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9. Those who speak a lot, work less. 

10. Patience is needed for solving problems. 

11. Application of death penalty not only is a punishment for the assasinator, but it also 
works preventive, as it forces the criminal to consider his/her fate before taking 
action. 

12. Any researcher should realize well that what he or she knows, is just a fraction of 
what he or she should know. 

Propositions belonging to the thesis entitled" Anaerobic treatment of domestic sewage 
at low temperature" 

Tarek Elmitwalli 
Wageningen, 25 September 2000 



Propositions 

1. The bottle necks of the proposed physical chemical pre-treatment for domestic 
sewage, recognized by Mels et al. (1999), viz. high sludge production and use of 
chemicals, can be overcome by the application of an anaerobic filter instead of 
physical chemical pre-treatment. 

Mels A. R., van Nieuwenhuijzen A. F., van der Graaf J. H. J. M., Klapwijk B., de 
Koning J. and Rulkens W. H. (1999) Sustainability criteria as a tool in the development 
of new sewage treatment methods. Wat. Sci. Tech. 39(5), 243-250. 
This dissertation (Chapter 5) 

2. The design upflow velocity of 1 m/h for treating domestic sewage in a UASB reactor 
recommended by Vieira and Garcia ( 1992) will lead to poor removal of particulate 
organic matter. 

Vieira S. M. M. and Garcia Jr. A. D. (1992) Sewage treatment by UASB reactor. 
Operation results and recommendations for design and utilization. Wat. Sci. Tech. 25(7), 
143-157. 

3. Rather than to poor biodegradability, the relatively poor removal of the colloidal 
fraction from domestic sewage in continuous high-rate anaerobic reactors is due to 
low physical removal of this fraction. 

This dissertation (Chapter 2) 

4. As the negative zeto-potential of colloidal particles in domestic sewage remains 
almost unchanged when the wastewater is exposed to long-term anaerobic digestion, 
likely also colloidal stability will remain unaffected during anaerobic treatment. 

This dissertation (Chapter 2) 

5. A high removal of the suspended solids fraction in the first anaerobic step of a two-
step AnWT-system treating domestic sewage at low temperature and the presence of 
an anaerobic biofilm on the filter medium in the second anaerobic step are essential 
for accomplishment of an efficient removal of the colloidal particles. 

This dissertation (Chapter 3, 4 and 6) 

6. The statement of Harremoes (1997)."There is no 'low tech' in sight for domestic 
sewage treatment" is neglecting the possibilities of a DESAR (Decentralized 
Sanitation and Reuse) system, which enables the application of alternative 'low tech' 
collection, transport and treatment systems. 

Harremoes, P. (1997) integrated water and waste management, Wat. Sci. Tech., 35(9), 11-
20. 

7. In developing countries, like Egypt, existing technologies for domestic sewage 
treatment should be used and upgraded instead of replaced by 'Western high tech'. 

8. One person is unable to build a house, but 10 persons easily can build 10 houses. 
Hasn Fatehy (Egyptian Architecture) 
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ABSTRACT 

Elimitwalli, T. A. (2000). Anaerobic treatment of domestic sewage at low temperature. Ph. D. 
Thesis, Wageningen University, Wageningen, The Netherlands. 

The main objective of this thesis was to asses the anaerobic treatment of domestic sewage at 
low temperature and the possibilities to optimize the performance of high-rate anaerobic 
systems treating domestic sewage at low temperature. 

The anaerobic biodegradability of domestic sewage and its fractions was investigated in batch 
experiments. The results showed a high potential of anaerobic treatment of domestic sewage 
due to its high biodegradability (74 %). The results showed a high biodegradability of the 
colloidal fraction (86±3%) indicating that the low removal of colloidal particles in continuous 
high-rate anaerobic reactors is due to low physical removal rather than biodegradability. 

Both results of batch and continuous experiments demonstrated that the removal of SS prior to 
anaerobic treatment of domestic sewage not only prevents the deterioration of the 
methanogenic activity in the anaerobic reactor but also improves the removal of colloidal 
particles. Therefore, for the pre-treatment (removal of SS) of domestic sewage at a low 
temperature of 13°C, a comparison between an anaerobic filter (AF) and an anaerobic hybrid 
(AH) reactor with flocculant sludge with an HRT of 4 h was carried out. The media in the AF 
and the top of the AH reactor were vertical sheets of reticulated polyurethane foam (RPF) with 
knobs. The sludge in the AF reactor was only attached to the media and all accumulated sludge 
in the bottom of the AF reactor was wasted regularly to avoid reactor clogging. The AF reactor 
showed a significantly higher suspended COD (CODss) removal (82%) than the AH reactor 
(53%) and the performance of the AF reactor was more stable especially in rainy periods. The 
results showed that the wasted sludge from the AH reactor was more stabilized. However, the 
wasted sludge from the AH still needs post stabilization. Therefore, the AF reactor is 
recommended for the pre-treatment of domestic sewage at low temperature. The results of 
batch experiments with RPF media with and without an anaerobic biofilm showed that the 
removal of CODss in the AF reactor is mainly due to physical filtration and entrapment, while 
the removal of colloidal COD (CODcoi) depends on the presence of a biofilm. 

The results of the treatment of pre-settled sewage at 13°C demonstrated that the AH reactor 
with granular sludge has a significantly higher total COD (CODt) removal than the UASB 
reactor due to the significantly higher CODcoi removal. Therefore, the AH reactor with granular 
sludge was selected as a second step for treatment of domestic sewage at low temperature. The 
performance of the AF+AH system treating domestic sewage at a low temperature of 13°C at 
different HRTs was investigated. The results showed that optimization of CODss and dissolved 
COD (CODdis) in the AF and AH reactor respectively could be achieved with an HRT of 4+4 h 
for the two-step system without deterioration of the maximum methanogenic activity of the 
granular sludge in the AH reactor. For optimization of CODcoi a long HRT of 8 h is needed in 
the AH reactor. With an HRT of 4+8 h for the two-step AF+AH system, a CODt removal 
efficiency of 71% was achieved with 92, 60 and 55% removal efficiency for respectively 
CODss, CODcoi and CODdis. 
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1.1 INTRODUCTION 

Anaerobic digestion is one of the oldest processes applied for the treatment of domestic 
sewage (McCarty, 1985). The oldest and simplest process is the septic tank (Jewell, 1987), 
which combines settling and digestion of settled solids from domestic sewage. The first 
reported installation for the anaerobic treatment of domestic sewage was developed by 
Louis Mouras in about 1860 (McCarty, 1985). From then onwards, the application of the 
anaerobic treatment of domestic sewage was studied by various researchers, Scott-Monrief 
in 1891, Cameron in 1895, Imhoff in 1905, Winslow and Phelps in 1910 and Coulter, 
Soneda and Ettinger in 1957 (McCarty, 1985). However, with the development and large 
scale implementation of aerobic processes, application of anaerobic digestion remained 
mainly limited to the anaerobic digestion of sludge. At present, domestic sewage is treated 
mainly aerobically. However, due to the oil crises in the seventies and considerable 
construction, operation, maintenance costs of the aerobic system, many researchers were 
encouraged to investigate the application of high-rate anaerobic systems for the treatment 
of domestic sewage. High-rate anaerobic systems have been developed in the last three 
decades mainly for the treatment of high-strength wastewater. In these systems, the 
wastewater passes through the anaerobic biomass, where dissolved substrate then is 
digested and the particulate matter firstly is captured and next digested. Table 1 shows the 
benefits and drawbacks of anaerobic treatment of domestic sewage in high-rate anaerobic 
systems. 

Table 1. The benefits and drawbacks of anaerobic treatment of domestic sewage in the 
high-rate anaerobic systems. 

Benefits Draw backs 
1. Efficient in the removal of organic 

material especially for tropical regions 
(developing countries). 

2. Low construction cost and small land 
requirements as generally at temperatures 
>20°C high loading rates can be applied. 

3. Low operation and maintenance costs, as 
energy consumption is low and little 
equipment is needed. 

4. Lower sludge production as compared to 
aerobic and physical-chemical treatment 
processes. 

5. Biogas production, which can be used for 
energy production. 

1. Long start-up period when seed 
sludge is not available, as the 
growth rate of methanogenic 
microorganisms is low. 

2. Low pathogen removal. 

3. Requirement for post treatment to 
reach the effluent standards, 
depending on the requirements for 
effluent standards. 

4. Low removal efficiency of 
particulate organic material at low 
temperatures. 

5. Risk for odour nuisance from the 
reduction of sulphate to sulphide. 

1.2 CHARACTERISTICS OF DOMESTIC SEWAGE 

The composition of domestic sewage varies considerably in time and from one place to 
another. It basically depends on economic aspects, social behavior, climate conditions, 
water consumption and type and condition of sewer systems (Haskoning and Wageningen, 
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1994; Seghezzo et al., 1998). Table 2 shows the composition of domestic sewage from 
some selected studies. It will be obvious that the big fluctuations in flow, concentration and 
composition of domestic sewage may affect the efficiency of the anaerobic treatment (Grin 
et al, 1985, Man et al, 1986 and Wang et al, 1994). 

Table 2. Characteristics of domestic sewage from selected studies. 
COD,* SS VSS TKN NH+

4-N Total P Reference 
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) 
500 
288 
627 

475 
160 
585 
500 

650 
635 

410 

252 
118 
376 

190 
285 
321 
150 

217 
356 

210 
" total COD 

217 
98 
297 

155 
230 
238 
75 

-
249 

195 

-
-

54 

30 
43 
88 
55 

57 
43 

43 

25 
33 
30 

14 
19 
53 
-

45 
40 

30 

6 
3 
10 

25 
44 
10 
-

10 
-

7.2 

Pretorius, 1971 
Kobayashief aZ., 1983 
Barbosa and Santanna, 
1989 
Sanz and Polanco, 1990 
Sanz and Polanco, 1990 
Garuti et al, 1992 
Chudoba and Pannier, 
1994 
Wang, 1994 
Eliosov and Argamon, 
1995 
Ovhonetal, 1997 

Some biological and physical/chemical processes have already proceeded in the sewer 
network before the wastewater is reaching the treatment plant (Wang et al., 1995; 
Odegaard, 1998). For hilly areas, generally aerobic conditions prevail in the wastewater and 
in the biofilm that will establish on the wall of the sewer. The end result of these conversion 
reactions is a decreased amount of soluble organic matter and increased particulate organic 
matter. On the other hand, for flat areas, like The Netherlands, anaerobic conditions will 
prevail in the sewer and then particulate organic matter will be captured/adsorbed in the 
biofilm and hydrolyzed to soluble substrate and smaller particles (Odegaard, 1998). 

Particulate materials represent the major fraction in domestic sewage. Wang (1994) showed 
that organic particles, exceeding 0.45 urn, represent about 70% of raw domestic sewage. 
Levine et al. (1985) found also that the contribution of organic particles larger than 0.1 nm 
ranged from 30-85% of the total amount of organic materials present in presettled domestic 
sewage. Table 3 shows the distribution and the composition of particulate materials in 
domestic sewage. Apparently, a major part of the proteins, lipids and carbohydrates consist 
of particulate matter. 

1.3 ANAEROBIC REMOVAL AND CONVERSION OF ORGANIC MATTER IN 
DOMESTIC SEWAGE 

1.3.1 Physical removal of organic matter in domestic sewage 

The removal of domestic-sewage particulate matter in an anaerobic reactor originates 
mainly from physical processes proceeding in the anaerobic biomass present in the system. 
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The sludge bed is acting as a biological filter. Sprouse and Rittmann (1991) who investigated 
an anaerobic fluidized bed (AFB) system packed with granular activated carbon (GAC), 
found a better removal efficiency for both suspended and colloidal particles in a column, 
when the GAC was covered with an anaerobic biofilm as compared to a GAC medium coated 
with polymer. Based on these findings, they presumed that the anaerobic biofilm on the 
medium creates more favorable conditions for organic matter capture. 

Table 3. The distribution of particulate matter composition in domestic sewage from 
selected studies. 

Parameter 
COD (%) 

Protein (%) 
- as COD 
-asTS 

Carbohydrate (%) 
- as COD 
-asTS 

Lipids (%) 
- as COD 

Nitrogen (%) 

Phosphate (%) 

< lum 

39 
37 
14a 

20-30 
40 
9 

29d 

44a 

29 

29a 

65 

20a 

36 
30 
80a 

79 

l-100um 

27 
23 
-
-

26 
-

20e 

-
45 

-
11 

-

36 
32 
-

-

>lOOum 

34 
40 
86" 

70-80c 

34 
91c 

51f 

66b 

25 

71" 
24 

80b 

28 
38 
20" 

21c 

Reference 

Hunter and Heukelekian 1965 
Hunter and Heukelekian 1965 
Henze and Harremoes (1992) 
Odegaard, 1992 
Levin era/., 1985 
Tiehm era/., 1999 
Wang 1994 

Henze and Harremoes (1992) 
Levin era/., 1985 

Henze and Harremoes (1992) 
Levin era/., 1985 

Henze and Harremoes (1992) 

Hunter and Heukelekian 1965 
Hunter and Heukelekian 1965 
Henze and Harremoes (1992) 

Tiehm era/., 1999 
\ < 1.2 umT7, > 1.2 urn;c, >1 urn;", > 4.4 urn;e, <4.4 and >0.45 |am,', <0.45 urn 

The particulate can be subdivided in two fractions, i.e. suspended and colloidal part, with 
particle sizes of respectively exceeding 4.4 |am and between 0.45 and 4.4 um. The latter 
size range is not in agreement with the definition for colloidal matter as used in colloid 
chemistry (Wang etal., 1995; Zeeman etal, 1997). 

1.3.1.1 Removal of SS 

As SS represent the major COD fraction in domestic sewage, high removal of SS will lead 
to high removal of COD,. The removal of large particles in the SS fraction depends mainly 
on drag forces and settling characteristics. In an anaerobic reactor the removal of SS occurs 
by settling and by filtration through the sludge bed and/or filter media. The filtration 
mechanism includes, entrapment, sorption and straining (Metcalf & Eddy, 1991). The 
following factors affect the physical removal of SS in anaerobic reactors:-
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- influent concentration: The sedimentation and filtration rate depend on the influent 
concentration. Grin et al. (1985), Man et al. (1986) and Wang (1994), found that the 
removal of COD, in an upflow anaerobic sludge blanket (UASB) reactor treating 
domestic sewage depends on influent COD,. 

- temperature: Grin et al. (1985), Man et al. (1986) and Wang (1994) found that the 
removal of SS in UASB reactors with both flocculant and granular sludge declines 
when the temperature of domestic sewage decreases. The higher viscosity of the 
wastewater at lower temperature reduces the sedimentation of particles, as the settling 
velocity of particles in domestic sewage is inversely proportional to the viscosity of 
the liquid according to Stokes law. 
height of the reactor: Although the production of biogas causes mixing in the sludge 
bed and improves the contact between the wastewater and biomass, it also disturbs the 
sludge bed and reduces the settling of SS in the reactor. In shallow reactors the rate of 
biogas production per unit area of cross section is lower than in tall reactors. Therefore, 
the removal of SS in shallow reactor is better than in tall reactor (Man et al., 1986). 

- HRT: The HRT has physical and biological effects on the removal of SS. Increasing the 
HRT improves the settling and filtration in the reactor. 
upflow velocity: with increasing of the upflow velocity at constant HRT and reactor 
height, the removal of SS by settling will decrease, as the drag force depends on the 
upflow velocity. Man et al. (1986) found that application of an upflow velocity 
exceeding 0.5 m/h resulted in a significant decrease in SS removal in the treatment of 
domestic sewage in a UASB reactor at low temperatures. 

- particle size and density: wastewater particle size and density play an important role in 
separation of particles (Levin et al, 1985; Odegraard, 1998), heavier and larger 
particles settle faster than lighter and smaller particles respectively. Also, the particle 
size of anaerobic sludge might be an important factor in SS removal as the filtration 
depends on the size of the filter media. According to Lawler et al. (1986) anaerobic 
digestion changes the particle size distribution (PSD) of the sludge. They found that 
when digestion works well, particles of all sizes are destroyed, but there is a preferential 
removal of particles of small size. When digestion does not work well, large particles 
are destroyed but small particles are created. 

1.3.1.2 Removal of colloidal particles 

The removal of colloidal particles, which represent 20-30% of the COD, in domestic 
sewage clearly is the limiting factor at low temperature treatment (Yoda et al., 1985; 
Mergaert et al., 1992; Wang, 1994; Sayed and Fergala,1995). According to Sayed and 
Fergala (1995) the entrapment mechanism involved in removing solids is not sufficient to 
remove colloidal particles through the sludge bed with high porosity and under upflow and 
gasification. Last and Lettinga (1992) and Wang (1994) found that colloidal particles in 
domestic sewage could be removed in a batch recirculation experiment with granular sludge 
at 20°C, but only upon applying a long recirculation time (144 h). 

The removal of colloidal particles occurs by filtration and/or sorption in the suspended 
and/or attached biomass present in the anaerobic reactor. As known, the stability of 
colloidal matter is governed by Van der Waals attraction and electrostatic repulsion forces. 
The zeto-potential, which represents the potential on or just outside the Stern layer, is an 
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important physical parameter for colloidal particle characterization because electrostatic 
interactions of colloidal particles are mainly related to the zeto-potential. Loosdrecht (1988) 
found that the adhesion of bacteria, which are colloids and present in domestic sewage, can 
be described by the Derjaguin, London, Verwey and Overbeek (DLVO) theory for colloidal 
stability. Moreover, Loosdrecht (1988) demonstrated that bacteria adhesion increases with 
increasing bacterial hydrophobicity or decreasing negative zeta-potential. 

Flocculation, where colloids and fine disperse matter are converted to an aggregated form 
in which they can be separated, plays an important role on the removal of colloidal matter. 
The key factors in orthokinetic flocculation are the velocity gradient, G-value (sec1), the 
energy time input (t) and the Gt-value (Camp number). Orthokinetic flocculation due to 
mixing in a fluidized bed has been observed for domestic sewage without addition of 
coagulants (Grasmick et al., 1989; Coma et al., 1990) and in a pipe flocculator (Odegaard, 
1998). Therefore, it seems that a slight flocculation may take place in an anaerobic reactor 
treating domestic sewage due to power dissipation from biogas mixing and wastewater 
flow. The mixing energy due to the biogas flow in the anaerobic reactors mainly depends 
on organic loading and the height of the reactor (Tilche and Vieira, 1991). Inside a reactor 
of a given height and given biogas production, the mixing energy of the biogas increases 
from the bottom to the top of the reactor, following a logarithmic function with increasing 
derivative (Tilche and Vieira, 1991). Therefore, addition of filter media on the top of the 
UASB reactor (AH reactor) may improve the removal of colloidal particles not only by 
filtration but also by flocculation. Also, the microorganisms in the anaerobic reactor have a 
flocculant growth habit, they produce extracellular polymers, usually polysaccharides, 
polypeptides or peptidoglycans, which help in bioflocculation and biosorption of particles 
by bridging (Dugan, 1987; Morgan et al., 1990; Pxon and Darby, 1997). 

1.3.1.3 Removal of dissolved matter 

High-rate anaerobic systems can efficiently treat, high-strength soluble substrates as well as 
low-strength soluble substrates even at low temperature (Kato, 1994, Rebac, 1998). 
Although, the removal of dissolved matter is mainly a biological process, some physical 
aspects are also involved. A high concentration of active biomass, a good contact between 
wastewater and biomass, and a good removal of SS are needed for optimization of soluble 
substrates removal at low temperatures (Agrawal et al., 1997; Rebac, 1998; Lettinga et al., 
1999). As the solubility of gases increases at declining temperatures below 20°C, a lower 
mixing will prevail in the sludge bed in systems operated at lower temperatures. Moreover, 
as also viscosity increases at lower temperatures, more energy is required for mixing and 
diffusion of soluble compounds (Perry and Green, 1984). Rebac (1998) calculated the 
diffusivity of soluble compounds at various temperatures and concluded that the diffusivity 
at 10°C was 57% of that at 30°C. 

