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A KBr-impregnated paper substrate as a sample
probe for the enhanced ATR-FTIR signal strength of
anionic and non-ionic surfactants in an aqueous
mediumt
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Herein, we report a KBr-impregnated paper substrate as a sample probe to enhance the attenuated total
reflection-Fourier transform infrared (ATR-FTIR) signal strength of anionic surfactants (AS) and non-ionic
surfactants (NS) in an aqueous solution. The mechanism for the sensing of AS and NS is based on the
strong interaction of surfactants with the silicate groups (SiO4*7) of the KBr-impregnated paper
substrate. The role of SiO4*~ on the surface of the paper is to enhance the adsorption of AS and NS,
resulting in improved IR signal intensities for the target analytes. The improved signal intensity at
1253 cm™! (SO42~, symmetric stretching) for AS and 1114 cm™ (C-O-C, stretching vibration) for NS
were selected for quantification. SEM-EDX was employed to determine the elemental compositions of
pre- and post-adsorbed AS and NS on glass fibre filter paper (GFF). The linear range for the
determination of AS and NS was 10-100 pg L™ with a method detection limit (MDL) of 4 ug L™ and
method quantification limit (MQL) of 12 pg L™ The good relative recovery of 71.4-109.7% and the
interference studies showed the selectivity of the method for the determination of AS and NS in
environmental water and commodity samples. The advantages of this method include its cost-
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Introduction

Surfactants are surface active compounds that reduce the
surface tension between two interfaces, and thus used as
detergents, foaming agents, dispersants, emulsifiers and
wetting agents." Surfactants are generally amphiphilic in
nature, containing both hydrophobic tail (water-insoluble) and
hydrophilic head (water-soluble) groups. Based on their char-
acteristic behavior, these compounds can be classified as
anionic, cationic, non-ionic and amphoteric surfactants.
Anionic surfactants (AS) are comprised of molecules such as
soap (aliphatic carboxylic acid), alkyl sulphates, alkyl sulfo-
nates, and alkyl benzene sulfonates. Non-ionic surfactants
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effectiveness, enhanced sensitivity, disposability and accessibility of the paper substrate.

contain no charged groups and can be used to separate grease
from clothes, such as household cleaners and dish soap.?
Furthermore, mixed surfactant systems often also show syner-
gistic behavior such as low critical micelle concentration (CMC)
and surface-interfacial tension, resulting in a reduction in the
total amount of surfactant used in a particular application,
which consequently reduces both their cost and environmental
impact.®* The entry of surfactants into the human body can
disrupt the activity of enzymes and normal physiological func-
tions.* An earlier work reported that the absorption of anionic
and non-ionic surfactants such as linear alkyl benzene sulfo-
nate (LABS) and alkylphenol ethoxylate, respectively, through
the skin can cause irritation, liver damage and other chronic
symptoms.>® Therefore, the determination of AS and NS in
different water (river water, raw water, and sewage water) and
commodity samples is important to prevent the entry of these
surfactants into the water supply network.

Several spectrophotometric methods using active substances
such as methylene blue, disulphine blue, cobalt thiocyanate
and bismuth have been reported for the determination of AS
and NS in a variety of samples.”® These methods are based on
the formation of an ion-pair association complex between
surfactants and dyes. The ion-pair complex is then extracted
with a toxic solvent such as chloroform, benzene and toluene,
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followed by absorbance measurement spectrophotometrically.®
These methods have several disadvantages including time-
consuming separation and pre-concentrations steps, and use
of a large amount of toxic solvents and chemical reagents.'
Thus, the development of alternative methods is necessary to
overcome the disadvantages of spectrophotometric methods.
Other analytical techniques such as the flow-injection method
(FIA),"* liquid chromatography-mass spectrometry (LC-MS),*
and high-performance liquid chromatography-mass spectrom-
etry (HPLC)"™ have been used for determination of AS and NS in
a variety of samples. However, these methods are expensive and
require highly pure chemicals, which are unavailable in small
laboratories. Accordingly, many research groups are working on
the development of alternative methods that are simple, rapid
and cost effective for the determination of chemical substances
from different types of samples.'***

Fourier transform infrared (FTIR) spectroscopy is a simple
and reliable technique widely used for the analysis of different
chemical substances in a variety of samples, as reported by
Berthomieu and Hienerwadel.'® FTIR is used for the qualitative
identification of functional groups in organic compounds and
structural elucidation using a potassium bromide (KBr) matrix
or pellet.”* Deb's group demonstrated the use of a KBr pellet
as a sample holder for the quantitative determination of metal
ions and ionic species in various environmental and biological
samples.”>** However, the drawbacks of using the KBr matrix as
a sample holder are its hygroscopic nature and the chances of
breaking the pellet. It also includes a time-consuming process,
use of a relatively large amount of pure KBr reagent and the
need for a special hydraulic press machine. In many cases, the
preparation of KBr pellets is not homogenous, and drifting of
the baseline occurs due to the influence of stray light.>” Thus,
there should be alterative approach free from the use of time-
consuming sample preparation steps and large amount of KBr
reagent. The use of paper substrates in analytical chemistry has
attracted considerable attention as a matrix for the develop-
ment of low-cost analytical devices.>*** Different types of papers
such as lab-on-paper, photo paper, Whatman and Xerox
printing paper have been applied in colorimetric, fluorescent
and electrochemical determinations due to their outstanding
features including low price, suitable porosity, biocompatibility,
biodegradability and flexibility.>> The paper substrate-based
FTIR spectroscopic method is a novel development using an
existing method based on paper substrate technology in
analytical laboratories.” The use of FTIR together with paper
substrates is becoming versatile and has intensely increased the
quality of IR analyses and spectra since the required time and
errors in experimentation are minimized.

In the present work, a KBr-impregnated paper substrate is
used as a sample probe for the analysis of surfactants (AS and
NS) via ATR-FTIR instead of the conventional KBr matrix. This
study revealed qualitative and quantitative information to
understand the adsorption of surfactants onto silicate-
containing KBr-impregnated paper surface. The characteristic
absorption bands at 1253 (SO4>~ symmetry stretching) for AS
and 1114 cm ' (C-O-C stretching vibration) for NS were
observed under the optimized conditions, i.e., number of scans,
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microzone diameter, temperature and sample volume, for the
effective determination of AS and NS. The use of KBr-
impregnated paper substrate has the advantages of ease of
operation, small sample volume, low cost, flexibility, dispos-
ability, and low detection limit for a diverse range of applica-
tions. The sensing mechanism for the determination of AS and
NS using FTIR coupled with a GFF-based sensor was illustrated
and validated. The elemental composition of the paper
substrate was determined via energy dispersive X-ray micro-
analysis (EDX) with scanning electron microscopy (SEM).

