Bioremediation and acceleratedphytoremediationof a soilimpactedby a
hydrocarbons mixture.

Abstract

Waste motor oil (WMO), nothavinganadequate final confinement, isdumped in agriculturalsoils,
whereiteasilyexceeds 4400 ppm accordingtotheMexican standard NOM-138-
SEMARNAT/SSA1-2012; a concentrationthat causes lossoffertility. Theaimsofthisresearchwere:
i) biostimulationa soilcontaminatedby 39,000 ppm ofWMOwithTriton X-100/Tween 80 at 0.5%
and mineral solution, i)
phytoremediationbyPhaseolusvulgarisenhancedwithMethylobacteriumsymbioticumandXanthoba
cterautotrophicusto reduce WMO at lowerconcentrationthanthe méaximum acceptedby NOM-
138-SEMARNAT/SSA1-2021. The response variables were: a) theinitial and final
concentrationofWMOby Soxhlet, and b) P. vulgaris: germinationpercentage; phenology and
biomass at seedling and pre-flowering. The experimental data wereanalyzedby ANOVA/Tukey
0.05%.

Theresultsshowedthatbiostimulationofsoilimpactedby 39,000 ppm of WMO withTriton X-
100/Tween 80 at 50%, and a mineral solution, decreasedto 26,990 ppm in 25 days. Subsequently,
phytoremediationbysowing P. vulgariswith M. symbioticumand X. autotrophicus at pre-
floweringreduced WMO to 1233 ppm in 50 days, a concentrationlowerthanthatacceptedby
NOM-138-SEMARNAT/SSA1-2012. Thissupportsthatacceleratedbiostimulation and
phytoremediationreduced WMO in thesoiltorecoverits productive capacity.
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Introduction

Automotive oil for lubrication and cooling of automobiles is replaced at the end of its useful life.
Which generates residual automotive oil (WMO) composed of a mixture of aliphatic and
aromatic hydrocarbons (Yang et al., 2016). In Mexico, WMO is classified as toxic waste to avoid
damage to the soil. The Mexican regulation known as the general law of ecological balance and
environmental protection determines that it be recycled, reused and confined, however, a part is
dumped into the soil during its preparation. While another environmental standard called NOM-
138-SEMARNAT/SSA1-2012, establishes 4,400 ppm as the maximum concentration of
hydrocarbon mixtures such as the WMO allowed in agricultural soil. A higher value of WMO
causes a negative effect on physicochemical properties, especially productive capacity (Shukry et
al., 2013; Ramadass et al., 2015). An alternative ecological solution is bioremediation via
biostimulation initiated with detergents that effectively emulsify the WMO (Lamichhane et al.,
2017; Sutthicharoen et., 2023), followed by biostimulation with a mineral solution that balances
the concentration of essential minerals in the soil to induce accelerated mineralization of WMO
(Anza et al., 2016; Lee et al.,, 2018), for subsequent sowing a legume tolerant to WMO
phytotoxicity such as Phaseolus vulgaris whose hydrocarbon phytodegradation capacity is
enhanced with Methylobacteriumsymbioticumand Xanthobacter autotrophicus genera and
species of plant growth-promoting endophytic bacteria that oxidize aromatic hydrocarbons from



the WMO (Ruikar& Pawar, 2022). Based on the above, the aims of this research were:i)
biostimulation a soilcontaminatedby 39,000 ppm of WMO withTriton X-100/Tween 80 at 0.5%
and mineral solution, i)
phytoremediationbyPhaseolusvulgarisenhancedwithMethylobacteriumsymbioticumandXanthoba
cterautotrophicusto reduce WMO at lowerconcentrationthanthe maximum acceptedby NOM-
138-SEMARNAT/SSA1-2021

