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A B S T R A C T

Menthol, terpene alcohol with a strong minty, cooling odor and taste is highly popular in food, 
flavor, cosmetic and pharmaceutical industries. Crystallization of menthol from mint oil is a 
tedious process involving high cost and a much longer period. The present study has been un
dertaken to devise a new method with low input and with higher production rates. The crys
tallization of menthol was performed by the methods including Temperature programmed 
cooling process (TPCP); Short-path molecular fractional distillation (SPMFD) and Stripping 
crystallization (SC). About 99 % menthol contained in the mint oil was recovered during the 
crystallization process. The characterization techniques such as scanning electron microscopy 
(SEM) for surface morphology, x-ray diffraction (XRD) for crystal structure and crystallite size 
evaluation, and FTIR and Raman spectroscopy for analyzing the chemical nature of the crystals.

1. Introduction

The menthol finds extensive applications across the food, cosmetic, and pharmaceutical industries predominantly in the form of 
solid crystals [1]. It stands as the primary component in the composition of mint oils derived from Mentha arvensis (comprising 70 %– 
80 %) and Mentha piperita (comprising 50 %–60 %) [2], with recent research by Ref. [3] underscoring that M. arvensis contains double 
the menthol content in comparison to M. piperita. The conventional method for extracting mint oil is the steam distillation process, 
yielding approximately 1 %–5 % of oil, with variations depending on the mint species in use. Following a series of processing steps 
involving heating, filtering, and dewatering, the extracted oil is subjected to cooling within the temperature range of − 5 ◦C to − 10 ◦C. 
At these lower temperatures, menthol powder precipitates out of the oil. Subsequently, the dementholized mint oil (DMO) undergoes 
further cooling to reach − 40 ◦C, causing an additional quantity of menthol

powder to precipitate [4]. For many decades, the majority of menthol crystal production units have used crystallization processes 
that involve subjecting mint essential oil to temperature-controlled procedures, which have either empirically established or derived 
from patented cooling techniques [5]. Some of these traditional crystallization processes can last up to thirty days and end at the final 
temperatures around − 30 ◦C. Nevertheless, more recent advancements, such as the one described by Ref. [27], have significantly 
reduced processing times to a mere 48 h at − 45 ◦C. These methods have a drawback of achieving a low menthol content due to the high 
solubility of menthol in other components of oil even at low temperatures. This de-mentholized oil is sold as a cheaper mint oil 
substitute, which is not economical. Therefore, traditional methods are in-efficient and only suitable for oils with over 50 % menthol 
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content. In addition, these extended batch processing times in conventional methods result in excessive energy consumption, and the 
challenge persists regarding complete recovery of menthol crystals. There is a compelling and evident need to improve the conven
tional crystallization processes.

In this study, the production of menthol crystals was optimized by comparing three crystallization methods including short path 
molecular fractional distillation (SPMFD) combined with spray seeding crystallization (SSC), temperature programmed cooling pro
cess (TPCP), and stripping crystallization (SC). The SPMFD method combined SSC has been found to be the most effective among other 
methods for producing high-purity menthol. The SPFMD is an advanced distillation method which operates in high vacuum and isolate 
volatile compounds while minimizing thermal degradation, making it the best suited for heat sensitive compounds like menthol. 
Although this method necessitated precise control of working conditions and specialized equipment, these factors determine its sig
nificant advantages. The high level of control enables the production of pure menthol, avoiding the need for further purification. The 
initial investment in equipment may be greater, the efficiency and quality of results make it very cost-effective in the long run, 
especially in high-value applications where product purity is critical. Further the SSC method was employed to crystallize the liquid 
menthol fractions. By adding pure menthol seed crystals into the fractionated oil, SSC facilitates the controlled nucleation and uniform 
crystal growth, resulting in a higher yield of menthol crystals. This combination with SPMFD takes advantage of the capabilities of both 
approaches, improving the overall crystallization process. Alternative methods involving TPCP and SC were also employed to produce 
menthol crystals. The TPCP method uses gradual cooling, while SC approach depend on solvent removal to induce crystallization. By 
comparing these methods, this study determined that SPMFD combined with SSC is the best approach for the production of menthol 
crystals, offering high purity with reduced thermal degradation and confirming its higher product quality.

