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ing of LAS homologs in anaerobic condi-
tion.
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ABSTRACT

This study presents a new method developed for the simultaneous determination of anionic surfactant (linear
alkylbenzene sulfonate - LAS, 4 homologs) and nonionic surfactant (linear alcohol ethoxylate - LAE) in commer-
cial laundry wastewater. The surfactants were identified and quantified using online column-switching solid-
phase extraction (SPE) coupled with liquid chromatography/tandem mass spectrometry (LC-MS/MS). Ten and
three transitions (m/z) were identified for LAS and LAE, respectively. The detection and quantification limits
were 75 and 200 pg/L for LAS, respectively, and 75 pg/L for LAE. This method was applied to the determination
of the surfactants in the influent and effluent of an anaerobic fluidized bed reactor that was used for the treat-
ment of commercial laundry wastewater. After 480 days of operation with a hydraulic retention time (HRT) of
18 h, the removal of 45.9 £ 5.6% LAS and 99.2 4 4.3% LAE from an influent with surfactant concentrations of
26.1 + 12.9 mg/L and 23.8 + 6.8 mg/L, respectively, was obtained. Under these conditions, the breakage of lon-
ger-chain LAS homologs with the release of carbon units was observed with an increase in the number of shorter
homolog chains. This SPE online sample treatment method is simple, fast and effective for the analysis of both
surfactants. This technique is pioneering in its simultaneous measurement of two surfactant categories in anaer-
obic fluidized bed reactors.

© 2016 Elsevier B.V. All rights reserved.

* Corresponding author.

E-mail address: fabricio.moterani@gmail.com (F. Motteran).

http://dx.doi.org/10.1016/j.scitotenv.2016.12.068
0048-9697/© 2016 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2016.12.068&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2016.12.068
mailto:fabricio.moterani@gmail.com
http://dx.doi.org/10.1016/j.scitotenv.2016.12.068
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv

F. Motteran et al. / Science of the Total Environment 580 (2017) 1120-1128 1121

1. Introduction

The pollution of ecosystems, including waterways and sediments,
usually occurs through the disposal of organic matter and chemical
compounds (Boll et al., 2002). Among these chemicals, surfactants and
polycyclic aromatic hydrocarbons are organic pollutants that are most
commonly detected and that accumulate in freshwater sediments
(Boll et al., 2002; Cowan-Ellsberry et al., 2013). Linear alkylbenzene sul-
fonate (LAS) and linear alcohol ethoxylate (LAE) are two types of surfac-
tants present in different aquatic ecosystems (Comber et al., 2006).

Surfactants are produced in large quantities and used every day in
various industrial and domestic activities. Thus, they have a high contri-
bution to the pollution of water-collecting systems and water bodies,
where these compounds and their degradation byproducts can have un-
wanted effects on aquatic life and microbial ecosystems.

Synthetic surfactants are the most widely used among organic com-
pounds produced worldwide and have great economic importance in
the production of detergents and personal care and pharmaceutical
products (Thiele, 2005; Ying, 2006). According to the European Com-
mittee of Organic Surfactants and their Intermediates, approximately
945,000 tons of anionic surfactants and 784,000 tons of nonionic surfac-
tants (ethoxylate) were sold in Europe in 2014 alone, representing ap-
proximately 90% of the total European production of surfactants (De
Cooman, 2014).

Linear alkylbenzene sulfonate (LAS) is the most important anionic
synthetic surfactant (derived from petroleum) with high global produc-
tion. This surfactant is mainly used in industry as well as in household
and laundry detergents. Due to its high usage and production, it is
discharged into wastewater in large quantities (Tolls et al., 1999). LAS
is a mixture of isomers and homologs with alkyl chain lengths ranging
from 10 to 16 carbon atoms. Attached to the carbon chain there is a ben-
zene radical (phenyl) linked to a sulfonated molecule (SO3") (Larson et
al,, 1995).

Linear alcohol ethoxylate (LAE) is a nonionic surfactant derived from
coconut oil. This surfactant is a mixture of alkyl chains containing 12 to
14 carbon atoms that are bonded through an ether linkage of ethylene
oxide units (average of 10 units) (Motteran et al., 2014). These nonionic
surfactants are widely used in household and industrial cleaning prod-
ucts, such as detergents, emulsifiers, dispersing agents, and humectants
in the paper processing and textile industries (HERA, 2009).

In the wastewater treatment process containing surfactants, approx-
imately 50% of the LAS load is removed by biodegradation, a fraction
(25%) is adsorbed onto suspended solids, and another 25% is adsorbed
on the solids dissolved in organic matter in the liquid (Brunner et al.,
1988; Prats et al., 1997; Berna et al., 2007). Depending on the applied
system and process, 81% to 99.9% of the surfactants are removed from
wastewater treatment systems (Morrall et al., 2006). However, up to
872 pg/L of LAS and 0.24-3.0 pg/L of alcohol ethoxylate in the effluents
from sewage treatment plants can still be detected (Dyer et al., 2006).