1.3.2 Anaerobic conversion of domestic sewage 

1.3.2.1 Anaerobic conversion of particulate matter 

Anaerobic digestion is a process that converts organic materials to methane and carbon 
dioxide in the absence of oxygen. Domestic sewage represents a low-strength complex 
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wastewater and contains particulate organic materials such as carbohydrates, proteins and 
lipids. Anaerobic digestion of particulate organic materials has been described as a 
multistep process of sequential and parallel reactions, Fig. 1 (Kaspar and Wuhrmann, 1978; 
Gujer and Zehnder, 1983 and Pavlostathis and Giraldo-Gomez, 1991). Firstly, the 
particulate are hydrolyzed by extracellular enzymes to soluble products of a such size that 
they can pass across the cell membrane. These soluble compounds are fermented or 
anaerobically oxidized to short-chain fatty acids, alcohols, carbon dioxide, hydrogen and 
ammonia. The short-chain fatty acids (other than acetate) are converted to acetate, hydrogen 
gas and carbon dioxide. The last step, methanogenesis, occurs from carbon dioxide 
reduction by hydrogen and from acetate. Zinder (1984) mentioned that the main groups of 
bacteria and the reactions they mediate are: 1, fermentative bacteria; 2, hydrogen-producing 
acetogenic bactera; 3, hydrogen and carbon dioxide consuming methanogens; 4, 
acetoclastic methanogens. 

Hydrolysis 

Par t icu la te o rgan ic ma t te r 

Proteins 

1 

Carbohydrates 

' ' 
Amino acids and sugar 

Fermentation 

• * 

Lipids 

" 
Long chain fatty acids 

Intermediary products 
(propionate, butyrate ... etc. 

>s 
Acet ite 

Horn 

X 
oace ogene 

^ 

sis 

* ' 

Anaerobic 
oxidation 

Hydrog en ai id carbon dioxide 

Aceticlastic 
methanogenesis 

Methane and carbon dioxide 

Reductive 
Methanogenesis 

Fig. 1 Reaction scheme for the anaerobic digestion of particulte organic matter. (Adapted 
from Guijer and Zehnder, 1983). 

The hydrolysis of carbohydrates is the rate-limiting step in the anaerobic digestion of 
carbohydrates (Pavlostaathis,1988 a, b; Miron et al, 2000). Carbohydrates hydrolyze to 
soluble carbohydrates. The major products of the fermentation of soluble carbohydrates 
by anaerobic bacteria in the absence of methanogenic bacteria are ethanol, acetate, 
hydrogen and carbon dioxide (Wolin, 1979). When hydrogen utilizing bacteria are 
present, a reduction in the amount of ethanol and an increase in production of acetate is 
observed (Pavlostaathis and Geraldo-Gomez,1991). 
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Proteins are hydrolyzed by extraxcellular enzymes, called proteinases, to amino acids. 
Solubility, structure and pH have been found to affect the rate and the extent of protein 
degradation (Mclnerney, 1988; Palenzuela-Rollon, 1999). The amino acids produced as a 
result of protein hydrolysis are fermented further to volatile fatty acids, carbon dioxide, 
hydrogen gas and ammonium. The fermentation of the amino acids produced during the 
anaerobic digestion of proteins is fast and therefore the rate-limiting step in the anaerobic 
digestion of proteins is hydrolysis (Pavlostaathis and Geraldo-Gomez,1991). 

The long-chain fatty acids (LCFA) are the main products of lipids hydrolysis by lipase. 
LCFA are oxidized via p oxidation to acetate, propionate and hydrogen. Accumulation of 
hydrogen results in inhibition of the P oxidation (Novak and Carlson, 1970), since it is 
fhermodynamically unfavorable under standard conditions. P Oxidation only occurs, 
when the hydrogen partial pressure is kept low by the presence of hydrogen-scavengers 
(Miron et al., 2000), e.g. as a permit of presence of methanogenic activity (Miron et al., 
2000). Sanders et al. (submitted) hypothesized that the higher hydrolysis of lipids under 
methanogenic conditions as compared to acidogenic conditions is due to the positive effect 
of biogas production for maintaining the lipids water interface and subsequent higher 
hydrolysis rate in methanogenic conditions. 

1.3.2.2 Effect of sludge residence time (SRT). temperature and wastewater PSD on 
anaerobic digestion 

The SRT represents one of the most important (design) parameter for both methanogenic 
and acidifying reactors treating domestic sewage (Zeeman and Lettinga, 1999). According 
to Miron et al. (2000), studying the role of SRT on anaerobic digestion of primary sludge in 
completely stirred tank reactor (CSTR) systems at 25°C, a SRT exceeding 8 days results in 
methanogenic conditions, where the hydrolysis was the rate-limiting step. 

Zeeman and Lettinga (1999) recently proposed a model for calculating the HRT for 
achieving the needed SRT in the treatment of a complex wastewater, like domestic sewage, 
using the following equation: 

HRT = (C*SS/X)*R*(1-H)*SRT 

Where: C = influent COD, (mg/1); SS = suspended COD (CODJ/COD,; X = sludge 
concentration in the reactor (mgCOD/1, 1 mgVSS/1 =1.4 mgCOD/1); R = fraction of the 
CODss removed; H = hydrolyzed fraction of removed SS. 

Results of calculations based on this model are shown in Fig. 2. The figure shows the effect 
of CODss removal, the hydrolyzed fraction of the removed SS and SRT on the design HRT 
(adapted from Zeeman and Lettinga, 1999). From Fig. 2, it is obvious that the design HRT 
of the anaerobic reactors treating domestic sewage depends on both biological and physical 
factors, like the removal of SS and the extent of hydrolysis. When either hydrolysis is lower 
or CODss removal is higher, a longer HRT is needed at a certain SRT. 

The rate of hydrolysis for domestic sewage particulate decreases at declining temperature 
(Wang et al., 1995) which leads to accumulation of SS in the anaerobic reactor, e.g. protein 
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and lipids (Gosh, 1987). Zeeman (1991) and Miron et al. (2000) showed that the hydrolysis 
of respectively cow manure and primary sludge strongly declines with decreasing 
temperature especially at temperatures below 15°C. At such low temperatures, the SRT 
therefore should exceed 100 day in order to retain sufficient methanogenic activity in the 
anaerobic reactor (Zeeman, 1991; Zeeman and Lettinga, 1999). A decrease in the 
operational temperature generally leads to a drop in the maximum specific growth rate and 
specific substrate utilization rate of anaerobic biomass (Lin et al., 1987; Matsushige et al., 
1990; Wu et al, 1993). Grin et al. (1985) found that the VFA concentration in the effluent 
of a 6 m3 UASB reactor treating domestic sewage was higher at 10°C as compared to 
higher temperature. 

0 25 50 75 100 125 150 

SRT (d) 

25 50 75 100 125 150 

SRT (d) 

Fig. 2. Calculated HRT for achieving the required SRT, viz. at 50% or 75% CODss removal 
and treating a domestic sewage with a COD, concentration of 500 mg/1, 65% of which is 
suspended. The assumed extents of hydrolysis in the calculation were 25% (0), 50% ( • ) 
and 75% (A) and the assumed sludge concentration in the reactor of 20 gVSS/1 (adapted 
from Zeeman and Lettinga, 1999). 

Hills and Nakano (1984) found that the anaerobic hydrolysis of blended tomato solid waste 
with different particles diameter is not following first order kinetics and depends on the 
average particle size. Therefore, they proposed a model, surface based kinetics (SBK), 
assuming that the hydrolysis rate is constant per unit area available. Also, Hobson (1987) 
investigated the sensitivity of the SBK model for particles with different shapes. Recently, 
Sanders et al. (2000) demonstrated a mathematical description of the surface related 
hydrolysis kinetics for spherical particles in a batch digestion and a verification of this 
model with particulate starch as a substrate. They found that the theoretical PSD from 
model calculations showed a good similarity with the obtained experimental PSD, which 
indicates that the available surface of the particulate substrate is the key factor for the 
hydrolysis process. 

1.4 HIGH RATE ANAEROBIC SYSTEMS 

High-rate anaerobic systems are capable to retain a high concentration of active biomass, 
which allows the application of a relatively high loading rate and maintenance of a long 
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SRT at a relatively low HRT. Several high-rate anaerobic systems were developed in the 
last three decades, e.g. the upflow anaerobic filter (AF) reactor (Young and McCarty, 
1969), UASB reactor (Lettinga et al. 1979), AFB reactor (Switzenbaum and Jewell, 1980), 
anaerobic hybrid (AH) reactor (Giuot and Berg, 1984), anaerobic rotating biological 
contactor (Friedman, 1980), down flow anaerobic filter (Kennedy and Guiot, 1982) and 
anaerobic baffled reactor (Bachmann et al. 1985). The UASB reactor represents the most 
frequently applied high-rate anaerobic system, followed by the AF and the AH system 
(Verstraete et al, 1996; Monroy et al, 2000). 

1.4.1 The UASB reactor 

The UASB reactor is the most widely and successfully used high-rate anaerobic systems for 
several types of wastewaters (Lettinga 1996; Lettinga et al. 1997). The great success of the 
UASB reactor can be attributed to its capability to retain a high concentration of active 
suspended biomass with simple and low cost means. Moreover, the formation of granular 
sludge, which has a high methanogenic activity and is better settable than flocculant 
sludge, improves the maximum loading rate of the UASB system. Several versions of the 
upflow anaerobic sludge bed system were developed all on the same basis, like the 
expanded granular sludge bed (EGSB) reactor (Man et al, 1988), the staged multi-phase 
anaerobic (SMPA) reactor (Lier, 1995), the high loaded UASB reactor (Wang, 1994; 
Zeeman et al, 1997) and the upflow acidogenic substrate precipitation (UASP) reactor 
(Zeeman et al, 1997; Lettinga et al, 1997). 

The EGSB reactor, which uses granular sludge at upflow velocities exceeding 6 m/h, 
enables the application of treatment for very low strength wastewaters (Kato, 1994) and 
even for low strength cold wastewaters (<10°C) (Rebac et al, 1998; Lettinga et al, 1999). 
The EGSB system also looks very promising for rather toxic substrates (Rinzema, 1988; 
Razo-Flores et al, 1997; Hwu, 1997; Kleerebezem, 1999). For partial soluble wastewaters 
in many cases it is useful to separate SS prior to introducing it in the high-rate treatment 
system. This separation of SS can be accomplished by means of a high loaded UASB 
system. For specific 'soluble' wastewaters containing emulsified lipids, like dairy 
wastewaters, the lipid fraction of the substrate can be precipitated and concentrated in a 
sludge blanket by allowing acidogenesis and a pH-drop (which destabilizes the lipid-protein 
emulsion), using an UASP reactor concept (Zeeman et al, 1997). 

1.4.2 The AF and AH reactors 

1.4.2.1 General 
The AF reactor, a fixed-bed anaerobic reactor, retains the biomass in attached and 
suspended form. The methanogenic activity in the AF reactor is associated with both 
suspended and attached biomass to the packing material (Young and Dahab, 1983). The 
presence of packing materials (PM) constitutes on the other hand an obstacle to horizontal 
mixing. The system traps large amounts of SS mainly in the lower part of the reactor, where 
mixing due to the gas production is lowest (Tilche and Vieira, 1991). 

Upon applying the AF on full scale, clogging problems appeared to represent a serious 
problem especially when using rock as a filter medium (Young, 1991). So, many studies 
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were carried out to overcome clogging problems using synthetic media with high porosity 
and specific surface area. However, the presence of dead zones and channelling especially 
in the lower part of the filter were not overcome. On the other hand, full scale UASB 
reactors did not suffer from any clogging problems, but only gave sludge washout when the 
wastewater quality and/or quantity frequently changes and when it contains large fractions 
of SS (Tilche and Vieira, 1991). 

The AH reactor is a system consisting of a sludge bed in the lower part and an AF in the 
upper part and combines advantages of UASB and AF reactors, while minimizing their 
limitations (Kennedy and Guiot, 1986). The filter zone in the AH reactor, in addition to its 
physical role for biomass retention, also exerts some biological activity which contributes 
to COD reduction in a zone where generally active biomass is lacking in a classical UASB 
reactor (Tilche and Vieira, 1991). Kennedy and Guiot (1986) compared the AH and UASB 
reactor treating completely soluble synthetic sucrose wastewater. They found that the COD 
removal efficiency was higher in the AH reactor (96%) than the UASB reactor (83%). 
Merwe and Britz (1993) and Cordoba et al. (1995) found that the AH reactor provides a 
higher COD removal as compared to the AF reactor at the same loading conditions. 

According to Iwai and Kitao (1994) the anaerobic biofilm present on PM offers the 
following advantages: 1) quicker start-up, 2) capability to remove slowly decomposable 
substrate, 3) higher tolerance to variation in temperature and loading rate, 4) improves the 
treatment efficiency of low concentration wastewater. 

1.4.2.2 Effect of the characteristics of PM on reactor performance 

Miyahara and Noike (1994) studied the effect of PM on SS removal and hydrolysis by 
feeding an anaerobic reactor with a low strength synthetic wastewater (550 mg COD/l) 
containing cellulose as SS. They found that the effluent water quality is improved 
remarkably and also the hydrolysis of cellulose was promoted by packing the reactor. 
Miyahara et al. (1995) studied the relationship between the PM and the behavior of 
anaerobic bacteria. The number of suspended acidogenic bacteria was found to be higher 
than the number attached to the PM. On the other hand, they also found more attached than 
suspended methanogenic bacteria. The accumulation of attached bacteria was promoted by 
decreasing the HRT of the reactor. The number of acidogenic bacteria in the reactor packed 
sparsely with PM was higher than that in the closely packed reactor. The number of 
methanogenic bacteria in the sparsely packed reactor was lower than that in the closely 
packed reactor. 

A large variety of synthetic PM is used for both the AH and AF reactors. On the selection 
of a suitable PM in the AF and AH reactor, the following considerations on basis of the 
mentioned studies should be taken into account:-

- The specific surface area of the PM should exceed 100 m2/m3 even though Young 
(1991) indicated that increasing specific surface areas above 100 m2/m3, had a minor 
effect on the AH performance. Doubling of the specific surface area increased the COD 
removal efficiency only by less than 5% (Young, 1991). 

11 
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The PM should have a high porosity in order to reduce the reactor volume occupied by 
the PM. With proper synthetic media, the porosity can exceed 90%. A higher porosity 
of the PM decreases the difference between the upflow velocity in the sludge bed and 
the PM in the AH reactor. Lower porosity increases this difference, which may lead to 
back mixing in the sludge bed or clogging of the PM (Tilche and Vieira, 1991). Table 4 
presents the porosity and specific surface area of the PM used in selected studies. 
The PM should have a rough surface to promote biofilm formatiom. The surface 
roughness has an important effect on the primary film forming period and the attached 
amount of biomass on a rough surface is larger than that on a smooth surface (Kennedy 
and Droste, 1991; Iwai and Kitao, 1994; Show and Tay, 1999). Iwai and Kitao (1994) 
compared microbial film attachment of polyvinyl chloride and polyethlene sheets, 
without (A) and with fine sandpaper (B), and coarse sandpaper (C) in a rotating 
biological contactor unit. The attaching rates and total attached amount increased in the 
order, A<B<C. Show and Tay (1999) also found that the SRT of an AF reactor with 
smooth-surface media is lower than that with rough-surface media. 
The PM should be oriented not only to help entrapping and distributing the biomass 
through PM but also to promote return of excess biomass inside the PM to the sludge 
bed. A poor orientation of PM may cause channelling, clogging or biomass washout. 
PM channelling or clogging occurs when biomass is entrapped inside PM, especially in 
the lower part of the filter zone, and can not be distributed through the PM or return to 
the sludge bed. Young and Dahab (1983) found that the performance of loose media 
was lower than of modular corrugated blocks. Biomass washout may occur if the PM is 
oriented vertically. 

Table 4. Porosity and specific surface area of the PM used in selected studies. 
PM Specific 

surface area 
(m7m3) 

Porosity Reference 

Synthetic trickling filter media 
Modular' corrugated blocks 
Modular corrugated blocks 
Pall rings 
Perforated polypropylene spheres 
Reticulated polyurethane foam:-

a-TlO 
b-T40 
c- T80 

Reticulated polyurethane foam 
TR30 
Raschig rings of sintered glass 
PVC raschig rings 

144 
98 
138 
102 
89 

400 
600 
2400 
1375 

90000 max. 
187 

97 
>95 
>95 
95 
>95 

97 
97 
97 
97 

57 
75 

Kobayashi etal. (1983) 
Young and Dahab (1983) 
Young and Dahab (1983) 
Young and Dahab (1983) 
Young and Dahab (1983) 

Huysmanetal. (1983) 

Rompue/a/. (1990) 

Anderson et al. (1994) 
Show and Tay (1999) 

1.4.2.3 Reticulated polyurethane foam (RPF1 

The use of porous media, which has high specific surface area and porosity, in anaerobic 
reactors gave a distinct better performance than non-porous media (Huysman et al., 1983; 
Anderson et al., 1994). According to Huysman et al. (1983) RPF, porous media, represent 
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an excellent colonization matrix. Their findings were confirmed by Fynn and Whitmore 
(1984), Calzada et al. (1984), Derycke and Verstraete (1986), Gijzen et al. (1988) and Zaiat 
et al. (1996). The specific surface area of RPF can reach up to 2400 m2/m3 and a porosity 
of 97%. Therefore, RPF has the ability to retain a high biomass concentration in attached 
form, as high as 15 kgVS/m3 media (Rompu et al., 1990; Tilche and Vieira, 1991). 
Moreover, Zaiat et al. (1996) found that the RPF has the ability to retain the biomass at a 
high liquid superficial velocity, viz. only 9% of VSS washed out with a liquid superficial 
velocity of 80 m/h. Although the above mentioned characteristics make RPF a suitable PM, 
a proper orientation of this media is important in order to avoid clogging as found by 
Rinzema (1988). Rompu et al. (1990) studied the effect of the shape of the RPF (cube or 
lamellae) on the mass transport. They found that the best flow pattern occurred in the 
lamella reactors. In such reactors, the effective volume amounted to about 95% of the 
theoretical volume. The results of a full-scale 1220 m3 AH reactor treating starch processing 
wastewater and containing polyurethane lamellae confirmed that this configuration 
guarantees a maximum effective volume. 

1.5 PRACTICAL APPLICATION OF ANAEROBIC TREATMENT OF DOMESTIC 
SEWAGE 

1.5.1 Anaerobic treatment of domestic sewage under tropical condition 

In tropical areas where the temperature ranges between 20-3 5°C, high-rate anaerobic 
reactors offer a big prospect for the treatment of domestic sewage (Haandel and Lettinga, 
1994). Lettinga and his co-workers (Lettinga et al., 1983; Grin et al., 1985; Man et al., 
1986; Lettinga et al., 1987; Man et al., 1988) started the research in the anaerobic treatment 
of domestic sewage in the late seventies. Subsequently, a considerable amount of research 
has been carried out in this field using a variety of anaerobic reactor types. Table 5 shows 
results of recent research for the anaerobic treatment of sewage in lab scale reactors at 
temperature >20°C. 

Based on the results obtained in a 64 m3 UASB reactor in Cali, Columbia for domestic 
sewage treatment (Schellinkhout et al., 1985) full scale UASB reactors have been 
successfully put in operation. The UASB reactor has been considered as the most attractive 
anaerobic-system for treating domestic sewage due to its simplicity, low investment and 
operation costs as well as the long favorable experience in the treatment of a wide range of 
industrial wastewaters (Lettinga and Hulshoff, 1991). According to Monory et al. (2000) 
the anaerobic treatment of wastewater in Mexico started in 1987 and within one decade, 31 
anaerobic reactors, mainly UASB, treating domestic sewage have been installed. The 
performance and description of these reactors can be found in the article of Monory et al. 
(2000). Table 6 presents the performance results of full and pilot scale UASB reactors 
treating domestic sewage. The presented results in Table 5 and 6 reveal that more than 70% 
of COD, reduction can be accomplished in treating raw domestic sewage. 

