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Aerobic and anaerobic biodegradability have become one of the most relevant characteristics for all contami-
nants. This is especially important in case of surfactants, which are discharged in wastewater treatment plants or
directly into the aquatic bodies. The aim of this study is the integral assessment of the biodegradability of the
non-ionic surfactant polyoxyethylene glycerol ester PGE-OE;7. The aerobic and anaerobic biodegradation of
PGE-OE;; was evaluated at different initial surfactant concentrations, and the evolution of the toxicity of the
surfactant and its by-products was followed during the aerobic and anaerobic processes using bacteria Vibrio
fischeri. PGE-OE;7 was not completely biodegradable neither aerobically nor anaerobically, and the increase in
the initial surfactant concentration had a negative effect in the biodegradation. Toxicity of the surfactant solu-
tions and degradation by-products had a first increase followed by a gradual decrease during both tests, revealing
that toxic substances released can harm the microorganisms and therefore hinder the biodegradation. Addi-
tionally, combined aerobic-anaerobic biodegradation tests were performed, consisting in a first aerobic treatment
of different duration and initial concentration, followed by a complete anaerobic treatment. Results showed that
a balance between aerobic and anaerobic biodegradation duration can maximize the biodegradation rates in

comparison with only aerobic or anaerobic tests.

1. Introduction

In recent decades, the consumption of surfactants has significantly
increased year by year and is projected to increase at a CAGR (Com-
pound Annual Growth Rate) of 2.5 until 2028 (Mordor Intelligence,
2023). Their wide versatility and properties make them ideal for a
multitude of industrial or domestic applications. Among these applica-
tions, the use as washing agents in industrial and domestic detergent
solutions, as emulsifiers or solubilizers, is the most important. After their
use, the surfactants arrive together with the wastewater at the waste-
water treatment plants (WWTPs) or are even discharged directly into
rivers, lakes, seas and oceans.

Concentrations of surfactants in the environment can vary widely
depending on the source and type of surfactant involved as well as by the
geographic region, use practices, chemical disposal, environmental
regulations, and other variables (Mackay and Fraser, 2000; Wu et al.,
2023). Concentrations of surfactants in wastewater can range from low
levels, in less industrial and less populated areas, to more significant
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concentrations, in areas where there are industrial or municipal dis-
charges. Surfactants are often detected in surface water and ground-
water due to these sources of contamination (Faccenda et al., 2022;
Kumar et al., 2022).

The presence of surfactants causes environmental problems in
aquatic and operational ecosystems in WWTPs, due to the interference
with oxygen transfer, toxicity to aquatic organisms and biodegradation
difficulties, especially under anaerobic conditions. Consequently, their
potential impacts on biological wastewater treatment process and on the
environment have raised increasing public concern (Khalil and Liu,
2021; Lechuga et al., 2016; Rios et al., 2016, 2017c, 2023; Zhang et al.,
2021; Zhou et al., 2021). Concentrations of non-ionic and anionic sur-
factants in untreated wastewater were found until 17,000 mg/L
(Camacho-Munoz et al., 2014; Collivignarelli et al., 2019). Some authors
determined that anionic surfactants can still be detected in treated
wastewater with concentrations up to 872 pg/L, while in case of
non-ionic surfactants, 0.24-3.0 pg/L of alcohol ethoxylates were
detected in the effluents from sewage treatment plants (Dyer et al.,
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2006; Huang et al., 2021; Motteran et al., 2017).

Traditionally, the most used surfactants have been linear alkylben-
zene sulfonate (LAS) and sodium lauryl ether sulfate (SLES) as anionic
surfactants, and ethoxylated fatty alcohols as nonionic surfactants, but
due to the growing environmental concern they are being progressively
replaced by surfactants from renewable sources and with better envi-
ronmental profiles such as alkylpolygucosides or polyoxyethylene
glycerol esters (Santos et al., 2015; Vicaria et al., 2022). Polyoxy-
ethylene glycerol esters (PEGs), also known as glycol esters, are com-
pounds that result from the reaction of glycerin with ethylene oxide.
These compounds are used in various industrial applications, including
cleaning formulations, due to their surfactant and emulsifying proper-
ties. Their excellent compatibility with the rest of the formulation
components, their very low water content, and their stability in the final
formulation make them attractive for use in concentrated detergents,
pods laundry detergents, multipurpose cleaning products, and personal
care products among others (Amato and Vingola, 2021; Bao and Yin,
2022; Batchelor, 2023; Shearouse and Hibbard, 2019). For instance,
(Trujillo-Cayado et al., (2018) studied the use of polyoxyethylene
glycerol esters to obtain ecological emulsions and Jurado-Alameda et al.
(2011) patented their use in highly wetting surfactants formulations.

Traditionally, biodegradability of surfactants has been addressed in
the first place under aerobic conditions, as it is one of the most used
treatments in wastewater processing (Khuntia et al., 2021). Although
numerous studies on the aerobic biodegradation of most common sur-
factants are available, latest reviews and publications only cover the
most traditional surfactants such as LAS, fatty alcohol sulphates,
cocaamidopropyl betaine, alkylpolyglucosides, fatty alcohol ethoxylates
or alkylphenol ethoxylates (Jurado et al., 2011, 2013; Rios et al., 2017b;
Khalil and Liu, 2021), and complete studies addressing new surfactants
are scarce.

In addition, much of the primary degradation of organic wastewater
takes place under anaerobic conditions, either directly treatment of
wastewater, as post-treatment of sewage sludge or as the main purifi-
cation process when it occurs in open pipes, drains, and anaerobic zones
widely prevalent in the environment. Therefore, it is essential to include
anaerobic biodegradation assessment as an obligatory indicator of
complete biodegradability (Marinho et al., 2022). Some studies warn
that surfactants, and their breakdown products, are persistent and
accumulate in the environment due to high surface adsorption capacity
in combination with lower rate of biodegradation under typical anaer-
obic conditions (Khalil and Liu, 2021; Khuntia et al., 2021; Motteran
et al., 2022). Unfortunately, anaerobic studies are very limited to the
most widely used families of surfactants, such as LAS or ethoxylated
fatty alcohols (Motteran et al., 2014; Khalil and Liu, 2021), and have
been ignored for most of the surfactants. The anaerobic biodegradation
of surfactants is of vital importance due to its role in compliance with
European regulations that promote the anaerobic digestion of waste-
water, organic solid waste and sludge. This process is relevant to the
production of biogas and the reduction of the energy dependence based
on petroleum or fossil gas, contributing to a more sustainable and
respectful approach to the environment (European Commission, 2022).
Interest in anaerobic processes has experienced significant growth,
driven by the need to find more efficient and green solutions for waste
treatment and power generation (Bumharter et al., 2023). In this
context, the study of the anaerobic biodegradation becomes essential to
understand how surfactants decompose in the absence of oxygen and
how its presence can negatively affect aquatic and terrestrial ecosys-
tems. In depth knowledge about anaerobic biodegradation of surfactants
will not only allow us to comply with the environmental standards
required by European legislation, but will also provide us with tools to
optimize resource management and move towards a more efficient cir-
cular economy.

Furthermore, for a proper biodegradability assessment, the biodeg-
radation course should be monitored. A recent review (Arora et al.,
2023) indicates that the inhibitory effects of the by-products and

Water Research 248 (2024) 120857

metabolites produced during the aerobic and anaerobic surfactant
degradation remains unknown and poses a challenge that needs to be
addressed. Their adsorption on the microbial sludge hinders biodegra-
dation rates by obstructing the exchange of gases and nutrients between
the microorganisms and the medium (Mantzavinos et al., 2001), and can
have higher toxics effects than the initial surfactants (Johnson et al.,
2021).

In the case of the new generations of surfactants, such as PEGs, the
studies related to aerobic and anaerobic biodegradation are very scarce
and do not reflect all the circumstances in which surfactants can undergo
biodegradation processes or act as toxic agents for the biota of aquatic
systems and sewage sludge. Rios et al. (2017¢) studied the toxicity of
PEGs and their mixtures with other surfactants, obtaining that PEGs can
have a toxic effect on algae, Daphnia magna and bacteria, which is an
indicative of potential detriment to the biodegradation processes.

