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Abstract

lonic liquid 1-ethyl-3-methylimidazolium tetrfluoroborate ([emim]BF,) has
shown efficient degradation of waste nylon-66 (polyamide) into its useful
monomers. The degradation of nylon-66 was carried out in two different
ways. In the first method, [emim]BF, provides the reaction medium as a
solvent where N, N-dimethylaminopyridine (DMAP) works as a catalyst,
which promotes the degradation of nylon-66 effectively. The reaction was
executed at 290-300 °C for 1 hour. After benzoylation, the benzoyl derivative
of hexamethylenediamine (BDHMD) was obtained with maximum yield, and
adipic acid was obtained by repeatedly extracting with ethyl acetate from
the reaction mixture. The second method involves hydrolysis, in which 0.5 g
of waste nylon-66, 0.1 mole [emim]BF, as catalyst, and 5N HCl were refluxed
at around 100-120 °C for 12-15 hours. After cooling the reaction mixture,
it was neutralized by 5N NaOH to make a slightly alkaline solution, followed
by benzoylation by using benzoyl chloride to yield DBHMD. Following filtration
and extracting the filtrate using ethyl acetate multiple times to obtain adipic
acid, it was recrystallized with methanol. The obtained monomers were
characterized with FT-IR. At the end of the reaction, the ionic liquid can be
regenerated without changing its efficiency.
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Introduction

Plastic is an essential part of modern living. Since
the beginning of the twentieth century, when plastics
were first created in significant amounts, living
without plastic has been increasingly difficult.’
Plastics are very flexible substances with a wide

range of applications that have greatly improved
human well-being because of their molecular
composition and additives. However, plastics
present a major treatment and disposal difficulty in
the management of urban solid waste because of
their relative inertness and lack of biodegradability.?

CONTACT sunil Ramdas Chikte B4 sunilchikte78@gmail.com 9 Department of Chemistry, Sardar Patel Mahvidyalaya, Chandrapur

(M.S.), India.

© 2024 The Author(s). Published by Enviro Research Publishers.

This is an a Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).

Doi: https://dx.doi.org/10.12944/CWE.19.3.25



CHIKTE & MADHAMSHETTIWAR, Curr. World Environ., Vol. 19(3) 1345-1354 (2024)

Unquestionably, the widespread and careless use and
disposal of these non-biodegradable materials has
severely disrupted and harmed the environment and
its biodiversity.® The environmental impact of plastics
is currently a global concern due to the limited
methods of treatment and disposal along with the
rising rates of manufacturing and usage. In many
developing and underdeveloped countries, burning
plastic garbage is a common practice due to the
scarcity of well-planned and prepared landfill sites
for its disposal. The hazardous and toxic gasses
produced by this procedure pollute the air. Moreover,
several unsafe disposal techniques, such as open
dumping, uncontrolled combustion, unscientific
composting, and inappropriate garbage dumps,
are routinely employed in countries like India.* Due
to a lack of disposal options, just 10% of the million
tons of 140, globally yearly production of synthetic
polymers are recycled or repurposed.® People from
all around the world have been trying to decompose
or transform plastic trash into a form that can be used
by employing a variety of techniques. For example,
the incineration process involves the burning
of plastic garbage, but it produces toxic gases.
Recycling is an additional technique for transforming
plastic trash into different, usable forms. However,
the recycling process, involves energy consumption
to convert plastic into another form, but it stays
the same. Hence proper technique is required to
convert the plastic into usable form for a pollution-
free environment. Degrading waste plastics into
its monomers was found to be the best method to
overcome these issues.® Polymer degradation is
the process that results in any physical or chemical
change in the properties of polymers due to external
influences (such as light, heat, moisture, etc.),
chemical conditions, or biological activity. Several
mechanisms contribute to the degradation of
waste polymer including physical, chemical, and
biological processes. Degradation of waste polymer
by chemical method involves pyrolysis, hydrolysis,
catalytic, and oxidative methods.”"® For this, a variety
of methods including thermolysis™ and solvolysis
using sub- and supercritical fluids are frequently
used.’®'® In such methodologies, the utilization
of a solvent with a high boiling point or a high-
pressure apparatus is typically necessary. When
organic solvents are utilized in such reactions,
precautionary measures must be implemented to
mitigate the risk of fire. Another approach to polymer
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degradation involves biodegradation techniques'”1®
where microorganisms such as Bacillus Subtilis
economically break down the polymer. However, not
all polymers can undergo degradation through this
method due to unfavorable environmental conditions
and extended periods. To overcome these problems
and to increase the efficiency as well as to modify the
process of degradation, ionic liquids are introduced
as a new reaction medium that has a unique feature
compared to conventional organic solvents.

