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The impact of phenol on natural environments is a critical environmental issue due to its high toxicity and 

recalcitrance. Therefore, the search for new alternatives for phenol removal involves adopting sustainable and 

safe strategies. The objective of this research was to determine phenol removal efficiency at different treatment 

times and biomass concentrations using Bacillus tequilensis immobilized in alginate, isolated from soils of the 

Lomas del Cerro Campana, Peru—an ecosystem that has never been explored for its microbiological resources 

in bioremediation. The isolated microbial culture was taxonomically identified through molecular analysis of the 

16S rRNA gene, and its tolerance to phenol (100–2000 ppm) was evaluated. For the phenol removal assays, 

cells were immobilized in 3% sodium alginate at different cell density concentrations (OD600 = 0.5, 1.0, and 1.5) 

and exposed for 3, 5, and 7 days. A multilevel factorial experimental design was applied at 30 °C, 150 rpm, and 

an initial pH of 7. Bacillus tequilensis QCM11 exhibited tolerance up to 1000 ppm of phenol and achieved 28.58 

± 1.99 % phenol removal at an OD600 of 0.5 under immobilized conditions. These results confirm its potential as 

a sustainable biotechnological alternative for optimizing phenol bioremediation applications. 

1. Introduction 

Phenol is a compound commonly found in petroleum refining, and in the manufacture of textiles, plastics, and 

pharmaceuticals, resulting in effluent discharges containing up to 10 million tons of phenolic compounds, with 

concentrations ranging from 0.1 to 1600 mg/L (Panigrahy et al., 2022). However, the main concern lies in its 

toxicity, as phenol can cause damage to the nervous, renal, and hepatic systems, and at high concentrations, it 

can even be mutagenic (Mhlongo et al., 2023). Furthermore, it adversely affects aquatic organisms by inducing 

infertility, mortality, and developmental suppression (Ahmaruzzaman et al., 2024). Therefore, phenolic 

contamination increases the urgency of implementing effective and environmentally adaptable solutions for its 

removal. Previous studies have shown that conventional treatment methods used in effluent plants—such as 

adsorption on activated carbon, advanced oxidation, photodegradation, and Fenton processes—have 

significant limitations, including high costs, generation of toxic by-products, and high energy consumption (Bibi 

et al., 2023; Ho et al., 2020). In contrast, the use of microbial or subcellular platforms offers a cleaner, more 

scalable, and cost-effective process with higher specificity (Chen & Sun, 2023). Nevertheless, high 

concentrations of phenol can inhibit microbial biodegradation activity. To overcome this challenge, several 
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strategies have been proposed, such as the use of microbial consortia, co-substrate addition, and cell 

immobilization (Sabri et al., 2025). The latter improves the performance, stability, and reusability of microbial 

cells by providing a higher microbial cell density through physical support (Shahabivand et al., 2022). Cell 

entrapment using calcium alginate has been widely reported as the most suitable technique due to its ease of 

use, low cost, and low toxicity (Banerjee & Ghoshal, 2016). However, the efficiency of cell immobilization 

depends on the biological tolerance of the microorganism; thus, incorporating bacteria adapted to high phenol 

concentrations could significantly enhance biodegradation performance (Abarian et al., 2019). Autochthonous 

bacteria are considered desirable candidates because they can withstand variable environmental conditions 

and complex activities, thereby increasing their likelihood of tolerating contaminants (Shebl et al., 2022). 

Although phenol biodegradation using immobilized bacteria has been widely reported, the novelty of this study 

lies in the use of an autochthonous bacterial strain isolated from the soils of Lomas del Cerro Campana, Peru, 

a local ecosystem not previously explored for its microbiological potential in phenol bioremediation. In this 

context, the contribution of the present work is twofold: first, it identifies Bacillus tequilensis QCM11 as a native 

phenol-tolerant strain with biotechnological potential; second, it evaluates how immobilized biomass level and 

exposure time influence its removal performance, providing practical baseline information for future 

development of locally adapted treatment systems.  

