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Abstract An aerobic microorganism with an ability

to utilize phenol as sole carbon and energy source was

isolated from phenol-contaminated wastewater sam-

ples. The isolate was identified as Bacillus amyloliq-

uefaciens strain WJDB-1 based on morphological,

physiological, and biochemical characteristics, and

16S rDNA sequence analysis. Strain WJDB-1 immo-

bilized in alginate–chitosan–alginate (ACA) micro-

capsules could degrade 200 mg/l phenol completely

within 36 h. The concentration of phenol was deter-

mined using differential pulse voltammetry (DPV) at

glassy carbon electrode (GCE) with a linear relation-

ship between peak current and phenol concentration

ranging from 2.0 to 20.0 mg/l. Cells immobilized in

ACA microcapsules were found to be superior to the

free suspended ones in terms of improving the

tolerance to the environmental loadings. The optimal

conditions to prepare microcapsules for achieving

higher phenol degradation rate were investigated by

changing the concentrations of sodium alginate,

calcium chloride, and chitosan. Furthermore, the

efficiency of phenol degradation was optimized by

adjusting various processing parameters, such as the

number of microcapsules, pH value, temperature, and

the initial concentration of phenol. This microorgan-

ism has the potential for the efficient treatment of

organic pollutants in wastewater.
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Introduction

There is an increasing interest in the development of

innovative treatments of industrial wastewaters par-

ticularly those containing toxic organic pollutants.

Phenolic products are toxic to humans and aquatic

organisms, which are released in the surface water by

a considerable number of industries, mainly by

pharmaceutical plants, oil refineries, coke plants,

pulp, food-processing industries, and several other

chemical plants (Rivas et al. 2003; Gernjak et al.

2003). Phenol is toxic upon ingestion, contact, or

inhalation, and it is recommended that human

exposure to phenol does not exceed 20 mg on

average per day. Also, phenol is toxic to fish and

can be lethal at concentrations of 5–25 ppm (Saha

et al. 1999; Mollaei et al. 2010). Therefore, treatment
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of phenol effluents is critical to maintaining both

human and wildlife environments. Several methods

to remove these chemicals from environmental

matrices currently exist including activated carbon

adsorption, electrochemical, ozonization, and biolog-

ical and chemical procedures (Dąbrowski et al. 2005;

Mahmoud and Ahmed 2009; Deborde et al. 2008;

Santos et al. 2009; Lin et al. 2009). Among these

methods, biological degradation is generally pre-

ferred because of its lower costs, environmental

friendliness, practical and economic viability as it

allows forming less hazardous byproducts and real-

izing complete mineralization of phenol (Chung et al.

2003; Nuhoglu and Yalcin 2005).

A number of microorganisms have been reported to

degrade phenol at low concentrations, including

Alcaligenes eutrophus (Hughes et al. 1984), Bacillus

stearothermophilus (Buswell 1975), Pseudomonas sp.

(Bayly and Wigmore 1973), Rhodococcus sp. (Straube

1987), and Trichosporon cutaneum (Neujahr and

Varga 1970). Nevertheless, microorganisms suffer

from substrate inhibition, whereby microbial growth

and concomitant biodegradation of phenol are hin-

dered by the toxicity exerted by high concentrations of

the substrate itself. To improve cells’ tolerance to

severe substrate inhibition and substrate utilization,

immobilization of microorganisms offers a great

advantage. Sodium alginate and chitosan are the two

kinds of natural polymers without toxicity, which are

biodegradable and have good biocompatibility. They

are widely used in microencapsulation research (Gohel

et al. 1994; Lim et al. 1997; King et al. 1999; Yu et al.

1998). Moreover, a point worth mentioning is that both

materials are polyelectrolyte polymers, and they

contain opposite charges: sodium alginate contains a

negative charge, while chitosan contains a positive

one. With regard to the properties, they are able to

form microcapsules through electrostatic attraction.

As the immobilization matrix of choice for environ-

mental practice, alginate-entrapped cells have been

used extensively for the bioremediation of numerous

toxic chemicals, including phenol (Karigar et al.

