
Introduction
1)

The conversion of organic matter to methane and car-

bon dioxide in an anaerobic digestion include several

groups of microorganisms, and the anaerobic digestion

process is generally performed by three steps; hydrolysis,

fermentation and methanogenesis [1]. In general, diges-

tion of an activated sludge is more difficult than that of a

primary sludge because the microbial cell membrane or

cell wall of waste activated sludge (WAS) is considered

to have an inhibiting effect on the sludge digestibility in

the process. It is widely well known that the degradation

rate of waste activated sludge is especially low and the

hydrolysis reaction is considered as the rate-limiting step

in the overall process [2]. Therefore, the efficiency of

anaerobic digestion can be greatly enhanced by improv-

ing the rate of the sludge hydrolysis step using physical
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or chemical pretreatment processes.

The pretreatment processes have several methods such

as thermal, thermochemical, and alkaline or ultrasonic.

Many studies have been concentrated on the determi-

nation of the pretreatment conditions to improve the sol-

ubilization and anaerobic biodegradability of the WAS

[2-4]. Some researchers have attempted to combine

chemical and thermal treatments. Alkaline treatment has

been also used for solubilization of WAS [5,6]. Howev-

er, the optimum conditions of thermal pretreatments of

WAS are not yet to be considered in the anaerobic diges-

tion process of WAS. Moreover, the study on character-

ization of WAS may be needed because they depend on

the type of wastewaters and the degree of mixing of the

primary sludge.

One of the objectives of this study was to optimize the

thermal pretreatment conditions of WAS to enhance the

solubilization and the methane production. And other ob-

jective was finally to apply the modified mathematical

model to describe the methane production.
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Abstract:The characteristics of waste activated sludge (WAS) were investigated by batch and continuous experi-

ments using thermal pretreatment in the anaerobic digestion. The solubilization ratios of the chemical oxygen de-

mand (COD), protein and carbohydrate increased as 14.8 21.5, 14.7 23.5, and 21 35 %, respectively. The∼ ∼ ∼

maximum value of specific methane production was achieved at the thermal pretreatment of 120 °C. The ex-

perimental and calculated data using the modified Gompertz equation for the cumulative methane production

showed a good agreement with the result in the batch. In the continuous experiment the methane gas contents of

thermal pretreated and controlled WAS were approximately 70 and 40 %, at steady state, respectively. For the

thermal pretreated WAS, the values of k (maximum specific rate of organic carbon utilization) and Ks (half-ve-

locity coefficient) used in the steady state equation, were 0.27 day
-1
and 245.32 mg/L, respectively. These results

showed that the present thermal pretreatment of WAS was useful means for the enhancement of methane

production.
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Table 1. Characteristics of Thermally Pretreated WAS

Parameters Control Thermal pretreatment*

pH
VSS (mg/L)
VSS/SS

Total COD (mg/L)
Solubilization ratio* (%)
Total protein (mg/L)

Solubilization ratio** (%)
Total carbohydrate (mg/L)
Solubilization ratio**8 (%)

Total lipid (mg/L)
Solubilization ratio* (%)

VFA concentration (mgCOD/L)

6.85
8,530
86.4

10083.98
3

6215.51
2

785.96
6

713.5
5

78.4

7.02
11,087
56.1

10327.12
24.2

6133.35
23.1
825.94
14.7
682.5
12.9
279.72

* Thermal pretreatment : 120
o

C of reaction temperature, 30 min of reaction time

** Solubilization ratio = Soluble concentration/Total concentration

Figure 1. A schematic diagram of the continuous experimental

apparatus.

Materials andMethods

The substrate and seed sludge used in this study were

obtained from the aerobic and anaerobic digesters at the

municipal wastewater treatment plant. The seed sludge

was acclimatized to the substrate for 3 months.

To evaluate the methane production rate from the WAS,

thermal pretreatment was conducted at various temper-

atures and sludge concentration for 30 min. In the batch

experiment, a 120 mL of vial with an 80 mL of working

volume was used as the anaerobic digester. The vials

were incubated at 35 ± 1 °C in a water bath with an ini-

tial mixture gas, which is composed of 80 % N2 and 20

% CO2. Each 40 mL of seed sludge and thermally pre-

treated WAS were added to the vials.

