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Abstract

This work presents a comparative ecological assessment of dodecanolethoxylates and rapeseed acid

methyl ester ethoxylates as nonionic surfactants. It was found that ethoxylated rapeseed acid methyl esters

show higher biodegradability and lower aquatic toxicity compared to 1-dodecanol ethoxylates. A prognostic

model for environmental impact of the studied series of surfactants was developed using the data from

biodegradation and aquatic toxicity tests combined with estimated concentration of the surfactants in a

wastewater stream. It is shown that an ecological risk of bulk application of dodecanolethoxylates can be

expected over a longer term, while significant reduction of environmental fate would occur by the alternative

use of ethoxylated rapeseed acid methyl esters. We concluded that ethoxylated rapeseed acid methyl esters

can be considered as environmentally superior surfactants.
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Introduction

Reduction of already existing pollution has a
significant importance in the protection of the natural
environment, particularly water ecosystems. However,
many efforts are also focused on further regulations and
actions to reduce the chemical load on the environment
in the future [1]. Surfactants represent one of the widely
used bulk chemicals with clearly increasing trends of
production and fields of application [2, 5]. In spite of their
growing market, better environmental protection could be
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executed by gradual replacement of the existing surfactant
types with their more environmentally friendly equivalents
[3]. Therefore, the system of prognostic evaluation of
environmental impact of chemicals is a convenient and
valuable tool for assessing surfactants in this context to
make decisions for strategic development and the creation
of environmental policy, both on a company level and in
state legislation [4].

Continuous technological progress results in the
development of new surfactants, which gradually
enter the market [2, 5]. They are usually more efficient
in performance, more environmentally friendly, or
just utilise alternative raw materials. Among them,
alkylpolyglycosides, sulfonated fatty acid methyl
esters, or narrow-range distributed fatty alcohols can be
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encountered [6]. However, no surfactant has appeared
in bulk production in more than 50 years, which
could compete economically with soap, alkylbenzene
sulfonates, or the conventional ethoxylated fatty alcohols
[7]. The situation seems ti be able to change with the
introduction of ethoxylated fatty acid methyl esters as
replacements of ethoxylated fatty alcohols [8-9], which
could be relatively cheaper and can by manufactured from
such renewable resources as raw material at the same time
[10]. Among them, rapeseed oil acid methyl esters were
reported as a valuable and perspective alternative to the
surfactants manufactured from other more expensive and
less available plant oils [11, 14] or of petrochemical origin
[12-13]. They already have proven to perform well in
major applications as ingredients of cleaning and washing
formulations [14-16].

Surfactants are important industrial products. The
$60 billion detergent market consumes up to 18 million
tons of surfactants annually, including soaps [17]. After
use, total amounts of surfactants are wasted and pollute
the environment. Therefore, it is important to monitor and
control their environmental fate [18]. The most important
parameters of ecological evaluation of surfactants include
biodegradability and toxicity against water organisms
[19].

Available information on biodegradability and
ecotoxicity of ethoxylated rapeseed acid methyl esters are
very limited [20]. The aim of our work was a comparison
of complex ecological evaluations of 1-dodecanol
ethoxylates and rapeseed acid methyl ester ethoxylates
as nonionic surfactants. For that purpose, data from their
biodegradation and toxicity against water organisms
were combined, taking into account the consumption
of surfactants today to compare environmental fates in
each case. Dodecanolethoxylates were selected as model
representatives of the most commonly used fraction of
ethoxylated fatty alcohols, while ethoxylated rapeseed
acid methyl esters represented the emerging surfactant
equivalents. The simulation assumed an alternative use of
the compared surfactants in average amounts consumed
on the market nowadays.

Materials and Methods
Experimental
Chemicals

Rapeseed oil acid methyl esters were supplied by
Biodiesel Producers Association, Prague, Czech Republic,
and responded to quality standard No. CSN 65 6507,
1-Dodecanol, 98% pure supplied by Sigma-Aldrich.
Ethylene oxide was purchased from PKN Orlen, Ptock,
Poland, and 98.8% pure NaOH was purchased from
Poland, the calcium catalyst containing organic calcium
salts obtained by Blachowniain ICSO Kedzierzyn-Kozle
(patent PL-3604438).

