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ARTICLE INFO ABSTRACT
Artlc!e history: any industries, particularly the oil and gas industry, extensively
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. . use metallic materials. However, steel is negatively impacted
Final Revised: 24 Mar 2023 . . - .
by corrosion, which decreases the functioning of its surfaces.

Accepted: 27 Mar 2023

i : Therefore, finding a solution to the corrosion challenge is imperative. To prevent
Available online: 19 Aug 2023

mild steel from corroding in a 1 M hydrochloric acid medium, a Schiff base

Keywo.rds:. o named methyl 5-(((((2-hydroxynaphthalen-1-yl)methylene)amino))-1-methyl-1H-
Cor_r05|on inhibitor pyrazole-4-carboxylate (MMPC) was utilized. Weight loss measurements and
Schiff base theoretical calculations were conducted to explore the effectiveness and
MMPC mechanism of corrosion protection. MMPC adsorbs onto mild steel, blocking
Pyrazole active sites, and the adsorption follows the Langmuir adsorption isotherm model.
DFT Based on a free energy (AGZ,,) value of -37.25 KJmol™, physical adsorption and
chemical adsorption are two separate adsorption modes. At a concentration of
0.5 mM and 303 K, the findings demonstrate that MMPC showed an excellent
inhibitor effectiveness of 97.13 %. The acid reaction site is blocked by the
inhibitor adsorbed onto the mild steel surface. Density Functional Theory (DFT)
at the B3LYP/6-311 G basis set was also used to determine the effectiveness of
the inhibitor, and the results demonstrated that MMPC is an effective inhibitor.
Prog. Color Colorants Coat. 16 (2023), 319-329© Institute for Color Science and
Technology.
1. Introduction utilized in various manufacturing processes, such as

scaling, cleaning (oil well cleaning), and pickling [3].
Anticorrosion technology is a realistic, reliable, and
economical corrosion reduction technology [4].
Effective corrosion inhibitors should greatly reduce the
rate of metal corrosion during acidifying treatments.
Corrosion inhibitors are adsorbed onto the metallic
substrate to inhibit corrosion through their active

Due to its superior mechanical and thermal properties,
mild steel is one of the most significant steel alloys
used in various sectors to build factories, appliances,
storage facilities, and more [1]. However, because of
how quickly mild steel corrodes when exposed to
acids, corrosion prevention is of great industrial and
scientific interest [2]. Corrosive environments are

*Corresponding author; * dr.ahmed1975@ukm.edu.my
dr.ahmed1975@gmail.com
Doi: 10.30509/pccc.2023.167081.1197
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functions. Several natural substances are used as
corrosion inhibitors due to the well-documented risks
associated with most synthetic corrosion inhibitors [5].
Corrosion inhibitor engineering is developing from the
perspective of environmental sustainability. Green
inhibitors, which are more ecologically responsible, are
currently the subject of recent rules everywhere [6].

Hazardous compounds used as corrosion inhibitors,
such as triazoles, heterocyclic rings, chromate ions, and
molybdate ions, are believed to significantly slow
corrosion rates. However, they contain carcinogenic
compounds that kill plants and animals, heavy metals
that wash into streams and ruin ecosystems, and are
often very expensive to dispose of after being used in
metal pipes. As a result, the usage of novel inhibitors
with fewer side effects has increased due to concerns
about toxicity, degradability, bioaccumulation, and
affordability [7]. The much more significant and
effective strategy for preventing iron corrosion is the
application of organic inhibitors [8]. Widely utilized
organic inhibitors include aromatic rings, double and
triple bonds, nitrogen, sulfur, and oxygen as
heteroatoms [9]. The effectiveness of such chemical
compounds in preventing corrosion depends on their
ability to remove adsorbed water molecules at the
interface and create a tight protective film that shields
the metal surface from the corrosive fluid [10]. The
amount of adsorption is influenced by these organic
molecules' molecular weight, projected surface area,
and heteroatom content [11, 12].

Most of these substances have a poisonous character
and stick poorly to metal surfaces. Therefore, in this
study, a Schiff base (Figure 1) was assessed as a mild
steel corrosion inhibitor in a 1 M HCI solution. The
effects of concentration (0.1, 0.2, 0.3, 0.4, 0.5, and 1
mM), immersion duration (1, 5, 10, 24, and 48 h), and
temperature (303, 313, 323, and 333 K) on the corrosion
inhibition ability of the Schiff base were investigated
using weight loss techniques. The evaluated Schiff base

was subjected to computational investigations using
density functional theory (DFT) to validate and support
the experimental findings. The article presents a study
on the use of a Schiff base named MMPC as a corrosion
inhibitor for mild steel in a 1 M hydrochloric acid
medium. The study combines experimental techniques
such as weight loss measurements with theoretical
calculations using Density Functional Theory (DFT) to
explore the effectiveness and mechanism of corrosion
protection. The objective of the article is to present the
findings of the study on the effectiveness of MMPC as a
mild steel corrosion inhibitor in a 1 M HCI solution. The
investigation includes analyzing the effects of
concentration, immersion duration, and temperature on
the corrosion inhibition ability of the Schiff base, using
weight loss techniques. The study also validates and
supports the experimental findings with computational
investigations using DFT.

2. Experimental

2.1. Materials and methods

The sample company provided the mild steel used in
this research, and Table 1 specifies the element content
by composition (by wt. %). The steel was cut into
measurements of 35x20x4 mm and cleaned with
silicon carbide paper. After treatment with acetone as a
cleaning agent, the steel was rinsed with double
distilled water and oven-dried before being weighed.

N= o)
~CH
o)

_N
HC?

oes

Figure 1: The structure of MMPC.

Table 1: Shows the weight percentage chemical composition of the metallic substrate.

Balance 0.09 % 0.05 % 0.01 %
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2.2. Weight loss techniques

The metallic substrate was subjected to untreated and
treated solutions of 1 M HCI. The treated solution had
the tested inhibitor with concentrations of 0.1, 0.2, 0.3,
0.4, 0.5, and 1.0 mM. Exposure durations were 1, 5, 10,
24, and 48 hours at 303 K. To study the effect of
temperature, the inhibited and uninhibited solutions were
investigated for 5 hours at solution temperatures of 313,
323, or 333 K in accordance with NACE TM0169/G31
[13]. The tested coupons were then removed and treated
in line with ASTM standard G1-03. Continuing the
computations, the mean mass loss was used to calculate
the rate of corrosion [14]. The rate of corrosion (Cg), the
inhibitory performance (IE %), and the surface coverage
(0) were determined using Equations 1-3 [13,14]:

Cr (mg.cm'z.h'l)=¥ (D)
IE %=1 - ZLI:“]xloo @)
—1. R

0=1- = 3)

0

where W is the mass loss of metallic substrate
(mg), a is the area of investigated coupon (cm?), t is
the immersion durations (h) [13, 14].

2.3. Theoretical calculations

The molecular modeling computations were carried out
using Gaussian 09 [15]. The inhibitor structure in the
gas phase was optimized using the B3LYP method and
the principle group "6-31G™ (d,p)". According to
Koopman's hypothesis [16], the ionization potential (1)
and electron affinity (A) correspond to Eygmo and
Eromo, respectively. The ionization potential and
electron affinity were calculated using equations 4 and
5, respectively:

I=-Exomo Q)

A=-Er om0 5)

To determine the hardness (n), softness (o), and
electronegativity (y), utilize equations 6-8:

+A

=5 (6)
L )
o=n"! 8)

To calculate the proportional number of transported
electrons (AN), [16] can utilize equation 9:

_ _XFe ~ Xinh
AN 2(MpetMigh) ©

Thus, xr. and y;,, referred to iron and inhibitor
electronegativities, whereas 1y, and n;,, signify to
iron and inhibitor hardness respectively.

For the metallic substrate the value of AN was
determined based Equation 10, and the yz, =7 eV, ng.
=0eV [16]:

_ 7~ Yinn
AN=—-nh 10
2(Mipp) (10)

3. Result and Discussion

3.1. Weight loss investigations

Figure 2 presents an overview of the weight loss assay
results for metallic samples in HCI without and with
the addition of MMPC. The findings show that MMPC
protects the coupon surface from corrosion, and its
ability to do so increases with its concentration. For a
5-hour exposure, the corrosion rate was slowed down
by increasing the MMPC concentration. The maximum
inhibitory potency concentration (97.13 %) was
observed at 0.5 mM MMPC. It is believed that the
large molecular structure of MMPC and the abundance
of heteroatoms (three nitrogen atoms plus three oxygen
atoms) contribute to the strong inhibitory ability of the
material [15].

The corrosion inhibition performance of MMPC
was enhanced by increasing its dosage up to 0.5 mM as
the MMPC molecules were adsorbed onto the metal
sample surface to form a protective barrier. However,
when inhibitor concentrations climbed above 0.5 mM
and approached 1.0 mM, the inhibitor molecules were
attracted to the surface of the steel substrate, virtually
retaining the inhibitory efficiency constant.

3.2. The effect of exposure time

The metal substrate was exposed to an HCI solution
with inhibitory concentrations ranging from 0.1 to 1.0
mM for 1 to 48 hours at 303 K to examine the effect of
exposure duration on the corrosion inhibition efficacy
of MMPC (Figure 3). Up to 10 hours of immersion

Prog. Color Colorants Coat. 16 (2023), 319-329 321
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time, rapidly increasing damping efficiency was
observed. After that, it decreased steadily to 24 hours,
and then more rapidly to 48 hours. By increasing the
amount of MMPC adsorbed on the mild steel surface as
a result of increasing the concentration and exposure
time, the inhibitory efficiency was increased.
Additionally, as even more inhibitor molecules were
adsorbed on the metallic substrate, the inhibitor's
adsorption density notably rose, enabling both VVan Der

Cp(mg.cm™2.h™")

Waals forces (physisorption) and the formation of
coordination complexes (chemisorption). If some
inhibitor molecules leave the surface, the effective area
that the inhibitor covers and the inhibitory activity may
both be lowered. Evidence that the inhibitor layer
adsorbed in the inhibited media comes from the
comparatively high inhibitive efficacy observed over
the prolonged immersion period.

0 L] L
0.0 0.2 0.4

100
l
I 8
I— (4]
I
—B—-C; L6o §
I e
—HE—]IE J =
I L]
I 40
L
I 20
|
) ; Lo
0.6 0.8 1.0

C (mM)

Figure 2: Cr vs IE % for various MMPC concentrations of metallic substrate subjected to corrosive media for 5 hours at

100

CR(mg.cm_2.h_1)

00

80

_70

TE(%)

- 60

- 50

0.2 T T
0.2 0.4

T 40

0.6 0.8 1.0

Cinh (mM)

Figure 3: Various dosages effect of MMPC on the Cr and IE % of metallic substrate immersed in 1 M HCI solution for 1
to 48 h at 303 K.
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3.3. The effect of temperature

The weight loss method was utilized to investigate the
corrosion inhibitory effectiveness of MMPC on mild
steel under acidic conditions with various concentrations
(0.1-1.0 mM) at different temperatures (303-333 K) after
5 hours of exposure. As shown in Figure 4, at a constant
inhibitor concentration, the corrosion rate increased with
increasing temperature, while the effectiveness of
corrosion protection decreased as the temperature rose
from 303 to 333 K. At normal temperatures, MMPC
performed optimally. Physisorption was observed, with
a decrease in inhibitory activity as the temperature
increased at all concentrations. Additionally, at high
temperatures, desorption occurs, resulting in the loss of
MMPC molecules from the surface of the sample.

3.4. Adsorption isotherm

The comprehension of the interaction between the
inhibitor molecules and the metallic substrate is made
easier by the adsorption temperature. The surface
coverage (6) value, obtained by graphemetrical
measurments, was used to decide which isotherm best
fits the data. To ascertain if MMPC molecules attested
inhibitor to the surface of the metallic substrate
physically or chemically, a number of adsorption
isotherms, including the Temkin, Freundlich, and

1.2 q

Langmuir isotherms, were utilized to analyze the
adsorption mechanism. The regression coefficient (R?)
for the MMPC of 0.9989 and the computed slope and
intercept values for the Langmuir isotherms of 9.591E-4
+ 2.21372E-5 and 0.05926 + 0.01125, respectively at
303 K, show that the Langmuir absorption isotherms
appear to suit the data well. Equation 12 and the
isothermal plot of Langmuir absorption between C/6
and C are shown in Figure 5

C
0 Kags

1 (12)

where C is the concentration of MMPCs and K4,

which stands for surface area, is the equilibrium
constant.

To use the K,, value and a linear straight fitted

plot between C/6 and C, the free energy of adsorption,

AG

215, Was computed. K 45 and AG2,, are connected

by equation 13 in this way.

AG

ads = —RT In(55.5K ;45) (13)

where T is the temperature, R is the gas constant,

and 55.5 is the water content measurement. The "K, 4"
constant was added to the calculation above to produce
the "AG2,," value.

- 100

TE(%)

ol.6
Cinh (mM)

0.8 1.0

Figure 4: Various dosages effect of MMPC on the Cr and IE % of metallic substrate immersed in 1 M HCI solution for 5 h

at 303-333 K.
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1.2 4
= 303 K (R?=0.9989; Intercept=0.0592)
® 313 K (R?=0.9977; Intercept=0.0764) b ¢
1.0 4 323 K (R?=0.9967; Intercept=0.0955) ~m
v 333 K (R?=0.9936; Intercept=0.1032) !
0.8
@ =
o 0.6+ - x
X
0.4 )
- al
0.2 4 ==
2
0.0 T T T T T
0 200 400 600 800 1000
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Figure 5: Langmuir adsorption isotherm for metallic substrate in acidic solution at different temperatures.

A value of AGJ,;, approximately or even less
negative than -20 kJmol™ suggests physisorption, but a

value of AGY,, ranging from -40 kJmol™ and larger
negative value suggests chemisorption [22, 23].
Physical adsorption and chemical adsorption are two
separate adsorption modes, according to the MMPC

AGS,, value of -37.25 kImol ™.

3.5. DFT calculations

Numerous applications use density functional theory
(DFT) to assess the effectiveness of inhibitors and the
behavior of the coupon surface. In this study,
geometrical optimization of the tested inhibitor
molecule was performed using the DFT/B3LYP
approach with the basis set 6-311G*(d,p) and
Gaussian 09. Quantum chemical descriptors were
calculated using the optimized geometry to determine
the ionization potential (IP) and electron affinity (EA).
Figure 6 displays the structure of the optimized tested
inhibitor molecule. Quantum chemical calculations are
frequently employed to explore the reaction
mechanism process, which has been verified as an
effective way to prevent corrosion activities of
chemicals in connection to their electronic structure
[17-19]. As a result, the effectiveness of the tested
inhibitor to resist corrosion has been studied. Table 2
shows the wvalues of the quantum chemical
characteristics, which include Enomo, ELumo, AE, x
(Electronegativity), Softness (o), and Hardness (). The
frontier orbitals play an important role in understanding
the reactivity of chemical compounds when

324  Prog. Color Colorants Coat. 16 (2023), 319-329

determining the corrosion behavior of any organic
substance [20]. The values for Exomo, ELumo, and AE
are -9.067, -4.203, and 4.864 eV, respectively. A lower
ELumo is accountable for mild steel's ability to receive
electrons into the vacant d-orbital of the inhibitor, and
a lower E boosts corrosion efficiency. Epomo IS
responsible for the compound's ability to donate
electrons; the higher the E _ymo, the better the
compound's donating potential. This determines the
covalent bond's polarity and the distribution of charges
that enable molecules to adsorb on metallic surfaces,
making the tested inhibitor an effective corrosion
inhibitor. The electronegativity (y) value of 6.635 eV,
which explains how the molecule attracts electrons
toward itself, and a higher electronegativity leads to
better inhibition efficiency, are other quantum chemical
property values that help to explain the potential of the
tested inhibitor as a corrosion inhibitor. The computed
values for the ionization energy (I), hardness (1),
softness (o), and electron affinity energy are shown in
Table 2 as 9.067, 2.432, 0.41118, and 4.203 eV,
respectively. A greater Enomo Offers low ionization
energy and electron affinity, which leads to improved
inhibition efficiency. As a result, the tested inhibitor is
a better inhibitor to corrosion on mild steel. lonization
and electron affinity describe the properties of
compounds based on electron density. Additionally, the
hardness and softness listed in Table 2 were verified.
This information illustrates the compound's molecular
stability and reactivity and is favorable for preventing
corrosion on mild steel.
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Table 2: Quantum chemical parameters of tested inhibitor molecule.

inhvitor | Evovo | Buwo |08 | x | o | 1| A oV

MMPC -9.067eV  -4.203eV  4.864 eV

6.635

0.41118

2.432 9.067 eV  4.203 eV 0.075

Optimized structure
Figure 6: Optimized structure, HOMO, and LUMO for the AAQQQ4 tested inhibitor molecule.

3.6. Mechanism of inhibition

Corrosion is the process by which materials deteriorate

due to chemical reactions with their environment,

typically involving oxidation or reduction reactions.

Corrosion inhibitors are substances that can be added

to a system to prevent or slow down the corrosion

process [21-23].

Organic synthesized inhibitors are a common type
of corrosion inhibitor that work by forming a protective
film on the metal surface, which helps to prevent or
slow down the corrosion process. The mechanism of
corrosion inhibition by organic synthesized inhibitors
can be explained in the following steps:

1. Adsorption: The inhibitor molecules adsorb onto the
metal surface by weak chemical forces, such as Van
der Waals forces, electrostatic forces, and hydrogen
bonding. The adsorption process is influenced by
factors such as the chemical structure and size of the
inhibitor molecules, the nature of the metal surface,
and the pH and temperature of the solution.

2. Formation of a protective film: The adsorbed inhibitor
molecules react with the metal ions and other species
in the corrosive environment to form a protective film
on the metal surface. This film acts as a barrier
between the metal and the corrosive environment,
preventing or slowing down the corrosion process.

3. Inhibition of cathodic and anodic reactions: The
inhibitor molecules can also inhibit the cathodic and
anodic reactions that occur during the corrosion

HOMO

LUMO

process. For example, the inhibitor can block the
reaction sites on the metal surface where oxygen
reduction occurs during the cathodic reaction. This
inhibition reduces the rate of the corrosion process.

The effectiveness of an organic synthesized

inhibitor depends on a number of factors, including the
chemical structure of the inhibitor, the concentration of
the inhibitor in the solution, and the nature of the

corrosive environment.

These factors need to be

optimized to achieve the best corrosion inhibition
performance.

Using weight loss measurements, it was observed

that the chemical azomethine forms protective films
against mild steel corrosion in hydrochloric acid

medium. The

inhibition efficiency increases with

higher inhibitor concentrations. When 0.5 mM of the
inhibitor was present at 303 K for 5 hours of
immersion, the material showed a protective capacity
between 65 and 97 %. The investigated inhibitor
utilizes the Langmuir model, which takes into account
both decomposition and chemisorption adsorption at
the metal interface. Figure 7 illustrates the adsorption
of an imine molecule on the metal surface, showing the
chemical attraction of the unshared electron pairs of the
azomethine molecule to the unoccupied iron d-orbitals
of the metallic substrate surface, as well as the
electrostatic attractions of the negatively charged steel
surface.

Prog. Color Colorants Coat. 16 (2023), 319-329 325
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Figure 7: The suggested mechanism of tested inhibitor molecule on mild steel surface in in corrosive solution.

Inhibitor concentration 0.5 mM;
Mild steel; 1 M HCI solution;
Immersion time 5 h.
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Figure 8: Comparison between several synthesized organic corrosion inhibitors.

3.7. Comparison studies inhibitors. The chart displays the inhibitors' inhibition
efficiency as a percentage, with a higher percentage
indicating a more effective inhibition. The inhibitors
are identified on the x-axis, and the y-axis represents
the percentage of inhibition efficiency.

The comparison enables us to determine which
synthesized organic corrosion inhibitor is the most
effective at inhibiting corrosion. This information can
help in selecting the most suitable inhibitor for specific

In this research, we conducted a comparative analysis
of the inhibitory effectiveness of various organic
corrosion inhibitors that have been previously
synthesized and published [24, 56]. We evaluated the
inhibitory efficiency of each inhibitor and presented
our findings in Figure 8.

Figure 8 provides an overview of the inhibition
efficiencies of several synthesized organic corrosion
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applications, such as in the chemical, petroleum, or
manufacturing sectors. Furthermore, the study's results
may offer insights into the mechanisms of corrosion

inhibition and guide future research and

development of corrosion inhibitors.

4. Conclusions

In conclusion, the research findings show that MMPC
is an effective inhibitor for preventing the corrosion
of mild steel in a 1 M hydrochloric acid medium. The
use of weight loss measurements and theoretical
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and nano carbon (CN) implanted in PVC matrix were produced by casting

technique. The influence of nanomaterials (CNT+CN) was studied on the
optical properties and structure of PVC nanocomposite thin films (PVC-CNT,
PVC-CN, and PVC-CNT-CN) by utilizing a microscope, AFM device, and
computerized diffused reflectance of UV-Visible. The energy gap, absorption
coefficient, reflectance, extinction factor, refractive index, and urbach energy have
been studied. The reflectance and transmittance of the nanocomposite thin films
(PVC-CNT, PVC-CN, and PVC-CNT-CN) were decreased compared with blank
PVC after being dispersed (CNT+CN) in the PVC matrix. The dielectric constant
and conductivity of nanocomposite thin films also increased after adding
nanomaterials (CNT+CN). The direct energy gap and indirect energy gap were
decreased for the nanocomposite thin films (PVC-CNT, PVC-CN, and PVC-CNT-
CN) compared with the energy gap of blank PVC, where, urbach energy of
nanocomposite thin films (PVC-CNT, PVC-CN, and PVC-CNT-CN) increased
after addition the nanomaterials (CNT+CN) to the PVC matrix. The SEM images
were used to show the shape of carbon nanotube (CNT) and nano carbon (CN).
The surface topography was tested by the AFM device and it found the roughness
of the nanocomposite thin films (PVC-CNT, PVC-CN, and PVC-CNT-CN) were
increased compared with the blank PVC. The application of nanocomposite thin
films (PVC-CNT, PVC-CN, and PVC-CNT-CN) was used in many applications like
optical clarity, high mechanical strength, and thermal gas barrier. Prog. Color
Colorants Coat. 16 (2023), 331-345© Institute for Color Science and Technology.

