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Abstract Among known microbial species, Arthro-

bacter chlorophenolicus A6 has shown very good

potential to treat phenolic wastewaters. In this study,

the levels of various culture conditions, namely initial

pH, agitation (rpm), temperature (�C), and inoculum age

(h) were optimized to enhance 4-chlorophenol (4-CP)

biodegradation and the culture specific growth rate. For

optimization, central composite design of experiments

followed by response surface methodology (RSM) was

applied. Results showed that among the four indepen-

dent variables, i.e., pH, agitation (rpm), temperature

(�C), and inoculum age (h) investigated in this study,

interaction effect between agitation and inoculum age as

well as that between agitation and temperature were

significant on both 4-CP biodegradation efficiency and

culture specific growth rate. Also, at the RSM optimized

settings of 7.5 pH, 207 rpm, 29.6�C and 39.5 h inoc-

ulum age, 100% biodegradation of 4-CP at a high initial

concentration of 300 mg l-1 was achieved within a

short span of 18.5 h of culture. The enhancement in the

4-CP biodegradation efficiency was found to be 23%

higher than that obtained at the unoptimized settings of

the culture conditions. Results of batch growth kinetics

of A. chlorophenolicus A6 for various 4-CP initial

concentrations revealed that the culture followed sub-

strate inhibition kinetics. Biokinetic constants involved

in the process were estimated by fitting the experimental

data to several models available from the literature.
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chlorophenolicus A6 � Biodegradation �
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Introduction

Chlorophenols are listed as priority pollutants by the

U.S. Environmental Protection Agency due to their

acute toxicity and carcinogenic properties (Crosby

1981; Federal Register 1984; Wild et al.1993). The

major sources of chlorophenol discharging wastes are

industries such as pesticides, leather, pharmaceutical

and wood preservatives. Chlorophenols are also formed

as a by-product when chlorine is used for bleaching of

pulp and for disinfection of water; therefore, effluent

from these industries poses a serious threat to the

receiving environment. There exist several available

techniques such as volatilization, photo-decomposition,

physical adsorption, solvent extraction, chemical
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oxidation and electrochemical methods for the removal

of phenol and phenolic compounds from wastewaters

(Ra et al. 2008). However, high cost, low efficiency and

generation of toxic by-products are some of the limiting

factors of these conventional remediation strategies.

The eco-friendly biodegradation process has gained

maximum attention due to its many advantages over the

traditional methods. Several reports are available on

biodegradation of chlorophenols by Flavobacterium

sp., Pseudomonas sp., Sphingomonas sp., Acaligenes

sp., Rhodococcus sp., Arthrobacter sp. and fungal

species like white-rot basidiomycetes sp. Among these

microbial species, Arthrobacter sp. secrete both extra-

cellular and intracellular enzymes and have thus shown

good potential in degrading chlorophenols.

Arthrobacter chlorophenolicus A6 is an aerobic

microorganism that has been demonstrated to degrade

wide different types of toxic substituted phenols and

is also reported to be one of the most efficient strains

that completely mineralize 4-chlorophenol (4-CP)

within 24 h of culture even at an initial concentration

of 300 mg l-1 (Westerberg et al. 2000). It is also

reported that among the aerobic chlorophenol degrad-

ing microorganisms, A. chlorophenolicus A6 degrade

the compound by a novel route via hydroxyquinol

pathway with reductive dechlorination being one of

the key intermediate steps in the process (Nordin

et al. 2005). However, considering the fact that the

microorganism degrades 4-CP aerobically as well as

anaerobically it is essential to optimize the culture

conditions, particularly the agitation speed as a higher

value of the parameter affects dissolved oxygen

concentration in the culture media, which may hinder

anaerobic reductive dechlorination step in effective

degradation of the compound and a lower value is

detrimental to the microorganism growth (Sharma

and Pant 2001). It has also been reported that the A.

chlorophenolicus A6 strain can degrade 4-CP over a

wide range of temperature from 5 to 28�C; however,

while the degradation rate at 28�C is found to be

higher than at 5�C, viability of the microorganisms at

5�C after complete degradation of 4-CP is better than

at 28�C (Backman and Jansson 2004). It is also found

that during the course of 4-CP degradation, pH of

the culture medium drops down from its initial value

of 7.4 to a final value of 6.9. Inoculum age of

microorganisms is another parameter that has been

reported to play a vital role in biodegradation of such

xenobiotic compounds (Van and Ward 2001). Hence,

optimization of the culture conditions agitation

speed, temperature, pH, inoculum age, can plausibly

enhance in efficiency of 4-CP biodegradation by

A. chlorophenolicus A6, which has however not been

addressed so far in the literature. The traditional ‘‘one-

variable-at-a-time approach’’ for medium optimization

disregards the complex interactions among various

components (Abdel-Fattah et al. 2005). On the other

hand, statistically based experimental designs such as

response surface methodology (RSM) can be effectively

used to study the effects of several factors and their

interaction by varying the factor levels simultaneously

(Montgomery 1991; Elibol 2004; Piyushkumar et al.

2007). This type of statistical design techniques have

been successfully applied in studies, such as optimiza-

tion of caffeine degradation media by Pseudomonas sp,

where by the caffeine degradation rate was increased

from 0.1 to 0.18 g l-1h-1 at the RSM optimized settings

(Dash and Sathyanarayana 2007). Similarly, by opti-

mizing the conditions for reactive azo dye degradation

by an integrated treatment process involving UV/H2O2

and aerobic biological treatment, removal efficiency of

the dye was enhanced from 20 to 86% (Sudarjanto et al.

2006). Similar sequential designs of experiments have

been carried out on diesel oil degradation by Rhodo-

coccus erythropolis (Huang et al. 2008) and biodegra-

dation of lindane by Pleurotus ostreatus (Rigas et al.

2007).

