
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Determination of the optimum mixing time and surfactant concentration 
on oil solubilization from solubility parameter of oil (Sp0)
Due to thermodynamically limited by poor solubility of oil in aqueous phase, 

nonionic surfactant (Tween 80) was employed to solubilized oil into aqueoue phase. 
However, there are many parameters and methods to study. And in this research, 
solubility parameter of oil or Sp0 (ml/g) and enhanced-solubilization (mg/1) were 
considered. Sp0 is defined as a volume of oil solubilized in aqueous phase per weight 
of surfactant in aqueous phase. The system is composing of surfactant solution and 
oil with total volume of 10 ml. And the surfactant concentration was varied from
0.01 to 10% w/v with 50% and 20% v/v of oil or 1/1 and 1/4 oil to surfactant solution 
volume ratio. The vials were shacked slowly 10 times for creating contact area be
tween oil and surfactant solution and kept in water bath at 37°c. The aqueous phase 
high was measured every day by cathetometer. The increasing in aqueous phase high 
shows that oil is solubilized into aqueous phase. So the aqueous phase height was 
measured every day and convert to Sp0. The results showed that when the surfactant 
concentration increases, the Sp0 also increase corresponding with the increasing in 
solubulized oil in aqueous as shows in Figures 4.1 and 4.2. And from these figures, 
the equilibration time require for solubilizing oil was 6 days. Therefore, the optimum 
surfactant concentration for solubilizing the oil was determined at day 6 but there is 
no optimum surfactant concentration as shows in Figures 4.3 and 4.4. In fact, the op
timum surfactant concentration should be shown because the concentration was scan 
from 0.01-10% w/v but the critical micelle concentration or CMC of Tween 80 is
0.01572% w/v. If the surfactant concentration is lower than CMC, no formation of 
micelle and so on no solubilization. So the conclusion is the spo is not suitable to de
termined oil sulubilization because of there are small contact area of oil and aqueous 
phase, this system is not simulated the practical use with all times mixing in feed 
tank, the difference in aqueous phase high cannot be detected by cathetometer when 
the low surfactant concentrations are applied, and after shacking some surfactant so
lution was trapped in oil phase.



2 7

ISO —ร*— SP 0-0.01/1-1 
SPO-0.02/M 

-~/5<“ SPO-0.î>:i/).-:i —-̂ —spo-o.oÿi.:t 
SPO-G.OÇi/î-l 

■ '••■ «••'•••SPO-O.OS/î-1 —i—รพ-G.10/Î-1
ร.™.ร,รPO-0.20/3-1 -----500-0.40/1-1

1cpjTi.A cn/1 .ช ุ

ะ ะ ร ร ะ ร ร••ะ*.: ■ รPOO.SO/t-î “''''•“รpo-l.OG/î-1 
•.•รPO-Î.50/I-I

(► “•รพ-2.00/1-1 5PO-2.50/1-1------SPO-3.00/1-1
รพ-ร .50/1-1 “ '.ร-. SPO-4.00/1-1 ร:; รพ-ร 00/1-1 

..,v::.v,ÇPO-6,00/I-i พ.,,...,รPÜ-8.00/1-1
••••:•SPO io.o/l i

Figure 4.1 Solubility parameter of oil (Sp0) with various surfactant concentration 
and time (SPO-0.01/1-1 refers to Sp0 value at surfactant concentration of 0.01% w/v 
with 1 to 1 oil to surfactant solution volume ratio).
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Figure 4.2 Solubility parameter of oil (Sp0) with various surfactant concentration 
and time (SPO-0.01/1-4 refers to Sp0 value at surfactant concentration of 0.01% w/v 
with 1 to 4 oil to surfactant solution volume ratio).
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Figure 4.3 Solubility parameter of oil (Sp0) with various surfactant concentration at 
day 6 with 1 to 1 oil to surfactant solution volume ratio.
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Figure 4.4 Solubility parameter of oil (Sp0) with various surfactant concentration 
at day 6 with 1 to 4 oil to surfactant solution volume ratio.
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4.2 Determination the optimum mixing time and surfactant concentration on 
oil solubilization from enhanced-solubilization

The effect of mixing time and surfactant concentration on oil solubilization 
was considered in terms of enhanced-solubilization. In this study, the surfactant con
centration was varied from 0.05 to 5% w/v with 2% v/v oil loading (critical micelle 
concentration or CMC of Tween 80 is 0.01572% w/v). And the samples were left in 
shaker bath at 37°c for 10 days and aqueous phase was separated and injected into 
TOC analyzer every day. The results showed that to solubilize oil in aqueous phase 
required 4 days to reach equilibrium as shown in Figure 4.5.
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Figure 4.5 Equilibrium time required to solubilize oil in aqueous by Tween 80.

