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Abstract

Estuarine wetlands provide a variety of ecosystem services, including carbon sinks, nitrogen removal,
marine habitats, and climate regulation. However, many estuarine marshes are suffering from soil heavy
metal pollution, which significantly affects soil enzyme activities that influence the carbon and nitrogen
biogeochemical cycles in wetlands. To date, studies on the effects of wetland plant biochars on heavy
metal adsorption and enzyme activity in estuarine wetland soil are limited. The purpose of this study was
to assess the effects of wetland plant biochars on the enzyme activity in heavy metal contaminated soil.
The biochars were produced from Phragmites australis (PB), Suaeda salsa (SB), and Tamarix chinensis
(TB) under different pyrolysis temperatures and times. The detected pyrolysis products showed that the
ash, pH, electrical conductivity, and carbon content of the biochars increased significantly, while the
production rate of the biochars decreased with increasing pyrolysis temperature and time. The results of
the adsorption experiments indicated that biochar addition could effectively reduce the concentration of
Pb and/or Cd in the Pb?*/Cd?* single or mixed solutions, but the Pb?* and Cd?* in the mixed solution
indicated a competitive adsorption. A 30-day incubation experiment was conducted using salt marsh soil
amended with different biochar application rates to investigate the short-term effects of biochar addition
on Pb and Cd immobilization. The PB and SB significantly immobilized Pb within the first 15 days, but Pb
remobilized within the next 15-day period. In contrast, TB addition did not significantly fix Pb. Moreover,
biochar addition promoted the conversion of Cd from the residue to the less immobile fractions. The
addition of three types of plant biochar had no significant effect on the urease activity in wetland soil but
significantly increased soil sucrase activity. PB and SB significantly promoted catalase activity, while TB
significantly inhibited soil catalase activity.

1. Introduction

Heavy metal pollution in soil adversely affects ecosystem health and food safety. Many
coastal/estuarine wetland soils are highly contaminated with heavy metals (Zhang et al., 2016; Cheng et
al., 2017). The Yellow River Estuary is the largest and youngest estuarine wetland ecosystem in China. In
recent years, rapid industrialization, urbanization, and growth of agricultural practices in the coastal
zones of the Yellow River Estuary has increased the risks of heavy metal pollution in wetland water and
soil (Zheng et al., 2017). For example, the content of Pb and Cd in the wetland soil of the Yellow River
Delta was found to be significantly higher than that of the local soil, which is a major concern due to their
high mobility and persistence in the environment (Yao et al., 2016). Therefore, reasonable and feasible
measures need to be theoretically developed, considering developmental changes in wetland water
quality and soil environmental safety.

Biochar is the product of biomass pyrolysis under high temperature and low or no oxygen conditions.
Compared with the traditional lime, phosphate, and other modifiers, the surface of biochar is rich in
functional groups, negatively charged, and has high cation exchange capacity, porosity, and specific
surface area (Schimmelpfennig and Glaser, 2012; Zhang et al., 2013). In recent years, the benefits
associated with biochar soil application (beyond its strong adsorption and immobilization capacity of
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heavy metals) have been reported increasingly (Sohi et al., 2010; Tong et al.,, 2011; Rinklebe et al., 2016).
The physico-chemical properties of biochar are affected by biomass type and preparation conditions
(pyrolysis temperature, carbonization time, etc.,), which directly affects the remediation success of the
heavy metal contaminated soil (Bian et al., 2014; Shen et al., 2016; Al-Wabel et al., 2017). Moreover,
biochar production rates decrease, pH increases, and carbon percentage increases with increasing
pyrolysis temperatures. However, higher pyrolysis temperature scarcely alters biochar aromaticity but
decreases biochar polarity and increases the specific surface area (Xu and Zhao, 2013; Yuan et al., 2013).
Higher biochar amounts will also affect heavy metal adsorption and immobilization efficiency.

Previous studies observed a gradual decrease in the bioavailability of heavy metals in soil with increasing
biochar addition (Park et al., 2011; Houben et al., 2013; Xu and Zhao, 2013). For example, a rice straw
biochar produced at 300°C had an adsorption capacity of 2.4 mg g~ ' in a Pb solution (Liu and Zhang,
2009). A 2 % addition of Eichhornia crassipes biochar significantly reduced the soil extractable Pb after
30 days of incubation (Yin et al., 2016). However, some studies have shown that biochar enhances the
activity of certain heavy metals in the soil due to the supply of dissolved organic carbon from the biochar.
For example, the addition of biochar and green manure to contaminated soils significantly increased the
content of Zn and Cu in the soil pore water due to the significant increase in soil dissolved organic carbon
and pH (Beesley et al., 2010). Previous studies assessing the adsorption and immobilization of heavy
metals by biochar were mostly based on the remediation of heavy metal pollution in farmland and
mining areas; however, few studies have assessed coastal/estuarine salt marshes and saline soils under
potential risk of Pb/Cd pollution, especially by adopting the native salt marsh plants as biochar
resources.