Materials and methods

This research was carried out in stages in the greenhouse of the Environmental Microbiology
Laboratory of the Chemical-Biological Research Institute of the Universidad Michoacana de San
Nicolas de Hidalgo (UMSNH), Morelia, Mich., Mexico. In the first phase, agricultural soil used
for growing Zea mays (maize) was collected located at 19° 39' 27" north latitude 100° 19' 59"
west longitude, with an altitude of 1820 meters above sea level with a temperate climate; on an
agricultural land called “La Cajita" of the Zapata Tenancy in the municipality of Morelia, Mich.,
Mexico at km 5 of the Morelia-Patzcuaro highway, Mich., Mexico. The soil was sieved with No.
20 mesh and solarized at 70°C/48 h and minimized the problem of pests and diseases, then for
every 1.0 kg it was artificially contaminated by 39,000 ppm of WMO (from a local mechanical
workshop), then as a first biostimulation was emulsified with a mixture of detergents: Triton For
20 days, as shown in Table 1, at the end of this period of time, the concentration of WMO was
determined by the Soxhlet method, with a single response variable.In thesecondphase,
soilphytoremediationimpactedby WMO remainingfrombiostimulationwasperformed. To do this,
P. vulgarisseedweredesinfectadwithsodiumhypochlorite (Clorox™?) 0.6%/2.5 min, rinsed 6 times
withsterilewater, desinfectadwith alcohol 70%/5 min, rinsed 5 times withsterilewater.
Thenforevery 10 seedswereinoculatedwith 1.0 mLof a suspensionofM. symbioticumand
individual X. autotrophicus and mixture in relation 1:1 (v/v) with a cellconcentrationequivalentto
1.5x108 CFU/mLby viable platecount (VPC) in nutrient agar with pH adjustedto 7.
Soilmoistureremained at 80% offieldcapacity. The response variables ofmeasureswere:
emergencydays and germinationpercentage; phenology: seedlingheight (PH) and radical length
(RL); and biomass: fresh and dryweight, aerial and radical (FAW/FRW) and (DAW/RDW) at
seedling and preflorationlevel,as well as the final WMO concentrationby Soxhlet. The
experimental data weresubjectedto a varianceanalysis (ANOVA) bythe comparative mean test of
Tukey HSD P-0.05% withtheprogramStatgraphicsCenturionXVI. I1.

Table 1. Experimental design for the biostimulation of a soil impacted by 39,000 ppm of waste
motor oil (WMO)for 25 days

Agriculturesoil* 39,000 ppm of Triton X-100 andTween 80 at | Mineral solution
WMO 0.5% (%)
Relative control - - 100%
Negative control + - -
Treatment + + +
*=pnumberofrepetitionsor (n) = 6; added (+); no added (-)




Table 2. Experimental designforimpactedsoilphytoremediationwith a
remainingconcentrationofwaste motor oilfrombiostimulation

Phaseolusvulgarisin Methylobacteriums | Xanthobacterautotro | Water Mineralsolution (%)

agriculturesoil* ymbioticum phicus

Relative control - - - 100

Negative control - - + -
Treatment 1 + - - 50
Treatment 2 - + - 50
Treatment 3 + + - 50

*(n)= numberofrepetitions = 6; added(+); no added (-)

Results and discussions

Table 3. Concentrationofwaste motor ol inagriculturesoilremaining, after
20daysofbiostimulation.

Agriculturesoilimpactedby 39,000 ppm ofwaste motor oil Final concentration

(WMO)*
Soilpollutedby WMO irrigatedonlywithwateror negative 38,204 ppm**
control
Soilbiostimulatedby WMO biostimulatedbyTriton X-100 and 26,990°
Tween80 at0.5% plus mineral solution at 50%

*n=6 **differentlettersshowedstatisticallydifferentaccordingto ANOVA/Tukey p<0.05%.

In Table 3, itisshownthattheinitialbiostimulationwith a mixture of: Triton X-100 and Tween 80 to
0.5% and with a mineral solutionreducedthe WMO in agriculturalsoilfrom 39,000 to 26,990 ppm
after 20 daysbiostimulationperiod time, therewasstatisticallydifferentnumericalvaluecomparedto
38,204 ppm of WMO in soilnobiostimulatedused as negative control (NC).
Thisresultssupportthatthe mixture ofTriton X-100 and Tween 80 to 0.5%wereabletoemulsifythe
WMO duetodesorptionofthis  mixture ofhydrocarbonsofthesoilsurface (Cheng et al.,,
2017),thenforbiostimulationwith mineral solution, inducedthemineralizationofthe WMO by
native aerobic heterotrophicmicroorganismsofthisenvironment (Nasr, 2019).

