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Abstract
In this study, silver nanoparticles (AgNPs) were immobilized on the surface of polyethylene terephthalate (PET) membrane 
using diethylenetriamine (DETA) as a chemical linker. The molecule of DETA was attached to the surface of PET via an 
amide bond following scission of the polyester ester bond on the PET surface. The AgNPs were immobilized on the surface 
of diethylenetriamine-modified PET membrane via a silver-nitrogen covalent bond. The silver-coated, DETA-modified and 
unmodified PET membranes were characterized by Fourier transform infrared (FTIR), x-ray photoelectron spectroscopy 
(XPS), ulltraviolet-visible spectroscopy (UV–Vis), and scanning electron microscopy (SEM). The results showed that the 
size of AgNPs also increased with time of immobilization. The percentage of elemental silver also increased with increase 
in time of immobilization of AgNPs on the surface of DETA-modified PET membrane. The AgNP-coated PET membrane 
was used as SERS platform to detect acetaminophen in water. The SERS results showed that acetaminophen molecules 
could be detected with high Raman scattering intensity arising from adsorption of acetaminophen molecules on the silver 
nanoparticles of the SERS platform.
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Introduction

Polymeric membranes are organic membranes synthesized 
from chemically reactive monomers [1, 2]. Polymer mem-
brane materials have various applications in fields such as 
filtration, biotechnology, microelectronics, coating, thin-film 
technology, and others which rely on their bulk properties 
and surface chemistry [3, 4]. Techniques that alter polymer 
membrane surface properties have attracted the attention 
of researchers with the aim of immobilizing compounds of 
interest on the surfaces for various applications [5, 6]. Poly-
mer membranes are inert and therefore lack reactive func-
tional groups on which chemical linkers, metal nanoparticles, 
and biomolecules could be attached sustainably [7]. The inert 
nature of most polymer surfaces limits their use in applica-
tions; hence, surface modification is required to achieve the 
desired properties [8]. Amongst high-performance polymer 
membranes such as polycarbonate (PC), polyimide (PI), and 
others, polyethylene terephthalate (PET) has good mechani-
cal strength, and thermal and chemical resistance [9, 10]. 
PET is a linear, aromatic polyester type of organic polymer 
[11]. PET, an inert polymer, which has not been physically 
or chemically etched and modified, lacks suitable functional 
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groups on the surface therefore the need to chemically mod-
ify the surface [10].

The physicochemical modification methods of polymers 
in some instances are considered as precursors to chemical 
modification [7]. Chemical modifications such as aminoly-
sis, hydrolysis, amidation, and carboxylation have been used 
to introduce reactive functional groups on the surface of PET 
[10]. In an aminolysis reaction, amine nitrogen through its 
lone pair attacks an electron deficient carbonyl carbon of the 
ester moiety of PET to form an amide bond [12]. This func-
tionalization is achieved through liquid–solid phase organic 
synthesis. The organic synthesis provides the most stable 
covalent bond to immobilize active compounds such as 
biomolecules and nanoparticles on polymer surfaces [7]. A 
careful choice of conditions for surface modification should 
be made to limit degradation of the desirable mechani-
cal and chemical properties of the bulk polymer [13]. The 
wet chemistry parameters including temperature and time 
of treatment as well as solvent type and concentration are 
controlled to maintain consistent surface modification [12]. 
Irena et al. [14] in a study on PET surface modification 
observed that aminolysis depended on the choice of amine, 
temperature, time, and concentration. The chemical link-
ers are bifunctional so that one terminal group is attached 
to the metal nanoparticle or biomolecule and the other is 
coupled to the polymer surface [7]. In another report by 
Reznickova et al. [8], one thiol terminal end was used to 
form the silver-sulphur bond and the other was coupled to 
reactive species on the PET membrane surface. The number 
of immobilized metal nanoparticles or biomolecules on the 
modified membrane surface is determined by the available 
affinity functional groups such as thiols and amines [15]. 
The choice of the chemical linker, therefore, depends on 
the chemical properties of the compound to be immobilized 
[16]. For instance, thiols and amines have a high affinity for 
noble metal nanoparticles [17]. In a study by Kristavchuk 
et al. [18], it was observed that increasing the duration of 
exposure of track-etched polyethylene membrane in a silver 
dispersion led to increased number of silver nanoparticles 
on the membrane surface, which was also confirmed visually 
by changes in appearance.

Nobel metal nanoparticles have many applications in 
nanotechnology due to their versatility [18]. AgNPs have 
attracted the attention of researchers due to their good con-
ductivity, chemical stability, anti-bacterial activity, and 
unique electrical and optical qualities [19]. These nanostruc-
tured materials exhibit physical, biological, electrical, and 
chemical properties that differ substantially from bulk mate-
rials [19, 20]. The properties of nanoparticles are dependent 
on size, shape, and distribution. The nanoparticles have been 
of interest in the areas of catalysis, photography [20–22] 
biotechnology, sensing, optics, and surface-enhanced Raman 
spectroscopy [23–25]. Nanoparticles exhibit enhanced 

properties compared to bulk properties due to their high 
surface-to-volume ratio [20].

