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Abstract Methyl ester sulfonate (MES) is an anionic
surfactant derived from palm oil through sulfonation of
fatty acid methyl esters. Due to limited ecotoxicological
data on MES, this study was initiated to evaluate the
ecotoxicological properties of MES and its impact to the
environment. The respirometric method (OECD 301F) was
used to monitor the biodegradation of various homologues
of MES over 28 days. The algae growth inhibition test
(OECD 201) was conducted to assess the effects of palm-
based MES towards green algae by exposing exponen-
tially-growing cultures of Pseudokirchneriella subcapitata
(P. subcapitata) to five concentrations of MES with max-
imum concentrations of 100 mg/L. Results showed all
MES samples were readily biodegradable, where the
biodegradability of each homologue surpassed 60% within
28 days. It was also observed that the longer the carbon
chain length of MES, the solubility and the biodegrad-
ability rate decreased. The ecotoxicity of C12 and Cl14
MES towards P. subcapitata after 72 h of experiment
showed no inhibition of algae growth in C12 MES while,
the growth of algae decreased as the concentration of C14
MES increases. The ECsy value for C14 MES and C16
MES towards green algae was >100 and >10 mg/L,
respectively. It can be concluded that C12 and C14 MES
were practically non-toxic towards P. subcapitata and the
toxicity increased with an increase in chain length of the
surfactant (ECsy value decreases). Therefore homologues
of palm-based MES are not expected to cause
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environmental concern due to their biodegradability and
low toxicity in the aquatic environment.

Keywords Surfactants - MES homologues - Ecotoxicity -
Biodegradation - Environment

Introduction

Surfactants are widely used as active ingredients in
household and industrial applications. The world produc-
tion of synthetic surfactants reaches 13 million tons
annually and they are economically important products [1].
In 2014, the surfactants world market earned more than 33
billion US-dollars. The market research institute Ceresana,
Germany forecast that the annual revenues for surfactant
will increase by 2.5% p.a. until 2022 [2]. The global sur-
factant market was forecast to grow at a compound annual
rate of 6.02% from 2015 to 2019 (Asia—Pacific, Europe,
North and South America, and the rest of the world), with
rising demand for personal care products [3].