Experimental section
Apparatus

The infrared spectra of AS and NS were measured using
a Thermo Fisher Scientific FTIR spectrometer (Nicolet iS10,
Madison, USA) equipped with a narrow band nitrogen-cooled
deuterated, r-alanine doped triglycine sulfate (DLaTGS)
detector. All measurements were carried out using attenuated
total reflectance (ATR) with a resolution of 4 cm™* and 15 scans
for each sample. The function of ATR is described in the liter-
ature.”” The Omnic 9 and TQ analysis software packages
(Nicolet iS10) were used for the acquisition and processing of
the spectra in the mid-IR range of 4000-400 cm™ . Prior to
detection, the ATR crystal was cleaned with acetone/iso-
propanol/methanol until the CH, signal was eliminated. The
background spectrum was obtained by transmitting the
infrared beam along the ATR crystal, after which the sample
spectrum was taken immediately after deposition of the
surfactant on the paper substrate. The baselines of the ATR
spectra were corrected using a commercial software package
called “OMNIC”. The ATR spectra are presented as plots of
absorbance as a function of wavenumber. The ATR-FTIR soft-
ware specification is listed in Table S1.f The surface
morphology of the different papers before and after adsorption
of AS and NS was observed using a field emission scanning
electron microscope (FE-SEM). The elemental compositions
were determined using energy dispersive X-ray microanalysis
(EDX) with SEM (JEOL JSM-6701F FE-SEM) operating at 15 kV.

Reagents, materials and solution preparation

All chemicals used were of analytical grade. Linear alkylbenzene
sulfonate (LABS), sodium dodecyl benzene sulfonate (SDBS)
and alkylphenol ethoxylate were purchased from Sigma-Aldrich
(ACS reagent, =99%, MA, USA). Glass microfibre filter paper,
Whatman filter paper, chromatography filter paper, and quartz
filter paper were purchased from Whatman (International Ltd,
Maidstone England) and Xerox printing paper and tissue paper
were purchased from a local market. Hydrochloric acid (HCI)
and sodium hydroxide (NaOH) were obtained from Sigma-
Aldrich (ACS reagent, >97%, MA, USA) and used for maintain-
ing the pH of the sample solution. The Certified Reference
Materials (CRM) of the surfactants, WP (sample code: RTC, QCI-
244-20 mL), were purchased from Sigma-Aldrich. A saturated
solution of KBr was prepared in 5.0 mL water by the slow
addition of 0.01 mg portions of KBr in water until the solution
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reached the point at which it could not dissolve any more
solute. The standard solution (10 pg mL™") of each AS and NS
was prepared by dissolving an appropriate amount of substance
in ultrapure water (18.2 MQ). 100 ug L™ " of mixed AS and NS was
prepared by taking 0.1 mL of each surfactant (10 ung mL™") in
a glass vial and the total volume of the solution mixture was
diluted to 10 mL with ultrapure water.

Samples collection for ATR-FTIR analysis

Different types of water samples such as domestic waste,
municipal waste and river water were collected in cleaned
polyethylene bottles from different sites in Raipur City, India
using the reported methodology."”® The water samples were
filtered through Whatman filter paper (0.45 um) to prevent the
adsorption of the surfactants on the surface of suspended
particles. The commodity samples were purchased from a local
market in Raipur City, India. Briefly, 1.0 mL of commodity
sample was separately added to a volumetric flask and diluted
with 50 mL of ultrapure water. An aliquot of 20 pL of each
sample was deposited on the test zone of the GFF paper for FTIR
analysis.

Preparation of KBr-impregnated paper substrate for FTIR
analysis

GFF was impregnated with KBr for the determination of AS and
NS in environmental and commodity samples. The detailed
procedures for the preparation of the KBr-impregnated paper
substrates are shown in Fig. S1.t Briefly, circular pieces of GFF
with a diameter of 5.0 mm were obtained using punch machine.
Over the surface of one of the sides of GFF, white beeswax was
stacked. In the next step, the saturated KBr solution was
deposited on the other side, i.e., the side that the sample is
applied, of GFF. The coating of white beeswax acted as
a hydrophobic barrier to prevent the spreading of the solution
during the handling of samples in the liquid state. The KBr-
impregnated surface was dried upon exposure to open air at
room temperature (27 + 2 °C) in about 5 min. Accordingly,
a large number of substrates were prepared simultaneously,
which were ready to be used for further analytical procedures.
The stability of the device was checked by the analysis of the
sample at different intervals (0 min to 7 days) without a change
in the results. However, the paper devices should be stored in
a dark box before use to prevent the KBr matrix from falling off
the surface of the paper substrate. This KBr-impregnated paper
substrate was further used as a sample probe for the analysis of
AS and NS via FTIR spectroscopy.

Procedure for the simultaneous determination of AS and NS
using KBr-impregnated paper substrate

Different concentrations of standard solution of 20 pL AS and
NS (10 to 100 pugL ") were deposited on the test region of the
KBr-impregnated paper substrate and dried in a hot-air oven at
65 °C. Before acquisition, the background spectrum of the KBr-
impregnated GFF paper (blank) was recorded in the range of
4000-400 cm ' via FTIR spectroscopy. The instrument was
purged for 25-30 min with >99.99% analytical grade nitrogen
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gas (iS10, iZ10 model, Thermo Fisher Scientific) to eliminate
possible interferences from the air (CO,) and water (H,O) vapor.
The characteristic signals at 1253 cm ' (SO,>” symmetry
stretching) for AS and 1114 cm ™' (C-O-C stretching vibration)
for NS were used for the quantitative analysis of the surfactants
in commodity and environmental water samples. Fig. 1
summarizes the preparation of the KBr-impregnated paper
substrate and procedure for the analysis of AS and NS using
FTIR. The reflectance spectrum measured by the ATR method
was converted into a quantitative spectrum using the Kubelka-
Munk (K-M) conversion formula [f{R.,) = (1 — R«)*/2R.. = K/S],
where R, is the total reflectance of the impregnated material on
the GFF substrate, KBr, which correlates with the concentration
of the sample. K is the molecular extinction coefficient, and S is
the scattering coefficient. The two important parameters of
peak area and peak height at 1253 and 1114 cm ™" for AS and NS,
respectively, obtained over the full concentration range (10-100
pg L) were plotted against the respective absorbance values
using the Omnic 9 version TQ analyst software (Thermo Fisher
Scientific, Madison, USA). The calibration curve is described by
the equation y = a + bx, where y represents the peak area or peak
height and x represents the concentration of AS and NS.

