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STUDY OF PHOTOTROPHIC MICROORGANISMS  
FROM OIL REFINERY WASTEWATER AND  

THEIR BIOREMEDIATION POTENTIAL

Wastewater from petroleum refining enterprises is characterized by a high content of toxic hydrocar-
bons that exert significant adverse effects on aquatic ecosystems.

The present study aimed to isolate and identify promising strains of microalgae and cyanobacteria 
from wastewater collected at the Atyrau Oil Refinery (five sampling sites) and technogenically con-
taminated areas of Caspi Bitum LLP (Aktau, samples M-13 and M-4) for their subsequent application in 
bioremediation processes.

A total of 25 cultures of phototrophic microorganisms were isolated from industrial samples. Based 
on their high growth rates and resistance to petroleum hydrocarbons, 10 of the most promising iso-
lates were selected for further investigation. These included cyanobacteria (Anabaena sp., Nostoc sp., 
Phormidium sp., Oscillatoria sp., Synechococcus sp.), green microalgae (Chlorella sp., Tetradesmus sp., 
Desmodesmus sp., Pediastrum sp.), and diatoms (Navicula sp.).

During the preliminary screening, the optical density (OD) of the cultures increased from 0.15 to 
0.95–1.85 within 14 days of cultivation. Experimental results showed that petroleum hydrocarbon re-
moval efficiency varied from 31% to 88% after 10 days, depending on the wastewater concentration 
(25%, 50%, and 75%). The highest biodegradation efficiency was achieved at a wastewater concentra-
tion of 25%. Among the microalgae, Chlorella sp. and Tetradesmus sp. demonstrated the greatest poten-
tial, reducing petroleum hydrocarbon content by 88% and 84%, respectively. Among the cyanobacteria, 
Nostoc sp. exhibited the highest hydrocarbon degradation capacity, achieving a removal efficiency of 
85%. High degradation efficiencies were also observed for Anabaena sp. and Phormidium sp., which 
removed 75% and 71% of petroleum hydrocarbons, respectively.

The obtained results indicate the high biotechnological potential of the isolated indigenous micro-
algal and cyanobacterial cultures for application in biological treatment systems for oil-contaminated 
industrial wastewater.

Keywords: bioremediation, oil-containing wastewater, microalgae, cyanobacteria, petroleum hy-
drocarbons, biodegradation.
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Мұнай өңдеу зауыттарының ағынды суларының 
 фототрофты микроорганизмдері және  

олардың биоремедиациялық әлеуетін зерттеу

Мұнай өңдеу кәсіпорындарының ағынды сулары су экожүйелеріне айтарлықтай теріс әсер 
ететін улы көмірсутектердің жоғары мөлшерімен сипатталады.

Зерттеу Атырау мұнай өңдеу зауытының ағынды суларынан (5 сынама алу нүктесі) және 
«Caspi Bitum» ЖШС-нің техногендік ластанған аумақтарынан (Ақтау қ., М-13 және М-4 сына-
малары) микробалдырлар мен цианобактериялардың перспективалы штамдарын бөліп алу және 
сәйкестендіру, сондай-ақ оларды биоремедиация үдерістерінде қолдану мақсатында жүргізілді.

Өндірістік үлгілерден фототрофты микроорганизмдердің 25 культурасы бөлініп алынды. 
Өсу жылдамдығының жоғары көрсеткіштері мен мұнай көмірсутектерінің әсеріне төзімділігі не-
гізінде әрі қарай зерттеу үшін ең перспективалы 10 изолят таңдап алынды. Олардың қатарында 
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цианобактериялар (Anabaena sp., Nostoc sp., Phormidium sp., Oscillatoria sp., Synechococcus sp.), 
жасыл микробалдырлар (Chlorella sp., Tetradesmus sp., Desmodesmus sp., Pediastrum sp.) және диа-
томды балдырлар (Navicula sp.) анықталды.

Алдын ала скрининг барысында дақылдардың оптикалық тығыздығы (OD) 14 тәулік ішін-
де 0,15-тен 0,95–1,85-ке дейін артты. Эксперимент нәтижелері бойынша мұнай көмірсутекте-
рін жою тиімділігі ағынды су концентрациясына (25%, 50% және 75%) байланысты 10 тәуліктің 
соңында 31%-дан 88%-ға дейін өзгерді. Биодеградацияның ең жоғары тиімділігі ағынды су-
дың 25% концентрациясында байқалды. Микробалдырлар арасында ең жоғары потенциалды 
Chlorella sp. және Tetradesmus sp. көрсетті, олар мұнай өнімдерінің мөлшерін тиісінше 88% және 
84%-ға төмендетті. Цианобактериялар арасында мұнай көмірсутектерін ыдыратудың ең жоғары 
қабілеті Nostoc sp. штаммында анықталды, оның тазарту тиімділігі 85%-ды құрады. Сондай-ақ 
Anabaena sp. және Phormidium sp. штаммдары жоғары нәтижелер көрсетіп, мұнай көмірсутекте-
рінің тиісінше 75% және 71%-ын жойды.

Алынған нәтижелер мұнаймен ластанған өндірістік ағынды суларды биологиялық тазарту 
жүйелерінде қолдану үшін бөлініп алынған жергілікті микробалдырлар мен цианобактериялар-
дың жоғары биотехнологиялық әлеуетін көрсетеді.