Knowledge of microbial growth and substrate

utilization kinetics is important for the purpose of

prediction of effluent quality by biological treatment

processes (Ellis et al. 1996a, b; Grady et al. 1996;

Ellis and Anselm 1999). Biokinetic parameters also

help in optimizing the operational conditions to meet

the discharge requirements (Ellis and Anselm 1999).

These two aspects, i.e., optimization of culture

conditions and growth kinetics of A. chlorophenoli-

cus A6 for 4-CP biodegradation were therefore

investigated in the present study for enhancing the

biodegradation of the compound and to estimate the

biokinetic parameters involved in the process.

Materials and methods

Chemicals and reagents

Analytical grade 4-CP was obtained from Sigma–

Aldrich (Germany). All other chemicals and reagents

276 Biodegradation (2011) 22:275–286

123



used in the study were also of analytical grade and

obtained from either HiMedia (Mumbai, India) or

Merck (India).

Microorganism and its maintenance

A chlorophenolicus A6 used for 4-CP biodegradation

was a kind gift from Prof. Janet K. Jonson, Depart-

ment of Biochemistry, Stockholm University, Swe-

den. The culture was maintained on slants containing

mineral salt media (Westerberg et al. 2000) with

0.3% yeast extract and 2% agar, pH 7.4.

Seed culture medium

The media used for developing the seed culture for

use in biodegradation experiments contained mineral

salt media (Alexandar and Lustigman 1996) with

0.1% yeast extract and 4-CP at a concentration of

150 mg l-1. The seed culture medium (100 ml) taken

in a 250 ml Erlenmeyer flask was inoculated with a

loop full of the culture freshly grown on agar slants

and incubated for 48 h at 28�C and 180 rpm.

4-CP degradation medium

All 4-CP biodegradation experiments in the study

were performed with minimal salt media having the

composition (g l-1): K2HPO4 2.62, KH2PO4 0.4,

NH4NO3 0.58, MgSO4 0.17, CaCl2 0.038, FeCl3
0.002, and containing 300 mg l-1 4-CP as the sole

source of carbon and energy. Fresh culture of the

microorganism grown for 48 h using the above

mentioned seed culture media was collected by

centrifugation (5,000 g, 20 min at 22�C), washed in

sterile phosphate buffer (pH 7.4) and were re-grown

overnight using the biodegradation media containing

4-CP at 300 mg l-1 as the sole source of carbon and

energy. These cells were subsequently used as the

inoculum in the biodegradation experiments.

Optimization of culture conditions using RSM

For determining the best set of culture conditions for

maximizing both 4-CP biodegradation and specific

growth rate due to A. chlorophenolicus A6 experi-

ments were performed by simultaneously varying

the levels of culture conditions as per the central

composite design.

Culture conditions chosen for optimization were

pH, agitation (rpm), temperature (�C), and inoculum

age (h); the total number of treatment combinations

(experiments) was 31 = 2k ? 2k ? n0, where ‘k’ is

the number of independent variables and n0 = 7 the

number of replicates performed at center point of the

variables. Table 1 presents the range and levels of the

four variables tested in the study. The levels –1, 0 and

?1 of the culture conditions were chosen in such a

way that center point (0) values first represented

the factor levels used conventionally for growing

A. chlorophenolicus A6 (Westerberg et al. 2000);

and, accordingly the other levels of the variables were

determined using the following relationship:

Xi ¼
Ui � U0

DU
ð1Þ

where Xi is the coded level (–a, –1, 0, ?1 and ?a) of

any independent variable, Ui is the uncoded/actual

level of the independent variable, U0 is the uncoded

level of the independent variable at its centre point

and DU is the step change. In the present case, as per

the design, the default a value was taken to be 2.

For fitting the experimental results by response

surface regression procedure the following second

order polynomial equation was used:

Y ¼ b0þ
Xk

i¼1

biXiþ
Xk

i¼1

biiX
2
iþ
X

i

X

j

bijXiXj ð2Þ

where Y is the predicted response, k is the number of

factor variables. Xi and Xj are independent variables,

b0 is the offset term, bi is the ith linear coefficient, bii

is the ith quadratic coefficient and bij is the ijth

interaction coefficient.

The statistical software package, MINITAB

Release 15.1, PA, USA, was used for regression

analysis of the experimental data. Since 4-CP

biodegradation by A. chlorophenolicus A6 is a growth

associated process, optimum levels of each variables

Table 1 Experimental range and levels of the variable used in

the optimization study

Independent variables

(gl-1)

-a -1 0 ?1 ?a

pH 6.6 7.0 7.4 7.8 8.2

Agitation (rpm) 120 150 180 210 240

Temperature (�C) 20 24 28 32 36

Inoculum age (h) 24 36 48 60 72
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affecting both the responses, viz. 4-CP degradation

and the microorganism specific growth, were deter-

mined by method of desirability function, and for

which the following equation was solved (Derringer

and Suich 1980; Harrington 1965):

diðŷiÞ ¼
ŷi �0 Li

Ti �1 Li

� �ri ŷ\Li

Li� ŷ� Ti

ŷ [ Ti

8
<

: ð3Þ

where di ŷið Þ is desirability function of a response, Li

and Ti are the lower and target values of response

measured from experimental data. In the present

study, while Li for the two responses (4-CP degra-

dation and specific growth rate) were 0% and 0 h-1,

respectively, Ti values were set at 100% and

0.0937 h-1, respectively. ŷi is the value of a response

predicted by the second order polynomial equations

generalized before; r is the weight of desirability

function of a response. In this study, both the responses

were given equal weight. The overall desirability

function D in turn was computed as shown below:

D ¼
Y

dwi
i

� �1=W
ð4Þ

where di is individual desirability for the ith response,

wi = importance of the ith response, and W ¼
P

wi.

In the present study wi was taken to be one for each of

the responses. For solving the desirability function,

the statistical software package MINITAB Release

15.1, PA, USA, was used.