ILs gaining attention as potential replacements
for volatile organic solvents. They are categorized
as green solvents since they are recyclable,
nonflammable, and nonvolatile. They are regarded
as favorable medium candidates for chemical
syntheses because of their exceptional qualities,
which include their excellent solvating potential,’
thermal stability,? and their adjustable properties
by appropriate choices of cations and anions.?'
lonic liquids have demonstrated during the two
decades to be extremely promising "green" solvents
that provide several benefits over conventional
organic solvents.?22 Overall, the chemical industry
regards them as valuable solvents because of their
remarkable solvent properties, stability at high
temperatures, and lack of volatility. lonic liquids
(ILs) having melting point less than 100 0C, or even
room temperature (RTILs), since they only include
organic cations and inorganic or organic anions.?42°
Interest in ionic liquids has grown significantly as a
potential replacement for volatile organic solvents.
ILs are also referred to as greener solvents because
of their recyclable, nonflammable, and non-volatile
properties. ILs can be used as solvents and
catalysts in the degradation of waste polymers due
to their solvating potential, thermal stability, and
their adjustable properties by appropriate choice
of cations and anions. lonic liquids are a unique
class of compounds that have generated important
interest during some previous years due to some of
their extraordinary properties and a very wide range
of applications. lonic liquid [Bmim][FeCl,] can used
to catalyze the depolymerization of lignin to methyl
p-hydroxycinnamate. Overall catalysts [FeCl,]-
found an important part during the catalytic process,
having two activation modes and three distinct
reaction routes that can be used to achieve the
complete depolymerization of the model compound
lignin.?® lonic liquid [emim]BF,, is an example
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of a hydrophilic ionic that was effective for the
degradation of nylon-6 into caprolactam monomer.
The ionic liquid was successfully separated from
the obtained monomer by the simple extraction
method.?” Without the use of conventional acid or
base catalysts, the methanolysis of poly (lactic acid)
(PLA) was accomplished with ease at lower
pressures and temperatures when the ionic liquid
[Bmim][Ac] was used as a catalyst.?®

There has been a considerable amount of research
on the breakdown of PET, polyester, lignin, cellulose,
etc., but not much on the breakdown of polyamides,
such as nylon-6 and nylon-66. The main objective
of this research work is to identify and synthesize
the ionic liquid which can degrade effectively waste
nylon-66 in to its monomers. This research work
includes the synthesis 1-ethyl-3-methylimidazolium
tetrafluoroborate and its use for depolymerization of
nylon-66 into dibenzoyl derivative of hexamethylene
diamine (DBHMD) and adipic acid. The present
study provides the new usage of ionic liquid as
solvent as well as catalyst for degradradtion of
waste nylon-66.

Materials and Methods

Materials

Waste nylon-66, 1-methylimidazole (99 % pure from
Sigma-Aldrich), chloroethane, magnesium sulfate,
acetonitrile, dichloromethane, m-cresol, benzoyl
chloride, methanol, etc.

Synthesis of 1-ethyl-3-methylimidazolium
tetrafluoroborate ([emim]BF,)