Түйін сөздер: биоремедиация, мұнай құрамды ағынды сулар, микробалдырлар, цианобакте-
риялар, мұнай көмірсутектері, биодеградация.
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Изучение фототрофных микроорганизмов  
из сточных вод нефтеперерабатывающих заводов  

и их потенциала в биоремедиации

Сточные воды нефтеперерабатывающих предприятий характеризуются высоким содержа-
нием токсичных углеводородов, оказывающих выраженное негативное воздействие на водные 
экосистемы.

Исследование было направлено на выделение и идентификацию перспективных штаммов 
микроводорослей и цианобактерий из сточных вод Атырауского нефтеперерабатывающего за-
вода (5 точек отбора) и техногенно загрязнённых участков ТОО «Caspi Bitum» (г. Актау, пробы 
М-13 и М-4) для их последующего применения в процессах биоремедиации.

Из промышленных образцов было выделено 25 культур фототрофных микроорганизмов. 
На основании высоких показателей скорости роста и устойчивости к воздействию нефтяных 
углеводородов для дальнейшего исследования были отобраны 10 наиболее перспективных 
изолятов. Среди них идентифицированы цианобактерии (Anabaena sp., Nostoc sp., Phormidium 
sp., Oscillatoria sp., Synechococcus sp.), зелёные микроводоросли (Chlorella sp., Tetradesmus sp., 
Desmodesmus sp., Pediastrum sp.) и диатомовые водоросли (Navicula sp.).

В процессе предварительного скрининга оптическая плотность (OD) культур увеличилась с 
0,15 до 0,95–1,85 в течение 14 суток культивирования. По результатам экспериментов эффек-
тивность удаления нефтяных углеводородов исследуемыми культурами к 10-м суткам варьиро-
валась от 31% до 88% в зависимости от концентрации сточных вод (25%, 50% и 75%). Наиболь-
шая эффективность биодеградации была достигнута при концентрации сточных вод 25%. Среди 
микроводорослей наиболее высокий потенциал продемонстрировали Chlorella sp. и Tetradesmus 
sp., обеспечившие снижение содержания нефтепродуктов на 88% и 84% соответственно. Среди 
цианобактерий наиболее высокой способностью к деградации нефтяных углеводородов харак-
теризовался штамм Nostoc sp. с эффективностью очистки 85%. Высокие показатели также были 
отмечены для Anabaena sp. и Phormidium sp., обеспечивших удаление 75% и 71% нефтяных угле-
водородов соответственно.

Полученные результаты свидетельствуют о высоком биотехнологическом потенциале вы-
деленных аборигенных культур микроводорослей и цианобактерий для применения в системах 
биологической очистки нефтезагрязнённых промышленных сточных вод.

Ключевые слова: биоремедиация, нефтесодержащие сточные воды, микроводоросли, циа-
нобактерии, нефтяные углеводороды, биодеградация.
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Introduction

The petroleum refining industry is a major con-
tributor to the world economy, providing fuels, lu-
bricants and the building blocks for the synthesis of 
petrochemicals. However, this industry is also one 
of the major sources of anthropogenic environmen-
tal pollution. Oil refinery wastewater contains a va-
riety of noxious substances such as sulfur-contain-
ing compounds, dissolved solids, high hydrocarbon 
content, heavy metals and other pollutants which 
are detrimental to the aquatic ecosystem and human 
health (Kondaveeti et al., 2023).

Kazakhstan experiences substantial obstacles in 
managing industrial sewage as a primary oil producer 
and refiner in Central Asia. Large regional industries 
like Atyrau Oil Refinery and LLP “Caspi Bitum” in 
Aktau generate large amounts of extremely polluted 
wastewater that must be purified before flowing into 
the environment. The conventional physicochemi-
cal treatment methods are widely applied, includ-
ing flotation, coagulation, adsorption and oxidation, 
but they have drawbacks such as high energy con-
sumption, high operational costs, secondary pollu-
tion and incomplete destruction of complex organics 
(Bekzhigitov & Zhonova, 2022). Among the modern 
methods of bioremediation, the use of microalgae 
and cyanobacteria is remarkable. These microorgan-
isms possess distinctive biochemical traits, notably 
the capacity to degrade organic xenobiotics and con-
vert into valuable biomass. This biomass then can be 
served as a feedstock for third‑generation biofuels, 
biofertilizers and feed additives, which lead to inte-
gration of wastewater treatment into a circular bio-
economy (Touliabah et al., 2022).

The efficacy of phototrophic bioremediation 
hinges on the deployment of robust, indigenous mi-
croalgae and cyanobacteria strains naturally adapted 
to site-specific conditions, which frequently outper-
form strains subjected to induced mutagenesis. At 
the same time, the native microflora of the arid tech-
nogenically stressed ecosystems of western Kazakh-
stan is poorly studied. The enzymatic capabilities, 
hydrocarbon tolerance and morphological adapta-
tions of the autochthonous microalgae and cyano-
bacteria of these areas have been little explored, and 
comparative studies relating the structural changes 
of phototrophic bacteria with their functional re-
sistance in the treatment of wastewater are lacking 
(Kazim et al., 2024; Radelyuk et al., 2019). Filling 
in these gaps in knowledge is essential to move for-
ward the development of bioremediation technolo-
gies adapted to local conditions. 

