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Abstract 
Water, essential for life, faces increasing 

contamination due to industrialization and 

urbanization. Phenolic compounds, persistent 

and toxic, are prominent pollutants in aquatic 

environments, necessitating effective 

remediation strategies. This study evaluates the 

degradation of phenolic compounds by two 

bacterial strains, Stenotrophomonas sp. and 

Pseudomonas sp. A7, focusing on their 

performance under varying conditions and the 

impact of cell immobilization on their efficacy. 

Phenol degradation was tested across different 

concentrations, temperatures, and pH levels. 

Stenotrophomonas sp. exhibited high efficiency 

at lower phenol concentrations, with a decrease 

in performance as concentrations increased. In 

contrast, Pseudomonas sp. A7 maintained better 

degradation efficiency at higher phenol levels. 

Optimal conditions for both strains were 

identified at neutral to slightly acidic pH and 

moderate temperatures. Immobilization of 

bacterial cells in calcium alginate beads 

improved degradation efficiency slightly, with 

Stenotrophomonas sp. achieving 93% and 

Pseudomonas sp. A7 92% removal rates. The 

results underscore the effectiveness of both 

bacterial strains in phenol bioremediation, 

highlighting the potential of immobilization and 

environmental optimization for enhancing 

wastewater treatment processes. Further 

research into bead formulation and 

concentration could improve the practical 

application of these bioremediation techniques. 
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1. Introduction 

Water is the most valuable natural resource that 

exists on our planet. It covers 70% of the Earth’s 

surface and without this invaluable compound; the 

life on the Earth would not exist. This is a widely 

recognized fact; pollution of water resources is a 

common problem that is being faced today [1]. With 

urbanization and extensive industrialization, the 

pollution of the environment with man-made 

(synthetic) organic compounds has become a major 

problem 

The natural water bodies are contaminated by 

various toxic pollutants. The demand for clean and 

drinking water is becoming a pressing concern day 

by day due to the fast depletion of freshwater 

resources since many sources of water bodies have 

been exhausted because of the increasing world 

population and others are likely to be contaminated 

[2]. Hence the crisis of fresh water is being faced all 

over the world [3]. 

Industrial and domestic activities have polluted 

surface water as well as ground water to a greater 

extent [4]. Wastewater from domestic or industrial 

use contains waste products and severe 

environmental pollutants that are most often liquid 

or solids and are biological, chemical, or 

radioactive. In addition to having adverse health 

implications, wastewater contamination also has 

natural and ecological effects. Toxic wastes are 

being released into the environment, causing 

extensive environmental contamination such that 

many of our natural water reserves are damaged 

beyond repair [5]. Due to the discharge of toxic 

effluents long-term consequences of exposure can 

cause  cancer,  delayed  nervous  damage, 
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malformation in urban children, mutagenic 

changes, neurological disorders, etc [6]. 

Nevertheless, to ensure sustainable quality of life 

the environmental impact of these activities must be 

minimized. While conservation and better 

utilization of resources have the greatest influence 

on the sustainability of the planet; reduced 

generation, improved treatment technology and 

utilization of wastes are the best techniques for the 

maintenance of the environmental quality [7]. 

There has been heightened concern among 

policymakers and scientists about the effects of 

human and wildlife exposure to chemical 

compounds in the environment, particularly the 

aquatic environment. Phenolic compounds are 

among the chemicals of major concern in this 

regard as they tend to persist in the environment 

over a long period, accumulate and exert toxic 

effects on humans and animals [8]. Some phenolic 

compounds are abundant in nature and are 

associated with the colours of flowers and fruit [9]. 

Others are synthesized and are used in varied 

aspects of mankind’s everyday life. 

Phenols and their derivatives commonly exist in the 

environment. These compounds are used as the 

components of dyes, polymers, drugs and other 

organic substances. The presence of phenols in the 

ecosystems is also related with production and 

degradation of numerous pesticides and the 

generation of industrial and municipal sewages. 

Some phenols are also formed during natural 

processes. These compounds may be substituted 

with chlorine atoms and may be nitrated, 

methylated or alkylated. Both phenols and 

catechols are harmful ecotoxins. 

Contamination of aquatic bodies by different 

harmful organic pollutants including phenols has 

stimulated research activity in the development of 

various treatment technologies to remove, or better 

to degrade, these pollutants from water and 

wastewater. Several chemical processes are carried 

out for this purpose. Generally, these technologies 

involve the oxidation of organic pollutants with 

various oxidizing agents like ozone, UV radiation, 

electrochemical methods, hydrogen peroxide, etc. 

Chlorination is not applicable, as it leads to the 

formation of more toxic chloroorganics [10]. 

The application of biotechnological processes that 

involve microorganisms to solve environmental 

pollution problems is rapidly growing. The 

researchers have proved that biological 

methodology is versatile, highly stable, has broad 

applications in various areas, economical and 

efficient for the remediation of petroleum. One of 

the key points for bioremediation is maintaining a 

high biomass of bacterial populations. To improve 

the survival and retention of the bioremediation 

agents in the contaminated sites, bacterial cells must 

be immobilized [12]. 

Among the various developed methods for cell 

immobilizing encapsulation in calcium alginate 

beads was used in this study. Alginates (polymers 

made of different proportions and sequences of 

mannuronic and guluronic acids extracted from 

brown algae) are easy to handle, nontoxic to 

humans, the environment, and the entrapped 

microorganisms, legally safe for human use, 

available in large quantities, and inexpensive [13]. 

From a physiological perspective, a major 

advantage of alginate is that immobilized cells do 

not suffer extreme changes in physicochemical 

condition during the procedure of immobilization 

and the gel is transparent and permeable [14]. 

However, this substance cannot be maintained for a 

long period in aqueous solution because the 

encapsulation immobilized microorganism can 

easily be broken during the operation [15]. 

In our study, we isolated bacteria from various 

polluted environments specifically to degrade 

phenols. We identified the optimal conditions for 

their activity and subsequently immobilized the 

bacteria to enhance their phenol degradation 

efficacy. 

2. Materials and Methods 

2.1 Samples collection 

The wastewater and sediment samples were 

collected from the drain of different locations of 

some local industrial outlets which contaminated 

area by phenol in Alexandria, Egypt. The sediment 

samples were collected from 1-12 cm below the 

surface using a sterile knife after removal of the top 

layer of the soil up to 1-2 cm. Two subsamples were 

taken from each point and placed in a sterile plastic 

bag. The total mass of the soil sample collected was 

around 50 grams. Wastewater samples were 

collected from a depth of 15 cm in sterile 1000-ml 

bottles and transported on ice to the laboratory. The 

wastewater samples and sediment soil samples were 

collected using sterilized plastic bottles and plastic 

bags, allowing enough air space in the bottles and 

the bags for bacteriological analysis [16]. 