1.5.2 Anaerobic treatment of domestic sewage at low temperatures 

The application of anaerobic treatment of domestic sewage is certainly not restricted to 
tropical regions. From results obtained by Lettinga and his co-workers (Lettinga et al., 
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1983; Grin et al, 1983; Last and Lettinga, 1992; Wang; 1994), it is clear that anaerobic 
treatment of domestic sewage may also represent an attractive and feasible option for 
moderate climates. However, at low temperatures, more sophisticated reactors are needed 
(Wang, 1994; Sayed and Fergala, 1995; Lettinga, 1996; Kalogo and Verstraete, 1999). 
Table 7 presents a summary of results of recent research for the anaerobic treatment of 
domestic sewage at low temperature (<20°C). Although the anaerobic treatment of domestic 
sewage has been applied at full scale in several tropical countries, the process so far is not 
applied at full scale in countries in temperate climate regions, mainly as a result of the 
lower removal efficiencies. Moreover, at low ambient temperatures, the amount of SS 
accumulating in the sludge bed increases (Inamori et al., 1983; Genung et al., 1985; Sanz 
and Fdz-Polanco, 1990). 

Various investigations have been carried out to overcome the obstacles faced the anaerobic 
treatment of domestic sewage at low temperatures by the following: 

Use of granular seed sludge 
Lettinga et al. (1983) studied the effect of using granular sludge for the treatment of 
domestic sewage. Granular sludge has a higher methanogenic activity and a distinctly better 
settlability than flocculant sludge. However, as mentioned already above, the treatment of 
domestic sewage at low temperatures in an one step granular sludge UASB reactor leads to 
accumulation of SS, due to the slow hydrolysis resulting in deterioration of the 
methanogenic activity of the sludge (Man et al., 1986; Zeeman and Lettinga, 1999; Uemura 
and Harada, 2000). 

Removing of SS prior to the anaerobic treatment by settling or physical-chemical pre-
treatment 
By treating pre-settled sewage at low temperature not only SS accumulation in the sludge 
bed is prevented, but it may also promote the formation of granular sludge as was found by 
Vieira and Souza (1986). According to Kalogo and Verstraete (1999) SS concentration in 
pre-settled sewage is still high to achieve a stable performance during anaerobic treatment. 
They report a pre-requested ratio of CODdis to VSS in the domestic sewage of more than 10 
for achieving an effective and stable treatment. Therefore, Kalogo and Verstraete (2000) 
applied physical-chemical pre-treatment of domestic sewage prior to anaerobic treatment 
in a UASB reactor. 

Applying high upflow velocities 
In EGSB or AFB reactors, the negative effect of SS accumulation can be avoided and a 
good contact between wastewater and biomass at low temperature can be achieved as a 
result of the high upflow velocity. Last and Lettinga (1992) found a high removal of 
CODdis, viz. 84 % of the maximum achievable CODdis removal, during the treatment of pre-
settled sewage using an EGSB reactor at an HRT of 2 h at temperatures >13°C. However, 
an additional settler is needed following an EGSB reactor. Moreover, for achieving the 
required high upflow velocities in either an EGSB or an AFB reactor a tall reactor and/or 
recirculation of wastewater has to be applied. Therefore, the use of these systems will be 
accompanied with higher construction, operation and maintenance costs as compared to the 
UASB reactor, although the land requirements may be distinctly lower. 
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Treatment of raw domestic sewage in a two-step anaerobic system 
In the first-step of a two-step system mainly removal of SS and partial hydrolysis and 
acidification will occur. Due to a slow rate of hydrolysis at low temperatures, the 
accumulated SS in the first-step need to be discharged regularly. As a result of that, the 
SRT in the first reactor remains low, therefore preventing the sufficient development of 
slowly growing methanogens. As most of the SS are removed in this first-step, the removal 
and conversion of the remaining organic matter can be delegated to the second-step, the 
methanogenic reactor. As little SS will enter the second-step reactor, the specific 
methanogenic activity of the sludge remains at a high level. Wang (1994) used a 
combination of a high loaded UASB + EGSB system for the treatment of domestic sewage 
at temperatures ranging 12-17°C (Table 7). In the flocculant sludge UASB reactor, a 
substantially higher CODss removal could be accomplished than in a conventional settler as 
a pre-treatment step. However, the removal of colloidal particles was found to be limited in 
this combined UASB+EGSB system. Sayed and Fergala (1995) studied the treatment of 
domestic sewage at temperatures of 18-20°C in a two-step system, consisting of three 
reactors. The first-step consisted of two identical flocculant sludge UASB reactors, which 
were operated in intermittent mode for the removal and digestion of SS. The second-step 
was a granular sludge UASB reactor (Table 7). Tang et al. (1995) treated domestic sewage 
in a two-step UASB+AF system at a temperature of 20°C (Table 5). Most of the COD 
removal was achieved in the first-step (UASB reactor), viz. 70% of the 80%, which can be 
attributed to the slightly higher operational temperature of 20°C. 

1.6 SCOPE OF THIS DISSERTATION 

This thesis describes the results of a research concerning the assessment of the feasibility of 
anaerobic treatment of domestic sewage at a low temperature of 13°C. The results described 
in Chapter 2 deals with the anaerobic biodegradability of various fractions of domestic 
sewage (suspended, colloidal and dissolved) and assessment of the effect of the degree of 
anaerobic digestion on physical parameters, like zeto-potential, particle size and surface 
tension. Chapter 3 focuses on the application of filter media, vertical sheets of RPF with 
knobs, in removing domestic sewage particulate matter in anaerobic reactors. The 
experiments presented in Chapter 4 deal with the effect of SS on the performance of UASB 
and AH reactors, both with a granular sludge bed, at 13°C by comparing the treatment 
efficiency obtained with raw and pre-settled sewage. Moreover, the difference in 
performance between UASB and AH reactors was studied and the effect of spacing 
between the RPF sheets on the performance of the AH reactor was determined. The 
experiments presented in Chapter 5 deal with a comparison between an AF and an AH 
(with flocculant sludge) reactor for the pre-removal of SS. The AF reactor consisted of a 
novel system using vertical sheets of RPF with knobs where all biomass was present in 
attached form to avoid reactor clogging. As the AF reactor provided the best performance 
for the pre-treatment of domestic sewage (Chapter 5) and the AH reactor with granular 
sludge showed the best performance for the treatment of pre-treated domestic sewage 
(Chapter 4), the performance of a combined AF+AH system was investigated in Chapter 6. 
Different HRTs were imposed to this system. The general discussion and conclusion of the 
thesis are presented in Chapter 7. 
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Chapter 2 

BIODEGRADABILITY AND CHANGE OF PHYSICAL 
CHARACTERISTICS OF PARTICLES DURING ANAEROBIC 
DIGESTION OF DOMESTIC SEWAGE 

ABSTRACT 

At the high-rate anaerobic treatment of domestic sewage, both biological and physical 
processes play an important role. Therefore, the anaerobic biodegradability of raw, paper-
filtered and membrane-filtered sewage and black water has been investigated in batch 
experiments. Additionally, the effect of anaerobic digestion on physical characteristics, like 
particle size, surface tension and zeto-potential, of the present particles is studied. The 
biodegradability of domestic sewage and black water at 30°C is almost similar (71-74%). 
Moreover, a high methanogenesis of the colloidal fraction in domestic sewage (86±3%) is 
achieved, showing that the low removal of colloidal particles in continuous high-rate 
anaerobic reactors is due to low physical removal rather than biodegradability. The lowest 
biodegradability is demonstrated for the dissolved fraction (62%). The results show that 
after anaerobic digestion the average radius of particles with diameter<4.4 and<0.45 um 
increased for domestic sewage, while it decreased for black water. Part of the surface-
active components in domestic sewage is not biodegraded during anaerobic batch digestion, 
as indicated by the development of the surface tension. The negative zeto-potential of all 
particles hardly changes during digestion, showing that colloidal interactions were not 
affected by anaerobic digestion. 

KEYWORDS 

Anaerobic treatment; domestic sewage; black water; biodegradability; particle size; 
surfactants; zeto-potential. 

INTRODUCTION 

Several authors have shown that particles represent the major part, up to 85%, of the total 
COD (CODt) in domestic sewage (Levine et al., 1985; Zeeman et al., 1997). The separation of 
particulate and dissolved compounds in domestic sewage is usually made by filtration through 
a membrane filter with a pore diameter of approximately 0.45 urn (Nielsen and Harremoes, 
1995). The particles are often separated in a suspended and a colloidal part, with a particle size 
of respectively larger than 4.4 um and between 0.45 and <4.4 um, although the size range for 
colloidal particles is not in agreement with the definition as used in colloid chemistry (Wang et 
al, 1995; Zeeman et al., 1997). 

At treatment under anaerobic conditions, colloidal COD (CODc„i) from domestic sewage is 
removed to a lower degree than under aerobic or micro-aerophillic conditions and represents 
60-80% of the effluent CODt of an anaerobic reactor (Yoda et al, 1985; Wang, 1994; Wang et 
al., 1995). The removal of CODcoi in batch recirculation experiments at long retention times, 
indicates however that colloidal particles are biodegradable (Last and Lettinga, 1992; Wang, 
1994). So far this has never been proven. 
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Anaerobic digestion of domestic sewage particulate 

At the high-rate anaerobic treatment of domestic sewage, both biological and physical 
processes play an important role. Particles can only be converted via hydrolysis, after being 
physically removed by sorption, settling or entrapment in the sludge bed. Particle 
characterization based on biological and physical aspects are therefore of the same 
importance. 

The presence of surfactants in domestic sewage, which are known to adsorb at both 
solid/liquid and liquid/air interfaces, may affect the anaerobic biodegradability of particles. 
Surfactants have the ability to emulsify poorly soluble hydrophobic compounds in water, 
thus potentially improving the accessibility of these substrates to microorganisms (Rouse et 
al., 1994). On the other hand, the emulsifying effect might prevent the physical removal of 
the particles. Moreover inhibition of anaerobic biodegradation of organic compounds in the 
presence of surfactants have also been reported (Wagener and Schink, 1987; Rouse et al., 
1994). Boiler (1994) mentioned that the surfactant concentration in Zurich City wastewater 
was 17-22 mg l"1 and the non-ionic and anionic surfactants represent the main part (91-
94%). Linear alkylbenzene sulphonates constitutes the major anionic surfactant fraction in 
households (Holt et al., 1998) with average concentrations of 4 and 3 mg l"1 in domestic 
sewage in The Netherlands (Water and Feijtel, 1995) and in UK (Holt et al, 1998) 
respectively. At low concentrations, surfactants are present as monomers. Micelles are 
formed above the critical micelle concentration (CMC). The CMC of dodecyl benzene 
sulphonate amounts to 264 mg l"1 (Mukerjee and Mysels, 1971). Therefore, surfactants in 
domestic sewage seem to be present as monomers. 

The size of particles in domestic sewage affects both biological and physical processes 
(Levine et al., 1985). Gravitational and drag forces predominate over colloidal forces (van 
der Waals attraction and electrostatic repulsion) for larger particles, while colloidal forces 
are more important for particles less than a few p.m (Gregory, 1993). The zeto-potential, 
which represents the potential on or just outside the Stern layer, is an important physical 
parameter for colloidal particle separation because electrostatic interactions of colloidal 
particles are mainly related to the zeta-potential. 

This research aims at the determination of the anaerobic biodegradability of the suspended, 
colloidal and dissolved fraction of domestic sewage and black water. Moreover the change 
in physical characteristics, like particle size, ze/a-potential and surface tension as a result 
of biodegradation is determined. 

MATERIALS AND METHODS 

Anaerobic digestion of domestic sewage and black water 

Anaerobic batch digestion has been carried out in duplicate series of serum bottles of 120 ml 
each at each temperature. To each bottle 100 ml of wastewater is added. The biogas 
composition in the headspace of each bottle is monitored in time. For each bottle, COD 
fractions, volatile fatty acids (VFA), and surface tension were determined. 

Two series of experiments have been performed. In the first run, raw and paper-filtered 
sewage was digested at 4, 20 and 30°C and the bottles were monitored after 8, 15, 23 and 43 
days. The aim of the second run was to confirm the results of the first run and to find the 
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maximum conversion of wastewater to methane (biodegradability). The second run was 
performed with raw, paper-filtered and membrane-filtered (not in duplicate) sewage and black 
water at 20 and 30°C and monitoring was carried out after 15, 28 and 135 days. In the second 
run also the average particle radius and zeto-potential were measured. 

Analysis 

COD was analysed using the micro-method as described by Jirka and Carter (1975). Raw 
samples were used for CODt, 4.4 urn folded paper-filtered (Schleicher & Schuell 5951/2, 
Germany) samples for CODp and 0.45 urn membrane-filtered (Schleicher & Schuell ME 
25, Germany) samples for dissolved COD (CODdis). The suspended COD (CODss) and 
CODcoi were calculated by the differences between CODt and CODp, CODp and CODdis 
respectively. In the experiments it was difficult to have representative samples for CODt 

due to the formation of large floes during anaerobic digestion. Therefore, only CODp and 
CODdiS are presented. VFA was determined from membrane-filtered samples by gas 
chromatography. The chromatograph (Hewlett Packard 5890A, Palo Alto, USA) was 
equipped with a 2 m x 2 mm (inner diameter) glass column, packed with Supelco port (100-
120 mesh) coated with 10% Fluorad FC 431. Operating conditions were: column, 130°C; 
injection port, 200°C; flame ionisation detector, 280°C. N2 saturated with formic acid at 
20°C was used as a carrier gas (30 ml/min). The biogas composition CH4, CO2, N2 and O2 
was determined in a 100 \A sample using Fisons instrument gas chromatography model GC 
8000 series, equipped with columns connected in parallel (split 1:1)-(1.5 m x 2 mm) Teflon, 
packed with chromosorb 108, (60-80 mesh), and a (1.2 m x 2 mm) stainless steel, packed 
with molecular sieve 5A, (60-80 mesh). Helium was used as carriers gas (45 ml/min). The 
oven, detector and injection temperature were 40°C, 100°C and 110°C respectively. All 
measurements were performed in duplicate. 

An indication of the presence of surface-active components can be obtained by measuring 
the surface tension with the Wilhelmy-plate method. It is likely that in domestic sewage, 
surfactants will strongly contribute to the lowering of the surface tension of the aqueous 
solution. After the CMC, surface tension becomes almost independent of the overall 
concentration. However, one should be aware that also other surface-active components can 
contribute to the lowering of the surface tension and therefore the qualitative interpretation 
can be presented. In run 1, the surface tension was measured for the original samples 
without filtration. The formation of large floes during run 1 increased the standard 
deviations of the surface tension measurements. Moreover, as the surface tension of 
wastewater slightly increases after paper-filtration (from the results of run 1), the surface 
tension in run 2 was measured for the samples after paper and membrane filtration. For the 
fresh samples of raw sewage and black water used in run 2 after paper-filtration, the surface 
tension was determined after dilution with distilled water to a dilution of 2, 4, 8 and 16 
times of the initial sample. 

The hydrodynamic particle radius was determined with dynamic light scattering. 
Measurements were carried out in a 2-ml cylindrical quartz cell using an ALV5000 system 
with a Lexel 150-mW multi line Ar-laser. Particles with a radius between 2.5 nm to 5 jam 
can be detected. The measurements were performed for both paper-filtered and membrane-
filtered samples. For each sample, the average particle radius was measured 7 times at an 
angle of 90°. 
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Electrophoretic mobilities were determined with a Malvern Zetasizer III. Zeta-potentials 
were calculated from the Smoluchowski equation. Measurements were performed at 
constant ionic strength (0.02 M KC1) and samples were paper filtered to remove big 
particles. 

Calculations 

The total CH4 production in each serum bottle was the summation of the CH4 in the 
headspace and the dissolved CH4. The dissolved CH4 was calculated according Henry's 
law. Percentage of hydrolysis (H), acidification (A) and methanogenesis (M) were calculated 
according to equations 1, 2 and 3 respectively. 

H (0/o) =100 (CH, as COD + effluent COD* - influent CODdis 

influent COD, 

A r°/) - inn / C H j as C0D + efAuent VFA as COD' influent VFA as C0D 

influent COD, 

influent COD, 

H, A and M of CODco| for domestic sewage in run 2 were calculated by subtracting the 
results of membrane-filtered sewage from the results of paper-filtered sewage and applying 
equations 1, 2 and 3 respectively. Similarly, H, A and M of CODss for domestic sewage in 
run 2 were calculated by subtracting the results of paper-filtered sewage from the results of 
raw sewage. 

RESULTS AND DISCUSSION 

Biodegradability 

Table 1 summarizes the calculated percentages of hydrolysis, acidification and 
methanogenesis for each wastewater sample after 43 and 135 days of digestion, in run 1 
and 2 respectively. The results of run 1 show that 43 days of batch digestion are not 
sufficient for complete anaerobic digestion even at 30°C. The VFA concentration exceeds 
100 mg COD/1 at all applied conditions. The results of the total CH4 production in run 2 
(Fig. 1) show that the maximum conversion of the domestic sewage fractions and black 
water is achieved after about 80 days at 30°C. From Fig. 1 it follows that the anaerobic 
digestion has a characteristic lag-phase period depending on the temperature and the size of 
the particles. At 20°C only raw sewage reached the maximum conversion after 135 days of 
digestion. The maximum methanogenesis for raw sewage was similar at temperatures of 20 
and 30°C indicating that anaerobic treatment is not only a promising technique in tropical 
but also in moderate-temperature areas. 

The biodegradability of black water, raw sewage and paper-filtered sewage at 30°C is 
approximately the same, viz. 71-74%, while that of the membrane filtered fraction was 
relatively low (62%). No reported data are available to compare with the presented results. 

29 



Chapter 2 

•a 

on 

u 
e 
o 2 

il 
<y in 

6 * 
•o-S 
9-8 

T3 

u 

u 
S3 

o 

3 H T 3 

T3 GO 
>-. . 

ID • > 

E2 S 

~ O 
u 

<u 6 3 *—• 
s o u 

1) 
In 
3 

S u 
B 
<u 

H 

p~ P~ 

p- (N v_- w 
VO —I ™ ^ — - H 

.-< (N 

P~ P-

— <N 

p~ P~ 

S3 
o p-
*3- i n 

—' (N 

p~ (N 

ON — 

>n P~ 

oo — 

3 S CM <N £ £ 

o N S O O S 

<» (N P- £ j 

O « « O N ( N 
v~) p~ - H r^ ^o —i 
- H (v) m — ( N c i 

g o C g o S 

m c i c i p^ p^ p~ 
•̂ - ^- ^- o \ o \ o\ 
" " 0 0 0 0 ^ f ^ r T t 

© o 
( N CO 

O O O O O O 
<N m <N m (N m 

<U 
60 

1) 
00 
«s 
•s u 
en 

1) 

Pi 

C a 

£ 

C3 

o 
CO 

3 

30 



Anaerobic digestion of domestic sewage particulate 

1200 

1000 

01 800 . 

1200 . 

Q 
O 
o i* 
o 

600 

400 

200. 

50 100 
Time (days) 

150 50 100 
Time (days) 

150 

Fig. 1. The course of the total CH4 production during the anaerobic batch digestion of raw 
sewage (0), paper-filtered sewage ( • ) , membrane-filtered sewage (A) and black water (O) 
in run 2 at temperature of 20 and 30°C. 