Growth kinetics of A. chlorophenolicus A6

for 4-CP biodegradation

At the optimized settings of the culture conditions,

batch 4-CP degradation experiments were carried out

in Erlenmeyer flasks (250 ml) containing 100 ml of

the mineral salt media with different initial 4-CP

concentrations of 25, 50, 100, 150, 200, 250, 300, and

350 mg l-1. Samples were taken at regular interval of

time during the experiments and were analyzed for

biomass and residual 4-CP concentrations. All the

experiments in this study were performed in duplicate.

Analytical methods

Biomass in the samples was determined by measur-

ing its optical density at wavelength 600 nm in

UV–visible spectrophotometer (Model lambda-45

Perkin Elmer U.S.A). 4-CP concentration in the

samples was estimated by reverse phase HPLC

(Varian Prostar 210) using an onsphere C-18 column

with acetonitrile–water (80:20, v/v) as the mobile

phase. The retention time of 4-CP was found to be

5.6 min at a flow rate of 0.8 ml/min and at 28�C.

Detection of 4-CP was made possible in the system

using a UV detector at wavelength 280 nm

Results and discussion

Optimization of culture conditions using RSM

For maximizing 4-CP biodegradation efficiency and

the culture specific growth rate, the levels of the four

important variables, i.e., pH, agitation (rpm), tem-

perature (�C) and inoculum age (h) were varied using

the central composite design of experiment, and

the results were analyzed in the form of analysis

of variance (ANOVA). Table 2a and b presents the

results of ANOVA of 4-CP biodegradation and

specific growth rate of the culture, respectively. The

Fisher’s F value (8.2) for 4-CP biodegradation in the

model owing to regression is found to be higher than

the critical F value (F0.05 14, 6 = 2.54; Table 2a); the

large F value indicates that most of the variations in

the response could be explained by the regression

model equation for 4-CP biodegradation in the study.

Generally, a large F value with a corresponding small

P-value indicates a high significance of the respective

coefficient (Tanyildizim et al. 2005). The associated

P value is used to judge whether F is large enough to

indicate statistical significance or not. The linear and

square terms of both the regression models for 4-CP

biodegradation and specific growth rate were found to

be highly significant at P less than 0.02. In the present

study the model F-values of 8.2 and 7.48 for 4-CP

biodegradation and specific growth rate, respectively,

indicate that the respective regression models could

explain most of the variation in the responses.

Further, P values of lack of fit term in the ANOVA

Table 2a and b showed that the second-order

polynomial models for 4-CP biodegradation and

specific growth rate were adequate in predicting the

responses. These regression model equations are

presented below.
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Y1f ðxÞ ¼ �2874:87þ 490:65X1 þ 54:46X3

þ 12:66X4 � 34:23X2
1 � 1:01X2

3 � 0:04X2
4

� 0:04X2X4 � 0:11X3X4 ð5Þ

Y2 f ðxÞ ¼ �2:78þ 0:46X1 þ 0:05674X3

þ 0:01098X4 � 0:03190X2
1

� 0:001104X2
3 � 0:00004X2

4

� 0:00003X2X4 � 0:00011X3X4 ð6Þ

where Y1 = 4-CP biodegradation, Y2 = specific

growth rate, X1 is pH, X2 is agitation (rpm), X3

temperature (�C) and X4 is inoculum age (h).

Further, to determine significance of the regression

coefficients in the two models, the results were

subjected to student’s t-test and are presented in

Table 3. From Table 3, it could be seen that the

regression coefficients of linear and quadratic terms

for temperature in both the models for 4-CP biodeg-

radation and specific growth rate were found to be

highly significant (P \ 0.003) whereas the coeffi-

cient due to pH and inoculum age indicated less
significance on the responses. On the other hand,

agitation did not show any significance (P [ 0.5).

From Table 3, the regression coefficient terms for

interaction between agitation and inoculum age were

found to be highly important (P \ 0.005); however,

interaction effects between temperature and inoculum

age revealed slightly less significance. Other coeffi-

cient terms in the models did not seem to be of

considerable significance (P [ 0.3) on 4-CP biodeg-

radation as well as on specific growth rate of the

culture. It should be noted here that such observations

on significance of interaction effects between the

variables would have been lost if the experiments

were carried out by conventional optimization meth-

ods (Ravi Kumar et al. 2005) Table 4.

To illustrate the above mentioned interaction

effects between the variables in the study, two

dimensional contour diagrams were plotted between

any of the four independent variables and the

responses by maintaining the other variables at their

middle (zero) levels. The contour plot between

inoculum age and temperature, and that between

agitation and inoculum age are depicted in Fig. 1a

and b. In general, the contours in such plots help in

proper identification of the type of interactions

between test variables; the surface confined in the

Table 2 (a) ANOVA of 4-CP biodegradation in the optimi-

zation study; (b) ANOVA of the culture specific growth rate in

the optimization study

(a)

Source df SS Adj MS F P R2

Regression 14 14559.8 1039.98 8.20 0.000 94.48

Linear 4 3022.4 592.98 4.68 0.011

Square 4 8496.2 2124.04 16.76 0.000

Interaction 6 3041.2 506.87 4.00 0.012

Lack of fit 10 48.463 4.8463 0.3241 0.134

Error 6 89.7 14.95

Total 30 16587.9

(b)

Source df SS 9 10-3 MS 9 10-3 F P R2

Regression 14 14.31 1.022 7.48 0.000 86.8

Linear 4 2.99 0.567 4.15 0.017

Square 4 8.437 2.109 15.43 0.000

Interaction 6 2.884 0.481 3.52 0.021

Lack of fit 10 0.05255 0.00525 0.375 0.118

Error 6 0.085 0.014

Total 30 0.016498

SS sum of squares, df degrees of freedom, MS mean sum of squares.
F Fisher’s F value (calculated by dividing the MS owing to the
model by that due to error), P probability of incorrectly rejecting
the null hypothesis when it is actually true