I n this paper, the new nanocomposite thin films of carbon nanotube (CNT)

1. Introduction

The production of plastic

is vastly utilized in

plastic that is used as a polymer in many research
applications, it has a simple modification, cheap thermo-
plastic, economic formation, and flame retardancy,

communication cable packaging, medical fields, food
packing, and in many fields due to outstanding their
mechanical and chemical resistance with lightweight and
lower cost [1]. Poly(vinyl chloride) is the one type of

thereby used in thin films [2]. Therefore, PVC at high
temperatures is unsteady out of the application in
molding, consequently, the addition of reinforcement
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material to be stabilized and through the processing [3].
The reinforcement materials such NPs as titanium oxide
(TiOy), chromium oxide (Cr,0s), cobalt oxide (Coz0,),
nickel oxide (NiO), copper oxide (CuO), graphene (Gr),
multi-walled nanotube (MWNT), carbon nanotube
(CNT), and carbon nano (CN) are added to polymer
structure enhanced its properties via preparing new
nanocomposite of polymer PVC, that it is used in optical
clarity, high mechanical strength, thermal gas barrier [4-
7].

In the present work, the nanocomposite thin films of
PVC are reinforced by carbon nanotube (CNT) and
carbon nano (CN), which is regarded as a nanofiller
material inside the PVC matrix. So, the single-walled
carbon nanotube (CNT) has extraordinary properties that
are utilized in many applications as a nanofiller in the
nanocomposite, when adds to the PVC structure and
gives it electrical transport properties and high thermal
stabilization [8, 9]. MWCNT was used in PVC matric
that dissolved in THF to study the effect of thermal,
electrical, and dispersion within the PVC structure [10].
The nanocomposite-MWCNTs were synthesizes and
dissolved in THF and cast as a film, where the addition
of MWCNTSs increased the electrical conductivity for
these nanocomposite thin films due to the change in
PVC structure and penetrate MWCNTs within PVC
lattice [11]. Likewise, PVC-nanocomposite thin films
have been prepared with various contents of MWCNTSs,
these thin films are hit by plasma irradiation to give a
fine dispersion of MWCNTSs within the PVC matrix.
the resulting thin films gained good AC electrical
conductivity, thermal stability, and a good dielectric
constant layer [12, 13]. But regarding of carbon nano
(CN) is used in the present work with carbon nanotube
(CNT) to improve the structure of PVC. The thin
films which were fabricated give nanocomposite good
electrical conductivity with high absorption.

The present work aims to fabricate thin films
consisting of PVC-CNT, PVC-CN, and PVC-CNT-CN
and study the effect of CNT and CN on the PVC
structure to show the optical properties of these films,
compared with blank PVC. These thin films with
nanomaterials improved the absorbance, refractive
index, energy gap, dielectric constant, and urbach
energy. To our knowledge, there is no one using carbon
nano (CN) with PVC. the SEM device was used to
show the shape of carbon nanotube (CNT) and nano
carbon (CN). The nanocomposite thin films (PVC-
CNT, PVC-CN, and PVC-CNT-CN) are used in many
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applications like optical clarity, high mechanical
strength, and thermal gas barrier.

2. Experimental

2.1. Materials

The material of pure PVC bought from Turkey,
Istanbul (PetKim Petrokimya), carbon nanotube, and
carbon nano have been synthesized in the lab.

2.2. Synthesis carbon nanotube and nano
carbon

The carbon nanotube (CNT) and carbon nano (CN)
were synthesized in the lab. Primely, preparation of
carbon nanotube (CNT) by taking 1 g of reeds with 3 ¢
from NaOH (1:3 wt. %), they were mixed and put in
the furnace at 550 °C for 1 h, every 1 min raise the
temperature 10 °C, at this degree the calcination has
happened. The output was cooled at room temperature
and washed with hot water many times using Hcl to
normalize the pH degree (pH=7) and get rid of NaOH,
then the wetted mass was left to dry at 80 °C for 12 h.
Secondly, the same method above was used to produce
nano carbon (CN), but the difference was in burning
the reeds with NaOH at 700 °C for 3 h in the furnace. A
scheme (1) shows the synthesis of carbon nanotube
(CNT) and carbon nano (CN) in different temperatures
of calcination.

2.3. Preparation thin film

The PVC nanocomposite thin films were prepared in
these steps. In step one, the blank PVC thin film was
produced with 1 g of PVC in 100 mL of THF to be 1 %
wt. of the mixture. The mixture is blended with a stirrer
and raised the temperature to 75 °C, then the solution is
poured into the glass template. In step two, the
nanocomposite thin film of (PVC+CNT) was prepared
by taking 0.05 g from carbon nanotube (CNT) added to
the PVC mixture and blended by a stirrer and then in a
sonication device to dissolve the CNT with the mixture.
Finally, in step three, the nanocomposite thin film of
(PVC+CN) was prepared at the same method by taking
0.05 g from the carbon nano (CN) to the PVC mixture.
The nanocomposite thin film (PVC+CNT+CN) was
prepared by taking (0.025CNT+0.025CN) with a PVVC
mixture. All these nanocomposite films were poured into
a glass template 40 pum thick and were left under vacuum
circular glass, to protect these thin films from any
environmental effect. Scheme 2 shows the preparation of
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synthesis the nanocomposite thin films of PVC with
CNT and CN.

2.4. Characterization techniques devices

The samples were inspected by the reflectance device
Avantes (DH-S-BAL-2048, UV-Visible Spectro-2048)
in the wavelength range (250-1300 nm) for 0.5 step
wavelength. The microscope image MK 1000 and
MENJI equipped is inspected with central processor
controller with INSTEC hot stage, that was connected
to Lumenera color, that have 20x magnifying powers.

)

’ g =
s

o v

Ny

1g of reed+3g of NaOH
(1:3 wit.%)

Calcination temperature 550 °C for
1 h with heating rate 10 *C per min

a) Stages to prepare
carbon nanotube

("; 31 £ 2
V Carbon nanotubes | = = '.I'he moist material
- ~ o | | dried at 830 °C for12 h

=2

[+

- g =
o

o o

1g of reed+3g of NaOH
(1:3 wt.%)

Calcination temperature 700 °C for
3 h with heating rate 4 °C per min

b) Stages to prepare

It used for signify the morphology of the surface. The
AA2000 AFM device is employed to assign the
particles size of roughness for the blank PVC and
PVC-CNT, PVC-CN, PVC-CNT-CN nanocomposite
thin films.

The scanning electron microscopy (SEM) S50
with a low vacuum (3 nm at 30 kV SE) was used to
show the shape after burned, where the carbon
nanotube after calcination at 550 °C shown in Figure 1la
and nano carbon after calcination at 700 °C shown in
Figure 1b.

The mixture has been rinsed by a hot water
and neutrilized by hydroshloric acid (HCL) | ————
to get pH=7 and get red NaOH

- v

The mixture has been rinsed by a hot water
and neutrilized by hydroshloric acid (HCL) | se———
to get pH=7 and get red NaOH

nano carbon

Coory . )
Nano carbon | s feen| .
f— e e | | dried at 30 °C for 12 h

The moist material

Scheme 1: Described the stages to synthesis: a) carbon nanotubes (CNT) and b) nanocarbon (CN).

i
- — —

1 g PVC+100 ml THF

with stirrer at 75 °C
solution

Drop casting

Nanocompodite
thin films of PVC

Scheme 2: Synthesis the nanocomposite thin films of PVC with carbon nanotube (CNT) and carbon nano (CN).
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Figure 2: Reflectance variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN).

3. Results and Discussion

3.1. Reflectance of the nanocomposite thin films
(blank PVC, PVC-CNT, PVC-CN, and PVC-
CNT-CN)

The reflectance of the nanocomposite thin films (blank
PVC, PVC-CNT, PVC-CN, and PVC-CNT-CN) can be
shown in Figure 2. Figure 2 shows the variation of
reflectance with wavelength for the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and PVC-
CNT-CN), it can see the curves of reflectance initiated
from a high value in the UV region and declines to a
lower value in the visible region. Therefore, after the
visible region (400>A>600), all curves of reflectance
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600
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are continued invariant when shifted to a higher
wavelength. The best nanocomposite thin film is PVC-
CNT-CN has a lower value of reflectance compared
with other curves and blank PVVC [14, 15].

3.2. Absorption coefficient of the nanocomposite
thin films (blank PVC, PVC-CNT, PVC-CN,
and PVC-CNT-CN)

The absorption coefficient («) of nanocomposite thin
films was studied between 250-1300 nm of the incident
wavelength. The variation of absorption coefficient («)
with the wavelength of the nanocomposite thin films
(blank PVC, PVC-CNT, PVC-CN, and PVC-CNT-CN)
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can be shown in Figure 3.

The absorbance coefficient (o) of the nanocomposite
thin films (blank PVC, PVC-CNT, PVC-CN, and PVC-
CNT-CN) is calculated from equation 1 [15-17]:

a=2303%%... 1)

Where (a) absorbance coefficient (cm™), (A)
absorbance value, (t) coating thickness (cm).

It is obvious from Figure 3 that the absorption
coefficient () increases as a content of nanoparticles
(CNT+CN) is founded in the PVC matrix, because
these nanoparticles improves the matrix of PVC and

drives to increase in the absorption after the absorption
edge between the wavelength range (500>A>600) of the
thin films. Thereby, all the absorption coefficient
curves have high absorption after doping PVC with
(CNT+CN) [18].

3.3. Transmittance of the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN)

The transmittance of the nanocomposite thin films

(blank PVC, PVC-CNT, PVC-CN, and PVC-CNT-CN)
are demonstrated in Figure 4.

—=—PVC
.~ 450 q|——PVC+0.05 CNT
= —e— PVC+0.05 CN

S 400 4|—— pvC+0.025 CNT+0.025 CN

YT

300 400 500 600
Wavelength (nm)

Figure 3: Absorbance coefficient variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT,
PVC-CN, and PVC-CNT-CN).
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—e— PVC

—o— PVC+0.05 CNT
—s— PVC+0.05CN
—0— PVC+0.025 CNT+0.025 CN
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Figure 4: Transmittance variation with wavelength for the nhanocomposite thin films (blank PVC, PVC-CNT, PVC-CN,
and PVC-CNT-CN).

Prog. Color Colorants Coat. 16 (2023), 331-345 335



A. M. Abdullah et al.

It can be seen from Figure 4 that the transmittance of
the blank PVC is 90 %, but the other curves that doped
with nanoparticles (CNT+CN) decreased to be lower
value when is shifted to a higher wavelength. This due to
existence of nanoparticles (CNT+CN) in the PVC
matrix. Also, can see from Figure 4 the interference of
nanoparticles inside the PVC decreased the
transmittance and be about 20 % for the nanocomposite
thin film PVC-CNT-CN, which is be the best thin film
compared with other curves [19].

3.4. Refractive index of the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN)

The propagation of the wavelength inside the thin films
is displayed by the refractive index, therefore, the
refractive index depends on the reflectance. Then, it is
computed from equation 2 [20]:

1+R 4R
n= [E] + /(1_R)2 — k2. )

Where (n) refractive index, (R) reflectance, and (k)
extinction factor. The refractive index (n) is displayed
in Figure 5 of the nanocomposite thin films (blank
PVC, PVC-CNT, PVC-CN, and PVC-CNT-CN).

17

Figure 5 shows the refractive index of
nanocomposite thin films (blank PVC, PVC-CNT, PVC-
CN, and PVC-CNT-CN), it is obvious that the refractive
index (n) increases to be maximum value in the UV
region. Then decreases in the visible region and be
continuous invariant along the wavelength shifted to
higher values. The refractive index increases from value
1.5 to 2.5 at (A=600 nm), the increasing in refractive
index (n) for all the curves have nanoparticles of
(CNT+CN) compared with blank PVC, this due to the
density of (CNT+CN) nanoparticles packed in PVC
structure [21].

3.5. Extinction factor of the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN)

The important factor that demonstrates the light loss
during the absorption and scattering inside the thin
films called by extinction coefficient (k). it is computed

from equation 3 [22]:
al

k=% 3)

4n’

Where, (1) wavelength (cm), («) absorption
coefficient (cm™).

16 4
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14 4
c 13-
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Figure 5: Refractive index variation with wavelength for the hanocomposite thin films (blank PVC, PVC-CNT, PVC-
CN, and PVC-CNT-CN).
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Therefore, it can be seen from Figure 6 the
extinction factor (k) for the nanocomposite thin films
(blank PVC, PVC-CNT, PVC-CN, and PVC-CNT-
CN), inside these thin films, the CNT and CN were
implanted within the PVC matrix to dope PVC and
minimize losses of absorption and scattering inside
nanocomposite thin films.

Also, from Figure 6 the extinction factor (k) for all
curves of the nanocomposite thin films (PVC-CNT,
PVC-CN, and PVC-CNT-CN) have low values of
extinction factor (k), this is attributed to finding the
nanoparticles inside the PVC matrix which is lead
minimizing the loss in absorption and scattering [23,
24].

3.6. Dielectric constant (real and imaginary) of
the nanocomposite thin films (blank PVC,
PVC-CNT, PVC-CN, and PVC-CNT-CN)

The dielectric constant (¢) is correlated to the electronic
framework of the nanocomposite thin films and
denotes to the density of localized states in the gap, the
dielectric constant for the real € and imaginary € can
be computed directly from the equation 4 [25]:

[(§) = €(w) +iE' (w)] (4)

The dielectric constant (¢) dependent on (n) and (k)
parameters and can be computed equation 5 [25]:

€ =n? — k?
[ € =2nk ] ®)

Furthermore, both the real & and imaginary ¢ are
shown in Figures 7 and 8 of the nanocomposite thin
films (PVC-CNT, PVC-CN, and PVC-CNT-CN).
Figure 7 shows the real dielectric constant ¢ for the
nanocomposite thin films (PVC-CNT, PVC-CN, and
PVC-CNT-CN) to exhibit its values various with the
wavelength.

Figure 7 shows the variation of real dielectric
constant (¢) with the wavelength for the nanocomposite
thin films (PVC-CNT, PVC-CN, and PVC-CNT-CN),
where the real dielectric constant for these thin films
increases when added the (CNT+CN) to the PVC
matrix, this increase lead to form many local states in
the gap. Therefore, the doping changes the electronic
structure of PVC [26]. Similarly, Figure 8 shows the
variation of imaginary dielectric constant with the
wavelength for the nanocomposite thin films (PVC-
CNT, PVC-CN, and PVC-CNT-CN).

0.00325 4|—=—"rVC
> PVC+0.05 CNT
0.00300 9|« pvc+o.05 cN

0.00275 4|—>— PVC+0.025 CNT+0.025 CN

k

Extinction factor
o
o
o
=
~
(62}

—T
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Wavelength (nm)

Figure 6: Extinction factor variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT, PVC-
CN, and PVC-CNT-CN).
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Figure 7: Real dielectric constant variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT,
PVC-CN, and PVC-CNT-CN).
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Figure 8: Imaginary dielectric constant variation with wavelength for the nanocomposite thin films (blank PVC, PVC-
CNT, PVC-CN, and PVC-CNT-CN).

It can be seen from Figure 8 the imaginary
dielectric constant for the nanocomposite thin films
(PVC-CNT, PVC-CN, and PVC-CNT-CN), whereas,
its high values in the UV region is attributed to the
effect of polarization that decrease when the
wavelength shifted to higher values. Thereby, the
addition of (CNT+CN) lead to increase the imaginary
dielectric constant due to change in the electronic
structure in PVC matrix [26].
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3.7. Optical conductivity of the nanocomposite
thin films (blank PVC, PVC-CNT, PVC-CN,
and PVC-CNT-CN)

The photon energy when incident on the surface of the
thin films will excited the charge carriers and diffused
between the structure. This diffusion will caused
transfer these charge carriers from valence band to the
conduction band. Then, the optical conductivity is
computed by the equation 6 [27]:

anc

o= (6)

41T
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Where (o) optical conductivity (S™), (n) refractive
index, (c) light speed (3x10° cm/s), and («) absorbance
coefficient (cm™).

Figure 9 shows the optical conductivity various
with the wavelength for the nanocomposite thin films
(PVC-CNT, PVC-CN, and PVC-CNT-CN). In overall,
it is shown that the optical conductivity increasing when
the wavelength increases. the influence of the
wavelength is clear to excite the electrons and lead to
increase the optical conductivity as shown in Figure 9.
Therefore, the addition of (CNT+CN) to the PVC matrix
increase optical conductivity, which lead to increase
charge carriers and make easy transition of electrons
through the bands [28].

3.8. Optical energy gap of the nanocomposite
thin films (blank PVC, PVC-CNT, PVC-CN,
and PVC-CNT-CN)

The gap between the valence band and conduction
band is called the energy gap and it has been studied
via Tauc's relation, equation 7 [29]:

ahv = B (hv — Eg)"... @)

Where (B) constant, (Eg) energy gap, and (n) power
to the transition type (n=2 for direct transition and
n=0.5 for indirect transition, respectively) [30, 31].

Thereby, to get the values of energy gap by taking
the square of (ahv) with (ko) as shown in Figures 10
and 11 for the nanocomposite thin films (PVC-CNT,
PVC-CN, and PVC-CNT-CN). Figure 10 shows the
direct energy gap for the nanocomposite thin films
(PVC-CNT, PVC-CN, and PVC-CNT-CN), it can be
obtained by intercept the linear line of extrapolating to
x-axis when the value of (a%v) zero (y=0).

It can be shown from Figure 10 that the direct
energy gap of blank PVC thin film is 4.6 eV, and for
the nanocomposite thin film (PVC-CNT) is become 3.0
eV, where decreased after added carbon nanotube
(CNT). The direct energy gap of nanocomposite thin
film (PVC-CN) is become 3.4 eV, after addition carbon
nano (CN). And then, for the nanocomposite thin film
(PVC-CNT-CN) is become 2.9 eV, where after
addition the hybrid nanomaterials (CNT+CN) to the
PVC matrix, there is a decreasing in the energy gap to
a lower wvalue. Therefore, when added the
nanomaterials to the PVC matrix are changed the
structure and grant it the conductivity. All values of
energy gap for the nanocomposite thin films (PVC-
CNT, PVC-CN, and PVC-CNT-CN) are listed in table
1 [32]. Likewise, Figure 11) shows the indirect energy
gap for the nanocomposite thin films (PVC-CNT,
PVC-CN, and PVC-CNT-CN) to obtain these values.

1.4x10'? 4

Y

{n 1.2x10%2 -

00 60—00—@o—od

1.0x10'? 4

!

8.0x10"* 1
6.0x10% 1

4.0x10M 4 £

Optical conductivity, o (S

2.0x10% 4

—— PVC

—o»— PVC+0.05 CNT

—e— PVC+0.05 CN

—0— PVC+0.025 CNT+0.025 CN

s

I T .
300 400 500

600

T T T
700 800 900 1000 1100

Wavelength (nm)

Figure 9: Optical conductivity variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT,
PVC-CN, and PVC-CNT-CN).
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Figure 10: Energy gap variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT, PVC-CN, and
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Figure 11: Energy gap variation with wavelength for the hanocomposite thin films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN).

It can show from Figure 11 that the indirect energy
gap of blank PVC thin film is 4.55 eV, and for the
nanocomposite thin film (PVC-CNT) is become 2.95
eV, where decreased after added carbon nanotube
(CNT). The indirect energy gap of nanocomposite thin
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film (PVC-CN) is become 4.4 eV, after addition carbon
nano (CN), this value is become higher from direct
band gap value due to irregular mixing in this region.
And then, for the nanocomposite thin film (PVC-CNT-
CN) is become 2.8 eV, where after addition the hybrid
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nanomaterials (CNT+CN) to the PVC matrix, there is a
decreasing in the energy gap to a lower value.
Therefore, when added the nanomaterials to the PVC
matrix are changed the structure and grant it the
conductivity. All values of energy gap for the
nanocomposite thin films (PVC-CNT, PVC-CN, and
PVC-CNT-CN) are listed in Table 1 [32].

3.9. Urbach energy of the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN)

The urbach energy (g,) is happened due to absorb the
photon energy, this absorption caused a formation of
localized states in the gap due to the electrons
movement which lead increase the degree of disorder
in the gap of the nanocomposite. Then, equations 8 is
used to compute urbach energy [30, 32]:

a = a,exp Z—v (8)

By modified equation 8, the get (Eg. 9):

Ina = lna, + Z—: 9)

Where, (a,) constant.