Table 2 presents the maximum hydrolysis, acidification and methanogenesis of the CODss 

and CODcoi fraction of domestic sewage at 30°C. The maximum hydrolysis for CODss and 
CODcoi is similar, while the maximum acidification and methanogenesis are higher for 
CODcoi as compared to CODss. Hydrolysis of suspended particles seems to produce more 
non-degradable CODdis than hydrolysis of colloidal particles. Last and Lettinga (1992) 
reported a lower maximum removal of CODdis of 54% during batch recirculation of pre-
settled sewage of the same origin as used in the here presented experiments. This lower 
biodegradability might be due to the production of non-degradable CODdis from the 
hydrolysis of particles present in pre-settled sewage. The production of non-degradable 
CODdis from particles hydrolysis, results in an increased non-VFA-paper filtered COD, as 
shown in Fig. 2, for both 20 and 30°C. 

Table 2. The calculated maximum hydrolysis, acidification and methanogenesis for CODss 

and CODcoi in domestic sewage at 30°C in run 2. Standard deviations are presented in 
brackets. 

COD fractions Hydrolysis (%) Acidification ( Methanogenesis (%) 
CODSs 
CODcol 

87(5) 
88(3) 

78(4) 
86(3) 

77(4) 
86(3) 

Surface tension 

The surface tension is a measure for the presence of surface-active compounds, such as 
detergents. The development of the surface tension in time during both run 1 and 2, was 
almost similar for temperatures of 20 and 30°C (Fig. 3 and 4). The maximum surface 
tension was however much lower at 4°C as compared to that at temperatures of 20 and 
30°C. A plateau value on the surface tension is obtained between 15-25 days. This period is 
much shorter than the characteristic anaerobic digestion time. It seems that a small amount 
of highly surface-active components are rapidly decreased. Degradation of the detergents 
seem much slower leading to a limiting surface tension much lower than that of water (72 
mN/m). 
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Fig. 2. The course of the non-VFA-paper filtered COD during the anaerobic batch digestion 
of raw sewage (0), paper-filtered sewage ( • ) and membrane-filtered sewage (A) in run 2 at 
temperature of 20 and 30°C. 
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Fig. 3. The course of the surface tension during the anaerobic batch digestion of raw (0) and 
paper-filtered ( • ) sewage in run 1 at temperature of 4, 20 and 30°C. 

The initial surface tension of paper-filtered black water was higher than that for paper 
filtered domestic sewage (Fig. 4), probably due to the fact that hardly any detergents are 
added to black water. After 135 days batch digestion at 20 and 30°C the maximum surface 
tension of black water almost reached that of water. Part of the surfactants was retained 
during filtration as shown by the higher initial surface tension of paper-filtered as compared 
to raw sewage (Fig. 3), while that of membrane-filtered sewage is higher than that of paper-
filtered sewage (Fig. 4). As the initial surface tension of the membrane-filtered sewage was 
still lower than that of water, some surfactants were remaining, even after 135 days batch 
digestion (Fig. 4). The surfactants, remaining after digestion, are however removed by a 
repeated membrane filtration prior to measurement (Fig. 4), which indicates that they are 
mainly adsorbed to particles produced during the digestion process. 

The dependency of the surface tension upon dilution (Fig. 5) indicates that the surfactant 
concentration in paper-filtered sewage was lower than the CMC. 
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Fig. 4. The course of the surface tension during the anaerobic batch digestion of raw 
sewage (0), paper-filtered sewage ( • ) , membrane-filtered sewage (A) and black water (O) 
in run 2 at temperature of 20 and 30°C. 
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Fig. 5. Effect of dilution on the surface tension of domestic sewage (0) and black water (O) 
used in run 2. 
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Average radius 

Fig. 6 shows that the average initial radius of particles after paper or membrane-filtration of 
black water is much higher as compared to that of domestic sewage. Although the raw 
sewage was paper-filtered with a pore diameter of 4.4 urn, the average radius of the 
particles in paper-filtered sewage was only 188 nm. Therefore, a large quantity of very small 
particles is present in domestic sewage. The latter is confirmed by the low average radius of 
68 nm of the particles in membrane-filtered sewage. 

A period of 135 days batch digestion of raw, paper-filtered and membrane-filtered sewage 
followed by paper or membrane filtration resulted in an increase of the average radius at 
both 20 and 30°C. It is well known that hydrolysis causes a decrease of the wastewater 
substrate particles, while remaining substrate is overgrown with biomass (Sanders et al., 
2000), which can result in an increase of the average radius of the particles. 

The anaerobic digestion of membrane-filtered sewage produces colloidal particles. After 
135 days of batch digestion at 20 and 30°C, the CODcoi concentration in the membrane-filtered 
samples amounted to respectively 38 and 20 mg l"1. Methanogenesis of CODdiS might 
therefore affect the removal of CODci in a continuous anaerobic reactor treating domestic 
sewage. 
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Fig. 6. The course of the average radius during the anaerobic batch digestion of raw sewage 
(0), paper-filtered sewage ( • ) , membrane-filtered sewage (A) and black water (O) in run 2 
at temperature of 20 and 30°C. 
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Batch digestion of black water for 15-28 days followed by either paper or membrane 
filtration decreased the average radius of the particles at both 20 and 30°C. However, after 
135 days batch digestion, it almost remained unchanged for samples after paper filtration 
and increased for samples after membrane filtration. Therefore, in the first 15-28 days, the 
hydrolysis was higher than the entrapment of particles to the produced biomass. 

Zeta Potential 

Table 3 shows the assessed values of the zeto-potential in run 2. Anaerobic batch digestion 
for a period of 135 days, led to only a slight decrease in the negative zeto-potential for all 
wastewater samples. Thus during anaerobic digestion, the number of negative groups per 
unit area remains almost constant and electrostatic repulsion between the colloidal particles 
does not change significantly. 

Table 3. Zeto-potential at constant ionic strength (0.02 M KC1) for raw and paper-filtered 
sewage and black water before and after anaerobic batch digestion in run 2 at temperatures 

of 20 and 30°C. Standard deviations are presented in brackets. 
Wastewater 

Raw sewage 

Paper-filtered sewage 

Black water 

Temperature 
(°C) 
20 
30 
20 
30 
20 
30 

Zeta 
Initial 

-22.6(1.8) 
-22.6(1.8) 
-22.6(1.8) 
-22.6(1.8) 
-24.8 (0.8) 
-24.8 (0.8) 

-potential (m 
After 28 d 
-22.5 (0) 

-22.3 (0.3) 
-22.4(0.1) 
-23.1 (0.1) 
-23.8 (0.2) 
-24.9 (0.4) 

V) 
After 135 d 
-19.5 (0.4) 
-19.5 (0.2) 
-20.2 (0.3) 
-20.5 (0.3) 
-19.9(0.1) 
-20.1 (2.6) 

General discussion and conclusions 

The high biodegradability of domestic sewage and black water reveals the potential of 
anaerobic treatment. Moreover a high methanogenesis of the colloidal fraction in domestic 
sewage (86±3%) is achieved, showing that the low removal of CODCOi in continuous high-
rate anaerobic reactors is due to low physical removal rather than biodegradability. 

The development of the surface tension during batch digestion indicates a limited 
biodegradability of the present surfactants. An important part of the surfactants in sewage is 
formed by detergents, which are reported to have a low anaerobic biodegradability. The 
present results also show that part of the surfactants is not biodegraded during anaerobic 
batch digestion. Moreover, it is demonstrated that surfactants are partly connected to 
particles, both suspended and colloidal. The latter could affect the stability and therefore, 
low removal of colloidal particles in domestic sewage. Though colloidal particles were 
hydrolysed to a high degree, the average particle size increased due to growth of biomass. 
In continuous high-rate systems, the latter cannot be expected, as biodegradation can only 
take place after physical removal by the sludge bed. The zeto-potential of all particles is 
negative and hardly changes during digestion, showing that colloidal interactions were not 
affected by anaerobic digestion. As the anaerobic biomass also has a negative charge 
(Morgan et al., 1990), colloidal removal in continuous anaerobic systems treating domestic 
sewage can be expected to remain low, independent of the applied conditions. Improvement 
of the colloidal fraction and therewith conversion to CH4 gas, could be imposed by addition 
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of coagulants, for destabilisation of the colloids. By pre-removal of the SS in a first 
anaerobic step, the costs of the use of coagulants in the second step could be reduced. 

As hydrolysis of suspended particles produces more inert dissolved COD than hydrolysis of 
colloidal particles, the introduction of a first high-loaded anaerobic step for removal of SS 
could improve the dissolved effluent quality. The latter is also shown by Elmitwalli et al. 
(1999 a). The removal of SS from domestic sewage prior to methanogenesis can be 
achieved by either settling or treatment in a high-loaded anaerobic reactor (Zeeman et al, 
1997; Elmitwalli et al, 1999 b). 
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Chapter 3 

THE ROLE OF FILTER MEDIA IN REMOVING SUSPENDED AND 
COLLOIDAL PARTICLES IN AN ANAEROBIC REACTOR 
TREATING DOMESTIC SEWAGE 

ABSTRACT 

A column packed with clean sheets of reticulated polyurethane foam was fed with either raw 
sewage, synthetic sewage or skimmed milk for a short time to evaluate the mechanism of 
physical entrapment and filtration of particles. The results revealed that clean media were 
effective in the removal of suspended COD (>75%) even with HRT as low as 0.5 h or upflow 
velocity as high as 10 m/h. However, the removal of colloidal COD remained poor under all 
experimental conditions. The treatment of raw sewage and paper-filtered sewage in a fed-
batch recirculation system under anaerobic conditions resulted in average removal efficiencies 
for colloidal COD of 63% and 81% respectively at a temperature of 24±1°C. Therefore, the 
presence of an anaerobic biofilm and the removal of SS from the influent increased the 
removal efficiency of colloidal COD in the treatment of domestic sewage in an anaerobic 
polyurethane-foam filter. 

KEY WORDS 

Anaerobic treatment; domestic sewage; suspended solids; colloidal particles; polyurethane 
filter. 

INTRODUCTION 

Anaerobic digestion represents a very suitable method for treatment of not only soluble, low-
strength wastewaters but also partially-soluble, low-strength wastewaters such as domestic 
sewage (Haandel and Lettinga, 1994; Lettinga, 1996). Up till now, the anaerobic treatment of 
sewage could be considered as a pretreatment process and post treatment of the anaerobic 
effluent for removal of the remaining chemical oxygen demand (COD), nutrient and 
pathogens appeared to be mandatory in most situations, depending on the effluent standards 
(Mergaert et al, 1992; Lettinga et ai, 1993; Sousa and Foresti, 1996). Wang (1994) treated 
domestic sewage in a two-step upflow anaerobic sludge blanket (UASB) system with 
hydraulic retention time (HRT) of 3 h for the first step. The results of his research showed that 
the first UASB reactor could be considered as an improved primary settler. In addition to the 
high removal efficiency for suspended solids (SS) by filtration, some hydrolysis, acidification 
and conversion to biogas occur in the first UASB reactor. 

Most anaerobic treatment processes are relatively efficient in removing SS of domestic 
sewage (Jewell, 1985). The removal of dissolved matter can be increased by using sludge with 
a higher methanogenic activity, such as granular sludge, and by increasing the contact 
between wastewater and sludge by applying high upflow velocity (Vup) as in the expanded 
granular-sludge bed (EGSB) reactor. The removal of colloidal particles has not to date been 
satisfactory. Wang (1994) found that the removal of colloidal particles was the rate-limiting 
step in a two step UASB+EGSB system treating domestic sewage at an HRT of 3+2 h under 
low-temperature conditions. He found average removal efficiencies for colloidal COD 
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(CODcol) of 40% and 42% at temperatures of 17 and 12°C respectively. Sayed and Fergala 
(1995) considered the 'entrapment' mechanism involved in removing solids by the sludge bed 
not sufficient to remove colloidal particles. Yoda et al. (1985) also reported that the colloidal 
particles in the influent were very difficult to remove and represented up to 60-70% COD of 
the effluent of an anaerobic fluidized bed (AFB) reactor. 

Last and Lettinga (1992) and Wang (1994) treated presettled or pretreated domestic sewage in 
batch recirculation experiments with granular sludge at a temperature of 20°C. The results are 
presented in Table 1 and show that the colloidal fraction was removed to any significant 
extent only when a long batch digestion time was applied. At a short batch digestion time of 
24 hours, low colloidal removal efficiencies were achieved under both UASB and EGSB 
conditions. 

Table 1. Removal of total COD, suspended COD, colloidal COD and dissolved COD under 
anaerobic conditions for presettled and pretreated domestic sewage in batch recirculation 

experiments with granular sludge at a temperature of 20°C. 

Sewage Recirculation 

time (h) 

Presettled sewage:-

144 

144 

Pretreated sewage:-

24 

144 

24 

144 

(m/h) 

1 

6 

1 

1 

6 

6 

Initial COD 

(mg/1) 

421 

372 

502 

502 

502 

502 

COD; 

65 

42 

63 

74 

59 

71 

COD removal (%) 

COD, 

84 

0 

92 

96 

81 

92 

COD^ 

72 

70 

32 

80 

23 

63 

CODdis 

44 

54 

52 

57 

61 

61 

Reference 

Last and 
Lettinga (1992) 

Last and 
Lettinga (1992) 

Wang (1994) 

Wang (1994) 

Wang (1994) 

Wang (1994) 

"COD, = total COD; C O D , - suspended COD; COD«,| = colloidal COD; CODdis = dissolved COD. 

Specific surface area, porosity, surface roughness, pore size and orientation of the packing 
material (PM) were found to play an important role in anaerobic filter (AF) reactor 
performance. High specific surface area and porosity, large pore size and rough surface for 
PM improved the performance of an AF reactor (Berg and Kennedy, 1981; Huysman et al, 
1983; Young and Dahab, 1983; Young, 1991; Kennedy and Droste, 1991; Iwai and Kitao, 
1994). Oriented and porous PM showed better performances than random and non-porous PM 
respectively (Young and Dahab, 1983; Huysman et al. 1983; Anderson et al, 1994). 
Huysman et al. (1983) mentioned that reticulated polyurethane foam (porous media) appeared 
an excellent colonisation matrix for an AF reactor. Reticulated polyurethane foam (RPF) has a 
high specific surface area which can reach up to 2400 m2/m3 and a high porosity of 97% 
(Huysman et al, 1983). The RPF is able to retain over 15 kgVS/m3 reactor volume in the 
attached form (Tilche and Vieira, 1991). 

Miyahara and Noike (1994) studied the effect of AF media on SS removal and hydrolysis, by 
feeding the anaerobic reactor with a low strength synthetic wastewater (550 mg/1 COD) 
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containing cellulose as SS. They found that the effluent water quality was improved 
remarkably and the percentage of cellulose hydrolysis was promoted by packing the reactor. 
Miyahara et al. (1995) found that the number of suspended acidogenic bacteria in an AF 
reactor was higher than that of bacteria attached to the media. On the other hand, the number 
of attached methanogenic bacteria was higher than the number of suspended methanogenic 
bacteria. 

The objective of the present research was to find the maximum achievable physical and bio­
physical removal efficiencies for suspended COD (CODss) and CODcol during the treatment of 
domestic sewage in an AF reactor packed with vertical sheets of RPF. 

MATERIALS AND METHODS 

Experimental configuration 

Fig. 1 shows a schematic diagram of the experimental set-up. The column used for the short 
run experiments and the reactor and container used for the fed-batch recirculation experiments 
were made of plexiglass and had an internal diameter of 8.25 cm. The height of the column 
was 1 m, while the heights of both reactor and container were 29 cm. The PM used in both 
column and reactor was RPF sheets from Recticel, Buren, The Netherlands. Each sheet had 
knobs on one side, while the other side was flat. Table 2 shows the characteristics of the 
sheets according to Recticel. Four vertical sheets with a height of 90 cm each and one sheet of 
34 cm x 25 cm were used in the column and reactor respectively. The sheet in the reactor was 
moulded in a cylindrical shape where it occupied 25 cm of the reactor height. The upflow 
velocity in the reactor was 1 m/h during all experimental runs in the fed-batch recirculation 
experiments, while it was varied in the short-run experiments. 

Table 2. Characteristics of the RPF sheets. 
Parameter 

Total sheet thickness 

Base thickness 

Knob thickness 

Specific surface area 

Density 

Number of pores 

Pore size 

Unit 

mm 

mm 

mm 

m2/m3 

kg/m3 

pore/inch 

mm 

Value 

20 

10 

10 

500 

19-22 

7-15 

2.5 

Substrate 

During the fed-batch recirculation experiments and 20 runs of the short-run experiments, raw 
sewage was used as the basis of the feeds. The raw sewage used in the experiments was from 
the village of Bennekom, The Netherlands. The sewage was collected in a combined sewer 
system and was continuously supplied. The sewage was used either raw, presettled or paper-
filtered (4.4 um). Table 3 shows the concentrations of the COD fractions for the sewage used 
in the experiment. 
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(a) (b) 

Fig. 1. Schematic diagram of the experimental set-up. (a), fed-batch recirculation 
experiment; (b), short-run experiment; 1, wastewater container; 2, peristaltic pump; 3, 
reactor; 4, container for NaOH solution (3%); 5, to Marriott flask for measuring biogas; 6, 
wastewater storage tank; 7, mixer; 8, column; 9, effluent. 

Table 3. Mean values of the COD fractions of the sewage used in the experiments. 
Standard deviations are presented in brackets. 

Sewage 

Raw 

Presettled 

Paper-filtered 

COD, 

772(293) 

356(121) 

360(100) 

COD 

CODss 

426(251) 

115(80) 

-

(mg/1) 

CODcol 

133(66) 

85(53) 

185(51) 

CODdis 

213(62) 

156(59) 

175(58) 

During the short-run experiments, synthetic sewage, with and without nutrient, and skimmed 
milk were also used as influents. The synthetic sewage composition is described by Rensink 
(1974). The average total COD (COD,), CODss, CODcol and dissolved COD (CODdis) for 
synthetic sewage were 595, 377, 75 and 143 mg/1 respectively. The CODss, CODcd and CODdis 

of the skimmed milk were 3%, 35% and 62% of COD, respectively. 

Experimental set-up 

Short-run experiments 
The aim of the experiments was to determine the physical removal of COD^ and CODco, by 
clean media under conditions of different HRT's and upflow velocities. Each run started with 
clean media and to exclude the effect of biofilm formation the experimental period lasted for 
only 2.25 HRT's. The upflow velocities applied at a HRT of 2 h were varied by recirculating 
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the effluent. For the treatment of domestic sewage at HRT's of 4 and 8 h, the upflow velocity 
was adjusted at 0.5 m/h by recirculating the effluent. The experiments were performed at an 
ambient temperature of 20±2°C. 

To study the effect of the absence of CODss on CODcd removal, the experiment was carried 
out with skimmed-milk feed, while to investigate the effect of nutrient a synthetic sewage 
feed supplemented with nutrient was used. Samples from the influent and effluent were taken 
during the last 0.25 HRT of each run. A total of 31 runs were carried out. Table 4 shows the 
operational conditions of the experiments. 

Table 4. Operational conditions of the short-run experiments. 
No. of runs 

0.5h 1 h 2 h 
HRT HRT HRT 

4h 
HRT 

Raw sewage 
2 2 2 2 

Synthetic sewage without nutrients 
2 2 

Synthetic sewage with nutrients 
2 

Skimmed milk 
1 

Fed-batch recirculation experiments 

8h 
HRT 

2 

1 

lm/h 
v u p 

2 

2 

No. of runs 
2m/h 

v u p 

2 

2 

1 

6m/h 
v u p 

2 

10 m/h 
v u p 

2 

The experiments were carried out in three separate runs and the differences between the three 
runs are shown in Table 5. The apparatus of the experiments was in a temperature controlled 
room at 24±1°C for run 1 and run 2 and at 8.5+0.5°C for run 3. Each run was started with 
clean PM and both the reactor and the container were filled with fresh sewage (feed 1). After 
one day of recirculation, the wastewater in the container (effluent of feed 1) was completely 
removed and replaced by fresh sewage. Thereafter, the wastewaters in both container and 
reactor were again recirculated for 1 day followed by the same procedure of emptying and 
filling. The influent COD for each feed, from feed 2 till feed 24, was calculated by dividing 
wastewater COD (mg) in both reactor and container (fresh sewage) before starting 
recirculation by the total wastewater volume in both reactor and container (litre). As one 
recirculation of the wastewater through the system needed only 0.58 h, the characteristics of 
the wastewater in the container at the end of each feed were assumed to be similar to those in 
the reactor. Therefore, the wastewater in the container at the end of each feed was considered 
to represent the effluent of each feed. 