Chromatographic analytical separation techniques, such as gas chro-
matography (GC), high performance liquid chromatography (HPLC),
mass spectrometry (MS), and their combinations, are increasingly
being used in analytical chemistry for the quantitative and qualitative
analysis of complex environmental samples (Cassiano et al., 2009;
Ribani et al.,, 2004).

Several methods for the analysis of the surfactant concentration in
water and wastewater samples from sewage treatment systems have
been reported (Lara-Martin et al., 2012, 2006; Rico-Rico et al., 2009;
Riu et al., 2001). The most selective methods such as GC or HPLC with
ultraviolet (UV) or fluorescence detection, have been used. However,
GC methods are limited by the low volatility of the surfactant molecules
with higher molecular weight (Evans et al., 1997). The use of HPLC with
UV or fluorescence detector requires derivatization techniques and
methodologies for the alcohol ethoxylates (AE) as they do not contain
chromophore groups, in contrast to the LAS surfactant (Dubey et al.,
1995).

The influents of domestic and industrial sewage treatment systems
are complex mixtures of liquids and suspended solids and contain sev-
eral analytes at very low concentrations. Liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) is a very sensitive
and selective detection method and is extremely valuable for determin-
ing low concentrations of contaminants (ng/L to pg/L), including these
surfactants (Evans et al., 1997).

Methods employing solid phase extraction (SPE) have been used ex-
tensively for the analysis of dissolved organic compounds in the com-
plex matrices of environmental samples (Mayer et al., 2000; ter Laak
et al,, 2006), but the conventional form of these methods (off-line) fea-
tures many steps that require long processing times (Pan et al., 2014).
Online settings are available to overcome these limitations and require
unique equipment, valve arrangements and peristaltic pumps.

The aim of this study was to develop and validate a method using a
column-switching SPE online system in conjunction with liquid chro-
matography (LC) coupled to tandem mass spectrometry (SPE online
LC-MS/MS) to simultaneously analyze two distinct categories of surfac-
tants, linear alkylbenzene sulfonate (LAS) anionic surfactant and linear
alcohol ethoxylate (LAE) nonionic surfactant found in the matrix of
commercial laundry wastewater and the influent and effluent of an an-
aerobic fluidized bed reactor.

The advantages of this new technique are its minimal handling and
the pretreatment of complex samples from laundry wastewater and
bioreactor effluents. Furthermore, the sample preparation step and
chromatographic analysis lasted only 22 min being possible to analyze
both surfactants under investigation. This analysis was performed
using a conventional LC system containing a column switch with six-
port valves, eliminating the need for a unique system for this analysis.

2. Materials and methods
2.1. Chemicals and reagents

For all solutions, ultrapure water supplied by the Milli-Q Plus Ultra
System (Billerica, MA) was used. All reagents used in this study were
of high-purity grade (>98%). The surfactants used in the method devel-
opment were linear alkylbenzene sulfonate (LAS) and linear alcohol
ethoxylate (LAE), both from Sigma-Aldrich® (St. Louis, MO).

LAS is an anionic surfactant composed of a mixture of isomers and a
homolog series with linear alkyl chain lengths varying from Cyq to Cyg,
with a predominance of Cjp to Cy3. LAS has a molar mass of
348.48 g/mol (Fig. 1).

The nonionic surfactant used in this study, both as the standard and
for the reactor feeding, was the linear alcohol ethoxylate known as LAE,
with the commercial name Genapol® C-100. This surfactant is derived
from coconut oil, is a mixture of C;, and Cy4 alkyl chains with an average
of 10 ethoxy units, and has molar mass of 627 g/mol. Its chemical struc-
ture is presented in Fig. 2.

Stock solutions (6 g/L) of LAS and LAE, separate and mixed, were
prepared in ultrapure water. Analytical solutions (LC-MS/MS) were pre-
pared (diluted from the stock solutions) in water and in a similar matrix
composition to that of the reactor influent (lab-made sewage) contain-
ing yeast extract, sodium bicarbonate, and a salts solution (Table 1). The

CH;—(CHyn—CH—(CH,)y—CH,

SOy

Fig. 1. Molecular structure of linear alkylbenzene sulfonate (LAS),n + n’=7a1l.
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Fig. 2. Molecular structure of the nonionic surfactant LAE, Genapol® C-100 from Sigma-
Aldrich®, where n is the number of ethoxy units.

sample preparation of both standards as the influent and effluent of the
anaerobic fluidized bed reactor consisted only of filtration (membrane
with 0.22 um pore size); the addition of any chemical or derivatization
procedure was not necessary.

2.2. Instrumentation

2.2.1. Analytical separation system

The analytical separation was performed using liquid chromatogra-
phy (LC) Agilent 1200 series (Palo Alto, CA) containing two binary
pumps, an autosampler ALS 1200 with an injection capacity of 0.1 pL
to 100 pL, a thermostatic chamber for analytical column (TCC) 1200,
and a diode array detector (DAD) Infinity 1290. An additional binary
LC pump, model LC-10 AVP from Shimadzu (Kyoto, Japan), was used
for sample loading for the column-switching and the SPE online system.

