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Introduction

Secondary metabolites have always been a matter of prime 
interest for researchers. They exist both in form of volatile and 
non-volatile principles. The volatile component is commonly 
known as essential oil (EO) which is obtained in the purest form  

 
using traditional hydro-distillation (HD) or steam distillation (SD) 
process. Essential oil has always fascinated scientists because 
of its diversified use spread across food, pharmaceutical and 
chemical industries [1].

Abstract  

Background: Conventional hydro distillation of lemongrass essential oil (EO) is often associated with prolonged processing time, suboptimal 
yield, and limited resource efficiency. Enzymatic pretreatment has emerged as a promising strategy for process intensification; however, its 
impact on extraction efficiency, oil quality, and residue valorization remains insufficiently explored.

Methods: In this study, cellulase-assisted enzymatic pretreatment was integrated with HD for EO extraction from lemongrass. Process 
parameters were optimized by evaluating extraction yield and citral content. Ultrastructural modifications were examined using SEM, while EO 
quality was assessed through titrimetric analysis, GC-MS profiling, and thermogravimetric analysis. Process efficiency was further evaluated via 
time-resolved oil recovery imaging. The reusability potential of hydro distilled residue was assessed through total phenolic content, ascorbic acid 
estimation, and HPTLC profiling. Environmental performance was analyzed using AGREE metrics.

Results: The optimized enzymatic pretreatment (40 mg cellulase/100 g biomass; 40 min incubation) significantly enhanced EO yield (by 
47.12%) and citral content (by 19.19%) while reducing extraction time to 90 min compared to 180 min for conventional HD. SEM analysis 
revealed extensive glandular disruption facilitating rapid oil release, corroborated by accelerated oil recovery profiles. The EO quality remained 
comparable across methods. Hydrodistilled residue from enzyme-assisted HD retained significantly higher phenolics and ascorbic acid, 
supporting its potential for further valorization. Sustainability assessment indicated improved greenness scores for the enzymatic method 
relative to HD.

Conclusions: Enzymatic pretreatment-driven HD offers a sustainable and efficient approach for EO extraction, achieving enhanced yield, 
reduced processing time, and effective residue valorization, thereby supporting green and circular processing strategies.
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One of the major problems faced by EO industries and farmers 
is low yield and prolonged distillation time of 3-5 hours which 
ultimately burdens the end user financially. In this regard any 
innovation directed towards resolving this without exerting any 
financial or infrastructural burden on the small players (small 
scale extraction unit or farmers) is likely to bring a huge relief for 
manufacturers and end users as well. Given the above situation, 
strategic pretreatment has evolved as a new tool for accelerating 
the EO extraction process. Pretreatment process involves exposing 
the biomass to a suitable medium under controlled conditions 
prior to HD. Suitable medium involves the use of enzymes, 
microwave, ultrasound, deep eutectic solvents and salts which 
specifically targets the cellulose component of the cell wall, thus 
heavily compromising cell wall rigidity and integrity facilitating 
easy and quick release of EO from the biomass [2-5].

A pretreatment process is most welcomed when it is 
implemented without disrupting the existing distillation setup 
and at the same time demanding no additional infrastructural 
requirement. Furthermore, carrying out the pretreatment within 
the same distillation unit offers a significant advantage, creating a 
win-win situation, particularly for small-scale operators. [6].

In light of the above facts, a strategic cellulase-based 
enzymatic pretreatment protocol was designed for the extraction 
of lemongrass EO from the leaves of Cymbopogon citratus. Four 
basic improvements were targeted through this enzymatic 
pretreatment namely, increased EO yield, improved EO quality, 
reduced operational time followed by sustainable upscaling 
of leftover hydro-distilled residue. The objective stated above 
is purely based on OASIS framework previously published by 
the authors themselves, which is a collection of best practices 

applicable for EO extraction using pretreatment strategy [6]. 

Materials and Methods

Lemongrass Collection

Fresh authenticated lemongrass leaves were collected from 
Department of Forestry, Guru Ghasidas Vishwavidyalaya, India 
(22º07’36.15” N 82º08’19.77” E) in batches in the month of 
November, 2025. Moisture content of the collected biomass was 
ascertained through loss on drying method [7]. The moisture 
content was calculated using the formula mentioned below. The 
moisture content after 01 day of collection was found to be 68.2%.