Figure 12 shows the urbach energy variation with
photon energy for the nanocomposite thin films (PVC-
CNT, PVC-CN, and PVC-CNT-CN). From Figure 12
shows the urbach energy is plotted against photon
energy, and gets the reciprocal of the slope for the
curves that formed in Figure 11 to give the value of
urbach energy. It can see from Figure 12 that urbach
energy is increased from 2.240-8.190 eV for the
nanocomposite thin films (PVC-CNT, PVC-CN, and
PVC-CNT-CN), this obvious that urbach energy
increased when added the nanomaterials (CNT+CN) to
the PVC matrix. Also, the degree of disorder is
increased when the value of urbach energy increases
[33, 34]. The values of urbach energy are listed in
Table 1.

| 8 |—o— PVC+0.05 CNT
2 |—— PVC+0.05 CN

> |—2— PVC+0.025 CNT+0.025 CNF

15 20 25 30 35 40 45 50
Photon energy, E,, (eV)

Figure 12: Urbach energy variation with wavelength for the nanocomposite thin films (blank PVC, PVC-CNT, PVC-CN,
and PVC-CNT-CN).

Table 1: shows the values of direct energy gap, indirect energy gap, and urbach energy.

Blank PVC | PVC+0.05CNT PVC+0.05CNT PVC+0.025CNT +0.025CN
Parameters
(eV) (eV) (eV) (eV)

Direct transition of (Eg) (eV)

2 Indirect transition of (Eg) (eV) 4.55 2.95 4.4 2.8
3 Urbach energy (Eu) (eV) 2.240 8.190 1.126 1.386
4 (ao) constant (cm™) 7.925 177.151 634.603 853.035

Prog. Color Colorants Coat. 16 (2023), 331-345 341



A. M. Abdullah et al.

4. Microscope images of the nanocomposite thin
films (blank PVC, PVC-CNT, PVC-CN, and
PVC-CNT-CN)

The microscope images analysis was utilized to assign
the form of thin film morphology and distribution of
nanomaterials (CNT+CN) in the PVC matrix. Figure 13
exhibits the microscope images for the blank PVC and
the nanocomposite thin films (PVC-CNT, PVC-CN, and
PVC-CNT-CN). It was noticed that the (CNT+CN)
nanomaterials have collected as a spherical shape.
Where, Figure 13a shows the blank PVC image is clear.
Figure 13b shows the nanocomposite thin film of
PVC+CNT and the carbon nanotube (CNT) takes a form
agglomerates of spherical shape in the thin film. Figure
13c shows the nanocomposite thin film of PVC+CN and
the nano carbon takes a form agglomerates as a spherical
shape also, but is smaller than the spherical shape in
PVC+CN thin film. Figure 13d shows a homogeneous
mixing of carbon nanotube with nano carbon distributed
in PVC matrix [35].

5. AFM test of the nanocomposite thin films
(blank PVC, PVC-CNT, PVC-CN, and PVC-
CNT-CN)

Figure 14 a, b, ¢, and d shows the topography of the
surface in 3D and 2D for the blank PVC and the
nanocomposite thin films (PVC-CNT, PVC-CN, and
PVC-CNT-CN) by the AFM device.

The blank PVC thin film surface shows in Figure
14a is fine and has small roughness 1.07 nm. Figure
14b shows the nanocomposite thin film of PVC+CNT
has a high roughness; its value 3.09 nm is greater than
the blank PVC thin film. Figure 14c shows the
nanocomposite thin film of PVC+CN has a higher
roughness; its value 3.30 nm is greater than from the
blank PVC thin film and the nanocomposite thin film
of PVC+CNT. While, Figure 14d shows the
nanocomposite thin film of PVC+CNT+CN has a
lower value of roughness is 1.22 and greater than the
blank PVC thin film [36].

Table 2: AFM test for blank PVC, PVC+CNT, PVC+CN, and PVC+CNT+CN nanocomposites thin films.

Number of figures Roughness average (hm) | Root mean square of roughness (hm)
1 14a

Blank PVC 1.07 1.49
2 PVC+CNT 14b 3.09 4.08
3 PVC+CN l4c 3.30 4.57
4 PVC+CNT+CN 14d 1.22 1.79

a) blank PVC

) PVC+CNI'
L‘_ '_.

Figure 13: Images for the nanocomposite thin films a) blank PVC, b) PVC-CNT, c) PVC-CN, and d) PVC-CNT-CN).
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Figure 14: 3D and 2D pictures display the average roughness and root mean square for: a) blank PVC, b) PVC-CNT,
and c) PVC-CN, and d) PVC+CNT+CN.

4. Conclusion

The PVC nanocomposite thin films have been made by
casting technology, they containing carbon nanotube
(CNT) and nano carbon (CN) in PVC matrix to change
their structure. The impact was done in the structure of
PVC nanocomposite thin films (PVC-CNT, PVC-CN,
and PVC-CNT-CN) by adding nanomaterials
(CNT+CN). The optical properties were studied for the

blank PVC and nanocomposite thin films by using
computerized diffused reflectance of UV-Visible. The
absorption coefficient, reflectance, extinction factor,
optical density, and refractive index of optical
properties have decreased, and the reflectance with
transmittance were decreased of the nanocomposite
thin films (PVC-CNT, PVC-CN, and PVC-CNT-CN)
compared with blank after dispersion of (CNT+CN) in
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PVC matrix. The conductivity and dielectric constant
were increased of nanocomposite thin films after
adding nanomaterials. The diminish direct energy gap
from 4.6 eV for the blank PVC to 2.9 eV of
nanocomposite thin film, and there is a diminish in an
indirect energy gap from 4.55-2.8 eV. The urbach
energy was increased of nanocomposite thin films
(PVC-CNT, PVC-CN, and PVC-CNT-CN) after
adding the nanomaterials (CNT+CN) to the PVC
matrix from 2.240 eV to 8.190. The configuration of
the carbon nanotube (CNT) and nano carbon (CN) was
appeared by SEM images, and the AFM images shows
a fine surface of the of nanocomposite thin films (PVC-
CNT, PVC-CN, and PVC-CNT-CN). The surface
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(4C3T) as a corrosion inhibitor for mild steel in 1 M HCI solution using
the weight loss method. Various concentrations of 4C3T, temperatures,
and immersion times were used to determine the inhibitory efficiency. The results
showed that increasing the concentration of 4C3T resulted in higher inhibition

The study investigated the effectiveness of 4-cyclohexyl-3-thiosemicarbazide

Keywords:
4-Cyclohexyl-3-thiosemicarbazide
Corrosion inhibitor

DFT

LUMO.

efficiency while increasing the temperature decreased it. The optimal conditions
were found to be a concentration of 0.5 mM at 303 K, which resulted in a 95 %
inhibition efficiency. The mechanism of inhibition involved the adsorption of
4C3T onto the mild steel surface, which prevented corrosion. The adsorption
followed the Langmuir adsorption isotherm, where physical and chemical
adsorption coexisted. Quantum chemical calculations were used to support the
findings. Overall, the study highlights the potential of 4C3T as a corrosion
inhibitor for mild steel in HCI solution and offers insights into the underlying
inhibitory process. Prog. Color Colorants Coat. 16 (2023), 347-359© Institute for
Color Science and Technology.

1. Introduction mechanical properties [4, 5]. However, mild steel is
highly susceptible to corrosion, particularly in acidic
environments [6]. Therefore, it is necessary to discover
effective methods to protect mild steel from corrosion
[7]. Several methods are used to prevent corrosion,
including protective coatings, cathodic protection, and
corrosion inhibitors. Corrosion inhibitors are chemicals
that can be added to a corrosive environment to reduce
or prevent a material's corrosion. Corrosion inhibitors
work by adsorbing onto the metal surface, forming a
protective barrier, and reducing the corrosion rate [8].

Corrosion is a major problem in various industries and
can result in significant economic costs due to damage
and loss of productivity. The direct and indirect costs
associated with corrosion can be substantial, and
therefore, preventing corrosion is of utmost importance
[1]. Corrosion protection of metallic structures is a
crucial concern in many industries due to the
significant financial and safety losses from corrosion
[2, 3]. Mild steel is widely used in various applications
due to its low cost and excellent physical and
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Corrosion inhibitors are widely accepted for preventing
corrosion in various industries, including oil and gas,
chemical processing, and transportation [9]. Corrosion
inhibitors offer several advantages over other methods,
such as ease of application, cost-effectiveness, and
compatibility with other corrosion prevention methods
[10]. One approach to reducing corrosion in acidic
solutions is using organic compounds as corrosion
inhibitors. Heterocyclic compounds containing N, S,
and O-atoms, m-bonds, and aromatic systems have been
effective inhibitors by adsorbing onto the mild steel
surface and reducing corrosion [11-14]. The corrosion
inhibitor 4C3T has been chosen for this study due to its
highly functionalized structure, which includes -NH,
NH,, and C=S functional groups and three N and one S
atoms. These features allow easy attachment to the
mild steel surface and effective corrosion reduction
[15, 16].

Additionally, 4C3T can be synthesized using green
chemistry principles through multicomponent one-pot
reactions with good yields. The corrosion inhibition
efficiency (IE) of 4C3T has been investigated using
density functional theory (DFT). This cost-effective
and time-saving method provides detailed information
about the mechanism of corrosion inhibition.
Molecular properties such as EHOMO, ELUMO, AE,
GS, GH, y, and AN have been estimated using DFT,
which helps simulate the experimental results obtained.
This study explores the use of thiosemicarbazide
derivatives as corrosion inhibitors in acidic media,
focusing on the inhibitive performance of 4-
cyclohexyl-3-thiosemicarbazide (4C3T) on mild steel
corrosion in 1 M HCI, using weight loss techniques.
The impact of varying immersion times and acidic
inhibitor solutions was examined, and various
thermodynamic parameters were determined. The
experimental results were compared to theoretical data
obtained using density functional theory (DFT) to
understand the effective coordination mechanism
between the inhibitor and the mild steel surface. The
chemical structure of the tested inhibitor is
demonstrated in Figure 1.

)J\ ~NH>

N N
H H

Figure 1: Chemical structure of 4C3T.
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2. Experimental

2.1. Mild steel samples

The mild steel samples used in this study were obtained
from a metal samples company, and their dimensions
were 4.0x2.5x0.1 cm. Gravimetric measurements were
carried out using samples with dimensions of 1.0 x1.0
x0.1 cm. These samples contained C (0.21), S (0.05),
Mn (0.05), Si (0.38), P (0.09), Al (0.01), and Fe (the
remainder) in weight percent. The samples were cleaned
following conventional G1-03/ASTM [17]. Prior to
testing, the mild steel samples were pre-treated by
grinding with emery paper, washing with double-
distilled water, degreasing with ethanol, and drying at
room temperature to remove any surface impurities.

2.2. HCI solution

To create the corrosive environment, 1 M HCI was
used, diluted from a 37 % analytical hydrochloric acid
obtained from Merck-Malaysia using deionized water.
The inhibitor 4C3T was added to the solution at
concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 mM.

2.3. Weight loss analysis

Gravimetric measurements were performed to determine
the corrosion inhibition properties of 4C3T on mild
steel. The experiments involved immersing the mild
steel samples in 1 M HCI solution with various
concentrations of the inhibitor for different exposure
times (1, 5, 10, 24, and 48 hours) at 303 K. After
removal from the solution, the samples were cleaned
with deionized water and acetone, dried, and weighed.
The corrosion rate was then calculated by averaging the
weight loss of three test specimens using equation 1
[18]. Tests were conducted using various concentrations
of 4C3T for a 5-hour exposure period to evaluate the
impact of temperature.

Cr(gm2h)="" )

The weight loss of the structural steel was
determined by measuring Aw in grams. The area of the
specimen was denoted as s in units of square meters,
while the immersion time was recorded in hours as t.
equations 2 and 3:

_ IE®)
0= 100 )

IE(%)=—g @3)
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Where Cg( is the corrosion rate in an untreated
environment, Cgg is the corrosion rate in a treated.

2.4.DFT

The Gaussian 09 software [19] was used for quantum
chemical calculations. Optimizing the inhibitor structure
in the gaseous phase was conducted using the B3LYP
method and the "6-31G™™ (d,p) basis set. Koopmans
theory [20] was applied to determine the ionization
potential (1) and electron affinity (A), which are related
to Enomo and E_umo, respectively. Equations 4 and 5
were utilized for this purpose.

I=-Enomo (4)

A=-Eromo ®)

To evaluate the electronegativity (y), softness (o),
and hardness (1), using the equations 6-8:

A

= (6)
n="5" )
o=n" ®)

To determine the transported electrons number
(AN), [21] used equation 9:
AN = XFe—Xinh
2(MFre+Ninn) (9)
The electronegativity and hardness values for iron
were equal to 7 eV and zero eV, respectively; hence
these results lead to equation 10:

7=Xinh
N =—"" 1
2(Minn) ( O)

3. Results and Discussion

3.1. Weight loss measurements

The weight loss method, which was used to determine
the corrosion rates and inhibition efficiencies of the mild
steel coupons, has some limitations that could affect the
results' accuracy. One major limitation of the weight loss
method is that it is prone to errors and uncertainties due
to the difficulty of accurately measuring the weight of

the corroded samples. Even slight variations in the
measurement process, such as the duration of washing
and drying, could lead to significant errors in the results.
Additionally, the weight loss method does not provide
information on the nature and morphology of the
corrosion products, which can be important in
understanding the underlying mechanisms of corrosion
inhibition. Furthermore, the weight loss method assumes
that the corrosion rate is constant over time, which may
not always be true. Corrosion rates may change over
time due to variations in the concentration of the
corrosive solution or the inhibitor and changes in
temperature and other environmental factors, which
could result in inaccurate corrosion rate measurements
and affect the calculation of inhibition efficiencies.

To mitigate these limitations, it is important to
carefully control experimental conditions and measure
the weight of the samples with high precision to
minimize errors.

3.1.1. Effect of concentration

Figure 2 depicts the outcomes of weight loss tests on
mild steel subjected to untreated and treated 1 M HCI
solutions. The impact of varying concentrations of
4C3T on the corrosion rate was analyzed. Since HCI is
a potent acid, the untreated solution resulted in rapid
corrosion. However, an increase in the concentration of
4C3T led to a notable decline in the corrosion rate.
Thus, 4C3T acts as an effective protector of mild steel
against the harmful impact of HCI. The highest
inhibition efficacy was observed at 0.5 mM, with 95 %
for 4C3T. 4C3T contains a large molecular structure
with hetero-elements such as sulphur and nitrogen
atoms that help them adhere to the mild steel surface
and create a protective coating. As the concentration of
4C3T increased to 0.5 mM, their effectiveness as
corrosion inhibitors also increased. However, at
concentrations approaching 1.0 mM, the inhibition
efficacy remained nearly constant due to 4C3T particle
adsorption on the metal substrate. Additionally, the
varied functional groups in 4C3T enhance its ability to
prevent corrosion by elevating the electron density of
the active sites on the metal surface.

Prog. Color Colorants Coat. 16 (2023), 347-359 349



A. Mohammed et al.

__CR

CRr (mg.cm 2.h7})

T 100

- 80

1E (%)

F 40

20

(8] T T

Cinh (mM)

Figure 2: The impact of 4C3T concentration on the corrosion rate and inhibition efficacy of mild steel exposed to 1 M HCI
for 5 hours at 303 K.
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Figure 3: The impact of 4C3T concentration and immersion time on the corrosion rate and inhibition efficacy of mild steel
exposed to 1 M HCl at 303 K.

3.1.2. Effect of immersion time

To examine the impact of immersion time on the
inhibitory efficacy of 4C3T in reducing corrosion on
mild steel, 1 M HCI was treated with varying doses of
4C3T (0.1 to 1.0 mM) for exposure periods ranging from
1 to 48 hours at 303 K. Figure 3 illustrates the findings
of the study. During the first 10 hours of immersion,
there was a rapid increase in inhibitory efficacy. It
remained stable between 10 and 24 hours before
gradually decreasing from 24 to 48 hours. Longer
exposure times resulted in increased inhibitory
effectiveness due to higher concentrations of 4C3T
particles adsorbed onto the mild steel surface. As more
particles were adsorbed onto the metallic surface, the

350 Prog. Color Colorants Coat. 16 (2023), 347-359

adsorption density of 4C3T particles also significantly
increased. This allowed for physisorption and
chemisorption, which are interactions between inhibitor
molecules and iron atoms on metallic surfaces. If a few
inhibitor molecules leave the surface, the effective area
covered by the inhibitor and its inhibitory activity might
decrease. The high inhibitory efficacy observed over a
long exposure period highlights the stability of the 4C3T
particles layer adsorbed in an acidic medium.

3.1.3. Effect of temperature

The study investigated the effects of temperature on the
inhibition of mild steel corrosion in acidic solutions
treated with 4C3T at concentrations ranging from 0.1 to
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1.0 mM. Figure 4 illustrates that as the temperature
increased from 303 K to 333 K, the corrosion rate of
4C3T increased, and its inhibition efficiency decreased.
The inhibitory effect of 4C3T decreased with increasing
temperature, indicating physical adsorption. At high
temperatures, 4C3T particles were removed from the
metal surface due to adsorption.

At 303 K, the maximum inhibition efficiency for
4C3T was observed at a concentration of 0.5 mM, with
95 % efficiency. However, as the temperature
increased, the inhibition efficiency decreased. The
inhibitor was less effective at higher temperatures at
the highest concentration of 4C3T (1.0 mM) due to
physical absorption processes and van der Waals
interactions between the 4C3T particles and the mild
steel surface.

In the oil and gas production process, the
temperature at the bottom of the well is high. Therefore,
a suitable corrosion inhibitor should maintain its
effectiveness in corrosive media at high temperatures.
Figure 4 clearly shows that as the temperature increases,
the corrosion rate slightly increases, and the
effectiveness of the inhibiting is little affected. This
changes is due to the excellent performance of the
corrosion inhibitor, which has been specially formulated
to maintain its effectiveness even at high temperatures.
The importance of an effective corrosion inhibitor in oil
and gas production cannot be overstated. Corrosion can
cause significant damage to equipment, resulting in

costly repairs and downtime. Therefore, it is essential to
use a corrosion inhibitor that can withstand the harsh

conditions encountered

in the production process,

including high temperatures and corrosive media. The
results shown in Figure 4 provide strong evidence that
the corrosion inhibitor used in the production process is
highly effective, even at elevated temperatures. It
demonstrates the quality of the inhibitor and the
expertise of the team that selected and implemented it.

The

findings of this study underscore the importance of

carefully selecting an appropriate corrosion inhibitor for
a given production process and ensuring ongoing

monitoring  and

evaluation to ensure continued

effectiveness, as highlighted in previous research [22].
Additionally, the study found that increasing the
concentration of the inhibitor led to a reduction in
corrosion rates at the same temperature, indicating that
the concentration of the inhibitor plays a crucial role in
enhancing surface coverage of inhibitor chemicals and
effectively separating the metallic surface from the
corrosive environment [23].

Comparing the inhibitory efficiencies of 4C3T in
this study with previously published inhibitors, Figure
5 shows that these inhibitors are suitable for HCI
solutions. The results indicate that in the presence

of 0

.5 mM of 4C3T, the inhibition efficiency reached

96 % at 303 K in a 1 M HCI environment, which
surpasses the performance of some previously studied
inhibitors [24-53].

—s—303 K
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e —=—333K
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Figure 4: The impact of 4C3T concentration and different temperatures on the corrosion rate and inhibition efficacy of
mild steel exposed to 1 M HCI for 5 h.
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Figure 5: The comparison of tested inhibitors with previously reported inhibitors for corrosion of mild steel in HCI

3.2. Adsorption isotherm

Adsorption isotherms were employed in this study to
investigate the mechanism of interaction between
4C3T and the metal surface. Surface coverage (0)
values were determined through gravimetric testing
and used to evaluate the most appropriate isotherm
model. The Langmuir, Temkin, and Freundlich
isotherms were used to analyze the adsorption process,
as described in Table 1. Physical or chemical
adsorption may have caused the 4C3T particles to
adhere to the metal surfaces. Results indicated that the
Langmuir adsorption isotherm model was the most
suitable for 4C3T with a regression coefficient (R2) of
0.998 at 303 K. The Langmuir isotherm plots between
Ciw® and Cjy, are represented in Figure 6, and the
slope and intercept values for 4C3T were estimated and
are presented in Table 1. Equation 11 was used to
calculate the adsorption parameters.

Cinh/9 :(Kads)-1+c (11)

Where C;y, is the inhibitor concentration, 0 is the
area of the tested surface, and Kg is a constant. AGqgs’
and K,qs were calculated according to the plot between
C/0 and C.
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Equation 12 was used to calculate the adsorption
parameters AG,gs" and Kegs.

AG%=-RT In(55.5K ) (12)

Where 55.5 is the molar concentration of water, R
is the gas constant, and T is Temperature.

The chemisorption mechanism is influenced by the
value of AG,s’, which should be highly negative,
ideally below -40 kJmol™. In contrast, a AG,g® value
around -20 kdmol? or less negative indicates
physisorption [54-58]. The value of AGgy" for 4C3T
was determined to be -27.56 kJmol™, indicating that
both chemisorption and physisorption mechanisms may
be present.

Table 1: The thermodynamic parameters for the 4C3T.
Intercept 0.072 0.078 0.085 0.104
Slope 0.957 0.965 0.978 0.965

R2 0.998 0.998 0.998 0.998
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Figure 6: Langmuir isotherm of 4C3T plot for mild steel in HCI.

