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degradability and biotoxicity of
surfactants in soil

Guixiang Li,ab Guihong Lan, *ab Yongqiang Liu,c Chen Chen,ab Lin Lei,ab Jiao Du,ab

Yingchun Lu,ab Qiang Li,d Guoyong Duab and Jihong Zhange

In this study, the biodegradability and biotoxicity of four surfactants, i.e. modified heterogeneous alcohol

ether with an 8–12 carbon alkylic chain, fatty acid methyl ester ethoxylates, Tween-80 and rhamnolipid

(a kind of biosurfactant), under natural soil conditions were investigated. Batch experiments of

degradation with an initial concentration of surfactants of 120 mg kg�1 in soil were carried out at room

temperature varying from 15 �C to 22 �C. The concentrations of surfactants over time were measured

and metabolites of the surfactants were characterized by gas chromatography-mass spectrometry. In

addition, the amount of microorganisms in soil over time was measured by using agar plates. The results

showed that fatty acid methyl ester ethoxylates had the highest biodegradation rate followed by

rhamnolipid, Tween-80 and modified heterogeneous alcohol ether. A biotoxicity assay based on

a photobacterium revealed that these surfactants had low toxicity. It is concluded that the fatty acid

methyl ester ethoxylates are the most environmentally friendly surfactants among the four surfactants

studied.
Introduction

A surfactant is a kind of substance containing hydrophobic and
hydrophilic groups, which is capable of decreasing the surface
tension between water and air. Owing to their unique charac-
teristic, surfactants have been extensively applied in our daily
lives, such as in washing detergents and by the food industry.1

In addition, a great amount of surfactants was used in the oil
industry, such as SDS, Brij 35, and NEPOn,2–4 to wash crude oil-
contaminated soil to remove the most of the oil or organic
contaminants. Nevertheless, the most common use of surfac-
tants was bioremediation in several environmental elds. The
use of surfactants as enhancers for the removal of heavymetals5,6

and organic contaminations, such as ethylbenzene, DDT and
polycyclic aromatic hydrocarbons,6–8 has been widely reported.

The worldwide production of surfactants reached 1.78
million tons in 2015, with an annual increasing rate increase of
6% predicted.
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Because of the extensive production and consumption of
these compounds, some parts of them can get into the envi-
ronment via the discharge of wastewater aer their primary use
in aqueous solutions. The compounds which cannot be easily
degraded in the environment would accumulate in sediments
and soil and leak into groundwater and wastewater.9 As re-
ported, aer application these chemicals are disposed of down
the drain to sewers, where it is estimated that 50% by volume is
degraded, with 25% absorbed as suspended solids and 25%
dissolved.10 Different surfactants vary in their behavior and fate
in the environment.

To overcome the pollution problem caused by surfactants,
a broad range of chemical and biological methods have been
applied to mitigate their effects.11,12 The most common chemical
treatment of a surfactant is adsorption by means of activated
carbon and advanced oxidation such as the H2O2/UV-C process
and photo-Fenton processes which have been applied in degra-
dation treatments of surfactants in higher concentration.13,14

However, for lower concentrations, chemical treatments not only
operate poorly with high cost but also cause secondary pollut-
ants, such as Fe2+ in the photo-Fenton oxidation treatment
process. Therefore, the biodegradation treatment of surfactant-
contaminated soil was considered to be a promising and cost-
effective method for degrading surfactants when environ-
mental conditions were optimal for performing biodegradation
reactions. In addition, surfactants as a species of organic
compounds can be used as a carbon source for the growth of
various kinds of bacteria. Linear alkylbenzene sulphonic acid
can be easily eliminated in natural conditions, with a half-life
This journal is © The Royal Society of Chemistry 2017
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Table 1 CMC of each surfactant and the corresponding surface
tension

Surfactant
CMC
(mg L�1)

Surface tension
(mN m�1)

MHAE 14 29.5
FMEE 80 33.6
Rhamnolipid 15 31.5
Tween-80 14 37.8

Table 2 The main characteristics of soil used in this work

Parameter Value
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time range from 7 to 33 days, reported by John Jensen in 1999.15

It has also been demonstrated that microorganisms can
consume cationic surfactant quaternary ammonium
compounds under aerobic conditions. However, the degradation
process was complex and depended on the structure of the
carbon chain.16 The non-ionic surfactant branched chain nonyl
phenol ethoxylate can be degraded by an ozone-induced biode-
gradability process.17 Considering the contamination caused by
surfactants and the biodegradability potential of some types of
surfactants, it is better to evaluate the degradability and toxicity
of surfactants before they are put into applications to minimize
their negative effects on the environment. In this study, we
investigated one type of biosurfactant represented by rhamno-
lipid and three widely used synthetic nonionic surfactants. The
synthetic surfactants are modied heterogeneous alcohol ether
(MHAE) with the structure of a fatty alcohol containing several
oxyethyl groups, fatty alcohol methyl esters of ethoxylate (FMEE)
consisting of a fatty acidmethyl ester, and Tween-80 whosemain
component is the sorbitol ester. All of them have a surface
tension value, such as 29.5 mN m�1, 33.6 mN m�1 and 37.8 mN
m�1, respectively, at each of their critical micelle concentrations
(CMC), which is relatively lower than most other types of
surfactants (Table 1). Thus, they are widely used in different
areas. However, the biodegradation and toxicity information
about these surfactants is lacking, which results in a surfactant
selection based only on their function rather than on both
function and environmental and environmental protection. It is
well known that the discharge of surfactant contaminated water
may cause serious damage to the water body and soil environ-
ment around us. An excess of surfactant can change the micro-
bial community of the surroundings, and its toxicity may affect
the growth of plants.

This research aimed to evaluate the potential bioconversion
process and the biodegradation mechanism of three synthetic
nonionic surfactants and rhamnolipid in soil. The environ-
mental effect that each surfactant may have on its surroundings
has also been determined to predict its safety and to avoid the
potential risk that surfactants may bring about in the future.
pH 6.89
Coars sand (%) 39.1
This sand (%) 4.0
Silt (%) 5.3
Clay (%) 51.5
Total phosphorus (% P2O5) 0.14
Total organic carbon (%) 1.15
Nitrogen (% TKN) 0.17
Total potassium (% K2O) 0.43
Materials and methods
Chemicals preparation

All of the reagents used in this work were analytical grade unless
specially mentioned. The modied heterogeneous alcohol ether
(MHAE), fatty alcohol methyl esters of ethoxylate (FMEE) and
This journal is © The Royal Society of Chemistry 2017
Tween-80 with 98% purity were supplied by Kelong (Chengdu.
China). The rhamnolipid used in this research was produced by
Pseudomonas SWP-4.18

Table 1 lists the critical micelle concentration (CMC) and the
surface tension at CMC of each surfactant. And deionized water
(>18.25 Mcm) was used to make the solutions. Stock solutions
of each of the studied compounds at a concentration of 1000mg
L�1 were prepared in deionized water and stored at 4 �C.

Working solutions were diluted with the stock solutions in
deionized water according to different concentration levels.

Characterization of soil samples

Soil samples were collected from agricultural land at latitude
30.84� north, and longitude 104.19� east in China, in which all
the surroundings were without any pollution sources. Before
the experiment, soil was air dried and sieved through a 2 mm
screening mesh. The collected air-dried soil was put in a refrig-
erator at a temperature of �4 �C until analysis. Prior to the
application of the soil, its properties, including pH, total
potassium, total phosphorus, total organic carbon content
(TOC) and total nitrogen (TN), were investigated and the results
are shown in Table 2.

Biodegradation test of surfactants in soil

Batch experiments were carried out in 3 L pots with 2.5 kg of soil
and 120 mL of surfactant solution with a concentration of
1000 mg L�1, resulting in 120 mg of surfactant per kilogram of
dry soil. All of these soil samples dosed with surfactants were
homogenized by hand before and aer being used to ll pots to
ensure a homogeneous distribution of surfactants in the soil.
We rstly investigated the degradation rates of four surfactants
in the collected soil. Each surfactant solution was added into
soil in duplicate. The other factors were adjusted as follows: the
room temperature in this period varied from 15 �C to 22 �C. In
order to archive a stable condition, deionized water was needed
to maintain the moisture content at around 30%. The biodeg-
radation experiments were carried out for a period of 75 days.
Samples were collected periodically for analysis.

Monitoring microorganism amount during the surfactant
biodegradation period

To investigate the inuence of surfactants on microorganisms
in the soil, the number of microorganisms was counted based
RSC Adv., 2017, 7, 31018–31026 | 31019
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on the method reported by Jackson.19 2.5 gram of soil sample
was placed into a centrifuge tube. Sterilized physiological saline
(20 mL) was added into the centrifuge tube and the tube was
shaken in a shaker for 10 min at a speed of 200 rpm. The water
extract was serially diluted and then 100 mL of the higher dilu-
tions (10�2 to 10�5) were plated on nutrient agar which was
made up of peptone, beef extract, deionized water, sodium
chloride and agar. Aer incubation over 48 hours at 35 �C,
independent colonies which had emerged in the cultures were
counted.
Table 3 Main compounds detected by GC-MS in the control soil

Sample
number Compounds

1 Hexadecanoic acid, trimethylsilyl ester
2 Butyric acid, 4-methoxy-, trimethylsilyl ester
3 Octadecanoic acid, trimethylsilyl ester
4 1,8-Octanediylbis(trimethylsilane)
5 Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl
Analysis of surfactants and metabolites

All four surfactants were extracted from soil samples by
sonication-assisted extraction, as described in a previously
reported method.20 The concentrations of nonionic-
surfactants were measured by the KI–I2 spectrophotometric
method because of the color reaction of nonionic surfactant
and KI–I2.21 The concentration of biosurfanctant rhamnolipid
was determined by the anthrone–sulfuric acid colorimetric
method which based on the color reaction between glycolipid
and anthrone–sulfuric acid.22,23 The metabolites in soil were
detected by gas chromatography-mass spectrometry (GC-MS),
and solid-phase extraction (SPE) of surfactants was adopted
for the concentration and purication of samples for GC-MS
analysis, according to the method described by Castillo
et al.24 The silylation derivation process was carried out
by adding a mixture of ethyl acetate and BSTFA/TMCS (99 : 1,
v/v) and then heating at 60 �C for 30 minutes before the GC-MS
procedure.25 Once the derivation process was complete, 1 mL
of the reaction mixture was injected into an Agilent
gas chromatography-mass spectrometer (GC-MS) (7890A/
5975C, USA) without splitting. The study of all these extracts
was conducted by the same temperature programming: the
initial temperature was 120 �C; then it was raised at a rate
of 15 �C min�1 to 230 �C; a second ramp was then applied at
30 �C min�1 to 260 �C, at which it was maintained for
8 minutes.
ester
6 Octadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl

ester

Fig. 1 GC-MS profiles of the control sample.
Acute toxicity assay

The acute toxicity of all the surfactants was assayed by a pho-
tobacterium, using the method reported by Chongjian Tang.11

1000 mg L�1 of stored solutions of surfactants were diluted 5 to
20 times. At the same time, a preparation for the determination
of the toxicity of soil contaminated with surfactant was obtained
by dissolving it into deionized water at the rate 1 : 1 (w/w).
Samples were analyzed according to the method of Jiao.12 And
10 mL of stored Photobacterium phosphereum solution were
added to each of the treated samples, and the luminous power
of these samples was measured by a DXY-2 instrument (DXY-2,
Institute of Soil Science, Chinese Academy of Sciences, Nanjing,
China). The relative luminosity (X) was calculated according to
eqn (1):

Xð%Þ ¼ Lsample

Lblank

� 100% (1)

where L is the luminous quantity.
31020 | RSC Adv., 2017, 7, 31018–31026
Results and discussion
Characterization of the soil

From Table 2, it can be inferred that the soil was a loamy soil
type, with a clay content of 51.5%, coarse sand: 39.1%, thin
sand: 4.0%, silt: 5.3% and organic carbonate: 1.15%. The soil
itself was enriched with organic compounds, which were mainly
hexadecanoic acid, butyric acid, 4-methoxy, octadecanoic acid,
hexadecanoic acid and propyl ester, as listed in Table 3. The GC-
MS proles are shown in Fig. 1.
Bacteria growth in surfactant contaminated soils

Added surfactants could be an additional source of carbon for
bacteria in the soils. The growth characteristics of aerobic
bacteria in soil contaminated by different surfactants were
investigated. As shown in Fig. 2, the growth proles with
surfactants and the control sample showed a similar pattern.
Firstly, all of them underwent a latent phase for around 10 days,
and the amount of bacteria was not statistically signicant in
the rst 10 days. Subsequently, aer two weeks' incubation, it
can be observed that the highest CFU value found in the soil
with added FMEE (5.6 in 108 CFU g�1) on the 15th day and the
time point for the highest CFU value in the soil was also earlier
than for the others. Under the same surfactant concentration,
bacteria can gain a relatively quicker growth in the FMEE
environment, attaining maximum growth for 30 days and then
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Bacterial growth profile in soil contaminated by different
surfactants during the degradation period, “control” means the soil
without a surfactant.
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declining. Aer almost the 35th day, the bacteria count rose
a little all of a sudden. This may explained by secondary growth,
because the bacteria use other substances as nutrients. The CFU
values in soil with added rhamnolipid, MHAE and Tween-80
have the same tendency but at a much lower level.
Fig. 3 (a) Concentration levels of surfactants measured during the
degradation process. (b) The degradation rate of surfactants in the first
30 days, after which every degradation reached a stable period.
Surfactant degradation in the soils

It can be seen from Fig. 3(a) that, aer surfactants had been
applied onto the soil, the initial concentration of FMEE, MHAE,
rhamnolipid and Tween-80 in the soils were 103.29 mg kg�1,
110.5 mg kg�1, 116.45 mg kg�1 and 102.55 mg kg�1, respec-
tively. At the beginning of the experiment, the concentration of
MHAE was lower than the added concentration, namely, 120 mg
kg�1. This indicated that MHAEwas adsorbed into the soil more
easily than the others. Finally, the concentrations of these
surfactants decreased to 2.5 mg kg�1, 10.35 mg kg�1, 6.34 mg
kg�1 and 6.37 mg kg�1, respectively, aer 75 days of the
degradation process. The rate for FMEE is 6.4 mg (kg day)�1

faster than for the others in the rst 15 days, whichmay because
of the increase in the number of microorganisms and greater
microbial population in this period. Rhamnoplid reached the
same relative degradation rate 25 days later. Thirty days later,
the decrease in degradation rate may be because of the
degradation-resistant group in the surfactants and also
a decrease in the number of microorganisms.
Metabolites in surfactants biodegradation process

Metabolites in MHAE degradation process over time. Aer
the MHAE solution was applied to the soil, the initial concen-
tration was measured. Moreover, the concentration declined
dramatically in the rst thirty days, and almost reached its
lowest concentration of 8.35 mg kg�1 in the degradation
process. As shown in Fig. 4, the GC-MS of all the soil samples
collected in the rst day, the 30th day and the 75th day were
detected under the same conditions. And Table 4 lists the
This journal is © The Royal Society of Chemistry 2017
substances detected by GC-MS of MHAE, which were extracted
from the soil on the rst day of the experiment. Aer the MHAE
had been added into the soil, with the exception of fatty acids,
MHAE with different numbers of carbon chains were detected.
Thirty days later, most of the MHAE had obviously been
consumed, and almost no alcohol ether was found, but several
aliphatic acids which degraded more slowly were detected. This
may because the scission of alcohol ether led to the production
of hydrophobic alkyl groups and polyalkoxylate.26 In addition,
the growth of microorganisms is also attributed to the quantity
of fatty acid in the soil. Moreover, the main type of MHAE
remaining in the soil on the 30th day was the MHAE with 12
carbons, and it can be inferred that the C12 alcohol ether cannot
degrade as fast as alcohol ether, which with its shorter carbon
chain degrades in a short time, or it may be enriched during this
period.

With the degradation proceeding, the C12 alcohol ether can
be consumed in the later process. 75 days later, compared with
Fig. 1 there were almost no telling changes between the control
sample and the 75th day's sample. And this may be explained by
RSC Adv., 2017, 7, 31018–31026 | 31021
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Fig. 4 GC-MS profiles of the MHAE obtained from soil on the first day,
the 30th day and the 75th day, respectively.

Table 4 Compounds detected by GC-MS in soil with added MHAE on
the first day

Number Compounds

1 Dibutyl phthalate
2 2-Butoxyethoxy acid, trimethylsilane
3 Hexadecanoic acid, trimethylsilyl ester
4 Octadecanoic acid, trimethylsilyl ester
5 Octadecanoic acid, trimethylsilyl ester
6 C8 alcohol ether
7 C8 alcohol ether
8 Bicyclo[3.2.0]hepta-3,6-diene-1-carbonitrile
9 Eicosenoic acid, trimethylsilyl ester
10 C8 alcohol ether
11 C12 alcohol ether
12 Pyrrole
13 Docosenoic acid, trimethylsilyl ester
14 C8 alcohol ether
15 Cycloheptatriene carbonitrile
17 C4 alcohol ether
18 Octadecanoic acid, trimethylsilyl ester
19 C8 alcohol ether

Fig. 5 GC-MS profiles of the FMEE extracted from soil on the first day,
the 15th day and the 75th day, respectively.
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the fact that MHAE had been degraded completely. As Carolina
C Ang reported, MHAE with different amounts of carbon can be
almost totally used up by bacteria in the soil.27 This means that
the MHAE can be mineralized in soil by microorganisms.

Metabolites in FMEE degradation process over time. As
shown in Fig. 3, the mean value of the detected concentration
31022 | RSC Adv., 2017, 7, 31018–31026
was at a level of 103.3 mg kg�1 in soil, which was slightly lower
than the added level of 120 mg kg�1. The primary degradation
process focused on the rst 15 days, and reached the lowest
detected concentration of approximately 3.8 mg kg�1. Aer that,
the mass of FMEE did not express any signicant change.

Fig. 5 shows the GC-MS characteristics of the extractions
from soil contaminated FMEE aer different degradation times.
The components detected aer FMEE was added into the soil
are methyl ester with 16 and 18 carbon chains and aliphatic
acids (Table 5). While aer 15 days of degradation, most of the
methyl ester cannot be detected except for C16 methyl ester. The
by-products remaining in the soil were not only parts of the
hexadecanoic acid and octadecanoic acid, but some alkanes
were generated, such as heneicosane, tetracosane, octacosane
and hexacosene. This may because of the consumption of the
terminal methyl ester group and microorganism metabolism.
Finally, only some fatty acids were le, such as octadecanoic
acid and hexadecanoic acid, which inhabited the soil.

At the end of this experiment, only a little of the hex-
adecanoic acid and octadecanoic acid were found and there was
no methyl ester in the soil. Matthew J. Scott had produced
a review that explained that the degradation of fatty alcohol
ethoxylates begins with the cleavage of the bond between the
hydrophobe and hydrophile.26 We can infer from Table 4 that
This journal is © The Royal Society of Chemistry 2017
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Table 5 Compounds detected by GC-MS in soil with added FMEE on
the first day

Number Compounds

1 Tetradecanoic acid, trimethylsilyl ester
2 C16 methyl ester
3 C16 methyl ester
4 C18 methyl ester
5 trans-13-Octadecanoic acid, trimethylsilyl ester
6 Octadecanoic acid, trimethylsilyl ester
7 1-Pentamethyldisilyloxyoctadecane
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the FMEEs with different carbon chains can be largely
consumed.

The methyl group at the end of the FMEE molecule may
delay the degradation process.28 This result demonstrated that
FMEE can be utilized by bacteria in soil. Furthermore, the ester
group in the compound is not stable at all, and it can be
mineralized at last.29

Metabolites in rhamnolipid degradation process over time.
The concentration prole of the rhamnolipid degradation
process had many uctuations, and it can be observed that
a relatively stable concentration was attained aer 20 days of
degradation. As with the FMEE, the detected concentration was
lower than the added quantity. However, aer 20 days of the
degradation process, it showed a concentration presence of
around 5.54 mg kg�1, although it almost reached the lowest
value for the whole process. As shown in Table 6, the main
compounds detected by GC-MS in soil with added rhamnolipid
were glycolipid and fatty acid with different carbon numbers.
Almost all of the quantity of components decreased obviously in
the rst 20 days. The main remaining substances are hex-
adecanoic acid and octadecenoic acid, but their quantities
decreased. Moreover, hexadecanoic acid and octadecenoic acid
had evidently been utilized, and 84.5% had been degraded
during the rst 20 days. And aer 75 days, 96.14% of rhamno-
lipid had been degraded. Wen Jia30 reported that the rhamno-
lipid degradation process would not be inhibited by the dose of
rhamnolipid, but it would be slower at a higher concentration
than at a lower one in the rst several days when the process was
inhibited by the heavy metal Cd and/or Zn in 20 days. According
to the structure of rhamnolipid in Lan,18 the rhamnolipid not
only has an aliphatic ester but a polysaccharide structure. And
thus, aer the silicon alkylation reaction, the most likely
Table 6 Compounds detected by GC-MS in soil with added rham-
nolipid on the first day

Number Compounds

1 Hexadecanoic acid, trimethylsilyl ester
2 Octadecanoic acid, trimethylsilyl ester
3 Octadecanoic acid, trimethylsilyl ester
4 Propanedioic acid, bis(trimethylsilyl) ester
5 Eicosenoic acid, trimethylsilyl ester
6 Eicosenoic acid, trimethylsilyl ester
7 Hexadecanoic acid, 2,3-bis[(trimethylsilyl)oxy]propyl ester
8 Docosenoic acid, trimethylsilyl ester

This journal is © The Royal Society of Chemistry 2017
substances may be the propanedioic acid ester and aliphatic
ester. Because the rhamnolipid can be consumed by microor-
ganisms except for its producing bacterium Pseudomonas aeru-
ginosa,31 the compounds can be utilized by bacteria in soil.32

During the rst degradation process, most of the rhamnolipid
structures were transformed into alkyl acid and a few alkanes
with different carbon chains. Tetracosanoic acid, octadecanoic
acid (Z)-9-octadecenamide can be also attained. Aer 75 days of
degradation, hexadecanoic acid and octadecenoic acid can be
detected in the soil, and we can conclude that hexadecanoic
acid and octadecenoic acid may be components of the soil
organics or result from cell autolysis. From Fig. 6, we can come
to a conclusion that the degradation of rhamnolipid in soil was
focused on the rst 20 days, and the quantity of each substance
declined dramatically.

Metabolites in Tween-80 degradation process over time. The
biodegradation process of Tween-80 in soil was analyzed by GC-
MS, and partial qualitative GC-MS proles are illustrated in
Fig. 7. As shown in Tables 3 and 7, the major compositions
extracted from Tween-80 contaminated soil not only contain
aliphatic acid and aliphatic alcohol which are constituents in
the control soil sample but trans-9-octadecenoic acid and eico-
senoic acid which we can infer from the Tween-80 structure.
That was because Tween-80 was not a pure substance and the
extract underwent a process of silylation derivatization, in
Fig. 6 GC-MS profiles of the rhamnolipid obtained from soil at the first
day, the 20th day and the 75th day, respectively.
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Fig. 7 GC-MS profiles of the Tween-80 extracted on the first day, the
25th day and the 75th day, respectively.

Table 7 Compounds detected by GC-MS in soil with added Tween-
80 on the first day

Number Compounds

1 Hexadecanoic acid, trimethylsilyl ester
2 Octadecanoic acid, trimethylsilyl ester
3 Octadecanoic acid, trimethylsilyl ester
4 Eicosenoic acid, trimethylsilyl ester
5 Eicosenoic acid, trimethylsilyl ester
6 2-Monopalmitin trimethylsilyl ester
7 Hexadecanoic acid, propyl ester

Fig. 8 (a) Relative luminescence of surfactants at different dilution
ratios. (b) The relative luminescence of soil samples. C means the
control sample, “a” stands for before the degradation process and “b”
stands for the end of experiment. M, F, T and R mean the FMEE, MHAE,
Tween-80 and rhamnolipid, respectively.
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which Tween-80 reacted with BSTFA/TMCS (99 : 1, v/v). So the
structure of Tween-80 was changed by this reaction and the
detected composition were products from derivatization. The
octadecenoic and hexadecanoic acid propyl ester had the same
aliphatic chain structure compared with Tween-80. It can be
inferred that these compounds may be the derived products. It
has been reported that octadecenoic acid can be degraded by
bacteria which have been isolated from soil.32 As Fig. 7 shows,
aer the rst 25 days, most of the aliphatic acid ester and
alcohol had decreased, which means that a large proportion of
Tween-80 was reduced during this period. But some aliphatic
31024 | RSC Adv., 2017, 7, 31018–31026
acids, such as hexadecanoic acid and octadecenoic acid, still
remained. During the degradation period, (Z)-9-tricosene was
produced in the soil. This can be explained by the fact that the
polyoxyethylene sorbitan was consumed rstly in the Tween-80
structure. At the same, eicosanoic acid and oleic acid can be
formed because of the bacterial metabolism.

However, aer the degradation process, the monostearin in
the soil did not show any dramatic decrease. And fatty acids and
fatty acid methyl esters can be detected in the soil aer 75 days.
This demonstrated that the degradation of hexadecanoic acid
and octadecenoic acid were much slower. The substances
remaining in the soil aer 75 days were similar to those of the
control, fromwhich we can infer that the degradation process of
Tween-80 does not do any harm to the soil environment. This is
coincident with the research carried by Lee in 2013.33

Toxicity of surfactants

Surfactants are organic polymers which are more or less toxic to
microorganisms. Their toxicity depends on their structures, as
Rebello reported.34 The biotoxicity of the surfactants was assayed
by using luminescent bacteria. Fig. 8(a) shows the acute toxicity
This journal is © The Royal Society of Chemistry 2017
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of the surfactants at different dilution ratios. The surfactants
stock solution had a relative luminescence lower than 20%, and
the acute toxicity of the surfactants was observed when the
concentration reached 50 mg L�1. The relative luminosities of
MHAE, FMEE, Tween-80 and rhamnolipid were 50.8%, 80.6%,
70.2% and 78.6%, respectively, when 50 mg L�1 surfactants
solutions were applied in the determination. Compared with
other surfactants, FMEE had the lowest toxicity, followed by
rhamnolipid, Tween-80 and MHAE. This toxicity result well
explained why FMEE has the shortest lay phase and the highest
degradation rate, as shown in Fig. 2 and 3. Fig. 8(b) shows the
acute toxicity of soil suspensions containing different surfactants
at the beginning and the end of the experiment. It can be seen
that the control groups are not toxic to luminescent bacteria.
However, the addition of surfactants into the soil decreased the
shining of the luminescent bacteria to some extent, but when the
degradation was complete, the relative luminescence of the
samples was raised. This means that the acute toxicity declined
as the degradation proceeded. On the other hand, the addition of
MHAE decreased the relative luminescence dramatically,
whereas it increased with the degradation process. We can infer
that the biodegradation process of MHAE may produce some-
what less harm to microorganisms or the soil, but the higher
residual MHAE inhibits the luminescence more.

Conclusions

In this work, the biodegradation processes of MHAE, FMEE,
Tween-80 and rhamnolipid in a soil environment were investi-
gated. The biodegradation process in soil lasted for 75 days
under natural conditions varying from 15 �C to 22 �C in the
autumn in southwest of China. Finally, all four surfactants
degraded to different extents. FMEE showed the most effective
process, and was degraded to 2.4% of the initial concentration.
And rhamnolipid, Tween-80 and MHAE followed in that order.
Furthermore, most of the reduction of surfactant was due to
mineralization according to the GC-MS characterization of each
surfactant. Meanwhile, with the increase in the number of
bacteria, most of the surfactants were degraded. The biodegra-
dation processes depended on the consumption of surfactant by
bacteria. For all of the surfactants studied can be used as carbon
sources for the growth of microorganisms. Finally, all the results
indicated that FMEE had the fastest rate of degradation among
all the surfactants in soil. For this reason, FMEE is superior to
the other three surfactants. Less harm will occur because of its
lower toxicity to the environment and the lower possibility of it
being scoured into water by rain. Through this investigation, it
can be inferred that the biosurfactant rhamnolipid is not supe-
rior in terms of acute toxicity or in its ability to biodegrade.
Factors that affect the utilization of surfactants should not only
take the ability to biodegrade into consideration because it is the
same or less compared with synthetic surfactants.
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