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22 Abstract

23 Soil contamination with diesel oil is frequent and methods to improve remediation of diesel oil 

24 contaminated soils are urgently needed. The aim of the current study was to assess the potential of 

25 meat and bone meal (MBM) as a biostimulation agent to enhance diesel oil degradation in 

26 contaminated soils collected from southern Finland. MBM (2 % w/w) increased oil degradation in 

27 soils when compared to natural attenuation. The increase was comparable to soils treated with a 

28 traditional fertilizer (urea). Soil pH increased rapidly in urea treated soil but remained at the level of 

29 natural attenuation in MBM treated soil, suggesting that in large-scale experiments MBM treated 

30 soils avoid the usual negative impact of urea on soil pH and ultimately microbial degradation. These 

31 results indicate that MBM addition enhances diesel oil degradation, and that MBM speeds up ex situ 

32 bioremediation of oil contaminated soils.

33

34 Key words:  crude oil; diesel oil; meat and bone meal; remediation; biostimulation

35
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38 Introduction 

39 Hydrocarbon contaminated land sites pose risks both to the environment and to human health 

40 (Robertson and Hansen, 2015; Parajuli et al., 2017; Roslund et al., 2018). Diesel oil is composed of 

41 different mixtures of alkanes and aromatic compounds that are frequently reported to pollute 

42 terrestrial environments as a result of accidental spillage or leakage by storage tanks or pipelines. 

43 The capacity of natural microbial communities to metabolize hydrocarbons has been recognized 

44 widely (Kauppi et al., 2012; Sinkkonen et al., 2013; Varjani, 2017). However, natural attenuation of 

45 diesel oil is often slow and inefficient. Diesel oil bioremediation in soil can be promoted by 

46 stimulation of the indigenous microorganisms, e.g. by introducing nutrients and oxygen into the soil 

47 (Bento et al., 2005; Kauppi et al., 2011), and alternative solutions, such as electro-osmotic 

48 dewatering, have been searched for (Simpanen et al., 2017). A main problem with currently existing 

49 biostimulation agents and technologies is their high price tag.

50 In case of ex situ or in situ remediation attempts, biological activity and the biodegradation rate are 

51 often limited by nutrient and oxygen supplies (Akbari and Ghoshal, 2014; Wang et al., 2016; 

52 Mikkonen et al., 2018). Urea is one of the most cost-effective biostimulation agents that can be 

53 applied to contaminated soil to increase nutrient supply, particularly as a nitrogen source (Brook et 

54 al., 2001). However, the use of urea as an additive in soil remediation causes pH to detrimentally 

55 rise above eight, fast nitrification and a drop in bacterial viability (Peltola et al., 2006; Geisseler and 

56 Scow, 2014). Additionally, urea is solubilized rather rapidly, which results in leaching of nutrients. 

57 The leaching shortens the duration of the remediation effect and may cause environmental issues 

58 (Peltola et al., 2006). Hence, cost-effective alternatives that are not used as crop fertilizers are 

59 needed.

60 Meat and bone meal (MBM), a by-product of the rendering industry, contains a large number of 

61 nutritive elements such as C (≈ 30%) N (≈ 8%), P (≈ 5%), Ca (≈ 10%) mainly in slowly-soluble 

62 organic forms. The N:P ratio ranges from 0.5 to 2 and C:N ratio from 3 to 4,  and MBM also 
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63 contains K, Ca, Mg and O (Jeng et al., 2004). These features make MBM a stable source of 

64 nutrients, indeed MBM has been associated with enhanced activity of soil microbes (Mondini et al., 

65 2008), and it is currently used as crop fertilizer (Kivelä et al. 2015). Based on this, we hypothesized 

66 that adding MBM to contaminated soil may enhance oil degradation. Surprisingly, soil remediation 

67 potential of MBM has not earlier been investigated, but MBM-based 3% (w/w) biochar was found 

68 to increase the petroleum hydrocarbon degradation rate constants in frozen soils when compared to 

69 the urea amended soils (Karppinen et al., 2017). The present study aims to introduce MBM as a 

70 novel biostimulation agent in oil contaminated soils. We hypothesize that i) the diesel oil 

71 biodegradation can be enhanced by addition of MBM, and ii) MBM addition does not increase soil 

72 pH above eight. 

