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Abstract

:

In recent years, continuous efforts have been made to understand the impact of biochar on arable soil fertility. Little is known about whether the biochar derived from municipal sewage sludge has positive impacts on urban soil. In this study, we pyrolyzed spray-dried municipal sewage sludge at 200 °C, 300 °C, 500 °C, and 700 °C for 2 h in a muffle furnace and then amended it into an urban soil to grow turf grass in pots. The outcomes demonstrated that biochar incorporation caused remarkable increases in soil organic C, black C, total N, available P, and K by 3–8, 7–25, 2–9, 10–19, and 1.4–2 times, respectively. The dry matter of turf grass increased by 43–147%, probably due to the nutritional improvement after biochar addition. The turf grass grown in biochar-added soil had 4–70% lower heavy metals than that in the control, although the soils had much higher total heavy metals, which might imply that biochar amendment reduced the bioavailability of heavy metals. Considering the cost of biochar production and its impacts on both urban soil and grass, it would be alternative to convert the spray-dried municipal sewage sludge into biochar at 200 °C for 2 h and then used as an urban soil amendment.
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1. Introduction


Urban soils are mostly anthrosols and usually of poor structure and low fertility since they are seriously disturbed by human beings [1]. These soils often have characteristics that limit plant growth while the maintenance is costly as well [2]. Urban wastes and peat are usually used as soil conditioners to build up urban soil fertility in many countries [3]. However, peat resources in urban territories in China are limited and urban waste cannot fully meet the requirement to improve the poor conditions of urban soils [3]. It is therefore meaningful and valuable to seek new methods and materials to enhance urban soil fertility.



Municipal sewage sludge is the product of wastewater treatment plant. China annually produces over 13 million tons (dry weight) of municipal sewage sludge with a predicted annual increase rate of around 10% over recent ten years [4]. The massive volume of municipal sewage sludge is recognized as “a future waste problem” and draws a growing attention for some time. Municipal sewage sludge is usually rich in organic matter and mineral nutrients, such as phosphorus, potassium, nitrogen, and trace elements, and thus can be used for compost [5,6]. However, the sludge also contains a significant amount of pollutants such as heavy metals, pathogens, and organics, which may prohibit its amendment into soil [7]. A significant portion of the sludge, at least 20% of the total, is not properly disposed in China and causes acute sanitary, environmental and social issues [8]. Therefore, there is an urgent need to develop environmentally and economically acceptable novel approaches for the safe disposal and better utilization of municipal sewage sludge in many cities in China.



Pyrolysis is an alternative technology that is clean and cost-efficient for treating organic wastes [9]. Numerous studies have reported that pyrolysis treatment can completely kill pathogens, stabilize the heavy metals in municipal sewage sludge, and reduce the bioavailability of mineral nutrients [10]. Biochar is the solid byproduct of pyrolysis. Extensive researches have shown that biochar can notably improve soil chemical, physical, and biological properties [6,11]. The low density and porous structure of biochar may reduce soil bulk density while enhancing soil water retention capacity, soil aeration, and permeability [12,13]. The functional groups in biochar can not only improve soil nutrient use efficiency and cation exchange capacity (CEC) [14,15], but also reduce the bioavaibility and mobility of pollutants in soils [16,17]. The ash in biochar can result in significant liming effect and reduction of soil acidity and toxicities of Mn2+, Al3+, and some other heavy metals [18]. A number of cereals, tubers, roots, and fibers show positive response to biochar addition in tropical, subtropical, and even temperate regions [19]. Moreover, biochar amendment is conductive to promoting carbon sequestration, enlarging soil carbon pools, and lessening the emission of greenhouse gas [20].



A number of factors such as biochar nature, application rates, soil types, and plant species, make biochars have different influences on soil and plants [21,22]. Among them, both biochar nature and addition ratio may largely decide the impacts of biochar amendment on soil and plant [9,23]. Numerous studies have shown that biochar properties such as pH, composition, surface charge, functional group, and even the heavy metals largely depend on pyrolysis conditions, especially the pyrolysis temperature [7,24,25]. Our previous pot experiment showed that the added quantities of sewage sludge biochar significantly influenced urban soil and turf grass, and 5% addition rate resulted in much better improvement in both urban soil and turf grass growth [23].



