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Abstract

Over recent years, pyrolysis has grown into a mature technology with added value for
producing soil improvers. Further innovations of this technology lie in developing
tailor-made products from specific feedstocks (or mixtures thereof) in combination with
adjusted mixing ratio-temperature regimes. In this context, co-pyrolysis of pig manure
(PM) and the invasive plant Japanese knotweed (JK) at different mixture ratios (w/w)
of 3:1 (P3J1), 1:1 (P1J1), and 1:3 (P1J3) and varying temperatures (400-700 °C) was
studied to address the low carbon properties and heavy metals (HMs) risks of manure-
derive biochars and beneficially ameliorate the bio-invasion situation by creating value
from the plant biomass. Co-pyrolysis of PM with JK increased by nearly 1.5 folds the
fixed carbon contents in the combined feedstock biochars obtained at 600 °C compared
with PM-derived biochar alone, and all combined feedstock biochars met the
requirements for soil improvement and carbon sequestration. The total HMs in PM
biochars were significantly reduced by adding JK. The combined feedstock biochar
P1J1 generated at 600 °C was the most effective in transforming Cu and Zn into more
stable forms, accordingly reducing the associated environmental risk of heavy metal
leaching from the biochar. In addition, the accumulation of macronutrients can be an
added benefit of the co-pyrolysis process, and P1J1-600 was also the biochar that

retained the most nutrients (P, Ca, Mg, and K).

Keywords: Pig manure, Invasive plant, Biochar aromaticity, Metal speciation,

Nutrients
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Highlights

Japanese knotweed addition improved the aromaticity of pig manure-derived biochar

Co-pyrolysis reduced total Cu and Zn compared to pig manure-derived biochar

Cu and Zn transformed to stable forms reduce the environmental risk of the biochar

Co-pyrolysis retained higher nutrients than Japanese knotweed-derived biochar alone

A 1:1 ratio of pig manure to Japanese knotweed at 600°C was the optimal condition
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1. Introduction

Turning animal manures into biochar via pyrolysis has received widespread attention recently

(Garlapalli et al., 2016; Ghysels et al., 2020). This thermochemical conversion technology can

minimize the volume of manure, kill pathogens and parasites and, more importantly, convert

manure into high-performance bio-energy carriers (bio-oil and pyrolytic gas) and a carbon-rich

solid (biochar) (Kameyama et al., 2020). Manure-derived biochar exhibits high pH, a favorable

porous structure, is rich in ash and minerals and has various functional groups. It also has been

reported to be an effective amendment to enhance the physicochemical and biological

properties of soil, improve fertility, immobilize heavy metals for soil remediation (Mendonga

et al., 2017), and reduce GHGs by carbon sequestration (Jiang et al., 2018; Li et al., 2020).

However, some limitations of manure-derived biochar, including low C content and the

significant presence of heavy metals (like Cu and Zn), bring a critical level of uncertainty to

the feasibility of using this product as a soil improver (Xu et al., 2019). Plant-based biochar, on

the contrary, has been reported to have characteristics of high aromaticity, high C contents, and

low heavy metal content (Xing et al., 2021). Therefore, co-pyrolysis of manure with plants

might compensate for the shortcomings of the manure-derived biochar by diluting the heavy

metals and increasing the final carbon content. Moreover, plant-derived biochar generally

contains a low mineral content and a reduced ash fraction (Gao et al., 2020), characteristics

associated with reduced nutrient content and heavy metal retention capacity (Xing et al., 2021).

It, therefore, could also benefit from co-pyrolysis with manure to overcome these limitations.

Co-pyrolysis has been extensively explored for the joint pyrolysis of manure with agricultural
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wastes to reduce the total and available metal of manure-derived biochar (Xu et al., 2019); still,

some inconsistent results regarding stabilization or mobilization of heavy metals have been

reported (Huang et al., 2017; Meng et al., 2018). Additionally, while previous works have

investigated the aromaticity (carbon) and agricultural benefits (nutrients) of manure-derived

co-pyrolysis biochar (Zhang et al., 2020), most studies focus either on heavy metals, carbon,

nutrients, or a combination of two parameters (Rodriguez et al., 2021). Co-pyrolysis of manure

with plants as a strategy to repress both disadvantages of plant-derived biochar and manure-

derived biochar has not been fully considered in a systematic evaluation of the final combined

feedstock biochar for its potential use as an optimum soil amendment. Moreover, the

characteristics of co-pyrolyzed biochar are determined by feedstock types, pyrolysis

temperatures, residence times, and mixture ratios (Ahmed and Hameed, 2020); thus, to confirm

the contributions of each material and the potential ecological and agronomic applications,

more studies are needed to verify the performance of co-pyrolyzed biochar from manure and

plant biomass covering different blending ratios and pyrolysis temperatures.

