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i RESUMEN
La contaminacion de suelo por aceite residual automotriz (ARA) es un problema en

Mexico y el mundo al sobrepasar la maxima concentracién de 4,400 ppm permitida por
la NOM-138-SEMARNAT/SSA1-2012 (NOM-138). Lo que requiere solucion ecoldgica.
El objetivo general de esta tesis fue biorremediar un suelo contaminado por ARA
mediante la eficaz emulsificacion con detergentes sintéticos y microbianos para la
rapida eliminacion de la mezcla de hidrocarburos por los microorganismos
heterotréficos aerobios. Se realizaron experimentos de bioestimulacion,
bioaumentacion y fitorremediacion de suelo contaminado por ARA en matraces Bartha
y jarras de Leonard medidos por la conversion del ARA en CO:2 y la desaparicion por
Soxhlet. Se concluyé por fitorremediacidon del suelo con Phaseolus vulgaris y
Xanthobacter autotrophicus evaluado con la fenologia y el peso fresco, y seco de la
leguminosa comparado con el crecimiento P. vulgaris en el suelo contaminado por
ARA sin bioestimular ni fitorremediar. Ademas, se realiz6 la optimizacion de
biodetergentes, con la actividad lipolitica de géneros y especies de bacterias aisladas
de suelo contaminado por ARA, cual fue usado para inducir la actividad lipolitica con
ARA, en la bioestimulacion de suelo contaminado por 60,000 ppm de ARA, para un
rapido decremento a 2,000 ppm y biorremediarlo acorde con la NOM-138. En la
biorecuperacion de suelo contaminado por ARA se demostré que al inicio de la
bioestimulacién debe ser por detergentes que emulsifican el ARA luego continuar con
solucion mineral para alcanzar la maxima mineralizacion del ARA. Mientras se
demostré la biorecuperacion de suelo contaminado por 60,000 ppm de ARA, por
bioestimulacion con detergente, solucion mineral, bioaumentacion con X.
autotrophicus, que decrecié el ARA, concluir con la fitorremediacion se usé P. vulgaris
para eliminar el ARA a 190 ppm, valor equivalente a concentracién natural de

hidrocarburos.

Palabras clave: mezcla de hidrocarburos, actividad lipolitica, minerales esenciales,

leguminosa, bacterias oxidantes de hidrocarburos.



ii. ABSTRACT
Soil contamination by waste motor oil (WMO) is a problem in Mexico and the world as

it exceeds the maximum concentration of 4,400 ppm allowed by NOM-138-
SEMARNAT/SSA1-2012 (NOM-138). This requires an ecological solution. The
objective of this thesis was to bioremediate of WMO contaminated soil by effective
emulsification with synthetic and microbial detergents for the rapid removal of the
hydrocarbon mixture by aerobic heterotrophic microorganisms. Biostimulation,
bioaugmentation and phytoremediation experiments of WMO contaminated soil in
Bartha flasks and Leonard flasks measured by WMO conversion to CO:2 and
disappearance by Soxhlet were performed. It was concluded by phytoremediation of
soil with Phaseolus vulgaris and Xanthobacter autotrophicus evaluated with phenology
and fresh and dry weight of legume compared to P. vulgaris growth in WMO
contaminated soil without biostimulation and phytoremediation. In addition, the
optimization of biodetergents, with the lipolytic activity of genera and species of bacteria
isolated from soil contaminated by WMO, was performed, which was used to induce
lipolytic activity with WMO, in the biostimulation of soil contaminated by 60,000 ppm of
WMO, for a rapid decrease to 2,000 ppm and bioremediation in accordance with NOM-
138. In the bioremediation of soil contaminated by WMO, it was demonstrated that the
biostimulation should start with detergents that emulsify the WMO and then continue
with mineral solution to reach the maximum mineralization of the WMO. While
bioremediation of soil contaminated by 60,000 ppm of WMO was demonstrated by
biostimulation with detergent, mineral solution, bioaugmentation with X. autotrophicus,
which decreased the WMO, concluding with phytoremediation using P. vulgaris to
eliminate the WMO at 190 ppm, a value equivalent to the natural concentration of
hydrocarbons.

Key words: hydrocarbon mixture, lipolytic activity, essential minerals, legume,

hydrocarbon oxidizing bacteria.



iii. RESUMEN GENERAL
La contaminacion de suelo agricola por hidrocarburos como los del aceite residual

automotriz (ARA), es un problema ambiental en Mexico y el mundo. La toxicidad del
ARA limita la produccién agricola, por ello la norma mexicana NOM-138-
SEMARNAT/SSA1-2012 (NOM-138) establece el limite maximo permisible de 4,400
ppm de hidrocarburos en suelo. Cuando el ARA contamina el suelo, inhibe la vida
microbiana y provoca pérdida de fertilidad. EI ARA contiene hidrocarburos alifaticos,
aromaticos y policiclicos insolubles, que no se mineralizan. La solucién ecolégica, es
la bioestimulacion del suelo con detergentes sintéticos y microbianos que emulsifiquen
el ARA, luego oxidados por los microorganismos heterotrofos aerobios seguida de
solucion mineral segun las propiedades quimicas del suelo. El objetivo general de esta
tesis fue biorremediar un suelo contaminado por ARA mediante la eficaz emulsificacion
con detergentes sintéticos y microbianos para la rapida eliminacion de la mezcla de

hidrocarburos por los microorganismos heterotréficos aerobios.

Se realizaron experimentos de bioestimulacion, bioaumentacion y fitorremediacion de
suelo contaminado por ARA en matraces Bartha, jarras de Leonard medidos por la
conversion del ARA en CO: y la desaparicion por Soxhlet. Luego se concluyo
adecuadamente por fitorremediacion con Phaseolus vulgaris y Xanthobacter
autotrophicus evaluados mediante la fenologia; el peso fresco y seco comparado con
el crecimiento P. vulgaris en suelo contaminado por ARA sin bioestimular ni
fitorremediar. Ademas, se logro la optimizacion de biodetergentes, y actividad lipolitica
de géneros de especies de bacterias aisladas de suelo contaminado por ARA.
Posteriormente la bioestimulacién de suelo contaminado por 60,000 ppm de ARA, con
extractos crudos de biodetergentes y lipasas decreci6 el ARA a 2,000 ppm,
considerado suelo biorremediado segun la NOM-138. Ademas, se demostro la
biorecuperacion acelerada de suelo contaminado por 60,000 ppm de ARA, por
bioestimulacion con detergente y solucidbn mineral, bioaumentacién mediante X.
autotrophicus oxidante de aromaticos, y fitorremediacién con P. vulgaris y X.
autotrophicus que decrecio el ARA a 190 ppm, concentracion natural de hidrocarburos

en suelo adecuada para la reutilizacion agricola.



iv. GENERAL ABSTRACT
Contamination of agricultural soil by hydrocarbons such as waste motor oil (ARA) is an

environmental problem in Mexico and the world. The toxicity of WMO limits agricultural
production, which is why Mexican standard NOM-138-SEMARNAT/SSA1-2012 (NOM-
138) establishes a maximum permissible limit of 4,400 ppm of hydrocarbons in soil.
When WMO contaminates soil, it inhibits microbial life and causes loss of fertility. WMO
contains insoluble aliphatic, aromatic and polycyclic hydrocarbons, which do not
mineralize. The ecological solution is soil biostimulation with synthetic and microbial
detergents that emulsify the WMO, then oxidized by aerobic heterotrophic
microorganisms followed by mineral solution according to the chemical properties of
the soil. The objective of this thesis was to bioremediate of WMO contaminated soil by
effective emulsification with synthetic and microbial detergents for the rapid removal of
the hydrocarbon mixture by aerobic heterotrophic microorganisms.

Biostimulation, bioaugmentation and phytoremediation experiments of WMO
contaminated soil were performed in Bartha flasks, Leonard flasks measured by WMO
conversion to CO2 and disappearance by Soxhlet. Then it was properly concluded by
phytoremediation with Phaseolus vulgaris and Xanthobacter autotrophicus evaluated
by phenology; fresh and dry weight compared to P. vulgaris growth in WMO
contaminated soil without biostimulation and phytoremediation. In addition,
optimization of biodetergents, and lipolytic activity of genera of bacterial species
isolated from WMO-contaminated soil was achieved. Subsequently, biostimulation of
soil contaminated by 60,000 ppm WMO, with crude extracts of biodetergents and
lipases decreased WMO to 2,000 ppm, considered bioremediated soil according to
NOM-138. In addition, accelerated bioremediation of soil contaminated by 60,000 ppm
of WMO was demonstrated by biostimulation with detergent and mineral solution,
bioaugmentation with X. autotrophicus, an aromatic oxidizer, and phytoremediation
with P. vulgaris and X. autotrophicus, which decreased WMO to 190 ppm, a natural

concentration of hydrocarbons in soil suitable for agricultural reuse.
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CAPITULO I. INTRODUCCION: Detergentes sintéticos y biolégicos en
la biorremediacién de suelo: inconsistencias y evidencias.
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Detergentes y Biodetergentes en la Biorremediacion de Suelo:
Inconsistencias y Evidencias'
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Resumen

La contaminacion del suelo por
hidrocarburos (HICOS) es uno de los graves

preblemas ambientales. Cuande los HICOS

HICOS. Sin embargo, algunas investigaciones
sefialan que estos detergentes actian
directamente en la eliminacién de los HICOS,
las evidencias sefialan que el DEGE y BIODET
solo permite |a desorcion de los HICOS para

contaminan el suelo, afectan la relacion
carbono: nitrogeno, causan la inhibicion de
la vida microbiana y perdida de fertilidad.
Una alternativa es la biorremediacidn, pero la
baja solubilidad y la absorcion de los HICOS
en el suelo dificulta la eliminacion. Por ello,
al inicio de la biorremediacién es necesaria la
bicestimulacion con un detergente (DEGE) o
biodetergente (BIODET) para solubilizar los

solubilizarlos, por la formacion de micelas.

Otros trabajos de biorremediacion,
aseguran que el tipo de DEGE y BIODET que
utilizan solubiliza todos los HICOS de las
mezclas contaminantes, pero de acuerdo a
la composicion del detergente, no pueden
solubilizar toda la diversidad de HICOS.

1 1Articulo de Revisién derivado del proyecto de investigacion 2.7 (2020), de la Universidad Michoacana de San Nicolas
de Hidalgp, ejecutado entre 2018 y 2020; Financiado por Universidad de Harvard, Cambridge, Ma, EUA, Fundacian
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Otras investigaciones afirman la sintesis
“in situ” de BIODET por microorganismos
inoculados en |a bioaumentacion de suelo
impactade por HICOS, sin demostrarlo
experimentalmente. El objetivo de esta
revision es analizar en la biorremediacion de
suelo contaminado por HICOS, laimportancia

-Produccién+Limpia-

de DEGE, BIODET y las inconsistencias
generadas por su aplicacién.

Palabras clave: biorremediacian,
contaminacion, detergente, hidrocarburos,
suelo.

Detergents and Detergents in Soil
Bioremediation: Inconsistencies
and Evidence

Abstract:

Soil pollution by hydrocarbons (HYCOS)
is one of the serious environmental
problems. When HYCOS contaminate
the soil, they affect the carbon: nitrogen
ratio, causing inhibition of microbial
life and loss of fertility. An alternative
is bioremediation, but the low solubility
and absorption of HYCOS in the soil
makes it difficult to eliminate. Therefore,
at the beginning of the bioremediation,
biostimulation with a detergent (DEGE)
or biodetergent (BIODET) is necessary
to solubilize the HYCOS. However, some
research indicates that the detergents acts
directly in the extraction of the HYCOS,

the evidence indicates that the DEGE and
BIODET only allows the desorption of the
HYCOS to solubilize them, by the formation
of mice. Other bioremediation works
assure that the type of DEG and BIODET
that it uses solubilizes all the HYCOS cf the
contaminating mixtures, but according to
the composition of the detergent, it cannot
emussify the entire range of HYCOS. Other
investigations affirm the synthesis “in situ”
of BIODET by microorganisms inoculated
in the bioaugmentation of soil impacted
by HYCOS, without demonstrating it
experimentally. The objective of this review
istoanalyze in the bioremediation of the soil
contaminated by HYCOS, the importance
of DEGE, BIODET and the inconsistencies
generated by their application.

Keywords: bioremediation, pollution,
detergent, hydrocarbons, soil.

Detergentes e Detergentes
na Bioremediacao do Solo:
Inconsisténcias e Evidéncias

Resumao:

Apoluicio por Oleo por Hidrocarbonetos
(HICOS) é um dos graves problemas

ambientais. Quando os HICOS poluem a agua,
eles afetam a relacdo carbono- nitrogénio,
causando a inibicdo da vida microbiana e
perda de fertilidade. Uma alternativa é a
biorremediacido, mas a baixa solubilidade
e absorcdo do HICOS em sua eliminacdo
dificulta sua eliminacdo. Portanto, no
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inicio da biorremediacio, a bicestimulacio
com detergente (DEGE) ou biodetergente
(BIODET) € necessaria para solubilizar o
HICOS. Porém, algumas pesquisas indicam
que esses detergentes atuam diretamente na
eliminacio dos HICOS, as evidéncias indicam
que o DEGE e o BIODET sd permitem a
dessorcao dos HICOS parasolubilizi-los, pela
formacao de micelas. Qutros trabalhos de
biorremediacio garantem que o tipo de DEGE
e BIODET usado solubilize todos os HICOS das
misturas contaminantes, mas dependendo da
composicdo do detergente, eles ndo podem
solubilizar toda a diversidade de HICOS.

-Produccién +Limpia-

Qutras investigagdes afirmam a sintese
“in situ” de BIODET por microrganismos
inoculados na bioaumentacio de solos
impactados por HICOS, sem demonstra-
la experimentalmente. O objetivo desta
revisdo é analisarna biorremediacio desolos
cantaminados por HICOS, a importancia do
DEGE, do BIODET e asincensisténcias geradas
por sua aplicacdo.

Palavras-chave: biorremediacdo,
contaminacao, detergente, hidrocarbonetos,
solo.

Introduccion

Los hidrocarburos (HICOS) del petréleo
estan conformados por cadenas de 83
a 87 9% de carbone (C) y de 11 a 14 9% de
hidrogeno (H), clasificados en alifaticos,
aromatices, asfaltenos y resinas (Hu et al,
2013) que en la mayoria son insolubles o poco
solubles, lo que representa un limitante en
la eliminacion en el suelo como se muestra
en la Tabla N = 1. Las fracciones alifaticas
mas sencillas tienen mayores valores de
solubilidad como el n-pentano con 38.5 mg/L
o 2-metil butano con 49.6 mg/L (Mackay &
Shiu, 1981), mientras que disminuye cuando
aumenta la complejidad como los aromaticos
policiclicos, por ejemplo, benzo(a) pirenc
con 0.0038 mg/Ly coroneno 0.00014 mg/L
(Mackay & Shiu, 1977).

Los HICOS causan contaminacion desuelo
por derrames que hanincrementado hasta en
un 50 % en los dltimos 15 afios. Anualmente
en el mundo, se estima que entre 1.7 y 8.8

millones de toneladas métricas de HICOS
del petréleo, son liberados al ambiente
(Sihag et al., 2014). En los Gltimos 10 afios
en Chinase registraron mas de 6000 suelos
contaminados en diversas regiones de ese
pais (Zhang & Chen, 2017; Li et al., 2019),
mientras que, en Australia, esta cifra fue de
96,000 sitios en el 2015 (Duan et al., 2015).
Las cantidades de sitios contaminados por
HICOS varian de pais en pais, posiblemente
relacionadas con la cantidad de HICOS
procedentes de |a industria petroquimica o
el grado de tecnificacion. Por ejemplo, en
2013 en Alemania, se reportaron 474 sitios
contaminados, mientras que, en Turquia en
2015, se identificaron solo 20 sitios (Aichner
etal., 2015; Karaca, 2016). En Estados Unidos,
cerca del 90 % de sitios impactados, se
relacionan a vertidos por HICO (Das &
Chandran, 201); de acuerdo a la USEPA, el
namero de sitios reportados fue alrededor
de 600. En 2017 en México, particularmente
en Tabasco, una de las mayores zonas
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petroquimicas en el pais, se reportaron
114 incidentes ambientales de derrames y
fugas de HICOS (Vargas et al., 2017). En ese
mismo afo, la Procuraduria de Proteccion
al Ambiente Mexicana (PROFEPA) recibio al
menos 259 notificaciones de emergencias
por derrames de HICOS tanto en agua como
ensuelo. Ensuelo, a nivel internacional, son
considerados compuestos de alta prioridad
para removerse de dreas contaminadas, sin

-Produccién +Limpia-

embargo, las leyes sobre limites permisibles,
sondistintas de acuerdo a cada pais, con base
en volumen/peso. Por ejemplo, en Estados
Unidos, la USEPA permite como limite
maximo permisible de HICOS 3,308 ppm
para las fracciones ligera, mediana y pesada
(Tomlinson & Ruby, 2016). Mientras que la
norma mexicana NOM-138-SEMARNAT/SSAT-
2012 (NOM-138), permite una concentracion
mayor como limite maximo de 4,400 ppm.

Tabla N = 1. Estructura quimica y solubilidad de algunos hidrocarburos contaminantes del suelo.

Tlpo de

Solubllidad

Mirucituro MNombre Estructura (mg/L) Referencla
n-Pentano e SRR L 385 Mackay & Shiu, 1981
n-Hexano W e, 95  Mackay & Shiu, 1981
HAE,
2-Metilbutano \r\“ 496  Polak & Lu, 1973
Allfitlcos
3-Metilpentano Y e 179 Mackay & Shiu, 1981
i,
CH,  CH,
2.2 A Trimetilpentano A, 2.05  Mackay & Shiu,1981
GHy CHy
2.3 4-Trimetilpentano e s 230  Mackay & Shiu, 1981
Benceno g 1755  Mackay & Shiu, 1981
Tolueno ]_,L,J 526  Mackay & Shiu, 1981
Aromaticos
Naftaleno 317 Mackay & Shiu, 1981

1-Metilnaftaleno

Mackay & Shiu, 1981

ol
@i 285
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Tipo de Solubilidad
Wdcscarbuio Nombre Estructura (mgf) Referencla
cH,
14,5 Trimetilnaftaleno 21 Mackay & Shiu, 1977
Bifenilo {3~ 7 Mackay & Shiu, 1977
Fluoreno M’} 198  Mackay & Shiu, 1977
Fenantreno gg 100 Mackay & Shiu, 1977
Antraceno m 0.073  Mackay & Shiu, 1977
Pireno Ogi 0135 Mackay & Shiu, 1977
Policiclicos ,_}
Fluorantreno &,} 7\ : 026  Mackay & Shiu, 1977
"m,’[i:
0
Criseno I g 0.0020  Mackay & Shiu, 1977
-
Benzo(a)pireno E:&S) 0.0038  Mackay & Shiu, 1977
Tyt W
Caroneno LLED 0.00014  Mackay & Shiu, 1977
""{r"LL'Ir

Fuente: Elaborada por &l autor: Blanca Celeste Saucedo Martinez

La contaminacion de suelo por HICOS  eliminar los HICOS remanentes, ahise utiliza
en concentraciones excesivas, por lo que  primero un DEGE o biodetergente (BIODET)
primero se hace una remocion mecinicay bajas concentraciones para emulsificar los
luego un lavado de suelo con un detergente  HICOS y hacerlos disponibles para que los
(DEGE). Posteriormente se utilizan métodos  microorganismos los mineralicen.
biclogicos como la biorremediacion para
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Materiales y Métodos

La biisqueda de la literatura se realizo
con fuentes primarias como lo son articulos
cientificos, de revision, asi como capitulos de
libros. Para elloinicialmente se seleccionaron
las bases de datos a emplear para obtener
datoshomogéneos recuperables actualmente
porinternet. Estas bases de datos fueron:

1. Scimago Journal & Country Rank
2. Scopus

3. Google académico

4. Springer Open

Posteriormente, para la estrategia
de bisqueda, se seleccionaron las
palabras clave y sin6nimos en diferentes
combinaciones en el idioma inglés, para
identificar estudios relevantes relacionados
al tema de investigacion. Algunas de ellas
fueron: hydrocarbons, bioremediation,
soil, detergent, biodetergent, surfactant,
emulsification detergent, emulsification
surfactant hydrocarbon, bioremediation
of soil hydrocarbons detergent,
phytoremediation soil hydrocarbons
detergent, synthesis biosurfactants
soil hydrocarbon, biostimulation soil
hydrocarbon detergent.

Se incluyeron referencias desde el afio
1977 hasta el 2020, siendo en su mayoria
del 201 al actual.

Composicion Quimica de los
Detergentes y Biodetergentes

Los microorganismos utilizan los HICOS
como fuente de carbono y energia, porlo que
requieren BIODET para emulsificarlos y que,
en un suelo impactade por HICOS, la cantidad
de BIODET seria insuficiente para la alta
concentracionde HICOS, lo que no permitiria
la actividad microbiana, a diferencia de los
DEGE que se aplican independientemente
del nivel de concentracion de HICOS
después de la remocién mecanica y en
la biorremediacion. A continuacion, se
muestran algunos de los DEGEy BIODET mas
usados en |a biorremediacion.

Detergentes (DEGE)

Los detergentes (DEGE) son moléculas
anfifilicas, con una parte hidrofilica y otra
hidrofébica, conla propiedad fundamental de
formar micelas lo que facilitala humectacion,
dispersion y solubilizacion de moléculas
hidrofobas en soluciones acuosas (Banat et
al., 2000; Koopal, 2012; Castiglione et al.,
2016). Existe una amplia variedad quimica
de DEGE del tipo anidnicos, catiénicos, y
no iénicos como los mostrados en la Tabla
N = 2, los idnicos y anidnicos son los mas
usados en la remediaciony biorremediacion
{Lamichhane et al., 2017).
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Tabla N = 2. Estructura quimica de detergentes comanmente empleados para la solubilizacion de

hidrocarburos en el suelo.
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Fuente: elaborada por el autor: Blanca Celeste Saucedo Martinez
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Biodetergentes

Los biodetergentes (BICDET) son
metabolitos secundarios sintetizados
por géneros de especies como Bacillus y
Pseudomonas (Silva et al., 2014) y levaduras
como Candida bembicola, C. lipolytica y
Saccharomyces cerevisiae (Santos et al.,
2016). Los BIODET contienen la fraccion
hidrofila de naturaleza polisacaria con
PO,, y la hidrofoba con cadenas alifaticas
(Pacwa-Plociniczak et al., 201). En el suelo

-Produccién+Limpia-

parala biorremediacion, existe una amplia
diversidad quimica de BIODET aplicados
del tipo: glicolipidos, ramnolipidos,
soforolipidos o trehalolipidos; lipepéptidos
y lipoproteinas como el surfactin y el
emulsan {Tabla N = 3). Debido a la estructura
anfifilica al igual que los DEGE, tienen la
capacidad de aumentar el area de superficie
de sustancias hidréfobas como los HICO
para movilizarse cuando son absorbidos
en el suelo (Lai et al., 2009; Whang et al.,
2009; Kang et al., 2010; Mnif et al., 2017).

Tabla N = 3. Estructura quimica de biodetergentes usados en la solubilizacion de hidrocarburos

del suelo.
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Blodetergente Estructura
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Fuente: elaborada por el autor: Blanca Celaste Sauceda Martinez
En el suelo, de acuerdo a la literatura, En la estructura quimica de los DEGE

tienen ventajas potenciales sobrelos DEGE,  (Tabla N=2) y BIODET (Tabla N - 3) se puede
como estabilidad en ambientes extremos  apreciar que tienen una parte simifar como
de pH, temperatura y salinidad (Uzoigwe fracciones carbonadasy otra parte polar que
etal, 2015; Lamichhane et al., 2017; Gupta  permitenlasolubilizacion de compuestos. En
etal., 2019). la biorremediacion de suelo impactado por
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HICOS, se puede bioestimular con mezclas
de detergentes complementarios para
acciones sinérgicas de ampliar el espectro de
emulsificacion, a diferencia de la aplicacién
individual como se reporta en la literatura
(Gudifia et al., 2015, de la Cueva et al., 2016
o da Rocha et al., 2019).

Biorremediacion de Suelo

Impactado por Hidrocarburos

Contaminacion de suelo

hidrocarburos

por

Ensuelo cuando los HICOS se derraman,
afectan drasticamente las propiedades
fisicoguimicas. Inicialmente se forma
una pelicula en la superficie del suelo
que disminuye la permeabilidad del suelo
{(Gordon et al., 2018), limita la aireacidn,
e infiltracion de agua, donde los HICOS
se adhieren por absorcion a la materia
organica y a las fracciones minerales, y
lentamente se difunden en la columna
de suelo. En consecuencia, se inhibe la
mineralizacién de la materia orginica y
pérdida de fertilidad (Klamerus-lwan et al.,
2015; Koshlaf & Ball, 2017).