In this work, spray-dried municipal sewage sludge collected from a pilot plant was pyrolyzed at 200 °C, 300 °C, 500 °C, and 700 °C for 2 h, which indicated torrefaction, slight, middle, and heavy carbonization, respectively. The collected biochars were amended into an urban soil which had low fertility and poor structure, and then, turf grass was grown in pots. We hypothesized that these biochars produced at different pyrolysis temperatures differed in their capacities to improve the urban soil quality and turf grass as a result of their differences in physicochemical properties, and even reduced the potential risks of heavy metal bioaccumulation. The aims of this study were (1) to quantify the impacts of sewage sludge biochars produced at different temperatures on urban soil fertility and turf grass growth, (2) to compare the changes of heavy metals in urban soil and turf grass, and (3) to recommend a cost-effective and suitable temperature for producing sewage sludge biochar to be used as an urban soil amendment.




2. Materials and Methods


2.1. Biochar Preparation


Bulk portions of spray-dried sludge (<2 mm) from the Gaobeidian Wastewater Treatment Plant in Beijing were tightly filled into steel cylinders (height × inner diameter = 10.5 cm × 6.5 cm). Slow pyrolysis was performed at 200 °C, 300 °C, 500 °C, and 700 °C for 2 h with a heating rate of 10 °C min−1. The collected biochars (<1 mm), named B200, B300, B500, and B700, respectively, were used for the pot experiment. Their basic properties are shown in Table 1, and the heavy metal contents were previously described by Ma et al. [10]. It was obvious that the sludge had high ash but low organic matter, and the slow pyrolysis treatment greatly changed the sludge’s characteristics. Mercury (Hg) was not detectable in the biochar due to volatilization during pyrolysis. The residual heavy metals markedly increased up to 50% of the total when the temperature was higher than 300 °C. The oxidable, reducible and acid-extractable heavy metals increased with the increasing pyrolysis temperature. High pyrolysis temperature thereby reduced the bioavailability of heavy metals, although it increased their concentrations.




2.2. Soil


A typical urban soil was collected from the Science Park of the west campus of China Agricultural University. It is a loamy soil, and its properties are as follows: pH 8.40, electrical conductivity (EC) 164.70 μS cm−1, Olsen-P 7.80 mg kg−1, available K 64.22 mg kg−1, soil organic carbon (SOC) 3.37 g kg−1, total nitrogen (TN) 0.27 g kg−1, and black carbon (BC) 0.67 g kg−1. Most of the heavy metals were lower than the national limits for arable soil except Cd, but the used urban soil was contaminated by Cd which was showed in Table 2 [26].




2.3. Pot Experiment


Our previous study showed that addition rates of sewage sludge biochar significantly influenced the urban soil and turf grass growth, and 5% addition rate resulted in much better improvement in both urban soil and turf grass growth [23]. In this study, portions of bulk soil (<2 mm), each about 1.2 kg, were weighed and then thoroughly mixed with the sewage sludge biochars of B200, B300, B500, or B700 at 5% (w/w) and urea (66.67 mg N kg−1) in clay pots (inner diameter × height = 13 cm × 12 cm). Soil without biochar addition was used as a control (CK). All the treatments were replicated four times. Every pot was sown with around 0.27 g (roughly equal to 200 kg ha−1) of mixed grass seeds of liberator Poa pratensis L., Poa pratensis L., Nuglade Poa pratensis L., and midnight Poa pratensis L. in the same proportions. The pots were buried in the ground with 2 cm remaining above the soil and maintained soil moisture at about 60% of the water holding capacity. The aboveground biomass was collected with a scissor when it grew to approximately 15–20 cm in height, three times in whole experiment. After being washed with deionized water, the grass was denatured at 105 °C for 2 h and then oven-dried at 60 °C for 24 h. The oven-dried grass was assayed for total phosphorus (TP), nitrogen (TN), potassium (TK), and heavy metals. At the end of experiment, soil samples were taken from each pot and then determined pH, EC, Olsen-P, available K, total N, organic carbon, black carbon, and heavy metals.