This work includes a novel complete biodegradation study for a
polyoxyethylene glycerol ester, under aerobic and anaerobic conditions.
First, individually with different initial concentrations of surfactant to
evaluate the effect of the concentration and its influence on the final
biodegradation that can be achieved. And secondly, we study a com-
bined process consisting of an aerobic treatment followed by a subse-
quent anaerobic treatment of the non-biodegraded surfactant and the
intermediate by-products generated during the primary aerobic treat-
ment. The biodegradability of surfactants is usually explored or aero-
bically or anaerobically, but not in a combined treatment, such as it
could be the flow of not completely aerobic biodegradable surfactants,
which pass to the anaerobic treatment along with the sludge (Palmer
and Hatley, 2018), and in which the not aerobically biodegradable
by-products can be degraded by the anaerobic microorganisms (Bikta-
sheva et al., 2022). Consequently, this combined treatment allows the
identification of the best conditions to maximize the total biodegrada-
tion and/or the methane production. In addition, this study addresses
some of the aspects less studied for most of the surfactants, like the
potential bacterial inhibition of the biodegradation liquors and their
evolution during the aerobic and anaerobic processes.

2. Materials and methods
2.1. Surfactant and reagents

In the present work, we tested the aerobic and anaerobic biode-
gradability of a polyoxyethylene glycerol ester non-ionic surfactant
(PGE-OE;7) supplied by Kao Corporation (Tokyo, Japan). PGE-OE;7 is a
non-ionic surfactant of vegetable origin (cocoa oil) and commonly used
in the formulation of laundry detergents and household products. The
relative low foaming power, high active content, good stability, low eyes
and skin irritation potential and high compatibility with other surfac-
tants and enzymes, make it a good alternative to traditional non-ionic
surfactants to be used in laundry pods, concentrated detergents, hand
dishwasher, cosmetics, and personal care products. It can also be used as
emulsifier or as fragrances solubilizer. Table 1 shows its properties and
molecular structure, in which x + y + z = 17 as an average number of
ethylene oxide molecules.

Rest of reagents were of analytical grade and provided by Merk KGaA
(Darmstadt, Germany). Solutions were prepared in ultrapure MilliQ®
water (resistivity 18.2 MQ-cm at 25 °C).

2.2. Active matter analysis

The active matter of the surfactant was determined using infrared
radiation (Model AD-4714A, A&D, Tokyo, Japan). The humidity in the
sample was recorded every 30 s for 90 min, as a difference from the
initial weight and using 105 °C as the drying temperature. The active
matter is determined by subtracting the determined humidity from 100
%.
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Table 1
Characteristic parameters and molecular strcture of PGE-OE;;.

Parameter Value Molecular structure
INCI Glycereth-17 cocoate CH; O- (CH2 -CH,-0) X-R
CAS 68201-46-7 |
HLB 15

CH-0-(CH,-CH,-0);R
Active Matter, % 99.0 | (CH, 270) y
Carbon content, % 41.722
CMC, mg/L 13.30 + 0.42 CH; O-(CH, -CH,-0);R

x+y+2)=17

R = H or R’CO (cocoate chain)

INCIL: international nomenclature of cosmetics ingredients.
CAS: Chemical Abstracts Service.

HLB: Hydrophilic-Lipophilic Balance.

CMC: Critical Micelle Concentration in MilliQ® water, 25 °C.
“Determined by Elemental Analysis.

2.3. Critical micelle concentration (CMC)

The critical micelle concentration (CMC) is the minimum surfactant
concentration above which micelles are spontaneously formed in a so-
lution. To calculate the CMC, the surfactant surface tension was
measured for different concentrations (in the range of 0.1 to 1.10* mg/
L). Plotting surface tension as a function of surfactant concentration on a
semi-logarithmic scale results in a rapid linear decrease followed by a
gradual decrease. The formation of micelles is established at the
breaking point. The Wilhelmy Plate Method was used to measure surface
tension using a tensiometer model K11 (Kriiss GmbH, Hamburg, Ger-
many) fitted with a 2-cm platinum plate as detailed by Rincon-Romero
et al. (2023).

Before each measurement, the plate was carefully cleaned and dried
using a Bunsen burner. The standard deviation for the surface tension
measurement did not exceed 0.1 mN/m during the six subsequent ob-
servations. The jacketed cell is maintained with a thermostatic water
bath at 25 + 0.5 °C. CMC determination was performed in triplicate to
obtain a mean CMC and its confidence interval (95 %).

2.4. Aerobic biodegradation test

For the aerobic biodegradation, the modified OECD 301E screening
test (OECD 301, 1992) was performed. The surfactant PGE-OE;7 is easily
soluble and non-volatile and therefore suitable to be tested by this
technique. This test consists of using a known concentration of surfac-
tant as the sole source of organic carbon (25-100 mg DOC/L), in 1.2 L of
mineral culture medium, and inoculating with 0.5 mL of secondary
effluent from a WWTP operating with activated sludge and predomi-
nantly receiving domestic wastewater, (Plus code: 597G+W2). The
inoculum was previously aerated during 7 days in mineral medium
without any supply of carbon to reduce the free carbon content. The
mineral medium was prepared adding in 1L: 85 mg KHyPO4, 217 mg
KoHPOy4, 334 mg NaoHPO4-2H50, 5 mg NH4Cl, 27.50 mg CaCly, 22.50
mg MgS04-7H20 and 0.25 mg FeCl3.6H20. The pH was adjusted to 7.4 +
0.2, with either 1 M NaOH or 1 N HCI, before the test was initiated. To
keep this culture medium aerated in the dark at 22 + 1 °C, an orbital
shaker was used. To monitor the ultimate biodegradation, samples were
taken at regular intervals for 28 days, and the dissolved organic carbon
(DOC) was analyzed. A blank without surfactant was run in parallel to
subtract the DOC changes due to the endogenous activity of the bacteria.
To calculate the mineralization (%Min), i.e. the degree of ultimate
biodegradation, the concentration of DOC, corrected with the blank
value, is expressed as a percentage of the initial concentration (Eq. (1)).
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(G, — (Cw),

%Min = |1 — —+———L
’ (Ci)o - (C/)l)o

-100 (@D)]

where:

(Co: initial DOC in the inoculated medium containing the test
substance (mg DOC/L).

(C)¢ DOC in the inoculated medium containing the test substance at
time t (mg DOC/L).

(Cp)o: initial DOC in a blank inoculated mineral medium (mg DOC/
L).

(Cbly: DOC in a blank inoculated mineral medium at time t (mg
DOC/L).

Experiments were conducted in duplicate for each concentration. To
check the procedure and inoculum, sodium benzoate is used as standard.
40 mg DOC/L of sodium benzoate was set up in parallel as part of a
normal test run, which achieved a biodegradation of 70 % within 14
days. To verify the absence of abiotic biodegradation or adsorption, a
sterile control without inoculum containing HgCl, was conducted. In
this test, the values of DOC remained constant throughout the entire
biodegradation period.

2.5. Anaerobic biodegradation test

The anaerobic biodegradation was assessed following the ISO
11734:1995 guideline (European Commission, 1995) as described by
Rios et al., (2016), (2017c). In this test, the production of biogas in
samples containing the surfactant is measured and compared with a
control (blank) without surfactant. The surfactant, PGE-OE,7, was tested
in duplicate at different initial concentrations (0, 25, 75 and 100 mg
DOC/L). The production of carbon dioxide and methane was measured
using the system Oxitop® Control (WTW, Welheim, Germany). This
system features 510 mL glass reactors with a magnetic stirrer. The re-
actors are sealed with a cap containing an electronic pressure gage,
which allows continuous monitoring of pressure increase in the reactors
headspace. Under the test conditions, a large part of the CO, produced
will be present in the liquid phase in the form of dissolved CO», carbonic
acid, carbonate, or hydrogen carbonate. The carbon (inorganic (IC) plus
methane) resulting from the anaerobic biodegradation of the test sub-
stance is quantified from the net gas production and net formation of IC
in the liquid phase minus the blank control values. The anaerobic
inoculum was collected from the wastewater treatment plant in Gran-
ada, Spain, which mainly receives domestic wastewater (Plus Code:
597G+W2), and was incubated in anoxic conditions and without any
supply of carbon for 7 days at 35 + 1 °C to minimize nonspecific gas
production. Table 2 shows the characteristic parameters of the sludge,
determined according to the Standard Methods for the examination of
water and wastewater (APHA-AWWA-WPCF, 1992). Immediately before
their use in the anaerobic test, the sludge was centrifuged and washed 4
times with a mineral salt solution to reduce the inorganic carbon (IC) to
a value less than 10 mg/L.

