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Abstract: Caprolactam is most commonly used in the production of Nylon 6 in industry and is generally
produced from cyclohexanone by the Beckmann rearrangement. Orthophosphoric acid is generally used in
fertilizer production and is produced through two processes: wet and dry. In this study, detailed
characterization of CL-PA was carried out by synthesizing CL-PA ionic liquid from orthophosphoric acid (PA)
and caprolactam (CL). FTIR, Raman and UV-Vis spectroscopic analyses reveal that a bond is formed between
CL and PA. The thermal behavior of CL-PA ionic liquid was inspected by TGA and DSC. It has been observed
that the decomposition temperature of CL-PA ionic liquid is different from that of the starting materials (CL
and PA). It was disclosed by DSC analysis that CL-PA ionic liquid only has a glass transition temperature. The
room-temperature CL-PA ionic liquid synthesized from solid CL with melting point of 70.34 °C and 85 wt.%
PA did not show any melting or freezing point and the glass transition temperature was found to be —27 °C.
It was revealed that CL-PA ionic liquid was more thermally stable than CL which alone almost completely
evaporated at about 197 °C. As a result of FTIR analysis of CL-PA ionic liquid and its constituents, it was
demonstrated that -NH peaks of CL disappeared in the CL-PA spectrum and the peak of C=0 group shifted
to a lower frequency (i.e., 1604 cm™). In the Raman analysis of CL-PA and its constituents, it was observed
that the asymmetric C=0 bending vibration and C=0 stretching vibration of CL disappeared in the CL-PA
spectrum. In the UV spectrum, it was observed that the maximum absorbance of CL-PA ionic liquid varied
with respect to that of CL.
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1. INTRODUCTION

g-Caprolactam is a water-soluble lactam (Kalinova et
al., 2016) with a molecular formula of CgHi1NO
(Cherkasova et al., 2009) and a melting point of 69
°C (Kabo et al., 1992). Caprolactam is produced
mostly from cyclohexanone by using NH,OH and then
H>SO4 (Beckmann Rearrangement) (McGraw-Hill
Concise Encyclopedia of Science & Technology,
2005). However, the Beckmann rearrangement has
disadvantages such as corrosion of the reactor by
sulfuric acid and the formation of large amounts of
ammonium sulfate as waste product (You et al.,
2008). Therefore, alternative methods for the
Beckmann Rearrangement have been proposed. In a
study (S. Sun et al., 2022) in which the deep eutectic
solvent Choline Chloride-Trifluoromethanesulphonic
Acid [ChCI][TfOH]s was synthesized as catalyst and
reaction medium, e-caprolactam was obtained with

98.8% yield and 100% conversion of cyclohexanone
oxime at the end of a 2-hour Beckmann
rearrangement at 100 °C in the presence of
[ChCI][TfOH]3s and it has been reported that the
[ChCI][TfOH]3 recovered after the reaction can be
reused consecutive seven times without significantly
losing its activity (the caprolactam vyield obtained
after the 7th reuse is up to 98%). In another study
(Ren et al., 2023), Bronsted acidic caprolactam-
methanesulfonic acid [CPL][2MSA] ionic liquid was
synthesized as a catalyst, and as a result of a 2-hour
liguid phase Beckmann rearrangement at 90 °C,
caprolactam was obtained with 100% conversion and
95% selectivity and it has been reported that under
optimal conditions, [CPL][2MSA] can be reused ten
times for CL synthesis. A review on the use of zeolite
catalysts for the environmentally friendly
manufacturing process of CL has also been published
(H. Wang et al., 2023). Caprolactam is generally used
in the production of Nylon 6 (Mather & Wardman,
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2015). The previously mentioned and other CL
synthesis methods, including their advantages and
disadvantages, are briefly summarized in Table 1. As
can be seen from the table, in addition to the
importance of high conversion and high selectivity for
the reaction, low temperatures and low pressures are
particularly more favorable in terms of cost.

Orthophosphoric acid is usually available as
85 wt.% viscous aqueous solutions (House, 2020).
Orthophosphoric acid has three different pK, values
(pKa1 = 2.15, pKaz = 7.21 and pKy3 = 12.36) in water
(Lange & Speight, 2005). Pure orthophosphoric acid
is an inorganic acid with a melting point of 42.35 °C
(Ashurst, 2016) . H3PO4 is produced by two methods:
wet process (Benvenuto & Plaumann, 2021), which
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minerals with sulfuric acid, and dry process (L. K.
Wang, 2006), which involves the reaction of
diphosphorus pentoxide with water. Orthophosphoric
acid is generally used in fertilizer production
(Gilmour, 2014). Biochars are chemically activated
with  orthophosphoric acid to increase their
adsorption capacity (Chu et al., 2018). In a study
(Chen et al., 2019) in which biochar prepared using
chicken feathers was activated with orthophosphoric
acid, it was reported that the adsorption of Cd2* and
Pb2* ions was further increased by orthophosphoric
acid-modified biochar. There are also other
applications of orthophosphoric acid, such as the use
of orthophosphoric acid in fuel cells (Q. Sun et al.,
2021).