There is a wide range of applications of surface-enhanced 
Raman spectroscopy (SERS) as an analytical technique in 
the fields of biotechnology [26], food industry, warfare anti-
terrorism, drug abuse [27], and environmental applications 
[28], electrochemistry, surface, and material sciences [29]. 
The SERS technique is of interest in environmental pollutant 
analysis, with the focus on detecting, identifying, and quan-
tifying very low concentrations of pollutants found either in 
air or water sources [30]. The driving force behind research 
and development of SERS is the trace level analysis capa-
bility of the technique and its cost effectiveness [31]. The 
technique also offers good practical utility [2]. SERS has 
several analytical advantages over other methods including 
ultra-sensitivity, selectivity, and inherent molecular speci-
ficity [26, 32]. Chemical analysis by SERS requires little or 
no sample preparation [33]. It is also convenient and cost-
effective for development of miniaturized equipment [31, 34]. 
SERS has an edge over infrared spectroscopy, as it can be 
directly applied in the aquatic environment with negligible 
background noise due to low polarizability index of water 
[2]. Although similar techniques such as fluorescence are 
already well established, the emerging SERS has attractive 
properties such that it can be used both in the near-infrared 
and the visible spectral region and does not require label-
ling the analyte of interest as practiced in the fluorescence 
technique [35]. The performance of SERS is based on its 
sensitivity, which depends on the surface property of SERS 
active materials [36] that can be tailored to suit the intended 
application [37, 38]. It is envisioned that SERS could be used 
to simultaneously identify multiple pollutants in a sample 
reliably, rapidly, and at lower cost [28]. The SERS technique 
is flexible such that it can be applied in sequence with suit-
able separation techniques, such as nano filtration polymer 
membrane technology and chromatography [39], scanning 
probe microscopy, and microfluidics [35].

The presence of drugs such as acetaminophen in water is 
known to pose health risk to the aquatic life. Paracetamol 
(acetaminophen) is a pain reliever and a fever reducer, which 
is often abused and indiscriminately disposed. In a study 
done by Rao et al. [40], it was reported that exposure to par-
acetamol caused behavioural and physical changes in Cypri-
nus carpio (fingerings and adults). These changes include 
endo- and exo-dermal irritation, discoloration of scales, fin 
rot, liver muscle, and brain damage which lead to death. It 
was also observed that low concentrations of paracetamol 
caused early death in fingerlings compared to adult fish [40].

Therefore, the objective of the study was to develop a 
quick method of immobilizing AgNPs on the surface of a 
chemically modified PET membrane for detection of aceta-
minophen in water. The immobilization will be by means 
of chemical attachment as opposed to physical method. The 
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advantage of covalently bonded nanoparticles upon a poly-
mer surface is that they do not leach into the environment. 
Previously AgNPs have been immobilized on the surface 
of a glass membrane and on polycarbonate membrane via 
siloxy linkage [7]. Andrade et al. [41] immobilized AgNPs 
on the surface of modified glass via (3-aminopropyl)trieth-
oxy silane (APTMS), which was coupled via siloxy linkages. 
The siloxy linkages functionalized on a modified glass sur-
face used by Andrade et al. [41] were unstable when exposed 
to some solvent conditions. The siloxy linkage underwent 
hydrolysis upon exposure to alkaline and high-temperature 
environments [7]. The approach of this study was to employ 
diethylenetriamine as a chemical linker on which to directly 
immobilize AgNPs to the surface of PET membrane soon 
after chemical modification. The resultant PET membrane 
coated with AgNPs was used as SERS platform for Raman 
spectroscopy to detect acetaminophen in water sample at 
low concentration. It is expected that the silver nanoparti-
cles on the surface would enhance the Raman signal, and 
therefore generate a more visible and readable spectrum of 
acetaminophen.

Materials and methods

Chemicals and materials

The track-etched polyethylene terephthalate (PET) mem-
brane (thickness 23 μm, pore density of 1 ×  109  cm−2 and 
pore diameter of 0.100 μm) that was obtained from the Joint 
Institute for Nuclear Research, Dubna, Russia, was used after 
cleaning in ethanol and distilled water. Diethylenetriamine 
(DETA) 98%, silver nitrate  (AgNO3) 99%, and trisodium 
citrate 98% were purchased from Alfa Aesar (Germany). 
Absolute alcohol (EtOH) 99.9% and acetaminophen stand-
ard were purchased from Sigma-Aldrich (South Africa). 
The purchased chemical reagents were used as received. 
The PET membrane was thoroughly cleaned in a mixture 
of EtOH and distilled water (1:1 v/v), dried in air, and used 
without further treatment. All aqueous solutions were pre-
pared using distilled water.

