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Biochar is a carbonaceous material produced by pyrolysis of organic matter, such as wood, agricultural waste, or, in this case, sewage sludge. Biochar is very porous and has a large surface area, making it very efficient at absorbing and retaining contaminants in soil, including hydrocarbons. Using sewage sludge as biochar to remove hydrocarbons from the soil can be an exciting practice in environmental management and the remediation of contaminated soils. At the same time, it is a sustainable solution for managing these wastes, contributing to reducing environmental pollution. The research objective was to determine the efficiency of reducing total petroleum hydrocarbons from contaminated soil using 5, 10, and 20% biochar from sewage sludge. The results of hydrocarbon removal from the light fraction were 99.99%, the medium fraction 54.59%, and the heavy fraction 54.92% after 45 days. In addition, the physicochemical properties of the soil improved. Therefore, using sewage sludge as biochar to remove hydrocarbons from the soil is an effective strategy. Still, it must be carried out cautiously, and appropriate practices must be followed to ensure environmental safety and the highest remediation efficiency.
Introduction
On 15 January 2022, environmental alarms were raised in Peru due to an oil spill off the coast of Ventanilla; nearly twelve thousand barrels affected eleven thousand hectares in 97 sites, including 62 beaches and two protected natural areas (Defensoría del Pueblo, 2023). This accident generates the need to know the impacts on the environment such as water, soil, and ecosystems affected by the interaction of crude oil, causing adverse processes, mainly due to the wind, sea currents, and waves that transport the crude oil at high speed (Pulido Capurro et al., 2022), all these impacts lead us to think about treatments to eliminate hydrocarbons in the environment. Hence, the need arises to recognize different remediation mechanisms for soils impacted by these hydrocarbons, among them we have the use of native bacteria (Zafra et al., 2016), phytoremediation (Benítez et al., 2022), the use of biosludge (Lumia et al., 2020) and the use of biochar (Wei et al., 2024), the latter has been continuously used for the removal of hydrocarbons in the environment, the biochar used was formed by slow pyrolysis and adjusting the operating conditions of temperature (> 200 ºC) and residence time (+1 hour) improving the decomposition of volatile compounds and reducing the formation of tar (Solar et al., 2016). Consequently, it becomes necessary to address the following question to what extent can biochar reduce hydrocarbons in contaminated soils? Subsequently, the objective is to determine the reduction efficiency of total petroleum hydrocarbons in contaminated soils using biochar at 5, 10 and 20% from sludge from a wastewater treatment plant (WWTP); for this it will be necessary to determine the initial and final concentration of light, medium and heavy hydrocarbon fractions (MINAM, 2017) and determine whether the physicochemical properties of the soil contaminated by hydrocarbons improved with biochar treatment. Among the mechanisms to metabolize hydrocarbons are those mediated by microorganisms (Pseudomonas spp., Mycobacterium spp.) and specific enzymes (monooxygenases or dioxygenases) that will be used to reduce the complexity of the compound (Bridgwater, 2012).
Methodology
The research proposes a methodology developed in five stages: production of biochar from waste sludge from a wastewater treatment plant, extraction of soil samples, remediation of samples contaminated by hydrocarbons, analysis, interpretation, and data processing of the soil samples (see Figure 1).


Figure 1: Experimental procedure diagram.
 Sewage sludge biochar preparation.
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	Figure 2: Pyrolysis oven heated with its chimney


Fifty kilograms were extracted from the last stage of the sludge drying process at the Santa Rosa wastewater treatment plant, Ancon, Lima. This material was dispersed on a polyethylene surface at room temperature (19 ºC) for seven days to ensure complete drying, reducing the moisture content from 85.90 % to 59.45 %. Subsequently, biochar was prepared by pyrolysis using an oven by adapting a 1 m3 metallic cylinder, with holes at the bottom and an airtight lid at the top (Condeña, 2017, pp. 66-70); this oven was designed in such a way that it limits incoming oxygen to generate the most significant amount of biochar.

The residual sludge was then poured into the furnace and dried Inga feuilleton (pacay) leaves were used as fuel. The cylinder was then covered with the top of the structure. After 60 minutes, the oven temperature was measured with a digital pyrometer that showed a reading of 305 ºC to confirm that the temperature was uniform throughout the oven the water jet technique was used (Quisquiche et al., 2022). When the indicated temperature was reached, the cylinder was fitted into a hole 50 cm in diameter and 15 cm deep, sealing around the furnace with mud to prevent gas exchange (Figure 2).