2.4. Analysis


The values of pH and EC in the biochars (biochar/water, 1:10) were determined with a pH meter and conductivity meter, respectively. The ash content was estimated via incineration method at 500 °C for 30 min and then 815 ± 10 °C for 60 min [27]. The total carbon (C), nitrogen (N), and hydrogen (H) contents were determined by an elemental analyzer (Vario EL Ⅲ, CHONS Elemental Analyzer, Elementar, Germany). The oxygen content was calculated as the difference between the ash and the sum of C, N, and H. Extractable phosphorus was extracted using 1 mol L−1 NaHCO3 at pH 8.5 (1:4 ratio of biochar to water, w/v) and then measured by the ascorbic molybdate blue spectrometry, while Extractable potassium was measured by flame photometry following extraction with a neutral 1 mol L−1 NH4OAc solution [28]. Both ammonium and nitrate were extracted with neutral 1 mol L−1 KCl (biochar/water, 1:10, w/v) and then analyzed by a continuous flow auto analyzer (Auto Analyzer 3, Seal, Southampton, UK).



Total P of the turf grass was measured by ascorbic molybdate blue spectrometry after digestion with H2SO4–H2O2, total N was determined by Kjeldahl method, and total K was measured by flame photometry. The heavy metals concentrations were analyzed using HClO4–HNO3 digestion followed by inductively coupled plasma spectrometry (ICP 6000 SERIES; Thermo Company, Rockford, IL, USA).



Soil pH values were determined by an ion selective electrode at 1:2.5 (soil/water, w/v), and EC was measured by a conductivity meter (soil/water, 1:5 w/v). Soil organic carbon and total nitrogen were measured by the potassium dichromate volumetric method and the Kjeldahl method respectively. Black carbon was determined by the benzene polycarboxylic acid (BPCA) method [29]. Available P and K were analyzed by the ascorbic molybdate blue spectrometry method and flame photometry method respectively.



Heavy metals in soil samples were obtained after digestion with HCl–HNO3–HClO4 and analyzed by inductively coupled plasma spectrometry. The heavy metals fractions were analyzed by the sequential extraction procedure of Bureau Commune de Reference [23]. In brief, 1 g of sample in a polypropylene centrifuge tube was thoroughly shaken with 30 mL of CH3COOH (0.11 mol L−1, pH 2.8) for 16 h at room temperature. The supernatant was considered to be the acid-soluble fraction. The residue was digested by hydroxylamine hydrochloride (0.1 mol L−1, 20 mL) for 16 h at room temperature. This supernatant was the reducible fraction. The remaining material was digested with 5 mL H2O2 (pH 2) for 1 h at room temperature and then dried in the 80 °C water for 1 h. This was dissolved in 25 mL of NH4OAc (0.1 mol L−1, pH 2) solution for 16 h at room temperature and then filtered. The filtrate was considered to be the oxidable fraction. The difference between the total mass and the sum of the oxidable, acid-soluble, and reducible fractions was considered to be the residual fraction.




2.5. Statistical Analysis


All the data are expressed on an oven-dried basis as the mean of four replicates. Variance analysis was implemented by a one-way ANOVA and expressed as Duncan comparisons if the variation was significant at 95% confidence intervals.





3. Results


3.1. Soil Basic Chemical Characteristics


The sewage sludge biochar amendment induced substantial changes to most of the soil chemical parameters (Table 3). The pH values of the soils amended with B200, B300, and B500 decreased by 0.14–0.21 units, while no change was observed with amendment of B700, compared with that of the CK soil. Soil organic C, black C, total N, available P, and K increased by 3–8, 7–25, 2–9, 10–19, and 1.4–2 times, respectively, following biochar amendment. The proportion of black C in the total organic C increased by 9–272%. The ratios of organic C to total N (C/N) increased from 16.88 in CK to 26.39 in B700, while others decreased to 12.30–14.73. The biochars produced at low temperature (e.g., B200) tended to have higher positive impacts on the parameters such as available P and K and total N than that produced at high temperature (e.g., B700).