Phenol and chemicals, used in the study, were of 

analytical grade; inorganic salts, used in preparing 

microbial growth media, were of reagent grade. 

2.2 Screening of Phenol Tolerating Isolates 

The phenol-degrading bacterial isolates were 

isolated from contaminated soil and wastewater 

samples near some local industrial factories. In this 

method 5 g of each two soil samples and 10 ml of 

water sample (a total of three samples), each sample 

was added to three autoclaved 500-ml Erlenmeyer 

flasks containing 100 ml of MSM media. The flasks 
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were inoculated with 100 ppm of phenol, tightly 

sealed and incubated at 30◦C for 7 days under 

shaking conditions (150 rpm). The medium turned 

to a turbid solution the turbidity indicated the 

growth of bacteria, and then 50 μl were spread onto 

MSM media agar plates with 10 ppm of phenol. 

Then the plates were further incubated at 30◦C for 

3 days. After the incubation period 

morphologically, different colonies were streaked 

on agar plates for purification before being 

inoculated into the liquid medium to check their 

degradation ability. The bacterial isolates were 

given a prefix of "A" followed by the number from 

(A1 to A9) [16, 17]. 

2.3 Degradation of Different Concentrations 

of Phenol in Liquid Medium by Isolated 

Bacterial Isolates 

The bacterial isolates (from A1 to A9) were 

selected and further examined for their degradation 

potential on phenol. In 250 ml autoclaved 

Erlenmeyer flasks containing 50 ml of Mineral Salt 

Media (MSM) for the enrichment culture phenol 

was supplemented in the media as the sole carbon 

source, and the various concentrations of phenol 

were 20, 50, 75, 100, 150 mgL-1, and 4% (v/v) 

inoculums of each isolate separately (OD: 1.4 at 

600 nm). The flasks were tightly sealed and were 

incubated under shaking conditions at 30◦C /200 

rpm for 72 hours. Aliquots (10 ml ) were taken from 

different flasks and centrifuged at 6000 rpm for 15 

min to separate the bacterial cell mass. The 

supernatant was used for spectrophotometric 

analysis of phenol degradation percentage at 510 

nm (λ max of phenol) [17]. 

2.4 Phenol Determination and Degradation 

Assay 

Phenolic materials react with 4-aminoantipyrine in 

the presence of potassium hexacyanoferrate(III) at 

pH 10, adjusted using a buffer solution, to form a 

stable reddish-brown antipyrine dye. The colour 

intensity correlates with the phenolic material 

concentration [18]. 

To prepare the buffer solution, dissolve 16.9 g 

NH4Cl in 143 mL concentrated NH4OH and dilute 

to 250 mL with distilled water. This solution will 

adjust the pH to 10 when 2.0 mL is added to 100 

mL of distillate. For the aminoantipyrine solution, 

dissolve 2 g of 4-aminoantipyrine (4-AAP) was 

prepared in distilled water and diluted to 100 ml. 

Similarly, potassium ferricyanide solution was 

prepared by dissolving 8 g of K3Fe(CN)6 in 

distilled water and diluting to 100 ml. Both 

solutions should be freshly prepared for each 

phenol determination. 

For phenol determination, add 2 ml of buffer 

solution to 100 ml of distillate or an appropriately 

diluted aliquot and mix to ensure the pH is 10 ± 0.2. 

Then, add 2.0 mL of the aminoantipyrine solution 

and mix, followed by 2.0 mL of the potassium 

hexacyanoferrate(III) solution. After 15 minutes, 

measure the absorbance at 510 nm. 

The calibration curve was prepared by plotting 

known concentrations of phenol versus 

corresponding absorbance values. Degradation 

activity was expressed in terms of percentage 

degradation and was determined by monitoring the 

decrease in absorbance at 510 nm (λ max of phenol) 

using UV-VIS PG/T60 spectrophotometer. The 

MSM media was used as blank; samples containing 

phenol without microorganisms were used as 

reference [19] (control) and the percentage 

degradation calculated by applying the following 

equation: 

Percentage of phenol degradation( % PD)= 

𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐩𝐡𝐞𝐧𝐨𝐥 𝐜𝐨𝐧𝐜(𝐦𝐠/𝐋)−𝐑𝐞𝐬𝐢𝐝𝐮𝐚𝐥 𝐩𝐡𝐞𝐧𝐨𝐥 𝐜𝐨𝐧𝐜(𝐦𝐠/𝐋)  
x
 

𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐩𝐡𝐞𝐧𝐨𝐥 𝐝𝐞𝐠𝐫𝐚𝐝𝐚𝐭𝐢𝐨𝐧 (𝐦𝐠/𝐋) 

100 = 

2.5 Degradation Potential of Various Phenol 

Concentrations in Liquid Medium by the 

Isolated Bacterial Strains 

The degradation potential of bacterial isolates (A1 

to A9) on phenol was examined. Each isolate was 

inoculated into 250 ml autoclaved Erlenmeyer 

flasks containing 50 ml of Mineral Salt Media 

(MSM) with phenol as the sole carbon source at 

concentrations of 20, 50, 75, 100, 150 mg/L, and 

4% (v/v) inoculum (OD: 1.4 at 600 nm). The flasks 

were incubated at 30°C with shaking at 200 rpm for 

72 hours. After incubation, 10 ml aliquots were 

centrifuged at 6000 rpm for 15 minutes to separate 

bacterial cell mass, and the supernatant was 

analyzed spectrophotometrically for phenol 

degradation at 510 nm. Four effective isolates (A2, 

A7, A8, and A9) were further tested with phenol 

concentrations ranging from 100 to 700 ppm under 

the same conditions. The degradation extent was 

measured after 72 hours at 510 nm using a 

spectrophotometer. 

2.6 Molecular Characterization of the Potent 

Phenol-Degrading Bacteria 

Molecular characterization of the most potent 

phenol-degrading bacterial isolate, DNA was 

extracted using the phenol-chloroform method. 

Gene amplification of 16S rRNA was performed by 

polymerase chain reaction (PCR) using specific 

primers. The partial DNA sequence of 16S rRNA 

was amplified, a common approach for bacterial 

gene identification due to its relatively small size, 

which facilitates faster sequence analysis 

(Madukasi, Chunhua et al. 2011). The specific 

forward primer used was 5´- 

AGAGTTTGATCMTGGCTCAG-3´  and  the 
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reverse primer was 5'- 

TACGGYACCTTGTTACGACTT-3'. 