      
   100

   

Weight of fresh sample Weight of dried sample
Moisture Content

Weight of fresh sample

−
= ×

Chemicals

Hydroxylamine hydrochloride solution (99.0%), methyl 
orange indicator and Folin reagent (analytical grade, 2.0 N), and 
Cellulase enzyme (10,000 U/gm) was procured from CDH Pvt. Ltd. 
(Mumbai, India). Gallic acid (certified reference material, Trace 
CERT®), and was purchased from Sigma Aldrich Co. (St. Louis, 
MO, USA). All solvents used for analysis were procured from CDH 
Pvt. Ltd, Mumbai, India.

Hydro-distillation (non-pretreatment control)

The HD setup comprised of a 2L capacity flask containing 
chopped lemongrass leaves (200 g), attached to a Dean-Stark 
apparatus which was connected to a condenser attached to a 
laboratory recirculating chiller (temperature maintained between 
8-10°C) and HD was performed for 3 hours (Figure 1). The oil 
layer collected was photographed at an interval of 30 min.

Figure 1: Schematic diagram of Hydro-distillation set up.
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Enzyme pretreatment

Enzymatic pretreatment was impacted by exposing the freshly 
cut lemongrass leaves (200 g) to a specific enzymatic (cellulase) 
concentration in the distillation flask itself. This period of contact 
is known as the incubation period and was assisted by providing 
a temperature of 40°C required for enzyme activation [8]. The 
various concentration of cellulase used was 10 mg, 20 mg, 40 mg, 
60 mg, and 80 mg per 100 g of leaves. For each treatment, the 
lemongrass leaves were incubated with the respective enzyme 
concentration in 1200 mL of distilled water with adequate mixing 
to support subsequent HD. After 40 minutes of incubation, the 
temperature was raised to 100°C for HD to begin which was then 
continued for 90 min as no visible EO collection took place beyond 
that time. The EO was collected in Eppendorf tubes and subjected 
to citral analysis for assessing oil quality.

Extraction Yield

Oil yield was calculated as per the below mentioned formula, 
to find out the best performing enzyme concentration required 
for sample pretreatment.

( )
   ( )

 % 100
    ( )

weight of oil g
Extraction Yield wt

weight of fresh material g
= ×

Citral Content

Citral, the principal volatile constituent of lemongrass 
EO, serves as a key indicator of oil quality. The citral content 
was determined by titration following the method described 
by Chouhan [9] The titration mixture comprised accurately 
weighed oil (2g), 0.1 mL of methyl orange indicator, and 4.5 mL of 
hydroxylamine hydrochloride solution. The titration was carried 
out using 0.5 N KOH as the titrant, and the endpoint was identified 
by a color change from red to yellow. The citral content was 
subsequently calculated using the equation given below, 

100  0.077   ( )  0.5      (  )     
Volume mL of N KOH consumed during titrationAldehyde citral content weight of oil in g

× ×
=

Aroma profiling

Aroma profiling was performed using a gas chromatograph 
(Shimadzu Nexis GC-2030) coupled with a mass selective detector 
(Shimadzu TQ 8040 NX). Separation was achieved on a fused silica 
capillary column (SH-I-5Sil MS; 30 m × 0.25 mm i.e., 0.25 µm film 
thickness). The oven temperature program was set as follows: 
initial temperature at 60 °C (held for 5 min), ramped at 3 °C/min 
to 210 °C (held for 1 min), followed by a second ramp to 250 °C 
at 8 °C/min (held for 4 min), with a total run time of 65 min. The 
injector and detector temperatures were maintained at 260 °C, 
while the ion source and interface temperatures were set at 230 
°C and 240 °C, respectively. Electron impact ionization (EI) was 
applied at 70 eV with a scan range of 40-400 m/z. Helium was 
used as the carrier gas at a constant flow rate of 1 mL/min. Sample 
injection was performed in split less mode for the initial 5 min, 

followed by split mode at a ratio of 1:30. Compound identification 
was carried out by comparing retention indices and mass spectra 
with reference libraries, including FFNSC (Flavor and Fragrance 
Natural and Synthetic Compounds) and NIST 2020, ensuring 
reliable characterization of volatile constituents [7].

Thermogravimetric assessment

Thermogravimetric assessment was carried out using oil 
extracted for non-pretreatment control (HD) & optimal enzymatic 
pretreatment method using a PerkinElmer TGA 4000 instrument 
heated from 30°C to 600°C (rate of 5°C/min in a nitrogen 
atmosphere was engaged) [1,7,9].