Table 3 Result of Student’s t-test for 4-CP biodegradation

and the culture specific growth rate in the optimization study

4-CP

degradation

Specific growth

rate

Term t P t P

Constant -3.083 0.007 -2.872 0.011

pH (X1) 2.367 0.031 2.141 0.048

Agitation (rpm) (X2) 0.549 0.590 0.643 0.529

Temperature (�C) (X3) 3.446 0.003 3.457 0.003

Inoculum age (h) (X4) 2.507 0.023 2.093 0.053

X1
2 -2.602 0.019 -2.335 0.033

X2
2 0.026 0.979 -0.219 0.829

X3
2 -7.668 0.000 -7.600 0.000

X4
2 -2.860 0.011 -1.900 0.076

X1 9 X2 0.132 0.896 0.068 0.946

X1 9 X3 0.354 0.728 0.261 0.798

X1 9 X4 0.001 0.999 0.056 0.956

X2 9 X3 0.322 0.751 0.368 0.718

X2 9 X4 -4.497 0.004 -4.208 0.005

X3 9 X4 -1.877 0.079 -1.783 0.094
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smallest curve of such contour diagram can also be

used to predict optimum response of the system. Hence,

from the given plot in Fig. 1a, the corresponding

coordinates in the region of the contour diagram gave

the optimum values of the respective factors. Also, the

response surface contour plots of mutual interaction

between the variables inoculum age and temperature

(Fig. 1a) was found to be elliptical indicating significant

interaction between the two. In Fig. 1b, which is a

typical saddle point contour plot, the optimum values

were obtained at the point of intersection of the lines that

are formed by joining the locus (Murthy et al. 2000).

Besides the two contour plots showing interaction

between the variables, response surface contours drawn

between other factors were circular indicating non-

significant nature of their interactions. Figure 2a and b

represent linear plots of measured versus predicted

values of 4-CP degradation and culture specific growth

rate, respectively, which clearly reveals that both the

experimental and predicted values were in close agree-

ment with each other.

In order to determine the optimal levels of each

variable for maximizing both 4-CP biodegradation

and the culture specific growth rate, the method of

desirability function was applied. The overall desir-

ability functions for 4-CP biodegradation and specific

growth rate were close to 1 indicating the fact that the

function increases linearly towards the desired target

values of the two responses (Derringer and Suich

1980; Jahani et al. 2008). In addition, individual

desirability values of the two responses were calcu-

lated; while the value for specific growth rate was

computed to be 1 with a maximum predicted

response of 0.0943 h-1, the value for 4-CP biodeg-

radation was also found to be 1 with maximum

predicted value of 102.66%. Thus, using the

Table 4 Available literature models on biomass growth with substrate inhibition

Author(s) Model References

Edward lg ¼ lmax exp �S=Kið Þ � exp �S=KSð Þ½ � Edwards (1970)

Aiba et al. lg ¼ lmaxS½expð�S=KiÞ�=ðSþ KSÞ Aiba et al. (1968)

Yano et al. lg ¼ lmaxS=ðSþ Ks þ S2=Kið1þ S=KÞÞ Yano et al. (1966)

Andrews lg ¼ lmax=ð1þ KS=Sþ S=KiÞ Andrews (1968)

Haldane lg ¼ lmaxS=ðSþ S2=Ki þ KS þ SKS=KiÞ Haldane (1965)

Webb lg ¼ lmaxSð1þ S=KÞ=ðSþ KS þ S2=KiÞ Webb (1963)

lmax maximum specific growth rate, Ks half saturation constant, Ki substrate inhibition constant, K Yano constant, S Substrate

concentration, lg predicted specific growth rate

Fig. 1 (a) Contour plot showing the interaction between

temperature and inoculum age on 4-CP biodegradation.

(b) Contour plot showing the interaction between inoculum

age and agitation speed on 4-CP biodegradation
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desirability function method for optimizing both the

responses (discussed earlier) optimum values of the

culture conditions were estimated to be: pH 7.5;

agitation 207 rpm; temperature 29.6�C and inoculum

age 39.5 h. These optimum values were experimen-

tally verified in batch shake-flask and the correspond-

ing maximum 4-CP biodegradation efficiency was

found to be 100% for an initial 4-CP concentration of

300 mg l-1 within 18.5 h of its culture.

Agitation speed is important for maintaining

homogenous chemical and physical conditions,

dispersion of dissolved oxygen into smaller bubbles

for increased interfacial area and oxygen mass

transfer rate, and all these factors play a crucial role

in enhancing both substrate utilization and growth of

microbial cultures (Sharma and Pant 2001). In this

study the agitation speed was found to be optimum at

207 rpm, which is in agreement with the literature

reports (Sharma and Pant 2001; Khaled and Khleifat

2006). However, any further increase in the agitation

rate to 250 rpm did not improve the 4-CP degrading

ability by the organism in the present study, which

may be attributed to induced shear stress on the cells

leading to the cell loss or reduced biomass concen-

tration (Hoq et al. 1995). Moreover, since this

particular microorganism utilizes both aerobic and

anaerobic metabolic pathway for 4-CP degradation

(Nordin et al. 2005) higher agitation speeds may

hinder the anaerobic reductive dechlorination step in

effective degradation of the compound. Mesophilic

temperature range is reported to have a strong impact

on microbial degradation of aromatic compounds and

plays an equivalent or larger role than nutrient

availability in the degradation media (Margesin and

Schinner 1997). In the present study it is observed

that an optimum culture temperature of 29.58�C was

required for complete degradation of 4-CP. Similar

observations on biodegradation of phenol, endosulfan

and crude oil due to temperature effect are reported

by other authors as well (Bandyopadhyay et al. 1998;

Sharma and Pant 2001; Hussain et al. 2007). But,

temperature above 36�C, in the current study, ceased

both the growth and 4-CP degradation rate by the

microorganism probably due to inhibition of multi-

enzyme complex system of the cell (Bandyopadhyay

et al. 1998). pH is another important factor for growth

and degradation of chlorophenols by microorganisms,

and the optimum pH in this study was found to be

7.5. It is known that at acidic pH values chlorophe-

nols remain in its unionized hydrophobic state, and its

toxicity to microorganisms in this state is generally

high as it can readily penetrate into the lipid cell

membranes of the microorganisms (Penttinen 1995;

