstocks,
biochemical composition, pH value.

The remaining ratio is defined as the total content of HMs in biochar in relation to that in the
material. The remaining ratio of HMs is derived from the computation that entails the multiplication
of the total HMs concentration present in the biochar by the yield of the biochar, followed by division
by the total initial HMs concentration in the RM [34].
TB, x Y

T™,

R (%)= x 100. (1)

X represents a specific HM, TBX denotes the total concentration of HMs within the biochar, Y
signifies the yields of biochar obtained from liquefaction treatment, and TMx refers to the total
concentration of HMs present in the RM.

Linear mixed effects model analyses were used to examine the relationship between remaining
ratio and liquefaction parameters, using R software (V 4.2.1). The relationships of different biomass
types (municipal waste, manure, plants), HMs remaining ratio (Cd, Cr, Pb, As, Cu, Zn, Mn, and Ni),
elemental composition (C, H, N, S, and O), biochemical composition (ash, volatile matter, and fixed
carbon), and pH value were examined by a linear mixed-effect model, performed by the ggplot 2
package in R. For each biomass type or HMs type, the slopes between elemental composition and
biochemical composition were assembled and plotted.

Random forest model development and evaluation: The database established in Section 2.2 was
used as the dataset of random forest (RF) to reveal the importance of specific variables [35]. The
random forest function in the random forest package in R Studio software was used to establish the RF
model [36]. The coefficient of determination (R?) and root-mean-square error (RMSE) were employed
to assess prediction accuracy and measure prediction performance [37,38]. The equations for R? and
RMSE are given below:

N (miomi)?
Rzzl_m )

. 2
=N, (mj-mg)”

N (i )2
RMSEz,/M, 3)

i )
where ™p presents the forecasted output value, m; denotes the actual output value obtained from

the experimental research literature, s signifies the mean value of all output data, and N indicates
the total number of data samples present in either the training or testing datasets [39]. Utilizing the RF
model, potential controlling factors for the residual ratio of HMs in the liquefaction process were
identified based on the relative importance of the variables.

3. Results and discussion
3.1. Effects of liquefaction parameter on HMs remaining ratio in biochar
Figures 2 and S2 summarize the statistical distribution of different liquefaction times, solvents,

and temperature on HMs remaining ratio in biochar. The results show that a liquefaction time of 1-3 h
1s most beneficial to retain HMs in biochar. The remaining ratios mean value for Cd, Cr, Pb, Cu, Zn,
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and Ni were 84.09%, 84.11%, 92.76%, 88.47%, 85.33%, and 88.22%, respectively (Figure 2). When
the liquefaction time was higher than 3 h, due to biomass decomposing into smaller components while
the released HMs are retained in the biochar [40], the remaining ratio was significantly (P < 0.05)
reduced for all HMs, with the exception of Cd. The remaining ratio of Cd at >3 h was 255.70%,
maybe due to the chemical reaction of the organic functional groups of Cd in the biochar forming
stable or adsorbed complexes, leading to further precipitation as metal oxides or metal complexes
in the biochar [41,42]. Mean values of remaining ratios for Cr, Pb, Cu, Zn, and Ni were 56.97%,
68.9%, 71.9%, and 57.31%, respectively. The longer liquefaction time may have allowed the
degradation of macromolecular intermediates through compounding and secondary cracking, resulting
in a decrease in the HMs remaining ratio [43]. When the liquefaction time was lower than 1 h, the HMs
remaining ratio ranged from 60.76% to 85.57%. Mean values for Cd, Cr, Pb, Cu, Zn, and Ni were
60.76%, 83.22%, 75.53%, 85.57%, 64.32%, and 64.34%, respectively (Figure 2). This was probably
attributed to the short reaction time where the biomass did not decompose sufficiently, resulting in a
low residual rate of HMs [40].

Organic solvent led to the highest mean values, mainly in the 77.03%-93.13% range. Water
solvents were often used as liquefaction solvent due to cost issues [27,44]. The mean of the remaining
ratio of HMs in biochar ranged from 78.64% to 87.35% when water was used as the liquefaction
solvent. In general, the liquefaction effect of biomass in organic solvents is better than that in water [45].
The acidic solvent had the lowest HMs remaining ratios, ranging from 10.59% to 80.21%, probably
due to the decrease in acidity of the liquid product by the H" in acidic solvents, which promoted the
release of HMs to the liquid phase during the liquefaction process. Hence, the order of solvents that
effectively retain HMs in biochar is as follows: organic solvent > water > acidic solvent.