Soil enzyme activity reflects the soil microbial processes. Many studies have assessed the effects of
biochar addition on soil enzyme activities and microorganisms, most of which are related to the carbon
and nitrogen cycle. Soil carbon, nitrogen, pH, and cation exchange capacity have been shown to affect
soil enzyme activity (Gianfreda and Rao, 2008; Paz-Ferreiro et al., 2012), and biochar can indirectly affect
soil enzyme activity by affecting these indicators. Biochar also contains nutrients required for
microorganism growth, such as phosphorus, potassium, and magnesium; these nutrients can enhance
the soil enzyme activity (Lehmann et al., 2011) by promoting soil microbial activity. However, different
biochar and soil types have different effects on soil enzymes. Imparato et al. (2016) found that high
concentrations of wheat straw gasified biochar could promote soil phenoloxidase and reduce cellulase.
Zhou et al. (2015) found that the addition of peanut shell biochar significantly increased the soil sucrase
and urease activities, and the soil enzyme activity increased with increasing amounts of biochar. Biochar
can also affect the activities of soil redox enzymes, such as dehydrogenase and catalase. For example,
some studies found that adding different types of biochar to soil increased the soil dehydrogenase
activity (Paz-Ferreiro et al., 2012; Sopefia and Bending, 2013). Feng et al. (2015) found that 0.5 % addition
of corn straw charcoal inhibited the activities of catalase and neutral phosphatase in brown soil. Zou et
al (2015) found that biochar promoted the activities of sucrase and urease but inhibited the activity of
neutral phosphatase in cucumber continuous cropping soil. Another study found that the soil sucrase
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and alkaline phosphatase activities were significantly inhibited when biochar concentrations reached 50
mg kg™, while the soil urease and alkaline phosphatase activities increased (Huang et al., 2017) under
biochar concentrations of 10 mg kg™ .

In this study, we prepared biochar using three native wetland plants and studied the differences in the
physical and chemical properties of biochar under different preparation conditions. Through the addition
of biochar under experimental conditions, we aimed to assess the effects of the different biochars on the
fixation of heavy metals and soil typical enzyme activity in the wetland soil of the Yellow River Delta. In
practice, our study provides a guide for the application of wetland plant biochar to remediate soil heavy
metal pollution in wetlands. Moreover, our findings also provide a scientific basis for the improvement
and management of soil environment in similar estuarine wetlands.

2. Material And Methods
2.1 Study sites and soil collection

The experimental soil (0—10 cm) was collected from the Yellow River Delta Experimental Station
(37°45'46"N, 118°58'53"E) in October 2020. The surrounding wetland plants were mainly Phragmites
australis (PB), Suaeda salsa (SB), and Tamarix chinensis (TB), and these species were collected for
experimental analyses. The aboveground parts of PB and SB were withered, while the leaves of TB were
still green in appearance at the time of collection. The properties of the soil samples were as follows:
moisture content: 30.17 + 1.21 %; pH: 8.13 + 0.21; electrical conductivity (EC): 9.22+0.12 mS cm™; soil
organic carbon (SOC): 7.97 + 0.27 g kg™ '; total nitrogen: 0.60 + 0.11 g kg™ ; total phosphorus: 552 + 38
mg kg~ '; Pb concentration: 17.13 + 2.03 mg kg~ '; and Cd concentration: 0.23 + 0.09 mg kg~ . The soil
was air-dried at room temperature and passed through a 2 mm sieve to remove the plant residues and
impurities. Air-dried soil was homogenized before the physico-chemical property analyses and the
incubation experiment (Zheng et al., 2017).

2.2 Biochar production

The experimental wetland plants were dried and dehydrated at 60°C and then crushed after reaching a
constant weight. The dry stems and twigs were then smashed in a pulverizer and placed into a covered
crucible for carbonization in a muffle furnace at 300, 400, or 500°C for 30, 60, and 120 minutes
(Igalavithana et al., 2017). The prepared biochars from the three plants (PB, SB, TB) were stored in a
desiccator, and a total of 27 types of biochars were produced (Table 1). The pH of the biochars was
measured by adding the biochar to deionized water at a mass/water ratio of 1:20 (Cui et al., 2016). The
EC was measured by a conductivity meter (VWR Scientific, West Chester, PA, USA), and the carbon levels
were determined via dichromate oxidation (Wang et al., 2016). The acid functional group distribution was
determined using the Boehm titration method (Mukherjee et al., 2011).
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Table 1

The 27 kinds of biochars produced from different sources.

Biomass

Phragmites australis

Suaeda salsa

Tamarix chinensis

Pyrolysis Temperature,

°C

300

400

500

300

400

500

300

400

500

Page 5/28

Pyrolysis Time,
minute
30
60
120
30
60
120
30
60
120
30
60
120
30
60
120
30
60
120
30
60
120
30
60
120
30
60

Abbreviations

P300-1
P300-2
P300-3
P400-1
P400-2
P400-3
P500-1
P500-2
P500-3
S300-1
S300-2
S300-3
S400-1
S400-2
S400-3
S500-1
S500-2
S500-3
T300-1
T300-2
T300-3
T400-1
T400-2
T400-3
T500-1
T500-2




Biomass Pyrolysis Temperature, Pyrolysis Time, Abbreviations

°C minute

120 T500-3

2.3 SEM and EDS spectra

Scanning electron microscope (SEM) (Hitachi S-3400N-II) imaging was used to compare the structure
and surface characteristics of biochar. A surface element analysis of biochar was conducted with the
SEM using energy dispersive X-ray spectroscopy (EDS, Hitachi SU-8010).