Acid Value

The acid value was determined to evaluate the quality, 
freshness, and extent of deterioration of the essential oil. A 
titrimetric method was employed for its estimation [10,11]. The 
titration mixture comprised accurately weighed oil (2 g), 10 
mL of ethyl alcohol, and 2-3 drops of phenolphthalein indicator. 
The mixture was gently heated with intermittent shaking for 
approximately 5 min to ensure complete dissolution. Titration was 
carried out using 0.1 N KOH as the titrant, and the endpoint was 
identified by the appearance of a faint pink color that persisted 
for at least 30 s. The acid value was calculated using the formula 
given below,

    56.1   A NKOHAcid value mg of oil Wg
 
  
 

× ×
=

Where

A = mL of 0.1N KOH consumed 

N = 0.1

W = weight of oil in g

Field emission scanning electron microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) was 
performed using a Carl Zeiss Sigma-300 instrument (Carl Zeiss, 
Germany) to examine the surface morphology of the samples 
at high resolution. Imaging was conducted under high vacuum 
conditions with an accelerating voltage of 5.0 kV to enhance 
image clarity and electron–sample interaction [7]. The system is 
equipped with a Schottky-type field emission electron gun, which 
provides a stable, high-brightness electron beam suitable for 
high-resolution imaging and detailed ultrastructural analysis.

Biomass valorization

Biomass valorization was carried to explore the capability 
of biomass to retain back the non-volatile principles while 
undergoing optimal enzyme-assisted HD process & its comparison 
with non-pretreatment control (HD) and untreated control [10]. 
For the preparation of untreated control, fresh untreated biomass 
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was dried and subjected to vacuum assisted maceration for 24 
hours as mentioned below.

Vacuum assisted maceration (VAM)

Dried untreated lemongrass leaves, and hydro-distilled 

residue obtained after HD and enzyme-assisted distillation were 
subjected to VAM for 6 hours by using 5 g of the dried plant 
powder dipped in 50 mL of methanol. The extract so obtained was 
filtered and further dried on a water bath and the residue was 
then collected for further evaluation [7] (Figure 2).

Figure 2: Vacuum assisted maceration set up.

Total phenolic content (TPC)

Total Phenolic content was used as the quality indicator for 
assessing the reusability potential of the hydro-distilled residue. 
The reusability was decided based on the amount of phenolic 
content retained by the biomass undergoing HD and enzyme-
assisted HD. Greater is the retention of phenolic content, higher 
are the chances of its reusability or upscaling. The methodology 
for determining TPC was adopted from the previous publication of 
the research group [12,13]. Briefly, the reaction mixture comprised 
of 1 mL of methanolic extract (1mg/mL in methanol), 10% Folin 
reagent (5 mL) and 4 mL sodium carbonate solution (75 g/L), with 
total volume of the reaction mixture being 10 mL. After an hour 
incubation period in darkness, absorbance was recorded at 765 
nm. The results were quantified as gallic acid equivalent (GAE) in 
mg per g of dried extract. Gallic acid having a concentration of 10, 
20, 30, 40, and 50 µg/mL in methanol was used for constituting 
a standard calibration curve (y = 0.0091x+0.0205, R2 =0.9993).

Ascorbic Acid Content

Ascorbic acid content was determined by the 
2,6-dichlorophenol indophenol (DCPIP) titrimetric method [14]. 
A 4% (w/v) oxalic acid solution was used as the extraction and 
titration medium. The dye solution was prepared by dissolving 
sodium bicarbonate (42 mg) and DCPIP (52 mg) in distilled water 
and making up the volume to 200 mL. A stock standard solution 
of ascorbic acid (100 mg/100 mL) was prepared in 4% oxalic acid 

and further diluted to obtain a working standard of 100 µg/mL. 
For standardization, 5 mL of the working standard was mixed with 
10 mL of 4% oxalic acid and titrated against the dye to a persistent 
light pink endpoint. For sample analysis, 5 g of the sample was 
extracted in 4% oxalic acid, diluted to 100 mL, and centrifuged. An 
aliquot (5 mL) of the supernatant was taken, mixed with 10 mL of 
4% oxalic acid, and titrated against the dye to the same endpoint. 
The volume of dye consumed is proportional to the ascorbic acid 
content, which was calculated using the standardization factor 
and expressed as mg per 100 mL of sample. Ascorbic acid content 
was calculated by the following formula:

         100            100
Titre value Dye factor Volume made upmgAscorbic acid Weight of sample taken for estimation Aliquot of sample taken for estimationg

 
  
 

× ×
= ×

×

High Performance Thin Layer Liquid Chromatography 
(HPTLC)