3.3. Quantum Computations

In general, quantum chemical calculations can provide
valuable insights into the mechanism of corrosion
inhibition and can help predict potential inhibitors'
effectiveness. These calculations typically involve using
a computational model to simulate the behavior of the
inhibitor molecule in solution and at the metal surface.
The choice of basis set and functional for quantum
chemical calculations can significantly impact the
accuracy and reliability of the results. Commonly used
basis sets for quantum chemical calculations include the
6-31G, 6-31G(d), and 6-31+G(d) basis sets, among
others. The choice of function, which describes the
relationship between electron density and energy, can
also significantly affect the accuracy of the results.
Common functionals used for corrosion inhibition
studies include B3LYP, M06, and PBE. To support the
study's findings, we used quantum chemical calculations
to investigate the adsorption mechanism of the inhibitor
molecule on the mild steel surface and to predict the
corrosion inhibition efficiency. The structural properties
of 4C3T molecules can be analyzed using the quantum
chemical technique, and various thermodynamic
parameters can be determined based on the structural
parameters of 4C3T at B3LYP/6-311G(d,p) [59, 60].
The Mulliken charges (Table 2) are utilized to identify
the inhibitor's adsorption sites [61]. The study outcomes
indicate that the negatively charged oxygen and nitrogen
atoms are the most favored locations for the inhibitor's
adsorption through a donor-acceptor relationship [61].
The benzene ring present in 4C3T molecules supports
the formation of complexations between the adsorbate

and surface coordination bonds [61]. The highest
occupied molecular orbital (HOMO) of 4C3T identifies
the molecule’s site for electron donation, predominantly
observed in the S and N atoms [62]. According to
previous studies, the nitrogen, sulfur, and carbon atoms
in the molecule are mainly responsible for the molecule's
ability to accept electrons, as shown by the shape of the
lowest unoccupied molecular orbital (LUMO) [63, 64].
Figure 7 illustrates the equivalent reception sites of
4C3T based on the LUMO shape.

Table 2: The Mulliken charges of 4C3T molecules in
the gas phase.

> p "2

[N(L)] -0.161 [C()] -0.074
IN@)] 0.220 [C®)] -0.058
[C3)] 0.186 [C(9)] -0.057
[S(4)] -0.730 [C0)] -0.059
[NG)] 0.028 [C(11)] -0.068
[C(6)] 0.077 [H(12)] 0.112
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Figure 7: The (a) optimized structure, (b) EHOMO, and
(c) ELUMO of 4C3T molecules.

Table 3 shows the results of quantum chemical
computations for several parameters such as EHOMO,
ELUMO, AE, electronegativity (), softness (o),
hardness (1), and the number of electrons transported
(AN) for the inhibitor molecules studied. A higher
EHOMO value indicates a better ability of a molecule to
donate electrons, which can be transferred from an
acceptor molecule with a lower energy empty molecular
orbital. For 4C3T, the EHOMO value (-6.139 eV) is
consistent with the reported results in Table 2. ELUMO
represents a molecule's ability to accept electrons;
smaller EHOMO values facilitate this process. Hardness
() measures the potential chemical change over the total
number of atoms, and an increase in 1 enhances
molecule stability. Softness (o) is a measure of electron
cloud polarization, and lower values of AE and higher ¢
are desirable for good corrosion inhibition. The values
calculated for 4C3T in Table 2 show that it is a potent
corrosion inhibitor with a high AN value, indicating
better electron exchangeability. These quantitative
parameters (EHOMO, ELUMO, AE, 1, 6, and AN) agree
well with the test results. The metal's back donation
establishes contact between the inhibitor and metal
surfaces [65, 66].
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Table 3: DFT variables for 4C3T molecules in the gas

phase.
leV 6.139 eV
AeV 7.927 eV
Enomo €V -6.139 eV
Erumo eV 7.927 eV
AE eV 14.066
xeV 0.89
nev -7.033
geV1 -0.14
AN 0.5

3.4. Mechanism of inhibition

Organic inhibitors act by adsorbing onto the metal
surface, replacing other corrosive species and water
molecules [67]. Factors affecting this process include
the organic molecule's state in a corrosive environment
and the metal surface's charge [68]. In HCI solution,
the steel surface is positively charged, attracting
chloride ions and leading to the adsorption of cationic
species [69].

4C3T, when protonated in 1 M HCI solution, can be
electrostatically adsorbed onto the metal surface
through physisorption. Nitrogen heteroatoms are
released from 4C3T on the surface, forming
coordination and back-donating bonds through donor-
acceptor interactions (chemisorption) [70-72]. Figure 8
depicts the suggested inhibitory mechanism for 4C3T
as a potential inhibitor of mild steel corrosion in 1 M
HCI solutions. The coating of 4C3T on the mild steel
surface protects the surface from corrosive ions'
penetration. The protective coating is believed to form
through the interaction of heteroatoms with the metal
surface. The mild steel surface's physical adsorption of
inhibitor molecules is aided by the electrostatic
interaction between the protonated 4C3T molecules
and pre-absorbed ClI- ions and the interaction between
the inhibitor molecules' electron pairs and the iron's
vacant d-orbital [73].

3.5. Potential applications of 4C3T

The findings of this study have important practical
implications for industries that rely on mild steel
equipment and structures. Using 4C3T as a corrosion
inhibitor can provide a cost-effective and environmentally
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Figure 8: Postulated inhibited mechanism of 4C3T.

friendly method of reducing corrosion in mild steel.
The results indicate that a maximal inhibitive efficacy
of up to 96 % can be achieved at the optimal
concentration of 0.5 mM for a 5-hour immersion period
at 303 K. To apply these findings in real-world
applications, industries can consider using 4C3T as a
corrosion inhibitor in the design and maintenance of
mild steel equipment and structures. The optimal
concentration and immersion time can be adjusted
based on the specific needs and conditions of the
application. The Langmuir adsorption isotherms can
also be utilized to understand the relationship between
the concentration of the inhibitor and the surface
coverage of the mild steel, allowing for more accurate
and efficient use of the inhibitor.

Additionally, the findings of the quantum chemistry
computations can be used to guide the design and
development of new and improved corrosion inhibitors.
The energies of frontier molecular orbitals (EHOMO &
ELUMO) and the energy gap can provide insight into
the protection performance of potential inhibitors,
allowing for more targeted and effective inhibitor
development. Overall, the practical implications of this
study suggest that using 4C3T as a corrosion inhibitor
can potentially reduce the economic and environmental
costs of mild steel corrosion in various industries.

4. Conclusion

In conclusion, the study has demonstrated that 4C3T is
an effective inhibitor of mild steel corrosion in 1 M
HCI solution. The optimal concentration for inhibitive

efficacy was 0.5 mM for a 5-hour immersion period at
303 K, with a maximum inhibitive efficacy of up to
96 %. The study has also shown that the protection
performance of 4C3T against mild steel corrosion
increases with concentration but decreases slightly with
increased immersion time and temperature. The
Langmuir adsorption isotherms suggest that 4C3T
molecules adsorb onto the metal substrate surface, and
both physical and chemical adsorptions are involved in
the adsorption mechanism. The observed activation
energy values suggest that the chemical adsorption of
4C3T molecules on a mild steel surface is spontaneous.
The findings of the quantum chemistry computations
also support the weight loss test results, with energies
of frontier molecular orbitals and energy gap being
consistent with the protection performance. These
results have significant implications for future research
and practical applications in corrosion inhibition. The
study has provided valuable insights into the adsorption
mechanism of 4C3T molecules on mild steel surfaces,
which could inform the design of more effective
corrosion inhibitors.  Additionally, the findings
highlight the importance of considering immersion
time and temperature when assessing the performance
of corrosion inhibitors, as well as the need for more
environmentally friendly options. Overall, the study
provides a promising avenue for developing cost-
effective and environmentally friendly corrosion
inhibitors for various industries.
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been selected, and each type of coating has been applied separately on

SS316L pipe external surface. The test samples were subjected to Specific
Electrical Insulation Resistance (SEIR) test in 0.1 mol/liter of NaCl solution and
the Electrochemical Impedance Spectroscopy (EIS) test in 3.5 % NacCl solution.
After completion of the tests, SEIR values of PU, 3LPE, and LE are found to be
about 2.5x10° 8.9x10% and 3.9x10° ohm.m? respectively. In contrast, the
electrochemical impedance values at low frequencies (100 mHz) of 3LPE, 3p/2p
CAT, and HSS are found to be about 7.9x10", 5.4x10", and 4.5x10" ohm.cm?,
respectively. The experimental results are analyzed, and the ranking of coatings
has been made based on each test's performance. The overall ranking of
coatings is evaluated for the determination of the suitability of the coating for
buried SS316L pipelines in the petroleum, petrochemical, and natural gas
industries. Prog. Color Colorants Coat. 16 (2023), 361-375© Institute for Color
Science and Technology.

S ix polymeric coatings viz 3LPE, 3p/2p CAT, PU, VE, LE, and HSS have

1. Introduction

The petrochemical products are transported via buried
SS316L pipelines. These pipelines are installed mostly
buried and marginally overground. Overground
SS316L pipelines do not need corrosion protection due
to 1-3 nm (nanometre) thick chromium oxide (Cr,05)
passive layer [1, 2]. In buried condition, an uncoated
SS316L pipeline is excellent in high-resistivity soil
with a good drainage system [3]. Still, an uncoated
SS316L pipeline is uncertain in low-resistivity soil
with chloride ions (CI") and an oxygen deficiency [4].
Cl ions destroy the passive layer and lead to forming of
corrosion pits on the SS316L surface [5]. The porous
corrosion products cover pits and remain undetectable
until they leak [6]. Localized pitting corrosion
penetrates rapidly to the thickness of the SS316L
pipeline and perforates the SS316L pipeline within a
few days [7]. The mechanism of pitting corrosion and

the subsequent failure of buried SS316L pipeline are
shown in Figures 1 a and b. It is, therefore, imperative
to apply external polymeric (organic) protective
coatings on buried SS316L pipelines for the safe
transportation of petrochemical products.

A thorough literature survey, including analysis of
research papers, reveals that so far, most of the studies
on polymeric coatings focused primarily on the
analysis of coatings performances and suitability for
buried carbon steel pipelines. Many researchers have
devoted research efforts to studying metallic and
organic coatings on SS316L substrates for marine
environments or to studying the pitting corrosion of
SS316L under thermal insulation. But, to date, less
attention has been paid to the research on coatings
performances and suitability for buried SS316L
pipelines, and there is a research gap that remains
unanswered in this field. To address this outstanding
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gap, the present study has chosen six external
polymeric coatings commonly used for buried carbon
steel pipelines in the petroleum, petrochemical, and
natural gas industries for buried SS316L pipelines.
Each type of coating has been applied separately on
each 4-inch SS316L pipe external surface after surface
preparation. The test samples extracted from the coated
SS316L pipes have been subjected to SEIR and EIS
tests to investigate the coatings' electrical and
electrochemical properties, barrier, or degradation
properties. The experimental data are evaluated by
comparing the coating's performances and determining
the suitability of the coating for buried SS316L
pipelines in the petroleum, petrochemical, and natural
gas industries.

2. Experimental

2.1. Chemical composition analysis and
corrosion tests of SS316L. material

Test samples were drawn from 4-inch SS316L pipes for
chemical composition analysis and corrosion tests.
Cyclic potentiodynamic polarization test [8] was
conducted at 25 °C using a three-electrode system within
a glass cell filled up with 3.5 % sodium chloride (NaCl)
solution according to ASTM Standard Test Method G61
[9]. After 1 hour of immersion, scanning was done at a
rate of 10 mV/minute within a potential range from - 400
mV to + 600 mV with Gill AC Potentiostat with 5
channels, Make ACM Instruments [10]. Critical Pitting
Potential (CPP, Ep;r) values were evaluated from the
polarization plots. Significant pitting corrosion was
observed under Scanning Electron Microscopy (SEM),
Model No. EVO 40, Make: Carl Zeiss AG [11]. A
critical Pitting Temperature (CPT) test was conducted at

‘ Porous corrosion product |

¥ /—_\
fm Acid ‘[:I_ M
chloride

_/

Salt film at pit bottom | | Stainless Steel 316L

(@)

22-24 °C in reagent grade 6 % ferric chloride (FeCls)
solution as per ASTM Standard Test Method G48 [12]
in determining the minimum temperature to produce a
pitting attack on the SS316L surface.

2.2. Surface preparation of SS316L pipes

The external surfaces of 4-inch SS 316L pipes were
prepared by fused alumina fine particles for a high
level of adhesion [13]. Surfaces were made dry and
free from contamination prior to coating. Fused
alumina particles, original pipe surface, and pipe
surface after blasting are shown in Figure 2 a, b, and c,
respectively.

2.3. Types of polymeric coatings

Six generic types of polymeric coatings have been
selected, and each type of coating has been applied
separately on each 4-inch SS316L pipe external surface
after surface preparation. The generic types of coatings
are as follows:

1) 3Layer Polyethylene (3LPE), 2) 3ply/2ply Cold
Applied Tape (3p/2p CAT), 3) Solvent-free Liquid-
applied Polyurethane (PU), 4) Non-crystalline Visco-
Elastic polyolefin with polymeric tape outer wrap
(VE), 5) Solvent-free Liquid-applied Epoxy (LE) and
6) Polyethylene-based Heat-Shrinkable Sleeve (HSS).

The specifications that address requirements for
qualification, application and testing of external coatings
for buried or submerged carbon steel pipelines in the
petroleum, petrochemical and natural gas industries are
considered applicable to external coatings for buried
SS316L pipelines. Brief descriptions of coatings,
including application method and drying time, are
given below:

Soil Seil

Uncoated Cr,
$8316L pips SO,
NO
H.O,

| Pittine corrosion and leakase |

(b)

Figure 1: (a) Schematic diagram on mechanism of pitting corrosion, (b) Failure of buried SS316L pipeline.
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(a)

(b)

(c)

Figure 2: Surface preparation of SS316L pipe - (a) fused alumina fine particles, (b) original pipe surface and (c) pipe
surface after blasting.

1) 3Layer polyethylene (3LPE)

This coating system is plant-applied three-layer side
extruded polyethylene and conforms to the requirements
as per ISO 21809-1 [14]. This anti-corrosion system
consists of a high-performance fusion bonded epoxy
primer (FBE, minimum 200 microns) first layer
followed by a copolymer adhesive second layer (a
maleic anhydride grafted polyethylene compound, about
200-250 microns) and the third layer is an outer layer of
high-density polyethylene, HDPE (about 2400-2600
microns) with UV stabilizers, which provides tough,
durable protection. After blasting and cleaning the pipe
from contamination, the pipe is heated by induction
heating at about 200 °C. FBE powder is sprayed on this
heated pipe surface. FBE easily melts and provides
excellent adhesion to steel. The adhesive layer is applied
by extrusion before the gel time of FBE coating.
Extruded polyethylene layer is applied over the adhesive
layer immediately. 3LPE coated pipe is then sent for
water quenching and holiday detection test. This coating
system is applied in the plant only. This coating system
provides corrosion protection of buried pipelines at
operating temperatures from - 40 to 80 °C.

2) 3ply/2ply Cold applied tape (3p/2p CAT)

The cold-applied multilayer coating system conforms
to the requirements as per ISO 21809-3 [15] and
consists of a liquid adhesive primer (butyl rubber), a
3ply anti- corrosion inner layer (HDPE and butyl
rubber co-extruded coating), and a mechanical outer
layer (MDPE with UV stabilizers). After blasting, the
pipe surface is made clean & dry and free from
contamination. A liquid adhesive primer (about 80-100

microns) is applied uniformly on the pipe surface. 3ply
anti-corrosion inner layer (tape thickness about 800
microns) is applied spirally (with no less than a 50 %
overlap) over the primer when it is dry to touch. The
outer layer (tape thickness of about 500 microns) is
also applied spirally (with no less than a 50 % overlap)
over the inner layer. The applied thickness of 3p/2p
CAT is about 2500 microns or more. This coating
system is applied in the plant and the field. This
coating system provides corrosion protection of buried
pipelines at the maximum operating temperature of
5545 °C.

3) Liquid-applied polyurethane (PU)

An aromatic thermoset polyurethane is a reaction
product of a polyol (resin) and diphenylmethane
diisocyanate (MDI, activator). Liquid-applied PU
coating is solvent free (100 % volume solid) and
conforms to the requirements as per ISO 21809-3. After
thoroughly mixing the resin and activator (typically 3:1
ratio in volume), the coating is applied by using heated
plural component airless equipment to the blast-cleaned
pipe surface to achieve a thickness of about 1000-1500
microns in a single coat. This coating system is applied
in the plant and the field. This coating system provides
corrosion protection of buried pipelines at operating
temperatures from - 20 to 80 °C.

4) Non-crystalline visco-elastic polyolefin with
polymeric tape outer wrap (VE)

This cold-applied non-crystalline, non-cross-linked,
non-reactive poly-isobutene wrap (about 2000-2500
microns thick) has a direct bond to the substrate. and
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conforms to the requirements as per 1ISO 21809-3. Over
poly-isobutene wrap, an ultraviolet-resistant flexible
polyvinyl chloride (PVC, about 500 microns thick)
tape coated with a rubber resin adhesive is applied.
This coating system is applied in the plant and in the
field. This system provides corrosion protection for
buried pipelines at the maximum operating temperature
of 60 °C.

5) Liquid-applied epoxy (LE)

A high-build solvent-free (100 % volume solid) consists
of two-component (part-A and part-B) novolac based
epoxy and conforms to the requirements as per ISO
21809-3. After thoroughly mixing part A and part B
(usually 3.5:1 ratio in volume), the coating is applied by
using heated plural component airless equipment to the
blast-cleaned pipe surface to achieve a thickness of
about 800-1500 microns in a single coat. This coating
system is usually applied in the field. This coating
system provides corrosion protection of buried pipelines
at the maximum operating temperature from - 20 to 80
°C.

6) Heat-Shrinkable Sleeve (HSS)

A wrap-around heat-shrinkable sleeve replicates the
plant-applied 3LPE coating and and conforms to 1SO
21809-3. The first layer is solvent free two component
liquid epoxy primer (about 200 microns), the second
layer is copolymer hot melt adhesive (about 200
microns), and the third layer is radiation cross-linked
HDPE with UV stabilizers (about 2000-2500 microns
thick). The blast-cleaned pipe surface is heated at about
80 °C, and solvent-free two-component liquid epoxy
primer is applied to the pipe surface. Heat-Shrinkable
Sleeve is wrapped around immediately over the wet
epoxy. The sleeve is then heated with a propane torch
until it shrinks and fits tightly around the joint. This
coating system is mostly applied in the field for field
joints and is sometimes applied in the plant for pipe
bend joints. This coating system provides corrosion
protection of buried pipelines at the maximum
operating temperature of 80 °C.

364  Prog. Color Colorants Coat. 16 (2023), 361-375

2.4. Preparation of test samples - thickness
measurements and holiday tests

The test samples of the coating materials were prepared
after cold cutting pipe segments from main 4-inch coated
pipes to conduct SEIR and EIS tests. The SEIR and EIS
tests were carried out for each coating of the three
samples. DeFelsko digital thickness gauge, Model No.
PosiTector 6000, Make DeFelsko Inspection Instruments
[16] performed the thickness measurement of the
coating. The entire surface of each coating was subjected
to a holiday test by the holiday detectors, Model Nos.
DC-05 (up to 5 kV) and SD-120 (from 8kV to 30 kV),
Make Associate Electronics [17] applying voltage based
on the type of coating and thickness as per NACE
Standard SP0274 [18] to ensure each coating surface
was free from holidays (pinholes or defects).

2.5. SEIR tests of coatings

SEIR test is a very simple and convenient experimental
method that covers a procedure for quantitatively
measuring the specific electrical insulation resistance
of a coating by applying a Direct Current (DC). Three
test samples of each coating were immersed vertically
in 0.1 mol/liter of NaCl solution (0.58 % NaCl
solution) in the plastic container according to
International Standard 1SO 21809-3. Caltech Specific
Electrical Insulation Resistance Tester, Model No,
performed SEIR test. SISR-05, Make: Caltech
Engineering Services [19] at 23-25 °C for 100 days of
immersion. The submerged pipe end of the coated
sample was sealed with a non-conductive sealant so
that there was no contact with the NaCl solution.
During each measurement, the pipe end of the coated
sample in the open air and not immersed was
connected to the positive pole of the DC power supply.
The negative pole of the DC power supply was
connected to the counter electrode, a copper rod of 10
cm?. The measurements were taken at intervals with an
applied voltage of 100V. A schematic diagram of the
SEIR test and a coated sample under SEIR testing are
shown in Figure 3a and b, respectively. Six types of
coated test samples immersed in NaCl solutions in
plastic containers are shown in Figure 4.
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Figure 3: (a) Schematic diagram of SEIR test and (b) A coated sample under SEIR testing.

(d)

Figure 4: Coated test samples —(a) 3LPE, (b) 3p/2p CAT, (c) PU, (d) VE and (e) LE, (f) HSS.