Surfactants are potential toxins when they enter the envi-
ronment in large quantities via wastewaters, so the determi-
nation of aquatic toxicity and biodegradability of surfactantsis
of utmost importance [1]. Because surfactants may have
adverse effects on humans and animals, it is important that in
the future all new surfactants that enter the market have a
product safety datasheet which includes the environmental
protection parameters such as biodegradability and ecotoxi-
city. Biodegradation is a process whereby microorganisms
decompose the organic matter in the environment through
utilization of carbon as food. Biodegradation can be described
as the destruction of chemicals by the metabolic activity of
microorganisms [4]. In primary biodegradation, microorgan-
isms convert the organic molecule into different products, but
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in ultimate biodegradation, they assimilate the organic
molecule completely into simple molecules (such as carbon
dioxide/methane, nitrate/ammonium and water) [5]. The
ability of a chemical compound to degrade is the most sig-
nificant parameter to determine the adverse effects of the
compound on the ecosystem. The percentage of biodegrad-
ability of a surfactant must fulfill certain regulation require-
ment, such as the European environmental safety legislation,
Regulation (EC) No 648/2004 on detergents [6]. For repro-
ducible and comparable results between different laboratories,
standardized methods have been used globally. There are a
number of standardized biodegradability test methods avail-
able, such as the International Organization for Standardiza-
tion (ISO) standard methods, for example ISO/TR 15462 on
water quality-selection of test for biodegradability, and the
Organization for Economic Co-operation and Development
(OECD) standard methods [7]. A compound that gives a
positive result in one of the ‘ready biodegradability’ tests (e.g.
OECD 301 series) is assumed to be able to rapidly biodegrade
in the environment, releasing non-toxic by-products like
carbon dioxide and water (ultimate biodegradation). Hence, a
compound that is readily biodegradable should not cause any
adverse effects on living organisms in the environment [8].
Ecotoxicity studies examine the toxic effects caused by
chemicals on living organisms. Aquatic toxicity tests using
test species such as fish, invertebrates or algae are usually
single-species tests in which the toxicity of a chemical is
measured through mortality, decreased growth rate or low-
ered reproductive capacity, either by an acute toxicity test or
a chronic toxicity test [9]. These tests have been standardized
by organizations such as the OECD, ISO and American
Society for Testing and Materials (ASTM), and are applied
to a selected group of organisms. The ecotoxicity assays are
based on exposing a population of aquatic test species to a
series of test substance’s concentrations. The ecotoxicity
tests provide an estimation of the concentration that cause
effects such as mortality, mobility inhibition, reproduction
interference, reduction of respiration, etc. to 50% of the
population exposed, usually expressed in terms of ECsy
(effective concentration) or LCs (lethal concentration) [10].
Anionic surfactants are the most commonly used surfac-
tants, contributing to about 60% of the world production, due
to their ease and low cost of production. They include
alkylbenzene sulfonates (detergents), fatty acid (soaps),
lauryl and laureth sulfate (foaming agent), di-alkyl sulfos-
uccinate (wetting agent) and lignosulfonates (dispersants).
Most of the anionic surfactants are used in detergents
because of their cleaning performance and effectiveness in
removing dirt [11, 12]. The three most frequently encoun-
tered anionic surfactants in the new chemical program are
sulfonates, phosphonates and fatty acids. The strongest sur-
factants are the sulfonates and the weakest are the fatty acids.
The easiest to assess are the sulfonates because of the large
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amount of information for linear alkyl benzene sulfonates
(LAS) in terms of their acute and chronic toxicity to fish and
aquatic invertebrates [13]. Due to the public concern on
environmental fate of surfactants in the aquatic environment,
many ecotoxicology studies have been performed on both
anionic and non-ionic surfactants using different type of test
species, i.e. fish, water flea and microalgae [14—17].

Methyl ester sulfonate (MES) is an anionic surfactant
derived from palm oil through sulfonation of fatty acid
methyl esters. It has good surface-active properties,
excellent detergency and is less sensitive to water hardness
compared to LAS [18-20]. The global fatty methyl ester
sulfonates (FMES) market is currently in its growth phase
due to consumer awareness on biodegradable surfactants in
detergents. MES was valued at USD 0.57 billion in 2014
and is anticipated to reach USD 1.58 billion by 2020,
growing at a compound annual growth rate (CAGR) of
18.6% between 2015 and 2020 [21]. This paper is intended
to evaluate the biodegradability and ecotoxicity of various
homologues of palm-based surfactant, MES in order to
establish their impact to the environment.

Experimental
Materials

Test substances were palm-based MES of various chain
lengths (C12, C14 and C16) produced from palm stearin
methyl esters in the Malaysian Palm Oil Board (MPOB)
MES pilot plant. The palm stearin methyl esters were
purchased from Emery Oleochemical (M) Sdn Bhd, a
Roundtable on Sustainable Palm Oil (RSPO) company.
The purity of MES was more than 70%. Molecular struc-
ture of MES is shown in Fig. 1. C10-13 LAS was pur-
chased from Kong Long Huat, Malaysia and neutralized
prior to the biodegradation test. C10-13 LAS is used for
comparison purposes.

For biodegradation test, aniline (99%) from AnalaR-
BDH, UK, was used to check the validity of the test pro-
cedure. While, for ecotoxicity test, a reference compound,
potassium dichromate, K,Cr,O; from Friendemann Sch-
midt, Germany, was used to check the sensitivity of the test
organisms and the conformity with the test procedure.