2006), naphthalene (Manohar et al. 2001), benzoate

(Kim et al. 2002), and ethylbenzene (Parameswarappa

et al. 2008). In the encapsulation method, cells can be

immobilized within a liquid core surrounded by a thin

layer of alginate gel. In a liquid core that has more

space for cellular growth; cells can exist at a high

density without the carrier (Koyama and Seki 2004).

The determination of phenol concentration is also

very vital. Currently, various approaches are being

reported on the determination of phenols, such as

colorimetry (Zhang 2004), gas chromatography (Bal-

lesteros et al. 1990), high-pressure liquid chromatog-

raphy (HPLC) (Belloli et al. 1999), spectrophotometry

(Frenzel and Krekler 1995), biosensor-based method

(Carter et al. 2003), capillary electrophoretic method,

and electrochemical method (Rodriguez et al. 1997;

Carvalho et al. 2000). In contrast to these methods

mentioned above, electrochemical technique has

attracted considerable attention because of its simplic-

ity, convenience, and low cost. In the study of

determination of phenol concentration, glassy carbon

electrode (GCE) is the most commonly employed as

the working electrode because it shows high stability

and precision in detection (Wang et al. 2008). In this

study, differential pulse voltammetry (DPV) was

employed to measure the concentration of phenol

because of its excellent precision, selectivity and

accuracy.

In this article, to better understand phenol degra-

dation in aqueous solution, we isolated and charac-

terized the phenol-degrading bacteria which were

identified by morphological, physiological, and bio-

chemical tests, and 16S rDNA sequence analysis.

Then, the pure culture of phenol degrading bacteria,

B. amyloliquefaciens strain WJDB-1, was immobi-

lized in alginate–chitosan–alginate (ACA) microcap-

sules using different immobilization methods to

compare the phenol degradation activities of the free

and the immobilized cells. The optimal conditions to

produce microcapsules with higher phenol degrada-

tion efficiency were investigated by changing the

concentrations of sodium alginate, calcium chloride,

and chitosan. Single factor experiments for determin-

ing the effects of parameters, such as the amount of

microcapsules, pH value, the temperature, and the

initial concentration of phenol, were carried out to

find the optimal conditions for phenol degradability.

Materials and methods

Materials

Sodium alginate was purchased from Tianjin BODI

Chemical Co. Ltd. Chitosan with degree of deacety-

lation of 85% was obtained from Ocean Biochemical
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Corporation (Zhejiang, China). Beef Extract, Peptone,

and Agar Powder were purchased from Beijing

Shuangxuan Microbe Culture Medium Products Fac-

tory. Phenol with grater than 99% purity was obtained

from Beijing Chemical Factory. All other reagents

and solvents were of analytic grade and were used

without further purification. All chemicals were

prepared with deionized water purified via Milli-Q

unit. All the mediums used were autoclaved in

advance.

Isolation and identification of microorganism

The bacteria were isolated by the enrichment culture

technique at 30�C from phenol-contaminated waste-

water samples from Jiuquan industrial effluents in

Gansu province, China. Phenol-containing mineral

salt medium (MSM) was used for the isolation of

bacteria. The MSM was composed of 0.5 g/l KH2PO4,

0.5 g/l K2HPO4, 0.2 g/l MgSO4�7H2O, 0.1 g/l CaCl2,

0.2 g/l NaCl, 1.0 g/l NH4NO3, 0.01 g/l MnSO4�H2O,

and 0.01 g/l Fe2(SO4)3�3H2O with 100 mg/l phenol as

the sole carbon and energy source, and the pH value

was adjusted to 7.0 with NaOH or HCl. All media and

Erlenmeyer flasks fitted with cotton plugs were

autoclaved at 121�C for 20 min for sterilization before

use. 5 ml of the industrial effluents was added to 50 ml

MSM. The samples were incubated at 30�C for 120 h

in a rotary shaker with a speed of 150 rpm. When the

phenol content became depleted, 5 ml of the cultures

were transferred to fresh MSM to initiate the degra-

dation. Afterward, phenol concentration was increased

stepwise, varying from 100 mg/l to final 400 mg/l at

the rate of 100 mg/l at each step. After four transfers of

consecutive enrichments had been carried out, dilu-

tions of culture were inoculated on MSM agar plates

incubated at 30�C for 24 h. Agar plates contained 20 g

of agar per liter of the medium. Then, the predominant

colonies were transferred to fresh MSM agar plates

two times to ensure culture purity. Each isolate was

then tested for its ability to cause degradation of

phenol at 200 mg/l. One of the obtained isolates,

which exhibited the best phenol degradability, was

selected for further degradation study.