3.2. Soil Heavy Metals


The biochar-added soils generally had significantly higher heavy metals content than CK, which was obviously attributable to the added biochars (Table 4). In particular, the biochar-amended soils had 53–57%, 33–61%, and 13–35% higher Zn, Cu, and As, respectively than CK. The B300-amended soil even had up to 1.56 mg kg−1 Cd, 15% higher than CK.



Residual heavy metals accounted for 44–100% of the total heavy metals in all the soils, following by the oxidable and reducible fractions with 0–23% and 0–39% of the total, respectively. The most active fractions of the acid soluble heavy metals comprised 0–15.62% of the total heavy metals (Figure 1). The heavy metals of Zn, Cr, Cu, Pb, and Cd had much higher residual fractions, more than 90%, but lower acid soluble fractions, while both Mn and As had much lower residual fractions, 63–80% of the total. Biochar amendment induced diverse impacts on the fractions of heavy metals, which were largely dependent on both heavy metals and the added biochars (Figure 1). The acid soluble fractions of Pb, Cd, and As were reduced by 38–100% following the biochar addition, while those of Mn, Zn, Cr, and Cu increased by 0.35–34 times. The reducible fractions of Pb and Cu decreased by 29–96% and 82–98%, respectively, while those of Zn, As, and Cd increased by 58–337%, 4–538%, and 2–223%, respectively. Furthermore, the biochar amendment increased the oxidable fraction of Pb by 82–100% but decreased that of Cd by 33–97%. In general, adding biochar produced in high temperatures, such as B700 induced an increase in more bioavailable fractions of heavy metals, while the biochar produced in low temperature biochar, such as B200 functioned more effectively to reduce those fractions.




3.3. Turf Grass Biomass, NPK, and Heavy Metals


Biochar amendment had significant impacts on turf grass dry matter, nutrition, and heavy metals (Table 5). The dry matter of turf grass increased by 43–147% following the addition of the biochars produced at low temperature but reduced by 12% with the addition of B700. The nutrients of NPK in the turf grass were significantly improved by the biochar amendment. The turf grass grown in biochar-amended soils had 27–58% and 3–43% more P and K, respectively, compared with that in CK. The biochar produced in low temperature showed much better improvement in the NPK nutrition of the turf grass than the biochar produced in high temperature. Compared with the other biochar, B200 significantly increased the N and K content of the turf grass. Arsenic concentration in the turf grass grown in either biochar-amended or biochar-free soils was not in the detectable range. However, biochar addition significantly reduced the accumulation of Mn, Zn, Cr, Cu, Pb, and Cd in the turf grass aboveground by 4–70%. The turf grass grown in the biochar-amended soils had 28–83% lower Cd content than that in the biochar-free soil. Both B200 and B500 induced lower absorption of heavy metals by turf grass than B300 and B700, and even the absorption of Cr by the turf grass grown in B200 was much lower than that of B500.





