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Abstract
Enzymes serve as biological catalysts that participate in a critical task 
detoxifying reactive oxygen species and breaking down toxic pollutants. 
Microbial enzymes from microalgae, macroalgae and bacteria hold potential 
promise and significance for biodegradation applications. Enzymes such 
as lipases, alkane monooxygenases, esterases, and dehydrogenases 
are associated with driving crude oil degradation. This study examines 
the biochemical effects of petroleum hydrocarbons from crude oil, sludge 
from tank bottom, and Effluent Treatment Plant (ETP) hydrocarbon sludge 
on enzyme activities of algae species. These pollutants contain mostly 
aliphatic compounds like butane, propane, and aromatic compounds like 
benzene, cyclohexane, which are toxic and carcinogenic in nature. Algal 
cultures were exposed to these pollutants at a pre-determined 9 mg/mL 
minimal inhibition concentration for 28 days, and the activities of lipase, 
esterase, dehydrogenase, and catalase were evaluated. Esterase activity 
increased by 4.00%–56.00% in cultures incubated consisting treatment 
compared to controls, which are algae cultures without any treatment, while 
catalase activity remained unchanged. Dehydrogenase and lipase activities 
showed minor variations, with Euglena sp. displaying 65.00% more lipase 
activity in cultures having treatment. GC-FID investigation of crude oil, 
sludge from tank bottom, and Effluent Treatment Plant (ETP) hydrocarbon 
sludge revealed hydrocarbon compounds ranging from Carbon 1 to 30 with 
propane predominating more than 90% of Total petroleum hydrocarbons 
(TPH). TPH abatement was found out to be 99.99% TPH in crude oil 
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on treatment with Euglena sp. and Chlamydomonas sp., and 72.00% 
degradation by Chlorella sp. In ETP sludge, 99.00% TPH degradation was 
observed across three algae species, while sludge treatment achieved 
99.90% degradation with Chlamydomonas sp. and Chlorosarcinopsis sp. 
These obtained results clearly allude to these algae species being capable 
degraders of petroleum hydrocarbons illustrating GC-FID’s functioning in 
remediation processes as an analyzing tool.

Introduction
Petroleum hydrocarbon contamination has developed 
into a prevalent phenomenon in the recent time owing 
to the continued reliance on petroleum as a primary 
energy source, making it a global environmental 
pollutant. Accidental leaks and spills during 
extraction, transportation, and storage are common 
occurrences.1,2 The U.S. National Academy of 
Sciences (NAS) estimated global annual oil seepage 
at approximately 180 million gallons in 2003.³ Based 
on dataset provided by Oil Tanker Spill Statistics 
38,000 tonnes of oil spill were recorded from 2024 
till January of 2025, with six oil spills having occurred 
in 2024. Petroleum hydrocarbons are categorized 
into four classes: aliphatic, aromatics, asphaltenes 
(including esters,ketones,phenols, fatty acids, 
and porphyrins), and resins (carbazoles, amides, 

quinolines, pyridines, in addition to sulfoxides).4,5 
These compounds pollute water and soil and 
bioaccumulate in plants and animals, potentially 
causing environmental deterioration.6-8 Dorst et 
al.,9 reported significant microbial communities’ 
abatement upon hydrocarbons contamination 
resulting in ecological imbalance. Hydrocarbons 
contamination in consumables through affected 
underground water and other food products pose 
serious health issues like eye irritation, vomiting 
and nausea with prolonged exposure to aromatics 
like benzene and polycyclic aromatic hydrocarbons 
is being linked to high risk leukemia and other 
cancers.10,11 The treatment samples employed for 
this study, that is, crude oil, Sludge from tank bottom 
and Effluent Treatment Plant (ETP) hydrocarbon 
sludge originating at an oil refinery as wastes and 
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had been formed as a result of sedimentation while in 
the tank and their main component being petroleum 
hydrocarbons. Petroleum Hydrocarbons in crude 
oil, such as aromatics, paraffins, and naphthene’s, 
are accompanied by small quantities of nitrogen, 
sulphur, and oxygen compounds.12 ETP hydrocarbon 
sludge and tank bottom sludge, generated during 
production, refining, storage, and transportation, 
containing hazardous hydrocarbons and inorganic 
solids like sand, iron sulfides, and asphaltenes.13

In the recent approaches, an inclination towards 
green technology harnessing the potential of 
algae and like organisms by making the pollutants 
environmentally harmless through treatments has 
observed. Algae as a term refer to macroalgae as well 
as and a vastly diverse grouping of microorganism, 
the microalgae. Diatoms, green algae, blue-green 
algae, and golden algae are the four primary types 
of microalgae, which are unicellular photosynthetic 
organisms.Both the algae types have been tapped by 
man for years as fodder, food, remedies, and recent 
studies have been promoted for their pivotal role in 
hydrocarbon degradation.14 The two main processes 
by which these hydrocarbons can be bioremediated 
are through bioaccumulation and biodegradation, 
with its ability to use carbon as energy source from 
hydrocarbons available around their vicinity. Based 
on the diversity of various algae in biodegradation 
of hydrocarbons, the present study aims to 
metabolize the hydrocarbon waste to enunciate 
remedy technologies for sustainable environmental 
assessment and monitoring hydrocarbon pollution. 
This study is centered on the hydrocarbon wastes 
degradation, sludge from tank bottom, ETP sludge 
and crude oil with various algae species isolated from 
the Numaligarh Refinery site, Assam, and its effect 
on the activity of the various enzymes which are 
involved in this process. Algae possess enzymatic 
systems capable of degrading complex hydrocarbon 
structures, converting contaminants into less toxic 
products such as primary alcohols (1-undecanol, 
n-tridecan-1-ol) and formic acids (propanoic acid, 
decanoic acid), as that is a key driver in petroleum 
hydrocarbon degradation.15,16 Enzymes such as 
lipases, alkane monooxygenases, esterases, and 
alcohol dehydrogenases facilitate the breakdown 
of these compounds. Dehydrogenases catalyse the 
transfer of hydrogen atoms from organic compounds 