2. Materials and methods

2.1. Collection and pre-treatment of plants

Mint plants were collected from the field area at the Directorate of Farms, University of Agriculture Faisalabad, in mid-June when 
the flowers were in full bloom and lower leaves were starting to turn yellow [6]. The plants were hand-harvested before daylight. This 
time-period was chosen to prevent essential oil evaporation, which is caused by a rise in temperature and sun exposure. Harvesting in 
the morning provides for improved retention of essential oils, according to Ref. [7] who found that essential oils are better preserved 
during cooler portions of the day. Visual criteria were used to choose mature, healthy plants, which included bright green color, and no 
evident insect or disease damage. The stems were cut around 4–5 cm above the ground to promote regrowth of plants.

The mint plants were brought immediately to the laboratory after harvesting to prevent the components of essential oils from 
deteriorating. To avoid heat and light exposure, which can hasten oil loss, the plants were covered with damp towels and kept in cold, 
shady containers. The transit duration was kept to less than an hour, which is vital for preserving the chemical integrity of essential 
oils. The [8] has identified similar safety measures to lower temperature and light exposure during transportation as critical com
ponents in maintaining essential oil content. After that the rubbish, crushed branches, and brown leaves were manually removed from 
the raw material. The plant material was soaked in fresh water and gently agitated to remove any dust particles without causing 
damage to the plant surface [9]. Following washing, the plant material was air-dried in a shady area at room temperature for 30 min. 
Shaded drying is recommended to preserve plant material from deterioration caused by direct sunshine, which can harm sensitive 
components such as essential oils [10]. The 30-min drying interval allowed excess surface moisture to drain while keeping the plant’s 
interior moisture level stable, which is required for efficient oil extraction. No further storage was needed, because extraction was 
performed directly after drying.

2.2. Extraction of EO from mint varieties

Hydro-distillation using a Clevenger type apparatus was used to extract essential oils from mint varieties. Ten kg of fresh plant 
material was soaked in 9 L of distilled water in a hydro-distiller. The tank containing plant material and water was heated by the burner 
at a temperature of 130 ◦C for 240 min. The setup was connected to the condenser and a separator to separate oil from water. At the end 
of distillation, the two phases were observed, an organic phase (essential oil) and aqueous phase (aromatic water). The EO was 
collected, dried under anhydrous Na2SO4, and stored in sealed vessels in the dark, at 4 ◦C, until used [11,12].

2.3. The yield of essential oils

The yield of essential oils extracted from different varieties of mint was expressed in grams per 100 g of fresh plant material. It was 
calculated according to equation (1) [13]: 

Yield=
Amount of extracted oil (g)

Amount of fresh plant material (g)
× 100……… (1) 

2.4. Analysis of mint essential oil

The percentage menthol content in essential oil were analyzed by Gas Chromatograph (BK-GC7820), Biobase, China. The essential 
oil samples and standard menthol were analyzed with the following instrumental specifications; (a) Column pressure: 15 KPa (b) split- 
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less injection temperature: 200 ◦C (c) temperature of detector: 250 ◦C (d) temperature of oven: 40 ◦C (hold for 120 s) (e) N2 carrier gas 
(f) H2-air flame for combustion in detector (g) flame ionization detector (FID) [14].

2.5. Crystallization of menthol

The crystallization of menthol was performed by the following methods.

• Temperature programmed cooling process (TPCP)
• Short-path molecular fractional distillation (SPMFD) followed by improved seeding crystallization
• Stripping crystallization (SC)

2.6. Temperature-programmed cooling process

The temperature-programmed cooling process (TPCP) was performed using a lyophilizer (Christ Alpha 1–4 LD, Japan), operating 
under controlled temperature conditions. The lowest possible shelf temperature is around − 55 ◦C. The 100g of purified mint oil was 
placed in the drying chamber of lyophilizer and gradually cooled to lower temperatures, causing the development of menthol crystals 
in each operation (Table 1). The chilling process was completed in three steps: (a) cooling at 14 ◦C, (b) 10 ◦C, (c) − 5 ◦C. The process 
took 48 h to complete. A crystalline mass of menthol was produced at the end of 48 h along with the dementholized oil.

