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Abstract. This study examined the best option for remediating soil contaminated with crude oil through 

the addition of the inorganic nutrients C:N:P (yeast extract-glucose, NH4Cl-NaNO3 and K2HPO4-K3PO4), 

in order to increase the degradation of TPHs in the soil. To the contaminated soil a physicochemical 

characterization was made to know the initial conditions of the inorganic nutrients. The controlled 

conditions in the biostimulation strategy were 20 days of incubation under uncontrollable ambient 

temperature conditions. Responses measured after the experiments were residual TPHs, surface tension, 

respiratory activity and microbial counting. After an incubation period of 20 days, the best treatments 

found were Y5, which contains the nutrient source glucose-NaNO3-K3PO4, and Y4 (yeast extract-NH4Cl-

K2HPO4), with degradation efficiencies of 14.0 and 12.8%, respectively. Biostimulation with inorganic 

nitrogen and phosphorus increased the metabolic activity of indigenous microorganisms in the soil and 

thereby increased the degradation of petroleum hydrocarbons. The Y5 and Y4 treatments can be 

considered as suitable for use as a biostimulation strategy in soils contaminated with TPHs. 
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Introduction 

A vital raw material for the operation of industries and private businesses, oil has 

become the most important non-renewable resource for modern society (Costa et al., 

2012). However, it is a potential source of pollution in the seas, soil and air (Liu et al., 

2010), causing major environmental problems worldwide. The degradation of organic 

pollutants, such as petroleum hydrocarbons, is limited by the assimilation capacity of 

the native flora of the soil. In some cases, natural attenuation cannot sufficiently 

eliminate xenobiotics from the soil due to the potential effect of soil conditions, such as 

organic matter content, soil particle size and microbiota density (Abed et al., 2015). 

Bioremediation is a technique that uses the metabolism of microorganisms to transform 
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hydrocarbons into CO2 and H2O. It has been found that significant optimization of 

remediation parameters and increased microbial activity occur when strategies, such as 

biostimulation, are employed (Coulon et al., 2012).  

This strategy entails the addition of nutrients to the indigenous community of 

microorganisms to incentivize metabolic action and improve the degradation of the 

pollutant being treated (Abed et al., 2014; Taccari et al., 2012). It should be noted that 

the application of this type of technique is recommended when the soil to be treated 

lacks the nutrients necessary for bioremediation. While bioaugmentation has resulted in 

higher rates of degradation in some cases (Ma et al., 2015; Taccari et al., 2012), the 

stimulation of indigenous microorganisms has resulted in the significant reduction of 

hydrocarbons in the soil (Suja et al., 2014; Silva et al., 2009). Thanks to biostimulation, 

groups of microorganisms native to the soil, such as archaebacteria, contribute directly 

or indirectly to the elimination of petroleum hydrocarbons (Ghoreishi et al., 2017; 

Ghosal et al., 2016). Therefore, in some cases, bioremediation mechanisms are 

stimulated by increasing the growth of indigenous hydrocarbon-degrading 

microorganisms (Milic et al., 2009); however, in others, remediation is ineffective as 

the degradation effect requires too much time (Couto et al., 2010; Bento et al., 2005) 

due to the lack of limiting nutrients that accelerate the remediation carried out by 

indigenous microorganisms (Atlas and Hazen, 2011).  

Research on biostimulation has been conducted on indigenous microorganisms from 

different types of soil, with different sources of nutrients applied to improve microbial 

activity and degrade petroleum hydrocarbons (Abed et al., 2015; Hassanshahian et al., 

2014; Taccari et al., 2012). However, this research was conducted on a tropical soil 

lacking nutrients and with a low density of indigenous microorganisms. Therefore, this 

study aimed to evaluate both the efficiency of total petroleum hydrocarbons (TPHs) 

degradation by applying biostimulation with the addition of various sources of nutrients 

(carbon, nitrogen and phosphorus) and the effect of the production of biosurfactants in 

the soil. 

Materials and methods 

Selection of the study area and soil sampling 

Soil with a history of spills with petroleum hydrocarbons was collected in the 

municipality of Poza Rica, Veracruz, located at 20º 32" north latitude and 97º 27" west 

longitude, at an altitude of 50 m.a.s.l., at a depth of 5 at 40  cm. Seven simple samples 

from different points in the contaminated site were collected, around 10 kg were taken 

per sample, the samples were collected before noon to avoid moisture loss and 

transported under shade. In the laboratory, all samples were mixed to form a composite 

sample. The soil is categorized as clay-sandy with conglomerate materials. The region 

has a warm climate, an average annual temperature of 24.2ºC, average annual 

precipitation of 1,010 mm and relative moisture of 76 to 80% (INEGI, 2015). 