to electron acceptors, facilitating oxidation. For 
example, lactate dehydrogenase converts lactate 
to pyruvate while reducing NAD+ to NADH.17 By 
catalyzing the oxidation/ reduction of molecules, 
dehydrogenases break down the chemical bonds 
in the process resulting in the detoxification of 
toxic organic compounds. These enzymes are 
critical for breaking down both toxic and non-toxic 
large molecules via hydrolysis and oxidation.18 
Lipases, or triacylglycerol hydrolases, hydrolyse 
ester bonds in triglycerides, producing fatty acids 
and glycerol. This enzymatic activity is crucial in 
degrading petroleum hydrocarbons, as they break 
down lipid components in oil making microorganisms 
possessing this enzyme highly valuable for 
bioremediation.19,20 Similarly, esteraseshydrolyse 
ester bonds, splitting esters into acids and alcohols, 
contributing to the microbial degradation of oil in 
aquatic environments.21,22 Reactive oxygen species 
(ROS), generated in response to toxic chemicals, 
trigger the production of intracellular antioxidant 
agents such asperoxidase, superoxide dismutase 
(SOD),and catalase .Cyanobacteria such as Nostoc 
muscorum and Anabaena variabilis have shown 
increased superoxide dismutase (SOD) activity 
when exposed to mercury.23 SOD converts ROS 
into hydrogen peroxide (H2O2), which catalase 
further breaks down into water, mitigating oxidative 
stress.24 Thus increase catalase activity hints to 
increase oxidative stress which can be correlated 
to algal species reacting in response to exposure 
with treatment samples.

With the advent of various analytical techniques, 
gas chromatography (GC) is used to quantify total 
petroleum hydrocarbons (TPH) post-degradation 
and also to characterize organic compounds 
being particularly sensitive to hydrocarbons. The 
ionization process, driven by hydrocarbon radicals, 
generates signals proportional to the detected 
carbon atoms.25-27

Furthermore this study aims to gain insight on the 
enzymatic activities of lipase, esterase, dehydrog-
-enase, catalase in algae cultures exposed to ETP 
sludge, sludge from tank bottom and crude oil, with 
a focus on their potential for petroleum hydrocarbon 
degradation. The study aims to elucidate the role of 
microbial enzymatic systems in extenuating the impact 
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on the environmental by petroleum contamination 
and to utilize gas chromatography Flame Ionization 
Detector (GC-FID), an advanced analytical tool, to 
quantify TPH post-degradation. 

Materials and Methods 
Study Area
The petroleum hydrocarbon waste in the form of 
ETP hydrocarbon sludge, tank bottom sludge and 
crude oil were collected from Numaligarh Refinery 
Limited (NRL) located at Morangi, Golaghat 
district (26.5786° N, 93.7848° E), Assam in India. 
Soil samples (100g each) were collected from 10 
sampling points at a depth of 5-10 cm from soil 
surfaces in and around the vicinity of the waste 
petroleum waste reservoir. The samples were kept in 
sterile cryovials tubes and brought to the laboratory 
for algae culturing and isolation. 

Culturing, Seclusion and Purification of Algal 
Cultures
The cultures with Numaligarh based origin were 
cultured in liquid BG11 medium or BG11medium with 
1.5% agar and incubated at 24± 2°C chamber with 
air-conditioning facility along with 12 h light and 12 
h dark controlled illumination and a photon fluence 
rate of 50µmol m-2 s-1.28 For obtaining axenic algae 
cultures sequential dilutions had been performed by 
taking the algal samples and diluting it in a series 
of standard volumes till 10-10dilution factor. This 
was succeeded by spread plate technique, using 
L-shaped spreader and the colonies obtained were 
further subcultured in 250ml conical flasks. The pure 
cultures are maintained in BG-11 medium for regular 
study. For the cultures the same growth conditions 
were applied on addition of treatment samples at a 
predetermined concentration of 9mg/mL. 

Microscopy Analysis
The identification of Algal species isolated from 
Numaligarh Oil Refinery site, was rooted on 
investigation of Morphology of the cells/colonies/ 
filaments and cell specialization.29,30 The investigation 
of the parameters mentioned above was accomplished 
by a 45× Olympus light microscope equipped with 
a digital camera. The physical attributes include 
shape, colour, division planes, motility and polarity. 
Specialization studies of the cultures include presence 
of false/true branching and the distribution of specialized 
cells like heterocysts, necridia and akinetes and 

attributes of Colony and filaments. Other features 
such as cell symmetry, trichome type, terminal cells 
shape, hairs and branching were also considered.

Growth Assessment of Algae
The optical density of the axenic pure cultures, as 
the control and cultures indulged in the to be treated 
ETP sludge, sludge from tank bottom and crude 
oil .respectively at 9mg/mL, the pre-determined 
concentration of minimal inhibition, was taken at 
663 nm using a UV spectrophotometer on day 28 
of incubation. The measurement of cell growth was 
accomplished through chlorophyll analysis and 
extracted using hot DMSO (Dimethyl Sulfoxide) and 
measured spectrophotometrically as per protocol 
developed by Wellburn.31 The growth assessment 
was analysed by the increase in concentration of 
chlorophyll a. The growth efficiency of the cultures 
was correlated with the chlorophyll a content 
obtained for each culture and calculated using the 
following equation as developed by Sengar et al.32

Chl a (µg/ml) = Abs 663 nm x 13.9 x dilution factor 
of the culture 	 ...(1)

Enzyme Assays	
Preparation of Enzyme Extracts
All the chemicals used in the study were obtained 
from HiMedia Laboratories and Sisco Research 
Laboratories.

The enzyme extract was prepared, following the 
protocol outlined by Suganthi et al.,33 with slight 
modifications. Both control and treatments’ exposed 
cultures were subjected to extraction, adhering to 
the treatment samples’ (ETP hydrocarbon sludge, 
sludge from tank bottom and crude oil) concentration 
of 9 mg/ml. Consecutively, they were homogenized 
in 50mM phosphate buffer stored at 4ºCfollowed 
by centrifugation at 15000 rpm and temperature 
of 4ºC. The resultant pellets were subjected to 
treatment with freshly prepared cell-lysis buffer and 
then centrifuged once more, yielding a supernatant 
devoid of cells. The extract was then subjected to a 
60% ammonium sulfate solution for precipitation and 
subsequently resuspended in a 50mM phosphate 
buffer. It underwent a 12-h dialysis process against 
the prepared phosphate buffer, with buffer changes 
performed at 3-h intervals for purifying the enzyme 
extract. Following this, concentration was achieved 
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through osmotic dehydration using sucrose. The 
resultant enzyme extract was subsequently subjected 
to assays for lipase, catalase, esterase, and lactate 
dehydrogenase.

