
R E SU L T S A N D  D ISC U SSIO N
CHAPTER IV

4.1 C h aracterization  o f  M ineral m edium  and P alm  Oil

In this present study, the MM with palm oil was used as the culture medium  
for the biosurfactant production by P s e u d o m o n a s  a e r u g i n o s a  SP4. The MM con
tained 2.0 g/1 o f  NaN03, 1.0 g/1 o f  K2HPO 4, and 0.5 g/1 o f KTLPO^and palm oil was 
used as a sole carbon source. The C/N and c/p ratios o f  the culture medium were 
kept constant at 16/1 and 14/1, respectively, because they were reported to be the op
timum ratios for the rhamnolipid production by P s e u d o m o n a s  a e r u g i n o s a  (Guerra- 
Santos e t  a l . ,  1984). Table 4.1 displays the characteristics o f  the MM and palm oil 
used in this present study. It was found that COD and TOC o f  the MM were zero 
while those o f  palm oil were relatively high. However, pH o f  MM was higher than 
that o f  palm oil. The ss o f  the MM and palm oil were zero.

Table 4.1 Characteristics o f  mineral medium (M M ) and palm oil

Parameters
Mineral
medium

(M M )
palm oil

COD (mg/1) 0 1,250,800
TOC (mg/1) 0 42,130
Total nitrogen (m g/1) 290 1,500
Total phosphorus (mg/1) 291 90
Suspended solids (mg/1) 0 0
Surfactant concentration (xCM C) 0 0
pH 8 . 6 4.6
Surface tension (m N/m ) 70.89 -
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4.2 E ffect of C ycle  Tim e on B iosu rfactan t Production

In this part, the reactor performance was evaluated by using 6  parameters: % 
COD removal, % oil removal, surface tension reduction, m ixed liquor suspended so l
id (M LSS), suspended solid (SS), and pH. The effect o f cycle tim e on the reactor 
performance was studied at three different cycle times (1, 2, and 3 d/cycle tim es) 
with an oil loading rate (OLR) o f  2 kg/m 3d.

4.2.1 E ffect o f Cycle Tim e on COD removal
The Chemical O xygen Demand (COD) measurement is the method to 

determine the concentration o f  organic compounds in a sam ple in terms o f  mg /1 o f  
oxygen required to oxidize the organic compounds in the sam ple solution. In this e x 
periment, CÔDs o f  both influent and effluent were measured in order to determine 
the degradation' capability o f  the m icrobes for utilizing organic substances as their 
nutrients. Therefore, the constant COD can be used to indicate the steady-state condi
tion. The influent COD mai ni y came from palm oil because the COD o f  the MM was 
zero, w hile the effluent COD w as related to the remaining palm oil, the excreted b io
surfactant, and som e metabolites. As shown in Figure 4.1, the effluent COD fluc
tuated in the beginning o f  ฝ! three cycle times. It was ฝร0  found that each cycle tim e 
required different period o f  tim e to reach steady-state condition (Cassidy e t  a l ,  

2002). For cycle tim e o f  1 and 2 d/cycle, the SBR system reached the steady-state 
condition after 4 operation days, w hile the steady-state condition o f  the cycle tim e o f
3 d/cycle was observed after 9 operation days. Figure 4.1 show s that the effluents 
COD o f  1/d cycle tim e significantly increased with increasing time for the first 4 
days but it rem aned constant at around 2,200 mg/1, corresponding to the COD re- 
m o v d  o f  about 72%  as shown in Figure 4.2. In the same trend, the effluent COD o f  
the cycle tim e o f  2  d /cycle also significantly increased before rem aned constant after
4 operation days, indicating the steady-state condition. Compared to the cycle tim e o f  
1 d/cycle, the 2 d/cycle gave a low er average effluent COD o f  1,600 mg/1 (days 10- 
14) resulting in a higher COD rem ovd  o f  nearly 90%, as illustrated in Figure 4.3 and
4.4. Interestingly, the cycle tim e o f  3 d/cycle gave the highest effluent COD o f  
14,1120 mg/1 leading to the low est COD rem ovd o f about 41 %. The results suggest
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that the m icroorganism s could  not e ffec tiv e ly  u tilize palm  o il at the cy c le  tim e o f  3/d  
cy c le . R egarding to the C O D  rem oval results, the system  operated at 2 d /cycle  pro
vided  the m axim um  perform ance.

Time (days)

F ig u r e  4.1 E fflu en t'C O D  as a function  o f  operation tim e and c y c le  tim e at an oil 
load ing  rate o f  2  k g /m 3d.
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F ig u r e  4 .2  C O D  rem oval as a function  o f  operation tim e and cy c le  tim e at an oil 
load ing  rate o f  2  k g /m 3d.
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F ig u re  4 .3  T h e average C O D  o f  influent and effluent during steady-state operation  
at an oil load in g  rate o f  2  k g /m 3d and different cy c le  tim es.
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F ig u re  4 .4  C O D  rem oval during steady-state operation at an o il load ing rate o f  2 
k g /m 3d and d ifferent c y c le  tim es.
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4 .2 .2  E ffect o f  C y c le  T im e on  O il rem oval
O il rem oval w as used to d irectly  indicate the palm  oil consum ption  by 

the m icrobe for the biosurfactant production. Figure 4 .5 sh ow s the effluent average 
oil concentration and the percentage o f  o il rem oval at d ifferent cy c le  tim es. It w as 
found that the o il rem oval o f  89.48% , 96.66% , and 71.70%  w as observed at 1, 2, and 
3 d /cycle , resp ective ly . T he results su ggest that the m icroorganism  cou ld  effective ly  
consum e palm  o il at the cy c le  tim e o f  3 d /cycle . The decrease in the o il rem oval at 3 
d/cycle  indicated that overload  condition. The results clearly suggest that the m icro
bial ability  to degrade carbon source depends on the operation time.

Cycle time (d/cycle)

F ig u re  4 .5  O il rem oval and effluent o il concentration as a function o f  cy c le  tim e  
during steady-state operation  at an oil load ing  rate o f  2  kg /m 3 d.

4 .2 .3  E ffect o f  C y c le  Tim e on  Surface T en sion  (S T ) and Surface T ension  
R eduction
Surface a ctiv ity  o f  a surfactant is determ ined from its ability to lo w 

er surface ten sion  o f  m ed iu m  w h ich  is the surface free energy per unit area required 
to bring a surfactant m o lecu le  from the bulk phase to the surface (R osen , 1978). 
W hen the surfactant concentration  is h igher than the C M C , it is supposed that addi
tional surfactant m o lecu les  aggregate into m ice lles  in the bulk phase and do not co n 
tribute to  sign ifican t future change at the interface. Therefore, the surface tension  o f  
the m edium  rem ains constant at the surfactant concentrations higher than its CM C. In
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this present study, the surface ten sion  o f  the culture supernatant o f  P s e u d o m o n a s  a e 

r u g i n o s a  SP4 w as m easured to estim ate the extent o f  biosurfactant production. The 
higher the surface ten sion  reduction, the higher the biosurfactant yield . Figure 4.6  
illustrates the surface tension  and the surface ten sion  reduction o f  the culture super
natant as a function  o f  operation tim e and cycle  tim e, w h ile  Figure 4 .7  d isp lays the 
average percentage o f  surface tension  reduction during the steady-state conditions at 
different cy c le  tim es. It w as found that the surface ten sion  o f  the culture m edium  w as 
low ered  from 7 0 .8 9 , 70 .9 6 , and 7 0 .97  m N /m  to 3 0 .3 7 , 2 8 .8 2 , and 30 .93  m N /m , cor
responding to the surface ten sion  reduction o f  57 .15% , 59.39% , and 56.41% , at 1, 2, 
and 3 d /cy c le , resp ectively . The presence o f  biosurfactant produced is responsib le for 
the reduction o f  surface ten sion  o f  the culture m edium . It w as reported that, the b io 
surfactant produced by P s e u d o m o n a s  a e r u g i n o s a  47T 2  using o liv e  oil and sunflow er  
oil as carbon sources cou ld  low er the surface ten sion  o f  culture m edia to 34 and 37  
m N /m , resp ective ly  (H aba e t  a l , 2 000). The rham nolipid biosurfactant-containing  
supernatant obtained from the batch culture o f  P s e u d o m o n a s  a e r u g i n o s a  J4 was 
form ed to reduce the surface ten sion  o f  pure w ater from 72  to  31 m N /m  (W ei e t  

a l ,  2 0 0 5 ).
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F ig u re  4 .6  P rofiles o f  surface ten sion  and surface ten sion  reduction at different c y 
cle tim es w ith  an o il load ing  rate o f  2  k g /m 3d.
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F ig u re  4 .7  Surface ten sion  and surface tension  reduction during steady-state opera
tion at different cy c le  tim es w ith an o il loading rate' o f  2  k g /m 3d.

4 .2 .4  M icrobial C oncentration
4 .2 .4 .1  M ix ëd  Liquor Suspended S o lid  (M L S S )

M L S S  is used to represent the concentration  o f  m icroorganism s 
in a reactor. In this study' the sam ple w as taken during the aeration step in order to 
determ ine the m icrobial concentration  in terms o f  suspended so lid s (both organic and 
inorganic substan ces) in the reactor. Figure 4.8 sh ow s that the M L S S  at the steady- 
state con d ition s w as 2 ,5 9 7 , 3 ,467  and 11 ,580  mg/1 at 1 ,2 ,  and 3 d /cy c le , respectively. 
A n increase in  the cy c le  tim e increased the m icrobial concentration  in the reactor. 
The m icrobial concentration  w as h igh est at 3d /cy c le  b ecau se th is cy c le  tim e could  
provide the lon gest tim e for m icrobial growth as com pared to 1 and 2 d/cycle .
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F ig u re  4 .8  M L S S  during steady State operation with an oil. load ing rate o f  2 kg/m 3d 
at d ifferent c y c le  tim e.

4 .2 .4 .2  Suspended Solid  (S S )
s s  is referred to so lid  m aterials, includ in g  both organic and 

inorganic substan ces in a sam ple. T h is suspend ed  so lid s can  be separated by filtering  
through a g la ss fiber filter. The filter paper is subsequently  dried and w eigh ed  to de
term ine the am ount o f  total suspended so lid s. In this experim ent, s s  w as measured 
during the settle  step and used to represent the ce lls  w ash  out. F igure 4 .9  d isp lays the 
efflu en t ss  at different c y c le  tim es. The efflu en t ss  w as 6 30 , 4 0 3 , and 5 ,2 7 9  mg/1 at 
1, 2 , and 3 d /c y c le  tim e, resp ectively . It w as observed  that the h igh est M L SS and ss  
w ere obtained at 3 d /cy c le , su ggestin g  that a longer cy c le  tim e prom otes the m icro
bial grow th in the reactor. Thus, the ce lls  w ash  out inclu d es both liv ing and non
liv in g  m icrobial c e lls . In a C om parison b etw een  1 and 2 d /cy c le , the efflu en t ss  o f  1 
d /cy c le  w as slig h tly  h igher than that o f  2  d /cy c le , su ggestin g  that 2 d /cy c le  w as able 
to m aintain the bacterial ce ll in the reactor.

14 .000
12.000  
10,000

8,000
6,000
4 .0 0 0
2.000

0 É m i
1 d/cycle 2  d/cycle

C y cle  tim e (d /cycle)
3 d/cycle



46

F ig u re  4 .9  E ffluent s s  during steady-state operation at 1 d /cy c le  (days 5 -7 ), 2 d/ 
cy c le  (days 10-14), and 3 d /cy c le  (days 9 -1 5 ) w ith  an o il load ing rate o f  2 k g /m 3d.

4 .2 .5  The efflu en t pH
The pH  o f  culture m edium  is one o f  the environm ental factors that 

play an im portant ro le on  the biosurfactant production becau se th e  pH can directly  
affect cellu lar grow th  or activity. A  little change in  pH o f  the culture m edium  can 
sign ifican tly  alter the biosurfactant productivity. In th is present study, after rem oving  
m icrobial c e lls  b y  centrifugation , the supernatant pH  w as m easured’as a function  o f  
the operation tim e. A s  sh ow n  in Figure 4 .1 0 , the efflu en t pH s at all three cy c le  tim es 
w ere in  the range o f  5 to 6 . Table 4 .2  d isp lays that average efflu en t pH s o f  1 and 2 
d /cy c le  w ere approxim ately  5 .6 , w h ile  that o f  2 d /cy c le  w as about 6 .0 , w h ich  is the 
m ost su itable pH  for the production o f  biosurfactant by P s e u d o m o n a s  a e r u g i n o s a  

SP4 using  S B R s (G uerra-Santos e t  a i ,  1984). It w as reported that the rham nolipid  
production by P s e u d o m o n a s  spp. w as m axim ized  in the pH range o f  6  to 6 .5 , and the 
optim um  pH  for the m axim um  biosurfactant production w as found to be 6 .25 . It 
seem ed  that the optim um  pH for biosurfactant production obtained from th is present 
study w as low er than that o f  the previous w ork (G uerra-Santos e t  a i ,  1984). This 
m ight result from  the different bacterial strains.
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cycle  tim es.

T a b le  4 .2  The average effluent pH w ith  an oil load ing  rate o f  2 k g /m 3d at different 
cy c le  tim es.

C ycle  tim e (d /cy c le ) A vg . effluent pH
1 5.66
2 . 6 .04
3 5.6
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F ig u re  4 .11 The average percentages o f  C O D , o il, and surface tension  reduction  
during steady-state operation  w ith  an o il loading rate o f  2  k g /m 3d at different cycle
tim es.
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Figure 4.1 ] compares the average percentages o f  COD, oil, and surface ten
sion reduction during steady-state operations at different cycle times. The results 
clearly demonstrate that the cycle tim e significantly affects the biosurfactant produc
tion. At the cycle tim e o f  2 d/cycle, the highest COD removal o f  89.8% was 
achieved, suggesting the highest activity o f  the microbe in utilizing palm oil as an 
organic substance. The highest percentages o f  oil, COD and surface tension reduc
tion also indicated that the optimum cycle time at the optimum oil loading rate o f  2  

kg/m 3d for the biosurfactant production by P s e u d o m o n a s  a e r u g i n o s a  SP4 using 
SBRs was d/cycle. There optimum conditions were used for further investigation.

4 .3 M easurem ent o f B iosu rfactan t C oncentration

After the optimization o f  cycle tim e for the biosurfactant production.’by 
P s e u d o m o n a s  a e r u g i n o s a  SP4, the surface tension o f  the culture medium inside the 
bioreactor was determined as a function o f  aeration tim e in order to investigate the 
profile o f  the biosurfactant production. Figure 4.12 displays the surface tension pro
file at 2d/cycle and with an oil loading rate o f  2 kg/m 3d. The surface tension o f  the 
culture m edia slightly decreased during the first 4 h o f  aeration time but it was sharp
ly decreased at an aeration tim e o f 6  h before rem aned constant around 28-31 mN/m. 
The results demonstrated that the biosurfactant was produced subs tant id ly  after 6 .h 
o f  the aeration step and the biosurfactant production remained high throughout the 
aeration period, implying that the rate o f  biosurfactant production exceeded the rate 
o f  biosurfactant degradation after 6  h o f  aeration time (Cassidy and Huduk, 2001).

To determine the biosurfactant concentration, the critical m icelle dilution 
(CM D) method was performed. The samples taken during the aeration period at dif
ferent aeration times were serially diluted, and the surface tension was subsequently 
measured. Figure 4.13 show s the surface tension o f  senal dilutions at different aera
tion tim es o f  10, 20, 30, and 40 h. The surface tension decreases with increasing sur
factant concentration and reaches the minimum value at the CMC. Beyond the CMC, 
the surface tension remains unchanged with increasing surfactant concentration.
It was found that the increasing dilution o f  the sample taken from the aeration time o f  
40 h from 95:5 to 90:10 caused an increase in the surface tension from 29-31 m N/m
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to 5 7 .9 0  m N /m . From , the C M D  results, the system  operated at 2 d /cycle and an oil 
load ing rate o f  2 k g /m 3d provided the h ighest biosurfactant concentration o f  1.05 
tim es o f  the C M C  at the aeration tim e o f  40h.

F ig u r e  4 .12  T he surface ten sion  profile at 2 d /cy c le  and an o il loading rate o f  2 
k g /m 3d.

F ig u r e  4 .13  T he surface tension  o f  serial d ilutions at different aeration tim es at 2 
d /cy c le  and an o il load ing rate o f  2  k g /m 3d.
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4.4 T he Influence o f  C/N R atio on M icrobial G row th  and B iosu rfactan t  
P roduction

According to the work o f  Santos e t  a l .  (2002), the C/N ratio was found to 
significantly affect both microbial and biosurfactant production. Thus, the influence 
o f  the C/N ratio on the microbial growth and biosurfactant production in the SBR  
system  w as investigated in the present study. The C/N ratio used in this present study 
was varied from 16/0.57 to 16/3 w hile the c/p ratio was still maintained at 14/1 us
ing the optimum operating conditions at an OLR o f  2 kg/m3d and 2 d/cycle. As illu 
strated in Figure 4 .14 , the C/N ratio significantly affects the microbial cell concentra
tion, resulting in the change in both MLSS and ss as the C/N ratio is varied. The 
low est microbial cell concentration was observed at the C/N ratio o f  16/0.57, which 
could be.obtained in the absence o f  nitrogen source in the mineral medium. The 
M LSS at the C/N ratio o f  16/3 was higher than that at the C/N ratio o f  16/0.57, indi
cating that nitrogen concentration could play an important role in the m icrobid  
growth and manipulation (Haba e t  a i ,  2000). Moreover, the remaining palm oil in 
the culture medium at the C/N ratio o f  16/3 was much lower than that at the C/N ra
tio o f  16/0.57. As displayed in Figure 4.15, the remaining palm oil at the C/N ratio o f  
16/3 formed thinner layer at the top o f  the liquid culture as compared to that at the 
C/N ratio o f  16/0.57. It seem s that the higher the microbial cell concentration, the 
higher the palm oil consumption was. However, the highest C/N ratio o f  16/3 can not 
serve as an appropriate ratio for the microbial growth because o f  the toxicity o f  the 
ammonium nitrogen in the system . Therefore, the optimum C/N ratio for the biosur
factant production by P s e u d o m o n a s  a e r u g i n o s a  SP4 was 16/1, corresponding to the 
optimum ratio for the biosurfactant production by P s e u d o m o n a s  a e r u g i n o s a  

D SM 2659 (Guerra-Santos e t  a i ,  1984).
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C/N

F ig u re  4 .1 4  E fflu en t ss  and M L SS at d ifferent C /N  ratios o f  w ith  an o il loading rate 
o f  2  k g /m 3d and 2  d /cycle .

F ig u r e  4 .1 5  D ifferen t th ick n ess o f  the rem aining palm  o il layer at the top o f  liquid  
culture in  the S B R  reactor at different C /N  ratios o f  16 /0 .57  (a) and 16/3 (B ) w ith  an 
o il load in g  rate o f  2  k g /m 3d and 2  d /cycle  tim e.

Surface ten sion  m easurem ent cou ld  be used as an indirect m ethod to estim ate  
the biosurfactant concentration  (G uerra-Santos e t  a l . , 1984). Figure 4 .1 6  illustrates 
the surface ten sion  and surface tension  reduction at different C /N  ratios. It w as ob 
served that the lo w est surface tension  and the h igh est surface ten sion  reduction were  
found at the C /N  ratio o f  16 /1 , indicating the h igh est biosurfactant concentration in 
the S B R  reactor as com pare to the C /N  ratios o f  16 /0 .5 7  and 16/3, confirm ing that
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the C /N  ratio o f  16/1 w as an optim um  ratio for the biosurfactant production by the 
strain SP4.

F ig u r e  4 .1 6  Surface ten sio n  and surface ten sion  reduction at different C /N  ratios 
u sin g  an o il load in g  rate o f  2  k g /m 3d with 2  d /cycle .

A nother im portant factor governing the m icrobial grow th is pH o f  the culture 
m edium . A s sh o w n  in F igure 4 .1 7 , the d ifference in C /N  ratio a lso  causes the change 
in  the pH o f  the culture m edium . T he average effluent pH  at the C /N  ratio o f  16/0.5?j 
16 /1 , and 16/3 w as found to  be 5 .4 1 , 6 .04 , and 5 .82 , resp ective ly . A m on g these three 
pH  value, o n ly  the pH at the C /N  ratio o f  16/1 w as in the suitable pH  range for the - 
biosurfactant production (G uerra-Santos e t  a l . ,  1984).

C/N

F ig u r e  4 .1 7  T he average efflu en t pH  at different C /N  ratios using an o il loading rate 
o f  2  k g /m 3d w ith  2  d /cycle .
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