2.2.2. Liquid chromatography-tandem mass spectrometry system

A hybrid quadrupole-linear ion trap mass spectrometer, QTRAP
5500 from AB SCIEX (Foster, CA), with a turbo ion spray source coupled
to the LC (liquid chromatography) system was used.

The ion source parameters for LAS and LAE were optimized by flow
injection analysis as follows: a curtain gas (CUR) of 10V, a nitrogen col-
lision gas (CAD) medium, a source temperature (TEM) of 650 °C, an ion
spray voltage of 4500 V and a pressure of 45 psi for both ion source gases
GS1 and GS2.

The compound-dependent MS/MS parameters (declustering poten-
tial-DP, collision energy-CE and collision cell exit potential-CXP) were
optimized by a direct infusion solution of a surfactant mixture (LAS
and LAE) at a concentration of 100 pg/L. A total of 10 transitions for
the anionic surfactant linear alkylbenzene sulfonate (LAS) in ESI(—)
mode and 3 transitions for the nonionic surfactant linear alcohol
ethoxylate (LAE) in ESI(+) mode (Table 2) were found.

The entrance potential-EP was set at 10 V. The QTRAP was operated
in negative mode (ESI—) for the anionic surfactant LAS and in positive
mode (ESI+) for the nonionic surfactant LAE; both surfactants used se-
lected reaction monitoring (SRM) with a dwell-time of 20 ms between
each SRM monitored. Three different SRM transitions for each com-
pound were used. The resolution at the first quadrupole and the linear
ion trap (Q1 and Q3) was set to unitary 1. Analyst® 1.5.1 software
from AB Sciex® was used for analysis, method optimization and LC-
MS/MS operation. The analyzed transitions and collision energies are
shown in Table 2.

The chromatographic run lasted 22 min at a flow rate of 600 pL/min,
and the LC column temperature was 20 + 1 °C. The mobile phase com-
position used during the chromatographic run that preceded analysis by
mass spectrometry was as follows: Eluent A - triethylamine (5 mM),
formic acid (5 mM) and ammonium acetate (10 mM); Eluent B -

Table 1
Composition of the lab-made sewage: fluidized bed reactor influent and matrix for the an-
alytical chromatography method.

Nutrients Volume in 50 L
Yeast extract (g) 25
Sodium bicarbonate (g) 20
Ethanol (mL) 6.3
Salts solution (mL) 50

(50 g/L NaCl; 1.4 g/L MgCl,-6H,0; 0.9 g/L CaCl,-2H,0)

Source: Duarte et al. (2008), modified by Motteran et al. (2014).

Table 2

SRM MS/MS parameters defined by positive and negative ionization modes.

Linear alkylbenzene sulfonate (LAS)

CXP (V)

CE (V)

DP (V)

Time (ms)

Q3

Q1

Transitions
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SRM - selected reaction monitoring; MS/MS - tandem mass spectrometry; Q1 - first quadrupole; Q3 - linear ion trap; DP - declustering potential; CE - collision energy; CXP - collision cell exit potential.
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Table 3
Mobile phase gradient program for LC-MS/MS.

Gradient elution program

Total time (min) Eluent A Eluent B
(%) (%)
1.00 50 50
3.10 50 50
3.50 25 75
8.00 25 75
9.00 10 90
13.00 5 95
20.00 5 95
20.10 50 50
22.00 50 50

LC-MS/MS - liquid chromatography coupled to tandem mass spectrometry.

acetonitrile containing 0.1% formic acid (v/v). The mobile phase (elu-
ent) gradient program is shown in Table 3.

2.2.3. Column-switching system

A column-switching setup was used in the sample preparation pro-
cedure. This system consisted of the following two LC pumps: pump A
for sample loading and pump B for gradient elution. Column-switching
was performed using a two-position, six-port valve from Rheodyne
(Rohnert Park, CA).

The online sample preparation applied in the system was performed
using an Oasis HLB SPE column cartridge (2.1 x 20 mm, 25 pm) contain-
ing a hydrophilic-lipophilic balance polymer acquired from Waters
(Milford, MA). The backflush mode was used in column-switching, as
described by Lima Gomes et al. (2015).

Thus, the sample was introduced into the SPE column in an aqueous
phase via pump A. At the same time, the C18 column (Agilent Poroshell,
50 x 3.0 mm x 2.7 um) was conditioned with the mobile phase via
pump B. After 3 min, the column-switching valve was switched from
position A to position B, allowing the pre-concentrated analytes in the
SPE column to be eluted into the analytical column, followed by the de-
tector (MS/MS). The backflush elution mode resulted in better analyte
focalization on the analytical column.

2.3. Validation procedure

2.3.1. Linearity

Linearity was evaluated from the calibration curve obtained using
spiked lab-made sewage samples. Analysis of variance (ANOVA) was
applied to verify the linearity and lack of fit to each compound transition
monitored. Triplicate assays were performed at eight different concen-
tration levels (75 pg/L, 150 pg/L, 350 pg/L, 500 pg/L, 1000 pg/L,
2000 pg/L, 3000 pg/L, and 6000 pg/L).