Lactate Dehydrogenase Assay
The enzyme assay for the unknown was performed 
in test tubes containing 1.5ml of Buffered Substrate 
Solution (containing 4.8ml of sodium lactate 
solution (60%)and 95.2ml of 0.1M tris buffer with 
a pH of 9.0), 0.5ml of DPN (Diphosphopyridine 
Nucleotide), 1ml of Int dye (Iodonitrotetrazolium 
chloride) and 0.5ml of gelatin.34 This mixture was 
warmed to 37 °C. Then 0.5ml each of stock PMS 
(Phenazine Methosulphate) and the enzyme to be 
assayed was added in the test tubes. This mixture 
was then incubated at 37 °C for 15 mins. 0.5ml of 
0.35M Hydrochloric acid was then pipetted slowly to 
the side of the tubes to terminate the reaction. The 
reading for absorbance at 540nm was taken using 
UV/VIS Spectrophotometer (UV 3200). The activity 
of lactate dehydrogenase was determined from the 
equation obtained after plotting the standard graph 
in excel. A unit activity of dehydrogenase could be 
explained as the amount of enzyme yielding one 
microgram formazan under conditions specified in 
the assay method.

	 ...(2)
Catalase Assay
Catalase activity was measured using catalase, 
hydrogen peroxide and Triton X-100 as referred to 
by Iwase et al.35 This method relied on the formation 
of oxygen bubbles formed due to decomposition of 
hydrogen peroxide by catalase. A standard graph 
was obtained by taking different concentrations of 
catalase in test tubes. In each test tube containing 
lipase solution in different concentrations, 100µl 
of 1% Triton X-100 and 100µl of 30% hydrogen 
peroxide were combined, mixed and allowed to rest 
at room temperature. For assaying the activity of the 
unknowns, the same reaction mixture was followed 
by replacing lipase solution with enzyme extract.

Lipase Assay
Lipase assay was performed using lipase from 
Aspergillus sp., with concentration of 40U/mg solids 
as the standard. Lipase assay was performed as 
suggested by Valek et al.,36 with slight modifications. 
Lipase was taken in 1.5ml micro-centrifuge tubes 
in different concentrations (125µg/ml, 250µg/
ml500µg/ml, 1000µg/ml, 2000µg/ml, 4000µg/ml) 
for a standard graph. The reaction mixture of the 
unknowns is composed of   the enzyme extract 
(50µl)   and 1% of Tween- 20 in lipase buffer (1ml). 
After an incubation period of 10 mins the optical 
density reading was taken at 450 nm. The activity 
of Lipase was determined from a standard graph 
obtained equation which is given by,

Lipase (units/µg/µl) = 0.050 In (x) + 0.145	 ...(3)

Esterase Assay 
P- nitrophenyl acetate was used as the substrate 
for the determination of esterase as suggested by 
Yangyanget al.,37 Esterase activity was calculated 
by detecting the amount of p-nitrophenol (PNP) that 
is hydrolyzed. Reaction mixture for esterase assay 
contains 1 ml of enzyme solution along with 3 ml of 
0.1M sodium hydroxide. To this 1ml of the substrate 
was appended and the suspension was incubated 
at 55°C for 10 min. Absorbance reading was then 
taken at 347 nm with distilled water as the control. 
Absorbance was plotted in the obtained standard 
graph and the esterase activity was calculated from 
the obtained equation.

Esterase (units/µg/µl) = 0.16 x + 0.563	 ...(4)

Compound Profiling Using GC-FID
Analysis of the hydrocarbon compound profile was 
employed using the protocol developed by Suganthi 
et al.,33 with slight modifications. The samples of 
the control and treatments’ exposed cultures were 
extracted using HPLC (High Performance Liquid 
Chromatography) grade hexane solvent in 1:1 ratio 
succeeded by centrifugation at 15000 rpm for 5 
min. The sediment was sonicated for 90 min with 
5 s on and 2 s off intervals, using a titanium probe 
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of 6 mm diameter in an Ultrasonicator (Rivotek, 
India). The solvent layer containing the hydrocarbon 
portion was separated using the separating funnel 
and the procedure was repeated thrice. Extraction 
of petroleum hydrocarbons in hexane was done by 
a rotary evaporator (IKA, Germany).

Determination of hydrocarbons in the control and 
treatments exposed cultures was accomplished 
by GC-FID instrument (Thermofisher TRACE1600 
Series) using a TG-WAXMS GC COL capillary 
column with dimensions of 30 m × 250 mm× 0.25 μm. 
Hydrogen as a carrier gas was used with a constant 
flow rate of 30 mL min-1. Analysis was carried out at 
230ºC inlet temperature, 250ºC detector temperature 
and 190ºC oven temperature run in a spitless mode 
for 50 min.  The amount of sample injected was 2 μL. 
The analysis was carried out using the Chromeleon 
7.2/7.3 software for GCSE (single user, single TF 
instrument license).

Statistical Analysis
Data generated from the experiments was utilized for 
conducting statistical techniques such as Correlation 
and regression analysis, Analysis of Variance 
(one-way ANOVA) for observing the relationship 
between the control algae cultures against Sludge, 
ETP hydrocarbon sludge and crude oil exposed 
algae cultures respectively. The data were fitted in 
a type-1 standard linear model with R² (coefficient 
of determination), p-value, MAE (Mean Absolute 
Error), and MAPE (Mean Absolute Percentage) as 
the outputs. R² value specifies the dependency of 
one variable to another. The results obtained were 
used to compare the relationship between the 
control cultures and treatments exposed cultures, 
with values closer to 1 showing a high association 
value and closer to zero indicting very weak 
association and no association with a R² value of 
zero. In the regression plot the slopes and y-intercept 
obtained were used for comparison purposes to 
a hypothetically obtained slope of one and zero 
intercept. For this purpose, F Test with confidence 

interval of 95.00% was used for determining any 
biasness between monitoring methods employed. 
The significant values have been calculated from two 
independent experiments performed in duplicates. 
R2 value, significance F- value, ANOVA p-value and 
coefficient p- value were considered significance 
when valued >0.05.