The methanolic extracts of untreated control biomass, 
hydro-distilled residue obtained after conventional HD, and 
enzyme-assisted HD were subjected to high-performance 
thin-layer chromatography (HPTLC) for the identification and 
quantification of three phenolic markers, namely gallic acid, 
quercetin, and p-coumaric acid, following the method described 
by Chauhan [12]. Samples were prepared as methanolic solutions 
at a concentration of 10 mg/mL and applied onto pre-coated silica 
gel 60 F254 aluminum plates (10 cm × 10 cm). Application was 
performed using a CAMAG Linomat-5 automated TLC applicator 
under a nitrogen flow, positioned 10 mm from the bottom and 15 
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mm from the side, with an 8 mm band width and a delivery rate 
of 150 nL/s. The mobile phase consisted of toluene–ethyl acetate–
formic acid (14:10:1, v/v/v), and chromatographic development 
was carried out up to a distance of 8 cm at ambient temperature 
(25 ± 2 °C). Densitometric quantification was performed in 
absorbance mode at 254 nm using a CAMAG TLC Scanner 3, with 
a slit dimension of 6 × 0.45 mm, data resolution of 100 μm/step, 
and a scanning speed of 10 mm/s. Data acquisition and analysis 
were conducted using Win CATS software (version 1.4.4).

Greenness assessment

The Analytical Greenness (AGREE) approach is a widely 
used, software-based tool for evaluating the environmental 
performance of analytical methods. It assesses methods based 
on the 12 principles of Green Analytical Chemistry, assigning 
a score in the range of 0 to 1, where values closer to 1 indicate 
superior greenness. The tool generates a color-coded pictogram 
that provides a comprehensive visual representation of method 
sustainability, incorporating parameters such as sample 
pretreatment, amount of sample, instrumental position, number 
of steps involved, automation, derivatization, waste generation, 
number of analytes analyzed per hour, energy consumption, 
renewable source reagent, reagent toxicity, and threats to operator 
as in accordance with the 12 established principles of green 
analytical chemistry. The overall AGREE score is calculated as a 
weighted average of individual criterion scores, reflecting their 

relative importance. This score is displayed at the center of the 
pictogram, while the surrounding segments represent individual 
benchmark scores and their respective weights, offering an 
integrated and intuitive visualization of the analytical method’s 
environmental impact [15,16]. It is an open-source software and 
downloadable from https://mostwiedzy.pl/AGREE.

Statistical analysis

Statistical analysis was performed using Student’s t-test to 
compare mean values. A p-value < 0.05 was considered statistically 
significant. All experiments were conducted in triplicate, and the 
results are expressed as mean ± standard deviation.

Results and Discussion 

Impact of enzymatic pretreatment

Cellulase enzyme was used for providing the enzymatic 
pretreatment as described in the above section. Five different 
concentrations namely 10, 20, 40, 60 and 80 mg/100 g was used 
for impacting the pretreatment. Results are indicated in (Figures 
3 & 4) and the findings clearly revealed that 40 mg/100g of plant 
material was found to be the optimum enzyme concentration. 
The results were interpreted based on a combined assessment of 
extraction yield and the percentage of citral content in the extracted 
lemongrass EO. (Figure 3) indicates the % yield of lemongrass 
EO obtained using different cellulase enzyme concentration and 
compared with non-pretreatment control (HD).

 

Figure 3: Extraction yield of Lemongrass EO: Comparative study between non-pretreatment control and various enzymatic concentration.

Results indicate that enzyme used in all concentrations 
performed better than HD. Enzyme concentration of 40 mg/100g 
was found to be optimum in terms of lemongrass EO yield which 
was 47.12% better than 3 hours of HD. Noteworthy, to mention, 
that the follow up HD after enzymatic pretreatment was only 

for 90 min as beyond that no visible oil collection was observed. 
For determining the success of enzymatic pretreatment in order 
to boost EO extraction two major success indicators namely, 
increased yield and reduced operational time plays a crucial role 
[6]. In this regard, as far as EO yield is considered, both the success 
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indicators have been well satisfied. However, it should be kept in 
mind that the yield alone does not provide conclusive evidence 
regarding process acceptability. In this regard the quality of oil 
has the final say. The quality of lemongrass EO was determined 
by quantifying its citral content which is its major volatile 
principle. Results indicated 37.84% increase in citral content for 
cellulase pretreated (40 mg/100g) model when compared to non-
pretreatment control. Similar to extraction yield, the citral content 
of all the enzyme pretreatment samples outperformed HD & this 
quality improvement was achieved within half of the time as 
consumed by HD.