2. Method 

2.1 Microbial isolation 

The methodology described by Quiñones-Cerna et al. (2024) was used. A total of 25 g of soil collected from the 

Lomas del Cerro Campana (La Libertad, Peru; -11.80901°, -77.0686°) was enriched in 225 mL of Bushnell Haas 

Minimal Salt Medium (BHM) supplemented with 1 % (v/v) diesel for 7 days at 30 °C. Subsequently, the last two 

dilutions (10⁻⁸ and 10⁻⁹) were surface-plated on Petri dishes containing nutrient agar (NA). Microbial colonies 

showing distinct morphologies were subcultured and preserved at 5 °C. 

2.2 Microbial selection and identification 

Sterile BHM medium supplemented with 1 % phenol was inoculated with 10 % of the isolated bacterial 

suspension (OD600 = 1) previously subcultured. The cultures were incubated at 30 °C and 150 rpm for 10 days, 

and optical density (OD600) was monitored on days 0, 5, and 10 using a UV–Vis spectrophotometer (UVILINE 

9400, Germany). Subcultures exhibiting OD values above 0.8 and/or the highest growth rates were selected. 

For taxonomic identification, total DNA was extracted using the Quick-DNA™ kit, and the 16S rRNA gene was 

amplified by PCR with primers 27F and 1942R. The amplified product was sequenced by Macrogen (Chile), and 

the sequence identity was determined by comparison with the EzBioCloud database. A phylogenetic tree was 

constructed based on sequence alignments to infer evolutionary relationships (Cueva-Almendras et al., 2022). 

2.3 Preparation of the phenol solution and bacterial inoculum tolerance 

A stock phenol solution (Spectrum, USA) of 10,000 ppm was prepared by dissolving 5 g of phenol in 500 mL of 

0.02 N NaOH, according to Baldera-Saavedra et al. (2024). The selected bacterial culture was grown in nutrient 

broth at pH 7 and 35 °C for 24 h. Cells were then centrifuged and resuspended in sterile saline solution, adjusting 

the OD600 to 0.5–0.6. Phenol tolerance was evaluated in nutrient broth containing phenol concentrations ranging 

from 100 to 2000 ppm, inoculated with 200 µL of the bacterial suspension. Cultures were incubated at 35 °C for 

48 h, and growth was assessed by turbidity measurements (Cruz et al., 2021). 

2.4 Cell immobilization 

Three bacterial suspensions of the selected strain with OD600 values of 0.5, 1.0, and 1.5 were prepared and 

individually mixed 1:1 with 3 % sodium alginate. The mixtures were dropped by gravity into 0.2 M CaCl₂ to form 

beads via ionic gelation. The beads were cross-linked for 30 min and washed with sterile distilled water before 

use (Anisha & Prema, 2008). 

2.5 Experimental design 

A multilevel factorial experimental design was applied with two factors: initial cell biomass (OD600 = 0.5, 1.0, and 

1.5) and exposure time (3, 5, and 7 days), resulting in 27 treatments performed in triplicate. Each flask contained 

20 mL of nutrient broth adjusted to pH 7 and supplemented with phenol at an initial concentration of 1000 ppm, 

according to the tolerance test. One gram of immobilized cells (wet weight) in alginate beads was added to each 

flask. Treatments were incubated at 30 °C and 150 rpm in an orbital shaker (BIOBASE, BJPX-200N, China). 

The best-performing treatment was further replicated to determine the specific growth rate (µ) during phenol 

removal under similar conditions, using Equation (1). 
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µ =  
𝑙𝑛𝑋2 − 𝑙𝑛𝑋1 

𝑡2−𝑡1
                                                                                                                                                  (1) 

where X₂ is the final cell density, X₁ is the initial cell density, t₂ is the final time, and t₁ is the initial time. 

2.6 Analytical methods 

Cell biomass was quantified by measuring optical density at 600 nm using a UV/Vis spectrophotometer, while 

residual phenol concentration was determined by UHPLC equipped with a DAD UV/Vis detector (Thermo Fisher 

Scientific, Dionex Ultimate 3000) (Patel et al., 2022). 

2.7 Statistical analysis 

All experiments were performed in triplicate as independent assays, and results were expressed as mean ± 

standard deviation. Data on residual phenol concentration and cell biomass were analyzed using a multilevel 

factorial ANOVA in Design Expert v23.1 to evaluate the main effects of initial biomass and exposure time, as 

well as their interaction. 