Results and discussion

Spectral screening of surfactants using KBr-impregnated
paper substrate: assignment of infrared peaks

FTIR spectroscopy is a powerful, rapid and non-destructive
technique that can detect analytes at a low concentration by
considering the molecular vibrational bands in the mid-
infrared region.**' FTIR minimizes the required time to
obtain a spectrum to within a few seconds and the data
acquired can be stored and manipulated. Here, a KBr-
impregnated paper substrate was used as a sample probe for
the analysis of model compounds such as LABS and SDBS for AS
and Triton-X-100 for NS for analysis via FTIR spectroscopy.
Fig. 2a-d show the direct FTIR analysis of LABS, SDBS, Triton X-
100 and mixed AS and NS without the use of the KBr-
impregnated paper substrate as the sample probe, and the
results are shown in Table S2.t Fig. 2e and f present the FTIR
spectra of LABS and SDBS after the deposition of these surfac-
tants on the KBr-impregnated paper substrate. The character-
istic absorption peaks were observed at 1214 and 1226 cm '
(due to the corresponding SO,>~ symmetric stretching) for LABS
and SDBS, respectively. In addition, the peaks located at
2919 cm™' and 2853 cm™' are assigned to the asymmetric
stretching and symmetric stretching, respectively, of the alkyl
groups in the hydrocarbon chain. The absorption bands at 1616
to 1500 cm ™' and 1466-1400 cm ' are assigned to the CH,
bending vibration and wagging vibration, respectively.**>*
Fig. 2g shows the FTIR spectrum of Triton X-100 when the
impregnated paper substrate was employed as the sample
probe. Prominent peaks were observed in the range of 1150-
1050 cm™ !, corresponding to the stretching vibration of the
C-0O-C group, which were used to monitor the NS in the sample
solution. Strong and sharp absorption bands were observed at
around 1457 cm™ ' and 1519 cm ™' for the CH, wagging

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Flow diagram of the procedures for the analysis of surfactants using modified GFF as a paper substrate (Casns (100 pug L=
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diameter = 5 mm; number of scans = 15; and temperature = 65 °C for 2 min).

vibration and Ar-O-CH, vibration, respectively (Fig. 2g and
Table S2t). Two additional weak absorptions bands were also
observed at 2954 and 2981 cm ' for the C-H symmetric
stretching, and a small band at about 1361 cm ™" for the C=C
ring stretching. AS and NS with the same concentration were
mixed in the same volume ratio to observe the characteristic
absorption bands in almost the same region of the pure
compounds using the KBr-impregnated paper substrate, and
the results are displayed in Fig. 2h.

Physicochemical mechanisms for the determination of AS and
NS using KBr-impregnated paper substrate in ATR-FTIR

The selection of the paper substrate is important for the
development of paper-based sensors towards the determination
of chemical substances from different types of samples. Thus,
GFF paper, Whatman filter paper, quartz filter paper, Xerox
printing paper, tissue paper and normal filter paper

This journal is © The Royal Society of Chemistry 2020

impregnated with KBr were tested for the analysis of AS and NS
via FTIR spectroscopy. The lowest background and high signal
intensity of the target analytes were obtained with the GFF
paper. Thus, the KBr-impregnated paper substrate-based FTIR
spectroscopic method was found to be a possible alternative to
the KBr substrate/pellet method in analytical laboratories for
the determination of AS and NS. The quartz filter paper, xerox
printing paper, tissue paper and normal filter paper were found
to be unsuitable since the very large pore size on their surface
led to incomplete trapping of the analytes within the fibres of
the paper due to rapid spreading of the liquid, resulting in
broad spectral interference during the FTIR analysis.>*** The
results are shown in Fig. 3A(a-f). All the paper substrates
including GFF possess pores with a diameter of 2-20 um on
their surface, which is an important criterion for the adsorption
of analytes, resulting in an enhancement in the signal intensity.
The fibre surface of GFF impregnated with the KBr matrix

RSC Adv, 2020, 10, 40428-40441 | 40431
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Fig.2 Preliminary spectral analysis of LABS (a and e), SDBS (b and f), alkylphenol ethoxylate (Triton X-100) (c and g) and mixed AS and NS (d and h)
without and with the KBr-impregnated paper substrate (Casns (100 pg L™ = 20 uL; paper diameter = 5 mm; number of scans = 15; and

temperature = 65 °C for 2 min).

remained in the glass transition state even after drying at
a temperature of around 65 °C. The major composition of the
modified KBr-impregnated paper was still fine glass fibres.*®
Consequently, the prepared KBr-impregnated paper main-
tained the robust properties of the filter paper substrate. It was
found that the KBr-impregnated paper also possessed hydro-
phobic properties. These properties were confirmed by the
results from the SEM images (Fig. 3B(a-f)). Therefore, the GFF
paper was selected as a modified substrate for the determina-
tion of AS and NS using ATR-FTIR analysis. ATR-FTIR is a very
useful analytical tool for improved detection efficiency and
enhanced signal intensity of target analytes without the
requirement of different sample treatments.*’

40432 | RSC Adv, 2020, 10, 40428-40441

Here, we report the two main functions of the KBr-
impregnated paper substrate that enhanced the signal inten-
sity of AS and NS in FTIR spectroscopy. Firstly, the KBr-
impregnated paper substrate was used as a subtracting and
adsorbing material based on its suitable spectral characteris-
tics, greater distribution of the sample and removal of some of
the interferents such as CO,/H,O vapour during the IR spec-
troscopic analysis. Adsorption is a physico-chemical phenom-
enon in which analytes are adsorbed on the surface of an
adsorbent, such as the KBr-impregnated paper substrate, due to
the rotational and vibrational movement of the molecular
groups and formation of chemical bonds.** The different papers
such as glass fibre filter paper, Whatman filter paper, quartz