The enzymatic pretreatment model exhibited a consistent 
incremental trend in both extraction yield and citral content. 
The results clearly indicated that 40 mg/100 g represents the 
optimal cellulase concentration for this pretreatment approach. 
Notably, a marked decline in citral content was observed beyond 
this optimal level, a trend that is consistent with previous studies 
investigating cellulase-assisted pretreatment of biomass for EO 
extraction [17-20]. Several factors reported in the literature may 
account for this decline, 

a)	 At enzyme concentrations exceeding the optimum, the 
efficiency of enzymatic hydrolysis decreases due to 
saturation effects in enzyme–substrate interactions. 

b)	 A substantial increase in cellulase concentration, while 
maintaining a constant substrate load, adversely affects 
the solid-to-liquid ratio within the incubation system. 
This leads to reduced free water availability, resulting in 
a viscous and poorly fluid medium that hinders uniform 
enzyme distribution. 

c)	 At higher enzyme levels, mass transfer limitations 
become significant. The diffusion of cellulase towards the 
substrate, as well as the migration of liberated volatile 
constituents away from the reaction matrix, is restricted. 
This results in non-uniform enzyme–substrate contact 
and incomplete disruption of plant cell walls, ultimately 
reducing essential oil release and recovery.

Several studies have demonstrated the effectiveness of 
enzymatic pretreatment for enhancing EO extraction [21-24]. 
However, the optimized incubation duration observed in the 
present study contrasts markedly with the longer pretreatment 
times reported for similar cellulase-assisted systems applied 
to aromatic plant matrices. For instance, Liu et al. reported 
a 2 h enzymatic pretreatment for EO extraction from Acorus 
tatarinowii rhizomes using a solvent-free microwave-assisted 
approach [25]. Similarly, Wei et al. employed a 2 h cellulase 
incubation in combination with solvent-free microwave extraction 
of Pelargonium graveolens leaves, achieving a 26.09% increase in 
oil yield compared to HD [26]. Raksaphon et al. also incorporated 
a 3 h cellulase pretreatment in an enzymolysis–microwave-
assisted extraction protocol for Zanthoxylum limonella, resulting 

in significantly improved oil recovery relative to non-pretreated 
samples [27].

In contrast, the present study achieved comparable or 
superior extraction performance with a substantially reduced 
incubation time of 40 min. This observation highlights the 
tissue-specific nature of enzymatic pretreatment conditions and 
underscores the process efficiency of the developed method, 
which significantly minimizes overall processing time without 
compromising extraction efficiency.

Notably, in the aforementioned studies, pretreatment 
duration has not been integrated into the total operational time, 
nor has a reduction in overall processing time been emphasized. 
According to the OASIS framework, pretreatment duration should 
be considered an integral component of the total extraction time, 
and process success must be evaluated based on two critical 
indicators: enhanced yield and reduced operational time [6]. 
However, most reported studies prioritize yield improvement 
as the sole performance criterion, overlooking process-time 
optimization.

The present work aligns with the OASIS framework by 
demonstrating improvements in both extraction yield and 
operational efficiency. Previous work by the authors’ research 
group has also reported a microwave-assisted pretreatment 
strategy for lemongrass EO extraction, yielding superior results 
compared to conventional HD in terms of both yield and processing 
time. Nevertheless, despite its effectiveness, microwave-assisted 
pretreatment requires additional infrastructure, which may 
not be economically feasible for small-scale producers. In this 
context, enzymatic pretreatment offers a practical and accessible 
alternative, as it can be implemented directly within the distillation 
system through simple enzyme addition, without necessitating 
additional technological or infrastructural investments.

Aroma profiling

In light of the above findings, lemongrass EO obtained from 
HD & optimal enzymatic pretreatment assisted distillation was 
subjected to complete aroma profiling for mapping down the 
individual volatile principles. As stated earlier, citral which is a 
combination of two isomers Neral & Geranial is considered to be 
the chief volatile principle of lemongrass EO which determines 
its overall quality. Titrimetric based quantification of citral was 
conducted during the optimization studies to zero down to the 
exact optimal conditions. In order to get conclusive GC data which 
is considered as the gold standard for EO quality determination, 
the oil obtained from optimized enzymatic pretreatment assisted 
distillation was subjected to complete aroma profiling using GC-
MS/MS. The findings were compared to the aroma profiling of 
lemongrass EO obtained from non-pretreatment control. Results 
clearly indicated that the oil obtained from optimal enzymatic 
pretreatment is richer in major volatile principles namely citral 
(neral+geranial) and eucalyptol.
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Figure 4: Citral content of Lemongrass EO: Comparative study between non-pretreatment control and various enzymatic concentration.