Chemical modification of PET membrane

The surface of the PET membrane was modified by immers-
ing a 2- × 2-cm piece of track-etched PET membrane in a 
50-mL aqueous solution of diethylenetriamine (DETA) 
[14]. The aqueous DETA concentrations of 45%, 60%, and 
75% (v/v) were used for samples coded 45PET, 60PET, and 
75PET, respectively. A 2- × 2-cm piece of PET membrane 
was immersed in each of the concentrations of the aque-
ous DETA solution. The exposure of PET membranes to 
the amine solution was carried out at room temperature for 

12 h, 18 h, and 24 h. The code CoPET was for a control 
sample. After subjecting it to the aminolysis reaction, the 
PET membrane was washed with copious amounts of dis-
tilled water and EtOH (1:1 v/v) to remove physically adhered 
DETA from the surface of the PET membrane. The modi-
fied track-etched PET membrane was acid-activated in 1 mM 
hydrochloric acid for 1 h under agitation at ambient room 
conditions. The rinsed PET membrane was air-dried at room 
temperature for 24 h.

Immobilization of AgNPs on PET membrane

A volume of 100 mL solution of aqueous  AgNO3 (1 mM) 
was heated to 90 °C. An aqueous solution of trisodium cit-
rate (1 g/100 mL) of 2 mL was added to the preheated silver 
nitrate solution followed by immersion of the modified PET 
membrane [42]. The reduction of silver nitrate was carried 
out for 0 min, 10 min, 20 min, or 30 min for samples Co-
AgPET, 10-AgPET, 20-AgPET, or 30AgPET, respectively. 
The silver nanoparticle-coated PET membrane was rinsed 
twice with distilled water to remove physically adsorbed 
nanoparticles on the surface and air-dried at room tempera-
ture for 24 h.

Immobilization of Ag on quartz platform

Quartz surface was prepared by modifying the silicon oxide 
solid substrate with silver nanoparticles via thermo vacuum 
and reactive magnetron sputtering. The sputtered silver nan-
oparticles were of size 30 nm. The silver-coated quartz was 
used as received from Joint Institute for Nuclear Research 
(JINR), Dubna, Russia, and is herein code-named Quartz.

SERS detection of acetaminophen using synthesized 
SERS platform

The detection of acetaminophen using SERS platform (30-
AgPET) synthesized in “Immobilization of AgNPs on PET 
membrane” was carried out at different concentrations of 
acetaminophen in distilled water. Three concentrations 
with sample codes in brackets, of 15.1 mg/L (Aceta-100), 
1.51 mg/L (Aceta-010), and 0.151 mg/L (Aceta-001) were 
prepared in 20-μL aliquots. The sample codes are described 
in Table 1. A 20 μL of acetaminophen was dropped on the 
surface of a 1- × 1-cm piece of the platform and was left to 
dry under ambient room conditions for 24 h. Afterwards, 
the platform was placed under the probe of Enspectr R532 
model Raman spectrometer for acetaminophen detection.

Characterization of PET membrane and AgNPs

The FTIR spectra of the modified and unmodified track-
etched PET membrane samples were obtained using Perkin 
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Elmer model Spectrum Two spectrometer. The FTIR attenu-
ated total reflectance (ATR) mode was used for surface char-
acterisation. The spectra of the samples were obtained within 
the range of 3600 to 600  cm−1 at a resolution of 4  cm−1. The 
XPS measurement was performed using a Thermo Scien-
tific K-Alpha X-ray photoelectron spectrometer. The surface 
morphology of PET membranes was characterized using a 
Hitachi SU8020 scanning electron microscope. The UV–Vis 
spectroscopy was done using a Thermo Fisher Evolution 200 
spectrometer. The spectral characterisation was performed 
in a 200- to 600-nm range at room temperature. A Tecnai 
G2F20 X-Twin MAT 200-kV field emission gun transmis-
sion electron microscope was used to characterize the mor-
phology of colloidal AgNPs. Raman spectroscopy was car-
ried out using a portable version of Enspectr R532 Raman 
spectrometer to study the surface chemistry of unmodified 
PET, modified PET, SERS platform, and for detection of 
acetaminophen. The Raman spectrometer is equipped with 
an internal laser of excitation wavelength 532 nm. The spec-
trometer is supplied with the objective lens, Olympus CX22 
LED of magnification × 10 and × 40. The output power used 
was 20 mW. The exposure time was set at 600 ms with 20 
frames. A manual locator was used to find the spot where to 
place the sample on the sample holder.