And for optimum surfactant concentration, the enhanced-solubilization was 
determined at day 4 as shown in Figure 4.6. The results clearly demonstrated a pro
portional relation between enhanced-solubilization and surfactant concentration. 
Therefore, Figure 4.7 shows that at surfactant concentration of 0.10% w/v (which is 
equivalent to a weight ratio of oil to surfactant of 18.8:1) provided the highest ratio 
between the weight of solubilized carbon and the weight of surfactant compared with
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the others. It means that this surfactant concentration was the most suitable to solubi
lize oil.

Surfactant concentration (% w/v)

Figure 4.6 Enhanced-solibilization of oil at the various surfactant concentration.
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Figure 4.7 Weight of solubilized carbon to weight of surfactant with various surfac
tant concentration.
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4.3 Effect of COD loading rate on biodegradation and biogas production

An upflow anaerobic sludge blanker (UASB) reactor was constructed for 
treating an oily wastewater simulated from distilled palm oil and water, and for pro
ducing biohydrogen. A mixed bacterial culture was used to treat the oily wastewater 
at the optimum temperature of 37°c (Chittibabu et al, 2006) and uncontrolled pH. 
Moreover, the optimum surfactant concentration (0.10% w/v which is equivalent to a 
weight ratio of oil to surfactant of 18.8:1) from solubilization study was used to en
hance oil solubilization and thus biodegradation, as well as biohydrogen production. 
The COD loading rate was varied from 10-80 kg COD/m3d to determine its effect on 
biodegradation and biogas production.

4.3.1 Chemical Oxygen Demand (COD) removal 
COD is defined as the quantity of a specified oxidant that reacts with a sam

ple under controlled conditions. The quantity of oxidant consumed is expressed in 
terms of its oxygen equivalence and COD is expressed in mg/10 2 . In this experiment, 
the COD method was conducted to determine the degradation capability of the mi
crobe in utilizing organic substances as their nutrients. The influent COD value was 
controlled at 22,000 mg/1. The effluent COD value was determined every day until 
the system reach steady state and at this point the effluent COD value was relatively 
unchanged. The results showed that at day 20 the COD value began steady. After the 
system reached a steady state, COD value of five more days were collected and then 
used to determined COD removal as an averaged value as show in Table 4.1. Figures
4.8 and 4.9 show the effluent COD values and COD removal at different COD load
ing rate, respectively. The results showed that when the operation time increases, the 
effluent COD value decreases until the system reaches steady state as shows in Fig
ure 4.8, and corresponding with the increasing of COD removal as shows in Figure 
4.9. Moreover, when COD loading increases, the effluent COD value increases, cor
responding with the decreasing of the COD removal with increasing COD loading, as 
shown in Figures 4.8 and 4.9, respectively. Because of the high COD loading rate, 
the system has low hydraulic retention time (HRT) which means that microorgan-
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isms have a short time for digesting the organic compounds. On the other hand, at 
low COD loading rate, longer time was provided for biodegradation.

Tab le  4.1 The averaged effluent COD value and % COD removal at various COD 
loading rate with influent COD 22,000 mg/1

COD loading rate 
(kg COD/m3d)

Average effluent COD 
value at

equilibrium (mg/1)

Average percentage of 
COD removal 
at equilibrium

10 6,819 69.01
20 6,859 68.83
30 6,896 68.66
40 7,458 66.10
60 11,192 49.13
80 13,041 40.72

—♦ — 10 kgCOD/m3d 
—»— 20 kgCOD/m3d 
- * r -  30 kgCOD/m3d 
- K -  40 kgCOD/m3d 
— —60 kgCOD/m3d 
------- 80 kgCOP/m3d

Figure 4.8 Effluent COD values with various COD loading rate and operation time.
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—1๐ kg COD/m3d 
20 kg COD/m3d 

-à ^3 0  kg COD/m3d 
- x -4 0  kg COD/m3d 

60 kg COD/m3d 
—  80 kg COP/m3d

Figure 4 .9  P ercentage o f  C O D  rem oval w ith  variou s C O D  load in g  rate and opera
tion  tim e.