Ethoxylation of 1-Dodecanol and Fatty acid Methyl
Esters (General Procedure)

Ethoxylation reactions were carried out in a periodic
pressure reactor with a capacity of 2 dm’, made of
stainless steel, equipped with a mechanical stirrer, heating
mantle, cooling coil, and automatic dosing of ethylene
oxide, and measurement and control equipment controlled
by computer. Hydrophobic substrate was mixed with
a predetermined amount of the catalyst and fed into the
reactor. This was mixed with the desired amount of the
catalyst (0.1 wt.% of NaOH and 0.25 wt.% of calcium
catalyst calculated on the product weight, respectively)
and placed in the reactor. After loading the reactor and
checking the tightness of the raw material, the charge
was dried at 130°C under an atmosphere of nitrogen for
30 minutes to remove traces of water. Then the reactor
temperature was raised to the desired reaction temperature
and we started the automatic dosing of ethylene oxide. The
reaction was carried out at 160°C in the presence of NaOH
and at 185°C in the presence of calcium catalyst, until a
desired amount of ethylene oxide was introduced. After
the introduction of predetermined amounts of ethylene
oxide the reaction mixture was post-cured for a further
50 minutes at the reaction temperature in order to maximize
reaction substrates. After cooling to about 60°C the reactor
was purged with nitrogen, and the product was discharged,
weighed, and subjected to the required analysis.

Analytical Methods
Determining Fractional Content of Ethoxylates

Gas chromatography was applied to determine the
homologuedistribution ofthe directly ethoxylated fatty acid
methyl esters and ethoxylateddodecanol. The ethoxylated
methyl esters were determined as they appear originally,
without any derivatization, while dodecanolethoxylates
were analysed as acetate derivatives. The investigated
samples were diluted in benzene prior to analysis and the
solution was injected into the chromatograph. The ratio
of benzene to the ethoxylate sample was 10:1. Analyses
were performed using a Hewlett Packard chromatograph,
model 5890 series 2, using a DB-2HT column (Alltech
Associates Inc.), 10 m long and 0.32 mm in diameter
with film thickness of 0.1 um. The separation temperature
was programmed from 60 up to 340°C and the detector
temperature was 360°C.

Determining Cloud Point in Butyl Diglycol
Ether (Cp(BDG)

Cloud point in butyl di-glycol ether (Cpgpg) was
determined according to the ISO 1065 Standard by
diluting 5.00 g of surfactant in 45 g of an aqueous 25%
(m/m) solution of n-butyl-diethylene glycol. The final
solution was heated until completely opaque and next
allowed cooling down while stirring. The temperature at
which opacity disappeared was marked as the cloud point.
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Determining Cloud Point in Water (Cp 20/

Cloud point in water (Cp,y,,, ) solution was determined
in the same way as above, with the exception of 1% (m/m)
of surfactant in distilled water.

Aquatic Toxicity Tests

Aquatic toxicity tests were performed in Poland in the
Ecotoxicological Laboratory Institute of Industrial Organ-
ic Chemistry in Pszczyna. The tests were performed ac-
cording to the OECD Guidelines for Testing of Chemicals
Procedure No. 202: “Daphnia sp., Acute Immobilisation
Test and Reproduction Test,” Part I — the 48-hour EC,,
acute immobilization test; and Procedure No. 203: “Fish,
Acute Toxicity Test” — the 96-hour LC,, test procedure
[21-22].

Biodegradability Tests

Biodegradability tests were performed on active
sludge following the OECD Confirmatory Test procedure
No. 82/242/EEC, at the certified biodegradable laboratory
of the Blachownia Institute of Heavy Organic Synthesis in
Kedzierzyn-Kozle according to Council Directive 82/242/
EEC of 31 March 1982 on the approximation of the laws
of the member states relating to methods of testing the
biodegradability of non-ionic surfactants and amending
Directive 73/404/EEC [23].