Table 5. Operational conditions of the fed-batch recirculation experiments. 
Run 

1 

2 

3 

Type of sewage 

Raw 

Raw 

Presettled 

paper-filtered 

Raw 

No of feeds 

24 

7 

6 

11 

24 

Temperature (°C) 

24±1 

24±1 

24+1 

24+1 

8.5±0.5 
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Analytical methods 

COD was analyzed using the micro-method described by Jirka and Carter (1975). Raw 
samples were used for COD,, 4.4 um folded paper-filtered (Schleicher and Schuell 5951/2, 
Germany) samples for CODf and 0.45 urn membrane filtered (Schleicher and Schuell ME 25, 
Germany) samples for CODdis. All measurements were determined in duplicate. COD, was 
divided into CODss, CODcol and CODdis. The CODss and CODcol were calculated by the 
differences between COD, and CODf, CODf and CODdis respectively. 

Statistical analysis 

Statistical Comparison between the performances of the reactors was done according to 
Snedecor and Cochran (1980). The performance of each run was assumed to be independent 
with different variance. 

Hydrolysis calculations 

The hydrolysis of particulate COD was calculated based on the influent particulate COD or 
on the removed particulate COD according to equations 1 and 2. 

H _ IQQ(
CH; as C0D + effluent C0D«< - i n A u e n t C0D*> ) ( 1 ) 

influent COD, - influent CODUjs 

H =W0( CH4 as COD + effluent COD,, - influent CODdis 

(influent COD, - influent CODdjs) - (effluent COD, - effluent CODdix) 

Where 
Hi = percentage of hydrolysis based on the influent particulate COD (%) 
Hrem = percentage of hydrolysis based on the removed particulate COD (%) 

RESULTS AND DISCUSSION 

Short-run experiments 

Table 6 shows the operational results of the short run experiments with synthetic sewage, with 
and without nutrient, and skimmed milk. The results indicated that the clean media were 
effective in removing CODss, while CODCO| removal was poor. Increasing the HRT from 2 h to 
4 h and decreasing the upflow velocity from 2 m/h to 0.5 m/h hardly affected the removal of 
either CODss or CODcol. The operational results with skimmed milk indicated that the absence 
of SS did not improve the physical removal of CODC0|. The addition of nutrient to synthetic 
sewage improved the CODco] removal but removal efficiency remained low. 

The results of the experiment with domestic sewage are shown in Fig. 2. The clean media 
were effective in the removal of CODss by physical entrapment and filtration even with HRT 
as low as 0.5 h or upflow velocity as high as 10 m/h, while the maximum removal of CODco, 
was only 21%. COD, removal efficiency increased with increasing influent CODss/COD, ratio. 
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Fig. 2. The effect of HRT, upflow velocity and influent CODss concentration on the COD 
removal in the short-run experiments with raw sewage. (1) effect of HRT with upflow 
velocity of 0.5 m/h (except for HRT's of 0.5 and 1 h which had upflow velocities of 2 and 1 
m/h respectively) and influent COD, concentrations of 570 and 770 mg/1; (2), effect of upflow 
velocity with HRT of 2 h and influent COD, concentration of 600 and 800 mg/1; (3), effect of 
influent CODss concentration with HRT of 2 h and upflow velocity of 0.5 m/h. ( • ) , COD,; 
(A), CODss; ( • ) COD^; ( • ) , ratio [(influent CODss/influent COD,)* 100]. 
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Fed-batch recirculation experiments 

Runl 
The results of run 1, with raw sewage at temperatures of 24±1°C, are shown in Fig. (3.1) and 
Table 7. The relatively constant values for the removal efficiencies of CODss and CODC0| 
indicate that 'steady state' was certainly achieved from the 14lh feeding. A significant increase 
at a 1% level in removal efficiency of both CODM and CODcol was shown between the start-up 
and the 'steady state' period. So, the attachment of biomass and/or entrapment of solids 
increased the removal efficiencies of both CODss and CODcd. The removal of CODcol was 
lower during the start-up period as compared to 'steady state' showing that the presence of a 
biofilm was playing a part in the removal of smaller particles. 

The removal efficiencies of CODss and CODco, in run 1 were higher than those found by Last 
and Lettinga (1992) and Wang (1994) after 24 h batch recirculation with a Vup of 1 m/h (Table 
1). The higher removal of CODss and CODCO| in the reactor packed with RPF sheets compared 
to that in the reactor with granular sludge indicated that the entrapment and filtration 
mechanism was better in the packed reactor. 

Run 2 
The results of run 2 are shown in Fig. (3.2) and Table 7. The results of run 1 suggest that the 
first period of 13 feedings with raw sewage and presettled sewage could be considered as the 
start-up phase for the period during which the feed was paper-filtered sewage. The average 
CODCO| removal efficiency increased from 63% for the treatment of raw sewage at 'steady 
state' to 81% for the treatment of paper-filtered sewage at 'steady state'. The difference was 
significant at a 0.5% level. The distinctly lower removal of CODcol when treating raw sewage 
was caused by production of CODcol from CODss. 

Run 3 
Fig. (3.3) and Table 7 show the results of run 3 where raw sewage was treated under lower 
temperature conditions. In this case, the first 13 feedings were considered to represent the 
start-up phase. Compared to the higher temperature, the removal of CODss significantly (at a 
0.1% level) decreased from 95% to 77%. Hardly any removal of COD^, was found under 
these low temperature conditions, indicating that the removal of colloidal particles depended 
on biological processes. 

Methane production and hydrolysis of particulate COD 
Table 8 shows the total (released +dissolved) methane production and hydrolysis of 
particulate COD at 'steady state' for run 1 and run 2. During the fed-batch treatment of raw 
sewage at a temperature of 8.5±0.5°C no methane was released. 

The fluctuation of the domestic sewage concentration caused high standard deviations for the 
conversion and hydrolysis. So, there was no significant difference in the conversion and 
hydrolysis between the treatment of raw sewage and the treatment of paper-filtered sewage at 
temperatures of 24±1°C. However, the results indicated that the conversion and hydrolysis of 
colloidal particles were at least similar to the conversion and hydrolysis of suspended 
particles. 
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Fig. 3. COD removal efficiencies in the fed-batch recirculation experiments during the 
treatment of raw, paper-filtered and raw sewage at different temperatures. (1), raw sewage at 
24+l0C; (2), paper-filtered sewage at 24+l°C; (3), raw sewage at 8.5±0.5°C. (•), COD,; (A), 
CODss;0*)CODcol;(»),CODdls. 
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Table 8. Total methane production and hydrolysis of particulate COD at 'steady state' 
conditions during the fed-batch treatment of raw sewage and paper-filtered sewage at 

temperature of 24±1°C. Standard deviations are presented in brackets. 

Parameter Raw sewage Paper-filtered sewage 

CH4-COD/COD added (%) 30.2 (4.7) 35.6(3.1) 

CH4-COD/COD removed (%) 44.6 (8.4) 61.8 (8.3) 

M3 CH4 (STP)/kg COD removed 0.16(0.03) 0.22(0.03) 

H,(%) 35.1(10.3) 32.3(10.5) 

Hrel„(%) 30.8(7.1) 43.2(14.3) 

General discussion 

The results of the short-run and the fed-batch recirculation experiments demonstrate that the 
RPF medium was effective in removing SS from raw sewage. The short-run experiments 
showed that more than 75% of CODss could be removed even with HRT as low as 0.5 h or 
upflow velocity as high as 10 m/h. The fed-batch recirculation experiments showed that at 
'steady state' 96% and 77% of the CODss could be removed from raw sewage at 
temperatures of 24±1°C and 8.5±0.5°C, respectively. The removal of CODss at 'steady state' 
in the fed-batch recirculation experiments treating raw sewage at temperatures of 24±1°C 
was significantly better than that found during the start-up period. At low temperature with 
raw sewage, a lower CODss removal was achieved. Also, in the short-run experiments a 
lower CODss removal was shown. But at all applied conditions the removal of CODss could 
be considered high (>75%). The removal of CODss in the RPF packed reactor could be 
mainly attributed to physical entrapment, although the presence of a biofilm on the RPF 
improved CODss removal. 

For colloidal particles, the removal depended on the presence of a biofilm and the process 
temperature. The removal of CODC0| from raw sewage was 63% during 'steady state' in the 
fed-batch recirculation experiment at a temperature of 24±1°C, while it was only 41% in the 
initial phase of the experiment and it was minus 4% at 'steady state' at a temperature of 
8.5±0.5°C. The maximum value found in the short-run experiments was 21%. 

Sprouse and Rittmann (1991), working with an AFB system packed with granular activated 
carbon (GAC), found that a better removal efficiency for both suspended and colloidal 
particles was achieved in a column where the GAC was covered with an anaerobic biofilm 
compared to a GAC medium coated with polymer. Based on these findings, they suggested 
that the anaerobic biofilm on the medium creates more favourable conditions for organic 
matter capture. It is well known that many living microorganisms have a flocculent growth 
habit and produce extracellular polymers, usually polysaccharides, polypeptides or 
peptidoglycans, which enhance biosorption of particles (Dugan, 1987). The growth of 
biomass is much more strongly affected by temperature than the physical adsorption (Iwai 
and Kitao, 1994), but when the temperature drops, the production of extracellular polymers 
from biomass will also decrease (Unz, 1987). The observed significantly lower removal of 
CODss and CODcol at temperature of 8.5±0.5°C compared to that at 24+l°C might, therefore, 
be caused by the decrease in conversion and/or biosorption of particles. 
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The primary sedimentation tank, the most popular pretreatment process so far, provides 
distinctly lower removal efficiencies for COD and SS than the UASB reactor (Wang, 1994). 
Both hydrolysis and acidification can occur in these systems depending on the temperature 
and the sludge residence time. The RPF packed upflow reactor, investigated here, provides a 
higher capacity for removing CODss than the UASB reactor. Wang (1994) found average 
removal efficiencies for CODss of 65% and 44% in a UASB reactor operated at an HRT of 3 
h, at temperatures of 17 and 12°C, respectively. Clogging of the filter media represents the 
main drawback of AF reactors. According to our own investigation (Elmitwalli et al., 1999), 
clogging could be avoided by orienting the RPF sheets with knobs vertically in the anaerobic 
reactor. Even when the media were oriented vertically without any spacing no clogging 
occurred after an operational period of about 100 days. Therefore, the use of a high-loaded AF 
reactor packed with vertical sheets of RPF represents an effective system for the pretreatment 
of raw sewage. 

By applying an AF reactor as the first step of a two-step anaerobic reactor system, the major 
part of the CODss, and a part of CODcol and CODdis, will be removed in the first reactor, while 
the remaining CODco, and CODdis can be eliminated in the second anaerobic reactor. However, 
when using an EGSB or UASB reactor as the second stage, the removal of CODcol may 
remain limited (Last and Lettinga, 1992; Wang, 1994). Based on the results of the fed-batch 
recirculation experiments fed with paper-filtered sewage, addition of RPF vertical sheets in 
the upper part of a second UASB or EGSB reactor will improve the CODCO| removal. 

CONCLUSIONS 

Clean RPF sheets have the capacity to remove the main part of CODss (>75%) from raw 
sewage by a mechanism of physical entrapment and filtration, even with HRT as low as 0.5 h 
or V as high as 10 m/h, but are not efficient in removing CODcol. 

An AF reactor equipped with RPF sheets and operated in a fed-batch recirculation mode at 1 
day HRT, is effective in removing SS from raw sewage, with average CODss removal 
efficiencies of 96% and 76% at 24±1°C and 8.5+0.5°C, respectively. 

With paper-filtered sewage, the fed-batch recirculation system at 1 day HRT gave an average 
removal efficiency for CODco] of 81% at 24±1°C, while it was 63% for raw sewage. The 
significantly higher removal efficiency for CODco, with paper-filtered sewage was caused by 
production of CODcd from CODss. 

For raw sewage under conditions of fed-batch recirculation at 1 day HRT, the system gave a 
CODcol removal efficiency of minus 4% at 8.5±0.5°C, while it was 63% at 24±1°C. The poor 
removal efficiency for CODcol at these low temperature conditions indicates that the removal 
of colloids depends on biological processes, bioconversion and/or biosorption. 
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Chapter 4 

LOW TEMPERATURE TREATMENT OF DOMESTIC SEWAGE IN 
UPFLOW ANAEROBIC SLUDGE BLANKET AND ANAEROBIC 
HYBRID REACTORS 

ABSTRACT 

The treatment of sewage at a temperature of 13°C was investigated in an UASB and two 
anaerobic hybrid (AH) reactors with small sludge granules with an average diameter of 0.73 
mm. The media used in the AH reactors were vertical sheets of reticulated polyurethane foam. 
The reactors were operated at an HRT of 8 h. The use of small sludge granules and operating 
the reactors at low upflow velocity (1.8 m/d) improved suspended COD removal efficiencies 
for the UASB reactor. Moreover, the use of sheets in the AH reactors significantly increased 
suspended COD removal efficiencies as compared to the UASB reactor and reached to 87% 
for pre-settled sewage treatment. The treatment of pre-settled sewage instead of raw sewage in 
AH reactors significantly increased colloidal and dissolved COD removal efficiencies with 
13% and 12% respectively and colloidal COD removal efficiency for the UASB reactor with 
13%. At 'steady state' for pre-settled sewage treatment, the AH reactors removed 64% of the 
total COD which is significantly higher by 4% than the UASB reactor. Therefore, the 
anaerobic treatment of domestic sewage at low temperature can be improved by treating pre-
settled sewage in shallow AH reactors containing small sludge granules. 

KEYWORDS 

Anaerobic treatment; domestic sewage; granular sludge; low temperature; reticulated 
polyurethane foam. 

INTRODUCTION 

Anaerobic digestion is an attractive process for the treatment of domestic sewage as little 
energy is needed for the process itself and moreover removed organic matter is converted to 
biogas which can be used for the production of energy. As hardly any nutrient are removed 
during digestion, the effluent of the treated sewage followed by pathogens removal is a 
valuable product for irrigation and fertilization to close the water and nutrients cycle. 
Therefore, anaerobic digestion of domestic wastewater is an attractive treatment system for 
community on-site (Lettinga et al. 1993; Lettinga, 1996). Although the anaerobic treatment of 
domestic sewage has been applied on a large scale in several tropical countries (Hulshoff Pol 
et al., 1997), the process is so far not applied on a full scale in countries with lower 
temperatures, mainly as results of lower removal efficiencies. Also, at low temperature, a 
longer HRT is needed (Imanori et al., 1983; Man et al., 1986; Lettinga, 1996) and the amount 
of the accumulated SS increases with decreasing temperature (Imanori et al., 1983; Genung et 
al, 1985; Sanz and Fdz-Polanco, 1990). 

The removal and degradation of colloidal particles which represent 20-30% of the total COD 
(COD,) for domestic sewage appear to become limiting in UASB reactors at lower 
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temperatures (Mergaert et al., 1992). Wang (1994) mentioned that the removal and 
conversion of colloidal particles was the rate limiting step in a two step UASB+EGSB system 
treating raw sewage at an HRT of 3+2 h at low temperatures. He found average removal 
efficiencies for colloidal COD (COD^) of 40% and 42% at temperatures of 17 and 12°C 
respectively. Yoda et al. (1985) also reported that the colloidal particles in the influent were 
difficult to remove and represented up to 60-70% of the effluent of an anaerobic fluidized bed 
reactor. Sayed and Fergala (1995) considered that the entrapment mechanism involved in 
removing solids is not sufficient to remove colloidal particles through the sludge bed with 
high porosity and under upflow and gasification. The results of fed batch recirculation 
experiment with raw and pre-settled sewage (Chapter 3) indicate that the presence of SS in the 
influent negatively affects on the removal of COD^. 

The UASB reactor inoculated with granular sludge showed a better performance than that 
inoculated with flocculant sludge (Lettinga et al., 1983). Anaerobic treatment of sewage with 
UASB and EGSB reactors using granular sludge have been studied extensively by Lettinga et 
al. (1983), Man et al. (1986), Last and Lettinga (1992) and Wang (1994) with large sludge 
granules. The recent researches in anaerobic granular sludge showed that the small sludge 
granules have a higher methanogenic activity than large sludge granules (Grotenhuis et al. 
1991, Alphenaar, 1994, Rebac et al., 1997). The lower activity of large sludge granules may 
be due to the substrate transport limitations increase with the diameter of the granules 
(Alphenaar, 1994). The use of small sludge granules can also improve the filtration and 
entrapment mechanisms in the sludge bed which will lead to improving COD^ and CODco, 
removal. 

The performance of an anaerobic hybrid (AH) reactor depends on the contact of the 
wastewater with both the biomass in the sludge bed and attached and suspended biomass in 
the anaerobic filter (AF) at the top of the reactor. Moreover, the AF layer helps in retaining 
biomass inside the reactor and gas/solids separation (Tilche and Vieira, 1991). Huysman et al. 
(1983) mentioned that reticulated polyurethane foam (RPF) appeared an excellent 
colonization matrix for AF. The RPF has a high specific surface area which can reach up to 
2400 m2/m3 and high porosity of 97% (Huysman et al., 1983). The RPF is able to retain over 
15 gVS/1 in the attached form (Tilche and Vieira, 1991). 

In the present research, the anaerobic treatment of sewage using UASB and AH reactors with 
small sludge granules have been investigated at a temperature of 13°C. The RPF sheets were 
used as packing material (PM) which were oriented vertically with two different spacings. 
Also, the effect of influent CODss concentration on the removal of CODco, have been studied 
by operating the reactors with raw sewage, pre-settled sewage with settling time of 14 h. 

MATERIALS AND METHODS 

Experimental set-up 

Fig. 1 shows a schematic diagram of the experimental set-up. The experiment consisted of 
three reactors (each 3.84 1), one UASB reactor and two AH reactors. The three reactors have 
the same shape except for the gas/solids separator which is replaced by PM in the AH 
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reactors. Each reactor, made of plexiglass, had a square cross section with 8 cm rib length. 
The height of each reactor was 70 cm with wastewater height of 60 cm. The PM used were 
RPF sheets (type Filteren TM10 from Recticel, Buren, The Netherlands) which were oriented 
vertically in the AH reactors. Each sheet had knobs at one side while the other side was flat. 
The characteristics of the used RPF sheets are presented in Table 1. 

Fig. 1. Schematic diagram of the experiment. 1, influent; 2, peristaltic pump; 3, UASB 
reactor; 4, AH reactor with 3 sheets; 5, AH reactor with 2 (raw sewage) or 4 sheets (pre-
settled sewage); 6, effluent; 7, biogas; 8, temperature controlled room at 13°C. 