2.7 Effects of Temperature, Medium 

Conditions (Static vs. Shaking), and Other 

Factors on Phenol Degradation 

Temperature Influence: Phenol degradation was 

assessed at different temperatures (25°C, 35°C, 

37°C, and 40°C) in a medium with a constant pH of 

7. Experiments were conducted with sterilized 

MSM broth inoculated with bacterial isolates (4% 

of A2, A7, and a consortium) and 1000 mg/L of 

phenol. The degradation was monitored under both 

shaking (200 rpm) and static conditions over 72 

hours. After incubation, the culture was 

centrifuged, and the supernatant was analysed 

spectrophotometrically to measure the degradation 

percentage. 

pH Influence: The effect of pH on phenol 

degradation was studied in the range of pH 5 to 10. 

MSM media was adjusted to these pH levels using 

HCL or NaOH, then inoculated with 4% of 

bacterial isolates A2 and A7, each with an OD of 

1.4 at 600 nm, and 1000 ppm of phenol. The 

cultures were incubated under static conditions at 

an optimal temperature of 37°C. Degradation 

efficiency was evaluated spectrophotometrically at 

24, 48, and 72 hours. 

Contact Time Influence: To determine the impact 

of contact time on phenol degradation, experiments 

were conducted under optimal conditions (37°C, 

pH 7, static conditions) with 4% of A2, A7, and 

their consortium, and 1000 ppm of phenol. Aliquots 

were taken at various intervals (3, 6, 9, 18, 21, 24, 

27, 30, 33, 48, 51, 54, and 72 hours), centrifuged to 

separate the supernatant and analysed 

spectrophotometrically to assess phenol 

degradation over time 

2.8 Immobilization of Bacterial Isolates for 

Enhanced Phenol Degradation Efficiency 

Production of Inoculum: To prepare bacterial 

isolates for immobilization, they were first 

inoculated in sterile nutrient broth and incubated for 

48 hours at 30°C with shaking at 200 rpm. After 

incubation, the bacterial cells were harvested and 

immobilized within a gel matrix to restrict their 

mobility in the medium. In this study, the bacteria 

were trapped in calcium alginate beads. 

Preparation of Embedding Medium: The 

embedding medium, or alginic acid gel, was 

prepared by mixing 2 g of sodium alginate with 50 

ml of de-ionized water to create a 4% solution. This 

mixture was stirred carefully to avoid air bubbles, 

autoclaved at 121°C for 20 minutes, and then stored 

in a refrigerator at 4°C. 

Preparation of Cross-Linking Reagent: The cross- 

linking reagent consisted of a calcium chloride 

solution. In a sterilized conical flask, 11.1 g of 

CaCl2 was dissolved in 500 ml of de-ionized water 

to make a 0.2 M solution. This solution was then 

autoclaved at 121°C for 20 minutes. 

Preparation of Immobilized Cells: Bacterial cells 

from isolates A2 and A7, grown in LB medium at 

30°C for 48 hours with shaking at 200 rpm, were 

harvested by centrifugation. For the immobilization 

process, the cell pellets (1.0 g wet weight for A2) 

were mixed with the 4% sodium alginate solution. 

The cell-alginate mixture was then extruded 

through a tube and injected into the 0.2 M calcium 

chloride solution using an electrostatic droplet 

generator. This process allowed the formation of 

alginate beads containing the immobilized bacterial 

cells. 

2.9 Efficient Number of Calcium alginate 

Beads for Phenol Degradation 

A varying number of beads (1 bead/ml, 2 beads/ml, 

3 beads/ml and 4 beads/ml) of immobilized cells of 

A2, A7 and a consortium of A2 and A7 isolates 

were mixed with an initial concentration of 1000 

ppm of phenol separately. Then the tubes were 

incubated under static conditions at 37◦C for 72 hrs. 

Aliquots were taken periodically every 24 hrs. to 

calculate the percentage of degradation. Samples 

were withdrawn into serum vials and supernatant 

obtained after centrifugation at 10,000 rpm for 10 

min was run through a spectrophotometer at 510 nm 

(λ max for phenol) [20]. 

3. Results 

3.1 Isolation and Identification of the Potential 

Phenol-Degrading Bacteria 

Contaminated soil and wastewater were used as a 

potential source to isolate high-performance 

phenol-degrading microorganisms. Bacterial 

isolates were tested for their ability to phenol 

degradation. Results showed that isolates from A1 

to A9 had different degradation percentages for (20, 

50, 75, 100 and 150 ppm) phenol concentrations 

ranged between 2.6 % and 99.9%. A2 and A7 

isolated strains illustrated the highest degradation 

percentage from 86% to 99.9% after 72 hrs. of 

incubation. Isolates A2, A7, were selected for 

further experiment. 

Identification of isolates A2 and A7 was performed 

through sequencing of the 16S ribosomal RNA gene 

(~960 bp). The sequences were analyzed using 

BLASTn and multiple sequence alignment with 

CLUSTAL W. Phenotypic characteristics and 

phylogenetic analysis were employed to construct a 

phylogenetic tree using BioEdit. The results 

identified isolate A2 as Stenotrophomonas sp., 

showing 99% similarity to Stenotrophomonas 

maltophilia strain MSL_3045 (KT719879.1). The 
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sequence of isolate A2 was deposited in the 

GenBank database under accession number 

MH078250 (Fig 1). Isolate A7 was identified as 

Pseudomonas sp. and deposited under accession 

number MH078251 (Fig 2). The sequences were 

compared and identified using BLAST and RDP. A 

phylogenetic tree was constructed based on 16S 

rRNA gene sequences, with multiple alignments 

performed using CLUSTAL-X. Evolutionary 

distances were calculated using the Tamura-Nei 

model, and the tree was constructed using the 

Neighbor-Joining method in MEGA4 software, 

with a bootstrap analysis of up to 1,000 iterations. 

