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Abstract

:

The widespread environmental contamination of chlorpyrifos (CP) has raised human health concerns and necessitated cost-effective methods for its remediation. The current study evaluated the degradation behavior of CP in compost and biochar amended and unamended (original and sterilized) soils in an incubation trial. Two levels of CP (100 and 200 mg kg−1), compost and biochar (0.50%) were applied, and soil was collected at different time intervals. At the higher CP level (200 mg kg−1), CP a showed lower degradation rate (ƙ = 0.0102 mg kg−1 d−1) compared with a low CP level (ƙ = 0.0173 mg kg−1 d−1). The half-lives of CP were 40 and 68 days for CP at 100 and 200 mg kg−1 in original soil, respectively, and increased to 94 and 141 days in sterilized soils. CP degradation was accelerated in compost amended soils, while suppressed in biochar amended soils. Lower half lives of 20 and 37 days were observed with compost application at CP 100 and 200 mg kg−1 doses, respectively. The activities of soil enzymes were considerably affected by the CP contamination and significantly recovered in compost and biochar amended soils. In conclusion, the application of organic amendments especially compost is an important strategy for the remediation of CP contaminated soil.
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1. Introduction


The common practice of applying synthetic pesticides on a large scale to improve agricultural production has resulted in a severe soil contamination [1]. Many pesticides currently in use have shown negative impacts on plant growth, soil fertility and soil microbial population functioning and diversity, causing potential long-term damage to the sustainability of agricultural systems [2,3]. Moreover, the degradation products of some pesticides exhibit higher mobility than their parent compounds and contaminate groundwater by soil infiltration and surface water by sediments runoff [4,5,6]. CP is extensively used to kill soil insect pests in the agricultural sector [7]. However, CP is relatively persistent in the environment, with a half-life in soil from 60–120 days [8] and is also highly toxic to both terrestrial and aquatic organisms [9] by causing immunotoxic and neurotoxic effects in humans and animals [10,11]. The presence of chlorpyrifos can be detected in agricultural soil and water samples throughout the world, even after it has been banned in most countries [12]. Due to its easy availability, low price and expensive agricultural basis, chlorpyrifos is the most commonly used pesticide in South America and Asian countries such as Pakistan, India, etc. [13,14]. Consequently, the extensive use of CP, coupled with the detection of CP and its residues in agricultural products, foodstuffs, surface and ground water bodies, soil and human blood samples, has attracted much scientific interest as a human and environmental health concern which requires urgent action to assess and treat the problem [13,14,15].



Compost is a material formed after the partial decomposition of organic waste in aerobic conditions, and it has a potential for the abatement of pollution from soil [16] and is used as a soil conditioner. Biochar is a product formed after the pyrolysis of solid organic material in anoxic conditions [17]. Both amendments are pretty good options for reducing the volume of organic wastes and have their implications for tackling soil pollution [18]. The supplementation of soil with biochar and compost is known to increase the fertility and physicochemical properties of soils such as soil water holding capacity, pH, organic matter contents, cation exchange capacity (CEC), etc. [19]. Such amendments can also affect the fate of soil pesticides by providing multiple additional sorbent surfaces, which reduces their leaching potential [20,21,22] and can enhance their degradation [23]. Since the activity of soil enzymes is a good measure of soil quality, the soil metabolic rate can be used to demonstrate the effectiveness of any remedial processes adopted to treat pesticide-contaminated soils [24,25]. The widespread use of synthetic pesticide has increased the environmental and human health concerns, where cost-effective strategies to immobilize pesticides residues or accelerate their degradation in soil is necessary to ensure food safety [26,27]. Most of the soil enzymes are excreted by the soil microbes, while only a few are produced by flora and fauna in the soil [28]. The soil enzymes quickly respond to the environmental stresses that affect the soil [29]. Previous studies have reported the effect of pesticides’ toxicity on soil enzymes activities. The positive effect of biochar has been reported in previous studies by recovering soil enzyme activities under pesticide pollution [30]; however, the studies regarding the effect of compost on soil enzyme activities in CP contaminated soil are very rare. Moreover, the comparative behavior of biochar and compost on the degradation of chlorpyrifos and on the soil enzymes activities under CP toxicity in Pakistani soil conditions is lacking in the literature. Therefore, the current research was carried out to (1) investigate the degradation of CP in biochar and compost supplemented and non-supplemented sterilized and original (non-sterilized) soils and (2) to evaluate the influence of biochar and compost amendments on soil enzymes activities in a CP contaminated soil.