The continuous flow experimental apparatus is illus-

trated in Figure 1. A laboratory scale chemostat-type

anaerobic digester was used to obtain experimental data

under steady state conditions. The temperature of the

continuous flow reactor was maintained at 35 ± 1 °C and

its operation retention time was set as 10 days. The ther-

mally pretreated WAS were continuously fed into the di-

gester by a peristaltic pump, and the digester contents

were continuously withdrawn by the aspiration resulting

from the circulation of the gas produced. The production

gas was measured in a saturated salt solution with 2 %

(vol.) of H2SO4.

The characteristics of the substrates used in the con-

tinuous experiments are shown in Table 1. The WAS

were mainly composed of microorganisms which have a

general composition of approximately 10 % carbohy-

drate, 50 % protein, 10 % lipid, 30 % fiber, and traces of

other components, including RNA [3].

The pH, solids (MLSS and MLVSS), COD, volatile fat-

ty acids (VFA), gas composition, and organic con-

stituents (i.e. proteins, carbohydrates, and lipids) were all

assayed. The carbohydrate and protein were measured by

the anthrone-H2SO4 and Lowry’s methods, respectively

[7,8]. The lipid was measured by the Bligh-Dyer method

[9]. The VFA and gas composition were analyzed by the

gas chromatography (GC 8A, Shimadzu, Japan) with

FID and TCD, respectively.

Application to Model Equation

Batch Model

To describe the bacterial growth curve in a batch cul-

ture, the Gompertz equation, as expressed below, was

found to be the most suitable for our application [10];
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According to (1), the relationship between the bacterial

growth and substrate utilization rates and the methane

production rate can be defined by the following equation

[11]:

⋅






⋅





 (2)

where, P : methane gas production potential (mL),

Rm : maximum methane production rate (mL/g

VS/day),

λ : lag phase time (hr)

Here, P, Rm, and are important parameters affectingλ

the characteristics of cumulative methane production

curve.

Continuous Culture Kinetic Model

The Monod function was chosen as the model for or-

ganic carbon utilization. Equation (3) shows the relation-

ship between the organic carbon utilization and the or-

ganic carbon and bacteria concentrations.

 





(3)

where, rs : volumetric reaction rate of organic carbon

(M/L
3

T),⋅

k : maximum specific rate of organic carbon uti-

lization (T
-1
),

S : soluble organic carbon concentration (M/L
3
),

X : bacteria concentration (M/L
3
),

Ks : half-velocity coefficient (M/L
3
)

Otherwise, Equation (4) describes the relationship be-

tween bacterial growth and organic carbon utilization.

   (4)

where, rx : volumetric rate of bacterial cell growth

(M/L
3

T) ,⋅

Y : yield coefficient (M/M),

b : decay coefficient (T
-1
)

These equations have been widely used for bacterial

growth model [12-15]. Formula for describing the mass

balance of bacterial growth in reactors can be developed

by following equations.
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(9)

in which, θc : solids retention time (T),

µ : net specific growth rate of the bacteria

(T
-1
),

θ : hydraulic retention time (T),

S1 : effluent organic carbon concentration

(M/L
3
),

S0 : influent organic carbon concentration

(M/L
3
)

Equations (4), (5), and (9) are combined and arranged

in a linear function (equation (10)) in which Y and b

mean the slope and intercept, respectively.











 (10)

The values of k and Ks are determined in a similar way.

Equation (3) and (9) are combined and rearranged to a

linear function (equation (11)) in which Ks/k and 1/k are

the slope and intercept, respectively.

















(11)

in which, θc : solids retention time (T),

θ : hydraulic retention time (T),

S1 : effluent organic carbon concentration

(M/L
3
),

S0 : influent organic carbon concentration

(M/L
3
)

In the field of enzyme kinetics, the plot obtained from

Equation (10) and (11) is the Lineweaver-Burke plot

[16].

Results and Discussion

The study on the solubilization of WAS using the ther-

mal pretreatment to find optimal temperature was per-

formed. As shown in Figure 2, the values of solubiliza-

tion ratio for thermally pretreated WAS were much high-

er than those of the controlled WAS. The solubilization

ratios of the COD, proteins and carbohydrates increased
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Table 2. Best Values for each Parameter calculated from the Modified Gompertz Equation in the Various Temperatures

Parameter P R Rm λ R
2

WAS 183.7597 19.5489 25.001 12 0.9965

60
o
C 182.0994 19.3723 25.471 12 0.9931

80
o
C 203.8686 21.6882 27.665 12 0.9933

100
o
C 208.4678 22.1774 28.04 12 0.9925

120
o
C 224.9611 23.9320 29.751 12 0.9934

150
o
C 202.1136 21.5015 26.512 12 0.9942

170
o
C 208.8765 22.2209 27.024 12 0.9943

180
o
C 220.4920 23.4566 28.945 12 0.9947

P, methane gas production potential (mL); R, specific methane production rate (mL/g VS/day); Rm, maximum methane production rate

(mL/day); , lag phase time (hr); Rλ 2, correlation coefficient.