Figure S2 reports the HMs remaining ratio of the biochar obtained from different liquefaction
temperatures. All were higher than 69.03%. The range of HMs remaining at temperatures below 180 °C
was 70.58%—141.5% (Figure S2). The remaining ratio of Pb, Zn, and Mn decreased significantly with
temperature increasing to 230-279 °C (69.24%, 68.27%, and 68.04%, respectively). With increasing
temperature to 280-330 °C, the remaining ratio of Pb, Zn, and Mn increased significantly (P < 0.05):
The mean values were 81.68%, 74.40%, and 69.03%, due to HMs distributions as a result of their
evaporation characteristics [46,47]. Likely, there was a facilitated hydrolysis or decomposition of
organic macromolecules under higher liquefaction temperature [43]. However, liquefaction
temperature had no significant (p > 0.05) impact on the remaining ratios of Cd, Cr, Cu, and Ni.
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Figure 2. Effects of liquefaction time and solvents on the remaining ratio of heavy metals.
The five lines from top to bottom in each boxplot represented the maximum, the third
quartile (Q3), the median, the first quartile (Q1), and the minimum of statistical data, where
the lowercase letters indicate significant differences (P < 0.05) in remaining ratio percent
between different groups. The green dot indicates the mean values. The number below the
box plot represents the sample size for each latitude group.
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3.2. Effect of liquefaction parameter on the speciation of heavy metals in biochar

As depicted in Figure 3, the directly toxic fractions (F1 and F2) of Cd, As, Zn, Mn, and Ni
exceeded 35%. In contrast, the F1 and F2 categories for Cr, Pb, and Cu are notably low in RM, with
Cr and Pb concentrations being particularly minimal, at less than 10%. This indicated that over 90%
of'the Cr in RM was accounted for in the organic and residual phases, and Pb was principally combined
with the primary minerals in RM [48]. This implies a lower environmental risk attributed to these
elements within RM. Meanwhile, the Cu in RM was predominantly in the F3 fraction, attributed to its
association with high-stability copper-organic complexes [49].

In relation to the HMs fractions in RM, a significant increase of the F3 or F4 fractions occurred
in the biochar with temperature increase (P < 0.05, Figure 3). For Cd, As, Cu, Zn, and Ni in the
biochar, the F3 fractions increased from 22.48%, 17.25%, 43.5%,12.35%, and 15.79% in the RM to
48.55%, 47.76%, 57.97%, 24.07%, and 27.09% in biochar, respectively, when the liquefaction
temperature increased to 230—279 °C. Some interactions (i.e., adsorption, precipitation, and complexation)
might occur between the HMs and the crystal lattices of the RM with a higher liquefaction. The Pb
species were mainly present in F4 (nearly 90%) as the temperature continues to rise to 280-330 °C,
but the F4 fraction percentage of Cr, Cu, and Ni in biochar greatly increased greatly 81.48%, 36.77%,
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and 52.54%, respectively. This indicates that elevated liquefaction temperatures are critical controlling
factors for the immobilization of HMs within biochar [50]. The aforementioned results reveal that, as
the liquefaction temperature is elevated, the bioavailable fractions of HMs, namely F1 and F2, can be
transposed into the stable fractions, denoted as F3 or F4.

The chemical speciation change under different liquefaction times is shown in Figure 3. The
results indicate that the F3 fractions of Cu, Zn, Mn, and Ni significant increased (P < 0.05) from
43.70%, 13.93%, 8.85%, and 15.26% in the RM to 60.54%, 34.03%, 22.09% and 34.92% in the biochar,
respectively, when the liquefaction time increases to 1-3 h. The F1 fractions of Cu, Zn, Mn, and Ni
significant decreased (P < 0.05) from 19.45%, 28.29%, 48.66%, and 36.53% in the RM to 4.16%,
12.41%, 18.18%, and 13.21% in the biochar. Hence, a liquefaction time of 1-3 h is most beneficial for
the conversion of the F1 and F2 fraction of the HMs in the RM into the stable F3 fraction. Higher or
lower retention times might change the product formation pathway [38]. Different liquefaction times
did not significantly (p > 0.05) affect the change of F4 fraction, with the exception of Cd. As can be
seen from Figure 3, F4 fraction of Cd decreased significantly (P < 0.05) when the reaction time was
extended to 1-3 h. For reaction times greater than 3 h, the F4 of Cd increased significantly (P < 0.05)
to 65.71% compared to the RM (45.36%), accompanied by a significant decrease (P < 0.05) in F2 to
5.79% (22.62% for RM). This is probably because Cd is tendentiously associated with organic and
sulfide substances during liquefaction process [12].