La contaminacion de suelo por HICOS es
un problema complejo y por ello requiere
de estrategias similares para reducir la
concentracion por debajo de los limites
maximos permisibles por las regulaciones
ambientales como la mexicana NOM-138 o
la norteamericana Agencia de Proteccion
Ambiental (EPA).

En suelo las soluciones comunes para
resolver la contaminacién por HICOS,
involucra primero, una remocién mecanica
para disminuir el exceso de HICOS; luego

-Producci6n +Limpia-

la remediacion con agentes guimicos, que
oxidan la mayor parte de los HICOS, pero
generan compuestos secundarios toxicos al
ambiente y agravan el problema (Bezza &
Chirwa 2015; Effendi et al., 2017).

Removido el exceso de HICOS, se
aplican métodos bioldgicos como la
biorremediacion, por tres formas:
bioestimulacion, bicaumentacion y
fitorremediacion (Das & Chandran, 2011;
Azubuike et al., 2016). La bivestimulacion
consiste en el enriquecimiento del suelo
para la mineralizacion de los HICOS, la
bioaumentacion es la introduccién de
microorganismos individuales o consarcios
con capacidad de oxidar HICOS (Herrero &
Stuckey, 2015; Agnello et al., 2016). Mientras
gue en FITO se usan plantas en conjunto
con microorganismos de la rizosfera para
degradar HICOS del suelo (Shaw & Burns,
2003; Akhundova & Atakishiyeva, 2015).
En cualquiera de las tres formas se debe
bioestimularel suelo con un DEGE o BIODET
para solubilizar les HICOS remanentes
(Saenz-Marta et al., 2015; Cheng et al,
2017), para la posterior bioestimulacion con
soluciones minerales a base de nitrégeno (N),
fosforo (P) y potasio (K}, para reestablecer
la relacion C:N, derivada del exceso de C.
Luego la bioestimulacion complementaria
con una fuente de O, que aceleran la
mineralizacian y el contenido de humedad
al BO % de la capacidad de campo, ya que
facilita |a aireacion e intercambio gaseoso
para mantener el paso del O, e inducir la
actividad oxidante de los HICOS por la
microbiota nativa (Kumar, 2019).
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Analisis de la biorremediacion de
suelo impactado por hidrocarburos:
inconsistencias y evidencias del papel
de los detergentes.

En la biorremediacion de suelo impactado
por HICOS que incluye: bioestimulacion,
bioaumentacién y fitorremediacion se
deben emplean DEGE y BIODET, dade que
las mezclas de HICOS son insolubles, lo que
impide que sesolubiliceny en consecuencia
los microorganismos los mineralicen (Jimoh
y Lin, 2020), sin embargo, en diversas
investigaciones sobre biorremediacion de
suelo, se han detectado inconsistencias
sobre el papel de DEGE y BIODET como se
muestra a continuacion.

Inconsistencia . Sefialar que en el suelo
el detergente empleado es responsable
directo de la reduccion parcial de los
hidrocarburos.

a) Bivestimulacién con detergente o
biodetergente.

Existen algunos trabajos de
bicestimulacion de suelo impactado por
HICOS gue asumen que la reduccion de la
concentracion de HICOS en suelo fue por
el DEGE yfo BIODET, imposible pues solo
los emulsifican y para que la microbiota
nativa los oxide (Shi et al., 2020) Algunas
investigaciones que muestran asta
inconsistencia son las siguientes:

Moldes et al., 2011 bicestimularon
un suelo impactado por 70,000 ppm de
octano mediante BIODET, donde después
de 45 dias reportaron que lo redujo a 26,
040 ppm de octano.

Posteriormente Gudifia et al., 2015
bicestimularon un suelo contaminado por
10,000 ppm de petroleo donde asumieron
que el BIODET redujo el petroleo hasta 4,500
ppm y que el DEGE Enordet a 5,500 ppm.

da Rocha et al., 2019 bicestimularon un
sueloimpactado por 40,000 ppm de HICOS
por 42 dias mediante BIODET ramnolipidos
quereportaron los redujo hasta 28,020 ppm
yque el Tween® 80 a 29,900 ppm de HICOS.

En los trabajes anteriores, se sefiala
erroneamente que el DEGE o BIODET decrecio
los HICOS, aungue solo emulsificaron parte
de los HICO al disminuir |a tensién interfacial
entrelafase noacuosadelsueloylaacuosa, de
estamanera fueron parcialmente disponibles
para que los microorganismos, estimulados
por los minerales del suelo, los oxidaran de
forma limitada, ante la ausencia de una
solucién rica en minerales de nitrégeno y
fosforo (Li & Chen, 2009; Lamichhane et al.,
2017; Ortega et al., 2018).

b) Bioestimulacion con detergente,
biodergente y solucién mineral.

Mientras gue existen investigaciones
que aplican bioestimulacién con solucion
mineral, para que los microorganismos
oxiden los HICOS, en los resultados afirman
que el DEGE y/o BIODET fueron responsables
directos dela eliminacion delos HICO, tales
casos son los siguientes:

de la Cueva et al., 2016 bioestimularon
un suelo contaminado por 36,616 ppm
de petroleoc mediante DEGE Tweena B0,
solucion mineral y después de 90 dias
reportaron una reduccién a 16176 ppm.
Luego Bezza & Chirwa, 2017 bicestimularon
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un suelo impactado por 6,745 ppm de HICO
aromaticos policiclicos, mediante BIODET
y solucion mineral con NH,NO_ y KH_PO,,
que despues de 64 dias registraron 2,552
de concentracion final de HICO. Lopez-
Miranda et al., 2018 bioestimularon un
suelo contaminade por 33,616 ppm mediante
DEGE Tween® 80, y solucion mineral con una
reduccion a12,933 ppm.

El decremento en la concentracion de
HICO en los trabajos anteriores, se debe a
que los DEGE o BIODET en la bioestimulacion
del suelo emulsificaron una partede los HICO
para que la microbiota los oxidara y para
equilibrarla relacién C: N derivada del exceso
de C delos derivados del petroleo (Lawniczak
et al., 2020).

c) Bioaumentacion y bioestimulacion con
detergente y biodetergente.

Del mismo modo que en las
investigaciones anteriores, existen trabajos
de bivaumentacion donde se introducen
géneros y especies de microorganismos
que oxidan HICOS en el suelo (Lawniczak et
al., 2020), que se bioestimulan con DEGE o
BIODET que asumen que oxidan los HICOS.
A continuacion, algunos ejemplos:

Jorfiet al., 2013 bioaumentaron un suelo
impactade por 10,0000 ppm de pireno
mediante microorganismos no especificados
y bioestimulacion con BIODET glicolipido,
donde afirmaron que después de 63 dias de
incubacion redujo el pireno a 1,540 ppm.
Lo que indica que el BIODET (nicamente
solubilizd la mayor parte del pireno para
que en seguida los microorganismos lo
mineralizara.

-Produccién+Limpia-

Similarmente Bezza & Chirwa, 2015,
realizaron bicaumentacion de lodo
contaminado por 40,000 ppm de petrdleo
con Ochrobactrum intermedium CN3 y que
sefialan que bipestimulado mediante el
BIODET glicolipido, redujo la concentracion
final de petrdleo a 12,000 ppm después de
21 dias.

En las investigaciones anteriores el
papel de DEGE y BIODET fue (inicamente de
solubilizar los HICOS contaminantes del suelo,
y lo que los eliminé fue la accion oxidante
de los microorganismos introducidos en la
bicaumentacién, que fue inducida por los
nutrientes naturales del suelo.

También se han documentado
investigaciones de bioaumentacion de
suelos contaminados por HICOS, que,
aunque realizan bioestimulacion mediante
DECE o BIODET y solucién mineral, siguen
asegurando gue el detergente es la razén
principal delareduccion delos HICOS, tal es
el caso deXu et al., 2018 que bioestimularon
un suelo impactado por 50,000 ppm de
petrolec mediante DEGE Tweena 80,
5SDS, solucidn nutritiva y bioaumentacion
con microorganismos de géneros no
especificados. Después de 80 dias asumieron
gue el DEGE influyd directamente para que
el petréleo se redujera a 11,500 ppm, lo
que no es posible, ya que la (nica funcién
de DEGE fue la emulsificacion parcial del
petroleo. Mientras que los microorganismos
estimulados por la solucion nutritiva, que
regula la relaciéon C/ N [/ P, utilizaran el
petréleo como fuente de carbono para su
crecimiento (Shahi et al., 2016).
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d) Fitorremediacion y bieestimulacion con
detergente o biodetergente.

Algunos autores que realizaron
fitorremediacion con diversas plantas cuyo
sistema radical degrada HICO en conjunto
con microorganismos y bioestimulacion
con DEGE y/o BIODET, sefialan la misma
inconsistencia sobre los detergentes como
agentes directos del decremento de HICO,
algunos ejemplos a continuacidn:

Akhundova & Atakishiyeva, en el 2015
fitorremediaron un suelo impactado por
10,000 ppm de petrolen mediante Artemiza
fragans, con un consorcio microbiano y
bicestimulacion con BIODET, después de
56 dias mostraron que el petrélec se redujo
a 1,500 ppm en el suelo fitorremediado
con Artemiza fragans sin el consorcio,
afirmaron que el BIODET intervino en la
eliminacidn del petréleo.

Mas tarde Almansoory et al, 2015
fitorremediaron un suelo impactado con
2,000 ppm de gasolina mediante Ludwigia
octovalvis y bioestimulado con el DEGE
dodecil sulfato de sodio que le atribuyen Ia
reduccion de la gasolina a 274 ppm.

Liao et al., 2016 que fitorremediaron un
sueloimpactado por 5,000 ppm de petréleo
mediante Zeq mays y bioestimularon con
DECE Tween® 80, que después de 3 meses
sefalaron que la mayor parte del petrdleo
se redujo a 2,650 ppm por el DEGE.

Por su parte, Liduino et al., 2018 que
fitorremediaron un suelo impactado con
18,145 ppm de petroleo mediante Helignthus
annus y bioestimularon con BIODET
ramnolipidos, que indican que tuvo que

-Produccién +Limpia-

ver directamente con la disminucion del
petrolec a 7,145 ppm.

Contrario a lo que afirman los estudios
anteriores, la composicion quimica de DEGE
o BIODET empleado tuve la (inica funcion de
emulsificar una parte de los HICO, donde |3
planta utilizada para la fitorremediacion los
degrado y los microorganismos rizosféricos
mineralizaron una parte de les HICOS en CO,
y H,O (Gonzalez-Moscoso et al., 2019).

Inconsistencia 2. Eluso deun detergente
o biodetergente emulsifica todos los tipos
de hidrocarburos.

Enla biorremediacion de suelo impactado
por HICO, para que los microorganismos
del suelo oxiden los HICOS, deben ser
emulsificados por DEGE o BIODET, sin
embargo, las mezclas de HICOS tienen
diferente composicion quimica y grado de
solubilidad (Tabla N = 1), por lo que no se
emulsifican totalmente con un solo tipo de
DEGE o BIODET. El analisis de la literatura
muestra que entre el 80 y 90 % de trabajos
solo aplica un detergente:

de la Cueva et al, 2016, realizaron
bicestimulacién de suelo impactado por
36,616 ppm de petroleo mediante DEGE
Tween® 80 y solucion mineral, donde
asumieron que el DEGE emulsifico todos los
HICO del petroleo, que los microorganismaos
estimulados por la solucién mineral
decrecieron el petrdleo hasta 16,176 ppm
después de 90 dias. Lopez-Mirandaetal,, 2018
bioestimularon un sueloimpactado por 33,616
ppm de hidrocarburos totales del petréleo,
que fueron emulsificados en un 61.5 % con
Tween® 80 y por bioestimulacion con una
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solucion mineral los microorganismos los
disminuyeron hasta 12,933 ppm.

Los resultados anteriores muestran quela
fraccion remanente de HICQ, no se emulsifica
y por lo tanto no se mineralizo. Por ello es
necesario conocer la composicion quimica
de la mezcla de HICOS contaminantes para
seleccionar mezclas de DEGE y BIODET
quimicamente afines que emulsifiquen la
mayor concentracion posible de HICOS para
que con |a bioestimulacion del suelo conuna
solucién mineral los microorganismos del
suelo los eliminen.

Inconsistencia 3. La sintesis “in situ” de
biodetergentes por microorganismos
inoculados en la bioaumentacion de suelo
impactado por hidrocarburos.

Enlabioaumentacion de sueloimpactado
por HICO, algunos autores que inoculan
microorganismos que se supone sintetizan
BIODET, asumen que en efecto lo hicieron,
sin mostrar |as evidencias, tales como:

Angeles & Refugio en el 2013,
bioaumentaron un suelo impactado
por 32,421 ppm de petrdleo mediante
microarganismos productores de BIODET
y bioestimularon con selucién mineral,
después de 10 dias reportaron reduccion
del petrélec a 23,517 ppm en suelo.

Luego Mnif et al,, 2017 bioaumentaron un
suelo contaminade por 50,000 ppm diésel
con consorcio microbiano, dos bacterias
productoras de BIODET y bioestimularen
mediante BIODET y solucion mineral. Después
de 3 semanas registraron una concentracion
final de HICO 25,600 ppm de diesel.

-Producci6n +Limpia-

Asi como Vargas et al, 2017 que
bioaumentaron un suelo impactado
con 120,000 ppm de HICO, mediante
microorganismos productores de BIODET,
donde después de 16 meses registraran
20,000 ppm de concentracion final de HICO.

Estos estudios descritos anteriormente,
sefialan que los microorganismos
inoculados en el suelo produjeron BIODET
para emulsificar los HICOS, sin embargo,
sin ninguna técnica de deteccién o
cuantificacién de los BIODET sintetizadosen
el suelo. Mientras que es complejo demostrar
la sintesis de BIODET, ya que cuando los
microorganismos se someten a pruebas
a nivel de laboratorio, las condiciones
son controladas y limitadas (Phulpoto et
al., 2020) a diferencia de lo que ocurre
naturalmente en un suelo contaminado por
HICO, donde existen maltiples interferencias
(Cachada et al, 2018).

Evidencias en la biorreme diacion de suelo,
el detergente o biodetergente solubiliza
los hidrocarburos contaminantes y
la eliminacion se debe a la actividad
microbiana.

a) Bioestimulacion con detergente o
biodetergente.

Existeninvestigaciones de bioestimulacion
de suelo impactado por HICO que sefalan
que el papel de DEGE y BIODET, es emulsificar
los HICO mientras que la bioestimulacién
por solucién mineral de N, P, y K para los
microorganismos del suelo, hace posible que
los oxide como se sefiala a continuacion:

Effendi et al, 2017 bioestimularon unsuelo
impactado por 48,000 ppm de HICO donde el
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DECE Tweena 80 emulsifico parte de los HICO,
para que con la bicestimulacion con urea
y triple superfosfato los microorganismos
disminuyeran los HICOS hasta 14,400 ppm.
Similarmente Ali et al., 2019 bioestimulacion
de suelo contaminado por 10,000 ppm
de aceite residual automotriz con DEGE
Triton® X-100 para emulsificar el aceite y
posteriormente la bioestimulacion de la
microbiota con una solucion mineral, fuera
posible reducir el aceite residual autornotriz
23150 ppm en 10 dias.

Ambos trabajos antericres muestran que
el DEGE no interviene en |a eliminacion de
los HICOS, puesto que solo podria emulsificar
los HICOS, mientras que la microbiota nativa
solo por bicestimulacién con solucidn
mineral podria mineralizarlos.

b) Bisaumentacion y bioestimulacion
detergente o biodetergente.

Trabajos de biocaumentacién vy
bicestimulacién con BIODET ylo DEGE,
también sefalan que el papel del detergente
es emulsificar los HICO y que la reduccién
de la concentracion es derivada de los
microorganismos inoculados come:

Szulc et al., 2014 bioaumentaron un suelo
impactado por 10,000 ppm de diésel con
un consorcio microbiano, y bioestimulacion
mediante BIODET ramnolipidos, que
después de 365 dias sefialaron que los
microorganismos lo redujeron a 937 ppm.

Yanto & Tachibana en el 2014
bioaumentaron wun suwelo estéril
impactado por 30,000 ppm de HICO,
con microorganismos no especificados
y bioestimularon con DEGE Tweena 80

-Produccién +Limpia-

Después de 60 dias mostraron que el DEGE
emulsifica los HICO y los microorganismos
oxidaron en un 80 % los HICO alifaticos,
19.2 9% asfiltenosy 21.7 % de resinas.

c) Bioaumentacion y bioestimulacion con
detergente o biodetergente y nutrientes.

En la literatura se encuentran trabajos
de bioaumentacion de suelos contaminados
por HICOS, con bicestimulacion por medio
de DEGE o BIODET y solucion mineral. Tales
estudios reconocen que la dnica funcion del
detergente es solubilizar los HICO, mientras
gue la mineralizacion de la concentracion
fue por los microorganismes inoculados
estimulados por la solucién mineral, como:

¥an et al., 2016 biocestimularon un
suelo impactade por 13,000 ppm de
diésel mediante DEGE Tweena 80,
solucion mineral y bioaumentacion con
un consorcio microbiano, que después
de 50 dias reportaron una reduccion del
diésel a 6,903 ppm. Otro ejemplo es Xue et
al., 2020 que realizaron bioestimulacion
de suelo impactade con 35,000 ppm
de HICO mediante BIODET ramnolipidoe,
solucion mineral con NH,NO, KH,PO,
oxigenacion y bioaumentacion con un
consarcio microbiano, después de 5 semanas
registraren una reduccion de HICO a 7,000
ppm. Los dos trabajos sefialan que el DEGE
y BIODET se aplicaron para selubilizar los
contaminantes, para ser disponibles a Ia
oxidacién por la accion microbiana que
solo es posible sise estimula con nutrientes
esenciales como NyP.
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Conclusiones

En este estudio se aclard que, en la
biorremediacion de suelo impactado por
HICOS, el DEGE o BIODET son necesarios al
inicio inicamente para emulsificar los HICO
y que los microorganismos estimulados por
solucion mineral los oxiden. Es necesario
seleccionar las mezclas adecuadas de
detergentes que sean quimicamente afines
a la composicién quimica de los HICO que
contaminan el suelo. Por su parte en la
bioaumentacién de suelo impactado por
HICO, la tnicaforma de comprobarla sintesis
de BIODET en el suelo, es con técnicas
que los detecten y cuantifiquen, como el
marcaje molecular de los microorganismos.
Es importante aclarar el papel de cada
componente de |a biorremediacion, para
evitar errores y malinterpretaciones en
los ensayos, y obtener una recuperacion
de suelo eficiente.

Agradecimientos

Se agradece ala Universidad de Harvard,
Cambridge, Ma, EUA, Fundacion Rockefeler
2021. Proyecto 2.7 (2021) y BIONUTRA, SA
CV Maravatio, Mich, Méxicoya Conacyt por
el apoyo.

Referencias

Aichner, B, Bussian, B. M., Lehnik-Habrink,
P, & Hein, 5. (2015). Regionalized
concentrations and fingerprints of
polycyclic aromatic hydrocarbons
(PAHs) in German forest
soils. Environmental Pollution, 203,
31-39. https://doi.org/10.1016/j.
envpol.2015.03.026

-Produccién+Limpia-

Agnello, A. C., Bagard, M., van Hullebusch,
E. D, Esposito, G., & Huguenot, D.
(2016). Comparative bioremediation
of heavy metals and petroleum
hydrocarbons co-contaminated
soil by natural attenuation,
phytoremediation, bioaugmentation
and bioaugmentation-assisted
phytoremediation. Science of
the Total Environment, 563, 693-
703. https:/{doi.org/10.1016/j.
scitotenv.2015.10.061

Akhundova, E., & Atakishiyeva, Y. (2015).
Interaction between plants
and biosurfactant producing
microorganisms in petroleum
contaminated Absheron seils.
In Phytoremediation for
Green Energy (pp. 115-122).
Springer, Dordrecht. https://doi.
org/101007/978-94-007-7887-0 7

Ali, N., Bilal, M., Khan, A, Ali, F, &
Igbal, H. M. (2019). Effective
exploitation of anionic, nonionic,
and nanoparticle-stabilized
surfactant foams for petroleum
hydrocarbon contaminated soil
remediation. Science of The Total
Environment, 704,135391. https://doi.
org/10.1016/j.scitotenv.2019.135391

Almansoory, A. F, Hasan, H. A, ldris,
M., Abdullah, S. R. 5., & Anuar, N.
(2015). Potential application of a
biosurfactant in phytoremediation
technology for treatment of gasoline-
contaminated soil. Ecological
Engineering, 84,113-120. https://doi.
org/10.1016/j.ecoleng.2015.08.001

REVISTA PRODUCCION + LIMPIA-Val. 16 No 1 - enerofjunio — 2021/ B. Saucedo
Detergantas y Biodetergentes en la Biorremediacion de Suelo: Inconsistencias y Evidencias

151



Angeles, M. T., & Refugio, R. V. (2013).

In situ biosurfactant production
and hydrocarbon removal by
Pseudomonas putida CB-100 in
bioaugmented and biostimulated
oil-contaminated soil. Brazilian
Journal of Microbiology, 44(2),595-
605. https://doi.org/10.1590/S1517-
83822013000200040

Azubuike, C.C,, Chikere, C.B., & Okpolowasili, G.

C.(2016). Bioremediation technigues-
classification based on site of
application: principles, advantages,
limitations and prospects. World
Journal of Microbiclogy and
Biotechnology, 32(11), 1-18. https://
doi.org/10.1007/s11274-016-2137x

Banat, I. M., Makkar, R. S., & Cameotra, S.

S. (2000). Potential commercial
applications of microbial
surfactants. Applied microbiology
and biotechnelogy, 53(5), 495-
508.  https://doi.org/10.1007/
s002530051648

Bhardwaj V., Bhardwaj T, Sharma K., Gupta A.,

Chauban§., Cameotra 5. 5.,..5harma
P.(2014) Drug-surfactantinteraction:
thermo-acoustic investigation
of sodium dodecyl sulfate and
antimicrobial drug (levofloxacin) for
potential pharmaceutical application.
Royal Society of Chemistry Advances,
4(47): 24935-24943. https://doi.
org/10.1039/C4RA0217TK

Bezza, F. A., & Chirwa, E. M. N. (2015).

Production and applications of
lipopeptide biosurfactant for
bioremediation and oil recovery by

-Produccién+Limpia-

Bacillus subtilis CN2. Biochemical
Engineering Journal, 101, 168-
178. https://doi.org/10.1016/].
bej.2015.05.007

Bezza, F. A, & Chirwa, E. M. N. (2017). The

role of lipopeptide biosurfactant
on microbial remediation of aged
polycyclic aromatic hydrocarbons
(PAHs}-contaminated soil. Chemical
Engineering Journal, 309, 563-
576. https://doi.org/10.1016/].
cej.2016.10.055

Cachada, A., Rocha-5Santos, T., & Duarte,

A. C. (2018). Soil and pollution: an
introduction to the main issues.
In Soil pollution (pp.1-28). Academic
Press. https://doi.org/101016/B978-0-
12-849873-6.00001-7

Castiglione, M. R., Giorgetti, L., Becarelli, S,

Siracusa, G., Lorenzi, R., & Di Gregorio,
S. (2016). Polycyclic aromatic
hydrocarbon-contaminated soils:
bicaugmentation of autochthonous
bacteria and toxicological
assessment of the bieremediation
process by means of Vicia faba
L. Environmental Science and
Pollution Research, 23(8), 7930-
7941. https://doi.org/10.1007/s11356-
016-6049-y

Cheng M., Zeng G., Huang D., Yang C,, Lai

C. & Liu Y. (2017). Advantages and
challenges of Tween® 80 surfactant-
enhanced technologies for the
remediation of soils contaminated
with  hydrophobic organic
compounds. Chemical Engineering

REVISTA PRODUCCION + LIMPIA-Val. 16 No 1 - enerofjunia - 2021/ B. Saucedo
Detergentes y Biodetergentes en 13 Biorremediacion de Suelo- Inconsistencias y Evidencias

152



Journal, 314: 98-113. https:/idoi.
org/10.1016/j.cej.2016.12.135

Choi K., Bae 5. & Lee W. (2014) Degradation

of pyrenein cetylpyridinium chloride-
aided soil washing wastewater by
pyrite Fenton reaction. Chemical
Engineering Journal, 249, 34-
41.  https:/idoi.org/10.1016/].
cej.2014.03.090

da Rocha, D. L., Servulo, E. F. C,, Taketani, R.