2.3.2. Detection and quantification limits

The minimum detection limit (MDL) was determined at a signal/
noise ratio of 3:1, comparing the measurement signals of the surfactant
samples at low concentrations with respect to the matrix signal (lab-
made sewage without surfactants) (ICH, 2005). The minimum quantifi-
cation limit (MQL) was determined at a signal/noise ratio of 10:1, which
provided an accuracy of <20% (ICH, 2005).

2.3.3. Precision

Precision was evaluated from the relative standard deviation (RSD%)
at concentrations of 75 pg/L to 6000 pg/L for all transitions (339-183,
339-119, 325-119, 325-183, 325-80, 311-183, 311-119, 297-170, 297-
183,297-119, 645-628, 645-133, and 645-89) with intra-day replicates.

24. Anaerobic fluidized bed reactor

An anaerobic fluidized bed reactor (FBR) with increased scale was
used in this study for the treatment of commercial laundry wastewater
containing the surfactants LAS and LAE and was built with acrylic mate-
rials (10 cm in diameter and 2.93 m high). The total reaction volume
was 18.8 L. A distributor was installed at the bottom portion of the reac-
tor to ensure flow uniformity within the system, and on top, a phase
separator was installed to prevent solid particles from exiting the reac-
tor and to ensure effluent output.

A hydraulic retention time (HRT) of 18 + 2 h (feeding flow rate of
900 mL/h) was used. For the biomass immobilization, the FBR was filled
with expanded clay with an average diameter of 1.55 mm as support
material. The minimum fluidization velocity applied to the reactor
was 0.62 cm/s, with a flow rate of 229 L/h (30% higher than the mini-
mum fluidization velocity).

Influent (lab-made sewage with commercial laundry wastewater)
and reactor effluent samples were analyzed two times per week. The
chemical oxygen demand (COD) and pH were analyzed according to
APHA-AWWA-WEEF (2005). The alkalinity was determined using the
methodology developed by Dilallo and Albertson (1961) and modified
by Ripley et al. (1986).

The fluidized bed reactor was inoculated with anaerobic sludge from
the upflow anaerobic sludge blanket (UASB) of a poultry slaughter-
house wastewater treatment facility located in the city of Tiete (Sdo
Paulo/Brazil).

The anaerobic fluidized bed reactor influent was prepared by mixing
the compounds described in Table 1 with commercial laundry waste-
water, with proportions of LAS and LAE that corresponded to the con-
centrations in each operational phase. The commercial laundry
wastewater was diluted or not depending on the concentration of sur-
factant present in the raw wastewater to obtain similar surfactant con-
centrations in each phase, since there is a high variation of surfactants in
laundry wastewater (Braga and Varesche, 2014). The lab-made sewage
was the major component of the reactor influent mixture compared
with commercial laundry wastewater.

The FBR was operated under the following conditions: (1) inocula-
tion of the support material with the biomass for 17 days; (2) adapta-
tion of the biomass to the lab-made sewage without added laundry
wastewater for 94 days; (3) Phase I, feeding of the reactor with lab-
made sewage containing commercial laundry wastewater containing
LAS (8.7 + 5.2 mg/L) and LAE (11.7 £+ 6.9 mg/L) for 83 days; (4)
Phase II, feeding of the reactor with lab-made sewage and commercial
laundry wastewater containing LAS (19.5 + 13.2) and LAE (20.4 +
8.6) for 182 days, and (5) Phase III, feeding of the reactor with lab-
made sewage and commercial laundry wastewater containing LAS
(26.1 + 12.9 mg/L), LAE (23.8 £ 6.2 mg/L) and co-substrate ethanol
(0.3 mL/L) for 175 days.

24.1. Surfactant sample preparation of anaerobic fluidized bed reactor fed
with laundry wastewater

The influent and effluent samples from the anaerobic fluidized bed
reactor feeding with laundry wastewater containing LAS and LAE were
extracted using the SPE online system and analyzed by LC-MS/MS. Ali-
quots of 5 mL were collected and filtered through a 0.22 pm-pore-size
membrane. The samples were frozen and stored in amber glass vials
until analysis. It was not necessary to adjust the pH of the samples.

3. Results and discussion

Four major peaks were observed in the LC-MS/MS chromatogram for
LAS (Fig. 3), and one peak was observed for LAE (Fig. 4). The minor
peaks present in the LAS chromatogram are a mixture of isomers of
each homologs present in the standard solution. The SRM transitions
for homologs quantification LAS-Cyq, LAS-Cqq, LAS-Cy, and LAS-Cy3
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Fig. 3. LC-MS/MS chromatogram of linear alkylbenzene sulfonate (LAS); ESI(—) and the respective SRM transitions (m/z).

were 297-183, 311-183, 325-183 and 339-183, respectively, and an
SRM transition of 645-89 was used for LAE quantification. Riu et al.
(2001), Gonzalez et al. (2007) and Rico-Rico et al. (2009) used LC-MS/
MS to determine LAS in marine sediment samples and effluents from
sewage treatment plants and found SRM transitions similar to those
found in this study.