2.7. Stripping crystallization method

The experimental assembly used to conduct SC experiment consisted of a 250 mL sample vessel in chamber of large size fitted with a 
cooling jacket. The liquid nitrogen was injected to decrease the temperature of the chamber. The pressure in the chamber was lowered 
using a mechanical vacuum pump and turbomolecular pump in series. The big chamber was connected to a pressure gauge and 
temperature of the liquid mixture was monitored using a probe. The maximum working temperature and pressure of the apparatus 
were operable to − 80 ◦C and 0.04Pa, respectively. At the start of experiments, 50 g of essential oil was taken in the sample chamber 
which was continuously stirred at 150 rpm using magnetic-driven motor. The cooling rate was 0.30 ◦C/min in the cooling jacket that 
was gradually decreased to 0.20 ◦C/min in the later stage. Vacuum pump was operated under controlled conditions to sustain three 
phase transformation conditions. The concentration of crystalized product was determined using GC-FID (Biobase, China).

2.8. Short-path molecular fractional distillation (SPMFD)

This process involves using high vacuum and converting essential oil components into vapors and condensing by sudden tem
perature decrease to form crystals [15]. The arrangement of the apparatus is shown in Fig. 1. The fractionating column, condenser, still 
pot, and collecting vials were all made of Pyrex glass so that the operation of the apparatus was completely visible. The length of the 
fractionating column was 14 mm. The still pot was a round bottom flask of 500 ml capacity. The heating mantle was used to provide the 
heat. A condenser was attached near the top of the column. A digital thermometer was used to indicate the temperature of boiling 
fractions. The oil was fractionated under a vacuum of 0 mmHg. The still was charged and a few small pieces of pumice were added to 
minimize bumping.

Two hundred ml of mint oil weighing 180 g was fractionated at a pressure of − 760 mmHg. The sample was analyzed by GC-FID to 
contain 82 % free menthol. The still temperature was gradually raised, and the side heating was so adjusted that the column tem
perature was 1–2 ◦C below the vapor pressure at the still. The temperature was gradually raised and fractions with sharp melting points 
were collected. The process was continued until no more distillates came over and vapor temperature at the top of the column dropped 
rapidly. The present method is the improved form of previously used methods [16].

2.9. Seeding method

The seeding of pure menthol in the mint oil was also performed to produce molecular crystals of menthol. This method is the 
modified form of previously known seeding method [17]. The fractions separated in the SPMFD process were further subjected to the 
seeding crystallization. The analytical grade menthol crystals sourced from Sigma-Aldrich, were crushed manually to a fine powder to 
enhance crystal growth. Seeding was carried out as follows: 1) Seed crystals of pure menthol were added to the oil fractions in 

Table 1 
Temperature-programmed cooling of Mentha oil.

Time (min) Temp (◦C) of the crystallization chamber

0 30
5 min 14
8 h 10
16 h − 5
48h Stop
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proportions of 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 %, and 100 %, 2) The resulting mixture was heated on a water bath, 
3) A container was placed in the crystallization chamber of crystallizer, 4) the temperature of crystallizer was adjusted to − 10 ◦C, 5) 
The solution containing oil fraction + seed crystals was atomized into a spray of droplets, into the container placed in the crystallizer, 
6) The oil was allowed to cool for 30 min, 7) After 30 min, the container containing menthol crystals and dementholized oil was 
removed from the crystallizer 8) The mixture was left overnight at room temperature 9) The dementholized oil was evaporated leaving 
crystals of menthol. Similar process was repeated for each fraction.

2.10. Characterization of menthol crystals

Menthol crystals were characterized by scanning electron microscopy (SEM), Raman spectroscopy, x-ray diffraction (XRD), and 
Fourier transform infrared spectroscopy (FTIR).