2.4 Laboratory incubation experiment

Based on the soil Pb and Cd concentrations in the Yellow River Estuary, a solution with Pb?*
concentration of 200 mg L™ using Pb(NO3),, a solution with Cd?* concentration of 5 mg L™ using

Cd(NO,),, and a mixed solution of Pb?* (200 mg L™ ") and Cd?* (5 mg L™ ") with 0.01 mol L™ Ca (NO3) ,
as an electrolyte (Celis et al., 2000) were perpared for the experiment. The biochar (0.2 g) was added into
a centrifuge tube containing 50 ml Pb2* and Cd2* single or mixed ion solution. After shaking at room
temperature (25°C) for 2 h, the final suspensions were centrifuged and filtered, and the supernatant
solution was separated for the analysis of Pb and Cd concentrations via inductively coupled plasma-
atomic emission spectrometry (ICP—AES) (Dai and Liu, 2013). Each treatment had three replicates.

According to the result of our adsorption experiment, the biochars produced under the pyrolysis condition
of 500°C and 120 min had the highest Pb%* and Cd?* adsorption rates and were therefore selected as the
biochar resource for the incubation experiment. More than 200 g of biochar produced from each of the
three wetland plants was prepared for the soil incubation experiment. The biochars were uniformly mixed
into the soils at rates of 0.5 %, 1 %, and 2 % (dry soil ratio, w/w), with the control group receiving no
biochar (Table 2). Each treatment had three replicates. The amended soils were placed in 500 mL plastic
bottles and incubated in a dark room at 25°C for 30 days. We added deionized water each day to
maintain the moisture content (30 %), and the soils were sampled at 15 and 30 days. Heavy metal
fractionations were determined by the Tessier continuous extraction method (Tessier et al., 1979).
Moreover, the soil enzyme activities were detected after 30 days of cultivation. The urease activity was
determined by sodium phenate and sodium hypochlorite colorimetry; sucrase activity were assayed via
3,5-dinitrosalicylic acid colorimetry (Hu et al., 2006); and catalase activity was detected via potassium
permanganate titration (Edwards et al., 1992).
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Table 2
Treatments of incubation experiments.

Description of treatments Abbreviations

200 g soil (Control) CK
200 g soil + 1 g biochar (P500-3) (0.5% w/w)  P1
200 g soil +2 g biochar (P500-3)(1% w/w) P2
200 g soil + 4 g biochar (P500-3) (2% w/w) P3
200 g soil + 1 g biochar (S500-3) (0.5% w/w)  S1

200 g soil + 4 g biochar (S500-3) (2% w/w) S3
200 g soil + 1 g biochar (T500-3) (0.5% w/w)  T1
200 g soil +2 g biochar (T500-3) (1% w/w) T2

(
(
(
(
200 g soil +2 g biochar (S500-3) (1% w/w) S2
(
(
(
(

200 g soil + 4 g biochar (T500-3) (2% w/w) T3

2.5 Statistical analyses
The heavy metal adsorption rate was calculated using the following formula:

c—

:D x 100%,

(%) =
Heavy metal adsorption rate

where Crepresents the initial heavy metal concentration, and C, represents the concentration after the
adsorption experiment.

For the statistical analyses, we performed an ANOVA followed by a least significant difference (LSD) test
(p<0.05) to compare the average results of the different treatments (Schabenberger and Gotway, 2017).
The figures of the experiment results were generated using SigmaPlot 12.5 and R studio.

3. Results And Discussion
3.1 Biochar characteristics
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Table 3
The physico-chemical properties of 27 kinds of biochars.