Leeuwen and Vermeire 2007). Therefore an optimum

pH of 7.5 in the study for better degradation of the

compound and growth of A. chlorophenolicus A6 is

quite likely. However, pH values above 7.5 inhibited

the growth and chlorophenol degradation due to its

negative effect on the activities of phenol oxidase and

peroxidase enzymes (Tabatabai 1994; Sinsabaugh

Fig. 2 (a) Linear plot of predicted versus measured values of

4-CP degradation in the optimization study. (b) Linear plot of

predicted versus measured values of specific growth rate of the

culture in the optimization study
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et al. 2008). Similar finding on phenol biodegradation

was reported by Khaled and Khleifat (2006). Since

the biodegradation media used in the present study

contained only 4-CP as the sole source of carbon and

energy, inoculum age plays a direct role on the rate

and extent of lag phase of the culture. From the

optimization results, inoculum age was found to be

optimum at 39.5 h, a value which is well supported in

literature for phenol degradation (Bandyopadhyay

et al. 1998).

At the optimum settings of the culture conditions,

the organism was capable of completely degrading

(100%) 4-CP for an initial concentration of

300 mg l-1 within 18.5 h of its culture. The time

required to degrade 4-CP was also found to be much

less (by 5.5 h) compared to that required at the

unoptimized culture conditions reported earlier by

Westerberg et al. (2000). Furthermore, the 4-CP

degradation efficiency obtained at the optimum levels

of the culture conditions was observed to be 22.99%

higher than that obtained using the unoptimized

culture conditions. Overall, the results of the study

clearly showed very good enhancement in the 4-CP

biodegradation efficiency by A. chlorophenolicus A6

by optimizing the culture conditions employing the

non-conventional statistical based design technique.

Growth kinetics of A. chlorophenolicus A6

for 4-CP biodegradation

Figure 3 shows the time profile of 4-CP degradation

by the A. chlorophenolicus A6 at its various initial

concentrations. It is clear from the profile that the

time taken by the organism to degrade the compound

mainly depended on its initial concentration. For

instance, to degrade 100 mg l-1 of 4-CP the culture

took about 6 h, but for 350 mg l-1 it took a long time

of 36 h for complete degradation of the compound.

The results also showed that maximum degradation

rate achieved was at 100 mg l-1 of 4-CP; and low

degradation rates were obtained both below and

above this concentration thus indicating strong influ-

ence of 4-CP concentration on its degradation rate

(Hao et al. 2002). It is also observed that towards the

end of the substrate consumption curve (Fig. 3) a

region of relatively less rate of substrate removal

existed in each concentration. Possible explanations

towards this phenomenon may be given based on a

fall in pH (from 7.5 to 7.1) and depletion of oxygen in

the culture medium (Yang and Humphrey 1975;

Lallai and Mura 1989; Blanch and Clark 1996).

Similar to time taken by the culture to degrade 4-CP

at its various initial concentrations, the culture growth

also followed a similar pattern. This is illustrated in

Fig. 4 where biomass growth (OD 600 nm) of the

culture is plotted against time for various 4-CP concen-

trations in the media. It could be seen from Fig. 4 that

4-CP concentration between 25 and 300 mg l-1did not

show any significant repression on the biomass output,

but at concentration greater than 300 mg l-1, a lag

Fig. 3 Time profile of 4-CP degradation by A. chloropheno-
licus A6

Fig. 4 Time profile of biomass growth (OD 600 nm) at

different 4-CP concentration
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phase in the growth was evident. The lag phase observed

in its utilization (degradation) and therefore the culture

growth could be easily attributed to a highly toxic nature

of the compound above a certain level, which in this case

was 300 mg l-1. However, at concentrations below

300 mg l-1, no such lag phase was observed (Fig. 4).

Moreover, as the 4-CP concentration was increased in

the media the culture took more time for complete

utilization of the compound (6 h at 100 mg l-1 vs. 36 h

at 350 mg l-1).

In order to establish the effect of 4-CP concentration

on growth of A. chlorophenolicus A6, specific growth

rates of the culture at different 4-CP concentrations were

calculated as per the following relationship:

l ¼ 1

X

dX

dt
ð7Þ

where X is biomass concentration (mg l-1) at time

t (h) and l is the specific growth rate (h-1) (Monod

1949; Kovari and Elgi 1998).

Figure 5 depicts the variation of initial 4-CP specific

growth rates with the initial 4-CP concentrations, which

shows that the culture specific growth rate increased

to 0.163 h-1 with the initial 4-CP content up to

100 mg l-1 whereas the value decreased to 0.047 h-1

from 100 to 350 mg l-1. This clearly indicated inhib-

itory effect of 4-CP at concentrations above 100 mg l-1

on the culture growth. Similarly the 4-CP degradation

rate was found to be decreased from 21.16 to

10.43 mg l-1 h-1 when initial 4-CP concentration in

the media was raised from 100 to 350 mg l-1. This type

of growth behavior by A. chlorophenolicus A6 due to

a high 4-CP concentration clearly indicated substrate

inhibition pattern that has been studied by other authors

as well (Yan et al. 2006; Bai et al. 2007). In order to

predict the patterns of 4-CP degradation and culture

growth in the system, kinetics of these two phenomena

were analyzed by fitting the data to substrate inhibition

models found in the literature.

Modeling the growth kinetics

of A. chlorophenolicus A6 in presence of 4-CP

Since the specific growth rate (l) of the culture was

subjected to substrate inhibition due to 4-CP, varia-

tion of l with respect to the 4-CP concentrations were

modeled using suitable deterministic models reported

in the literature (Edwards 1970; Singh et al. 2008).