3.1. Validation

The matrix may create interferences in the analysis that influence
the signal and the concentrations of the analytes of interest, which re-
sults from the competition between the matrix components and target
analytes (Trufelli et al., 2011). However, no interference, even in the re-
tention times of the target analytes, was observed in this study. The LAS
signal obtained in the lab-made sewage without surfactants had an in-
tensity of 9.00E + 09 cps, whereas the signal at the first point of the cal-
ibration curve had an intensity of 1.98E + 10. The LAE signal obtained
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6.00E+010
2 5.00E+010
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Time (min)

Fig. 4. LC-MS/MS chromatogram of linear alcohol ethoxylate (LAE); ESI(+) and the
respective SRM transitions.

from the lab-made sewage sample had an intensity of 5.97E + 08 cps,
whereas the signal from the first point of the calibration curve was
1.02E + 10. Both samples were also compared with ultrapure water. In
this way, both the matrix (lab-made sewage without surfactants) and
ultrapure water did not influence the sample surfactants (data not
shown).

According to Ribani et al. (2004), if the calibration curves obtained
by spiking in lab-made sewage and ultra-pure water samples in the
same concentration range presented identical slopes, it can be said
that there is no interference of the matrix. Since such behavior was ob-
served for this analytical method, the method is selective.

The mathematical relationship between the analytical signal or
chromatogram areas and the mass or concentration of the target sub-
stance is known as the calibration curve (Ribani et al., 2004). The Inter-
national Union of Pure and Applied Chemistry (IUPAC) specifies that the
points of the calibration curve should be evenly spaced over the concen-
tration range of interest and that this range should comprise 0% to 150%
or 50% to 150% of the expected value, depending on which of these two
options is most appropriate (Thompson et al.,, 2002). However, for sur-
factant analysis, these values become difficult to establish because of the
extensive range of LAS and ethoxylate surfactant concentrations found
in water bodies and sediments.

Braga and Varesche (2014) observed LAS concentrations in laundry
wastewater between 12.2 mg/L to 1023.7 mg/L. However, Gross et al.
(2007) detected lower concentrations, between 4.7 mg/L and
15.6 mg/L. For the nonionic surfactant alcohol ethoxylate (AE), even
greater variations have been observed, from 0.9 pg/L in wastewater
treatment systems using activated sludge processes (Morrall et al.,
2006) to 141 mg/L in sludge of anaerobic reactors (Berna et al., 2007).
Gonzalez et al. (2007) studied the simultaneous extraction and analysis
of surfactants in sediments from the coastal Catalonia region (Spain) by
LC-MS with SPE extraction and verified concentrations of 307 pg/L to
1920 pg/L for LAS and 60 pg/L to 190 pg/L for the nonionic surfactant
nonylphenol ethoxylate.

The calibration curve obtained for both surfactants was tested be-
tween 75 pg/L to 6000 ug/L to determine the best measurement range
for both surfactants in a single chromatographic run. It was verified
that the concentration range with better linearity was between
300 pg/L to 6000 pg/L for nine sample points between the minimum
and maximum concentration, with linear behavior and no lack of fit.
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Repeatability was noted for both surfactants (from 300 pg/L to
6000 pg/L), verifying the results of the linearity analysis and not show-
ing any evidence of matrix interference (lab-made sewage) with the
analytes. The RSD%, MDL, MQL, linear concentration range and linear
equation for each surfactant and their respective SRM transitions are
shown in the Supplementary material. All the relative standard devia-
tion (RSD%) values obtained were <20% (Supplementary material A1).

An MDL of 200 pg/L was found for the C;3 homolog of LAS, and an
MDL of 75 pg/L was found for the Cy5, C1; and C;o homologs of LAS.
LAE presented an MDL of 75 pg/L. The MQL of LAS and LAE was
300 pg/L, since it was possible to obtain a signal/noise ratio of 10:1
and an accuracy of <20% for all analytes at this concentration level.

Lara-Martin et al. (2006) analyzed the extraction and simultaneous
determination of linear alkylbenzene sulfonates (LAS), alkyl
ethoxysulfates (AES) and alkyl sulfates (AS) in water and marine sedi-
ments using SPE (solid phase extraction) and subsequent LC-MS analy-
sis. The authors obtained detection limits of 0.1 ng/L and 0.5 ng/L in
aqueous samples using a calibration curve for the surfactants of
1 mg/L to 50 mg/L. Similarly, Gonzalez et al. (2007) determined detec-
tion limits of 50 ng/L for LAS and between 5 ng/L and 100 ng/L for non-
ionic surfactants (nonylphenol ethoxylate) in their analysis of marine
sediment by LC-MS with SPE extraction.

In this study, the MQLs were higher than those found by Gonzalez et
al. (2007) for evaluation of the surfactant degradation efficiency using
an anaerobic fluidized bed reactor. Additionally, this surfactant concen-
tration allow the observation of whether inhibition had occurred by the
microbial community in the reactor. Furthermore, the LAS and LAE con-
centrations detected in laundry wastewater were on the order of mg/L
(Braga and Varesche, 2014).