The present work is devoted to the study of 
phototrophic microbial communities in petroleum-
contaminated environments of western Kazakhstan 
with the purpose of isolating and testing native 
microalgae and cyanobacteria for wastewater bio-
remediation. This study aimed to isolate promis-
ing microalgae and cyanobacterial cultures from 
petroleum-contaminated wastewater collected from 
the Atyrau Oil Refinery (five sampling sites) and 
technogenically polluted areas of LLP “Caspi Bi-
tum” (Aktau, samples M-13 and M-4). These natu-
rally adapted microalgal and cyanobacterial cultures 
present significant potential for the engineering of 
climate-resilient bioremediation systems. Further-
more, the resulting biomass can be valorized into 
biofuels, aligning industrial wastewater treatment 
with circular economy principles. The newly iso-
lated axenic cultures were further investigated for 
their hydrocarbon tolerance and ability to rapidly 
accumulate biomass under contaminated conditions.

The use of phototrophic microorganisms for the 
bioremediation of oil-contaminated environments 
has been a major research area worldwide over 
the past few decades. Early foundational work by 
Oswald and Gotaas (1957) demonstrated that pho-
totrophic microorganisms could absorb excess nu-
trients and stabilize organic loads in conventional 
sewage, thereby establishing the physiological 
principles of phycoremediation. Many studies fur-
ther demonstrated the high potential of microalgae 
(Chlorella, Scenedesmus and Chlamydomonas) and 
cyanobacteria (Anabaena, Nostoc, Oscillatoria and 
Phormidium) represent an environmentally sustain-
able and economically viable approach for the reme-
diation of oil contaminated wastewater (Hamouda 
et al., 2023; Madhubalaji et al., 2024; Radice et al., 
2023; Romero-Lopez et al., 2012) and are currently 
being used in China, Japan and India (Abdel-Raouf 
et al., 2012; Pancha et al., 2019).

The microalgal phytoremediation is a sustainable 
process and reduces the cost of cultivation and pro-
duces valuable biofuels and bioproducts (Wang et al., 
2024). Ourococcus, Chlamydomonas, Scenedesmus, 
and Chlorella have been reported to be effective in 
pollutant removal and lipid-rich biomass generation, 
further capable of producing biodiesel (Kadri et al., 
2024). Specifically, Chlorella vulgaris serves as a 
platform for the removal of chemical contaminants 
from palm oil mill effluents, alongside extensive ni-
trogen and phosphorus assimilation from municipal 
wastewater (Khoufi et al., 2015). Photobioreactor sys-
tems using robust algal strains are capable of remov-
ing 85–90 % of chemical oxygen demand, total pe-
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troleum hydrocarbons and hazardous volatile organic 
compounds from oily waste streams (Abdur Razzak 
et al., 2024). The polishing mechanism is equally ef-
fective in complex multi-stage configurations, where 
integrating a Scenedesmus sp. culture with anaerobic 
co-digestion and ultrafiltration systems yields high-
ly purified water and extractable industrial biomass 
(Karray et al., 2022). Although modern phototrophic 
treatment systems remove 70–90 % of target hydro-
carbons, scaling from laboratory to industrial opera-
tion is still challenged by the high cost of biomass 
harvesting and the practical difficulties of mechanical 
separation.

The current research trends in phycoremedia-
tion are mainly focused on the search for efficient 
phototropic microorganisms and the success of this 
approach substantially depends on the accurate de-
termination of the physiological and morphological 
characteristics of cultures under stress conditions 
(Romero-López et al., 2012). Additionally, cyano-
bacteria directly isolated from refinery wastewater 
are able to perform hydrocarbon compounds degra-
dation to survive in harsh environments (Akoijam et 
al., 2015; Haberle et al., 2020). They can also form 
consortia that are suspected to be effective against 
complex pollutants. Microalgal–cyanobacterial 
consortia are more efficient in degrading petroleum 
hydrocarbons than monocultures (Hamouda et al., 
2023). This has been possible due to several syn-
ergistic mechanisms, including photosynthetic oxy-
genation, co‑metabolism, biosurfactant‑mediated 

hydrocarbon emulsification, and mutualistic nutri-
ent exchange. Therefore, stable artificial consortia 
are considered promising, so screening for hydro-
carbon-tolerant cultures requires detailed taxonomic 
and structural validation at multiple levels.

In Kazakhstan, significant advancements have 
been achieved by local investigators who have de-
termined the ecotoxicological risks of heavy oil 
fractions on regional water bodies and analyzed 
multi-stage purification matrices to mitigate indus-
trial hazards (Yernazarova et al., 2021). Microalgae 
and cyanobacteria in these areas have endured long-
term natural selection, yet their enzymatic plasticity 
and adaptation remain underexplored. Furthermore, 
there is a lack of comparative data on the link be-
tween morphological changes in phototrophic mi-
croorganisms and their resistance in petroleum-con-
taminated wastewater treatment. The study focused 
on isolating and characterising novel axenic cultures 
of microalgae and cyanobacteria from petroleum-
contaminated wastewater at the Atyrau Oil Refinery 
and LLP ‘’Caspi Bitum’’ aiming to evaluate their 
bioremediation potential.