LC507990.1 Pseudomonas monteilii JCM 13962 

MH078251 Pseudomonas sp.A7 

MF457486.1 Pseudomonas putida strain3 

MN049625.1 Pseudomonas sp. strain B23 

JN426990.1 Pseudomonas sp. cbp1-3 

KF515653.1 Pseudomonas plecoglossicida strain LJ3 

KU306077.1 Pseudomonas sp. N5-2 

MN256400.1 Pseudomonas fluorescens strain psf14 

MN208086.1 Pseudomonas sp. strain 382-a white 

HM047297.1 Pseudomonas sp. CA15 

JN934395.1 Pseudomonas sp. PDR15 

 

KT719879.1 Stenotrophomonas maltophilia strain MSL 3045 
 

 

MH078250.1 Stenotrophomonas sp. strain A2 
 

 
MN062950.1 Stenotrophomonas maltophilia strain EMP31 

 

 
KY910044.1 Stenotrophomonas sp. strain A1-4 

 

 
MH329934.1 Stenotrophomonas maltophilia strain Lewis Bac 6 

 

 
MH329933.1 Stenotrophomonas maltophilia strain Lewis Bac 5 

 

 
MN955420.1 Stenotrophomonas maltophilia strain ISO66 16S 

 

 
KY911545.1 Stenotrophomonas sp. strain sz7 

 

 

MN696513.1 Stenotrophomonas sp. strain N36-2-3-1 
 

 
MK824562.1 Bacterium strain BS1374 

 
MF948932.1 Pseudomonas sp. strain PrPx087 

 
FJ357602.1 Pseudomonas plecoglossicida strain BBN3C-02d 

EU931564.1 Pseudomonas putida strain ZFJ9 

KU862315.1 Pseudomonas monteilii strain DB19-3 

KX301316.1 Pseudomonas sp. DZ13 

KF358256.1 Pseudomonas plecoglossicida strain L13 

AY704919.1 Pseudomonas sp. CF1 

AF509330.1 Pseudomonas putida strain DSM 3601 

MN560132.1 Pseudomonas putida strain Atol3T 

 
MK824428.1 Bacterium strain BS1240 

 

 
MK824971.1 Bacterium strain BS1783 

 

 
MK824353.1 Bacterium strain BS1165 

 

 

MN733006.1 Stenotrophomonas maltophilia strain S11-4 16S 
 

 
KT734803.1 Stenotrophomonas maltophilia strain Zunyi-F 

 

 
MF289503.1 Stenotrophomonas sp. strain GSA2 16S 

 

 
MN493909.1 Stenotrophomonas sp. strain SNH-K56 

 

 
MN577375.1 Stenotrophomonas sp. strain SNH K97 

 

 
MH478205.2 Stenotrophomonas maltophilia strain AY2 

 

 
MH628244.1 Stenotrophomonas maltophilia strain FC6833 

 

 

 

Figure 1. Phylogenetic tree illustrating the 

relationships between isolate A2 and its closest 

bacterial species. The tree was constructed using 

BioEdit software. 

Figure 2. Phylogenetic tree illustrating the 

relationships between isolate A2 and its closest 

bacterial species. The tree was constructed using 

BioEdit software. 

3.2 The Effect of Initial Phenol Concentration 

on its Degradation using Stenotrophomonas 

sp. A2 and Pseudomonas sp. A7. 

Phenol concentrations degradation by the different 

strains was tested in the range from 100 mg/L to 

1000 mg/L in 100 mg/L increments, as shown in Fig 

3. The degradation percentage of phenol by 

Stenotrophomonas sp. decreased as the initial 

concentration increased, from 99.9% at 100 mg/L 

to 94.3% at 700 mg/L. Beyond 700 mg/L, the 

degradation further declined to 88% at 1000 mg/L. 

Interestingly, The degradation capacity of phenol 

by Pseudomonas sp. A7 reached over 95.4% up to 

600 ppm. However, its efficiency decreased 

continuously with increasing phenol concentration, 

dropping to 86.3% degradation at 1000 ppm after 

72 hours. This result indicates that isolated 

Pseudomonas sp strain maintains high degradation 

performance even at elevated initial phenol 

concentrations. 
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Figure 3. Influence of Phenol Concentration on 

Degradation Efficiency by Stenotrophomonas sp. 

and Pseudomonas sp. 

3.3 Impact of Temperature Variation on 

Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp. 

The degradation efficiency of phenol by 

Stenotrophomonas sp. improved from 88.0% to 

92.7% at an incubation temperature of 37°C under 

both static and shaking conditions after 72 hours. 

As the temperature increased from 20°C to 37°C, 

the degradation rate was consistent in both 

conditions. However, further increasing the 

temperature from 40°C to 50°C decreased the 

degradation percentage from 92.9% to 89%. 

For Pseudomonas sp., the degradation efficiency 

improved from 86.0% to 89.7% at 37°C under 

shaking conditions and from 86.8% to 91.1% under 

static conditions, as the temperature increased from 

20°C to 37°C. A further increase in temperature 

from 40°C to 50°C resulted in a 1% decrease in 

degradation efficiency. 
 

Figure 4. Impact of Temperature Variation on 

Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp. under 

static and shaking conditions. 

3.4 Influence of pH of Culture Medium on Phenol 

Degradation 

The maximum phenol removal was observed at 

neutral pH. As shown in Figure (5), 

Stenotrophomonas sp. exhibited high degradation 

efficiency, achieving 92.8% and 92.1% at pH 6 

and 7, respectively, after 72 hours of incubation 

with 1000 ppm of phenol under static conditions at 

37°C. Phenol degradation decreased as the 

medium pH deviated from neutral, with pH levels 

above 7 showing a negative correlation due to 

inhibited growth, resulting in incomplete phenol 

degradation. 

Similarly, Fig 5 demonstrates that Pseudomonas sp. 

showed high degradation efficiency, achieving 

91.4% and 91.8% at pH 6 and 7, respectively, after 

72 hours of incubation with 1000 ppm of phenol 

under static conditions at 37°C. As with 

Stenotrophomonas sp., phenol degradation 

decreased as the medium pH deviated from neutral, 

with pH levels above 7 negatively affecting growth 

and leading to incomplete degradation of phenol in 

the culture. 
 

Figure 5. Impact of pH Variation on Phenol 

Degradation Efficiency of Stenotrophomonas sp. 

and Pseudomonas sp. 

3.5 Impact of Contact Time Variation on 

Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp 

Stenotrophomonas sp.: The effect of contact time 

on phenol degradation by Stenotrophomonas sp. 

was studied at an initial phenol concentration of 

1000 ppm, with samples withdrawn at 3-hour 

intervals under static conditions at 37°C. As shown 

in Fig 6, the degradation of phenol increased 

linearly with time. Complete degradation was 

achieved at the 24th hour, with a degradation 

efficiency of 92.16%. 

Pseudomonas sp. A7: The impact of contact time on 

phenol degradation by Pseudomonas sp. A7 is also 

illustrated in Fig 6. Phenol was completely 

degraded within 24 hours, achieving a degradation 

efficiency of 91.76%. 
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Figure 6. Impact of Contact Time Variation on 

Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp. 