Biochars Productive Ash pH EC C;arbon Acidic surface functional group
rate (%) (%) (ms (%) (mmol g~")
cm™") Carboxyl Weak Phenolic
acid hydroxyl
P300-1 50.60 8.16 6.93 0.99 30.73 1.31 0.04 1.22
P300-2 46.71 9.97 6.65 1.19 37.52 1.31 0.04 1.23
P300-3 45.63 10.00 6.43 0.64 56.89 1.33 0.03 1.25
P400-1 37.38 7.92 6.46 0.55 46.79 1.23 0.02 1.13
P400-2 31.96 11.65 6.40 0.80 4417 1.24 0.02 1.15
P400-3 28.39 12.38 6.85 2.07 48.90 1.22 0.03 1.14
P500-1 36.44 13.59 6.97 2.94 47.86 1.19 0.01 1.03
P500-2 30.24 15.00 7.78 3.84 54.33 1.21 0.03 1.04
P500-3 22.82 17.65 8.93 4.32 55.35 1.23 0.02 1.08
S300-1 64.97 29.39 7.45 15.08 30.69 1.21 0.10 1.25
S300-2 64.41 28.56 7.18 16.18 35.23 1.22 0.08 1.20
S300-3 39.29 33.58 7.56 19.30 40.66 1.22 0.10 1.22
S400-1 50.77 37.25 8.91 20.90 33.28 1.19 0.06 1.26
S400-2 40.96 39.3 8.83 20.50 33.43 1.11 0.04 1.26
S400-3 33.96 4210 9.46 21.00 37.04 1.10 0.07 1.18
S500-1 43.79 46.05 10.34 23.70 34.69 1.05 0.03 1.04
S500-2 39.48 4694 1045 25.50 36.34 1.06 0.06 1.07
S500-3 31.62 4436 10.24 26.40 38.54 1.07 0.03 1.08
T300-1 65.81 9.99 7.93 3.85 47.42 1.33 0.11 1.24
T300-2 61.59 9.73 7.09 3.55 46.24 1.37 0.06 1.24
T300-3 57.82 10.13 6.87 3.55 48.66 1.39 0.04 1.25
T400-1 53.52 11.84 7.42 3.83 49.53 1.19 0.03 1.11
T400-2 52.06 1270 7.75 3.97 53.68 1.20 0.04 1.13
T400-3 43.19 15.66 8.03 3.73 54.90 1.23 0.02 1.15
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Biochars Prod(uc)tive ,(As)h pH EC ?a)rbon Acidic surface functional group
rate (% % % -1
(mS (mmol g™")
cm™") Carboxyl Weak Phenolic
acid hydroxyl

T500-1 48.90 1549 8.54 4.03 49.57 1.02 0.03 1.04
T500-2 38.98 15.92 9.29 418 47.09 1.02 0.02 1.02
T500-3 38.29 16.40 9.65 5.74 51.90 1.01 0.04 1.09

The physico-chemical properties of the biochars are shown in Table 3. The productive rate of biochar
showed a tendency to decrease with increasing pyrolysis temperature and time. The biochar productive
rates of the three plants (22.82 %, 31.62 %, and 38.29 %) were the lowest under the condition of 500°C
and 120 min, which were significantly lower than the rates at the condition of 300°C and 30 min. This
trend suggests that an increase in pyrolysis temperature and time enhances the rate of decomposition
and transformation of cellulose, hemicellulose, lignin, and other components in the plants (Yang et al.,
2007; Novak et al., 2009). By comparing the productive rates of biochars produced from different plants
under the same production conditions, we found that the productive rate of PB was lower than those of
the other two species, which suggests that Phragmites australis was more easily carbonized. This may
be due to its spongy like tissue structure and high substrate accessibility as well as the increase in
porosity caused by the gradual rise in the production of volatile compounds inside PB particles during the
pyrolysis process (Liu et al., 2016; Akar et al., 2018).

The ash content and pH of biochars increased with increasing pyrolysis temperature and time. Studies
have shown that the increasing biochar ash content is due to the increase in mineral residues in biomass
with increasing pyrolysis temperature and time (Cao and Harris, 2010; Yuan et al., 2011). As the ash of
biochar contains alkaline mineral elements, such as Na, Mg, and K, the pH showed the same trend as that
of the ash content (Usman et al., 2016). Accordingly, the concentration of acidic surface functional
groups reduced with increasing pyrolysis temperature and time. The difference in the functional groups
of the biochars may be due to the difference in hemicellulose, cellulose, and lignin contents of the
different wetland plant species (Cui et al., 2016). Under the same production conditions, the ash content
and pH of SB were significantly higher than those of the other two biochar types, which may be related to
the presence of more alkaline substances and higher ash contents in the plants (Raveendran et al., 1995).
The EC increased significantly with increasing pyrolysis temperature, and it has been reported that the
presence of higher soluble salts in biochar ash could be responsible for higher EC (Zhai et al., 2015).

The carbon percentage of the three types of biochar gradually increased with increasing pyrolysis
temperature and time, indicating that the degree of carbonization continued to increase. The carbon
contents of PB and TB were higher than that of SB under the same production conditions, which may be
due to the higher degree of fibrosis of the two plants (Al-Wabel et al., 2017). The surface of the biochars
was rich in many acidic functional groups. The distribution of the three functional groups was similar
(Table 3), which may be related to the uniform pyrolysis temperature (Uchimiya et al., 2010).
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As shown in the SEM images (Fig. 1), PB had a typical accordant tubular structure, and its destruction
and fragmentation (and thus the specific surface area) notably increased with increasing pyrolysis
temperature and time. This finding was the same as the biochar structure derived from lotus stalks, and
this configuration may favor the diffusion of heavy metal ions into biochar (Huang et al., 2012). Although
the increase in the surface area and pore volume of TB with increasing pyrolysis temperature and time
were not as notable as those of PB, the destruction and fragmentation of TB at 500°C strongly affected
its pore development (Fig. 1); this could enhance metal ion retention in the soil-biochar environment,
despite the generally low specific surface area of TB (Irfan et al., 2016). With a granular or massive
structure, the SB maintained a greater specific surface area, and the biochar surface area occurred in the
order of SB>PB >TB (Fig. 1).

Table 4

The EDS surface element analysis of three
biochars.