73 Materials and Methods

74 The diesel oil (Neste Green –diesel, EN 590) was purchased from Neste gasoline station, Lahti.  

75 Finland. Rendered and powdered meat bone meal [MBM, class 2 in Commission Regulation (EU) 

76 142/2011] was provided by Honkajoki Oy, Honkajoki, Finland.

77 Ex situ remediation of diesel oil contaminated soil. 

78 The soil was sandy mineral soil that originated from an old petrol station. Soil pH was 6.7, water 

79 holding capacity was 21.5 %, and organic carbon content was 0.6% (w/w). The oil contaminated 

80 soil was excavated and a part of it transported to a laboratory and mixed thoroughly. Remediation 

81 by natural attenuation and remediation by MBM treatment were studied simultaneously in a 

82 laboratory and in an ex situ site as an off-site treatment. In the ex situ site, the contaminated soil 

83 was divided into two separate heaps. One of the heaps was left for remediation by natural 

84 attenuation and the other was treated with 2 % w/w MBM. The volume of each heap was 

85 approximately 4.5 m3, and the mass of each heap was approximately 7000 kg. The MBM was 
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86 mixed into the soil by an excavator with a screening bucket. Natural attenuation heap was mixed in 

87 the same way without using MBM. 

88 The moisture content of the heaps was visually estimated by experienced personnel who neither 

89 knew about the treatments nor were aware of the purpose of the study. In visual estimation, the 

90 moisture level is evaluated daily all over the heaps. The visual estimation, as a routine operational 

91 procedure, is usually conducted in real applications and it typically leads to successful 

92 bioremediation in large-scale remediation attempts. If the soil looks almost too dry for microbial 

93 activity, water was added during the weekly admixture of the heap. The heaps were covered with 

94 tarpaulin, which reduced evaporation and kept moisture content adequate for most of the time. The 

95 first sampling was done at the start of the experiment (day 0) and the second sampling was 

96 performed on day 28. The third sampling was performed 99 days from the day 0. The experiment 

97 lasted from July 29th, 2016 to early November in Lahti, Finland. Monthly means in air temperature 

98 were 14.8 ⁰C (August), 11.1⁰C (September), 3.7⁰C (October), and -1.4⁰C (November) (Finnish 

99 Meteorological Institute).

100 Lab remediation of diesel oil contaminated soil

101 In the laboratory, an experiment mimicking the field study was conducted. Instead of heaps, 

102 replicates of contaminated soil were placed in 1 L polyethene cylinders with lids. Each cylinder was 

103 filled with 1000 grams of contaminated soil and closed with tight lids. Half of the cylinders were 

104 anaerobic without an aeration, whereas the rest of the cylinders were aerobic equipped with air 

105 pumps. Air was pumped in through a Ø10 mm hole of each cylinder. Air flow was 1.75 L min-1 

106 (Sera air 275 R plus, Sera, Germany). There were three MBM (2 % w/w) replicates and three 

107 natural attenuation replicates. The admixture was done by rolling over and turning the cylinder 

108 upside down several times. The moisture content of the samples was monitored by weighing the 
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109 pots and calibrating them to the original weight at two weeks intervals. The temperature in the 

110 laboratory was adjusted to a room temperature of 21°C.

111 Samplings were done at the start of the experiments (day 0) and at time points day 28, 79, and 99. 

112 At each sampling, each cylinder was sampled. For each sample, three subsamples were taken from 

113 three random spots and immediately combined and mixed thoroughly. The same sampling method 

114 was repeated in the ex situ field experiment. Samples were collected in sealable plastic bags, 

115 transferred to the laboratory and stored immediately in a freezer (-21°C). All samples were analysed 

116 as triplicates, i.e., three samples per sampling point per heap or cylinder were analysed. 