G., Videira, 5. 5., de Lima Rizzo, A. C.,
& da Cunha, C.D. (2019). Application
of surfactants and biosurfactants
in the bioremediation of multi-
contaminated soils: microcosms
and bench scale bioreactor
trials. International Journal of
Advanced Engineering Research
and Science, 6(11). https://dx.doi.
org/10.22161/ijaers.611.14

Das, N., & Chandran, P. {2011) Microbial

degradation of petroleum
hydrocarbon contaminants: an
overview. Biotechnology Research
International, 11, 1- 13. https://
doi:10.4061/2011/941810

de la Cueva, 5. C,, Rodriguez, C H., Cruz, N.

0.S., Contreras, ). A. R., & Miranda,
J. L. (2016). Changes in bacterial
populations during bioremediation
of soil contaminated with petroleum
hydrocarbons. Water, Air, & Soil
Pollution, 227(3), 91. https://doi.
org/10.1007/s11270-016-2789-z

Duan R, Naidu R., Thavamani P.y Meaklim ],

& Megharaj M. (2015) Managing long-
term polycyclic aromatic hydrocarbon

-Produccién+Limpia-

contaminated soils: a risk-based
approach. Environmental Science
and Pollution Research, 22(12): 8927-
8941. https://doi.org/10.1007/511356-
013-2270-0

Effendi A. |., Kamath R., McMillen S., Sihota

N., Zuo E., 5ra K., Kong D., Wisono
T. & Syakir |. (2017) Strategies
for Enhancing Bioremediation
for Hydrocarbon-Impacted Soil.
SPE Asia Pacific Health, Safety,
Security, Environmental and Social
Responsability Conference heid en
Kuaia Lumpur, Malaysia. https://doi.
org/10.2118/185196-MS

Gonzalez-Moscoso, M., Rivera-Cruz, M.

D. C,, & Trujillo-Narcia, A. (2019).
Decontamination of soil containing
oil by natural attenuation,
phytoremediation and chemical
desorption. International journal of
phytoremediation, 21(8), 7T68-776.
https://doi.org/10.1080/15226514.20
19.1566879

Gordon G., Stavi 1., Shavit U. & Rosenzweig

R. (2018) 0il spill effects on soil
hydrophaobicity and related properties
in a hyper-arid region. Geoderma,
312,114-120. https://doi.org/10.1016/j.
geoderma.201710.008

Gudiiia E. )., Rodrigues A. I, Alves E.

Domingues M. R., Teixeira ). A. &
RodriguesL. R. (2015). Bioconversion
of agro-industrial by-products in
rhamnolipids toward applications
in enhaned oil recovery and
bioremediation. Bioresource

REVISTA PRODUCCION + LIMPIA-Vol. 16 No 1 - eneroljunio - 2021 / B. Saucedo
Dietergentes y Bicdetergentes en la Biorremediacian de Suelo: Inconsistencias y Evidencias

153



Technology, 177, 87-93. https://doi.
orgf10.1016/j.biortech.2014.11.069

Gupta, G., Kumar, V., & Pal, A. K

(2019). Microbial degradation of
high molecular weight polycyclic
aromatic hydrocarbons with
emphasis on pyrene. Polycyclic
Aromatic Compounds, 39(2), 124-
138. https://doi.org/10.1080/10406
638.2017.1293696

Herrero, M., & Stuckey, D. C. (2015).

Bicaugmentation and its application
in wastewater treatment: a
review. Chemosphere, 140, 119-
128. https://doi.orgf10.1016/j.
chemosphere.2014.10.033

Hu G, Li |. & Zeng G. (2013) Recent

development in the treatment
of oily sludge from petroleum
industry: a review. Journal Hazardous
Materials, 261, 470-490. https://doi.
orgl10.1016/j.jhazmat.2013.07.069

Hung C. H., Yuan C. & Chen K. C. (2010)

Effect of processing fluid and initial
concentration on electrokinetic
removal of environmental hormone-
nonylphenol (NP) from soil matrix.
Journal of Applied Electrochemistry,
40(6),1123-1130.  https://doi.
org{10.1007/s10800-010-0081-2

limoh, A. A, & Lin, |. (2020). Bioremediation

of contaminated diesel and motor
oil 237 through the optimization
of biosurfactant produced by
Paenibacillus sp. D9 on waste canola
oil. Bioremediation Journal, 24(1), 21-

40 https://doi.org/10.1080/1088986
8.20201721425

Jorfi, S., Rezaee, A., Mobeh-Ali, G. A, &

Kang,

Jaafarzadeh, N. A. (2013). Application
of biosurfactants produced by
Pseudomonas aeruginosa SP4 for
bioremediation of soils contaminated
by pyrene. Seil and Sediment
Contamination: An International
journal, 22(8), 890-911. https://doi.
org/10.1080/15320383.2013.770439

S. W, Kim, Y. B, Shin, . D, &
Kim, E. K. (2010). Enhanced
biodegradation of hydrocarbons
in soil by microbial biosurfactant,
sophorolipid. Applied biochemistry
and biotechnology, 160(3), 780-790.
https:/fdoi.org/10.1007/512010-009-
8580-5

Kareem S. H., Alil. H. & Jalhoom M. Q. (2015)

Kinetic and thermodynamic study of
Triton® X-100 removal from aqueous
solution of functionalized mesoporus
silica. International Journal of
Sciences: Basic and Applied Research,
21(2), 293-308.

Karaca S., Giirses A. & Korucu M. E. (2012)

Investigation of the orientation of
CTA” ions in the interlayer of CTAB
pillared montmorillonite. Journal
of Chemistry, 2013,1-13. https://doi.
org/101155/2013/274838

Karaca, C. (2016). Spatial distribution of

polycyclic aromatic hydrocarbon
(PAH) concentrations in soils
from Bursa, Turkey. Archives of
environmental contamination and

REVISTA PRODUCCION + LIMPIA-Val. 16 Na 1- enerofjunic — 2021/ B. Saucedo
Detergantes y Bicdetergentes en 13 Biorremediacion de Suelo: Incansistencias y Evidancias

154



toxicology, 70(2), 406-417. https://
doi.org/10.1007/s00244-015-0248-2

Khachane, P, & Nagarsenker, M. 5. (2011).

Positively charged polymeric
nanoparticles: application
in  improving therapeutic
efficacy of meloxicam after oral
administration. Die Pharmazie-
An Intermational Journal of
Pharmaceutical Sciences, 66(5),
334-338. https://doi.org/10.1691/
ph.2011.0324

Khattari Z., Al-Abdullah T., Maghrabi

M., Khasim S., Roy A. & Fasfous
. (2015) Interaction study of
lipopeptide biosurfactant viscosin
with DPPC and cholesterol by
langmuir monolayer technique. Soft
Materials, 13(4), 254-262. https://doi.
org/10.1080/1539445%.2015.1085873

Klamerus-lwan A., Blonska E., Lasota |,

Kalandyk A. & Waligorski P. (2015).
Influence of oil contaminatation on
physical and biclogical properties of
forest soil after chainsaw use. Water
Air Soil Pollution, 226(11),1-9. https://
doi.org/10.1007/s11270-015-2649-2

Koopal, L. K. (2012). Wetting of solid

surfaces: fundamentals and charge
effects. Advances in colloid and
interfacescience, 179, 29-42. https://
doi.org/10.1016/j.cis.2012.06.009

Koshlaf E. & Ball A. 5. (2017). Sail

bioremediation approaches for
petroleum hydrocarbon polluted
environments. AIMS Microbiology,

-Produccibn +Limpia-

3(1), 25-49. https://doi.orgl0.3934/
microbiol.20171.25

Kumar, P. 5. (2012). Soil bioremediation

techniques. In  Advanced
Treatment Technigues for Industrial
Wastewater (pp.35-50).IGIClobal.
https://doi.org/10.4018/978-1-5225-

5754-8.ch003

Lai, C. C,, Huang, Y. C,, Wei, Y. H., & Chang,

. S. (2009). Biosurfactant-
enhanced removal of total
petroleum hydrocarbons from
contaminated soil. Journal of
Hazardous Materials, 167(1-3),
609-614. https://doi.orgN0.1016/].
jhazmat.2009.01.017

LamichhaneS,, Krishna B. K. C. & Sarukkalige

R. (2017) Surfactant-enhanced
remediation of polycyclic aromatic
hydrocarbons: A review. Journal of
Environmental Management, 199,
46-61. https://doi.org/10.1016/j.
jenvman.2017.05.037

bawniczak, t., Wozniak-Karczewska, M.,

Loibner, A. P, Heipieper, H. |, &
Chrzanowski, +. (2020). Microbial
degradation of hydrocarbons—basic
principles for bioremediation: a
review. Molecules, 25(4), 856. https://
doi.org/10.3390/molecules25040856

Li, ). L., & Chen, B. H. (2009). Effect

of nonionic surfactants on
biodegradation of phenanthrene by
a marine bacteria of Neptunoemonas
naphthovorans. Journal of hazardous
materials, 162(1), 66-73. https://doi.
org/10.1016/j.jhazmat.2008.05.019

REVISTA PRODUCCION <+ LIMPIA-Vol. 16 No 1- enerofjunio — 2021/ B. Saucedo
Detergentes y Bicdetergentes en la Biorrermediacian de Suelo: Inconsistencias y Evidencias

155



Li ¥, Liao X., Huling 5. G., Xue T,, Liu Q., Cao
H. & Lin Q. (2019) The combined
effact of surfactant solubilization and
chemical oxidation on the removal of
polycyclicaromatic hydrocarbon from
soil. Science of the Total Environment,
647, 1106-1112.

https://doi.erg/10.1016/j.
scitotenv.2018.07.420

Liao, C., Xu, W, Lu, G., Deng, F, Liang, X., Guo,
C., & Dang, Z. (2016). Biosurfactant-
enhanced phytoremediation of soils
contaminated by crude oil using
maize (Zea mays. L). Ecological
engineering, 92, 10-17. https://doi.
org/10.1016/j.ecoleng.2016.03.041

Liduino, V. S., Servulo, E. F, & Oliveira, F.
|. (2018). Biosurfactant-assisted
phytoremediation of multi-
contaminated industrial soil using
sunflower (Helianthus annuus
L.). Journal of Environmental Science
and Health, Part A, 53(7), 609-616.
https://doi.org/10.1080/10934529.20
18.1429726

Lopez-Miranda, )., Cisneros-de 1a Cueva, 5.,
Paez-Lerma, ). B., Rojas-Contreras, |.
A, & Soto-Cruz, N. 0. (2018). Changes
in Hydrocarbon Compesition and
Autochthonous Microorganism
Growth of Contaminated Mining Soil
During Bioremediation. Water, Air,
& Soil Pollution, 229(5),1-12. https://
doi.org/10.1007/511270-018-3798-x

Mackay, D., & Shiu, W. Y. (1977). Aqueous
solubility of polynuclear aromatic
hydrocarbons. Journal of Chemical

-Produccién +Limpia-

and Engineering Data, 22(4),
399-402. https://doi.org/10.1021/
je60075a012

Mackay, D., & Shiu, W. Y. (1981). A critical

review of Henry's law constants
for chemicals of environmental
interest. Journal of physical and
chemical reference data, 10(4),1175-
1199. https://doi.org101063/1.555654

Mnif, ., Sahnoun, R., Ellouz-Chaabouni, 5.,

& Ghribi, D. (2017). Application of
bacterial biosurfactants for enhanced
removal and biodegradation of diesel
oil in soil using a newly isolated
consortium. Process Safety and
Environmental Protection, 7109,
72-81. https://doi.org/10.1016/].
psep.2017.02.002

Moldes A. B., Paradelo R., Rubinos D.,

Devesa R. R, Cruz J. M. & Barral
M. T. (2011). Ex situ treatment of
hydrocarbon-contaminated soil using
biosurfactants from Lactobacillus
pentosus. Journal of Agricultural and
Food Chemistry. 59(17}), 9443-9447,
https://doi.org/101021/jf201807r

Norma oficial mexicana. NOM-138-

SEMARNAT/SSA1-2012 que establece
los limites maximos permisibles
de hidrocarburos en suelos y
lineamientos para el muestreao en
la caracterizacion y especificacion
para la remediacion. México. https://
www.profepa.gob.mx/innovapartal/
file/6646/1/nom-138-semarnat.ssal-
2012.pdf

REVISTA PRODUCCION + LIMPIA-Vol. 16 No 1 - enero/junio - 2021/ B. Saucedo

Detergentas y Biodetergentes en la Biorremediacion de Suelo: Inconsistencias y Evidencias

156

32



Ortega, M.F; Guerrero, D.E; Garcia-
Martinez, M.].; Bolonio, D.; Llamas,
J.F; Canoira, L; & Gallego, J.L.R.
(2018). Optimization of landfarming
amendments based on soil texture
and crude oil concentration. Water
Air & Soil Pollut, 229(7),1-14. https://
doi.org/10.1007/s11270-018-3891-1

Pacwa-Plociniczak M., Plaza G.A., Piotrowska-
Seget Z., & Cameotra 5.5. (201)
Environmental applications of
biosurfactants: recent advances,
International Journal of Molecular
Sciences.12(1), 633-654. https://doi.
Drgﬁ D.3390fijs‘l 2010633

Plaza G. A, Chojniak |. & Banat |. M. (2014)
Biosurfactant Mediated Biosynthesis
of Selected Metallic Nanoparticles.
International Journal of Molecular
Sciences. 15(8),13720-13737. https://
doi.org/10.3390/ijms150813720

Polak, )., & Lu, B. C. Y. (1973). Mutual
solubilities of hydrocarbons and
wateratOand 25C. Canadianjournal
of Chemistry, 571(24), 4018-4023.
https:/fdoi.org/10.1139/v73-599

Phulpoto, I. A., Yu, Z., Hu, B., Wang, Y.,
Ndayisenga, F, Li, J., ... & Qazi,
M. A. (2020). Production and
characterization of surfactin-like
biosurfactant produced by novel
strain Bacillus nealsonii S2MT and
it's potential for il contaminated
soil remediation. Microbial cell
factories, 19(1), 1-12. https:/idoi.
org(10.1186/512934-020-01402-4

-Produccién+Limpia-

Saenz-Marta C. ., Ballinas-Casarrubias M.
L., Rivera-Chavira B. E., & Nevarez-
Moorillon G. V. (2015). Biosurfactants
as useful tools in bioremediation.
Advances in Bioremediation of
Wastewater and Polluted Soil, 93-
109. https://doi.org/10.5772/60751

Salihu, A., Abdulkadir, I., & Almustapha,
M. N. (2009). An investigation
for potential development on
biosurfactants. Biotechnology and
Molecular Biology Reviews, 4(5),
M1-17.  https://deoi.org/10.5897/
BMBR2009.0001

Santos, D. K. F, Rufino, R. D,, Luna, . M.,
Santos, V. A., & Sarubbo, L. A. (2016}.
Biosurfactants: multifunctional
biomolecules of the 21st
century. International journal of
molecular sciences, 17(3),401. https:/
doi.org/10.3390/ijms17030401

Shahi, A., Aydin, S., Ince, B., & Ince, 0. (2016).
Evaluation of microbial population
and functional genes during the
bioremediation of petroleum-
contaminated soil as an effective
monitoring approach. Ecotoxicology
and environmental safety, 125,
153-160. https://doi.org/10.1016/].
ecoenv.2015.11.029

Shao Z. (201) Trehalolipids. In: Soberan-
Chavez C. (eds) Biosurfactants.
Microbiology Monographs, vol 20.
Springer, Berlin, Heidelberg. https:/
doi.org/10.1007/978-3-642-14490-5 5

Shaw, L. )., & Burns, R. G. (2003).
Biodegradation of organic pollutants

REVISTA PRODUCCION + LIMPIA-Val. 16 No 1- enerofjunio — 2021 / B. Saucedo
Detergantes y Biodetergentes en la Biorremediacion de Suelo: Inconsistencias y Evidencias

157



in the rhizosphere. Advances in
applied microbiology, 53, 1-60.
https://doi.org/10.1016/s0065-
2164(03)53001-5

Shi, Z., Wang, C., & Zhao, Y. (2020). Effects

of surfactants on the fractionation,
279 vermiaccumulation, and removal
of Auoranthene by earthworms
in soil. Chemosphere, 250,
126332, https://doi.org/10.1016/].
chemosphere.2020.126332

Sihag, 5., Pathak, H., & Jaroli, D. P. (2014).

Factors affecting the rate of
biodegradation of polyaromatic
hydrocarbons. International Journal
of Pure & Applied Bioscience, 2(3),
185-202.

Silva, R. D. C. F, Almeida, D. G., Rufino,

R. D, Luna, ). M., Santos, V. A, &
Sarubbo, L. A. (2014). Applications
of biosurfactants in the petroleum
industry and the remediation of
oil spills. International journal of
molecular sciences, 715(7), 12523-
12542. https://doi.org/10.3390/
ijms150712523

Souza, P. M. S, Lobo, F A, Rosa, A. H., &

Fraceto, L. F. (2012). Development
of nanocapsules of poly-e-
caprolactone containing herbicide
atrazine. QuimicaNova, 35(1),132-
137. https://doi.org/10.1590/50100-
40422012000100024

Szulc, A., Ambrozewicz, D., Sydow, M.,

tawniczak, £, Piotrowska-Cyplik, A.,
Marecik, R., & Chrzanowski, £. (2014).
The influence of bicaugmentation

-Produccién +Limpia-

and biosurfactant addition on
bioremediation efficiency of diesel-
oil contaminated soil: feasibility
during field studies. Journal of
environmental management, 132,
121-128. https://doi.org/10.1016/].
jenvman.2013.11.006

Teruel |. A, Ortiz A. & Aranda F. |. (2014)

Interactions of a bacterial thehalose
lipid with phosphatidyglycerol
membranes at low fonic strength.
Chemistry and Physics of Lipids
181, 34-39. https://doi.org/10.1016/j.
chemphyslip.2014.03.005

Tomlinson, P., & Ruby, M. V. (2016). State

and federal cleanup levels for
petroleum hydrocarbons in soil:
State of the states and implications
forthefuture. Human and Ecological
Risk Assessment: An International
Journal, 22(4), 911-926. https://doi.
org/101080/10807039.2015.1120151

USEPA. (2015). Superfund Site Information.

Available at: https://cumulis.epa.
gov/supercpad/cursites/srchrsit.
cfm?start=1.

Uzoigwe, C., Burgess, |.G., Ennis, CJ., Rahman,

P, 2015. Bioemulsifiers are not
biosurfactants and require different
screening approaches. Frontiers in
Microbiology. €, 245. https://doi.
org/10.3389/fmicb.2015.00245

Vargas, ). P, Carmona, 5. E. V., Moreno, E.

Z., Casado, N. A. R, & Calva, G. C.
{2017). Bioremediation of soils
from oil spill impacted sites using
bicaugmentation with biosurfactants

REVISTA PRODUCCION + LIMPIA-Val. 16 No 1 - enero/junio — 2021 { B. Saucedo
Detergentes y Biodetergentes en la Biorremediacian de Suela: Inconsistencias y Evidencias

158



producing, native, free-living nitrogen
fixing bacteria. Revistalnternacional
de Contaminacion Ambiental, 33,
105-114. http://dx.doi.org/10.20937/
RICA.2017.33.esp01.09

Vicente, F. A., Cardoso, I. S, Sintra, T. E.,

Lemus, )., Margues, E. F, Ventura, 5.
P, & Coutinho, ). A. (2017). Impact
of surface active ionic liquids on the
cloud points of nonionic surfactants
and the formation ofaqueous micellar
two-phase systems. The Journal of
Physical Chemistry B, 121(37), 8742-
8755. https://doi.org/10.1021/acs.
jpch.7b02972

Whang, L. M., Liu,P.W.G,Ma, C.C, & Cheng,S.5.

(2008). Application of biosurfactants,
rhamnolipid, and surfactin, for
enhanced biodegradation of diesel-
contaminated water and soil. Journal
of hazardous materials, 15I(1),
155-163. https://doi.org/10.1016/].
jhazmat.2007.05.063

Wong, I, & He, C. M. (2009). Surface

molecular property modifications for
poly (dimethylsiloxane)(PDMS) based
microfluidic devices. Microfluidics
and nanofluidics, 7(3), 291. https://
doi.org/101007/s10404-009-0443-4

Xu, R., Zhang, Z., Wang, L., Yin, N., & Zhan,

X. (2018). Surfactant-enhanced
biodegradation of crude oil by mixed
bacterial consortiumin contaminated
soil. Environmental Science and
Pollution Research, 25(15), 14437-
14446 https://doi.org/10.1007/s11356-
018-1604-3

-Produccién+Limpia-

Xue,S. W, Huang, C,, Tian, Y. X,, Li, Y. B, Li, ].,

& Ma, Y. L. (2020). Synergistic Effect
of Rhamnolipids and Inoculation on
the Bioremediation of Petroleum-
Contaminated Soils by Bacterial
Consortia. Current Microbiology,
77(6), 997-1005. https://doi.
org/101007/s00284-020-01899-3

Yan, G, Ma, W, Chen, C, Wang, Q, Guo, S, & Ma,

J. {2016). Combinations of surfactant
flushing and bioremediation for
removing fuel hydrocarbons from
contaminated soils. CLEAN-Soil, Air,
Water, 44(8), 984-991. https://doi.
org/10.1002/clen. 201500571

Yanto, D. H. Y., & Tachibana, 5. (2014).

Enhanced biodegradation of
asphalt in the presence of Tweena
surfactants, Mn2+ and H202 by
Pestalotiopsis sp. in liquid medium
and soil. Chemosphere, 103,
105-113. https:/idoi.org/10.1016/j.
chemosphere.2013.11.044

Zhang, P, & Chen, Y. (2017). Palycyclic

aromatic hydrocarbons
contamination in surface soil of
China: A review. Science of the
Total Environment, 605, 1011-
1020. https://doi.org/10.1016/j.
scitotenv.2017.06.247

REVISTA PRODUCCION + LIMPIA-Val. 16 Ma 1 - enero/junio — 2021/ B. Saucedo
Detergentes y Bicdetergentes en |a Biorremediacion de Suelo: Incansistencias y Evidencias

159



vi. HIPOTESIS
La biorremediacion de un suelo contaminado por ARA mediante la eficaz

emulsificacion con detergentes sintéticos y microbianos logra la rapida eliminacion de

la mezcla de hidrocarburos por los microorganismos heterotroficos aerobios.

vii.  OBJETIVO GENERAL
Biorremediar un suelo contaminado por ARA mediante la eficaz emulsificacion con

detergentes sintéticos y microbianos para la rapida eliminacién de la mezcla de

hidrocarburos por los microorganismos heterotréficos aerobios.

viii. OBJETIVOS
1. Analizar el rol del detergente Roma® en la bioestimulacion del suelo impactado por

ARA

2. Mejorar la bioestimulacion de suelo impactado por ARA por emulsificacion con

Tween 80, Triton X-100 y dodecil sulfato de sodio, seguida de solucion mineral.

3. Bioestimular, bioaumentar y fitorremediar un suelo impactado pro 60,000 ppm de

ARA, para decrecer la concentracion por debajo del limite maximo de la NOM-138.

4. Analizar que el ARA y el aceite lubricante son inductores de la sintesis de

biodetergentes y de la actividad lipolitica.

5. Optimizar la sintesis de biodetergentes crudos y la actividad lipolitica de géneros y

especies de bacterias oxidantes de ARA.

6. Caracterizar parcialmente el tipo de biodetergentes sintetizados por ese grupo de

bacterias.

7. Analizar la bioestimulacion de suelo impactado por ARA con detergentes

comerciales y solucién mineral.