The bacterial isolate was examined using cell

morphology, gram reaction, standard physiological

and biochemical tests, and 16S rDNA sequence

analysis. The morphological investigation was pre-

pared using a DMBA200 optical microscope. The

DNA extracts from bacterial isolate were amplified by

PCR with primers, 27F (50-AGAGTTTGATCCT

GGCTCAG-30) and 1492R (50-GGTTACCTTGTT

ACGACTT-30). The reaction was performed in a total

volume of 50 ll, containing 5 ll of 10 9 PCR buffer,

2.5 ll of 2 mM dNTP mixture, 2 ll each of primers,

1 ll of Taq DNA polymerase, 1 ll of template DNA,

and remaining dH2O (to make up to 50 ll). The PCR

amplification was carried out under the following

conditions: predenaturation at 94�C for 5 min, 36

cycles of denaturation at 94�C for 1 min, annealing at

55�C for 1 min, and extension at 72�C for 2 min,

followed by final extension at 72�C for 10 min. Then,

the PCR products were examined through electropho-

resis. The 16S rDNA gene sequence was determined

directly by Shanghai Bio. Tech. Company. The

sequences obtained were compiled and compared

with sequences in the GenBank databases using

BLAST program. A maximum likelihood phyloge-

netic tree was generated by neighbor-joining methods.

Preparation of microcapsule and morphological

observation

The microbial cells were activated at 30�C in the

nutrient medium (5 g/l yeast extract, 10 g/l peptone,

5 g/l NaCl) to which 200 mg/l of phenol was added

for adaptation for 48 h. Activated cells in the late-

exponential phase were harvested as inoculums.

Then, the activated cells were inoculated into the

culture medium (100 ml) in 250-ml Erlenmeyer

flasks to yield an initial cell concentration of

1.5 9 108 cells/ml. The cells were then harvested

by centrifugation at 10,000 rpm at 4�C for 10 min,

and washed with sterile distilled water to eliminate

cell debris and intermediate components. The micro-

capsules were prepared by the methods reported

previously (Qi et al. 2006). In brief, the microbial

cells were suspended in 1.5% alginate solution. The

cell-alginate suspension was extruded into 100 mM

calcium chloride solution using the syringe to obtain

the micro-beads. After being hardened for 30 min,

the microscale gel beads containing bacteria were

obtained. The 0.5% (w/v) chitosan solution was

added to calcium alginate gel beads at the volume

ratio of about 1:5 (beads:solution) to form mem-

branes followed, by rinsing with 0.9% (w/v) NaCl

solution to remove the excess chitosan. Then, 0.15%

alginate solution was added to counteract charges on
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the membrane. At last, the gel enclosed in the ACA

membrane was liquidized with 55 mmol/l sodium

citrate to result in the ACA microcapsules with liquid

cores. All the microcapsules in this experimental

study were prepared according to this method. The

concentrations of some materials might be varied to

find optimal conditions for obtaining higher degra-

dation efficiency.

The size and shape as well as the surface of the

microcapsules were characterized using scanning

electron microscopy (SEM, JSM-5600LV, JEOL,

Japan).

Phenol degradation

A comparative study of phenol degradation by free

and immobilized cells of strain WJDB-1 in phosphate

buffer (pH 7.0) was carried out in batch cultures. The

phenol-degrading bacteria were harvested after 48 h

of growth (1.5 9 108 cells/ml) from 40 ml of culture

medium. The bacteria pallet was obtained by centri-

fugation at 10,000 rpm at 4�C for 10 min. One half

was used for immobilization in ACA microcapsules,

the other half was suspended in 10 ml phosphate

buffer.

Assays were carried out in a series of 100-ml

Erlenmeyer flasks containing approximately 200 mg/l

phenol and phosphate buffer, the total operating

volume of the flasks being fixed at 30 ml. The flasks

were inoculated with microcapsules and free cells.