Results and Discussion

In this study of series of ethoxylated dodecanol and
ethoxylated rapeseed acid methyl esters, of average degree
of ethylene oxide addition (N_) equal to 5, 7, 9, 12, and
15 were used. The chemical structures of surfactants are
presented in Fig. 1.
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Fig. 1. Chemical structures of ethoxylated 1-dodecanol a) ethox-
ylated oleic acid methyl ester (the main component of rapeseed
acid methyl esters) b) used in our study.
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Fig. 2. Comparison of fractional composition of ethoxylated do-
decanol (solid line) and ethoxylated rapeseed acid methyl esters
(dashed line) for products of average polyaddition degree equal
to 5, 7, and 9, respectively.

Fractional compositions of the compared series of
surfactants are presented in Fig. 2.

Fractional composition of the products of average
degree of ethylene oxide addition N, =12 and N, =15 are
not shown in Fig. 1 because of too high molecular weight
and not enough accurate quantitative determination by
means of the available chromatographic techniques.
However, it can be observed that the ethoxylated methyl
esters exhibit narrower homologue distributions compared
to those of their fatty alcohol equivalents obtained
with a conventional alkaline catalyst. A comparative
physicochemical characteristic of the both studied types
of ethoxylates is presented in Table 1.

The solubility of ethoxylated rapeseed esters in
water is relatively lower compared to that of ethoxylated
1-dodecanol at the equivalent polyaddition degrees
(N,,). This results from a higher molecular weight of the
hydrophobe chain and thus relatively lower hydrophilic
lipophilic balance of ethoxylated rapeseed acid methyl
esters. The percentage of biological degradation of the
studied surfactants was measured daily, based on its
concentration measured as biological active substance
(BiAS, mg/l) at the system inlet-outlet, following the
active sludge method and the OECD confirmatory test
procedure. The result of biodegradation, expressed as a
percentage, was calculated as the average value from 14
measurements where the initial surfactant concentration
was established at 10.0 mg/l. The results are presented in
Fig. 3.

The results indicate biodegradation determined above
the obligatory level of 80% in each case. The higher
the average poly addition degree, the lower the primary
degradation (although somewhat faster removal of the
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Table 1. Refraction index (n®,) and cloud points in water (Cp(mo)) and in butyl diglycol solution (Cp(BDG)) of ethoxylated dodecanol and
ethoxylated rapeseed acid methyl esters in relation to N parameters.

N nDzo Cp(HZO) | Cp(BDG) nDzo | Cp(Hzo) Cp(BDG)
o Ethoxylated1-dodecanol Ethoxylated fatty acid methyl ester
5 1.4480 50.0 71,0 1.4540 cloudy 54.0
7 1.4510 51.0 79,5 1.4550 cloudy 61.0
9 1.4523 55.0 84,0 1.4560 40.5 66.0
12 1,4537 57.2 87,0 1.4580 58.0 72.0
15 1.4542 59.3 89,5 1.4590 72.5 74.0
100 — Acute toxicity LC, and EC, exhibited by surfactants
| typically range from 0.25 mg/l up to 150 mg/l and from
0.1 mg/l to 250 mg/I for fish and Daphnia, respectively,
96 — although Daphnia are usually more sensitive to surfactants
® compared to fish. Generally, the measured toxicity
s i decreased gradually along the increasing average poly
5 92 addition degrees. As was expected, in all cases the
g investigated surfactants were more toxic for Daphnia
% h than for fish. The measured acute toxicity of the studied
'-g 88 | series of dodecanolethoxylates varied from 3.11 mg/l
g up to 20.4 mg/l for Daphnia magna (EC ), and from
£ 7 7.48 mg/l up to 45.8 mg/1 for Lebistesreticulatus (LCy ).
84 | Respectively lower toxicity against water organisms
was determined for the studied series of ethoxylated
b rapeseed oil acid methyl esters, where EC,, ~was
80 measured in the range from 22.1 mg/l up to 40.8 mg/l,
\ \ \ \ \ \ and LC

