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INTRODUCTION

Abstract. In this study, the optimized adhesive formulated from polystyrene
waste was characterized for Fourier transform infrared (FTIR) spectra, Scanning
Electron Microscopy (SEM) / Energy Dispersive X-ray (EDX) spectroscopy,
solubility, density and water absorption for identification of existing functional
group(s), morphology, elemental compositions, etc. The results revealed that
polystyrene, unsaturated hydrocarbon has been degraded to form a new product
containing aromatic compounds. SEM morphology showed well mixed blended
adhesive with silver-like appearance due to additives and EDX revealed 12
existing elemental compositions with their corresponding percentage atomic
weights as follows; carbon 93.14 %, hafnium 1.44 %, vanadium 1.66 %, chromium
1.40 %, bromine 0.47 %, palladium 0.26 %, copper 0.43 %, nickel 0.31 %, cobalt
0.29 %, potassium 0.38 %, iron 0.15 % and manganese 0.08 %. The produced
polystyrene adhesive was sparsely soluble in water after 30 minutes; it has a
density of 1041 kg/m3 and does not absorb moisture. Because of these results,
the adhesive from polystyrene waste could serve as green adhesive, since there
are no threats of toxic substance emission from the spectral analysis since most
of the elements are used as a supplement in pharmaceuticals and catalyst in
process industries.

Keywords: Adhesive; Characterization; scanning electron microscopy / energy
dispersive X-ray; Fourier Transform Infrared Spectroscopy; Polystyrene Waste.

cern due to emissions from its users which
makes it not environmentally friendly, and are

The general view of the conversion of waste to
wealth is propelling researchers into the utiliza-
tion of abundant waste materials regarded as not
valuable. The use of green and non-emitting ma-
terials in providing a sustainable environment is
objectionable considering the globalization of
climate change threats. The adhesive is sub-
stances that stick to one or more substrates that
become bonded when surfaces are wetted and
covalently joined together [15, 27]. Adhesive
sources are either natural or synthetic, the natu-
ral types of adhesive are from the animal bore,
casein; plants, etc. and while synthetic are pro-
duced from industrial chemicals [15].

Most adhesives used in composites materials
production are synthetic and have medical con-
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reported carcinogenic due to the presence of
formaldehyde derivatives [3, 14, 29, 10]. In a bid
to develop environmentally friendly adhesive
devoid of any side effects, additives such as plas-
ticizers from diblend or triblend of diethylene
glycol dibenzoate and dipropylene glycol diben-
zoate are usually added for stabilization of its
properties for ease application [6, 5].

Authors [15] formulated and characterized adhe-
sive from polystyrene waste using response sur-
face optimization for their; viscosities, pH, solid
and moisture content. However; elemental com-
position, functional groups and other physico-
chemical properties were not determined to es-
tablish the potentials and safe usage of the pro-
duced adhesive.
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In this research, the best-formulated adhesive by
[15] was optimized and further characterization
for; Fourier transforms infrared spectroscopy
(FT-IR), Scanning Electron Microscopy (SEM),
solubility in water, water absorption and density
to fully understand the functional groups and
mineralogical composition of the produced adhe-
sive for sustainable green environment.

Fourier transforms infrared (FT-IR) spectra in-
strument has been used to study the existence of
different compounds in a mixture [24]. It is the
ideal process of identification and analyzing
chemical components in unknown materials,
qualitatively or consistency of samples and
amount of components in a mixture [4]. Func-
tional groups are identified within the ranges of
4000-1300 cm! bands and fingerprints are in
the ranges of 1300-400 cm-! bands when radi-
ated [7, 28, 13, 22, 8, 1, 9]. Several types of re-
search carried out in the past used FT-IR tech-
nique to study characteristic properties and func-
tional groups of different compounds [17, 21].
Authors [29] used FT-IR to characterize native
starch, oxidized starch; U-O-st adhesive and
nano-TiOz-U-Ost adhesive to determine the exist-
ing functional groups dominating during the oxi-
dation processes. Researchers [4] applied FT-IR
instrument to study the transmission spectra of
laser dye, polystyrene and Coumarin chemical
structure and bonds. Authors [10] used FT-IR to
study the “characterization of the urea-
formaldehyde (UF) resins modified with styrene-
maleic amic acid (SMAA) derivatives”. The pri-
mary major differences between the modified
and unmodified starch adhesive sample for car-
boxymethyl starch and particleboard samples
was examined using FT-IR [26]. Authors [18]
used FT-IR to study different existing functional
groups in the development of urea formaldehyde
and polystyrene waste copolymer binder for
emulsion paint formulation. Researchers [25]
study by FT-IR Technique and adhesive proper-
ties of vulcanized EPDM modified with plasma.
These are some of the studies carried out using
FT-IR in studying and evaluation of characteristic
functional group, and interpretation of organic
compounds.

A scanning electron microscope is a device that
identifies samples image by scanning with a high-
resolution energy beam of electrons in a raster
scan patterns. The electron interacts with the at-
oms that make up the samples producing signals
containing information about the surface topol-
ogy of the system, sample composition, proper-
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ties such as electrical conductivities and quanti-
tative measurement of the object [23]. It is a well-
established method of observing the morphology
of the sample adhered to materials surfaces and
the relationship between them [11]. In most
cases, the SEM is used in conjunction with the
energy-dispersive X-ray spectroscopy (EDS or
EDX) to determine the elemental composition of
a sample. Adhesive solubility would be carried
out according to the standard procedure [2, 19,
16], density [16] and moisture absorption [2, 19,
20] would be determined.

MATERIALS AND METHODS

Polystyrene waste was collected from commer-
cial outlets in Bauchi metropolis, the tackifyer
was obtained from Total Filling station, Yelwa.
The reagents used are; diphenylamine (99.9 %
purity), diethylene glycol dibenzoate (99.8 % pu-
rity) BDH Chemical and absolute ethanol (98-
99 % purity) Netherlands GPR were purchased
from a local vendor. The equipment used was
digital weighing balance model PGW 45021, me-
chanical stirrer model Heidolph 50111 and
measuring cylinders. Fourier transform infrared
model FT-IR-8400S, Schmadu and Sputter Coater
Q150T UK model.

The following processes were used in the devel-
opment of adhesive from polystyrene waste and
its characterization according to [15].

Fourier Transform Infrared Spectroscopy (FTIR)
analysis. FTIR analysis of the produced adhesive
was carried out using FT-IR-8400S, SHIMADU
model. The potassium bromide (KBr) and pro-
duced polystyrene adhesive were mixed [29, 17].
This was followed by a beam of light reflection on
the sample converted to transmission spectra for
the results within the frequency ranges of 4000-
750 cm1 [29, 28, 13]. The sample was scanned
10 times at 2 cm resolution for data precision
and accuracy.

Scanning Electron Microscope (SEM) Characteri-
zation. The SEM study was carried out in con-
junction with energy dispersive X-ray spectros-
copy (EDX) on the produced adhesive for mor-
phology and elemental compositions, using SEM
machine model sputter coater Q150T by Quorum
UK. The produced adhesive sample was first
placed on a double adhesive on the sample stub;
thereafter it was placed in a sputter coater fol-
lowed by deposition of 5 nm gold on the pro-
duced adhesive sample and finally introduced
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into the SEM machine column for analysis at dif-
ferent magnifications, and the resulted data was
stored and exported to the software [29, 26].

Solubility in Water. The produced adhesive solu-
bility in water was determined according to [2,
19]. 5 g of produced adhesive was placed in a 40
ml graduated cylinder, then followed by the addi-
tion of 20 ml of distilled water at room tempera-
ture and allowed to stay for 30 minutes by physi-
cal observation. The colour of the distilled water
was sparsely brown. After 30 minutes the pro-
duced adhesive was removed and weighed. The
new weight of the produced adhesive was weigh-
ing 4.99 g.

Density. The density of the produced adhesive
was carried out according to [16]. 5g of produced
adhesive was weighed and added to 20 ml of dis-
tilled water in the graduated cylinder, the volume
of the distilled water change from 20 to 24.8 ml.

Determination of Moisture Absorption. The mois-
ture uptake of the produced adhesive was de-
termined according to [2, 20] using the gravimet-
ric method. 5 g of Produced adhesive was

weighed and placed inside a desiccator contain-
ing a saturated solution of sodium chloride and
allowed to stay for 1 hr. After the period, the
produced adhesive was removed and reweighed
to determine the moisture absorbed, the differ-
ence between the dry and wet sample is the
amount of moisture the adhesive absorbed.

RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) Spectra of Pro-
duced Adhesive. The FTIR functional group test
result for the best-fitted adhesive showing the
absorbance spectra at different peaks as shown
in Figure 1 is presented in Table 1.

Figure 1 shows the detailed absorbance of the
spectra at different waveband. The absorbance
peaks were located in the wide range of spectral
scale between 4000-750 cm1 wavelength [13].
There are 22 peaks in the spectra spreading
across the entire wavelength showing different
functional groups.
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Figure 1 - Fourier Transform Infrared Spectra of Polystyrene Adhesive

Three peaks were located in the range of 4000-
3500 with the absorbance at (3896.34, 3703.45
and 3610.86) cm! corresponding to O-H band
stretching vibrations with free hydroxyl group
usually assigning to alcohols and phenols [17],
which could be due to the additives in the formu-
lation. Four peaks were located in the range
3500-3000 cm! with absorbance at (3402.54,
3286.81, 3209.66 and 3132.50) assign to N-H
stretching vibrations presence of amines func-
tional group due to the presence of diphenyl
amines [24, 25]. Four peaks were located in the
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region 3000-2500 cm' with absorbance at
(2955.04, 2877.89, 2746.73 and 2530.69) cm!
vibrations assign to O-H stretching usually for
carboxylic acid region, H-C=0:C-H stretching as-
sign to aldehydes region and C-H stretching al-
kanes revealed presence of saturated hydrocar-
bon produced from the oxidation of aldehydes
[28, 13].
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Table 1 - Fourier Transform Infrared (FTIR) Spectra
of Produced Adhesive

. Functional
Peaks |Intensity| Bond aroup/fingerprint
871.85 |86.945 |C-H Aromatics
1057.03|76.16 C-N Aliphatic amines
stretch
1111.03|79.475 |C-N Aliphatic amines
stretch
1234.48|80.997 |C-N Aliphatic amines
stretch
1435.09(90.128 |C-C Aromatics
stretch
(in-ring)
1720.56|78.813 |C=0 Aldehydes, satu-
stretch rated aliphatic
2152.63|99.621 |-C(triple |Alkynes
bond)C-
stretch
2746.73(93.82 H-C=0: |Aldehydes
C-H
stretch
2877.89190.83 C-H Alkanes
stretch
2955.04|89.413 |C-H Alkanes
stretch
3132.5 |89.125 |0-H Carboxylic acids
stretch
3209.66|86.617 |0-H Carboxylic acids
stretch
3286.81|84.638 |0-H Carboxylic acids
stretch
3402.54(85.202 |0O-H Alcohols, phenols
stretch,
H-
bonded
3610.86/92.01 0-H Alcohols, phenols
stretch,
free hy-
droxyl
3702.45|95.041 |0O-H Alcohols, phenols
stretch,
free hy-
droxyl
3896.34|96.364 |0-H Alcohols, phenols
stretch,
free hy-
droxyl

Three peaks were located in the region of
2500-2000 cm-! with absorbance at (2299.22,
2152.63 and 2029.18) cm! with no functional
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group assigned to the region. In the region of
2000-1750 cm, there was only a peak located
at 1944.31 cm-! absorbances without any func-
tional group assigned from the vibrated ab-
sorbance. Also, a peak was located between
1750-1500 cm' at 1720.56 cm! assigned to
amides (esters) C=0 stretching vibrational
band of aromatic compound [12]. Two peaks
were located between 1500-1250 cm at
(1435.09, 1388.79) C-C stretching (in-ring) as-
signed to the aromatics functional group [7,
12]. From the ranges of 1500-400 cm is the fin-
gerprint region [13], where three peaks were lo-
cated in the range of 1250-1000 cm with ab-
sorbance at (1111.03 and 1057.03) cm! assign to
C-N stretching vibrations band of aliphatic
amines with sharp bends at 1057.03 cm ab-
sorbances and 871.85 cm1 peaks was assign for
primary, secondary amines and aromatic N-H
wag and C-H located between 1000-750 cm
[24, 7, 28].

The results from FTIR spectra revealed the con-
version of polystyrene waste to adhesive attain-
ment was achieved. The polystyrene formation
which makes it unsaturated aromatic hydrocar-
bon had carbon=carbon double bond (C=C) func-
tional group [4] covalently joined together with
the additives to form saturated hydrocarbon
with C-C stretching aromatics and C-N stretching
aliphatic functional group. This implies that PS
structure converted to the new product due to
diphenylamine and diethylene glycol dibenzoate
additive. The presence of hindered amines anti-
oxidants in the formulation attributed to sparse
solubility of the produced adhesive in water. The
O-H functional group in the adhesive assign to
alcohols and phenols were due to the tackifier
and plasticizers covalently shared to form a
strong bond. The aldehyde identified in the band
was reduced to alcohol in the presence of anti-
oxidants resulting in carbonyl and hydroxyl func-
tional groups. Thus, the produced adhesive can
form a strong bond as it is ready to protonate the
hydroxyl bond.

The FTIR result for polystyrene adhesive is pre-
sented in Table 1 showing absorbance peaks for
the spectra.

Scanning Electron Microscope (SEM) of Polysty-
rene Produced Adhesive. Figure 2 presents the
SEM microstructure of produced adhesive from
polystyrene waste.
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Figure 2 - Scanning Electron Microscopy of Polystyrene Adhesive

The scanning electron microscopy (SEM) of the
produced polystyrene adhesive (PPA) was car-
ried out as presented in Figure 2. The micro-
graph formation of the produced adhesive was in
a smooth form with some spherical particles
smoothly aggregated together in silver like ap-
pearance. From Figure 2, it can be adjudged that,
the additives plasticizer (diethylene glycol diben-
zoate) and antioxidant (diphenylamine) blended
adequately to maintain its plastic nature. The
produced adhesive with low moisture content

P a——

shows disappearance of water bubbles on the
morphology, this has also contributed to the sta-
bility of the adhesive and improved properties
for a green adhesive using green plasticizer in the
stabilization [5].

Energy Dispersive X-ray (EDX) of Polystyrene Pro-
duced Adhesive. Figure 3 presents the EDX spec-
tra of the produced adhesive from polystyrene
waste.

[ 1
5,379 counts in 30 seconds

2 3 4

3 6 7

Figure 3 - Energy Dispersive X-ray Spectra of Polystyrene Adhesive
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EDX spectrum analysis of the produced adhesive
was carried out to identify the existing elemental
compositions for their toxicity and friendliness.
This is because most adhesive used in compos-
ites and particleboard productions are not
friendly as they are carcinogenic [3]. The EDX
spectra identified 12 elements in the produced
adhesive as presented in Table 2. These elements
are; carbon being the dominant, hafnium, vana-
dium, chromium, bromine, palladium, copper,
nickel, cobalt, potassium, iron and manganese.
Some of these elements have been used as sup-
plements in pharmaceutical and catalyst respec-
tively.

Table 2 - Elemental Composition of Produced
Adhesive from Polystyrene wastes

Conc. Conc.
Symbol Name Atomic, % | Weight, %
C Carbon 93.14 66.29
Hf Hafnium 1.44 15.19
V Vanadium 1.66 5.02
Cr Chromium 1.40 4.33
Br Bromine 0.47 2.25
Pd Palladium 0.26 1.62
Cu Copper 0.43 1.62
Ni Nickel 0.31 1.07
Co Cobalt 0.29 1.00
K Potassium 0.38 0.87
Fe Iron 0.15 0.50
Mn Manganese 0.08 0.25

100.00 100.00

Elemental Compositions of Polystyrene Produced
Adhesive. The elemental composition of produced
adhesive from polystyrene waste is presented in
Table 2 showing various elements existing from
the investigation.
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