involves the reaction of phosphate-containing
Table 1: Some synthesis methods of caprolactam.
Materials Reaction Advantages Disadvantages Reference
Conditions
Cyclohexanone 100 °C, 2 hours Reusability of DES, (S. Sun et
Oxime, low reaction time, al., 2022)
[ChCI][TfOH]s easy recovery of
as DES DES, high CL yield
(98.8%), 100%
conversion of
cyclohexanone
oxime, No
(NH4)2S504
Cyclohexanone 90 °C, 2 hours High conversion (Ren et al.,
Oxime, (100%) and high 2023)
[CPL][2MSA] as CL selectivity
Ionic Liquid (95%), Reusability
of Ionic Liquid, No
(NH4)2S04,
environmentally
friendly ionic liquid
catalyst
Cyclohexanone 280 - 400 °C High CL conversion, High temperature, (Ichihashi
Oxime, MFI high CL selectivity, catalyst requirement et al.,
zeolite catalyst no (NH4)2S04 with high thermal 2003; W.-
stability C. Li et al,,
2005)
Aqueous 673 Kand 40 MPa CL yield > 80% High temperature (Sato et
solution of CL selectivity of and high pressure al., 2005)
cyclohexanone 100%
oxime, No (NH4),S04
Supercritical
Water
SNIA viscosa The first step: 72% CL yield High temperature (Maxwell,
Process, toluene Co catalyst, 160- 90% CL selectivity and high pressure in 2005)
as starting 170 °c, 8-10 bar ammonium sulfate- the first two
materials, air, The second step: free sythesis consecutive steps
hydrogen, Pd-on-graphite
nitrosyl sulfuric  catalyst, 170 °C,
acid in the 10-17 bar
presence of The third step:
oleum 80 °C

In addition to the application areas of
orthophosphoric acid and caprolactam on their own,
they have also been used in the preparation of deep
eutectic solvents and ionic liquids. Deep eutectic
solvents, consisting of a hydrogen bond donor and a

hydrogen bond acceptor, and ionic liquids, composed
of an organic cation and an inorganic or organic anion
(Ptotka-Wasylka et al., 2020), have many
advantages (Bajpai, 2021) such as low volatility,
wide liquid range, high thermal stability and the
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capacity to dissolve and

substances.

inorganic organic

CL-based ionic liquids have been used in the removal
of H,S (Guo et al., 2011), absorption of SO, (Liu et
al., 2013), oxidative desulfurization (Yang et al.,
2016), and lipid recovery from microalgae (Naiyl et
al., 2022). CL-based deep eutectic solvents have
applications such as oxidative desulfurization of
diesel fuel (Hao et al., 2018), natural gas
desulfurization (Karibayev & Shah, 2020), extractive
desulfurization of diesel fuel (L. Xu et al., 2022), use
as electrolyte in energy storage systems (S. Wang et
al., 2024; C. Xu et al.,, 2019), and isolation and
recovery of valuable metals such as lithium and
cobalt from waste lithium-ion batteries (Cao et al.,
2023). Besides, in a study (Celik et al., 2021) in
which caprolactam-glycine was synthesized, it was

2. EXPERIMENTAL SECTION

2.1. Materials

85 wt.% orthophosphoric acid aqueous solution from
Balmumcu Kimya, 99 wt.% caprolactam and = 99
wt.% dichloromethane (as solvent) from Sigma-
Aldrich were provided.

2.2. Synthesis
0.25 mol of caprolactam was placed in a 250-mL
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reported that this substance has an antibacterial
effect. Proton transfer in orthophosphoric acid-
trimethyl amine, orthophosphoric acid-imidazole,
orthophosphoric acid-lidocaine and orthophosphoric
acid-creatinine protic ionic liquids was investigated in
detail using Gaussian 09 software and it has been
demonstrated that unhindered proton transfer occurs
in the orthophosphoric acid-creatinine ionic liquid
(Zhu et al., 2020). In a study (Zhang et al., 2023)
examining the recovery of metals from waste lithium-
ion batteries, it was determined that while the
recovery of lithium and cobalt in the first cycle was
100 and 92.8%, respectively, these recoveries were
94.3 and 80.8%, respectively, after the fifth cycle.