The mineral salt solution was prepared adding in 1 L of deoxygen-
ated water: 0.27 g KHpPOy4, 1.12 g NagHPO4-12H50, 0.53 g NH4Cl,
0.075 g CaCl,-2H,0, 0.10 g MgCly-6H,0, 0.02 g FeCly-4H,0, 0.001 g
resazurin, 0.1 g NapS-9H20 and 10 mL of solution of trace elements (50
mg/L MnCl,-4H50, 5 mg/L H3BOg, 5 mg/L ZnCly, 3 mg/L CuCly, 1 mg/L
NapyMoO4-2H20, 100 mg/L CoCly-6H20, 10 mg/L NiCly-6H,0, and 5

Table 2

Characteristic parameters of the anaerobic sludge.
Parameter Value
pH 7.45
Total solids, g/L 26.4
Volatile acidity, ppm CH3COOH 261
Alkalinity, ppm CaCO3 2457

Rate Volatile acidity/Alkalinity 0.11
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mg/L NaySeOs). In the reactors, 330 mL of the surfactant solution and
20 mL of anaerobic sludge were added to obtain a solid concentration of
1.5 g/L and a final volume of 350 mL. Surfactants solutions were
adjusted to pH 7.0 + 0.2 and incubated in darkness at 35 & 1 °C during
60 days. Net biogas pressure (Ap) was automatically registered and
transduced to mass net carbon produced as gas in the headspace (mp)
using the gas law equation Eq. (2):

~1200:0.1-(AP-V,)

2
T (2)

ny,

where AP is the difference between the initial and final pressures in the
test reactor minus the corresponding value in the blank, and Vj is the
headspace volume in the container (0.16 L).

To calculate the extent of biodegradation (Dp), the Eq. (3) is used,
where m, is the mass of the test substance carbon.

Dy(%) =100 3)
m,

At the end of the test the inorganic carbon dissolved was analysed
(my). This measurement allows calculating the total mass of gasified
carbon (my), by adding my, plus m;.

The percentage of final mineralization (Dy) is calculated using the
Eq. (4).

D\(%) = 2100 4

v

where m, is the mass of the test substance carbon.

The sodium benzoate was used as reference to validate the test (ul-
timate anaerobic biodegradation > 60 %). And to verify the absence of
abiotic degradation, a sterility test was conducted without an inoculum
using HgCly (10 mg/L), that inhibits microbial activity.

2.6. Inhibition test with bacteria Vibrio fischeri

For the measurement of toxicity, bioluminescent bacterium Vibrio
fischeri was used as test organism. Bacteria V. fischeri are inhibited by
toxicants, this light inhibition can be quantified by a calibrated light
meter and compared with the light emitted by a blank without toxicant.
The photobacteria (strain NRRL-B-11177) and the system LumiStox®
300 was provided by Hach-Lange S.L.U., (Barcelona, Spain) and used
following the guideline UNE-EN-ISO 11348-2:2009 (UNE-EN-ISO
11348-2, 2009). Light inhibition of samples taken at different biodeg-
radation times from the aerobic and anaerobic tests and a control were
performed in triplicated and compared with the light emitted by a blank
without toxic sample. The light emission after 15 min and 30 min of
contact was measured at a temperature of 15 °C using the luminometer.
Percentages of the inhibition caused by the samples were calculated as
described in previous works (Rios et al., 2018, 2017c¢):

The luminescence intensity was corrected considering its natural
decrease in the absence of the toxic sample, factor fi:

o)

i (5)

- 100

where Iy and I are the readings of luminous intensity in the well
containing concentration O at time 0 and after 15 min or 30 min.

The inhibition percentage (inhibitory effect) was calculated by the
Egs. (6) and (7).

Too) — e
i, () = oo~ lro) o ). 100 (6)
01(c)

o) = firloe) @)

where f; is the average correction factor of the control samples, I) and
Iy are readings of light intensity in the well containing concentration ¢
at time 0 and after 15 min and 30 min. As control performance criterion,
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the factor fi must be in the range 0.8-1.2. The validity of the test was
also checked using potassium dichromate as reference.

2.7. Analytical measurements

Dissolved organic carbon (DOC) was measured using the Shimadzu
VCSH/CSH TOC analyzer equipped with an auto-sampler (Shimadzu
Co., Kyoto, Japan). Samples were filtered through a 0.45-um poly-
vinylidene fluoride filter (Merck Millipore Co., Darmstadt, Germany)
before DOC analysis. In the TOC-analyzer, DOC is calculated as total
carbon (TC) minus inorganic carbon (IC). TC of the sample is first
catalytically oxidized to form carbon dioxide. A carrier gas, containing
the carbon dioxide, flows to a dehumidifier and pass through a halogen
scrubber before it reaches the cell of a non-dispersive infrared NDIR gas
analyzer, where the carbon dioxide is detected. IC is measured by
acidifying the sample with HCI to obtain a pH less than 3, when all the
carbonates produce carbon dioxide. The carbon dioxide and dissolved
carbon dioxide are volatilized by bubbling synthetic air through the
sample and detected by the NDIR. A standard platinum TOC catalyst was
used to measure samples containing DOC over 5 mg/L and a high
sensitivity platinum TOC catalyst was used for samples with DOC con-
tent below 5 mg/L. Both catalysts were provided by Shimadzu Co.
(Tokyo, Japan). The TOC-analyzer was calibrated using standards pre-
pared from potassium hydrogen phthalate, sodium hydrogen carbonate,
and sodium carbonate.

3. Results and discussion
3.1. Aerobic biodegradability

We studied the ultimate biodegradation of PGE-OE;; at different
initial surfactant concentrations (Sp) (25, 50, 75, and 100 mg DOC/L) to
analyze the effect of the toxicant on the adaptation capacity of the mi-
croorganisms and on the biodegradation profiles of the surfactant. The
range of concentrations studied included the recommended one in the
OECD 301E guideline (10-40 mg DOC/L). Fig. 1 shows the biodegra-
dation profiles for the studied concentrations during the 28 days of the
tests.

For the comparison and quantification of the surfactant biodegra-
dation at different initial concentrations, the following biodegradation
parameters have been calculated from the biodegradation curves
(Jurado et al., 2011; Rios et al., 2017b) (Table 3): final mineralization
(%Min) as the ultimate biodegradation after 28days; latency time (t;)
which is time needed for the non-adapted microorganisms to acclimatize
themselves to the new substrate; and mean biodegradation rates (VMas
and VMsp) which are the mean velocity of biodegradation until 25 or 50
% biodegradation of the surfactant is achieved.

100

— X =25mg DOC/L
- 4= -50 mg DOC/L
80 —e— 75 mg DOC/L
—+=— 100 mg DOC/L

90 |

% Mineralization

t, days

Fig. 1. Aerobic biodegradation profile of PGE-OE;; at initial concentration
(25-100 mg DOC/L). line: threshold of 70 %. (I, standard deviation).
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Table 3
Biodegradation parameters for aerobic biodegradation of PEG-OE;; at initial
concentrations (25-100 mg DOC/L).