Di Corcia (1998) have reported detection limits for alcohol
ethoxylate in the range of 0.6 pg/L in wastewater treatment systems.
Cassani et al. (2004) studied the characterization of alcohol ethoxylate
by LC-MS and observed a detection limit for derivatives of these nonion-
ic surfactants of approximately 0.3 ng to 0.5 ng per ethoxy unit. These
authors used a derivatization method with a sulfur trioxide complex
(SOs-DMF) for each alcohol ethoxylate standard, increasing the signal
of and sensitivity for this surfactant. In this study, the quantification
limit for the alcohol ethoxylate was higher than that found by Di
Corcia (1998) (382.9 pg/L). However, derivatization procedures were
not used in the sample preparation, thus requiring less reagents and a
shorter analysis time for the nonionic surfactants.

The solid phase extraction online technique combined with a liquid
chromatography system (SPE online) represents a new LC-MS/MS
method for the analysis of anionic and nonionic surfactants (LAS and
LAE) in the same chromatographic run, which makes this study innova-
tive compared to the others cited. Another advantage is that this analyt-
ical method does not use technical derivatization of the analytes,
generating a fewer residual chemicals and requiring less reagent
amounts and shorter analysis times for analysis of both surfactants pres-
ent in the complex matrices of sewage and laundry wastewater.

Integrating the sample preparation with the chromatographic anal-
ysis resulted in a total analysis time of 22 min per chromatographic run.
The required sample volume was 2 mL (to decrease errors in the dilu-
tion processes, when necessary), and only 100 pL was injected for pre-
concentration and extraction.

This method had higher MDL and MQL values than those found in
the literature for these surfactants measured by LC-MS/MS. The 100 pL
sample injection limited the analyte pre-concentration efficiency. In
conventional SPE, an off-line sample of 0.5 to 2.0 L is processed, which
increases the pre-concentration factor and leads to low MDL and MQL
values. Although off-line SPE is a time-consuming sample preparation
procedure, it uses large volumes of sample and organic solvent, which
generates numerous chemical residues. Moreover, in this study, high
surfactant concentrations (LAS and LAE) were used compared to those
found in bodies of water to observe the removal of these compounds
in a large-scale anaerobic fluidized bed reactor.

3.2. Application of the method to commercial laundry wastewater
treatment

The anaerobic fluidized bed reactor of increased scale was operated
for 480 days. The chemical oxygen demand (COD) of the influent was
626.5 4 24.5 mg/L, 445 4+ 12.2 mg/L, 588.6 4+ 8.9 mg/L, and 852.4 +
30.1 mg/L in the adaptation phase, Phase I, Phase Il and Phase III, respec-
tively, which corresponded to organic loads of 633.1 4 324.6 mg COD/-
L-d~1,449.7 + 66.9 mg COD/L-d~ ', 586.2 + 159.3 mg COD/L-d~ ' and
861.3 & 276.8 mg COD/L-d !, respectively. The organic load resulted
from the lab-made sewage and commercial laundry wastewater. The
average organic matter removal efficiencies were 57.2 + 18.7%,
764 + 7%, 48.4 4+ 12%, 62.4 + 22.4% for the adaptation phase, Phase I,
Phase II and Phase III, respectively.

It was observed that organic matter removal was lower in the adap-
tation phase and Phase II: in these phases, bacterial colonization proba-
bly occurred in the support material (expanded clay) and was further
adapted to the substrate (lab-made sewage). There was a surfactant
load increase between Phase I (8.7 4+ 5.2 mg/L of LAS and 11.7 +
6.9 mg/L of LAE) and Phase II (19.5 & 13.5 mg/L of LAS and 20.4 +
8.6 mg/L of LAE) that probably had a toxic effect on the biomass in
Phase II (Fig. 5).

Braga et al. (2015) also observed a toxic effect caused by an increase
in the LAS concentration in laundry wastewater in FRB (bench scale)
with an HRT of 18 h. These authors noted the decrease in the surfactant
removal efficiency from 74.6 4 14.1% to 39.3 £ 20.6% at LAS influent
concentrations of 9.5 + 3.1 mg/L and 27.9 4+ 9.6 mg/L, respectively.
However, Motteran et al. (2014) observed no toxic effects when using
the same reactor configuration with standard LAE influent concentra-
tions of 4.7 4+ 2.2 mg/L to 107.4 4 47.3 mg/L without laundry wastewa-
ter. In this case, removal efficiencies between 97% and 99% were
obtained. Thus, the toxic effects may be caused as much by the LAS con-
centration as by the other compounds in laundry wastewater.