2.10.1. Fourier transform infrared (FTIR) spectroscopic analysis
Menthol crystals obtained from different fractions (F1, F2, F3, F4, F5, and residual fraction) along with the standard menthol 

crystals were characterized by using FTIR (Agilent Cary) spectrometer, USA, at a wavelength ranging from 600 cm− 1 to 4000 cm− 1. All 
the experiments were performed using 32 background scans and 32 sample scans, for each analysis. The analysis was carried out in 
triangular apodization, having a resolution of eight pixels per inch. The average of all spectra was used to build up the model [18].

2.10.2. Scanning electron microscopy (SEM) analysis
The morphological characteristics of menthol crystals produced from different fractions (F1, F2, F3, F4, F5, and residual fraction) 

along with standard (− )-menthol were studied by Nova Nano-SEM 450, FEI, Oregon, USA. The data was obtained in form of images 
taken at 200,000x (200 nm), 500,000x (500 nm), 50,000x (1 μm), 25000x (2 μm), 10,000x (5 μm), and 5000x (10 μm), using high 
voltage (10 KV) and width of 5 mm [19].

2.10.3. Spectroscopic analysis of menthol crystals
Raman spectral data acquisition from all samples was carried out using a Raman spectrometer (Pro-785 Peak Seeker; Agiltron, 

USA). The Pro-785 Peak Seeker utilizes a diode laser (785 nm) as the excitation source that delivers 40 mW laser power. The crystal 
sample was put on an Al substrate for the Raman spectral analysis. The CCD detector was used to record the Raman scattering and was 
cooled by a thermoelectric cooler to lessen the electrical noise. The Raman spectra for all the samples was performed from 200 to 1800 
cm− 1. The pre-processing of spectra was carried out using MATLAB 7.2 (R2008b) and in house established protocols [20,21].

2.10.4. Size distribution and zeta potential measurements
The menthol crystals were characterized in terms of their zeta potential and size distribution using a Malvern Zeta-sizer Nano, ZSP 

UK [22].

3. Results and discussions

3.1. Yield of essential oil

The essential oil obtained from Mentha arvensis leaves was yellow in color, with a very strong and persistent mint odor. The essential 
oil yield was observed to be 0.9 %. Mentha piperita yielded 44.6 % pale yellow-colored oil. In previous studies, the yield of essential oil 
obtained from mint ranged from 0.27 % to 3.02 % [23–25]. The differences in essential oil contents and chemical components are 
attributed to the factors involving phenophases, growth conditions, ecotype, climate, soil type, agriculture practices, genotype, 

Fig. 1. The experimental setup of SPMFD of Mentha oil.
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developmental stage of plant, agronomic conditions, plant part extracted, irradiance, photoperiod, relative humidity, and harvesting 
time [26].

3.2. Production of menthol crystals

Three methods including temperature programmed cooling process (TPCP), short-path molecular fractional distillation (SPMFD) 
followed by spray seeding crystallization (SSC), and stripping crystallization (SC) were employed for molecular crystallization of 
menthol.

3.2.1. Temperature-programmed cooling process (TPCP)
Menthol rich mint oil containing 87.2 % menthol was subjected to temperature programmed cooling process. The percentage yield 

of menthol crystals was 61.2 % (Table 2). The results of current study are in close agreement with the previous studies [27,28]. The 
yield of menthol crystals through this method was lower than the original menthol content, as only 61.2 % menthol crystals were 
recovered from the mint oil containing 87.2 % menthol. This was probably due to the fact that menthol is highly soluble in menthone 
and other essential oil constituents, and even at low temperature a portion of menthol was retained in the residual oil [27].

It is evident from the above discussion that only oils with high menthol contents may be used to produce menthol crystals by this 
method. Since menthol content of the oil is seriously affected by the climatic conditions and varies from year to year. Moreover, the 
menthol content in the mint variety collected from different locations vary and usually is up to 50 % or less in most of varieties. 
Therefore, these varieties cannot be used as raw material to produce menthol crystals by this method. In addition, the melting point of 
the menthol crystals (i.e., 38 ◦C) was also lower than the USP specifications i.e., 43 ◦C. This indicated the presence of impurities 
(menthone and other constituents) on the surface of menthol crystals. According to previous reports the presence of trace amounts of 
impurities may adversely affect the quality and flavor of l-menthol [29–31]. Therefore, further methods of menthol purification were 
needed at additional costs in the production of purified menthol crystals.