8. Mejorar la bioestimulacion de suelo impactado por ARA con Tween 80, Triton X-
100, extractos crudos de biodetergentes, lipasas, plus solucion mineral para reducir el

ARA a una concentracion inferior al limite maximo permitido de la NOM-130
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iX. CAPITULO II. En la bioestimulacion de suelo impactado por hidrocarburos,
el detergente emulsifica, su eliminacion depende de los microorganismos
inducidos por la solucién mineral
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ABSTRACT

The objective of this work was to analyze the role of Roma® detergent in the
biostimulation of soil impacied by Waste motor oil (WMO). WMO is a soil
contaminant that contains insoluble hydrocarbons, so it must necessarily be
biostimulated with a detergent to emulsify it. However, some research erroneously
assumes that the detergent, in addition to emulsifying the hydrocarbons, also helps
to mineralize them. For this, the soil and sand were polluted by 60,000 ppm of
WMO in respirometer-type microcosms, there biostimulated by Roma®, a mineral
solution and hydrogen peroxide (Hz0z) at 0.5%. Carbon dioxide (COz) and WMO
concentration was quantified by Soxhlet and detergent by the methylene blue
method. The experimental data were validated by Tukey HSD ANOVA. The
biostimulated soil by Roma®, the mineral solution at 50 % and H20:, generated
the highest generation of 17.6 mg COz 100 g dry sand-', at 72 days and the
maximum decrease of WMO up to 12,364 ppm, compared to the biostimulated soil
only with Roma & that registered 11.29 mg COz-100 g dry sand-' and decreased
WMO to 34,708 ppm. In the sterile sand polluted by WMO biostimulated by
Roma®, the CO:z registered a value of 1.1 mg - 100 g of dry sand-'. In soil
biostimulated by Roma® alone, 0.4 to 0.31 mL -100 g of dry soil-' was registered.
These results demonstrate that Roma® detergent only emulsifies WMO for
oxidation by aerobic heterotrophic microorganisms if biostimulated with a 50%
mineral solution. This work shows that the detergent, according to its chemical
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composition, only emulsifies the WMO and maintains that it is the first obligatory
action of the biostimulation and the oxidation of the WMO depends directly on the
aerobic heterotrophic microorganism’s native to the soil if they are biostimulated
by a mineral solution.

Keywords: soil; sand; hydrocarbons, aerobic heterofrophic microorganisms;
commercial surfactant; oxidation.

1. INTRODUCTION

Waste motor oil (WMOQ) is classified as a hazardous waste according to the
General Law for Ecological Balance and Environmental Protection [1]. WMO is
toxic to flora and fauna, which negatively affects soil diversity and density and,
consequently, soil fertility is lost. WMO is a mixture of polycyclic, branched,
cycloalkanes and linear aliphatic aromatic hydrocarbons [2], insoluble [3], so at the
beginning of biostimulation a detergent is necessary to emulsify them in order to
be oxidated [4]. In the literature, an inconsistency is reported that, in the
biostimulation of WMO-impacted soils, the detergent is necessary for this mixture
to mineralize [5,6]. However, based on the chemical composition of any detergent,
this idea is incorrect. Mainly because the native aerobic heterotrophic soil
microbiota can only oxidize WMO if it is biostimulated by essential minerals. The
objective of this work was to analyze the role of Roma® detergent in the
biostimulation of soil impacted by WMO and a mineral solution.

2. MATERIALS AND METHODS

2.1 Soil Sample Collection and Preparation

Soil collected from a site located at 19° 37' 10" north latitude 101° 16' 41.99" west
longitude, at an altitude of 2013 m above the sea with a temperate climate in an
agricultural zone called "Uruapilla® in the municipality of Morelia, Mich., on the
Morelia-Patzcuaro highway, Mexico. Subsequently, it was transferred to the
Envirenmental Microbiclogy Laboratory of the Instituto de Investigaciones
Quimico-Biclogicas (IIQB) of the Universidad Michoacana de San Nicolas de
Hidalgo (UMSNH). Before starting the experiment, a physicochemical analysis of
the soil was performed according to NOM-021-SEMARNAT-2000. For the sand
and soil experiment they were impacted by 60,000 ppm WMQ and biostimulated
with detergent, mineral solution and H20z. Two trials were prepared in triplicate,
with a randomized block experimental design in microcesms, Bartha respirometer
type: the first with 100 g of non-sterile and sterile sand to check when organic
matter disappears, specifically heterotrophic soil microorganisms, the detergent
only emulsifies the hydrocarbons, but does not mineralize the WMQO; in the second
on the soil, in both the pariicle size of uniform texture was adjusted by sieve
number 20. The first experiment was in sterile sand, a component of the soil
texture, without inorganic or organic nutrients, as well as without living
microorganisms; chemical and biclogical factors necessary for the oxidation of
WMO, under these conditions WMO does not emulsify due to the absence of
detergent or the biodetergents of native microorganisms. Therefore, without
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biostimulation by mineral solution, the WMO is not mineralized. To eliminate
aerobic heterotrophic microorganisms, the sand was sterilized at 121°C/1h in an
autoclave. However, as is well known, WMO contains microorganisms due to
contact with the environment and handling due to change of automotive oil, which,
given its chemical composition, cannot be sterilized by moist heat or autoclaving,
nor filtered with Millipore membranes due to its density. Therefore, ciprofloxacin, a
broad-spectrum antibiotic, in addition to tecto 60, a fungicide, and the
antiprotozoal: metronidazole, 1% (w/v) were added to inhibit heterotrophic
microbial activity in the WMO. The experimental design of the first experiment
consisted of: in a negative control 1 unsterilized sand impacted by WMO, negative
control 2, sterile sand impacted by WMO, an absolute control or unsterilized sand
not contaminated by WMO imigated with water. Treatment 1 (T1) sterile sand
impacted by WMO biostimulated with 50% mineral solution with the following
chemical composition (g/L): NHsNOs 10, K2HPO4s 2.5, KH2POs 2, MgS04 1, NaCl
0.1, CaClz 0.1, FeS04 trace, with trace element solution (10 ml), pH 6.5-6.8.
Treatment 2 (T2) sterile sand impacted by WMO and biostimulated with a
commercial detergent called Roma® at 0.4% containing sodium alkylbenzene
sulfonate, as active ingredient, processing aids and fragrance. In the second
experiment, a complete soil with common physical, chemical and biological
properties containing aerobic heterotrophic oxidizing OMM microorganisms was
used. This assay was conducted to demonstrate that WMO mineralization
depends on these microorganisms being biostimulated with a mineral selution. The
experimental design of the second experiment was: an absolute control of soil
without WMO irmigated only with water, a soll impacted by WMO without
biostimulation or negative control. Treatment 1 (T1) soil impacted by WMO,
biostimulated with 0.4% Roma®. Treatment 2 (T2) soil impacted by WMO,
biostimulated with 100% mineral solution. Treatment 3 (T3) soil impacted by WMO,
biostimulated with 50% mineral solution, Treatment 4 (T4) soil impacted by WMO,
biostimulated with 0.4% Roma®, 50% mineral solution and 0.5% H202 as an Oz
source. In both experiments, WMQ mineralization was indirectly measured by CO2
quantification every third day for 72 days [7]. the change in WMO concentration
was quantified by Soxhlet at the beginning and end of the experiment [8].

2.2 Statistical Analysis

The experimental data were analyzed by Tukey HSD at 0.05 % and using the
Statgraphics Centurion XVLII program [9].

3. RESULTS AND DISCUSSION

Table 1 shows the physicochemical properties of the soil before the WMO was
added, there it is observed that the total nitrogen (N) content was 0.32% and
phosphorus (P) with 219.34. From what the mineral solution was adjusted to 50%
to ensure after the biostimulation with the detergent it was feasible to eliminate the
WMO [10].
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Table 1. Physicochemical properties of soil without waste motor oil

Parameter Value Interpretation
pH 567 Moderately acid
Organic matter (%) 10.44 Very high
Texture (%) 31.8 (clay), Silty-clay
26.92 (sand),
420 (silt)
Total, Nitrogen (%) 0.32 Medium
Phosphorus ppm 21934 Very high
Sodium (Na+) ppm 153.38 High
Potassium (K+) ppm 168.61 High
Microelements (ppm):
Iron (Fe2+) 13.91 High
Zinc (ZN 2+) 0.37 Low
Copper (Cu 2+) 0.54 Low
Manganese (Mn 2+) 4.62 Low

Fig. 1 shows the production of COgz in sterile sand impacted by WMO biostimulated
with Roma® after 72 days where a low numerical CO2 value was recorded at 0.95
mg CO2 100 g dry sand". The sand sterilization eliminated the native heterotrophic
aerobic microorganisms and prevented the mineralization of the WMO, although
the Roma @& detergent emulsified a part of the WMO by the microorganisms that
contaminated this hydrocarbon mixture and that the added antimicrobials did not
inhibit [11]. While production of COz in the sterile sand impacted by WMO
biostimulated with the 50% mineral solution without ROMA detergent registered
1.39 mg CO2z 100 g dry sand-', which supports that the lack of WMO emulsification
limited mineralization. In the non-sterile sand impacted by WMO, used as a
negative control, 1.54 mg CO= 100 g dry sand-' was recorded by the native aerobic
heterotrophic microorganisms that contaminated the WMO and that the nature of
the mixture prevented the activity of the added inhibitors. The chemical
composition of Roma® detergent only allowed to emulsify the WMO, but not the
mineralization of the WMO, which is dependent on native aerobic heterotrophic
microorganisms biostimulated by the mineral solution.

Fig. 2 shows that the soil impacted by WMO biostimulated with the commercial
detergent Roma®, 50% mineral solution and Hz0z, registered the maximum COz
production with 17.6 mg CO= 100 g of dry soil-*, this Roma® detergent emulsified
the WMO, so that the native aerobic heterotrophic microbes biostimulated by the
mineral solution and the H20z which ensured a sufficient supply of Oz to obtain
maximum oxidation of the WMO. The numerical value of 17.6 mg had a statistical
difference compared to the soil biostimulated only with Roma® detergent, which
registered 11.29 mg CO2/100 g dry soil-', which showed that the detergent alone
emulsifies the WMO. It is not possible for WMO to be consumed, in principle, due
to its chemical composition, as well as insufficient mineral concentration for the
aerobic heterotrophic microbiota to oxidize WMO [12]. In the uncontaminated soil
by the WMO irrigated only with water or absolute control, 4 4 mg COz /100 g dry
soil-* were registered, due to mineralization of the organic matter of the soil by the
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heterotrophic aerobic microbiota; this CO;z value was subtracted from the soil
impacted by WMO fo adjust for the COz from WMO oxidation. Unlike the soil
impacted by WMO immigated only with water, without biostimulation, which reached
11 mg COz /100 g of dry soil-*. These results support that the generation of COz in
WMO impacted soil biostimulated by ROMA detergent or native aerobic
heterotrophic microorganisms biostimulated by the 50% mineral solution favored
the maximum oxidation of the WMO with the greatest release of CO2 [13].
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Fig. 1. CO:z production in sand impacted by waste motor oil biostimulated
by Roma® and mineral solution
* Different letters indicate stafistical difference. ANOVA Tukey 0.025 WMO: Waste Motor
Oil, AC: Absolute Confrol, NC: Negative Control, MISO: Mineral Solution

Table 2 shows the maximum decrease of WMO concentration in the impacted soil
that after 72 days of biostimulation with Roma® detergent, 50% mineral solution
and Hz0z; there it was recorded that it decreased from 60,000 to 12,364 ppm of
WMO, which is eguivalent to 79 4% mineralization. The numerical values of WMO
concentration from 60,000 to 12,364 ppm were statistically different from the
numerical value registered in the biostimulated soil only with Roma® detergent,
that decreased to 34,708 ppm of WMO, equivalent to 42.1% mineralization. In the
soil impacted by WMO no biostimulated, or negative control, a total of 46,565 ppm
of WMO that is equivalent to 22 4% of WMOC mineralization due to the natural
attenuation effect with respect to biodetergents and lipases by native soil
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microorganisms. In the soil impacted by WMO, the results recorded agree with the
amount of CO:z released, its shows that Roma® defergent contains sodium alkyl
benzenesulfonate as an active ingredient [14], which emulsified the WMO, so that
native aerobic heterotrophic microorganisms biostimulated by the 50% mineral
solution were able to oxidize the maximum concentration of WMO [15]. In contrast,
in the WMO-impacted soil biostimulated by 100% mineral solution, it inhibited
WMO oxidation, since soil nitrogen and phosphorus were added by the mineral
solution to the existing one in the soil [16]. All WMO concentration values were
higher than the limit allowed by NOM-138, so the experiment will contfinue for a
few weeks until the soil is registered according to that standard for a value lower
than 4,440 ppm.
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Fig. 2. CO; production in soil impacted by waste motor oil biostimulated
with Roma® 0.5%, mineral solution and Hz0:z
* Different letters indicate statistical difference. ANOVA Tukey 0.025 WMO: Waste Motor Oif,
AC: Absolute Control, NC: Negative Controf, MISO: Mineral Solution

Table 3 shows the detection of the detergent sodium alkyl benzene sulfonate in the
soil impacted by WMQ biostimulated with the detergent, mineral solution and H203,
after 72 days of bioremediation at 654 nm and an absorbance of 0.627. These
results show that the detergent at the end of the experiment was only partially
degraded. Its shows that it did not participate in the mineralization of WMO, but
only emulsify it. In the impacted soil biostimulated by mineral solution at 50% and
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100% and no biostimulation with detergent, a minimal amount of anionic detergent
was detected, suggesting that it was due to the biodetergents synthesized by the
soil microorganisms [17,18-21].

Table 2. Waste motor oil concentration in soil impacted after 72 days of
biostimulation

Soil Waste motor oil Percentage of
concentration after 72 mineralization
days (ppm)

WMO (negative control) 46,565¢ 22 4%

WMO + detergent 34,708¢° 42 1=

WMO + mineral solution 50% 16,2560 72.9°

WMO + mineral solution 100%  34,372° 42.7¢

WMO + detergent + mineral 12,3642 7942

solution 50% + H202
* Different letters indicate statisfical difference. ANOVA Tukey 0.025 WMO: Waste Motor Oif

Table 3. Detergent concentration in soil impacted by 60,000 ppm waste
motor ¢il before and after 72 days of biostimulation

Soil Detergent concentration (ml/ 100 g
s0il)

Initial:

WMO + detergente 04%

Final:

WMO + detergent 0.31F

WMO + mineral solution 50%  0.09°

WMO + mineral solution 0.08°

100%

WMO + detergent + mineral 0.29°
solution 50% + H20:
* Different letters indicate statistical difference. ANOVA Tukey 00025 WMO: Waste Motor Oif

4. CONCLUSIONS

This work supports that the precise function of the detergent is to emulsify the
WMO at the beginning of the biostimulation while oxidation dependent on the soil
microorganisms induced by mineral solution as well as other activities from these
microorganisms like lipases to eliminate WMOQ
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Biological Removal of Waste Motor Oil from
an Agricultural Soil by Detergents and Mineral
Solution

Blanca Celeste Saucedo-Martinez, Liliana Marquez-Benavides and Juan
Manuel Sanchez Yanez*

Environmental Microbiclogy, Chemical-Biological Research Institute, Ed-B3, Universidad
Michoacana de San Nicolds de Hidalgo, Francisco J. Mujica 5/N, Col Felicitas del Rio. Post code.
58000, Morelia, Mich, México.

Abstract

Agricultural soil polluted by Waste Motor 0il (WMO) due to machinery used for plant production, canses
loss of its productvity. WMO is chemical composed of an inscluble mixture of aliphatic, aromatic and
polycyclic hydrocarbons, To sobve this problem, it is necessary to start biostimulation with a mixture of
detergents chemically compatible with WMO hydrocarbens, following by biostimulation applying mineral
solution according to the physicochemical properties of the agricultural soil. Therefors, the aim of this
work was to improve biostimulation of WMO polluted soil by emulsification with Tween B0@, Triton X-
100 and sodium dedecy] sulfate, followed by a mineral solution. In that sense, the agricultural soil
polluted by 60,000ppm of WHMO in Bartha flasks was first biostimulated applied Tween B0, Triton X-
100 and sodium dodecyl sulfate, and then with a mineral selution. The response variables were carbon
dioxide (COZ) production and final WMO concentration. Gas chromatography was nsed to determine the
hydrocarbon type of the WMO before and after biostimulation of soil polluted by WHMO. The experimental
data were validated by Tukey HSD ANOVA, The results showed that the agricultural soil impacted by WMQ
biostimulated applied Tween 20, Triton X-10040 and mineral soluton, after 45 days, registered 12.76mg
of CO2/100g of dry soil corresponding 3 WHMO decreasing from 60,000 to 11,000ppm. numerical values
statistcally different compared to the soil impacted by WMO not biostimulated with detergents and no
biostimulated with mineral solution, used as negative control registered 6.96mg of CO2,/100g of dry soil.
corresponding to WHMO decreased from 60,000 to 56,000ppm. The chromategram of soil impacted by 60,
000ppm WMO after biostimulation with Tween B0, Triton X-1008 and mineral solution showed the
disappearance of short and long chain aliphatic hydrocarbons up to 35 carbons, as well as low and high
molecularweight aromatics up to 26 carbons. These results support that in agricultural soil contaminated
by WMO biostimulation has to start with a detergent mixture for maximum emulsification that facilitates
biostimulation with a mineral solution designed according to the chemical properties of the soil

Keywords: Soil; Hpdrecarbons; Amphoteric; Heterotrophic aerobic microorganisms; Mineralization

Introduction

Waste Motor Oil (WMO) is one of the most common agricultural soil contaminamnts due to
machinery used during plant cultivation. WMO are chemicals composed of aninsoluble mizture
of aliphatic, aromatic, and pelycyclic hydrocarbons [1]. For WMO to be efficiently emulsified,
it is necessary to initiate biostimulation with a mixture of detergents chemically compatible
with WNO hydrocarbons, Subsequently the WMO can be mineralized by biostimulation of the
soil with a mineral solution depending on the physicochemical properties of the sail related
to the Carbon: Nitrogen (C: N) ratic as well as other essential minerals used by heterotrophic
aerobic microorganisms native to this soil [2]. In the literature review report, between 80-
90% of the related investigations use a single type of detergent, such as Tween 80®, whose
composition is insufficient to emulsify most of the variety of hydrocarbons [3-5]. Therefore,
the aim of this work was to improve biostimulation of soil polluted by WMO with Tween 808,
Triton X-100® and sodium dodecyl sulfate, followed a mineral solution.
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Materials and Methods
Soil sample collection and preparation

Soil sampling was carried out based in NOM-021- SEMARNAT-
2000 (NOM-021) [6] using the zigzag method at adepth of 20cm,
from an agricultural area in the municipality of
Morelia, Michoacdn, Mexico, called “Uruapilla”. To avoid pests and
diseases, the soil was solarized for 48 hours and sieved with a No.
10 mesh. Then, a physicochemical analysis of the soil was carried
out according to NOM-021 before polluting agricultural soil by
WHMO.

Biostimulation experiment of soil polluted by 60,000
ppm WMO with Tween 808, Triton X-1008, SDSE and
with 50% mineral solution

To demonstrate that detergent mixing is necessary for WMO
emulsification in soil biostimulation, a triplicate randomized block
experiment was conducted in Bartha flasks with 100g of soil. Then

the soil was contaminated by 60, 000 ppm WMO from an automobile
mechanical workshop in the city of Morelia, Mich, Mexico. The
volume of the WMO was measured with a glass pipette and poured
into the soil to contaminate it. To start the soil was biostimulated
with Tween 80®, Triton X-100®, SDS® and 50% mineral solution.
The mineral solution had the following compaosition (g/L): NHNO,
10, K,HPO, 2.5, KH PO, 2, Mg50, 1, Nacl 0.1, Cacl, 0.1, FeSO,
traces, trace elements solution 10 and pH 6.5-6.8 according to
the physicochemical agriculitural soil proprieties based in organic
matter, total nitrogen and phosphates concentration. In Bartha
flasks with the contaminated soil, 9ml of 0.1N NaOH was infroduced
into the flask reservoir. The flasks were kept in incubation at 30
°C for 45 days. The indirect response variable of WMO metabolism
was the released carbon diomide (CO.) derived from biclogical
activity and trapped by NaOH [7]. The mineralization of the WMO in
the agricultural soil was complemented with the determination of
the concentration of its hydrocarbons that disappeared by Soxhlet
technique [8]. Experimental design is shown in Table 1.

Table 1: Experimental design of biostimulation of scil impacted by 60,000ppm WMO applied detergents and mineral

solution.

Soil Waste Motor0il | Tween 80 (0.5%) | Tritén X-100& (0.504) SDSE [0.5%) Mineral Solution (50%)
Absolute control - - -
Negative contral + - - -

T1 + + - - +

T2 + + - +

T3 + - + "

T4 + + + - +

5 + + - + +

T& + + + +

7 + + + + +

Added= (+) no added= [-)

Identification of WMO hydrocarbons before and after
biostimulation of contaminated soil

Soil samples impacted by WMO before and after biostimulation
with detergents and mineral solution were analyzed in an Agilent
Technologies 78904 series gas chromatograph coupled to 5975C
series masses, LOpL of sample was injected in Spitless mode,
helium (99.995% purity) was used as carrier gas in a Zebron
capillary column. 5 MS 30.0m long, with an internal diameter of
0.25mm and a film thickness of 0.25mm. The injector temperature
was 250 °C and the initial oven temperature was 30 °C with a
ramp of 30-150 °C, ramp 2 of 10 °C ¢/min up to 310 °C/2min. The
temperature detector was 280 °C with an equilibration time of 3
min and a maximum temperature of 320 °C (modified method of
Peng et al. [9]).

Statistical Analysis

Differences in experimental data between groups were

confirmed by one-way Analysis of Variance (ANOVA) and the Tukey
HSD test (xx = 0.05) with the Statgraphics Centurion XVLII program
[10].

Results and Discussion

The physicochemical analysis of the soil proprieties is shown
in Table 2, where total nitrogen (N) had a mean value of 0.32 %
and phosphates (PO, ) with a high value of 219.34ppm, (NOM-021-
SEMARNAT-2000), these properties indicated that the soil required
to be biostimulated with mineral solution at 50 %. to induce native
heterotrophic aerobic microorganisms to eliminate WMO [11].
According to Figure 1, in agricultural soil polluted by WMO before
biostimulation by detergents and mineral solution it shows that
it was a heterogeneous mixture of linear and branched aliphatic
HCs from 12 to 35 carbons; were also detected aromatics such as
benzene, phenols and naphthalene,
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Table 2: Physicochemical properties of soil not polluted by waste motor oil.

Parameter Value Interpretation
pH 5.67 Mederately acidic
Organic matter (%) 10.44 Very high
Texture (%) 312 [clay). 26.92 (sand). 42.0 (=ilt) Clayey silt
Total nitrogen [3:) 0.32 Medium
FPhosphorus ppm 219,34 Very high
Sodium {Na®) ppm 153.38 High
Potassium (K*} ppm 168.61 High
Microelements (ppm):
Iron (Fe™) 1391 High
Zinc [ZnfY) 0.37 Low
Copper (Cu™) 0.54 Low
Manganese (Mn**) 462 Lowl
INOM-021-SEMARNAT-2000
1enno00
1400000
1200000
100D0O00
BoDo00
AO0000
400000 M
20D000
r - T — T —r——r—r
a4.00 S5.00 o.oo 10.00 12.00 14. .00 1600 1000 Z20.00
Time

Figure 1: Chromatogram of soil impacted by 60, 000 ppm of waste motor oil before bio stimulation applied
detergents and mineral solution at 50%.

Figure 2 shows biostimulation of agricultural soil polluted by
WMO applied Tween B0, Triton X-100 and 50% mineral solution, by
the amount of CO; from WMO mineralization. While the same soil
not polluted by WMO irrigated only with water or absolute control
registered 7.55mg C0:/100g dry soil on day 45, derived from the
mineralization of native organic matter due to aerchic heterotrophic
microorganisms in any agricultural soil that, according to the

physicochemical analysis, was high before the biostimulation
by detergents and mineral solution. The wvalue of CO; released
by the mineralization of organic matter in the uncontaminated
agricultural soil used as an absolute control was subtracted from
the value of CO; in the soil polluted by WMO biostimulated by
detergents and mineral solution to obtain only the CO; released by
WMO mineralization.
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Figure 2: CO:z production during biostimulation of seil impacted by 60,000 ppm of waste motor oil applied Tween
80®, Triton X-100®, SDS® and biostimulation with mineral solution at 50%. (WMO: waste motor oil, AC: absolute
control, NC: negative control, MISO: mineral solution. Different letters indicate statistical difference).

Biostimulation soil impacted by WMO applied Tween 80®,
Triton X-100® and mineral solution at 50% released 12. 76mg
€02/ 100g dry soil, numerical value statistically different compared
to soil polluted by WMO not biostimulated with detergents, neither
mineral solution used as negative control registered 6.96mg
C0:/100g dry soil, derived from natural attenuation; compared
to soil polluted by WMO biostimulated only SDS® and mineral
solution at 50% that generated 11.22mg C0./100g dry soil.

The results support that biostimulation of agricultural soil
polluted by WMO the chemical composition of Tween 80® [12]
and Triton X-100® [13], were chemically compatible to emulsify
WMO and improve soil biostimulation with 50% mineral solution
to induced heterotrophic aerobic native microorganisms to
mineralize most of the WMO as a carbon and energy source for
maximum CO; released. At the beginning of biostimulation of soil

polluted by WMO its lightest fraction of hydrocarbons was rapidly
oxidized [14].