So, mg DOC/L % Min t;, days VM35,%/day VMs0,%/day
25 64.58 0.50 20.00 3.05

50 52.48 0.65 11.74 1.02

75 43.09 0.70 11.36 -

100 39.23 0.70 3.21 -

Final mineralization in all cases was below the threshold of 70 %
indicated by the OECD 301E guideline to classify the substance as
readily biodegradable, even for the lowest concentration on 25 mg
DOC/L. This can be explained because the modified OECD 301E
screening test is one of the strictest biodegradation methods due to the
low concentration of microorganisms, which shows up the difficulties on
the biodegradation of some surfactants (OECD 301, 1992). Results show
that final mineralization (% Min) was directly related with the initial
concentration of the surfactants and ranged from 39.23 % for the highest
concentration (100 mg DOC/L) to 64.58 % for the lowest concentration
(25 mg DOC/L). This is related with the toxic effects of the surfactant to
the microorganisms responsible of the biodegradation and it can be also
appreciated in the latency times (t;), which are higher for the higher
initial concentrations. Nevertheless, it is worth noting that they are not
excessively long (0.5-0.7 days). Mohan et al. (2006) also reported the
inhibitory effects of Triton X-100 on the aerobic biodegradation, and
also a direct effect of the initial concentration in the t;. To compare the
biodegradation rate at the beginning of the test, VM35 was calculated. As
expected, the highest value was obtained with an initial concentration of
25 mg DOC/L, being 6 times higher than VM35 with 100 mg DOC/L.
Intermediate concentrations had intermediate values of VMys5. VMo was
only calculated to 25 and 50 mg DOC/L, as the higher concentration did
not reach 50 % biodegradation, but the trend observed was similar
(higher concentration, lower rate). These results align with the results of
the study conducted by Najim et al. (2022) where, using non-adapted
mixed bacterial cells, found that the higher the concentration of so-
dium dodecyl sulfate (SDS) was, the lower the biodegradation rates
were. This also agrees with the results found in other studies with
different surfactants (Jurado et al., 2011, 2012; Mohan et al., 2006) in
which the percentages of biodegradation of fatty-alcohol ethoxylates,
Triton X-100, alkylpolyglucosides and ether carboxylic derivatives sur-
factants were higher when the initial surfactant concentrations were
lower. The opposite trend was observed by Rios et al. (2017a) on the
aerobic biodegradation of amine-oxide based surfactants, likely because
these nitrogen-containing surfactants provide part of the nitrogen
needed by the microorganism metabolism. In the case of PGE-OE,7, it
only provides C, H and O, likely not limiting for the living and growth of
the microorganisms, moreover, it is a toxic surfactant to some bacteria
(Rios et al., 2017b).

For the biodegradation test with the initial concentration of 100 mg
DOC/L, liquor samples were taken at 2, 6, 12, 20 and 28 days to
determine the inhibition activity to bacteria V. fischeri, this allows to
check the evolution of the toxicity caused by the remaining surfactant
and its possible intermediate by-products, generated during the
biodegradation, although they were not identified due to the difficulty
to isolate them in the complex biodegradation matrices. Evolution of the
inhibition during the biodegradation test is shown in Fig. 2 and inhibi-
tion data are shown in Table 4. Values are indicated for a contact time of
15 and 30 min between the sample and bacteria. Additionally, for each
biodegradation test with different initial concentrations (25, 50 and 75
mg DOC/L) the inhibition was determined at the beginning and at the
end of the test (Table 4).

Rios et al., reported the toxicity of PGE-OE;; to bacteria V. fischeri
and determined the dose-response curves (Rios et al., 2017c). For an
initial concentration of 100 mg DOC/L (approximately 41.72 mg sur-
factant/L), they reported an inhibition of around 45 % with a contact
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Fig. 2. Evolution of inhibition effects of biodegradation samples from
biodegradation test (100 mg DOC/L) to bacteria V. fischeri (contact time, 15 and
30 min) and aerobic biodegradation profile. (I, standard deviation).

time of 15 min, which is a little lower than the initial inhibition of
luminescence observed for the sample at time 0 of the biodegradation
test. The same happened for the initial inhibition percentage of the other
biodegradation tests, 25, 50 and 75 mg DOC/L when compared with the
results of the mentioned study (Rios et al., 2017c) Discrepancies can be
explained by the difference in the mineral medium of the biodegradation
test and the reproducibility of the results, but in any case, they are in the
same order of magnitude. At the start of the biodegradation test for the
100 mg DOC/L tests, inhibition of luminescence was 62.57 % and 64.87
% for a 15 min and 30 min of contact times respectively. After 2 days,
inhibition increased to 67.72 % and 71.34 % (15 and 30 min), showing
that the intermediate by-products generated at the beginning of the
biodegradation could have a higher inhibitory effect to the microor-
ganisms than the starting surfactant. Over the course of the test, the
inhibition slowly decreased until 41.04 % and 48.24 % (15 min and 30
min) after 28 days biodegradation, which could be an indicative that
with the degradation of the surfactant and the possible intermediate
products, the inhibitory effects of the liquor decreases.

Comparing the biodegradation and inhibition profiles during the
biodegradation test, it can be observed that after the increase of the
inhibition (between 2 and 6 days) the biodegradation rates (the slope of
the biodegradation curve) had a slowdown or decline. This could
explain the difficulties of the microorganisms to degrade the surfactant
and the low values of final mineralization (% Min) achieved, likely
because the surfactant and the possible intermediate by-products could
interfere with the proper metabolism of the bacteria.

Additionally, looking at the inhibition percentages to the biodegra-
dation tests of 25, 50 and 75 mg DOC/L at the beginning and end of the
test (Table 4), it could be stated that inhibitory effects of the biodegra-
dation liquor also decrease as consequence of the biodegradation of the
surfactant. Moreover, the higher the initial concentration is the higher
the inhibition is. Table 4 also shows the percentage of the inhibition
reduction between day 0 and 28 for each biodegradation test. When
comparing the initial inhbition of 25 mg DOC/L with the final inhibition
of 50 mg DOC/L experiments, a reduction in the inhibition of the solu-
tion can be appreciated, as for a %Min of ~50% of the 50 mg DOC/L, the
inhibition % is lower than the initial inhibition % of the 25 mg DOC/L
surfactant solution. This is also the case when comparing the 50 and the
100 mg DOC/L initial and final inhibitions, respectively, as with a %Min
of only ~40% for the final solution of the 100 mg DOC/L test, the in-
hibition % is lower than the initial inhibition % of the 50 mg DOC/L.

3.2. Anaerobic biodegradability

The anaerobic biodegradability of PGE-OE;; at different initial sur-
factant concentration (Sp) (25, 50, 75, and 100 mg DOC/L) was also
studied. The substance concentration recommended by the ISO
11734:1995 guideline (European Commission, 1995) (100 mg DOC/L)



F. Rios et al.

Table 4
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Percentage of inhibition of biodegradation samples to bacteria V. fischeri, and inhibition reduction percentages.

Luminescence inhbition, % (SD)

% Inhibition

0-days 2-days 6-days 12-days 20-days 28-days reduction (28-
days)
So, mg 15 min 30 min 15 min 30 min 15 min 30 min 15 min 30 min 15 min 30 min 15 min 30 min 15 30
DOC/ min min
L
25 40.41 42.56 - - - - - - - 29.38 33.6 27.3 21.0
(1.74) (0.99) (3.68) (3.54)
50 47.66 50.87 - - - - - - - 34.50 40.6 27.6 20.2
(1.50) (1.42) (0.97) (0.73)
75 56.47 57.47 - - - - - - - 33.60 39.6 40.5 31.2
(2.11) (1.18) (0.76) (0.41)
100 64.65 64.87 73.22 75.40 61.80 66.80 53.23 58.44 52.97 58.86 41.04 48.24 36.5 25.6

(1.38) (2.13) (0.93) (1.18) (1.58) (1.29)

(0.93) (1.94) (1.31) (0.06) (0.35) (0.11)

is included in the interval of the initial concentrations studied. Fig. 3
shows the biodegradation profiles based on the headspace gas (D) and
Table 5 shows the biodegradation parameters such as latency time (t),
percentage of final anaerobic biodegradation based on the headspace
gas (Dpg), percentage of final mineralization (D, and mean biodegra-
dation rate to reach 15 % and 25 % of the anaerobic biodegradation
(VM;5 and VM3s5) (Rios et al., 2016; Rios et al., 2017b).

Latency time values (t;) show that lag phase is practically negligible
and there is not a significant adaptation problem of the anaerobic mi-
croorganisms. Only in the case of the lowest initial concentration (25 mg
DOC/L), t; was a bit higher (0.67 days), but it is not significatively
relevant considering the total duration of the test.