The whole experimental study can be summarized 
in a sequential order beginning with, collection of 
algal sample to obtain cultures and acquisition of 
the treatments (Crude oil, ETP sludge, Tank bottom 
Sludge) from NRL site, followed by morphological 
identification of the isolates cultured in BG11 
medium,  succeeded by incubation of the algal 
cultures with respective treatments for determining 
the minimal inhibition concentration to conduct 
a  Growth assessment (O.D at 663nm), thereby 
proceeding to the assays for lactate dehydrogenase, 
catalase, lipase and esterase of the enzymes 
extracted from the treatment cultures to correspond 
it to the  GC-FID observations (compound profiling) 
to establish the biodegradation of the treatments by 
the algal cultures enzymes activities. Data obtained 
analysed by ANOVA, Correlation and Regression 
thus established its statistical significance in context 
to the experimental design described above.

Results
Microscopic Analysis
The cultures employed for the present study were 
identified through microscopic study as Chlorella 
sp.-unicellular, spherical, green with no flagella, 
Chlamydomonas sp.-unicellular, motile, oval, 
presence of a cup-shaped chloroplast, Euglena 
sp.- elongated, spindle shaped, presence of stigma, 
Chlorochytrium sp.- ovoid, single chloroplast with 
one to several pyrenoids,30 and Chlorosarcinopsis 
sp.- spherical, solitary cells that aggregate into diads 
or tetrads, uninucleate as observed from (figure1). 
The axenic cultures obtained from 10 different sites 
were identified morphologically to be algae as based 
on their cell shape, size, and color.30
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Growth Assessment of Algae
The algal growth assessment was studied in response 
to each of the hydrocarbon wastes – crude oil, ETP 
and tank bottom sludge respectively. Consequently, 
Chlorella sp., Chlamydomonas sp., and Euglena sp., 
were chosen for Crude Oil treatment and Chlorella 
sp., Euglena sp., and Chlorochytrium sp., for ETP 
hydrocarbon sludge treatment and similarly Chlorella 
sp., Chlorosarcinopsis sp., and Chlamydomonas sp. 
were exposed to tank bottom Sludge. The choice of 
algal genera was determined by earlier experiments 
that assessed the viability of algae across the three 
different treatments. Chlorella sp., has been used for 
exposure with all the three treatment (sludge from 
tank bottom, ETP and Crude oil) samples because of 
its high occurrence percentage reflecting its potential 
in biodegradation of hydrocarbons.

Survival rate of the algae cultures on incubating 
with Crude inlet, Sludge from tank bottom, and 
ETP sludge was determined through measuring the 
chlorophyll a content at of 663nm. Post-incubation 

survival of algae cultures with all three hydrocarbon 
waste at a specific concentration of 9mg/ml was 
revealed from the optical density measured on the 
28th day. On the 28th day, the treatments exposed 
algae cultures showed considerably better growth 
in contrast with the positive (untreated) cultures with 
Chlorella sp. demonstrating a sharp inclination in 
the optical density by 78.00% following treatment 
with Crude oil, followed by Euglena sp., with an 
increased percentage of 62.00, and the optical 
density of Chlamydomonas sp., was increased by 
49.80%. The chlorophyll a content in ETP-treated 
cultures revealed similar results with showing 
much better growth. The chlorophyll a content of 
treatments exposed Chlorella sp., increased by 
74.00%, Euglena sp., 66.00% and Chlorochytrium 
sp., 10.00%. Chlamydomonas sp., exposed to 
tank bottom sludge revealed 38.00% chlorophyll 
inclination, and 0.40% in Chlorella sp., however a 
decline in chlorophyll content of Chlorosarcinopsis 
sp. (38.10%) was observed (figure 2).

Fig. 1: Microscopic images as observed from digital camera fitted to Olympus 45X light 
microscope. These algae cultures were identified as (A) Euglena sp., (B) Chlamydomonas 

sp., (C) Chlorella sp., (D) Chlorochytrium sp., (E) Chlorosarcinopsis arenicola.



352THYRNIANG et al., Curr. World Environ., Vol. 21(1) 345-373 (2026)

Fig. 2: Algal growth on the 28th day post exposure with Crude oil, ETP hydrocarbon sludge and 
Sludge. (A) Graphical representation of chlorophyll a concentration of positive and treated 

algae cultures on day 28.



353THYRNIANG et al., Curr. World Environ., Vol. 21(1) 345-373 (2026)

Fig. 3:Dehydrogenase enzyme activity of A)Euglena sp., C)Chlamydomonas sp., and E)Chlorella 
sp., Cultures exposed to Crude oil against their respective positive controls taken on days 2, 

10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of these 
cultures to their respective positive controls. Significance F-value and p –value > 0.05 for each.

Enzyme Assays
Dehydrogenase Assay [EC 1.1.1.1]
Graphical data (figure 3) revealed elevated dehydro- 
-genase enzyme activity in treatments exposed algal 
cultures, particularly on the 28th day post -incubation, 
albeit minimal differences being observed. Crude 
oil treatment resulted in 22.70%, 19.00%,6.80% 

Table 1: r (Correlation coefficient) and R2 (Coefficient of Determination) values between the 
control and treatments exposed algae cultures indicating positive relationship with 

values closer to 1. 