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) ATR-FTIR spectra and (B) SEM images of different papers including (a) GFF paper, (b) Whatman filter paper, (c) tissue paper, (d) Xerox
printing paper, (e) quartz filter paper, and (f) normal filter paper with KBr impregnation.

filter paper, printing paper and tissue paper impregnated with
KBr were tested as IR subtracting and adsorbing materials for
the enhancement of the FTIR signals of the analytes. In the case
of GFF, the peak was slightly broadened due to the presence of

This journal is © The Royal Society of Chemistry 2020

glass microfibers. A small shift towards a lower wavenumber
was also observed, which may be attributed to the presence of
other residues. The FTIR signals related to the cellulose fibre
filters (Whatman filter paper, printing paper and tissue paper)

RSC Adv, 2020, 10, 40428-40441 | 40433
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were located at 1064, 1000 and 800 cm™ ' due to the C-O
stretching, C-C stretching and C-O-C bending vibrations,
respectively. The OH vibrations with hydrogen bonding were
observed near 3300 cm ™" for the paper substrates including the
Whatman filter paper, printing paper, and tissue paper. The
characteristic peaks were observed near 1260, 1100-1000, and
800 cm ™' for the CH, bending vibration of the paper containing
cellulose (Fig. 3A(b—f)). The IR spectrum of the quartz filter
paper exhibited a peak at 1109 cm ™" in the double bond region
due to the presence of SiO,. However, all these peaks strongly
interfere with the identification regions of AS and NS. The
absorption peak for GFF was observed in the range of 500-
890 cm™ ' due to the presence of silicate (SiO4* "), while the
analyte peaks were observed in the range of 900-3500 cm™"
(Fig. 3A(a)). Spectral comparisons were not provided for the
empty paper and KBr-deposited paper because the character-
istic infrared absorption bands of both the empty paper and
KBr-deposited paper were observed to be the same. The main
reason for observing the same characteristic peaks for both
papers is that KBr is an IR-inactive substance, and therefore the
characteristic peaks of only silicates (Si0,* ") were observed with
similar intensities. The advantages of using the KBr-
impregnated paper substrate include providing a better
adsorption surface for enhanced IR signals for the analysis of AS
and NS compared to empty paper and the use small amounts of
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KBr. Ghosale et al. (2016), Alahmad et al. (2018) and Rattanarat
et al. (2012) demonstrated the use of photopaper for electronic
and electrochemical applications in conductivity measurement
due to its wide distribution, flexibility, fine pore size, smooth
surface, and moderate absorption of the solvent.**** The
reasons for the current approach of using GFF as a substrate are
its wide distribution, disposability, foldability, global avail-
ability and cost-effectiveness. We proposed a simple model to
describe the adsorption of surfactants on the surface of the
Si0," -containing paper and analysis by FTIR spectroscopy in
the mid infrared region of 400-4000 cm™'. The positive (+ve)
and negative (—ve) charges of silicate are based on its basic
chemical component of the tetrahedron-shaped anionic SiO4*~
group. The nature of SiO4*~ in GFF impregnated with KBr plays
an important role in the adsorption of AS and NS at the solid-
liquid interface due to the hydrophilic and hydrophobic inter-
actions. AS in the presence of salts such as calcium ion (Ca*")
and potassium ion (K') are adsorbed on the hydrophilic and
hydrophobic sites, while NS are adsorbed on the hydrophobic
sites due to the CH, chain interaction.** NS may also be
adsorbed on charged sites by hydrogen-bonding; however, the
extent of adsorption is dependent on the pH of the solution and
electrolyte.”* Based on the observations presented earlier, we
assumed that the surface of the KBr-impregnated GFF paper is
comprised of positive charges for the silicate sites and neutral
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hydrophobic sites. The positively charged central silicon ion
(Si*") present in the GFF substrate behaves as the hydrophilic
site. According to a computational study, the primary reason for
the strong surfactant-silicate interactions is their dispersion,
while the second reason is the electrostatic and hydrogen-
bonding interactions.*® Therefore, it can be concluded that
the main reason for the alteration in the surfactants chains at
the interface is the strong van der Waals dispersion forces
between the surfactants (AS and NS) and glass surface. Fig. 4a—
d illustrate the proposed strategy. The micro-structure and
elemental composition of the paper before and after the addi-
tion of AS and NS were confirmed using SEM-EDX and dis-
cussed in the ESL.{*” The results are shown in Fig. S2(a) and (b).}
Therefore, the results demonstrated that the GFF paper can act
as an IR subtracting and adsorbing material for the analysis of
AS and NS in sample solutions.

Enhancement in signal intensity of AS and NS using KBr-
impregnated paper substrate

An enhancement in the signal intensity of AS and NS using
a KBr-impregnated paper substrate was achieved in the present
work. The first function of the KBr-impregnated paper substrate
was discussed in the previous section. Secondly, the KBr-
impregnated paper substrate was used for absorbing effective
electromagnetic radiation in the IR region for the enhancement
of the signal intensity of AS and NS. For this, a mixed AS and NS-
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loaded smooth KBr-impregnated paper substrate was clamped
tightly against a ZnSe crystal. An improvement in the infrared
signal intensity was obtained after using GFF as the modified
subtracting and absorbing material. The absorption bands were
observed in the range of 900-3500 cm ™ for the mixed AS and
NS, as shown in Fig. 5a and Table S2.7 For AS, the CH, asym-
metric and symmetric stretching bands are the two strongest
bands in this region, which can be ascribed the packing and
conformation of the LABS molecules on the paper substrate.*®
The CH, asymmetric stretching band appeared at 2981 cm ™,
suggesting an ordered hydrocarbon chain in an all-trans CH,
conformation. Furthermore, a shift was observed in the CH,
asymmetric stretching band from 2954 to 2981 cm ™' upon the
deposition of LABS molecules on the KBr-impregnated paper
substrate. The band at 1472 em ' is very sensitive, corre-
sponding to the chain interactions and the packing organiza-
tion of the CHj; chain.*** This band had a shoulder at
1466 cm ™', which decreased as the number of LABS molecules
deposited on the KBr-impregnated paper substrate decreased.
The feature around 1466 cm ' broadened and decreased in
intensity, which are both reasonable signs of a reduction in the
chain interactions accompanied with an increase in chain
motion.** As shown in Fig. 5a, the degenerate SO,>~ asymmetric
stretching modes can be observed at 1219 and 1253 cm ™" for the
LABS molecules deposited on the KBr-impregnated paper
substrate. The SO,>~ group is very asymmetric because of the