In all cases, anaerobic biodegradation increased rapidly during the
first week of the test reaching biodegradation percentages higher than
20 %, but, after approximately 2 weeks, the biodegradation rate
diminished considerably for the initial surfactant concentrations of 25
and 50 mg DOC/L and almost stopped for the 75 and 100 mg DOC/L
tests. The highest mean biodegradation rates, VM;5 and VM2s, occurred
at the lowest initial surfactant concentration, and VM5 decreased with
the increase of the initial concentration, revealing the negative effect of
the surfactant on the biodegradation course. The final mineralization
(Dp of PGE-OE;7 ranged from 38.82 % for the lowest initial surfactant
concentration to 25.56 % for the highest concentration, or what is the
same, the lowest the initial concentration was the higher the final
mineralization achieved was. According to the guideline OECD 311
(OECD 311, 2006), the complete anaerobic biodegradation can be
assumed to occur if 75 % of the theoretical gas production is reached.
Therefore, PGE-OE;7 cannot be considered completely biodegradable
under anaerobic conditions. This can be explained by the possible in-
hibition effects of the surfactant to the anaerobic microorganisms, which
implies a decrease in the methanogens activity (Zheng et al., 2023). He
et al. (2019); Khalil and Liu. (2021); Zhang et al. (2021) reported how
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Fig. 3. Anaerobic biodegradation profiles of PGE-OE; at initial concentration
(25-100 mg DOC/L).

Table 5
Biodegradation parameters for anaerobic biodegradation of PEG-OE; at initial
concentrations (25-100 mg DOC/L).

Sp, mg DOC/ g, VM;s, VM35, Dpp%  Dp% In,%
L days %/day %/day

25 0.67 5.04 2.68 34.10 38.82 19.81
50 0.16 3.21 2.27 29.89 33.71 34.73
75 0.19 3.33 1.85 23.20 28.76 57.78
100 0.17 3.03 1.47 24.72 25.56 57.46

the activity of anaerobic microorganisms can be negatively affected by
surfactants.

To quantify the inhibition effects of the surfactant on the endogenous
biogas production, percentages of inhibition (I) can be calculated by
Eq. (8) (Rios et al., 2016):

I = (1 7%)100 8

my

Where myyis the final biogas production and my is the endogenous biogas
production of the blank. Inhibition percentages (I;) values are shown in
Table 5, where it can be appreciated that there was an inhibition higher
than 50 % for the tests with an initial surfactant concentration of 75 and
100 mg DOC/L, whereas for the 25 and 50 mg DOC/L the inhibitions
were lower, 19.81 % and 34.73 % respectively. Hence, it can be
corroborated that there are inhibitory effects of the PGE-OE;7 to the
anaerobic microorganisms and that they are dependent on the surfactant
concentration.

In addition, to understand the inhibitory effects of the biodegrada-
tion liquors during the progress of the tests, samples of the anaerobic
biodegradation reactor, with the initial concentration of surfactant of

¢ 15min
120 ¢ X 30 min r 30
—©—-%Dh
100 | e o~ _ - 25
/d//e o —— 4
= 80 , L 20
2 )
s K =
2 60 3% % ¥ %15 8
= / x ¢ =
—_ /B 3 *
£ 40 // ¢ - 10
20 -¢ L5
[0}
I
O 1 1 1 1 1 1 1 1 1 1 1 0
0 5 10 15 20 25 30 35 40 45 50 55 60

days

Fig. 4. Evolution of inhibition effects of anaerobic biodegradation samples
from biodegradation test (75 mg DOC/L) to bacteria V. fischeri (contact time, 15
and 30 min) and anaerobic biodegradation profile (Dy). (I, standard deviation).
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75 mg DOC/L, were taken at several biodegradation times to test the
potential toxicity with bacteria V. fischeri. Fig. 4 shows the evolution of
the inhibition effect on the luminescence of bacteria over the time of
anaerobic biodegradation.

It is worth noting that after the first week in which the inhibition of
the samples did not decrease there was a decrease at day 8 followed by a
significant increase at day 12. The biodegradation profile (Dy) was
overlapped in the Fig. 4, and it can be observed how the increase of the
inhibition matches with the stoppage of the anaerobic biodegradation,
likely because the by-products generated can be toxic to the anaerobic
microorganisms causing their death or inhibiting their proper growth
stopping or slowing down the anaerobic biodegradation. Intermediates
and by-products in sewage sludge anaerobic digestion such as sulfates
ammonia, volatile fatty acids or sulfides/sulfates have been also re-
ported as inhibitory compounds of the methanogenic processes (Yuan
and Zhu, 2016).

3.3. Combined aerobic-anaerobic biodegradation

For the complete assessment of the biodegradability of the surfactant
PGE-OE;7, a combined aerobic and anaerobic biodegradation test was
conducted. This consisted in a first aerobic treatment followed by an
anaerobic biodegradation treatment.

On the one hand, after the 28 days of the aerobic biodegradation tests
with different initial surfactant concentrations (25, 50, 75 and 100 mg
DOC/L), the remaining biodegradation liquors were treated under
anaerobic conditions for 60 days. Fig. 5 shows the percentage of
biodegradation achieved by the aerobic test and the percentage of the
anaerobic biodegradation of the remaining surfactant and the interme-
diate by-products.

Results show that after the aerobic biodegradation test, in which the
percentage of biodegradation is higher for the lower initial surfactant
concentrations, the anaerobic biodegradation cannot complete the total
biodegradation of the surfactant. The contribution of the anaerobic
biodegradation was higher for the test with the initial concentration of
50 mg DOC/L (8.02 %), being lower in case of 25 and 75 mg DOC/L, and
practically negligible for the highest concentration. This means that the
remaining surfactant or the intermediate by-products of the aerobic
biodegradation are not anaerobically biodegradable. Even for the lowest
initial concentration, total biodegradation did not reach the 70 %. As it
was found with the previous results, biodegradation products could have
inhibitory effects to the aerobic and anaerobic microorganisms, this also
happens in regular wastewater treatment in which by-products and in-
termediates are often found to be the leading cause of anaerobic process
upset (Yuan and Zhu, 2016). Looking at the results, it can be stated that
the lowest the aerobic biodegradation is, the higher inhibition of the
anaerobic biodegradation can be. In other words, when the
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Fig. 5. Combined aerobic and anaerobic biodegradation of PGE-OE;; at
different initial surfactant concentrations.
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concentration of DOC is higher after the aerobic biodegradation test, the
subsequent anaerobic biodegradation is prevented. However, the post
anaerobic biodegradation can contribute to the degradation of some
intermediate by-products which were non-biodegradable aerobically.

A second set of experiments involved the aerobic and anaerobic
biodegradation PGE-OE;; with different times of the first aerobic
treatment (0, 2, 7, 12, 19 and 28 days) followed by 60 days of anaerobic
treatment. The initial surfactant concentration of the aerobic test was
100 mg DOC/L. Fig. 6 shows the percentage of biodegradation achieved
by the aerobic test, the percentage of the anaerobic biodegradation of
the remaining surfactant and by-products, and the total time of the
combined tests.

The sample subjected only to the anaerobic biodegradation (60 days)
reached the lowest biodegradation (25.56 %), whereas when the sam-
ples are coming from a first aerobic treatment, the anaerobic biodeg-
radation can help to reach higher percentages of total biodegradation.
Reasonably, at lower times of aerobic biodegradation (and lower aerobic
biodegradation) the contribution of the anaerobic biodegradation is
higher since there is more carbon available for the methanogenesis. This
results, could also imply that the aerobic treatment (even with a low
treatment time) could partially reduce the amount of toxic compounds
for the anaerobic microorganisms, increasing the anaerobic
biodegradation.

In all cases of a combined treatment, the anaerobic process com-
plemented the aerobic one reaching total biodegradation percentages
between 39.5 and 50.5 %. Therefore, the anaerobic treatment is a good
complementary treatment for the mineralization of the surfactant,
which, additionally, allows to obtain methane that can be used as energy
source, and could shorten the time needed for the aerobic treatment.
Novak et al. (2011) also studied combinations of aerobic and anaerobic
treatments for the sludge waste reduction and nitrogen removal with
enhanced yields.