Results and discussion

Preparation of SERS membrane

Aminolysis of PET

Aminolysis of the PET membrane surface is one of the 
wet chemistry techniques used to introduce amines on the 
surface of the polymer membrane via an amide bond. The 
solid/liquid interface organic reaction involving PET repeat 
unit on the surface of PET membrane and DETA solution 
involves scission of the ester bond and formation of amide 
bond. The schematic mechanism of the aminolysis of PET 
membrane with DETA and immobilization of AgNPs on the 
surface of modified surface is presented in Fig. 1a. Figure 1a 
shows the aminolysis reaction at the solid–liquid interface, 
a lone pair of electrons on the nitrogen of DETA attack the 

partially positive carbon of carbonyl ester. The aminolysis 
brings about the formation of the amide bond on the surface 
of the PET membrane between the carboxylic moieties and 
DETA. Further amide bond formation is from the cleavage 
of the ester bond that has been facilitated by DETA.

Fourier transform infrared (FTIR) was used to character-
ize the unmodified and modified PET membrane. The results 
discussed are those based on concentration after optimiz-
ing the time of modification, which was 24 h. The FTIR 
results in Fig. 1b show that the absorbance peak centred at 
2950  cm−1 broadens and increases as the concentration of 
DETA was increased. The absorbance peak at 2950  cm−1 is 
attributed to C-H bond stretching from the ethylene moieties. 
The partial broadening of the absorbance peak at 3450  cm−1 
is attributed to N–H stretching. The N–H stretching vibra-
tions are as a result of the amine moieties introduced on 
the surface from DETA. The absorbance band appearing in 
the region of 1500–1600  cm−1 is observed in the samples 
75%DETA, 60%DETA, and 45%DETA which were reacted 
with aqueous diethylenetriamine at concentrations of 75%, 
60%, and 45% respectively. The amide I band appears more 
pronounced in the spectral region of 1500–1600  cm−1, when 
the PET membrane was reacted with 75% concentration of 
DETA.

Similarly, in literature, it was reported that amide I and 
II bands were observed as a single absorbance peak instead 
of separate absorbance peaks for a modified track-etched 
PET membrane that was subjected to aminolysis using other 
amines such as ethylenediamine [43]. The presence of amide 
I and II bands on the FTIR spectra of the PET membrane 
subjected to DETA at different concentrations confirms that 
the surface of the track-etched PET membrane was modified 
in each case. Any higher concentration above 75% resulted 
in cracked and easily torn PET membranes that could not be 
properly characterized by Fourier transform infrared.

The XPS results in Table 2 show that elemental carbon 
(C1s) and oxygen (O1s) were present on the surface of 
unmodified track-etched PET membrane coded 0%DETA, 
before exposing the membrane to DETA solution in ratio 
of 2.6 to 1. The sample 75%DETA had a ratio of 3.2 to 1 
for elemental carbon to elemental oxygen on the surface of 
modified PET membrane. The sample 75%DETA shows that 
the ratio increased for elemental carbon due to the presence 
of nitrogen (N1s) from DETA that has replaced some oxygen 
that has been displaced via the aminolysis process, which 
involves ester bond scission and formation of an amide bond 
[44]. The elemental compositions are also presented in the 
general survey graphs of the X-ray photoelectron spectros-
copy taken for both PET membrane samples (0%DETA and 
75%DETA). The general surveys are shown in Fig. 2a and b. 
The XPS general surveys show elements within the detection 
limits based on the chemical composition of the surface of 
the track-etched PET membrane. The general survey graphs 

Table 1  Experimental parameters and sample codes for detection of 
acetaminophen using 30-AgPET sample on surface-enhanced Raman 
spectroscopy (SERS)

Volume µL Time (h) Concentra-
tion (mg/L)

Sample code

Acetaminophen 20 24 15.10 Aceta-100
20 24 1.510 Aceta-010
20 24 0.151 Aceta-001
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Fig. 1  a Proposed mechanism of modification of PET membrane with 
DETA and immobilisation of AgNPs on the modified surface and b 
FTIR spectra of unmodified PET membrane (CO-APET) and modi-

fied PET membranes at 24-h reaction time and variable concentration 
of DETA of 75% (75A-PET), 60% (60A-PET), and 45% (45A-PET)
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of samples 0%DETA and 75%DETA show that peaks of car-
bon (C1s), oxygen (O1s), and nitrogen (N1s) are in the bind-
ing energy regions of 285.21 eV, 532.63 eV, and 399.61 eV 
respectively.