3.6 Impact of Immobilization and Number of 

Beads on Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp. 

Stenotrophomonas sp.: The effect of the number of 

alginate beads on phenol degradation by 

Stenotrophomonas sp. was studied to determine the 

optimal bead count for maximum degradation (fig 

7). Different numbers of beads (1, 2, 3, 4 beads/ml) 

were tested by adding them to 1000 ppm of phenol 

under optimal conditions (pH 7, 37°C, static) and 

measuring degradation after 72 hours. The 

degradation efficiency increased slightly with more 

beads, but the difference was not significant. 

Therefore, 2 beads/ml were used in subsequent 

experiments. The degradation percentage reached 

93.0% with immobilized cells, compared to 92.56% 

with free cells under the same conditions. 

Pseudomonas sp. A7: The degradation efficiency 

increased slightly with more beads, with no 

significant difference observed. Therefore, 2 

beads/ml were used in further experiments. 

Immobilizing Pseudomonas sp. A7 in calcium 

alginate beads increased the degradation percentage 

to 92.0%, compared to 91.3% with free cells under 

the same conditions (Fig 7). 
 

Figure 7. Impact of alginate beads number 

Variation on Phenol Degradation Efficiency of 

Stenotrophomonas sp. and Pseudomonas sp. 

4. Discussion 

Contaminated soil and wastewater were used for 

screening the biodegradation of phenol and its 

derivatives, the isolated bacteria were extensively 

studied, and a large number of phenol-degrading 

bacteria have been isolated and characterized at the 

physiological and genetic levels. Isolates A2, A7, 

were selected as the most potential phenol- 

degrading bacteria. The GenBank database was 

used to search for 16S rRNA sequences 

homologous to the 16S rRNA sequences of the new 

isolates. 

Multiple alignments of different 16S rRNA gene 

sequences downloaded from GenBank were 

performed using CLUSTAL-X software. 

Evolutionary distances were calculated by the 

Tamura-Nei model. The phylogenetic tree was 

constructed by the Neighbor-Joining method by 

MEGA4 software (Tamura et al. 2007), and a 

bootstrap analysis of up to 1,000 iterations was 

carried out. Results identified the isolated strain A2 

as Stenotrophomonas sp and A7 as Pseudomonas 

Sp. 

Previous microbiological studies showed that pure 

and mixed cultures of the Pseudomonas genus are 

the most commonly utilized biomass for the 

biodegradation of phenols and they are believed to 

have good potential for different biotechnological 

applications [21]. Specifically, Pseudomonas 

putida has been commonly used for the 

biodegradation of phenol due to its high removal 

efficiency [22]. 

Microorganisms grow within a set range of 

physiological parameters, but maximum growth is 

achieved only at the optimum conditions of these 

physiological parameters. Different physiological 

parameters that usually interfere in the 

biodegradation activity of a microbe are incubation 

temperature, pH of the medium, and maximum 

toxicity of the phenol were studied [23]. 

The study on phenol degradation across varying 

initial concentrations provides insights into the 

performance of different bacterial strains. For 

Stenotrophomonas sp., the degradation efficiency 

declined as the phenol concentration increased, 

starting at 99.9% at 100 mg/L and decreasing to 

94.3% at 700 mg/L. At concentrations above 700 

mg/L, the degradation efficiency further dropped to 

88% at 1000 mg/L. This trend indicates that while 

Stenotrophomonas sp. is highly effective at lower 

concentrations, its degradation capacity diminishes 

as the concentration of phenol increases. This could 

be attributed to the strain's potential limitations in 

handling higher loads of phenol, possibly due to the 

saturation of its metabolic pathways or enzyme 

systems. 
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In contrast, Pseudomonas sp. A7 demonstrated a 

high degradation efficiency of over 95.4% up to 600 

mg/L. Although the efficiency decreased with 

rising concentrations, reaching 86.3% at 1000 

mg/L, it still maintained relatively high 

performance compared to Stenotrophomonas sp.. 

This suggests that Pseudomonas sp. A7 has a robust 

degradation mechanism that allows it to effectively 

process phenol even at elevated concentrations. The 

continuous decrease in efficiency with higher 

concentrations reflects a similar challenge faced by 

many bacterial strains, where increased substrate 

concentration can inhibit degradation due to factors 

such as toxic effects or substrate inhibition. 

Overall, these results highlight the superior phenol 

degradation capacity of Pseudomonas sp. A7 at 

higher concentrations compared to 

Stenotrophomonas sp., indicating its potential for 

more effective application in bioremediation 

processes involving high levels of phenol 

contamination. 

Bioremediation studies showed the effect of contact 

time on phenol degradation by isolated P. putida. 

Indicating that phenol degradation occurred with 

the increase in the percentage degradation linearly 

with time. Phenol was completely degraded at 60 th 

hour. Polymenakou and Stephanou 2005 reported 

that, Pseudomonas sp. isolated from the petroleum- 

contaminated soil degrades phenol up to 1300 mg.l- 

1 within 156 hrs [24]. Similarly Chung, Tseng et al. 

2003 also reported that, Pseudomonas putida 

degrades phenol up to 2000 mg.l-1 within 156 hrs 

[26]. Ravikumar, Parimala et al. 2011 reported that 

among thirty two morphologically different strains, 

Pseudomonas putida, Bacillus sp and Pyrococcus 

horikoshii was found as better strains for phenol 

degradation which are isolated from the retting 

water. In that Pseudomonas putida showed the 

complete degradation of phenol up to 2000 mg/L 

within 144 hrs [26]. 

Our results also demonstrate a clear, linear 

relationship between contact time and phenol 

degradation efficiency for the isolated 

Stenotrophomonas sp. The degradation efficiency 

increased progressively with time, culminating in 

complete degradation at the 24-hour mark, with a 

final degradation efficiency of 92.16%. This 

indicates that Stenotrophomonas sp. can effectively 

degrade phenol within a relatively short time frame 

under optimal conditions. The linear increase in 

degradation efficiency suggests a robust metabolic 

capacity of Stenotrophomonas sp. to utilize phenol 

as a carbon source, facilitating the breakdown of 

phenol consistently over time. 

Similarly, Pseudomonas sp. A7 exhibited a high 

phenol degradation efficiency, achieving complete 

degradation within 24 hours with an efficiency of 

91.76%. This result underscores the potential of 

Pseudomonas sp. A7 is a highly effective phenol- 

degrading bacterium. The efficiency observed in 

Pseudomonas sp. A7 was comparable to that of 

Stenotrophomonas sp., suggesting that both strains 

are well-suited for bioremediation applications 

involving phenol. 