In summary, the highest percentages of total biodegradation were
achieved with a complete aerobic biodegradation (28 days) and the
subsequent anaerobic treatment (60 days) for the lowest surfactant
concentrations (Fig. 5), since part of the intermediate by-products of the
first treatment are degraded anaerobically. It is worthy to note, that the
initial concentration of the surfactant has a relevant effect, and for high
surfactant concentrations (100 mg DOC/L), anaerobic biodegradation
does not contribute much, because the high concentration of surfactant
has a negative impact on the anerobic microorganisms. Comparing the
results of the combined biodegradation tests for the same initial con-
centration (100 mg DOC/L) at different times of the aerobic treatment,
the optimum was found with the combination of 17 days of aerobic test
and the complete anaerobic biodegradation test, while the highest
methane potential was obtained with an aerobic treatment of 7 days
followed by an anaerobic treatment.

Even though total biodegradation percentages are not higher than

60
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Fig. 6. Combined aerobic and anaerobic biodegradation of PGE-OE;; at
different treatment times of the aerobic test (0, 2, 7, 12, 19 and 28 days).
Duration of the anaerobic test 60 days. Initial surfactant concentration 100 mg
DOC/L.
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70 %, anaerobic biodegradation treatment could be optimized by
changes in some parameters as time, temperature, surfactant and con-
centration, or the preadaptation of the anerobic microorganisms to the
surfactant. This would favor the methanogenic processes and the biogas
production as alternative to fossil energies.

4. Conclusions

In this study we found that the surfactant PGE-OE;7; was not
completely aerobically biodegradable following the method OECD 301E
(OECD 301, 1992) (%Min < 70 %), and the higher the initial surfactant
concentration was, the lower the final mineralization obtained. This can
be explained by the inhibition effects of the surfactant on aerobic bac-
teria. Inhibition of the biodegradation liquor to bacteria V. fischeri was
followed during the biodegradation test, and an increase in the inhibi-
tion at the beginning of the test was observed. The surfactant PGE-OE;7
was also not completely anaerobically biodegradable according to the
ISO 11734:1995 (European Commission, 1995), and the increase of
initial surfactant concentration has a negative effect on the final
biodegradation rate achieved. PGE-OE;; inhibited the endogenous
biogas production of the anaerobic bacteria, and it was found that after
two weeks of the test some intermediate by-products with higher inhi-
bition potential could have been formed, and, likely, responsible for
slowing or stopping the anerobic biodegradation. The isolation and
identification of the possible by-products generated during aerobic and
anaerobic biodegradation is a challenge that will be addressed in further
works. Additionally, the combined test (aerobic + anaerobic) showed
that the anaerobic biodegradation of PGE-OE;7 can be enhance by a
partial initial aerobic biodegradation, increasing both total biodegra-
dation (vs total aerobic or total anaerobic) and biomethane potential.

CRediT authorship contribution statement

Francisco Rios: Conceptualization, Methodology, Formal analysis,
Validation, Investigation, Data curation, Supervision, Funding acquisi-
tion, Project administration, Visualization, Writing — original draft,
Writing - review & editing. Francisco Caparrods-Salvador: Conceptu-
alization, Formal analysis, Validation, Writing — review & editing.
Manuela Lechuga: Writing - review & editing, Validation, Visualiza-
tion. Mercedes Fernandez-Serrano: Writing — review & editing, Vali-
dation, Visualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

The authors acknowledge the financial support provided by the
University of Granada with the project (Project PPJIA2022-27). Funding
for open access charge: Universidad de Granada / CBUA.

References

ISO 11734, 1995. Standard ISO 11734:1995. Water quality. Evaluation of ultimate
anaerobic biodegradability of organic compounds in digested sludge. Method By
Measurement of Biogas Production.

Amato, A. and Vingola, G., 2021. W02021/250599A1. Cleaning product and related
synthesis process.

Water Research 248 (2024) 120857

APHA-AWWA-WPCF, 1992. Standard Methods For the Examination of Water and
Wastewater, 18th edn. American Public Health Association, Washington, DC.

Arora, U., Khuntia, H.K., Chanakya, H.N., Kapley, A., 2023. Surfactants: combating the
fate, impact, and aftermath of their release in the environment. Int. J. Environ. Sci.
Technol. 20, 11551-11574. https://doi.org/10.1007/513762-022-04549-2.

Bao, C., Yin, Q., 2022. W02022/238216A1. composition.

Batchelor, S.N., 2023. DE102022128399A1. composition.

Biktasheva, L., Danilova, N., Galitskaya, P., Selivanovskaya, S., Shipaeva, M., 2022.
Aerobic bacteria from the oilwells of the supergiant romashkinskoye oilfield. STEF92
Technology, Section Advances in Biotechnology, pp. 47-54. https://doi.org/
10.5593/5gem2022V/6.2/525.07.

Bumbharter, C., Bolonio, D., Amez, 1., Garcia Martinez, M.J., Ortega, M.F., 2023. New
opportunities for the European Biogas industry: a review on current installation
development, production potentials and yield improvements for manure and
agricultural waste mixtures. J. Clean. Prod. 388, 135867 https://doi.org/10.1016/j.
jclepro.2023.135867.

Camacho-Munoz, D., Martin, J., Santos, J.L., Aparicio, I., Alonso, E., 2014. Occurrence of
surfactants in wastewater: Hourly and seasonal variations in urban and industrial
wastewaters from Seville (Southern Spain). Sci. Total Environ. 468-469, 977-984.
https://doi.org/10.1016/J.SCITOTENV.2013.09.020.

Collivignarelli, M.C., Carnevale Miino, M., Baldi, M., Manzi, S., Abba, A., Bertanza, G.,
2019. Removal of non-ionic and anionic surfactants from real laundry wastewater by
means of a full-scale treatment system. Process Saf. Environ. Prot. 132, 105-115.
https://doi.org/10.1016/J.PSEP.2019.10.022.

Dyer, S.D., Sanderson, H., Waite, S.W., Compernolle, R.Van, Price, B., Nielsen, A.M.,
Evans, A., Decarvalho, A.J., Hooton, D.J., Sherren, A.J., 2006. Assessment of alcohol
ethoxylate surfactants and fatty alcohols mixtures in river sediments and prospective
risk assessment. Environ. Monit. Assess. 120, 45-63. https://doi.org/10.1007/
5§10661-005-9048-x.

European Commission, 2022. Implementing the repower EU Action Plan: investment
needs, hydrogen accelerator and achieving the bio-methane targets. https://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52022SC0230 (Accessed 29
August, 2003).

Faccenda, H.B., Melara, F., Damini, G., Godinho, M., Manera, C., Piccin, J.S., 2022.
Graywater treatment of emerging pollutant linear alkylbenzene sulfonate by
adsorption with leather shave waste activated carbon. Environ. Sci. Pollut. Res. 29,
79830-79840. https://doi.org/10.1007/s11356-021-17502-6.

He, Q., Xu, P., Zhang, C., Zeng, G., Liu, Z., Wang, D., Tang, W., Dong, H., Tan, X.,
Duan, A., 2019. Influence of surfactants on anaerobic digestion of waste activated
sludge: acid and methane production and pollution removal. Crit. Rev. Biotechnol.
39, 746-757. https://doi.org/10.1080/07388551.2018.1530635.

Huang, Y., Liu, L., Liu, G., Gong, Y., 2021. Occurrence and fate of linear alkylbenzenes
and their potential as environmental molecular markers in highly urbanized river
systems. Sci. Total Environ. 760, 143946 https://doi.org/10.1016/j.
scitotenv.2020.143946.

Johnson, P., Trybala, A., Starov, V., Pinfield, V.J., 2021. Effect of synthetic surfactants on
the environment and the potential for substitution by biosurfactants. Adv. Colloid
Interface Sci. 288, 102340 https://doi.org/10.1016/j.cis.2020.102340.

Jurado, E., Fernandez-Serrano, M., Lechuga, M., Rios, F., 2012. Environmental impact of
ether carboxylic derivative surfactants. J. Surfactants Deterg. 15, 1-7. https://doi.
org/10.1007/511743-011-1278-Z.