Biochars C(%) N(®%) O((%) H(%)

P500-3 43.51 10.23 46.26 ND
S500-3 58.04 6.92 35.04 ND
T500-3 36.17 7.05 56.78 ND

ND: not detectable.

Biochars produced under the pyrolysis condition of 500°C and 120 min (P500-3, S500-3, and T500-3)
were selected as the biochar resource for the incubation experiment because of their higher heavy metal
adsorption rate, according to the results of our adsorption experiment. EDS surface element analysis
revealed that when the pyrolysis temperature reached 500°C, C, O, and N became the main elements in the
three biochar types, while H was not detected (detection limit: 0.1 %) (Table 4). Moreover, the contents of
P K, S, and Mg were close to the detection limit (date not shown). The highest carbon content occurred in
the surface of SB (58.04 %), followed by PB (43.51 %), and the lowest carbon content occurred in TB
(36.17 %); this suggests that the percentage of C on the biochar surface differed to that of the whole
biochar. This may be due to the presence of some ash ingredients covering the surface of the biochar
(Table 3).

3.2 Adsorption of Pb%*/Cd#* on different biochars in
solution

The results of the adsorption experiment are shown in Fig. 2. In general, the adsorption rate of heavy
metal ions by biochars increased with increasing pyrolysis temperature and time in both single and mixed
solutions.

In the single solution, the adsorption rate of Pb and Cd by PB increased significantly with increasing
pyrolysis temperature and time. Specifically, the adsorption rate of Pb increased from 39.14 % by P300-1
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to 82.15 % by P500-3, and the adsorption rate of Cd increased from 43.91 % by P300-1 to 84.94 % by
P500-3. The adsorption rate of Pb by SB in the single Pb?* solution stopped increasing significantly when
it reached 90 % at the pyrolysis temperature of 400°C, while the adsorption rate of Cd by SB in the single
Cd?* solution stopped increasing significantly when it reached 97 % at 500°C. The adsorption capacity of
heavy metal ions per unit mass of biochar is fixed When the adsorption reaches a certain threshold, the
removal effect of heavy metal ions by the biochar is weakened (Tan et al., 2015). The adsorption rate of
heavy metals by TB showed an increasing trend with increasing pyrolysis temperature, but the trend was
not as obvious as that of SB. The maximal adsorption rate of Pb and Cd by TB reached 61.74 % and
96.19 % (by T500-3 in single solution). The generally higher adsorption rate in the SB treatment may be
related to the higher pH of SB, as reported by Tan et al. (2015), who found that at higher pH levels, heavy
metal cations would outcompete the lower abundance of H* ions in the active sites, which promotes the
adsorption of heavy metals into biochar. Further, with increasing pH, the functional group loses a proton
and complexes with heavy metals, which increases the adsorption rate (Wang et al., 2009). Moreover, the
larger specific surface area of the SB biochar with granular morphology (Fig. 1) and a higher content of
weak acidic surface functional groups (Table 3) are also the cause for the significantly higher adsorption
rates of the two heavy metals by SB than by the other two biochars in the single solution (Cui et al.,
2016).

In the mixed solution, the maximum adsorption rate of Pb and Cd for each plant biochar pyrolysis time
was still 500°C (except Cd of P300-2). The heavy metal adsorption rate by the three types of plant
biochars mostly decreased by 48.83 % (P400-2), 67.88 % (S400-2), and 35.37 % (T400-3) for Pb; and
62.54 % (P500-3), 65.06 % (S500-1), and 73.6 % (T500-3) for Cd. Compared with the single solutions, the
adsorption rate of heavy metals in the mixed solutions decreased significantly, indicating that the
coexistence of the two heavy metal ions weakened the adsorption of an individual metal by biochar. This
was consistent with a previous finding in which the adsorption of Zn and Cu by biochar decreased in the
mixed solution relative to that in the single solution, likely because both heavy metal ions occupied the
same adsorption sites in the biochar (Chen et al., 2011; Uchimiya et al., 2011). Moreover, both Pb and Cd
are divalent metal ions, resulting in competitive adsorption when complexing with a functional group on
biochar surfaces (Ma et al., 2016).
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Table 5
Correlations between biochars properties and heavy metals adsorption

Ash pH EC Carbon Functional Pb Cd
group adsorption  adsorption
Ash 1
pH 0.744** 1
EC 0.986** 0.702** 1
Carbon -0.625**  -0.226 -0.659** 1
Functional -0.315 -0.649**  -0.224 -0.128 1
group
Pb 0.837**  0.604**  0.793*  -0.444* -0.443* 1
adsorption
Cd 0.619** 0.876** 0.587** 0.02 -0.571** 0.502** 1
adsorption

*k, Co)rrelation is significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2-
tailed).

The correlation between biochar properties and heavy metal adsorption is shown in Table 5. We observed

a significant positive correlation between biochar ash, pH, and EC, which were all negatively correlated
with carbon and the concentration of functional groups (P<0.01). The adsorption rate of heavy metals
showed a significant positive correlation with biochar ash, pH, and EC and a significant negative
correlation with the number of functional groups (P<0.01). The increase in carbon content significantly
inhibited the adsorption of Pb (P<0.05) and insignificantly promoted the adsorption of Cd.