Temperature plays an important role than nutrient 

availability in the degradation of organic pollutants. 

Sudden exposure to temperatures higher than 35◦C 

may have a detrimental effect on the bacterial 

enzymes that are usually responsible for the 

benzene ring cleavage, which is the key step in the 

biodegradation process. On the other hand, 

exposure to temperatures much lower than 30◦C 

was expected to slow down the bacterial activity 

and enhance the inhibitory effect of phenol on the 

bacteria, especially for high phenol concentrations. 

Most of the studies on phenol biodegradation had 

been carried out in the temperature range of 25- 

35◦C [27]. 

The study on phenol degradation by 

Stenotrophomonas sp. revealed that degradation 

efficiency increased from 88.0% to 92.7% at 37°C 

under both static and shaking conditions after 72 

hours. This suggests that the strain performs 

optimally at this temperature. However, further 

increasing the temperature to 50°C led to a decrease 

in degradation efficiency, from 92.9% to 89%. This 

decline indicates that higher temperatures may 

negatively impact the strain's performance. 

Similarly, Pseudomonas sp. showed improved 

degradation efficiency, rising from 86.0% to 89.7% 

under shaking conditions and from 86.8% to 91.1% 

under static conditions at 37°C. Like 

Stenotrophomonas sp., an increase in temperature 

from 40°C to 50°C resulted in a slight decrease in 

degradation efficiency by 1%. These results 

underscore the importance of maintaining an 

optimal temperature for effective phenol 

degradation This is indifferent with previous data 

on Pseudomonas experiment shows P. 

desmolyticum degraded more phenol per day at 32 

C than at any other temperature suggesting the 

value of both of the isolated trains exhibiting 

slightly reduced performance at higher 

temperatures. 

Most of organisms cannot tolerate pH values below 

4.0 and above 9.0 as it affects the metabolic 

pathway and denatures the proteins finally proving 

to be lethal [28]. 

For the isolated Stenotrophomonas sp., our results 

indicate high degradation efficiency at pH 6 and 7, 

with phenol removal efficiencies of 92.8% and 

92.1%, respectively, after 72 hours of incubation at 

1000 ppm phenol concentration under static 

conditions  at  37°C.  This  suggests  that 
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Stenotrophomonas sp. thrives and performs 

effectively in slightly acidic to neutral pH 

conditions. The decline in degradation efficiency at 

pH levels above 7 suggests that Stenotrophomonas 

sp. is sensitive to alkaline conditions, which 

negatively affect its growth and enzymatic activity, 

leading to incomplete phenol degradation. 

Similarly, the isolated Pseudomonas sp. also 

demonstrated high degradation efficiency at pH 6 

and 7, achieving 91.4% and 91.8% degradation, 

respectively, under the same conditions. The 

observed decrease in degradation efficiency at pH 

levels above 7 mirrors the results seen with 

Stenotrophomonas sp., indicating that 

Pseudomonas sp. also experiences reduced 

performance in alkaline environments. The pH- 

induced inhibition of growth and metabolic activity 

in both strains suggests that the phenol degradation 

processes are optimized in neutral to slightly acidic 

conditions. 

These findings underline the importance of 

maintaining neutral pH conditions for maximizing 

phenol degradation in bioremediation applications. 

Both bacterial strains demonstrated optimal phenol 

degradation at pH levels close to neutral, reflecting 

their adaptation to environments with moderate 

acidity or alkalinity. The decreased efficiency 

observed at higher pH levels highlights the need to 

carefully control the pH in bioremediation systems 

to ensure effective degradation of phenolic 

compounds. 

 

Previous research has shown that phenols tend to 

exist in undissociated form under these conditions 

and electrostatic force cannot prevent them from 

entering cells. Previous results indicated that the 

optimum for phenol degradation is 7.0 for 

Pseudomonas putida [29]. The follow-up of the 

medium pH can be an indicator of phenol 

degradation and one of the factors significant in the 

success of the biological treatment. The pH 

significantly affects the biochemical reactions 

required for phenol degradation. The rate of 

degradation also declines slightly for pH values 

higher than 7 and then stabilizes as reaches pH of 9 

[30]. 

One of the key points for bioremediation is 

maintaining a high biomass of bacterial 

populations. To improve the survival and retention 

of the bioremediation agents in the contaminated 

sites, bacterial cells must be immobilized. 

Immobilized cells have been extensively used in the 

production of useful chemicals, treatment of 

wastewater and bioremediation of pollution cause 

of their longer operating lifetime and enhanced 

stability and survival of the cells [31]. To improve 

the survival and retention of the bioremediation 

agents in the contaminated sites, bacterial cells must 

be immobilized. Immobilized cells are widely tested 

for a variety of applications. Many types of support 

and immobilization techniques can be selected 

based on the sort of application [32]. 

The use of immobilized cells has been investigated 

as an alternative technology for environmental 

applications. These biocatalysts can offer the 

possibility of a wider and more economical 

exploitation in industry, waste treatment, medicine, 

development of bioprocess and monitoring devices 

like the biosensor 

Stenotrophomonas sp. achieved a degradation 

efficiency of 93.0% with immobilized cells, 

compared to 92.56% with free cells. This suggests 

that while immobilization provides a modest 

improvement, the effect is relatively small, 

indicating that other factors may play a more 

significant role in enhancing degradation efficiency. 

Similarly, for Pseudomonas sp. A7, increasing the 

number of beads also led to a slight improvement in 

degradation efficiency, with 2 beads/mL being 

chosen for subsequent experiments due to the lack 

of significant difference at higher concentrations. 

Immobilizing Pseudomonas sp. A7 in calcium 

alginate beads resulted in a degradation efficiency 

of 92.0%, compared to 91.3% with free cells. This 

shows a slight advantage of immobilization, 

although, like with Stenotrophomonas sp., the 

improvement is not dramatic. 

Overall, while immobilization with alginate beads 

provides some benefit to phenol degradation for 

both bacterial strains, the improvement is modest. 

The choice of 2 beads/mL as the optimal 

concentration balances practicality and 

performance. The results suggest that while 

immobilization can enhance bacterial activity, the 

overall impact may be limited by factors such as 

bead permeability, bacterial attachment, and 

interaction with the phenol substrate. Further 

optimization of bead formulation and concentration 

may be needed to achieve more substantial 

improvements in degradation efficiency. 

