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Detection of polycyclic aromatic hydrocarbons by surface
enhanced Raman scattering on colloidal silver substrates

The present work reports on the possibility of polycyclic aromatic hydrocarbons (PAHs) detection by surface
enhanced Raman scattering (SERS) on substrates coated with colloidal silver stabilized with
cetyltrimethylammonium bromide (CTAB). It was shown that cetyltrimethylammonium bromide acts not on-
ly as a stabilizer of metal nanoparticles, but also as modifying agent that promotes the concentration of hy-
drophobic PAH molecules near the amplified electromagnetic field of plasmon silver nanoparticles.
Anthracene and pyrene were used as model analytes. To determine the sensitivity of the prepared SERS ac-
tive coating, ethanol solutions of the analyzed substances with concentrations in the range of 2-10* — 107
mol/L were used. The lowest concentrations of solutions for which anthracene and pyrene are found on the
tested substrates were equal to 2.5-10° M and 5-107 M, respectively. These results indicate that substrates are
more sensitive to anthracene than to pyrene. The work also shows that various PAH molecules can be detect-
ed by characteristic peaks in a complex mixture without preliminary separation of the components.

Keywords: surface-enhanced Raman scattering, polycyclic aromatic hydrocarbons, anthracene, pyrene, silver
nanoparticles, cetyltrimethylammonium bromide, SERS sensor, plasmon particles.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are strong environmental pollutants. PAHs are mainly
formed and evolved during oil refining, mineral oil and coal combustion. In addition, PAHs are formed dur-
ing smoking, during high-temperature processing of food products. Most organic pollutants have carcinogen-
ic and mutagenic properties. Although PAHs are released into the environment in relatively small quantities,
they are quite resistant to external influences and can accumulate in soil and water to dangerous concentra-
tions [1-3].

Currently, chromatographic methods, such as liquid chromatography with fluorescence methods and
gas chromatography in combination with mass spectroscopy, are used to detect PAHs [1-4]. Chromatog-
raphy methods have high sensitivity and reproducibility, however, the analysis requires long and complex
sample preparation.

A promising alternative to chromatographic methods for PAHs deterction is surface-enhanced Raman
spectroscopy (SERS). SERS is based on a giant amplification of the electromagnetic field induced by noble
metal nanoparticles as a result of plasmon resonance. An increase in the electromagnetic field at distances up
to several tens of nanometers from nanoparticles significantly increases the changes in the polarization of the
electron cloud and, therefore, the Raman signal [5—7]. The work of [8] demonstrated that the maximum gain
can reach values of 10'°~10"". The maximum signal amplification is facilitated by a combination of long-
range electromagnetic and short-range chemical amplifications [5, 6, 9].

It is well known [9] that SERS active molecules usually exhibit good affinity for metals, which leads to
their approaching to the surface. And most of the currently available developments and commercial SERS
sensors are focused precisely on such analytes. At the same time, there are a number of organic compounds
containing hydrophobic molecules with low affinity for metals that not adsorbed on the active surface of
«traditional» SERS substrates and cannot be determined by this method. PAHs belong to this category of
unconventional analytes.

Recently, researchers have made significant efforts to develop methods to facilitate the use of SERS in
the detection of unconventional analytes. For these purposes, metal nanostructures are modified with sub-
stances that promote the adsorption of hydrophobic molecules near the plasmonic nanoparticles.
Alkylthiols [10, 11], calixarenes [12, 13], and cyclodextrins [14, 15] are quite successfully used as modifiers.

In the present work, the possibility of using silver nanoparticles (Ag NPs) in the complex with
cetyltrimethylammonium bromide (CTAB) for the determination of PAHs by the SERS method was studied.
CTAB is a cationic surfactant that is often used for the controlled synthesis of silver and gold nanoparticles
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as a stabilizing agent [16—18]. At the same time, CTAB was used to modify plasmon nanoparticles to deter-
mine PAHs only in very few studies [19, 20].

A feature of the presented work is the use of a simple, one-step method for producing Ag NPs stabilized
by CTAB as a SERS sensor for detection individual and mixed PAHs.

Experimental

Synthesis of colloidal silver particles. Silver nanoparticles were obtained by the reduction of silver ni-
trate with sodium borohydride. Cetyltrimethylammonium bromide was used to stabilize the nanoparticles.
The preparation of silver nanoparticles was performed according to the technique proposed in [18]. The syn-
thesis was carried out in a 50 ml beaker, with continuous sonication. CTAB (0.22 g) and silver nitrate
(0.085 g) were successively dissolved in 10 ml of deionized water. After 10 minutes of sonication, 2.5 ml of
a freshly prepared sodium borohydride solution (0.04 g) was droped. After the addition of the reducing
agent, the solution was kept in an ultrasonic bath for another 20 minutes.