[]
Q
[
©
Q
—
=]
[}
Q
<
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-!
© Spectrum Measurment and quantitative analysis of surfactants using NS
Kubelka-Munk Theory (K-M) based FTIR - AS-
0.50 Y
| = $=0 asymmetric
 AS (1263.49 cm ) stoaiohing)
0.40 0.45], Ns (1114.48 cm) (125349 cm!
8 @ g -
% E 0.35 Py
8030 £025 A
o i 2
4 0.15 R il foras | racns
el 0'20 A . R‘-O%Y R=0.99¢
< p Re099 || K00 |
0.057* 50-0008 | S0= 0013
0.10 0 20 40 60 80 100
’ Concentration ,ug L' A
A
0.00 a

2200

1800

Wavenumber, cm-!

Fig. 5 FTIR spectra of mixed AS and NS using KBr-impregnated paper substrate method (a), KBr substrate method without paper (b), SE/ATR-
FTIR spectra of different concentrations (10-100 pg L) of mixed AS and NS (c), and graphical representation of linear least squares (LLS)
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two inequivalent SO,>~ groups that face each other and has
a slight dihedral angle between the two pseudo Cs, axes.*” The
different oxygen atoms in the SO, group reduce the Cj,
symmetry to a single mirror plane, resulting in a strongly split
band due to the interaction with the positive charges of the
central silicon ion (Si**).* Similarly, strong bands were
observed at 1114 cm ™, which were assigned to the stretching
vibration of the C-O-C group for NS, using paper substrate
(Fig. 5a and Table S21). However, a many-fold enhancement in
the signal intensity was achieved when the KBr-impregnated
paper was used as a modified substrate for the determination
of AS and NS. The reason for the enhancement of this signal
intensity is due to the electrostatic and hydrophobic interaction
between the negative charge of AS and positive charge of the
silicon ion (Si*") present in the GFF substrate. NS also interacts
with the charged sites (in the presence of salt and electrolytes)
and hydrophobic site of the Si0,* -containing GFF by hydrogen
bonding. The cellulose-containing paper substrate also inter-
acts with the hydrocarbon chain of AS and NS due to the
hydrophobic interaction force. Furthermore, the results ob-
tained using the KBr-impregnated paper substrate method were
compared with that obtained using the conventional KBr
substrate/pellet method for the determination of AS and NS.
Lower intensity R signals were obtained when KBr was used as
the subtracting material as compared with the modified KBr-
impregnated paper substrate (Fig. 5a and b, respectively). The
disadvantage of the KBr method it is time-consuming experi-
mental process, with the most time spent grinding, mixing, and
drying for sample preparation in FTIR analysis.** Also, the waste
of chemicals and sometimes interferences such as from the air
and water leading to possible handling and instrumentation
errors are additional disadvantages. Therefore, ATR-FTIR using
the modified KBr-impregnated paper substrate can afford
excellent insight into the structure and conformation of
molecular systems and qualitative and quantitative analysis of
AS and NS. The effective absorption of electromagnetic waves
occurs in the mid-IR region when the paper substrate was used
as a subtracting and adsorbing material, and this method is
called “signal-enhanced/attenuated total reflection-Fourier
transform infrared (SE/ATR-FTIR) spectroscopy”. Next, the
improved SE/ATR-FTIR signal intensity for the peaks at
1253 cm™ ' (SO,*>~ symmetry stretching) and 1114 cm ™' (C-O-C
stretching vibration) was employed for the quantitative analysis
of AS and NS, respectively, in commodity and environmental
water samples using the linear least squares equation (y = mx +
¢). The signal intensity was directly proportional to the amount
of analytes adsorbed on the surface of the KBr-impregnated
paper substrate. The results of a representative experiment are
depicted in Fig. 5(c) and (d).

Determining factors on the performance of KBr-impregnated
paper substrate

The methodology was optimized by investigating the effect of
some parameters that can affect the detection efficiency such as
number of scans, microzone diameter, temperature and sample
volume. AS from the sample solution was monitored by
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considering the absorption peak located at 1253.49 cm ™" in the
FTIR spectrum. AS was selected as a model compound for the
optimization of the method, and all the optimized parameters
were plotted using the Sigma Plot 10 software.

The microzone diameter and sample volume were also
optimized using 100 pg L' AS and NS standard solution. The
microzone diameter ranged from 2 to 8 mm, and the sample
volume was varied from 1 to 20 pL. As can be seen in Fig. S3(a)
and (b),T the SE/ATR-FTIR signals were enhanced when the
sample volume was increased from 1 to 15 pL. For larger
volumes, no significant improvements in the infrared signals
were observed. Thus, the optimum values for the zone diameter
and sample volume were 5.0 mm and 20 pL, respectively.

The effect of number of sample scans using infrared radia-
tion was evaluated in the proposed method. The number of
scans of the sample was varied in the ranged of 5 to 32 times.
The results obtained in this experiment are shown in Fig. S3c.
As expected, higher intensity SE/ATR-FTIR signals were
observed when the samples were scanned 15 times using the
ATR-FTIR accessory. Subsequently, with a further increase in
the number of scans, no noticeable enhancement in signal
intensity was observed for the detection of AS and NS. Thus,
based on these results, 15 scans were chosen as the optimum
condition for subsequent experiments. The optimised condi-
tions were then used to investigate the analytical performance
of the proposed device for the determination of AS and NS in
commodity and environmental water samples.

A drop of sample solution was placed on the detection zone
of the KBr-impregnated paper surface directly using a micro-
syringe. Then, the paper was dried in an oven at 40-70 °C for
2 min to remove the water vapour, and analyzed via FTIR using
an ATR accessory. The signal intensity of the analyte increased
with an increase in temperature up to 50 °C, and then further no
improvement in signal intensity was observed, as shown in
Fig. S3d.T This step was important for the optimization of the
analytical conditions for the FTIR analysis. The drying
temperature of the sample is important to monitor since water
vapour significantly affects the IR signal intensity. Since a broad
absorption band was observed when the water-containing paper
substrate was placed on the ZnSe crystal directly, this param-
eter, i.e., temperature, was used to eliminate water vapour from
the system. Upon the complete removal of water via the thermal
heating process, a strong enhancement in the IR signal of AS
and NS was observed. The maximum and steady signal intensity
was obtained when the temperature was around 50-70 °C.
Accordingly, in the present work, drying of the sample was
performed at 65 °C for the determination of AS and NS using the
KBr-impregnated paper substrate coupled with FTIR
spectroscopy.