The most invasive weed in Belgium is Fallopia japonica, commonly known as Japanese

knotweed, originally from East Asia and currently invading much of Europe, dislodging native

plants from disturbed habitats and damaging the local ecological system (Alfieri and Mann,

2015). Converting invasive plant biomass to biochar through pyrolysis controls the expansion

of exotic plants and efficiently uses this waste to achieve ecological and economic benefits

(Feng et al., 2021). Pig farming in the EU is concentrated in certain areas, with about 30% of

the animals located in a major pig production basin that stretches from Denmark through

northwestern Germany and the Netherlands to northern Belgium (Makara and Kowalski, 2018),
6
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which results in a pig manure abundance of over 120 million tons per year (Kdninger et al.,
2021). Consequently, Japanese knotweed and pig manure were selected in this study due to

their large amount and the need for proper disposal in Belgium.

Co-pyrolysis of pig manure and Japanese knotweed for biochar production can achieve a "triple
win" of safely treating manure, disposing of the invasive plant, and producing high-quality
biochar. The aims of this study were, therefore, 1) to assess the effects in co-pyrolysis of pig
manure with Japanese knotweed on biochar carbon properties; 2) to determine the levels of
HMs in the produced biochars and their bioavailability; 3) to explore the environmental risks
associated with HMs in biochars, and 4) to predict the nutrients retention value of generated
biochars. To achieve these, mixtures of pig manure and Japanese knotweed were treated at
different mass ratios to produce combined feedstock biochars at different pyrolysis
temperatures to analyze the advantages, disadvantages, and application potential of the

produced biochars.

2. Materials and methods

2.1 Collection and preparation of raw materials

Japanese knotweed (Fallopia japonica) (JK) was harvested from Vlienderpad, a district in
Ghent, Belgium. The collected materials were washed with tap water three times to remove
external impurities. The solid fraction of pig manure (PM) was collected from the manure
treatment facility of IVACO, Gistel, Belgium, after on-site centrifuging to separate the thin
fraction from raw pig manure. The collected Japanese knotweed and pig manure were air-dried

for seven days, then oven-dried overnight at 75 °C to achieve constant weight. After that, the
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materials were ground and sieved to 0.5 - 2 mm particles.

2.2 Biochar production

Ground PM and JK were mixed at mass ratios of 3:1, 1:1, and 1:3. PM without JK addition and
JK without PM addition were used as controls. To produce different biochars, pure PM and JK
and their mixtures were pyrolyzed at 400 °C, 500 °C, 600 °C, and 700 °C. This range of
pyrolysis temperatures was chosen to cover the typical slow pyrolysis temperatures used for
biochar production (Ronsse et al., 2013). All the experiments were performed in duplicate.
Abbreviations for the biochars were composed of the symbol for the feedstocks, adding ratio,
and temperature, e.g., P1J1-400 represents char produced by mixing PM and JK in a 1:1 mass

ratio at 400 °C.

Fixed bed slow pyrolysis experiments were conducted with a modular stainless steel container,
brought into a Carbolite Vertical Split Tube Furnace VST/TVS (Fig.1). The container tube with
a diameter of 50 mm, and a height of 600 mm was filled with 100 g of feedstock; then, a split-
tube furnace was used vertically to place the container (Fig.1). The furnace was connected to a
nitrogen inlet at the bottom and an outlet line at the top for releasing produced gases and vapors,
as shown in Fig. 1. By entering the reactor from below, nitrogen swept away the produced gases
and vapors at a flow rate of 35 NL/h. Two sequential water-cooled spiral condensers allowed
the gases and vapors produced during pyrolysis to condense completely. Round-bottom flasks
were used to capture condensed vapors, while vents were used to vent the permanent gases.
One thermocouple was used to measure the temperature at the center of the biomass bed beside

the three built-in thermocouples needed for the three heating zones. After a transient heating-
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up phase with an average heating rate of 15 °C/min, the reactor was held for an hour-long

continuation at the chosen temperature (as measured by the thermocouple in the biochar bed).

This residence time was selected based on previous works concerning char production from

biomass and biochar stabilization by thermal treatment (Debela et al., 2012; Du et al., 2019).

Once the holding period was over, the heater was turned off, the nitrogen flow was lowered to

6 NL/h, and the reactor tube was allowed to cool. After cooling down, the furnace was opened

to retrieve the steel container with the chars and recover and weigh the generated biochars

stored in airtight containers until further analysis. A summary of the operational parameters of

the reactor is described in the Supplementary Material, Table S1.

a. nitrogen flow meter, b. reactor heating furnace,
c. reactor heating furnace temperature controller,

d d. reactor tube, e. reactor tube temperature indicator,
f. spiral condenser, g. liquid product collector,

o b h. gas flow meter.

Fig.1. Scheme of the slow pyrolysis reactor
2.3 Biochar characterization

2.3.1 Yields calculation

The theoretical yield of combined feedstock biochar (P1J1ncorctical, P1J3theoretical, and P3J Lineoreticat)

was calculated using Eq. 1 (Xu et al., 2019):
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Yieldtheoretical =M = YieldpM_T + (100 - M) * Yield]K_T (Eq 1)

where Yieldem.t (%) indicates the yield of pure PM-derived biochar at the given temperature T;
Yieldk.t (%) indicates the yield of pure JK-derived biochar at the given temperature T, and M

(%) means the mass ratio of PM in the PM/JK mixture.