Table 3 shows during biostimulation of soil polluted by WMO
applied Tween 80® / Triton X-100® and mineral solution at
50%, reached 81.6 % mineralization corresponding to maximum
oxidation of WMO from 60, 000ppm to 11, 000ppm. Biostimulation
of soil contaminated by WMO with detergents and mineral solution
according to the chromatogram in Figure 3 shows that short, long
and linear aliphatic hydrocarbons, as well as some low and high
molecular weight aromatics from WMO that were compatible
with Tween 80® and Triton X-100® that achieved its maximum
emulsification, to improve biostimulation applied mineral solution
at 50 % to enhance the ability of native heterotrophic aerobic
microorganisms to mineralize WMO.

Table 3: Concentration of waste motor oil in impacted soil biostimulated applied Tween 80®, Triton X-100®, SDS® and

biostimulation with mineral solution at 50%.

Soil 'WMO Concentration after 45 Days (ppm) of Mineralizat
WMO (Negativo control)} 56,000' 6.6°
T1: WMO + Tween 80® + 50% MISO 18,0007 70°
T2: WMO + Triton X-100@® + 50% MISO 19,500 67.5¢
T3: WMO + SDS® + 50% MISO 18,000¢ 70¢
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T4: WMO + Tween 808,/ Triton X-1008 + 50% MISO 11000+ 816~
T5: WMO # Tween 800)/SDS@ + 50% MISO 15,400° 743"
T6: WMO + Triton X-100@/SDS® + 50% MISO 17,600¢ T0.6°
T7: WMO + Tween B0, Triton X-1000/SDS® + 50% MISO 15,500¢ T41°
*Different letters indicate statistical difference according to ANOVA-Tukey (p=0.05)
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Figure 3: Chromatogram of soil impacted by 60, 000ppm waste motor oil after biostimulation applied Tween B0®,
Triton X-100@® and mineral solution at 50%.

The results of the soil impacted by WMO biostimulated
applied Tween 80® [ SDSE and then biostimulation with mineral
solution at 50 %, indicating due to its chemical composition [15-
16], emulsified short chain linear hydrocarbons of WMO and
the biostimulation applied mineral solution at 50% induced
heterotrophic aerobic microorganisms to mineralize and decrease
WMO from 60,000 to 15,400ppm equivalente at 74.3% of WMO. In
agricultural soil impacted by WMO biostimulated applied Tween
BOE [ Triton X-100® / SDS® partially emulsified its hydrocarbons
then biostimulation with mineral selution at 50% to improve
the effective mineralization of WMO from 60,000 to 15,500 ppm
equivalent to a 74.1% reduction in its concentration. The WMO
reduction walues, were statistically different compared to soil
impacted by WMO biostimulated only with SDS®, that has linear
carben structure Ali et al. [17] to emulsify some hydrocarbons of
WMO, then biostimulation by mineral solution at 50% registered
decreased from 60,000 te 18.000ppm corresponding 70%
elimination of WMO. In soil impacted by WMO biostimulated only
with Triton X-100® having a short carbon chain and aromatic ring,
partially emulsified short chain aliphatic hydrecarbons and some
low molecular weight aromatics. Followed by biostimulation of
heterotrophic asrchic microorganisms applied mineral solution
at 50%, that effectively used them as only carbon source and

energy decrease to reduce the WMO concentration from 60,000 to
19,500ppm or 65.7 or reduction [18].

Figure 3 shows the chromatogram of soil impacted by 60,
000ppm WMO after biostimulation with Tween 808, Triton X-
100® and mineral solution at 50%, shown the disappearance of
short and long chain aliphatic hydrocarbons up to 35 carbons, as
well as low and high molecular weight aromatics up to 26 carbons.
These facts support the results of Table 3, that demonstrated the
chemical compatibility of the detergents in soil biostimulation
to emulsify WMO hydrocarbons, that biostimulated by mineral
solution induced a rapid mineralization of WMO by the native
aerobic heterotrophic microorganisms of agricultural soil to use
those WMO hydrocarbens as the only source of carbon and energy
[19].

Conclusion

This research showed that in any agricultural seil polluted
by a mixture of hydrocarbons of the WMO type, biostimulation
has to start with detergents according to the chemical properties
of these hydrocarbons to ensure that the biostimulation with
mineral soluticn is adequate to the chemical properties of the soil
for efficient and fast mineralization of WMO in order to recover its
health for reuse in the production of safe foed.
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Abstrack Agricultural soil contamination by waste motor oil (WMO) is a worldwide environmental
pmbbm. The phytot(:xitiﬁy of WMO hydrocarbons imits agricultural production; therefore, Mexi-
can standard NOM-138-SEMARNAT/SSA1-2012 (NOM-138} establishes a maximum permissible
limit of #4400 ppm for hydrocarbons in soil The objectives of this study ane to {a) biostmulate,
{b) bicaugment, and {c) phytoremediate soil impacted by 60,000 ppm of WMO, to decrease it to
a concentration lower than the maximum allowed by NOM-138. Soil contaminated with WMO
was biostimulated, bioaugmented, and phytoremediated, and the response variables were WMO
concentration, germination, phenology, and biomass of Phascolis milgaris. The experimental data
wem validated by Tukey HSD ANOVA. The maximum decrease in WMO was recorded in the soil
bicstimulated, bicaugmented, and phytoremediated by P oulgars from 60,000 ppm to 190 ppm,
which was considerably lower than the maximum allowable limit of 4400 ppm of NOM-138 after five
months, Biostimulation of WMO-impacked soil by detergent, mineral solution and bicaugmentation
with Xanthobacter autotrophicus accelerated the reduction in WMO concentration, which allowed
phytoremediation with P. prlgaris to oxidize aromatic hydrocarbons and recover WMO-impacted
agricultural soil faster than other bioemediation strakegies.

Keywords: soil; hydrocarbons; come tabolism; phy totoxicity; legume; endophytic bacteria

1. Introduction

Agricultural soils are affected by mixtures of aliphatic and aromatic hydrocarbons
from waste motor oil (WMO) because of spills that limit plant growth and health [1-3]. The
maximum recognized environmental standard in Mexico, NOM-138 SEMARNAT/S5A1-
2012 (NOM-138) [4], establishes a maximum permissible limit of 4400 ppm for hydrocarbons
in soil

Globally, agricultural soils are polluted with high levels of WMO [5]. When agricul-
tural soil is contaminated, plants can absorb hydrocarbons, inhibit plant growth, and de-
crease yield over long periods. These agricultural products pose a risk to human health [£].
An ecological alternative to solve this problem is biostimulation with detergent solutions
such as Tween”™ 80 (Sigma-Aldrich, Darmstadt, Germany) and Triton™ X-100 (Sigma-
Aldrich, Darmstadt, Germany) to emulsify WMO, inducing heterotrophic soil microbiota
by enrichment with mineral sclution (MISO) containing essential elements to decrease
WMO concentration [7].

Subsequent bioaugmentation occurs when the soil is inoculated with Xanthobacter
autotrophicus, a facultative endophytic bacteria that uses WMO as a source of carbon and
energy to remove WMO [8—16]. Biostimulation and bicaugmentation are strategies for
reducing WMO and phytoremediation by Phasealus vulgaris and X. autotrophicus [17] to
ensure that the final WMO concentration is below the limit accepted by NOM-138 [4]. The
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objectives of this study were (a) biostimulation, (b) bicaugmentation, and (c) phytoremedi-
ation of soil impacted by 60,000 ppm of WMO to decrease it to a concentration lower than
the maximum allowed by NOM-138 [4].
2. Results
2.1. Physicochemical Analysis of the Agricultural Soil

Table 1 shows the physicochemical analysis of the agricultural soil.

Table 1. Physicochemical properties of agricultural soil not contaminated by waste motor oil.

Parameter Value Interpretation
pH 5.67 Moderately acidic (5.1-6.5)
Organic matker (%) 10.44 Very high (=6.0)
Texture (%) 318 (clay), 2:;:13;‘; (sand), £2.0 Clayey silt
Total nitrogen (ppm) 3200 Very high (=0.25)
Phosphorus (ppm) 21934 Very high
Sodium (Na®) (ppm) 15338 High
Potassium (K7} (ppm) 168.61 High
Microelements (ppm):
Iron (Fe?*) 1391 Appropriate (=4.5)
Fine (Zn2) 0.37 Deficient (<0.5)
Copper (Cu™) 0.54 Appropriate (=0.2)
Manganese (Mn>") 462 Appropriate L)

! NOM-021-SEMA RNAT-2000.

2.2. Reduction in Waste Motor Ol after Biostimulation and Soil Bioaugmentation

Table 2 shows the decreasing concentration of WMO from 60,000 to 17,599 ppm in
agricultural soil (70.6% WMO mineralization) when biostimulated with T = 80, Triton™
X-100, and 50% of MISO followed by bicaugmentation with X. autotrophicus. Results of
Tukey HSD test (p < 0.05) confirmed that these values were significantly lower than those
for the biostimulation of WMO-polluted soil from 60,000 to 23,088 ppm (61.52% of WMO
mineralization). These values were also significantly lower than those for the agricultural soil
contaminated by WMO not subjected to biostimulation or bicaugmentation (negative control)
with 39,215 ppm of WMO from the initial 0,000 ppm (34.65% of WMO mineralization).

Table 2. Concentration of waste motor oil in agricaltural soil after bicstimulation and bioaugmenta-
tion with Xanthobacter autotropiicus.

Soil WMO Concentration after 3 Months Mineralization Percentage (%)

(ppm)
MNegative control soil impacted by WMO = 39,215 4 0.06 5** 3465 £+ 0.01 ¢
T1: Soil impacted by WMO biostimulated with b i
Tween™ 80 + Triton® X-100 and 50% MISO 3,008 = 0,06 BLA2-E B

T2: Soil impacted by WMO biostimulated with
Tween™ 80/ Triton™ X-100, 50% MISO and 17,596 £ 0.12° 7067 £ 0247
bioaugmented with X. mitotrophicis

* WMO: waste motor oil; MISCh mineral sotution. ANOVA Tokey p< 0.05 ** Different letters indicate significant
difference, n = &,

2.3, Germination of P oulgaris with X, autotrophicus in Phytoremediation of Soil

Table 3 shows the 92% maximum germination percentage of P mulgaris with X. au-
totrophicus after five days of phytoremediation of agricultural soil polluted by WMO. This
percentage numerical value was significantly higher than the 83% germination of P vulgaris
not inoculated with X, autotrophicus compared to 100% germination of P tulgaris in soil not
polluted by WMQ, fed with 100% MISO used as a relative control with 80% germination.
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Table 3, Germination percentage and days to emergency of Phaseolus pulgaris enhanced with Xan-
thobacter autotrophicus during phytoremediation of agricultural soil impacted by waste motor oil

Phaseolus vulgaris Emergency Days Germination Percentage (%)
Absolute control P pulgaris without WMO * soil imigated £ i 75 4 015¢
only water

Relative control P oulgaris without WMO fed 100% MISO 64000 80+ 010"
TL: P piilgaris in soil impacted by WMO + biostimulated 2

- = < il 5 =

with Tween™ 80/ Triton™ X-100 and 50% MISO =t R
T2: P oulgaris in soil impacted by WMO biostimulated with

Tween™ B0/ Triton™ X-100, 50% MISC and bicaugmented 50082 83 +0.03°

with X. autotrophicus

T P oulgaris enhanced with X. autofrophicis in soil
impacted by WMO biostimulabed with Taee n® 80/ Triton™ 5+ 016" 92+ 013°
N-100, 50% MISO and bicaugmented with X autotrophicus

* WM waste motor oil; MIS0: mineral solution. ANOVA Tukey p < 00,05 ** Different letters indicate significant
difference, n = &,

2.4, Phenalogy and Biomass of P tulgaris Enhanced with X. autotrophicus in Sail
Phytoremediation at the Seedling Stage

Table 4 shows the phenclogy and biomass of P tuigaris at the seedling stage during
the phytoremediation of agricultural soil affected by WMO. P ulgaris reached the greatest
plant height (FHE) of 36.42 cm, with an aerial fresh weight (AFW) of 213 cm, and aerial
dry weight (ADW) of 0.219 cm when planted in soil previously biostimulated and bioaug-
mented. The above numerical values were significantly higher than those of P vulgaris
cultured in soil not contaminated by WMO, fed with 100% MISC, and used as a relative
control with 31.27 cm of PHE, 1.82 g of AFW, and 0.16 g of ADW and P tulgaris grown in
agricultural soil not contaminated by WMO irrigated only with water used as an absolute
control with a root length (RL) of 7.16 cm, root fresh weight (RFW) of 0.1 g, and root dry
weight (RDW) of 0.016 g. The above numerical values were significantly higher than those
of . vulgaris grown in agricultural soil contaminated by WMO and uninoculated with X
autotrophicus, previously biostimulated and bicaugmented with 5.85 cm of RL, 0.04 g RFW,
and 0.011 g RDW.

2.5. Phenology and Biomass of I oulgaris Enhanced with X, autotrophicus in Soil
Phytoremediation at the Phystological Maturity Stage

Table 5 shows the phenclogy and biomass of P ouigaris at the physiological maturity
stage during phytoremediation of agricultural soil polluted by WM, as can be seen in
Figure 1. B zru}garfs showed PHE of 108.57 cm, RL of 20.28 cm, AFW of 8.37 g, RFW of
3.61 g, ADW of 1.12 g, and RDW of 0.21 g. The above numerical values were significantly
higher than those of P. vulgaris fed with 100% MISC growing in soil uncontaminated by
WMO (relative control) with 70.56 of PHA, 18.25 cm of RL, 3.78 g of AFW, 1.24 g of RFW,
0.72 g of ADW, (.08 g RDW. Similarly, P. tulgaris enhanced with X. autotrophicus showed
9338 cmof PH, 17.33 cm of RL, 4.58 g AFW, 1.51 g of RFW, 0,63 g ADW, and 0.1 g of RDW.
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Table 4 Phenology and biomass of Phaseolus oulgaris enhanced with Xanthobacter autotrophicus at
seedling level during phytoremediation of soil impacted by remainder waste motor oil.

. Flant Height Root Length Aerial Fresh Reot Fresh Aerial Dry Koot Dy
Phascolus valgaris tem) {cm} Weight ig) Weight (g} Weight (g} Weight i)
Absolute control B mulgarts
withour WMO * soil irigated FPAS5 L 0z v 716+ 0064 146+ 0184 31 +£014¢ d1al £014¢ 0016+ 010
onby water
mﬂ?ﬁ%ﬂ ]:umxﬁjéo 313 +0lok 65+ 025k 152 +07 0 009 + 005 F 016+ 005 ¢ 0oz £018¢
T1: P milgmris in sail mpacted
b&:?g&%ﬁi’?g&? 30+ 0158 414+ 4 135+ 0184 004+ 0309 0140 £ 030 00K 015¢
X-100 and 50% MISO
T2: B mulgmrts in sail mpacted
Ty WWRAO binstimulated with
Tereen® 80, Triton® X-100, 3542 £ 0160 585+ 005« 213 £0.15¢ 004+ 0184 0.210 £ 023+ o0l + 006
5% MISC and bioaugmented
with X outotraphicus
T3: B wulgarss enhanced with
X. mifotrophics in soil
impacted b WMO
biostmulated with Tween® 2735+ 018¢ ARE+ D3P l82+010¢0 006 £022¢ 0184+ 0100 004 +016"
0, Triton™ X-100, 50% MISO
and bicaugrrented with X.
wifotrophics
= WM waste motor oil; MISC: mineral solution. ANOVA Tukey p < 0.05 + Different letters indicate significant
difference, n = 4.
Table & Phenology and biomass of Phaseolus oulgaris enhanced with Xanthobacter autotrophicus at
physiological maturity level during phytoremediation of soil impached by wash motor il
Phaseolns oulgaris Plant Height Root Length Aerial Fresh Root Fresh Aerial Dry Rowot Dy

{em) e} Weight gl Weight {gh Weight ig} Weight ig)

Absolute control ' mulgarts
without WMO * soil imigated 7442 +o07 4+ 20420024 4+ 015" 138+ 0254 071+ 003* 014 £015"°
only with water

Relative contral P mulgarss - n 4 - - 4
writhout WMO fed 100% MISO 7036 £012 la2s+ 13 378+ 025 1 +01l 072+ 013 N1

T1: B mulgaris in soil mpacted
by WO + bipstmulated
wiith Tween® 30, Triton®

X-100 and 50% MISO

T2: B mulgmris in soil mpacted
By WO biostirulated with
Twreen® Bﬂf‘rﬁwni*)(-luo, 108.57 £ 0134 20.28 +£0.35 437 +006° 36l £ 0154 112+0231% 021 +0me
50% MISC and bioaugmented
with X mutetropfscus

T3 P mulgarts enhanced with
X_ mitatropbicus in soil
impacted by WMO
biostimulated with Tween® £330 £012k 1733 £ 0.40° 458 £001° 1.51 £ 0.02% 063 £0.104 01+ 014~
&0 Triton™ X-100, 50% MISO
and icaugmented with X
i olrapdics

BLBS £ 0.1¢ 17.28 £0.12¢ 413 £0.15¢ 17+ 058 ool +0MP 0120140

* Wk waste motor oil; MISC: miretal solution ANOYA Tukey p-c 0.05 + Different letters indicate significant
difference n = 6.
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(b) (c) ) (e)

Figure 1. Grow th of Phaseolus vulgaris enhanced with Xanthobacter autotrophicus at physiological ma-
turity during phytoremediation of agricultural soil impacted by waste motor oil (a) Absolute control
P, vulgaris irrigated with sater in agricultural soil devoid of waste motor oil (WMO) contamination.
(b} Relative control P. vulgaris in agricultural soil devoid of WMO contamination, fed by 100% mineral
solution (MISO). (¢) T1 P. vulgaris in agricultural soil impacted by WMO biostimulated with Tween™
80/ Triton® X-100 and 50% MISO. (d) T2 P. oulgaris in agricultural soil impacted by WMO bios-
timulated with Tween™ 80/ Triton™ X-100 and 50% MISO and bicaugmented with X. autotrophicus.
() T3 . vuigaris enhanced with X. autotrophicus in agricultural soil impacted by WMO biostimulated
with Tween® 80/ Triton™ X-100, 50% MISO and bicaugmented with X. autotrophicus.

2.6. Final WMO Concent ration in Agricultural Soil after Biostimulation, Bioaugmentation, and
Phytoremediation )

Table 6 shows the final WMO concentration in agricultural soil after three months of
biostimulation and bicaugmentation, after two months of phytoremediation. The maxi-
mum decrease in WMO concentration was detected in the soil biostimulated, bioaugmented,
and phytoremediated with P. tulgaris where WMO decreased from 60,000 to 190 ppm, a
value that was significantly lower than that for soil contaminated by WMO. Biostimulation,
bicaugmentation, and phytoremediation with P. vulgaris enhanced with X. autotrophicus im-
proved the WMO reduction from 60,000 to 680 ppm; the agricultural soil affected by WMO
only biostimulated and phytoremediated with P. vulgaris showed a final concentration of
3040 ppm from an initial of 60,000 ppm. All WMO numerical concentration values were
lower than the accepted maximum limit of 4400 ppm of NOM 138, and at the same time
were significantly lower than that for the 35,210 ppm WMO of the negative control soil.

2.7. Residual Hydrocarbons in WMO after Biostimmulation, Bioaugmentation, and Phytoremediation

The chromatogram (Figure 2) shows that after three months of biostimulation and
bicaugmentation of soil impacted by WMO, the simplest aliphatic hydrocarbons, linear,
branched short- and long-chain hydrocarbons of 12 and 14 carbons, linear hydrocarbons
consisting of up to 35 carbons, and aromatics such as (1-methyl-4-(1-methylpropyl)-benzene,
2-nitro-tertiary-butanol, and 2-isopropyl-5-methyl-1 heptanol were eliminated. Aliphatics
such as nonadecane, eneicosane, eicosane, and heptacosane were also eliminated, while
aromatics, naphthalene, and 1-cyclohex-1-1-enyl-1-phenyl-ethanol were oxidized. The re-
maining hydrocarbons were some of the more complex 14-carbon and 36-carbon aromatics
as well as some 17-carbon aliphatics.
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Table 6. Final concentration of waske motor oil in agricultural soil after three months of bicstimulation,
bicaugmentation, and two months of phytore mediakion.

Soil WMO Final Concentration (ppm)
Megative control soil impacted by WMO * 35,210 + 0.124
T1: Soil impacted by WMO biostimulated with
Twveen™ 80/ Triton™ X-100, 50% MISO and 3040 £ 0.01°

phytoremediated with B oulgaris

T2: Soil impacted by WMO biostimulated with
Tween® B0/ Triton™ X-100, 50% MISO,
bicaugmented with X, antotrophiois and
phy toremediated with . oulgaris

T3: Soil impacted by WMO biostimulated with
Tween® 80/ Triton™ X-100, 509% MISO,
bicaugmented with X. autotrophicus, and 680 £ 009"
phytoremediated with P oulgaris inoculated
with X. autotrophicus
* WRO: waste motor oil; MISC: mineral solution. ANOVA Tukey p< 0,05 ** Different letters indicate significant
difference, n = A

190 £ 0.03 =
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Figure L Chromatogram of 14 C, 36 C aromatic and 17 C aliphatic hy drocarbons in WMO after
biostimulation, bivaugmentation, and phytoremediation.

3. Discussion

The physicochemical properties of the soil (Table 1) showed that the soil required
biostimulation with 50% MISO to ensure that the native soil microorganisms received the
maximum concentration of basic minerals to induce WMO mineralization [18].

The decrease in WMO after biostimulation and binaugmentation (Table 2) indicates
that biostimulation and bicaugmentation accelerated mineralization of WMO, as has been
reported in another research [19]. First, biostimulation with a mix of detergents emulsified
the WMO and 50% MISO to enable degradation of WMO by the native heterotrophic
aerobic microorganisms. WMO removal was then improved by bicaugmentation with X.
autotrophicus to decrease the concentration of WMO and facilitate phytoremediation of soil
with I puigaris and X. autotrophicus to reduce the concentration of WMO to a value below
the maximum accepted value of NOM-138 [4].

The germination percentage (Table 3) results suggested that P vuilgaris improved
with X. autotrophiicus increased tolerance to WMO and, therefore, provided maximum
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germination. While P oulgaris not inoculated with X, autotrophicus showed symptoms
of phytotoxicity to WMO and, therefore, showed a reduction in germination percentage,
similar to observations reported in previous research where exoess hydrocarbons inhibited
seed germination for soil phytoremediation [20-22].

The growth of I ulgaris at seedling level (Table 4) showed its sensitivity to WMO
phytotoxicity; this response of P. tulgaris is used as an indicator of the degree of recovery
or contamination of the seoil to the concentration of WMO [15,23]. Thus, if the WMO
concentrations in soil decrease, P vulgaris starts growth with a pattern analogous to that
observed when the soil is not contaminated with WMO in part because bioaugmentation
with X, antotrophicus cimulation, bicaugmentation, and phytoremediaauses oxidation of
aromatic hydrocarbons and, subsequently, reduction of the concentration of WMO as
reported in the literature [17,19,24].

The biomass values of I vuigaris at physiclogical maturity (Table 5) indicate healthy
growth only in agricultural soils without hydrocarbons (Figure 1). This result supports the
fact that phytoremediation of any agricultural soil could be applied to soils contaminated
with relatively high concentration of hydrocarbons such as those of WMUO, if its biorecov-
ery begins with biostimulation followed by bicaugmentation, where X. qutotrophicus can
decrease WMO concentration and finally when P oulgaris is enhanced with X. autotrophicus,
a facultative endophyte able to invade roots to transform organic compounds of photo-
synthesis into phytohormones [15,25]. X. autotrophicus induces a root system in P. puigaris
with a greater capacity for the phytedegradation of WMO and simultaneously optimizes
the absorption of minerals [26,27]. The above facilitates the biorecovery of agricultural soil
and allows it to be safely implemented in agricultural cultivation, while ensuring that the
produce obtained is safe for human and animal consumption due to a decrease in WMO
equivalent to any soil free of WMO contamination [21,28].