3. Results and discussion 

A microbial isolate coded as QCM11 was selected from 12 isolated cultures, as it exhibited the highest growth 

(OD600 = 1.2) in 1 % phenol at 150 rpm and 30 °C, and was therefore used for the phenol removal assays. 

Regarding its macroscopic characteristics, QCM11 formed medium-sized colonies with irregular shapes, 

undulated margins, opaque cream coloration, rough texture, slight elevations, and a mucoid consistency (Figure 

1A). Microscopically, the isolate showed a bacillary form, was Gram-positive, and spore-forming. These general 

characteristics are consistent with those described for the Bacillus genus by Gayathri et al. (2025). 

Molecular characterization based on 16S rRNA gene sequencing of the QCM11 isolate revealed a 99.93% 

similarity with Bacillus tequilensis KCTC 13622, as reported by Gatson et al. (2006). This identification was 

further supported by the phylogenetic tree, which showed a close evolutionary distance (0.0007914) to Bacillus 

tequilensis, while more distant relationships were observed with Bacillus subtilis and Bacillus cereus, showing 

evolutionary distances of 0.00158 and 0.0609, respectively (Figure 1B). The nucleotide sequence had a total 

length of 1337 bp and was deposited in the GenBank database of the National Center for Biotechnology 

Information (NCBI) under the accession number PX447481 (https://www.ncbi.nlm.nih.gov/nuccore/PX447481). 

 

Figure 1: Isolation of the pure culture QCM11 (A) and phylogenetic analysis using the Neighbor-Joining method 

(B).  

In Figure 2A, it is shown that Bacillus tequilensis QCM11 was able to grow at phenol concentrations up to 1000 

ppm but showed no growth at 1500 and 2000 ppm, which defined the working range for the biodegradation 

assays. QCM11 exhibited high resistance to phenol toxicity, which is associated with the uncoupling of oxidative 

phosphorylation, and this tolerance was higher than previously reported in the literature (Anokhina et al., 2025). 

Moreover, Figure 2B shows that the highest phenol removal percentage was obtained with an initial biomass of 

OD600 = 0.5 after 7 days (28.58 ± 1.99 %), while the lowest value was observed with OD600 = 0.5 after 3 days 

(4.54 ± 1.36%). These results differ from those reported by Banerjee & Ghoshal (2011), who achieved more 

than 50% removal of 2000 ppm phenol after 26–36 days using immobilized Bacillus cereus. Similarly, Lu et al. 

(2012) reported that Bacillus amyloliquefaciens WJDB-1 immobilized in alginate–chitosan–alginate 

microcapsules was able to completely degrade 200 ppm of phenol within 36 h. Furthermore, it was observed 

that the final cell biomass decreased as exposure time increased, possibly due to cellular stress caused by 

phenol toxicity (Zhang et al., 2023). In addition, mass transfer limitations within the alginate beads explain why 

higher biomass concentrations do not necessarily lead to improved removal efficiency (Banerjee et al., 2001). 

Current results suggest that phenol removal by immobilized Bacillus tequilensis QCM11 does not depend 

exclusively on the amount of inoculated biomass, but rather on the balance between active cell density, 

physiological adaptation, and substrate diffusion within the alginate matrix. Although higher inoculum levels are 
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generally expected to enhance biodegradation, our results showed that the lowest biomass condition (OD600 = 

0.5) produced the highest removal after 7 days. This behavior can be explained by diffusion limitations within 

the microspheres, reduced oxygen and substrate transfer at higher cell densities, and the accumulation of local 

stress conditions that limit metabolic efficiency. This interpretation is consistent with the significant interaction 

observed between biomass and exposure time, as well as with previous reports describing mass transfer 

limitations in immobilized biodegradation systems (Lin et al., 2020). 

 

Figure 2: Phenol tolerance assay at different concentrations (A) and effect of exposure time and immobilized 

QCM11 cells on phenol removal (B).  

Similar behavior has been reported in other immobilized phenol-degrading systems, where substrate removal 

was progressive rather than immediate and was associated with microbial growth, acclimation, and transport 

limitations within the support matrix (Chung et al., 2003). Studies with Ca-alginate-immobilized cells have shown 

that phenol degradation is governed by coupled growth–degradation kinetics and can be influenced by internal 

mass transfer effects, while other immobilized systems have also reported lag-phase behavior before efficient 

phenol removal is established. The ANOVA analysis (Table 1) indicates that the model was significant (p < 

0.0001), explaining the variability observed in phenol removal efficiency. The factor with the greatest influence 

was exposure time (F = 79.90; p < 0.0001), followed by the initial cell biomass (F = 13.31; p = 0.0003). 