In this study, CL-PA ionic liquid was synthesized and
its characterization was inspected in detail.

dichloromethane. 0.25 mol of orthophosphoric acid
was added dropwise to the caprolactam solution in
the flask immersed in a salt water bath below 0 °C
and stirring was continued for 30 min below 0 °C.
Then, stirring was carried out at room temperature
for 24 h. Dichloromethane and water were removed
from the ionic liquid at 60 °C and 40 mbar under
vacuum using a rotary evaporator. A transparent and
colorless viscous ionic liquid was obtained at room
temperature. The synthesis reaction of CL-PA is
shown in Scheme 1.

conical flask and dissolved in 50 mL of

H o)

N o .
|| NH,

+ HO—P—OH ———> O—P—OH
(0]

OH OH

CL PA CL-PA

Scheme 1. Synthesis of CL-PA ionic liquid.

3. RESULTS AND DISCUSSION

3.1. DSC (Differential Scanning Calorimetry)
Analysis

Thermal analysis was performed by Mettler Toledo
DSC 3+. To observe the thermal behavior, CL-PA
ionic liquid was cooled from 150 to —100 °C at a rate
of 10 °C/min under nitrogen flow and then heated
from —100 to 150 °C at the same rate. As a result of
the DSC analysis, as seen in Figure 1, no freezing
point was observed in the ionic liquid and the glass
transition temperature from the heating cycle was
determined as —27 °C.

Thermal analysis of CL was performed by TA
Instruments DSC250. CL was first heated from 20 to
150 °C at a rate of 5 °C/min under nitrogen flow, and
then cooled from 150 to 0 °C at the same rate. As
seen in Figure 2, the melting point taken as the peak
temperature on the heating cycle was determined as

70.34 °C, and 41.44 °C, taken as the peak
temperature on the cooling cycle, was possibly
considered the crystallization temperature.

3.2. TGA (Thermogravimetric Analysis)
Thermogravimetric analysis of CL-PA ionic liquid and
CL was performed by Mettler Toledo DSC 3+. The
ionic liquid was heated from 25 to 700 °C at a rate of
10 °C/min under nitrogen atmosphere. In Figure 3, in
the first region up to 163 °C, the remaining water in
CL-PA ionic liquid completely evaporated and CL also
started to separate from the ionic liquid (Fang et al.,
2018). In the second region between 163-217 °C, CL
was completely separated and orthophosphoric acid
began to decompose into pyrophosphoric acid
(Yankova & Tankov, 2021). In the third region at
217-420 °c, thermal degradation of orthophosphoric
acid to pyrophosphoric acid is completed.
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Figure 1. DSC thermal analysis of CL-PA ionic liquid.
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Figure 2. DSC thermal analysis of CL.

3.3. FTIR (Fourier Transform Infrared)
Analysis

FTIR analysis of CL-PA ionic liquid was carried out by
JASCO FT/IR-4700 in the range of 4000-400 cm™.
The resolution and the number of scans as FTIR
operating parameters is 4 cm™! and 16, respectively.
When the spectrum of 85 wt% orthophosphoric acid
aqueous solution is examined in Figure 4, the peaks
at 2777, 1635, 1111, 952 and 875 cm™! are assigned
to the intermolecular hydrogen bonding interaction of
HsPO4, the bending vibration of the —-OH bond, the
stretching vibration of P=0 bond, the asymmetric

stretching vibration of P-OH bond, and the
symmetric stretching vibration of P-OH bond,
respectively (Wei et al., 2020). The peak at 3550
cm™! indicates the presence of water (Malek & Chong,
2000). In the CL spectrum, the peaks at 3295, 3194
and 3070 cm™! belong to the —NH group, while the
peak at 1652 cm™! belongs to the C=0 group (Zhou
et al., 2020). It can be seen from the spectrum of CL-
PA ionic liquid that the -NH group peaks of CL
disappeared and the carbonyl peak of CL at 1652
cm™t shifted to a lower frequency, that is, 1604 cm™1,
due to the bonding of a hydrogen of PA to the
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nitrogen in CL (Naiyl et al., 2021). In the ionic liquid
structure, the characteristic peaks of PA appear to be
preserved.
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Figure 3. Thermal stability of CL-PA ionic liquid and CL.
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Figure 4. FTIR spectrum of PA, CL and CL-PA ionic liquid.