The general survey graph for 0%DETA has no nitrogen 
peak, while that of 75%DETA has the nitrogen peak. The 
general survey graph of 75%DETA shows that nitrogen is 
present on the surface of the modified track-etched PET 
membrane. The binding energies in Fig. 2a and b agree with 
those reported in literature [41, 45]. The chemical states 
of nitrogen (N1s) and carbon (C1s) on the surface of PET 
membrane are represented in Fig. 2c and d; the chemical 
state graph for nitrogen (N1s) is from the sample 75%DETA. 
The chemical state graph for carbon (C1s) presents results 
for both samples 0%DETA and 75%DETA. The carbon 
(C1s) chemical state graph shows the chemical states of 
carbon when the PET membrane was not modified (sample 

0%DETA) and the changes that occurred after modification 
of the track-etched PET membrane (sample 75%DETA).

Further to the general survey, the magnified N1s shell 
scan in Fig. 2c (NITROGEN) shows the chemical state of 
nitrogen on the surface of the modified PET membrane 
sample coded 75%DETA. The NITROGEN graph in Fig. 2c 
shows that the spectra peak for N1s is at a binding energy of 
399.61 (≈400) eV which is known to be for nitrogen in the 
chemical state of C-NH2 [46]. Furthermore, the C1s shell 
scan in Fig. 2d (CARBON) shows the chemical states of 
carbon from samples 0%DETA and 75%DETA. The C1s 
shell scan shows three symmetrical peaks with binding ener-
gies at 284.9, 286.6, and 288.9 eV for the chemical states of 
C–C, C-O, and O-C = O respectively [47]. These C1s spec-
tra peaks are characteristic peaks observed for polyethylene 
terephthalate polymers. The observed satellite peak π-π*, 
which is not so pronounced between 291 and 292 eV, is char-
acteristic of polyethylene terephthalate polymer materials 
[46, 48]. The changes in binding energies that occurred as 
a result of changes in chemical state of carbon are tabulated 
in Table 3.

The amide bond formation gives rise to a change in the 
chemical state of carbon in O-C = O as observed in the 
reduction of the O-C = O peak height from 3428 to 2888 
counts per second. The conspicuous change in C-O peak 
height is not expected; the expected observation would be 
the reduction in height of the C-O spectrum peak due to 
loss of glycol during the aminolysis reaction. This could be 

Table 2  XPS results showing elemental ratios of C1s and O1s of 
unmodified (0%DETA) and modified (75%DETA) PET membranes

PET membrane Atomic ratios

Carbon (C1s) Oxygen 
(O1s)

C0-APET 2.6 1
75%DETA 3.2 1

Fig. 2  X-ray photoelectron 
spectroscopy general survey 
graphs of a unmodified PET 
(0%DETA) and b modified PET 
(75%DETA) showing elements 
within the detection limits, c 
XPS spectra of N1s peaks of 
amine-modified PET (NITRO-
GEN), and d XPS spectra of 
C1s peaks for both unmodified 
(black) and amine-modified 
(red) PET membrane (CAR-
BON)
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contributed from atmospheric carbon existing in C-O chemi-
cal state during aminolysis reaction or storage.

Silver nanoparticles

Silver nanoparticles were synthesized according to “Immo-
bilization of AgNPs on PET membrane” without immersion 
of PET membrane in order to characterize the nanoparticle 
themselves. The UV–Vis spectroscopy results of synthesiz-
ing AgNPs at varied time of reaction after optimizing on 
temperature of reaction and concentration of trisodium cit-
rate are shown in Fig. 3a. The variable parameter was time of 

reaction of 10 min, 20 min, or 30 min. The fixed parameters 
were the volume of 1% trisodium citrate of 2 mL and tem-
perature of reaction at 90 °C.

The results in Fig. 3a show the increase in absorbance 
of the plasmonic peak height as the time of reaction was 
increased from 10 to 30 min. The results also show that 
plasmonic peak height had doubled after 20 min and tri-
pled after 30 min. The results show that as the time was 
increased, the concentration of AgNPs increased as seen in 
the increase in peak height; this agrees with observations 
made by Kristavchuk et al. [18]. The narrowing of the plas-
monic peaks with an increase in the time of reduction could 
be attributed to the formation of AgNPs within a narrow 
size range. The results show a trend that agrees with what 
has been reported in literature [23, 49].

The results of transmission electron microscopy for sam-
ple 20-AgNP are presented in Fig. 3b. Included in the results 
is the size distribution graph showing the spread of the sizes 
of AgNPs. The TEM image has an average silver nanopar-
ticle size of 46.5 nm. The TEM image indicates that the 
majority of the AgNPs are spherical in shape with a few 
rod-like and triangular nanoparticle. The size distribution 
range of AgNPs was from 30 to 60 nm. The average size of 

Table 3  Changes in peak heights of carbon chemical states

Chemical state of ele-
ments

Peak height (count/second)

0%DETA (PET) 75%DETA 
(Amine-
PET)

C–C 13 158 13 362
C-O 3 209 4 226
O-C = O 3 428 2 888

Fig. 3  a Ultraviolet–visible 
spectra of AgNPs synthesized at 
temperature of 90 °C and 2 mL 
volume of 1% trisodium citrate 
at varied times of 10 min (10-
AgNP), 20 min (20-AgNP), and 
30 min (30-AgNP) and b TEM 
image showing colloidal AgNPs 
synthesized for 20 min at 90 °C 
using 2 mL of 1% trisodium cit-
rate (20-AgNP) and histogram 
showing the silver nanoparticle 
size distribution.
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colloidal AgNPs of 46.5 is lower than reported by Taurozzi 
and Tarabara [50] for SERS application, which size was 
averaged at 58 nm.