4. Discussion


4.1. Urban Soil Improvement Following Sewage Sludge Biochar Addition


Urban soil, definitely disturbed land, often contains stones, concrete, brick, and plastic, and has poor structure and low nutrients [30]. It is therefore a great challenge to establish and maintain vegetation in this soil [2]. A large amount of peat, compost, and mineral fertilizer is often used to improve urban soil [3]. Our results show that the biochar-added soils have much higher organic C, total N, and available N, P, and K compared with the soil without biochar amendment. The increased nutrients might be caused partially by the added biochar (Table 1) and partially by the increased nutrient retention capacity in the biochar-added soil [31]. For example, the lower total N in the sewage sludge biochar at high pyrolysis temperature (B700) resulted in less increase in soil total N following biochar addition. Similar results were reported by other researchers [7,32]. The much higher organic C in the biochar-amended soils than in CK could be explained by both the increase of grass residues and the added biochar. Furthermore, the inconsistency between the measured black C and the added biochar C would be interpreted as the decomposition and losses of the added biochar during the pot experiment [33,34]. Our results indicated the remarkable improvement of the tested urban soil through biochar amendment. These results were consistent with previous research findings [35,36]. The biochar produced at low temperatures showed higher positive impacts on urban soil improvement than those produced at high temperature. Agrafioti et al. [24] obtained similar results and suggested biochar produced at low temperature could be more suitable to agricultural use rather than that derived from high temperature. Considering the more volatile loss and bioavailability reduction of mineral nutrients at high pyrolysis temperatures [37], it may be thus recommended that municipal sewage sludge be converted into biochar at low temperature, e.g., 200 °C, and then used as a nutrient supplement for urban soil. Moreover, a few studies have shown that the biochar derived from lignocellulosic materials has the ability to ameliorate soil physical parameters such as pore size, proportion of water-stable aggregates, bulk density, water retention, etc. [38,39]. The future work should be concerned on the impacts of municipal sewage sludge biochar on soil porosity, aggregates, permeability, infiltration, and hydrological characters.




4.2. The Impacts of Sewage Sludge Biochar Amendment on Soil Heavy Metals


Municipal sewage sludge often contains a significant amount of heavy metals, which restricts its agricultural utilization [40]. Slow pyrolysis could completely remove mercury through volatilization and greatly reduce the bioavailability of other heavy metals, although their concentrations could significantly increase [10]. Similar results were obtained by many researchers [7,41], possibly because the weight loss of the heavy metals is much lower than the that of organic compounds, thus resulting in the enrichment of heavy metals in biochar [41,42]. It was therefore reasonable that biochar amendment resulted in a proportional increase in total heavy metals (Table 4). The cadmium content even surpassed the national standards [16] and thus might entail some risk [43].



The fractions of heavy metals, and not the total amounts, are usually believed to have a much closer association with their bioavailability. A few reports have shown that biochar amendment may induce various changes in the fractions of soil heavy metals, which often depends on the added biochar, heavy metals, and soil conditions [44,45]. In this study, amending sewage sludge biochars led to remarkable reductions in acid soluble Pb, As, and Cd, reducible Cu and Pb, and oxidable Pb, but also led to increases in acid soluble Mn, Zn, and Cu, reducible Zn, As, and Cd, and oxidable As (Figure 1). It is believed that acid-soluble, oxidable, and reducible fractions of heavy metals have higher bioavailability [46]. Sewage sludge biochar amendment may therefore enhance the bioavailabilities of Mn, Zn, and Cu but reduce those of Pb, As, and Cd. Yue et al. [23] obtained similar results in both laboratory incubations and pot tests. Biochar effects on soil heavy metals fractions are not fully understood. The electrostatic attraction may cause an increase of exchangeable heavy metals since biochar carries a significant amount of charges [47]. The carbonates, phosphates, and oxides in biochar can result in the precipitation of heavy metals, which enhances the relative fractions of heavy metals in the biochar-added soil [48]. The different functional groups, for instance, carboxyls, phenolics, and hydroxyls, on the surface of porous biochar can adsorb heavy metals through coordination and chelation, which explains the improvements in acid-soluble, oxidable heavy metals in the biochar-added soils [43,44,49,50]. The microbial decomposition of biochar may decrease oxidable heavy metals and valence alteration of some heavy metals, for example, Cu, Cr, Mn, and As [51]. More work is obviously required to understand how biochar drives changes in the bioavailability of heavy metal fractions and the impacts on the environment.




4.3. Improvement of Turf Grass Following Sewage Sludge Biochar Amendment


Various studies have confirmed that biochar as a kind of soil amendment that can obviously enhance plant nutrition, stimulate plant growth, and improve grain yield and biomass [52,53]. We acquired similar outcomes in this research, in which biochar amendment significantly enhanced the dry matter and NPK nutrients of the turf grass. The biochar produced at lower temperature (e.g., B200) had much better improvement in turf grass for its higher available minerals, such as N, P, and K. The better growth of turf grass in the biochar-added urban soil might be largely attributed to the improvement in mineral nutrition. Similar results were reported by other researchers when they used high ash biochars rather than those with low ash [9].