Algal Cultures	 Treatment	 Dehydrogenase	 Lipase		  Esterase
	 Samples
		  r	 R²	 r	 R²	 r	 R²

Euglena sp.	 Crude Oil	 0.96	 0.96	 0.71	 0.73	 0.63	 0.96
Chlamydomonas sp.		  0.88	 0.88	 0.97	 0.97	 0.92	 0.97
Chlorella sp.		  0.93	 0.93	 0.92	 0.92	 0.97	 0.99
							     
Euglena sp.	 ETP sludge	 0.90	 0.81	 0.75	 0.57	 0.99	 0.98
Chlorochytrium sp.		  0.97	 0.95	 0.98	 0.96	 0.95	 0.91
Chlorella sp.		  0.95	 0.91	 0.96	 0.94	 0.99	 0.99
							     
Chlorosarcinopsis sp.	 Sludge	 0.97	 0.94	 0.97	 0.95	 0.98	 0.97
Chlorella sp.		  0.94	 0.86	 0.94	 0.88	 0.99	 0.99
Chlamydomonas sp.		  0.95	 0.92	 0.77	 0.60	 0.99	 0.99

increased dehydrogenase activity in Euglena sp., 
Chlamydomonas sp., and Chlorella sp. Correlation 
and regression analysis between the control algae 
and their counter parts revealed a strong positive 
correlation with r (Correlation coefficient) and R² 
(Coefficient of determination) values closer to 1 
(Table 1).
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Fig. 4: Dehydrogenase enzyme activity of A)Euglena sp., C)Chlorella sp., and E)
Chlorochytriumsp., cultures exposed to ETP hydrocarbon sludge against their respective 
positive controls taken on days 2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear 
regression analysis plot of each of these cultures to their respective positive controls. 

Significance F-value and p –value > 0.05 for each.
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Fig. 5: Dehydrogenase enzyme activity of A) Chlamydomonas sp., C)Chlorosarcinopsis  sp., and 
E) Chlorella sp., cultures exposed to with Sludge against their respective positive controls taken 
on days 2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each 

of these cultures to their respective positive controls. Significance F-value and 
p –value > 0.05 for each.
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On ETP sludge treatment, Euglena sp. and Chloro-
-chytrium sp. depicted increased dehydrogenase 
activity of 42.00% and 7.50%, with a negligible increase 
of 0.20% in Chlorella sp. (figure 4). Comparison in 
the positive and sludge exposed cultures, revealed 
17.00% and 6.00% increased dehydrogenase 
activity in sludge exposed Chlorosarcinopsis sp. and 
Chlorella sp. No palpable difference was observed 
between positive and sludge exposed cultures of 
Chlamydomonas sp. (figure 5).

Taking 95% as the confidence level, the Confidence 
Interval (CI) of the population mean of dehydrogenase 
enzyme activity in the positive cultures of Euglena 
sp., Chlamydomonas sp. and Chlorella sp., falls 
within 25.09 - 32.88 U/mg. For Crude oil exposed 
cultures, the dehydrogenase activity falls within 
29.63 - 37.25 U/mg range of CI.

In the positive cultures of Euglena, Chlorella and 
Chlorochytrium sp., the CI for dehydrogenase, was 
calculated to be 54.54 - 78.77 U/mg and in the ETP 
exposed cultures the CI range was within 59.23 - 
96.82 U/mg.

For positive cultures of Chlamydomonas sp., 
Chlorosarcinopsis sp., and Chlorella sp., the CI for 
dehydrogenase enzyme activity was observed to be 
27.39 - 38.13 U/mg, and in the treatment exposed 
cultures the range was between 29.47 - 40.99 U/mg.

 Lipase [EC 3.1.1.3]
Activity of lipase was recorded to be highest in Euglena 
sp., on exposure to crude oil with increased activity 
of 65.00%, followed by Chlamydomonas sp. and 
Chlorella sp. with 19.00% and 8.60% increased lipase 
activity in crude oil exposed cultures (figure 6). In cultures 
exposed to ETP, the highest lipase activity was observed 
in Chlorochytrium sp., showing a 21.00% increase 
over the control, followed by Euglena sp., with a 
15.00% increase and Chlorella sp., with a 6.00% 
increase (figure 7). For tank bottom sludge-exposed 
cultures, the percentage increase in lipase activity 
was 14.80% for Chlamydomonas sp., and 2.00% for 
both Chlorosarcinopsis sp. and Chlorella sp., (figure 
8). Positive relationship was observed between the 
cultures supported by r and R2 (Table 1).

For lipase enzyme activity, the CI falls within the 
range of 247.75 - 418.84 U/mg for control cultures 
of Euglena, Chlamydomonas and Chlorella sp., 
and the range was between 317.93 - 605.27 U/
mg in crude oil exposed cultures of the same algae 
cultures. For ETP exposed cultures of Euglena, 
Chlorella and Chlorochytrium sp., the lipase enzyme 
CI ranges from 331.71 to 403.547 U/mg and the CI 
of the positive cultures falls within 365.51 - 438.77 
U/mg. In the case of Sludge exposed algae namely 
Chlamydomonas, Chlorosarcinopsis and Chlorella 
sp., their lipase enzymes' CI was found in the range 
of 382.73 - 487.64 U/mg.
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Fig. 6: Lipase enzyme activity of A) Euglena sp., C) Chlamydomonas sp., and E) Chlorella sp., 
cultures exposed to Crude oil against their respective positive controls taken on days 2, 10, 16, 
24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of these cultures 

to their respective positive controls. Significance F-value and p –value > 0.05 for each.



358THYRNIANG et al., Curr. World Environ., Vol. 21(1) 345-373 (2026)

Fig. 7: Lipase enzyme activity of A)Euglena sp., C)Chlorella sp., and E) Chlorochytriumsp., 
cultures exposed to ETP hydrocarbon sludge against their respective positive controls taken on 
days 2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of 

these cultures to their respective positive controls. Significance F-value and 
p –value > 0.05 for each.
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Fig. 8: Lipase enzyme activity of A)Chlamydomonas sp., C)Chlorosarcinopsis  sp., and E)
Chlorochytriumsp., cultures exposed to Sludge against their respective positive controls taken 

on days 2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each 
of these cultures to their respective positive controls. Significance F-value and p –value > 0.05 

for each.