In this meta-analysis, there were relatively many studies on water as a solvent, because its use
can save costs [51]. But in order to obtain higher-quality biochar, many researchers also use organic
solvents [52] such as methanol, ethanol, or acetone [53]. As shown in Figure 3, using different solvents
improved F3 or F4, meanwhile decreasing F1 or F2 fraction. The best results were obtained with organic
solvent. Using organic solvent significantly increased (P < 0.05) the percentage of Cd-F3 (36.35%) and
Cd-F4 (66.65%) compared with the RM Cd-F3 (24.19%) and F4 (41.34%) fraction. The F3 of Cu, Zn,
and Mn increased significantly (P < 0.05) to 61.20%, 43.24%, and 45.15% compared to the F3 of RM:
48.77%, 21.03%, and 11.64%, Meanwhile, there was a significant decrease (P < 0.05) in F2 of 7.20%,
14.04%, and 14.41%, compared with 17.25%, 31.98%, and 31.97% for RM, likely due to the fact that
organic solvents are polar molecules [54].
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Figure 3. Effects of liquefaction parameters (liquefaction temperature, time, and solvents)
on the speciation of heavy metals in biochar. Mean values and 95% Cls are shown. Filled
symbols indicate a significant (P < 0.05) effect of reaction condition. Error bars indicate
95% CI. Each variable is presented beside each major tick label. Abbreviations: RM, raw
material; OS, organic solvent; AS, acid solvent.
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3.3. Effect of raw material characteristics on the remaining ratio and speciation of heavy metals in biochar

Correlation analyses showed that the relevant modifiers of HMs remaining ratio in biochar
were C, N, S, O, ash, and fixed carbon (Figures 4 and 5). From Figure 4, it could be inferred that
C, H, O, volatile matter, and fixed carbon contents are negatively correlated with the remaining
ratio of HMs. The remaining ratio of some HMs was negatively correlated with the carbon element,
namely Cd (slope =—-1.937, R2=0.374, P < 0.01, n = 21), Pb (slope = —1.104, R = 0.208, P < 0.05,
n = 24), Cu (slope = —0.896, R? = 0.155, P < 0.05, n = 36), and Ni (slope = —2.009, R* = 0.517, P <
0.01,n=26), and positively correlated with N, S, and ash. The ash proportion was positively correlated
with the remaining ratio of Cd (slope = 0.944, R?> = 0.310, P < 0.01, n = 32), Cr (slope = 0.652, R* =
0.238, P < 0.05, n = 21), Cu (slope = 0.584, R = 0.300, P < 0.01, n = 38), and Ni (slope = 0.791, R?
= 0.445, P < 0.01, n = 29). To gain a thorough understanding of the significance of the above-
mentioned factors on the remaining ratio of HMs in biochar, a prediction model was developed using
machine learning methods. The relative importance of each factor and the interactions among the input
variables are discussed subsequently. In addition, the variation in the F4 fraction of HMs in biochar
showed a significant positive correlation with ash in biomass and a significant negative correlation (P
< 0.05) with fixed carbon and volatile matter, except for Cr and Ni (Figures S3 and S4). The results
indicate that biomass ash is a key control factor influencing the bioavailability of HMs in biochar.
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Figure 4. Correlation analysis of elemental composition (C%, H%, N%, S%, and O%) on
the remaining ratio of heavy metals. Grey shading indicates the 95% confidence interval.
By difference, 0% = 100% — (C% + H% + N% + S% + Ash%)).
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Figure 5. Correlation analysis of biochemical composition (Ash%, VM%, and FC%) and
pH value on the remaining ratio of heavy metals. Grey shading indicates the 95%
confidence interval. Abbreviations: Vm, volatile matter; FC, fixed carbon. Biochemical
composition was based on dry basis.

3.4. Evaluation of the random forest models

The relative impact of different input parameters and RM characteristics (pH, C, H, O, N, and S
contents; ash, fixed carbon, and volatile matter content) were assessed using the random forest model.
Figure 6 shows that RM characteristics that have the highest importance in influencing the HMs
remaining ratio. The solvent (SI) had the smallest relative importance score. The elemental and
biochemical composition accounted for as high importance as C, S, volatile matter, N, O, volatile
matter, and N, being 29.81%, 28.45%, 28.45%, 22.95%, 14.72%, 22.27%, 25.16%, and 27.52% for
Cd, Cr, Pb, As, Cu, Zn, and Ni, respectively, whereas the temperature and solvent had a mild effect on
the remaining ratio of HMs. The importance value of temperature ranged from 3.46% to 17.11% and
that of solvent from 2.88% to 11.03%.