Silver‑coated PET membrane (SERS membrane)

Figure 4 shows scanning electron micrographs of nanopar-
ticle silver-coated track-etched polyethene terephthalate 
membranes coded 10-AgPET, 20-AgPET, and 30-AgPET 
together with histograms showing size distribution of immo-
bilized AgNPs. The SEM image of 10-AgPET shows AgNPs 
which are spherical in shape, and the corresponding histo-
gram shows a nanoparticle size range of 28 to 44 nm. The 
histogram for sample 10-AgPET is asymmetric, skewed 
to the right, and has a high frequency of silver nanoparti-
cle sizes between 36 and 40 nm. The average size of the 
AgNPs was 37.5  nm for sample 10-AgPET which was 

immobilized for 10 min. For 20-AgPET, the image shows 
AgNPs which are spherical in shape and the corresponding 
histogram shows a nanoparticle size range of 40 to 62 nm. 
The histogram for sample 20-AgPET is symmetric and has 
a high frequency of silver nanoparticle sizes between 48 
and 54 nm. The average size of AgNPs was 51.4 nm for the 
20 min of immobilization (20-AgPET). 30-AgPET image 
shows AgNPs which are spherical in shape, and the corre-
sponding histogram shows a nanoparticle size range of 54 to 
68 nm. The histogram for sample 30-AgPET is asymmetric, 
partially skewed to the right and has a high frequency of 
silver nanoparticle sizes between 60 and 64 nm. The average 
size of the AgNPs was 62 nm for sample 30-AgPET which 
was immobilized for 30 min. The overall results show that 
the size of AgNPs increased relative to the increase in the 
time of immobilization of AgNPs on the surface of PET 
membrane [8].

Fig. 4  SEM images of silver-
coated PET membrane prepared 
at 90 °C and with 2 mL of 1% 
trisodium citrate for samples of 
10-AgPET (10 min), 20-AgPET 
(20 min), and 30-AgPET 
(30 min). The histograms of 
size distribution for silver-
coated PET membranes for 
samples 10-AgPET (10 min), 
20-AgPET (20 min), and 
30-AgPET (30 min)
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The UV–Vis spectroscopy results of the AgNPs coated 
PET membrane at varied time of reaction are shown in 
Fig. 5A. The results show an increase in the plasmonic 
peak height of silver-coated track-etched PET membranes. 
The sample 10-AgPET showed a small peak and sample 
30-AgPET had the highest peak, whilst the rest were in 
between. The plasmonic peak heights showed a trend that 
increased from the sample that was immersed for 10 min 
(10-AgPET) to that for 30 min. The control sample Co-
AgPET showed no plasmonic peak due to lack of AgNPs 
on the track-etched PET membrane surface. The trend in 
peak height agrees with literature where increasing the time 
of synthesis of AgNPs increases the number of nanopar-
ticles [51]. The plasmonic peaks show a red shift as the 

immobilization time increased from 10 to 30 min. The red 
shift, which is change in plasmonic peak position from 
short wavelength towards long wavelength meant that the 
size of AgNPs changed with an increase in the time of 
immobilization.

The immobilization of silver nanoparticles was done 
at different times in order to find the best conditions that 
would suppress the polyethene terephthalate Raman signal. 
Figure 5B shows the Raman spectra of the silver-coated 
track-etched PET membranes (10-AgPET, 20-AgPET, 
30-AgPET) and the unmodified track-etched PET membrane 
(Co-AgPET) as a baseline (control sample).

The results for Raman spectra (Fig. 5B) show that as the 
time of silver nanoparticle immobilization increased, the 