2.6. EIS tests of coatings

EIS test method is an Alternating Current (AC)
impedance method for measuring the impedance and
capacitance of a coating quantitatively, for investigating
the electrical and electrochemical properties, barrier, or
degradation properties of a coating [20-22]. EIS
measurements, and data generated within short testing
times are more reliable to predict the long-term
performance of coatings. Therefore, EIS is a well-
established method to investigate the corrosion

(e)

(f)

resistance and anti-corrosion performance of protective
coatings [23]. The experimental procedure for collecting
electrochemical impedance data was performed
according to ASTM Standard Practice G106 [24] with
the attached cells consisting of glass tubes cemented to
coated SS316L pipes. The attached cell contained a
coated pipe surface as Working Electrode (WE), a
graphite rod as Counter Electrode (CE), and a Saturated
Calomel Electrode (SCE) as Reference Electrode (RE).
The attached cell was filled with 3.5 % NaCl solution.
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CE and RE were inserted into the solution. EIS tests
were done on three-layer samples by GAMRY
Instruments, Model No. Reference 600+, Make
GAMRY Instruments [25] at 23-25 °C for 14 days. The
measurements were carried out on the 1% day, 7" day,
and 14™ day at open circuit potential with an applied AC
voltage of 100 mV,, in amplitude in the frequency

electrochemical impedances and capacitances, the
samples were placed inside the Faraday cage to
minimize electromagnetic interference and noise. A
Schematic circuit diagram of the EIS test and a coated
sample inside the Faraday cage under testing are shown
in Figures 5a and b, respectively. Six types of coated test
samples with attached cells are shown in Figure 6.

range of 100 kHz - 10 mHz. During data collection of

]

Potentiostat
WE RE CE

_» e e

Attached cell
containsNaCl
solution

Coatedpipe surface

(a) )

Figure 5: (a) Schematic diagram of EIS test and (b) A coated sample under EIS testing.

A=643 cm?

(@) (b)(c)

® acse

A=6.25 cm? A=6.35cm? A =647 cm?

Figure 6: Coated test samples—(a) 3LPE, (b) 3p/2p CAT,(%) PU, (d) VE and (e) LE, (f) HSS (A=attached cell area in
cm®).
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3. Results and Discussion

3.1 Chemical composition analysis
corrosion tests results of SS316L material

and

The results of the chemical composition analysis and
corrosion tests of SS316L are reported in Table 1 and
Table 2, respectively. The cyclic potentiodynamic
polarization plots of test samples are shown in Figure
7.

The chemical composition analysis of SS316L
conforms to ASTM Standard Specification A312 [26].
It is observed from the cyclic potentiodynamic
polarization plots that the current increases steeply to
Epir, which indicates the onset of stable pits formation

from the transient metastable pitting. From Ep; the
current increases sharply, indicating the transition to
transpassive corrosion, a state of rapid dissolution of
metal resulting in significant pitting corrosion, and the
destruction of protective Cr,03 passive film on the
SS316L surface in the presence of CI” ions. Significant
pitting corrosion has been observed under Scanning
Electron Microscopy (SEM) examination after the
cyclic potentiodynamic polarization test, as shown in
Figure 8. CPTs have been found to be 15-16 °C, which
indicates that SS316L is susceptible to localized pitting
corrosion in chloride-bearing environments much
below room temperature.

Table 1: Chemical composition analysis of SS316L.

Sample 1 0.021 1.24 0.005 0.042 0.26 16.32 10.05 2.03

Sample 2 0.022 1.25 0.004 0.043 0.27 16.08 10.06 2.03 395 Bal.

Sample 3 0.018 1.27 0.004 0.043 0.20 16.29 10.05 2.04 440 Bal.
(ppm)* - parts per million Bal. - balance amount

Table 2: Corrosion test results of SS316L.

Test Sample Epir (MV) vs. SCE * CPT (°C) Mass loss corrosion rate (g/cm?)

Sample 1 0.02071
Sample 2 363 15 0.02598
Sample 3 380 16 0.01519
SCE * - saturated calomel electrode as the reference electrode
Data Graph Data Graph Data Graph
o '\
500 - 500+ 4‘ 500 1
Err — Ent Ent == -
7 - :
250 £ 20+~ 250
s 5 2
250~ o -250 - s m| -250 ——
0 o0 10 10 00 100 0" 100 100 o 10 1o 00 10 0" 100 10! 10
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Figure 7: Cyclic potentiodynamic polarization plots of SS316L test samples.
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Figure 8: SEM photographs on pitting corrosion of SS316L samples after polarization test.

3.2. Thickness measurements and holiday tests
results of coatings

The thickness measurement report and the applied
voltages for holiday tests are shown in Table 3.

3.3. SEIR test results

SEIR values of the coatings are shown in Figure 9.
From these graphs, the initial SEIR values of 3LPE,
PU, and LE coatings are found to be greater than 10°
ohm.m?, whereas SEIR values of 3p/2p CAT, VE, and
HSS are found to be greater than 10® ohm.m?. Six
coatings with such high initial specific electrical
resistances reveal perfect insulators that yield higher
corrosion protection. After 100 days of immersion,
SEIR values of coatings are found to be reduced. This
phenomenon is likely to happen due to exposure of a
coating to a corrosive environment over some time and

due to water absorption by the polymeric coating on
metal substrate resulting in loss of insulating properties
and corrosion protection efficiency.

To differentiate the performances of six types of
coatings, a comparison has been drawn based on the
SEIR wvalues versus 100 days of immersion in
0.1mol/liter of NaCl solution (0.58 % NaCl solution) at
23-25 °C and is shown in Figure 10. It appears from
Figure 10 that PU has the highest SEIR value. In
comparison with other coatings, PU has better-
insulating resistance than 3LPE, and 3LPE has better
resistance than LE. VE has shown better resistance
than 3p/2p CAT and HSS. Therefore, the ranking of six
types of coatings concerning their performance in SEIR
testing is found to be PU-1, 3LPE-2, LE-3, VE-4,
3p/2p CAT-5, and HSS-6, where '1' represents the
highest performance.

Table 3: Thickness Measurement (in mm) and Holiday Test (in KV) of coatings.

2.96 2.93 2.89 2.93 2.98 2.86 2.85 2.80 2.9 20 Nil

3LPE
3p/2p CAT 2.48 2.52 2.55 2.49
PU 1.7 1.65 1.49 15
VE 3.03 3.09 3.07 2.95
LE 0.96 1.06 0.92 0.97
HSS 2.31 2.22 2.45 2.3

Av.* - arithmetic mean of thickness
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2.51

1.48

291

0.92

2.46

2.52 2.45 2.48 2.5 19 Nil
1.57 1.58 1.43 1.55 8 Nil
3.03 2.89 3.1 3.0 22 Nil
0.9 0.92 0.95 0.95 5 Nil
2.24 2.2 2.22 2.3 18 Nil

Vol.** - minimum applied voltage
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Figure 9: SEIR values of six coatings.
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Figure 10: A comparison of SEIR values of six coatings for 100 days of immersion in 0.1mol/liter of NaCl solution at 23-

3.4. EIS tests results

The Bode plots represent the data and spectra generated
during EIS tests. These plots are interpreted as
impedance magnitudes, |Z| in ohm.cm?® (left side Y1
vertical axis in log scale) and phase angles, @ in degree
(right side Y2 vertical axis) wversus the measured
frequencies in Hertz (Hz) (horizontal X axis in log
scale). A common legend has been used for the Bode
plots of six types of coatings and is shown in Figure 11.
The Bode plots of six types of coatings are shown in
Figure 12 and Figure 13.

It is observed from the Bode plots of six types of
coatings that the impedance values versus frequencies
are diagonal, and their slopes are -1 [27]. Six types of
coatings have shown high impedance values at the
lowest frequencies, which are greater than 10
ohm.cm?, although little variations in impedance values
have been observed for HSS, VE, and LE. The
impedance values of six coatings types are also greater
than 10° ohm.cm? at higher frequencies. Overall, six
types of coatings are found to be good insulators.

Phase angles of 3LPE and 3p/2p CAT versus
frequencies are found to be almost — 90 ° and a little less

—4#—Dayl-Samplel-impedance
—f—Dayl-3ample2-impedance
—4#—Dayl-Sample3-impedance
—-Day1-Sample]-Phase
Dayl1-Sample2-Phase
Day1-Sample3-Phase

—d— Day7-Samplel-impedance
——Day7-3amplel-impedance
——Day7-Sample3-impedance
—#—Day7-Samplel-Phaze
Day7-3amplel-Phase
Day7-Sample3-Phase

than — 90 °, respectively. It has been revealed that 3LPE
and 3p/2p CAT behave as better capacitors. The
variations of phase angles at lower frequencies have
been observed on PU, VE, LE, and HSS coatings, and
the phenomena indicate that there is a likelihood of
permeating water, oxygen, ions, and corrosive species
through the coatings into the metal substrates beneath
due to exposure to the corrosive environments over
some time and the coatings may lose insulating
properties. Water causes swelling by transporting ions
into the coating. When water uptake is low, the coating
resistance is high because of low permeation of oxygen,
ions, and corrosive species. It has been reported that
diffusion is a prime mechanism of water absorption in
polymeric coating and plays a significant role on water
uptake. One of the studies conducted by EIS on
polymeric coating has reported that there are four
different stages for water uptake by the coating and they
are (1) water absorption rapidly in the initial days, (2)
increased water uptake with a slower rate, (3) saturation
of water, and (4) lastly, a further increase in water
absorption [28].

—#—Dayl4-Samplel-impedance
Dayl4-Samplel-mpedance
Dayl14-8ample3-impedance

—8—Dayl4-Sample1Phaze
Dayl4-Sample2-Phase
Day14-Sample3-Phase

Figure 11: Common legend for the Bode plots of six coatings
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Figure 12: Bode plots of 3LPE, 3p/2p CAT and PU.
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Figure 13: Bode plots of VE, LE and HSS
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To distinguish the performances of six types of
coatings, a comparison has been drawn based on the
impedance values concerning cell areas of 1 cm? with

an applied AC voltage of 100 mV,,s in amplitude at a
frequency of 100 mHz (0.1 Hz) versus 14 days of
immersion in 3.5 % NaCl solution at 23-25 °C [29] and
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is shown in Figure 14. It is apparent from Figure 14
that 3LPE has the highest impedance value. Compared
with other coatings, 3LPE has shown better impedance
properties than 3p/2p CAT, which is better than HSS.
Therefore, the ranking of six types of coatings
concerning their performances in EIS testing is found
to be 3LPE-1, 3p/2p CAT-2, HSS-3, VE-4, LE-5, and
PU-6, where '1' represents the highest performance.

EIS results usually demonstrate that for the same
coating type, the coating impedance increases with
increasing coating thickness [30]. But, in this study
when a comparison of coatings performances has been
made, a linear. Relationship between coating
impedance and coating thickness is not observed.

—e—3LPE 3p/2p CAT

9.00E+11 -

The ranking of the coatings from SEIR and EIS
tests have been analyzed to determine an overall
ranking, as shown in Table 4.

If the overall ranking is compared to the suitability
of use, where the coating performs well in both SEIR
and EIS tests, 3LPE is best suited for buried SS316L
pipelines.

There may be two opinions for the second best
coating, where the suitability factor is the same for
3p/2p CAT and PU. Some industries give more
importance to EIS over SEIR because EIS measures
impedance and capacitance quantitatively and provides
information on the electrochemical and corrosion
processes of the coating and metal substrate beneath

VE LE PU

Impedence, Z (ohrm cm?)

9.00E+10
) 2 4

8 10 12 14

Days of immersion

Figurel4: A comparison of impedance values of six coatings with respect to cell areas of 1 cm?with an applied AC
voltage of 100 mVrms at 100 mHz for 14 days of immersion in 3.5 % NacCl solution at 23-25 °C.

Table 4: Overall ranking of six coatings.

Order of ranking

Type of coating

Suitability factor

Overall ranking

3LPE 2 1
3p/2p CAT 5 2
PU 1 6
VE 4 4
LE 3 5)
HSS 6 3

Note-A: overall ranking “1” represents the highest performance

(arithmeticmean of standing) (Note-A)
15 1
3.5 2(Note-B)
35 2 (Note-B)
4.0 4(Note-B)
4.0 4(Note-B)
4.5 6

Note-B: overall ranking in preference to either the EIS test or SEIR test
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the coating for pipelines buried in soil or submerged in
water. For them, 3p/2p CAT is ranked second, and PU
is third. Some other industries prefer to SEIR over EIS
because SEIR measures quantitatively the net specific
electrical insulation resistance of the coating for
pipelines buried in soil or submerged in water. PU is
ranked second for them, and 3p/2p CAT is third.

In line with the above reasoning behind 3p/2p CAT
and PU, the overall ranking of VE and LE coatings are
found to be either fourth or fifth, with the same
suitability factor. Lastly, HSS is found to be in the
sixth rank.

4. Conclusions

The experimental data collected from SEIR and EIS
tests have been evaluated for the suitability of the
coating for buried SS316L pipelines. It appears that
3LPE is best suited among the coatings. Other coatings
used in the petroleum, petrochemical, and natural gas
industries differ in opinion. Some industries prefer EIS
over SEIR because EIS measures impedance and
capacitance quantitatively and provides information on
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ABSTRACT

anaging sewage has become increasingly important at both the
M national and international levels, largely due to uncertain future

options for recovery and disposal. Due to this, it is necessary to
develop innovative technology that can reduce pollutants such as surfactants to
mitigate the problem at its source. Surfactants are the kind of pollutants that can
pose health and environmental risks. This paper aims to study the efficiency of
the removal of methylene blue active substances as an anionic surfactant
(MBAS) and chemical oxygen demand (COD) from carpet cleaning wastewater
using a thermophilic aerobic membrane reactor (TAMR). A laboratory-scale
reactor was monitored daily for a month during this study. The removal
efficiencies of MBAS and COD were 92 and 95 %, respectively. This study
demonstrated that the TAMR process could resist high-stress situations (sudden
load peaks) and withstand high surfactant concentrations, making it the ideal
pretreatment option. For MBAS removal, the TAR and UF processes combined
led to higher removal yields. MBAS was removed almost completely (>92 %) by
the TAMR+UF procedure. Moreover, membrane cleaning operations and
fouling problems are discussed. Prog. Color Colorants Coat. 16 (2023), 377-
3850 Institute for Color Science and Technology.

1. Introduction

Chemicals such as dyes, metals, and antibiotic drugs
in wastewater [1]. These
chemicals are known to enter the environment through
wastewater and cause profound effects on the
environment [2]. While it is widely known that certain
chemicals in water are beneficial, they can also
threaten human health [3]. Wastewater from washing
industries such as laundry, carpet cleaning, and car
washing offers combinations of different levels,
including suspended solids, turbidity, chemical oxygen
demand (COD), and surfactants. In most communities
and carpet cleaning situations, wastewater can be
discharged by pouring it into a sink, toilet, bathtub, or

are commonly found

other drainage systems as long as it is connected to the
municipal sewer infrastructure.

For instance, certain surfactants in  high
concentrations can cause adverse effects on humans [4].
A surfactant is a substance that has a unique structure
that contains both hydrophilic and hydrophobic moieties
[5]. It can be used in various industries, such as cleaning
and textiles. The cationic surfactants are positively
charged, anionic surfactants are negatively charged, and
non-ionic surfactants have a non-ionized hydrophilic
group [3]. Each type of surfactant is produced
differently. For instance, the total production of cationic
surfactants is only 10 %. The production of different
kinds of surfactants is not the same. For example, the
total output of MBAS is 60 %, while the production of
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TAS is 30 % [6]. Due to environmental protection
regulations, the use of surfactants has been regulated in
many consumer products [7]. However, these chemicals'
excessive production and discharge into the environment
have continued [8]. Due to the continuous use of
surfactants, the environment is still vulnerable to
toxicity. Therefore, removing these harmful substances
could be challenging [6]. These industrial laundries are
mainly responsible for producing wastewater produced
by various levels of suspended solids with varying
turbidity and COD [9]. The main problem is the removal
of dirt from the fabrics [10].

The removal of surfactants involves chemical and
electrochemical ~ processes  [11], photocatalytic
degradation, membrane technology and chemical
precipitation [12], adsorption [13], and various
biological methods [14]. There are merits and limitations
to each approach. Wastewaters containing surfactants
are challenging to treat by biological processes, such as
activated sludge, because of low degradation Kinetics
and foam production [15]. Although chemical and
physic-chemical treatments are generally considered
effective in removing surfactants, they can also cause
high operating costs [10]. For illustration, high surfactant
concentration can lead to the depletion of adsorbent
materials. Biological processes could provide an
alternative to conventional waste disposal methods [6, 8,
16]. However, their disadvantages are usually considered
when compared to the alternatives.

A thermophilic aerobic membrane reactor (TAMR)
was tested in this study to overcome this disadvantage.
Thermophilic treatments show low sludge production
(0.02-0.1 kgVSS /kgCOD removed). In contrast to
mesophilic conditions, WW treatment plants can
reduce their total costs by 50 percent due to sludge
management costs [17]. Reduced sludge production
may be due to increased metabolic activities at higher
temperatures rather than reproduction and growth or
increased endogenous respiration, which means
bacteria consume more COD for maintenance than
cellular growth [17]. Furthermore, their biodegradable
substrate removal Kinetics is around 3-10 times greater
than those under mesophilic conditions [18]. By using
a UF membrane in conjunction with a thermophilic
aerobic reactor (TAR), the biomass is retained at high
concentrations (up to 190 kg TSS m?) of total
suspended solids (TSS). This concentration can be
handled, thus reducing the size of the reactor [1].

The study was conducted on a bench-scale
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wastewater reactor with TAR+ ultrafiltration (UF). The
reactor was monitored for over one month by using real
wastewater has been characterized. = Moreover,
information on membrane cleaning operations and
fouling problems is obtainable. The current study aimed
to study and reveal that TAMR may be utilized as a
pretreatment to reduce the concentration of MBAS and
takes advantage of its stability by using UF for
polishing.

2. Experimental

2.1. Carpet cleaning wastewater

The wastewater samples were collected from a carpet
cleaning plant in Al Najaf, Iraq. The characterization of
the wastewater used in our experimental study is given
in Table 1.

Shakeri et al. [19] stated the wastewater
characteristics from hospital laundry as surfactant and
COD ranged between 3.19-6.48 mg/L and 650-1,080
mg/L, respectively. Changani et al. [6] also detected
that the wastewater from the carpet cleaning industry's
average effluent characteristics was a detergent of
55.51 mg/L and COD of 367.4 mg/L. Furthermore,
MBAS, COD, turbidity, electrical conductivity, and pH
were detected as353-25 mg/L, 229-1446 mg/L, 137-
2250 NTU, 250-1,890 ps/cm, and 7.7-8.2, respectively,
of wastewater from car wash station [20]. Table 1
shows concentrations of all contaminants measured in
the current study were within the range stated in the
significant literature and relevant. The effluent analyses
were performed on a sample withdrawn from the
supernatant. COD was analyzed using a digestion
reactor (LT200, Hach, USA) and spectrophotometer
(DR 5000 UV-Vis, Hach, Germany). Water and

Table 1: The characterization of the wastewater used in
the experimental study.

COoD mg/L 499-650
Turbidity NTU 100-133

MBAS mg/L 17.8-20.2

Conductivity mS/m 0.77-0.88
pH - 8.5-9.1
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Wastewater Standard Methods have been used to
quantify COD in raw influent WW (APHA, 2012) [21].
MBAS was measured with a spectrophotometer (DR
3900 UV-Vis, Hach, Germany) according to the
method suggested by Chitikela et al. [22]. The
nephelometric method [21] wasused to analyze
turbidity using a spectrophotometer (2100 AN, Hach,
Germany). The MBAS, COD, and turbidites removal
efficiency (R) (%) was calculated using the formula
shown in Eq. 1. The MBAS content was determined
after filtration with UF membranes. Other parameters
were determined for effluent as obtained.

Surfactants removal (%)=% x100 (D)

Where C;, and C, are the concentration of Influent
and Effluent wastewater.

A pH meter and thermometer (model SenTix® 940,
WTW-IDS) were used in the TAMR reactor for
simultaneous pH and temperature measurement. A
probe model TetraCon® 925 was used to measure
electrical conductivity.

2.2. Bioreactor configuration

Aerobic conditions were imposed upon the TAMR
bioreactor made of Plexiglas and having a volume of
10 L. There were two sampling ports on the reactor
body, each at a different height, as shown in the
schematic diagram Figure 1). There were two main
sections in this apparatus: the main one was where
wastewater and activated sludge met, and the second
section was where UF membranes were sited. A
compressor, air diffuser, and O2 from the oxygen
cylinder provided aeration from the bottom of the
column. A peristaltic pump was used to pump
continuous wastewater into the system from the feed
tank. The treated wastewater was also discharged from
the upper part of the reactor into UF membranes. At
different temperatures, the lab-scale bioreactor was
operated with a programmable logic controller for
different cycle times: 30 minutes for aeration, 10
minutes for settling, and 2 minutes for effluent
withdrawal.

3. Results and Discussion

3.1. Characterization of the wastewater

Although the characteristics of carpet cleaning
wastewater can vary, the variation can be observed due

to the various procedures utilized. The carpet-cleaning
wastewater influent was treated with a pilot-scale
treatment system. The results revealed that the high
concentration of multiple surfactants and COD allowed
the wastewater to achieve high electrical conductivity
and pH. The results showed that the conductivity
reported between 0.77-0.88 and pH was 8.5-9.1,
respectively, as shown in Table 1. The concentration of
the surfactants was within the range obtained by
literature reports. pH values were lower than those seen
in other tests as well. WW had the same electrical
conductivity as Collivignarelli et al. [23] but a higher
one than Ciabattia et al. [24].

3.2. The overall removal efficiency of organic
matter and surfactant wastes

The average output and input concentrations of COD
were 100 and 561 mg/L. Removal efficiency for COD
was estimated between 70.55-94.99 %. Figure 3 shows
that the process stability is still good despite the
increase in COD value. A high level of process and
quality stability was also observed during the
experiments.

O)

Feed
Tank

Permeate

Recirculation Pump

__.-.

Feed Pump Membrane Pump  UF membrane

Figure 1: Experimental setup of TAMR.