Jurado, E., Ferndndez-Serrano, M., Ntnez-Olea, J., Lechuga, M., Jiménez, J.L., Rios, F.,
2011. Effect of concentration on the primary and ultimate biodegradation of
alkylpolyglucosides in aerobic biodegradation tests. Water Environ. Res. 83,
154-161. https://doi.org/10.2175/106143010X12780288628336.

Jurado, E., Ferndndez-serrano, M., Rios, F., Lechuga, M., 2013. Aerobic biodegradation
of surfactants. In: Chamy, R., Rosenkranz, F. (Eds.), Biodegradation-Life of Science.
n-Tech., Rijeka, Croatia, pp. 68-81. https://doi.org/10.5772,/56120.

Jurado-Alameda, E., Vicaria-Rivillas, J.M., Garcia-Martin, J.F., 2011. ES2352934B2.
Composiciones de tensioactivos altamente humectantes.

Khalil, M., Liu, Y., 2021. Greywater biodegradability and biological treatment
technologies: a critical review. Int. Biodeterior. Biodegrad. 161, 105211 https://doi.
org/10.1016/j.ibiod.2021.105211.

Khuntia, H.K., Janardhana, N., Chanakya, H.N., 2021. Household discharge of chemical
products and its classification based on anaerobic biodegradability. Environ. Monit.
Assess. 193, 1-15. https://doi.org/10.1007/510661-020-08835-9.

Kumar, R., Qureshi, M., Vishwakarma, D.K., Al-Ansari, N., Kuriqi, A., Elbeltagi, A.,
Saraswat, A., 2022. A review on emerging water contaminants and the application of
sustainable removal technologies. Case Stud. Chem. Environ. Eng. 6, 100219. http
s://doi.org/10.1016/j.cscee.2022.100219.

Lechuga, M., Fernandez-Serrano, M., Jurado, E., Nunez-Olea, J., Rios, F., 2016. Acute
toxicity of anionic and non-ionic surfactants to aquatic organisms. Ecotoxicol.
Environ. Saf. 125, 1-8. https://doi.org/10.1016/J.ECOENV.2015.11.027.

Mackay, D., Fraser, A., 2000. Bioaccumulation of persistent organic chemicals:
mechanisms and models. Environ. Pollut. 110, 375-391. https://doi.org/10.1016/
$0269-7491(00)00162-7.

Mantzavinos, D., Burrows, D.M.P., Willey, R., Lo Biundo, G., Zhang, S.F., Livingston, A.
G., Metcalfe, 1.S., 2001. Chemical treatment of an anionic surfactant wastewater:
electrospray-ms studies of intermediates and effect on aerobic biodegradability.
Water Res. 35, 3337-3344. https://doi.org/10.1016/50043-1354(01)00066-5.

Marinho, I1.C., Silva, L.G., Veras, S.T.S., Souza, L.F.C., Gavazza, S., Florencio, L., Kato, M.
T., 2022. Effect of individual or combined physical and chemical factors on the
anaerobic biodegradation of linear alkylbenzene sulphonate. J. Environ. Manage.
321, 115868 https://doi.org/10.1016/J.JENVMAN.2022.115868.


http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0001
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0001
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0001
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0003
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0003
https://doi.org/10.1007/s13762-022-04549-2
https://doi.org/10.5593/sgem2022V/6.2/s25.07
https://doi.org/10.5593/sgem2022V/6.2/s25.07
https://doi.org/10.1016/j.jclepro.2023.135867
https://doi.org/10.1016/j.jclepro.2023.135867
https://doi.org/10.1016/J.SCITOTENV.2013.09.020
https://doi.org/10.1016/J.PSEP.2019.10.022
https://doi.org/10.1007/s10661-005-9048-x
https://doi.org/10.1007/s10661-005-9048-x
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52022SC0230
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52022SC0230
https://doi.org/10.1007/s11356-021-17502-6
https://doi.org/10.1080/07388551.2018.1530635
https://doi.org/10.1016/j.scitotenv.2020.143946
https://doi.org/10.1016/j.scitotenv.2020.143946
https://doi.org/10.1016/j.cis.2020.102340
https://doi.org/10.1007/S11743-011-1278-Z
https://doi.org/10.1007/S11743-011-1278-Z
https://doi.org/10.2175/106143010X12780288628336
https://doi.org/10.5772/56120
https://doi.org/10.1016/j.ibiod.2021.105211
https://doi.org/10.1016/j.ibiod.2021.105211
https://doi.org/10.1007/S10661-020-08835-9
https://doi.org/10.1016/j.cscee.2022.100219
https://doi.org/10.1016/j.cscee.2022.100219
https://doi.org/10.1016/J.ECOENV.2015.11.027
https://doi.org/10.1016/S0269-7491(00)00162-7
https://doi.org/10.1016/S0269-7491(00)00162-7
https://doi.org/10.1016/S0043-1354(01)00066-5
https://doi.org/10.1016/J.JENVMAN.2022.115868

F. Rios et al.

Mohan, P.K., Nakhla, G., Yanful, E.K., 2006. Biokinetics of biodegradation of surfactants
under aerobic, anoxic and anaerobic conditions. Water Res. 40 (3), 533-540.
https://doi.org/10.1016/j.watres.2005.11.030.

Mordor Intelligence, 2023. Surfactants Market size & Share Analysis - Growth Trends &
Forecasts, pp. 2023-2028. https://www.mordorintelligence.com/industry-reports
/surfactants-market. accessed 29 August 2003.

Motteran, F., Braga, J.K., Sakamoto, LK., Silva, E.L., Varesche, M.B.A., 2014.
Degradation of high concentrations of nonionic surfactant (linear alcohol ethoxylate)
in an anaerobic fluidized bed reactor. Sci. Total Environ. 481, 121-128. https://doi.
org/10.1016/j.scitotenv.2014.02.024.

Motteran, F., Lima Gomes, P.C.F., Silva, E.L., Bernadete, M., Varesche, A., 2017.
Simultaneous determination of anionic and nonionic surfactants in commercial
laundry wastewater and anaerobic fluidized bed reactor effluent by online column-
switching liquid chromatography/tandem mass spectrometry. Sci. Total Environ.
580, 1120-1128. https://doi.org/10.1016/j.scitotenv.2016.12.068.

Motteran, F., Varesche, M.B.A., Lara-Martin, P.A., 2022. Assessment of the aerobic and
anaerobic biodegradation of contaminants of emerging concern in sludge using
batch reactors. Environ. Sci. Pollut. Res. 29, 84946-84961. https://doi.org/
10.1007/5S11356-022-21819-1.

Najim, A.A., Ismail, Z.Z., Hummadi, K.K., 2022. Biodegradation potential of sodium
dodecyl sulphate (SDS) by mixed cells in domestic and non-domestic actual
wastewaters: experimental and kinetic studies. Biochem. Eng. J. 180, 108374
https://doi.org/10.1016/j.bej.2022.108374.

Novak, J.T., Banjade, S., Murthy, S.N., 2011. Combined anaerobic and aerobic digestion
for increased solids reduction and nitrogen removal. Water Res. 45, 618-624.
https://doi.org/10.1016/j.watres.2010.08.014.

OECD 311, 2006. OECD Guidelines for the Testing of Chemicals. 3. Degradation and
accumulation. Test number 311: Anaerobic biodegradability of organic compounds
in digested sludge: by measurement of gas production. In: Adopted by the Council on
23th March 2006. https://doi.org/10.1787/9789264016842-en.

OECD 301, 1992. OECD Guidelines for testing chemicals. Test No. 301: Ready
Biodegradability. In: Adopted by the Council on 17th July 1992. https://doi.org/
10.1787/9789264070349-en.

Palmer, M., Hatley, H., 2018. The role of surfactants in wastewater treatment: impact,
removal and future techniques: a critical review. Water Res. 147, 60-72. https://doi.
org/10.1016/J.WATRES.2018.09.039.

Rincén-Romero, J.F., Rios, F., Reyes-Requena, A., Luzon-Gonzdlez, G., Garcia-Lopez, A.
1., 2023. Surface and thermodynamics properties of commercial fatty-alcohol
ethoxylate surfactants. J. Mol. Liq. 376, 121396 https://doi.org/10.1016/J.
MOLLIQ.2023.121396.