In Table 4, thegerminationpercentageof P. vulgarisenhancedwithM. symbioticum and X.
autotrophicusfedwith 50% mineral solution in contaminatedsoilby 26,990 ppm of WMO
remainingfrombiostimulation, with r 83.33% germination,
statisticallydifferentnumericalvaluecomparedto 56.67% ofP. vulgarissown in a soilwithout
WMO, fedwith 100% mineral solutionor relative control (RC); and with 50% germinationof P.
vulgaris in thesoilimpactedby 38,204 ppm of WMO used as negative control (NC).
Thegerminationoftheseedsof P. vulgarisenhancedwithM. symbioticum and X. autotrophicus,
supportsthetransformationofthemetabolitesofthegerminationoftheseedsintophytohormonsthatindu
ced a rapid and betterofgermination (Chan-Quijano et al., 2020). WhilebothM. symbioticumand
X. autotrophicusused as a sourceofcarbon and hydrocarbonsenergyof WMO,



therebyreducingthephytotoxicityof WMO (Kochhar et al., 2022),
thatinhibitthegerminationofseeds, as showed in figure 1.

Table 4.
PercentageofgerminationofPhaseolusvulgariswithMethylobacteriumsymbioticumandXanthobacte
rautotrophicusin impactedsoilby26,990 ppm of WMO remainingfrombiostimulation.

Phaseolusvulgaris* Germination
percentage (%)
Uninoculated, in unpollutedsoilfedwith 100% mineral solutionor relative e
56.67
control (RC)
Uninoculatedin soilimpactedby38,204 ppm of WMO 50.00¢
irrigatedonlywithwateror negative control (NC) )
EnhancedwithM. symbioticumin soilpollutedby 63.33¢
WMOremainedfrombiostimulation )

EnhancedwithX. autotrophicus in soilby 66.67°
WMOremainingfrombiostimulation '

EnhancedwithM. symbioticumand X. autotrophicusin soilpollutedby WMO 83.33°
remainingfrombiostimulation '

*n=6 **differentlettersshowedstatisticallydifferentaccordingto ANOVA/Tukey p<0.05%.

Figure 1.
EffectofMethylobacteriumsymbioticumandXanthobacterautotrophicusongerminationofPhaseolus
vulgarisafter 9 daysofsowing in soilpollutedby 26,990 ppm ofwaste motor

oil.

RC (relative control): P. vulgarisuninoculatedwithM. symbioticum and X. autotrophicusfedwith
100% mineral solution in soil no polluted WMO. NC (negative control): P.
vulgarisuninoculatedwithM. symbioticumand X. autotrophicusuninoculated, irrigatedwithwater
in soilpollutedby 38,204 ppm WMO (negative control), T1: P. vulgariswith X.
autotrophicusfedwith 50% mineral solution in soilpollutedby WMO
remainingfrombiostimulation (Treatment 1), T2: P. vulgariswith M. symbioticumfedwith 50%
mineral solution in soilpollutedby WMO remainingfrombiostimulation (Treatment 2), T3: P.




vulgariswith M. symbioticumand X. autotrophicusfedwith 50% mineral solution in soilpollutedby
WMO remainingfrombiostimulation (Treatment 3).

Table 5. Phenology and
seedlingbiomassofPhaseolusvulgarisenhancedwithMethylobacteriumsymbioticumand X.
autotrophicusduringphytoremediationofsoilcontaminatedby26,990 ppm offrombiostimulation.
Phaseolus vulgaris*: Plant | Radical | Fresh weight (g) | Dry weight (g)
h(i'r%r)lt I?Qr%h Aerial | Radical | Aerial | Radical
Uninoculated, in soilunpollutedbywaste motor »
oilfedwith mineral solution at 100% 37.68"" | 17.30° | 3.11° | 153 | 1.61° | 0.22

Uninoculated, insoilpollutedby38,204 ppm of X X X
WMO irrigatedonlywater 2365 | 11.15° | 1.63 | 061 | 0.23° | 0.06°

EnhancedwithM. symbioticumin soilpollutedby

WMOremainingfrombiostimulation 37.50° | 21.80" | 3.70® | 1.13° | 1.93° | 0.31°

EnhancedwithX. autotrophicusin

soilpollutedbyWMOremainingfrombiostimulation | 31.38° | 21.65" | 3.18" | 135" | 1.12° | 0.14"

EnhancedwithM. symbioticumy X.

autotrophicusin soilpollutedby 4958 | 2453 | 412¢ | 158 | 2372 | 117
WMOremainingfrombiostimulation

*n=6 ** **differentlettersshowedstatisticallydifferentaccordingtoANOVA/Tukey p<0.05%.

