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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in 
fulfilment of the requirement for the degree of Doctor of Philosophy 

BIODEGRADATION OF PHENOL BY FREE AND IMMOBILISED CELLS 
OF LOCALLY-ISOLATED BACTERIA 

By 

ABUBAKAR AISAMI 

May 2017 

Chairman :   Associate Professor Mohd. Yunus Bn Abd.Shukor, PhD 

Faculty :   Biotechnology and Biomolecular Sciences 

Phenol is mainly used by the industries to produce a variety of chemical products such 

as resins, textiles, pesticides, plastics and explosive. Due to the wider use of phenol 

and other phenolic compounds by industries, this has resulted in an increased presence 

of these toxic compounds in the environment. In Malaysia, phenol and phenolic 

compounds rank among the top three scheduled wastes with thousands of tonnes being 

produced yearly for disposal. In Malaysia about 37.7 metric tonnes of phenol and 

phenol-containing wastes are produced in 2014, there is also an incident of tanker 

accidents Straits of  Malacca in 2003 where tonnes of phenol spilt into the river and 

the  Kapar power plant in Klang, Selangor uses coal thereby producing phenol as a 

by-product.These make phenol one of the environmental problem in Malaysia. Bio-

removal of phenol by microorganisms especially bacteria has been demonstrated to be 

the most effective and economical approach compared to physio-chemical methods. 

The search for efficient phenol-degraders especially local sources to remediate local 

phenol pollution is important as indigenous bacteria usually have better survival and 

resilient to local geographical conditions. In this study, phenol-degrading 

microorganisms were isolated from local soils and water bodies. Identification was 

carried out using 16s rRNA gene sequencing and molecular phylogeny analysis using 

the Phylip software. The isolates were inoculated in mineral salt media with 0.5 g/L 

phenol as the sole source of carbon. Phenol degradation was determined using 4-amino 

antipyrine method. Physical and cultural conditions influencing phenol degradation 

such as pH, temperature, nature of bacteria, salinity, and nitrogen source were 

optimised via one-factor-at-a-time and response surface methodology (RSM). The 

robust and hardy Gellan gum was used for the immobilisation of bacterial cells and 

also the ortho and meta-pathways for phenol degradation were elucidated. The highest 

degradation was achieved at pH 7.5 (phosphate buffer) for all of the three isolates, 

with an optimum temperature of 30°C for Pseudomonas sp. AQ5-04 and Alcaligenes 

sp. AQ5-02 and 32.5°C for Serratia sp. AQ5-03. Ammonium sulphate was established 
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to be the best nitrogen source at the concentration of 0.4 g/L for all three isolates and 

a sodium chloride concentration of 0.1 g/L for Alcaligenes sp. AQ5-02 and 0.15 g/L 

for Serratia sp. AQ5-03. However, Pseudomonas sp. AQ5-04 could tolerate up to 0.2 

g/L of sodium chloride. This indicates that these isolates are not suitable for 

remediation of phenol in the marine environment. Immobilisation has reduced the 

incubation period from 48 h to 24 h for all three isolates, with Pseudomonas sp. AQ5-

04 showing the best reusability of 22 cycles compared to 16 and 14 cycles for 

Alcaligenes sp. AQ5-02 and Serratia sp. AQ5-03, respectively. The immobilised cell 

of Alcaligenes sp. AQ5-02, Serratia sp. AQ5-03 and Pseudomonas sp. AQ5-04 can 

degrade up to 1900 mg/L. All the three isolates have the ability to degrade phenol both 

in free and immobilised cells. Immobilisation has significantly enhanced their 

biodegradation ability. Pseudomonas sp. AQ5-04 has the highest reusability as well 

as tolerating slightly high salinity. The meta pathway for phenol degradation was 

detected for Alcaligenes sp. AQ5-02 Pseudomonas sp. AQ5-04 while the ortho 

pathway was detected for, Serratia sp. AQ5-03. The accuracy and statistical analysis 

of the kinetic models used show that the best model was Luong for all bacterial growth 

curves with the lowest values for root mean square error or RMSE and adjusted Akaike 

Information criteria AICc, highest adjusted R2 values, and with Bias Factor and 

Accuracy Factor nearest to unity (1.0) for Pseudomonas sp. AQ05-04  and Serratia 

sp. AQ05-03, with the exception of Alcaligenes sp. AQ05-02 where the AICc value 

was not the lowest but the rest of the statistical analysis values still overwhelmingly 

pinpointing the Luong model as the best model for  Alcaligenes sp. AQ05-02. The 

calculated value for the Luong’s constants maximal growth rate, half saturation 

constant for maximal growth, maximal concentration of substrate tolerated and curve 

parameter that defines the steepness of the growth rate decline from the maximum 

rate, symbolized by umax, Ks, Sm, and n were 0.10±0.02 hr-1, 0.02±0.01 g/L, 2.05±0.06 

g/L and 0.80±0.20 (± 95% confidence interval) for Pseudomonas sp. AQ05-04, 

0.07±0.02 hr-1, 0.02±0.01 g/L, 1.18±0.03 g/L and 1.16±0.23 for Serratia sp.AQ05-03, 

and 0.07±0.01 hr-1, 0.18±0.03 g/L, 1.27±0.24 g/L and 6.60±0.94 for Alcaligenes sp. 

AQ05-02, respectively. It appears that the highest maximum growth rate on phenol 

was exhibited by Pseudomonas sp. AQ05-04, while both Serratia sp.AQ05-03 and 

Alcaligenes sp. AQ05-02 had similar lower growth rates indicating that Pseudomonas 

sp. AQ05-04 showed a higher efficient growth rate on phenol.  
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Fenol digunakan terutamanya oleh industri untuk menghasilkan pelbagai bahan kimia 

seperti resin, tekstil, racun perosak, plastik dan bahan letupan. Oleh kerana 

penggunaan yang meluas oleh industri, kehadiran fenol dan sebatian fenolik lain 

dalam alam sekitar semakin meningkat. Di Malaysia, fenol dan sebatian fenolik adalah 

di antara tiga bahan buangan terjadual teratas dengan beribu-ribu tan dihasilkan setiap 