4 .3 .2  O il rem oval
In this part, o il rem oval w a s  determ ined in  term s o f  % o il rem oval. T h is  

m ethod w a s  also conducted  to  determ ine the degradation cap ab ility  o f  the m icrobe in  
u tiliz in g  organic substances as their nutrients. O il w a s  extracted from  the efflu en t by  
dichlorom ethane and then d ich lorom ethane w a s evaporated  at am bient condition  for  
a day. T he rem ain ing o il w a s  w eigh ted  and converted  in  term s o f  o il content in  %  v /v  
and after that com pared w ith  the 2%  v /v  from  in fluent. T he o il rem oval w a s  deter
m ined  every  day u n til the system  reach  steady state and at th is p o in t the o il rem oval 
va lu e w a s  rela tively  unchanged . The resu lts sh ow ed  that at day 20  th e  o il rem oval 
b egan  steady. A fter the system  reached steady state, th e percentage o f  o il rem oval o f  
f iv e  m ore days w ere  determ ined as an averaged v a lu e  as sh o w  in T able 4 .2 . E fflu en t  
oil content and p ercen tage o f  o il rem oval at d ifferent C O D  load in g  rate w ere  sh ow n  
in  F igures 4 .1 0  and 4 .1 1 , resp ectively . T he resu lts sh ow ed  that the efflu en t oil co n 
tent decreases w ith  the increasing o f  operation tim e until the system  reaches stead y  
state and that the o il rem oval increases w ith  the increasin g  o f  operation  tim e. M o re
over, w h en  C O D  load in g  increases, the efflu en t o il content increases, corresponding  
w ith  the decreasing o f  the o il rem oval w ith  in creasin g C O D  load in g  as sh ow n  in F ig -
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ures 4 .1 0  and 4 .1 1 , resp ectively . B eca u se  o f  the h igh  C O D  load in g rate, the system  
has lo w  hydraulic retention tim e (H R T ) w h ich  m ean s that m icroorganism s h ave a 
short tim e for d igestin g  the organic com pounds. O n the other hand, at lo w  C O D  
load in g  rate, longer tim e w a s  provided for biodegradation.

T a b le  4 .2  T he averaged e fflu en t oil content (% v /v )  and % oil rem oval at various  
C O D  load in g  rate w ith  in flu en t oil content o f  2% v /v

C O D  loading rate 
(k g  C O D /m 3 d)

A v erag e oil 
con ten t in  

efflu en t (% v/v)

A verage p ercen tage o f  
oil rem oval 

at equilibrium
1 0 0 .1 9 6 2 90 .19
2 0 0 .2 0 1 3 8 9 .9 4
30 0 .2 2 1 5 88.93
4 0 0 .2 6 3 0 86 .85
60 0 .3 0 8 6 84 .57
80 0 .4 2 3 3 7 8 .8 4

— 1 0 k g C O D /m 3d 
- « - 2 0  kg COD/m 3d 
—A— 30 kg COD/m 3d 
—* —40 kg COD/m 3d 
—* —60 kg COD/m3d 
------- 80 kg C O P/m 3d

F ig u r e  4 .1 0  E ffluent oil con ten t w ith  various C O D  load in g  rate and operation tim e.
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-̂ —10 kg COD/mad 
-*-20  kg COD/mad 
-A— 30 kg COD/mad 
-X-40 kg COD/nfd 
* r -  60 kg COD/mad 
----80 kg COD/mad

Figure 4.11 P ercentage o f  oil rem oval w ith  various C O D  load in g  rate and operation  
tim e.