Materials and methods

2.1 Sampling collection
The subjects of the study were newly isolated 

axenic cultures of microalgae and cyanobacteria ob-
tained from the oil-polluted wastewater of two oil 
refineries in western Kazakhstan (fig.1):

Figure 1 
Location of the research sites in Kazakhstan

(a) Atyrau Oil Refinery (47.0950° N, 51.8750° E, Atyrau); (b) LLP «Caspian Bitum» (43.6500° 
N, 51.2000° E, Aktau)
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Atyrau Oil Refinery (AOR) (47.0950° N, 
51.8750° E, Atyrau): Samples were collected from 
5 units accumulating effluents from primary crude 
oil distillation (ELOU-AT, ELOU-AVT) and atmo-
spheric-vacuum furnaces.

LLP «Caspi Bitum» (43.6500° N, 51.2000° E, 
Aktau): Material was obtained from technological 
points M-13 and M-4 within the heavy hydrocarbon 
contamination area.

Sampling was conducted in the autumn period. 
The water temperature at the monitoring points 
ranged from 20 to 25°C and was recorded using an 
immersion thermometer with a measurement accu-
racy of ±0.5°C. The pH was determined directly in 
situ using a digital pH meter (HM Digital PH‑80, 
USA) pre‑calibrated with standard buffer solutions 
(pH 4.01, 7.00, and 10.01). Transportation to the 
laboratory was carried out in thermally insulated 
containers with cooling packs (18 ± 1°C) for 6 hours. 

2.2 Enrichment and isolation of microalgae and 
cyanobacteria

The initial microbiological processing of the 
samples began no later than 6 hours after collection, 
which allowed for the preservation of the native 
structure of the microbiocenosis and the viability of 
phototrophic microorganisms (Baird et al., 2017). 
To obtain accumulation cultures, 0.5 mL samples of 
wastewater were inoculated into sterile Erlenmeyer 
flasks (250 and 500 mL volumes) containing 100 
mL of liquid BG-11 nutrient medium. To ensure 
optimal gas exchange and aeration, the medium-to-
flask volume ratio was kept at 1:5 and 1:10. 

Agarized media blocks were used to isolate 
axenic cultures via the streak-plate method. Individ-
ual colonies were identified and selected based on 
distinctive morphological diagnostic criteria such 
as colouration, geometry, and colony consistency. 
Pure cultures were maintained in a range of selec-
tive and universal media: BG-11, Tamiya, Gromo-
va, BBM, F/2, and Zarrouk (Zayadan et al., 2013). 
Culture purity and axenicity were strictly verified 
by subculturing isolates onto meat-peptone agar 
(MPA). The total absence of heterotrophic bacte-
rial or fungal growth following incubation at 30°C 
for 48–72 hours served as the verification metric for 
culture purity, supplemented by regular phase-con-
trast microscopic monitoring to confirm structural 
homogeneity.

2.3 Characteristics of Isolated Microorganisms
The experimental objects comprised 10 novel 

isolated cultures of cyanobacteria and microalgae. 

The cyanobacteria group was represented by the 
genera Anabaena sp., Nostoc sp., Phormidium sp., 
Oscillatoria sp., and Synechococcus sp. The green 
microalgae group (Chlorophyta) included Chlo-
rella sp., Tetradesmus sp., Desmodesmus sp., and 
Pediastrum sp. Additionally, the isolates included 
diatoms represented by the genus Navicula sp.

2.4 Cultivation and growth monitoring
Cultivation was carried out in a KS-200 SPU 

luminescent chamber (Russia) at a tempera-
ture of 25±1°C, with a light intensity of 55 µmol 
photons·m⁻²·s⁻¹ and a photoperiod of 12 h light:12 
h dark (Zayadan et al., 2013). Primary growth was 
recorded after 7–10 days. Growth dynamics were 
assessed every 48 hours using UV-VIS-15 spectro-
photometer. To ensure accurate biomass assessment 
and minimize interference from photosynthetic pig-
ments, the optical density (OD) of green microal-
gae, diatoms, and cyanobacteria was measured at 
750 nm.

2.5 Bioremediation experiments
Bioremediation experiments were conducted 

in triplicate using 250 mL Erlenmeyer flasks con-
taining 100 mL of sterilized wastewater at differ-
ent dilution levels (25%, 50%, 75%, and undiluted 
oil-contaminated wastewater). The operational vol-
ume was limited to 100 mL to ensure an adequate 
head space and optimal gas exchange. Each flask 
was inoculated with 10 mL of actively growing and 
pre-adapted microalgal or cyanobacterial culture 
prepared according to the procedure described in 
Section 2.4.

All experiments were performed in a controlled 
climate chamber under identical environmental con-
ditions for 10 days. The cultures were maintained at a 
constant temperature of 25°C and a 16:8 h light:dark 
photoperiod, under a light intensity ranging from 40 
to 55 µmol photons·m⁻²·s⁻¹ with continuous agita-
tion on an orbital shaker at 120 rpm. The bioreme-
diation efficiency was evaluated by determining the 
degradation of petroleum hydrocarbons at the end of 
the cultivation period.