Finally, after 4 hours of cooking, the lid was removed and allowed to cool for 60 minutes, and then the sludge was removed for size by crushing and sieving with a #30 mesh stainless steel strainer.
Soil sampling
The soil sample contaminated with hydrocarbons was taken from an industrial area of 1000 m2 located at kilometer 14.8 of the Huachipa district. The composite sampling technique was used following the guide for soil sampling of the Ministry of the Environment (MINAM, 2014), 25 extraction points were determined, duly referenced with their UTM coordinates, and the soil extraction was carried out through a “V”-shaped hole 10 cm deep (figure 3). All the collected samples were placed in a spread plastic for homogenization. From this, a sample of 20 kg was obtained for the soil remediation process (figure 4).

One kilogram of the sample was used as a “control sample.” All other samples were coded and transported following the protocol and chain of custody in a cooler at four ºC for the analysis of total hydrocarbon concentration, texture, cation exchange capacity (CEC), pH, organic matter (OM), nitrogen (N) and phosphorus (P).
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Figure 3: Sampling of contaminated soil.
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Figure 4: Homogenization of soil samples.

	
	


Soil remediation process
Ten buckets of 3 kg capacity were used for the treatment, each containing 2 kg of soil contaminated with hydrocarbons. Previously, the soil was sieved with a No. 10 mesh (2 mm ASTM 8”) to eliminate impurities (glass, concrete, plastic, etc.). The test consisted of adding three doses of biochar: 5% (100 gr), 10% (200 gr), and 20% (400 gr) to the contaminated soil. The experiment was carried out in triplicate for each dose, and one container served as a control; without adding biochar (Carlini et al., 2023), the experimental units were placed in a cool and dry place for 45 days.
Sample Analysis
Initially, an analysis of the hydrocarbon concentration of the control unit was performed. Then, the experimental units (09 units) were analyzed 20 and 45 days after adding WWTP biochar. The hydrocarbon concentration was determined using the EPA 8015 test method, established by the environmental quality standard. To find the efficiency of hydrocarbon concentration reduction, equation 1 was used.

 	 	(1)
Data processing
Data processing consisted of office work in which data was collected through registration forms. Then, the data were interpreted and coded (Table 1) to generate the results detailed in point 3. This will allow analyzing the efficiency of reducing the concentration of hydrocarbons in the samples and the improvement in the physicochemical parameters in the contaminated soils before and after treatment.
Table 1: Coding of samples according to treatment
	 Treatment
	Fraction light
	Middle Fraction
	Fraction Heavy

	  5% Biochar
	FLSB05
	FMSB05
	FPSB05

	10% Biochar
	FLSB10
	FMSB10
	FPSB10

	20% Biochar
	FLSB20
	FMSB20
	FPSB20


Results
The research also seeks to incorporate the concept of a circular economy by using common waste, such as sewage sludge from wastewater plants, to generate biochar. This biochar is then added to soils contaminated with hydrocarbons to evaluate its use as an effective treatment alternative. soil (Lin et al., 2022). The results are shown below.
Initial and final concentration of the light, medium, and heavy fractions of hydrocarbons in comparison to the ECA
The efficiency of the treatment using 5, 10, and 20% of biochar in soils contaminated with hydrocarbons is presented in Table 1. From the results shown, it is observed that after 45 days of treatment, the light fraction is reduced to 2.48, 1.03, and 0 .08 mg/kg. It is also determined that for the other hydrocarbon fractions (medium and heavy), there is also a decrease, although not very significant; it was also possible to verify that after 45 days, the three treatments show a reduction below the standards of the Peruvian environmental standard. The same table also shows the initial concentration of hydrocarbons in the soil and the results obtained for each treatment. It compares them with the environmental quality standard of the soil in Peru (MINAM, 2017).
Table 1: Concentration of hydrocarbons in the soil 20 and 45 days after starting the biochar treatment
	Fraction of Hydrocarbons
	ECA Soil (mg/kg)
	Treatment code
	sample (mg/kg)
	Sample after 20 days (mg/kg)
	Sample at 45 days (mg/kg)
	Total reduction
	% Efficiency in hydrocarbon reduction

	Light fraction of hydrocarbons (C6-C10)
	500
	FLSB05
	795.01
	272.8
	2.48
	792.53
	99.69%

	
	
	FLSB10
	
	206.53
	1.03
	793.98
	99.87%

	
	
	FLSB20
	
	158.87
	0.08
	794.93
	99.99%

	Medium fraction of hydrocarbons (>C10-C28)
	5000
	FMSB05
	7096.00
	5582.11
	4624.57
	2471.43
	34.83%

	
	
	FMSB10
	
	4862.03
	4023.77
	3072.23
	43.30%

	
	
	FMSB20
	
	4027.57
	3222.40
	3873.60
	54.59%

	Heavy fraction of hydrocarbons (>C28-C40)
	6000
	FPSB05
	8980.00
	7280.70
	6841.47
	2138.53
	23.81%

	
	
	FPSB10
	
	6685.17
	5412.33
	3567.67
	39.73%

	
	
	FPSB20
	
	5847.00
	4048.33
	4931.67
	54.92%


The table shows that the light fraction of hydrocarbons results in 99% regardless of the treatment. Furthermore, for the medium and heavy fractions of hydrocarbons, the treatment with 20% biocarbon is above 50%.
Efficiency of reduction of hydrocarbon fractions in contaminated soils using various doses of biochar
Figure 5 shows the percentage reduction in the concentration of the light, medium, and heavy fractions of hydrocarbons in the soil samples during 45 days of treatment. It is confirmed that the light fraction reduces up to 99.99% of its concentration, and the heavy fraction is the one that obtains the least reduction. This is because biochar improves soil porosity, reducing apparent density and evapotranspiration. The efficiency is greater since the light fraction is less dense (Gul et al., 2015). Furthermore, biochar efficiently facilitates the elimination of polycyclic aromatic hydrocarbons (PAHs), stating once again that the porous structure of biochar is essential for absorption (Isaeva et al., 2021).
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	Figure 5: Percentage of efficiency according to treatment for each type of hydrocarbon fraction.


Physicochemical properties of contaminated soil after treatment with biochar
Table 2 shows the changes that each treatment (5%, 10%, and 20%) exerts on the physicochemical parameters after 20 and 45 days of homogenizing the soil contaminated with biochar.
Table 2: Physicochemical parameters of the soil before and after treatment at 20 and 45 days.
	Parameters physicochemical
	Sample Control
	Treatment results after 20 days
	Treatment results after 45 days

	
	
	SB05
	SB10
	SB20
	SB05
	SB10
	SB20

	Organic material (%)
	2.36
	3.90
	4.19
	4.74
	3.99
	4.64
	5.10

	pH (1-14)
	5.40
	6.73
	6.80
	6.73
	6.80
	7.03
	7.17

	Nitrogen (mg/kg)
	53.60
	68.93
	70.87
	72.60
	70.07
	72.17
	73.90

	Phosphorus (mg/kg)
	105.30
	199.67
	201.07
	203.80
	201.80
	205.03
	207.90

	CIC ( meq /100gr)
	29.50
	45.90
	47.20
	46.40
	46.63
	52.07
	52.60

	Texture
	Sand
	93.00
	89.00
	84.67
	80.00
	88.73
	83.45
	79.92

	
	Silt
	4.00
	8.67
	11.67
	16.00
	8.69
	11.90
	16.50

	
	Clay
	2.00
	2.33
	3.67
	3.33
	2.45
	3.85
	3.79


Note: SB05= Soil with 5% Biochar, SB10= Soil with 10% Biochar, and SB20= Soil with 20% Biochar

It is established that the most significant change occurred in the treatment with 20% biochar in 45 days. In the case of organic matter, it increased progressively due to the porous characteristic of biochar, with the proliferation of microbiota present in the soil. The increase in pH until reaching 7.17, with more significant nitrogen and phosphorus fixation up to 73.90 and 207.90 mg/kg, respectively, was due to biochar (Allohverdi et al., 2021), the cation exchange capacity also shows a continuous increase until reaching 52.60 meq /100 g corresponding to the control sample. All these values demonstrate that the soil is healthy and fertile (Freitez & Villanueva, 2019). Therefore, incorporating biochar into the soil can generate changes in physical and chemical properties (Puentes & Rodríguez, 2021). Finally, the texture varies with a decrease in sandiness and an increase in silt. However, more studies are still required to help conclude the benefits of biochar. (Reyes Pallazhco et al., 2023). 

Biocarbon turns out to have an advantage due to its molecular structure and physical architecture when applied to soil. The high pyrolysis temperature allows generating a very effective biocarbon for the absorption of organic contaminants by increasing the surface area, hydrophobicity, and microporosity (Qiu et al., 2022).
Conclusions
The biochar obtained from the residual sludge managed to significantly reduce the hydrocarbon concentration by 99.99% in the light fraction (C6-C10), 54.59% in the medium fraction ( > C10 – C28), and 54.92% in the heavy fraction ( > C 28 – C40), obtaining excellent efficiency that allows compliance with soil environmental quality standards. ; Likewise, it improves the physicochemical properties, such as the impact of the presence of biochar by giving it porosity, increasing the percentage of organic matter, stabilizing the pH around 7.17, and increasing nitrogen, phosphorus, and cation exchange. Therefore, using biochar obtained under the circular economy concept constitutes an environmentally sustainable method for treating soils contaminated by hydrocarbons.
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Stage 1: Productión of Biochar (Sewage Sludge)


Stage 2: Soil Sampling


Stage 3: Soil Remediation Process


Stage 4: Sample Analysis


Stage 5: Data Processing
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