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Abstract: A thermophilic Bacillus strain was isolated from excess sludge in the
present study. A 16S rDNA analysis indicated that this strain was a Bacillus sp.
that had not been previously reported (named Bacillus sp. Hnu). The aim of the
present study was to investigate the enhanced efficiency of excess sludge
hydrolysis by the addition of thermophilic Bacillus sp. Hnu under different
oxygen supply conditions. The results indicated that higher temperature and a
greater oxygen supply were advantageous for the volatile suspended solid
removal ratio, having the same effect to that of protease activity. The maxi-
mum volatile suspended solid removal ratio was achieved at 21.5, 42.5 and
54.4 % after 108 h digestion at pH 6.9 and 60 °C and increased by 17.2, 38 and
45.4 % under anaerobic, microaerobic, and aerobic conditions compared with
the control test, respectively. The hydrolysis rate constants under anaerobic,
microaerobic, and aerobic conditions were 3, 4.8, and 7 times (40 °C), 3.5, 9.8,
and 11.8 times (50 °C) and 2.7, 7.2, and 10.3 times (60 °C), respectively. Hyd-
rolysis performance indicated that the Bacillus sp. Hnu could accelerate the hyd-
rolysis rate. The kinetic study showed that the hydrolysis of sludge with Bac-
illus sp. Hnu and the control test followed first-order kinetics except at 60 °C.

Keywords. thermophilic; excess sludge; microaeration; hydrolysis; first-order
Kinetics.

INTRODUCTION

The activated sludge processis the most widely used biological treatment for
municipal and industrial wastewater worldwide.1.2 This process uses microorga-
nisms to transform dissolved and colloidal organic substances in the wastewater
into biomass or carbon dioxide and water.3 The production of the major bypro-
duct, i.e., excess sludge, is a serious disposal problem for treatment plants. The
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excess sludge contains considerable amounts of hazardous organic and inorganic
materials, such as pathogens, parasite eggs, and a number of heavy metals. The
mixture is frequently subjected to treatment prior to disposal to avoid posing a
significant threat to ecological systems.4

The main treatment of the excess sludge presently employed in China
depends on the landfill operation after coagulation filtration. However, the dis-
posal of the excess sludge by this operation is not effective because it occupies a
vast area of land. The costs associated with the treatment of excess sludge may
cover up to 25 to 65 % of the total plant operational cost.>6

The current technologies for sludge reduction can be roughly classified into
the following three major categories: 1) a mechanica method such as mill or
ultrasonification,27:8 2) oxidation using ozone®>11 or chlorinel?2 and 3) hydro-
lysis with or without enzymes.13-15 Biological stabilization is considered as one
of the most attractive methods for the optimal reduction of the organic fraction in
excess sludge. The thermophilic bacteria treatment method is considered parti-
cularly advantageous because of its cost-effectiveness.16.17 This type of treat-
ments has also been reported in other studies,318-22 whereas less information is
available regarding the aerobic and anaerobic transition region, which is charac-
terized by low levels of agration.23

The objective of the present study was to investigate the enhanced efficiency
of excess sludge hydrolysis by the addition of thermophilic Bacillus sp. Hnu
under different oxygen supply conditions and analyze the kinetic parameters
during this process.

EXPERIMENTAL

Source of excess sludge and culture media

The excess sludge used in the present study was obtained from the secondary sedimen-
tation tank of a municipal wastewater treatment plant in Changsha, China. Concentrated
sludge was obtained after the sludge was allowed to settle at 4 °C for 24 h. The supernatant
was then removed. The sludge was filtered through a 1 mmx1 mm metal sieve and then stored
at 4 °C until use. The main characteristics of the sludge after filtration are givenin Tablel.