The response of P! pulgaris with and without X. autotrophiicus shows that it is possible
to biorecover agricultural soil contaminated by a relatively high concentration of WMO
(Table 6) [12,22,26,27]. However, it was evident that biostimulation of this soil was affected
by WMO without bicaugmentation [29], followed by phytoremediation with only P vuigaris,
_-‘*.Ithcugh it reduced the concentration of WMO to a value of 3040 ppm, which was lower
than the value limit recognized by NOM-138 [4], the treatment does not fully render the use
of the agricultural soil for plant production because of the risk of absorption of the WMO
by agricultural crops [1,2,30]. In clear contrast to the biostimulation of the soil impacted by
WMO, followed by bioaugmentation with X. autotrophicus, which has the ability to degrade
aromatics from the WMO [14,16] to continue with the phytoremediation of the WMO with
P ouigaris, which was housed by X. autotrophicus [20,25], a decrease of 190 ppm in the
WMO was achieved [12,31], a concentration equivalent to that observed in soil devoid of
contamination by hydrocarbon mixtures that ensures agricultural production without risk
to the human or animal consumer [2,18,30]. The decrease in the concentration of WMO in
the agricultural soil when biostimulated, followed by bicaugmentation with X, autotrophicus
and then inoculation of P tulgaris in phytoremediation, resulted in a final concentration of
680 ppm of WMO [32]. These concentrations are still in the concentration range detected
in soil not contaminated with hydrocarbon mixtures; thus, agriculturai spil is safe for
agricultural production without the risk arising from consumption of produce [1]. Italso
indicates that the presence of an excess of X. autotrophicus in the soil, as in P. mulgaris, does
not improve its ability to remove WMO [12,33]. In the agricultural soil used as a negative
control, the WMO decrease was due to natural attenuation caused by soil microorganisms
able to mineralize WMO according to environmental conditions depending on time [9].

The remaining hydrocarbons detected in the chromatogram (Figure 2) indicate that
soil biostimulation and bicaugmentation accelerated the phytoremediation process of the
impacted soil to remov e most of the remaining WMO hydrocarbons by P oulgaris, indicating
that the use of P\ ouigaris in association with native microorganisms and the endophyte
X. autotrophicus removed not only aliphatic hydrocarbons but also many aromatics in the
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soil bicaugmentation, which maximized the removal of WMO and shortened the soil
recovery time.

4. Materials and Methods
4.1 Agricultural Soil Sample Collection and Preparation

Soil was collected from a mild weather site in the municipality of Salvador Escalante,
Mich, Mexico. Physicochemical analysis of the soil was performed according to the NOM-
021-SEMARNAT-2000 standard [34]. The soil was solarized at 70 *C/ 48 h to minimize the
problem of pests and diseases and sieved with No. 20 mesh.

4.2, Biostimulation and Biomigmentation of Soil Impacted by WMO with X. autotrophicus

A sextuplicate, randomized block experiment was conducted in Leconard jars with
1 kg of soil. The soil was contaminated with 60,000 ppm of the WMO trademark Mobil®
ExcconMobil, Irving, TX, USA from a mechanical workshop. The initial WMO concentration
was corroborated by Soxhlet analysis, which is widely used in the literature [27]. The first
step of biostimulation began with a 0.5% solution of detergents mixed with Tween” 80
and Triton™ X-100, both Sigma Aldrich® (Darmstadt, Germany ) and laboratory grade. The
solution of these detergents at low concentrations, such as (.5%, does not inhibit soil micro-
biota and promotes WMO hydrocarbon emulsification [35,536). Simultaneously, the soil was
biostimulated with 50%: MISO, where the nutrient amendment was made to achieve an
NP ratio of 10:1, which is the recommended ratio range to promote and enhance hydrocar-
bon mineralization [37] with the following compaosition (g/ L): NHyNOs 10, KzHPOy 2.5,
KH;POy4 2, Mg504 1, NaCl 0.1, CaCly 011, FeSOy traces, element solution 10, and pH 6.5-6.8.
The second step for soil polluted by WMO was bicaugmentation with X. autotrophicus
that was activated on agar without nitrate and sucrose with the following composition
(g/ Lk KoHPOy 1, MgSOy-H>0 0.5, KC1 0.5, FeS0y.7H:0, pH 7.2 [25], and incubated at
30 °C for 48 h. Xanthobacter autotrophicus was cbtained from Collection of Department of
Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Mas-
sachusetts 02138, Cambridge, MA, USA, which had previously been isolated from polluted
soil with hydrocarbons. The microbial cells of X. autotrophicus were suspended in detergent
saline solution (NaCl 0.85% and detergent 0.01%) at a McFarland standard level of (.5
containing approximately 1.5 = 10% colony-forming units (CFU)/mL of X. autotrophicus.
Then, the soil polluted by WMO was inoculated with 5 mL of X. autotrophicus/ kg of soil,
suspended in detergent saline solution for bicaugmentation according to the experimental
design for three months with: absolute control of uncontaminated soil with only irrigated
with water, a negative control of soil impacted by 60,000 ppm WMO, Treatment 1 (T1)
soil + WMO, biostimulated with 50% of MISO, Tween” 80, and 0.5% Triton® X-100; Treat-
ment 2 (T2) soil + WMO, biostimulated with 50% MISO, Tween® 80, and 0.5% Triton® X-100
and bioaugmented with X. autotrophicus (Figure 2). Measurement of the decrease in the
WMO hydrocarbon concentration in the soil after biostimulation and bicaugmentation was
performed as a total petroleum hydrocarbon decrease analysis using the Soxhlet extraction
method. Soxhlet extraction is a classical method for the extraction of thermally stable and
recalcitrant organic compounds from complex matrices [38-40]

4.3. Phntoremediation of Soil Impacted by WMO with P. vulgaris Enhanced with X, autot rophicus

Phytoremediation with P. tulgaris was enhanced with X. autotrophicus to obtain a
maximum decrease of WMO shill available after biostimulation and bicaugmentation in
a sextuplicate in a randomized block experiment. X. autotrophicus was grown on agar
without nitrate or sucrose [24]. Further, six uninoculated seeds of P pulgaris were sown
in each Leonard's jar containing 1 kg of soil with WMO that was biostimulated with 50%
MIS0O during phytoremediation (Figure 3), and 36 seeds of I E'uﬂgﬂrr’s were inoculated
with 5.0 mL of X. autotrophicus. Its concentration was adjusted to the McFarland standard
tube CFU 1 equivalent to 3 x 10° colony-forming units /mL. The experimental design for
two months was as follows: 2 vulgaris in absolute control of uncontaminated soil only
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Sail pollused by
waste moter oll
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irrigated with water; P tulgaris in relative control soil fed with 100% MISO; Treatment 1 (T1)
P vulgaris in soil + WMO, previously biostimulated with 50% MISO, Tween™ 80, and 0.5%
Triton™ X-100; Treatment 2 {T2) P mulgaris in soil + WMO, previously biostimulated with
50% MISO, Tween” &0, and 0.5% Triton® X-100 and bicaugmented with X. autotrophicus,
and (T3) P. mulgaris inoculated with X. autotrophicus + WMO, previously biostimulated with
50% MISO, Tween® 80, and 0.5% Triton® X-100 and bicaugmented with X. autotrophicus.
Germination percentage was measured at six days, and phenology and biomass were
measured at the seedling and physiological maturity stages as indicators. After two months
of phytoremediation, the final concentration of WMO was determined by total petroleum
hydrocarbon decrease analysis using the Soxhlet extraction method [27,35-40]. Finally
soil samples with WMO were analyzed using an Agilent Technologies 7890A series gas
chromatograph coupled to 5975C inert mass spectrometer (Conquer Scientific, Poway, CA,
USA); 1.0 uL of the sample was injected in splitless mode, helium (99.995% purity) was
used as the carrier gas in a Zebron-5MS capillary column with 30.0 m length, 0.25 mm
internal diameter, and 0.25 mm film thickness. The injector temperature was 250 “C, and
the initial oven temperature was 50 "C. The temperature detector was 280 “C with an
equilibrium time of 3 min and a maximum temperature of 320 "C [£1].

tho ¥ Biorecovered
] 1! ! I Phersalen valgarh anbanced l wall
Detergent Mineral Kavipchccerr i M Babtar inaiad
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f

(a) (b}

Figure 3. Bioremediation of soil impacted by waste motor oil, (a) bicstimulation: induces min-
eralization of WMO by soil microorganisms,/ bicaugmentation: increase WMO mineralization,
{b) phytoremediation: end of the elimination of remaining WMO,

4.4, Statstical Analysis

The statistical estimation was carried out using Statgraphics Centurion XVLII software,
ANOVA was done with six replications for each combination of the nominal variables.
In the case of statistically significant data (p < 0.05) a post hoc Tukey honest significant
difference (H5D) was used [42,43].

5. Conclusions

Bioremediation of agricultural soils impacted by WMO, through biostimulation with
MISO, detergent solution, and bicaugmentation with X. autotrophicus, accelerated the re-
duction of WMO concentration, which allowed phytoremediation with P. vulgaris enabling
oxidation of aromatic hydrocarbons. This makes it an effective soil remediation strategy that
ensures the reduction of WMO to a concentration similar to that detected in non-contaminated
soils, allowing sustainable and safe agricultural production for humans and animal use in
addition to showing rapid results compared to other bioremediation strategies.
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ABSTRACT: In scil contaminated by waste
motor oil. It's possible to isolate genera
and species of bacteria with the capacity to
synthesize biodetergents and lipolytic activity
to emulsify and hydrolyze WMO. Of interesting
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potential value for use in the bioremediation of
environments impacted by hydrocarbons. The
objectives of this work were: The objectives
of this work were: 1) to analyze that WMO and
lubricating oil are inducers of biodetergent
synthesis and lipolytic activity 2) to optimize
the synthesis of crude biodetergents and
lipolytic activity in these genera and bacterial
species 3) to partially characterize the
type of biodetergent synthesized by this
bacterial group. In this sense, Achromobacter
denitrificans, Bacillus horneckiae, B. safensis,
B. subtilis and Gordonia amicalis isolated
from soil impacted by WMO were inoculated
in a mineral medium with lubricating oil and
WMQO as a carbon source, cultivated at
30°C and 200 rpm for 144 h compared to
Xanthobacter autotrophicus. To detect and
partially characterize anionic biodetergents
and lipolytic activity, in a mineral medium with
WMOQO. The optimization of the synthesis of
biodetergents and lipolytic activity were used
two sources of inorganic nitrogen NH,NO,, and
NaNQ, under agitation. For which, every 48 h
/ 6 days, the anionic glycolipid biodetergents,
their emulsification capacity, lipolytic activity
and quantification of WMO consumption
as an inducer of biodetergents and lipolytic
activity were detected in the crude extracts, all
experimental data were analyzed by ANOVA
Tukey. The results showed that A. denitrificans
reached the highest lipolytic activity of 280.3
U/mL in mineral medium with WMOQO and 210.07
3 U/mL in mineral medium with lubricating oil.
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Compared with X. autotrophicus, that reached 275.53 U/mL induced by WMO and 165.6
U/mL induced by lubricating cil. G. amicalis reached the maximum production of anionic
biodetergent with 113 mlA00 ml of mineral medium and WMO. The WMO was the best
inducer for the optimization of biodetergent synthesis and lipolytic activity, thus in A.
denitrificans with NaNO,, at pH 7 and 250 rpm reached 0.3147 mg of crude biodetergents/
mL, and 0.654 mL of anionics/100 mL of mineral medium compared to X. autotrophicus
that induced by WMO, NaNO3, pH 6.5 and 250 rpm registered the highest concentration
of crude biodetergent with 0.352 mg/mL, 0.7156 mL of anionic biodetergent/100 mL of
mineral medium at 144 h of incubation. A. denitrificans induced WMO with NaNO,, pH
6.5 and 250 rpm reached 94.23 U/ml. 19763 U/mL of lipolytic activity compared to X
autotrophicus with and 4516 U/mL of lipolytic activity. The highest emulsification rate of
100% was registered in the crude biodetergents of A. denitrificans with NaNO,, at pH 6 and
250 rpm. Qualitatively, the glycolipids were the most synthesized for those genera. The
WMO with NH,NO, pH 6, 250 rpm, was the greatest inducer of biodetergents synthesis
and lipolytic activity by A. denitrificans. This research showed the potential capacity of
genera and species isolated from soil impacted by WMO to synthesize biodetergents
and induction of lipolytic activity for an efficient application in the bioremediation of soil
impacted by hydrocarbon mixtures.

KEYWORDS: Soil. Heterotrophic aerobic bacteria. Emulsification. Hydrolytic enzimes.
Hydrocarbons metabolism.

1INTRODUCTION

Biology explains that heterotrophic cells require biodetergents to emulsify
nonpolar compounds like waste motor oil and then lipases to hydrolyze them for use
as a carbon and energy source. Hydrocarbon mixtures are one of the main agricultural
soil contaminants, such as used motor oil (WMO), that can select genera and bacterial
heterotrophic species capable of emulsifying and hydrolyzing WMO. Consequently,
genera and heterotrophic species of bacteria such as Achromobacter denitrificans,
Bacillus horneckiae, B. safensis, B. subtilis, G. amicalis isolated from soil impacted by WMO
have the potential ability to synthesize biodetergents to emulsify and lipase activity to
hydrolyze WMO, as essential mechanisms to mineralize it (Rabbani et al., 2013; Karlapudi
et al., 2018: Soumeya et al., 2022).. This implies that the synthesis of biodetergents and
lipolytic activity could be artificially induced with lubricating oil or with WMO (Alam et
al., 2018). The objectives of this work were: 1) to analyze that WMO and lubricating oil
are inducers of biodetergent synthesis and lipolytic activity 2) to optimize the synthesis
of crude biodetergents and lipolytic activity in these genera and bacterial species 3) to

partially characterize the type of biodetergent synthesized by this bacterial group.
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2 MATERIALS AND METHODS

21 ANALYSIS OF SYNTHESIS OF BIODETERGENTS AND ACTIVITY LIPOLYTIC IN
GENERA AND SPECIES ISOLATED FROM SOIL IMPACTED BY WMO

Genera and species of bacteria classified as: Achromobacter sp, B. horneckiae,
B. safensis, B. subtilis, G. amicalis, were growth in 5 ml of mineral medium with WMO
and lubricating oil at 1% v/v as sole carbon and energy sources for the synthesis of
biodetergents and lipolytic activity compared to X. autotrophicus isolated from agricultural
soil no polluted by WMO. The WMO was obtained from a mechanical workshop in the city
of Morelia, Michoacan, Mexico, while the lubricating oil was Mabil Super 15w40 Multigrade
Tre-pro 946 MI. All strain were activated on the following chemical composition (g/L): WMO
or lubricating oil 10.0 5 g/L of NH,NO, or NaNO_; 1 g/L of K,HPO,, KH,PO,, MgSO,, NaCl,
0.5 g/L of FeSO, and CuS0, Bacterial cultures were incubated at 30 °C for 48 h at 250
rpm, then 1 ml aliquots were taken and filtered on 0.22-micron membranes to obtain the
cell-free supernatant in that the crude secreted enzymes were found. Crude extracellular
lipases were quantified spectrophotometrically, using p-nitrophenyl palmitate (p-NPP)
(Sigma-Aldrich) as substrate according to Li et al, 2013. In this method, the hydrolysis of
p-NPP to release p-nitrophenol (p-NP) was measured. Thirty mg of p-NPP was dissolved
in 10 ml of isopropanol and 90 ml of 100 mM Tris-HCI at pH 8.0. From this mixture 150 pL
was taken and the reaction was initiated by adding 100 pL of the cell-free filtrate grown
in mineral medium with WMO and lubricating oil at 1% v/v. After 1 h incubation at 37°C,
absorbance was measured at 405 nm in a spectrophotometer against a control containing
the same components except the cell-free filtrate. One unit of enzyme activity was defined
as the amount of enzyme releasing 1 pmol of p-nitrophenol per minute under the assay
conditions (Pedroza-Padilla et al., 2017). While anionic biodetergents were measured by

the spectrophotometric method with methylene blue (Selberg et al,, 2007).

2.2 OPTIMIZATION OF THE SYNTHESIS OF BIODETERGENTS AND LIPOLYTIC
ACTIVITY BY A. DENITRIFICANS COMPARED TO XANTHOBACTER AUTOTROPHICUS

To test the enhanced synthesis of biodetergents, an experiment was performed
in 250 ml flasks in triplicate with mineral medium, previously, WMO was selected as the
best source of carbon and energy and inducer of bicdetergents and lipases activity. As
a source of nitrogen, 5 g/L of NH,NO, or NaNO,, of yeast extract as a growth factor
that was kept for all treatments, as well as 1 g/L of K,HPO,, KH,PO,, MgSO,, NaCl, 0.5
g/L of FeSQ, and CuS0,. Then the mineral mediums were inoculated with 10 ml of A.
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denitrificans to compare with X. autotrophicus in detergent saline solution individually
with an inoculum density according to McFarland's number 4. The incubation temperature
was 30°C, the pH used were: 6.5 and 7, in agitation at 200 and 250 rpm. To analyze the
maximum concentration of biodetergents, samples were taken at 48, 94 and 144 h in
plastic Falcon-type tubes with lids. Then, the possible biodetergents and lipases were
extracted by centrifugation of the mineral medium at 8000 rpm for 15 minutes at 4 ° C.
From the extracted supernatants, 3 ml were taken to perform the quantification of lipolytic
activity by spectrophotometry, described by Li et al, 2013, as well as the measurement
of anionic biodetergents by the spectrophotometric method by Selberg et al, 2007.
The remaining supernatants were acidified to pH 2 with 6 M HCI and kept overnight for
precipitation of biodetergents (Bharali et al,, 2011). Final extraction of the biodetergents
was performed with 2: 1 (v/v) organic solvents of chloroform and methanol according to
Satpute et al,, 2010. The solvents were evaporated at room temperature and the resulting
residue was the crude biodetergents. The weight or dry weigh of the biodetergents was
obtained in mg/ml (Khan et al, 2017).

2.3 EMULSIFICATION INDEX

The emulsification index (E24) of the crude biodetergents extracted at 144 h was
determined by the method of Alvarez et al., 2015 modified, the cell-free supernatant was
added in WMO with a ratio of 3:2 (crude biodetergents: WMO). The mixture was gently
agitated and the height in cm of the emulsion layer and the total solution height after 24 h

were calculated. The emulsion index was calculated using the equation:

Emulsified height
Emulsification index (E24) = muelsifled helg X100

Total solution height

24 DETECTION OF GLYCOLIPID BIODETERGENTS

To 1 ml of cell-free supernatant, 1 ml of 5% (w/v) phenol was added. To this
mixture, 2-5 ml of concentrated sulfuric acid was added dropwise until the characteristic
color developed. The development of orange color indicated the presence of glycolipids
according to Ellaiah et al., 2002,

2.5 BIURET TEST FOR DETECTION OF LIPOPEPTIDES AND GLYCOLIPIDS

The Biuret gualitative test was used to detect the presence of biodetergents

lipopeptides and glycolipids. 2 ml of biosurfactant crude extract solution were first heated
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to 70 °C before mixing with 2 ml of 1IM NaOH solution. Then, a drop of two milliliters of

1% CuS04 was slowly added to observe any color change; green color for glycolipid and
violet color for lipopeptide (Kadhum & Haydar, 2020).

2.6 STATISTICAL ANALYSIS

The experimental data were analyzed by ANOVA Tukey HSD at 0.05 % with the
program Statgraphics Centurion XVLII (Walpole et al., 2007).

3 RESULTS AND DISCUSSION

31 ANALYSIS OF THE SYNTHESIS OF BIODETERGENTS AND LIPASES ACTIVITY
IN BACTERIAL GENERA AND SPECIES ISOLATED FROM SOIL IMPACTED BY WMO

Table 1 shows the potential capacity of biodetergents and lipases activity
synthesis induced by WMO and lubricating oil. All five genera and species of bacteria
synthesized biodetergents of anionic nature. B. safensis registered the highest value of 118
ml of anionic biodetergents/100 ml of medium, compared to X autotrophicus registered
0.62 ml of anionic biodetergents/100 ml of medium and A. denitrificans with 0.65 ml of
anionic biodetergents/100 ml of medium. These results show that X. autotrophicus
synthesizes biodetergents of anionic nature compared to G. amicalis and A. denitrificans
that synthesize biodetergents of the glycolipid type which are anionic kind that could be
rhamnolipids or sophorolipids, composed of a hydrophobic part of lipids and a hydrophilic
part composed of carbohydrates (Fenibo et al, 2019; Joy et al, 2019; Zargar et al,
2022). While in the case of B. subtilis it is suggested that it synthesized Surfactin type
biodetergent that is an anionic cyclic lipopeptide composed of an amino acid chain linked
to a fatty acid chain (Moutinho et al,, 2021), that has been reported as one of the most
common biodetergents synthesized by this genus and species of bacteria (Zhao et al,
2020). In the case of lipolytic activity A. denitrificans reached the highest activity of 280.3
U/mL induced by WMO and 210.07 3 U/mL in mineral medium induced by lubricating oil,
while G. amicalis registered lipolytic activity of 205.2 U/mL induced by WMO, and 195.6
U/mL with lubricating oil. Compared to, X. autotrophicus that registered a lipolytic activity
of 275.53 U/mL in mineral medium induced by WMO and 165.7 U/mL in mineral medium
induced by lubricating oil, numerical values statistically different from the uninoculated
mineral medium where no lipolytic activity was registered.

The results show that these genera and species of bacteria synthesized a greater
diversity of biodetergents and specific lipolytic activity in demand for the emulsification

and hydrolysis of the wide diversity of WMOQ hydrocarbons such as aliphatic and aromatic
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hydrocarbons from 15 to 50 carbons of WMO, as well as 34 to 90 times more aromatic
hydrocarbons than lubricating oil (Dominguez Rosado and Pichtel, 2003), that had
registered an average hydrocarbon composition of 7 to 26 aliphatic and aromatic carbons
(Yao et al. , 2020). These results confirm that A. denitrificans, B. horneckiae, B. safensis,
B. subtilis, G. amicalis compared to X. autotrophicus, could synthesize biodetergents and
lipases activity induced by WMO including an adequate temperature and oxygenation level.
The results showed that these genera and species could have a potential to synthesis and
application of crude extracts of biodetergents and lipases for environmental impacted by
hydrocarbons mixtures to emulsify and hydrolyze them (Noro et al, 2020). In that sense
extract crude of biodetergents and lipases as part of the strategies for soil bioremediation
polluted by WMO. They are a promising action to salve this type of problem of environmental
contamination caused by mixtures of hydrocarbons (Jacob et al,, 2022).

Table 1. Concentration of biodetergents and lipolytic activity from Achromobacter denitrificans, Bacillus horneckiae,

B. safensis, B. subfilis, Gordonia amicalis compared to Xanthobacter autotrophicus induced by lubricating oil and
waste motor oil.

Bacteria Mineral medium with lubricating oil  Mineral medium with waste motor oil
Concentration Lipolytic Concentration of Lipohytic
of anionic activity (U/ml)  anionic biodetergent  activity (U/ml)
bicdetergent {(mLA00 mi of
(mLACO ml of medium)
medium)
Control o 0° 0? 0e
A. denitrificans 0550 210.07¢ 0.62v 280.3=
B. horneckiae 0.397 1241 04249 190.4¢
B. safensis 0.44°¢ 223.5° 1.18#8 25547
B. subtilis 0419 179.24 0.45¢ 2433
G. amicalis 141= 195.6¢ 1432 20520
X. autotrophicus 055" 165.7® 0.65" 275.53"

*Different letters are statistically different according to ANOVA-Tukey H5D at 0.05 %.

Table 2 shows the selection of the best results of the optimization of the synthesis
of biodetergents and specific lipolytic activity of A. denitrificans at 48 h in mineral
medium induced by WMO, with NaNC,, pH 6.5 and 250 rpm reached 0.227 mg of crude
biodetergents /mL, 0.436 mL of anionic biodetergents /100 mL of mineral medium and
194.23 U/mL of lipolytic activity. Those numerical values were statistically different
compared to A. denitrificans using NH,NO, at pH 7 at 200 rpm, that reached 0.018 mg
crude biodetergents /mL, 1.044 mL anionic biodetergents /100 mL mineral medium and
132.44 U/mL lipolytic activity.

Table 3 shows the optimization of synthesis of biodetergents and lipases activity

of A. denitrificans at 96 h in mineral medium induced by WMO, using NaNO., pH 65
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and 250 rpm that reached 0.2804 mg of crude biodetergents /mL, 0.610 mL of anionic
biodetergents /100 mL of mineral medium and 127.03 U/mL of lipolytic activity. Those
numerical values were statistically different compared to those of A. denitrificans with
NaNO,, pH 7 at 200 rpm, that registered 0.2624 mg of crude biodetergents /mL, 0.5174 mL
of anionic biodetergents /100 mL of mineral medium and 48.415 U/mL of lipolytic activity.