Control flask, inoculated with microcapsules in the

absence of bacteria, was incubated in parallel under the

same conditions to ascertain the evaporation or

adsorption losses of phenol. All the flasks were

incubated in a rotary shaker with a speed of 150 rpm

at 30�C for up to 36 h. Samples of the flasks were

separately taken every 6-h intervals for residual phenol

analysis.

The optimal conditions of preparing microcapsules

were investigated by changing the concentrations of

sodium alginate, calcium chloride, and chitosan.

Then, the effects of the number of microcapsules,

pH value, the temperature, and the initial concentra-

tion of phenol were investigated in the experiment of

phenol degradation. The initial values of pH are 6.0,

7.0, 8.0, 9.0, and 10.0; the temperatures are 10, 20,

25, 30, 35, and 40�C; and the initial concentrations of

phenol are 114.55, 181.32, 271.20, 378.57, and

500.90 mg/l.

DPV analysis of phenol

The concentration of phenol was measured at certain

intervals using DPV. The electrochemical cell used

for studies consists of a three-electrode system and a

CHI 1210A electrochemical workstation. The work-

ing electrode was GCE. Before electrochemical

measurements, the working electrode was polished

with 0.05 lm c-alumina to get mirror-like finish, and

then cleaned ultrasonically in twice-distilled water for

about 2 min. The counter electrode was a platinum

wire, while Ag/AgCl electrode served as reference

electrode. The scanning potentials ranged from 0.2 to

1.0 V.

Results and discussion

Microorganism identification

After being isolated by the enrichment culture

technique, the microorganism was examined based

on its morphological, physiological, and biochemical

characteristics, and 16S rDNA sequence analysis,

which was identified as the genus B. amyloliquefac-

iens. The results of the most important reactions of

the physiological and biochemical properties are

summarized in Table 1. The partial 16S rDNA

sequence of strain WJDB-1 obtained by sequencing

was found to be 1456 bp and was submitted to the

GenBank database under accession no. JN133899.

Preliminary comparison of the sequence against the

GenBank databases indicated that the members of the

genus B. amyloliquefaciens were its closest phyloge-

netic neighbors. The neighbor-joining tree is shown

in Fig. 1. Therefore, the isolate was designated as

B. amyloliquefaciens strain WJDB-1.

Microcapsule morphology

Figure 2a shows the SEM image of the microcapsule,

illustrating that the microcapsules have good, regular

shapes, with diameter of about 800 ± 50 lm. The

SEM images of some microcapsules are also given in

the supporting information (Fig. S1); the morphology

of the outer surface of the microcapsules was further

observed, as shown in Fig. 2b. The microcapsule

shows a crinkled surface structure. Some micropores

can be observed on the surface of the microcapsules,
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which help them reduce mass-transfer resistance.

Besides, the liquid phase in the core of microcapsules

can improve the cell growth compared with conven-

tional solid cores (Qi et al. 2006). Such an increase in

mass-transfer efficiency could make the environment

inside the beads more amenable for the entrapped

cells to improve phenol degradation.

DPV curves of phenol

The DPV curves of phenol ranging from 2 to 20 mg/l

in pH 7.0 sodium phosphate buffer solutions at GCE

are shown in Fig. 3. Typically, an anodic peak

located at approximately 0.7 V. Further, the oxida-

tion peak current was proportional to phenol concen-

tration in the range from 2 to 20 mg/l in accordance

with the regression equation of Ipa (lA) = 0.1107c

(mg/l) ? 1.519 (R = 0.9955). When the concentra-

tion of phenol was higher, it needed to be diluted to

the linear range for facilitating determination.