3.2.2. Short-path molecular fractional distillation (SPMFD)
The results of the SPMFD of mint oil are shown in Table 3. Short-path molecular fractional distillation was performed at 0 mmHg to 

separate menthol from other constituents present in the mint essential oil. This was because, the boiling point differences among 
menthol and other constituents in mint essential oil are very low (usually ≤7 ◦C) at atmospheric pressure, which makes the separation 
of menthol from other essential oil constituents difficult. In addition to this, some essential oil components (e.g., menthone) decompose 
rapidly when boiling at atmospheric pressure and cause darkening of mint oil and affects the properties of menthol also [32]. 
Moreover, according to previous literature, the resinification of essential oil was also found to slightly lowered at reduced pressures 
[33].

3.2.3. Spray seeding crystallization (SSC)
The separated fractions were further subjected to the seeding process. The results of spray seeding method are shown in Table 4. 

Seed crystals have promoted the growth of menthol crystals. Stable menthol crystals were produced from F1 and F2 at the seed 
concentrations of 90 and 100 %. In case of F3, stable menthol crystals formed at the seed concentrations of 50 % and above. Fractions 
F4 and F5 produced stable menthol crystals at all concentrations except 10 %. This was probably due to high concentration of menthol 
in these fractions. The residual oil also produced menthol crystals, to a lesser extent. From the above results, it is clear that the SPMFD 
process separated different fractions at different temperatures. Fractions F4 and F5 were rich in menthol, the other fractions and 
residual oil also contained minor amounts of menthol along with other components. Stable menthol crystals were produced from all 
fractions, but the crystal yield varied due to the varying menthol content in the fractions. In view of preceding experimental results, it is 
seen that menthol can be obtained in crystalline form by SPMFD followed by spray seeding crystallization. The menthol-rich fractions 
F4 and F5 produced stable menthol crystals even at low seed crystal concentration. However, other low menthol fractions required a 
higher percentage of seed crystals to produce stable menthol crystals. In above method TPCP, the recovery of menthol crystals was only 
61 %, a large volume of menthol was retained in the mother liquor, making that technique less suitable for the mint oils having low 
menthol content. But the SPMFD followed by the SSC method allowed the recovery of menthol from menthol rich fractions as well as 
fractions containing lesser amount of menthol. The method was simple as it required no expensive chemical or equipment cost. The 
crystallization process was also completed in short period of time. This method utilized mint oil containing less amount of menthol to 
produce menthol crystals. About 99 % menthol contained in the mint oil was recovered in this experiment. This process seems to be 
simple and may be expected to get a higher yield than the crystallization process.

Table 2 
Yield of menthol crystals from TPCP process.

Total oil used for crystallization 250 g
Menthol content present in the oil 82 %
By chilling crude Mentha oil 126.03 g or 50.4 %
From remaining de-mentholized oil 27.10 g or 10.8 %
Total yield of menthol crystals 153.13 g or 61.2 %
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3.2.4. Stripping crystallization
The percentage of menthol crystallized from mint oil is shown in (Table 5). SC process was continued till − 80 ◦C and 0.04 Pa. The 

results obtained showed that it was more difficult to purify essential oil with lower initial concentrations of menthol. The solid/liquid 
crystallization and crystal washing are not required for SC as no solvent was added to sample feed. In this regard, SC is a clean 
technology. The separation and purification of menthol from other components present in essential oil is a costly and difficult process. 
However, this separation process is very important for chemical industries. In general, 40–75 % cost accounts to separation processes 
in industry. Stripping crystallization (SC) involves combined processes of melt crystallization and vaporization via a series of three- 
phase transformations to produce crystalline product. SC involves the reducing of pressure and lowering of temperature to simulta
neously vaporized and crystallized product. SC process was kept continued until the complete elimination of liquid phase and 
appearance of pure crystals in the sample feed. The vapor produced at lower pressure was condensed to remove.