Table 4, shows the optimization of synthesis of biodetergents and lipases activity
of A.denitrificans at 144 h in mineral medium WMO, using NaNO,, pH 7 and 250 rpm
registered 0.3147 mg of crude biodetergents /mL, 0.6548 mL of anionic biodetergents
J100 mL of medium and 45. 165 U/mL of lipolytic activity, these numerical values had
not statistical difference compared to NH,NO,, pH 7 and 250 rpm, when A. denitrificans
reached 0.2977 mg of crude biodetergents /mL, 0.8425 mL of anionic biodetergents
/100 mL of mineral medium and 42695 U/mL of lipolytic activity. The results were
similar when hydrocarbon mixtures were used as carbon source for the synthesis of
biodetergents (Wang et al, 2014; Jimoh & Lin, 2018). While for inducing lipases activity
vegetable oils were very usefully such as olive oil it has been reported by Llesanmi et
al., 2020. The synthesis of biodetergents by A. denitrificans had maximum at 144 h, in
opposite way that reported in other research with Paenibacillus sp D9 that registered the
highest synthesis after 72h of incubation (Jimoh & Lin, 2018). In that sense the highest
lipases activity was detected at 48 h, then decreased, other reports also point out the
maximum lipase activity in the first 12 h until 48h. These data suggest that after this time
lipases activity decreases due to nutrient consumption of hydrocarbaons. In the case of
inorganic and organic of compounds of nitrogen source, are necessary for cell growth as
well as biodetergent synthesis (Chakraborty et al., 2015). In this work inorganic source of
nitrogen as well as NaNO, was better one for the synthesis of biodetergents and lipases
activity than NH,NQ,, as other research reported indicated that NaNQ, is one of the best
inorganic compounds for the synthesis of biodetergents (Onwosi & Odibo, 2012; Amin et
al, 2021). While of pH, the highest lipolytic activity was detected in a pH narrow range of
6.5-7, that coincides with other studies that neutral pH 7 could be optimal for synthesis
of biodetergents and lipases activity, compared to alkaline or acidic pH values, that
cause drastic decrease in synthesis of biodetergents and lipases activity (Jimoh & Lin,
2018; Llesanmi et al, 2020). Finally, agitation of 250 rpm affecting O, distribution inside
of mineral medium due that biodetergents and lipases depends on aerobic metabolism,
compared to lower levels of agitation values, that reduces the concentration of oxygen
which inhibits the synthesis of biodetergents and lipases activity (A'yuni et al, 2021;
Zambry et al., 2021).
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Table 2. Optimization of the synthesis of biodetergents and lipolytic activity from Achromobacter denifrificans, at

30°*Cat 48 h.
Run Source pH Agitation 48 h
in_organic (rpm)
nitrogen Biodetergent  Anionic biodetergent  Lipolytic
weight(mg/mil) (ml/100 ml of activity
medium) (U/mi)

1 NH,NO, 7 200 0.0187g" 1.0441a 132.446e
2 NaNO, T 200 04336e 0.5882b 1161961
4 NaNOQ, 6.5 200 0.2054b 0.4558e 160.346¢c
g NH,NO, 6.5 0 0.003%h 0.5617c 153.781d
11 NH,NOC, 6 0 0i668d 0.58b 53.65036g
15 NH, NO,_ B8.5 250 0125f 05219d 178.263b
16 MaNO, 8.5 250 0.2277a 0.436f 194.236a
18 NaNO, 6 250 04802c 0.5126d 155.356d

*Different letters are statistically different according to ANOVA-Tukey HSD at 0.05 9%.

Table 3. Optimization of biodetergent synthesis and lipolytic activity from Achromobacter denitrificans, in mineral
medium and waste motor cil at 30°C at 96 h.

Inorganic pH Agitation 96 h
source of (rpm)
Run mixagen Biodetergent Anionic biodetergent Lipolytic
weight({mg/ml) {mi/A00 mi of activity
medium) (U/ml)
2 NaNO, 7 200 0.2624a" 0.5174c 48415
4 NaNO, 6.5 200 0.2682a 0.4776d 42867T1g
13 NH,NO, 7 250 02022c 0.5705b 165.762a
14 MaNO, T 250 0.2685a 0.6369a 15591b
15 NH NO, 8.5 250 0.2475b 0.6192a 74.65d
16 MNaNO, 8.5 250 0.2804a 0.6104a 127.03c
17 NH,NO, 6 250 0.2287b 0579b 73.854d
18 NaNO, 5] 250 0.2354b 0.5201c 68.612e

*Different letters are statistically different according to ANOVA-Tukey HSD at 0.05 %.

Table 4. Optimization of biodetergent synthesis and lipolytic activity from Achromobacter denifrificans, in mineral
medium waste motor oil at 30°C at 144 h

Run Inorganic pH Agitation 144 h
source of {rpm)
nitrogen Biodetergent  Anionic biodetergent Lipolytic
weight(mg/ml) (mL/A00 ml of activity
medium) (U/ml)
1 NH,NO, T 200 0.2826a" 0.4865¢ 76.644b
2 NaNQC, 7 200 0.2855a 04776d 5446d
4 MNahNQ, 65 200 0.2742b 0.4953c 65.812¢
5] NaNO, 6 200 0.2122¢ 0.497c 110.522a
13 NH,NO, T 250 0.2977a 0.8425a 42695g
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Run Inorganic pH Agitation 144 h

ﬁtl':.r:gee?: epim) Biodetergent  Anionic biodetergent Lipolytic
weight(mg,/ml) (mL/400 ml of activity

medium) {Ufml)

14 NaNO, 7 250 0.3147a 06548b 45165f
16 NaNO, 85 250 0.2998a 0.6538b A6.285f
17 NH,NO. 5 250 0.2714b 06712b 51.256e

*Different letters are stafistically different according to ANOVA- Tukey HSD at 0.05 %.

Table 5 shows the selection of the best results of the optimization of synthesis
ot biodetergents and lipolytic activity of X. autofrophicus at 48 h in mineral medium
using WMO, NH,NO_, pH 6 and 250 rpm reached 01452 mg of crude biodetergents /
mL, 0.7869 mL of anionic biodetergents /100 mL of mineral medium and 174.233 U/
mL of lipolytic activity. These numerical values had statistically different from those of
X. autotrophicus growing in NH,NO,, pH 6 at 200 rpm, that reached 0.0923 mg crude
biodetergents /mL, 04466 mL anionic biodetergents /100 mL mineral medium and
154.43 U/mL of lipolytic activity.

Table 6 shows the optimization of synthesis of biodetergents and lipolytic activity
of X autotrophicus at 96 h in mineral medium with WMO, using NaNO_, pH 6.5 and 250
rpm reached 0.2755 mg of crude biodetergents /mL, 0.8945 mL of anionic biodetergents
/100 mL of mineral medium and 115.699 U/mL of lipolytic activity. Those numerical values
were statistically different compared to X. autotrophicus grown in NaNO,, pH 7 at 200
rpm, that reached 0.2351 mg crude biodetergents /mL, 0.7269 mL anionic biodetergents
/100 mL of mineral medium and 82.489 U/mL lipolytic activity.

Table 7, shows the optimization of synthesis of biodetergents and lipases activity
of X. autotrophicus at 144 h in mineral medium plus WMO, with NH,NO_, pH 6 and 250
rpm reached 0.2986 mg of biodetergents /ml, 0.7569 mL of anionic bicdetergents /00
ml of mineral medium and 245. 742 U/mL of lipolytic activity, these numerical values had
statistical difference when grown in NH,NO,, pH 7 and 250 rpm, there X. autotrophicus
reached 0.3466 mg of bicdetergents /ml, 0.6426 ml of anionic biodetergents /100 ml of
mineral medium and 108.544 U/mL of lipolytic activity. The synthesis of biodetergents and
lipolytic activity by X autotrophicus reached the maximum at 144 h. These values were
similar to those reported by Khademolhosseini et al,, 2019, when Pseudomonas asruginosa
release highest biodetergent synthesis at 144 h of growth. In the case NaNO, induced the
maximum synthesis of biodetergents and lipolytic activity, same as well as other studies
reported that NaNQ, is the best inorganic source of nitrogen to increase biodetergents
and lipolytic activity (Cheirsilp et al, 2021; Krishna & Chandran, 2022). While the effect
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of pH on the highest lipolytic activity was detected in at pH range between 6-6.5, similar
data to those reported by Nema et al, 2019, when Aspergillus niger reached the highest
lipolytic activity at pH 6. In biodetergent synthesis most research point to pH 7 as the
optimum (Kumar et al, 2021). While in terms of agitation at 250 rpm A. denitrificans, X.
autotrophicus reached the highest synthesis of biodetergents, that with higher agitation
there is greater oxygenation, that allows aercbic synthesis of biodetergents and lipolytic
activity (Adetuniji et al,, 2021; Li et al, 2022).

Table 5. Optimization of biodetergent synthesis and Ipolytic activity from Xanthobacter avtotrophicus in mineral
medium and waste motor cil at 30°C at 48 h.

Run Inorganic pH Agitation 42 h
source of (rpm)
nitrogen Biodetergent Anionic Lipolytic

weight(mg/mi) biodetergent activity
(m1/100 ml of {U/ml)

medium})
5 NH,NO, B 200 0.0923b" 0.4466d 154.43b
13 NH,NO, T 250 0.08562¢ 0.6348c 69.485e
14 NaMNQ, 7 250 01422a 0.7458b 68.478e
15 NH,NO, 6.5 250 0.1365a 0.7855b 78.463d
16 NaNQ, 6.5 250 0.0952b 0.8756a 88478c
17 NH,NO, B 250 04452a 0786580 174.233a
18 NaNO, B 250 0.0753d 06421c 66.662f

*Different letters are statistically different according to ANOVA-Tukey HSD at 0.05 %.

Table &. Optimization of the synthesis of biodetergents and lipolytic activity from Xanthobacter autotrophicus in
waste motor oil at 30°C at 96h.

Run Inorganic pH Agitation 96 h
source of (rpm)
nitrogen Biodetergent Anionic Lipolytic

weight(mag/ml) biodetergent activity
(ml/A00 ml of (U/ml)

medium)

NaNO, 6.5 200 0.2156c* 0.4555e 101.755e
5 NH,NO, 6 200 0.2016d 0.4326e 164.361b
13 NH,NO, 7 250 0.2485b 0.7129¢c 84157g
14 NaNQ, T 250 0.2351b 0.726%9¢ 82.489g
15 NH,NO, 6.5 250 0.2214c 0.7556b 108.236d
16 NaNO, 8.5 250 0.2755a 0.8945a 15.689¢
17 NH,NO, 6 250 0.2662a 0.7645b 201.455a
18 NaNO, 6 250 0.2365b 0.6148d 89 2661

*Differant letters are statistically different according to ANOVA Tukey HSD at 0.05 %.
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Table 7. Optimization of biodetergent synthesis and lipolytic activity from Xanthobacter autotrophicus in mineral
medium and waste motor oil at 30°C at 144 h.

Run Inorganic pH Agitation 144 h
source of (rpm)
nitrogen Biodetergent Anionic Lipolytic

weight(mg/ml) biodetergent activity (U/ml)
(mLA0O mi of

medium)
1 NH,NO, 7 200 0.3165¢" 0.5086e 94.369g
NaNO, 65 200 0.3563a 0.377g £89.938h
5 NH,NO, 5] 200 0.3248¢c 04261 178.452d
13 NH,NO, 7 250 0.3466b 0.6426d 108.544f
14 NaNO, 7 250 0.3356b 0.6849c 145.336e
15 NH,NO, 65 250 0.2799d 06452d 186.266¢
16 NaNO, 65 250 0.3526a 0.7156b 197.636b
17 NH,NO, 5] 250 0.2986d 0.75609a 245.742a

*Difterent letters are statistically different according to ANOVA Tukey HSD at 0.05 %.

Table 8 shows the best results of the emulsification index of the crude
biodetergents of A. denitrificans, in mineral medium and waste motor oil at 30°C at 144 h.
There, A. denitrificans grown with NaNO,, at pH 6 and 250 rpm, the crude biodetergents
reached 100% emulsification of WMO. Numerical per cent values were statistically
different compared to crude biodetergents of A. denitrificans using NH,NO, at pH 6 and
250 rpm reached 95% emulsification of WMO. These numerical values were statistically
different compared to those detected of the control tube of water and WMO, registered
0% emulsification of WMO.

Table 9 shows the best results of the emulsification index of the crude
biodetergents of X. autotrophicus, using NaNO, as inorganic source of nitrogen, pH
6 and 7, 200 rpm, as well as with NaNO, pH 7 and 250 rpm, the crude biodetergents
registered 100% emulsification of WMO. These values were statistically higher than the
WMO water control tube, with 0% WMO emulsification. These results support the results
of the optimization of the synthesis of crude biodetergents due to high speed of agitation,
maximum production and therefore the best rate of WMO emulsification.

Table 8. Emulsification index of Achromobacter denitrificans biodetergents in mineral medium and waste motor oil
at30°C at 144 h,

Run Source of inorganic pH Agitation Emulsification index
nitrogen {rpm) (%)
Control {(water) - - - 0d*
3 NH,NO, 6.5 200 9ic
4 MNaNO, 6.5 200 9ic
-] NaNO,, & 200 90c
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Run Source of inorganic pH Agitation Emulsification index

nitrogen (rpm) (%)
13 NH ANOG  ; 250 95b
14 NaNO, 7 250 90c
17 NH,NO, 6 250 95b
18 NaNO, 6 250 100a

*Different letters are statistically different according to ANOVA-Tukey HSD at 0.05.

Table 9. Emulsification index of Xanthobacter autotrophicus biodetergents in mineral medium and waste motor oil

at30°C at 144 h.
Run+ Inorgapic source of pH Emulsification index (%)
nitrogen
Control (water) - - Oc*
2 NaNO, 7 100a
6 NaNO, 6 100a
13 NH,NO, 7 95b
14 NaNO, 7 100a
15 NH,NO, 6.5 98a
17 NH,NO, 6 95b
18 NaNO 6 95b

3
+= agitation 250 rpm *Different letters are statistically different according to ANOVA Tukey HSD at 0.05 %.

Figure 3. Detection of glycolipid biodetergents from A. denitrificans, in mineral medium and waste motor oil at 30°C

ati44 h. ' '

A: Control (Water + WMO), B: biodetergents with NH,NO, pH €, 250 rpm+ WMQO, C: biodetergents with NaNO, pH
8, 250 rpm + WMO.
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Figure 5. Biuret test for detection of glycolipids and lipopetides of X. autotrophicus, in mineral medium plus waste
motor oil at 30°C at 144 h.

A: water + WMO, B: biodetergents with NaNO, pH 6.5, 200 rpm + WMO, C: biodetergents with NaNO, pH €, 250
rpm + WMO.

Figure 3 shows the detection of glycolipid-type biodetergents of A. denitrificans,
in mineral medium plus WMO at 30°C at 144 h, in all the runs of the mineral medium plus
WMO A. denitrificans releasing glycolipids due to the dark orange coloration, in the mineral
medium with WMO (B) Achromobacter grown with NH,NO_, pH 6, 250 rpm, and in the
mineral medium with WMO (C) A. denitrificans grown on NaNO,, pH 6, 250 rpm, compared
with the control tube (A it was not detected. In Figure 4, the detection of glycolipids was
also evident that in mineral medium with WMO (B) X. autotrophicus grown in NaNO,, pH
6.5, 200 rpm, and in mineral medium with WMO (C) X. autotrophicus grown with NaNO,,
pH 6, 200 rpm, compared to control or water, there the presence of glycolipids was
not detected. These results indicated that X. autotrophicus synthesizes biodetergents
of glycolipid, induced by WMO. Also A. denitrificans synthesize biodetergents of the
glycolipid type that are anionic composed of a hydrophobic lipid part and a hydrophilic
part composed of a carbohydrate (Fenibo et al., 2019; Joy et al., 2019; Zargar et al., 2022).

Figure 5. Biuret test for detection of glycolipids and lipopetides by X. autofrophicus, in mineral medium and waste
motor ojl at 30°C at 144 h.

A: biodetergents on NaNO, pH 6, 250 rpm + WMO. B: biodetergents on NH,NO, pH 8, 250 rpm + WMO. C: Control
(water + WMO).
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A. denitrificans in mineral medium with WMO, at 30°C at 144 h, released glycolipids
due the green coloration, except in the mineral induced by WMO (A) A. denitrificans using
NaNQ,, pH 6, at 250 rpm the light blue coloration was light blue, compared to WMO
mineral medium (B) A. denitrificans using NH,NO,, pH 6, at 250 rpm green coloration
was detected. In that sense Kadhum & Haydar in 2020, isolated 8 bacterial genera that
were positive for the synthesis of glycolipid biodetergents by Biuret assay. These results
support the ahility of these bacteria to synthesize glycolipid-type biodetergents induced
by WMO. The consumption of WMO in ml, after the synthesis of biodetergents and
lipolytic activity of Achromobacter sp, in mineral medium induced by WMO, at 30°C after
144 h. The highest WMO consumption was registered in mineral medium with NH,NO,
pH 6, 250 rpm, A. denitrificans was able to consume 7. 35 ml of WMO out of the initial
10 ml, this support that these conditions inducing to synthesize the maximum amount of
biodetergents and lipolytic activity to mineralize of WMO, which numerical values were
statistically different compared to the consumption of 0.55 ml of WMO out of the initial 10
ml, in mineral medium with WMO, using NaNO, pH 6.5, at 250 rpm.

4 CONCLUSIONS

This research demonstrated the potential ability of genera and species isolated
from soil polluted by WMO, to synthesize biodetergents and lipolytic activity induced by

WMO for its mineralization.
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xiii. CAPITULO VI. Comparacion de detergentes, sus aditivos, extractos crudos
de biodetergentes y lipasas plus solucion mineral en la biorremediacion de
suelo impactado por hidrocarburos.
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ABSTRACT

This chapter highlight {a) to analyze biostimulation of soil impacted by WMO with
Eficaz®, Salvo® and Savia Gel@ plus mineral solution; (b) to study in soil
impacted by WMO biostimulation with polyethylene glycol, sodium
tripotyphosphate plus mineral solution (c) to improve in soil impacted by WMO
biostimulation with Tween 80, Triton X-100, with crude extracts of bicdetergents
and lipases, plus a2 mineral solution to reduce the WKO fo a value below the
maximum of 4,400 ppm of NOM-128 SEMANART/SSA1-2012 (NOM-138) o
regard as bioremediated. In biostimulation of agricultural soil impacted by 60,000
ppm of waste motor oil {(WMO), it is neither completely solubilized with a
detergent nor removed as expected with 2 mineral soluion. Faor this reason, in
the biostimulation of soil impacted by WMO, pure detergents are applied: Tween-
80 and Trition-X 100 or commercial detergents: Eficaz®, Salvo® and Savia
Gel®, ignoring the effect of their addiives: polyethylens gfyool or sodium
tripolyphosphate, in the emulsification of WMO emulsification. Nor if the
application of combining crude exiracts of biodetergents and lipases plus a
mineral solution is more effective in the bioremediation of that s0il. In this sense,
the production of CO: by WMO oxidation and its concentration by Soxhlet were
measured. The expermental data were validated by Tukey HSD ANCVA. The
results showed that the soil impacted with 60,000 ppm of WMO biostimulated
with Salvo®, Eficaz® plus mineral solution, had maximum CO; production on day
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45 with 10.42 mg CO2/100 g and WMO decreased from 50,000 ppm to 21,700
ppm. In soil impacied by WMO biostimulated with sodium fripolyphosphate and
mineral solution, in 40 days it reached 9.2 mg C0,/100 g of 30il. In soil impacted
by WMO biostimulated with Tween 80, Triton X-100, crude exiracts of
bicdetergent and lipases plus mineral solution, the maximum CO,; production
was reached and the highest of WMO decrease from 60,000 ppm 1o 1,600 ppm.
In soil impacted by WMO biostimulated by crude exiracts of biodetergents and
lipases plus mineral solution, not biostimulated by Tween 80 or Triton X-100,
WMO decreased from 60,000 to 2,000 ppm. This result shows in biostimulation
of 2oil polluted by WMO applying crude extracts of biodetergents and lipases are
better than the use of commercial with its additives and pure detergenis plus
mineral soluficn in the remowval of WMQ for soil bioremediation according o
NOM-138.

Keywords: Soil, hydrocarbon mixture; biostimuwlation, surfactanis, nufrifional
bafance, bioremediation.

1. INTRODUCTION

In agrcultural soil contaminated by waste motor oil {(WMO), an insoluble mixture
of aliphatic, aromatic and polycyclic hydrocarbons, require chemically pure or
commercial detergents that contain additives followed by a mineral solution to
reduce WMO to 2 value below 4,400 ppm, the maximum accepted by the
Mexican norm NOM-138 SEMANART/SSA1-2012 (NOM-133) to consider that
this soil is bioremediated. In this sense, when commercial additives are used, itis
unknown how much they influence the emulsification of the WMO, 50 that they
are effectively eliminated with the mineral solution and comply with NOM-138.
Although there is information based on the ability of native soil heterotrophic
aerobic microorganisms to synthesize biodetergents that emulsify WMO as well
as the induction of their lipases to hydrolyze them and then oxidize them by
biostimulation with the mineral solution [1-3].

The bicremediation strategy in agricultural soil impacted by WMOQ, has to initiate
biostimulation with a crude extract of biodetergent microorganisms isolated from
sail polluted by WMO [6,7-9]. simuftaneously with an extract of the lipases
induced in these microorganisms capable of oxidizing WMO hydrocarbons
[10,11-14]. Since these extracellular enzymes that hydrolyze aromatic and
aliphatic hydrocarbons are stable in the agricuftural soil environment [15,16-18],
specifically If the biostimulation is continued with 2 mineral soluticn in balance
with the chemical properties of the soil [19,20,21]. The objectives of this work
were a) to analyze the biostimulation of so0il impacted by WMO with Eficaz@@,
Salvo@® and Savia Gel® plus mineral solution, by ta study the biostimulation of
soil contaminated by WMO with polyethylene glycol, ipolyphosphate and a
mineral solution, c) To improve the biostimulation of soil contaminated by WMO
with tween 80, triton X-100, crude exiracts of biodetergents and lipases, plus a
mineral solution to reduce the WMO concentration to 2 value below the limit
permissible by NOM-138.
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2. MATERIALS AND METHODS
2.1 Soil sample Collection and Preparation

Soil sampling was camied out according to NOM-021 SEMARNAT-2000 [5,22] or
{NOM-021] using the zig zaq method at a depth of 20 cm, from an agricultural
area in the municipality of Morelia, Michoacan, Mexico, called "Uruagilla". To
avoid pests and diseases, the soil was solarized for 48 haurs and sieved with Nao_
10 mesh. Subsequently, a physicochemical analysis of the scil was performed
according to NOM-021 before contaminating the agricultural soil with WMO .

Biostimulation of soil impacted by §0,000 ppm WMO with Eficaz®, Salvo®,
Savia Gel® mineral sclution and Hz0:

A randomized block experiment was carmied out in triplicate in Bartha flasks with
100 g of soil impacted by WMO bio stimulated with commercial detergents:
Eficaz®, Salvo®, Savia Gel® at 0.5% [23] individually or mixtures and a mineral
solution. The soil was impacted with 60,000 ppm WMO, and a 50% mineral
solution was biostimulated with detergents based on the conceniration of organic
matter, total nitragen and phosphates from the physicochemical analysis of the
soil, with the following composition {g1): NHyNGs 10, K:HPQ4 2.5, KHaPO, 2,
Mg50, 1, NaCl 0.1, CacCl, 0.1, FeS0, traces, trace elements solution 10 and pH
6.5-6. B [24]. it was also biostimulated with 0.5% Hz0: an inorganic source of Os.
As an indirect measure of WMO solubilization and mineralization, CQ» was
quantiied every third day for 45 days, including WMQ concentration by Soxhlet
at the beginning and end of the experiment [4,25].

Biostimulation of soil impacted by 60,000 ppm WMO with detergent
additives: polyethylene glycol, sodium tripolyphosphate and mineral
solution

In Bartha flasks, soil contaminated by WMO biostimulated with detergent
additives was added [26]1 05% polyethylene glycol, 0.5% sodium
tripolyphosphate and 50% mineral solution. As a response varable, COq
produced by the oxidation of the biostimulated WMO with the mineral solution
was quantified every fifth day for 45 days, and the concentration of WMO by
Soxhlet at the beginning and end of the experiment [4].

Biostimulation of sgil impacted by 60,000 ppm WMO with Tween 308,
Triton X-1008, crude extracts of biodetergents and lipases plus mineral
solution.