117

118 Effect of meat and bone meal on pH-values of diesel-oil contaminated soil

119 We first wanted to find out whether MBM is comparable to natural attenuation in terms of slow and 

120 relatively small changes in soil pH. pH in diesel oil contaminated sand (particle size max 4 mm) 

121 was followed once a week for 28 days (see Roslund et al. 2018 for a detailed description of the 

122 sand). The sand contaminated four years earlier with Neste Green diesel as described earlier 

123 (Simpanen et al., 2016) contained oil at the concentration 1500 mg kg-1 at the onset of the 

124 experiment described here. The sand was treated with a biostimulation agent, either with 0.5 % w/w 

125 MBM, 4 % w/w MBM or with urea, or remediated by natural attenuation. Each treatment included 

126 three replicates. The amount of urea-N was calculated to correspond to a C:N ratio of 100:1. The 

127 total amount of carbon in the sand, calculated from the organic matter content, was 0.9 % w/w. All 

128 biostimulation agents were added in the beginning of the study, after which each replicate was 

129 placed in 5 dL glass containers (diameter 85 mm, height 125 mm), and the containers were covered 

130 with petri dishes. A Petri dish is not a hermetic cover; therefore, passive aeration existed underneath 

131 the Petri dish. The amount of sand per container was 200 g. Throughout the experiment, soil 

132 moisture was kept at 60 % of the water holding capacity in all samples, and the glasses were located 
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133 in an incubator at 27.5 ˚C. A total of five samplings was conducted. The sampling was done weekly. 

134 At each sampling, approximately 3.33 g of sand was sampled from each container. Three 3.33 g 

135 subsamples, all exposed to the same conditions, were mixed together and the pH-value of the 

136 combined sample was measured. Due to the small amount of sand in each container, only pH-

137 sampling was included and oil degradation sampling excluded from this experiment.

138

139 Physical and chemical analyses

140 Soil dry weight was determined from the weight loss after heat treatment (20 h at 105°C). Soil pH 

141 was determined with a glass electrode . Soil pH measurements were done by weighing the 10 g soil 

142 sample in a sample flask. 75 mL of 0.01 M CaCl2 solution was added to the containers, then shaken 

143 (250 rpm) for one hour. pH was measured two hours after stopping shaking. The measurement was 

144 done with an inoLab pH 720 device. The oil compounds were analyzed from the samples according 

145 to slightly modified ISO16703 (2015) standard. In brief, two grams (wet weight) of soil was 

146 extracted with a mixture of acetone (4 mL) and hexane (2 mL, containing integration standards 

147 decane and tetracontane). Extraction took place in 10 mL test tube by shaking 1 h at speed 200 rpm. 

148 The acetone was removed by washing the sample twice with 2 mL of water. Diesel concentration in 

149 the sample was quantified by using dilution series of diesel as external standards.  Final analysis 

150 was done with a gas chromatograph equipped with a Zebron ZB-5HT Inferno capillary column 

151 (length 15 m, inner diameter 320 µm and phase thickness 0.1. µm) and flame ionization detector 

152 (GC-FID, Agilent 6890N). GC oven temperature programme was started from 50 C (hold 2 min), 

153 increased at  rate 20 C/min. to 320 C and hold there for 10 min.

154

155 Statistical analyses
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156 Differences in diesel oil removal percentage in different ex situ treatments (MBM, urea, natural 

157 attenuation) were evaluated using t-tests. False Detection Rate (FDR) corrections were used in the t-

158 test results. The anaerobic and aerobic treatment were compared after 99 day process, differences in 

159 diesel oil removal percentage in different lab treatments (MBM, urea, and natural attenuation) were 

160 evaluated using analysis of variance (ANOVA).

161

162

163 Results

164 Ex situ remediation of diesel oil contaminated soil

165 At the start (day 0), the concentration of oil hydrocarbons in the heaps was 737±269 mg/kg 

166 (mean±SD; fractions C10-C21). The natural attenuation reduced the concentration of oil 

167 compounds with 20 %, and the MBM treatment reduced the concentration by 50 % in 28 days (t = 

168 7.25, n = 3,  p= 0.0416). After three months (99 days), the reduction of diesel oil was 30 % in the 

169 natural attenuation treatment and more than 50 % in the MBM treatment (t = 11.21, n = 3,  p= 

170 0.0195). Importantly, in the MBM treatment diesel oil concentration varied between 199-469 and 

171 343-357 mg kg-1 after 28 and 99 days, respectively, while diesel oil concentrations in the control 

172 treatment varied between 437-967 and 438-567 mg kg-1, respectively. This means that both the 

173 mean and the maximum values were lower in MBM treated soil compared to natural attenuation 

174 treatment in ex situ conditions.