Preparation of analyte solutions. Anthracene and pyrene were used as model PAHs. Stock solutions of
anthracene and pyrene in ethanol with a concentration of 10 mol/L were prepared. The studied solutions
with PAH concentrations in the range of 2-10*~10~° mol/L were prepared immediately before measurements
by successive dilution of the stock solution.

Preparation of SERS-active substrates. Silica glasses were used as the basis for SERS-active substrates.
15 ul of silver hydrosol was deposited on glass and distributed over the surface with a glass rod. The pre-
pared film was dried at room temperature in air.

Measurements. The absorption spectrum of the synthesized silver hydrosol was measured on a Cary 300
spectrophotometer (Agilent). The sizes of the nanoparticles were determined by dynamic light scattering us-
ing the Zetasizer NanoS (Malvern) system. To measure the absorption spectrum and sizes of Ag NPs, the
initial solution was previously diluted 150 times.

The Raman spectra of the samples were measured on a Confotec MR 520 scanning laser Raman spec-
trometer. A laser with A=532 nm radiation was used to excite Raman spectra. The laser power on the sample
was 2.2 mW, and the spectral accumulation time was 10 s. To measure the Raman spectra, 5 pl of the corre-
sponding PAH solution were dropped onto the surface of the prepared substrates; the drop was dried under
natural conditions. Spectra were recorded on each sample from 7 points; the obtained data were averaged.
For more convenient visualization, the spectra in the presented graphs are spaced relative to each other.

Results and discussion

Silver nanoparticles obtained by the borohydride method in the presence of CTAB form stable
aquasols [18]. The absorption spectrum of the synthesized aquazole in the visible region with a maximum at
417 nm (Figure 1) indicates the formation of plasmon silver nanoparticles [21]. The study of Ag NPs by the
method of dynamic light scattering showed the presence in the solution of particles ranging in size from 1 to
18 nm.
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Figure 1. Absorption spectrum of Ag NPs solution
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CTAB is a cationic surfactant that, on the one hand, plays the role of a stabilizer to prevent aggregation
of silver nanoparticles. On the other hand, the presence of a long hydrocarbon tail contributes to the
solubilization of hydrophobic molecules, as a result of which PAH molecules are concentrated and held near
metal nanoparticles. Thus, the analyte molecules find themselves in the zone of the amplified electromagnet-
ic field of the plasmon particles.

Figure 2 shows the Raman spectrum of crystalline anthracene and the SERS spectra of the substrate
(AgNPs — CTAB) and 2-10* M anthracene solution on the substrate.
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Figure 2. Raman spectrum of crystalline anthracene (1), SERS spectra
of the 2-10™* M anthracene solution on the substrate (2) and the substrate (3)

The SERS spectrum of the substrate is characterized by two main Raman bands at 760 and 1450 cm™ ',
which belong to the CTAB [19, 20]. The obtained Raman spectrum of crystalline anthracene has characteris-
tic bands of medium and high intensity at 397, 756, 1260, 1400, and 1562 cm . In the SERS spectrum of
2:10™* M anthracene solution on the substrate, bands belonging to both anthracene (397, 1260, 1400 and
1562 cm ') and CTAB (760, 1450 cm ') are clearly observed. The Raman band of anthracene at 756 cm '
coincides with the CTAB Raman band at 760 cm ™' and cannot be used for analytical purposes.

The SERS spectrum obtained for 2-10™* M pyrene solution on the substrate is shown in Figure 3. The
Raman spectrum of crystalline pyrene and the SERS spectrum of the substrate are also presented for compar-
ison. The Raman spectrum of crystalline pyrene is characterized by frequency shifts at 406, 594, 1242, 1408,
1597, and 1630 cm™'. In the SERS spectra of the pyrene solution, the bands at 406, 1242, 1408, 1597, and
1630 cm™', which belong to the pyrene, and the bands at 760 and 1450 cm ™', which belong to the substrate,
are most clearly observed.

I au

1408
20000
15000 - 1242 —
1597
594
10000
406 /1
5000
2
J\__ P AN a3
0 L et Attt it e
400 600 800 1000 1200 1400 1600 1800

Raman shift, cm™

Figure 3. Raman spectrum of crystalline pyrene (1), SERS spectra
of the 2-10™* M pyrene solution on the substrate (2) and the substrate (3)
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To determine the minimum concentration of PAHs on the test coating, we measured the SERS spectra
of solutions in the concentration range of 2-10*~107° mol/L. SERS spectra of anthracene and pyrene with
different concentrations are shown in Figures 4 and 5.
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Figure 4. SERS spectra of anthracene solutions with different concentration, mol/L:
1-2:10%2—510°,3—510%4—2510°5—10°

To determine the content of anthracene, an intense Raman scattering band at 1400 cm™ was used. As
can be seen from Figure 4, this band is clearly observed in the SERS spectra of anthracene for solutions of
2:10*-2.5-10"° mol/L. In the SERS spectrum of anthracene with a concentration of 10° mol/L, the charac-
teristic band at 1400 cm™' is practically not detected. Thus, 2.5-10°° mol/L is the lowest concentration of the
solution in which anthracene is found on the tested substrates.