4 .3 .3  B io g a s  production
B io g a s  production alon g  the ferm entation p rocess in  an U A S B  reactor  

w as determ ined by ga s m eter and its com p o sition  w a s determ ined b y  G C  w ith  TC D . 
In this section , b io gas production w a s  determ ined in  term s o f  sp ec if ic  b iogas produc
tion rate in  m 3  b io gas/m 3 d. A fter 2 0  day the system  reach steady state, corresponding  
w ith  C O D  and o il rem oval study. S o  in  this sec tion  the b io g a s  production  w a s m eas
ured and determ ined at equilibrium . From  T able 4 .3  and F igure 4 .1 2 , at 2 0  kg  
C O D /m 3d load in g  sh ow s the h igh est sp ec ific  b io gas production  at 2 .21  m 3 b io -  
gas/m 3 d. From  F igure 4 .1 2 , at lo w  C O D  load ing rate (1 0 -2 0  k g  C O D /m 3 d), sp ec ific  
b iogas production  rate increased w ith  the increasing C O D  load in g  rate. A fter that at 
high C O D  load in g rate (3 0 -8 0  kg C O D /m 3 d) the sp ecific  b io gas production  rate w as  
drop b ecau se  in fluent f lo w  rate is to o  high. B io g a s  content at d ifferent C O D  load in g  
rate is  sh ow n  in F igure 4 .13  and the resu lts sh ow ed  that the h igh est com p o sition  w a s  
CO 2  fo llo w  by C H 4j and H 2 , resp ective ly  (Y an g  e t  a l ,  2 0 0 7 ). T he large am ounts o f  
CO 2  w ere  produced b ecau se the type o f  feed  w h ich  w as d istilled  p alm  oil. T h e h igh  
num ber o f  carbon atom s in  d istilled  palm  o il provided  large am ount o f  CO 2  produced  
com pared to  g lu co se  w h ich  has low er carbon atom  in its structure. T herefore, แ 2  pro-
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duction  rate, CH 4  production rate, CO D rem oval and o il rem oval w ere  u sed  as crite
ria for determ ining th e optim um  C O D  load in g rate. W ith  this criterion, the optim um  
C O D  load ing rate w a s found to  be 20  k g  C O D /m 3d as sh ow n  in  F igure 4 .1 4 , 4 .1 5 ,
4 .1 6 , and 4 .17 . A t the optim um  C O D  load in g  rate, 68 .9%  o f  C O D  rem oval and 
89.9%  o f  o il rem oval w ere presented. M oreover, 10.1%  v /v  o f  H 2  and 28 .1%  v /v  o f  
C H 4  w ere found. Therefore, the b iogas y ie ld  in  m 3/k g  C O D  fed  and m3/k g  C O D  re
m oved  w ere reported in  T able 4 .4 . It w as sh ow n  that the b iogas y ie ld  in  m 3/k g  C O D  
fed  w a s h igh est at 2 0  k g  C O D /m 3d loading, corresponded w ith  the sp e c if ic  b io gas  
production rate in  T able 4 .3 . H ow ever, the b iogas y ie ld  in  m3/k g  C O D  rem oved  in 
creased w ith  C O D  load in g  rate b ecau se the h igher C O D  load in g  rate the low er C O D  
rem oval as sh ow n  in T able 4 .1 . S o  to rem ove the sam e am ounts o f  C O D  from  the  
in fluent, the system  required th e longer tim e  for the h igher C O D  load in g  rate. W ith  
the longer tim e requirem ent for h igh  C O D  load in g  rate then the h igher b io gas accu
m ulation in  the system .

Table 4 .3  S p ecific  b iogas production rate and con ten t w ith  various C O D  load ing  
rate

COD
loading rate 

(kg COD/m3d)

Specific biogas 
production rate 
(m3 biogas/m3d)

Biogas content 
(% v/v)

Specific H2 

production rate 
(m3 H2/m3d)

Specific CH4 

production rate 
(m3 CHVnfd)

Specific C 02 

production rate 
(m3 C 02/m3d)h 2 CH4 CO2

10 2.03 9.1 30.1 60.8 0.18 0.61 1.24
20 2.21 10.1 28.1 61.9 0.22 0.62 1.37
30 2.15 10.1 25.8 64.1 0.22 0.55 1.37
40 2.12 8.3 20.0 71.7 0.18 0.42 1.52
60 1.81 7.8 17.5 74.7 0.14 0.32 1.35
80 1.77 6.6 14.9 78.5 0.12 0.26 1.39
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Table 4.4 Biogas yield with various COD loading rate

COD
loading rate Biogas yield (m3/kg COD fed) Biogas yield (m3/kg COD removed)