Figure 2. Effect of temperature on solubilization of WAS.

as 14.8 21.5, 14.7 23.5, and 21 35 %, respectively.∼ ∼ ∼

These results indicate that the solubilization ratio due to

the thermal treatment was mainly depended on the kinds

of organic compounds in WAS. Among all temperatures,

the solubilization ratio was the highest at 120 °C.

The effects of environmental factor on methane gas pro-

duction from the thermally pretreated WAS were carried

out in the batch experiment. Figure 3 shows the methane

gas production as a function of the thermal pretreatment

temperature. In the case of thermally pretreated WAS,

the methane production ratio was slightly higher than

that of controlled WAS, with the exception of 60 °C.

Also, the methane gas production ratio with thermally

pretreated WAS increased from 8.7 to 19.5 %. This result

was almost same as the effect of the solubilization ratio

as shown in Figure 2.

As shown in Figure 4, the highest methane production

for pretreated and controlled WAS were achieved at the

highest WAS concentration and, especially, the methane

gas production for thermally pretreated WAS increased

from 22.4 to 42.9 % at varied sludge concentration.

The experimental data of the cumulative methane pro-

duction in the batch experiment was applied to the modi-

Figure 3. Methane production curves as a function of the ther-

mal pretreatment temperature.

Figure 4. Methane production curves from thermally pretreated

and controlled WAS.

fied Gopertz equation for evaluating all parameters.

Tables 2 and 3 showed the best values for these parame-
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Table 3. Best Values for Each Parameter Calculated from Modified Gompertz Equation in the Various Sludge Concentrations

Parameter Control Thermal pretreatment

WAS Conc.

(mg /L)
5,000 10,000 15,000 20,000 5,000 10,000 15,000 20,000

P 80.7 119.7 163.7 197.7 126.7 209.7 240.7 255

R 16.14 11.97 10.91 9.89 25.34 20.97 16.05 12.75

Rm 13.63 19.41 23.67 30.37 21.65 31.61 35.55 41.13

λ 8 8 8 8 8 8 8 8

R
2

0.9963 0.9899 0.9928 0.9987 0.9906 0.9925 0.994 0.9934

P, methane gas production potential (mL); R, specific methane production rate (mL/g VS/day); Rm, maximum methane production

rate (mL/day); , lag phase time (hr); Rλ 2, correlation coefficient.

Figure 5. Schematic cumulative methane production curve.

ters and the specific methane production rates (R), which

was obtained from dividing the methane production rate

(Rm) by the WAS. As shown in Table 2, the highest val-

ues of the specific methane production rate (R) and max-

imum methane production rate (Rm) for the thermal pre-

treated WAS were achieved at 120 °C. It means that the

result was similar to that of the solubilization ratio, as al-

ready shown in Figure 2. However, the methane pro-

duction rate under all conditions was no greater than that

of controlled WAS. The results for each sludge concen-

tration are shown in Table 3 and Figure 4. The amount of

the methane produced increased with increasing of the

sludge concentration regardless of controlled and thermal

pretreated WAS. Especially, in case of thermal pretreated

WAS, the amount of the methane produced was higher

than that of controlled WAS. However, as shown in

Table 3, the specific methane production rate (R) de-

creased as the sludge concentration increased. It can be

explained as the difference of methanogenesis bacteria

activity which depend on the quality of excess activated

sludge and optimal sludge concentration, comparing with

other researchers’ results. The best values of parameters

P, Rm, and were used to fit the model of equation (2).λ

Figure 5, for example, shows the curve fitting of methane

gas production using the best parameters values and

modified Gompertz equation. Further comparison results

calculated using this equation between the observed and

the estimated data for the accumulated methane pro-

duction in the batch operation was shown in Figure 6 and

7. The parameters are listed in Tables 2 and 3. As shown

in Figures 6 and 7, both the curve fitting and parameter

(a) (b)

Figure 6. Measured and simulated cumulative methane productions using the 10,000 mg/L of Total Solid. (a): Controlled WAS, (b):

thermal pretreatment of WAS at 120
o
C.
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Table 4. Mass Balance for COD