2. Materials and Methods


2.1. Pesticide and Chemicals


Technical grade (97%) CP was obtained from Ali Akbar Enterprises, Pvt. Ltd. Lahore, Pakistan. Analytical grade (99.5%) CP was purchased from Dr. Ehrenstorfer GmbH (Germany). Analytical grade n-hexane and acetone were purchased from Merck (Darmstadt, Germany).




2.2. Soil and Amendments Preparation, Contamination and Incubation


An incubation trial was performed in the growth room at the Institute of Soil and Environmental Sciences, University of Agriculture Faisalabad, Pakistan, to test the degradation behavior of CP in unamended (sterilized and non-sterilized) and amended (sterilized and non-sterilized) soils with biochar and compost. The soil (sandy clay loam) was collected from the upper (0–30 cm) farm area of Village No.132/GB in Faisalabad, Pakistan. The soil was air dried in the shade for one week, and thereafter sieved using a 2 mm sieve and mixed thoroughly. Biochar was produced at a pyrolysis temperature of 500 °C using wheat straw as a feedstock under limited oxygen conditions in a laboratory muffle furnace as previously stated [31]. Compost was produced from agricultural waste material and plant leaves as described previously [32]. After homogenization and drying at room temperature for 7 days, both amendments were finely grounded and sieved <200 µm. The physicochemical characteristics of the biochar, compost and soil are given in Supplementary Data Table S1. The two amendments (biochar and compost) were thoroughly mixed with the soil by hand to achieve loading 0.50% (w/w) for biochar and compost, respectively. Soil was taken in glass jars (200 g each). Before the experiment, the soil in the jars was pre-incubated for a week at 25 °C at 40% of water holding capacity (WHC). The soil was spiked with a CP solution (prepared in acetone) to give two spiked concentrations of 100 and 200 mg CP kg−1 soil. The full treatments descriptions and their abbreviations are elaborated in Supplementary Data Table S2. The capped jars were shaken on a rotary shaker for 24 h in order to facilitate complete mixing of soil and pesticide solution and were subsequently placed unsealed in fume hood for two days to allow for the evaporation of acetone. Another set of jars were prepared identically in three replicates with the same treatment combinations as above, except sterilized soils were used in each treatment. Soil was sterilized twice (prior to spiking with CP solution) in an autoclave at 120 °C for 30 min under 300 kPa pressure chamber [33]. The jars were incubated in the dark at 20 ± 5 °C for four months, where soil moisture was maintained (at 40% WHC) by adding distilled water. The sterile distilled water was used for sterile soil treatments. In order to avoid disturbance and to ensure accuracy, separate set of jars were prepared for each sampling date. Soil samples (20 g) were periodically taken from each jar at 0, 7, 15, 30, 60 and 120 days. The collected soil samples were divided into two subsamples for pesticide and enzymatic analysis. The samples for pesticide residual concentration were stored at −20 °C so that the pesticide recovery may not be affected while. For the soil enzymatic analysis, the samples were kept at 4 °C, and enzymatic analyses were completed within 48 h of sample collection for each respective interval.




