
! " # $ %&' ( ) * ' +& %" ) + , ' + - ! . / " ) - ' # - %) +
012345 6137 pp. 84 9 : ; < =; : ;

/ . %( ( + ; 4=79>75:

© #1?@ABCDEF@%6GEBEHEI 1J' 60B16KI 6EL2 ' 6CB6I I AB6C1JEDI / 12BGD! MLNI K@1J( MBI 6MI GOPLFAQI O/ 12L6N=; : ;

) " R! + %#( S# ) T U"' , ) &! . %+ T ' / ' + T ' + # ' ) + . ) ! T%+ R

) * &) . ! - %. ' * ! - - V ! #%T ( S&* ! U

W!- ! "P V+ ! X' " + ! - YO%"' + ! Z ) [+ ) Z ( W! 9X! " V\ ! O! T"%! + !
T) X"P V] ( W!

^ 6B0I AGBE@1JZ LAKBL L6N, LQHA@B6 )2GQE@6OTI ?LAEKI 6E1J' 60BA16KI 6EL2XB1EI MD6121C@O( _16I MQ6L GEA3 7<RO%) 9̀ ; 8
) 2GQE@6O/ 12L6NO?D16I a7> >8 <=4 7 % %>OJLb a7> >8 <=4 7: 4:
* #1AAI G?16NB6CLHED1AFI A6LEc Hd K3I NH3?2eBAf Lc Hd K3I NH3?2

Keywords: &* ! 21LNB6COLMEB0LEI N G2HNCI O?12@9%B9D@NA1b@FHE@ALEI GE1ALCI OFB1K LGGCA1d EDOMI 22AI G?BALEB16O
NI 6BEABJBMLEB163

Abstract: - DI LBK 1JEDI GEHN@d LGE1 I GEBK LEI EDI B6J2HI 6MI 1J012LEB2I JLEE@LMBNGS&* ! U21LNB6C16 EDI M16g
EABFHEB16 1JEDI FB1K LGGCA1d EDOMI 22AI G?BALEB16ONI 6BEABJBMLEB16 L6N ?12@9X9D@NA1b@FHE@ALEI S/ $ XULMMHK H2Lg
EB16 B60120I N B6# ) T AI K 10L2 F@LMEB0LEI N G2HNCI 3 WB6I EBMG1J/ $ X ?A1NHMEB16O/ $X L6N # ) T M16GHK ?EB16
d I AI NI EI AK B6I N3 ' b?I ABK I 6EL2 GI ABI Gd I AI MLAABI N 1HEB6 GI hHI 6MB6CFLEMD AI LME1A3 - DI LK 1H6E1JLBAI 6EI AB6C
( X" d LGK LB6ELB6I N LEEDI GELF2I GI E9?1B6E1J= K C ) i . O1b@CI 6 NI ?2I EB16 ?DLGI 1MMHAAI N B6 B6BEBL2 D1HAG1J
EDI AI LMEB16 EBK I 3 ( X" d LGJI N d BED EDI K BbEHAI 1JK H6BMB?L2d LGEI d LEI AL6N GH?I A6LEL6EJA1K EDI NBCI GEI AG3
* I LGE?I AB1N 1JEDI I bEI A6L2 1ACL6BMGHFGEALEI L0LB2LFB2BE@SJOUL6N JLK B6I ?I AB1N 1J2BEE2I 1ACL6BMGL0LB2LFB2BE@
SJ

2
) d I AI NI EI AKB6I N3 Z BED &* ! 21LNB6C SA0A! UB6MAI LGI JA1K ; 3; =8 E1 ; 3; <= C &* !i C&( ( jN B6 EDI JI LGE?I AB1NO

EDI I JJI MEB0I 6I GG1J# ) T AI K 10L2 NI ?I 6NI N 16 EDI HGI 1J1ACL6BMGJ1ANI 6BEABJBMLEB16 L6N B6EI A6L2 / $ X GE1ALCI 3
/ $ X M16EI 6EB6 LMEB0LEI N G2HNCI B6MAI LGI N JA1K ; 3= E1 ; 34< # KU# K

0
,. %6J1 FB1K LGGCA1d ED L6N MI 22AI G?BALEB16

B6 # ) T AI K 10L2 NI MAI LGI N JA1K =: E1 : 7k L6N JA1K : = E1 <k OAI G?I MEB0I 2@3 %6 EDI JLK B6I ?I AB1N EDI AI K LB6g
B6C1ACL6BMGd I AI AI K 10I N NHI E1 FB1K LGGCA1d ED L6N MI 22AI G?BALEB16ONI 6BEABJBMLEB16 L6N B6EI A6L2/ $ X GE1ALCI
d LG61E1FGI A0I N3

%+- " ) T^ #-%) +

- DI GEHN@1JXLA6LAN et al. l=m GD1d I N EDLE1ACL6BMM1K ?1H6NGAI K 10L2 F@LMEB0LEI N
G2HNCI H6NI ALI A1FBMM16NBEB16GBGEDI AI GH2E1JMI 22AI G?BALEB16OFB1K LGGCA1d EDL6N?12@g
?9D@NA1b@FHE@ALEI LMMHK H2LEB163 RHnI AL6N $ I 6QI l8mAI ?1AEI N EDLEH6NI AGEI LN@9GELEI
M16NBEB16GEDI KLB6 ?A1MI GGI GB6 LMEB0LEI N G2HNCI LAI 1bBNLEB16 L6N FB1K LGGG@6EDI GBG3
- DI GI Ed1 ?A1MI GGI GLGGHAI ` ; k AI K 10L2 1J1ACL6BMMLAF16 M1K ?1H6NGB6 G12HF2I L6N
?LAEBMH2LAJ1AK ?AI GI 6EI N B6 d LGEI d LEI A3

^ 6NI AEAL6GBI 6EM16NBEB16G FB1K LGGCA1d ED FI M1K I G H6FL2L6MI N L6N B6EALMI 22H2LA
GE1ALCI 1J1ACL6BM?12@K I AG BGL6 BK ?1AEL6ELNL?EB0I K I MDL6BGK E1 EDI G?I MBJBMM16NBg
EB16G3 - AL6GBI 6EM16NBEB16GLAI E@?BML2 J1AEDI M16JBCHALEB16 d DI AI L GHFGEALEI CALNBI 6E
1MMHAG1Ad DI AI FB1K LGGI b?I ABI 6MI GL2EI A6LEI 2@DBCD L6N 21d GHFGEALEI M16MI 6EALEB16G3
^ 6NI AH6GEI LN@M16NBEB16GB6 EDI ?AI GI 6MI 1JI LGB2@LMMI GGBF2I L6N FB1NI CALNLF2I 1ACL6g
BMGOK BMA11ACL6BGK GLF2I E1 1ACL6BMGHFGEALEI GLMMHK H2LEB16 LAI ?A1K 1EI N LK 16C 1ED9



! " #$ %$&' () $ * +&) $%, -&+) $ . / 0) / . 1#$ 2* $&(3 $ , $4&-$) $ 4 / * &' (5 1#$

678 9: ; ; <= >: 9?6; >: 9@?>A9?6; 8BC; D6 EFGHI%J6 K><= 988 9; 9L?8 ?< : 6M @<: ; >?><: 8 KN
>: @7698>: D ?J6 D7<M?J 79?6 9: ; KN 79L>; 8?<79D6 <O?J6 9A9>B9KB6 8CK8?79?6 >: ?J6 O<7= <O
L<BN2-O2JN; 7<PNKC7N79?6I &6867A6; 8CK8?9: @68 @9: K6 C86; 98 ?J6 6: 67DN 8<C7@6 6886: ?>9B
O<7K><= 988 8N: ?J68>8 9: ; ; 6: >?7>O>@9?><: I Q <8?<OJ6?67<?7<LJ>@= >@7<<7D9: >8= 8 976 9KB6
?< L67O<7= <PND6: 9: ; : >?7<D6: 768L>79?><: , >8 B<M67>: @<= L97>8<: M>?J C?>B>8>: D9: <?J67
@97K<: 8<C7@6, >I6I = 6?J9: <B <7 9@6?9?6I R<M6A67, >: ?79@6BBCB97BN 9@@C= CB9?6; L<BN2ST
JN; 7<PNKC?N79?6 @9: K6 8C@@688OCBBNC86; >: ; 6: >?7>O>@9?><: C: ; 67967<K>@@<: ; >?><: 8 EUHI
4 6: >?7>O>@9?><: 9@@<C: ?6; O<7 ?J6 76= <A9B <O9 8>D: >O>@9: ? O79@?><: <O?J6 >:OBC6: ? V/ 4
WK6?M66: FX 9: ; YZ[ \ >: ?J6 6: J9: @6; @CB?C76 @<: ?>: C<C8 OB<M 8N8?6= E-HI

%NL68 <O@97K<: 8<C7@6 9: ; @97K<: ?< : >?7<D6: 79?>< WV/ 4 ]) 79?><\ 9OO6@??J6 K><B<DT
>@9B76; C@?><: <O:>?79?6 9: ; : >?7>?6I # CB>̂<M8̂ 9 9: ; 4 C; 6̂ EF / H6P9= >: 6; 8CD972>: ; C8?7N
M98?6 W= <B98868\ 98 9: <7D9: >@@97K<: 8<C7@6 O<7 ; 6: >?7>O>@9?><: ?< ; 6?67=>: 6 L7<@688
6OO>@>6: @N 9: ; ^>: 6?>@8I 4 6: >?7>O>@9?><: 79?6 9?V/ 4 ]) 79?>< <O_IZ 9: ; XIZ M98 J>DJ67 >:
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ORGANICS (COD) REMOVAL IN DEPENDENCE ON LOADING OF VOLATILE FATTY ACIDS (VFA) 95 

METHODS 

Experimental design 
The experiment was carried out in a sequencing batch reactor B10FLO 3000 type, with a 
working volume of 5 L. The B10FLO 3000 included a temperature probe, stirring control, 
pH and DO control. The temperature of the reactor was maintained at 20°C using water 
jacket, the pH was maintained at 7.0. The reactor was equipped with a controlled air sup­ 
ply system. The gas flow rate was controlled by a thermal mass flow controller (TMFC). 
The constant rate of air entering the sequencing batch reactor was automatically adjusted 
to a stable set-point (set value was 2 mg ! "# without oxygen consumption by the mi­ 
croorganisms), but it meant that DO concentration in the reactor changed accordingly 
with the oxygen demand in activated sludge). The dissolved oxygen concentration in the 
reactor was measured online as a percentage of air saturation. The DO electrode showed 
changes in oxygen concentration in wastewater during the reaction time. The initial oxy­ 
gen depletion phase in wastewater was a result of oxygen use by activated sludge. The 
oxygen depletion phase, despite constant air supply, enhanced PHB accumulation. 

Stirring and aeration 
(reaction time) 

(23 h) 

$%&
Fill ing (0.25 h) '( ) * #& Settlement 

(0.5 h) 

Decantation 
(0.25 h) 

Fig. I. Operating cycle of the BIOFLO 3000 

The operating cycle of the bioreactor is shown in Figure I. Reactor volumetric ex­ 
change rate (n) was 0.5 1/d, which means that a half of the treated wastewater was left in 
the reactor. Four experimental series were performed. SBR was fed with the mixture of 
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increase of the length of the feast period the specific COD consumption rate was re­ 
duced from 46 do 38 mg COD/L•h. There were no significant differences in the specific 
COD consumption rate in the famine period, the values oscillated around 3 mg COD/L•h 
(Fig. 2). 

Under constant aeration conditions with the oxygen depletion phase in the initial 
hours of the reaction time intracellular poly-p-hydroxybutyrate accumulation of the 
organic fraction from wastewater in biomass cell s was observed. Fig. 3 shows poly-B­ 
hydroxybutyrate content in activated sludge cell s (f PH8) at t = O h depending on the 
volatile fatty acids loading. The lowest PHB concentration in the biomass - 0.18 gig VSS. 
(0.2 cmo/Cmol) was noted at rVFA on the level 0.029 g VFA/g VSS•d. The higher contribu­ 
tion of the supernatant in the mixture with wastewater (more easily biodegradable com­ 
pounds were supported) correlated with higher PHB content in the biomass cells. At rvFA 
of 0.052 g VF Alg VSS•d in series 4 there was almost 2-fold higher PHB concentration in 
activated sludge cell s (0.32 gig VSS; 0.35 cmo/Cmol), in comparison with series I. 

tr: 
ir: 
> 
bl) 

~ 

0,8" 

0,6° 

0,47 

0,2" 

o 
0,029 0,034 0,046 0,05 

rLKT (gig VSS·d] 

rLKI [g VF Alg VSS·d] 0.029 0.034 0.046 0.052 

0.2 0.23 0.29 0.35 

Fig. 3. Poly- B - hydroxybutyrate (PHB) froction in biomass cells depending on the rolatile fatty acids 
loading rate in series 1-4 

Poly-f-hydroxybutyrate content in the biomass cell s at the beginning and at the end 
of the reaction time for each series was on the same level. Accumulation process of the 
reserved substances started in the feast period (f

1
), directly after feeding time, when the 

COD concentration was the highest. It was noted that with the increase of volatile fatty 
acids loading rate the time of PHB accumulation extended from I to 4 h. PHB accumula­ 
tion took place under constantly aerated conditions, when oxygen depletion phase oc­ 
curred. PHB production rate proceeded according to zero-order reaction (Fig. 4). At rvFA 
ranging from 0.029 to 0.046 g VFA/g VSS•d poly-Bvhydroxybutyrate accumulation rate 
was stable on the level of about 16 mg CODIL•h. PHB production rate was lower in series 
4 and equalled 13.7 mg COD L-1 h-1 at rFvA of0.052 g VFA/g VSS•d. It was calculated 
that for poly-B-hydroxybutyrate synthesis activated sludge used 16.6, 32, 48.3 and 54 mg 
CODIL in series 1-4, respectively. 
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a) Feast period b) Famine period 
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Fig. 5. The contribution of particular processes in COD removal depending on rola tile fatty acids loading rate 
in the feast (a) and famine period (b) 

In the famine period, poly-f-hydroxybutyrate consumption took place. There was 
lack of COD consumption for denitrification. The only two processes responsible for 
COD removal contributed to 20-30% as for biomass synthesis and 80- 70% as for cell res­ 
piration at the increasing volatile fatty acid loading from 0.029 to 0.052 g VFA/g VSS•d 
(Fig. 5). 

DISCUSSION 

Under constant air supply on the level of 2 mg/L organic carbon compound removal 
took place in feast (f) and famine (f

2
) periods. The rate of COD removal shoved the 

border between the periods. The length of the feast period increased from I to 4 h along 
with the rise of volatile fatty acid loading from 0.029 to 0.052 g VFA/g VSS•d. Beun et 
al . [5] suggested feast and famine periods under dynamic conditions in activated sludge 
in a sequencing batch reactor. These authors considered as the beginning of the famine 
periods the moment when all external substrate (acetate) was consumed. During this time 
the rate of oxygen uptake by activated sludge was low. 

Kinetics of COD removal from the mixture of supernatant and municipal waste­ 
water in feast and famine periods, showed in presented paper, can be described with a 
zero-order equation. It confirmed the results obtained by Beun et al. [5] who found the 
drop of COD as a linear model. However, in contrary to their suggestion that feast period 
lasted to the moment of total acetate exhaustion, our results showed fast and slow COD 
consumption, respectively in feast and famine periods. In feast period f

1 
the initial rate of 

COD consumption was 13-15-fold higher that in famine period. Along with the increase 
of the length offeast period and volatile fatty acid loading the specific COD consumption 
rate was reduced from 46 do 38 mg COD/L•h. In famine period there was no difference 
in the specific COD consumption rate (about 3 mg COD/L•h). 