Evaluation of possible interferences for the selective detection
of AS and NS

The evaluation of possible interferents was performed for
specific interferences due to the presence of anion, cations,
polycation and other surfactants, which must be considered in
the determination of AS and NS. The effect of various metal

This journal is © The Royal Society of Chemistry 2020
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ions such as Na*, K", Mg*, Ca®>", Mg*", Ni**, Zn*", cu**, cd*",
Pb>*, Hg*", Fe*", AI**, Cr’*, Co®", and As®*, anions such as F~,
Ccl-, Br, I, NO,”, ClO,”, BrO;~, 10;~, NO;~, BrO;~, CHa-
COO~,MnO, ", CrO,>~, M00,>~, WO,>™, $,0,>7, SO,>~, SO,>,
CO3%7, C,04%7, AsO,*", and EDTA, and polycations such as
polydiallyldimethylammonium chloride (PDADMAC), which
may be present in water samples, was evaluated for the
selective determination of AS and NS with and without the
KBr-impregnated paper substrate via ATR-FTIR spectroscopy.
For this study, the determination of mixed AS and NS was
carried out by introducing water spiked with different
concentrations of diverse metal ions, anions and polycation on
the detection zone of the paper substrate, which was analyzed
via ATR-FTIR. For the developed method, no significant
change in the AS and NS signal was observed when the selected
ions were added to the solutions containing the analytes,
independent of the interferent concentration. The tolerance
limit obtained for diverse ions, anions and polycation were
found to be higher than their reported levels in water samples.
The interferences on mixed AS and NS using the KBr-
impregnated paper coupled with ATR-FTIR are shown in
Fig. S4A and B.f The same test was performed with the stan-
dard method, where the interferences were determined in the
presence of cetyltrimethylammonium bromide (CTAB), dode-
cyltrimethylammonium bromide (DTAB), meristyl-
trimethylammonium bromide (MTAB), and butanediyl-1,4-
bis(dimethyl cetylammonium bromide) (BDAB). In the case
of CTAB, DTAB and MTAB, the addition of 100 mg L™ " caused
a 5% enhancement in the analyte signal, whereas for BDAB,
the addition of 20 mg L' caused a reduction in the total
intensity by 10%. These results indicate that the method is
virtually free from specific interferences due to the presence of
anions and cations normally found in environmental water
samples.

Method validation for the determination of AS and NS using
KBr-impregnated paper substrate in ATR-FTIR

Method validation was performed for most of the key parame-
ters such as selectivity, linearity, method detection limit (MDL),
method quantification limit (MQL), trueness, precision and
matrix effect (Table S31). The presence of AS and NS was
confirmed based on their FTIR absorption spectra. The char-
acteristic absorption bands were observed at 1253 (SO,>~
symmetry stretching) and 1114 em ™' (C-O-C stretching vibra-
tion) for AS and NS, respectively. The calibration curve was
prepared using the peak intensity or peak area in the respective
K-M spectrum. The software (Omnic 9) automatically converted
the absorbance spectrum into the K-M spectrum for smooth-
ening of the baseline correction for to the quantitative analysis
of AS and NS. Employing this model, the optical properties of
particular films under internal illumination can be predicted
from the effective absorption and molecular extinction coeffi-
cients of the material.’® The selectivity describes whether an
analytical method can discriminate interferences from a similar
group of compounds, as determined by the relative signal
intensity. In this study, the linearity range was calculated based

This journal is © The Royal Society of Chemistry 2020
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on the absorption peak area at 1253 cm ' (SO,>~ symmetric
stretching) and 1114 cm™ ' (C-O-C stretching vibration) and the
linearity range was found to be in the range of 10-100 pg L™*
with a correlation of determination (*) of 0.989, as shown in
Fig. 5d. In the development of an analytical method, under
a given confidence level, the MDL is the lowest analyte
concentration that can likely be differentiated from a blank
value. MDL and MQL for FTIR using the KBr-impregnated paper
substrate were calculated according to following equations:
MDL = A+t x S and MQL = 3 x MDL, where A is the intercept
of the calibration curve, S is the standard deviation of 6 replicate
measurements of blank sample spiked with a mixed standard
solution of AS and NS, and ¢ is obtained from the t-test 95%
confidence level.»** MDL and MQL were calculated to be 4 and
12 pg LY, respectively, for the determination of AS and NS in
environmental and commodity samples. Trueness and preci-
sion are two important characteristics of instrument stability.
Trueness is a measure of the closeness of agreement between
the average value of test results and an accepted reference value.
Trueness can be illustrated using the following equation: true-
ness (%) = Cs/Cy, X 100, where Cs and C,, are the average
measured analyte concentration of the sample using the
proposed method and certified concentration of the standard
material, respectively. The precision was calculated as the
relative standard deviation of 6 replicate measurements of the
same sample using the KBr-impregnated paper substrate and
ATR-FTIR spectroscopy. The trueness and precision results
from FTIR spectroscopy using the KBr-impregnated paper
substrate method were found to be within the acceptable range
of 1.5% to 4.1% and 2.2% to 5.5%, respectively, indicating that
the FTIR method is suitable and reliable for the analysis of AS
and NS in commodity and environmental water samples.
Subsequently, the matrix effect was calculated followed by
comparison of the response of standard compounds spiked in
blank samples. The matrix effect (ME) can be defined as the
average value of the real sample and spiked sample. The ME was
estimated to be in the range of 0.05-24.6 and 19.3-75.1 ug L™
for AS and NS in the environmental water and commodity
samples, respectively, and the results are presented in Table
S3.1 The results obtained with the present method were found
to be comparable with that for a multi-walled carbon nanotube
(MWCNT) sensor-based potentiometric titration method.** For
the analytical quality assurance, the calculated F value (sd,?/
sd,?) was found to be less than the tabulated F-value, revealing
that there is no significant difference between the present
method and reference method. Similarly, the student ¢value
calculated (X; — X,/vVar,’/n + Var,*/n) at the 95% confidence
level was also found to be less than the tabulated ¢-value. This
again showed the statistical closeness of the present method
with the reference standard method.