3.3. Characterization of menthol crystals

The physical and chemical properties of menthol crystals were studied by SEM, FTIR, Raman Spectroscopy, and XRD analysis.

3.3.1. SEM analysis of menthol crystals
SEM images of standard menthol crystals showed a highly expended accordion-like structure containing randomly aggregated 

folded sheets arranged in 3-dimensional architecture. Few hemi-spherical to rectangular shaped particles can also be visualized near to 
aggregated sheets (Fig. 2a). SEM images of menthol have not been described in the previous literature; however, SEM images of 
graphene oxide flakes have shown similar morphology [34]. The SEM images of menthol crystals produced from fractions F1, F2, F3, 
F4, F5, and residual fraction showed that particle size of crystals ranged from 200 nm to 10 μm. In F1 menthol crystals, mostly 
rectangular nanoparticles (and in some cases oval to cylindrical shaped particles) with smooth surfaces, arranged evenly in a crys
talline pattern have been observed. Inter-crystalline pores can also be seen near the particles (Fig. 2b). In F2 menthol crystals, particles 
of almost semi-rectangular shape (in some cases pseudo spherical or cubic) with rough surface were observed (Fig. 2c). Few inter
granular spaces were also found. In case of F3 menthol crystals semi-spherical to rectangular-shaped particles arranged in a uniform 
pattern with scattered agglomerated needles have been observed (Fig. 2d). In F4 menthol crystals, spherical to rectangular particles 
with a smooth surface were uniformly aligned in a crystalline pattern with inter-crystalline voids (Fig. 2e). SEM images of F5 menthol 

Table 3 
Short-path molecular fractional distillation of mint essential oil.

Fractions Boiling point ◦C Weight of fractions (g)

F1 21–23 5.9
F2 32–35 4.6
F3 36 16.8
F4 37–39 31
‘F5 42–50 51.6
Residual oil – 18.5

Table 4 
Production of menthol from spray seeding method.

Conc. of 
seed 
crystals 
(%)

F1 F2 F3 F4 F5 R

Stability of 
crystals

%age 
yield

Stability of 
crystals

%age 
yield

Stability of 
crystals

%age 
yield

Stability of 
crystals

% age 
yield

Stability of 
crystals

%% 
age 
yield

Stability of 
crystals

% age 
yield

10 × × × × × × × × × × × ×

20 × × × × × × ✓ 91 ✓ 90 × ×

30 × × × × × × ✓ 91 ✓ 93 × ×

40 × × × × × × ✓ 96 ✓ 93 × ×

50 × × × × × × ✓ 97 ✓ 98.9 × ×

60 × × × × ✓ 7 ✓ 97 ✓ 98.9 × ×

70 × × × × ✓ 11 ✓ 97 ✓ 98.9 × ×

80 × × × × ✓ 11 ✓ 97 ✓ 98.9 ✓ 2
90 ✓ 4 ✓ 13 ✓ 11 ✓ 97 ✓ 98.9 ✓ 3
100 ✓ 4.5 ✓ 15 ✓ 11 ✓ 97 ✓ 98.9 ✓ 3

Table 5 
Percentage (%) of menthol crystalized from total menthol in essential oil using SC process.

Sr# Mentha variety Percentage (%) of menthol in essential oil Percentage (%) of menthol crystalized from total menthol in essential oil

1 MA 87.20 93.23
2 MP 44.64 75.76
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crystals showed semi-rectangular shaped particles with smooth surfaces mostly uniformly aligned with inter-crystalline spaces 
(Fig. 2f). The menthol crystals produced from residual oil showed rectangular shape particles arranged in uniform pattern (Fig. 2g). 
Empty spaces near the particles were also found.