Following 14 days of incubation, to account for 
both bio-absorbed and dissolved fractions, residual 
petroleum hydrocarbons were extracted directly 
from the whole culture broth (including biomass). 
Hexane was used as the organic solvent at a solvent-
to-sample volumetric ratio of 1:5 (22 mL of hexane 
per 110 mL of the total mixture). The mixture was 
vigorously shaken for 15 min to ensure efficient ex-
traction of hydrocarbon compounds. Subsequently, 
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the phases were separated by centrifugation at 4,000 
rpm for 15 min. The concentration of residual pe-
troleum hydrocarbons in the resulting organic phase 
(hexane supernatant) was determined spectrophoto-
metrically at a wavelength of 254 nm according to 
the method described by Lurie (1984).

The hydrocarbon degradation efficiency (HDE, 
%) was calculated using the following equation:

HDE (%) = C0 – C10/С0x100

Where C0 is the initial concentration of petro-
leum hydrocarbons in the wastewater (mg\ L-1), and 
C10 is the residual concentration of petroleum hydro-
carbons after 10 days of bioremediation (mg\ L-1).

2.6 Statistical Analysis
All tests were carried out in triplicate, and the re-

sults were reported with standard error of the mean 
(SEM). Data analysis and charting were performed 
using Microsoft Excel (MS 2016), and one-way 
analysis of variance (ANOVA) followed by Dun-

can’s multiple range test at a significance level of p 
≤ 0,05 using SPSS software (version 16.0) (Minitab 
LLC, 2019).

Results and discussion

3.1 Screening, Isolation, and Taxonomic Diver-
sity of Phototrophic Isolates

Comprehensive screening of petroleum-contam-
inated wastewater samples collected from industrial 
facilities in Western Kazakhstan enabled the isola-
tion and purification of 25 axenic cultures of pho-
totrophic microorganisms. Of the total isolates, 16 
pure cultures were obtained from five technological 
units of the Atyrau Oil Refinery (AOR), while the 
remaining 9 cultures were isolated from sites heav-
ily contaminated with petroleum products (samples 
M-13 and M-4) at LLP “Caspi Bitum” in Aktau city. 
Taxonomic analysis of the isolated microorganisms 
revealed (fig 2) the predominance of microalgae and 
cyanobacteria in the investigated petroleum-con-
taminated wastewater samples (table 1).

Table 1 
Sampling sites and composition of isolated microalgae and cyanobacterial cultures from oil-contaminated wastewater in Western 
Kazakhstan

№ Sampling Site Coordinates Sampling 
Month Sample Type Isolated Cultures

1 Atyrau Oil Refinery 
(AOR), Atyrau Region

47.0950° N, 
51.8750° E October Oil-contaminated

wastewater

Cyanobacteria: Anabaena sp., Nostoc sp., 
Oscillatoria sp.; Green microalgae: Chlorella sp., 

Tetradesmus sp.; Diatoms: Navicula sp

2
LLP «Caspian Bitum» 

Mangystau Region 
(Aktau)

43.6500° N, 
51.2000° E October Oil-contaminated

wastewater

Cyanobacteria: Phormidium sp., Oscillatoria 
sp., Synechococcus sp.; Green microalgae: 

Desmodesmus sp., Pediastrum sp., Diatoms: 
Navicula sp

Green microalgae (Chlorophyta), namely 
Chlorella sp., Tetradesmus sp., Desmodesmus 
sp., and Pediastrum sp., made up 40% of the iso-
lated cultures. Cyanobacteria accounted for 32% 
of isolates and were mainly represented by fila-
mentous forms such as Phormidium sp., Oscilla-
toria sp., Anabaena sp., Nostoc sp., and unicellu-
lar Synechococcus sp., which were mainly found 
in samples from LLP “Caspi Bitum.” Diatoms 
(Bacillariophyta) accounted for 28% of isolates 
and were mainly represented by Navicula sp. The 
results show that the species are highly tolerant to 

hydrocarbon pollution. The numerical dominance 
of filamentous cyanobacteria in wastewater con-
taining bitumen is probably associated with the 
presence of a strong cell wall in these microor-
ganisms and their ability to produce extracellu-
lar polymeric substances (EPS), which reduce the 
toxicity of petroleum products. In addition, the 
detection of Chlorella sp. The technological units 
of the Atyrau Oil Refinery demonstrate that these 
microalgae are adaptable and possess efficient en-
zymatic systems under the influence of petroleum 
hydrocarbons.
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Figure 2
Taxonomic structure and percentage distribution of phototrophic microorganism groups isolated 
from oil-contaminated wastewater of AOR and LLP “Caspi Bitum”

3.2 Validation of the Axenic Nature of Isolated 
Cultures and Morphological Features

The purity of microalgae and cyanobacteria cul-
tures was tested for all ten isolates by the meat-pep-
tone agar (MPA) plating method. After incubation 
at 30°C for 48–72 h, no growth of foreign bacte-
rial and fungal microflora was detected, confirming 
the axenicity of cultures. However, conventional 
plate tests have their limitations and more rigorous 
cultivation-independent methods are required for 
definitive verification of axenicity. Microscopic ex-
amination confirmed the uniformity of cells within 
the studied monocultures (Prescott, 1973). 