In Bartha flasks with soil contaminated by 60,000 ppm of WMO biostimulated
with Tween 80&, 05% Triton X-100@, a crude extract of biodetergent and
lipases, plus 50% mineral solution for 45 For this step were culiured
Achvomobacter 3p and Xanthobacter autotrophicus isolated from soil polluted by
hydrocarbons both were able to grow in waste residual oil, or soybean oil (/L)
WMO or soybean oil 10.0ml NaNO. 5, yeast extract 3.5, KoHPOs 1, KHaPO4 1,
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MgSOa 1, NaCl 1, FeS0s 0.5 and CuSQy 0.5 [26], culture media were sterilized
at 121 *Cf15 min This culture media were inoculated with 10 miA100m|  of
Achromobacter sp and X autofrophicus suspended in detergent saline solution
individually with a2 density according to McFarand’s number 4. The inoculated
liquid cultures were in agitation at 250 rpm. 30°C, and 250 rpm for 144 hours.
Subsequently, the crude biodetergent and lipase extracts were separated fram
the cells by centrifugation of the cultured broth at 8000 rpm for 15 min at 4°C and
kept at 5°C before be applied to agrcultural soil. As a response varable, COs
produced by the oxidation of the biostimulated WMO with the mineral solution
was quantified every fifth day for 45 days, and the conceniration of WHMO by
Soxhlet at the beginning and end of the experiment [4,26].

Biostimulation of soil impacted by 60,000 ppm WMO w, Tween 308 and
Triton X-100® at 0.5%, and crude extract of biodetergents and lipases plus
mineral solution

The experiment was also conducted in Bartha flasks each containing 100 grams
of soil contaminated by 60,000 ppm of WMO. Subsequently, it was biostimulaied
for 45 days with 6 ml of detergent solution of Tween 80@ and Triton X-100& at
0.59%, & ml of crude extract of biodetergents and lipases, and & ml of solution
mineral at 50%, per 100 grams of soil. For the production of the crude extract of
bicdetergents and lipases, liquid cultures inoculated with Achromobacter sp and
Xanthobacter aufotrophicus were used. To obtain crude extracts of biodetergents
and lipases, liquid cultures were made with the following composition {g/L): WHMO
10 {mliL), NaNO3 5, yeast extract 3.5, KzHPOs 1, KHz2POy4 1, MgS04 1, NaCl 1,
FeS50, 0.5 and CuS0, 0.5 was sterilized at 121 °C for 15 min. Then the culiure
broths were inoculated with 10 ml of Acfiromobacter sp and Xanthobacter
aufolrophicus in detergent saline solution individually with an inoculum density
according to McFariand's number 4. The inoculated liquid cultures were kept in
agitation at 30°C, pH 7 and 250 rpm for 144 hours. Subseqguently, the
bicdetergent and lipase extracts were separated from the cells by centrifugation
of the cultured broth at 8000 rpm for 15 min at 4°C. The first indirect response
variable of WMO mineralization was the CO; released, as well as quantification
of WMC by Soxhlet at the beginning and at the end of the experiment [4,5,27].

2.2 Statistical Analysis

Differences in experimental data between groups were confirmed by one-way
analysis of variance {ANOWA) and analyzed by Tukey HSD test (o = 0.05) with
Statgraphics Centurion XV1.1l software [6].

3. RESULTS AND DISCUSSION

Table 1 shows the physicochemical analysis of the soil that contained iatal
nitragen (Nj of 0.32% average value, soluble phosphates (P) with high value of
219.34 ppm, also high concentration of organic matter of 10.44%, an acid pH of
5.67; silt-clay texture. Concentration of N and P support that this soil has
favorable conditions for biostimulation with mineral solution at 50 % while soil
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organic matter allow a wide diversity of heterotrophic microorganisms to
mineralize WMO [7,25,28].

Table 1. Physico-chemical properties of uncontaminated agricultural soil
by waste motor ail

Parameter Value Interpretation
pH 5.67 Moderately acid
Organic matter (%) 1044 wery high
Texture (%) 318 (clay), Silty-clay

26.92 {zand),

42 0 (zilt)
Total, Nitrogen {%) 0.32 Medium
Phosphorus ppm 21934 wery high
Sodium {Na+) ppm 153.28 High
Patassium (K+) ppm 168.61 High
Microelements {ppm):
Iron {Fe2+) 13.91 High
Zinc {(ZN 2+) 0.37 Low
Copper {Cu 2+) 0.54 Low
Manganese (Mn 2+) 4.62 Low

Reference [22]

Biostimulation of soil impacted by 60,000 ppm WMO with Eficaz®, Salvol
and Savia Gel®, mineral solution and H.0,

In Fig. 1 in soil impacted by 60,000 ppm WMC no biostimulaied only imigated
with water or absolute control, registered 4.45 mg CC=/100 g dry soil, due to the
mineralization of native organic matter, a value that was subtracted in the sail
impacted by WMOQ 1o adjust to CO; from WMO mineralization. While soil polluted
by WMO biostimulated with Salvo® and Eficaz® plus MISO and HzO2 reached
1042 mg CO2/100 g dry soil this numerical value was statistically different than
the same numerical value with 1.47 mg CO»100 g soil, at the soil impacted by
WMO no biostimulated or negative control also compared to soil impacied by
WMO biostimulated with Eficaz®, plus mineral solution and HzxO. that reached
§.93 mg COM100 g sail [29,30]. These results support that the mixture of Salvo®
and Eficaz®, solubilized mare WMO to be oxidized by biostimulation with mineral
salution and H205 [21,32,33]. In the s0il polluted by WMO biostimulated with
Eficaz®, Salve® and Savia Gel® applied individually, solubilized less WMO
[34,35,36]. In the scil polluted by WMO bicstimulated with the mixture of Salvo®,
Eficaz® and Savia GeM®, decreased CO, production, due that Savia Gel®,
contains fragrances acting as an antimicrobial aromatic that inhibited WMO
mineralization [15,37,38,39]. Finally, as was expected in soil impacted by WMO
no biostimulated or negative control, natural attenuation sclubilized and
mineralized 2 minimal amaount of WKO [19,40.41].
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Fig. 1. CO; production in soil impacted by 60,000 ppm of waste motor oil
biostimulated by commercial detergents: Eficaz®, Salvo®, Savia gel® plus
mineral solution and H202
WMO: waste motor oil, MISO: mineral solution. *Different letters indicate statistical
difference ANOVA-Tukey HSD test (a = 0.05)

Table 2 shows soil contaminated by WMO, biostimulated with Eficaz®-Salvo®
mixture followed by mineral solution and H.O,, as well as soil pollutes by WMO
biostimulated with Salvo® mineral solution and H202, registered the highest
decrease in WMO, both with a reduction from 60,000 ppm to 21,700 ppm. These
results indicated that biostimulated by Salvo® or Salvo®/Eficaz® mixture
solubilized the same amount of WMO, due to the active ingredient dodecyl
benzenesulfonic acid in Eficaz® and alkyl ethoxy sulfate in Salvo®, besides
amine oxide in Salvo® that is a foaming agent that increased WMO solubilization
[7.8,9,20]. Then biostimulation by mineral solution and H202, induced its highest
mineralization of WMO. Eficaz® detergent has cleaning adjuvants as well as
polycarboxylates or polyphosphates [21,42 43] to sequester divalent cations from
hard water do not participate in WMO solubilization [16-18]. In opposite way
compared to soil contaminated by WMO biostimulated with Savia gel® mineral
solution and H;O; concentration was reduced from 60,000 ppm to 24,200 ppm. In
the soil impacted by WMO non biostimulation used as negative control WMO
decreased from 60,000 to 48,400 ppm, due to natural attenuation, in this case
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synthesis of bindetergents by the h native microbiotz that solubilized a minimum
part of the WMO and therefore the microorganisms mineralized them
biostimulated with the soil nutrients [25,27,28,44]. These results indicated that
the inconsistency in biostimulation of soil impacted by WMO, the detergent
mixture increases solubilization, is possibly only applicable for biostimulation with
pure detergents, since commercial detergents contain additives [7,28], that could
increase or inhibit the solubilization and later mineralization of WHMO when
biostimulation is follow by mineral solution [5,9,11-14]

Table 2. Concentration of waste motor oil in soil impacted by 60,000 ppm of
waste motor oil after biostimulation by commercial detergents Eficaz®,
Salvol and Savia Gel®

Soll Waste motor oil
cancentration after 45
days {ppm])

WMO (Negaive control) 48,400°

T1: WMO + Salvo® + mineral solution+ Hy0; 21,700

T2 WMO + Eficaz@ + mineral solution + H202 23,500

T3 WMO + Savia gel® + mineral solution + H.O3 24,200"
T4: WMO + Eficaz@f3alvo® + mineral solution + 21, 700°
H20z

TH WHKMO + Salvo@iSavia gek® + mineral solution 23,400"
+ Hz04

T6. WMO + Eficaz@/Savia gekd + mineral solution 24,900"
+ HzOa2

T7 WMO + Eficaz@¥SalvodySavia gel® + mineral 24 200"
salution + HxOa

WMO: wasle mofor o, ™ Different lelfers indicate sfalisfrcal difference ANCVA-Tukey HSD
test {a = 0.00)

Biostimulation of soil impacted by 60,000 ppm WMO with Polyethylene
glycol and Sodium Tripolyphosphate detergent additives and mineral
solution

Fig. 2 shows that the highest production of COz was registered in the soil by
WMO biostimulated with Polyethylene glycol and 50% mineral solution at day 17
with 15.5 mg CO»f 100 g s0il, at day 45 it was 7.2 mg COyf 100 g soil, stafiziically
different values compared to those registered in the soil impacted by WMO
biostimulated with Sodium Tripolyphosphate and 50% mineral solution, with 14. 2
mg COsf 100 g soil at day 7 and 9.2 mg COyf 100 g scil at day 45, these
numerical values had no statistical difference comparad to those reported in the
soil impacted by WMO no biostimulated, used as negative control with 11.5 mg
CQOof 100 g s0il at day 7 and 6§91 mg COy 100 g soill at day 45 due to natural
attenuation. This results support that in the sail polluted by WMO biostimulated
with Polyethylene giycol and Sodium Tripolyphosphate, CO2 production was due
o partial oxidation of WMO by the native heterofrophic aerobic microbiota
biostimulated by mineral solution at 50%, equivalent to the action of natural
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attenuation as was detected in soil polluted by WMO no biostimulated used as
negative control, there the CO; released was similar. In soil polluted by WMO
biostimulated of Polyethylene glycol, a polyether also known as polyethylene
oxide [8,21.42,43] has high polarity and solubility in water [9,11-14], supporiing
that enhanced WMO solubilization in soil. While Sodium Tripolyphosphate,
although known to be water soluble and have emulsifying property, did not
enhance WMO emulsification [11,36,37], since COz production values had no
statistical difference compared fo the natural attenuation in seil polluted by WMO
no biostimulated or negative control
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Fig. 2. CO; production in soil impacted by 60,000 ppm of waste motor oil
biostimulated by polyethylene glycol, sodium tripolyphosphate and mineral
solution
* Different letters indicate statistical difference according to ANOVA-Tukey HSD test (o =
0.05) WMO= waste motor oil, AC= absolute control, NC= negative control, MISO=mineral
solution.

Biostimulation of the soil impacted by 60,000 ppm of WMQ Tween 80® and
Triton X-100® at 0.5%, crude extract of biodetergents and lipases with
mineral solution.

Fig. 3 shows that initially, between days 0 and 3, CO; production due fo
mineralization of WMO was limited, due the adapiation phase of the native
heterotrophic aerobic microorganisms to the WMO, then CO2 decreases on day 7
increases again, since the first fractions of WMO that is mineralized corresponds
to low molecular weight aliphatics are solubilized and eliminated then the
complex HICO with high melecular weight aromatics and polycyclic in the days
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after day 12 [12-14]. The highest CO2z production was in soil impacted by 50,000
ppm WMO biostimulated with biodetergent crude extract + 50% mineral solution
with maximum amount of 20.7 mg CO; at day 11, and 19.3 mg CO; at end of
experiment time, day 45. These numerical values had no statistical difference
compared to registered in the soil impacted by 60,000 ppm WMO biostimulated
with biodetergent and lipase and mineral solution at 50% with a maximum of
18.62 mg of CO; detected at day 23 at end of experiment was 17.9 mg of CO:z on
day 45. This result indicated that biodetergent crude extract enhanced the
emulsification of WMO [7,8,9,11,20,33], that subsequently a rapid hydrolysis of
aromatic fractions with lipase crude extract [14,36,37], while biostimulation of
mineral solution at 50% enriched soil with N, P and K inorganic salts to induce of
WMO mineralization by the native heterotrophic aerobic microorganisms
[16,17,45]. The numerical values 1862 and 179 mg CO; had statistical
difference compared to these registered in the soil impacted by WMO non
biostimulated, used as negafive control with 9.8 mg CO: at day 45 due to natural
attenuation [18, 25, 44].
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Fig. 3. CO; production in soil impacted by 60,000 ppm of waste motor oil
biostimulated by Tween 80&, Triton X-100®, biodetergent and lipase crude
extract and 50% mineral solution
WMO: waste motor oil, AC: absolute control, NC negative control: CRUEXBIO=crude

extract of biodetergents, CRUEXLIP= crude extract lipases, MISO: mineral solution. *
Different letfers: indicates statistical difference ANOVA-Tukey H5D fest (a = 0.05)
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Table 3. Remaining waste motor cil after 45 days of biostimulation of soil
impacted by 60,000 ppm of waste motor oil, with Tween 80, Triton X-100,
biodetergent and lipase crude extracts plus 50% mineral solution

Sail Waste motor oil concentration
after 45 days {ppm)

WMO (Negative control) 48 4007

T1: WMO + 50% mineral solution 26,300

T2 WHMO + Tween 80 + Trilon X-100  20,100°

+ 50% mineral solution

T3 WMO + crude exiract of 35,0009

biodetergenis + 50% mineral solution

T4: WMO + crude extract of lipases +  25,700°

50% mineral soluticn

T5 WMO + Tween 80 + Triton X-100 12,100

+ crude extract of biodetergents +

50% mineral solution

TE: WMO + Tween 80 + Triton X-100 22,0007

+ crude extract of lipases + 50%

mineral solution

T7: WMO + crude extracts of 2.000%

biodetergents and lipase + 50%

mineral solution

T8 WMO + Tween 80 + Triton X-100 1, 600°

+ crude extract of biodetergents and

lipase + 50% mineral solution

WMOC=wasle motor oll, *different lelfers indicated values sfalisfically different according to
ANOVA-Tukey H5D test fa = 0.05)

3

Table 3 shows the final WMO concentration in the soil after biostimulation. The
highest reduction of WMO was registered in impacted soil biostimulated by
bicdetergent and lipase crude extract + Tween 80 + Triton X-100 + minerzal
solution at 50%. When WMO concentration went from &0,000 to 1,600 ppm
WMO, a numerical value had no statistical difference to soil impacted by WMO
biostimulated by biodetergent and lipase crude extract + 50% MISO and no
detergents with a decrease from €0,000 to 2,000 ppm WMO. These results
demonstrated of a soil impacted by a relativefy high cancentration of WMO by
biostimulation using a crude extract of biodetergents and lipases, unpurified, in
contrast to most related works with soil contaminated by relatively low
concentrations of hydrocarbons i biostimulated with chemically pure
bicdetergents and lipases [27,33,35,45], seldom were registered positive results
in soil recovering polluled by hydrocarbons, according o environmental
standards. In that sense Gudina et al. [21] in a soil contaminated by 10,000 ppm
of WMO biostimulated by pure biodetergent and mineral solution WMC was
reduced to 4,500 ppm. The same way, da Rocha et al. [42] in soil impacted by
40,000 ppm hydracarbons biostimulated with rhamnolipid an biodetergent and
the activity of natural attenuation these hydrocarbons were reduced until 28,020
ppm. While Bezza & Chirwa [43] in soil impacted by 6,745 ppm polycyclic
aromatic hydrocarbons was biostimulated with a biodetergent and mineral
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solution  achieving a decreased until 2,552 ppm after 64 days. In the soil
impacted by WMO biostimulated with Tween 80 and Triton X-100, because these
pure and biclogical detergents are similar to WMO hydrocarbons 1o be
hydrolyzed by biostimulation with crude extract of biodetergents [27,31,34,48]
and lipases that generated hydrocarbon fractions facllitated to the aerchic
heterotrophic microbiota biostimulated by mineral solution [36,37.45]. While in
the soil impacted by WMO biostimulated only with a 50% mineral solution, a
reduction of WMO from 60,000 ppm to 26,300 ppm was detected due to the
absence of the biodetergent crude extract and lipases that prevented the
availability of WMO hydrocarbons to be cxidized [29,47-49] by the heteroirophic
native micrabiota of the soil [31,32], cansequently there was no decrease in the
concentration expected, at =ast for the limit established by NOM-13&. These
result supports that the application of crude extracts of biodetergents and lipases
are a novel and effective altemative for the bicremediation of sail poliuted by
WMO in less time than common bioremediation technic applying pure detergents
[30,358,29,50,51]. It's reported that the high the percentage of compounds of
organic as like as lipases and biodetergents in the soil, the lower the retention of
hydrocarbons, since both these types of enzimes and biological surfactant are
able to reduce the sorplion capacity in the soil, and therefore the maximum
removal of WMOQ [40,52].

4. CONCLUSIONS

This research demonstrated that in agrcuftural soil polluted by WMO can be
biostimulated with crude extracts of biocdetergents and lipases as long as
biostimulation apply mineral solution adjusted to chemical proprieties of soil, to
achieve effective bioremediation according to environmental regulations in
approximately 30% less time compared to the use of commercial detergents in
comman bioremediation processes.
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xiv. CONCLUSIONES

El trabajo demostro la biorecuperacion de suelo contaminado por 60,000 ppm de ARA,
por bioestimulacion con detergente, solucibn mineral, bioaumentacion con X.
autotrophicus vy fitorremediacion se uso6 P. vulgaris, asi como la bioestimulacion del
suelo impactado, mediante extractos crudos de biodetergentes y lipasas y solucion
mineral, que lograron el rapido decremento del ARA comparado con otras estrategias
de biorremediaion acorde a la NOM-138 para la reutilizacion del suelo con fines

agricolas.
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I huachicoleo es el robo de combustibles

—como la gasolina—, el cual se realiza me-

diante la perforacion de las tuberias que lo
transportan. Es un problema muy comuin en Mé-
xico que ha generado problemas a la salud del
ser humano, economicos, sociales y ambientales.
Para remediar el problema del huachicoleo y evi-
tar que siga ocurriendo, es necesario realizar ac-
ciones en conjunto entre los propietarios de las
areas afectadas, las autoridades y la parte técnica.
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Huachicol, huachicoleo y huachicolero

Los medios de transporte que utilizamos a
diario necesitan gasolina para su funcionamiento;
sin embargo, de acuerdo con la situacion econo-
mica del pais y que cada vez es mas cara y dificil
distribuiria, muchas personas han decidido robar-
la, haciendo perforaciones en las tuberias que la
transportan para evitar pagarla. Esta accion co-
munmente es conocida como «huachicoleo».

La palabra «huachicol», de acuerdo a la Aca-
demia Mexicana de la Lengua (2019), se usa para
referirse a un ladrén, mientras que en la definicion
de «huachicolero» el sufijo -ero indica ocupacion
o cargo, por lo tanto, «huachicolero» se le cono-
ce a la persona que roba gasolina. Como huachicol
también se conoce a una bebida alcohdlica adul-
terada con alcohol de cafia y otros compuestos;
ademas, sirve para nombrar el combustible roba-
do que puede estar adulterado.

Como mencionamos al principio, el huachi-

coleo consiste en la perforacion de las tuberias
para extraer la gasolina que es utilizada para uso
propio o para venderla de manerailegal a un pre-
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cio mas bajo. En el pais hay una red de 8 mil 390
kilémetros de poliductos que van desde el lugar
donde se fabrica hasta los espacios de almacena-
miento.

Se informa que en el primer semestre de
2020, las Fuerzas Armadas en México detectaron
1,948 tomas clandestinas en Hidalgo, gog en Pue-
bla, 724 en el Estado de México, 317 en Guanajuato
y 278 en Veracruz. Para combatir este problema y
evitar que siga este robo, el gobierno ha decidido
cerrar varios de los ductos para reparar las perfo-
raciones y transportar la gasolina en pipas a través
de carreteras. El problema de esto, es que algunos
estados del pais fueron perjudicados por la esca-
sez y retraso en el abasto a las gasolineras.

Problematica del huachicoleo

El huachicoleo ha provocado varios tipos de
problemas sociales, econémicos, de salud y am-
bientales. Por ejemplo, entre los economicos, po-
demos mencionar que durante el primer trimestre
del afio 2021, las pérdidas por contrabando de
combustibles fueron de 20 mil millones de pesos
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anuales, cifra similar a la que el presidente Andrés
Manuel Lopez Obrador indicd que se destinaria
para la compra de las vacunas contra el COVID-1g
a nivel nacional en el 2zo020.

En cuanto a los dafios ambientales, se ha
detectado que esta accidn causa contaminacion
de suelo, aire y agua; sin embargo, escasamente
se reportan, por lo que poco se sabe sobre cifras
de sitios afectados y mucho menos se hace algo
para solucionarlo. Por ejemplo, en localidades de
Hidalgo y en la zona de Tlahuelilpan, especialis-
tas del area insisten en la restauracién ambiental,
ademas existen cientos de lugares con registro de
tomas clandestinas que han causado contamina-
cidn, cuya biorremediacion tiene un costo de 175

mil pesos por hectarea, monto que
dificilmente pueden costear los agri-
cultores.

De acverde a los datos sobre
sustentabilidad de Petrdleos Mexica-
nos {(PEMEX), el huachicoleo provocd
el crecimiento de 13.5% de las zonas
contaminadas por PEMEX de 2012 a3
2015. Segun informacion de la Direc-
cion General de Inspeccion de Fuen-
tes de Contaminacion de la PROFE-
PA, durante el sexenio del presidente
Enrique Pefia Nieto, hubo en todo el
pais 4,386 emergencias causadas por
shuachicoleow, pero sclo se reporto
dafio ambiental en unas 3co hecta-
reas de terreno. Esto se debid a que
2,615 de estas fugas no reportaron
publicamente la extension de suelo
afectado. Algunos de los datos mas
actuales sefialan que a finales de 2021,
en Mazatlan, habia al menos 10 tomas
clandestinas, lo que es un peligro la-
tente ya que las tuberias pasan por
debajo de casas y comercios, ademas
de que podrian repercutiren la flora y
fauna del mar de esa zona. Mientras
que Hidalgo termind el 2021 con 1,383
denuncias por robo de combustibles,
equivalente a un aumento del 33.8% con respecto
al 2020.

Las instituciones encargadas de atender los
problemas del robo de combustibles son la Se-
cretaria de Medio Ambiente y Recursos Maturales
(SEMARNAT) y la Procuraduria Federal de Protec-
cidn al Ambiente (PROFEPA), las cuales no han di-
vulgado acciones de atencidn a los ecosistemas
afectados por esta situacion. El tiempo estimado
para remediar las areas dafiadas es de aproxima-
damente cinco afios con un costo de 200,000 pe-
505 por hectarea.

Propuestas de accion

Para solucionar el problema se requiere la
participacion activa de los duefios de los terrenos
afectados, de las autoridades correspondientes y
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de la parte técnica. En cuanto a los propietarios
de los terrenos, a2 ellos corresponde asesorarse
legalmente para proteger adecuadamente sus
propiedades y capacitarse en materia legal para
la prevencion y remediacion de suelos contami-
nades, asi como en derechos y obligaciones como
propietarios de terrenos.

Por su parte, las autoridades necesitan im-
plementar leyes y reglamentos de proteccion am-
biental estrictos para la prevencion y recuperacion
de sitios contaminados para que, por medio de
ello, se responsabilice a los culpables de la conta-
minacidn para la remediacion de sitios y obligarlos
aque paguen una indemnizacion a los propietarios
afectados.

Para solucionar el problema de contamina-
cion de sue- |l o s

por com-
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bustibles hay métodos, siendo el mas comun el
uso de compuestos quimicos, los cuales son muy
costosos y generan mas contaminantes en lugar
de arreglar el problema. Por otra parte, estan los
métodos bioldgicos, donde se usan microorga-
nismos y plantas para eliminar los combustibles
del suelo, los cuales son de bajo costo y amigables
con el ambiente. Es de importancia extrema eli-
minar estos contaminantes del ambiente, siendo
el responsable de estas acciones la SEMARNAT y
no PEMEX.

El huvachicoleo es una practica altamente
peligrosa y que causa graves dafios, por lo que
es de vital importancia tomar medidas para que
esto deje de ocurrir. Una alternativa seria dejar de
usar gasolina y preferir combustibles ecoldgicos
como el bicetancl y el gas natural, los cuales son
de bajo costo y bajo riesgo para el ambiente y para
la salud del ser humano.
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