Table 1. The characteristics of the RPF sheets used in the experiment 
Parameter 
Sheet width 
Total sheet thickness 
Base thickness 
Knob thickness 
Specific surface area 
Density 
Number of pores 
Pore size 

Unit 
cm 
mm 
mm 
mm 
m2/m3 

kg/m3 

pore/inch 
mm 

Value 
8 
20 
10 
10 
500 
19-22 
7-15 
2.5 

The two AH reactors varied from the number of RPF sheets. The first AH reactor contained 3 
sheets corresponding to a spacing of 0.5 cm between the sheets. The second AH reactor 
contained 2 sheets corresponding to a spacing of 1.3 cm between the sheets. After 57 days of 
operation, the '2-sheets' reactor was modified to a '4-sheets' reactor without spacing between 
the sheets. The HRT for each reactor was 8 h. For each reactor, the CH4 gas was collected by 
using a gas bag. The volume of CH4 was determined by pumping the biogas through a NaOH 
solution (3%) and wet gas-meter. Dissolved CH4 in the effluent was calculated according to 
Henry's law and added to the produced CH4 gas. 
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Sewage 

The sewage used in the experiment was from the village Bennekom, The Netherlands. The 
sewage is collected in a combined sewer system and is continuously pumped to the 
experimental hall. The experiment was operated for the first 57 days with raw sewage and 
after that with pre-settled sewage from a 26 m3 settler with 2 hours settling time followed by a 
35 litre settler in the refrigerator for 12 hours. The experiment with pre-settled sewage lasted 
for 93 days and was subsequently operated for 7 days with 2 hours pre-settled sewage. Table 2 
shows COD fractions for sewage used in the experiment 

Table 2. COD fractions for the sewage used in the experiment. Standard deviations are 
presented between two brackets. 

Sewage Period COD (mg/1) 

Raw 
Pre-settled (14 h settling 
time) 
Pre-settled (2 h settling time) 

(days) 
57 
93 

7 

COD, 
456 (129) 
339 (70) 

403 (63) 

CODss 

229(81) 
82 (34) 

181 (64) 

CODcol 

114(47) 
136(27) 

108 (27) 

CODdis 

112(34) 
124 (36) 

114(25) 

Sampling 

Sampling of the influent was made by using an additional head in the influent peristaltic 
pump. Composite samples for 24, 48 and 72 hours of the influent and the effluent of each 
reactor were collected in containers stored in a refrigerator at 4°C. 

Seed sludge 

The reactors were inoculated with granular sludge from a full scale UASB reactor treating 
alcohol wastewater from Nedalco, Alcohol producing industry, Bergen op Zoom, The 
Netherlands. The seed sludge granules had an average diameter of 0.73 mm. The total amount 
of granular sludge added to each reactor was approximately 29 gVSS/1. 

Analysis 

COD was analyzed using the micro-method as described by Jirka and Carter (1975). Raw 
samples were used for COD,, 4.4 urn folded paper filtered (Schleicher & Schuell 5951/2) 
samples for CODf and 0.45 um membrane filtered (Schleicher Schuell ME 25) samples for 
dissolved COD (CODdis). The CODss and CODCO] were calculated by the differences between 
COD, and CODf, CODf and CODdis respectively. Volatile fatty acids (VFA) were measured 
from membrane filtered samples. VFA were determined by gas chromatography. The 
chromatograph (Hewlett Packard 5 890A, Palo Alto, USA) was equipped with a 2m x 2 mm 
(inner diameter) glass column, packed with Supelco port (100-120 mesh) coated with 10% 
Fluorad FC 431. Operating condition were: column, 130°C; injection port, 200°C; flame 
ionization detector, 280°C. N2 saturated with formic acid at 20°C was used as a carrier gas 
(30ml/min). TS, VS, SS and VSS were measured according to the Dutch Standard 
Normalized Methods (1969). All measurements were determined in duplicate. 
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Statistical analysis 

Statistical Comparison between the performances of the reactors was done according to 
Snedecor and Cochran (1980). The performance of each reactor was assumed to be 
independent with different variance. 

RESULTS AND DISCUSSION 

Reactors performance 

Treatment of raw sewage 
The results of the performance of the reactors are shown in Table 3. In the start-up period, 
removal efficiencies of COD, improved with time. In the third week (from day 15 to day 23), 
COD, removal efficiencies reached to 72%, 72% and 70% for UASB, '3-sheets-AH' and '2-
sheets-AH' reactor respectively. After the start-up period (33 days), a part of the sludge bed in 
the UASB reactor floated to the gas solid separator and returned again with time. The floating 
and returning of the sludge bed occurred continuously until termination of the experiment 
with raw sewage. From visual observations, aggregation of individual granules followed by 
entrapment of biogas in the aggregates can be considered the main cause for sludge bed 
flotation. The presence of vertical sheets in the AH reactors prevented the flotation of the 
sludge bed and only channels and gas pockets were formed in the sludge bed. The channels 
and gas pockets disappeared with time and returned again in another place of the sludge bed. 
The COD, removal efficiencies of the UASB reactor and AH reactors were practically the 
same (Table 3). As the performance of the '2-sheets-AH' reactor was similar to the '3-sheets-
AH' reactor, another 2 sheets were added. 

Treatment of pre-settled sewage 
The operational period with pre-settled sewage is divided in three periods, acclimatization 
period (from day 1 to day 64), 'steady state' period (from day 64 to day 93) and SS shock load 
period (from day 93 to day 101). Table 3 summarized the results of treating pre-settled 
sewage in each reactor. 

During the first two weeks of operation with pre-settled sewage, flotation of the sludge bed in 
the UASB and formation of channels and gas pockets in the sludge bed of the AH reactors 
still occurred although the influent CODss decreased from 229 mg/1 during the raw sewage 
period to 102 mg/1 during the first two weeks of pre-settled sewage treatment. The sludge bed 
flotation and formation of channels and gas pockets gradually decreased with time and 
definitively stopped after two weeks. So, the sludge bed flotation in the UASB reactor and 
formation of channels and gas pockets in the sludge bed of the AH reactors can be attributed 
to high CODss concentration of raw sewage. During the acclimatization period, the effluent 
COD,, CODco, and CODdjs concentration decreased with operation time. 

After an acclimatization period of 64 days, removal efficiencies and effluent concentrations 
became more stable and standard deviation decreased. The reactors were considered to be in 
'steady state' in this period. The criteria for 'steady state' set by Noyola et al. (1988) and 
Polprasert et al. (1992) were met during this period. Noyola et al. (1988) assumed 'steady 
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state1 of an anaerobic reactor treating domestic wastewater to be achieved after an operation 
time equal to 10 times the new HRT with a minimum of 2 weeks. Polprasert et al. (1992) 
considered 'steady state' when the effluent COD concentrations at the anaerobic treatment of 
slaughterhouse wastewater were constant or varied within ±10%. 

The removal efficiency of COD, was the same for the three reactors during the acclimatization 
period. At 'steady state', the AH reactors removed 64% of the COD, which is significantly 
higher by 4% than the UASB reactor (level 2.5% for '3-sheets-AH' reactor, level 5% for '4-
sheets-AH' reactor) mainly caused by significantly better removal of CODCO| (level 0.5% for 
'3-sheets-AH' reactor, level 2.5% for '4-sheets-AH' reactor). Although, the pre-settled sewage 
CODss concentration was low, the three reactors showed better removal efficiencies for CODss 

than that found in previous researches at the same temperature probably due to operating the 
reactors at low upflow velocity and the use of small sludge granules. The use of sheets in the 
AH reactors significantly increased CODss removal efficiency compared to the UASB reactor 
for the whole period of pre-settled sewage treatment. 

No significant differences were found for CODdis removal efficiency between the AH reactors 
and the UASB reactor. Although the reactors were operated at low upflow velocity (0.075 
m/h), it seemed that there was a sufficient contact between dissolved substrate and biomass. 
The average CODdis removal efficiencies during 'steady state' for the UASB,'3-sheets-AH' and 
'4-sheets-AH' reactor represented respectively 91%, 96% and 94% of the maximum removal 
efficiency of 54% achieved by Last and Lettinga (1992) at batch recirculation of pre-settled 
sewage at upflow velocity of 6 m/h. VFA were completely removed in all reactors indicating 
that methanogenesis was not rate limiting. The use of small sludge granules, which have less 
substrate transport limitations (Alphenaar, 1994), may be the reason of high removal 
efficiency for CODdis and complete removal of VFA. 

The shock load of CODss did not affect the overall removal efficiency of the three reactors 
while the effluent COD concentration increased. The effluent concentration of CODcd 

increased for all reactors and removal efficiency decreased considerable. The decrease in 
removal efficiency of CODcd might be caused by production of colloidal from extra SS in the 
influent. 

No significant difference was shown between the performance of the '3-sheets-AH' and '4-
sheets-AH' reactor except for CODdis which was significantly better at level 10% for the '4-
sheets-AH' as compared to the '3-sheets-AH' reactor at applying the SS shock load. 

Biogas production 

The results of methane production of the '3-sheets-AH' reactor are summarized in Table 4. 
The average methane production during raw sewage treatment was similar to that found by 
Lettinga et al. (1983) (0.21 m3 CH4/kg COD removed), by Kobayashi et al. (1983) (0.16 m3 

CH4/kg COD removed) or by Noyola et al. (1989) (0.17 m3 CH4 (STP)/kg COD removed). 
Moreover, the methane production increased with pre-settled sewage treatment and the 
conversion of removed COD to methane was higher than the theoretical value (0.35 m3 CH4 

(STP)/kg COD removed) during 'steady state'. Although, the reactors met the 'steady state' 
based on the stability of the effluent COD concentration as mentioned by Noyola et al. (1988) 
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and Polprasert et al (1992), the high methane production showed that a real steady state was 
not achieved. The extra methane was presumably produced from the hydrolysis of SS 
accumulated in the sludge bed during the raw sewage treatment. 

Table 4. Methane production during the treatment of raw sewage and pre-settled sewage. 
standard deviations are shown between two brackets. 

Sewage Period Methane production Conversion 
m3 CH4 (STP)/kg m3 CH4 (STP)/kg of removed 

COD added COD removed COD to 
CH4 (%) 

Raw 
Pre-settled 

from day 38 to 57 
acclimatization 

'steady state' 

0.17(0.03) 
0.18(0.04) 
0.25 (0.04) 

0.25 (0.04) 
0.30 (0.06) 
0.39 (0.07) 

72 (12) 
86(17) 
112(20) 

Wasted sludge 

The sludge was wasted two times mainly from the top of the sludge bed for maintaining the 
sludge bed almost at the same level (Table 5). Miron (1997) mentioned that sludge residence 
time (SRT) plays a crucial rule in anaerobic treatment and SRT is an efficient parameter in 
controlling the process. Calculating the SRT from total biomass in the reactor and wasted 
biomass gave a high SRT (>500 d) for all reactors. The wasted biomass mainly contained 
flocculant sludge while the biomass in the reactors was mainly granular sludge. Separation 
between SRT of flocculant sludge and granular sludge is more realistic. However, accurate 
separating and measuring of flocculant sludge and granular sludge was difficult especially in 
the AH reactors which contained attached biomass to the media. 

Comparison between the treatment of raw sewage and pre-settled sewage 

The treatment of raw sewage in the UASB reactor with small sludge granules under lower 
upflow velocity and temperature seemed to be not practical due to the sludge bed flotation. 
The high influent CODss was the reason for sludge bed flotation. The presence of RPF sheets 
in the AH reactor prevented sludge bed flotation and only channels and gas pockets were 
formed in the sludge bed of the AH reactors. 

Table 5. Wasted sludge during the treatment of raw and pre-settled sewage 
Time 

At the end of raw sewage treatment 
After 41 days of pre-settled sewage 
treatment 

UASB reactor 

(gVSS/d) 
0.21 
0.16 

'3-sheets-AH' 
reactor 

(g VSS/d) 
0.21 
0.15 

'2 or 4 sheets-AH' 
reactor 

(gVSS/d) 
0.22 
0.17 

The treatment of pre-settled sewage instead of raw sewage improved COD ,̂, removal efficie­
ncy of the UASB reactor by 13% (from 46% to 59%) and this difference was significant at 
level 2.5%. The '3-sheets-AH' reactor removal efficiency for COD ,̂, as well as CODdis 

improved significantly (level 10%) by 13% (from 44% to 57%) and 12% (from 36% to 48%) 
respectively. The reduced CODss levels in the influent of the pre-settled sewage are quite 
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likely the cause of the improved COD^, removal. The latter indicates that part of the colloids 
in the effluent at the anaerobic treatment of raw sewage is produced from SS in the influent. 

Wang (1994) showed that a high loaded UASB (HRT= 3 hours) resulted in winter (12°C) in a 
CODss removal efficiency of 44% and a mean effluent of 110 mg COD^/1. As a result of the 
high upflow velocity in the subsequent EGSB reactor the total removal efficiency of CODC0| 
amount to 42%. Combination of a high loaded UASB with a hybrid system could improve 
both the CODss and the COD ,̂, removal, finally resulting in a high COD, removal efficiency at 
13°C at an HRT of 11 hours for the two systems together. The proposed two-step system 
could be attractive for raw sewage treatment at low temperatures especially for community 
on-site. Optimization of the process with respect to HRT and upflow velocity should be 
provided. 

CONCLUSIONS 

The use of small sludge granules and operating the reactors at low upflow velocity improved 
suspended COD removal efficiencies for the UASB reactor. Moreover, the use of sheets in 
the AH reactors significantly increased CODss removal efficiencies as compared to the UASB 
reactor and reached to 87% for pre-settled sewage treatment. 

The treatment of pre-settled sewage instead of raw sewage in AH reactors significantly 
increased CODcoL and CODdis removal efficiencies with 13% and 12% respectively and CODcol 

removal efficiency for the UASB reactor with 13%>. 

At 'steady state' conditions of pre-settled sewage treatment, the AH reactors removed 64% of 
the COD, which was significantly higher by 4% than the UASB reactor. 
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Chapter 5 

LOW TEMPERATURE PRE-TREATMENT OF DOMESTIC SEWAGE 
IN AN ANAEROBIC HYBRID AND AN ANAEROBIC FILTER 
REACTOR 

ABSTRACT 

The pre-treatment of domestic sewage for removal of suspended solids at a process 
temperature of 13°C and an HRT of 4 h was investigated in an anaerobic filter (AF) and 
anaerobic hybrid (AH) reactor. The AF and the top of the AH reactor consisted of vertical 
sheets of reticulated polyurethane foam with knobs. The biomass in the AF reactor was 
only in attached form to avoid clogging and sludge wash-out. The AF reactor showed a 
significantly higher removal for total and suspended COD than the AH reactor, viz. 
respectively 55 and 82% in the AF reactor and 34 and 53% in the AH reactor. Because the 
reactors were operated at a short HRT and low temperature, the hydrolysis, acidification 
and methanogenesis were limited to respectively 12, 21 and 23% for the AF reactor and 12, 
17 and 16% for the AH reactor. The excess sludge from the AH reactor was more stabilized 
and had a better settlability and dewaterability. However, the excess sludge from the AH 
reactor needs also post stabilization. Therefore, the AF reactor is recommended for the pre-
treatment of domestic sewage at low temperatures. 

KEYWORDS 

Anaerobic filter; anaerobic hybrid; domestic sewage; polyurethane foam; wastewater pre-
treatment. 

INTRODUCTION 

High-rate anaerobic treatment is becoming more and more applied for the treatment of 
domestic sewage especially for developing countries because of low construction, operation 
and maintenance costs, small land requirements, low excess sludge production and biogas 
production. For tropical areas where the temperature ranges between 20-35°C, the anaerobic 
process holds prospects for the treatment of domestic sewage (Haandel and Lettinga, 1994). 
Moreover, experimental results showed that the anaerobic treatment should not be excluded at 
low temperatures (Lettinga et al, 1983; Genung et al, 1985; Man et al, 1986; Sanz and Fdz-
Polanco, 1990; Elmitwalli et al, 1999). However, at low temperatures, chemical oxygen 
demand (COD) removal efficiency is lower, a longer hydraulic retention time (HRT) is 
needed and the amount of accumulated suspended solids (SS) in the anaerobic reactor 
increases due to the lower hydrolysis rate (Inamori et al, 1983; Genung et al, 1985; Man et 
al, 1986; Sanz and Fdz-Polanco, 1990; Zeeman and Lettinga, 1999). 

Uemura and Harada (2000), recently, showed that the treatment of raw domestic sewage in a 
upflow anaerobic sludge blanket (UASB) reactor with granular sludge bed at low 
temperatures of 13°C causes deterioration of the methanogenic activity and reactor 
performance as a result of accumulation of SS, when an HRT of 4.7 h is applied. Pre-removal 
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of SS is therefore needed, when domestic sewage is treated in a UASB reactor at short HRT 
and low temperature. Elmitwalli et al. (1999) demonstrated that removal of suspended COD 
(CODss) in a subsequent methanogenic anaerobic hybrid (AH) reactor, moreover, resulted in 
an improved removal of colloidal COD (CODcol) and dissolved COD (COD^). 

Zeeman et al. (1997) applied a flocculant high loaded UASB system for the pre-removal of 
SS prior to a methanogenic EGSB (expanded granular sludge bed) reactor. Though for the 
high loaded UASB reactor with an HRT of 3 h at 12°C, the removal efficiencies for CODss 

were 42%, the later might be increased by application of an anaerobic filter (AF) or AH 
reactor (Elmitwalli et al., 2000). 

The AH reactor, which consists of a sludge bed in the lower part and an AF in the upper part 
combines advantages of UASB and AF reactors, while minimising their limitations (Tilche 
and Vieira, 1991). The filter zone in the AH reactor, in addition to its physical role for 
biomass retention, has some biological activity contributing to COD reduction in a zone 
which is lacking biomass in a classical UASB reactor (Tilche and Vieira, 1991). Oriented and 
porous media in the AF reactor provide better performance than random and non-porous 
media respectively (Huysman et al. 1983; Young, 1991; Anderson et al, 1994). Huysman et 
al. (1983) reported that reticulated polyurethane foam (porous media) offers an excellent 
colonisation matrix for the AF reactor. The reticulated polyurethane foam (RPF) has a high 
specific surface area, which can reach up to 2400 m2/m3 and a high porosity of 97% 
(Huysman et al, 1983). The RPF therefore enables the retention over 15 gVS/1 in attached 
form (Tilche and Vieira, 1991). RPF also has the ability to entrap SS from domestic sewage. 
Elimitwalli et al. (2000) showed that clean vertical sheets of RPF were efficient in removing 
CODss (>75%) in domestic sewage even at a short HRT as low as 0.5 h and at high upflow 
velocity as high as 10 m/h. 

The objective of the present research is to compare between the performance of an AH and an 
AF reactor for the pre-treatment of domestic sewage at a low temperature of 13°C. 

MATERIALS AND METHODS 

Experimental set-up 

A schematic diagram of the experimental set-up is shown in Fig. 1. The experimental 
arrangement consisted of two reactors made of plexiglas, an AH reactor and an AF reactor. 
Table 1 shows the dimensions and the operational conditions of the reactors. The media used 
in the reactors were RPF sheets (type Filteren TM10 from Recticel, Buren, The Netherlands), 
oriented vertically without spacing. Each sheet had knobs at one side, while the other side was 
flat. The characteristics of the used RPF sheets are presented in Table 2. The temperature was 
controlled at 13°C by recirculating thermostated water of 13°C through a tube around the 
reactors. 

Sewage 

The sewage used in the experiment originated from the village Bennekom. The sewage is 
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collected in a combined sewer system and is continuously pumped to the experimental hall. 
Table 3 shows the COD fractions of the used domestic sewage. Two 48 hours composite 
samples from the domestic sewage and the effluent of each reactor were collected weekly in 
containers and stored in a refrigerator at 4°C. 

< 2 > — 9 

Fig. 1. Schematic diagram of the experiment. 1, influent; 2, peristaltic pump; 3, AH reactor; 4, 
AF reactor; 5, sludge bed; 6, filter media; 7, effluent; 8, gas-meter; 9, biogas. 