Figure 7 demonstrates the relative importance of variables for predicting the speciation of HMs
based on an enhanced random forest model developed from the dataset. The results show a relatively
high accuracy of the model for the fraction of F3 (Train R?= 0.819, Train RMES = 11.478; Test R*>=
0.760, Test RMES = 13.270). The chemical speciation of HMs in biochar was primarily dictated by
the specific types of HMs present. To investigate this, 12 factors, namely temperature, time, solvent,
ash content, fixed carbon, volatile matter, C, H, O, N, S, and pH, were selected for the construction of
a random forest model to determine their importance in predicting HMs speciation. The results,
depicted in Figure S5, reveal the relative importance of each variable in influencing the root mean
square error (RMSE) through the use of an importance function within the random forest model. It is
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evident that the characteristics of the different HMs exerted the greatest impact on the distribution of
HMs into the four fractions, with an importance value exceeding 70%. Additionally, ash content, C,
and time were identified as significant influencing factors for the changes in HMs fractions, with
relative importance values exceeding 25%.
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Figure 6. Feature importance from the random forest model in terms of the remaining ratio
of heavy metals prediction. The machine learning algorithms were established based on
data points including raw material characteristics (pH, C, H, O, N, and S contents; ash, FC,
and VM content) and biochar hydrothermal process temperature, solvent, and reaction time.
Significance levels of each predictor are as follows: * for P < 0.05 and ** for P < 0.01.
Abbreviations: Tem, temperature; S, solvent; Tim, reaction time; VM, volatile matter; FC,
fixed carbon.
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4. Conclusions

The results of this meta-analysis are summarized below:

The highest remaining ratio of HMs in biochar was observed within the 1-3 h liquefaction time,
with mean values ranging from 84.09% to 92.76%. Organic solvent—liquefied biochar exhibited the
greatest HMs remaining ratio, with mean values ranging from 77.03% to 93.13%; acidic solvent led to
the lowest. Interestingly, the effect of liquefaction temperature on HMs remaining ratio was not
significant. The C, H, O, volatile matter, and fixed carbon contents of biomass were negatively
correlated with the HMs remaining ratio in biochar, and N, S, and ash were positively correlated.

The chemical speciation analysis of HMs revealed that liquefaction significantly transformed
HMs from the bioavailable fractions (F1 and F2) to the stable fraction (F3) (P < 0.05). This
transformation notably occurred when the temperature ranged from 280 to 330 °C and the liquefaction
lasted for 1-3 h using organic solvent; the acid-soluble/exchangeable fractions (F1) of HMs in the
biochar decreased to 2.01%—6.48%, 3.46%—18.18%, and 3.44%—13.47%. The N and ash content in
biomass exhibited a positive correlation with the F4 of HMs in biochar and a negative correlation with
F1 or F2.

Machine learning results indicated that both the characteristics of biomass and the characteristics
of HMs themselves play a crucial role in determining the remaining ratio and chemical speciation of
HMs in biochar. The impact of biomass characteristics on the remaining ratio of HMs was found to be
more significant than that of the liquefaction process, with an importance value exceeding 15%. The
primary factor influencing the changes in HMs speciation was the individual characteristics of different
HMs, with an importance value exceeding 70%, followed by the ash content in biomass, liquefaction
time, and C content, each with an importance value exceeding 25%. Therefore, a comprehensive
understanding of biomass characteristics is essential before attempting to enhance the stability of HMs
in biochar. By selecting appropriate liquefaction parameters, it is possible to optimize the retention of
HMs in biochar while effectively mitigating the associated risks.

Based on these findings, more research is needed to better understand the transport transformation
of HMs in liquefied biochar. First, the existing research consist of mainly three broad material
categories—municipal waste, plants, and manure—ignoring other biomass types that may cause
serious pollution; future research can redefine the types of biomass and explore them separately. In
addition, synchrotron-based Fourier transform infrared and micro-X-ray fluorescence spectroscopy
microscopy has been proposed to identify changes in functional groups and reveal the distribution of
HMs in biosolids; their combined use can characterize the binding sites of HMs [55,56]. Therefore,
future studies will aim to collect literature related to X-ray diffraction and X-ray absorption
spectroscopy on biochar, to better understand the structural and speciation changes of HMs before and
after treatment. Finally, current research on the transport and transformation of HMs in biochar mainly
focuses on short-term ecotoxicity, being necessary to explore its long-term release properties and
influencing factors by using machine learning.
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