Phenol degradation using free and immobilized

cells of strain WJDB-1

The degradability rates of phenol by the free and the

immobilized cells of strain WJDB-1 were compared

(Fig. 4). As seen in Fig. 4, in the control studies,

removal of only 3.3% phenol occurred throughout

the experiment, indicating that no significant phenol

losses due to evaporation or adsorption by the

microcapsules occurred in the culture flasks. Obvi-

ously, the immobilized cells of strain WJDB-1 have

higher efficiency of phenol biodegradation than the

free cells have. The phenol concentration in the flask

inoculated with microcapsules dropped to almost

zero after 36 h, while similar microcapsules with free

cells still retained 30 mg/l. The use of encapsulated

microorganism samples as a chemical reagent offers

significant advantages in terms of increasing the

stability of free cells, and of a more simplified and

cheaper process. This will be of direct practical value

for wastewater treatment in general. However, this

level of phenol did not significantly inhibit the

degradation rates of the suspended cells. Apparently,

the external and internal mass transfer resistances of

substrates (phenol and oxygen) in the microcapsule

were not the critical factors for controlling the

degradation process. On the other hand, the immo-

bilized cells have lower phenol degradation rate than

the suspended ones (Adav et al. 2007). Hence, the

capsules made by ACA could protect the bacteria

from the toxicity of phenol. These micro-environ-

ments could prevent the direct interaction between

the enzyme surface and a potentially harmful reac-

tion medium as organic solvents and supercritical

fluids.

Table 1 Morphological, physiological, and biochemical char-

acteristics of Bacillus amyloliquefaciens strain WJDB-1 (?:

positive; -: negative)

Analytical tests Results

Morphology

Form Rods

Size (lm) 1–2

Configuration Round

Margin Irregular

Surface Wrinkle

Pigment Cream

Opacity Opaque

Gram’s stain Gram positive

Spore ?

Motility Motile

Physiological tests

Tolerance to NaCl (%) Up to 5%

Growth temperature (�C) 20–40

pH range of growth 5.0–9.0

Biochemical analysis

Starch hydrolysis ?

Gelatin hydrolysis ?

Tyrosine hydrolysis -

Cellulose hydrolysis -

Litmus milk test ?

Catalase test ?

Lysozyme test ?

Indole test -

Hydrogen sulfide production -

Phenylalanine deaminase -

MR (metylred) test -

Voges-Proskaure test ?

Nitrate reduction ?

Citrate utilization ?

Sucrose ?

Maltose ?

D-glucose ?

D-mannitol ?
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Fig. 1 The neighbor-joining tree was constructed and boot-

strapped (1000 iterations) to represent the relationship between

the phenol-degrading strain WJDB-1 and representative

species of the genus Bacillus amyloliquefaciens and related

genera. Bootstrap values are noted on the branch, and the scale
bar (=0.0005) represents nucleotide substitution per 100

nucleotide

Fig. 2 SEM image of ACA microcapsules: a general view at 1009 magnification. b outer surface at 50009 magnification

Fig. 3 DPVs of phenol in pH 7.0 sodium phosphate buffer.

Variation of the oxidation peak current as a function of phenol

concentration ranging from 2 to 20 mg/l obtained at GCE. In

the inserted graph, a linear relationship is observed

Fig. 4 Line charts of phenol degradation by free and

immobilized cells of strain WJDB-1
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The optimal conditions for making microcapsules

The control studies indicated no significant phenol

losses due to evaporation or adsorption on the sterile

support. Because of the addition of the microcapsules,

the volume of the solution might be different, and so,

the concentrations of phenol might have slight differ-

ences. The optimal conditions for preparing microcap-

sules were investigated through single factor

experiment. Assays were carried out in a series of

100-ml Erlenmeyer flasks containing phosphate buffer

(pH 7.0). Results for degradation by cells entrapped in

alginate (1.5–3.0%, w/v), calcium chloride (0.1–

0.4 mol/l), and chitosan (0.5–2.0%, w/v) capsules are

given in Fig. 5. Using an initial phenol concentration

of approximately 200 mg/l, the time for degradation by

immobilized cells was 36 h. When the concentration of

sodium alginate increased, the diameter of the micro-

capsules would become larger and the mechanical

strength stronger, while 2.0% sodium alginate had the

best degradation rate. There was no considerable

difference between the performances of cells immobi-

lized in different calcium chloride concentrations (0.1–

0.4 mol/l) within 36 h. However, the efficiency of

phenol degradation by 0.1 mol/l calcium chloride

microcapsules could reach up to 88.3% in 24 h. Cells

immobilized in different concentrations of chitosan

were found to be similar to different concentrations of

sodium alginate, and 1.5% chitosan was found to be the

best choice. Therefore, 2.0% sodium alginate, 0.1 mol/

l calcium chloride, and 1.5% chitosan were chosen as

the optimal conditions for preparing microcapsules.

Single factor experiment for phenol degradation

The effect of reaction variables such as the number of

microcapsules, pH value, temperature and the initial

concentration of phenol was studied and the results

were delineated below.