Microalgal and cyanobacterial cultures were 
identified morphologically by means of an optical 
light microscope (MicroOptix MX 300T, Austria) 
with a digital camera for visualization. Morphologi-
cal analysis is a conventional first step in the identifi-
cation of microalgae and focuses on size, shape and 
cellular structures. These observations contributed 
to the description of cytological features of the iso-
lates and showed adaptive changes due to prolonged 
exposure to petroleum hydrocarbons. Microalgae 
have shown tolerance to oil contamination through 
physiological acclimatization, where exposure to pe-
troleum derivatives can induce cell wall thickening 
and accumulation of protective compounds, thereby 
forming a barrier against the oil toxicity. Moreover, 
stress conditions have been linked to changes in cell 

shape and organelle structure during acclimation, as 
well as the dynamic accumulation of lipid bodies as 
a stress response. 

In the isolates obtained from the wastewater of 
an oil refinery, Chlorella sp. cells preserved their 
spherical or broadly ellipsoidal morphology, with 
the average cell diameter increasing by 15 to 20% 
(from 4,5 to 7,0 μm). It was observed in fig 3.a 
that cell walls were thickened and lipid inclusions 
formed in the cytoplasm, which perform a protec-
tive function in relation to petroleum products. The 
chloroplasts maintained a uniform bright green co-
lour during the process (Guiry & Guiry, 2026).

As seen in fig 3.b and 3.c, the cells had a typical 
spindle-shaped or slightly curved form with pointed 
ends and formed coenobia of 4–8 cells being a dis-
tinct feature of Tetradesmus sp. and Desmodesmus 
sp. microalgae. Under oil stress conditions, there 
was an intense accumulation of lipid inclusions; 
however, the overall structure of the colonies wasn’t 
show any visible deformations. Under the influence 
of petroleum hydrocarbons, there is no visible col-
ony deformations observed in the fig 3.d; however, 
a moderate increase in cell size and the accumula-
tion of lipid inclusions in the cytoplasm were noted, 
which indicates the culture’s adaptation to stressful 
environmental conditions (Jacinto et al., 2023) Pe-
diastrum sp. cultures formed characteristic flat star-
shaped coenobia with a dense arrangement of cells.
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Figure 3
Microphotography of axenic culture of green microalgae

a. b.

 
c.

 
d.

A – Chlorella sp.; B – Tetradesmus sp; C – Desmodesmus sp.; D – Pediastrum sp.; under x100 magnification

Phormidium sp. and Oscillatoria sp. have 
filamentous forms consisting of cylindrical cells 
united into long unbranched trichomes with a di-
ameter of 3,5–6,0 µm. Isolates from Caspi Bitum 
LLP exhibited active formation of mucous sheaths 
due to the secretion of exopolysaccharides (Zut-
shi & Fatma, 2015) . The fig 4.c showed that the 
Anabaena sp has filamentous forms (trichomes) 
consisting of chains of rounded and barrel-shaped 
vegetative cells. The filaments’ structure consist of 
well-defined heterocyst – specialized cells respon-
sible for atmospheric nitrogen fixation. The ability 
to fix nitrogen provides high competitiveness and 
stable growth in the wastewater of oil refineries, 
which are often characterized by an imbalance and 
deficiency of available biogenic elements (Zutshi 
& Fatma, 2015).

The Nostoc sp. culture is characterized macro-
scopically and microscopically by the formation of 

chain structures of rounded cells, among which in-
tercalary heterocyst are regularly localized. Under 
hydrocarbon stress conditions, a key feature ob-
served in this isolates is the formation of an abun-
dant extracellular mucus sheath. The dense exopoly-
saccharide coat acts as a protective biobarrier: it is 
effectively localised. and binds oil components at 
the periphery, preventing their direct toxic impact 
on cell membranes. It is the presence of a developed 
mucous matrix that determines the high tolerance 
of the culture and its ability to selectively degrade 
complex, high-molecular-weight hydrocarbon frac-
tions (Rippka et al., 1979).

The Synechococcus sp. cells had a rod-shaped or 
oval form measuring 2.0–4.5 µm. Under the influ-
ence of heavy bitumen fractions, a slight increase 
in size and local bending of the cells was observed; 
however, the ability to actively divide was main-
tained.
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Figure 4
Microphotography of axenic culture of cyanobacteria

a. b. c.

                           d.                          e.
A –Phormidium sp; B – Oscillatoria sp.; C – Anabaena sp; D – Nostoc sp.; E – Synechococcus sp; under x100 magnification

The cells in fig 4.f were solitary, with a typi-
cal symmetrical boat-shaped form. The well-defined 
siliceous shell in Navicula sp served a protective 
function, limiting the impact of toxic oil compo-
nents. The internal structure of the cells and the dis-
tribution of pigments remained unchanged (Round 
et al., 1990).

Figure 5
Microphotography of axenic culture of diatom

Note: Navicula sp under x100 magnification

The isolated cultures ability to change their 
properties and appearance demonstrates their excep-
tional adaptation to harsh living conditions. These 
phototrophic microorganisms are a promising raw 
material for biotechnology due to their high resil-
ience. They can be effectively used for the synthesis 
of beneficial substances, the production of biofuels 
and the treatment of oil-contaminated wastewater.