The synthesis of 1-ethyl-3-methylimidazolium
tetrafluoroborate involves a two-step process. The
first step is known as quaternization, which involves
the formation of 1-ethtyl-3-methylimidazolium
chloride by the combination of an equal molar
amount of 1-methylimidazole (7.38g, .1mol) in a
flask with rounded bottom and chloroethane (6.45g,
.1mol) with constant stirring. An ice bath was used
to control the exothermic reaction. The mixture
was refluxed at around 60-70 °C using a water
condenser with constant stirring for 26-28 hours.
After refluxing and cooling at ambient temperature,
deionized water was used to extract the reaction
mixture several times to remove the byproducts and
unreacted starting material. After the separation of
the organic layer of 1-ethyl-3-methylimidazolium
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chloride, anhydrous magnesium sulfate was used
for drying it, and was removed by filtration method.
A rotary evaporator is used to remove some traces
of solvent to obtain pure ([emim]Cl). The second
step involves the anion exchange method, in which
an equimolar amount of ([emim]Cl) (5.23g, .03mol.)
in acetonitrile was prepared and mixed with an
aqueous solution of sodium tetrafluoroborate (3.3g,
.03mol) with constant stirring at room temperature.
With this addition, precipitates of sodium chloride
were separated by the simple filtration method.
Acetonitrile and the remaining water were removed
under reduced pressure using a rotary evaporator.
To obtain pure 1-ethyl-3-methylimidazoliumte
trafluoroborate [emim]BF,, it was repeatedly
extracted with dichloromethane, followed by removing
it under reduced pressure.

Pretreatment of Waste Nylon-66

Collected Waste nylon-66 was contaminated with
dust particles and some other microorganisms. To
purify waste nylon-66, it was treated with a 1 g/L
solution of nonionic detergent at around 70-80 °C
for 6-7 hours. Furthermore, to remove any surface
impurities, it was properly cleaned with distilled
water and then allowed to dry at around 60-70 °C
for 3—4 hours.

Determination of Molecular Weight of Nylon-66
By using the Mark-Houwink equation ([n] = KM?),
an average molecular weight of waste nylon-66
(polyamide) can be calculated by the intrinsic
viscosity of nylon-66 solution in m-cresol.

Where [n] = intrinsic viscosity. K, a = constant
parameters for m-cresol solvent.

K=241x10%and a=0.61at28°C
M = molecular weight.

The specific viscosity (n,) and relative viscosity (n,)
are related to each other by the following equation,

(n,) =n-1
n, = flow time of solution/flow time of m-cresol

When polymer concentration approaches zero, the
limit of the ratio (nsp/c) gives the intrinsic viscosity.
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Experimental Method for Degradation of
Nylon-66 in [emim]BF,
1-ethyl-3-methylimidazolium tetrafloroborate, which
is a hydrophilic ionic liquid, was used in two different
conditions for the degradation of nylon-66. The first
experimental procedure involves the degradation of
0.5g of waste nylon-66 in the presence of 1.9g of
[emim]BF4 ionic liquid and 0.02g of DMAP catalyst.
The contents of the reaction refluxed in the nitrogen
atmosphere under normal pressure at around
290-300 °C for 1 hour. Black oil was obtained. After
cooling and dilution with 10 ml of distilled water, it
was repeatedly extracted with ethyl acetate. By
evaporating the extracting solvent, it leaves behind
a crude colorless compound of adipic acid. It was
recrystallized with methanol. For the recovery of
hexamethylenediamine, the same reaction mixture
was treated with excess of benzoyl chloride
(C,H,COCI), due to which dibenzoyl derivative of
hexamethylenediamine (DBHMD) precipitate out.

The second approach for the degradation of
nylon-66 was hydrolysis method, in which 0.5g of
waste nylon-66 was refluxed in the presence of 20
ml of 5 N HCI and 1.9g of [emim]BF, ionic liquid.
This method involves the refluxing of the reaction
mixture at around 100—120 °C for 15-20 hours under
normal pressure. After cooling the reaction mixture,
5 N NaOH was added to make the solution just
alkaline. The slightly excess of benzoyl chloride to
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the reaction contents gives the benzoyl derivative
of hexamethylenediamine. Filtrate was extracted
multiple times with ethyl acetate yield adipic acid,
which was further recrystallized with methanol. lonic
liquid [emim]BF, was regenerated in a vacuum by
using a rotary evaporator.

Results and Discussion

Molecular Weight of Nylon-66

An average molecular weight of nylon-66 was
obtained by measuring the viscosity of different
concentration solutions of nylon-66 in m-cresol solvent
by using Ostwald’s viscometer. Experimentally
different concentrations of nylon-66 were prepared
in m-cresol solvent and for each solution; specific
viscosity was measured (table 1). The graph was
plotted between reduced viscosity (n_/c) or inherent
viscosity (n,, ) against the concentrations of nylon-66
in m-cresol solvent. The graph was extrapolated for
zero concentration to obtain the intrinsic viscosity.
The average molecular weight of nylon-66 can be
calculated using the equation [n] = KM°.

From the graph, intrinsic viscosity [n] was found to be
1.5. The constantK and a depend on the solvent used.
For m-cresol, K and a, are 2.41 x 10° and a = 0.61
at 28 °C respectively. By solving the above equation,
the average molecular weight for nylon-66 was found
to be 21,867 g/mol. approximately which found in
the range of literature value 12,000 — 50,000 g/mol.

Table 1: experimental determination of molecular weight for nylon-66

Conc. of Flow time n)=n/n n,=n-1 nJjc Inn, (ninh))
nylon-66 (sec.) =t, It Innri/c
(g9/25 ml)

0.075 356 1.402 0.402 5.36 0.33378 4.504

0.0625 322 1.268 0.268 4.29 0.2374 3.798

0.05 302 1.189 0.189 3.78 0.1731 3.462

0.0375 284 1.118 0.118 3.15 0.1115 2973

0.025 270 1.062 0.062 2.48 0.0601 2.404

0.0125 259 1.019 0.019 1.52 0.0188 1.504

m-cresol 254 - - - - -
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Fig. 1: Plot of reduced viscosity
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Synthesis of ([Emim]BF,)

The synthesis of ionic liquid [emim]BF, involves
a two-step process. The first step involves the
quaternization method for the synthesis of [emim]ClI
as the initial product. The required IL was obtained by

—B.3518

or inherent viscosity versus
solutions in m-cresol.

anion exchange with NaBF,. The faint yellow colored
viscous liquid [emim]BF, was obtained with 85.65 %
yield. The crude IL was washed with acetone. 1H
NMR, and C NMR techniques were used to check
the purity of the desired IL.
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Fig. 2: "H-NMR spectrum of [emim]BF,
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1H-NMR (5 ppm) (DMSO)

1.21 [t, 3H, (CH,), CH,-CH,], 3.92 [s, 3H, (CH,),
N-CH.], 3.98 [q, 2H, (CH,), -N-CH2-CH], 7.16-7.22
[d, 2H, N-CH=CH-N], 8.35 [s, 1H, (CH), N=CH-N].

The singlet at 2.97ppm was obtained due to the
DMSO solvent.

3C-NMR (5 ppm) (CDCI,)
14.65 [C atom from —-CH,, CH,-CH,-N], 44.69 [C
atom from —CH,, -CH,-N], 77.50 [C atom from CH,,

[EMIM] BF4
C13CPD CDCl3 {D:i\Spectra} nmr 32
g HE
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CH,-CH,-N], 135.54 [C atom from CH, N-CH-N],
121.81 and 123.41[two sp? C atoms, HC=CH].

The peak at & 35.56 was obtained due to C- atoms
from methyl group in CDCI, solvent.

N [

T T T T T
180 160 140 120 100

80 60 40 20 ppm

Fig. 3: *C-NMR spectrum of [emim]BF,

Degradation of nylon-66 in IL [emim] BF,

IL [emim] BF, was used for the degradation of
nylon-66 into its monomers by using a DMAP
catalyst. lonic liquid [emim]BF, provides the
reaction medium as a solvent. The maximum yield
of monomers was obtained at 300 °C. IL [emim]
BF4 directly involves in the breaking of the amide
(CO-NH) linkage in nylon-66. After dilution with
distilled water and extraction with ethyl acetate,
the crude product of adipic acid was obtained. The
same reaction mixture was treated with benzoyl
chloride. Benzoylation takes place at the nitrogen
atom by consuming its lone pair of electrons, and
the removal of the hydrogen atom from both -NH,
groups of hexamethylenediamine yields DBHMD.

The yield of DBHMD and adipic acid was found to
be 4.325g and 0.157g respectively. In this method
IL [emim]BF,, provides the reaction medium as a
solvent for degradation of waste nylon-66.