TABLE I. Characteristics of the filtered excess sludge (mg L)

Parameter Vaue
pH 6.9+0.1
Soluble chemical oxygen demand 150+10
Total chemical oxygen demand 14850+287
Concentration of total suspended solid 153840+148
Concentration of volatile suspended solid 71350+69
Concentration of ammonia nitrogen 18+1.5
Concentration of soluble phosphate 16+1

The following culture media were employed: Luria—Bertani (LB) solid medium contain-
ing: 10 g tryptone, 5 g yeast extract, 5 g sodium chloride, 30 g agar powder and 1 L distilled
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water; starch agar containing: 5 g soluble starch, 1 g yeast extract, 2 g tryptone, 0.003 g
calcium chloride, 0.1 g magnesium chloride, 0.36 g monopotassium dihydrogen phosphate,
1.3 g disodium hydrogen phosphate, 20 g agar powder, and 1 L distilled water; casein agar
medium containing: 10 g casein, 3 g beef extract, 2 g disodium hydrogen phosphate, 5 g
sodium chloride, 15 g agar, 12.5 mL bromothymol blue solution (0.4 %), and 1 L distilled
water.

Isolation and identification of the thermophilic strain

Strain isolation. The thermophilic bacteria were isolated from the excess sludge. The
fresh sludge was transferred into a 500 mL Erlenmeyer flask covered with a rubber stopper to
prevent evaporation. The sludge was cultured at 60 °C in a water-bath with vibrator at a
shaking rate of 100 rpm for one week. Then, 2/3 of the old sludge was discharged and
replaced with an equal volume of fresh sludge. The same procedure was repeated for 6
months. The cultured sludge was diluted to an appropriate concentration, spread on an LB
agar plate, and incubated at 60 °C for 48 h. After the growth of the bacterial colonies, the
representative strains of all colony types that could be distinguished on the plates were
isolated by sub-culturing onto the same LB agar plates at the same temperature until a single
colony was eventually identified to ensure a pure culture. A typical isolated strain was
inoculated onto LB agar and LB liquid medium, incubated at 60 °C for 48 h, and then
preserved in arefrigerator at 4 °C.

Strain identification. The isolated bacteria were spread onto a standard nutrient agar plate
and incubated at 60 °C for 48 h. The morphological characteristics, including: shape, colony,
size, color and physiological and biochemical characteristics were determined (Table ).

TABLE Il. Characteristics of thermophilic Bacillus sp. Hnu

Index Characteristics Bacillus sp. Hnu
Morphological characteristics Shape Bacilliform
Colony Smooth
Size Moderate
Color Semitransparent
Physiological and biochemical Motility +
characteristics Sporiparous +
Gram stain +
Aerobic +
Catalase reaction +
Protease-producing ++
Amylase-producing +
pH 5585
Temperature 40-65 °C
Optimum temperature 60 °C

Casein agar medium and starch agar were used to test the target bacteria for the pro-
duction of protease and amylase.

Moreover, 16S RNA gene sequence analysis was used to identify the species of the
target strain. DNA was extracted from 2 mL of a pure strain solution (LB medium, 60 °C, 48
h), which was concentrated at 12000xg for 30 s and then extracted with a DNA extraction Kit.
The extracted genome was used as the template for 16S RNA amplification with PCR primers
27F (5-AGAGTTTGATCMTGGCTCAG-3) and 1492R (5-TACGGYTACCTTGTTACGA-

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




1138 ZHENG et al.

CTT-3). The cycle program for the amplification was as follows: 5 min at 95 °C; 24 cycles
each for 30 sat 95 °C, 30 s at 55 °C and 1.5 min at 72 °C, followed by a fina 10 min
extension at 72 °C. The PCR product was detected by agarose gel electrophoresis. The 16S
rRNA gene from the isolated bacteria was purified, cloned, and sequenced by Shanghai
Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China).

Bacillus sp. Hnu-enhanced hydrolysis tests

Experiments on the influence of Bacillus sp. Hnu in the enhanced hydrolysis of excess
sludge were performed in four 2000 mL volumetric flasks. The temperature was controlled in
each test using a water bath. Distilled water (50 mL) was added to 500 mL concentrated
excess sludge in the control test. LB liquid medium (50 mL) was added to the 500 mL
concentrated excess sludge in the other three reactors. The control test and anaerobic reactors
were sealed with a rubber stopper with an inserted glass tube that reached the sludge, enabling
sample withdrawal. Three glass tubes were placed in the rubber plugs of the microaerobic and
aerobic reactors. The first tube was for sampling, the second was the air inlet, and the third
tube was the gas outlet. The gas outlet was a covered condense pipe to prevent evaporation.
Compressed air was alowed to pass through the microaerobic and aerobic reactors at
ventilation rates of 20 and 70 mL minl, respectively. Under these aerating conditions, the
dissolved oxygen (DO) ranged from 0.4 to 0.6 mg L1 and 1.5 to 2.5 mg L1, respectively.