GC data was found to be in tandem with titrimetric 
quantification providing conclusive evidence of improved citral 
content by 19.19% and eucalyptol by 21.43% when compared to 

the oil quality obtained from HD. The details of aroma profiling 
with identified volatile principles are depicted in (Table 1). 

Table 1: Comparison of lemongrass EO quality in terms of the presence of various volatile principles detected through GC-MS/MS (aroma profiling).

Serial 
No.

Name of Compound
Non-pretreatment Control (HD)  

(% Area)

Optimal Enzyme conc. 
(40 mg/100g) 

(% Area)

1. Ethylbenzene 1.39 0.99

2. M-xylene ND 0.55

3. O-xylene 0.91 0.21

4. Pinene<alpha> 1.73 2.43

5. Pinene<beta> 2.15 2.69

6. Mesitylene 1.55 0.76

7. Eucalyptol 0.98 1.19

8. 4-Nonanone 1.21 0.4

9. Exo-isocitral 0.25 ND

10. cis-chrysanthemyl alcohol 1.65 0.22
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11. Isoneral 1.11 0.48

12. Isocitral 1.91 0.7

13. Capraldehyde 0.9 ND

14. Neral 28.07 33.35

15. Geranial 42.32 50.55

16. Propylcyclohexyl acetate 0.13 ND

17. Geranyl acetate 1.98 0.71

18. Geranyl butyrate 0.43 ND

19. Sesquicineole 0.41 ND

20. Methyl eugenol 1.62 ND

21. Methyl isoeugenol 0.21 ND

22. Caryophyllene 1.86 0.67

23. Caryophyllene oxide 2.21 0.56

24. 
3,5-Heptadi-

enal,2-ethylidene-6-methyl-
0.41 ND

25. Cadinene<gamma> 0.09 ND

26. Gamma-cadinene 0.89 0.28

27. Cadinene<delta> 0.41 ND

28. Germacrene D 0.18 ND

29. Cis-isoeugenol 0.44 ND

30. Acetyl eugenol 0.55 0.3

31. Allylpyrocatechol diacetate 0.39 ND

32. Hexadecanoic acid, ethyl ester 1.65 ND
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33. M-ethyltoluene ND 0.21

34. O-ethyltoluene ND 0.15

35. Myrcene ND 0.45

36. Isoterpinolene ND 0.68

37. Naphthalene ND 0.11

38. Tetradecane ND 0.13

39. Aromandendrene ND 0.25

40. Bicyclogermacrene ND 0.15

41. Hexadecane ND 0.17

42. Dibutyl phthalate ND 0.09

43. Palmitate<ethyl-> ND 0.47

Figure 5: TGA curves of lemongrass EO obtained from (a) Non pretreatment control (b) Enzyme pretreatment.
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Figure 6: SEM images showing ultrastructural changes.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) measures the weight loss 
of a sample as a function of temperature and time. The TGA profiles 
of EO obtained from the non-pretreated control and enzyme-
assisted distillation were found to be comparable, indicating a 
single-stage decomposition pattern primarily associated with 
the volatilization of citral (Figure 5). In both cases, a mass loss 
exceeding 99.88% was observed at temperatures around 180 °C. 
However, the EO obtained via enzymatic pretreatment exhibited 
the completion of mass loss at a slightly higher temperature 
(approximately 195°C) [7,12]. This shift may be attributed to the 
presence of minor constituents in the oil, some of which possess 
higher or lower volatility than citral, thereby influencing the 
overall thermal degradation profile.

Acid Value

The acid value of lemongrass EO, determined by titrimetric 
analysis over three consecutive months, revealed a marked 
difference between HD and enzymatic pretreatment. The EO 
obtained from the non-pretreated control exhibited comparatively 
higher acid values (6.5 ± 0.20, 6.7 ± 0.20 and 6.99 ± 0.20). In 
contrast, EO derived from optimal enzymatic pretreatment 
showed significantly lower acid values (1.00 ± 0.09, 1.21 ± 
0.09 and 1.10 ± 0.09). These findings indicate that enzymatic 
pretreatment substantially improves the quality and stability of 

the EO, as evidenced by reduced acid values and, consequently, 
enhanced shelf life. Conversely, the higher acid values observed in 
the non-pretreated control suggest an increased susceptibility to 
rancidity and degradation.