3.3 Immobilization of soil Pb/Cd after different biochar
additions

The Pb and Cd fractions in soils after biochar addition are expressed as percentages of the sum of the
individual chemical fractions, and the results are presented in Fig. 3. After 15 days of incubation, the rank
order of Pb fractions in the control group was residual (80.68 %) > Fe-Mn oxides (6.49 %) >carbonate
(4.84 %) > exchangeable (4.10 %) >organic (3.87 %). The proportion of residual Pb in each treatment
significantly increased after the biochar addition, and the increase in the PB treatments were the highest
of the three biochars (by 9.57-12.15 %). The other four Pb fractions in the treatments were significantly
lower than those in the control group. The proportions of exchangeable Pb in the PB treatments were the
lowest, with percentages of 0.95 % in P1, 0.40 % in P2, and 0.08 % in P3 (treatments in Table 2), which is
equivalent to a decrease of exchangeable Pb by 76.82 %, 97.56 %, and 98.00 % compared with the control
group (Fig. 3, “15 days Pb"). According to previous studies, pH was found to be an important influencing
factor on soil heavy metal precipitation, adsorption, and desorption. The addition of high-pH biochars
(P500-3:8.93, S500-3:10.24, T500-3:9.65) to the studied soil (pH: 8.13 £ 0.21) may promote an increase in
soil pH and surface charge, which would enhance the precipitation of heavy metals (Cao et al., 2009). In
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contrast, the increase of soil pH could promote ion exchange with the biochar surface and reduce the
mobility of heavy metals in soils (Adriano et al., 2004). Houben et al. (2013) found that the addition of 10
% rapeseed biochar had a similar effect to that of lime addition on soil heavy metal fixation, as both
mechanisms increased the soil pH. Moreover, the ash of biochars contained alkaline mineral elements.
Previous studies have shown that oxygen-containing functional groups and a large number of biochar
cations (Ca, K) are the main cause for the high adsorption efficiency of heavy metals (Ahmad et al,,
2014). The addition of carbon-rich biochars (Table 4) would also cause the formation of carbon-centered
compounds, which subsequently bind to metals (Huang et al., 2007); this confirms the role of carbon in
the reduction of soil exchangeable heavy metals, and, in turn, soil heavy metal mobility and
bioavailability (Kumpiene et al., 2008; Al-Wabel et al., 2017). In this study, the conversion of Pb to the
residual state was more strongly promoted by PB than the other two biochar types. This may be related to
the higher content of phosphorus in PB, which combines with Pb to form Pbs(P0O,), and Pbs (PO,)3;0H
precipitates (Cao et al., 2011). These results suggest that biochars derived from different biomasses
produced under different conditions and applied at different rates, could generate varying degrees of Pb
immobilization. Hence, the effects of certain biochars are not easily transferable to other biochar sources.

After 30 days of incubation, the distribution of Pb geochemical fractions under the biochar treatments
were similar to those in the control group. This result differs to that after 15 days of incubation. The
residual state of the control group was the lowest in all treatments, but not significantly, suggesting that
the effect of biochar addition on Pb immobilization was largely weakened with increasing incubation
time. This suggests that the continuous immobilization of Pb in saline soils via the three wetland plant
biochars was limited by time. This result may be due to the high EC value of the soil solution, which leads
to active ion exchange (Backstrom et al., 2004), and the available Pb in the soil solution therefore
increased with increasing incubation time.

After 15 days of incubation, Cd fractions in the control group occurred in the order of residual (71.97 %) >
carbonate (19.9 %) > organic (4.37 %) > Fe-Mn oxides (2.94 %) > exchangeable (0.79 %). Compared with
the control group, the residual state in the biochar addition treatments reduced, while the exchangeable
and carbonate states increased significantly, which suggests that the available Cd in soil increased within
15 days of incubation. Even after 30 days of incubation, the availability of Cd in soil was higher than in
the control group. PB promoted the largest available Cd increase among the three biochars. Similar
findings were also observed by previous studies that used other biomaterial-derived biochars. For
example, Hou et al. (2011) found that chicken manure and wood chip biochars increased the availability
of Pb, Cd, and Cu in contaminated soils, which was inferred to be associated with the high residual
fraction concentration of these three metals in the studied soil. Moreover, Lin et al. (2007) attributed the
increase in soil carbonates and organic-bound heavy metals after bone biochar addition to the higher
alkalinity and organic content of biochar. However, conclusive evidence for how biochar promotes the
conversion of Cd from the residue to the available state requires further investigation. Based on previous
studies, several possibilities have been proposed: e.g., (1) wetland plant biochars increase the cation
exchange capacity, which enhances the adsorption onto the biochar surface (Lehmann et al., 2003); and
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(2) the increase of dissolved organic carbon contained within the biochar could release specific heavy
metals (Uchimiya et al., 2012; Xu and Zhao, 2013). Therefore, to some extent, this study found that the
addition of biochar increased the mobility and bioavailability of Cd in the saline soil, despite the lack of
conclusive evidence. However, our findings suggest that combining biochar addition and plant-assisted
bioremediation (phytoremediation) could efficiently reduce the potential risk of heavy metals in soils.