Analysis of AS and NS in commodity and environmental water
samples using KBr-impregnated paper substrate in ATR-FTIR

The developed method was applied for the determination of AS
and NS in commodity and environmental water samples, which
were obtained from sale points and a local market in Raipur City,
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Table 1 Analytical results for AS and NS in commodity and environmental water samples using KBr-impregnated paper/FTIR (Casns (100 ug L™
and spiked with commodity and water samples = 20 plL; sample volume = 20 pl; paper diameter = 5 mm; number of scans = 15; and
temperature = 65 °C for 2 min)¢

RSD, % Standard addition Total surfactant
S. no. Sample source Surfactants found (ug L™7) (n=6) (ngL™ found (ng L) Recovery (%)
(a) Linear alkylbenzene sulfonate (AS)
1 CP1 0.05 + 0.0005 4.1 20, 50 19.3, 51.1 96.2, 102.0
2 CP2 2.06 £ 0.0015 4.2 20, 50 19.6, 56.0 87.6, 107.8
3 CP3 0.05 + 0.0005 2.9 20, 50 23.0, 54.3 101.1, 108.5
4 CP4 3.14 £ 0.0050 3.5 20, 50 19.3, 50.1 80.8, 93.9
5 CP5 1.85 £ 0.0052 2.5 20, 50 19.0, 51.2 85.7, 98.6
6 CP6 0.05 £ 0.0007 4.2 20, 50 22.0, 55.0 109.7, 109.8
7 CP7 0.55 + 0.0011 5.5 20, 50 21.6, 55.2 105.2, 109.3
8 CP8 0.05 £ 0.0016 4.5 20, 50 20.9, 55.0 104.7, 109.8
9 CP9 0.12 + 0.0005 3.2 20, 50 21.1, 53.1 104.9, 105.9
10 CP10 0.01 £ 0.0008 4.5 20, 50 21.2, 54.6 105.9, 109.1
11 CP11 2.43 £ 0.0014 5.1 20, 50 20.2, 56.0 88.8, 107.1
12 CP12 2.57 £ 0.0012 4.3 20, 50 19.6, 52.7 85.1, 100.2
13 CP13 8.01 £ 0.0012 4.8 20, 50 22.3,53.1 71.4, 90.1
14 CP14 ND ND ND ND ND
15 CP15 2.52 £ 0.0021 2.2 20, 50 18.3, 47.83 78.8, 90.6
16 Wwi1i 23.2 + 0.00519 3.9 20, 50 42.2, 59.3 76.0, 72.2
17 WW2 22.0 £ 0.00271 2.0 20, 50 42.0, 69.7 80.0, 95.4
18 WW3 24.6 £+ 0.00175 4.7 20, 50 50.1, 75.1 102, 101
(b) Octylphenol ethoxylate (NS)
19 CP6 0.05 + 0.0017 3.1 20, 50 21.0, 54.0 104.7, 107.8
20 CP16 0.81 £ 0.0014 4.5 20, 50 19.3, 57.83 92.4, 107.8
21 CP3 0.04 £ 0.0025 3.5 20, 50 20.0, 51.3 99.7, 102.5
22 CP2 ND ND ND ND ND
23 CP4 3.43 £ 0.0041 2.8 20, 50 19.1, 47.1 78.3, 87.3
24 CP11 ND ND ND ND ND
25 CP8 2.10 £ 0.0005 4.2 20, 50 18.3, 49.1 80.9, 93.9
26 WW2 8.3 £ 0.0017 4.2 20, 50 25.3, 54.7 85.0, 92.8
27 WWw1 11.1 + 0.0027 0.5 20, 50 31.7,41.9 103, 61.6
28 WW3 5.2 £ 0.0015 4.7 20, 50 15.8, 45.7 53.0, 81.0

“ CPn (commodity product), WWn (wastewater), and ND (not detected).

Table 2 The results of ATR-FTIR using the KBr-impregnated paper for eight commercial product formulations containing AS and comparison
with the results obtained using the potentiometric titration method (Casns (100 pg L™ and spiked with commodity sample = 20 puL; sample
volume = 20 ul; paper diameter = 5 mm; number of scans = 15; and temperature = 65 °C for 2 min)

AQA? 95%
Potentiometric titration” (reference confidence limit/

ATR-FTIR® (present method) method) tabulated value

KBr-impregnated paper NTSS¢

AS found (nug Recovery
S. no. Commodity sample L™ Recovery (%) AS found (mmol L) (%) F-Test’ t-Test’
1 Hand-dishwashing detergent A 2.06 + 1.2 87.6 1.40 + 0.8 102.5 2.2 2.4
2 Hand-dishwashing detergent B 2.21 +2.2 102.1 2.13 + 1.8 102.0 1.5 2.4
3 Hand-dishwashing detergent C 2.05+14 101.5 2.98 + 0.6 101.4 5.4 2.4
4 Hand-dishwashing detergent D 2.01 + 0.5 107.4 4.50 + 0.3 101.0 2.7 2.4
5 Heavy duty powder detergent A 2.41 + 0.8 100.1 2.31 + 0.6 99.1 1.8 2.0
6 Heavy duty powder detergent B 1.95 + 1.3 98.5 1.05 +£ 0.9 102.6 2.1 2.4
7 Gel detergent A 1.21 +0.17 100.2 0.75 £ 0.08 100.7 4.5 2.4
8 Gel detergent B 0.42 + 0.06 85.9 0.89 + 0.03 100.3 4.1 1.9

“ Attenuated total reflectance-Fourier transform infrared spectroscopy. ° Potentiometric titration method. ¢ Nanotube surfactant sensor.
 Analytical quality assurance. ¢ Tabulated Fe ¢-value at 95% confidence limit is 4.28 twelve degrees of freedom at the probability level of 0.05.
f Tabulated t-value at 95% confidence level is 2.571 for N, = 6 (i.e,forvy=N; —1=5,v, =N, —1=5).
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India (Fig S5T). These samples were prepared using an analytical
balance and diluted 50 times with ultra-pure water. Then, 20 pL of
sample was placed on the detection zone of the KBr-impregnated
paper substrate for FTIR analysis using an ATR accessory. The
spectrum of the samples showed only two strong absorptions
bands at 1449 and 1253 cm ™' (CH, bending vibration and SO,>~
symmetry stretching, respectively) for AS and one prominent peak
at 1114 cm ™" for NS, which can be assigned to the C-O-C
stretching vibration. The overlap of the spectral peaks for the
standard solution of AS and NS and sample peaks confirmed the
identification of the compound mixtures. The mixed AS and NS
detected in different samples was also compared with a pure
standard compound mixture of AS and NS, and the data was
interpreted by searching spectral libraries or similarity spectral
match in the Omnic 9 TQ analyst software.