SEM Studies

The hydro-distilled residue obtained after conventional HD, 
optimized enzymatic pretreatment-assisted distillation, and 
untreated dried lemongrass leaves were subjected to SEM to 
elucidate the impact of cellulase on ultrastructural morphology. 
The micrographs (Figure 6) clearly demonstrate a progressive 
disruption of cellular integrity following enzymatic treatment.

Untreated biomass exhibited well-defined and organized 
glandular structures, indicative of intact cellular architecture. In 
contrast, the hydro-distilled residue obtained after HD showed 
compressed and distorted glandular features, reflecting the 
mechanical and thermal effects of steam on oil-bearing structures. 
Notably, the residue obtained after enzyme-assisted HD 
displayed pronounced ultrastructural alterations, characterized 
by extensive glandular ruptures and surface fissures. These 
structural disruptions likely facilitated the direct release of EO, 
with steam acting as a carrier medium for enhanced diffusion. 
Area quantification of visible ruptures has been done by using 
image J software JAVA 1.8.0_345 (64-bit) and have been annotated 
on the micrographs to support interpretation.
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The observed morphological changes can be attributed to 
the action of cellulase on the plant cell wall, which is primarily 
composed of cellulose, hemicellulose, pectin, and minor 
protein fractions. Enzymatic degradation of these components 
compromises cell wall integrity, leading to glandular rupture, 
membrane destabilization, and altered osmotic balance, thereby 
enhancing EO release. In aromatic plants, the disruption of 

glandular trichomes and associated stomatal structures is known 
to promote EO liberation. Furthermore, cell wall-degrading 
enzymes preferentially act on the amorphous regions of cellulose, 
which are more susceptible to hydrolysis, enabling enzyme 
penetration, trichome disruption, and improved extraction 
efficiency [5,28]. 

Figure 7: Real time image showing oil collection during HD of non-pretreatment control.

Figure 8: Real time image showing oil collection during HD post enzymatic pretreatment.
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Real time image analysis 

The progression of EO collection was documented 
photographically at 30 min intervals and is presented in (Figures 
7 & 8). The visible oil layer was quantified using ImageJ software 
JAVA 1.8.0_345 (64-bit) by converting the observed layer into area 
under the curve (AUC) values. The HD process is represented 
across seven stages, each separated by 30 min, clearly illustrating 
the gradual increase in oil accumulation over time. In contrast, 
enzyme-assisted distillation exhibited a markedly different 
trend, with a substantial amount of EO collected within the first 
30 min, whereas no visible oil layer was observed for HD during 
the same interval. The annotated AUC data corroborate these 
visual observations. The accelerated oil release in the enzymatic 
system can be attributed to enzyme-induced ultrastructural 
modifications in the biomass, which facilitate rapid diffusion and 
liberation of EO.

The time-resolved images provide clear evidence that enzyme-
assisted distillation reaches completion within 90 min, compared 
to 180 min required for conventional HD. However, these visual 
findings should be interpreted in conjunction with citral content 

data to comprehensively assess oil quality.

Biomass Valorization

This section evaluates the reusability potential of hydro-
distilled residue, which is typically discarded in nearby land 
or dried and used as fuel by farmers, thereby contributing to 
environmental concerns. To assess its reuse potential, TPC was 
employed as a key indicator. The TPC of hydro-distilled residue 
obtained after HD and enzyme-assisted HD was determined and 
compared with that of methanolic extracts from untreated dried 
biomass (Figure 9). The results revealed a substantial depletion 
of TPC (54.49%) in hydro-distilled residue obtained after HD 
relative to untreated biomass, whereas only a marginal reduction 
(6.41%) was observed in hydro-distilled residue derived from 
enzyme-assisted HD. These findings were further corroborated 
by the estimation of ascorbic acid content. A similar trend was 
observed, with hydro-distilled residue from HD showing a 4.5-fold 
reduction in vitamin C content compared to untreated biomass. In 
contrast, hydro-distilled residue obtained after enzyme-assisted 
HD retained ascorbic acid levels comparable to those of the 
untreated sample (Figure 10).

Figure 9: Total Phenolic Content of left over hydro-distilled residue and its comparison with untreated control.

Figure 10: Ascorbic acid content of leftover hydro-distilled residue and its comparison with untreated control.
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The combined assessment of TPC and ascorbic acid provides 
strong evidence for the preservation of biochemical integrity 
in hydro-distilled residue obtained via enzyme-assisted HD, 
as reflected by its superior retention of bioactive constituents. 
These findings highlight the potential of such residues for further 
valorization, particularly for the extraction of non-volatile 
compounds. Accordingly, the waste generated from one process 

can be effectively repurposed as a feedstock for subsequent 
applications, with significant implications for industries focused 
on dietary supplements and value-added products. Similar 
biomass valorization after some kind of pretreatment assisted 
distillation have also been reported in the past and the current 
findings are in alignment with past published reports [5,29-33].