I
R-CH-C-OCH,
|
SO,Na

R= Cn-2 H2n—3

Fig. 1 General molecular structure of MES



J Surfact Deterg (2017) 20:1467-1473

1469

Procedure for ready biodegradability study using
OECD 301F, Manometric Respirometry Test

The inoculum used in the biodegradation study was derived
from activated sludge of a wastewater treatment plant
treating predominantly domestic sewage. The sludge was
collected from Indah Water Konsortium (IWK) Putrajaya,
Malaysia and diluted in mineral medium to the concen-
tration as stated in the OECD 301F test method [7].
Thereafter, the sludge was pre-conditioned by aerating it in
a mineral medium for 5 days at the test temperature
(22 £ 2 °C).

All biochemical oxygen demand (BOD) bottles were
inoculated with a small volume of the inoculum to give a
concentration of 30 mg/L of suspended solids as suggested
in the OECD test guidelines [7]. The mineral medium for
the test was prepared as described in OECD [7]. Total
volume for each BOD bottle was 300 mL. The oxygen
uptakes in all bottles were measured directly using the
BOD EVO (Velp, Italy) system for 28 days to produce
BOD curves for each test bottle. The experiment was
conducted in duplicate. The six BOD bottles used in OECD
301F method were prepared as in Table 1.

The percentage of biodegradation of the sample is cal-
culated using Eq. 1:

BOD (mg O,/mg test substance)

(ThOD) (mg O,/mg test substance)
% 100,

% Biodegradation =

(1)
where BOD is given by Eq. 2.

BOD:[

(mg O,/L uptake by test and/or reference item) — (mg O, /L uptake by inoculum blank)]

were calculated using the formula described by Gerike
[22].

Procedure for ecotoxicity study using OECD 201,
Algae, Growth Inhibition Test

The ecotoxicity study of MES was performed separately
from the biodegradation study. The ecotoxicity of the
various homologues of MES was assessed using green
algae, Pseudokirchneriella subcapitata (Korshikov) Hin-
dak (ATCC® 22662™) (formerly Selenastrum capricor-
nutum) obtained from the American Type Culture
Collection (Maryland, USA). P. subcapitata was cultured
and maintained in the mineral medium as stated in method
OECD 201 [23]. The cultures were re-cultured weekly into
fresh sterilized medium, composed of both micro- and
macronutrients. This procedure ensured a steady supply of
logarithmic exponential phase cells in 5-7 days after
inoculations. The pH of algae medium was adjusted to 7.5
(£0.01) with 0.1 N NaOH or 0.1 N HCI prior to steril-
ization. Algae were incubated in 200-mL conical flasks
covered with silicon caps in 14-h light (4000 Lux) and 10-h
dark cycle incubator (EYELA FLI-2000, Japan,) at 24 °C
and shaken at 100 rpm.

The algae growth inhibition test was conducted to assess
the effects of palm-based MES towards P. subcapitata and
to determine the 72-h ECs, value of MES according to
standard method OECD 201 [23]. The exponentially-
growing cultures of P. subcapitata cultured in OECD 201
media were exposed to five different concentrations of
MES with maximum concentrations of 100 mg/L. The

mg test and/or reference test item/L

: (2)

The degree of biodegradation is expressed as a per-
centage of the theoretical oxygen demand (ThOD), i.e. the
maximum oxygen demand required for complete
biodegradation of the test substance. This maximum value
is normally calculated from the molecular formula of the
test substance. The ThOD for each MES and LAS samples

inhibition of growth in relation to a control culture was
determined for 72 h. Cell concentration was estimated
using a particle counter (Beckman Counter Z2, USA). The
ECs5 values were calculated via probit analysis using SPSS
version 17 software based on the dose-response curves.
The probit analysis is commonly used in toxicology to

Table 1 Preparation of BOD

Bottl
Bottles ote

Preparation

1 and 2
3 and 4
5and 6

Test substance in mineral medium at 100 mg/L
Reference compound (aniline) in mineral medium at 100 mg/L
Mineral medium only (blank)
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determine the relative toxicity of chemicals to living
organisms.