175

176 Lab remediation of diesel oil contaminated soil

177 To investigate the efficacy of MBM in diesel bioremediation, the effect of MBM and urea was 

178 compared with a natural attenuation treatment in laboratory conditions. In general, oil degradation 
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179 was fast during the first 28 days in MBM and urea treatments (> 77 % removal). Thereafter, the 

180 residual concentrations decreased slowly (Fig. 1). Diesel oil hydrocarbon concentrations were 

181 always higher in the natural attenuation treatment, compared to the other two treatments (t = 67.22, 

182 df = 2, p= 0.0016). At the end of the experiment, the residual concentrations were more than twice 

183 (ca. 1700 mg kg-1) as high in the natural attenuation treatment as in the MBM and urea treatments 

184 (< 850 mg kg-1).

185 In the anaerobic treatment, the concentration of oil hydrocarbons was 8758±623 mg/kg (mean±SD) 

186 at 0 day. After 99 days of process, the concentrations of oil in control soils dropped to 3912±2058 

187 mg/kg. In MBM and urea treatments, the residual content of oil were 4693±411 mg/kg and 

188 4757±129 mg/kg, respectively. In MBM, urea treated and control soils, the degradation activities 

189 under anaerobic condition were significantly lower than in aeration conditions (MBM, t = 5.17, n = 

190 3, p= 0.0067; urea, t = 18.68.14, n = 3, p< 0.001; control, t = 3.32, n = 3, p= 0.0293). The aeration 

191 increased the degradation significantly, indicating oxygen is essential in diesel oil degradation. 

192 MBM and urea did not show significant effect on diesel oil degradation in anaerobic treatments (F 

193 = 0.362, df = 2, p = 0.711), while the difference of oil degradation in MBM and urea treated soil 

194 under aerobic conditions was significant (F = 108.418, df = 2, p< 0.001). 
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196 Figure 1. Diesel oil removal and concentrations in the aerobic treatment. Urea denotes oil 

197 contaminated soil treated with urea, MBM denotes oil contaminated soil treated with meat and bone 

198 meal and Control denotes oil contaminated soil with natural attenuation. The sampling points are 

199 days 0, 28, 51, 79, and 99

200 pH in diesel oil contaminated soils 

201 In the first two weeks of the study, urea treatment increased the pH intensively. The initially 

202 measured soil pH of urea treated soil (pH 7.08) increased to 8.69 during the first 7 days of the study 

203 and then decreased to 7.94. The control treatment and MBM treated soils reached the highest pH on 

204 day 14 (pH ranged 7.62 to 8.01). On day 28, the MBM treatment had not increased pH-level above 

205 eight in diesel oil contaminated soil (Fig.2). During the 28 days of study, the pH of MBM treated 

206 soils remained more stable in the neutral range (pH 7.0 to 7.5), which is favourable for 

207 biodegradation. These results indicated that MBM avoids rapid pH fluctuation of urea as a 

208 bioremediation agent. 

209
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211 Figure 2. pH as a function of time in diesel oil contaminated sand. MBM 0.5 % = contaminated 

212 sand treated with meat bone meal (0.5 % w/w). MBM 4 % = contaminated sand treated with meat 

213 bone meal (4 % w/w). Urea = contaminated sand treated with urea (2 % w/w, day 0). Control = 

214 contaminated sand.