(kg COD/m3d) Biogas h 2 CH 4 c o 2 Biogas h 2 CH 4 c o 2
10 0 .092 0 .0 0 8 0 .0 2 8 0 .0 5 6 0 .1 3 4 0 .0 1 2 0 .0 4 0 0.081
20 0 .1 0 0 0 0 1 0 0 .0 2 8 0 0 6 2 0 .1 4 6 0 .015 0.041 0 0 9 0
30 0 .098 0 .0 1 0 0 0 2 5 0 0 6 2 0 142 0 014 0 0 3 7 0 0 9 1
40 0 .0 9 6 0 .0 0 8 0 0 1 9 0 .0 6 9 0 146 0 0 1 2 0 0 2 9 0.105
60 0 0 8 2 0 .0 0 6 0 0 1 4 0.061 0 167 0 0 1 3 0 0 2 9 0 125
80 0 0 8 0 0 005 0 0 1 2 0 0 6 3 0 .1 9 8 0 013 0 0 2 9 0 155

Figure 4.12 Effect o f  COD loading on biogas production.
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Figure 4.13 B ioga s con ten t w ith  various C O D  load ing rate.
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Figure 4.14 Percentage of COD removal and specific แ 2 production rate with vari
ous COD loading rate.
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Figure 4.15 Percentage of oil removal and specific แ 2 production rate with various 
COD loading rate.

Figure 4.16 Percentage of COD removal and specific CTL* production rate with
various COD loading rate.
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Figure 4.17 Percentage o f oil removal and specific CH4 production rate with vari
ous COD loading rate.

4.3.4 pH determination
pH or per hydron or per hydrogen, and also power o f hydrogen is de

fined as the number arises from a measure o f the activity of hydrogen ion or their 
equivalent. In this part, pH was determined every day until the system reach steady 
state and at this point the effluent pH was relatively unchanged. The results showed 
that at day 20 the pH began steady. At steady state the final pH was measured and it 
was found that the final pH decrease from 5.13 at 10 kg COD/m3d loading to 4.29 at 
40 kg COD/m3d because o f the formation o f Volatile Fatty Acid or VF As during the 
fermentation process (Morimoto et a l, 2004). But when COD loading rate was 
higher than 40 kg COD/m3d, the final pH was increased because o f the reactor was 
flooding and the microorganisms were washed out o f the reactor because feed flow 
rate was too high.

4.3.5 VFAs determination

In anaerobic fermentation process, not only biogas was generated as a 
by-product but soluble metabolites were also produced. Figure 4.20 shows the VFAs 
concentration in mg as acetic acid per liter at different COD loading rate. The results
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showed proportional relation between VF As concentration and COD loading rate at 
10-40 kg COD/m3d loading. But at 60 and 80 kg COD/m3d loading VF As concentra
tion was decrease corresponding with the final pH in Figure 4.19. Moreover, Chro
matographic analysis was used to determine the distribution of VF As and alcohol in 
% v/v. It was found that acetic acid and butyric acid were found to be the major 
soluble metabolites (Zhang et al., 2006) as shown in Table 4.4. The large amount of 
propionic acid as shown in Table 4.5 can be used to explain why small amounts of 
H2 were detected in this research. The production of propionic acid was not favor for 
biohydrogen production because the consumption o f H2 during the production o f  
propionic acid (Zhang et al., 2006) as shown below.

C6Hi20 6 + 2H2 2CH3CH2COOH + 2H20

Figure 4.18 Effluent pH with various COD loading rate and operation time.
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Table 4.5 The distribution of VF As and ethanol concentration in % v/v from the ef
fluent at various COD loading rate.

COD loading rate 
(kg COD/md)

Final
pH

Concentration (% v/v)
Acetic

acid
Butyric

acid
Propionic

acid
Valeric

acid Ethanol
10 5.11 32.9 37.1 25.8 4.2 0
20 478 43.8 32.5 18.6 3.4 1.7
30 4.47 39 5 34.8 22 6 22 0.9
40 4.27 35.8 372 21.6 5 4 0
60 467 33 2 369 24 1 4.4 1.4
80 5 08 328 38.7 25.7 2.8 0

20 without 
surfactant 4.80 39.9 32.6 22.8 3.3 1.4

Figure 4.19 Final pH with various COD loading rate.
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Figure 4.20 VFAs concentration with various COD loading rate at steady state.