Fig. 5  A Ultraviolet–visible 
spectra of PET membranes 
coated at 90 °C and with 
2 mL of 1% trisodium citrate 
for different immobilization 
times of 10 min (10-AgPET), 
20 min (20-AgPET), 30 min 
(30-AgPET), and 0 min (Co-
AgPET) and B Raman spectra 
of silver-coated track-etched 
PET membranes at reaction 
times (a) 10 min (10-AgPET), 
(b) 20 min (20-AgPET), and 
(c) 30 min (30-AgPET) and 
unmodified PET membrane (d) 
control (CO-AgPET) prepared 
at 90 °C using 2 mL of 1% 
trisodium citrate
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intensity of the peaks relating to the PET membrane were 
reduced with the lowest signal at 30 min as shown by the 
spectrum of 30-AgPET. The reduction of the PET peaks 
could be as a result of silver nanoparticles being coated on 
the PET membrane. The Raman spectra of silver-coated 
track-etched PET membranes (10-AgPET, 20-AgPET, 
30-AgPET) show suppressed peaks relating to the polye-
thene terephthalate membrane, and these peaks were not as 
prominent as for the unmodified track-etched PET membrane 
(Co-AgPET). The reduction in the PET peak intensities fol-
lows the trend of time of silver nanoparticles immobilization 
on the surface of amine-modified track-etched PET mem-
branes. The trend observed showed that as time of reduc-
tion reaction increased, so did the size of silver nanoparti-
cles immobilized on the surface of PET. The silver-coated 
track-etched PET membrane coded 30-AgPET was therefore 
chosen as the most suitable platform for detection of aceta-
minophen using surface-enhanced Raman spectroscopy. The 
Raman spectrum of sample 30-AgPET was chosen as base-
line because the silver-coated track-etched PET membrane 
showed the minimum peak intensities of the PET membrane 
itself. The cut-off point of immobilizing silver nanoparticles 
on modified track-etched PET membrane was set at 30 min 
because the size of silver nanoparticles of sample 30-AgPET 
fell within the average range of 58 nm as stated by Taurozzi 
and Tarabara [50].

Detection of acetaminophen using fabricated 
silver‑coated track‑etched polyethene 
terephthalate membrane as SERS platform

The moieties of acetaminophen have specific vibration 
modes that produce a Raman spectrum specific to aceta-
minophen [52]. The chemical structure of acetaminophen 
is shown in Fig. 6. Acetaminophen has functional groups 
which have peaks in its Raman spectrum, which are also 
common to other chemicals; the functional groups are 
phenyl, amide, carbonyl, and hydroxyl. Although acetami-
nophen has similar peaks to common functional groups, its 
overall Raman spectrum is specific to it only, giving its fin-
gerprint signature. The typical acetaminophen peaks identi-
fied in its spectrum are outlined in Table 4 [52].

The peaks of the Raman spectrum in Table 4 were used 
to ascertain the presence of acetaminophen on the pre-
pared surfaces of unmodified track-etched PET membrane 
(Co-AgPET), silver-coated track-etched PET membrane 
30-AgPET, and a control surface made of silver and tita-
nium oxide on a quartz support. Similar to Fourier transform 
infrared spectrum, a Raman spectrum comprises wavelength 
distribution of peaks equivalent in character to molecular 
vibrations specific to the analyte being characterized [53].

Surface-enhanced Raman spectroscopy (SERS), as an 
advanced Raman spectroscopy technique, was used to detect 

acetaminophen using silver nanoparticles as SERS active 
materials to enhance the Raman signal. The detection of 
the molecules of acetaminophen on the silver-coated track-
etched polyethene terephthalate membrane was carried out 
at ambient conditions. The Raman spectra of acetaminophen 
detected on the surface of silver-coated track-etched poly-
ethene terephthalate (PET) membrane (30-AgPET), unmodi-
fied track-etched PET (Co-AgPET), and Quartz, a silver-
coated glass surface (non-porous), are shown in Fig. 7A.

Figure 7A shows that the peak intensities are higher for the 
sample coded Quartz (a non-porous silver-coated glass) than 
that of 30-AgPET, the track-etched silver-coated track-etched 
PET membrane. In the case of the control sample, Co-AgPET, 
which is unmodified track-etched PET membrane, no char-
acteristic peaks of acetaminophen could be observed among 
the overall prominent peaks of polyethene terephthalate mem-
brane. This could be attributed to the lack of Ag nanoparticles 
to enhance the acetaminophen Raman fingerprint on the sur-
face of sample Co-AgPET membrane. When comparing the 
Raman signal intensity of acetaminophen on sample Quartz (a 
non-porous SERS surface) against 30-AgPET (a track-etched 
silver-coated track-etched PET membrane), most of the SERS 
vibrational bands on the 30-AgPET sample are rather weak. 
The limited SERS intensity and the low spectral intensities 
could be ascribed to the loss of some molecules of acetami-
nophen that leach through the track etched PET pores, indicat-
ing that a smaller pore size of the track-etched PET could be 
more suitable to prevent loss of the analyte

Figure 7B shows that the intensity of the Raman peaks 
increased with an increase in acetaminophen concentration. 
The trend agrees with what was reviewed in the literature 
that Raman peak intensity is a function of the concentration 

Fig. 6  Chemical structure of acetaminophen

Table 4  Peaks in Raman spectrum of acetaminophen

Proposed bond Spectral peak,  cm−1

C–O 854, 862, 1172
C–N 1234, 1245, 1281
C = C 1557, 1565, 1576
C = C 1611, 1615, 1623
C = O 1646, 1650
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of analyte [50]. Sample Aceta-100, which is 15.1 mg/L, 
has its acetaminophen peak intensity greater than those of 
lower concentration (Aceta-010 and Aceta-001), which were 
10 and 100 times diluted, respectively. The changes in the 
intensity of the peaks of the acetaminophen spectrum are 
consistently changing with a change in concentration. Theo-
retically, when there is a higher number of molecules on the 
surface-enhanced Raman spectroscopy (SERS) surface hot 
sites, there is a greater chance of observing medium to strong 
Raman signals [51]. This is also shown in peaks of the spec-
tra in Fig. 7B

When more acetaminophen molecules covered the sur-
face of silver-coated track-etched PET membrane, the pos-
sibility of observing a strong to medium Raman signal was 
greater. The SERS effect is provided by the localized surface 
plasmon of silver nanoparticles. The higher Raman scatter-
ing intensity could be as a result of SERS contributions from 
both electromagnetic effects and change transfer (chemical 
effects) arising from adsorption of acetaminophen molecules 
on the silver nanoparticles.

Application of spectra peaks for quantification

Theoretically, quantification of an analyte in a sample is 
possible with Raman spectroscopy since the Raman scat-
tering is proportional to the concentration of the analyte. 
The intensity of Raman scattering of a vibration mode is 
directly proportional to vibrating moieties’ concentration 
[54]. Raman spectra analysis could be used to extract infor-
mation from the peak height or area, and/or use the ratio of 
peak height or area to quantify the analyte. This could be 
possible only if spectral peaks do not overlap, and all analyte 
samples are exposed to the same conditions to be affected 
equally by undetected interference. In reference to Fig. 7B 
showing Raman spectra of concentrations 15.10  mg/L, 
1.51 mg/L, and 0.151 mg/L represented as Acet-100, Acet-
010, and Acet-001 respectively, Fig. 8 shows the trend in 
specific Raman intensity peak heights (861, 1170, 1328, and 
1608  cm−1) relative to the concentration of acetaminophen.

The general trend in Fig. 8 shows that as the concentra-
tion increased so did the peak intensity height. The differ-
ence in the trends is observed when comparing the rate of 
change amongst the specific bonds. For instance, the rate of 
change of C = C (1608) and C-0 (1170) are not consistently 
correlated to an increasing concentration, but rates of change 
for C-O (1170) and C-N (1328) had a similar trend. The 
peak intensity trend for the C-O (861) vibration showed a 
trend response. The trend of peak intensity of the C-O bond 
versus the concentration had the best possible correlation 
of the two factors. The other bond vibrations C-O (1170), 
C-N (1328), and C = C (1608) showed no regular trend and 
if extrapolated towards zero concentration they crossed the 
peak intensity axis instead of the concentration axis.

The trend line of C-O (861) when extrapolated would 
give a limit of detection of approximately 0.0755 mg/L. 
The challenge with the peak intensity heights is that the 
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Fig. 7  A Raman spectra of 1.51 mg/L of acetaminophen on the sur-
face of (a) Co-AgPET (unmodified track-etched PET) membrane, (b) 
quartz (Non-porous) membrane, and (c) 30-AgPET (silver-coated 
track-etched PET membrane). B Variation in Raman spectra inten-
sity of different concentrations: (a) 15.1 mg/L, (b) 1.51 mg/L, and (c) 
0.151 mg/L of acetaminophen in aqueous media
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proportionality does not seem to be the same for all peak 
intensity heights; that is, the peak intensity increases were 
not the same for all spectrum peaks. The finding has not 
been reported anywhere else in literature, and therefore, this 
is the first observation to have been made by this study.

Conclusion

The modification of track-etched PET membranes with tri-
amine at ambient room conditions was successfully achieved 
via a wet chemistry method. The modification of the surface 
of PET membrane was successfully confirmed by Fourier 
transform infrared and X-ray photoelectron spectroscopy. 
Silver nanoparticles were successfully immobilized on the 
chemically DETA-modified track-etched PET membrane. 
The use of diethylenetriamine provided sites on the sur-
face of the inert polymer membrane on which AgNPs were 
immobilized. The Raman spectroscopy characterization of 
the silver-coated PET membrane showed that the more sil-
ver nanoparticles were deposited on the surface of amine-
modified PET membrane. The silver-coated PET membrane 
fabricated after 30 min of nanoparticle immobilization suc-
cessfully showed Raman spectra of acetaminophen when 
dropped and dried on the surface. The reported finding 
shows potential in the use of chemically immobilized AgNPs 
on the flexible PET membrane for various applications such 
as water treatment and biotechnology for antibacterial effect 
and, the use of AgNPs as surface-enhanced Raman spectros-
copy substrates.
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