3.3 Screening of Isolated Pure Cultures of Mi-
croalgae and Cyanobacteria 

For screening the most productive isolates for 
the treatment of oil-contaminated wastewater, the 
growth dynamics of isolated microalgae and cya-
nobacteria cultures were studied. The growth of 
microalgae and cyanobacteria was evaluated by the 
change in optical density at a wavelength of 750 nm 
over a 14-day cultivation period.

During the laboratory experiment, the high-
est growth rate and intense biomass accumulation 
were demonstrated by the green microalgae cultures 
Chlorella sp. and Tetradesmus sp., which reached 
maximum optical density values (OD750>2.0) by 
12-14 days. Notably, Nostoc sp., Anabaena sp., and 
Phormidium sp. displayed stable growth profiles, en-



91

A.A. Dauletova et al.

tering the stationary phase by the end of the experi-
ment with elevated optical density values (OD750 = 
1,6–1,8). In contrast, cultures of Desmodesmus sp., 
Pediastrum sp., and Navicula sp. (OD750), alongside 

the cyanobacteria Oscillatoria sp. and Synechococ-
cus sp. (OD750), exhibited moderate growth dynam-
ics, with final optical density values stabilizing 
within a narrow range of 0,5 to 1,3. 

Figure 6
The growth dynamics of microalgae and cyanobacteria isolates from oil refinery wastewater 

Note: On the x-axis – 0, 2, 4, 6, 8, 10, 12, 14 – days of cultivation; on the y-axis – optical density (OD). a – microalgae genera 
monitored by (OD750); b – cyanobacteria genera monitored by (OD750).

3.4 Degradation efficiency of pure cultures of 
microalgae and cyanobacteria in oil-contaminated 
wastewater 

The degradation efficiency toward petroleum 
hydrocarbons by pure cultures of microalgae (Pe-
diastrum sp., Navicula sp., Chlorella sp., Tet-
radesmus sp.) and cyanobacteria (Oscillatoria sp., 
Synechococcus sp., Nostoc sp., Anabaena sp., Phor-
midium sp.) was evaluated spectrophotometrically 
(Fig. 7, 8).

The dynamics of petroleum hydrocarbon remov-
al during the cultivation of the microalgal strains 
Chlorella sp., Tetradesmus sp., Pediastrum sp., and 
Navicula sp. were investigated over a 10-day period 
(Figure 7). The obtained results demonstrated that 
the treatment efficiency depended both on the mi-
croalgal species and the degree of wastewater dilu-
tion.

At a wastewater concentration of 25%, all stud-
ied cultures exhibited the highest petroleum hy-
drocarbon degradation efficiency (Figure 7a). The 
most intensive reduction in pollutant concentration 
occurred during the first three days of cultivation, 
after which the purification process proceeded more 

gradually. Chlorella sp. showed the highest effi-
ciency, reducing the residual petroleum hydrocar-
bon content to 12% by the end of the experiment, 
corresponding to a removal efficiency of 88%. Simi-
lar results were obtained for Tetradesmus sp., which 
achieved an 84% removal efficiency with a residual 
hydrocarbon content of 16%. Pediastrum sp. and 
Navicula sp. were less effective, leaving residual 
pollutant levels of 28% and 35%, corresponding to 
removal efficiencies of 72% and 65%, respectively.

Increasing the wastewater concentration to 50% 
resulted in a decline in treatment efficiency due to 
the enhanced toxic effects of pollutants on micro-
algal cells (Figure 7b). Nevertheless, Chlorella sp. 
and Tetradesmus sp. maintained high degradative 
activity. Chlorella sp. achieved a petroleum hydro-
carbon removal efficiency of 74%, leaving a residu-
al concentration of 26%. Tetradesmus sp. provided 
68% degradation, with 32% of the initial hydrocar-
bon content remaining in the medium. In contrast, 
Pediastrum sp. and Navicula sp. exhibited notice-
able inhibition of growth and metabolic activity, re-
sulting in residual petroleum hydrocarbon levels of 
42% and 48%, respectively.
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Figure 7
The effect of wastewater dilution on residual petroleum product content (%) during treatment with microalgae

Note: x-axis – cultivation time, days; y-axis – residual petroleum hydrocarbons, %. Wastewater dilution: (a) 25%; (b) 50%; (c) 75%. 
Control – untreated wastewater from an oil refinery corresponding to the dilution (without culture)

At the highest wastewater concentration (75%), 
the inhibitory effect of pollutants became signifi-
cantly stronger, leading to a further decline in treat-
ment efficiency across all experimental variants 
(Figure 7c). Chlorella sp. proved to be the most re-
sistant strain, achieving 49% petroleum hydrocarbon 
degradation and leaving a residual concentration of 
51%. Tetradesmus sp. demonstrated a removal ef-
ficiency of 44%. Pediastrum sp. and Navicula sp. 
were the most sensitive to pollutant toxicity, exhib-
iting degradation efficiencies of only 38% and 31%, 
respectively. As a result, more than 60% of the ini-
tial pollutant load remained in the medium by the 
end of the experiment.