Using these experimental techniques, the effect of temperature on excess sludge diges-
tion was investigated under control, anaerobic, microaerobic and aerobic conditions at 40, 50
and 60 °C with no pH adjustment (pH 6.9). The effect of pH on excess sludge digestion was
investigated under control, anagrobic, microaerobic and aerobic conditions at pH values of
6.0, 7.0, 8.0 and 9.0, adjusted using 2 M NaOH or 2 M HCI. All flasks were mechanically
stirred at 100 rpm.

The paralel experiments were performed simultaneously, and al experiments were
repeated.

Analytical methods

The vaues of soluble chemical oxygen demand, total chemical oxygen demand, total
suspended solid, volatile suspended solid, ammonia nitrogen and soluble phosphate were
determined according to standard methods.?* The pH was determined using a Multiline 330i
pH meter standardized using buffer solutions of different pH values.

The protease activity was measured according to a universal protease activity assay
(GB/T23527-2009): 1 mL of sample and 1 mL casein solution (10.00 mg mL-1) were incu-
bated for 10 min at 40 °C. The reaction was stopped by the addition of 2 mL 0.4 M tri-
chloroacetic acid, and after standing for 10 min, the mixture was filtered though filter paper. 5
mL of sodium carbonate (0.4 M) and 1 mL of Folin reagent were added to 1 mL of the filtrate
and the absorbance was detected at 680 nm. One unit of absorbance is expressed as one
enzyme unit per milliliter (EU mL-1) protease activity.

RESULTS AND DISCUSSION
Effect of temperature and oxygen supply on excess sludge digestion

Temperature influences the metabolic activities of microbial populations and
characterizes the hydrolysis rates. The mesophilic temperature (40 °C) and ther-
mophilic temperatures (50 and 60 °C) were chosen as target temperatures to
determine the volatile suspended solid removal ratio as well as the presence of
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protease activity with and without the incubation of the Bacillus sp. Hnu under
different oxygen supply conditions. The temperature remarkably influenced the
volatile suspended solid removal ratio in the Bacillus sp. Hnu-inoculated sample
(Figs. 1a and 1b). The highest volatile suspended solid removal ratio (54.4 %)
was obtained at 60 °C after 108-h cultivation, whereas only 30 and 45.6 % were
obtained under aerobic condition at 40 and 50 °C, respectively. The volatile sus-
pended solid removal ratios for the microaerobic process were 22, 37.4 and 42.5
% at 40, 50 and 60 °C, respectively, whereas corresponding values for the anae-
robic process were 14.6, 18.3 and 21.5 %. These effects were attributed to the
autolysis of the mesophilic organisms, a major group in the excess sludge caused
by the temperature shock. The protease exo-enzymatic activity produced by ther-
mophilic processes can cause simultaneously lysis. The volatile suspended solid
removal ratio, as seen in the control test (no Bacillus sp. Hnu inoculation and no
oxygen supply), was 4.6 % at 60 °C after 6 h and only 0.8 % at 30 °C. In
addition, the results demonstrated that 33.6 % of the volatile suspended solid
were removed in the first 24 h at 60 °C under the thermophilic aerobic condition,
which accounted for 66.7 % of the total removals. However, only 50.7 and 58.3
% of the total removals were obtained at 40 and 50 °C, similar to the anaerobic
and microaerobic excess sl udge processes.