In the present work, the quality control experiment was
carried out for each sample, consisting of a calibration standard
matrix, a spiked and a non-spiked sample for all the target
compounds. A 20 pL volume of non-spiked and spiked samples
with 20 pL (20 and 50 ug L") standard solutions of mixed AS and
NS were deposited on the detection zone of the KBr-impregnated
paper for FTIR analysis with an ATR accessory. The results of the
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positive samples containing AS and NS are shown in Table 1. The
results obtained from the ATR-FTIR analysis of eight commercial
product formulations containing AS using the KBr-impregnated
paper substrate were compared with that obtained using
MWCNTs/potentiometric titration (Table 2).** Further, the accu-
racy of the present method was checked by calculating the
recovery percentage (%) of AS and NS. The recovery percentage
(%) was evaluated by measuring the concentration of AS and NS
in the spiked and non-spiked (blank) commodity and environ-
mental water samples. The recovery% obtained with FTIR using
the paper substrate method was estimated to be in the range of
97.1-109.5% and 71.4-109.8% for the commodity and environ-
mental water samples (Tables 1 and 2), respectively. Thus, these
results suggest that the method is free of matrix interferences in
complex sample matrices.

Comparison of ATR-FTIR with other reported methods for the
determination of surfactants

Generally, analytical techniques such as spectrophotometry,
fluorimetry, HPLC-MS, MOP-ME/DRS-FTIR, ESI-MS and AP-
MALDI-MS are employed for the analysis of different types of
surfactants. Table 3 provides a comparison of the different

Table 3 Some typical methods for the analysis of surfactants and their characteristic features

Linear MDL,
S. range, ng  ug RSD, Recovery,
no. Technique L L' % % Samples Advantages Disadvantages Ref.
1 Spectrophotometry 10-500 3.0 1.8 91.2-94.5 River, municipal, Easy handling, no Low sensitivity, toxic 10
domestic, tap water requirement of tedious solvent requirement,
sample preparation, and time consuming
and cheap cost of
instrument
2 Fluorimetry 250-35500 7.0 4.0 92.9- River water Easy, low cost and there Selective for particular 9
105.3 is no need for analytes with color
sophisticated complexes
instruments
3 HPLC-UV 0.08-80 15.0 12.4 80.5- Waste, lake pond water Able to determine Improper separation 4
115.1 analytes with high due to the formation of
molecular weight and micelles in
low volatile chromatographic
compounds, and good column
separation efficiency
4 MOP-ME/DRS-FTIR 0.150-300 0.05 3.8 97.1- Wastewater Easy to analyze solid  Instrument costly, and 19
109.5 and liquid samples, and extraction is necessary
high sensitivity and for selective
sample throughput determination
5 ESI-MS 0.4-140 5.0 6.0 95.0-97.0 Sewage, river Use samples with large Cannot analyze 55
masses, and sample mixtures very well and
structure can be apparatus is also very
determined fairly easily difficult to clean
6 AP-MALDI-MS 50-1500 10.0 9.8 91.0-98.7 River, municipal Very high resolution Derivatization required, 56
wastewater power and sensitivity, and expensive and
rapid analysis, and sophisticated
good recovery
7 KBr-impregnated = 10-100 4.0 2.3 95.4- Domestic wastewater, Simple, rapid, highly  Costly instrument, time Present
paper/ATR-FTIR 109.7 commodity samples sensitive, trace consuming for method

This journal is © The Royal Society of Chemistry 2020

detection efficiency,
reduced time, good
recovery, and high

sample throughput

preparation of KBr
pellet, and small
spectral interference
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methods used for quantification of surfactants in various water
samples. The main drawbacks of the spectrophotometric and
fluorimetric methods are the employment of a specific dye or
pigment for the formation of a colored complex with the target
analyte, and sometimes there is chance of interference with
other chemical species present in the sample.>'® The use of the
HPLC-MS, ESI-MS and AP-MALDI-MS techniques may result in
improper separation of surfactants due to the formation of
micelles in the chromatographic column compared to the KBr-
impregnated paper substrate/ATR-FTIR method.**>*® Although
MOP-ME/DRS-FTIR has the advantages of very high resolution,
sensitivity, and rapid analysis, it requires complicated chemical
derivatization processes.” The KBr-impregnated paper based
ATR-FTIR method has the advantages of being affordable,
abundantly available, disposable, simple fabrication, and easy
to handle with high sensitivity compared to other methods.
Also, better MDL and RSD values of 4.0 ug L' and 2.3%,
respectively, were obtained compared to that with other
methods employing sophisticated instruments. Furthermore,
the recovery% of the present method was found to be higher
than that using other reported methods.

Conclusions

A fabricated KBr-impregnated paper substrate was successfully
applied for the determination of mixed AS and NS in different
commodity and environmental water samples using ATR-FTIR
spectroscopy. The routine analysis of surfactants is normally
performed using sophisticated instruments such as HPLC-MS,
ESI-MS, and AP-MALDI-MS, which are generally large in size,
need trained personnel, require large amounts of chemical
substances, and involve time-consuming sample preparation
processes. In contrast, FTIR spectroscopy is a powerful, rapid
and non-destructive technique that can be applied at the
sample source for the determination of surfactants in
commodity and environmental water samples. The currently
developed KBr-impregnated paper is a type of substrate that is
very cheap, easily foldable, globally available, and provides
a large surface area for better adsorption, leading to enhanced
IR signals for the analysis of even very small quantities of AS
and NS using an ATR-FTIR spectrometer. In comparison to the
blank GFF, the analysis sensitivity improved 20-fold using the
KBr-impregnated paper as a substrate for the determination of
AS and NS in ATR-FTIR spectroscopy. The KBr-impregnated
paper-based ATR-FTIR method can be utilized for the detec-
tion of all classes of surfactants in samples consisting of
complex and heterogeneous matrices in future work.
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