The surfactant removal efficiencies for Phases I, I and III were
45.5 + 2.6%, 23 4+ 2.2% and 45.9 4+ 5.6% for LAS and 97.5 + 5.9%,
87.7 £ 19.7 and 99.2 + 4.3% for LAE, respectively. The influent concen-
trations were 8.7 + 5.2 mg/L, 19.5 £+ 13.2 mg/Land 26.1 & 12.9 mg/L for
LAS and 11.7 4+ 6.9 mg/L, 20.4 + 8.6 mg/L and 23.8 + 6.2 mg/L for LAE,
in the respective operational phases (Figs. 6 and 7). One-way analysis of
variance (ANOVA, P < 0.05) was performed for the influent, effluent and
efficiency samples for both LAS and LAE. ANOVA test showed that all the
data were significantly different.

Higher LAE removal was observed when compared to LAS, probably
due to the biodegradable characteristics of LAE once that LAS is derived
from petroleum. Motteran et al. (2014) observed that LAE was biode-
gradable in a fluidized bed reactor under anaerobic conditions, with a
removal of 98% from influent containing 97.9 mg/L of LAE. Another fac-
tor that may have influenced the difference in removal efficiency is the
presence of toxic compounds in commercial laundry wastewater, which
probably influenced LAS removal (Braga and Varesche, 2014). These au-
thors detected compounds such as solvents, plasticizers, softeners,
emulsifiers, pesticides, repellents, diluents, fragrances, preservatives
and antioxidants using gas chromatography coupled with mass spec-
trometry (GC-MS). Solvents such as butanol (70.9%) and ethanol
(5.5%) were the most commonly observed compounds in wastewater
samples laundry, followed by compounds such as acetate (5.9%) ethyl
phthalate (5.0%), nonylphenol ethoxylate (4.7%) and the fragrance linal-
ool (3.0%).

The low removal values obtained in Phase II led to the addition of
ethanol in the lab-made sewage. Macedo et al. (2015) evaluated the
LAS degradation in a fluidized bed reactor and obtained high removal
efficiencies for this surfactant using ethanol as a co-substrate. These au-
thors observed an organic matter removal efficiency of 89.2 + 5.4% with
ethanol in the FBR feeding. Thus, after the addition of 0.3 mL/L of etha-
nol to the lab-made sewage containing laundry wastewater with
26.1 £ 13 mg/L of LAS and 23.8 + 6.2 mg/L of LAE (Phase III), an



1126

Phase |

Adaptation Phase 11

2000 4
1750

1500 - |

COD (mg/L)
s
=
1

F. Motteran et al. / Science of the Total Environment 580 (2017) 1120-1128

Phase 111 — 100

Efficiency (%)

_—

LW

€

Rt

100

150 200 250

Days

— 1T 0
350 400 450 500 -=-- COD Inf

—— COD Eff
---2-- |fficiency

T
300

Fig. 5. Temporal variation of the average influent and effluent COD and efficiency removal of organic matter.

increase in the organic matter and surfactant removal efficiencies com-
pared to those of Phase Il was observed. Thus, ethanol as a co-substrate
helped to remove LAS and LAE in this anaerobic reactor.

The average total alkalinity and pH in the influent and effluent of the
anaerobic fluidized bed reactor denote stability in the presence of both
surfactants in the commercial laundry wastewater. Most likely, under
such conditions, a favorable environment was created for the develop-
ment of microorganisms that were capable of degrading these toxic
compounds, which consequently increased the organic matter, LAS
and LAE removal efficiencies (Table 4).

Braga and Varesche (2014) observed a pH of 5.6 + 0.9, with maxi-
mum and minimum values of 6.8 and 3.3, respectively, in the physico-
chemical characterization of commercial laundry wastewater. The
total alkalinity observed by these authors was 25.9 4+ 20.2 mg CaCOs/
L, with a maximum value of 82.1 mg CaCOs/L. These values obtained
by Braga and Varesche (2014) were much lower than those observed
in this study, reasserting that the variety of surfactants and the influence
of other compounds in the constitution of laundry wastewater makes
this effluent a complex and unstable matrix for anaerobic biological
treatment. Thus, a robust system is required to handle this high
variation.
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3.3. Surfactant alkyl chain analysis

During the operational phase, a change was observed in the removal
efficiency of each LAS homolog (C;q, C;1, Ci2 and C;3) analyzed in the in-
fluent and effluent. For LAE, it was not possible to evaluate the homolog
distribution from the SRM transition monitored, probably because of
the higher removal efficiencies of the nonionic surfactant obtained in
all operating phases.

The proportion of the C;3 homolog of LAS in the Phase I influent
(0.7 mg/L) decreased by 33% in the effluent (0.2 mg/L). The alkyl
chain of this homolog may have been broken, decreasing the number
of carbon atoms. This phenomenon can be evidenced by the increase
in other shorter-chain homologs monitored in the effluent, mainly in
the C;, homolog, whose proportion increased by 34.9% in the effluent
(0.99 mg/L) compared to its influent concentration (0.73 mg/L) (Fig. 8).