Results and Discussion
Aerobic Biodegradability of Palm-based MES

The molecular formula and ThOD of MES and aniline are
shown in Table 2. From the table, the ThOD values
increase as the chain length of MES increases. The
biodegradability of MES (C12, C14 and C16) determined
using method OECD 301F, Manometric Respirometry are
shown in Fig. 2. In principle, any substance meeting the
OECD ready biodegradability pass levels (either 60% CO,
evolution, 60% BOD/ThOD or 70% dissolved organic
carbon (DOC) removal within 28 days test period) in one
of the biodegradability screening tests are considered as
“‘readily biodegradable’’ [7]. The OECD 301F test method
uses 60% ThOD as the pass level.

The biodegradability of C12, C14 and C16 MES was
73% within 6 days, 66% within 8 days and 63% within
16 days, respectively. From the results, it can be concluded
that all MES samples were readily biodegradable since
their biodegradability surpassed the 60% pass level within

Table 2 Molecular formula and ThOD of MES, LAS and aniline

28 days. MES has a linear structure which made the sur-
factant easily biodegraded by the microbes compared to
other surfactants that are branched or having aromatic
moiety. The degradation pathway of MES was well
described by Masuda et al. [24] and Roberts [25], where
the biodegradation of MES started with m-oxidation to
form a carboxyl group and continued with B-oxidation,
removing two carbons at a time, to form monomethyl o-
sulfosuccinate. This undergoes desulfonation to succinic
acid, which features naturally in cell metabolism. In
addition, the longer the carbon chain length of MES, the
solubility and the biodegradability rate decreases. In gen-
eral, biodegradability increases with increasing solubility;
solubility is inversely proportional to alkyl chain length
[26]. In this case, microorganisms may take longer time to
degrade any substance with a longer carbon chain length.
The biodegradability of MES has also been reported by
Razmah and Salmiah [20]. In their report, by using method
OECD 301D Closed Bottle Test, palm-based MES was
found to be readily biodegradable with more than 80%
degraded in only 8 days. In addition, the MES is not
expected to cause environmental concern because of its
high biodegradability, which will leave very little residual
and therefore is not toxic to aquatic organisms. In terms of
detergency performance, Zulina et al. [18] showed that

Sample Molecular formula Molecular weight ThOD (g 02/mg test substance)
C12 MES C13H25NaOSS 320 1.85
Cl14 MES C15H29N305S 344 2.00
C16 MES C,7H;33Na0sS 372 2.11
C10-13 LAS CH3(CH,),.1CsH4SO3Na ,210.11.12.13 320-362 2.25-2.39
Reference, aniline Ce¢HsNH, 93 2.41
Fig. 2 Biodegradation curves 120.0
of MES, LAS and Aniline

o 100.0
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= 80.0
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o 60.0
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€ 40.0
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C16 MES had the most excellent performance compared to
other carbon chain length. The detergency performance of
MES is in the order C16 > C14 > C18 > CI12.

The petroleum-based surfactant, LAS, was also readily
biodegraded with 60% biodegradability achieved within
8 days (Fig. 2). The biodegradability of C10-13 LAS was
lower and slower than the biodegradability of palm-based
C12 and C14 MES, although all these three surfactants
have about the same carbon chain lengths. According to
Siti Afida et al. [27], LAS has an aromatic moiety and this
made the surfactant more difficult to biodegrade. The
biodegradability of LAS also had been reported by Mat-
thew and Malcolm [28]. The mechanisms of LAS break-
down begins with m-oxidation at the end of the alkyl chain,
yielding a mono- and dicarboxylic sulfophenyl acid, which
is then subjected to B-oxidation, followed by cleavage of
the benzene ring with conversion of the sulfonate group to
inorganic sulfate in the environment [29].

Ecotoxicity of Palm-based MES

The sensitivity test was performed using potassium
dichromate (K,Cr,O;) and Fig. 3 shows the effect of
K,Cr,07 on algae growth. At the concentration 10 mg/L
and 30 mg/L, the growth of algae was 100% inhibited.
According to ISO 8692 [30], the acceptable ECs, value
range for the sensitivity test is 1.19 £ 0.27 mg/L. The
ECs5o value for K,Cr,O; obtained in the experiment was
1.13 mg/L, which was within the acceptable range and
confirmed that the cultured P. subcapitata in this experi-
ment can be used as a test species for ecotoxicity studies of
MES samples.

After 72 h of the experiment on C12 and C14 MES, no
inhibition of algae growth was observed in C12 MES
while, the growth of algae decreased as the concentration
of C14 MES increases. At a concentration of 100 mg/L, the

120
X
< 100
=
2
2 80
=
g
£ 60
Z
(=]
)
o 40
[
o0
< 9
0
0 5 10

growth of algae was inhibited by about 26%. The ECsq
value for C14 MES towards green algae was >100 mg/L
(Fig. 4). The C16 MES sample has low water solubility,
i.e. 10 mg/L at 24 °C (test temperature). For ecotoxicity
test on poorly soluble substance, the toxicity test should be
conducted only up to the maximum dissolved concentra-
tion under the test conditions [31]. Therefore, the highest
concentration tested for C16 MES was 10 mg/L, where at
this concentration about 7% of algae growth was inhibited.
The ECsq value for C16 MES sample was >10 mg/L.

Table 3 shows the summary of the effect of MES
homologues towards P. subcapitata. According to
GESAMP [32] rating scheme for acute aquatic toxicity,
Cl12 and Cl14 MES were practically non-toxic
(ECsp > 100 mg/L) towards P. subcapitata and the toxic-
ity increased with an increase in chain length of the sur-
factant (ECso value decreases). This ecotoxicity trend has
also been reported using fish as the test species [20]. For
anionic surfactants, the aquatic toxicity depends mainly on
the length of the carbon chain in the molecule. The toxicity
level of a substance has a correlation with the chain length
of the alkyl group [33]. This correlation has also been
observed in the homologues of alcohol sulfates and alkyl-
benzene sulfonates where, the longer the carbon chain, the
more toxic the anionic surfactant [34, 35]. The probable
reason for the toxicity increase with homologue chain
length was a greater interaction of the heavier homologues
with cell membranes [29]. However, a systematic depen-
dence of the toxicity on the chain length is only recog-
nizable in fully water-soluble compounds [36].

The ecotoxicity of C10-13 LAS towards P. subcapitata
was measured at the highest concentration tested (100 mg/
L), where the algae growth inhibition was about 69% and
the ECs( calculated was 78 mg/L. This findings show that
MES is less toxic than LAS at similar carbon chain length.
The finding in this study was in agreement with the study

15 20 25 30

Potassium dichromate concentration (mg/L)

Fig. 3 Graph of algae growth inhibition (%) towards different concentrations of K,Cr,O,
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Fig. 4 Graph of algae growth inhibition (%) towards different concentrations of C14 MES

Table 3 Effect of MES homologues and LAS on P. subcapitata

Sample Solubility in mineral ECso
medium (maximum
100 mg/L)
C12 MES Soluble >100 mg/L
C14 MES Soluble >100 mg/L
C16 MES 10 mg/L >10 mg/L
C10-13 LAS Soluble 78 mg/L

by Torben et al. [37] and Verge et al. [38] where the ECsy
values of C12 LAS and C14 LAS were 48 mg/L and
18 mg/L, respectively.

Conclusion

Palm-based MES are readily biodegradable surfactants as
shown through studies carried out using the OECD 301F
Manometric respirometry standard test method, where their
biodegradability surpassed the 60% pass level. The results
showed that as the carbon chain length of MES increases, it
became less biodegradable because more time was required
by the microbes to degrade this surfactant into simple
molecules. On the other hand, the presence of aromatic
structure in LAS may also extend the biodegradation pro-
cess. CI2 and Cl14 MES were practically non-toxic
(ECsp > 100 mg/L) towards P. subcapitata and the toxic-
ity increased with an increase in chain length of the sur-
factant (ECsy value decreases). Hence MES are not
expected to cause environmental concern due to only
10-30% of MES is used in detergent products and it is
readily biodegradable. Thus MES can be a potential
alternative to LAS as the workhorse surfactant for the
detergent industry.
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