Table 1. Dimensions and operation conditions of the AF and AH reactor 

Parameter 

Height (m) 

Diameter (m) 

Media height (m) 

Volume (1) 

HRT (h) 

AF reactor 

2.10 

0.19 

1.75 

60 

4 

AH reactor 

2.55 

0.19 for the sludge bed part 

and 0.30 for the AF part 

0.40 

88 

4 

Reactors start-up and sludge wastage 

The AH reactor was inoculated with digested primary sludge from the wastewater treatment 
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plant of Ede, The Netherlands. The sludge bed in the AH reactor was slowly mixed for 5 
seconds every 15 minutes to reduce channels and dead zones formation in the sludge bed. All 
accumulated sludge on the bottom of the AF was wasted once per week. The sludge bed 
height in the AH reactor was controlled at 1 m by wasting the upper part of the sludge bed. 
The two reactors were operated for 140 days and by monitoring the biogas production, the 
first 50 days were considered as a start-up period. 

Table 2. The characteristics of the RPF sheets used in the experiment 
Parameter Unit Value 

Total sheet thickness 

Knob thickness 

Base thickness 

Specific surface area 

Pore size 

mm 

mm 

mm 

m2/m3 

mm 

25 

15 

10 

500 

2.5 

Table 3. COD fractions and VFA-COD concentration for the domestic sewage used in the 
experiment. Standard deviations are presented in brackets 

COD,a CODss CODcol CODdis VFA-COD 
Concentration 518 207 133 178 40 
(mg/1) (222) (138) (47) (65) (22) 

a COD, = total COD 

Analysis 

COD was analysed using the micro-method as described by Jirka and Carter (1975). Raw 
samples were used for COD,, 4.4 |im folded paper-filtered (Schleicher & Schuell 5951/2, 
Germany) samples for CODf and 0.45 um membrane-filtered (Schleicher & Schuell ME 25, 
Germany) samples for COD,,,,.. The CODss and CODcd were calculated by the differences 
between COD, and CODf, CODf and CODdis respectively. Volatile fatty acids (VFA) were 
measured from membrane-filtered samples by gas chromatography (Hewlett Packard 5 890A, 
Palo Alto, USA). The biogas composition with respect to CH4, C02, N2 and 02 content was 
determined by using Fisons gas chromatograph model GC 8000 series. Sludge volume index 
(SVI), capillary suction time (CST), total solids (TS), volatile solids (VS), SS and volatile 
suspended solids (VSS) were measured according to the Dutch Standard Normalized Methods 
(1969). Sludge digestibility was done as described by Lier (1995) for a period of 60 days. All 
measurements were determined in duplicate. 

Calculations 

The percentages of hydrolysis (H), acidification (A) and methanogenesis (M) in each reactor 
were calculated according to equations 1, 2 and 3 respectively. The maximum (SRTmax) and 
minimum (SRTmin) sludge residence time were calculated according to equations 4 and 5 
respectively. For calculating the SRTmajl, it was assumed that the effluent VSS was a part of 
the influent VSS with a residence time equal to the HRT, while for calculating the SRTmin, it 
was assumed that the effluent VSS had the same SRT as the excess sludge. Due to the 
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presence of channels and dead zones in the sludge bed of the anaerobic reactor (Bolle et al., 
1986; Man et al, 1988), the actual SRT for each reactor is between SRTmax and SRTmi„. The 
amount of dissolved CH4 in the effluent was calculated according Henry's Law. The 
filterability constant (x) was calculated according to Vesilind (1988) with an apparatus 
constant of 0.794. 

inn,CH4 as COD + effluent COD* - influent CODdh 
n — JUUi ) t-\\ 

influent COD„+ influent CODco,
 (l) 

,nn,CH4 as COD + effluent VFA as COD - influent VFA as COD 
influent COD, - influent VFA as COD (2) 

M(%) = 100(CH<asC°D ) m 

influent COD, (3) 

SRTmm =<QW*X*+Q*X.> <5> 

Where: V, reactor volume (1); X, average sludge concentration in the reactor (mg VSS/1); Qw, 
excess sludge flow rate (1/d); X„, concentration of the excess sludge (mg VSS/1); Q, 
wastewater flow rate (1/d); Xe, effluent concentration (mg VSS/1) and according to Zeeuw 
(1984) Xe = CODss/1.4. 

RESULTS AND DISCUSSION 

COD and VFA removal efficiencies 

The efficiency of the reactors for the different COD fractions and for VFA is presented in Fig. 
2 and Table 4. The results in Fig. 2 clearly show that the AF reactor provides a better removal 
for COD, as compared to the AH reactor and moreover the performance of the AF was more 
stable. The higher removal of CODss in the AF reactor as compared to the AH reactor is the 
main reason for the higher removal of COD,. Also, the removal of CODC0, and CODdjs 

generally were higher in the AF reactor (Fig. 2.3 and 2.4). 

Methane production, hydrolysis and acidification 

The methane content of the produced biogas in the AF and AH reactor were 70.7±2.9% and 
58.9±3.2% respectively. The amount of biogas produced from the AF reactor was always 
higher as compared to the AH reactor. Fig. 3 shows the course of the hydrolysis, acidification 
and methanogenesis in the AF and AH reactor in time. The considerable fluctuations in the 
domestic sewage concentration and composition led to high standard deviations in the mean 
value for hydrolysis, acidification and methanogensis (Table 5). Since the AF and AH reactor 
were operated in parallel with the same domestic sewage, a good comparison between the two 
reactors can moreover be made from Fig. 3. Both methanogenesis and acidification were 
higher for the AF reactor than for the AH reactor, while the hydrolysis was similar. 
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a 
o 
y 

o o o 

S o u 

90 110 

Time (days) 

Fig. 2. COD, and COD fractions removal efficiencies in the treatment of domestic sewage in 
the AF and AH reactor. (1), COD,; (2), CODss; (3), CODcol; (4), CODdis. (A), AF reactor; ( • ) , 
AH reactor. 
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The hydrolysis based on the removed particulate COD was higher for the AH reactor 
(39±12%) than that for AF reactor (16+11%). 

90 110 
Time (days) 

90 110 
Time (days) 

Time (days) 

Fig. 3. Percentage of hydrolysis, acidification and methanogenesis of domestic sewage in the 
AF and AH reactors. (1), hydrolysis; (2), acidification; (3), methanogenesis. (A), AF reactor; 
( • ) , AH reactor. 

Table 5. The assessed average values for hydrolysis, acidification and methanogenesis in the 
AF and AH reactor. Standard deviations are presented in brackets 

Parameter AF reactor AH reactor 
H( 
A( 
Ml 

11.8(18.5) 
20.8(11.1) 
23.2 (10.6) 

12.3 (16) 
16.6(9.4) 
16.3 (7.1) 

The results demonstrate that hydrolysis, acidification and methanogenesis remain low in both 
reactors due to the low temperature of 13°C and the short HRT of 4 h and therefore short SRT. 
Zeeman (1991) and Miron et al. (2000) also found a limited hydrolysis of respectively cow 
manure and primary sludge at low temperatures. Zeeman (1991) found during 125 days of a 
batch digestion of cow manure 12, 14, 18, 27 and 45% hydrolysis at temperatures of 5, 10, 
15, 25 and 30°C respectively. According to results of Miron et al. (2000) 40% of SS in the 
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primary sludge can be hydrolyzed in a completely mixed reactor at a SRT of 15 d at a 
temperature of 25°C, while at 15°C at the same SRT, the hydrolysis only amounted to 4%. 

Retained sludge in the reactors and excess sludge 

The attached biomass concentration in the AF reactor was measured at day 112 by taking 
two samples of the RPF sheets. After washing with tap water, the biomass concentration in 
the washed water from each sample was measured. Based on these data, the average 
biomass concentration in the AF reactor was estimated to be 15.1 gVSS/1. The biomass 
concentration in the AH reactor was estimated from the sludge concentration profile and the 
attached biomass concentration in the RPF sheets in the top of the reactor, measured in a 
similar way as indicated above. The sludge profile was measured at day 48, 93 and 122 and 
the calculated corresponding total biomass concentration were 13.1, 13.9 and 15.1 gVSS/1 
respectively. For the SRT calculations, a sludge concentration of 15 gVSS/1 was used for 
both reactors. 

Fig. 4 and Table 6 show the characteristics of the excess sludge from the reactors. The 
lower VSS/TSS of the excess sludge from the AH reactor than that from the AF reactor 
indicates that the first mentioned is better stabilized. This was confirmed by the results of 
the digestibility tests (Table 6). The excess sludge of both reactors has however a high 
digestibility and needs therefore post-stabilization. The relatively low SVI and high 
filterability constant for the excess sludge of the AH reactor as compared to that of the AF 
reactor, demonstrate that the first is also better settlable and dewaterable. Although the 
standard deviations found for the mean SRTmax and SRTmin of the reactors are high due to 
the fluctuation of SS in the influent, SRT-values are always higher in the AH reactor as 
compared to the AF reactor. The higher calculated SRTmax for the AH reactor is mainly due 
to the lower removal efficiency of CODss. The higher calculated SRTmin for the AH reactor 
can be attributed to a higher hydrolysis of the entrapped solids in the reactor. 

Table 6. Characteristics of the excess sludge from the AF and AH reactor. Standard 
deviations are presented in brackets 

Parameter 
VSS/TSS 
SVI 
Digestibility 

xxio6 

SRTmax 

SRTmin 

Unit 
% 
ml/gSS 
g CH4-COD/g COD 
kg2.m4/s2 

d 
d 

AF reactor 
81.1(3.1) 
59.4 (9.3) 
0.65 (0.03) 

28.3 (7) 
49(31) 
43 (26) 

AH reactor 

77.4(3.1) 
34.3 (2.2) 
0.52 (0.03) 
56.2 (30.9) 

144 (36) 
78 (24) 

The calculated SRT in the AF and AH reactor, corresponding to minimal 43 and 78 d and 
maximal 49 and 144 d respectively, is in agreement with other results found at treating 
domestic sewage at low temperatures (Matsushige et al, 1990; Wang, 1994). 

General discussion 

The results show a high removal of CODss by using AF reactor for the pre-treatment of 
domestic sewage. The performance of the AF reactor is not only much better than the 
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simultaneously tested AH reactor but also superior to formally published results. While the 
AF reactor removes 82% of the CODss, the tested AH reactor removes 53%. Also, the high 
loaded UASB reactor with HRT 3 h at 12°C tested by Wang (1994) with similar domestic 
sewage provided only 44% removal of CODss. 

90 110 
Time (days) 

Time (days) 

E 100 . 

Time (days) 

Fig. 4. VSS/TSS, SVI and % for the excess sludge from the AF and AH reactor. (1), 
VSS/TSS; (2), SVI; (3), X- (A), AF reactor; (D), AH reactor. 

The high entrapment capacity of the RPF sheets and the discharge of all accumulated SS on 
the bottom of the reactor were the main reasons for the higher COD,.,, and CODcol removal in 
the AF reactor as compared to the AH reactor. Elmitwalli et al. (2000) found that clean 
vertical-sheets of RPF could effectively remove SS from domestic sewage mainly because 
of its high specific surface area and porosity and moreover, the presence of biofilm 
improved the biosorption of suspended and colloidal particles. The presence of knobs on 
the RPF sheets and the vertical orientation of the sheets allow the particles floes to settle on 
the bottom of the reactor, where the accumulated sludge can be discharged. Although the 
discharge of accumulated sludge from the system reduces the total amount of biomass in 
the reactor, it also prevents clogging of the filter media. However, the RPF sheets could 
contain attached biomass in a concentration as high as 15 gVSS/1 which is similar to that in 
the AH reactor. Moreover, the attached biomass in the AF reactor provides a better contact 
with wastewater as compared to the suspended sludge biomass in the sludge bed, which 
contains channels and dead zones especially at low temperatures and low gas production 
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(Bolle et al., 1986; Man et ah, 1988). Therefore, the AF reactor provides a higher 
acidification and methanogenesis than the AH reactor. 

The high entrapment of SS in the AF reactor as compared to the AH reactor results in a 
lower SRT and therefore a lower hydrolysis of the entrapped solids in the AF reactor. This 
is in agreement with the better sludge characteristics of the AH reactor, with respect to 
settlability, filtrability and stability. However, also the excess sludge from the AH reactor is 
not sufficiently stabilized and needs post-stabilization anyway. Therefore, considering the 
higher COD, removal efficiency, it is recommended to use the AF reactor for the pre-
treatment of domestic sewage at low temperatures. 

The effluent of the AF reactor can be treated in a second anaerobic step for removal of the 
remaining CODdis and CODcol. Elmitwalli et al. (1999) treated pre-settled sewage in an AH 
reactor with granular sludge at an HRT of 8 h, at 13°C and achieved 52% and 65% removal 
efficiency for CODdisand COD ,̂, respectively, providing an average effluent COD, of 126 
mg/1. As hardly any nutrient are removed during anaerobic treatment, the effluent of the 
second step (after pathogens removal) represents a valuable product for irrigation and 
fertilization for regions suffering from a lack of water resources like in the Middle East and 
for closing water and nutrient cycles. Obviously, the effluent of the AF reactor can also be 
directly post treated aerobically. In this respect, it is interesting to note that the COD, 
removal efficiency in the AF reactor is considerably higher than generally found in primary 
sedimentation tanks and similar to the floating media filter with coagulant addition (Metcalf 
& Eddy, 1991; Tanaka et al., 1995). The benefits of optimizing SS removal by using the 
AF reactor as a pre-treatment step are: an increase in the hydraulic loading, decrease of the 
organic loading and decrease of the energy consumption in the post treatment process or an 
increase in treatment capacity of existing systems (Levine et al., 1991; Loosdrecht et al., 
1997). 

CONCLUSIONS 

Pre-treatment of domestic sewage in an AF reactor results in higher removal efficiencies for 
COD fractions than those in the AH reactor. Mean removal efficiencies in an AF reactor at 
4 h HRT and 13°C are 55, 82, 35 and 38% for respectively COD,, CODss, CODcol and 
COD,,, 

Although, the AF reactor shows a better performance for COD, removal as compared to the 
AH reactor, the excess sludge from the AH reactor is more stabilized and has a higher 
settlability and dewaterability. As, the excess sludge from the AH reactor also needs post 
stabilization, the AF is more suitable for the pre-treatment of domestic sewage at low 
temperatures. 
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TREATMENT OF DOMESTIC SEWAGE IN A TWO-STEP SYSTEM 
ANAEROBIC FILTER/ANAEROBIC HYBRID REACTOR AT LOW 
TEMPERATURE 

ABSTRACT 

The treatment of domestic sewage at low temperature of 13°C was investigated in a two-
step system consisting of an anaerobic filter (AF) + an anaerobic hybrid (AH) reactor 
operated at different HRTs. The AF reactor was efficient in the removal of suspended COD, 
viz. 81, 58 and 57 % at HRT of respectively 4, 2 and 3 h. For optimization of the removal 
of suspended COD and dissolved COD, an HRT of 4+4 h is required for the AF+AH 
system. This also prevents deterioration of the methanogenic activity of granular sludge in 
the AH reactor. For additional optimization of colloidal COD removal, the AH reactor 
needs an HRT of 8 h. The AF+AH system operated at an HRT of 4+8 h at 13°C provided a 
high removal efficiency for all COD fractions. The achieved total COD removal was as 
high as 71% which is similar to values found in tropical areas. Moreover, 60% of the 
removed COD was converted to methane. 

KEYWORDS 

Wastewater treatment; domestic sewage; anaerobic digestion; anaerobic filter; anaerobic 
hybrid; polyurethane foam. 

INTRODUCTION 

High-rate anaerobic treatment is an attractive process for domestic sewage because of its low 
construction, operation and maintenance costs, small land requirement, low excess sludge 
production and production of biogas. Although the anaerobic treatment of domestic sewage 
has been applied at large scale in several tropical countries, the process so far is not applied at 
full scale in countries with lower temperatures. This mainly due to lower removal efficiencies. 
Also, at low temperatures, a longer hydraulic retention time (HRT) is needed due to the lower 
rate of hydrolysis (Man et al, 1986) and the higher amount of accumulating suspended solids 
(SS) at decreasing temperature (Zeeman and Lettinga, 1999). 

Upflow anaerobic sludge blanket (UASB) reactors inoculated with granular sludge give a 
better performance than reactors inoculated with flocculant sludge (Lettinga et al, 1983). 
However, when treating domestic sewage in granular sludge UASB reactors at low 
temperatures, accumulation of SS occurs in the granular sludge bed, which leads to 
deterioration of the overall methanogenic activity and the reactor performance (Man et al., 
1986; Uemura and Harada, 2000). Several investigators (Last and Lettinga, 1992; Wang, 
1994; Zeeman et al., 1997; Zeeman and Lettinga, 1999; Elmitwalli et al, 1999 a; Kalogo and 
Verstraete W, 1999; Elmitwalli et al, 2000) revealed that at low temperatures pre-removal of 
SS is needed prior to anaerobic treatment in granular sludge bed reactors. Wang (1994) 
developed a two-step system, UASB+EGSB (expanded granular sludge bed) reactor, for the 
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treatment of domestic sewage at low temperatures. The first step is aimed at removal and 
partial hydrolysis of suspended COD (CODss) and the second step mainly for conversion of 
dissolved COD (CODdis) to methane. However, it turned out that the removal of colloidal 
COD (CODcol) was limited in this combined UASB+EGSB system. 

Recently, Elmitwalli et al. (1999 b) showed that the use of an AH reactor (i.e. addition of 
filter medium instead of a gas solids separator and settler in the classical UASB reactor) with 
flocculant sludge bed for the pre-removal of SS did not significantly improve the removal 
efficiency as compared to that in a normal UASB reactor operated by Wang (1994). By using 
an AF, however, higher removal efficiency is achieved for CODss (viz. 82%). In this AF 
reactor vertical sheets of reticulated polyurethane foam (RPF) with knobs were applied as 
packing material. A sludge bed was not allowed to develop in the reactor. So, all biomass 
retained in the reactor was attached to the RPF sheets. The vertical orientation of the sheets 
and the presence of knobs and biomass (in attached form) efficiently prevented clogging of 
the filter during an operational period of 140 days at HRT of 4 h at 13°C. 

Elmitwalli et al. (1999 a) compared between a UASB and an AH reactor with a granular 
sludge bed both at 8 h HRT for the treatment of pre-settled sewage at a temperature of 13°C. 
The media used in the AH reactor consisted of vertical RPF sheets with knobs. At 'steady 
state', the AH reactor removed 64% of the total COD (COD,), which was significantly higher 
by 4% than the efficiency obtained in the UASB reactor. 

Based on these results, the use of an AF reactor with vertical sheets of RPF with knobs as a 
first step followed by an AH reactor with a granular sludge bed, was considered as an 
appropriate process configuration for the anaerobic treatment of raw domestic sewage at low 
temperatures. The objective of the present research is to assess the performance of such a two-
step (AF+AH) system for the treatment of domestic sewage at a temperature of 13°C. 

MATERIALS AND METHODS 

Experimental set-up 

Fig. 1 shows a schematic diagram of the experimental set-up, consisting of an AF reactor (60 
1) and an AH reactor (65 1), both manufactured from plexiglas and connected in series. The 
diameter of both reactors was 0.19 m and the heights of the AF and AH reactor were 2.1 and 
2.3 m respectively. The media used in the reactors were vertical sheets of RPF with knobs at 
one side (Recticel, Buren, The Netherlands). The media in the AF reactor (type Filteren 
TM10) were oriented vertically, face to back, without spacing. The medium used in the AH 
reactor consisted of a 1 m x 1.5 m sheet (type Filteren TM30) moulded in a cylindrical shape. 
The cylinder of RPF with a height of 1 m was oriented vertically in the top of the AH reactor 
above the gas-solids separator. The characteristics of the used RPF sheets are presented in 
Table 1. The temperature in the reactors was controlled at 13°C by recirculating thermostated 
water of 13°C through a tube placed around the reactors. 