3.4 Soil enzyme activities after different biochar additions
3.4.1 Response of soil urease activity to biochar addition

Three types of biochar were added to wetland soil with different carbon—soil mass ratios, and the effect
on soil urease activity is shown in Fig. 4. The addition of different biochars had different effects on soil
urease activity, but the difference among the treatment groups of the same plant biochar was not
significant. Compared with the control group, the difference in urease in all treatments were not
significant, and only the urease activity in the S2 and T3 treatments increased. We compared the
differences among the treatment groups of the different plant biochars. For PB, the soil urease activity
under the P2 treatment was 17.82 % higher than that under the P1 treatment, and the urease activity in
the P3 treatment was 12.02 % lower than that in the P2 treatment. The effect of the different amounts of
SB on soil urease activity was the same as that of PB. The soil urease activity of the S2 treatment was
29.57 % higher than that of the S1 treatment, and the urease activity of the S3 treatment was 10.53 %
lower than that of the S2 treatment. In the TB treatments, the soil urease activity increased with
increasing biochar addition, and the soil urease activity of the T2 and T3 treatments was 1.31 % and 6.52
% higher than that of the T1 treatment, respectively. When comparing the effects of the different plant
biochar treatments on soil urease activity, we found that under low and high biochar additions, the soil
urease activity of TB was higher than that of PB and SB; under medium biochar addition, the soil urease
activity was not significantly different.

In this study, the effect of biochar on soil urease activity was first promoted and then inhibited with
increase in addition. As previously mentioned, the causes for the effect of biochar on soil urease activity
are complicated. Combined with the results of this study, we suggest that the low addition of biochar
facilitates the formation of soil aggregates, improves the aeration and water retention capacity of soil,
and enhances the growth and reproduction of soil microorganisms (Hamer et al., 2004). Moreover, the
addition of biochar increases the content of soil organic matter, which not only benefits the growth and
utilization of microorganisms but also provides raw materials (Glaser et al., 2002) for urease reactions. In
addition, the adsorption of urease substrates by biochar also promotes enzymatic reactions (Zhou
Zhenfeng et al., 2015). When the amount of biochar increases, excessive biochar adsorption protects the
binding site for enzymatic reactions and inhibits their progress (Lehmann and Joseph, 2015).

3.4.2 Response of soil sucrase activity to biochar addition

Three types of biochar were added to wetland soil at different carbon—soil mass ratios, and the effect on
soil sucrase activity is shown in Fig. 5. Compared with the control group, except for the P1 treatment, the
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soil sucrase activity in the other biochar addition treatments was significantly higher than that in the
control group, indicating that the addition of biochar promoted soil sucrase activity. Compared with the
differences in the same plant biochar treatment group, it was found that soil sucrase activity generally
increased with increasing biochar addition. For the PB group, soil sucrase activity in the P2 and P3
treatments increased by 53.34 % and 75.08 %, respectively, compared with the P1 treatment; in the SB
treatment, we observed no significant difference in sucrase activity between the S2 treatment and the S1
treatment, and sucrase activity in the S3 treatment was 23.55 % higher than that in S1 treatment; in the
TB treatment, the T2 and T3 treatments increased sucrase activity by 10.37 % and 15.36 % compared
with that of the T1 treatment. Our results showed that the sucrase activity of SB and TB was significantly
higher than that of PB in the low addition treatment; however the sucrase activity of the PB treatment was
higher than that of SB and TB in the high addition treatment, but the difference was not significant.

The soil sucrase activity increased with increasing biochar addition, which suggests that biochar addition
improved the soil environment, enhanced the growing conditions for microorganisms, and increased the
number of microorganisms in the soil. Moreover, biochar addition promoted the hydrolysis of sugars in
soil, accelerated the cycling of carbon in soil, and promoted the enzymatic reaction related to sucrase,
thus improving soil nutrient availability (Chen et al., 2017a; Glaser et al., 2002).

3.4.3 Response of soil catalase activity to biochar addition

Three types of biochar were added to wetland soil with different carbon-soil mass ratios, and the effect
on soil catalase activity is shown in Fig. 6. Compared with the control group, the PB treatment increased
the soil catalase activity, while in the SB biochar treatment, soil catalase activity increased in the S1 and
S2 treatments but decreased in the S3 treatment. Moreover, the addition of TB decreased soil catalase
activity, which suggests that different plant biochars had different effects on soil catalase activity. PB
addition and the medium and low addition of SB promoted soil catalase activity, while TB addition and
the high addition of SB inhibited soil catalase activity. By comparing the differences among the
treatments with the same plant biochar addition, we found that soil catalase activity first increased and
then decreased in the PB treatment. Compared with the P1 treatment, soil catalase activity of the P2
treatment increased by 7.92 %. Moreover, the soil catalase activity of the P3 treatment was 6.53 % and
13.39 % lower than that of the P1 and P2 treatments, respectively. The change trend of the soil catalase
activity in the S2 treatment was similar in both the SB and PB treatments. The S2 treatment increased the
soil catalase activity by 4.62 % compared with the S1 treatment. S3 treatment decreased by 32.48 % and
35.47 % compared with the S1 and S2 treatments, respectively. In the TB treatment, the soil catalase
activity increased with increasing biochar addition, and the enzyme activity of the T2 and T3 treatments
increased by 43.91 % and 75.64 % compared with the T1 treatment, respectively. By comparing the
catalase activity of the different plant biochar treatments under the same biochar addition, we found no
significant difference in the catalase activity between the PB and SB treatments under low and medium
biochar additions; however, their values were significantly higher than those in the TB biochar treatment,
and the soil catalase activity under high biochar addition occurred in the order of P3>S3>T3.
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Compared with the control group, the addition of PB and SB increased the soil catalase activity, while the
addition of TB decreased the catalase activity. A previous study found that 0.5 % corn straw charcoal
inhibited catalase activity in brown loam soil, which was attributed to the higher pH of biochar. However,
this cause does not apply to the results of this study (Feng Aiging et al., 2015). Based on the properties of
the biochar itself, we speculate that PB and SB may have a higher lignin content than TB, which more
easily adsorbs to the binding sites of enzyme molecules in the enzymatic reaction of catalase, and thus
inhibits this reaction. Increasing TB addition was found to increase the adsorption of substrates during
the enzymatic reaction, which significantly increased the soil catalase activity due to enhanced
enzymatic reactions (Zhou Zhenfeng et al., 2015).

3.4.4 ANOVA of biochar addition and soil enzyme activity

Table 6
Two-Way ANOVA (Plants and addition) for all three enzyme activities studied of
a wetland sail
Biochars Urease activity  Sucrase activity Catalase activity
F p F p F p
Plants 2969 0.077 0.397 0.678 54.491 <0.001
Addition 2776 0.089 16.262 <0.001 3.402 0.056
Plants*Addition 0.851 0.512 3.656 0024  5.839 0.003

The plant species and amount of biochar had a significant effect on typical soil enzyme activity. Table 6
shows the results of the two-way ANOVA of multiple dependent variables. Through the analysis of the
effects and causes of different biochars on the activities of three typical enzymes, we found that the
mechanism and causes for the effect of biochar are complicated. Table 6 shows that the biochar plant
type had a significant effect on soil catalase activity, which suggests that biochar from different biomass
sources had significantly different effects on soil catalase activity. In contrast, their effects on urease and
sucrase was not significantly different. The addition of biochar had a significant effect on soil sucrase
activity, but no significant effect on urease and catalase activity. The interaction between the type and
amount of biochar only induced a significant difference in soil catalase activity (p<0.05). The results
showed that different plant biochars and different amounts of biochars had an interactive effect on the
change of soil sucrase and catalase activity.

4. Conclusions

Biomass types, pyrolysis temperature, and pyrolysis time had significant effects on the physico-chemical
properties of biochar. Higher temperatures and longer pyrolysis times increased the carbonization degree
of biomass, ash content, and alkalinity. PB had the lowest production rate, highest carbon content, and
the most obvious pore structure. SB had the highest pH, EC, and specific surface area.

Page 16/28



Biochar significantly adsorbed heavy metals in solution, and a higher adsorption effect of biochar was
accompanied by a higher degree of carbonization. The adsorption effect of Pb and Cd by SB was the
most significant in the single solution. Moreover, adsorption competition between the two heavy metals
occurred in the mixed solution, and Cd adsorption was more inhibited than that of Pb.

The PB and SB had short-term fixation to exchangeable Pb in soil. Biochar addition first fixed and then
released exchangeable Pb in the soil. In contrast, biochar addition promoted the conversion of Cd from
the residue to the less immobile fractions. Therefore, it is necessary to select the appropriate biochars for
the remediation of heavy metal pollution in wetland soils.

The addition of biochar significantly increased soil sucrase activity. The effect on soil urease activity was
not significant, but low amounts of biochar could promote soil urease activity to a certain extent. Soil
urease activity was also inhibited with increasing amounts of biochar. PB and SB significantly promoted
the catalase activity compared with control treatment, while TB significantly inhibited the soil catalase
activity. Due to the complexity of biochar structures, soil enzyme activities, and the enzyme molecule
itself, different biochars had different effects on the same enzyme activity, and the same biochar had
different effects on different enzyme activities. The specific mode of action and mechanisms therefore
need to be further explored in future investigations.
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The SEM image of 27 kinds of biochars.
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Pb and Cd adsorption by different biochars in single and mixed solutions. Except for the individual
treatment, the adsorption rate of heavy metals in the mixed solution was lower than that of the single
solution; the metal adsorption rate increased with increasing degree of carbonization; the adsorption rate
of the two heavy metals by SB was more significant than by the other two biochars.
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Figure 3
Geochemical fractions of Pb and Cd after biochar addition on the 15th and 30th day of incubation (mean

percentage + SE). The different letters represent significant differences (P < 0.05) in the same
geochemical fraction between different biochar additions.
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Figure 4

Effect of different biochars with different additions on soil urease activity (NS:no significantly)
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Figure 5

Effect of different biochars with different additions on soil sucrase activity
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Figure 6

Effect of different biochars with different additions on soil catalase activity.
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