Effect of microcapsules’ number

Experiments were performed to study the influence of

the number of microcapsules on phenol degradation

in aqueous solution. A set of tests was carried out by

varying the number of microcapsules added from 700

to 2100 capsules with an initial phenol concentration

of approximately 200 mg/l at pH 7.0 and 30�C after

36-h reaction time. A summary of the experimental

results for the removal efficiency of phenol with

various numbers of microcapsules is shown in Fig. 6.

It can be observed that the removal of phenol

increased with large number microcapsules. Phenol

was reduced after 36 h by 88%, 92%, and 100% with

the microcapsules dosage of 700, 1400, and 2100

capsules, respectively. Therefore, 2100 was chosen as

the optimal number of capsules and was used in

further degradation experiments.

Fig. 5 The optimal conditions for preparing microcapsules for phenol degradation. Initial phenol concentration of 200 mg/l.

Different concentrations of a sodium alginate, b calcium chloride, and c chitosan

Fig. 6 Effect of microcapsules number on phenol degradation
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Effect of pH

It is widely known that the pH value of degradation

medium would influence the activity of enzymes and,

thereby the microbial growth rate. Besides, it might

also affect the structure of the capsule (Gong et al.

2006). Most heterotrophic bacteria favor neutral

environment. Nevertheless, there are bacterial strains

which can thrive outside this limit which belongs to

the group of acidophiles (growth in lower pH) or

alkaliphiles (growth in higher pH) (Veenagayathri

and Vasudevan 2010).

As the ACA microcapsules were unstable in strong

acidic environment, when the pH was lower than 6.0,

some microcapsules were destroyed. Therefore, the

pH values ranging only from 6.0 to 10.0 was studied

on phenol degradation experiments under identical

environmental conditions by the microcapsules (2100

capsules) at 30�C after 36-h reaction time, and the

results are presented in Fig. 7. It is evident from

Fig. 7 that removal of 200 mg/l phenol was acceler-

ated with decreasing pH value down to pH 6.0,

beyond which the removal efficiency started to

decrease, indicating an optimal pH value of 6.0 for

best performance. This result is related to the

polycationic nature of the matrix because the car-

boxylic parts of alginate attract H? around them,

making H? concentrated around the active parts of

the immobilized cells decrease accordingly (Chung

et al. 2003). Hence, the pH of buffer solution has to

be lowered to provide optimal concentration of H?

for strain WJDB-1.

Above the optimal pH, the removal efficiencies

were 93.0% and 86.7% at pH 7.0 and 8.0, respec-

tively. However, when the pH values were higher

than 8.0, biodegradation efficiency was affected

significantly. The removal efficiency of phenol

reduced to 66.7% at pH 9.0, with only 34.8% at pH

10.0. At the higher pH value, the bacteria grew

slowly and the enzyme activity was lower—even

some of the bacteria would die—and, thus, the ability

of the enzyme to catalyze the transformation of

phenol decreased. Hence, the removal efficiency

decreased with increasing pH value. These pH values

created unfavorable growth conditions for the bacte-

rial population. Overall, the optimal pH value for

growth and phenol degradation was determined to be

6.0.

Effect of temperature

Regarding the temperature effect, the temperature for

higher phenol removal efficiency was found to be

near 30�C. However, the rate and the efficiency of

phenol degradation are relatively sensitive to devia-

tions outside the optimal temperature range (Mor-

docco et al. 1999). A variation of 5�C may cause a

decrease in phenol degradation rate by at least 50% at

the lower end, and almost by 100% at the higher end

(Marrot et al. 2006).

The biodegradation of phenol (approximately

200 mg/l) in experiments at six different temperature

values from 10 to 40�C was carried out after 36-h

reaction time at pH 6.0. The flasks were kept in a

water bath, where the temperature could be controlled

within ±1�C. The experimental results are shown in

Fig. 8. It can be seen that the optimal values of

temperature for phenol biodegradation was observed

as 25�C. At 25�C, the degradation rate was signifi-

cantly higher than the rates at 10�C and 40�C; the

phenol degradation efficiency could reach up to

100%. After 36 h, the degradation efficiency at 30�C

could also reach up to 97%. However, biodegradation

rates were almost identical at both 20�C and 35�C,

and the degradation efficiency is less than 83%. This

differentiation might be due to the differences in

penetration efficiency of phenol into the cells of

strain WJDB-1 through the cell membrane (Poly-

menakou and Stephanou 2005). Higher temperatures

seemed to negatively affect the activity of the

bacteria and, hence, hindered its biodegradation

Fig. 7 Effect of pH (6.0–10.0) on phenol degradation by

microcapsules
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capabilities. It is believed that sudden exposure to

temperatures higher than 35�C may have detrimental

effect on the bacterial enzymes that are usually

responsible for the benzene ring cleavage, which is

the main step in the biological degradation process

(El-Naas et al. 2009). On the other hand, exposure to

lower temperatures is expected to slow down the

bacterial activity. When the microorganisms immo-

bilized, they were in carrier-specific micro-environ-

ment, so that the optimal temperature would change.

The most favorable temperature range for the micro-

capsules to degrade phenol was 25–30�C. Thus, it is

clear that the phenol degradation is temperature

dependent.

Effect of initial phenol concentration

Initial concentration of phenol plays an important

role in the biodegradation process. Phenol degrada-

tion by microbial cells has generally been known to

be inhibited by higher concentration of phenol itself,

leading to extended lag time for phenol degradation

(Gernjak et al. 2003; Jia et al. 2005). To assess the

phenol tolerance of immobilized cells and to evaluate

degradation at higher initial concentrations, batch

cultures using the microcapsules were conducted

using initial concentrations of 114.55, 181.32,

271.20, 378.57, and 500.90 mg/l. Fig. 9 shows the

effect of the initial concentration of phenol on the

phenol degradation using strain WJDB-1 at pH 6.0

and 25�C. It was found that increasing the initial

phenol concentration resulted in longer phenol deg-

radation time and lower degradation efficiency. The

average degradation rates of different concentrations

were calculated, and the results are shown in Fig. 10.

This study showed that the best degradation rate was

obtained at phenol concentration of up to 378.57 mg/l.

Beyond this, the degradation rate decreased. This

decrease may be due to the toxicity of phenol.

The toxicity of phenol at high concentrations may

inhibit biodegradation through lower efficiency or

culture death. These effects were likely due to the

ability of phenol to damage microbial cells through

alteration of the selective permeability of the cyto-

plasmic membrane and enzyme deactivation (Hsieh

et al. 2008). However, whenever the microorganisms

were compatible to the environment, they also had

good degradation rate. Degradation could be nearly

completed if the reaction time increased with

Fig. 8 Effect of temperature (10–40�C) on phenol degradation

by microcapsules
Fig. 9 Effect of the initial phenol concentration on phenol

degradation by microcapsules

Fig. 10 Effect of the initial phenol concentration on the

degradation rate of phenol by microcapsules
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increasing phenol concentration. For instance, with

initial phenol concentrations of 114.55, 181.32, and

271.20 mg/l, all of the phenol could be degraded in

reaction times of 30, 36 and 38 h, respectively.

However, strong inhibitory effects were present with

a phenol concentration of 500.90 mg/l. The phenol

degradation rate was only 78.6% after 60 h. Hence,

the toxicity of phenol was still the serious problem

for improving the biodegradation efficiency.

Conclusions

This study has described above the phenol biodegra-

dation using the bacterium Bacillus amyloliquefaciens

strain WJDB-1 immobilized in ACA microcapsules,

which was isolated from phenol-contaminated waste-

water samples and identified based on morphological,

physiological, and biochemical characteristics, and

16S rDNA sequence analysis. The ACA microcapsules

offered a favorable microenvironment for microbial

cells. The optimal microcapsule numbers, tempera-

ture, and pH value for the ACA microcapsules studied

at 200 mg/l phenol were 2100 capsules, 25�C, and pH

6.0, respectively. Degradation tests for the strain at

various phenol concentrations suggested that the strain

completely degraded phenol with no time lag at an

initial phenol concentration no more than 270 mg/l.

Thus, the use of immobilized cells can act as an

effective method for phenol degradation. The concen-

tration of phenol was determined using DPV at the

GCE with a linear calibration curve of between peak

current and phenol concentration ranging from 2.0 to

20.0 mg/l. This method combined the biodegradation

with the electrochemical determination of phenol.
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