Esterase [EC 3.1.1.8]
A noticeable variation was observed between the 
treatment exposed cultures cultures and the control 
cultures. In crude oil-exposed cultures, esterase 
activity increased by 25.00–40.00% (figure 9). In 
effluent treatment plant (ETP)-exposed cultures, 
the increase in esterase activity ranged from 4.00–
27.00% (figure 10). The highest esterase activity 
increase was observed in sludge-exposed cultures, 
ranging from 16.00–56.00% (figure 11). R² and r 
values support a positive relationship between the 
positive and treated cultures (Table 1).

We can say with 95% confidence that the true 
population means of esterase activity in the positive 

cultures of Euglena, Chlamydomonas and Chlorella 
sp., falls within 11794.09 - 20535.43 U/mg and for 
these cultures on exposure to crude oil between 
29534.35 - 39477.28 U/mg ranges. For positive 
control cultures of Euglena, Chlorella and 
Chlorochytrium sp., the CI falls within 20660.11 - 
24308.65 U/mg and 24446.73 - 28903.30 U/mg in the 
same cultures on exposure to ETP. For the positive 
cultures of Chlamydomonas, Chlorosarcinopsis and 
Chlorella sp., the esterase enzyme activities' CI 
falls within the range of 14927.77 - 18647.85 U/mg 
and 30588.38 - 40763.24 U/mg for sludge exposed 
cultures of these same algae.
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Fig. 9: Esterase enzyme activity of A)Euglena sp., C)Chlamydomonas sp., and E) Chlorella sp., 
cultures exposed to Crude oil against their respective positive controls taken on days 2, 10, 16, 
24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of these cultures 

to their respective positive controls. Significance F-value and p –value > 0.05 for each.
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Fig. 10: Esterase enzyme activity of A)Euglena sp., C)Chlorella sp., and E) Chlorochytrium sp., 
cultures exposed to ETP hydrocarbon sludge against their respective positive controls taken on 
days 2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of 

these cultures to their respective positive controls. Significance F-value and 
p –value > 0.05 for each.
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Fig. 11: Esterase enzyme activity of A) Chlamydomonas sp., C) Chlorosarcinopsis sp., and E) 
Chlorella sp., cultures exposed to Sludge against their respective positive controls taken on days 
2, 10, 16, 24 and 28 (n=10). Figures B, D, F shows linear regression analysis plot of each of these 
cultures to their respective positive controls. Significance F-value and p –value > 0.05 for each.
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Catalase [EC 1.11.1.6]
The activity of catalase was observed in all cultures 
(treatments exposed cultures, positive controls) 
however the amount was almost negligible hence no 

confirmation could be given as to whether catalase 
activity is more in the control cultures or the exposed 
cultures but activity of this enzyme was observed 
(Table 2).

Table 2: Catalase enzyme activity of Algal cultures on exposure with crude oil, ETP hydrocarbon 
Sludge and Sludge taken on 28th day.

Algal Cultures	 Treatment Sample

	 Crude Oil		 ETP Sludge	 Tank bottom Sludge

	 Control	 Treated	 Control	 Treated	 Control	 Treated

Euglena sp.	 +	 +				  
Chlamydomonas sp.	 +	 +				  
Chlorella sp.	 +	 +				  
Euglena sp.			   +	 +		
Chlorella   sp.			   +	 +		
Oscillatoria sp.			   +	 +		
Chlamydomonas sp.					     +	 +
Chlorosarcinopsis arenicola					     +	 +
Chlorella sp.					     +	 +

Gc-Fid Analysis of Crude Oil, ETP Sludge and 
Tank Bottom Sludge:
GC- FID analysis was performed to quantify 
Petroleum hydrocarbons in the standard raw samples 
and algal exposed samples. The biodegradation can 
be observed by the reduction in the concentration 
and area of the different carbon compounds in the 
treatments exposed to algae cultures samples 
as compared to the standard raw samples (ETP 
sludge, Crude oil and sludge from tank bottom). 
The analysis of Crude oil resulted in short chain 
hydrocarbon compounds ranging from C¹ to C⁹, 
medium chain hydrocarbons in the range of C10 

to C24 and long chain hydrocarbons of C25 and 
above38 in both linear forms such as alkenes and 
cyclic forms like benzene (C⁶) and toluene (C⁶). 
Upon analyzing crude oil, the most abundant carbon 
compound was propane (C³) constituting about 
98.00% of the total petroleum hydrocarbon (Day 0). 
The rest of hydrocarbons compounds are butane 
(C⁴), pentane (C⁵), benzene,(C6), toluene (C⁶) and 
even long-chain compounds such as docosane 
(C22), Hexacosane(C26)and Triacontane (C30) as can 
be seen from Table 3. After incubating with algae 

cultures namely Euglena sp., Chlamydomonas 
sp., and Chlorella species, drastic reduction was 
observed in the carbon compounds concentration 
with the overall decrease percentage of 99.99 
in Crude oil on addition of  Euglena sp., and 
Chlamydomonas sp. Results showed complete 
degradation of compounds like propane (C³), hexane 
(C⁶), octane (C⁸), undecane (C11) and Dodecane 
(C12) by Euglena sp., and ethylbenzene (C⁸) and 
undecane (C11) by Chlamydomonas sp. (figure 
12) While long chains carbon compounds from C13 
to C30 have been completely degraded by both the 
organisms as evident from the table (Table 3). In 
case of crude oil mixed with Euglena sp., a new 
carbon compound which was not present in the 
crude oil standard was detected which could be 
explained as the results of long chain hydrocarbons 
being degraded giving rise to n- decane (C10) as 
by-products. Degradation percentage by Chlorella 
species was not that high but was still observed 
to be very effective with a degradation rate of 
72.04% with complete elimination of toluene (C⁶), 
Ethylbenzene (C⁸), octane (C⁸), undecane (C11) and 
C10-C30 compounds.
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In the case of ETP sludge the carbon compounds 
observed in the standard ETP sample (Day 0), 
include C³, C⁴, C⁵, C⁶, C⁸ and other long-chain 
compounds such as C14 ranging to C29 were 
detected. After incubation with Euglena sp., Chlorella 
sp., and Chlorochytrium sp., the peak in terms of 
area per min was reduced to about 99.97% (figure 
13) which shows huge degradation potential of these 
algae organisms with complete removal of C15, C16, 
C19-C29 by Euglena sp., C10 –C29 by Chlorella sp, .and 
tetradecane (C14) and C17-C29 by Chlorochytrium 
sp. (Table 4).