Protease activity was important in the depolymerization of the excess sludge,
lysis and hydrolysis of proteins. The variations in protease activity were
evaluated during the volatile suspended solid degradation ratio test. The results of
the protease activity at 50 and 60 °C are shown in Fig. 1c. The increase in the
digestion temperature from 50 and 60 °C resulted in an increase of the protease
activity in the supernatant. The protease activity increased with digestion time
and the amount of oxygen supply (Fig. 1c). This activity reached 0.6 EU mL—1 at
60 °C under aeration after 24 h, and the highest activity reached 0.79 EU mL—1,
whereas the protease activities were only 0.354 and 0.396 EU mL-1 at 50 and 60
°C under anaerobic condition after 24 h. However, the amount of protease acti-
vity under the microaerobic condition was aimost the same as that under the
aerobic condition and increased to 0.58 EU mL-1 at 60 °C after 24 h. According
to the equation (Kg)T = (Kg)209(T29), where K is reaction rate, T is temperature
and g is reaction rate constant, an increase in the temperature of the reactor
results in an increase in the reaction rate constant, which implies an increase in
the digestion rate. A higher temperature leads to more bacteria lysis and release
of endo-enzyme, resulting in an increased digestion rate. The aerobic digestion of
the excess sludge could be considered as a continuation of the activated sludge
process. The cell tissue is oxidized aerobically to carbon dioxide, water, and
ammonia. The microaerobic oxidation, i.e., a limited oxygen supply, could also
produce gases, including carbon dioxide.1> The supply of oxygen in the thermo-
philic excess sludge process could affect a decrease of the volatile suspended
solid (Figs. 1aand 1b) compared with the anaerobic condition, as oxygen can increase

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




1140 ZHENG et al.

60
a
50 A
s 401
Tg‘
£ 30 A
-2
Z 20 |
10 A
0 T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110
Time, hour
60 7
b
50 A
< 40 4
E] Fig. 1. Effect of temperature
g 30 4 \ o on anaerobic, microaerobic
& / ' and aerobic digestion of
L : waste activated sludge with
HM and without inoculation of
7 Bacillus sp. Hnu. a) Removal
109)/# ratio of volatile suspended
% solid at 40 °C (- — control,
o= 4 — anaerobic, > — mic-

0 10 20 30 40 50 60 70 80 90 100 110 roaerObiC, & — aeroblc), b)

Time, hour removal ratio of volatile sus-
pended solid at 50 and 60 °C
(-a- — 50 °C, control, —-w —
50 °C, anagrobic, > — 50
°C, microagrobic, <% — 50
°C, aerobic, - — 60 °C,
control, 4~ — 60 °C, anae-
robic, € — 60 °C, microae-
robic, -@- — 60 °C, aerobic);
¢) variations of protease acti-
vity (-~ — 50 °C, control,
-w-—50 °C, anaerobic, % —
50 °C, microaerobic, -©- —
50 °C, aerobic; 4~ — 60 °C,
! . , . . . ‘ , . . ‘ , control, - — 60 °C, anae-
0 10 20 30 40 50 60 70 80 90 100 110 robic, -+ — 60 °C, microae.
Time, hour robic, -@ — 60 °C, aerobic).

Protease activity, EU/mL

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



SLUDGE HYDROLY SIS USING THERMOPHILIC BACTERIA 1141

increase the activity of the microorganism and accordingly increase the enzymatic
activity. The above results demonstrate that protease activity has an important
effect on the dudge digestion. The optimum temperature is 60 °C because
Bacillus sp. Hnu cannot survive temperatures in excess of 65 °C.

Effect of pH on thermophilic excess sludge digestion

Bacillus sp. Hnu was inoculated into the excess sludge at pH values ranging
from 6 to 9, which were adjusted with 0.1 M HCI or 0.1 M NaOH, and the effects
of pH on the volatile suspended solid removal rate and protease activity were
investigated. The volatile suspended solid removal rate and protease activity
under different pH levels and oxygen supplies are shown in Figs. 2a and 2b,
respectively. As can be seen from Fig. 2, within the range studied, the volatile
suspended solid solubilization ratio was high at pH 7 and 8. The highest volatile
suspended solid solubilization ratio (55 %) was obtained at pH 7 under aerobic
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condition after 108 h. Moreover, the solubilization ratios of the volatile sus-
pended solid were 42.9 and 22 % at pH 7 after 108 h under microaerobic and
anaerobic conditions, respectively. These phenomena indicate that the oxygen
supply is an important factor in volatile suspended solid degradation primarily
because of the notable DO effect on the protease activity.