Table 5 shows thephenology and biomass at seedlinglevelof P. vulgarisimprovedwith M.
symbioticum and X. autotrophicus, in thephytoremediationofthesoilimpactedby 26,990 ppm of
ARA remainingfrombiostimulation, thatregistered 4958 cm PH and 2453 RL
bothnumericalvalueswerestatisticallydifferentcomparedto 37.68 cm PH and 17.30 cm RL ofP.
vulgaris in non WMO soilfedwith 100% mineral solutionor relative control (RC). In
thebiomassofP. vulgarisenhancedwithM. symbioticumand X. autotrophicus, 4.12 g of AFW and
RFW 158 g wasregistered, as well as 237 g of ADW and 117 g of RDW
statisticallydifferentnumericalvaluescomparedto 3.11 g of AFW; 1.53 g RFW 161 g ADW and
0.22 g RDW ofP. vulgarisuninoculatedwithM. symbioticumand X. autotrophicussown in
soilnotcontaminatedby WMO used as relative control (RC). Increasingphenology and
biomassofP. vulgarisenhancedwithM. symbioticumand X. autotrophicus, supportsthat a reduction
in WMO concentrationwasduetothe radical activityofP. vulgaris and
thetransformingcapacityofmetabolitesinsideitsrootbyM.  symbioticumand X.  autotrophicus
(Madariaga-Navarrete et al., 2017; Gouthami et al.,, 2023), as shown in theenhancedP.
vulgarisresponse withM. symbioticumand X. autotrophicusin figure 2.

Figure
2.PhaseolusvulgarisphenologyenhancedwithMethylobacteriumsymbioticumandXanthobacterauto




trophicustoseedlingduringphytoremediationofsoilpollutedby26,990 ppm ofwastemotoroilafter 50
days.

CR CN T1 T2 T3

RC (relative control): P. vulgarisuninoculatedwithM. symbioticum and X. autotrophicusfedwith
100% mineral solution in soil no polluted WMO. NC (negative control): P.
vulgarisuninoculatedwithM. symbioticum and X. autotrophicusuninoculated, irrigatedwithwater
in soilpollutedby 38,204 ppm WMO (negative control), T1: P. vulgariswith X.
autotrophicusfedwith 50% mineral solution in soilpollutedby WMO
remainingfrombiostimulation (Treatment 1), T2: P. vulgariswith M. symbioticumfedwith 50%
mineral solution in soilpollutedby WMO remainingfrombiostimulation (Treatment 2), T3: P.
vulgariswith M. symbioticumand X. autotrophicusfedwith 50% mineral solution in soilpollutedby
WMO remainingfrombiostimulation (Treatment 3).

Table 6. Phenology and
preflorationbiomassofPhaseolusvulgarisenhancedwithMethylobacteriumsymbioticum and
Xanthobacterautotrophicus in phytoremediationofcontaminatedsoilby26,990 ppm ofwaste motor
oil (WMO) after 50 days

Phaseolus vulgaris*: Plant | Radical | Fresh weight

height | length @ Dry weight (g)




(cm) (cm) | Aerial | Radical | Aerial | Radical
Uninoculated in soilunpollutedfedwith mineral
solution at 100% 58.46°" | 33.44" | 5.34° | 255" | 2.76° | 1.18"
Uninoculated insoilpollutedby 38,204 ppm
of WMO irrigatedonlywater 4454% | 21.52° | 3.98° | 1.92° | 1.46° | 1.07°
EnhancedwithM. symbioticumin soilpollutedby
WMOremainingfrombiostimulation 96.3* | 38.5% | 6.70° | 4.61* | 2.97* | 2.19°
EnhancedwithX.autotrophicusin
soilpollutedbyWMOremainingfrombiostimulation | 85.14° | 39.42% | 6.33* | 4.65% | 2.89% | 2.27°
EnhancedwithM. symbioticumand X.
autotrophicusremainingfrombiostimulation 91.1% | 44.46° | 5.10° | 4.38* | 2.82% | 2.25°

*n=6 **differentlettersshowedstatisticallydifferentaccordingto ANOVA/Tukey p<0.05%.