5. Conclusion 

This study has successfully isolated and 

characterized phenol-degrading bacteria from 

contaminated soil and wastewater, identifying 

Stenotrophomonas sp. (A2) and Pseudomonas sp. 

A7 as highly effective strains for phenol 

bioremediation. Comprehensive physiological and 

genetic analyses, including 16S rRNA sequence 

comparisons using GenBank, confirmed the 

identities of these isolates. The phylogenetic 

analysis revealed that Stenotrophomonas sp. and 

Pseudomonas sp. A7 are well-suited for phenol 

degradation  due  to  their  efficient  metabolic 
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pathways. 

Our investigation into phenol degradation at 

various concentrations demonstrated that 

Stenotrophomonas sp. exhibited high degradation 

efficiency at lower concentrations but showed a 

decline as phenol concentration increased, from 

99.9% at 100 mg/L to 88% at 1000 mg/L. In 

contrast, Pseudomonas sp. A7 maintained superior 

degradation performance at higher concentrations, 

with efficiencies exceeding 95.4% up to 600 mg/L 

and dropping to 86.3% at 1000 mg/L, highlighting 

its robustness in handling elevated phenol levels. 

The impact of physiological parameters on 

degradation was also significant. Both strains 

showed optimal phenol degradation at neutral pH, 

with performance diminishing in alkaline 

conditions. Temperature studies revealed that both 

strains functioned most effectively at 37°C, with 

decreased efficiency at higher temperatures, 

underscoring the importance of maintaining 

optimal environmental conditions for effective 

bioremediation. 

The study also demonstrated that immobilizing 

bacterial cells in alginate beads offered only modest 

improvements in degradation efficiency. 

Stenotrophomonas sp. and Pseudomonas sp. A7 

showed slight enhancements in phenol degradation 

with immobilization, suggesting that while bead 

immobilization can be beneficial, it may not 

dramatically alter degradation performance. Further 

research into optimizing bead formulations and 

concentrations could provide more significant 

improvements. 

Overall, Pseudomonas sp. A7 emerged as a 

particularly promising candidate for bioremediation 

of phenolic pollutants due to its high degradation 

capacity across a range of concentrations, making it 

a strong candidate for applications in environments 

with high phenol contamination. 

6. References 

1. FAO. Our priorities - The Strategic Objectives of 

Khilchevskyi V, Karamushka V. Global water 

resources: distribution and demand. In Clean Water 

and Sanitation. Cham: Springer International 

Publishing; 2021. p. 1-11. 

https://doi.org/10.1007/978-3-319-70061-8_101-1 

2. Okafor CO, Ude UI, Okoh FN, Eromonsele BO. Safe 

Drinking Water: The Need and Challenges in 

Developing Countries. In Water Quality-New 

Perspectives. IntechOpen; 2024. 

3. Mishra RK. Fresh water availability and its global 

challenge. Br J Multidiscip Adv Stud. 2023;4(3):1- 
78. https://doi.org/10.37745/bjmas.2022.0208 

4. Armour MA. Hazardous laboratory chemicals 

disposal guide. CRC Press; 1996. Bailey K, Kon S, 

Dickens F, O'Brien J, King E, Rimington C, Todd 

BKA. Biochemical Engineering Fundamentals. 

McGraw-Hill, New York; 1986. p. 984. 

https://doi.org/10.1201/b12375 

5. Ollis DF. Photocatalytic purification and remediation 

of contaminated air and water. C R Acad Sci Ser IIC 

Chem. 2000;3(6):405-11. 
https://doi.org/10.1016/S1387-1609(00)01169-5 

6. Shetty SS, Sonkusare S, Naik PB, Madhyastha H. 

Environmental pollutants and their effects on human 

health. Heliyon. 2023;9 

https://doi.org/10.1016/j.heliyon.2023.e19496 

7. Al-Ghouti MA, Khan M, Nasser MS, Al-Saad K, 

Heng OE. Recent advances and applications of 

municipal solid wastes bottom and fly ashes: Insights 

into sustainable management and conservation of 

resources. Environ Technol Innov. 2021;21:101267. 

https://doi.org/10.1016/j.eti.2020.101267 

8. Pironti C, Ricciardi M, Proto A, Bianco PM, 

Montano L, Motta O. Endocrine-disrupting 

compounds: An overview on their occurrence in the 

aquatic environment and human exposure. Water. 

2021;13(10):1347. 

https://doi.org/10.3390/w13101347 

9. Campanella L, Beone T, Sammartino M, Tomassetti 

M. Determination of phenol in wastes and water 

using an enzyme sensor. Analyst. 1993;118(8):979- 

86. 

https://doi.org/10.1039/an9931800979 

10. Panigrahy N, Priyadarshini A, Sahoo MM, Verma 

AK, Daverey A, Sahoo NK. A comprehensive review 

on eco-toxicity and biodegradation of phenolics: 

Recent progress and future outlook. Environ Technol 

Innov. 2022;27:102423. 
https://doi.org/10.1016/j.eti.2022.102423 

11. Berillo D, Al-Jwaid A, Caplin J. Polymeric materials 

used for immobilisation of bacteria for the 

bioremediation of contaminants in water. Polymers 

(Basel). 2021;13(7):1073. 

https://doi.org/10.3390/polym13071073 

12. Mehrotra T, Dev S, Banerjee A, Chatterjee A, Singh 

R, Aggarwal S. Use of immobilized bacteria for 

environmental bioremediation: A review. J Environ 

Chem Eng. 2021;9(5):105920. 
https://doi.org/10.1016/j.jece.2021.105920 

13. Ghoshoon MB, Raee MJ, Shabanpoor MR, Dehghani 

Z, Ebrahimi N, Berenjian A, et al. Whole cell 

immobilization of recombinant E. coli cells by 

calcium alginate beads; evaluation of plasmid 

stability and production of extracellular L- 

asparaginase. Sep Sci Technol. 2022;57(17):2836- 

42. 

https://doi.org/10.1080/01496395.2021.1962910 

14. Careghini A, Mastorgio AF, Saponaro S, Sezenna E. 

Bisphenol A, nonylphenols, benzophenones, and 

benzotriazoles in soils, groundwater, surface water, 

sediments, and food: a review. Environ Sci Pollut Res

 Int. 2015;22(8):5711-41. 
https://doi.org/10.1007/s11356-014-3974-5 

15. Chen S, Arnold WA, Novak PJ. Encapsulation 

technology to improve biological resource recovery: 

recent advancements and research opportunities. 