In Phase II, with the increase in the total surfactant concentration in
the FBR (19.5 £ 13.5 mg/L), a decrease in the removal efficiency of the
C10 homolog (16.6%) was observed from the influent (4.0 mg/L). How-
ever, a higher removal efficiency was observed for the Cy3 (77.6%) and
Cy2 (77.4%) homologs, with influent concentrations of 1.65 mg/L and
3.89 mg/L, respectively, when compared to their respective effluent
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Table 4
Total alkalinity and pH in the operational phases of the FBR.
Phases Total alkalinity pH
(mg CaCOs5/L)
Influent Effluent Influent Effluent
Adaptation 4496 4+ 198.3 542.2 + 2309 6.9 + 03 79 £ 0.2
Phase | 359.2 £ 729 4545 4+ 519 73 £02 79 £ 03
Phase II 359.1 + 60.2 462.1 4+ 76.7 73 £02 75+ 03
Phase I1I 368 + 78.8 4422 + 885 7.1 £ 0.1 7.5+ 02

concentrations (0.37 mg/L and 0.88 mg/L). This result shows that there
was breakage of the alkyl chains of these C;3 and C;> homologs, which
may have occurred through p-oxidation, thus freeing two carbon
atoms. In this way, the carbon chains of the C;3 and C;, homologs
were reduced to C;; and/or Cy (Fig. 8).

According to Boll et al. (2002) the breakage of hydrocarbon chains
requires molecular oxygen to be metabolized. Functional groups such
as hydroxyl, carboxyl and carbonyl oxygen supply this need, facilitating
the assimilation or processing of these complex molecules.

Some enzymes such as monooxygenases (flavin-containing hydrox-
ylases or cytochrome P-450s) or dioxygenases are known for facilitating
xenobiotic degradation (Sariaslani and Dalton, 1989). These enzymes in
the metabolic pathways of alkanes incorporate hydroxyl groups into the
aliphatic chain or the aromatic ring, which can generate alcohols that
are then oxidized to organic acids such as succinate and fumarate
(Heider et al., 1998). Cytochrome P-450 enzymes can add carbon
atoms at the C-2 position of alkanes under anaerobic conditions, and
this carbon addition reaction represents a mechanism by which alkanes
can be degraded without oxygen (So and Young, 1999).

In anaerobic environments, the addition of fumarate to the break-
down of recalcitrant compounds has been extensively studied. This
co-substrate provides molecular oxygen for metabolism of these com-
pounds via -oxidation and tricarboxylic acid cycle routes (Boll et al.,
2002). This feature has been documented by Lara-Martin et al. (2010),
who proposed a LAS degradation pathway involving fumarate addition
as a co-substrate. These authors observed a decrease in the LAS homolog
series containing sulfophenyl carboxylic acids and by-products of this
surfactant through degradation under anoxic conditions.

The process of alkyl chain breakage is driven by the attachment of an
electron acceptor such as fumarate. However, in this study, mainly in
Phase III, the electrons may have been provided by ethanol. In Phase
III, there was an increase in the removal efficiency of all LAS homologs
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Fig. 8. Distribution of the LAS homologs C;q, C11, C12 and Cy3 in the influent and effluent.

compared with the other operational phases. The removal efficiencies
were 68.7%, 70.3%, 71.3% and 80% for Cyq, C11, C12 and Cy3, respectively,
with influent concentrations of 5.9 mg/L, 11.1 mg/L, 4.4 mg/L and
1.3 mg/L for the respective homologs. Thus, the LAS removal was higher
in Phase III despite no significant increases in the homologs, indicating
that alkyl chains of <10 carbon atoms break, which was not monitored
in this study.

4. Conclusion

A column-switching SPE online method for analysis of the anionic
surfactant linear alkylbenzene sulfonate (LAS) and the nonionic surfac-
tant linear alcohol ethoxylate (LAE) in a single chromatographic run
was developed and successfully applied. The configuration of the liquid
chromatography tandem-mass spectrometry (LC-MS/MS) system used
in this study is simple and conventional, and the use of an autosampler
and column-switching system to facilitate the analysis of both surfac-
tants makes this method faster and more efficient. The sample treat-
ment consisted only of filtration, and derivatization processes were
not required, making this method very economical. Compared to
other chromatographic techniques for surfactant analysis, mainly for
nonionic surfactants, smaller amounts of chemical residues were
generated.

Sufficient selectivity was obtained for pre-concentrates of the LAS
and LAE surfactants in the SPE column with an HLB phase, which proved
to be effective for the two distinct categories of surfactants (anionic and
nonionic) with different physicochemical characteristics. The method
was validated in backflush mode, and the linearity, selectivity, precision
and detectability were determined at relatively low concentrations on
the order of pg/L in samples from complex matrix. The method was con-
sidered robust after 480 days of reactor operation, as the concentrations
of the calibration curve had not changed.

This method was efficiently applied in an anaerobic fluidized bed re-
actor of increased scale to study of commercial laundry wastewater con-
taining anionic (LAS) and nonionic (LAE) surfactants, determining low
concentrations of these compounds without interference from the ma-
trix of the reactor effluent. The FBR operated under anaerobic conditions
that afforded the metabolism of longer LAS homologs through the re-
lease of carbon units, which increased the number of homologs with
shorter chains.
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