Figure 5 shows the SERS spectra of different concentrations of pyrene. To detect pyrene, several Ra-
man bands can be used as analytical: at 1242, 1408, 1597, and 1630 cm . Tt can be seen from the obtained
spectra that for solutions with concentration of 5-107° mol/L and lower, characteristic peaks of pyrene are
practically not detected. The minimum detectable pyrene concentration in the solution was 510> mol/L.
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Figure 5. SERS spectra of pyrene solutions with different concentration, mol/L:
1-2:10%2—5107,3 —5-10°

The results obtained indicate that the coating based on Ag NPs with CTAB is more sensitive to
anthracene.
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The identification of PAHs was also carried out in a complex system that simultaneously contains
anthracene and pyrene. Figure 6 presents the SERS spectrum obtained for solution containing 10™* mol/L
anthracene and 10 mol/L pyrene.
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Figure 6. SERS spectrum of mixed solution of anthracene and pyrene

The anthracene bands in the figure are indicated by the letter a, and the pyrene bands are indicated by
the letter p. The anthracene bands at 397 and 1400 cm ' overlap with the pyrene bands at 406 and 1408 cm '
and, therefore, cannot be used for identification in this mixture. However, the main peaks of individual PAHs
are well distinguishable. Thus, the tested SERS coating can be used to identify PAHs in complex systems
without prior separation of components.

Conclusion

It was shown that colloidal silver nanoparticles stabilized by CTAB can be used to obtain the SERS ac-
tive substrate. In the resulting system, CTAB acts not only a stabilizer of silver nanoparticles, but also a
modifier that promotes the concentration and holding of PAH molecules near the surface of plasmon parti-
cles. The maximum concentration of solutions in which anthracene and pyrene were detected are equal to
2.5-10°M and 5-10° M, respectively. With further optimization, the prepared substrates can be used as sen-
sors both in determining individual PAHs and in the simultaneous detection of individual components in
complex mixtures.

This work was carried out as part of the research project BR05236691, funded by the Ministry of Edu-
cation and Science of the Republic of Kazakhstan.
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P.X. JIxxanabexora, M.C. Kum, H.X. 6paes

Kosnonarel kymic TeceHimTepinae noJIMUMKIAL X0 HicTi KeMipcyTekTepai
OeTi-KylIelTIIreH KOMOMHALMOH/BIK MIAIIBIPAY J/liciMeH aHBIKTAay

Maxkanana ueruntpumerniammonuii 6pomugiven (LITAB) TypaxkraHgbIppUIFaH, KOJUIOMATBHIK KYMiCIIEH
KanTajFaH TeceHilmTep Oeringe nonuuukingl xom wicti kemipeyrekrepai (ITXK) Oeri-kyrueitrinren
koMOuMHanmoHAbIK  miameipay  (SERS)  omiciMen — aHpIKTay — MYMKIHAIrT  Typanbl — afThUIFaH.
eruaTpiMeTHIaMMOHHI OpOMHUI METaJUl HaHOOOINIIEKTePiH TYpaKTaHIBIPYIIBICHI FaHa eMeC, COHBIMCH
KaTap IUIa3MOHIBIK KYMIC HAaHOOOJIICKTepAiH KYIIEHTIIreH 3JIeKTPOMAarHWTTIK epiciHiy xaHbHAa [IXK
ruapodoOTEl  MOJICKYJIaNapbIHBIH  LIOFBIPJIAHYbIHA BIKIAN CTETiH MOIu(HKAUMIAYIIBl 3aT  POIiH
aTKapaThIHABIFBl KOpPCETUIreH. Mojenb aHaJIuTTepi peTiHJe aHTpaleH MEH IHPEH KOJIAaHBUIFaH.
Jaiibiananran SERS-6encenni KaObIpIIaKTapbIHBIH, CE3IMTANIBIFBIH aHBIKTAY YIIiH TalIaHAThIH 3aTTap/blH
koHIeHTpamuscsl 210 ~10° Monb/T IHAMA30HBIHIAFE CIHMPTTIK epITIHALTEPI KOMIAHBUIFAH. AJNBIHFAH
KaObIpILIaKTapa aHTpPaleH MeH MHUPEeH epITIHAUIepIiH CHrHAl ajfaH €H TOMEHI1 KOHIEHTPALHUsICHI
coiikecinme 2,5-10° M sxome 5-10° M kypaiimsl. Byn HoTikenep KaOBIPIIAKTAPABIH HPECHMEH
CalBICTBIPFaH/Ia aHTpalleHre ce3imMran ekeHiH kepcereni. CoHbIMeH Karap, xymbicta oprtyprai IIXK
MOJIeKyJIaJapblH KypaMmpaac OerikTepl aigsiH-ana OeiMel, Kypaeli Koclajga e3iHe TOH HIBIHAApra ColKec
aHBIKTayFa 0OJIATHIH/BIFbI KOPCETLITCH.