2.3.2 Biochar composition

As part of the proximate analysis, the ash content of feedstocks/biochar was calculated based
on the mass percentage of residues after burning at 600 °C for 1 h in a muffle (Xue et al., 2019),
and organic matter (OM) content was calculated by difference. With a muffle furnace heated at
500 °C for 1 h, volatile organic matter (VOM) content was determined by mass-loss rate. And
according to the difference between OM and VOM, the fixed carbon content (FC) was

estimated (Huang et al., 2017).

The ultimate elemental (C, H, N, and S) analysis of feedstocks/biochars was performed in an
elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA), and the O content was

calculated by difference.

For pH analysis, biochar was mixed with deionized water at a 1:20 (w:v) ratio, and the mixture
was shaken for 1.5 hours to equilibrate the biochar-water solutions, then measured with a pH
meter (Orion Star A211, Indonesia), following the TMECC methodology (International
Biochar Initiative, 2015).

2.3.3 Heavy metals and nutrients analysis

For the determination of total heavy metals (HMs) and nutrients (Ca, K, Mg, and P), 0.5 g

10
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feedstocks/biochars were digested with aqua regia at room temperature for 12 h followed by 2

h of digestion at boiling temperature (Van Ranst et al., 1999) and then the elemental contents

were determined using inductively coupled plasma-optical emission spectrometry (ICP-OES;

Varian Vista MPX, USA) (Wang et al., 2020b). Moreover, the residual rate (%) was adopted to

evaluate the percentage of HMs and nutrients remaining in the biochar and was calculated

following Eq. 2.

Elementpiochar

Residual rate =
Elementfeedstocks

x Yield (Eq.2)

CaCl; solution for a single extraction was performed to simulate the environmental conditions

associated with biochar utilization. 1 g of biochar samples were mixed with 20 mL ofa 0.01 M

CaCl; solution (solid: liquid = 1:20, w/v), and the mixture was shaken for 18 h at 200 rpm

(Houba et al., 2000; Liu et al., 2019) at room temperature. After that, the mixtures were filtered,

and the filtrates were analyzed by ICP-OES to determine their HM and nutrient contents.

The modified Community Bureau of Reference (BCR) sequential extraction procedure (von

Gunten et al., 2017) was used to identify the chemical speciation of HMs in biochar. Heavy

metals are classified into an acid/exchangeable fraction F1 (extracted with 0.1 M acetic acid),

a reducible fraction F2 (0.1 M hydroxylammonium chloride, pH 2), an oxidizable fraction F3

(1.0 M ammonium acetate, pH 2), and a residual fraction F4 (aqua regia). The extracts were

centrifuged at 4000 rpm for 20 min and filtered using a 0.45 pm membrane. The HMs

concentrations of the extracts were analyzed using ICP-OES. The detailed extraction

procedures are presented in Supplementary Material S1.

To evaluate the environmental risks of HMs in biochar, a potential environmental risk index
11
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(RI) was calculated as follows (Du et al., 2019):

Ce=Cm/Cs (Eq. 3)
Er = Tf X Cf (Eq 4)
RI = YE, (Eq.5)

where Cr represents the individual heavy metal contamination factor; Cy, and C; represent the

mobile fractions (F1+F2+F3) and the stable fraction (F4) of each heavy metal, respectively; T¢

and E; represent the toxic factor (1 for Zn and 5 for Cu) and the potential environmental risk

for each metal, respectively (Du et al., 2019).

3. Results and discussion

3.1 Yield of biochar

To assess if co-pyrolysis of pig manure (PM) with Japanese knotweed (JK) would improve the

yield and quality of the produced biochar, different mixing ratios and pyrolysis temperatures

were tested, and the results are shown in Fig. 2. It is observed that biochar yields decreased

with the increase in pyrolysis temperature (Fig. 2). A similar trend was also noticed for biochar

derived from other feedstocks with increasing pyrolysis temperatures (Wang et al., 2021) and

can be explained by extensive volatilization of the feedstocks, which cracks the biomass into

pyrolytic gas and bio-oil, and further decomposition of the char at higher temperatures (Zhang

et al., 2020).

12
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Fig. 2. The theoretical and experimental yields of biochar obtained at different pyrolysis

temperatures (P3J1, P1J1, and P1J3 indicate char produced by mixing PM with JK at 3:1, 1:1,

and 1:3 mass ratios)

Among all the produced materials, biochars derived from pure PM had the highest yield for

each temperature, while for JK, the opposite was true for the two highest temperatures. This

disparity could likely be ascribed to the higher ash content in PM (26.14%) than that in JK

(5.52%) since higher ash contents and lower organic content in the raw feedstock usually result

in a higher yield for the biochar produced at the same pyrolysis temperature (Xing et al., 2021).