 

Physicochemical characterization of the soil 

Different physicochemical parameters of the soil were taken to verify that it was a 

soil type viable for the application of biostimulation. Each parameter was taken in 

triplicates (Table 1). 
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Table 1. Physical and chemical properties of the soil 

Parameter Value Method 

Moisture (%) 32.64 ± 0.46 Gravimetric 

pH 7.85 ± 0.01 Potentiometric 

Density (g/cm3) 1.09 ± 0.03 Pycnometer 

Total nitrogen (%) 0.25 ± 0.00 Micro-Kjeldahl 

Assimilable phosphorous 

(mg/kg) 
n/d Bray I 

Organic matter (%) 11.14 ± 0.26 
Oxidation with chromic acid 

and sulphuric acid 

Texture Clay-sandy Hydrometer 

TPHs (mg/kg) 50,000 ± 852 Gravimetric 

Total bacteria (CFU) 1.04 x 104 ± 3.21 x 102 CFUs 

Total fungi (CFU) 1.06 x 103 ± 3.06 x 101 CFUs 

Note: n/d: not detected, ±: standard deviation. 

 

 

The characterization of the contaminated soil revealed an unfavorable proportion 

between the main nutrients, namely nitrogen and phosphorus. According to Tindal 

(2005), the TPHs content shows that this a highly contaminated soil, with a slightly 

alkaline pH and a moisture content close to 30%. The presence of petroleum 

hydrocarbons causes higher proportions of C, resulting in a deficiency of both N and P 

(Atlas and Hazen, 2011). According to Abed et al. (2014), the concentration of 

indigenous microorganisms is low due to the N and P deficiency, as these nutrients are 

limiting factors in the growth of microorganisms. Given the low microbial mass, it was 

decided to apply nutrients to the soil in order to increase both microbial density and the 

degradation of TPHs. 
 

Experimental development 

From the composite sample we proceeded to make an experimental design of 23 

(Table 2), they were taken 2 kg of soil in wet base and placed in trays.  
 

Table 2. Representation of factors and levels, the experimental matrix for the 23 

factorial design, the experimentation plan, and the responses measured 

Factors (Independent Variables) Levels 

Sources of: 
-1 

(g.kg-1) 

+1 

(g.kg-1) 

X1: Source of carbon Glucose (13.6) Yeast extract (0.01) 

X2: Source of nitrogen NaNO3 (5.0) NH4Cl (1.0) 

X3: Source of phosphorous K2HPO4 (2.0) K3PO4 (0.2) 

Experiment matrix Experimentation plan Response 

Treatment X1 X2 X3 Source of carbon 
Source of 

nitrogen 

Source of 

phosphorous 
 

1 - - - Glucose NaNO3 K2HPO4 Y1 

2 + - - Yeast extract NaNO3 K2HPO4 Y2 

3 - + - Glucose NH4Cl K2HPO4 Y3 

4 + + - Yeast extract NH4Cl K2HPO4 Y4 

5 - - + Glucose NaNO3 K3PO4 Y5 

6 + - + Yeast extract NaNO3 K3PO4 Y6 

7 - + + Glucose NH4Cl K3PO4 Y7 

8 + + + Yeast extract NH4Cl K3PO4 Y8 

9 Not Contaminated soil sterilized C1 

10 Not Soil with natural attenuation C2 
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The experimental design consists of 8 biostimulation treatments with different nutrients 

in order to obtain the best combination and apply to a bioremediation process of the 

sampling site. In addition, two controls (C1 and C2) were added, C1 contained 

contaminated soil sterilized and C2 was prepared with the same soil without addition of 

nutrient alone with the native microflora. For each treatment three replicates were made. 

The selection of inorganic nutrients was made according to Hassanshahian et al. (2014), 

with some modifications. The controllable parameters were: 20 days of incubation; 

humidity at 30%; and, soil contaminated with 50,000 mg/kg of TPHs, placing the 

samples under shade. The uncontrollable conditions in this work were the temperature 

that was presented throughout this design being of an average within 20 days of 30 ± 3 

°C. The response variables that were measured after treatment were residual TPHs, 

surface tension, respiratory activity and the number of colony forming units (CFU) of 

microorganisms. 

 

Measurement of response variables 

Determination of TPHs 

The extraction of TPHs from the soil was carried out according to Dias et al. (2012), 

with some modifications. In a conical centrifuge tube, to which 1 g of moisture base 

soil, 2 g of Na2SO4 and 10 ml of dichloromethane were added, mixed and vortexed for 

45 seconds, and then centrifuged at 6,000 rpm for 15 minutes. This procedure was 

repeated 3 times for each sample and the supernatant was then collected and 

concentrated in a rotavapor at 740 mbar and 40°C until a volume of 2 ml was obtained. 

Once the extract had been concentrated, it was analyzed in both a Thermo Scientific 

Nicolet 380 FT-IR and a Smart Orbit spectrophotometer. Given the complex matrix of 

the soil, its extraction efficiency was evaluated, with a concentration of 2-

fluorobiphenyl added to the soil prior to carrying out of the TPH extraction process. 

 

Surface tension 

The surface tension was measured using the hanging drop method in a model 200-00 

Standard Goniometer with DROPimage Standard software (Ramé-Hart Instrument Co., 

EEUU) and Young-Laplace software, which is used to describe the shape of the drop 

under equilibrium conditions (Berry et al., 2015). 

 

Respitatory activity (CO2) 

CO2 evolution was measured using a Gow-Mac series 580 gas chromatograph, with 

an Alltech concentric column (CTR1) and a thermal conductivity detector coupled to a 

computer analyzing the samples via the Primary Computing Integration (CPI) 

Chromatography Data System program, version 6. The results were expressed as a 

percentage of CO2. The working conditions of the system were as follows: 100°C 

detector; 30°C column; 40°C injector; 125 mV detector current; Helium as a mobile 

phase; 55 ml.min-1 flow for the mobile phase; and, 40 lb/in2 pressure for the mobile 

phase. 

 

Microbial count 

For the microbial count, nutrient agar was used for bacteria (Bioxón, México) and 

rose bengal agar (Disco, USA) for fungi. The microorganism count was assessed by 
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applying the plate count method on the CFUs, in which 1 g of soil was weighed and 

diluted in 9 ml of sterile saline water (0.9% NaCl w/v). A series of successive 1 ml 

dilutions were made in 9 ml of sterile distilled water (101 to 108) from the colloidal 

suspension obtained, with each dilution stirred before the subsequent dilution, and with 

each dilution inoculated in triplicates. The samples inoculated for bacteria growth were 

incubated at 37°C for 48 to 72 hours, while the Petri dishes inoculated for fungal growth 

were incubated at 28°C for 7 days in the dark (Gong, 2012). 

 

Statical analysis 

The data were analyzed to detect significant differences (P<0.05) among the 

treatments, using one-way analysis of variance (ANOVA). Minitab version 18 software 

was used to carry out the statistical analysis. The means were compared using LSD and 

Tukey tests. 

Results and discussion 

Removal of TPHs 

The initial concentration of TPHs for all treatments was 50,000 mg/kg. Figure 1 

shows the results obtained for the removal of TPHs via the different treatments used in 

the experimental design, with their respective controls (C1: contaminated sterile soil; 

and, C2: natural attenuation). A decrease in non-significant TPHs was observed for C1, 

representing a loss of contaminant via chemical oxidation. C2 represents the soil with 

native flora, in which treatment a very minimal degradation rate was observed after 20 

days of incubation, which is due to the low concentration of indigenous microorganisms 

present in the soil and the scarcity of nutrient sources. After an incubation period of 20 

days, it was observed that the best treatments for the removal of TPHs were Y5> Y4= 

Y3, with residual concentrations of 43,000> 43,666 and 44,000 mg/kg, respectively. 

The LSD and Tukey statistical tests show significant differences among the 

treatments (P≤0.05), with the best TPH degradation percentage obtained being 12 to 

14% in 20 days. These results coincide with Wu et al. (2016), who obtained 23.45 and 

28.26% TPHs removal in bioaugmented and biostimulated systems, respectively, with 

an initial concentration of 46,000 mg/kg. This shows that the addition of inorganic 

nutrients such as N and P improve the action of indigenous microorganisms taken from 

contaminated soils and optimize the efficiency of soil remediation (Nikolopoulou and 

Kalogerakis, 2010). Stimulating the populations of indigenous microorganisms is vital 

for efficient TPHs degradation because the process requires many different bacterial 

species, as one single species is not capable of metabolizing more than two classes of 

compounds, in this instance hydrocarbons (Wu et al., 2013). Karamaladis et al. (2010), 

achieved 51.5% TPHs degradation, obtaining a concentration of 34,000 mg/kg after 20 

days of incubation. This result is caused by the fact that lower concentrations of TPHs 

lead to the degradation of contaminants at a higher level (Sharma, 2012), which, in turn, 

generates a less toxic habitat for indigenous microorganisms and, thus, leads to higher 

microbial density and improved TPHs degradation (Wu et al., 2013). The results 

obtained here via biostimulation are significant compared to natural attenuation, which 

may be due to the C: N: P adjustment applied in this research, which stimulates both 

microbial growth and TPH degradation (Atlas and Hazen, 2011). This is consistent with 

previous studies, which found that the biostimulation of a soil contaminated with TPHs 
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obtained superior results than bioaugmentation (Abed et al., 2014; Taccari et al., 2012; 

Kauppi et al., 2011). 

 

 

Figure 1. Removal of soil TPHs by applying the different biostimulation treatments. (a,A): 

Uppercase and lowercase letters within the parentheses correspond to the LSD and Tukey tests, 

respectively, (P≤0.05). The dark red bars show treatments with significant degradation of TPHs 

 

 

Production of biosurfactants 

The presence of biosurfactants was analyzed by means of the change in the surface 

tension of the extract in the soils using an extracting solution, the surface tension of 

which was measured and it was considered as the initial tension of the systems as well 

as the medium of culture of 72.30 mN/m at a temperature of 25ºC according to Soares 

et al. (2017). Figure 2 shows the significant differences found for the treatments with 

respect to the surface tension values obtained (P≤0.05). 

 

 

Figure 2.  Surface tension in the different biostimulation treatments. (a,A): Uppercase and 

lowercase letters within the parentheses correspond to the LSD and Tukey tests, respectively 

(P≤0.05). Culture medium γ=72. 30 mN/m at 25ºC 
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The LSD and Tukey tests show that there are significant differences between 

treatments (P≤0.05), with the treatments with the greatest surface tension change found 

to be Y5>Y4=Y3, with 35.63>43.82 and 44.50 mN/m, respectively. These changes in 

surface tension confirm the production of biosurfactants by indigenous flora (Lin et al., 

2009). The decrease in surface tension also has a direct relationship with the removal of 

TPHs, as it indicates a higher level of biosurfactant production, which enables the 

increased availability of petroleum hydrocarbons, thus generating a higher level of 

TPHs degradation. 

 

Metabolic activity 

This The metabolic activity of the microbial community was measured by the 

production of CO2, with each treatment measured on days 1, 3, 5, 10, 15 and 20. The 

results obtained are shown in Figure 3 and reveal variable respiratory activity across all 

treatments. The results show an active microbial community (Diploick et al., 2009), 

while the treatments with the highest CO2 production level were Y5= Y4> Y3, a finding 

which is directly related to the study of biosurfactant production and TPHs degradation. 

 

 

Figure 3. Release of CO2 over 20 days of incubation 

 

 

To verify that the production was caused by the action of the microbial community, a 

count of microorganisms was performed, which again found that the Y5=Y4>Y3 

treatments had a higher microorganism population density, ranging from 6.36 to 9.83 x 

107 CFU, compared to the initial concentration shown in Table 1 (1.04 x 104 CFU) 

(Figure 4). 

This proves not only that the bacterial populations were benefited by biostimulation 

with nutrients, but also that the populations of fungi presented greater population 

growth. Moreover, this study has observed a synergy effect between the bacterial and 

fungal populations, which improves the degradation of TPHs. 
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Figure 4. CFU of fungi and bacteria for each treatment in a biostimulated system 

Conclusions 

Based on previously obtained results with contaminated tropical soils, we can 

conclude that the success of bioremediation strategies depends on the properties of the 

contaminants, the nature of the nutrient products and the characteristics of the 

environment. Although several previous studies demonstrated the effectiveness of 

biostimulation, the present work could not demonstrate this fact since it took longer 

incubation time to be able to achieve a wider margin of degradation. Although in 

general, the treatments Y5 (Glucose-NaNO3-K3PO4) and Y4 (yeast extract-NH4Cl-

K2HPO4) proved to be more effective than the other treatments to stimulate the 

degradation of the hydrocarbon. In this particular situation, the biostimulation strategy 

evidenced a better performance of the natural bacterial community, which constitutes a 

promising alternative for the restoration of tropical soil contaminated with 

hydrocarbons. 
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