The transfer of heavy metals from soil to crops is a public concern because of its potential health risks. A number of studies have shown that crops such as cherry tomato fruits [53], Chinese cabbages and radishes [54], turf grass [23], and garlic [43] grown in biochar-amended soil have lower heavy metals content than those in biochar-free soil. We obtained comparative outcomes in this study. The turf grass from the soils added with different sewage sludge biochars had much lower heavy metals than that from CK, though the soils amended with biochar had higher total heavy metals. This finding confirms that the total heavy metals quantity in soil is not often closely equal to their bioavailabilities [55], and the bioavailability of heavy metals are generally controlled by the soil adsorption and desorption characteristics [56] which are reported to be related to soil properties [57]. Moreover, the adsorbed heavy metals in roots may not be transferred to aboveground tissues [58]. Lu et al. [59] demonstrated that insoluble metal phosphates inside root tissues inhibited metal migration from root to aboveground. The much lower heavy metals in the turf grass grown in both B200 and B500 than those in B300 and B700 may imply the complexity of transformation, absorption and transfer of heavy metals in the biochar-amended soils.





5. Conclusions


Spray-dried municipal sewage sludge could be effectively converted into biochar by a slow pyrolysis process within 200 °C–700 °C for 2 h. These biochars had specific characters which changed with pyrolysis temperature. The urban soils amended with the biochars had much higher values of organic C, N, P, and K compared with the control. The biochar amendment resulted in high turf grass biomass and NPK contents. It was evident that the biochar amendment could remarkably improve urban soil fertility and then promote turf grass growth. The biochar-amended soil had much higher total heavy metals than the control because of the input of biochar. However, the grass grown in biochar-amended soil accumulated less heavy metal than that in control, which might imply biochar amendment effectively reduced the bioavailability of heavy metals. In consideration of the economic factors and the positive impacts on soil and turf grass, it is recommended that the sewage sludge can be converted into biochar at 200 °C for 2 h and then used as a potential conditioner for urban soil.
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Figure 1. The percentages of different fractions in total amount of heavy metals in the soils amended with the biochars derived from municipal sewage sludge at 200 °C, 300 °C, 500 °C, and 700 °C for 2 h in a muffle furnace and then grown turf grass. 
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Table 1. The characteristics of municipal sewage sludge and their biochars produced at 200 °C, 300 °C, 500 °C, and 700 °C for 2 h in a muffle furnace.
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Samples

	
Yield (%)

	
pH

	
EC (μS cm−1)

	
C

	
H

	
O

	
N

	
Ash

	
C/N

	
Extractable K

	
Extractable P

	
NH4+-N

	
NO3−-N




	
%

	
mg kg−1






	
Feedstock

	
0.00

	
7.29b

	
421.30e

	
17.61b

	
2.74e

	
9.05d

	
2.42c

	
68.18a

	
7.28a

	
9437a

	
910.3e

	
3258.75e

	
30.00d




	
B200

	
92.19c

	
6.54a

	
347.00d

	
17.09b

	
2.09d

	
10.01e

	
2.19c

	
68.62a

	
7.80a

	
9559a

	
364.4d

	
533.51d

	
0.10a




	
B300

	
81.66b

	
7.20b

	
114.77c

	
19.72c

	
1.79c

	
5.76c

	
2.59cd

	
70.14b

	
7.61a

	
10351b

	
235.8c

	
119.28c

	
1.97b




	
B500

	
67.80a

	
8.70c

	
73.77a

	
15.26b

	
0.73b

	
3.28b

	
1.73b

	
79.00a

	
8.82b

	
12652c

	
181.3b

	
21.41b

	
2.77c




	
B700

	
65.12a

	
11.15d

	
96.20b

	
11.33a

	
0.31a

	
1.90a

	
0.71a

	
85.75c

	
15.96c

	
13401d

	
126.7a

	
12.72a

	
2.72c








Each column with the same lowercase letter is not significantly different at the 5% level among the feedstock and their biochars produced at different pyrolysis temperatures.
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