Additionally, the interaction between both factors (A × B) was also significant (F = 9.51; p = 0.0003). 

Table 1: Analysis of variance (ANOVA) for phenol removal percentage. 

Source Sum of Squares df Mean Square F-value p-value  

Model 1454.63 8 181.83 28.06 < 0.0001 significant 

A- Initial cell biomass 172.56 2 86.28 13.31 0.0003  

B- Exposure time 1035.60 2 517.80 79.90 < 0.0001  

AB 246.47 4 61.62 9.51 0.0003  

In Figure 3, it can be observed that the optimal treatment (OD600 = 0.5, 7 days) began with an OD600 of 0.231 at 

6 h, reached 2.098 at 72 h, and decreased to 1.72 at 192 h. Phenol removal was less than 3% after 24 h, 

increasing progressively to 30.65 % at 192 h. This indicates that degradation intensified during the later stages, 

when biomass levels were higher and enzymatic systems were fully active. A specific growth rate (µ) of 0.0876 

h⁻¹ was also observed. In the chromatogram at 0 h (Figure 3B), a dominant peak appeared at a retention time 

(RT) of 1.86 min, corresponding to phenol. At 192 h (Figure 3C), the phenol peak between RT 1.77–1.86 min 

showed a marked reduction in area, and a new early peak emerged between RT 1.37–1.50 min, likely 

corresponding to more polar metabolites or intermediate by-products, possibly related to catechol and cis,cis-

muconic acid (Asimakoula et al., 2023). 

 

Figure 3: Growth kinetics during phenol removal (A) and chromatograms of phenol removal at 0 h (B) and 192 

h (C).  
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Bacillus tequilensis QCM11 was isolated from the soils of Lomas del Cerro Campana, a Peruvian ecosystem 

that had not been previously investigated as a source of microorganisms for phenol bioremediation. This is 

relevant because indigenous strains may exhibit better physiological adaptation to varying environmental 

conditions and offer advantages for the future design of local and environmentally compatible treatment 

strategies. From an applied perspective, these findings suggest that Bacillus tequilensis QCM11 immobilized in 

alginate could be used as a preliminary biotechnological alternative for the treatment of phenol-containing 

wastewaters under controlled conditions. In practical terms, the best-performing condition identified in this study 

(OD600 = 0.5, 7 d) may serve as a starting operational reference for the design of packed-bed, batch, or polishing 

bioreactors using immobilized native bacteria. However, before full-scale implementation, additional studies 

should optimize reactor configuration, bead stability, hydraulic performance, reusability, and phenol removal 

efficiency in real industrial effluents, where the presence of salts, co-contaminants, and fluctuations in pH and 

temperature may affect system performance. 

4. Conclusions 

The results demonstrate that the isolate Bacillus tequilensis QCM11 possesses significant potential for phenol 

removal, achieving 28.58 ± 1.99 % elimination after 7 days with an initial OD600 of 0.5. This performance confirms 

its ability to tolerate concentrations up to 1000 ppm and metabolize toxic compounds, positioning it as a 

promising biotechnological alternative for the bioremediation of phenol-contaminated environments. These 

findings highlight the value of unexplored local ecosystems as sources of microorganisms with biotechnological 

potential and provide a practical basis for the future development of controlled, sustainable, and locally adapted 

phenol treatment systems. 

Acknowledgments 

Recognition and gratitude to the “Laboratorio de Investigación y Desarrollo en Ciencias Ambientales”, and 

“Laboratorio de Análisis Instrumental”, of the Facultad de Ingeniería Química of National University of Trujillo 

References 

Abarian M., Hassanshahian M., Esbah A., 2019, Degradation of phenol at high concentrations using 

immobilization of Pseudomonas putida P53 into sawdust entrapped in sodium-alginate beads, Water 

Science and Technology, 79, 1387–1396.  

Ahmaruzzaman M., Mishra S.R., Gadore V., Yadav G., Roy S., Bhattacharjee B., Bhuyan A., Hazarika B., 

Darabdhara J., Kumari K., 2024, Phenolic compounds in water: From toxicity and source to sustainable 

solutions – An integrated review of removal methods, advanced technologies, cost analysis, and future 

prospects, Journal of Environmental Chemical Engineering, 12, 112964.  

Anisha G.S., Prema P.,2008, Cell immobilization technique for the enhanced production of α-galactosidase by 

Streptomyces griseoloalbus, Bioresource Technology, 99, 3325–3330.  

Anokhina T.O., Esikova T.Z., Polivtseva V.N., Suzina N.E., Solyanikova I.P.,M2025, Biodegradation of Phenol 

at High Initial Concentration by Rhodococcus opacus 3D Strain: Biochemical and Genetic Aspects, 

Microorganisms, 13, 1–18. 

Asimakoula S., Marinakos O., Tsagogiannis E., Koukkou A.I., 2023, Phenol Degradation by Pseudarthrobacter 

phenanthrenivorans Sphe3. Microorganisms, 11, 1-15. 

Baldera-Saavedra J., Quiñones-Cerna C.E., Sánchez-Vásquez S., Arévalo-Gonzales Y., Terrones-Rodríguez, 

N., Rodríguez-Soto J.C., Robles-Castillo H.M., Cruz-Noriega M.D., Benites-Castillo S.M., Baldera- 

Guayambal L., Cruz-Monzon J.A., Rojas-Flores S.,2024, Isolation and Characterization of Yarrowia lipolytica 

YQ22 from Diesel Samples for Phenol Biodegradation, Environmental Research, Engineering and 

Management, 80, 32–38.  

Banerjee A., Ghoshal A.K., 2011, Phenol degradation performance by isolated Bacillus cereus immobilized in 

alginate, International Biodeterioration and Biodegradation, 65, 1052–1060.  

Banerjee A., Ghoshal A.K., 2016, Biodegradation of phenol by calcium-alginate immobilized Bacillus cereus in 

a packed bed reactor and determination of the mass transfer correlation, Journal of Environmental Chemical 

Engineering, 4, 1523–1529.  

Banerjee I., Modak J. M., Bandopadhyay K., Das D., Maiti B.R., 2001, Mathematical model for evaluation of 

mass transfer limitations in phenol biodegradation by immobilized Pseudomonas putida, Journal of 

Biotechnology, 87, 211–223.  

Bibi A., Bibi S., Abu-Dieyeh M., Al-Ghouti M.A., 2023, Towards sustainable physiochemical and biological 

techniques for the remediation of phenol from wastewater: A review on current applications and removal 

mechanisms, Journal of Cleaner Production, 417, 137810.  

251



Chen S., Sun L., 2023, Screening of Efficient Phenol-Degrading Bacteria and Analysis of Their Degradation 

Characteristics, Sustainability, 15, 1-15.  

Chung T.P., Tseng H.Y., Juang R.S., 2003, Mass transfer effect and intermediate detection for phenol 

degradation in immobilized Pseudomonas putida systems, Process Biochem, 2003, 38,1497–507. 

Cruz J., Quiñones C., Saavedra, J.B., Urquizo D., Esparza M., 2021, Biodegradation of phenol by Pseudomonas 

aeruginosa isolated from oil contaminated environments in Peru, Bioscience Research, 18, 1294–1300. 

Cueva-almendras L.C., Alva J., FUentes-Olivera A., Llontop-Bernabé K., Quiñones C., Rodriguez-Soto J., Cruz-

Monzón J., Quezada, M., 2022, Production of Polyhydroxyalkanoate by Bacillus thuringiensis Isolated from 

Agricultural Soils of Cascas-Peru, Brazilian Archives of Biology and Technology, 65, 1–10. 

Gatson J.W., Benz B.F., Chandrasekaran C., Satomi M., Venkateswaran K., Hart M.E., 2006, Bacillus 

tequilensis sp. nov., isolated from a 2000-year-old Mexican shaft-tomb, is closely related to Bacillus subtilis, 

International Journal of Systematic and Evolutionary Microbiology, 56, 1475–1484.  