These model equations (shown in Table 4) were

solved using nonlinear regression method using

MATLAB 7.0. The aforementioned Fig. 5 shows

the experimental specific growth rate and the model

predicted ones. From this figure it could be seen that

among the six models tested, Edward model was

found to fit the data quite accurately. The kinetics

parameters estimated from these six models are

shown in Table 5 along with root mean square

(RMS) error between the substrate inhibition model

predicted and experimental specific growth rate of

the culture at various 4-CP concentrations. From the

Table 5, it is clear that Edward model yielded the

least RMS value of 0.003 with a very high correlation

coefficient (R2) value of 0.99 confirming that Edward

model best fitted the experimental data.

All the models adopted in this study have gener-

ally been used in the literature to describe substrate

Fig. 5 Experimental and model predicted specific growth rate

of the culture at different 4-CP concentrations

Table 5 Estimated values of parameters in the various kinetic

models

Model Model parameters RMSE R2

lmax

(h-1)
Ks

(mg/l)
Ki

(mg/l)
K
(mg/l)

Edward 0.22 30.83 275 – 0.0031 0.99

Aiba et al. 0.25 21.3 275 – 0.0161 0.78

Haldane 0.26 21.91 224.2 – 0.0149 0.77

Yano et al. 0.26 24.53 290 250 0.0160 0.68

Andrews and
Noack

0.26 25.2 204.9 – 0.0134 0.81

Webb 0.16 6.8 150 250 0.026 0.30
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inhibition on growth of microbial cultures. Therefore,

it is more likely that these models fitted the exper-

imental data in the present study to a reasonable level

of accuracy. However, some models showed slight

deviation in the values of biokinetic constants, such

as lmax, Ks and Ki, probably due to their differences

in origin of development (for example, Edward

model mainly concerns with the effect of a metabolite

that may be formed during degradation on the growth

of microbial culture). Further, predicted values using

the Edward equation correlated well with the exper-

imental data with R2 = 0.99, the fit was valid for

4-CP concentration only up to 300 mg l-1, beyond

this concentration the overall prediction of the model

was slightly poor. Similar discrepancy in model

prediction of experimental specific growth rate due to

microorganism was also noted in the literature (Hao

et al. 2002).

It is to be mentioned here that while attempting to

compare the model parameter values obtained in the

present study with the literature, although large

number of relevant kinetic studies on phenol were

available, only very few literature reports were found

on chlorophenol degradation using pure cultures. In

the present study maximum specific growth rate

(lmax), as per the best fitted model of Edward, was

found to be 0.22 h-1. In the literature on 4-CP

degradation, Sahinkaya and Dilek (2005) and Gosw-

ami et al. (2002) reported lmax values of 0.049

and 0.256 h-1 using Rhodococcus erythropolis M1

and unacclimatized activated sludge, respectively. A

larger lmax value (0.22 h-1) obtained in the present

study as compared to that obtained using Rhodococ-

cus erythropolis M1 (0.049 h-1) indicates that the

substrate is more readily utilized by A. chloropheno-

licus A6 for its growth. The larger lmax value may

also be due to high initial inoculum size and initial

concentration of 4-CP used in the experiments.

Furthermore, a high lmax value obtained with

A. chlorophenolicus A6 may be attributed to the

energy gained from substrate utilization being chan-

nelled towards biomass formation rather than for its

maintenance. In addition, A. chlorophenolicus A6

biomass may be shunting very less percentage of the

electrons for regeneration of NADPH which is

generally used to activate the monoxygenase enzyme

involved in 4-CP biodegradation compared to Rho-

dococcus erythropolis M1. However, this aspect

needs further investigations to confirm. The value

of half saturation coefficient (Ks), which indicates the

affinity of biomass to the substrate (Juang and Tsai

2006), was estimated from Edward model

(30.83 mg l-1) and was found to correlate well with

those found in literature on phenol and p-cresol

degradation by mixed and pure cultures (Kumaran

and Paruchuri 1997; Kumar et al. 2005). However,

the higher Ks value obtained in the present study was

higher compared with that obtained for 2,4 dichloro-

phenol (2,4 DCP) degradation by an acclimated

mixed culture (Sahinkaya and Dilek 2007); consid-

ering the fact that the substrate 2,4 DCP is different

than 4-CP any difference in the Ks values is not

unlikely. The degree of resistance of the microor-

ganism to toxic effects of 4-CP is indicated by the

value of the kinetic parameter Ki, and, in general, a

large Ki value reveals that the biomass is highly

resistant to inhibition by the substrate. In the present

study, the Ki value was estimated to be 275 mg l-1

which is larger than the Ki value of 194.4 mg l-1

obtained by Sahinkaya and Dilek (2005) for 4-CP

degradation using unacclimated activated sludge. A

high resistance of A. chlorophenolicus A6 as

observed from the estimated Ki value may be due

to the production of micro colonies during its growth

in culture media. It has been reported that some

microorganisms form hyphae and large micro colo-

nies to enable protection of the inner cell mass thus

favoring easy degradation and tolerance to toxic

substrates (Golovleva et al. 1992). Also the Ki value

in the present study was higher than the value

obtained for Rhodococcus erythropolis M1 (Goswami

et al. 2002) indicating good tolerance of A. chloro-

phenolicus A6 towards growth and degradation of

4-CP in treating contaminated water. Overall, the

study revealed good potential of the microorganism

in degrading 4-CP even at very high concentrations.

Conclusions

At the RSM optimized levels of pH, agitation,

temperature, and inoculum age, 23% enhancement

in the 4-CP biodegradation efficiency by the

A. chlorophenolicus A6 was achieved within 18.5 h

of culture. The culture could also degrade 4-CP even at

high initial concentration of 375 mg l-1 within 40 h,

which is superior compared to other literature reports

on 4-CP biodegradation.The use of nonconventional,

284 Biodegradation (2011) 22:275–286
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statistically based design techniques allowed good

interpretation of the results obtained, and, therefore,

proved useful for enhancing the 4-CP biodegradation

efficiency. Further substrate inhibition due to 4-CP on

growth of the microorganism was explained using

suitable models found from the literature. Among the

various models tested, Edward model gave the best fit

to the experimental data and the model biokinetic

constants evaluated. Overall, the study revealed very

good potential of A. chlorophenolicus A6 culture in

treating wastewaters containing highly recalcitrant

compounds such as 4-CP.