‘ S b :
!
R :

Figure 2: The TAMR beanch scale.
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Figure 3: Concentrations of COD input and output and removal efficiency.

Figure 4 shows concentrations of anionic surfactants
(MBAS). The MBAS average removal efficiencies were
between 70.1 and 90.1 %, respectively, so the effluent
concentration was between 1.465 and 5.44 mg/L.
Despite high COD and MBAS, the TAMR process
performed exceptionally well with 94.99 and 90.1%
removal yields for COD and MBAS, respectively.

The TMAR reactor is an effective and valid process
for removing MBAS and is the novelty of this research.
There is a great deal of variability in the data obtained
in this study compared to some provided by the
literature. In our test, the removal efficiency of

25

surfactant concentration was 90.1 %, which agrees with
that reported by Collivignarelli et al. [23, 25, 26] but
significantly higher than that reported by Ciabattia et
al. [24] and one order of magnitude higher than Ostar-
Turk et al. [27] even COD removal.

Figure 5 shows concentrations of biological oxygen
demand (BOD). The BOD average removal efficiencies
were 82 and 94 %, respectively, so the effluent
concentration was consistently between 34 and 14 mg/L.
Even with high BOD, the TAMR process performed
exceptionally well with a 94.99 % removal yield for
BOD.
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Figure 4: MBAS concentrations and removal yields of the TAMR experiment.
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3.3. The effect of temperature on performance
removal of COD and surfactant wastes

The experimental performance improved over time due
to installing a heater for temperature control (between
45 and 48 °C). When the temperature is higher than
50°C, COD removal yields are significantly reduced, as
shown in (Figures 6 and 7). The high removal rate of
biodegradable substrates (up to 10 times higher than
those measured in mesophilic conditions [28], is
mainly due to the fast hydrolysis of the organic
substance at thermophilic temperature. That allows
substrate  solubilization and its availability for
oxidation.

3.4. UF investigations during experimental setup
3.4.1. NTU investigations
Turbidity rejection was not disturbed in all cases and

20 22 24 26 28 30 32

COD concentration.

always maintained >98-99 %, as shown in Figure 8.

3.4.2. Flux investigations for short term

The correlation of flux decline with time was
conducted to obtain preliminary information about the
fouling tendency of the membrane. The behavior of the
permeate flux as a function of the operation time was
studied quickly. Figure 9 shows that the UF permeate
flux appears very stable with the operating time,
indicating that fouling is not a problem on the UF
system during 150 min operation. During the UF, the
temperature increased again (54+2 °C) due to the
working conditions. Therefore, more favorable
permeation rates can be achieved due to decreased
viscosity [29]. Permeate flux was expressed as volume
per unit membrane area per unit time, e.g., Lm~> h™'
(LMH).
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Figure 10: Transmembrane pressure (TMP) change in the UF process.

3.4.3. Membranes: fouling and cleaning for long
term

As part of this study, the feed, retentate, and permeate
pressures in the vessel were measured, father more
transmembrane pressure was calculated as described in
Eq. 2.:

TMP (bar)="2"%-p, )

Whera Pg, Pg, and Py represent the feed, retention,
and permeate pressures.

Figure 10 shows that the transmembrane pressure
increased significantly in the long term. It was observed
that the membranes were being subjected to organic
fouling and the presence of inorganic precipitates. The
membrane cleaning was not different between the lines.
The process consisted of four passages, and each was
carried out at the highest temperature permitted by the
membranes. pH levels are brought nearer to neutral by
rinsing with demineralized water. The cleaning
operations for the membranes were performed at various
times. These tests revealed that the membranes did not
exhibit organic fouling problems. Since cleaning the
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characterized to apply it as an active adsorbent for the adsorption of 3-

Nitroaniline (3-Nitrobenzenamine) from wastewater. The MCM-48
characterizations were specified by implementing various techniques such as;
scanning electron microscopy (SEM), Energy dispersive X-Ray analysis (EDAX),
X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area, pore size
distribution (PSD), and Fourier transform infrared (FTIR). The batch adsorption
results showed that the MCM-48 was very active for the 3-Nitroaniline
adsorption from wastewater. The adsorption equilibrium results were analyzed
by applying isotherms like Langmuir and Freundlich. The maximum
experimental uptake of 3-Nitroaniline according to type | Langmuir adsorption
was found to be 89 mg g™ approximately. The Langmuir model is superior to the
Freundlich model for the adsorption of 3-Nitroaniline onto the mesoporous
material MCM-48. The results demonstrated that 3-Nitroaniline regression
coefficients are so high (0.99), the pseudo 2™ order hypothesis for the adsorption
mechanism process appears to be well-supported. The findings of adsorption
isotherms and Kinetics studies indicate the adsorption mechanism is a
chemisorption and physical adsorption process. In a thermodynamic analysis, a
spontaneous and exothermic adsorption has been observed. Prog. Color
Colorants Coat. 16 (2023), 387-398© Institute for Color Science and Technology.

I n this work, the MCM-48 mesoporous material was prepared and

1. Introduction

Wastewater produced by manufacturing locations can be

dyeing agent. An aniline with a nitro functional group in
position 3 is known as a 3-nitroaniline. It is described as
"not easily compostable” and having "low

treated in sewage treatment stations. The majority of
industrial ~ operations, including  chemical and
petrochemical plants, petroleum refineries, and chemical
plants, have their own unique facilities to handle their
effluent water [1]. The non-volatile stable substance 3-
nitroaniline (C¢HgN,O,), also referred to as meta-
nitroaniline and m-nitroaniline, is frequently used as a

bioaccumulation potential* and is stable in neutral,
acidic, or alkaline conditions. It is used as a chemical
intermediate for azo coupling component 17 and the
dyes disperse yellow 5 and acid blue 29. The chemical is
changed to other substances (dyestuffs and m-
nitrophenol) during the dyeing process and application

*Corresponding author: * Talib.M.Naieff@uotechnology.edu.iq

Doi: 10.30509/pccc.2023.167111.1205
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of natural dyes along with nanoparticles to finding
definite properties [2-4]. Many serious environmental
problems were caused by wastewater containing 3-
nitroaniline, because of its carcinogenic properties and
high toxicity. Present technologies for a stream of
wastewater remediation and recycling also include
technology of membrane encompassing reverse ultra-
filtration (UF), microfiltration (MF), and osmosis) RO)
[5-8]. Membrane systems have alternatives, such as
chemically based oxidation processes and air/oxygen-
based on non or oxidation. The first class comprises
advanced oxidation processes (AOPSs), which produce
hydroxyl radicals that are then used for oxidation by
using hydrogen peroxide, UV light, and ozone [9-12].
The second class consists of wet air, catalytic wet air,
and dry oxidation [13-15]. Another type of treatment
used in wastewater cleanup is adsorption. Adsorption
techniques have been used to eliminate organic and
inorganic contaminants from wastewater, with a
particular emphasis on the usage of various materials as
the preferred adsorbent. It may be said that the
regeneration of the used adsorbent materials is a time-
consuming and expensive procedure [13]. Because of
this, there is interest in creating new adsorbents to
remove contamination in the aqueous waste stream [14,
15]. Based on the size, shape, and other characteristics of
a molecule, such as polarity, Zeolites can reject or
selectively adsorb certain compounds. This means that
they can act as adsorbents. Organ clays have been the
focus of several investigations on organic molecule
adsorption from aqueous solutions. There have been
reports on silicate [16], mesoporous materials [17],
modified and unmodified zeolites [18]. For application
in separation procedures as an adsorbent, the candidate
MCM-48 appears to be more promising. Scientists have
been very interested in the mesoporous material such as
MCM-41, MCM-48, and SBA-15 because of its
potential use as supports of catalyst, catalysts, drug
delivery, and absorbents [19, 20]. These material
properties are high thermal stability, specific pore
volume up to 1.2 cm’g”', surface areas (1000-1500
m?g"), a narrow pore-size distribution, and ‘‘non-
cytotoxic” properties [21]. Mesoporous silica-based
materials, including MCM-48, have been developed as
efficient catalyst carriers, adsorbents, and cutting-edge
drug delivery systems. [22]. This is due to their very
considerable thermal stabilities, porous morphologies,
extremely large surface areas, and highly reactive
surfaces for the presence of the silanol groups [23, 24].
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The main aim of the present research was to
investigate the removal of 3-Nitroaniline (CgHgN,O5,)
from wastewater solutions by applying MCM-48 as an
efficient adsorbent. The adsorption isotherms, kinetics,
and thermodynamic were examined. Moreover, the
adsorption mechanism of 3-Nitroaniline wastewater
onto the surface of MCM-48 adsorbent was studied in a
batch adsorption process. Finally, regeneration and
desorption kinetics were also tested for MCM-48 to
discover the actual adsorbent utility and its
applicability for reusability in a continuous adsorption
system. To our knowledge, no publishing results is
recommending on the investigation of 3-Nitroaniline
(3-Nitrobenzenamine) removal from aqueous solution
by MCM-48 adsorbent. It is acquiring special
recognition and considers as a promising alternative to
conventional water treatment in textile industries.

2. Experimental

2.1. Chemicals

The chemicals applied for this work were cetyl
trimethyl ammonium bromide CyH;,BrN (CTAB;
purity >98%) as a surfactant, tetraethyl orthosilicate
Si(OC,Hs), (TEOS; purity > 98 % (as a silica source,
sodium hydroxide (NaOH), hydrochloric acid (HCI),
and 3-Nitroaniline (3-Nitrobenzenamine) (CgHgN,O,).
All reactants were analytically purchased from Sigma
Aldrich Chemical Company. All materials were
applied without additional purification.

2.2. Preparation of MCM-48

According to the preparation method outlined by [25-
27], MCM-48 was synthesized. The following steps
were used to create MCM-48 in a representative
preparation: 90 g of deionized water mixed with 10 g
of CTAB. 1 g of NaOH was then mixed with the
solution after it had been rapidly agitated at 35 °C for
40 minutes. Eleven cm® of TEOS was added, after
stirring the solution for 60 minutes at 35 °C, and the
mixture was then stirred at this temperature for another
30 min. Final heating of the combination was place in
an autoclave under static conditions for 24 hours at 150
°C; the resultant MCM-48 was then cooled down for 1
hour, filtrated, and rinsed with distilled H,O before
being dry at ambient temperature. The produced
sample was then calcined for 6 hours at a temperature
of 650 °C applying a ramp rate for heating 2 °C/min.
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2.3. Characterization

The MiniFlex (Rigaku) diffractometer was used to
record the patterns of small-angle XRD in ambient
settings using Cu K radiation (A = 1.5406A). The X-ray
tube was run at 40 kV and 30 mA, and the data were
reported in the 20 range of 0.5-8° with a 2 step size of
0.01 and a step time of 10s. The formulac nA = 2dsin6
and a, = 2d100/v/3 were applied to determine the unit
cell and d-spacing characteristics. The pore analyzer of
a micrometrics ASAP 2020 was used to assess the
adsorption and desorption of nitrogen using N,
physisorption at -196 °C. All specimens were degassed
in the degas adsorption analyzer port for 3 hours at 350
°C and vacuum (p < 10 mbar). The BET method was
used to calculate the specimens' BET-specific surface
areas for the relative pressure range of 0.05 to 0.25.
With the use of the Barrett-Joyner-Halenda (BJH)
approach, which is based on thermodynamics, the
distributions of pore size were specified from the
isotherm desorption branch. The quantity of liquid N,
adsorbed at P/Py = 0.995 was used to calculate the total
pore volume. This information was obtained from the
N, isotherm's adsorption branch. Through the use of the
unit cell parameter(a,) and pore size diameter, the pore
walls thickness (ty) was estimated (dp). Using BET
analysis (4V/A), the average mesopore sizes for the
single specimens were calculated from the data of
nitrogen sorption. SEM was carried out on a JEOL
(JSM-5600 LV). EDAX is an analytical method that
creates the adsorbent elemental analysis to determine
the composition of chemicals when combined with
SEM. Using a NICOLET 380 FT-IR spectrometer, the
solid samples' infrared spectra were measured were in
the 4000 to 400 cm™ range at areas with 4 cm™
resolutions in transmission mode at ambient
temperature.

2.4. Experiments of batch adsorption

To assess 3-Nitroaniline isotherms of adsorption onto
the adsorbents at 25 °C, batch adsorption tests were
performed. By dissolving 0.2 g of 3-Nitroaniline in 1
litre of distilled water, stock solutions of 3-Nitroaniline
were created. At 25 °C, experiments of batch adsorption
were used to assess the 3-Nitroaniline adsorption over
the adsorbents. Then, 10 concentrations (0-0.2 g/L) were
used to create a calibration curve using a UV-
Spectrometer (model HP 8453) calibrated to 25 °C.
Amax was discovered to be 278 nm for 3-Nitroaniline.

The calibration was necessary to compare final
absorbance with beginning absorbance. In 100 mL
conical flasks, 15 different concentrations of the
aforementioned solutions were created, starting from
0.001 - 0.06 g/L. 100 mL of each was added to 0.01g
MCM-48, which was then stirred in several positions at
150 rpm for an hour at room temperature (25 °C). This
made it possible for the mesoporous substance MCM-48
to completely mix with the mixture. Following the
adsorption procedure, equal quantities of the solutions
were centrifuged for five minutes at 3500 rpm using a
centrifuge (model Hermle Z 200 A). This allowed the
zeolite to completely separate from the solution and
enable analysis with a UV-spectrophotometer (TU1900)
operating at a wavelength of 278 nm. According to the
following equation, the (%R) of 3-Nitroaniline was
calculated (Eq.1) [28]:

_ Co-Ce

%R=""x100% (1)

Using the following equation, the amount of
adsorption (ge) was determined (Eq.2) [29]:

V(Co-Ce)
o= Y(Co-Ce)

m

@

Where, ge (mg / g) denotes the adsorption amount,
V (L) is the 3-Nitroaniline solution volume, m (g) is the
mass of the absorbent applied used in the experiments,
Co (mg/L) and C, (mg/L) are the initial and equilibrium
concentration of 3-Nitroaniline, respectively [30].

2.5. Adsorbent's reuse

The regeneration was studied applying an exhausted
MCM-48 adsorbent. Following the 3-Nitroaniline
adsorption solutions onto MCM-48, the mixture was
filtered, the discarded adsorbent material that had uptake
3-Nitroaniline was rinsed in a sizable amount of H,O
until no 3-Nitroaniline remained in solution, and then
dried under vacuum conditions at 60 °C for the duration
of an entire night. Several adsorption-desorption cycles
were achieved in order to examine the MCM-48
material's resilience and potential for regeneration.

3. Results and Discussion

3.1. Synthesized materials characterization

The prepared MCM- 48 was subjected to SEM and
EDAX characterization procedures. At a magnification
of 1000, SEM pictures of this material are displayed in
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Figure 1a. The peaks on the EDAX graph in Figure 1b
show the components' average weight % values that C,
O, and Si made up the zeolite. To get accurate average
weight % for each of the components, EDAX graphs
were created for a number of different locations on the
SEM pictures.

As can be displayed in Figure 2a, the MCM-48
small angle XRD patterns before and after adsorption
exhibit a strong mesostructured-descriptive diffraction
peak at around 20 of 0.9°. Furthermore, two further

I 100 1 Becron age 1

peaks, indexed as (2 1 1), and (2 2 0) were seen in the
XRD patterns. Two reflection peaks at 28 less than 3°
and a string of sporadic weak peaks in the range 3.5°—
5.50 are indexed to the Ia3d cubic structure. When
compared to comparable peaks described in the

literature, the peaks acquired in our investigation match
those reported there quite well [31]. The outcomes
shown in Table 1 illustrate how MCM-48 has a
periodic ordered structure and very stable before and
after adsorption.

100 0O

K 2 ¢ & 8
Ful Soole 21233 =2 Qurser C 000KV

Figure 1: (a) SEM picture of MCM-48 at a 1000x magnification. (b) A typical MCM-48 EDAX picture.
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Figure 2: MCM-48 (a) X-ray diffraction pattern before and after adsorption (b) isotherms of nitrogen adsorption —
desorption, (¢) BJH pore size distribution, and (d) FT-IR spectra.
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Table 1: MCM-48's physicochemical characteristics.

D a t
. s 3 p 0 wall
15 0.7 3.4 BN 0.5

MCM-48 1450

According to Figure 2b, the N, adsorption isotherms
of MCM-48 have a type IV isotherm and a type H1
hysteresis loop. A small pore size distribution is
indicated by sharp adsorption and desorption branches.
The sharpness and height of the capillary condensation
process in the isotherms, in general, represent the
uniformity of the pore size for mesoporous molecular
sieves. In the relative pressure (P/Py) range of 0.05 to
0.25, the MCM-48 displays type IV isotherm, as
illustrated in Figure 2b. Together with the structural
features  discovered by  nitrogen  adsorption
investigations, Table 1 explains the sample's specific
surface area, pore size, pore volume, and wall thickness
together with the structural characteristics obtained from
nitrogen adsorption studies.

Figure 2c displays the pore size distribution (PSD)
for the MCM-48. The content produced by CTAB:
NaOH: The pore size distribution of TEOS is broad and
centered at 35 A. A mesopores higher amount was
discovered for the basic synthesization, which created
the most evident pore size dispersion and had a fairly
regular organization [32]. Figure 2d displays the FT-IR
spectrum of MCM-48, which includes the characteristic
Si-O-Si bands at 1082, 964,799, and 460 cm™
Stretching vibrations either Si OH or Si O Si can be
attributed to the absorption band at around 960 cm™.
Because of the existence of the surface OH groups and
the strong H, bonding interactions between them, the
wide band at approximately 3463 cm™ is caused. Finally,
the band at about 1637 cm™ can be attributed to the
distortion modes of the OH bonds of adsorbed H,0 [33].

3.2. 2-Nitroaniline adsorption
3.2.1. Contact time effect

The contact time duration was determined for the 3-
Nitroaniline solution to adsorb it onto MCM-48 in
order to attain equilibrium as indicated in Figure 3.
Amax was discovered to be 278 nm for 3-Nitroaniline.
The adsorption of 3-Nitroaniline solutions is clearly
much influenced by time. The amount adsorbed on the
nanoporous material zeolite was quantified for this
purpose. The findings showed that equilibrium was

established in under 20 minutes. It may take less time
to attain balance. As a result, 60 minutes was specified
to be the ideal contact time for the adsorbent. So, for
the MCM-48 adsorbent to get saturated with analysis,
just a very little contact time is needed. The adsorption
capacity was greatly increased by higher cationic
surfactant concentrations and their high availability in
the pores of the adsorbent. This finding is significant,
since one of the key factors taken into account for an
efficient system of wastewater treatment is the

equilibrium time. Therefore,

in all experiments,

adsorption was let to continue for 1 hour [34].

3.2.3. Effect of agitation rotary speed

The adsorption of hazardous solutes was examined by
changing the agitation rotary speed from 0 to 200 rpm
while maintaining a concentrated solution and contact
time constant. The removal of harmful 3-Nitroaniline
solutions rose when the agitation rotary speed was
raised from O to 150 rpm; however, it then remained
constant. This suggests that an agitation rotary speed in
the 150-200 rpm range is enough to ensure the
surfactants optimum cationic sites present in the pores
of MCM-48 adsorbent are rapidly made available for
absorption. The best agitation rotary speed for the
remaining studies was determined to be 150 rpm [35].

qe (mg/ @)

100

9 r
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60 |
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Figure 3: Contact time effect on the 3-Nitroaniline

adsorption.
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3.2.4. Concentration effect

As a 2-Nitroaniline initial concentration function C,,
Figure 4 depicts the % removal of 3-Nitroaniline
estimated from Eq. 1. Approximately 64% of the 3-
Nitroaniline content, which was initially 4 mg dm?, is
removed from solution. The % removal of 3-
Nitroaniline was decreased with the increased
concentration at a constant mass of MCM-48. This
reduces the amount of concentrated solution material
that gradually absorbs more material. The quantity that
may adsorb into the pores decreases when the
maximum absorption of the MCM-48 pores is
approached [36].

3.4 Adsorption isotherm

Figure 5 depicts the 3-Nitroaniline compound's
adsorption isotherms, where Ce represents the adsorbate
equilibrium concentration in solution at equilibrium and
ge represents the adsorbate adsorbed per gram of MCM-
48. 3-Nitroaniline molecule was generally adsorbed
throughout a variety of concentrations, demonstrating the
efficiency of MCM-48 in the removal of 3-Nitroaniline
from aqueous solutions as an adsorbent. An essential
driving factor for overcoming all ion and molecule mass
transfer resistances between the solid phases and aqueous
is the initial adsorbate concentration [37]. The initial
solution concentration in the current investigation is
adjusted from 4 - 60 mg/L however, the adsorbent dose
stays constant at 0.01 g/100 mL. Figure 5 shows that
when the equilibrium adsorption capacity increases, the
initial  3-Nitroaniline  concentration also  rises.

70

2

% Removal
2 8 2

20
10

0 10 20 30 40 S50 60 70
Co (mg/dm?)