Gayathri R.S., Sheeba M.S., Chandran S.S., John S., Chiseena C. T., John, S., Chiseena C.T., Sneha J., Devika 

R.S., Greeshma J.S., 2025, Isolation, identification and bioprospecting potential of Bacillus subtilis, 

endophytic bacterium from Bruguiera gymnorrhiza (L.) Lam. ex Savigny, Microbial Pathogenesis, 203, 

107458.  

Ho T.N., Nguyen T.T., Pham T.H. , Ngo M.T., Le M.V.,2020, Photocatalytic degradation of phenol in aqueous 

solutions using TiO2/SiO2 composite, Chemical Engineering Transactions, 78, 427–432.  

Lin Y.H., Cheng Y.S.,2020, Phenol degradation kinetics by free and immobilized Pseudomonas putida BCRC 

14365 in batch and continuous-flow bioreactors, Processes, 2020;8, 1-23. 

Lu D., Zhang Y., Niu S., Wang L., Lin S., Wang C., Ye W., Yan C., 2012, Study of phenol biodegradation using 

Bacillus amyloliquefaciens strain WJDB-1 immobilized in alginate-chitosan-alginate (ACA) microcapsules by 

electrochemical method, Biodegradation, 23, 209–219.  

Mhlongo N.L., Akharame M.O., Pereao O., Human I.S., Opeolu B.O., 2023, Phenolic compounds occurrence 

and human health risk assessment in potable and treated waters in Western Cape, South Africa, Frontiers 

in Toxicology, 5, 1–10.  

Panigrahy N., Priyadarshini A., Sahoo M.M., Verma A. K., Daverey A., Sahoo N.K., 2022, A comprehensive 

review on eco-toxicity and biodegradation of phenolics: Recent progress and future outlook, Environmental 

Technology and Innovation, 27, 102423.  

Patel N., Shahane S., Bhunia B., Mishra U., Chaudhary V.K., Srivastav A.L., 2022, Biodegradation of 4-

chlorophenol in batch and continuous packed bed reactor by isolated Bacillus subtilis, Journal of 

Environmental Management, 301, 113851.  

Quiñones-Cerna C., Castañeda-Aspajo A., Tirado-Gutierrez M., Salirrosas-Fernandez D., Rodriguez-Soto J., 

Cruz-Monzon A., Hurtado-Butrón F., Ugarte-López W., Gutiérrez-Araujo M., Quezada-Alvarez M.A., Gálvez-

Rivera J.A., Esparza-Mantilla, M., 2024, Efficacy of Indigenous Bacteria in the Biodegradation of 

Hydrocarbons Isolated from Agricultural Soils in Huamachuco, Peru, Microorganisms, 12, 1-14. 

Sabri I., Ng K.X., Ku N., Mohd M.Z., Nor N.A., Ho L.S., Maeda T., Ramli N., 2025, Novel insights into indigenous 

phenol-degrading bacteria from palm oil mill effluent and their potential mechanisms for efficient phenol 

degradation, Environmental Technology and Innovation, 37, 103983.  

Shahabivand S., Sadat S., Reza G., Darvishi F., 2022, Phenol biodegradation by immobilized Rhodococcus 

qingshengii isolated from coking effluent on Na-alginate and magnetic chitosan-alginate nanocomposite,  

Journal of Environmental Management, 307, 114586. 

Shebl S., Hussien N.N., Elsabrouty M.H., Osman S.M., Elwakil B.H., Ghareeb D.A., Ali S.M., Ghanem N., 

Youssef Y.M., Moussad E., Olama Z.A., 2022, Phenol Biodegradation and Bioelectricity Generation by a 

Native Bacterial Consortium Isolated from Petroleum Refinery Wastewater, Sustainability, 14, 1-20. 

Zhang J., Bing W., Hu T., Zhou X., Zhang J., Liang J., Li Y., 2023, Enhanced biodegradation of phenol by 

microbial collaboration: Resistance, metabolite utilization, and pH stabilization, Environmental Research, 

238, 1-9. 

252


	531Quinones-Cerna-PAGATO.pdf
	Sustainable Removal of Phenol using Bacillus Tequilensis Immobilized in Alginate: Influence of Biomass and Exposure Time



  µ =     l n X 2   −   l n X 1    t 2 − t 1