Environ Sci Water Res Technol. 2021;7(1):16-23. 

https://doi.org/10.1007/978-3-319-70061-8_101-1
https://doi.org/10.37745/bjmas.2022.0208
https://doi.org/10.1201/b12375
https://doi.org/10.1016/S1387-1609(00)01169-5
https://doi.org/10.1016/j.heliyon.2023.e19496
https://doi.org/10.1016/j.eti.2020.101267
https://doi.org/10.3390/w13101347
https://doi.org/10.1039/an9931800979
https://doi.org/10.1016/j.eti.2022.102423
https://doi.org/10.3390/polym13071073
https://doi.org/10.1016/j.jece.2021.105920
https://doi.org/10.1080/01496395.2021.1962910
https://doi.org/10.1007/s11356-014-3974-5


Future Perspectives of Medical, Pharmaceutical and Environmental Biotechnology ISSN: 3009 Vol. 1 

Saad al, 2024 
P a g e | 27 

 

 

https://doi.org/10.1039/D0EW00750A 

16. Mohanty SS, Kumar A. Enhanced degradation of 

anthraquinone dyes by microbial monoculture and 

developed consortium through the production of 

specific enzymes. Sci Rep. 2021;11(1):7678. 

https://doi.org/10.1038/s41598-021-87227-6 

17. Boroujeni NA, Hassanshahian M, Khoshrou SMR. 

Isolation and characterization of phenol degrading 

bacteria from Persian Gulf. Int J Adv Biol Biomed 

Res. 2014;2(2):408-16. 

18. Petrozzi S. An open-ended experiment: Development 

from batch to automated flow injection analysis for 

phenolics determination. J Chem Educ. 

2009;86(11):1311. 

https://doi.org/10.1021/ed086p1311 

19. Nandish MS. Microbial degradation of phenol and 

pentachlorophenol [doctoral dissertation]. 

Bangalore: University of Agricultural Sciences 

GKVK; 2009. 

20. Smrdel P, Bogataj M, Mrhar A. The influence of 

selected parameters on the size and shape of alginate 

beads prepared by ionotropic gelation. Sci Pharm. 

2008;76(1):77-90. 

https://doi.org/10.3797/scipharm.0611-07 

21. Medić AB, Karadžić IM. Pseudomonas in 

environmental bioremediation of hydrocarbons and 

phenolic compounds-key catabolic degradation 

enzymes and new analytical platforms for 

comprehensive investigation. World J Microbiol 

Biotechnol. 2022;38(10):165. 

https://doi.org/10.1007/s11274-022-03349-7 

22. Monteiro AA, Boaventura RA, Rodrigues AE. 

Phenol biodegradation by Pseudomonas putida DSM 

548 in a batch reactor. Biochem Eng J. 2000;6(1):45- 

9. 
https://doi.org/10.1016/S1369-703X(00)00072-3 

23. Kebede G, Tafese T, Abda EM, Kamaraj M, Assefa 

F. Factors influencing the bacterial bioremediation of 

hydrocarbon contaminants in the soil: mechanisms 

and impacts. J Chem. 2021;2021:9823362. 

https://doi.org/10.1155/2021/9823362 

24. Polymenakou PN, Stephanou EG. Effect of 

temperature and additional carbon sources on phenol 

degradation by an indigenous soil Pseudomonad. 

Biodegradation. 2005;16(5):403-13. 

https://doi.org/10.1007/s10532-004-3333-1 

25. Chung TP, Tseng HY, Juang RS. Mass transfer effect 

and intermediate detection for phenol degradation in 

immobilized Pseudomonas putida systems. Process 

Biochem. 2003;38(10):1497-507. 

https://doi.org/10.1016/S0032-9592(03)00038-4 

26. Ravikumar S, Parimala P, Gokulakrishnan R. 

Biodegradation of phenolic compounds by using 

halotolerant microbes. Int J Plant Anim Environ Sci. 

2011;1(2):38-45. 

27. Punetha A, Saraswat S, Rai JP. An insight on 

microbial degradation of benzo[a]pyrene: current 

status and advances in research. World J Microbiol 

Biotechnol. 2022;38(4):61. 

https://doi.org/10.1007/s11274-022-03250-3 

 

 

28. Mamo G. Challenges and adaptations of life in 

alkaline habitats. Alkaliphiles in Biotechnology. 

2020:85-133. 
https://doi.org/10.1007/10_2019_97 

29. Lin YH, Gu YJ. Biodegradation kinetic studies of 

phenol and P-cresol in a batch and continuous stirred- 

tank bioreactor with Pseudomonas putida ATCC 

17484 cells. Processes. 2021;9(1):133. 

https://doi.org/10.3390/pr9010133 

30. Juang RS, Wu CY. Microbial degradation of phenol 

in high-salinity solutions in suspensions and hollow 

fiber membrane contactors. Chemosphere. 

2007;66(1):191-8. 
https://doi.org/10.1016/j.chemosphere.2006.04.070 

31. Saha P, Bhaskara Rao KV. Immobilization as a 

powerful bioremediation tool for abatement of dye 

pollution: a review. Environ Rev. 2021;29(2):277- 

99. 

https://doi.org/10.1139/er-2020-0074 

32. Maghraby YR, El-Shabasy RM, Ibrahim AH, Azzazy 

HM. Enzyme immobilization technologies and 

industrial applications. ACS Omega. 

2023;8(6):5184-96. 
https://doi.org/10.1021/acsomega.2c07560 
 
Copyright: © [2024] Saad et al . This article is distributed 
under the terms of the Creative Commons Attribution 4.0 

International License  
(http://creativecommons.org/licenses/by/4.0/),  

which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original author 
and source are credited 
 
 

Timeline of Publication 
Received   Date: 8 June 2024 
Revised     Date: 27 June 2024 

Accepted   Date: 1 July 2024 

Published  Date: 3 July 2024 

https://doi.org/10.1039/D0EW00750A
https://doi.org/10.1038/s41598-021-87227-6
https://doi.org/10.1021/ed086p1311
https://doi.org/10.3797/scipharm.0611-07
https://doi.org/10.1007/s11274-022-03349-7
https://doi.org/10.1016/S1369-703X(00)00072-3
https://doi.org/10.1155/2021/9823362
https://doi.org/10.1007/s10532-004-3333-1
https://doi.org/10.1016/S0032-9592(03)00038-4
https://doi.org/10.1007/s11274-022-03250-3
https://doi.org/10.1007/10_2019_97
https://doi.org/10.3390/pr9010133
https://doi.org/10.1016/j.chemosphere.2006.04.070
https://doi.org/10.1139/er-2020-0074
https://doi.org/10.1021/acsomega.2c07560