Bacterial life, i.e.,, metabolism, growth and cellular division, is closely
related to pH. The effect of pH on the transport of nutrients and organic com-
ponents through the cytomembrane determines its toxicity action on bacteria.
This condition also activates the hydrolytic enzyme alkaline phosphatase. The pH
range suitable for the existence of most biological life is quite narrow and critical
(typicaly 6 to 9).25 The effects of pH on the protease activity were studied in the
range of 6 to 9 under anaerobic, microaerobic, and aerobic digestions of the
excess sludge with and without Bacillus sp. Hnu inoculation at 60 °C. The results
are shown in Fig. 3. The protease activity increased with time under all sludge
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conditions and the highest activity of 0.79 EU mL—1 was reached at pH 7 under
aerobic conditions. The activity of the sludge without inoculated Bacillus sp. Hnu
at pH 7 was only 0.36 EU mL—1. At the same pH, the protease activity increased
with the increasing supply of oxygen. Thus, the inoculation of Bacillus sp. Hnu
and the oxygen supply helped accelerate the hydrolysis rate.

Kinetic analysis of dudge hydrolysis

Different rates of hydrolysis, kp, values were reported because the hydrolysis
process was affected by various factors, such as pH, temperature, particle size
and its distribution pattern, and sludge source.26 Therefore, a comparison of the
kn values obtained in the present study with those in previous publications is
quite challenging.

Feng et al.2” analyzed excess sludge hydrolysis and short-chain fatty acids
(SCFAs) production at pH 10, and observed that the hydrolysis of excess sludge
particulate chemical oxygen demand (COD), as well as the accumulation of
SCFAs followed first-order kinetics. Thus, the hydrolysis of volatile suspended
solid in the present study could also be assumed to follow first-order kinetics.
The first-order kinetic equation of the hydrolysis (volatile suspended solid
reduction) can be described as:

dM

—=-kpM 1
@ h D

INM =—kpt+b 2

where dM/dt is the rate of change of the volatile suspended solid per unit time
and b is the integration constant. By plotting In M versus t, the slope and the
intercept, corresponding to the values of —ky, and b, respectively, could be obtained.
Theregression curves areillustrated in Fig. 4, and a summary of the values of the
volatile suspended solid hydrolysis rate constants are given in Table l1l.

The goodness of fit values for the different types of treatment at the tem-
perature 40 °C were generally good within the range 0.9169-0.9523 (Fig. 4a and
Table I11). At a temperature 50 °C, the correlation coefficients were in the range
from 0.8660-0.9505 (Fig. 4b and Table I1l). However, the correlation coeffi-
cients of 60 °C at different oxygen supply were not high, only 0.7608-0.8460
(Fig. 4c and Table 111). This phenomenon may be due to thermophilic bacteria
exhibiting higher protease activity at higher temperatures (optimum temperature
60 °C) resulting in faster degradation of the volatile suspended solid, while at
high temperatures partially mesophilic bacteria are killed and the organic par-
ticles rupture, which results in the sludge hydrolysis that does not follow the first-
order kinetic model at the highest temperature (60 °C). The hydrolysis rate cons-
tants (k) for the anaerobic, microaerobic, and aerobic conditions were 3, 4.8, and
7 times (40 °C), 3.5, 9.8, and 11.8 times (50 °C) and 2.7, 7.2, and 10.3 times (60 °C)
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higher, respectively, than that of the control test, indicating that the Bacillus sp.
Hnu and the oxygen supply helped accelerate the hydrolysis rate.

TABLE Ill. Hydrolysis rate constants under different temperature and oxygen supply con-
ditions

Temperature, °C Type of treatment Dynamic equation RaIEhc/oE_sltant R?
40 Control y =-0.0004x — 0.0075 0.0004 0.9344
Anaerobic y =-0.0012x — 0.0308 0.0012 0.9169
Microaerobic y =-0.0019x — 0.0324 0.0019 0.9523
Aerobic y =-0.0028x — 0.0626 0.0028 0.9392
50 Control y = -0.0004x — 0.0087 0.0004 0.9268
Anaerobic y =-0.0014x — 0.0359 0.0014 0.8660
Microaerobic y =-0.0039x — 0.0778 0.0039 0.9505
Aerobic y =-0.0047x — 0.1584 0.0047 0.8839
60 Control y = -0.0006x — 0.0324 0.0006 0.7608
Anaerobic y =-0.0016x — 0.0808 0.0016 0.7676
Microaerobic y =-0.0043x —0.1444 0.0043 0.8640
Aerobic y =-0.0062x — 0.2243 0.0062 0.8493