8 10 12
Average ethoxylation degree

14 16

Fig. 3.Comparative studies of primary biodegradation of ethox-
ylated dodecanol (+) and ethoxylated rapeseed acid methyl es-
ters (*) as determined by the active sludge OECD confirmatory
test procedure, in relationship to average poly addition degree.

active substance was observed in the case of ethoxylated
rapeseed acid methyl esters). However, it is also
important to recognize the toxicological interaction of the
surfactants against water organisms. For that purpose two
model 48-96 hour acute toxicity tests against fish (LC,))
and Daphnia sp. (EC,)) were performed. Based on the
obtained test results a standard OECD classification is
specified depending on the LC, or EC,; determinations
(Table 2) [20, 23].

Table 2. Classification of toxicity against water organisms based
on EC, and LC, determinations.

. Values
Toxicity class Symbol
LCSO/Q(\h/ECSOMSh’ mg/l
Very toxic R 50 LC,/EC, <1
Toxic R 51 1< LC,/EC,,<10
Harmful R 52 10<LC,/EC, <100

5006, Tanged from 30.6 mg/1 up.

Following the obtained results, and according
to European Union Directive No. 67/548/EEC with
respective amendment No. 7, dodecanolethoxylates of
n <12 are classified to the second toxicity class (R51,
regarded as toxic against water organisms), while the
others of higher average poly addition degrees are specified
as to the third toxicity class (R52, marked as harmful) [24,
25]. Whereas ethoxylated rapeseed acid methyl esters
were classified to the third toxicity class according to the
test on Daphnia magna and, with one exception, they fall
out of the classification of EU regarding toxicity against
water organisms, as determined on fish. Generally it can
be stated that aquatic toxicity of ethoxylated rapeseed
acid methyl esters was found to be an order lower
compared to that of ethoxylated fatty alcohols. This
might be caused by the methoxy group at the end of the
polyoxyethylene chain, which prevents penetration of the
surfactant molecules through cellular walls and/or mucous
membranes. Such speculation could also be supported
by the fact that ethoxylated rapeseed acids methyl esters
showed no allergic action toward human skin, contrary to
the other surfactants [8]. Our further studies have proved
that, compared to ethoxylated fatty alcohols, ethoxylated
rapeseed acid methyl esters have shown significantly less
or no irritation to skin and eye, as tested on rabbits.

For a comprehensive evaluation of the potential
environmental fate of surfactants it is necessary to consider
combined data from bidoegradation and aquatic toxicity,
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Table 3. Prognostic concentrations of nonionic surfactants in municipal wastewater and their environmental fate in terms of aquatic
toxicity for alternative applications of ethoxylated dodecanol and oxyethylated rapeseed acid methyl etsters in relationship to average
polyaddition degree, as simulated for the region of Warsaw.

Nav_ Biodeg;?dation Ke, mg/l ngéizijh’mnclzg/;ia, ECso Ke LeinsCti;:iti;lLélgtus LCso Ke
ethoxylate 1-dodecanol
5 90.4 0.057 3.11 (toxic) 54.6 7.5 (toxic) 131.6
7 86.4 0.069 8.77 (toxic) 127.1 7.5 (toxic) 108.7
9 89.4 0.071 9.82 (toxic) 138.3 18.3 (harmful) 257.7
12 84.9 0.096 15.61 (harmful) 162.6 28.7 (harmful) 299.0
15 83.2 0.104 20.4 (harmful) 196.2 40.5 (harmful) 389.4
Ethoxylate rapeseed acid methyl ester
5 93.3 0.047 22.1 (harmful) 470.2 > 100 (safe) 2,127.7
7 91.0 0.063 25.4 (harmful) 403.2 > 100 (safe) 158.3
9 9,2 0.068 30.2 (harmful) 444.1 40.6 (harmful) 597.1
12 88.4 0.081 35.7 (harmful) 440.7 > 100 (safe) 1,234.6
15 88.5 0.080 40.8 (harmful) 510.0 >100 (safe) 1,250.0

taking into account their concentration in the natural
environment. For that purpose an average consumption
per capita of surfactants should be estimated in certain
areas. An additional assumption is made that total amounts
of the consumed surfactants are wasted.