The SEM analysis showed that menthol crystals produced in this study differ in morphology from standard menthol crystals. 
Standard menthol crystals showed aggregated sheets like structure, while menthol crystals produced in this study showed the presence 
of nanoparticles of mostly rectangular shapes arranged in a uniform pattern. These results revealed that spray-seeding crystallization 
method reduced the particle size of menthol crystals. This reduction in size of menthol crystals would be helpful in the practical 
application of crystals in drug delivery system. As we know that menthol is a widely used drug in medication, food, and esthetic 
applications [35]. In general, drug particles with a small size and narrow distribution (high surface area) are desirable to manipulate 

Fig. 2. (a): SEM images of standard menthol crystals taken at (a) 200 nm and (b) 10 μm (b): SEM images of F1 menthol crystals taken at (a) 200 nm 
and (b) 10 μm (c): SEM images of F2 menthol crystals taken at (a) 200 nm and (b) 10 μm (d): SEM images of F3 menthol crystals taken at (a) 200 nm 
and (b) 10 μm (e): SEM images of F4 menthol crystals taken at (a) 200 nm and (b) 10 μm (f): SEM images of F5 menthol crystals taken at (a) 200 nm 
(b) 10 μm (g): SEM images of residual menthol crystals taken at (a) 200 nm (b) 10 μm.
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Fig. 2. (continued).
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Fig. 3. (a): FTIR analysis of standard menthol crystals (b): FTIR analysis of menthol crystals produced from F1 (c): FTIR analysis of menthol crystals 
produced from fraction F2 (d): FTIR analysis of menthol crystals produced from fraction F3 (e): FTIR analysis of menthol crystals produced from F4 
fraction (f): FTIR analysis of menthol crystals produced from fraction F5. .
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Fig. 3. (continued).
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their delivery rate. The particle size reduction of drugs is mainly through thermal degradation, which is not possible with menthol 
crystals as they are thermally unstable [36]. This alternative method yielded stable micronized menthol crystals, that could be used 
more efficiently in drug delivery systems [37]. Further, chemical analysis (FTIR and RAMAN spectroscopy) analysis was performed to 
check whether there were changes in chemical composition of crystals or not.

Fig. 4. (a): Size distribution analysis of menthol crystals (b): Zeta-potential analysis of menthol crystals.
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3.3.2. FTIR analysis of menthol crystals produced from different fractions
A comparison of FTIR analysis of standard menthol crystals with the menthol crystals produced in this study confirmed that the 

chemical nature of produced menthol crystals was same as that of standard menthol crystals. The spectrum in (Fig. 3a) is representative 
of standard menthol crystals. A strong and broad peak at 3250 cm− 1 indicated -OH stretching (H-bonded), peaks at 2721 cm− 1 and 
2922 cm− 1 indicated (C-H stretching), and sharp peaks at 916 cm− 1, and 1177 cm− 1 indicated (C-O stretching) [38]. At frequencies 
from 1341 cm− 1 to 1446 cm− 1 menthol exhibited C-H bending typical of methyl groups present within menthol. The bands at 670 cm− 1 

and 775 cm− 1 result from skeletal mode vibrations of the hexagonal ring in menthol structural unit. Similar assessments of menthol 
have been reported previously [39–41]. Similar spectra were recorded for menthol crystals produced from different fractions of mint 
oil including F1 (Fig. 3b), F2 (Fig. 3c), F3 (Fig. 3d), F4 (Fig. 3e), and F5 (Fig. 3f).

Fig. 5. (a): Raman spectra of standard menthol crystals (b): Raman spectra of menthol crystals produced in current study.
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3.3.3. Zeta-sizer, particle size analysis, and zeta potential measurement of menthol crystals

3.3.3.1. Particle size analysis of menthol crystals produced in current study. The analysis indicated that mean diameter of menthol crystal 
particles was 209.5 nm. The polydispersity index (PDI) was 0.449 ± 0.9. The PDI represents the particle size distribution in system. A 
low PDI indicates a narrow size distribution (SD), while values higher than 0.5 indicate a very wide size distribution [42]. The PDI 
value in current study was lower than 0.5 which indicated the narrow size distribution of particles in the crystals. The size distribution 
of particles was further confirmed by zeta-potential measurements of menthol crystals (Fig. 4a).