In the presented study, the rise of volatile fatty acids loading from 0.029 to 0.052 g 
VFA/g VSS•d caused the drop of the effectiveness of organic carbon compounds remov­ 
al. Dockhorn et al . [6] observed a decrease of COD removal when easily biodegradable 
fraction, expressed as VFA, increased. 
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k = 0.44 [5]. Mumleitner et al. [ 12] examined reaction order of 2, I, 2/3, and 1/2. The best 
results were achieved with a 2/3 order for PHB consumption. The kinetics of the enzy­ 
matic degradation reactions of the naturally produced polyesters poly-B-bydroxybutyrate 
(PHB) and poly-j3-hydroxybutyrate-co-j3-hydroxyvalerate (PHBV) were studied by Tim­ 
mins et al. [15]. Kinetic analysis has revealed that the observed degradation behavior 
was inconsistent with classical Michaelis-Menten enzymatic kinetics from zero order to 
first order. Our study showed that PHB consumption proceeded with first-order equation 
and the rate of that process depended on the poly-B-hydroxybutyrate content in cells of 
activated sludge (f PH8). The higher was the contribution of the supernatant in the mixture 
with wastewater (more easily biodegradable compounds was supported) the higher was 
PHB content in the biomass cells. PHB degradation rate increased from 2.40 to 15.12 
mg COD/L•h. Buen et al. [4] also revealed that the rate of PHB consumption mainly 
depended on its content in dry weight. Apparently, PHB degradation at low f PHs values 
occurs at a lower rate than at high f PHB values. 

CONCLUSION 

The main findings from the study are as follows: 
Under constant aeration conditions the feast and famine periods during the reaction 
time were shown. In the feast period, a high rate of COD removal and an intensive 
oxygen consumption by activated sludge was observed. The famine period was char­ 
acterized by a low COD removal rate and an increase of dissolved oxygen concen­ 
tration in wastewater. 
The specific COD consumption rate in the reactor, both in the feast and famine 
periods, proceeded according to zero-order kinetics. With the increase of rVFA from 
0.029 to 0.052 g VFA/g YSS•d the specific COD consumption rate in the feast period 
was reduced from 46 do 38 mg COD/L•h. In the famine period the values oscillated 
around 3 mg COD/L•h. 
The lowest PHB concentration in the biomass - O. I 8 g/gVSS (0.2 Cmo/Cm01) was 
noted at rvFA on the level of0.029 g VFA/g YSS•d. At rvFA 0.052 g VFA/g VSS•d there 
was almost 2-fold higher PHB concentration in activated sludge cells - 0.32 gig VSS 
(0.35 Cmo/Cmol). 
PHB synthesis proceeds with zero-order rate and its degradation with first-order 
kinetic equation. At rvFA ranging from 0.029 to 0.046 g VFA/g VSS•d poly-13- 
hydroxybutyrate accumulation rate was stable on the level of about 16 mg COD/L•h. 
Lower PHB production - 13.7 mg COD/L•h, was observed at rFVA of0.052 g VFA/g 
YSS•d. With higher PHB content in activated sludge cells correlated higher rate 
of its degradation. Polymer consumption rate increased from 2.40 to 15.12 mg 
COD/L•h. 
Of the total COD uptake in feast period, from 21 to 14% was used for the biomass 
synthesis and from 12 to 5% for cell respiration. The contribution of denitrification 
and PHB accumulation in organic carbon removal increased from 66 to 81 %. In the 
famine period the only two processes responsible for COD removal contributed to 
20-30% as for biomass synthesis and 80- 70% as for cell respiration at the increasing 
volatile fatty acids loading. 
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