As a result, the yields of the combined feedstock biochars were generally higher than that of

JK and lower than that of PM, decreasing with JK addition. An exception was observed for

P1J3 generated at 400 and 500 °C, which had slightly lower yields than the JK biochar produced

at the same temperature.
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To gain an insight into the interaction between PM and JK and the reason for the exception

mentioned above, the comparison between theoretical and experimental yields of the combined

feedstock biochars is also shown in Fig. 2. During co-pyrolysis, the observed yields of

combined feedstock biochars were lower than the theoretical values at lower pyrolysis

temperatures (< 500 °C), indicating an antagonistic effect between PM and JK on solid-phase

production. A possible explanation is the catalysis of organic constituents in the feedstock into

volatiles by the presence of metals, i.e., the metals in the ash of PM possibly promoted

secondary reactions such as cracking and dehydrogenation in the combined feedstock biochars,

resulting in a reduced solid yield (Wang et al., 2016). This could also explain the lower char

yield of P1J3-400 and P1J3-500 compared to JK-derived biochar. Increasing the temperature,

however, reduced the difference between the theoretical and experimental values, suggesting

that thermal cracking dominates over mineral-catalyzed cracking in such conditions.

3.2 Carbon-related characteristics of biochars

Table 1 shows the characteristics of PM, JK, and the produced biochars at different temperatures

and mixing ratios. The pH values of the produced biochars increased with rising pyrolysis

temperature compared to their respective feedstocks (Table 1), primarily due to the

decomposition of acidic surface functional groups and the accumulation of alkali salts during

pyrolysis (Cao and Harris, 2010). In addition, the heterocyclic groups (furans and others) can

also take protons and act as basic groups during carbonation (Zhang et al., 2020). Among them,

the pH of biochars prepared from JK varied the most, with a pH increase from 4.93 to 8.14 as

pyrolysis temperatures increased from 400 °C to 700 °C, completely changing the original

acidity. Compared with JK, PM-derived biochars showed a lower pH at the same pyrolysis

14
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temperature, thus resulting in combined feedstock biochars with a lower pH than pure JK-

derived biochar. Meng et al. (2018) also noticed that rice straw-derived biochar held the highest

pH, while rice straw co-pyrolyzed with pig manure resulted in a more pronounced increase in

pH than pyrolysis manure alone. The high alkalinity of biochars has excellent potential for

ameliorating acidic soils and facilitating cationic immobilization (Tag et al., 2016).

Nevertheless, attention must be paid to avoid harming plant growth and soil quality when

adding such highly alkaline biochar, particularly in soil with low buffer capacity (Novak et al.,

2009).

The pyrolysis of PM and JK decreased the volatile organic matter (VOM) content and increased

the ash content in the derived biochars with rising temperatures (Table 1). It was also confirmed

that most VOM decomposed at 600 °C since no significant changes were recorded at a higher

temperature. PM and PM-derived biochars had the highest ash content, implying that most

inorganic constituents in PM concentrated and remained in the biochars after pyrolysis. The

addition of JK for co-pyrolysis of PM resulted in a decrease of approximately 30% (P1J1), 50%

(P1J3), and 15% (P3J1) of ash content in the combined feedstock biochars compared to PM-

derived biochars irrespective of the temperature. High ash content in biochar can improve soil

fertility by releasing inherent inorganic minerals; therefore, JK addition reduced such

micronutrient content that could benefit the soil. However, increasing mixing ratios of JK

resulted in higher fixed carbon (FC) contents in combined feedstock biochars, which have a

high potential for soil carbon storage. Co-pyrolysis of PM with JK increased nearly 1.5 folds

the FC contents in the combined feedstock biochars obtained at 600 °C compared with PM-

derived biochar. No further increase in FC content was observed when co-pyrolysis occurred
15
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at a higher temperature (700 °C), which is similar to the result of Zhang et al. (2020), suggesting

that feedstock plays a primary role in influencing the FC content of the biochar and impacting

biochar carbon stability, not the temperature.

According to the ultimate elemental analysis of the produced biochar (Table 1), N, H, and O

contents decreased with increasing pyrolysis temperature, whereas C content increased. The

enrichment of C occurs through condensation and aromatization reactions, which involve the

processes of dehydration and dehydrogenation of the precursors, which are accompanied by

decarboxylation (Zhang et al., 2020); as the temperature rises, more H and O escape instead of

C. Areduction in nitrogen-containing compounds also accompanies these processes and finally

leads to the decrease of N (Jin et al., 2017). JK-derived biochars had the highest C contents;

therefore, the combined feedstock biochars with a higher JK addition correspondingly had a

higher C content. Such results suggested that organic compounds in the PM (mainly proteins,

sugars, lipids, and lipoids) are more unstable and thermally decompose more readily than JK

organic compounds (like cellulose, hemicellulose, and lignin). Furthermore, the C content did

not change significantly at the pyrolysis temperature higher than 600 °C, consistent with the

fixed carbon (FC) variation discussed earlier.

Ordinarily, H/C is used to evaluate the degree of aromatization in biochar and its stability

(Zhang et al., 2019), while O/C indicates its hydrophilicity and a higher degree of carbonization

(Karthik et al., 2021). The H/C of raw PM and JK were 2.03 and 1.54, and O/C ratios were 0.85

and 0.71, respectively. As the cracking reaction progressed, the molar H/C and O/C ratios of

the produced biochars decreased with the rising temperature (Supplementary Material, Fig. S1).

16



288 A further decrease in the H/C and O/C molar ratios of the combined feedstock biochars was

289  observed with JK addition, indicating improved aromaticity and stability. Our study was

290  consistent with previous findings on the decrease of the H/C of biochars resulting from the co-

291  pyrolysis of rice husk or bamboo sawdust with sludge (Jin et al., 2017; Xu et al., 2019). The

292  higher aromaticity of biochar is associated with its resistance to decomposition, reduced

293  oxidation, and greater versatility as soil amendments (Huang et al., 2017). Schimelphfenning

294  and Glaser (2012) studied the properties of biochar prepared from different raw materials under

295  disparate reaction conditions and proposed that biochars with H/C < 0.6 and O/C < 0.4 are more

296  suitable for soil improvement and carbon sequestration. Our study found that all generated

297  combined feedstock biochars met these criteria (Supplementary Material, Fig. S1).

298 Table 1 Characteristics of pig manure (PM), Japanese knotweed (JK), and the produced

299 biochars in dry basis (d.b.) at different pyrolysis temperatures (400, 500, 600, and 700 °C)

300 and different mixing ratios (1:3, 1:1, and 3:1).
Samples oH Proximate analysis (wt% d.b.) Ultimate analysis (wt% d.b.)

VOM FC Ash C H N o
JK 4.59+0.06 85.52+1.20 8.96£1.15 5.52+0.06 44.59+0.36 5.71£0.08  1.75+0.40  42.43+0.09
PM 7.39+0.05 69.86+0.30 4.01+0.13 26.14+0.44 30.97+1.51 5.23+0.14  2.51+£0.14  35.15+1.08

JK-400 9.52+0.56 75.39+0.37 9.62+0.08 14.99+0.30 46.88+10.52 2.65+0.04  2.75+0.05 32.73+£10.92
JK-500 10.04+0.01  68.04+0.21 15.99+0.42 15.97+0.64 68.72+0.84 1.16+0.21  1.89+0.19 12.26+1.87
JK-600 12.59+0.00  63.49+£3.10 19.6542.96 16.87+0.14 71.17+£0.89 1.09+£0.13  2.04+0.27 8.82+1.16
JK-700 12.73+0.01  62.75+1.46 19.97+1.54 17.29+0.08 73.58+0.13 0.82+0.04  2.02+0.13 6.29+0.12

17



PM-400 8.61+0.02 43.97+4.26 5.31+£0.29 50.73+4.55 33.12+0.10 1.41£0.00  2.17+0.02  12.57+4.44

PM-500 9.81+0.01 39.23+1.51 8.75+1.50 56.03+0.01 36.24+2.70 1.22+0.32  1.84+0.01 8.68+3.00

PM-600 10.15+0.04  29.45+0.95 9.74+0.86 60.82+0.09 31.80+0.37 0.59+0.02  1.19+0.01 5.60+0.45

PM-700 10.46+0.08  28.81+0.68 9.22+0.13 61.97+0.55 34.72+2.23 0.41+0.01  0.87+0.02 2.03£1.70

P1J1-400 9.03+0.02 52.16+0.88 11.07+0.28 36.77+0.59 49.5840.14 1.93£0.02  2.38+0.04 9.34+0.70

P1J1-500 9.25+0.01 47.75+1.14 13.03+0.05 39.23+1.09 53.74+1.58 1.41£0.05  2.22+0.08 3.40+0.45

P1J1-600 10.78+0.04  44.52+1.20 14.40+1.05 41.09+0.15 45.29+0.66 0.82+0.01  1.45+0.03 11.35+0.83

P1J1-700 11.77+0.16 ~ 42.14+0.08 14.32+2.44  43.55+£2.52 48.27+2.80 0.54+0.01  1.27+0.04 6.38+£5.36

P1J3-400 9.17+0.02 64.45+1.28 9.31+0.60 26.2540.68 60.26+3.15 2.32+0.10  2.63+0.02 8.54+2.59

P1J3-500 9.59+0.00 59.5340.73 14.88+2.33 25.60+1.60 60.14+1.22 1.53£0.05 2.22+0.03  10.50+2.91

P1J3-600 11.04+0.02  54.26+2.02 16.63+1.12 29.12+40.89 61.09+0.43 0.96+0.01  1.87+0.01 6.96+1.31

P1J3-700 11.91+0.02  53.24+0.18 17.60+£0.04  29.17+0.14 62.54+1.42 0.70£0.08  1.51+0.05 6.08+1.40

P3J1-400 8.63+£0.04 45.17+£0.19 9.58+1.13 45.26+0.94 40.07+£2.18 1.69+£0.09 2.35+£0.13  10.64+1.45

P3J1-500 8.76+0.01 38.51+1.81 13.83+1.52 47.67+0.29 44.12+1.85 1.19£0.10  2.15+0.16 4.88+1.82

P3J1-600 10.04+0.01  36.37+2.38 12.09+1.95 51.54+0.42 44.87+0.20 0.79+0.02  1.47+0.01 1.33+£0.61

P3J1-700 11.29+0.08  34.71+3.01 12.37+2.75 52.93+0.26 44.66+0.75 0.62+0.13  1.07+0.02 0.72+0.37

301 3.3 Heavy metal composition of the produced biochars

302 3.3.1 Total HMs in the biochars

303  Fig. 3 shows the total Cu and Zn and the residual rate of these metals in the feedstocks and
304  produced biochars. In terms of the total heavy metals in PM (Fig. 3), Zn (514 mg kg') ranked
305 first, followed by Cu (186 mg kg™). Other heavy metals like Ni, Cd, Cr, and Pb were below the

306  detection limit in this study, even though these metals were reported by others working on
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similar feedstocks (Lang et al., 2019; Wang et al., 2019). The high concentrations of metals in
manure could be ascribed to the extensive use of Cu and Zn supplements to promote pig growth
and prevent diarrhea (Yue et al., 2021). With rising pyrolysis temperature, the total Cu and Zn
in the PM-derived biochars gradually increased owing to the thermal decomposition of organic
matter in the feedstock (Xu et al., 2019). As expected, the total Cu (10 mg kg™!) and Zn (31 mg
kg of JK were much lower than in PM. Accordingly, the total heavy metals in the combined
feedstock biochars with higher JK addition were lower than pyrolysis of PM alone at the same
temperature due to a dilution effect. However, as for the biochar yields, a small synergistic
effect was also observed for the Cu content of the co-pyrolysis biochars, with a measured Cu
content 5 - 16% lower than the content theoretically calculated. For Zn, this synergistic effect
was not observed, and in general, co-pyrolysis yields more or less the same measured content

for this metal as theoretically calculated.

To better understand the fate of Cu and Zn during pyrolysis, especially how much was
conserved in the biochar related to the initial content in the feedstocks, the residual rate was
calculated following Eq. 2. Fig. 3¢ shows that the Cu residual rates in all biochars exceeded
80%, indicating that this metal was mainly retained in the solid fraction due to its relatively low
vapor pressure and high boiling temperature of 1083.4 °C (Zeng et al., 2018). Zn residual rates,
however, were lower and decreased with temperature (Fig. 3d), showing less retention of Zn,
resulting in decreased Zn concentration in the generated biochars with increasing temperature.
The reason is attributed to the high volatility of Zn (boiling temperature of 419.5 °C) or the
formation of highly volatile metal chlorides (Xiao et al., 2015) that could easily promote the

volatilization of Zn into the gas stream when the temperature increases above 400 °C. To
19



329  prevent secondary pollution of the environment, it might be necessary to carefully collect and

330 treat the liquid and gas phases after co-pyrolysis.

331  Finally, to produce a qualified organic soil amendment, biochar should contain less than 300
332 mg kg! of dry matter of total Cu and less than 800 mg kg of Zn, as recommended by the
333  European Union (EU, 2019). As expected, none of the PM-biochars met these limits in this
334  study due to the high Zn and Cu concentration in PM (Fig.3). However, the introduction of JK
335  to PM via co-pyrolysis beneficially reduced the total levels of heavy metals in the produced
336  biochars. P1J1 and P1J3 could meet the abovementioned requirements regardless of the

337  pyrolysis temperature.
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339 Fig. 3. Total concentrations of Cu (a) and Zn (b), and the residual rate of Cu (c) and Zn (d) in
340 feedstocks and biochars. 75°C is the temperature set to dry the feedstocks in the oven,

341 representing the temperature used for the analysis of raw materials; the dotted lines represent
20



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

the threshold of total Cu (less than 300 mg kg™') and Zn (less than 800 mg kg™) for soil

amendment required by EU

3.3.2 Speciation of HMs

Even though the combined feedstock biochars (P1J1 and P1J3) could meet the legal
requirements for total Cu and Zn contents, metal mobility is crucial to understanding their
potential environmental impact and toxicity. According to the BCR test, F1+F2 are the most
labile states, indicating high availability and direct eco-toxicity (Wang et al., 2021). F3 is
classified as a potentially effective state, relatively degradable under acidic and oxidizing
conditions. The stable F4 fraction keeps the metal within the crystal structure of primary and
secondary minerals (Du et al., 2019) and is less susceptible to dissolution. The differences in

distribution patterns of HMs are shown in Fig. 4.

For PM, over 70% of Zn was found in F1+F2, indicating an elevated environmental risk if PM
is directly applied to the soil. However, the proportion of Cu in PM of 90% in F3+F4 fractions
suggests that Cu predominated in the organic and residual fractions. When comparing the
fraction distributions of JK, F1+F2 of Zn (79.07%) and Cu (48.86%) were higher than those in
PM, indicating that JK also needs to be carefully processed to avoid possible environmental

risks by its direct use even though it has a much lower total metal content than PM.
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Fig. 4. Proportion changes in the speciation of Cu (a, b) and Zn (c, d) in feedstocks and
biochars evaluated by the sequential extraction procedure following the BCR protocol. F1 is
acid-soluble/exchangeable fraction, F2 is reducible fraction, F3 is oxidizable fraction, and F4
is residual fraction; and their availability and eco-toxicity decrease following the order: F1 >

F2>F3>F4

When converting the feedstocks into biochar, the unstable portions (F1+F2) of Cu in PM were
already lowered (3.74%) at 400 °C (Fig. 4a), which are then reduced to a lower valence and
further to crystalline Cu with rising temperatures (Li et al., 2019), leading to oxidizable Cu (F3)
transformed into the residual state (F4). The stable Cu (F4) in JK reached its highest value

(63.03%) at 500 °C. Unstable Cu (F1+F2) in JK also decreased to the lowest value (8.90%) at
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500 °C even though the found ratios were higher than those in PM (Fig. 4a). Consequently,

F1+F2 Cu fractions in combined feedstock biochars were slightly higher after JK addition (Fig.

3b); nevertheless, JK addition did increase the stable Cu (F4) mainly due to its apparent

increased F4 fraction at lower temperatures (< 500 °C). As the temperature rose to 600 °C

and 700 °C, stable Cu increased at JK/PM ratios of 1:1 (P1J1) and 1:3 (P3J1) as more crystal

Cu was formed with a higher PM addition.

Pyrolysis reduced the availability of Zn (F1+F2) in PM gradually to the lowest (19.04%) at

700 °C (Fig. 4c), and more stable Zn (F4) was also formed as the temperature rose, especially

for temperatures higher than 600 °C (= 30.71%). The F1+F2 fractions of Zn in JK-derived

biochars decreased to a minimum (19.85%), whereas the F4 fraction increased to a maximum

(45.88%) at 500 °C. Thus, during the co-pyrolysis of PM with JK, the F1+F2 decrease and the

F4 increase of Zn were more effective at higher JK addition and lower temperatures (<

500 °C). However, the increase in the JK ratio had a negligible effect on driving the decrease

of F1+F2 and the rise of F4 at higher temperatures. In all the combined feedstock biochars, the

non-available (F4) Zn increased to around 30% at 600 °C and 700 °C.

Based on the observed fractions of Cu and Zn in the resulting biochars, P1J1 prepared at 600 °C

and 700 °C appears to result in a lower eco-toxicity (significant decline in the F1+F2 fraction)

and higher stability (high formation of the F4 fraction) in the biochar. A high pyrolysis

temperature, however, consumes more energy and produces less biochar. Additionally, Zn can

volatilize into bio-oil and gases at a higher temperature, which may cause secondary pollution,

as described before. Thus, 600 °C could be considered an optimum pyrolysis temperature
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within the tested conditions since there is no significant difference between 600 °C and 700 °C.

3.3.3 Bioavailability of HMs

To confirm the results obtained with the BCR procedure, CaCl,-extraction was used to simulate
the actual environmental condition encountered in biochar utilization as a soil amendment (Du
et al., 2019) and correlated well with the Rhizon extractions and plant uptake (Van Poucke et
al., 2018) representing the direct bioavailability of HMs. The CaClz-extractable Cu and Zn are

shown in Fig. 5.

The values found were 4.27 and 34.44 mg kg'!' in PM and 2.51 and 3.99 mg kg™ in JK for Cu
and Zn, respectively, and decreased when converting the feedstocks into biochars. CaCl,-
extractable Cu and Zn in the JK-derived biochars achieved the lowest value at 500 °C, with the
extractable Cu increasing at higher temperatures. The bioavailable Cu in PM-derived biochars
also decreased and then slightly increased after 600 °C while Zn continuously decreased with
temperature. Increasing the temperature to certain degree results in the formation of exuberant
pores and stable aromatic structures in biochar, which can bind metal compounds to carbon
functional groups and reduce the amount of heavy metals that can be extracted (Du et al., 2019).
However, biochars pyrolyzed above a specific temperature tend to be more hydrophilic,
facilitating residual heavy metal leaching (Shen et al., 2020). The threshold temperature of this
study was 500 °C for JK and 600 °C for PM, and the difference might be attributed to the
organic and inorganic compositions difference between PM and JK, resulting in various
formations of organometallic or inorganic-metallic complexes during pyrolysis (Xu et al., 2019).

As a result, CaCl,-extractable Cu and Zn in combined feedstock biochars decreased to the
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lowest values in general at 600 °C and showed a no or slight increase after that. This result
agreed with the changing behavior of F1+F2 fractions, further suggesting that 600 °C is enough
to produce low bioavailability in the combined feedstock biochar, making it a better choice for

co-pyrolysis of PM and JK.
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Fig. 5. Concentrations of CaCl-extracted Cu and Zn in feedstocks and biochars (75 °C is the
temperature set to dry the feedstocks in the oven, representing the temperature used for the

analysis of raw materials)

3.3.4 Environmental risk assessment

For further confirmation of the potential environmental risk of generated biochar by HMs, the
contamination factor (Cr) and potential ecological risk (E;) for each metal and the potential

environmental risk index (RI value) were calculated and are shown in Table S2.

The Ct value of Cu in both PM and JK indicated low contamination, while, for Zn, this value
indicated high contamination in PM and considerable contamination in JK. The E, values for
Zn demonstrated a moderate risk in PM and a low risk in JK. The RI value of PM suggested a
moderate environmental risk when applied to soils and water, and Zn was the main contributor

to this high RI (88.32%). Pyrolysis decreased the RI of PM, and the rising temperature further
25
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enhanced this reduction, with all produced biochars having RI below the threshold value of 50,

meaning low potential environmental risk.

In combined feedstock biochars, Cy, E,, and RI decreased as JK/PM ratio increased, especially
at 400 and 500 °C. Higher temperatures also reduced the RI to a great extent, but there was no
significant difference between the different composite biochars. These results agree with the
metal speciation analysis and further corroborate that P1J1 produced at 600 °C is a good

combination for producing biochar with low contamination and potential environmental risk.

3.4 Nutrient content of biochars

Besides the changes in HMs, the inorganic minerals (P, Ca, K, and Mg) of feedstocks and
pyrolysis-derived biochars are also worthy of attention and are shown in Fig. 6. PM was rich in
Ca (23.80 mg kg!), Mg (24.34 mg kg™!), and P (32.43 mg kg!), which was expected as PM has
a high ash content and contains high amounts of inorganic minerals in its composition (Wang
et al., 2020a). JK was rich in K (18.24 mg kg'), the most abundant cation in natural plants.
Pyrolysis retained P, Ca, K, and Mg in biochars, as mineral alkali salts were released from the
pyrolytic structure during the pyrolysis process. Similar results were reported for biochar
produced from agricultural wastes and sludge (Karim et al., 2019; Rodriguez et al., 2021). As
expected, co-pyrolysis of PM with JK resulted in a reduction of P, Ca, and Mg in combined
feedstock biochars compared to the PM, but higher than those in JK, following the order: P3J1 >

P1J1 > P1J3, consistent with the ash contents in the related biochars.

The average content of Ca, P, and Mg slightly decreased as the temperature increased from 600

to 700 °C, once more indicating that 600 °C was a better choice over 700 °C. In contrast, K
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content increased as follows: JK > P1J3 > P1J1 > P3J1 > PM when the pyrolysis temperature

increased. K in the plant reacts with the active functional groups produced from organic matter

in cellulose during pyrolysis or intercalates in char layers to form insoluble char K and further

transform into a more stable K,COj as temperature rises (Chen et al., 2017).

The accumulation of nutrients could be considered a bonus for the pyrolysis process. Rising the

pyrolysis temperature can not only effectively reduce the bioactivity of heavy metals but also

achieve nutrient retention. Among the three combined feedstock biochars, P1J1-600 preserved

70.16%, 55.00%, and 57.75% of Ca, Mg, and P, respectively, compared to PM-600, and 63.89%

of K in contrast to JK-600. Taking P, Ca, Mg, and K into consideration also suggested that P1J1-

600 would be a suitable candidate with a reasonable rate of nutrient conservation to produce

the desired biochar.
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Fig. 6. Nutrient contents of feedstocks and biochars
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Unlike the total nutrient concentration, the increase in pyrolysis temperature decreased the
bioavailable (CaClr-extractable) P, Ca, Mg, and K in the derived biochars of PM, JK, and their
mixtures to less than 2 g kg™!, on average (Supplementary Material Fig. S2). As the temperature
increased, amorphous P, Ca, and Mg might have crystallized to form insoluble phosphate
minerals (calcium pyrophosphate and magnesium pyrophosphate), reducing the bioavailability
of P, Ca, and Mg in biochar (Rodriguez et al., 2021). The high total K also lays the foundation
for the higher bioavailable K in JK and derived biochar than other generated biochar;
nevertheless, the bioavailable K also decreased with increasing temperature. The low
extractable nutrients observed suggest that the generated biochars can act as a slow-release
nutrient source when applied to soils while limiting the leaching of excessive nutrients from

direct use.

Overall, when looking at biochar as an amendment for soil restoration, it is expected that the
final product would have high aromaticity, heavy metal presented in a stable form with low
bioavailability, low environmental risk, meet the total heavy metal control requirements of
organic soil improvers, and retain significant amounts of nutrients. The P1J1-600 biochar
obtained in this study met all of the abovementioned requirements and, therefore, can be
considered a suitable candidate for soil amendment. It is also worth noting that Cu and Zn,
highlighted in this study, are essential nutrients required in fertilizer programs for plant
production and development when present at relatively low concentrations. For the optimum
biochar P1J1-600 mentioned above, 46.16% of Cu and 50.38% of Zn were maintained in the
char compared with PM-600, reducing the total HMs concentration while effectively retaining

part of the Cu and Zn content to meet the total organic fertilizer requirement (Cu < 300 mg kg
28
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!, Zn < 800 mg kg™). In addition, the bioavailable proportion of Cu and Zn are also low when
looking at the most available fractions (CaCl,-extractable, F1+F2) in P1J1-600, minimizing the
environmental risk while enabling the biochar to act as a nutrient source of these elements when

applied to soils.

4. Conclusion

The co-pyrolysis of pig manure (PM) with Japanese knotweed (JK) was assessed to increase
the carbon content, reduce the metal content of pure PM-derived biochar, and enhance the
nutritional values of the plant-derived biochar. The combined feedstock biochar with half pig
manure and half Japanese knotweed addition prepared at 600 °C (P1J1-600) had the desired
properties with enhanced aromaticity, heavy metal presented in a more stable form with less
bioavailability, lowered environmental risk in terms of total heavy metal according to legal
requirements for organic improvers, and also retained the higher amount of nutrients, showing

great potential to be used as an amendment for soil restoration.
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