3.3.3.2. Zeta potential measurement of menthol crystals produced in current study. The results presented in (Fig. 4b) showed high zeta 
potential values for menthol crystals. The zeta potential value of menthol crystals produced in current study was − 28mV. Zeta po
tential of the menthol crystals produced in current study was closer to the range, which indicated the stability of the menthol crystals 
[43]. Previous research revealed that, the average particle size of menthol is 16 μm [35]. However, the menthol crystals produced by 
the spray seeding crystallization process had a much smaller average size i.e., 0.449 μm. It is well understood that high volatility of 
menthol and its transformation to amorphous whisker are the major obstacles for its practical application in drug delivery system. 
According to the earlier studies, menthol crystals after being produced through traditional crystallization processes, were further 
processed to micronized form using expensive chemical methods [35]. The method described in current study produced menthol 
crystals directly in micronized form, which is confirmed by SEM analysis, FTIR, and zeta-sizer particle size distribution analysis. The 
process was simple, less time consuming and cost-effective as no expensive chemicals were used in this method.

3.3.3.3. Raman spectroscopic characterization of menthol crystals. Raman spectroscopic analysis was also performed to confirm the 
identity of menthol crystals produced in this study. For standard menthol crystals, two intense peaks were recorded at 774 and 1462 
cm− 1. Strong bands at 774 cm− 1 and 1462 cm− 1 were linked to the menthol ring’s deformation and the CH2/CH3 bending modes of the 
menthol crystals, respectively (Fig. 5a). Earlier studies also reported the same results [44–46]. Almost similar results were recorded for 
menthol crystals produced in this study. Raman spectrum of menthol crystals produced in this study is presented in (Fig. 5b).

3.3.3.4. XRD analysis of menthol. The physical state of menthol was examined by x-ray diffraction method. Fig. 6 illustrate the XRD 
diffractograms of the standard and prepared menthol crystals. The diffraction patterns of both menthol samples exhibited several sharp 
peaks, indicating the crystalline nature of samples. The standard menthol sample showed well defined crystalline peaks at 2θ equals to 
9◦, 14.01◦, 22◦, 53◦ and 57.98◦ (Fig. 6a). However, the prepared menthol crystals showed well defined crystalline peaks at 2θ equals to 
5.5◦, 14.5◦, 15◦, 17.4◦, 14.41◦, 19◦, 20◦ and 22.5◦ (Fig. 6b). The diffraction patterns of both menthol samples exhibited several sharp 
peaks, indicating the crystalline nature of menthol. The size of crystallites and the percentage change in the crystallite size of the 
menthol crystals were calculated from XRD diffraction patterns using Scherrer equation (crystallite size = k λ/b cos θ) and results are 
depicted in Tables 6 and 7. The standard sample of menthol exhibited the crystallite size of 45.08 nm (Table 6), while the crystallite 
size of prepared menthol was reduced to 32.3 nm (Table 7). The crystallite size of menthol was reported to be 52.23 nm in a previous 
study which is quite closer to the standard menthol crystals studied [47]. The crystallite size of menthol crystals prepared in the current 
study was significantly reduced. The reduction in particle size of menthol crystals may enhance its dissolution rate when used in 
various medication, food, and esthetic applications [35].

4. Conclusions

Different processes, including TPCP, SPMFD followed by SSC, and SC, were employed for the molecular crystallization of menthol. 
Among these, the (SPMFD followed by SSC) method emerged as the most effective, yielding optimal menthol crystals. We employed 
comprehensive characterization techniques such as scanning electron microscopy (SEM) for surface morphology, x-ray diffraction 
(XRD) for crystal structure and crystallite size evaluation, and FTIR and Raman spectroscopy for analyzing the chemical nature of the 
crystals. Additionally, measurements of particle size distribution and zeta potential were conducted. The combined results indicated a 
successful production of stable (− )-menthol crystals with reduced particle size. This reduction holds promise for enhancing the 
dissolution rate of menthol crystals, thereby expanding their applications in various fields, including pharmaceuticals, cosmetics, and 
health products. This study marks a significant advancement in the preparation of menthol crystals, with potential implications for 
diverse industries.
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Fig. 6. (a): X-ray diffraction analysis of standard menthol crystals (b)X-ray diffraction analysis of menthol crystals produced in the current study.
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