GC-FID analysis of sludge reveals carbon compounds 
such as C3-C19, which has comparatively lesser 

number of petroleum hydrocarbon compounds as 
compared to Crude oil and ETP hydrocarbon sludge 
(figure 14). After incubation with Chlamydomonas 
sp., Chlorosarcinopsis sp., and Chlorella sp., the 
reduced degradation percentage of hydrocarbons 
in Sludge sample was recorded to be 99.99 in the 
former two species and only 18.04 percent reduction 
in the case of Chlorella sp.  Complete removal of long- 
chain and some medium-chains compounds was 
seen in Chlamydomonas sp., and Chlorosarcinopsis 
sp. In Chlorella sp., complete reduction of carbon 
compounds C13-C19 was observed but an increased 
percentage of compounds such as C⁴ and C12 was 
observed which could be intermediates formed from 
long-chain hydrocarbon compounds composition.

Table 3: Hydrocarbon degradation profile of crude oil post 28 days incubation period with 
Euglena sp., Chlamydomonas sp., and Chlorella sp.

Hydrocarbon	 Crude Oil control	 Decrease in Area (%)- Crude oil treated

	 Retention	 Area pA	 Euglena	 Chlamydo-	 Chlorella
	 time	 *min	 sp.	 -monas sp.	 sp.

Propane (C3)	 2.445	 6296.017	 100.00	 99.70	 6.80
n-Butane (C4)	 3.327	 20.727	 99.93	 99.99	 99.99
Isobutane (C4)	 3.658	 28.293	 100.00	 99.89	 99.60
n-Pentane (C5)	 4.238	 8.812	 99.98	 99.99	 99.98
Isopentane (C5)	 4.683	 42.039	 100.00	 99.99	 100.00
n-Hexane (C6)	 5.367	 9.046	 100.00	 79.47	 98.92
Benzene (C6)	 6.523	 3.519	 99.91	 99.83	 99.97
Toluene (C6)	 7.223	 0.849	 100.00	 99.88	 100.00
Ethylbenzene (C8)	 8.212	 0.686	 99.85	 100.00	 100.00
m-Xylene (C8)	 9.23	 6.917	 99.84	 99.49	 99.57
o-Xylene (C8)	 9.822	 0.321	 97.51	 97.20	 96.26
p-Xylene (C8)	 10.443	 3.21	 99.84	 99.81	 99.91
n-Octane (C8)	 11.412	 0.453	 100.00	 97.79	 100.00
Undecane (C11)	 12.6	 1.163	 100.00	 100.00	 100.00
n-Nonane (C9)	 12.705	 0.102	 98.04	 96.08	 100.00
Dodecane (C12)	 14.052	 0.68	 100.00	 99.71	 99.12
n-Decane (C10)	 -	 -	 -	 -	 -
Tridecane (C13)	 15.362	 0.237	 100.00	 100.00	 100.00
Hexadecane (C16)	 19.823	 0.005	 100.00	 100.00	 100.00
Heptadecane (C17)	 21.35	 0.003	 100.00	 100.00	 100.00
Heneicosane (C21)	 27.05	 0.009	 100.00	 100.00	 100.00
Docosane (C22)	 28.965	 7.23	 100.00	 100.00	 100.00
Hexacosane (C26)	 34.685	 0.003	 100.00	 100.00	 100.00
Triacontane (C30)	 40.672	 0.001	 100.00	 100.00	 100.00
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Fig. 12: Total Petroleum Hydrocarbons of A. Crude oil Standard, B. Euglena sp., treated C. 
Chlamydomonas sp., treated and D. Chlorella sp., treated crude oil as obtained after running in 
Gas Chromatography equipped Flame Ionization detector, analyzed on day 28 post incubation 

with the Algae cultures.
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Fig. 13: Total Petroleum Hydrocarbons of A. ETP hydrocarbon sludge Standard, B. Euglena sp., 
treated C. Chlorella sp., treated and D. Chlorochytrium sp., treated ETP hydrocarbon sludge as 

obtained after running in Gas Chromatography equipped Flame Ionization detector, analysed on 
day 28 post incubation with the Algae cultures.
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Fig. 14: Total Petroleum Hydrocarbons of A. Sludge Standard, B. Chlamydomonas sp., treated C. 
Chlorosarcinopsisarenicola., treated and D. Chlorochytrium sp., treated sludge as obtained after 

running in Gas Chromatography equipped Flame Ionization detector, analyzed on day 28 post 
incubation with the Algae cultures.

Table 4: Total Petroleum Hydrocarbons profile of Sludge post 28 days incubation period with 
Chlamydomonas sp., Chlorosarcinopsis arenicola and Chlorella sp.

Hydrocarbons	 Sludge control	 Decrease in Area (%)- Sludge treated

	 Retention	 Area	 Chlamydo-	 Chlorosarcino-	 Chlorella
	 time	 pA*min	 -monas sp.	 -psis arenicola	 sp.