4.3.6 Microbial growth
Under the UASB operation for treating oily wastewater, wastewater 

sludge was applied to the reactor with a concentration of 2 0  g total suspended solids 
(TSS) per liter. The microbial growth is the parameter for determining the capability 
of microorganism for growing and degrading the organic compounds presence in the 
reactor. So it is important to examine the microbial growth. In this part of the study, 
the microbial growth was examined in terms of mixed liquor suspended solids 
(MLSS) in g o f  suspended solids per liter at the steady state of the operation (at day 
25). Figure 4.21 shows the effect o f COD loading rate on MLSS. The results showed 
that at low COD loading rate, MLSS was increased because of the growth of micro
organisms. On the other hand, at high COD loading rate the decreasing o f MLSS was 
found because the reactor was folding and the microorganisms were washed out o f  
the reactor because feed flow rate was too high.

After determining the final pH, VFAs concentration, and MLSS with 
various COD loading rate, it was found that these parameters were related. At COD 
loading rate o f 10-40 kg COD/m3d, the final pH was decreased due to the formation 
of VFAs corresponding with the increasing of MLSS in the low COD loading rate
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range. But when COD loading rate was higher than 40 kg COD/m3d, the final pH, 
was increased corresponding with the decreasing of VF As concentration and MLSS 
as shown in Figure 4.19, 4.20, and 4.21, respectively. Because the higher COD load
ing rate the larger amounts of VF As were produced until the microbial limitation. It 
is means that the microbial can be survived at some VFAs concentration because the 
VF As in form of free VFAs can easily diffuse to the microbial cells and also damage 
the microbial cells. So at high COD loading rate and also high VFAs concentration 
which were higher than the microbial threshold for surviving, the MLSS was 
dropped. Another reason was with the high COD loading rate the microbial cells 
were easily washed out from the reactor because feed flow rate was too high.

Figure 4.21 MLSS with various COD loading rate at steady state.

4.4 Effect o f surfactant on biodegradation and biogas production

In this section, the UASB reactor was also operated at 3 7 ° c  and uncon
trolled pH. The effect o f surfactant was determined at the optimum COD loading rate 
(20 kg COD /m3d) with 0.10% w/v o f surfactant (which is equivalent to a weight ra
tio o f oil to surfactant of 18.8:1) and without surfactant. Surfactant is an amphipathic
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agent which is proposed to enhance oil solubilization, and thus the biodegradation, as 
well as the biohydrogen production. COD removal, oil removal, specific biogas pro
duction rate, biogas content, biogas yield, pH, VF As concentration, and MLSS were 
also the main parameters observed in this section. The results are shown in Table 4.5 
and they show that with the addition o f surfactant, the COD removal percentage, oil 
removal percentage, specific biogas production rate, and specific H2 production rate 
were higher than without surfactant. Therefore, the increase these parameters con
firms that the surfactant can enhance oil biodegradation and biogas production,

Table 4.6 Parameters observed for studying effect o f surfactant on biodegradation 
and biogas production.

Parameters
20 kg COD /m3d with 0.10% 
w/v of surfactant (wt. ratio of 

oil to surfactant of 18.8:1 )
20 kg COD /m3d 

without surfactant
Effluent COD (mg COD/1)* 6,858.50 12,702.43
COD removal COD (%)’ 68.9 42.3
Effluent oil concentration (% v/v)* 0.2013 0.8198
Oil removal (%)’ 89.9 59.0
Specific biogas production rate 
(m3 biogas/m3d) ** 2 . 2 1 1.44
Specific H2 production rate 
(m3 H2/m3d)** 0 .2 2 0.14
Specific CH4 production rate 
(m3 CH4Àn3d)’* 0.62 0.40
Biogas yield
(m3 biogas/kg COD fed)** 0 .1 0 0 0.065
Biogas yield
(m3 biogas/kg COD removed)** 0.146 0.1549
H2 content** 1 0 .1 9.9
CH4 content*’ 28.1 27 6

Final pH* 4.80 4.97
VF As concentration (mg/1)” 23,807 12,054
MLS S (g/1) 87.34 51.46

’The averaged value at steady state (c ay 20-25)
**The value conducted at steady state (day 25)
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