CONCLUSION

A thermophilic strain was isolated from excess sludge and identified as a
new species of Bacillus by 16S rRNA gene sequence analysis, named Bacillus
sp. Hnu. Bacillus sp. Hnu was able to release a protease that could dissolve
sludge. The results indicated that temperature and oxygen supply affect the vola
tile suspended solid removal ratio and protease activity, and higher temperature
and greater oxygen supply were advantageous to the volatile suspended solid
removal ratio and protease activity. The maximum volatile suspended solid
removal ratios of 21.5, 42.5 and 54.4 % were obtained after 108 h digestion at pH
6.9 and 60 °C under anaerobic, microaerobic and aerobic conditions, respecti-
vely. Volatile suspended solid removal ratio and protease activity were only
dlightly affected by the pH. The kinetic study showed that the hydrolysis of
sludge with Bacillus sp. Hnu and the control test followed the first-order kinetics
except at the highest employed temperature (60 °C). The hydrolysis rate cons-
tants (kp) for the anaerobic, microaerobic, and aerobic conditions were 3, 4.8, and
7 times (40 °C), 3.5, 9.8, and 11.8 times (50 °C) and 2.7, 7.2, and 10.3 times (60
°C) higher, respectively, than that of the contral test, indicating that Bacillus sp.
Hnu and oxygen supply helped accelerate the hydrolysis rate.
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H3BOI

YBP3ABAILE XUJPOJIN3E OTITAODHUX HACJIATA IIPUMEHOM TEPMO®UITHE
BAKTEPHUIJE Bacillus sp. Hnu ¥ IIPUCYCTBY PA3JIMYUTUX KOHUEHTPALIMJA
KHCEOHHKA

WEI ZHENG', XIAO MING LI, BING ZHENG LI', HONG YING XU u YA BING GUO"

1School of Environment and Safety, Taiyuan University of Science and Technology, Taiyuan 030024,
P.R. China u ZCollege of Environmental Science and Engineering, Hunan University,
Changsha 410082, P. R. China

TepmocdunHa dakrTepuja je U30/10BaHa M3 OTNAagHUX Hacnara y Bogu U 16S pJHK aHa-
JIM30M je KOHCTAaTOBaHO Ia mpumaza pony Bacillus. UnenTrdrKoBaHa je kao HOBA U Ha3BaHa je
Bacillus sp. Hnu. Iums pazga je 6uo ma ucnuta epUKACHOCT XUOPOJiM3e OTMAfHUX Hacjara
0BOM DaKTEpPHjOM Y ITPUCYCTBY PA3NHYUTHX KOHIIEHTpalMja KUCEOHUKa. Pe3ynTaTu cy moka-
3a/IM Ja je Dosbe yKiIamamwe MCHap/bUBUX CacTojaka NMpH BehuM TemiiepaTypaMa U BHIIE KH-
CEOHHKa, Kao U Ja je moBehaHa mporeasHa akTHBHOCT. Hajsehu yzneo ykiamamwa UCIIapP/bUBUX
CYICTaHUY CYCHEeHIOBaHUX Y YBPCTOM TaJIOTy MOCTUTHYT je mocie 108 catu murectuje Ha pH
6,9 u 60 °C u nosehasao ce 3a 17,2, 38,0 u 45,4 % y aHepoOHUM, MHKPOaepOOHHM U aepo-
OHMM YCJIOBHMA, PEeNoM, y ONHOCY Ha KOHTposHH TecT. KoHcraHTe Op3uwHe Xumpomnuse 3a
aHaepodHe, MUKpoaepodHe 1 aepodHe yciose cy dwne 3,0; 4,8 u 7 myta (40 °C), 3,5; 9,8 u
11,8 myTta (50 °C), ogHocHoO 2,7; 7,2 u 10,3 nyta (60 °C) Behe o OHUX y KOHTPOJIHUM YCJIO-
BUMa. Moxe ce 3ak/pyuuTH Ja je Bacillus sp. Hnu cnocobHa na ydp3a Xupponusy oTnagHuX
Hacsiara. KuHeTHYKa UCIUTHBAKaA Cy MoKasaia Jla XUAponu3a oTnaga daktepujom Bacillus sp.
Hnu, xao ¥ KOHTPOJIHYU TECT, IpaTe KUHEeTHUKY MpBOTr pena, ocum Ha 60 °C.