2.3. Chemical Analysis


The EC and pH of biochar, compost, and soil were determined on suspensions of solid: distilled water (1:20 [w/v] and 1:10 [w/v], respectively [34]) using conductivity (HANNA HI8033) and pH meters (JENCO Model-671P). Soil texture was determined using the method described by [35]. The specific surface area of all samples and pore characteristics of biochar and compost were determined from N2 adsorption isotherms at 77 K using surface area analyzer (Beckman Coulter SA3100, Brea, CA, USA). Before filling with N2 gas at different pressures, the degassing of the samples was done for 1 h at 363 K and then again for 3 h at 623 K. The N2 adsorption data was plotted versus relative vapor pressure and computation of BET specific surface area was done by computer using BET equation. The pore size and pore volume were computed using NOVA Win 2.0 software with N2 adsorption data [36]. The CEC was determined by modified NH4+ acetate method. First the samples (0.2 g) were leached with deionized water, and the sum of basic cations in the leachate were determined. Afterwards, 20 mL of 1 M Na+ acetate (pH 7) was added in the samples to determine Mg2+, Ca2+ and K+ as exchangeable base cations in the leachate. Then, the exchangeable Na+ was removed by washing with ethanol (20 mL). After this, 20 mL of NH4+-acetate (pH 7) was added in order to displace Na+ on the exchangeable sites. Afterwards the CEC was calculated by using a flame photometer as described by [37]. The total organic carbon in soil samples was determined by oxidation for 30 min at 150–160 °C with K2Cr2O7 and then excessive dichromate was titrated with ferrous ammonium sulphate [38], and the total organic carbon contents in compost and biochar samples were determined on TRL-TOC/TN analyzer made in Anarkara, Turkey.



2.3.1. Soil Extraction of Chlorpyrifos


Soil (1 g) was weighed directly into glass centrifuge tubes (50 mL). A mixture of acetone and n-hexane (1:1 (v/v); 10 mL) was added and the mixture rigorously agitated on a vortex mixture for 1 min. Subsequently, the mixture was subjected to ultrasonic extraction on an ultrasonic bath Bandelin RK 100H, 80/160 W (Sonorex, Darmstadt, Germany) 2 h prior to shaking on an orbital shaker for an additional 12 h. After shaking, the tubes were centrifuged for 15 min at 1300× g to separate the solid and liquid phases and the supernatant was removed by pipetting and transferred to glass amber vials after filtration through Whatman glass microfiber filters (0.7 µm diameter). The filtrate was then dried under N2 gas produced from an air nitrogen generator and the residues re-dissolved in n-hexane (1 mL) for CP determination on a Shimadzu QP-2010 GC-MS [39]. A preliminary recovery experiment carried out with CP spiked soil samples ranging in concentration from 1 to 10 mg kg−1 gave recoveries ranging from 90 to 92%, thus indicating that the extraction method was reliably recovering total CP concentrations from soils. The residual CP concentrations in soil samples were determined by GC-MS. The instrument was standardized with standard CP solution prepared using chemical obtained from Sigma-Aldrich. The conditions used were as follows: Injection temperature used was 220 °C, splitless injection mode with a 1 min sampling time, the oven temperature was kept at 50 °C, the carrier gas used was helium (99.9%) at a flow rate of 1.70 mL min−1, the solvent cut time was 5 min and the mode of CP detection was selected as ion mode. Total program time was 37.17 min, and the monitored mass fragments for CP were 197, 199, and 314 m/z.




2.3.2. Soil Enzymatic Activities


The activities of three soil enzymes (dehydrogenase, urease and phosphatase) were measured periodically at 0, 15, 30, 60 and 120 days of incubation. The method of [40] was used to assess soil dehydrogenase activity after incubating soil, where Tris-HCl buffer of pH 7.4 was used to prepare 5M TTC solution. Fresh soil samples (5 g) were incubated in TTC solution (5 mL) at 37 °C for 12 h, where, to end the reaction, immediately after incubation, 2 drops of concentrated sulfuric acid were added. Briefly, the TPF extraction procedure was as follows: Soil samples were blended with 5 mL of toluene (5 mL) followed by shaking at 250 rpm for 30 min. The centrifugation of samples then done at 4500 rpm for 5 min. After centrifugation, the supernatant solution was decanted carefully avoiding any particulate matter, and the optical density was determined using UV-visible spectrophotometer (Shimadzu, Kyoto, Japan) at 492 nm. The enzyme activity was then reported as μg TPF g−1 soil 12 h−1.



The soil urease activity was assayed as reported by [41] Kandeler and Gerber (1988) utilizing urea as a substrate. Soil (5 g) was incubated with 2.5 mL of aqueous urea solution (0.72 M) and 20 mL of borate buffer (0.1 M) having pH 10 at 37 °C for 2 h. After incubation, the mixture was extracted with 30 mL of both HCl (0.01 M) and KCl (1 M). The amount of ammonium released in the extract was determined on spectrophotometer (at 690 nm) and used to quantify urease activity.



Phosphatase activity was measured with p-nitrophenyl phosphate (PNPP, 0.115 M) as substrate [42]. This assay is based on the detection of p-nitrophenol (PNP) after releasing. Briefly, air dried soil (1 g) was incubated for 60 min at 37 °C followed by the addition of 1 mL substrate (0.5 mL), 4 mL modified universal buffer (0.1 M) of pH 6.5 and 0.25 mL toluene. To the mixture, 4 mL of NaOH (0.5 M) and 1 mL CaCl2 (0.5 M) was then added. The mixture was then centrifuged at 2000× g for 5 min, filtered with Whatman filter (No. 42) and the amount of PNP was determined at 420 nm spectrophotometrically.





2.4. Degradation Analysis


The experimental degradation data was fit to a first order decay model to calculate the degradation rate constant using the equation Ct = C0 × e−ƙt, where Ct was the concentration of CP after time t (mg kg−1), C0 was the initial concentration of CP at time 0 (mg kg−1), k was the degradation rate constant (day−1) and t was the time (days). The half-life of CP was calculated using t1/2 = ln 2/k, where t1/2 was the half-life of CP (days). All data sets were analyzed statistically using Analysis of Variance (ANOVA), and the standard errors (SE) or the standard error of difference between replicates (SED) were reported.




2.5. Quality Assurance


All chemicals used in this study were National Institute of Standards and Technology (NIST) traceable and chromatographically pure. The centrifuge tubes and other laboratory consumables were flushed thoroughly with ultrapure water after dipping in 20% nitric acid solution overnight. A recovery experiment was carried out in order to assure the reliability and quality of the extraction process by spiking the soil with known concentrations of CP ranging from 1 to 10 mg kg−1, and extraction was done in the same way as described earlier. We obtained recovery values between 90 and 92%, which showed the good efficiency of the extraction process. For quality control, blank samples were run, which contained only soil. The CP standards (99.5%) were run for the quantification of CP and then calibration curves were constructed. The linear plots were obtained with r2 ˃ 0.96. Experiments were carried out in three replicates, and the average of these three replications with standard error was reported in results.




2.6. Statistical Analysis


The data were tested for normal distribution and homogeneity of variance. Significant differences in CP degradation and enzymes activity were examined using two-way ANOVA (Statistix 8.1 program) following least significant difference (LSD) test at 5% probability and the main and interaction effects (between treatments and time intervals) were computed. The data computation/graphs were done on Microsoft Excel 2013® (Microsoft Corporation, Redmond, WA, USA).





3. Results


3.1. Degradation of Chlorpyrifos in Sterile and Non-Sterile Soils


The concentrations of CP at the initial doses of 100 mg kg−1 (CP100) and 200 mg kg−1 (CP200) in unamended sterile (SS) and non-sterile soil (NSS) decreased with the increasing incubation time (Figure 1). The degradation of CP followed first order kinetics. The degradation of CP was greater in the NSS over all sampling periods during incubation compared to SS (Figure 1). Under non-sterile conditions, on day 120 (when the incubation experiment ceased), 87 and 71% of the CP100 and CP200 doses were degraded, respectively, compared to 59 and 49% under sterile conditions. Clearly microbial activity in the soil increased CP degradation. The half-lives and degradation rates ƙ (mg kg−1 d−1) of CP with different treatments are presented in Table 1. At CP200, the CP was more resistant towards degradation compared to CP100, with half-lives of 40 and 68 days, respectively, and degradation rates (ƙ) of 0.017 and 0.010mg kg−1 d−1 at CP100 and CP200, respectively.




3.2. Influence of Compost and Biochar Amendments on Chlorpyrifos Degradation


The effect of the compost and biochar application on the degradation of CP at the initial doses of 100 (CP100) and 200 (CP200) mg kg−1 in NSS is illustrated in Figure 2. The main and interaction effects between treatments and time intervals is presented in Supplementary Data Table S3. In the NSS, the compost and biochar amendments had different effects on the degradation of CP at both doses of CP100 and CP200. The compost-amended treatments resulted in higher CP degradation at each stage of incubation, which was also higher than the degradation observed in controls (unamended treatments CP100 and CP200). The biochar-amended treatments showed reduced CP degradation relative to the unamended soils. At the end of the incubation period, 98 and 89% of CP was degraded for CP100 + FC and CP200+ FC, which was an 87 and 65% higher degradation than observed for the unamended (CP100 and CP200) controls. In comparison, only 76 and 59% of CP was degraded with treatments CP100 + WSB and CP200+WSB, respectively. The compost amendment significantly (ANOVA: p = 0.000) reduced the half-lives of CP from 40 and 68 days with CP100 and CP200, respectively, to 20 and 37 days with CP100 + FC and CP200 + FC, respectively (Table 1). Among all the treatments the highest CP degradation rate (ƙ) (0.034 mg kg−1 d−1) was achieved with CP100 + FC.



In contrast to the NSS, for the SS, at both initial CP concentrations of 100 and 200 mg kg−1 (Figure 3), all compost and biochar treatments inhibited (decreased) the degradation of CP at all stages of incubation compared to the CP100 and CP200 (unamended treatments) controls. Thus, treatments CP100 + FC, CP100 + WSB, CP200 + FC and CP200 +WSB showed 48, 87, 24 and 50% less CP degradation, respectively, compared to the controls (CP100 and CP200) at the end of the incubation period. All the amended treatments showed significantly (ANOVA: p = 0.000) longer half-lives and less degradation rates than observed for unamended controls (Table 1). Thus, overall, much higher half-lives and lower degradation rates were found in all treatments with sterilized soil compared to the non-sterilized soil (Figure 2 and Figure 3).




3.3. Influence of Compost and Biochar on Soil Enzymes Activities under Chlorpyrifos Contamination


3.3.1. Soil Dehydrogenase Activity


The effect of CP on soil dehydrogenase activity in unamended and amended soils during incubation over 120 days is shown in Figure 4. The main and interaction effects between treatments and time intervals is presented in Supplementary Data Table S6. At both dose levels, CP100 and CP200, CP significantly (ANOVA: p = 0.000) reduced the dehydrogenase activity, and at the start of the incubation period, a 79 and 92% reduction in enzyme activity was observed, respectively. Across all treatments (except control) dehydrogenase activity decreased rapidly in the first 15 days before stabilizing and slowly increasing as incubation proceeded. The inhibiting effect of CP on dehydrogenase activity significantly increased with increasing CP concentration (200 mg kg−1), and at this CP concentration, the dehydrogenase activity did not recover significantly at the end of the incubation period. For both unamended and amended contaminated treatments, the maximum decrease was recorded at day 15, and the minimum dehydrogenase activity (1.02 µg TPF g−1 soil 12 h−1) was recorded with CP200 among the unamended treatments and (3.94 µg TPF g−1 soil 12 h−1) with CP200+WSB among the amended treatments. A significant reduction in the enzyme activity suppression was observed with both biochar and compost throughout the incubation period, and with treatment CP100 + FC, even higher enzyme activities were recorded compared to the control soil (CP0B0C0) at each stage of incubation, showing the highest enzyme activity (20.97 µg TPF g−1 soil 12 h−1) at day 120. Overall, compost-amended contaminated treatments showed significantly high (ANOVA: p = 0.000) dehydrogenase activities over biochar amended ones at each stage of incubation.




3.3.2. Soil Urease Activity


The effect of CP on soil urease activity in the unamended and amended soils over an incubation period of 120 days is shown in Figure 5. CP negatively affected soil urease activity at both initial CP concentrations (CP100 and CP200) throughout the incubation period. The decrease in urease activity was maximum at day 15 with reductions of 79 and 90% for CP100 and CP200, respectively, relative to the control (CP0B0C0). After day 15 urease activity gradually increased across the incubation period. At both initial CP concentrations of 100 and 200 mg kg−1, the compost and biochar significantly (ANOVA: p = 0.000) reduced the negative effects of CP on soil urease activity, where the effect was more evident for the treatment CP100 + FC. However, in all treatments, urease activities remained lower than the activity observed in the control (CP0B0C0) soil (over the whole incubation period), except for CP100 + FC at the last stage of incubation, at which time urease activity was 28 and 70% higher than in the control and unamended contaminated treatments (CP100), respectively. Amongst the amended contaminated treatments, maximum urease activities (15.6 and 23.4 µg NH4+-N g−1 h−1) were observed for CP100 + FC at day 0 and 120, respectively, and minimum urease activities (6.14 and 7.72 µg NH4+-N g−1 h−1) were recorded with CP200 + WSB at day 0 and 120, respectively.




3.3.3. Soil Phosphatase Activity


The effect of CP on soil phosphatase activity in unamended and amended soils during the incubation period of 120 days is shown in Figure 6. In the unamended contaminated soil, the phosphatase activity was significantly (ANOVA: p = 0.000) reduced by CP at the start of incubation period, with 60 and 87% less phosphatase activity (3 and 1 µg TPF g−1 soil 12 h−1) for CP100 and CP200, respectively, compared to CP0B0C0 (7.5 µg PNP g−1 soil h−1). At both dose levels, 100 and 200 mg kg−1, significantly (ANOVA: p = 0.000) higher phosphatase activities were observed with the application of compost and biochar amendments. However, with compost (CP100 + FC), these activities were even higher (ANOVA: p = 0.000) than the uncontaminated control soil (CP0B0C0) at the last two stages of incubation. In all amended and unamended contaminated treatments, the phosphatase activity initially decreased to day 15, and thereafter, it stabilized and slowly increased until the end of incubation. Amongst all treatments the maximum phosphatase activities (8.13µg PNPg−1 soil h−1) and (14.01 µg PNP g−1 soil h−1) were observed with CP100 + FC at day 0 and 120, respectively, and the minimum phosphatase activities (1 µg PNP g−1 soil h−1) and (3.02 µg PNP g−1 soil h−1) were observed with CP200 at day 0 and 120, respectively.






4. Discussion


The most important factor affecting the fate and distribution of pesticides in soil is sorption [43]. Compared to the unamended soil, CP degradation was significantly reduced in biochar amended soils at both initial CP concentrations. This was attributed to the strong sorption of CP to the biochar amended soil and, consequently, less desorption from the added organic amendment [27] leading towards lower CP bioavailability [39]. Organic matter added to a soil provides one of the most important sorbent surfaces for the non-polar pesticides of low water solubility because phase partitioning is driven by hydrophobic interactions [44,45]. Of the many different types of organic matter, the microporosity, high specific surface area and large number of functional groups on the biochar’s surface [46] makes it a very efficient sorbent material for a variety of synthetic organic contaminants. Significant decreases in the degradation of CP in soil following the addition of biochar has been previously reported [33]. The decreased degradation of CP in biochar-amended soil could also be attributed to the diffusion of pesticides into the soil-organic amendment mixture and to the nano-pores introduced by amendments directly resulting in less availability of the pesticide for biodegradation [47].



In contrast to the biochar-amended soil, the compost-amended soil increased CP degradation compared to the unamended soil. A variety of organic amendments have been proposed previously as options to enhance pesticides degradation such as peanut shells, farm-yard manure, coconut husks, T. diversifolia leaves, etc. [48,49,50]. Dehydrogenase enzyme activity is usually a good measure of potential degradation efficiency [49] and increased dehydrogenase activity on the application of compost in this study suggested that compost provided more degradation capacity than biochar. Moreover, compost provides labile carbon in large amounts, which microbes can use as a substrate food source [23]. The indigenous microbes in the organic material secrete extracellular enzymes which can boost up the degradation of organic pollutants by rendering their hydrophobic parts hydrophilic in nature and inducing some alteration in their composition [51,52].



Compared to the NSS, significantly less CP degradation occurred in the SS in both unamended and amended treatments with either biochar and/or compost. These results were in agreement with [23], who showed reduced pesticides degradation under sterilized conditions compared to non-sterile conditions in soil, and by [53] in an unamended forest soil. Increased pesticide degradation was correlated with increased microbial activity in NSS, which, unlike SS, had not had its innate microbial population decimated by autoclaving. Sterilization significantly extended the half-lives of CP with less degradation compared to NSS at both initial concentrations. These results were previously supported by [54].



CP degradation was more inhibited (lower degradation rate; longer half-lives) for CP200 compared to CP100 throughout the incubation in both amended and unamended soils. A reduced degradation efficiency with increasing CP concentration was previously reported by [55,56] in an organic mixture and by [57] in a soil. At higher CP concentrations, one of CP’s main metabolites, 3,5,6-trichloro-2-pyridinol (TCP), starts to increase in concentration and could be a cause of CP-reduced degradation [58,59].



Soil enzyme activity is a key biochemical factor assessing soil quality due to its sensitivity to toxicity and disturbances [60]. In agreement with previous findings [47,61,62,63], the results of this study indicated that CP inhibited soil dehydrogenase, urease and phosphatase activities. In the CP-contaminated soil, the maximum reduction in dehydrogenase, urease and phosphatase activities was observed at day 15 of the incubation, which was in agreement with a previous study [47]. The decrease in soil enzyme activities in CP spiked soils could be attributed to the increased microbial toxicity of byproducts formed during degradation [28]. The recoveries of enzyme activities in the later stages of incubation may be due to significant pesticide loss via degradation, thus reducing pesticide toxicity [47,53] and recovery of microbial growth as manifested by the alleviated soil enzymes activities in our results.



We reported the comparative behavior of compost and biochar in alleviation of soil enzymes activities under CP pollution, which is lacking in previous studies. According to the results of our findings, although both amendments showed a reduction in the suppression of all soil enzymes activities, compost proved to be significantly effective as compared to biochar in this regard. In fact, when compost was added to the CP contaminated soil, enzyme activities were even greater than in the uncontaminated treatments pronouncedly at later stages of incubation. The accelerating effect of compost on soil enzymes’ activities may be due to the introduction of new microbial communities [64], which may be responsible for the production of extracellular enzymes capable of degrading CP. We found significantly higher soil dehydrogenase, urease and phosphatase enzymes activities and degradation of CP in compost-amended treatments compared to the biochar at each stage of incubation (Figure 2). Moreover, the mechanism of compost introduced enzymatic secretions in accelerating the CP degradation need to be explored.




5. Conclusions


The degradation of CP in biochar- and compost-amended and unamended soils followed first order kinetics. CP at a 200 mg kg−1 dose exhibited significantly lower degradation rate and increased half-life compared to a 100 mg kg−1 dose, indicating restricted degradation at higher doses. The reduced degradation may be attributed to the accumulation of its metabolites at high concentration as manifested by the enhanced negative effect on soil enzymes activities at a higher dose in our finding. The application of compost increased CP degradation. The activities of soil enzymes were severely affected by the CP contamination pronouncedly at the initial stages of incubation, and both compost and biochar proved to be effective in alleviating the adverse effects of CP on the activities of these soil enzymes. Compost-amended soils exhibited higher enzyme activities than the uncontaminated soil, even in the presence of high concentrations of CP, especially at the later stages of incubation. Thus, the co-application of both biochar and compost is an important strategy to mitigate the adverse effects of CP. However, compost addition could be more effective for the abatement of CP residues from contaminated soils having accelerating effect on CP degradation.
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Figure 1. Degradation of chlorpyrifos (CP) in non-sterilized and sterilized soils at two different initial CP concentrations (100 and 200 mg kg−1); CP100(NSS) = CP 100 mg kg−1 with non-sterilized soil, CP200(NSS) = CP 200 mg kg−1 with non-sterilized soil, CP100(SS) = CP 100 mg kg−1 with sterilized soil, CP200(SS) = CP 200 mg kg−1 with sterilized soil. 
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Figure 2. Effect of compost and biochar on the degradation of chlorpyrifos (CP) at two different initial CP concentrations (100 and 200 mg kg−1) in non-sterilized soil. CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%. 
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Figure 3. Effect of compost and biochar on the degradation of chlorpyrifos (CP) at two different initial CP concentrations (100 and 200 mg kg−1) in sterilized soil. CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%. 
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Figure 4. Effect of compost and biochar on soil dehydrogenase activity at two different initial CP concentrations (100 and 200 mg kg−1). CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. Control = (only soil), CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%. 
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Figure 5. Effect of compost and biochar on soil urease activity at two different initial CP concentrations (100 and 200 mg kg−1). CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. Control = (only soil), CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%. 






Figure 5. Effect of compost and biochar on soil urease activity at two different initial CP concentrations (100 and 200 mg kg−1). CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. Control = (only soil), CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%.



[image: Sustainability 13 09695 g005]







[image: Sustainability 13 09695 g006 550] 





Figure 6. Effect of compost and biochar on soil phosphatase activity at two different initial CP concentrations (100 and 200 mg kg−1). CP: chlorpyrifos, FC: fresh compost, WSB: wheat straw biochar. Control = (only soil), CP100 = CP 100 mg kg−1, CP100 + FC = CP 100 mg kg−1 + fresh compost 0.50%, CP100 + WSB = CP 100 mg kg−1 + Wheat straw biochar 0.50%, CP200 = CP 200 mg kg−1, CP200 + FC = CP 200 mg kg−1 + fresh compost 0.50%, CP200B0.25 = CP 200 mg kg−1 + Wheat straw biochar 0.50%. 
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Table 1. Kinetics of degradation of chlorpyrifos in amended and unamended soil.
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Treatment

	
Non-Sterilized Soil

	
Sterilized Soil




	
ƙ (mg kg−1d−1)

	
t1/2 (d)

	
ƙ (mg kg−1d−1)

	
t1/2(d)






	
CP100

	
b 0.0173

	
c 40 ± 5.69

	
a 0.0073

	
e 94 ± 9.00




	
CP100 + FC

	
a 0.0341

	
d 20 ± 2.00

	
bc 0.0041

	
d 169 ± 17.95




	
CP100 + WSB

	
c 0.0122

	
b 57 ± 7.00

	
d 0.0022

	
b 318 ± 31.18




	
CP200

	
cd 0.0102

	
e 68 ± 8.00

	
b 0.0049

	
d 141 ± 20.82




	
CP200 + FC

	
b 0.0189

	
c 37 ± 5.29

	
cd 0.0031

	
c 220 ± 26.46




	
CP200 + WSB

	
d 0.0075

	
a 93 ± 9.61

	
d 0.0016

	
a 426 ± 37.29








ƙ = degradation rate for CP, t1/2 = Half-life. Values are presented as means of three replicates for degradation rate and half-lives ± standard deviation. The different letters in same columns represent significant different between treatments.
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