References

Abdel-Fattah YR, Saeed HM, Gohar YM, El-Baz MA (2005)

Improved production of Pseudomonas aeruginosa uricase

by optimization of process parameters through statistical

experimental designs. Process Biochem 40:1707–1714

Aiba S, Shoda M, Nagalani M (1968) Kinetics of product

inhibition in alcohol fermentation. Biotechnol Bioeng

10:845–864

Alexandar M, Lustigman BK (1996) Effect of chemical

structure on microbial degradation of substituted ben-

zenes. J Agric Food Chem 14:410–413

Andrews JF (1968) A mathematical model for the continuous

culture of microorganisms utilizing inhibitory substrates.

Biotechnol Bioeng 10:707–723

Backman A, Jansson JK (2004) Degradation of 4-chlorophenol

at low temperature and during extreme temperature fluc-

tuations by Arthrobacter chlorophenolicus A6. Microb

Ecol 48:246–253

Bai J, Wen JP, Li HM, Jiang Y (2007) Kinetic modeling of

growth and biodegradation of phenol and m-cresol using

Alcaligenes faecalis. Process Biochem 42:510–517

Bandyopadhyay K, Das D, Maiti BR (1998) Kinetics of phenol

degradation using Pseudomonas putida MTCC 1194.

Bioprocess Eng 18:373–377

Blanch HW, Clark DS (1996) Biochemical engineering. Mar-

cel Dekker, New York

Crosby DG (1981) Environmental chemistry of pentachloro-

phenol. Pure Appl Chem 53:1051–1080

Dash SS, Sathyanarayana N (2007) Enhanced biodegradation

of caffeine by Pseudomonas sp. using response surface

methodology. Biochem Eng J 36:288–293

Derringer G, Suich R (1980) Simultaneous optimization of

several response variables. J Qual Technol 124:214–219

Edwards VH (1970) The influence of high substrate concentra-

tions on microbial kinetics. Biotechnol Bioeng 12:679–712

Elibol M (2004) Optimization of medium composition for

actinorhodin production by Streptomyces coelicolor A3
(2) with response surface methodology. Process Biochem

39:1057–1062

Ellis TG, Anselm CV (1999) Effect of batch discharges on

extant biodegradation kinetics in activated-sludge sys-

tems. Water Environ Res 71:290–298

Ellis TG, Smets BF, Magbanua JBS, Grady JCPL (1996a)

Changes in measured biodegradation kinetics during the

long-term operation of completely mixed activated sludge

(CMAS) bioreactors. Water Sci Technol 34:35–42

Ellis TG, Barbeau DS, Smets BF, Grady JCPL (1996b) Res-

pirometric technique for determination of extant kinetic

parameters describing biodegradation. Water Environ Res

68:917–926

Federal Register (1984) EPA method 604, phenols, part VIII,

40 CFR part 136. Environmental Protection Agency,

Washington DC, p. 58

Golovleva LA, Zaborina O, Pertsova R, Baskunov B,

Schurukhin Y, Kuzmin S (1992) Degradation of poly-

chlorinated phenols by Streptomyces rochei 303. Bio-

degradation 2:201–208

Goswami M, Shivaraman N, Singh RP (2002) Kinetics of

chlorophenol degradation by benzoate-induced culture of

Rhodococcus erythropolis M1. World J Microb Biotech-

nol 18:779–783

Grady JCPL, Smets BF, Barbeau DS (1996) Variability in

kinetic parameter estimates: a review of possible causes

and a proposed terminology. Water Res 30:742–748

Haldane JBS (1965) Enzymes. MIT Press, Cambridge, MA, p 84

Hao OJ, Kim MH, Seagren EA, Kim H (2002) Kinetics of

phenol and chlorophenol utilization by Acinetobacter-
species. Chemosphere 46:797–807

Harrington EC (1965) The desirability function. Industrial

Quality Control 21:494–498

Hoq MM, Solomon BO, Hempel C, Rinas U, Deckwer WD

(1995) The kinetics of cellulase-free xylanase excretion

by Thermomyces lanugiosus RT 9’’. J Chem Technol

Biotechnol 63:229–236

Huang L, Ting M, Li Dan, Feng-lai L, Ru-Lin L, Guo-qiang L

(2008) Optimization of nutrient component for diesel oil

degradation by Rhodococcus Erythropolis. Mar Pollut

Bull 56:1714–1718

Hussain S, Arshad M, Saleem M, Zahir ZA (2007) Screening

of soil fungi for in vitro degradation of endosulfan. World

J Microbiol Biotechnol 23:939–945

Jahani M, Alizadeh M, Pirozifard M, Qudsevali A (2008)

Optimization of enzymatic degumming process for rice

bran oil using response surface methodology. LWT –

Food Sci Technol 41:1892–1898

Juang R, Tsai S (2006) Growth kinetics of Pseudomonas putida
in the biodegradation of single and mixed phenol and