Figure 4: Initial 3-Nitroaniline concentration impact on
removal efficiency at contact time=60 min and MCM-48
dosage=0.01 g.
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Figure 5: Isotherms of adsorption onto MCM-48 with
0.01g/100 mL adsorbent.
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The uptake of equilibrium adsorption for 3-Nitroaniline
rose from 20-89 mg/g as the starting concentration
solution of 3-Nitroaniline was increased from 4 to 60
mg/L. This is because of the excess in number of 3-
Nitroaniline molecules of poisonous solutes vying for
the few remaining sites of binding onto the adsorbent's
surface. According to the finding shown in Figure 5,
cationic surfactants that include MCM-48 have a very
high uptake for 3-Nitroaniline adsorption. As seen in
Figure 2d, silanol groups (Si-OH) constitute significant
sites of adsorption on the MCM-48surface. These sites
are present in this substance in addition to cationic sites
that were provided by a cationic template. It appears
that a key determinant in the adsorption of 3-
Nitroaniline on the surface of MCM-48 is the number
of sorption sites. This can be explained by the fact that
there are initially lots of empty surface sites accessible
for adsorption. It was also proposed that as time went
on, a potent attraction force developed between the
molecules of 3-Nitroaniline and the sorbent. Due to
saturation, it is difficult to fill the remaining open
surface sites, which may also be related to a lack of
accessible sorption sites towards the conclusion of the
adsorption process [38].

The adsorption isotherms for 3-Nitroaniline
compound have profiles that are consistent with Type |
Langmuir adsorption; the quantity adsorbed rose
gradually until it reached values in the 25-89 mg g™
range [39]. The study of adsorption isotherms has been
done so as to model the adsorption behavior.
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According to Figures 6a and b, the Freundlich and
Langmuir isotherm models were used to assess the 3-
Nitroaniline species adsorption process. Equations of
Langmuir and Freundlich are given in equations 3 and
4, respectively.

%: (bqrilax) * (qniax) Ce (3)

Log qe=Log KF+ (i) Log Ce (4)

Graphing the Eq. 3 linear form of, or Ce/ge vs. Ce,
which was applied to determine the constants of
Langmuir and maximal uptake or capacity gmax,
corroborated type | adsorption. According to Table 2
and Figure 9a, the Langmuir profile for the 3-
Nitroaniline molecule is a straight line, supporting
Type | adsorption. R? values are 0.99. Figure 6 displays

0.0007
: =1E-05x +2E-05
0.0006 ¥
R? = 0.9963
0.0005 }
; 0.0004
=0
< 0.0003
=
L5
& 0.0002
0.0001 }
0

0 10 20 30 40 50 60 70
Ce (mg / dm?)

the linearized isotherm data using the Langmuir
equation. Table 2 lists the regression coefficients.
R?=0.99, a high correlation coefficient, denotes strong
agreement between the parameters. 3-Nitroaniline has
an adsorption ability to create monolayers that may
reach up to 100 mg/g, according to the constant gmax.
The value of the adsorption energy constant, b, for 3-
Nitroaniline is 0.5 dm*mg. The Freundlich equation
was also fitted to the similar data, which is seen in
Figure 6b. Table 2 provides the constants of regression.
The correlation coefficient values demonstrate how
closely the data follow the Langmuir equation. The 3-
Nitroaniline component adsorption on mesoporous
materials is better depicted by the Langmuir model
than by the Freundlich model. Furthermore, 3-
Nitroaniline has 1/n values that are smaller than 1,
which is a sign of a high adsorption intensity [40].

1.955
195 | y=0.1068x+1.7592  }
1.945 - R?= 0.9475
1.94 -
1.935 -
1.93 -
1.925 -
1.92 -
| |
1.915 - . . . _
14 15 16 17 18
Log (Ce)

Log(ge)

Figure 6: 3-Nitroaniline adsorption on MCM-48 according to (a) Langmuir, and (b) Freundlich isotherms.

Table 2: Constant of Langmuir and Freundlich for 3-Nitroaniline adsorption on MCM-48.

Langmuir constants

Adsorb ate

Freundlich constants

I P B I
(mgg ) (dm®.mg™)

3-nitroaniline

0.9963 57.438 0.1068 0.9475
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3.5. Adsorption kinetics

One of the most important elements that defines the
effectiveness of adsorption is the rate of 3-Nitroaniline
adsorption by MCM-48. A pseudo-first and second
order model have been applied to explain kinetics of 3-
Nitroaniline adsorption. Figures 7a and b illustrate how
pseudo-first- and second-order kinetics models were
used to analyze the 3-Nitroaniline Kkinetics of
adsorption onto MCM-48. Table 3 contains the results
for the kinetic model parameters and the correlation
coefficients (R%). According to Table 3, the theoretical
values (ge cal.) calculated from the pseudo-first-order
kinetic model gave substantially different values when
compared to experimental values (ge exp.). As a result,
the pseudo 1* order kinetic model is representing this
adsorption system well. The theoretical (qe cal.) and
the experimental values (qe exp.) were calculated using
the pseudo 2™ order kinetic model are extremely close
to each other, as shown in Table 3. The coefficients R?
value is also quite near to 1, which supports the validity
of the pseudo-second-order equation. In the current
research, the adsorption data were analyzed applying

1.8
a
1.6 a
o 14 -
7 12 =
= =)
=
g os E
= 06 _ =
y =-0.0215x+ 1.9602 -
0.4 R: = 0.9818 &
0.2 =
0
0 10 20 30 40 50 6
Time (min)

0.8

0.6

0.4

two important kinetic models. The integrated pseudo-
first-order rate equation is written as [41]:

®)

The adsorbed 3-Nitroaniline quantity at equilibrium
time t is shown by ge and qt, respectively. k; : is the
pseudo-first-order adsorption equilibrium rate constant.
The pseudo-second-order equation is [42]:

Log (qe-qt)=Logqe-k1t

t 1 1
L +—t
qt  koqe?  qe

(6)

k,: is the rate constant of pseudo-second-order.

Figures 7a and b explain the findings of Pseudo-
first and second order models were used to fit the
experimental data, respectively. The results from the
adsorption kinetics are extremely well matched by the
pseudo-second order model, as shown in Figure 7b.
Given that 3-Nitroaniline regression coefficients are so
high (0.99), the pseudo 2™ order hypothesis for the
adsorption mechanism process appears to be well-
supported [43].

: b
¥ =0.0061x + 0.5515
R*=0.9953
0 10 20 30 40 S50 60

Time (min)

Figure7: (a) Pseudo 1% and (b) 2" order kinetics for the 3-Nitroaniline adsorption on MCM-48.

Table 3: Kinetics parameters values for 3-Nitroaniline adsorption on MCM-48.

Adsorbates

ge.cal.

Pseudo-first order constants

Pseudo-second order constants

(mg/g)
91

3-Nitroaniline 65 0.0215
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0.981

K1 R? ge.cal. K, R2
(g/mg.min) (mg/g) | (g9/mg.min)

163 6.747*10° 0.995
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3.6. Adsorption thermodynamics

As shown in Figure 8, the thermodynamic parameters
for the adsorption of 3-Nitroaniline at different
temperatures are given in Table 4 by the plot of the
linear Van't Hoff equation (In kc versus 1/T). The
negative values of AG for applied temperatures are a

mesoporous. This important material has the majority of
silanol group. Based on the structure of the 3-
Nitroaniline, MCM-48 and experimental results of
kinetic, FTIR and EDX analysis, the adsorption
mechanism of 3-Nitroaniline onto MCM-48 adsorbent
can be determined. Based on FTIR results, the strong

adsorption band of at — C = C—group was decreased in
intensity and shifted from 1681 to 1600 cm ' owing to
7 interactions between 3-Nitroaniline molecule with —
C = C- onto the surface of MCM-48. While the band of
— OH groups was increased in intensity and a slight shift
from 3330 to 3335 owing to hydrogen bond formation
between the -N(CHs), group of 3-Nitroaniline
molecules and the — OH group in the MCM-48 surface.
The band of C = O stretch vibration of carboxylic acid
was a slight increase in intensity due to electrostatic
attraction between a cationic *N(CHj);" group of MG
molecules with the negative charge of COOH group
onto the MCM-48 surface. According to the results of
adsorption isotherms and kinetics study, the adsorption
mechanism is a chemisorption and physical adsorption
process. Therefore, these results provide enough
evidence to support the 3-Nitroaniline adsorption onto
the MCM-48 surface by different mechanisms such as
hydrogen bonding, electrostatic interaction and w-m
interactions [44, 45].

sign of spontaneous sorption. Besides, the value of AS
was negative, demonstrating that the adsorption
process could reduce chaos degree of the system,
Furthermore, the value of AS was negative, showing
that the sorption process reduced chaos. while the
negative value of enthalpy AH indicates that the
sorption is exothermic.

3.7. Adsorption mechanism

To understand the adsorption mechanism process, it is
important to know the structure of the adsorbent and
adsorbate as shown in Figure 9 3-Nitroaniline molecule
is an organic chemical substance, particularly a primary
aromatic amine. It consists of an amino group attached
to a benzene ring. On the other hand, MCM-48
adsorbent is the most common molecular sieves of
mesoporous materials that is intensively investigated by
researchers. The most notable feature of the MCM-48 is
that despite having an amorphous silica wall, it has a
long-range  organized  structure and  consistent

Table 4: Thermodynamic parameters for the sorption 3-Nitroaniline on MCM-48 at different temperatures.

Kc AS
Adsorbent TI°K AG kJ/mol | AH kJ/mol R 2
L/g J/mol. k
298

11.11 -5.83
MCM-48 308 7.44 -5.03 -23.84 -60.21 0.9721
318 6.07 -4.66
2.5
y = 2867.2x-7.2421 @
R?=0.9721
23
21
< °
=
— 1.9
1.7
1.5 : ;
0.00312 0.00318 0.00324 0.0033 0.00336  0.00342
1/T(k)

Figure 8: Plot of In Kc versus 1/T for 3-Nitroaniline sorption by 0.01g of MCM-48 (C,=10, time=60 min, RPM=150).
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Figure 9: Mechanism adsorption of 3-Nitroaniline onto MCM-48 adsorbent.

3.8. Adsorbent reuse

The possibility of recycling the adsorbent was
examined for applying a depleted MCM-48 after
regeneration. For the purpose of proving that the
MCM-48 could be regenerate by removing the
adsorbates, desorption investigations were carried out.
When using the MCM-48 again, it is crucial to
establish that desorption takes place. According to the
results of the trials, 3-Nitroaniline was effectively and
efficiently desorbed into deionized water in a single
cycle, with an efficiency of over 90 %. It can be seen
from this that used materials may be recycled. It is
possible to perform a more thorough investigation to
learn more about desorption, including the impacts of
solution concentration, adsorbate loading, temperature,
etc. The focus of this essay does not extend to this
study [46].

4. Conclusion

In this study, 3-Nitroaniline was easily adsorbed from an
aqueous adsorbate solution utilizing from the MCM-48
mesoporous material. According to a linear analysis with
R? values of 0.99, 3-Nitroaniline molecules matched to
Type | Langmuir adsorption. Under appropriate
experimental ~ circumstances, nanoporous material
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diglycidyl ether terminated, as surface modifiers (SAs) in different

concentrations by precipitation method. The epoxy siloxane modifier was
chosen in order to improve the compatibility with the polymeric matrix and gain
better dispersion. ZnO QDs with size of about 3 nm with optimum properties
were synthesized. Structural characteristics and optical properties of synthesized
ZnO quantum dots were investigated using Fourier Transform Infrared
spectroscopy (FTIR), X-ray diffraction (XRD), photoluminescence (PL) and UV-
Vis spectroscopy. They were powdered, purified and finally dispersed in 3
treatment levels in epoxy resin Matrix and they were distributed uniformly in the
epoxy resin. The effect of these nanoparticles on the curing process of epoxy
resin and 1,3-bis (aminomethyl) cyclohexane (1,3BAC) hardener was
investigated using differential scanning calorimetry (DSC). The nanocomposites
containing 0.05, 0.1 and 0.15 % ZnO nanoparticles presented respectively 3.6,
15.05, and 12.76 % lower heat flows than the epoxy resin which confirms the
barrier effect of these nanoparticles on the activity of epoxy and amine. Prog.
Color Colorants Coat. 16 (2023), 399-408© Institute for Color Science and
Technology.

Z inc oxide quantum dots were synthesized using poly (dimethyl siloxane)

1. Introduction

widely used in biology and optical imaging [8, 11] and

In recent years, semiconductor nanocrystals, also named
quantum dots, have attracted a lot of attention due to their
unusual optical behavior [1-8]. By controlling the size and
structure of quantum dots, their bandgap and emission
wavelength can be changed in the infrared to ultraviolet
range and they can have a bright and stable emission [8].
Zinc oxide with a wide band gap of 3.37 ev and a critical
Bohr radius of about 1.4-3.5 nm is used in many
applications including solar cells, sensors, medical
applications, and optical diodes [1, 2, 9, 10]. Especially
because it is non-toxic and environmentally friendly,

can be used to enhance the resistance of polymers to UV
radiation [12-15] However, there are still many challenges
regarding their synthesis and cheapening and
industrialization, which is why they are used in a limited
way in industry [8]. Another major challenge of quantum
dots is that they do not have colloidal stability and after a
short period of time after synthesis, they undergo the
Ostwald ripening and precipitate in reaction medium [11].
Extensive applications require specific nanostructure and
in fact needs functionalization and modification of their
surface [2, 11, 16-18]. Quantum dots with uniform
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particle size distribution and strong emission can be
produced using appropriate surface modifiers during the
synthesis process [12, 19]. Stabilization of nanoparticles
via organic functionalization, commercially with PMMA,
PEG, PVA and Silanes, can be a good strategy to control
the agglomeration and surface defects of the nanoparticles
[19-21]. However, purified and powdered particles cannot
be well dispersed and uniformly distributed in polymer,
which limits their use [12]. Zhang et al. used four different
materials including 3-mercaptopropyl tri-methoxysilane,
polyvinylpyrrolidon, aminopropyl trimethoxysilane and
tetraethyl orthosilicate as capping agentsto modify the
surface of ZnO quantum dots to control their size and
proved by TEM that all sizes were below 10 nm [8, 22].
In another work, Liu, used diethylenetriamine (DETA) as
ligands to modify the surface of ZnO QDs, it not only
passivates the surface defects of ZnO but also suppress the
overwhelming electron injection in the QLED [23].
Huang et al. used 0-(2,3-epoxypropoxy)-
propytrimethoxysilane surface modifier in the synthesis of
ZnO QDs. Their synthesized nanoparticles showed very
uniform  dispersion in epoxy resin and strong
luminescence in both dissolved and dry conditions [12].
Wang successfully used Holmium acetylacetonate to
create compatibility between zinc oxide quantum dots and
epoxy and achieved a uniform dispersion of these
nanoparticles with a size of 3 nm in the epoxy substrate
and excellent optical properties [24]. In our last work, we
investigated the influence of the presence of ZnO QDs
synthesized with epoxy siloxane surface modifier on the
structural and morphological properties as well as curing
behavior of Epoxy Siloxane [25].

In this study, we synthesized zinc oxide quantum
dots in the presence of poly (dimethyl siloxane)
diglycidylether terminated as surface modifier in four
different concentrations via precipitation method. It is
assumed that active epoxide groups in the structure of
this modifier can create strong physical or chemical
bonds with inorganic groups on the surface of ZnO and
their compatibility with Matrix leads to good
dispersion of QDs in epoxy [20]. Characterization
of the synthesized nanoparticles was performed using
FTIR, X-ray diffraction, PL and UV-Vis. On the
other hand, the effect of these quantum dots on the
curing process of epoxy and 1,3-BAC hardener
was investigated using DSC. The effect of
these nanoparticles on the optical properties of
nanocomposite was also investigated. A fairly uniform
distribution of these nanoparticles in the epoxy was

400 Prog. Color Colorants Coat. 16 (2023), 399-408

obtained due to the presence of epoxy groups in the
structure of the surface modifier, which made it
compatible with the matrix [12].

2. Experimental

2.1. Materials

Zinc acetate dehydrate (Zn(Ac),.2H,0,0.99 %), NaOH
(99 %,), ethanol (absolute) and n-heptane were
supplied from Merck (Germany). Poly (dimethyl
siloxane), diglycidyl ether terminated resin (epoxy-
siloxane resin) with an average Mn Mw of 800 g/mol
and EEW of 490 g/mol was purchased from Sigma-
Aldrich (Germany) and used as a surface modifier in
the synthesis process of nanoparticles. Bisphenol A
based liquid epoxy resin with Epoxide Equivalent
Weight (EEW) of 185-192 g/eq was provided by
Khuzestan Petrochemical Co., (Iran) and used as a
matrix resin in the preparation of nanocomposites. The
curing agent was 1,3-Bis (amino methyl) cyclohexane
(1,3-BAC) from Sigma-Aldrich (Germany) with Mw of
142.2 g/mol and Amine value of 789 mg KOH/g.

2.2. Synthesis of ZnO quantum dots

ZnO solutions containing 0.02 M NaOH and epoxy-
siloxane as surface modifier (SA) at four different
amounts (0.1, 0.5, 1 and 2 g) in 50 mL ethanol were
heated at 60 °C for 30 min. 0.002 mol (0.37 Q)
Zn(Ac),.2H,0 was directly added to the solution and
then heated at 70 °C for 1 h [1]. After that, ZnO QDs
were precipitated by n-heptane and the obtained white
powder was washed in deionized water and ethanol
five times in order to purify the ZnO QDs. Then, they
were dried in vacuum for 24 h [1, 2]. The amount of
SA was set at 0.1, 0.5, 1 and 2 g which were named as
ZQ01, 2Q05, ZQ1 and ZQ2 samples.

2.3. Synthesis of nanocomposites

One of the synthesized ZnO QDs with best
performance was selected and added to liquid epoxy
resin in four different concentrations, i.e. 0, 0.05, 0.1
and 0.15 % and mixed using sonication method. 1,3-bis
(amino methyl) cyclohexane (1,3-BAC) in 1:2 molar
ratio used as curing agent. DSC measurements were
done using NETZSCH DSC 214 instrument with 4
different hitting rates.
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3. Results and Discussion
3.1. Characterization of ZnO quantum dots

3.1.1. Structural studies

X-ray diffraction patterns of ZnO QDs synthesized
with different concentrations of SA are shown in
Figure 1. There are differences between the patterns
that help to choose a sample for making the QDs
composite. The main phase of all samples is zinc oxide
with hexagonal wurtzite structure (JCPDS No. 01-079-
0207). However, some samples show the minor peaks
of zinc hydroxide (JCPDS No. 00-001-0360) and event
zinc acetate (JCPDS No. 00-001-089). Because of the
minimum amounts of secondary phases, the optimum
condition is seen in ZQO05. In ZQO5, the purest zinc
oxide structure is seen, indicate that all precursors have
been completely consumed and no by-products are
formed. The concentration of siloxane SA has
significant influence on the intensity and full width of
half maximum (FWHM) of diffraction peaks.
Broadening in diffraction peaks in ZQO01, ZQO05 and
ZQ1 can be the result of size reduction effects due to

organic functionalization and crystallinity reduction [1,
3-7]. The optimum concentration of SA is needed to
help the formation of pure zinc oxide. Excess (ZQ1 and
ZQ2 samples) or less (ZQ01) amounts of SA leads to
formation of zinc acetate and zinc hydroxide beside the
zinc oxide structure. In the other words, less amounts
of SA leads to lack of coverage of functional groups of
SA and excess amounts of that moves the system
towards micelle formation as a rival to quantum dots.

3.1.2. Chemical composition

Fourier Transform infrared spectrum (FTIR) of ZnO
QDs prepared with different concentrations of siloxane
SA showed a peak at 450 cm™ attributed to the vibration
of Zn-O bonds. Strong bonds at 817 and 1200 cm™
correspond to epoxide groups and Si-O-Si, respectively,
in all the samples [1, 7, 12]. The intensity of these peaks
increased with increasing the SA concentration (Figure
2). A broad peak at ~ 3500 cm™ and a shoulder at
1570 cm™ corresponds to OH stretching and bending
vibrations, respectively. The peaks at 3500 cm™ can also
belonged to the Zn(OH),.
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Figure 1: X-ray diffraction patterns of the synthesized ZnO particles in the presence of different amounts of SA.
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Figure 2: FTIR of the synthesized ZnO patrticles in the presence of different amounts of SA.

3.1.3. Photoluminescence properties

Figure 3 shows PL spectra of ZnO QDs with different
SA concentrations. Some authors believe that PL
radiation is associated with surface defects, it is quite
clear that changing in the ligand graft density (ZnO:
SA ratio) will change the size of the clusters [10, 24].
Generally, by reducing the QDs particle size, the
quantum confinement switches the energy of the
conduction and valance bands, and leads to a blue shift
[4, 13]. Except ZQ2 sample, all specimens in the
visible photoluminescence region contain a strong cyan
emission peak. The sample ZQ2 showed a blue peak in
the visible region, which is the edge emission values of
ZnO bulk. It seems that the ZQ2 sample is not in the
quantum size region (its size is rather than Bohr
radius). The ZQO5 sample exhibits the highest
emission intensity which can be originated from the
formation of the purest zinc oxide structure [13, 21]. In
the other samples, zinc hydroxide or zinc acetate minor
phases (Figure 1) act as a competitor for electron —
hole recombination. On the other hand, the electron
excited by the high energy photons migrates to the zinc
hydroxide or acetate instead of radiative transition to
relax to the ground state. So, the reduction of
luminescence efficiency can be related to the non-
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radiative transition of electron towards zinc hydroxide
or acetate and the conversion to thermal energy [26].

3.1.4. Morphological studies

Morphology of the synthesized nanoparticles and the
samples synthesized with different concentrations of
surface modifier is evaluated using SEM, as shown in
Figure 4. According to the Figure, ZQO01 and ZQO05 have
particles less than 10 nm in size, which cannot be
accurately measured due to the resolution limitations of
the SEM images. On the other hand, the ZQ1 and ZQ2
samples have larger agglomerated particles. In order to
specify the shape and size of ZnO QDs nanoparticles,
TEM image of the ZQ05 (which was the best candidate
for making nanocomposite) is shown in Figure 5. As
seen, the particles are relatively separate and are mostly
under Bohr radius (2.34 nm) [13]. Because of the
existence of a kind of polymeric coverage from SA, QDs
seem to be spherical and are partially agglomerated.
ZnO QDs are mono-dispersed with an average particle
size of less than 3 nm that is in the range of Bohr radius
of ZnO and is in good agreement with other zinc oxide
guantum dots synthesized with different surface
modifiers by other researchers, which are in the
approximate range of about 2 to 8 nm [10, 15, 24].
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Figure 3: PL spectra of the synthesized ZnO particles in the presence of different amounts of SA.

. . L4
Figure 4: SEM images of the synthesized ZnO particles containing 4 different SA values a) 0.1gr (ZQ01), b) 0.5gr
(2Q05), ¢) 1gr (2Q1) d) 2gr (2Q2).

Figure 5: TEM images of the ZQO05 sample.
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3.1.5. UV-Visible absorption spectra

The UV-Visible adsorption spectra of ZQ01, ZQO05,
ZQ1 and ZQ2 are shown in Figure 6. As can be seen, the
efficient UV emission shifts to higher energies with a
sharp peak by decreasing the size of ZnO QDs [4]. The
qguantum dot samples have higher interaction with the
incident light and show the exact position of bandgap as
the significant changing the slope in the curves (shown
by the number on the curves). So, the ZQ01 and ZQ05
sample are clearly in the quantum confinement region
with the 4.13 and 3.87 eV bandgaps, respectively. The
bandgap values are significantly wider than the bulk
ZnO (3.2 eV) [13, 21, 26, 27].

3.2. Characterization of nanocomposites

3.2.1. Thermal Analysis
ZQ05 (ZnO QDs with 0.5 g surface modifier) which

represented better features were chosen and added to
liquid epoxy resin to investigate their influence on final
nanocomposite behavior. Nanocomposites with four
ZQO05 concentrations, i.e. 0, 0.05, 0.1 and 0.15 %, were
prepared and their curing reactions with 1,3-BAC were
studied by DSC. According to the DSC results shown in
Figure 7 and Table 1, incorporation of ZnO QDs into the
epoxy resin exhibited a reduction in the heat released
from curing reaction. The nanocomposites containing
0.05, 0.1 and 0.15 % ZnO QDs presented 3.6, 15.05, and
12.76 % lower enthalpy values than the neat resin
matrix, respectively. The ZnO QDs can cause a barrier
effect and decrease the probability of reaction functional
groups of amine and epoxy. This phenomenon occurred
with increasing the concentration of ZnO QDs up to
0.1 %, after which nanoparticles begin to agglomerate
and lose their function.
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Figure 6: UV-Visible absorption spectra of the synthesized ZnO particles in the presence of different amounts of SA.
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Figure 7: DSC curves of the epoxy/ZnO QD nanocomposites in the presence of different amounts of ZnO QDs.
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Table 1: DSC extracted data for the epoxy/ZnO QD nanocomposite.

0% QD 54.3 95.7 137.1
0.05 % QD 58.2 95.0 136.5
0.1% QD 58.5 95.3 1422
0.15 % QD 55.7 95.1 137.1

174.7 1.72264 97.12144
168.4 1.76668 98.27

148.4 1.82036 97.41652
152.4 1.86957 97.11455

T, is the onset temperature, T, is the end-point temperature and T,, is the peak temperature.

3.2.2. Optical properties

Optical transmittance spectra of crystalline ZnO QDs in
the vast region from 200 to 1100 nm are shown in Figure
8. For accurate exploration, three regions, i.e. UV,
Visible, and NIR regions, were evaluated separately
shown in Figures 9-12 and Tables 2 and 3. In UV region
(300-380 nm), nanocomposite containing 0.15 % ZnO
QDs showed the highest absorption. ZnO QDs are UV
absorbent and their higher concentration leads to less

heat will reduce the total released heat during curing
reaction. At the same time, sample containing 0.1 %
ZnO QDs that has the highest heat absorption, showed
the lowest amount of heat released from curing reaction.

Table 2: IR transmittance of the epoxy/ZnO QD
nanocomposite.

Transmittance (%)

o : o o ) 0% QD 88
transmission of UV irradiation. In visible region,
different concentrations of QDs have no effect on the 0.05 %QD 86
amount of light transmission. And finally in NIR region, 0.1% QD 84
the presence of ZnO QDs results in the reduction of
infrared irradiation transmission. In other words, ZnO 0.15 %QD 86
QDs increase heat absorption. The results are quite
consistent with DSC results. ZnO QDs which absorb
-------- 0 = = =0.05% =— --0.10% 0.15%
100 -
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Figure 8: Optical transmittance spectra of the epoxy/ZnO QD nanocomposites in the presence of different amounts of
ZnO QDs.
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Figure 9: UV transmittance spectra of the epoxy/ZnO QD nanocomposite in the presence of different amounts of ZnO
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Figure 10: IR transmittance spectra of the epoxy/ZnO QD nanocomposite in the presence of different amounts of ZnO
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ZnO QUANTUM DOT

Figure 12: The image of transparency of the epoxy/ZnO QD nanocomposite films.

Table 3: Type and characterization of some surface modifiers used in the ZnO QD preparation.

- Surface modifier Other effect

diethylenetriamine (DETA)

1 different hydroxylated 38105
polymers

18 siloxane 41+05

24 Ho(AcAc)3 3.0+05

our Work poly (dimethyl siloxane) About 3

diglycidyl ether terminated,

4. Conclusions

In the past decades, the use of quantum dots has
expanded considerably, given their desirable propertie.
The main problem that limits their consumption is the
fact that they cannot be uniformly dispersed in
polymeric matrices. Application of suitable surface
modifier to enhance the compatibility with polymeric
matrix can be a good idea. Epoxy-siloxane surface
modifiers led to the synthesis of stable QDs, but their
concentration is a key point. In order to investigate the
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1. Introduction

The use of thin films for protection has been of interest

and corrosion characteristics of materials is to create a resistant thin

film using the physical vapor deposition process. Various ions are
substituted or interspersed on the surface of metal or non-metal parts using
accelerators. This article investigates the structural, corrosion, and mechanical
properties (hardness) of zirconium nitride coatings prepared by ion beam
sputtering and nitrogen ion implantation on 304 stainless steel. For this purpose,
a coating of zirconium with a thickness of 100 nm has been deposited on 304
stainless steel by the ion beam sputtering method. Nitrogen ion implantation was
performed at a temperature of 400 K and a dose of 5x10'" N* cm ™~ at energies
of 10, 20, 40, and 80 keV. The crystallographic investigation, hardness,
corrosion tests in 0.6 M NaCl solution, and SEM were done for different
samples. The correlation between the test results, considering the increase in the
implantation energy, introduced the optimal energy of 40 keV to make the
sample with the highest degree of corrosion resistance and hardness. Prog.
Color Colorants Coat. 16 (2023), 409-415© Institute for Color Science and
Technology.

O ne of the common methods to improve and change the structural, wear,

result in a high density of microscopic defects within the
coating structure, making the film vulnerable to
corrosion attack. Essentially, the presence of these

to humans for a long time. Many modern and complex
electronic and optical parts are made in thin film [1-4].
Over the past few years, transition metal nitrides have
emerged as the most promising coating options for
enhancing the corrosion resistance of less noble
materials like steel. Despite possessing beneficial
properties such as chemical stability, hardness, good
adhesion to steel substrates, and attractive colors, metal
nitrides coatings tend to exhibit poor corrosion resistance
due to the presence of certain imperfections, including
pores, cracks, pinholes, and transient grain boundaries.
Physical vapor deposition techniques, in particular, often

defects creates paths that allow corrosive media to
penetrate the substrate, compromising the system's
corrosion resistance. Consequently, researchers have
explored various techniques to improve the coatings'
quality [5-8].

Recently, compared to other metal nitrides,
zirconium nitride thin film has been used the most in
industrial fields, such as hard coatings, corrosion-
resistant coatings, and creating penetration barriers in
microelectronic devices. The formation of zirconium
nitride coatings is more complex than TiN or CrN films

*Corresponding author: * a_ grayli@yahoo.com
Doi: 10.30509/pccc.2023.167128.1213



M. Karimi and A.R. Grayeli

because zirconium has a high melting point and low
vapor pressure and is highly susceptible to oxygen and
carbon pollution. Fewer studies have been done about
zirconium nitride compared with nitride films of other
transition metals [9-11].

To deposit zirconium nitride on different substrates,
a long time and high temperature are required;
therefore, various methods of physical vapor deposition
(PVD) have been used to increase the deposition rate
and lower the temperature [12, 13]. In 2003, Pilloud
and Dehlinger fabricated a zirconium nitride film
through magnetron sputtering using an Alcatel
SCM650 sputtering system. They investigated the
effect of changing substrate bias, substrate temperature,
and nitrogen gas flow on structural and mechanical
properties [14]. In 2003, Hu and Li deposited
zirconium nitride on the glass substrate by a magnetron
sputtering with different nitrogen gas flows in an argon
and nitrogen gas mixture. They showed that if the flow
of nitrogen (F (Ny)) is between 5 and 12 %, the film
with NaCl structure (fcc) with the preferred direction is
formed. ZrN, structure does not change with increasing
nitrogen flow from 12 to 24 %, and ZrN(111) peak is
the preferred direction. When F(N,) is more than 24 %,
no more peak is observed, which means that ZrN, films
are formed in an amorphous form [15]. Han, Lee, and
colleagues subjected zirconium to nitrogen ion
implantation. By examining the wear test results, they
found that with the process of nitrogen implantation
and formation of zirconium nitride, the wear of
zirconium decreases with the increase of the ion dose,
and the wear also decreases [16].

The first step of this research involved depositing
thin films of zirconium onto 304 steel substrates using
an ion-sputtering device. Then a thin zirconium nitride
film was made using an ion implantation accelerator
with a constant ion dose at different energies. In the
following, its structural properties, corrosion behavior,
and SEM analysis after the corrosion test have been
investigated as a function of implantation energy. The
deposition techniques used are chosen due to their

ability to precisely control the thickness of the coating
and produce a uniformly coated surface with superior
adhesion.

2. Experimental

In this study, Zirconium nitride thin films with a
thickness of 100 nm were deposited on AISI 304
stainless steel substrates by ion beam sputtering (IBS)
at room temperature. Table 1 [17] provides information
on the chemical composition and element abundance of
the stainless steel alloy employed in the study. lon
beam sputtering is a highly effective coating method
that uses ion beams to apply materials onto a substrate's
surface. The schematic diagram of the IBS for the
deposition of ZrN films is shown in Figure 1. This
study accelerated Ar ions toward a Zr target at a fixed
energy of 2.2 keV and a 25 mA/cm? current throughout
the experimental process. The substrate temperature
during deposition was consistently maintained at 400
°C. For a more detailed overview of the deposition
conditions, please refer to Table 2. The purity of the
zirconium target used in the experiment was 99.98 %.
The deposition process was carried out in an advanced
(E19 A3 Edwards, England) coating plant, which
maintained a base pressure of 2x10™° mbar. A quartz
crystal deposition rate controller (Sigma Instruments,
SQM-160, USA) was positioned close to the substrates
to measure the deposition rate precisely.

To safeguard against scratching and oxidation, the
production factory shielded the stainless steel
substrates with a protective polyethylene sheet. The
sheet was removed by soaking the substrates in
ethanol, which were cut to a size of 20 x 20 x 1 mm.
Before deposition, all substrates underwent a thorough
ultrasonic cleaning process in heated acetone and
ethanol. Nitrogen ion implantation of the samples was
done at a temperature of 400 °C, a dose of 5x10''
N*/em?, and four different energies of 10, 20, 40, and
80 keV.

Table 1: Chemical composition and abundances (%) of different elements in 304 stainless steels [17].

KT IR TN T T N G

SS(304) 66-71  18-20 8-10.5
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Table 2: The deposition conditions for zirconium nitride thin films by ion beam sputtering.

Deposition parameters specifications

Target
Sputtering gas
Base pressure (mbar)
Working Pressure (mbar)
Substrate temperature (°C)
Electron beam current (mA)
Acceleration voltage (kV)
Deposition time (min)
N* dose (N*/cm?)

Implantation energy (keV)

Sample Holder
_———————

AA AAADA

Vacuum System

Zirconium
Argon
2x107
4x10°®

400
25
2.2
40
5x10"
10, 20, 40, 80

Ton Source

Figure 1: Schematic diagram of the lon Beam Sputtering system.

The crystallographic structure of the thin films was
analyzed wusing a STOE model STADI MP
Diffractometer from Germany, which employed CuKa
radiation and used a step size of 0.01° with a count time
of 1.0 s per step. The surface physical morphology and
nanostructure were characterized using a scanning
electron microscope (SEM: LEO 440i, England. The
hardness of the samples was determined by a Vickers
microhardness tester (Leitz Hardness Tester). A weight
of 25 g was used for applying a force equal to 25.254 x
10" N on the surface. The electrochemical behavior of
the samples was assessed using the potentiodynamic
polarization method and device (IVIUM-Compact-
State 20250 model). A specially designed holder was
used to ensure precise measurements, exposing only a
surface area of 1+0.05 cm® to the corrosive
environment. The test medium consisted of a 0.6 M
NaCl solution, with Ag/AgCl and platinum electrodes
as a reference and auxiliary electrodes, respectively.

The samples produced were utilized as working
electrodes in the electrochemical cell. All potentials
used were expressed relative to Vocp, With the starting
potential set at -400 mV relative to Vocp.

3. Results and Discussion

3.1. Crystal structure analysis

The XRD patterns of the untreated and coated samples
with different implantation energies are shown in
Figure 2. As expected, three iron peaks related to 304
steel are observed as substrate peaks in the spectrum of
samples. Zirconium nitride peaks are observed in the
sample produced by the implantation process with 10
keV energy. As it is known, ZrN(111) peak has the
highest intensity. Therefore, the preferred direction in
the film belongs to this peak. In this sample, zirconium
nitride can also be seen on peaks of (200), (220), (222),
and (311).

Prog. Color Colorants Coat. 16 (2023), 409-415 411
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Increasing the implantation energy to 20 keV,
increases the intensity of the peak belonging to
ZrN(111). This increase is also observed in other
zirconium nitride peaks. Also, increasing the
implantation energy to 40 keV, increases the intensity
of the peak in the preferred direction (111). The
intensity of the peaks related to the (200), (220), (311),
and (222) directions has been increased compared to
the previous sample. By increasing the implantation
energy to 80 keV, the intensity of the peak belonging to
the (111) peak of zirconium nitride has decreased
significantly. For the other peaks, the intensity decrease
is visible. In other words, increasing the implantation
energy to 80 keV has resulted in the disruption of the
arrangement of the crystal plates, leading to a reduction
in the level of crystallization.

By comparing the peaks, it is concluded that by
increasing the implantation energy up to 40 keV, the
intensity of the zirconium nitride peak or the degree of
crystallization has increased, reaching its maximum
value for 40 keV energy. However, at the maximum
energy of 80 keV, the intensity of the zirconium nitride
peaks decreases and reaches its lowest value, and the
degree of crystallization decreases.

By using Scherer's law and the diffraction pattern of
different samples, it is possible to calculate the crystal

size (Eq. 1):
k)

d= (1)

D cosb

Whee d: the crystal size, A: wavelength, D: Full
width at half maximum(FWHM), 6: Bragg angle, k:
constant value 0.9 [10].

The crystal size of the samples for different
amounts of implantation energy is calculated and given
in Table 3. Increasing the implantation energy up to 40
keV makes the crystal size larger. The crystal size has
decreased for the sample produced at the highest
implantation energy, equivalent to 80 keV.

3.2. Hardness measurement

The samples produced at different implantation energies
were studied to check the mechanical properties,
including hardness. Table 3 exhibits implantation
energy's influence on the produced samples' hardness.
The hardness of the samples deposited on 304SS was
measured using a Vickers microhardness tester and
calculated using the following equation (Eq. 2):

H,=2 cos 22° 1§=1.8541§kg/mmz )

Where |, is the diameter of the rhombus or pyramid,
and F is the weight mass [1].

The measured values for the samples can be used as
long as the indentation rate is about one-tenth or less
than the thickness of the film so that the hardness of the
sample does not affect the hardness of the combination
of the film and the substrate.

Considering the constant conditions of the process
in all the samples, a weight of 25 grams was used. As
seen in Table 3, the hardness increases and then
decreases by increasing implantation energy. By
increasing the implantation energy up to 40 keV,
initially, the hardness increased, and for the maximum
implantation energy of 80 keV, the hardness of the
sample decreased.

—~ <r

=t Prm— ~~~ ?

= 8 s g =8 @

7 82 88 gZ8°

N € 3 n % Z Z

J\ N «»n N NN
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80keV
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Figure 2: The crystallographic pattern of different samples produced at different implantation energies.
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Table3: Calculated crystal size for (111) preferred direction and hardness of different samples.

Crystal size (nm)

Film hardness 362

454

561 417

Table 4: Corrosion parameters of samples produced on 304SS substrates.

Ener
(ke\?)y Corrosion current density (LA cm Corrosion potential (V vs. SCE)

304 SS

3 1 10
£

3 2 20
2

= 3 40
8

g 4 80

3.3. Potentiodynamic polarization

Potentiodynamic curves of the bare 304 stainless steel
substrates and those implanted at various energies of
10, 20, 40, and 80 keV are shown in Figure 3. The
polarization plot shows that the deposition of ZrN on
the stainless steel substrate improves its corrosion
resistance. Figure 4 shows that the polarization plot of
treated 304SS samples has shifted towards lower
corrosion current density and higher corrosion
potential, which indicates that corrosion protection has
improved for these samples. As can be seen in Table 4,
for the 304SS sample that has been implanted in 40
keV, the optimal value of corrosion current density and
corrosion potential were obtained as 0.0194 pA/cm?
and 0.020 V vs SCE, respectively; in contrast, these
values for bare 304SS substrate were obtained 17.7828
pA/cm? and -0.363 V vs SCE.

For optimal measured hardness and maximum
corrosion resistance, a critical value of 40 keV is
observed. The XRD results also showed that the
intensity of ZrN(111) was highest at this implantation
energy. Therefore, it can also be concluded that the
volume of zirconium nitride formed on this sample is
more significant than that produced at lower and higher
energies. Therefore, all of the above discussions point to
correlations between the results reported in this study.

17.7828
0.4897
0.1862
0.0194
4.3651

Corrosion potential

[V vs. SCE]

-0.363
-0.161
-0.017
0.020
-0.227

0.3

0.0

Potential [V vs. SCE]

-12 10 -8 -6 -4 -2 0

Log. Current density (A/sz)

Figure 3: Potentiodynamic polarization curves for
304SS and Zr/304SS samples implanted at different

energies.
0.1 : 28
@ Corrosion potential -
O Corrosion current density =
o 212
04 b
c ™
0.2 1 § E
3<
0.3 N 7 g e
0.5 g
70 20 40 60 80

Implantation energy [keV]
Figure 4: Variations of corrosion potential and

corrosion current density as a function of implantation
energy for 304SS and Zr/304SS samples implanted at

different energies.
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3.4. SEM Analysis

Figure 5 presents the surface morphologies of the
implanted samples at different implantation energy and
the untreated 304 stainless steel substrate after
undergoing corrosion tests. The uncoated substrate
(Figure 5a) displays obvious signs of corrosion attack
and dissolution distributed across the sample's surface.
However, the SEM images of implanted samples show
different morphologies with varying types and sizes of
corrosion effects, such as pits, cracks, peel-offs, and
dissolutions. From Figure 5, it is evident that the
sample implanted at 40 keV (Figure 5d) exhibits the
least amount of corrosion effects mentioned above, and
it has also produced the best results for the
potentiodynamic test. On the surface of the samples

(b)

(d)

1pn —f

implanted at 10, 20, and 80 keV, pits and peel-offs of
the zirconium nitride layer or deeper attacks of the
corroding medium into the SS substrates (Figure 5e)
can be distinguished in comparison small pits or
imperfections have caused an almost uniform
distribution of corrosion on the surface of the sample
implanted at 20 keV (Figure 5c). These features can be
likened to bubbles on the film surface that may also be
expected during the corrosion or reaction.

Upon implanting the sample at the highest energy
level of 80 keV, the resulting SEM image reveals a
significant deterioration in the surface of the zirconium
nitride coating such that the corrosive solution can
penetrate the steel substrate and ultimately causes the
complete removal of the layer.

Figure 5: SEM images of different samples produced at different implantation energies: (a) 304 SS, (b) 10 keV, (c) 20
keV, (e) 40 keV and (e) 80 keV.

414  Prog. Color Colorants Coat. 16 (2023), 409-415



Analysis of Nitrogen lon Implantation on Corrosion Inhabitation of ...

4. Conclusion

Zirconium nitride thin films were deposited on 304
stainless steel substrates at 400 °C and then implanted
at different energies. The XRD pattern of ZrN/SS
samples shows the formation of the ZrN crystal phase
with the preferred growth direction (111). The peak
intensity corresponding to this direction increases with
the implantation energy up to 40 keV. Increasing the
implantation energy to 80 keV has decreased (111)
peak intensity. With the increase of energy up to the
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