215

216 Discussion

217 We performed three experiments in which the suitability of meat and bone meal was evaluated as a 

218 novel biostimulation agent. In actively aerated mesocosms amended with MBM (2% w/w), a 91.2% 

219 reduction in diesel oil content was reached in 99 days, of which 77.0% was reduced within the first 

220 28 days. Similarly, the ex situ pilot scale experiment resulted in significantly faster remediation in 

221 the MBM than the natural attenuation treatment. The efficacy of MBM and urea treatments was 

222 equal in the mesocosm experiment. As MBM contains more slowly soluble than readily available N, 

223 P and K, and as MBM is of animal origin and suitable for stimulation of microbial activity 

224 (Mondini et al., 2008), it is plausible to assume that MBM is comparable to or more efficient than 

225 urea and other traditional N and NPK fertilizers as a biostimulation agent in contaminated soils. 

226 A main disadvantage of utilizing urea and other readily available N sources in biostimulation is the 

227 rapid release of ammonia, which increases soil alkalinity and causes inhibition of microbial activity 
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228 (Valentine and Bradfield, 1954; Zhou and Crawford, 1995; Peltola et al., 2006). Further, the 

229 resulting conditions promote ammonification and release of ammonia (Kurola et al., 2005) 

230 Although some studies have found MBM to increase soil pH, in those studies the MBM used was 

231 manufactured using different and an outdated rendering technique(Lazarovits et al., 1999). 

232 The favourable pH for diesel fuel biodegradation and bacterial activities in soil has been reported as 

233 neutral or slightly alkaline (Wongsa et al., 2004).  In the current study, active aeration probably 

234 prevented or at least reduced a change in pH and thus its negative effects on oil degradation in the 

235 urea treatment, but active aeration may not be a cost-effective option in large scale commercial 

236 remediation. As MBM contains both fast and slowly soluble nutrients, we monitored the possible 

237 pH effects of MBM in a separate, non-aerated experiment, and found out that pH stayed neutral or 

238 slightly alkaline throughout the experimental period, as an opposite to the urea treatment. The pH-

239 test was done with a very high and a very low MBM percentage. In the oil degradation tests, MBM 

240 concentration was intermediate. As the difference in pH between the low and the high percentage 

241 was negligible, it is plausible that pH stays at or below 8 also in the degradation tests. The finding is 

242 important as it suggests that microbial activity does not cease soon after MBM addition as it often 

243 does in case of urea addition (Kauppi et al., 2011). 

244 The fact that diesel oil degradation is enhanced by MBM amendment supports our first hypothesis 

245 that MBM is a potential biostimulation agent for oil bioremediation. This is in accordance with 

246 earlier  findings that  the addition of organic amendments can increase the degradation rate of target 

247 contaminants (Sinkkonen et al., 2013). The reason for the efficacy of some organic amendments is 

248 that they provide lacking nutrients coupled with organic compounds, which stimulates microbial 

249 growth., consequently enhancing the microbial degradation.. 

250
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251 We did not determine volatilization and adsorption to organic substances, but it is likely that neither 

252 of them differed between natural attenuation and biostimulation treatments. The reason is that even 

253 though MBM contains a diverse mixture of organic carbon sources that could enhance adsorption 

254 (Endo et al., 2009), the disappearance of diesel oil hydrocarbons was at the same level in MBM and 

255 urea treated pots in our study. In an earlier study, the volatilization of n-alkanes decreased when the 

256 amount of organic amendment to the soil increased (Namkoong et al., 2002) suggesting that also 

257 MBM would rather decrease than increase volatilization compared to the natural attenuation 

258 treatment. 

259

260 Conclusions. 

261 The purpose of this study was to evaluate whether meat and bone meal is suitable for oil 

262 remediation. We performed experiments with different contaminated soils in the lab and at a pilot 

263 scale ex situ. The results show that MBM is suitable to be used as a biostimulation agent in the 

264 remediation of oil polluted soils. The MBM assisted biodegradation of contaminated environments 

265 can become a sustainable and economically feasible strategy to recycle MBM.

266
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High lights
 Meat bone meal (MBM) was tested as a biostimulation agent in oil degradation
 Oil degradation was faster in MBM treatments compared to natural attenuation
 Soil pH stayed below 8 in MBM treated soil
 MBM is suitable for enhancing remediation of oil contaminated soils