3.4. Raman Analysis

Raman analysis of CL-PA ionic liquid was carried out
using a Renishaw In Via Qontor model spectrometer
in the range of 4000-100 cm™. In Figure 5, in the PA
spectrum, the sharp and strong band at 913 cm™! (P-
0O) and the weak and broad bands at 354 and 491
cm ! are the characteristic bands belonging to
concentrated orthophosphoric acid (J. Li et al., 2011).
The weak band at 1312 cm™! belongs to the

phosphoryl group (stretching vibration of P=0)
(Cheremisina et al., 2015; Larkin, 2011) and the
band at 1603 cm™ belongs to the H-OH bending
vibration, indicating the presence of water (Frost et
al., 2013). In the CL spectrum, the bands at 584,
701, 1495 and 1641 cm™ are assigned to the
asymmetric C=0 bending vibration, N-H stretching
vibration, C-N stretching vibration and C=0O
stretching vibration, respectively (Naiyl et al., 2021).
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When the spectrum of CL-PA ionic liquid was
examined, the wavenumbers and the peak intensities
(consequently, peak areas) of the relevant peaks
belonging to 85% PA solution and CL changed. In
addition, the bands at 584 and 1641 cm™! belonging
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to CL do not appear in CL-PA ionic liquid. All these
changes are an indication of the formation of a bond
between CL and PA.

913
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Figure 5. Raman spectrum of PA, CL and CL-PA ionic liquid.

3.5. UV-Vis Spectroscopy

UV-Vis spectra of CL-PA ionic liquid and CL were
obtained in the wavelength range of 190-1100 nm
using deuterium and tungsten lamps by Perkin-Elmer
Lambda 35 UV-Vis spectrophotometer. For UV-Vis
spectrum, CL and CL-PA were dissolved in water to

2.5

1.5

Absorbance

0.5

190 200

210

be 0.5 mM. As shown in Figure 6, CL gave a
maximum absorbance at 200 nm. In the spectrum of
CL-PA ionic liquid, the maximum absorbance of CL at
200 nm shifted to a shorter wavelength (197 nm) due
to the decrease in the electron density of the CL
molecule.

220 230 240

Wavelength (nm)

Figure 6. UV-Vis spectrum of CL-PA ionic liquid and CL.

4. OUTLOOK

Protic ionic liquids are formed by a neutralization
reaction between acid and base through proton
transfer (Shiflett, 2020) and therefore CL-PA is a
protic ionic liquid. This water-soluble ionic liquid can

be used in the removal of sulfur from fuels and the
absorption of acidic flue gases. Particularly in
heterogeneous reactions, mass transfer is important
for reaction conversion and high viscosity at
relatively low temperatures can cause trouble. For
this reason, accelerating mass transfer by increasing
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the reaction temperature may favor the reaction
conversion. On the other hand, when increasing the
temperature, it is necessary to consider the
decomposition temperature of the reactants and
whether the reaction is exothermic or endothermic.
The reusability of the ionic liquid after reactions is
also of great importance in terms of cost. It should
be evaluated how many times the ionic liquid can be
reused in reactions without losing its effectiveness.
Moreover, ionic liquid should not dissolve in the other
phase, thus leading to loss of ionic liquid. The protic
ionic liquid to be used should be stored in tightly
closed, leak-proof containers as it may be sensitive
to air and moisture. Ionic liquid can also be used as
an antimicrobial agent, but its toxic effect must be
evaluated. Besides, ionic liquids with high
biodegradability and low toxicity can be preferred to
minimize waste from an environmental perspective.
Protic ionic liquids (PILs) can be used in four main
applications (Bailey et al., 2024): Catalytic
transformations (due to their ability to act as solvents
and catalysts and their easy separation after
reactions), biomass processing (due to their power to
fractionate and dissolve biomass), energy storage
and conversion (due to their negligible volatility
unlike that of organic solvents, high thermal stability,
and high ionic conductivity), and electrocatalysis
(due to the efficient modulation of electrochemical
reactivity of PIL electrolytes by changing anion and
cation of PIL). CL-PA ionic liquid may have the
potential to be used in the above-mentioned
applications of protic ionic liquids. Based on its
thermal stability, it may be used as catalyst in
reactions, a thermal transfer fluid, and an electrolyte
in fuel cells, at temperatures below about 163 °C.

5. CONCLUSION

It was observed that the synthesized CL-PA ionic
liquid was stable in liquid state at room temperature,
and the glass transition temperature was determined
to be —27 °C from DSC analysis. Additionally, it was
revealed that the thermal decomposition of protic
ionic liquid CL-PA occurred in three stages. Therefore,
CL-PA ionic liquid has different physicochemical
properties from the starting materials CL and PA. To
prove the formation of ionic liquid, UV-Vis, Raman
and FTIR analyzes were performed. The three
spectroscopic analyses demonstrate that a bond was
formed between CL and PA according to the inspected
spectra. The synthesized CL-PA protic ionic liquid
may have many potential applications, such as
recovery of valuable metals from waste batteries, use
as electrolyte and catalyst in reactions and use as an
extractant.
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