(ITpummeno 8. oxTobpa 2012, pesunupano 14. pedpyapa 2013)

REFERENCES

1. Y.S We, R T.V. Houten, A. R. Borger, D. H. Eikelboom, Y. B. Fan, Water Res. 37
(2003) 4453
2. G. M. Zhang, P. Y. Zhang, J. M. Yang, Y. M. Chen, J. Hazard. Mater. 145 (2007) 515
3. Y. K. Kim, M. S. Kwak, W. H. Lee, J. W. Choi, Biotechnol. Bioprocess Eng. 5 (2000)
469
4. X. S. Li, H. Z. Mg, Q. H. Wang, S. Matsumoto, T. Maeda, H. Ogawa, Bioresour.
Technol. 100 (2009) 2475
5. E.W. Low, H. A. Chase, M. G. Milner, T. P. Curtis, Water Res. 34 (2000) 3204
6. Y. S Wel, R. T. V. Houten, A. R. Borger, D. H. Eikelboom, Y. B. Fan, Environ. Sci.
Technol. 37 (2003) 3171
7. J. Miller, G. Lehne, J. Schwedes, S. Battenberg, R. Néveke, J. Kopp, N. Dichtl, A.
Scheminski, R. Krull, D. C. Hempel, Water Sci. Technol. 38 (1998) 425
8. G. M. Zhang, J. G. He, P. Y. Zhang, J. Zhang, J. Hazard. Mater. 164 (2009) 1105
9. J. L. Campos, L. Otero, A. Franco, A. Mosquera-Corral, E. Roca, Bioresour. Technol.
100 (2009) 1069
10. L. B. Chu, J. L. Wang, B. Wang, X. H. Xing, S. T. Yan, X. L. Sun, B. Jurcik,
Chemosphere 77 (2009) 269
11. S. T. Yan, H. Zheng, A. Li, X. Zhang, X. H. Xing, L. B. Chu, G. J. Ding, X. L. Sun, B.
Jurcik, Bioresour. Technol. 100 (2009) 5002

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




SLUDGE HYDROLY SIS USING THERMOPHILIC BACTERIA 1147

12. Y. Liu, Chemosphere 50 (2003) 1

13. L. Thomas, G. Jungschaffer, B. Sprossler, Water Sci. Technol. 28 (1993) 189

14. Q. Yang, K. Luo, X. M. Li, D. B. Wang, W. Zheng, G. M. Zeng, J. J. Liu, Bioresour.
Technol. 101 (2010) 2924

15. L. Guo, J. Zhao, Z. L. She, M. M. Lu, Y. Zong, Bioresour. Technol. 117 (2012) 368

16. S. Hasegawa, N. Shiota, K. Katsura, A. Akashi, Water Sci. Technol. 41 (2000) 163

17. H. Q. Ge, P. D. Jensen, D. J. Batstone, J. Hazard. Mater. 187 (2011) 355

18. P. Burt, S. F. Morgan, B. N. Dancer, J. C. Fry, Appl. Microbiol. Biotechnol. 33 (1990)
725

19. E. Neyens, J. Bagyens, J. Hazard. Mater., B 98 (2003) 51

20. T. Forster-Carneiro, M. Pérez, L. |. Romero, D. Sales, Bioresour. Technol. 98 (2007)
3195

21. S.G.Liu,N.W. Zhu, L. Y. Li, H. P. Yuan, Water Res. 45 (2011) 5959

22. S.G. Liu, N.W. Zhu, L. Y. Li, Bioresour. Technol. 104 (2012) 266

23. J. E. Johansen, R. Bakke, Water Sci. Technol. 53 (2006) 43

24. L. S Clescerl, A. E. Greenberg, A. D. Eaton, Standard Methods for the Examination of
Water and Wastewater, American Public Health Association, Washington DC, USA,
1999, p. 100

25. G. Tchobanoglous, F. L. Burton, H. D. Stensel, Wastewater Engineering: Treatment and
Reuse, McGraw-Hill, New Y ork, USA, 2003, p. 100

26. I. S. Turovskiy, P. K. Mathai, Wastewater sludge processing, Wiley, Hoboken, NJ, 2006,
p. 100

27. L.Y.Feng, Y.Y.Yan, Y. G. Chen, J. Environ. Si. 21 (2009) 589.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice




