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Converting sewage sludge to biochar to serve as soil amendment and nutrient supplement to cropland may be an environmental benign and value-added approach to recycle the waste. Potting experiments were conducted to examine the efficacy of sludge biochar amendments on enhancing soil health and crop productivity. Strongly acidic soil (pH=5.0) was amended with sludge biochar at three different concentrations: 0 (control), 1% and 2% of its dry weight, and packed into plastic buckets (9.45-L) to a bulk density of 1.1 g cm-3, and each treatment had three replicates. Winter wheat (Triticum aestivum L.), spinach (Spinacia oleracea), and Mung bean (Vigna radiata) were sequentially grown for nine months under greenhouse and field conditions (each crop cycle lasted three months). The above-ground biomass was collected, and oven dried at 65°C for 72 hours to assess plant biomass yield. Soil health parameters such as aggregates stability, pH, electric conductivity (EC), soil respiration, and microbial biomass C were measured. Soils amended with 2% biochar demonstrated higher biomass yield in winter wheat and spinach crops compared to those amended with 1% biochar and unamended control, on the other hand, mung bean did not present significant difference in all treatments. Similarly, 2% biochar demonstrated high aggregates stability (19.85%) followed by control (9%) and 1% biochar (8.3%). Soil acidity was neutralized in soils amended with 2% biochar (pH: 6.5) compared to control (pH: 5.8) and 1% biochar (pH: 5.5). EC was in the ideal level (<2.7 dS m-1) for all treatments. Soil respiration was not significantly different in all treatments. Microbial biomass C was higher in control and 2% biochar with significant differences towards 1% biochar. These findings provide additional evidence that sludge biochar promote plant growth and improve certain soil health parameters. However, the effect of sludge biochar in soil biological properties was not observed. Therefore, long-term field experiments are needed to assess the amendment effect of sludge biochar on microbial biomass C and soil respiration to validate the persistent efficacy of sludge biochar amendments on facilitating crop production, crop productivity, and soil health.
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1 Introduction

Sewage sludge is the solid residue generated from municipal wastewater treatment facility. The global generation of sewage sludge has increased significantly. For instance, in Europe, urban wastewater treatment facilities have produced more than 10 million dry tons of sewage sludge (1), and in the United States, annually 6.5 to 8.0 million dry tons of sewage sludge are generated (2). Therefore, disposal of this vast volume of sewage sludge has become a challenge, and efficient management approaches are needed to minimize the potential environmental contamination risks.

Typically, sewage sludge is disposed of through incineration or landfilling. However, given the organic matter (OM) and nutrient-rich properties of sewage sludge, land application may be a value-added, and environmentally benign method to reuse the organic waste. For instance, on its dry mass basis, sewage sludge contains organic carbon (OC) and plant nutrients at significant contents: N 30–60 g kg-1, P 18–36 g kg-1, K 3–6 g kg-1, and OC 320–370 g kg-1 (3). However, sewage sludge should not be directly applied to agricultural soils: the material is unstable, contains noticeable levels of volatile organic compounds (VOCs), it emits a strong offensive odor, carries various pathogens, and may contain significant concentrations of heavy metals (4). Therefore, different techniques have been developed to convert sewage sludge into other safe products prior to soil application, such techniques include anaerobic or aerobic digestion, chemical or thermal treatment, pyrolysis (slow or fast), and composting (5, 6). Such treatment techniques aim to enhance the handleability of sewage sludge and help sterilize and deodorize the material prior to soil application. Of the sludge treatments techniques, slow pyrolysis is to produce biochar by heating sewage sludge at 300–700°C for sufficient time in the absence of oxygen (7). So, conversion of sewage sludge to biochar provides an array of benefits: it destroys pathogens, minimizes odorants, stabilizes organic carbon, and reduces the mobility of heavy metals (8–10), rendering a porous, OC-enriched, environmentally recalcitrant product with high water and nutrient retention capacities (7, 11).

Biochar is a charcoal prepared through pyrolysis of biomass material and used as a soil amendment. It has drawn substantial attention from the global agriculture research community owing to its potential benefits as a soil amendment. The use of biochar in agriculture is a legacy of ancient inhabitants in central Amazon, who incorporated biomass-derived charcoal-like material into land to transform the strongly acidic, highly leached soils into relatively fertile and productive “Terra Preta” (in Portuguese meaning “dark earth”) (12, 13).

Biochar application generally improves soil quality and promotes plant growth; yet the effects depend on the feedstock source, manufacturing process, application rate of biochar, and even the treated soil. Biochar derived from manure demonstrated higher nutrient value than hood-derived biochar (12), as manure contains higher contents of nutrients originated from animal diet. For instance, Guo (12) reported that sewage sludge-based biochar produced through 300°C pyrolysis temperature contained 36 g kg-1 N, 79 g kg-1 P, and 7.7 g kg-1 K. Biochar products manufactured at higher pyrolysis temperature (e.g., >300°C) possesses typically a greater stable carbon fraction and high mineral ash content; yet a lower nitrogen (N) content (11). Nitrogen in the biochar feedstock is volatile and largely lost in pyrolysis vapors at high pyrolysis temperature. At a low pyrolysis temperature (e.g., 300°C) most of the feedstock N is conserved in the resulting biochar (11). Therefore, in this research sewage sludge is converted to biochar through slow pyrolysis at 300°C.

After applied to soil at appropriate rates, sludge-biochar in general reduces the acidity for acidic soils and elevates soil pH (14). It may also increase soil cation exchange capacity (CEC) due to the abundant surface functional groups inherent in its matrix (11), increases soil water holding capacity (WHC) result from biochar’s porous structure and high specific surface area (11), increases soil aggregates stability, which is the capacity of soil aggregates resistant to falling apart when hit or wetted by raindrops (15).

Sustainable agriculture warrants effective management practices to sustain and improve soil health and crop productivity. Soil health is the continued capacity of a soil to function as an ecosystem to support plant, animals, and humans (16). Soil health enhancement is the sustainable strategy for increasing crop production and improving crop productivity. Soil amendment with sewage sludge-based biochar may be an efficient technique to boost the health of agricultural soils by ameliorating their physical, chemical, and biological properties and guarantee desirable crop yields. Adding sludge-biochar amendment to soils may be a valuable and sustainable agriculture alternative to improve the long-term soil health and plant productivity of strongly acidic soils; yet this hypothesis has not been well studied so far. Therefore, the present research was aimed to understand amendment effects of sewage sludge-based biochar on soil health and plant growth.



2 Materials and methods


2.1 Preparation of sewage sludge

Sewage sludge was collected from Kent County Regional Wastewater Treatment Facility (Milford, DE). Municipal wastewater undergoes a series of treatment stages at the facility to dewater the sludge accordingly (17). The freshly dewatered sludge cake contained 20.33% dry matter and 79.67% water, as measured by heating at 65°C until constant weight was reached. The sludge cake was air-dried, passed through a 2-mm sieve, and stored in a Ziploc® bag prior to biochar conversion.



2.2 Pyrolytic conversion of sludge to biochar

The air-dry sludge was transferred into a metal canister (11 cm i. d. by 13 cm height). There was a 5-mm hole in the canister lid to release pyrolysis vapors during the thermochemical process. The canister was placed into an electric Isotemp muffle furnace (Thermo Fisher Scientific, Inc., Suwanee, GA) and heated at 300°C until no visible smoke was observed escaping from the furnace, indicating the completeness of the pyrolysis process (11). There was a 4-cm vent in the top of the furnace creating an ambient-pressure carbonization environment. The pyrolysis vapors (i.e., smokes) released from the pyrolysis reactor (canister) were discharged into atmosphere by a reinforced fan ventilation of the room. After the pyrolysis process was completed (approximately 11 hours), the canister was withdrawn from the muffle furnace and the lid hole sealed immediately with aluminum tape to prevent combustion. The biochar in the sealed canister was brought to the room temperature and transferred into a Ziploc® bag. The biochar yield was calculated as follows:

 

The sludge-derived biochar was then characterized for ash content, OM content, pH, electric conductivity (EC), C stability, cation exchange capacity (CEC), and water holding capacity (WHC) following the methods of Song and Guo (11) and Guo et al. (17).



2.3 Collection of research soil

The test soil was classified as downer sandy loam with a taxonomic name as coarse-loamy, siliceous, semiactive, mesic typic hapludults. The soil was collected from a restored forest parcel at Blackbird Creek Reserve (Townsend, DE). The 4-mm air-dried topsoil (0–20 cm) had a pH value of 5.0, which is classified as strongly acidic soil. Generally, such soils demonstrate lower mineral nutrient (K, Ca, Mg, and S) contents, lower base saturation (<30%), and are prone to aluminum (Al3+) toxicity (18), therefore, plant growth, crop development, and soil microbial processes are limited in strongly acidic soils (16).



2.4 Soil pot preparation and experimental design

Nine soil pots were prepared, representing two treatments and a control, and each treatment in triplicates: 1) 2% Sludge-biochar amendment—soil amended with sludge-biochar at 2% of its dry weight; 2) 1% Sludge-biochar amendment—soil amended with sludge-biochar at 1% of its dry weight; and 3) Control—soil without Sludge-biochar amendments. The 1 and 2% sludge biochar amendments rates represent approximately 20 and 40 Mg ha˗1 in field applications, respectively. Precisely, 9˗10 kg of the 4-mm Downer soil were transferred into a large (18.9 L) plastic bucket. Afterwards, biochar was thoroughly mixed with soil and tap water was further added to adjust the moisture content to 15%. The well-mixed and moisture-adjusted soils were then packed into HDPE buckets (21 cm bottom diameter, 24 cm top diameter, 23 cm height, and 9.45-L volume) to a 20 cm depth from the bottom, after compacting slightly by tapping the ground to a bulk density of 1.1 g cm-3. The soil pots were placed in a greenhouse in a completely randomize experiment design.



2.5 Plant growth trials

Three common Delaware crops: wheat (Triticum aestivum L.), spinach (Spinacia oleracea), and Mung bean (Vigna radiata) were sequentially grown in the pre-prepared soil pots over nine months under greenhouse and field conditions. Firstly, wheat seeds were manually sown in each soil pot. The growth of all three crops were monitored weekly and occasional weeding and irrigation were performed accordingly. The wheat trial lasted for three months, the above-ground biomass was harvested by cutting, and the dry weight was measured by oven drying the biomass at 65°C for 72 h. Afterwards, soil pots were moved outside the greenhouse exposing to direct sunlight for spinach and mung bean trial. Spinach growth trial lasted for three months, and the oven-dry biomass was measured. Lastly, mung bean growth trial lasted for three months, and the oven-dried biomass was determined. Collected data was statistically analyzed to disclose the effect of sludge-biochar amendments on plant growth of these three crops.



2.6 Soil health assessment

The soil health parameters were assessed at the end of the plant growth trials. Soil health was determined by evaluating the physical, chemical, and biological properties of the treated test soil. Soil physical properties was determined by analyzing aggregates stability; soil chemical properties were assessed by reading soil pH and EC; and soil biological properties was measured by assessing soil respiration rate and microbial biomass C. Basically, after plant growth trial, soil pots were settled, afterwards, soil samples were collected using a 1.9 cm diameter soil probe. The probe was pushed vertically to the soil pot bottom to collect soil cores from random surface location of each soil pot. The amount of moist soil collected from each soil pot was approximately 100 g. The samples were grouped per treatment, mixed thoroughly, and kept at room temperature for further analysis.


2.6.1 Soil physical properties

Aggregate stability measures the ability of a soil to resist falling apart when hit by rain drops. It was measured using a simulated rain equipment describing in the methods of Moebius-Clune et al. (16). Briefly, 30.0 g of air-dried soil (>0.25mm and <2.0 mm) was spread on a 0.25-mm sieve. Sieves were attached to a funnel containing filter paper to collect any slaked material during rain simulation. Afterwards, the set of sieve and funnel was placed in the tripod stand and together placed at 500 mm bellow the rainfall simulator. The test ran for 5 minutes and the soil material that did not fall apart while wetted by rain was collected, air dried, weighed, and the aggregate stability (AS) was calculated as follow:

 

Where Wstable is the mass of soil (g) that did not slaked, Wtotal is the mass of soil used for the test.



2.6.2 Soil chemical properties

Treated soil pH and EC were measured using the methods of Song and Guo (11) with slight modifications. Briefly, 10.0 g of air-dried soil (2-mm) was weight and soaked in deionized water at a 1:1 solid/water ratio and mixed thoroughly for five minutes. The slurry was then measured for pH using an Accumet AB 15/15+ pH meter (Fisher Scientific Instruments, Waltham, MA) and measured for electric conductivity (EC) using a CON510 conductivity/TDS meter (Oakton Instruments, Vernon Hills, Hills, IL).



2.6.3 Soil biological properties


2.6.3.1 Soil respiration rate

Soil Respiration is a measure that indicates the metabolic activity of the soil microbial community. Soil respiration is measured by capturing and quantifying carbon dioxide released from a re-wetted sample of air-dried soil held in an airtight jar for 4 days. Greater CO2 release is indicative of more active soil microbial community. The respiration rates of the soil pots were assessed in the end of the experiment analyzing the two treatments and control using the Comprehensive Assessment of Soil Health method (16). Samples were processed in triplicate, and a blank without soil was also included. Briefly, 20.00 g of air-dried soil (2-mm) was weighed and distributed evenly into an aluminum weighing boat, which was pre-perforated with 9 pin holes through the bottom. The weighing boat with soil was placed on top of two staggered filter papers in the bottom of a canning jar. A trap assembly (a 50-mL glass beaker secured to a plastic tripod ‘pizza stool’) was placed over the soil boat inside the canning jar. Precisely 9.0 mL of 0.5 M KOH was pipetted into the trap assembly beaker. A 7.5 mL of deionized water was pipetted along the canning jar sidewalls to its bottom to wet the filter paper and the water wetted the soil immediately. The canning jar was tightly closed with a lid and incubated at room temperature for 4 days. After the incubation time, the canning jar was opened, the beakers were removed and sealed with a piece of parafilm, the content was mixed thoroughly by up-and-down shaking and transferred into a 15 mL glass vial. The electric conductivity (EC) of the samples, the blank, and the 0.25 M K2CO3 were measured accordingly. The soil respiration rate was calculated as follow:

 

 



2.6.3.2 Soil microbial biomass carbon

The soil microbial biomass C is very important because carbon is an energy-producing factor for soil microbes. Microbial biomass C was measured using the fumigation and extraction methods (19). Briefly, 20 g of a moist soil sample was weighed into each of 4 100-mL beakers, two labeled as blank and the other two labeled as fumigated. Deionized water was added to bring the soil moisture to 15%. The beakers were placed into individual 950-mL canning jars that already contained 3 mL of deionized water at the bottom (the water is to maintain the 100% humidity inside the canning jar). The canning jar was closed tightly and incubated at 25°C for 7 days. After incubation, the two soil beakers with “fumigated” label were transferred into a 10-L vacuum glass desiccator that was lined with wet paper towels. A 150-mL conical flask containing 75 mL of ethanol-free chloroform and 5 boiling glass beads was also placed into the desiccator. Vacuum was applied to the desiccator to allow the chloroform to boil for 1 minute. Afterwards, the vacuum valve was closed, and the soil samples were incubated in chloroform vapor in the desiccator at room temperature in a fume hood for 24 h. After the fumigation, the desiccator vacuum switch was turned on gently, the desiccator was opened, and soil samples retrieved. The wet paper towels and the chloroform flask were removed, and the desiccator was vacuumed and air-vented to clear any residual chloroform for an hour. Then 10 oven dry g-equivalent blank and fumigated samples were weighed into separated 50-mL HDPE centrifuge tubes, followed by addition of 40 mL 0.5 M K2SO4 solution. The soil tubes were rotated and shake for 2 h at room temperature. Afterwards, soil tubes were centrifuged at 4000 rpm for 20 min. The supernatants were passed through a 0.2-μm filter membrane and 10 mL sample size was collected into 20 mL glass vial and analyzed for microbial biomass C using a Shimadzu TOC-Vwp analyzer. The microbial carbon is calculated as the different between blanks and fumigated samples.





2.7 Statistical data analysis and synthesis

The data for the characterization of test soil and sludge-biochar, plant growth and soil health parameters obtained during the trial were compiled and analyzed for analysis of variance (one-way ANOVA) with the use of R statistical software (Version R 3.6.2 GUI El Capitan build). The mean values of analyzed data were compared using Tukey’s comparison test range at P ≤ 0.05. Variations in the treatment was assessed by calculating the standard deviation (± SD).




3 Results and discussion


3.1 Fundamental properties of the test soil

The fundamental properties of the test soil are illustrated in Table 1. The test soil is classified as strongly acidic soil (pH<5.5), as Finkelnburg (18) and Moebius-Clune et al. (16) reported that strongly acidic soils restrict the availability of plant macro nutrients and hinder soil microbial activity due to low base saturation (<30%), and aluminum (Al3+) toxicity. Although the OM content (3.2%) is ideal, plant growth and microbial processes may be limited in such soils.


Table 1 | Physical and chemical properties of downer sandy loam soil.





3.2 General characteristics of sludge-biochar

The general characteristics of sludge-biochar is illustrated in Table 2. Briefly, the yield of sludge biochar was 43.81%, such value is inferior to what was found by Roberts et al. (7) and Zhang et al. (20), where three sludge-biochar pyrolyzed at 300°C yielded 65.7, 64.28, and 70.1% of feed mass. Nevertheless, the yield of biochar is influenced by many factors including residential or retention time and feedstock OC content (11).


Table 2 | Characterization of sludge biochar.



The pH of sludge-biochar was 7.2 and the EC 0.09 dS m -1 (Table 2). Zhang et al. (20) reported that 300°C sludge biochar demonstrated a pH value of 6.2. Typically, regardless of biochar source most 300°C biochar has a pH value above 6.8 (12).

The mineral ash content of sludge-biochar was 38.24% (Table 2). The ash minerals (Ca, K, Mg and Na) are recovered during the pyrolysis process (11) as soluble minerals in feedstock are transformed into least dissolved stable forms. The mineral ash content is in the range of reported values for 300°C sludge biochar (7, 20).

The organic matter content of sludge biochar was 61.76% OM (Table 2), such content of OM in sludge biochar is sufficient to enhance soil health (12, 21) as a tiny amount of biochar would significantly improve soil OM to ideal levels (3-5%).

As illustrated (Table 2), sludge biochar has a great ability to hold the water against gravity forces as demonstrated by its value of 106% of WHC, such value is in the range of reported values for biochar produced through slow pyrolysis (11). Typically, sandy loam, loam, and clay soils have a WHC ranging from 21 to 38%.

The CEC of sludge biochar was 44.15 cmol(+) kg-1 (Table 2). The functional groups in biochar determine its CEC value. Cation exchange capacity (CEC) is the ability of a material to retain exchangeable cations through sorption pathways (11, 22).

The stable C of sludge biochar (47.46%) is illustrated in Table 2. Stable C value is inferior to what Roberts et al. (7) reported: respectively, two sludge-biochar produced through 300°C pyrolysis temperature contained 63.2% and 54.2% of stable OC. Biochar with higher stable OC content (>50%) has a lower mineralization rate and may persist in soils for many years (11, 12).



3.3 Plant growth trials

The effect of sludge derived biochar amendments on crop productivity was determined by assessing oven dry biomass of research crops (Figure 1). For wheat dry biomass, 2% biochar demonstrated higher yield with significant differences compared to 1% biochar and unamended control treatment. Similarly, in spinach dry biomass, 2% biochar yielded more, followed by 1% biochar, and unamended control treatments. However, in mung bean crop there were no significant differences among the treatments. Recent studies presented similar findings, for instance, Silva et al. (23) reported that soils amended with sludge biochar demonstrated higher biomass yield of eucalyptus seedlings compared to unamended control treatments. Also, outstanding research demonstrated that biomass yield of Chinese cabbage, wheat, cereals, tubers, roots, fibers, and turf grass was higher in soils amended with sludge biochar compared to those of unamended control treatments (24–27).




Figure 1 | Effect of sludge biochar amendments on wheat, spinach, and mung bean oven-dry plant biomass. Means with common letters are not significantly different at p ≤ 0.05 according to Tukey’s multiple range test.





3.4 Effects of sludge biochar amendments on soil physical properties

Aggregates stability was higher on 2% biochar treatment with significant differences compared to control, and 1% biochar (Figure 2). Adding biochar to soils increases soil aggregates stability (28), as biochar provides favorable conditions to enhance microbial function and structure to hold soil particle when hit by rain drops (16, 29).




Figure 2 | Effect of sludge biochar amendments on soil aggregates stability. Means with common letters are not significantly different at p ≤ 0.05 according to Tukey’s multiple range test.





3.5 Effects of sludge biochar amendments on soil chemical properties

The effect of sludge derived biochar on soil chemical properties is illustrated in Table 3. The initial pH of the test soil and sludge biochar was 5.0 and 7.2, respectively. As observed, soils amended with 2% biochar demonstrated higher pH value (6.5) compared to control (5.8) and 1% biochar (5.5). The addition of biochar to soils elevated soil pH as expected and significantly reduced soil acidity. The ideal soil pH to support plant growth range from 6.0–7.0 (12, 16, 18). Sludge biochar at 2% amendment rate reduced soil acidity and increased soil pH.


Table 3 | Effects of sludge biochar amendments on soil chemical properties.



Electric conductivity (EC) reading was below 0.26 dS m-1 in all treatments (Table 3). Typically, plant growth is not limited in soils with an EC value below 2.7 dS m-1 measured in 1:1 solid/water ratio (12).



3.6 Effects of sewage sludge derived biochar amendments on soil biological properties

As illustrated in the soil respiration (Table 4), there is no significant differences among the treatments. Typically, the addition of biochar into soils significantly increase respiration rate compared to untreated control, and the ideal respiration rate should be >0.7 mg CO2 g˗1 dry soil (16, 29–31).


Table 4 | Effect of sludge biochar on soil respiration rate.



The effect of biochar amendments on microbial biomass C (Figure 3) presented mixed results. As observed, control and 2% biochar demonstrated higher microbial biomass C compared to 1% biochar. Typically, soils amended with biochar are expected to have higher microbial biomass C than the control (32, 33), however, microbial biomass C of soil is influenced by several factors including the method of measurement, as it is speculated that 0.5 M K2SO4 may flocculate biochar and cause adsorption of solubilized C onto biochar particles. These results put into question the adaptability of using 0.5 M K2SO4 to extract microbial biomass C in soils amended with biochar.




Figure 3 | Effect of sludge biochar amendments on soil microbial biomass C. Means with common letters are not significantly different at p ≤ 0.05 according to Tukey’s multiple range test.






4 Conclusions

The strongly acidic soil was amended with sludge biochar to enhance its health and crop productivity. Results demonstrated that 2% biochar amendment had higher biomass in wheat and spinach compared to 1% biochar and unamended control treatment, while mung bean did not present significant differences in all treatments.

Soil health parameters such as aggregates stability and pH were improved by sludge-biochar amendments. As observed, 2% biochar demonstrated high aggregates stability (19.85%) and significant differences compared to control (9%) and 1% biochar (8.3%); soil pH was greater in 2% biochar (6.5) compared to control (5.8) and 1% biochar (5.5). EC was in the ideal level (<2.7 dS m-1) for all treatments. Soil respiration rate did not demonstrate significant differences among 1% biochar, 2% biochar and unamended control. Microbial biomass C was higher in control and 2% biochar with significant differences towards 1% biochar.

Sludge biochar amendment at 2% proved to be the ideal application rate to promote plant growth, enhance aggregates stability, increase soil pH, and reduce soil acidity compared to 1% biochar. However, the effect of sludge biochar amendment was not observed in soil biological properties. Therefore, holistic research through field experiments is recommended to assess the amendment effect of sludge-biochar on soil biological properties to validate the idea of a global adoption of sludge-biochar amendments in agricultural system to facilitate soil health and crop production.
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Parameter Sludge-biochar

Biochar yield, %

pH*

Electric conductivity*, dS m™

Ash content, %

Organic matter content, %

Moisture content, %

Water holding capacity, g g

Cation exchange capacity, cmol+c kg™
Stable organic carbon, %

*Measured in 1:10 solid/water ratio.

43.81
7.2 £0.01
0.09 £0.01
38.24 £ 6.8
61.76 £ 6.8
0.68 + 0.06
1.06 + 0.03
44.15 +7.48
47.46 + 2.3

Values are mean and standard deviation of triplicate measurements on dry mass basis.
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Treatment Respiration rate (CO2 g -1 dry soil)

1% Sludge-Biochar 0.52 + 0.0°
2% Sludge-Biochar 0.45 + 0.04*
Control 0.43 + 0.007°

Values are mean and standard deviation of triplicate measurements. Means with common letter are not
significantly different letters at p < 0.05 according to Tukey’s multiple range test.
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Electric conductivity

Treatment dSm™)
Test Soil* 5.0 + 0.04 0.08 + 0.001
Sludge-biochar (SB)° 7.2 + 0.001 0.09 + 0.009
| *Test Soil + 1% SB ” 55 + 0.05 0.25 + 0.01
*Test Soil + 2% SB 6.5 + 0.02 0.24 + 0.01
*Control | 58 +0.03 0.20 + 0.01

*Measured in soil slurry 1:1 solid/water ratio.
*Measured in 1:10 solid/water ratio.
Values are mean and standard deviation of triplicate measurements.
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Parameter Value

Particle size composition sand 44%, silt 49%, clay 7%
pH* 5.0 £ 0.04

EC*, dSm™ 0.08 + 0.001
Moisture content (%) 0.74 £ 0.01
Organic matter (%) 32 +£0.03

*Measured in 1:1 solid/water ratio.
Values are mean and standard deviation of triplicate measurements on dry mass basis of soil.