Rios, F., Fernandez-Arteaga, A., Lechuga, M., Fernandez-Serrano, M., 2017c.
Ecotoxicological characterization of polyoxyethylene glycerol ester non-ionic
surfactants and their mixtures with anionic and non-ionic surfactants. Environ. Sci.
Pollut. Res. 24, 10121-10130. https://doi.org/10.1007/511356-017-8662-9.

Rios, F., Fernandez-Arteaga, A., Fernandez-Serrano, M., Jurado, E., Lechuga, M., 2018.
Silica micro- and nanoparticles reduce the toxicity of surfactant solutions. J. Hazard.
Mater. 353, 436-443. https://doi.org/10.1016/J.JHAZMAT.2018.04.040.

Rios, F., Ferndndez-Arteaga, A., Lechuga, M., Jurado, E., Ferndndez-Serrano, M., 2016.
Kinetic study of the anaerobic biodegradation of alkyl polyglucosides and the

Water Research 248 (2024) 120857

influence of their structural parameters. Environ. Sci. Pollut. Res. 23, 8286-8293.
https://doi.org/10.1007/511356-016-6129-Z.

Rios, F., Lechuga, M., Lobato-Guarnido, I., Ferndndez-Serrano, M., 2023. Antagonistic
toxic effects of surfactants mixtures to bacteria Pseudomonas putida and marine
microalgae Phaeodactylum tricornutum. Toxics, 11 (344). https://doi.org/10.3390/
TOXICS11040344.

Rios, Francisco, Lechuga, M., Fernandez-Arteaga, A., Jurado, E., Fernandez-Serrano, M.,
2017a. Anaerobic digestion of amine-oxide-based surfactants: biodegradation
kinetics and inhibitory effects. Biodegradation 28, 303-312. https://doi.org/
10.1007/S10532-017-9797-6.

Rios, Francisco, Lechuga, M., Ferndndez-Serrano, M., Fernandez-Arteaga, A., 2017b.
Aerobic biodegradation of amphoteric amine-oxide-based surfactants: effect of
molecular structure, initial surfactant concentration and pH. Chemosphere 171,
324-331. https://doi.org/10.1016/J.CHEMOSPHERE.2016.12.070.

Santos, J., Calero, N., Munoz, J., 2015. Influence of the concentration of a
polyoxyethylene glycerol ester on the physical stability of submicron emulsions.
Chem. Eng. Res. Des. 100, 261-267. https://doi.org/10.1016/j.cherd.2015.05.027.

Shearouse, W.C., Hibbard, D.L., 2019. US10465145B2. Laundry Detergent Compositions
Comprising Renewable Components.

Trujillo-Cayado, L.A., Santos, J., Ramirez, P., Alfaro, M.C., Munoz, J., 2018. Strategy for
the development and characterization of environmental friendly emulsions by
microfluidization technique. J. Clean. Prod. 178, 723-730. https://doi.org/10.1016/
j-jclepro.2018.01.028.

UNE-EN-ISO 11348-2. 2009. Standard UNE-EN-ISO 11348-2:2009: water
quality—Determination of the inhibitory effect of water samples on the light
emission of Vibrio fischeri (Luminescent bacteria test)—Part 2: method using liquid-
dried bacteria.

Vicaria, J.M., Herrera-Marquez, O., Serrano-Haro, M., Vidal, A., Jurado, E., Jiménez-
Pérez, J.L., 2022. Optimization of surfactants formulations to stabilise proteases and
amylases. Chem. Eng. Sci. 260, 117858 https://doi.org/10.1016/j.ces.2022.117858.

Wu, Y., Jin, R., Chen, Q., Du, X., Yang, J., Liu, M., 2023. Organic contaminants of
emerging concern in global estuaries: environmental occurrence, fate, and
bioavailability. Crit. Rev. Environ. Sci. Technol. 53, 550-575. https://doi.org/
10.1080/10643389.2022.2077062.

Yuan, H., Zhu, N., 2016. Progress in inhibition mechanisms and process control of
intermediates and by-products in sewage sludge anaerobic digestion. Renew.
Sustain. Energy Rev. 58, 429-438. https://doi.org/10.1016/j.rser.2015.12.261.

Zhang, Z.Z., Zhang, Y., Cheng, Y.F., Jin, R.C., 2021. Linear anionic surfactant (SDBS)
destabilized anammox process through sludge disaggregation and metabolic
inhibition. J. Hazard. Mater. 403, 123641 https://doi.org/10.1016/j.
jhazmat.2020.123641.

Zheng, L., Zhang, C., Gao, R., Zhang, L., Ai, W., Ulbricht, M., Wei, Y., 2023. Anaerobic
membrane bioreactor for hygiene wastewater treatment in controlled ecological life
support systems: degradation of surfactants and microbial community succession.
Bioresour. Technol. 386, 129517 https://doi.org/10.1016/j.biortech.2023.129517.

Zhou, Y., Guo, B., Mao, J., Xia, S., 2021. Key role of soluble microbial products in waste
activated sludge reduction by synergetic combination of cocoamidopropyl betaine
and alkalinity in the short-time aerobic digestion system. J. Hazard. Mater. 408,
124930 https://doi.org/10.1016/j.jhazmat.2020.124930.


https://doi.org/10.1016/j.watres.2005.11.030
https://www.mordorintelligence.com/industry-reports/surfactants-market
https://www.mordorintelligence.com/industry-reports/surfactants-market
https://doi.org/10.1016/j.scitotenv.2014.02.024
https://doi.org/10.1016/j.scitotenv.2014.02.024
https://doi.org/10.1016/j.scitotenv.2016.12.068
https://doi.org/10.1007/S11356-022-21819-1
https://doi.org/10.1007/S11356-022-21819-1
https://doi.org/10.1016/j.bej.2022.108374
https://doi.org/10.1016/j.watres.2010.08.014
https://doi.org/10.1787/9789264016842-en
https://doi.org/10.1787/9789264070349-en
https://doi.org/10.1787/9789264070349-en
https://doi.org/10.1016/J.WATRES.2018.09.039
https://doi.org/10.1016/J.WATRES.2018.09.039
https://doi.org/10.1016/J.MOLLIQ.2023.121396
https://doi.org/10.1016/J.MOLLIQ.2023.121396
https://doi.org/10.1007/S11356-017-8662-9
https://doi.org/10.1016/J.JHAZMAT.2018.04.040
https://doi.org/10.1007/S11356-016-6129-Z
https://doi.org/10.3390/TOXICS11040344
https://doi.org/10.3390/TOXICS11040344
https://doi.org/10.1007/S10532-017-9797-6
https://doi.org/10.1007/S10532-017-9797-6
https://doi.org/10.1016/J.CHEMOSPHERE.2016.12.070
https://doi.org/10.1016/j.cherd.2015.05.027
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0044
http://refhub.elsevier.com/S0043-1354(23)01297-6/sbref0044
https://doi.org/10.1016/j.jclepro.2018.01.028
https://doi.org/10.1016/j.jclepro.2018.01.028
https://doi.org/10.1016/j.ces.2022.117858
https://doi.org/10.1080/10643389.2022.2077062
https://doi.org/10.1080/10643389.2022.2077062
https://doi.org/10.1016/j.rser.2015.12.261
https://doi.org/10.1016/j.jhazmat.2020.123641
https://doi.org/10.1016/j.jhazmat.2020.123641
https://doi.org/10.1016/j.biortech.2023.129517
https://doi.org/10.1016/j.jhazmat.2020.124930

	Complete biodegradability assessment of polyoxyethylene glycerol ester non-ionic surfactant: Aerobic, anaerobic, combined b ...
	1 Introduction
	2 Materials and methods
	2.1 Surfactant and reagents
	2.2 Active matter analysis
	2.3 Critical micelle concentration (CMC)
	2.4 Aerobic biodegradation test
	2.5 Anaerobic biodegradation test
	2.6 Inhibition test with bacteria Vibrio fischeri
	2.7 Analytical measurements

	3 Results and discussion
	3.1 Aerobic biodegradability
	3.2 Anaerobic biodegradability
	3.3 Combined aerobic-anaerobic biodegradation

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