Figure11a: HPTLC chromatogram obtained from methanolic extract of untreated control.

Figure 11b: HPTLC chromatogram obtained from methanolic extract of leftover hydro-distilled residue post HD.
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Figure 11c: HPTLC chromatogram obtained from methanolic extract of leftover hydro-distilled residue after HD post enzymatic pretreatment.

High Performance Thin Layer Liquid Chromatography 
(HPTLC)

The results of HPTLC (Figure 11a, 11b & 11c) are in absolute 
sync with that of the depletion observed for Total Phenolic 
Content when compared to untreated control. The cumulative 
area under curve of the methanolic extract of the hydro-distilled 
residue obtained after HD was found to be depleted by 68.04% 

when compared to untreated control. On the other hand, hydro-
distilled residue obtained after enzyme pretreatment HD was 
found to exhibit a minor depletion of 16.22%. The above findings 
further validate the compromised status of hydro-distilled 
residue obtained after HD indicating its ineligibility to be used 
for recycling or upscaling. On the other hand, the hydro-distilled 
residue obtained after enzymatic pretreatment HD showed its 
eligibility for its participation in further biomass valorization.

Figure 12: AGREE Pictogram displaying greenness assessment scores of: (a) HD (b) Enzyme pretreatment-assisted HD.
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Greenness assessment

The greenness assessment pictograms for enzymatic 
pretreatment-assisted HD and the non-pretreated control (HD) are 
presented in (Figure 12). Default weighing factors assigned by the 
AGREE software were applied. The enzymatic method exhibited 
a higher greenness score (0.64) compared to conventional HD 
(0.50), indicating improved environmental performance and 
consciousness. Both methods showed relatively lower scores for 
principles 1, 2, and 3, primarily due to the off-site collection and 
transportation of samples to the laboratory, the relatively large 
sample quantity required to obtain a measurable oil layer, and the 
lack of fully integrated or in situ analytical instrumentation.

Conventional HD further demonstrated comparatively poor 
performance in principles 7, 8, and 9, reflecting higher waste 
generation in the form of hydro-distilled residue with limited 
valorization potential, extended processing time (approximately 
3 hours), and consequently higher energy consumption. In 
contrast, the enzymatic pretreatment-assisted method performed 
more favorably in these criteria, owing to reduced processing 
time, improved resource utilization, and enhanced residue 
reusability. For the remaining principles, both methods exhibited 
comparable and satisfactory performance. Overall, the improved 
greenness score of the enzymatic approach can be attributed to 
its advantages in reducing operational time, energy demand, and 
waste generation while promoting resource efficiency.

Conclusion

The present study demonstrates that enzymatic pretreatment 
using cellulase is an effective and practical strategy for the 
intensification of lemongrass EO extraction. The optimized 
enzyme concentration (40 mg/100 g equivalent to 400 U/100 
g biomass) and reduced incubation time (40 min) significantly 
enhanced extraction yield and citral content, while simultaneously 
reducing the overall processing time by half when compared to 
conventional HD. The rapid release of EO observed in the enzyme-
assisted system was supported by SEM analysis, which revealed 
extensive ultrastructural disruptions, including glandular rupture 
and surface fissures, facilitating improved mass transfer and oil 
recovery.

In addition to process efficiency, the quality of the extracted 
oil remained uncompromised, as confirmed by 19.19% (GC 
data) improved citral content. The study further highlights the 
sustainability advantage of enzymatic pretreatment, as evidenced 
by AGREE assessment and the superior retention of bioactive 
constituents, such as phenolics and ascorbic acid, in the hydro-
distilled residue. This preserved biochemical integrity enables 
the subsequent valorization of the residue for recovery of non-
volatile compounds, promoting a circular and resource-efficient 
approach. A consolidated process flow diagram is given in (Figure 
13) for easy understanding of the readers. 

Figure 13: Consolidated process flow diagram.

Overall, the integration of enzymatic pretreatment with HD 
offers a scalable, cost-effective, and environmentally sustainable 
alternative to conventional extraction methods. The developed 
approach aligns with green extraction principles by achieving 
dual objectives of enhanced yield and reduced operational time, 

while also enabling waste-to-value conversion. This strategy 
holds significant potential for adoption in industrial applications, 
particularly for small- and medium-scale enterprises seeking 
efficient and sustainable EO production systems.
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