Condition HRT Particulates (VSS)
Soluble

Gas (CH4) Recovery (%)
SVS

a)
VFA Others

b)

WAS
Influent 95.42 3.81 0.77 0 0 100

10 67.58 10.27 0.51 1.81 19.84 98.20

T-WAS
Influent 73.50 23.10 2.71 0.73 0 100

10 56.96 6.98 0.72 0.72 34.62 99.28
a)
SVS = soluble protein + soluble carbohydrate + soluble lipid

b)
Others = soluble COD VFA SVS– –

(a) (b)

Figure 7. Measured and Simulated Cumulative methane Productions using the 5,000 mg/L of Total solid. (a): Controlled WAS, (b):

thermal pretreatment of WAS at 120
o
C

Figure 8.Methane gas contents in the continuous experiment.

values obtained from modified Gompertz equation suit-

ably illustrate the cumulative methane production in

batch experiment under all conditions (other Figure have

been omitted).

Figure 8 shows the methane gas contents of the thermal

pretreated and the controlled WAS in the continuous ex-

periments, as indicated in Table 1. The methane gas con-

tents of thermal pretreated and controlled WAS at steady

state condition were maintained to be about 70 and 40 %,

respectively. It is thought that a good activity response of

anaerobic biomass was obtained from higher amount of

solubilization due to the thermal pretreatment. Further-

more, the results show significant improvement of the re-

moval rates of substrates and enhancement of methane

production in the WAS.

To describe the behavior of organic matter degradation

in an anaerobic digester, the material balance for COD in

the digesters were calculated using the COD conversion

factor of each compound. The calculated material balan-

ces for CODs are summarized in Table 4. From the re-

sults, it is considered that the controlled and thermal pre-

treated WAS were mainly composed of particulates, and

their some parts were solubilized as monomers, such as

proteins, carbohydrates, lipids, and VFA. Among them,

the percentage of SVS (Soluble Volatile Solid) increased

from 3.81 to 23.1 % by the thermal pretreatment. More-

over, the percentage of methane gas was enhanced from

19.8 to 34.6 %. This results show that thermal pretreat-

ment is an effective method for increasing the anaerobic

biodegradability of WAS. And particulates remained in

thermally pretreated WAS were considered to be easily
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(a) (b)

Figure 9. The assessment of the kinetic parameter using the Lineweaver-Burk equation at steady state. (a): controlled WAS, (b): ther-

mally pretreated WAS.

Table 5. Kinetic Parameters at Steady State

Parameters Control Thermal pretreatment

Y

(mg VSS / mg COD)
0.16 0.21

Ks (mg/L) 167.62 245.32

k (day
-1
) 0.18 0.27

Y = yield coefficient, M/M

k = maximum specific rate of organic carbon utilization, T
-1

Ks = half-velocity coefficient, M/L
3

hydrolyzed by anaerobic digestion, compared to those in

the control.

Figure 9 shows the reciprocals of the specific utilization

{X /(Sθ 0-S1)} and S1 in the form of equation (6) at the

steady state, and the slope of the line through the data

points represents the term Ks/k. The values of these co-

efficients for each condition is summarized in Table 5.

The Y and b values are a plot of the experimentally de-

termined values of specific the growth rate (µ) and the

specific utilization, in the form derived from equation

(5). For the thermal pretreated WAS, all parameters was

higher than those of controlled WAS. And, all parame-

ters obtained from simulation results will be applied to

the design of pilot plant scale.

Conclusion

The effects of different thermal pretreatments on the

anaerobic digestion were investigated and compared with

the controlled WAS. The solubilization ratio of the COD,

proteins and carbohydrates were increased as 14.8∼

21.5, 14.7 23.5, and 21 35 %, respectively. The high∼ ∼ -

est values of solubilization and methane production rate

was achieved at 120 °C. Also, the higher WAS concen-

tration enhanced the methane production ratio from 22.4

to 42.9 %. Experimental results obtained from the effects

of environmental factors on methane production in the

batch process were successfully fitted to the modified

Gompertz equation. The methane gas contents of thermal

pretreated and controlled WAS at steady state condition

were maintained to be about 70 and 40 %, respectively. It

is concluded that the anaerobic digestion process can be

improved by means of the thermal pretreatment of waste

activated sludge and can finally enhance methane pro-

duction yield.
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