From the amounts of consumed water and surfactants
at any considered area and taking into account
their biodegradability, one can estimate permanent
concentration of the surfactants existing in the wasted
streams. As a result, it is possible to classify toxicity of
the investigated chemical load in the environment. The
following formula allows calculation of the prognostic
concentration of a given surfactant in wasted water (K,
mg/l) [26]:

o P-M-10° 100-A
MQx1000 100

...where P is population at the considered area, M is quan-
tity of surfactant consumed per capita on the considered
area (kg/y), A is the decrease of surfactant concentration
as the result of its biodegradation (BiAS, %), and MQ is
average yearly flow of water stream at the considered area
(m?ly).

For ecological safety, it is further assumed that the
theoretically calculated concentration of surfactant in
natural environment should be 100 times lower than
the values of LC,, and EC, determined experimentally.
In such a case, no negative environmental impact of
the subject surfactant could be expected. The obtained
results of toxicity are typically much higher compared
to what could be found in the environment. But at least
they indicate the worst possible scenario. The discussed

theoretical model only approximates a potential danger for
the surface water by individual assortments of surfactants.
Additionally, it clearly depicts any differences between the
individual surfactant types regarding their action against
the natural environment.

An exemplary prognostic model for environmental
impact of the studied series of surfactants was developed
for the region of Warsaw, where the population of
1.6 million consumes an average water stream equal to
2.3*10° m® per year [26-28]. Additionally, an average
yearly consumption of surfactant was assumed as 1 kg
per capita. As a result, the prognostic concentrations
(Ke) of dodecanolethoxylates and, alternatively, rapeseed
acid methyl ester ethoxylates, as well as the ratios of the
theoretical prognostic concentrations and the respective
EC,,and LC,, concentrations, are presented in Table 3.

We can observe that the expected environmental
fate of ethoxylated rapeseed acid methyl esters is a few
times lower compared to that of ethoxylateddodecanol.
Furthermore, at lower average poly addition degrees fatty
alcohol ethoxylates could even be regarded as dangerous
(EC,,/Ke<100) in terms of their long-term action toward
water organisms.

In this context, for example, the environmental impact
of dodecanolethoxylate of the average poly addition degree
equal to 5 could be directly related to that of ethoxylated
rapeseed acid methyl ester of average poly addition
degree equal to 9. These surfactants represent alternative
nonionic ingredients dedicated to the application in
washing formulations, consuming the major part of
surfactants manufactured worldwide. Based on the results
of biodegradation and toxicity tests for Daphnia magna,
the prognostic model developed for the region of Warsaw
indicates a ratio of EC, /Ke as equal to 60 and 440 for the
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compared surfactants, respectively. This shows that the
replacement of ethoxylateddodecanol by its ethoxylated
rapeseed acid methyl ester equivalent can decrease the
expected risk of negative environmental impact by seven
times.

Conclusions

Based on the results from comparative measurements
of biodegradability and aquatic toxicity it can be stated
that ethoxylated rapeseed acid methyl esters represent
environmentally superior surfactants. They exhibit
relatively higher biodegradation and lower toxicity
againstwaterorganismscomparedtododecanolethoxylates.
The developed model of prognostic analysis of
environmental evaluation of the compared surfactant
series indicates an ecological risk of bulk application of
dodecanolethoxylates, while a significant reduction of
environmental fate would occur by the alternative use
of ethoxylated rapeseed acid methyl esters. As a result,
the development of production and application of the
alternative surfactant lies in line with a good understanding
of environmental protection.
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