In the control variants (wastewater without the 
addition of microalgae), no significant reduction in 
petroleum hydrocarbon content was observed dur-
ing the 10-day period. The natural loss of petroleum 
products, mainly due to evaporation and abiotic 
transformation processes, amounted to only 9–13%, 
while the residual pollutant content remained within 
the range of 87–91%. These results indicate that the 
introduced microalgal cultures played the principal 
role in petroleum hydrocarbon degradation in the 
experimental systems.

The dynamics of residual petroleum hydrocar-
bon content during the cultivation of the cyanobac-
terial strains Nostoc sp., Anabaena sp., Phormidium 
sp., Synechococcus sp., and Oscillatoria sp. under 
different wastewater concentrations (25%, 50%, and 
75%) over a 10-day period are presented in Figure 8.

At a wastewater concentration of 25%, the most 
intensive petroleum hydrocarbon biodegradation 
was observed (Figure 8a). Nostoc sp. exhibited the 
highest treatment efficiency among all tested strains. 
By the 10th day of cultivation, the residual petro-
leum hydrocarbon content had decreased to only 
15%, corresponding to a removal efficiency of 85%. 
High degradative activity was also demonstrated 
by Anabaena sp., which reduced the hydrocarbon 
content by 75%, leaving a residual concentration of 
25%. The removal efficiencies of Phormidium sp. 
and Synechococcus sp. reached 71% and 62%, re-
spectively. The lowest degradation efficiency was 
recorded for Oscillatoria sp., which achieved a re-
moval efficiency of 57%, leaving 43% of the hydro-
carbons undegraded. In the control variant, the re-
duction in petroleum hydrocarbon concentration did 
not exceed 14%, and the residual pollutant content 
remained at 86%.
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Figure 8
The effect of wastewater dilution on residual petroleum product content (%) during treatment with сyanobacteria

Note: x-axis – cultivation time, days; y-axis – residual petroleum hydrocarbons, %. Wastewater dilution: (a) 25%; (b) 50%; (c) 75%. 
Control – untreated wastewater from an oil refinery corresponding to the dilution (without culture)

When the wastewater concentration was in-
creased to 50%, biodegradation efficiency declined 
due to the increased toxic load; however, Nostoc sp. 
and Anabaena sp. maintained their leading positions 
(Figure 8b). Nostoc sp. reduced the petroleum hy-
drocarbon concentration by 74%, leaving only 26% 
of the initial pollutant load in the medium. Anabae-
na sp. demonstrated a removal efficiency of 68%, 
with a residual hydrocarbon content of 32%. The 
treatment efficiencies of Phormidium sp. and Syn-
echococcus sp. were 54% and 60%, respectively. 
The lowest efficiency was again observed for Oscil-
latoria sp., which degraded 48% of the petroleum 
hydrocarbons, leaving 52% of the pollutants in the 
medium.

At the highest wastewater concentration (75%), 
pronounced inhibition of cyanobacterial metabolic 
activity was observed, resulting in a further decline 
in treatment efficiency (Figure 8c). Nostoc sp. re-
mained the most resistant strain to toxic stress, 
achieving 59% petroleum hydrocarbon degradation 
and leaving a residual pollutant content of 41%. 
Anabaena sp. demonstrated a removal efficiency 
of 52%, leaving 48% of the initial hydrocarbon 
content in the medium. For Phormidium sp., Syn-
echococcus sp., and Oscillatoria sp., the removal 
efficiencies were 46%, 40%, and 35%, respectively. 
Consequently, the residual petroleum hydrocarbon 

content in these variants ranged from 54% to 65%. 
In the control variant, the reduction in petroleum 
hydrocarbon concentration amounted to only 12%, 
indicating the negligible contribution of natural self-
purification processes to hydrocarbon removal.

Conclusion

In this study, 25 cultures of phototrophic mi-
croorganisms were isolated from oil-contaminated 
wastewater collected from industrial enterprises 
of Western Kazakhstan (Atyrau Oil Refinery and 
Caspi Bitum LLP). Based on their high growth rates 
and resistance to petroleum hydrocarbons, 10 of the 
most promising isolates representing green micro-
algae, cyanobacteria, and diatoms were selected for 
further investigation. Microscopic analysis revealed 
several morphological adaptations of the studied 
strains to petroleum contamination, including cell 
wall thickening, accumulation of lipid inclusions, 
and the formation of protective exopolysaccharide 
structures. During the preliminary screening, the op-
tical density (OD) of the cultures increased from an 
initial value of 0.15 to 0.95–1.85, depending on the 
strain.

Bioremediation experiments demonstrated that 
the highest petroleum hydrocarbon removal effi-
ciency was achieved at a wastewater concentration 
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of 25%. The greatest degradation efficiencies over 
the 10-day cultivation period were exhibited by the 
green microalgae Chlorella sp. and Tetradesmus 
sp., with removal efficiencies of 88% and 84%, re-
spectively, as well as by the cyanobacteria Nostoc 
sp. and Anabaena sp., which removed 85% and 75% 
of petroleum hydrocarbons, respectively. These 
findings indicate the high biotechnological potential 
of the isolated indigenous phototrophic strains for 
the bioremediation of oil-contaminated wastewater. 
In the future, these cultures may serve as the basis 
for developing stable algal–cyanobacterial consortia 
for environmentally friendly industrial wastewater 
treatment systems, with the additional benefit of 
producing biomass suitable for conversion into bio-
fuels and other valuable bioproducts.
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