sodium salicylate. Biochem Eng J 31:133–140

Khaled M, Khleifat (2006) Biodegradation of phenol by

Ewingella americana: effect of carbon starvation and

some growth conditions. Process Biochem 41:2010–2016

Kovari KK, Elgi T (1998) Growth kinetics of suspended

microbial cells: from single substrate controlled growth to

mixed substrate kinetics. Microbiol Mol Biol Rev

62:646–666

Kumar A, Kumar S, Kumar S (2005) Biodegradation kinetics

of phenol and catechol using Pseudomonas putida MTCC

1194. Biochem Eng J 22:151–159

Kumaran P, Paruchuri YL (1997) Kinetics of phenol bio-

transformation. Water Res 31:11–22

Lallai A, Mura G (1989) pH variation during phenol biodeg-

radation in mixed cultures of microorganisms. Water Res

23:1335–1338

Biodegradation (2011) 22:275–286 285

123



Leeuwen CJV, Vermeire T (2007) Risk assessment of chemi-

cals: an introduction. Second edition, Springer, Dordrecht,

The Netherlands, 329 pp

Margesin R, Schinner F (1997) Effect of temperature on oil

degradation by a psychrotrophic yeast in liquid culture

and in soil. FEMS Microbiol Ecol 24:243–249

Monod J (1949) The growth of bacterial cultures. Annu Rev

Microbiol 3:371–394

Montgomery DC (1991) Design and analysis of experiments,

3rd edn. Wiley, New York

Murthy MSRC, Swaminathan T, Rakshit KY (2000) Statistical

optimization of lipase catalyzed hydrolysis of methylol-

eate by response surface methodology. Bioprocess Eng

22:35–39

Nordin K, Unell M, Janet KJ (2005) Novel 4-chlorophenol

degradation gene cluster and degradation route via hy-

droxyquinol in Arthrobacter chlorophenolicus A6. Appl

Environ Microbiol 71:6538–6544

Penttinen OP (1995) Chlorophenols in aquatic environments:

structure activity correlations. Ann Zool Fenn 32:287–294

Piyushkumar M, Kiran D, Lele SS (2007) Application of response

surface methodology to cell immobilization for the produc-

tion of palatinose. Bioresour Technol 98:2892–2896

Ra JS, Oh SY, Lee BC, Kim SD (2008) The effect of sus-

pended particles coated by humic acid on the toxicity of

pharmaceuticals, estrogens and phenolic compounds.

Environ Int 34:184–192

Ravi Kumar K, Pakshirajan K, Swaminathan T, Balu K (2005)

Optimization of batch process parameters using response

surface methodology for dye removal by a novel adsor-

bent. Chem Eng J 105:131–138

Rigas F, Papadopoulou K, Dritsa V, Doulia D (2007) Biore-

mediation of a soil contaminated by lindane utilizing the

fungus Ganoderma australe via response surface meth-

odology. J Hazard Mater 140:325–332

Sahinkaya E, Dilek FB (2005) Biodegradation of 4-chloro-

phenol by acclimated and unacclimated activated

sludge—evaluation of biokinetic coefficients. Environ Res

99:243–252

Sahinkaya E, Dilek FB (2007) Biodegradation kinetics of 2,

4-dichlorophenol by acclimated mixed cultures. J Bio-

technol 127:716–726

Sharma SL, Pant A (2001) Crude oil degradation by marine

actionomycetes Rhodococcus species. Indian J Mar Sci

30:146–150

Singh RK, Kumar S, Kumar S, Kumar A (2008) Biodegrada-

tion kinetic studies for the removal of p-cresol from

wastewater using Gliomastix indicus MTCC 3869. Bio-

chem Eng J 40:293–303

Sinsabaugh RL, Lauber CL, Weintraub MN, Ahmed B, Alli-

sion SD, Crenshaw C, Contosta AR, Causack D, Frey S,

Gallo ME, Gartner TB, Hobbie SE, Holland K, Keeler

BL, Powers JS, Stursova M, Takacs VC, Wallenstein MD,

Zak DR, Zeglin LH (2008) Stoichiometry of soil enzyme

activity at global scale. Ecol Lett 11:1252–1264

Sudarjanto G, Beatrice KL, Jurg K (2006) Optimization of

integrated chemical–biological degradation of a reactive

azo dye using response surface methodology. J Hazard

Mater B 138:160–168

Tabatabai MA (1994) Soil enzymes. In: Weaver RW, Angle S,

Bottomley P (eds) Methods of soil analysis. Part 2:

Microbiological and biochemical properties. Soil Science

Society of America, Madison, pp 775–833

Tanyildizim MS, Ozer D, Elibol M (2005) Optimization of

a-amylase production by Bacillus sp. using response

surface methodology. Process Biochem 40:2291–2296

Van HJD, Ward OP (2001) Volatile hydrocarbon biodegrada-

tion by a mixed-bacterial culture during growth on crude

oil. J Ind Microbiol Biotechnol 26:356–362

Webb JL (1963) Enzyme and metabolic inhibitors. Academic

Press, Boston, USA

Westerberg K, Elvang AM, Stackebrandtm E, Jansson JK

(2000) Arthrobacter chlorophenolicus sp. nov., a new

species capable of degrading high concentrations of

4-chlorophenol. Int J Syst Evol Microbiol 50:2083–2092

Wild SR, Harrad SJ, Jones KC (1993) Chlorophenols in

digested U.K. sewage sludges. Water Res 27:1527–1534

Yan J, Jianping W, Jing B, Daoquan W, Zongding H (2006)

Phenol biodegradation by the yeast Candida tropicalis in

the presence of m-cresol. Biochem Eng J 29:227–234

Yang RD, Humphrey AE (1975) Dynamic and steady state

studies of phenol biodegradation in pure and mixed cul-

tures. Biotechnol Bioeng 17:1211–1235

Yano T, Nakahara T, Kamiyama S, Yamada K (1996) Kinetic

studies on microbial activities in concentrated solutions

and effect of excess sugars on oxygen uptake rate of a

cell-free respiratory system. Agric Biol Chem 30:42–48

286 Biodegradation (2011) 22:275–286

123


	Biodegradation of 4-chlorophenol by Arthrobacter chlorophenolicus A6: effect of culture conditions and degradation kinetics
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Microorganism and its maintenance
	Seed culture medium
	4-CP degradation medium
	Optimization of culture conditions using RSM
	Growth kinetics of A. chlorophenolicus A6 for 4-CP biodegradation
	Analytical methods

	Results and discussion
	Optimization of culture conditions using RSM
	Growth kinetics of A. chlorophenolicus A6 for 4-CP biodegradation
	Modeling the growth kinetics of A. chlorophenolicus A6 in presence of 4-CP

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