In the hydrolysis method, 0.5 g of waste nylon-66,
0.1mol [emim]BF,, and 5N HCI were refluxed at
around 100-120 °C for several hours. For benzoy-
lation, the solution was made just alkaline (pH~ 7.5)
with the addition of a slight excess of 5N sodium
hydroxide. The obtained adipic acid was recrystallized
with methanol. The yield of DBHMD and adipic acid
was found to be 8.408g and 0.245g respectively. In
hydrolysis method, the ionic liquid [emim]BF, plays
the role of catalyst and catalyzed the hydrolysis
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of nylon-66. In this method [emim]BF, does not
directly break the amide linkage, but it initiate the
interaction between water and amide linkages of
nylon-66. IL [emim]BF, enhance the penetration of
water molecule in to the nylon-66 matrix and catalyze
the hydrolysis of nylon-66. As [emim]BF, is water
soluble, less viscous, it allows the water to diffuse
easily and thus swells and solubilize the nylon-66
and resulting the degradation of waste nylon-66.

The monomers DBHMD and adipic acid were
characterized by FT-IR. In both methods, the ionic

SAIFFT-20501-240723-01-Compound 1
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liquid was recovered in a vacuum by using a rotary
evaporator.

FT-IR (DBHMD) cm"'

3305.37 (N-H stretching), 1698 (C=0 stretching),
1627, 1530, 1479, 1374 (C=C stretching in benzoyl
group), 1416 (C-C stretching in CH, groups), The
two peaks at 788 and 861 corresponds to mono
substituted benzene ring from fig.4. Due to sym-
metrical structure of DBHMD only one peak for N-H
and C=0 stretching was obtained.

STIC-SAIF, Kochi
Spectrum

100 SAIFFT-20501-240723-01-Compound 1

T
§h99$$$$$?¥$$$$33338385

(0] (0]
O-E-BNACHYNH-CC)

3500 3000 2500

Wavenumbers (cm-1)

Fig. 4: FT-IR spectrum of DBHMD

FT-IR (Adipic acid) cm"'

Adipic acid shows the broad absorption band in the
region of 2500-3000 cm™" due to -OH stretching in
the carboxylic group (-COOH).

2909 (-OH stretching in —COOH), 2944-3003 (C-H
stretching in >CH,), 1532, 1440 are due to C-O and
C-C stretching respectively.

Recovered [emim]BF, ionic liquid was characterized
by FT-IR (fig. 6). It was observed that, after recovery
of IL, there was no change in the internal structure
of [emim]BF, and its IR spectra completely matched
with the original IR spectra. It can be used 4-5
times without changing its efficiency. The BF, anion
showed a strong absorption peak at 1017 cm™’
corresponding to B-F_.
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Fig. 6: FT-IR spectra of recovered [emim]BF,
Conclusion

The degradation of nylon-66 using 1-ethyl-3-
methylimidazolium tetrafluoroborate ([emim]BF,)
provides valuable insight into a novel approach for
the breakdown of polyamide and the disposal of this
widely used synthetic polymer. lonic liquids ([emim]
BF,) have shown high potential in the degradation of
nylon-66 into benzoyl derivatives of hexamethylene
diammine and adipic acid, which were confirmed by
FT-IR spectra. This method offers a feasible solution
to overcome the environmental pollution caused by
the disposal of waste nylon-66, which is durable and
persistent in the environment. lonic liquid ([emim]
BF,) has shown efficiency as a solvent as well as
a catalyst during the hydrolysis of nylon-66 into
useful products without generating any harmful by-

products. Different parameters like reaction time and
temperature can optimize the degradation process.
Because of the minimal volatility and repetitive
usability, ILs do not create any additional burden on
the environment. It is regenerated at the end of the
reaction without changing its efficiency, and it can
be used four to five times. The potential use of ionic
liquids shows a promising alternative solvent instead
of commercially hazardous solvents. In the future,
there is a need to enhance the process to increase
the effectiveness of the degradation of nylon-66 and
evaluate the economic feasibility of industrial-scale
application. Additionally, sustainable practices also
require investigating the reusability and recyclability
of ionic liquids.
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