Table 6 shows the phenology and pre-flowering biomass of P. vulgaris enhanced with M.
symbioticum and statistically different numerical values compared to the 58.46 cm PH and 33.44
cm RL of P. vulgarisuninoculated in the soil unpolluted by WMO. In the biomass, P. vulgaris
improved with M. symbioticum andP. vulgarisuninoculated sown in the soil not contaminated by
WMO used as RC, as shown in figure 2. In the phenology and biomass of P. vulgarisenhanced
with M. symbioticumand X. autotrophicus, its supports that when both of them colonizing the
interior of the roots used radical metabolism compounds to transform them into phytohormones
that induced a dense root system by biostimulation with the mineral solution for maximum
uptake and at the same time to mineralize aromatic hydrocarbons remaining from the WMO, that
allowed a similar root growth of P. vulgaristhat was observed on unimpacted soil by WMO

(Kafle et al., 2022; Meistininkas et al., 2023.

Figure 3. Phenology of Phaseolus vulgarisenhanced with Methylobacteriumsymbioticum and
Xanthobacter autotrophicusat pre-flowering in the phytoremediation of soil contaminated by

3000 ppm of waste motor oil (WMO).




CR CN T1 T2 T3

RC (relative control): P. vulgarisuninoculatedwithM. symbioticum and X. autotrophicusfedwith
100% mineral solution in soil no polluted WMO. NC (negative control): P.
vulgarisuninoculatedwithM. symbioticum and X. autotrophicusuninoculated, irrigatedwithwater
in soilpollutedby 38,204 ppm WMO (negative control), T1: P. vulgariswith X.
autotrophicusfedwith 50% mineral solution in soilpollutedby WMO
remainingfrombiostimulation (Treatment 1), T2: P. vulgariswith M. symbioticumfedwith 50%
mineral solution in soilpollutedby WMO remainingfrombiostimulation (Treatment 2), T3: P.
vulgariswith M. symbioticumand X. autotrophicusfedwith 50% mineral solution in soilpollutedby
WMO remainingfrombiostimulation (Treatment 3).

Table 7. Concentration of waste motor oil in agricultural soil remaining from biostimulation and
phytoremediation at 25 and 50 days

Agriculturesoilpollutedby 25,990ppm ofwaste motor oil Final
(WMO)remainingfrombiostimulation concentration(ppm)
at

seedling Pre-
at 25 | flowerin

days g at
50 days
Unpollutedsoilby WMOfedwith mineral solution at 100% or relative
0.0 0.0
control (RC)
Soilpollutedby WMOnon 38.204P*
biostimulatedorphytoremediatedirrigatedonlywateror negative control e 34,949°

(NC)

Soilpollutedby WMObiostimulatedand
phytoremediatedwithPhaseolusvulgarisenhancedwithMethylobacteriumsy | 17, 4702 | 1,735°
mbioticum




Soilpollutedby WMObiostimulated and phytoremediatedwithP.

a b
vulgarisenhancedwithXanthobacterautotrophicus 16,956 1,640

Soilpollutedby WMO biostimulated and phytoremediatedwithP.
i . o : 17,035 | 1, 2332
vulgarisenhancedwithM. symbioticumy X. autotrophicus

*n=6 **differentlettersshowedstatisticallydifferentaccordingto ANOVA/Tukey p<0.05%.

Table 7 shows the concentration of WMO in the soil at the end of phytoremediation sowingP.
vulgaris enhanced with M. symbioticum and up to 1233 ppm of WMO in 50 days, a
concentration that was lower than the maximum Ilimit accepted by NOM-138-
SEMARNAT/SSA1-2012.

This numerical value was statistically different compared to 34,949 ppm in soil impacted by
WMO non biostimulated or phytoremediated used as negative control (NC). This results
supports that in the soil impacted by WMO, biostimulation with Triton X-100 and Tween 80,
and then subsequent biostimulationby applying the mineral solution, the concentration of WMO
was reduced (Lee et al., 2018), to allow seed sowing and growth of P. vulgarisenhanced with M.
symbioticumand X. autotrophicus that since The interior of the roots of P. vulgaris converted
organic compounds from root metabolism into phytohormones that increased the mineral uptake
capacity and the mineralization of aromatic hydrocarbons from the WMO (Ruikar& Pawar,
2022; Tonelli et al., 2022), to reduce the WMO concentration to a value below the maximum
established by NOM-138-SEMARNAT/SSA1-2012.

Conclusion
The results of this research support that an agricultural soil contaminated by 39,000 ppm of
WMO can be bioremediated in less than period of 60 days by biostimulation with Triton X-100
and Tween 80 to reduce = WMO concentration and to allow phytoremediation with P.
vulgarisenhancedwith M. symbioticumand X. autotrophicus for relative rapidsoil fertility
recovering.
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