tahun untuk dilupuskan. Di Malaysia, lebih kurang 37.7 tan metrik bahan buangan 

yang mengandungi phenol dan sebatian fenolik dihasilkan pada 2014, dan ini 

diburukkan lagi oleh kejadian tumpahan fenol di Melaka yang berlaku pada tahun 

2003. Kejadian yang sama turut berlaku di pusat penjana kuasa di Kapar , Klang 

Selangor di mana bahan sampingan pemprosesan arang batu dilepaskan di alam 

sekitar. Ini menjadikan fenol sebagai salah satu bahan pencemar alam sekitar yang 

penting untuk dirawat di Malaysia. Bio-penyingkiran fenol oleh mikroorganisma 

terutamanya bakteria merupakan satu pendekatan yang paling berkesan dan bersifat 

ekonomi berbanding dengan kaedah fisiko-kimia. Pencarian isolat pengurai fenol 

terutamanya dari sumber tempatan untuk mengatasi pencemaran fenol adalah penting 

kerana bakteria asli biasanya mempunyai rintangan hidup yang lebih baik dan kuat 

terhadap keadaan geografi tempatan. Dalam kajian ini, mikroorganisma pengurai 

fenol telah diisolatkan daripada tanah  dan air. Identifikasi telah dijalankan dengan 

menggunakan penjujukan gen 16s rRNA dan analisis filogeni molekul menggunakan 

perisian Phylip. Isolat-isolat ini diinokulumkan dalam media garam mineral dengan 

0.5 g /L fenol sebagai satu-satunya sumber karbon. Degradasi fenol ditentukan dengan 

menggunakan kaedah 4-amino antipirina. Ciri-ciri fizikal dan kultur yang 

mempengaruhi degradasi fenol seperti pH, suhu, jenis bakteria, darjah kemasinan, dan 

sumber nitrogen telah dioptimumkan melalui kaedah satu faktor-per-masa dan kaedah 

gerak balas permukaan (RSM). Gam Gellan yang tahan lasak telah digunakan untuk 

menyekatgerak sel-sel bakteria dan juga kajian tapakjalan laluan orto dan meta untuk 

degradasi fenol telah dikaji. Degradasi tertinggi dicapai pada pH 7.5 (penimbal fosfat) 
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untuk ketiga-tiga isolat, dengan suhu optimum 30 °C untuk Pseudomonas sp. AQ5-04 

dan Alcaligenes sp. AQ5-02 dan 32.5 °C untuk Serratia sp. AQ5-03. Amonium sulfat 

merupakan sumber nitrogen yang terbaik pada kepekatan 0.4 g / L bagi ketiga-tiga 

isolat, dan natrium klorida pada kepekatan 0.1 g/L untuk Alcaligenes sp. AQ5-02 dan 

0.15 g/L untuk Serratia sp. AQ5-03. Walaubagaimanapun, Pseudomonas sp. AQ5-04 

boleh bertahan sehingga kepekatan natrium klorida pada 0.2 g/L. Ini menunjukkan 

bahawa isolat-isolat ini tidak sesuai untuk meremediasi fenol dalam persekitaran 

marin. Sekatgerak telah mengurangkan tempoh pengeraman dari 48 jam ke 24 jam 

untuk ketiga-tiga isolat, dengan Pseudomonas sp. AQ5-04 boleh digunapakai 

sehingga 22 kitaran berbanding 16 dan 14 kitaran untuk Alcaligenes sp. AQ5-02 dan 

Serratia sp. AQ5-03, masing-masing. Sel tersekatgerak daripada Alcaligenes sp. AQ5-

02, Serratia sp. AQ5-03 dan Pseudomonas sp. AQ5-04 boleh mengurai fenol sehingga 

1900 mg/L. Ketiga-tiga isolat mempunyai keupayaan untuk menguraikan fenol dalam 

keadaan bebas dan tersekatgerak. Proses sekatgerak telah mempertingkatkan 

keupayaan biodegradasi isolat-isolat ini dengan ketara. Pseudomonas sp. AQ5-04 

mempunyai kebolehgunaan serta mempunyai kerintangan paling tinggi pada garam. 

Tapakjalan meta untuk penguraian fenol telah dikenalpasti untuk Alcaligenes sp. 

AQ5-02 Pseudomonas sp. AQ5-04 manakala tapakjalan orto pula dikenalpasti untuk 

Serratia sp. AQ5-03. Ketepatan dan analisis statistikal pada model kinetik yang 

digunakan menunjukkan bahawa model yang paling terbaik adalah model Luong 

untuk semua kelok pertumbuhan bakteria dengan nilai paling rendah untuk akar min 

ralat kuasa dua RMSE dan kriteria maklumat Akaike terselaras AICc, nilai paling 

tinggi untuk R2 diselaras, dan dengan Faktor Berat Sebelah dan Faktor Ketepatan 

paling hampir kepada satu (1.0) untuk Pseudomonas sp. AQ05-04 dan Serratia sp. 

AQ05-03, melainkan Alcaligenes sp. AQ05-02 di mana nilai AICcnya bukanlah yang 

paling rendah tetapi analisis statistik menunjukkan nilai-nilai penunjuk lain adalah 

lebih menjurus kepada model Luong sebagai model terbaik untuk Alcaligenes sp. 

AQ05-02. Nilai yang dikira bagi pemalar Luong ini seperti kadar pertumbuhan 

maksimum, pemalar ketepuan separa untuk pertumbuhan maksimum, kepekatan 

maksimum substrat yang dapat ditoleransi dan parameter lengkung yang mentakrifkan 

kecuraman penurunan kadar pertumbuhan daripada kadar maksimum yang 

dilambangkan oleh by umax, Ks, Sm, dan n adalah 0.10±0.02 hr-1, 0.02±0.01 g/L, 

2.05±0.06 g/L dan 0.80±0.20 (± 95% sela keyakinan) untuk Pseudomonas sp. AQ05-

04, 0.07±0.02 hr-1, 0.02±0.01 g/L, 1.18±0.03 g/L dan 1.16±0.23 unutk Serratia 

sp.AQ05-03, dan 0.07±0.01 hr-1, 0.18±0.03 g/L, 1.27±0.24 g/L dan 6.60±0.94 untuk 

Alcaligenes sp. AQ05-02, masing-masing. Kadar pertumbuhan maksimum tertinggi 

untuk fenol telah dipamerkan oleh Pseudomonas sp. AQ05-04, manakala kedua-dua 

Serratia sp.AQ05-03 dan Alcaligenes sp. AQ05-02 mempunyai kadar pertumbuhan 

rendah yang sama menunjukkan bahawa Pseudomonas sp. AQ05-04 mempunyai 

kadar pertumbuhan menggunakan fenol yang lebih efisien.  
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CHAPTER 1 

 INTRODUCTION 

Environmental pollution is one of the major concerns in the 21st century; where 

billions of tonnes of harmful chemicals are produced by industries such as petroleum, 

paints, food, rubber, and plastic. These toxicants get their ways into the environment 

through air, soil, and water. Combustion of fuel, burning activities and power stations 

are the major sources of air pollution where volatile hydrocarbons are released into 

the air (DOE, 2009). Air pollutions can lead to many respiratory, cardiovascular and 

liver diseases ( Brook et al., 2004; Ko and Hui, 2010). Discharging untreated harmful 

compounds and heavy metals are the primary sources of water and soil pollution. Also, 

oil spillage from petroleum industries contributes a lot to the global incidence of soil 

and water pollutions (Hossain et al., 2009). Among the phenolic compounds, phenol 

is the most commonly used by industries and is the precursor for the synthesis of many 

industrial chemicals. 

Phenol and its derivatives infiltrate ecosystems as the consequence of drainage of the 

Metropolitan or industrial sewage to shallow water bodies and soil. Phenolic 

compounds pollutions in the aquatic environment can alter the biodiversity of this 

environment due to their toxicity (Lika and Papadakis, 2009; Pradeep et al., 2015). 

Acute exposure to phenol is recognised to cause discomfort of the gastrointestinal, 

headaches, and irritation of the skin in human. Phenolic compounds are readily 

absorbed through skin and mucosa and may be toxic to the nervous system, heart, 

kidneys, and the liver (Wang et al., 2011). Toxicity of phenol towards plants has been 

ascertained although plants are relatively resistant towards phenol. For instance, 

wilting and ultimately death was observed when willow tree was exposed to phenol 

as high as 1,000 mg/L (Ucisik and Trapp, 2008). In animals, phenol can also prevent 

synthesis and replication of DNA in cells. A study discovered that phenol inhibits 

replication of DNA in diploid human fibroblasts (Michalowicz and Duda, 2007). 

Exposure to phenol for less than 14 days (short-term exposure) and the long-term 

exposure (more than 14 days) can cause a health problem. 

Plastic, coke and petroleum industries produce the highest effluents containing phenol 

(up to 7 g/L). These industrial waste are treated with physiochemical methods. 

However, the physiochemical methods alone are not efficient due to the high cost and 

also the generation of secondary pollutions (González et al., 2006; Suhaila et al., 

2013). In Malaysia, nearly all of the monitoring station for monitoring groundwater 

quality showed phenol levels exceeding the National Guidelines for Drinking Water 

Quality 2000 (NGDWQ) indicating a serious issue with phenol pollution that needs 

urgent attention (DOE, 2015). About 37.7 metric tonnes of phenol and phenol-

containing wastes are produced in 2014 in Malaysia (DOE, 2015). Phenol pollution is 

also a problem in the busy Straits of Malacca with several incidents where tonnes of 

phenol have been spilt during tanker accidents (Bottema and Bush, 2012; Gami et al., 

2014). The long presence of phenol in the environment has allowed microbes to direct 
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their metabolic machinery to utilise phenol as the lone source of carbon and energy 

which comprises of both aerobic and anaerobic microorganisms (Pradeep et al., 2015; 

Sridevi and Pradesh, 2009). The existence of these microorganisms can be used for 

the biodegradation of phenol and other phenolic compounds. 

Bioremediation as an alternative method to physicochemical methods is a very cost 

effective method, and environmentally friendly way of controlling pollutions (Ali et 

al., 2009; Desai et al., 2010). To optimise the bioremediation ability of 

microorganisms to biodegrade phenol, an appropriate inoculum size, pH and 

temperature are crucial factors (Pradeep et al., 2015).  

Although a lot of research has been carried out on the degradation of phenol by 

microorganisms yet there is a need for identifying more organisms that are capable of 

degrading phenols. To date, there are very few locally-isolated phenol-degrading 

microorganisms (Ahmad et al., 2011; Fereidoun et al., 2007). There is a need to 

increase the reservoir of a phenol-degrading microorganism to prepare for phenol 

remediation in the current and future scenario. Locally isolated phenol-degrading 

bacteria can suit the local environmental conditions much better than untested 

imported commercial microbes that may cause an ecological disaster. Since the current 

trend of growth and degradation optimisation involves the use of statistical 

optimisation approaches such as RSM, this will also be explored in this thesis. In 

addition, previous studies have shown that immobilisation especially using Gellan 

gum is the best matrix for improving degradation and resistant to heavy metals, and 

this will be studied as well.  

In the view of the above, the objectives of this study are:  

1. To screen and identify locally isolated phenol-degrading bacteria 

2. To optimise the factors affecting phenol degradation using one-factor-at-a-time 

(OFAT) and response surface method (RSM) 

3. To study the growth kinetics models of free cells on phenol by all three isolates 

4. To immobilise all three isolates in Gellan gum and to compare their phenol 

degradation and heavy metals resistant to free cells 

5. To determine the metabolic pathways for phenol degradation by all three isolates 
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Ponepal, M., Păunescu, A., 2014. Effect of phenol intoxication on some 

physiologicalL parameters of Perca fluviatilis and Pelophylax ridibundus. 

Current Trends in Natural Sciences 3, 82–87. 

 

Pradeep, N.V., Anupama, S., Navya, K., Shalini, H.N., Idris, M., Hampannavar, U.S., 

2015. Biological removal of phenol from wastewaters: a mini review. Applied 

Water Science 5, 105–112. doi:10.1007/s13201-014-0176-8 

 

Pradeep, N. V., Hampannavar, U.S., 2012. Polymerization of Phenol using free and 

immobilised horseradish peroxidase. Journal of Environment and Earth 

Science 2, 31–37. 

 

Prakash, P., Jayalakshmi, S.K. and Sreeramulu, K., 2010. Production of keratinase by 

free and immobilized cells of Bacillus halodurans strain PPKS-2: partial 

characterization and its application in feather degradation and dehairing of the 

goat skin. Applied Biochemistry and Biotechnology, 160(7).1909-1920. 

 

Prieto, M.B., Hidalgo, A., Serra, J.L., Llama, M.J., 2002. Degradation of phenol by 

Rhodococcus erythropolis UPV-1 immobilised on Biolite® in a packed-bed 

reactor. Journal of Biotechnology 97, 1–11. doi:10.1016/S0168-

1656(02)00022-6 

 

Qiu, X., Wu, P., Zhang, H., Li, M. and Yan, Z., 2009. Isolation and characterization 

of Arthrobacter sp. HY2 capable of degrading a high concentration of p-

nitrophenol. Bioresource Technology, 100(21), 5243-5248. 

 

Raghuvanshi, S., Babu, B.V., 2009. Biodegradation kinetics of methyl iso-butyl 

ketone by acclimated mixed culture. Biodegradation 21, 31–42. 

doi:10.1007/s10532-009-9279-6 

 

Raghuvanshi, S., Gupta, S., Babu, B.V., 2012. Application of biofilter system for 

removal of ethyl acetate: Column and kinetic studies. Presented at the AIChE 

Annual Meeting, Conference Proceedings. 

 

Rahman, A.A., Shamsuddin, A.H., 2013. Cofiring biomass with coal: Opportunities 

for Malaysia. IOP Conference Series: Earth and Environmental Science. 26th 

IAHR Symposium on Hydraulic Machinery and Systems; Beijing; China 16, 

Article number 012144. doi:10.1088/1755-1315/16/1/012144 

 



© C
OPYRIG

HT U
PM

 

 

137 

 

Rai, S.K., Mukherjee, A.K., 2011. Optimisation of production of an oxidant and 

detergent-stable alkaline ␤ -keratinase from Brevibacillus sp . strain AS-S10-

II : Application of enzyme in laundry detergent formulations and in leather 

industry. Biochemical Engineering Journal 54, 47–56. 

doi:10.1016/j.bej.2011.01.007 

 

Ramakrishna, S., Prakasha, R., 1999. Microbial fermentations with immobilised cells. 

Current Science 77, 87–100. 

 

Razika, B., 2010. Phenol and benzoic acid degradation by Pseudomonas aeruginosa. 

Journal of Water Resource and Protection 2, 788–791. 

doi:10.4236/jwarp.2010.29092 

 

Reddy, L.V.A., Wee, Y.-J., Yun, J.-S., Ryu, H.-W., 2008. Optimisation of alkaline 

protease production by batch culture of Bacillus sp. {RKY3} through 

Plackett–Burman and response surface methodological approaches. 

Bioresource Technology 99, 2242–2249. 

doi:http://dx.doi.org/10.1016/j.biortech.2007.05.006 

 

Reshma, J.K., Mathew, A., 2014. Biodegradation of phenol -aerobic and anaerobic. 

International Journal of Science and Nature 5, 366–387. 

 

Robinson, J.A., Tiedje, J.M., 1982. Kinetics of hydrogen consumption by rumen fluid, 

anaerobic digestor sludge, and sediment. Applied and Environmental 

Microbiology 44, 1374–1384. 

 

Ross, T., McMeekin, T.A., 1994. Predictive microbiology. International Journal of 

Food Microbiology 23, 241–264. doi:10.1016/0168-1605(94)90155-4 

 

Roth, J.A., Dakoji, S.R., Hughes, R.C., Carmody, R.E., 1994. Hydrogenolysis of 

polychlorinated biphenyls by sodium borohydride with homogeneous and 

heterogeneous nickel catalysts. Environmental Science and Technology 28, 

80–87. 

 

Sack, E.L.W., van der Wielen, P.W.J.J., van der Kooij, D., 2011. Flavobacterium 

johnsoniae as a model organism for characterising biopolymer utilisation in 

oligotrophic freshwater environments. Applied and Environmental 

Microbiology 77, 6931–6938. doi:10.1128/AEM.00372-11 

 

Safont, B., Vitas, A.I., Peñas, F.J., 2012. Isolation and characterization of phenol 

degrading bacteria immobilised onto cyclodextrin-hydrogel particles within a 

draft tube spouted bed bioreactor. Biochemical Engineering Journal 64, 69–

75. doi:10.1016/j.bej.2012.03.005 

 

Sahasrabudhe, A.J., Modi, S.R. Modi, V.V., 1988. Dehalogenation of 3-

Chlorobenzoate by  Pseudornonas sp. B13 Cells. Biotechnology and 

Bioengineering, 31, 889–893. 



© C
OPYRIG

HT U
PM

 

 

138 

 

Saha, N.C., Bhunia, F., Kaviraj, A., 1999. Toxicity of phenol to fish and aquatic 

ecosystems. Bulletin of Environmental Contamination and Toxicology 63, 

195–202. doi:10.1007/s001289900966 

 

Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for 

reconstructing phylogenetic trees. Molecular Biology and Evolution 4, 406–

425. 

 

Samir, N.A., Chelliapan, S., Zakaria, Z., Ajeel, M.A., Alaba, P.A., 2016. A review of 

electrocoagulation technology for the treatment of textile wastewater. Reviews 

in Chemical Engineering.doi:10.1515/revce-2016-0019 

 

Sanderson, G., Bell, V., Ortega, D., 1989. A comparison of Gellan gum, agar, K-

carrageenan, and algin. Cereal Foods World 34, 991–998. 

 

Santos, V.L., Linardi, V.R., 2004. Biodegradation of phenol by filamentous fungi 

isolated from industrial effluents - Identification and degradation potential. 

Process Biochemistry 39, 1001–1006. doi:10.1016/S0032-9592(03)00201-2 

 

Saravanan, P., Pakshirajan, K., Saha, P., 2011. Kinetics of phenol degradation and 

growth of predominant Pseudomonas species in a simple batch stirred tank 

reactor. Bulgarian Chemical Communications 43, 502–509. 

 

Saravanan, P., Pakshirajan, K., Saha, P., 2009. Batch growth kinetics of an indigenous 

mixed microbial culture utilising m-cresol as the sole carbon source. Journal 

of Hazardous Materials 162, 476–481. doi:10.1016/j.jhazmat.2008.05.069 

 

Saravanan, P., Pakshirajan, K., Saha, P., 2008. Growth kinetics of an indigenous 

mixed microbial consortium during phenol degradation in a batch reactor. 

Bioresource Technology 99, 205–209. doi:10.1016/j.biortech.2006.11.045 

 

Şeker, Ş., Beyenal, H., Salih, B., Tanyolaç, A., 1997. Multi-substrate growth kinetics 

of Pseudomonas putida for phenol removal. Applied Microbiology and 

Biotechnology 47, 610–614. doi:10.1007/s002530050982 

 

Selassie, C.D., DeSoyza, T. V., Rosario, M., Gao, H., Hansch, C., 1998. Phenol 

toxicity in leukaemia cells: a radical process? Chemico-Biological Interactions 

113, 175–190. doi:10.1016/S0009-2797(98)00027-1 

 

Semple, K.T., Cain, R.B., 1996. Biodegradation of phenols by the alga Ochromonas 

danica. Applied and Environmental Microbiology 62, 1265–1273. 

 

Semple, K.T., Ronald, B.C., Schmidt, S., 1999. Biodegradation of aromatic 

compounds by microalgae. FEMS Microbiology Letters 170, 291–300. 

 

Senturk, H.B., Oxides, D., Gundogdu, A., Duran, C., Soylak, M., 2009. Removal of 

phenol from aqueous solutions by adsorption onto organ-modified Tirebolu 



© C
OPYRIG

HT U
PM

 

 

139 

 

bentonite: Equilibrium, kinetic and thermodynamic study. Journal of 

Hazardous Materials 172, 353–362. 

 

Seung, H.S., Suk, S.C., Park, K., Yoo, Y.J., 2005. Novel hybrid immobilisation of 

microorganisms and its applications to biological denitrification. Enzyme and 

Microbial Technology 37, 567–573. doi:10.1016/j.enzmictec.2005.07.012 

 

Shah, M.P., Waste, I., Limited, E.T., 2014. Microbiological removal of phenol by an 

application of Pseudomonas sp. ETL-: an innovative biotechnological 

approach providing answers to the problems of FETP. Journal of Applied and 

Environmental Microbiology 2, 6–11. doi:10.12691/jaem-2-1-2 

 

Sharma, N., Gupta, V.C., 2012. Batch biodegradation of phenol of paper and pulp 

effluent by Aspergillus niger. International Journal of Chemical Engineering 

and Applications 3, 182–186. doi:10.7763/IJCEA.2012.V3.183 

 

Shen, H., Wang, Y.-T., 1995. Simultaneous chromium reduction and phenol 

degradation in a coculture of Escherichia coli ATCC 33456 and Pseudomonas 

putida DMP-1. Applied and Environmental Microbiology 61, 2754–2758. 

 

Shivarova, N., Zlateva, P., Atanasov, B., Christov, A., Peneva, N., Guerginova, M., 

Alexieva, Z., 1999. Phenol utilisation by filamentous yeast Trichosporon 

cutaneum. Bioprocess Engineering 20, 325–328. doi:10.1007/s004490050598 

 

Shourian, M., Noghabi, K.A., Zahiri, H.S., Bagheri, T., Karballaei, G., Mollaei, M., 

Rad, I., Ahadi, S., Raheb, J., Abbasi, H., 2009. Efficient phenol degradation 

by a newly characterised Pseudomonas sp. SA01 isolated from pharmaceutical 

wastewaters. Desalination 246, 577–594. 

 

Shukor, M., 2015. Mathematical modelling of the growth of Klebsiella pneumoniae 

on 2-methylquinoline. Bioremediation Science and Technology Research 3, 

16–19. 

 

Shukor, M.Y., Hassan, N.A.A., Jusoh, A.Z., Perumal, N., Shamaan, N.A., 

MacCormack, W.P., Syed, M.A., 2009. Isolation and characterization of a 

Pseudomonas diesel-degrading strain from Antarctica. Journal of 

Environmental Biology 30, 1–6. 

 

Shumkova, E.S., Solianikova, I.P., Plotnikova, E.G., Golovleva, L.A., 2009. [Phenol 

degradation by Rhodococcus opacus strain 1G]. Prikladnaia biokhimiia I 

mikrobiologiia 45, 51–57. doi:10.1134/S0003683809010086 

 

Sikkema, J., de Bont, J.A., Poolman, B., 1995. Mechanisms of membrane toxicity of 

hydrocarbons. Microbiological Reviews 59, 201–222. 

 

Silva, A.M.T., Nouli, E., Xekoukoulotakis, N.P., Mantzavinos, D., 2007. Effect of key 

operating parameters on phenols degradation during H2O2-assisted TiO2 

photocatalytic treatment of simulated and actual olive mill wastewaters. 



© C
OPYRIG

HT U
PM

 

 

140 

 

Applied Catalysis B: Environmental 73, 11–22. 

doi:10.1016/j.apcatb.2006.12.007 

 

Silva, Í.S., Santos, E. d C. d, Menezes, C.R. d, Faria, A.F. d, Franciscon, E., Grossman, 

M., Durrant, L.R., 2009. Bioremediation of a polyaromatic hydrocarbon 

contaminated soil by native soil microbiota and bioaugmentation with isolated 

microbial consortia. Bioresource Technology 100, 4669–4675. 

doi:10.1016/j.biortech.2009.03.079 

 

Singh, N., Balomajumder, C., 2016. Biodegradation of phenol and cyanide by 

Pseudomonas putida MTCC 1194: An experimental and modelling study. 

Desalination and Water Treatment 57, 28426–28435. 

doi:10.1080/19443994.2016.1179676 

 

Singh, S., Melo, J.S., Eapen, S., D’Souza, S.F., 2006. Phenol removal using Brassica 

juncea hairy roots: Role of inherent peroxidase and H2O2. Journal of 

Biotechnology 123, 43–49. doi:10.1016/j.jbiotec.2005.10.023 

 

Sivaprakasam, S., Mahadevan, S., Bhattacharya, M., 2007. Biocalorimetric and 

respirometric studies on metabolic activity of aerobically grown batch culture 

of Pseudomonas aeruginosa. Biotechnology and Bioprocess Engineering 12, 

340–347. doi:10.1007/BF02931054 

 

Sivasubramanian, S., Namasivayam, S.K.R., 2015. Phenol degradation studies using 

microbial consortium isolated from environmental sources. Journal of 

Environmental Chemical Engineering 3, 243–252. 

doi:10.1016/j.jece.2014.12.014 

 

Smet, C., Van Derlinden, E., Mertens, L., Noriega, E., Van Impe, J.F., 2015. Effect of 

cell immobilisation on the growth dynamics of Salmonella Typhimurium and 

Escherichia coli at suboptimal temperatures. International Journal of Food 

Microbiology 208, 75–83. doi:10.1016/j.ijfoodmicro.2015.05.011 

 

Smith, L.H., Kitanidis, P.K., McCarthy, P.L., 1997. Numerical modelling and 

uncertainties in rate coefficients for methane utilisation and TCE 

cometabolism by a methane-oxidizing mixed culture. Biotechnology and 

Bioengineering 53, 320–331. doi:10.1002/(SICI)1097-

0290(19970205)53:3<320::AID-BIT11>3.0.CO;2-O 

 

Song, H., Liu, Y., Xu, W., Zeng, G., Aibibu, N., Xu, L., Chen, B., 2009. Simultaneous 

Cr(VI) reduction and phenol degradation in pure cultures of Pseudomonas 

aeruginosa CCTCC AB91095. Bioresource Technology 100, 5079–5084. 

doi:10.1016/j.biortech.2009.05.060 

 

Sridevi, V., Lakshmi, M.V.V.C., Manasa, M., Sravani, M., 2012. Metabolic pathways 

for the biodegradation of phenol. International Journal of Engineering Science 

and Advanced Technology 2, 695–705. 

 



© C
OPYRIG

HT U
PM

 

 

141 

 

Sridevi, V., Lakshmi, M.V.V.C., Swamy, A.V.N., 2011. Implementation of response 

surface methodology for phenol degradation using Pseudomonas putida 

(NCIM 2102). Journal of Bioremediation & Biodegradation 2. 

doi:10.4172/2155-6199.1000121 

 

Sridevi, V., Pradesh, A., 2009. A review on biodegradation of phenol from industrial 

effluents. Journal of Industrial Pollution Control 25(1), 13-27. 

 

Steinle, P., Stucki, G., Stettler, R., Hanselmann, K.W., 1998. Aerobic mineralisation 

of 2,6-dichlorophenol by Ralstonia sp. strain RK1. Applied and Environmental 

Microbiology 64, 2566–2571. 

 

Stoilova, I., Krastanov, A., Stanchev, V., Daniel, D., Gerginova, M., Alexieva, Z., 

2006. Biodegradation of high amounts of phenol, catechol, 2,4-dichlorophenol 

and 2,6-dimethoxyphenol by Aspergillus awamori cells. Enzyme and 

Microbial Technology 39, 1036–1041. 

doi:http://dx.doi.org/10.1016/j.enzmictec.2006.02.006 

 

Suhaila, Y.N., Rosfarizan, M., Ahmad, S.A., Latif, I.A., Ariff, A.B., 2013. Nutrients 

and culture conditions requirements for the degradation of phenol by 

Rhodococcus UKMP-5M. Journal of Environmental Biology 34, 635–643. 

 

Suvase, S.A., Annapure, U.S., Singhal, R.S., 2010. Gellan gum as an immobilisation 

matrix for the production of cyclosporin A. Journal of Microbiology and 

Biotechnology 20, 1086—1091. 

 

Syed, M.A., Sim, H.K., Khalid, A., Shukor, M.Y., 2009. A simple method to screen 

for azo-dye-degrading bacteria. Journal of Environmental Biology 30, 89–92. 

 

Tamura, K., Nei, M., Kumar, S., 2004. Prospects for inferring very large phylogenies 

by using the neighbor-joining method. Proceedings of the National Academy 

of Sciences of the United States of America 101, 11030–11035. 

doi:10.1073/pnas.0404206101 

 

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: 

Molecular evolutionary genetics analysis version 6.0. Molecular Biology and 

Evolution 30, 2725–2729. doi:10.1093/molbev/mst197 

 

Tavassoli, T., Mousavi, S.M., Shojaosadati, S.A., Salehizadeh, H., 2012. Asphaltene 

biodegradation using microorganisms isolated from oil samples. Fuel 93, 142–

148. doi:10.1016/j.fuel.2011.10.021 

 

Teissier, G., 1942. Growth of bacterial populations and the available substrate 

concentration. Review of Scientific Instruments 3208, 209–214. 

 

The New Straits Times, June 13, 2001. Toxic Spill From Tanker; Thousands Of Fishes 

And Mussels Killed In Tebrau Straits. 

http://www.aboutsafety.com/article.cfm?id=958. 

http://www.aboutsafety.com/article.cfm?id=958


© C
OPYRIG

HT U
PM

 

 

142 

 

Tikoo, V., Scragg, A.H., Shales, S.W., 1997. Degradation of pentachlorophenol by 

microalgae. Journal of Chemical Technology and Biotechnology 68, 425–431. 

 

Tsai, S.-C., Tsai, L.-D., LI, Y.-K., 2005. An Isolated Candida albina TL3 Capable of 

Degrading Phenol at Large Concentration. Bioscience, Biotechnology, and 

Biochemistry 69, 2358–2367. doi:10.1271/bbb.69.2358 

 

Tschech, A., Fuchs, G., 1987. Anaerobic degradation of phenol by pure cultures of 

newly isolated denitrifying pseudomonads. Archives of Microbiology 148, 

213–217. 

 

Tseng, M.M., Wayman, M., 1975. Kinetics of yeast growth:inhibition-threshold 

substrate concentrations. Can. J. Microbiol. 21, 994–1003. 

 

Tsirogianni, I., Aivaliotis, M., Karas, M., Tsiotis, G., 2004. Mass spectrometric 

mapping of the enzymes involved in the phenol degradation of an indigenous 

soil Pseudomonas. Biochimica et Biophysica acta 1700, 117–23. 

doi:10.1016/j.bbapap.2004.04.003 

 

Tuan, N.N., Hsieh, H.C., Lin, Y.W., Huang, S.L., 2011. Analysis of bacterial 

degradation pathways for long-chain alkylphenols involving phenol 

hydroxylase, alkylphenol monooxygenase and catechol dioxygenase genes. 

Bioresource Technology 102, 4232–4240. doi:10.1016/j.biortech.2010.12.067 

 

Ucisik, A.S., Trapp, S., 2008. Uptake, removal, accumulation, and phytotoxicity of 4-

chlorophenol in willow trees. Archives of Environmental Contamination and 

Toxicology 54, 619–627. doi:10.1007/s00244-007-9065-6 

 

Uǧurlu, M., Gürses, A., Doǧar, Ç., Yalçin, M., 2008. The removal of lignin and phenol 

from paper mill effluents by electrocoagulation. Journal of Environmental 

Management 87, 420–428. doi:10.1016/j.jenvman.2007.01.007 

 

Umamaheswari, B., Rajaram, R., 2014. High strength phenol degradation by CSMB4 

at microaerophilic condition. International Journal of Current 

Microbiology and Applied Sciences 3, 847–860. 

 

U.S. Department of Health and Human Services. 1999. Registry of toxic effects of 

chemical substances (RTECS, online database). National Toxicology 

Information Program, National Library of Medicine, Bethesda, MD. 

http://www.epa.gov/ttnatw01/hlthef/phenol.html 

 

Van Der Meer, J.R., De Vos, W., Harayama, S., Zehnder, A., 1992. Molecular 

mechanisms of genetic adaptation to xenobiotic compounds. Microbiological 

Reviews 56, 677–694. 

 

Varma, R.J., Gaikwad, B.G., 2008. Rapid and high Biodegradation of phenols 

catalysed by Candida tropicalis NCIM 3556 cells. Enzyme and Microbial 

Technology 43, 431–435. doi:10.1016/j.enzmictec.2008.07.008 

http://www.epa.gov/ttnatw01/hlthef/phenol.html


© C
OPYRIG

HT U
PM

 

 

143 

 

Vasudevan, P.T., Li, L.O., 1996. Peroxidase-catalyzed polymerization of phenol. 

Applied Biochemistry and Biotechnology 60, 73–82. 

doi:10.1007/BF02788061 

 

Veenagayathri, K., Vasudevan, N., 2009. Isolation of bacterial strains degrading high 

concentration of phenol from wastewater contaminated sites. Journal of Pure 

and Applied Microbiology 3, 567–572. 

 

Verma, M., Brar, S.K., Blais, J.F., Tyagi, R.D., Surampalli, R.Y., 2007. Aerobic 

biofiltration processes — Advances in Wastewater Treatment. Practice 

Periodical of Hazardous Toxic and Radioactive Waste 10, 264–276. 

 

Vojtisek, V., Jirků, V., 1983. Immobilized Cells. Folia Microbiologica 28, 309–340 

 

Vyawahare, S., Pradhan, S.K., Gupta, S., 2014. Removal of heavy metal ions from 

industrial wastewater using metallic nanoparticles as adsorbents. Advanced 

Science Letters 20(7-8), 1311–1315. doi:10.1166/asl.2014.5568 

 

Wada, M., Kato, J., Chibata, I., 1979. A new immobilisation of microbial cells 

immobilised using growing carrageenan gel and their properties. European 

Journal of Applied Microbiology Biotechnology 8, 241–247. 

 

Wagner-Döbler, I., Lünsdorf, H., Lübbehüsen, T., Von Canstein, H., Li, Y., 2000. 

Structure and species composition of mercury-reducing biofilms. Applied and 

Environmental Microbiology 66, 4559–4563. 

 

Wan, W., Wang, J.-L., 2008. Effect of Fe2+ concentration on kinetics of biohydrogen 

production. Huanjing Kexue/Environmental Science 29, 2633–2636. 

 

Wang, C., Li, Y., 2007. Incorporation of granular activated carbon in an immobilised 

membrane bioreactor for the biodegradation of phenol by Pseudomonas 

putida. Biotechnology Letters 29, 1353–6. doi:10.1007/s10529-007-9405-7 

 

Wang, L., Li, Y., Yu, P., Xie, Z., Luo, Y., Lin, Y., 2016. Biodegradation of phenol at 

high concentration by a novel fungal strain Paecilomyces variotii JH6. Journal 

of Hazardous Materials 183, 366–71. doi:10.1016/j.jhazmat.2010.07.033 

 

Wang, Y., Song, J., Zhao, W., He, X., Chen, J., Xiao, M., 2011. In situ degradation of 

phenol and promotion of plant growth in contaminated environments by a 

single Pseudomonas aeruginosa strain. Journal of Hazardous Materials 192, 

354–360. doi:10.1016/j.jhazmat.2011.05.031 

 

Wang, Y., Tian, Y., Han, B., Zhao, H., Bi, J., Cai, B., 2007. Biodegradation of phenol 

by free and immobilised Acinetobacter sp. strain PD12. Journal of 

environmental sciences (China) 19, 222–5. 

 



© C
OPYRIG

HT U
PM

 

 

144 

 

Wang, Z., Ye, Z., Zhang, M., Bai, X., 2010. Degradation of 2,4,6-trinitrotoluene 

(TNT) by immobilised microorganism-biological filter. Process Biochemistry 

45, 993–1001. doi:10.1016/j.procbio.2010.03.006 

 

Warshawsky, D., Cody, T., Radike, M., Reilman, R., Schumann, B., LaDow, K., 

Schneider, J., 1995. Biotransformation of benzo[a]pyrene and other polycyclic 

aromatic hydrocarbons and heterocyclic analogs by several green algae and 

other algal species under gold and white light. Chemico-Biological 

Interactions 97, 131–148. doi:http://dx.doi.org/10.1016/0009-2797(95)03610-

X 

 

Wayman, M., Tseng, M.C., 1976. Inhibition threshold substrate concentrations. 

Biotechnology and Bioengineering 18, 383–387. 

 

Woodward, J., 1988. Methods of immobilisation of microbial cells. Journal of 

Microbiological Methods 8, 91–102. 

 

Wright, P.C., Tanaka, T., 2002. Physiological modelling of the response of Kocuria 

rosea exposed to changing water activity. Biotechnology Letters 24, 603–609. 

doi:10.1023/A:1015010908732 

 

Wu, J., Taylor, K., Bewtra, J., Biswas, N., 1993. Optimisation of the reaction 

conditions for enzymatic removal of phenol from wastewater in the presence 

of polyethylene glycol. Water Research 27, 1701–1706. 

 

Ximenes, E., Kim, Y., Mosier, N., Dien, B., Ladisch, M., 2010. Inhibition of cellulases 

by phenols. Enzyme and Microbial Technology 46, 170–176. 

doi:10.1016/j.enzmictec.2009.11.001 

 

Yadav, S., Maitra, S.S., Pal, S., Singh, N., Gupta, S.K., Ghosh, S.K., Sreekishnan, 

T.R., 2014. Accumulation of lactic acid during biodigestion of municipal solid 

waste leachate and identification of indigenous lactic acid bacteria in leachate. 

Journal of Hazardous, Toxic, and Radioactive Waste 18,(4), 04014021. 

doi:10.1061/(ASCE)HZ.2153-5515.0000218 

 

Yadzir, Z.H.M., Shukor, M.Y., Ahmad, A., Nazir, M.S., Shah, S.M.U., Abdullah, 

M.A., 2016. Phenol removal by newly isolated Acinetobacter baumannii strain 

Serdang 1 in a packed-bed column reactor. Desalination and Water Treatment 

57, 13307–13317. doi:10.1080/19443994.2015.1063459 

 

Yan, J., Jianping, W., Hongmei, L., Suliang, Y., Zongding, H., 2005. The 

biodegradation of phenol at high initial concentration by the yeast Candida 

tropicalis. Biochemical Engineering Journal 24, 243–247. 

doi:10.1016/j.bej.2005.02.016 

 

Yang, C.F., Lee, C.M., 2007. Enrichment, isolation, and characterization of phenol-

degrading Pseudomonas resinovorans strain P-1 and Brevibacillus sp. strain 



© C
OPYRIG

HT U
PM

 

 

145 

 

P-6. International Biodeterioration and Biodegradation 59, 206–210. 

doi:10.1016/j.ibiod.2006.09.010 

 

Yano, T., Koga, S., 1969. Dynamic behaviour of the chemostat subject to substrate 

inhibition. Biotechnology and Bioengineering. 11, 139–153. 

doi:10.1002/bit.260110204 

 

Yao, R., Sun, M., Wang, C., Deng, S., 2006. Degradation of phenolic compounds with 

hydrogen peroxide catalysed by enzyme from Serratia marcescens. Water 

Research 40, 3091–3098. doi:10.1016/j.watres.2006.06.009 

 

Yap, L.F., Lee, Y.K., Poh, C.L., 1999. Mechanism for phenol tolerance in phenol-

degrading Comamonas testosteroni strain. Applied Microbiology and 

Biotechnology 51, 833–840. doi:10.1007/s002530051470 

 

Yoong, E.T., Lant, P.A., Greenfield, P.F., 1997. The influence of high phenol 

concentration on microbial growth. Water Science and Technology 36, 75–79. 

doi:10.1016/S0273-1223(97)00372-7 

 

Zainudin, N. F., Abdullah, A. Z., and Mohamed, A. R. (2010). Characteristics of 

supported nano-TiO 2/ZSM-5/silica gel (SNTZS): Photocatalytic degradation 

of phenol. Journal of Hazardous Materials, 174(1), 299-306. 

 

Zaki, M.S., Moustafa, S., Rashad, H., Sharaf, N., 2008. Assessment of the hazardous 

Effect of lead pollution on Oreochromis niloticus including Hematological, 

Biochemical and Immunological parameters. American-Eurasian Journal of 

Agricultural and Environmental Sciences 3, 91–95. 

 

Zazouli, M.A., Taghavi, M., 2012. Phenol removal from aqueous solutions by 

electrocoagulation technology using iron electrodes : Effect of Some 

Variables. Journal of Water Resource and Protection 2012, 980–983. 

 

Zeng, L., Huang, J., Zhang, Y., Qiu, G., Tong, J., Chen, D., Zhou, J., Luo, X., 2008. 

An effective method of DNA extraction for bioleaching bacteria from acid 

mine drainage. Applied Microbiology and Biotechnology 79, 881–888. 

 

Zhang, L., Wu, W., Wang, J., 2007. Immobilisation of activated sludge using 

improved polyvinyl alcohol (PVA) gel. Journal of Environmental Sciences 

(China) 19, 1293–1297. 

 

Zhou, J., Yu, X., Ding, C., Wang, Z., Zhou, Q., Pao, H., Cai, W., 2011. Optimisation 

of phenol degradation by Candida tropicalis Z-04 using Plackett-Burman 

design and response surface methodology Jian. Journal of Environmental 

Sciences 23, 22–30. 

 

Zhou, W., Guo, W., Zhou, H., Chen, X., 2016. Phenol degradation by Sulfobacillus 

acidophilus TPY via the meta-pathway. Microbiological Research 190, 37–45. 

doi:10.1016/j.micres.2016.05.005 



© C
OPYRIG

HT U
PM

 

 

146 

 

Zhu, L., Yang, Z., Yang, Q., Tu, Z., Ma, L., Shi, Z., Li, X., 2015. Degradation of 

dexamethasone by acclimated strain of Pseudomonas Alcaligenes. 

International Journal of Clinical and Experimental Medicine 8, 10971–10978. 

 

Zhuang, H., Han, H., Xu, P., Hou, B., Jia, S., Wang, D., Li, K., 2015. Biodegradation 

of quinoline by Streptomyces sp. N01 immobilised on bamboo carbon 

supported Fe3O4 nanoparticles. Biochemical Engineering Journal 99, 44–47. 

doi:10.1016/j.bej.2015.03.004 

 

Zur, J., Wojcieszyńska, D., Guzik, U., 2016. Metabolic responses of bacterial cells to 

immobilisation. Molecules 21, 958. doi:10.3390/molecules21070958 

 

  


	Blank Page
	Blank Page
	Blank Page