Kinm ce30ep: Geti-kymeiTinreH KOMOMHAIIMOHABIK IIAaNIbIpay, MOJIHMIMKIII XONI HICTI KOMIpCyTeKTep,
aHTpAalleH, MUPEH, KYMic HaHOOOIIeKTepi, HeTHATpuMeTHIaMMoHuit 6pomuni, SERS ceHcopbl, Mm1a3MoHIbIK
HaHOOeIIeKTep.
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P.X. Ixanabexora, M.C. Kum, H.X. UGpaeB

Onpenesenne NOJUIUKINYECKHX APOMATHYECKHUX YIJIEBOA0OPO/I0B
METO/I0M MOBEPXHOCTHO-YCHJIEHHOT0 KOMOUHAIIMOHHOTO
paccesiHUSl HA MOAJI0KKAX KOJLUIOUJIHOIO cepedpa

B craree coolmaercs 0 BO3MOXKHOCTH ONPEIENCHUS HMOJMLHKINYCCKUX apOMAaTHYECKHUX YIIIEBOIOPOIOB
(ITAY) mMeTon0M MMOBEPXHOCTHO-YCUIIEHHOTO KOMOMHAIMOHHOTO paccesHus (SERS) Ha mommoxkax, HOKpbI-
TBHIX KOJUIOUAHBIM cepeOpoM, CTaOMIN3UPOBaHHBIM LeTuaTpuMeTHiIaMMonus 6pomuznoM (LITAB). [TokasaHo,
YTO LETWITPUMETIIAMMOHHS OpOMHI BBIONHSET POJb HE TOJBKO CTa0MINM3aTopa HAHOYACTHI[ METaylIa,
HO ¥ pOJb MOAMGUIMPYIOMETO areHTa, CIIOCOOCTBYIOMIET0 KOHICHTpAmUH THApoGoOHBIX Monekyn [TAY
BOJIM3M YCHJIEHHOTO 3JIEKTPOMAarHUTHOTO IIOJIS IUIA3MOHHBIX HaHOYACTHI] cepebpa. B kauecTBe MOmenbHBIX
AQHAJINTOB OBUIN MCIIOIB30BAaHBI AHTPAICH U MUpeH. 1 onpeeNieHust 9yBCTBUTEIEHOCTH IPUTOTOBICHHOTO
SERS-akTHBHOTO IOKPBITHS MCHOJIb30BAHbI CIIUPTOBBIC PACTBOPHI aHAIU3UPYEMBIX BELIECTB C KOHIEHTpa-
uAMH B auanasone 2-107-107° mons/n. HauMeHbIIie KOHIEHTPAIME PaCTBOPOB, IS KOTOPHIX Ha TMOJY-
YEHHBIX OINOXKKAX OOHAPYKMBAIOTCA aHTPALECH H MHPEH, cOCTaBIOT 2,5-10° M 1 5-10° M cootserct-
BEHHO. DTHU pe3yJIbTaThl YKa3bIBaIOT HA TO, YTO IOJUIOKKH 0OJiee UyBCTBUTEIIBHbI K aHTPALICHY, YeM K IHpe-
Hy. B pabore Taxke nokasaHo, 4TO pa3andHbIe MOJEKYIb! IIAY MoryT OBITH OOHAPY)KEHEI 10 XapaKTEPHBIM
IIIKaM B CJIOXKHOU cMecH 0e3 IpeIBapuTeIIbHOTO pa3/Ie/IeHUst KOMIOHEHTOB.

Kniouesvie cnosa: moBepXHOCTHO-yCHJICHHOE KOMOWHAIIMOHHOE PAcCesTHUE, MONUIMKINYECKHE apoMaTHye-
CKHE YTJIeBOJOPOABI, aHTPALeH, IMHUPEH, HAHOYACTUIBI cepebpa, meTwntpuMeTmwinamMMmonus 6pomun, SERS
CEHCOP, MIA3MOHHBIE JACTHUIIBL.
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