Propane (C3)	 2.492	 2190.313	 100.00	 100.00	 17.93
n-Butane (C4)	 3.317	 0.004	 -	 50.00	 -
Isobutane (C4)	 3.628	 0.02	 85.00	 100.00	 90.00
n-Pentane (C5)	 4.223	 0.065	 100.00	 100.00	 96.92
Isopentane (C5)	 4.663	 0.841	 99.88	 100.00	 99.88
n-Hexane (C6)	 5.327	 0.002	 100.00	 100.00	 0.00
Benzene (C6)	 6.512	 0.162	 100.00	 96.91	 93.21
Toluene (C6)	 7.222	 0.001	 100.00	 100.00	 100.00
Ethylbenzene (C8)	 8.218	 0.003	 -	 100.00	 0.00
m-Xylene (C8)	 9.22	 0.222	 80.63	 95.95	 68.47
o-Xylene (C8)	 9.863	 0.543	 98.34	 99.26	 93.00
p-Xylene (C8)	 10.443	 0.062	 91.94	 100.00	 100.00
n-Octane (C8)	 11.412	 0.12	 95.00	 100.00	 93.33
n-Nonane (C9)	 12.777	 0.924	 100.00	 100.00	 100.00
Dodecane (C12)	 14.085	 0.001	 -	 100.00	 -
Tridecane (C13)	 15.375	 0.228	 100.00	 100.00	 100.00
Tetradecane (C14)	 16.92	 0.118	 100.00	 100.00	 100.00
Hexadecane (C16)	 19.823	 0.005	 100.00	 100.00	 100.00
Heptadecane (C17)	 21.35	 0.003	 100.00	 100.00	 100.00
Octadecane (C18)	 22.78	 0.051	 100.00	 100.00	 100.00
Nonadecane (C19)	 24.22	 0.003	 100.00	 100.00	 100.00
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Discussion 
Intracellular dehydrogenase is one of the key 
oxidoreductase enzymes serving as an indicator 
of microbial activity39 as these are pivotal in 
the biological oxidation of organic compounds, 
transferring hydrogen from the organic substrate 
to an inorganic acceptor.40 Being universally 
present in the living cells of microorganisms41 their 
accelerated activity correlates directly with the rate of 
hydrocarbon degradation,42 as observed in the algae 
degrading the oil and sludge in this investigation. A 
study by Zhen et al.,43 found that dehydrogenase 
activity varies based on the type of hydrocarbons 
presents, as some hydrocarbons serve as suitable 
nutrients for microorganisms, while others do not 
meet their nutritional requirements.

Extracellular enzymes such as esterase, including 
lipases, play a role in breaking down hydrocarbon 
by-products.44 Hydrocarbon biodegradation, such 
as the breakdown of alkanes, occurs both within 
intracellular spaces and the outer cell membrane. 
This process begins with alkane hydroxylation, 
followed by oxidation to carboxylic acid or conversion 
to acetate and a shorter carboxylic acid via an ester 
intermediate. This intermediate is then hydrolysed by 
esterase.45,46 Esterases are particularly significant in 
microbial oil degradation in marine environments.22

Catalase activity in macro- and microorganisms 
serves as an indicator of biotic stress.47 For 
instance, catalase activity is more pronounced in 
polluted coastal waters compared to unpolluted 
ones. The presence of effervescence in treatments 
exposed cultures indicate positive catalase activity 
to mitigate reactive oxygen species released after 
exposure to ETP hydrocarbon sludge, crude oil, or 
sludge from tank bottom. However, a relatively low 
catalase activity observed, comparable to positive 
controls, suggests that algal cultures adapt well to 
these treatment samples, using them as carbon and 
energy sources with minimal stress.

GC-FID, an analytical tool in petroleum, gas and 
chemical industries48 depicts significant minimization 
in hydrocarbon spectrum of the treatment sample. 
Using GC-FID, Festus et al.,49 analyzed three 
soil samples from different locations, identifying 
elevated levels of total petroleum hydrocarbons in 
contaminated soils. Thus the GC chromatogram 

of the hydrocarbons explains its essentiality in the 
bioremediation processes as a quantifying agent.  In 
the current study, Euglena sp., and Chlamydomonas 
sp., achieved 99.99% degradation of total petroleum 
hydrocarbons in crude oil, while Chlorella sp., 
degraded 72.00%. For ETP hydrocarbon sludge, 
Euglena sp., Chlorella sp., and Chlorochytrium sp., 
reported 99.00% hydrocarbon degradation. Sludge 
degradation reached 99.90% by Chlamydomonas 
sp., and Chlorosarcinopsis sp., while Chlorella 
sp., exhibited 18.00% degradation. These findings 
highlight the remarkable degradation potential of 
these algal species. Although enzyme activity in 
treatments exposed cultures was higher than in control 
cultures, the differences were minimal. This could 
be attributed to the fact that these algal cultures, 
sourced from oil-polluted environments, may have 
already adapted to the hydrocarbons, influencing the 
results observed with GC-FID. Adding to the findings of 
the study, apart from Chlorella sp. none of the cultures 
have been explored in bioremediation of petroleum 
hydrocarbons specifically but Chlamydomonas 
sp. and Euglena sp. have been used in other 
remediation techniques such as waste-water 
treatment and Chlorosarcinopsis sp. was reported to 
having high tolerance towards heavy metal Pb(II).50-56 
Available research exploring the bioremediation 
potential of Chlorochytrium sp. is limited, thus 
revealing the benefaction of this investigation.

Conclusion 
The study conducted demonstrates robust potential 
of axenic algal cultures as petroleum degraders 
supported by the table of hydrocarbons components 
post their incubation with the three treatment 
samples (ETP hydrocarbon sludge, Crude oil and 
sludge from tank bottom), by Euglena sp., and 
Chlamydomonas sp., achieving degradation rate of 
99.99% of petroleum hydrocarbon components in 
crude oil. Elevated levels of chlorophyll a, measured 
at 663nm provides direct evidence of enhanced 
cell proliferation following addition of the treatment 
samples which could be hypothesized as additional 
carbon source supplements being serve to the algal 
cultures resulting in more growth. Though enzymes 
inclination is less but their increase activity validates 
biodegradation efficacy, highlighting not only less 
oxidative stress but also reflecting algae’s rapid 
adaptation to diverse environmental condition.
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From these findings, we can conclude that petroleum 
hydrocarbons’ high degradation rate provides a 
direct path to a more environmental friendly and cost 
effective methods for the treatment of these hazardous 
compounds reducing the dependency on other cost 
expensive alternatives like chemical methods. 
Increase enzyme activities also suggest possible 
enzyme extraction from these algae to be employed 
in industrial level as enhancers of other recalcitrant 
compounds. Also the intermediates formed such 
as C10 could be used in other applications like bio-
fuel and bio-plastics production turning them into 
value-added products. The findings thus position 
algal species in particular Chlorella sp., as worthier 
candidates for mycoremediation especially in 
managing oily wastes. Therefore utilization of this 
promising potential of algal species to a greater extent 
by scaling up is required to make this approachable 
at industrial levels. 
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