The experiments were started with clean media. The AH reactor was inoculated with granular 
sludge originating from a UASB reactor treating activated sludge filtrate from the 'Zimpro 
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process', Breda, The Netherlands. The maximum specific methanogenic activity (SMA^) for 
the inoculum sludge amounted to 0.34 kg COD.kg'VSS.d-1 at 30°C. The AF+AH system was 
operated for 294 days, 144, 81 and 69 days at HRTs of respectively 4+8, 2+4 and 3+6 h. The 
first 50 days of operation were considered as a start-up period, while the periods from day 
144-166 and 225-251 were considered as acclimatisation periods to the new HRT. 
Accumulated sludge on the bottom of the AF reactor was wasted three times per week when 
operated at an HRT of 2 and 3 h and once per week when operated at an HRT of 4 h. The 
sludge bed in the AH reactor was controlled at a height of 1 m by wasting the excess sludge 
from the top of the sludge bed. 

Fig. 1. Schematic diagram of the experimental set-up. 1, influent; 2, peristaltic pump; 3, 
AF reactor; 4, media of the AF reactor (vertical sheets of RPF, type TM10); 5, gasmeter; 6, 
effluent of the AF reactor; 7, AH reactor; 8, granular sludge bed; 9, gas-solids separator; 
10, media of the AH reactor (vertical sheet of RPF type TM30); 11, effluent of the AH 
reactor. 

Table 1. The characteristics of the RPF sheets used in the experiment. 
Parameter Unit AF media AH media 

Total sheet thickness mm 25 25 

Knob thickness mm 15 15 

Number of pores pore/inch 7-15 25-35 
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Wastewater 

The system was fed with domestic sewage originating from the village Bennekom, The 
Netherlands. The sewage is collected in a combined sewer system. Table 2 summarizes the 
main characteristics of the sewage. Weekly, three composite samples (2 samples of 48 h and 
one sample of 72 h) from the raw sewage, the effluent of the AF reactor and the effluent of the 
AH reactor were collected in containers placed in a refrigerator at 4°C. 

Analytical Methods 

COD was assessed using the micro-method described by Jirka and Carter (1975). Raw 
samples were used for COD,, 4.4 \im folded paper-filtered (Schleicher & Schuell 5951/2) 
samples for CODf and 0.45 um membrane-filtered (Schleicher & Schuell ME 25) samples for 
CODdis. The CODss and CODcol were calculated by the differences between COD, and CODf, 
CODf and CODdis respectively. Volatile fatty acids (VFA) were measured from membrane-
filtered samples with a gas chromatograph, as described by Lier (1995). The biogas 
composition CH4, C02, N2 and 02 was determined in a 100 ul sample using a gas 
chromatograph, described by Lier (1995). The Kjeldahl nitrogen (Kj-N), sludge volume index 
(SVI), capillary suction time (CST), total solids (TS), SS and volatile suspended solids (VSS) 
were measured according to the Dutch Standard Normalized Methods (1969). Proteins and 
carbohydrates (measured for raw, paper-filtered and membrane-filtered samples) were 
analysed according to the method described by Miron et al. (2000). E-coli (measured for raw 
and paper-filtered samples) was analysed according to Havelaar and During (1988). Total 
P04-P for wastewater was measured with an auto analyser (Skalar) after treatment according 
to the Dutch Standard Normalized Methods (1969), while NH+

4-N and dissolved P04
3"-P were 

directly measured with the same auto analyser. SMAmax was measured at 30°C according to 
Lier (1995) by acetate depletion in the second feed with an initial acetate concentration of 
about 1.5 gCOD/1 for each feed and a sludge concentration of about 2 gVSS/1. Sludge 
digestibility was performed as described by Lier (1995) for a period of 60 days. 

For all excess sludge samples from the AF reactor the volume and the SS and VSS 
concentration were measured. When the AF reactor was operated at an HRT of 2 and 3 h, 
additionally 5 samples were analysed for SVI, CST and TS. The sludge digestibility was 
measured twice and in duplicate for the excess sludge from the AF reactor when operated at 
an HRT of 2 h. The excess sludge of the AH reactor was analysed for its SS and VSS 
content. The SMA,^ of the excess sludge of the AF reactor and a composite sample of the 
granular sludge present in the AH reactor, was analysed after each acclimatisation period and 
at the end of each HRT. The SMA^ was also measured for the attached sludge in the AF and 
in the AH reactor at the end of each HRT. The attached sludge in the AF and AH reactor was 
separated as mentioned by Elmitwalli et al. (1999 b). 

Calculations 

The percentage of hydrolysis (H), acidification (A) and methanogenesis (M), the maximum 
(SRTmax) and minimum sludge residence time (SRTmin) and the filterability constant (x) were 
calculated as described by Elmitwalli et al. (1999 b). The amount of dissolved methane in the 
effluent was calculated according to Henry's Law. Statistical comparison of the performance 
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of the reactors between different HRTs was done as described by Elmitwalli et al. (1999 b). 

RESULTS AND DISCUSSION 

COD and VFA removal 

The results in Fig. 2-1 show the effect of the HRT on the removal of COD, and the 
distinguished COD fractions in the AF reactor. The results indicate that increasing the HRT 
from 2 to 4 h significantly (level 10%) improves the COD, removal mainly as a result of a 
higher CODss removal. At an HRT of 4 h, the AF reactor removes 81% of CODss which is 
significantly higher (level 0.01%) than that at HRT of 3 h. However, the removal of CODss 

does not significantly decline when decreasing the HRT from 3 h to 2 h. At an HRT of 2 h, 
the AF reactor removes 58% of the CODss, which is distinctly higher than achieved in the 
UASB reactor (44%) operated by Wang (1994) at an HRT of 3 h at 12°C. The removal 
efficiencies of both CODr„, and CODHkare limited in the AF reactor at these HRTs. 

> o 
E 
S> 
Q 
O 
O 

Fig. 2. Effect of HRT on the removal of COD, and its fractions during the treatment of 
domestic sewage in the AF and AH reactor at 13°C. (1), AF reactor; (2), AH reactor. (0), 
COD,; ( • ) , CODss; (A), CODcol; (O), COD*. 

The results in Fig. 2.2 show that the removal efficiencies for COD,, COD^, and CODdis in 
the AH reactor significantly improve at increasing the HRT from 6 to 8 h (level 0.1, 0.05 
and 1% respectively), while increasing the HRT from 4 to 6 h only significantly (level 5%) 
improves the removal efficiency of CODss. 

Table 3 summarizes the removal efficiencies for COD,, the distinguished COD fractions 
and VFA during the treatment of the sewage in the AF+AH system. The removal 
efficiencies for COD,, CODss and CODco, are significantly higher in the AF+AH system 
operated at an HRT of 4+8 h as compared to those at an HRT of 3+6 h (level 0.1, 0.01 and 
5% respectively), while only the removal of COD, and CODss at an HRT of 3+6 h is 
significantly higher (level 10 and 10% respectively) as compared to that at an HRT of 2+4 
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h. The results clearly show that the removal efficiencies for CODdis are similar (54-55%) 
under different HRTs imposed to the AF+AH system as a result of the presence of a high 
content of active granular sludge in the AH reactor. This indicates that, in terms of CODdis, 
the system is still under loaded, even at an HRT of 2+4 h. The removal efficiency for 
CODdjs in the AF+AH system is equal to the maximum removal (54%) achieved in a batch 
recirculation experiment with the same type of sewage (Last and Lettinga, 1992). The 
removal of COD, in the AF+AH system at an HRT of 4+8 h exceeds that found in other 
investigations at similar temperature (Grin et al., 1983; Man et al., 1986; Wang, 1994). The 
higher removal of COD, found in the AF+AH system can be attributed to the improved 
removal of CODss in the AF reactor and an improved removal of the CODco] and CODdis in 
the second step. Additional to the effect of the granular sludge, the presence of the RPF 
media at the top of the AH reactor enhances in entrapment of CODCO| as shown by 
Elmitwalli et al. (1999 a) 

Table 3. COD,, COD fractions and VFA removal efficiencies (%) in the AF+AH system at 
imposed different HRTs. Standard deviations are presented in brackets. 

COD, 
CODss 

CODcol 

CODdis 

VFA-COD 

4+8 h 
70.6 (7.4) 
91.3(8.4) 
59.6 (14.7) 
55.2(14.3) 

97 (4.4) 

2+4 h 
58.6 (7.7) 
70.5 (16.4) 
45.3(17.1) 
54.8(15.2) 
77.9 (22.7) 

3+6 h 
63 (7.4) 

78.8 (7.4) 
45.8(18.5) 
53.6(10) 
91.3(4) 

Carbohydrates, proteins, nutrient and E-coli removal 

As no significant difference was found in the removal of carbohydrates, proteins, nutrient 
and E-coli in the AF+AH system between different HRTs, only the results obtained at an 
HRT of 4+8 h are summarized in Table 4. The AF+AH system is efficient in removing 
carbohydrates, apparently mainly as a result of the high removal efficiency for suspended 
carbohydrates and it exceeds the removal of proteins. The removal of suspended proteins is 
clearly substantially higher than those for the other proteins fractions. The results also 
demonstrate that most of the E-coli in the sewage are associated with colloidal particles. 
The removal efficiency for E-coli remained restricted under all operational conditions. As 
the AF+AH system shows a high removal efficiency for CODss, the system also eliminates 
most of the E-coli are associated with suspended particles and the effluent mainly contains 
E-coli associated with colloidal particles. Furthermore, the results reveal an efficient 
removal of suspended phosphate and a release of dissolved phosphate. The system removes 
part of the Kjeldahl nitrogen due to SS removal, but NH+

4-N is released as a result of 
hydrolysis of proteins. 

Characteristics of the retained sludge in the reactors and excess sludge 

The results in Table 5 show the characteristics of the retained and the excess sludge of both 
reactors. The SVI of the excess sludge from the AF reactor drops with decreasing HRT. A 
higher level of partial hydrolysis, resulting in smaller particles, might be the reason for the 
poorer settlability at longer HRTs. However, the SVI of the excess sludge produced in the 
AF reactor under different HRTs is always <60 ml/gSS, which indicates a relatively good 
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settlability. The filterability constant of the excess sludge from the AF reactor is similar at 
different HRTs, similar to that of well digested primary sludge and exceeds that of raw 
primary sludge (Miron et al., 2000). 

Table 4. Carbohydrates, proteins, E-coli, PCyP, Kj-N and NH+
4-N removal efficienies (%) 

in the AF+AH system at imposed HRT of 4+8 h. Standard deviations are presented in 
brackets. 

Parameter 
Carbohydrates 

Protein 

E-coli 

P04-P 

Kj-N 
NH+

4-N 

Total 
Suspended 
Colloidal 
Dissolved 
Total 
Suspended 
Colloidal 
Dissolved 
Total 
Suspended 
Paper-filtered 
Total 
Suspended 
Dissolved 

AF 
75(5) 
94(4) 
75(7) 
18(15) 

33.1 (7.1) 
66.4 (7.3) 
6.3(12.5) 
24.6(17.5) 
20.3 (26.7) 
75.3 (29.5) 
22.1(19.1) 
15.5(8.2) 

38.5 (26.5) 
1.7(8.9) 
6.2 (5.2) 

-0.3(11.7) 

AH 
20(8) 
39 (57) 
-10(17) 
23 (16) 

33.7 (6.4) 
33.3 (47.1) 
25 (16.7) 
39.2 (7.9) 
12 (40.7) 
100(0) 

-3.2 (43.3) 
0.6 (5.5) 

39.3(31.5) 
-13.6(11.9) 
-1.4(6.2) 
-7(1.9) 

AF+AH 
80(5) 
97(1) 
65(8) 
39(4) 

55.6 (6.8) 
78.3 (14.9) 
31.3(4.2) 
54.2(11.7) 
32.8 (28.5) 

100(0) 
21.4(30.5) 

16(8.9) 
64.8(21.3) 
-11.5(12.8) 

4.9(8.3) 
-7.3 (13.6) 

The amount of excess sludge produced in the AF+AH system mainly originates from the 
AF reactor. The excess sludge production in the AF reactor amounts to 20-35 % of the 
removed COD, in the AF+AH system, while the excess sludge production in the AH reactor 
only amounts to 0.5-1.5 %. The digestibility results and the values found for the VSS/SS 
ratio indicate that the excess sludge from the AF reactor is not well stabilized and still 
needs post stabilization. However, the excess sludge from the AH reactor is well stabilized 
as the VSS/SS ratio of the excess sludge was as low as 0.63. 

Values calculated for SRTmax and SRTmin for the AF reactor significantly (respectively level 
10 and 0.01%) increase at longer HRT from 3 to 4 h. The high values for SRTmax and 
SRTmjn in the AH reactor indicate that the hydrolysis, acidification and methanogenesis can 
proceed sufficiently. At low temperatures, the SRT should exceed 100 days in order to 
retain sufficient activity in the anaerobic reactor (Zeeman and Lettinga, 1999). 

The SMAmax of the attached sludge in both reactors, of the excess sludge from the AF 
reactor and of the granular sludge in the AH reactor is summarized in Table 6. The results 
clearly show that the SMAmax of the attached and excess sludge of the AF reactor remains 
low at the imposed HRTs. In fact, mainly removal and partial hydrolysis of SS proceed in 
the AF reactor. The low SMAmax of the attached sludge in the AH reactor can be attributed 
to the low organic loading of biodegradable COD imposed to attached biomass, as most of 
this COD has already consumed in the granular sludge bed. As the previously found by 
Elmitwalli et al. (1999 a), the presence of vertical sheets of RPF in the AH reactor does not 
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significantly improve the CODdis removal, but significantly improves the CODCO| removal. 

The SMAmax found for the granular sludge in the AH reactor operated at an HRT of 4 h was 
significantly lower than that at an HRT of 8 h. However, the SMAmax recovered after 
operating the reactor at an HRT of 6 h. The deterioration for the SMAmax of the granular 
sludge in the AH reactor at an HRT of 4 h results from the high SS load (Fig. 3), which 
leads to attachment and adsorption of slowly biodegradable organic particles to the granular 
sludge and accordingly to a decrease in its activity due to substrate limitation (Alphenaar, 
1994). Therefore, the CODss loading for the AH reactor should be lower than 0.38 kg 
COD5S.m"3.d"1, the loading applied at an HRT of 6 h. The deterioration of the SMA^ for the 
granular sludge in the AH reactor at an HRT of 4 h confirms the importance of SS 
separation in the first step prior to the treatment of domestic sewage in the methanogenic 
reactor. 
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Fig. 3. Effect of CODss loading on the SMAmax at 30°C for the granular sludge in the AH 
reactor. 

Hydrolysis, acidification and methanogenesis 

The results show that the CH4 content in the biogas is high (72-82%) and comparable to 
values reported by Lettinga et al. (1983), Draaijer et al. (1992) and Schellinkhout and 
Osario (1992). Table 7 provides values calculated for the hydrolysis, acidification and 
methanogenesis in the AF+AH system. Due to considerable fluctuations in the domestic 
sewage concentration and composition, no significant difference is found for the hydrolysis, 
acidification and methanogensis in the AF reactor, AH reactor and AF+AH system between 
the imposed different HRTs. However, the high SRT prevailing in the AH reactor at 
different HRTs guarantees relatively high hydrolysis, acidification and methanogenesis in 
this reactor. 

The value found for hydrolysis and methanogenesis based on the amount of removed COD 
in the AF+AH system at different HRTs range from 47-64% and 60-74% respectively. 
Those values are distinctly higher than those found by Uemura and Harada (2000), viz. 
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respectively 33 and 35% for the treatment of domestic sewage in a UASB reactor with 
granular sludge and operated at an HRT of 4.7 h at 13°C. 

General discussion 

The results of these investigations reveal that the AF system is highly efficient in removing 
CODss removal, viz. 81% of CODss is removed at an imposed HRT of 4 h. Increasing the 
HRT in the AF reactor above 4 h will likely increase the CODss removal as shown in Fig. 
2.1. For methanogenic activity in the AH reactor, further removal of CODss has been shown 
not to be necessary. Moreover, the total CODss removal in the AF+AH system has reached 
to a high value of 91%. Increasing the HRT of the AF reactor above 4 h could therefore 
only slightly improve the CODss removal in the AF+AH system. Accordingly, the HRT of 
4 h is recommended for the AF reactor. 

From the results of the SMA^ for the granular sludge in the AH reactor, it can be 
concluded that the CODss loading to the reactor should remain < 0.38 kg CODss.m'3.d'1 in 
order to avoid deterioration of the granular sludge SMAmax. The latter loading corresponds 
to an HRT of 2.3 h for the AH reactor, when the influent CODss concentration is equal to 36 
mg.r1 , the effluent value of the AF reactor at an HRT of 4 h. When operated at an HRT of 
2+4 h, the AF+AH system can provide a CODdis removal of 55% which comprises the 
maximum achievable CODdis removal (Last and Lettinga, 1992). Therefore, when the 
AF+AH system operated at an HRT of 4+4 h, the CODss and CODdis removal can be 
optimized in both reactor modules without any serious deterioration of the granular sludge 
SMAmax. When operated at an HRT of 4+8 h, the AF+AH system provides, a CODcol 

removal of 60% (mainly achieved in the AH reactor), which represents 85% of the 
maximum achievable CODCO, in anaerobic treatment for domestic sewage, viz. 72% (Last 
and Lettinga, 1992). Therefore, under these conditions the AF+AH system provides a 
relatively high removal of all COD fractions with COD, removal efficiency of 71% at 13°C, 
similar to that found in one step UASB reactors in tropical countries at higher temperatures 
> 20°C (Draaijer et al., 1992; Schellinkout and Osario, 1992). Moreover, 60% of the 
removed COD, converted to methane. 

CONCLUSIONS 

The AF reactor investigated in the present study represents an efficient pre-treatment 
process for domestic sewage at 13°C, i.e. it provides an average removal efficiency for 
CODss of 81, 58 and 57 % at an HRT of respectively 4, 2 and 3 h. Considering these results, 
it is recommended to apply such an AF reactor at an HRT of 4 h for the pre-treatment of 
domestic sewage at low temperatures. 

A two-step AF+AH system operated at an HRT of 4+8 h and a temperature of 13°C 
provides a high removal efficiency for all COD fractions. The achieved COD, removal 
efficiency is as high as 71%, which is very similar to removal efficiencies found for one-
step UASB systems in tropical countries. 

The AF+AH system shows high values for hydrolysis, acidification and methanogenesis. 
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These values are similar under different HRTs. 60-74% of the removed COD, is converted 
to methane at the imposed HRTs. 

The major part of the excess sludge is produced in the AF reactor. Its settlablity and 
dewaterability are good, but post stabilization is necessary. 

The CODss loading of the AH reactor should be < 0.38 kg CODss/m
3.d in order to prevent 

deterioration of the SMAmax of the granular sludge. 
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Chapter 7 

ANAEROBIC TREATMENT OF DOMESTIC SEWAGE AT LOW 
TEMPERATURE 
Summary, discussion, conclusions and recommendations 

INTRODUCTION 

When treating domestic sewage at low temperatures in one anaerobic step, the low rate of 
hydrolysis for the entrapped particulate matter generally will deteriorate the 
methanogenesis in the reactor. Therefore, a two-step system looks more appropriate for the 
treatment of domestic sewage at low temperatures (Zeeman and Lettinga, 1999). The aim of 
the first step is the removal and partial hydrolysis of SS, while the removal and conversion 
of the remaining COD is delegated to the second (methanogenic) reactor. Wang (1994) 
found that the first step of a two-step system, a high loaded UASB+ EGSB reactor, 
achieved a higher total COD (CODt) removal than the conventional primary sedimentation 
tank. However, the removal of suspended COD (CODss) in the first step amounted to only 
44% at an HRT of 3 h at 12°C. Moreover, the removal of colloidal COD (CODcoi) remained 
very limited in the UASB+EGSB system. Therefore, improvement of the removal for 
CODss and CODcoi in the first as well as the second step needs to be investigated. From 
information available in literature (Chapter 1), it appears that filter material can provide an 
improvement in the SS removal. Vertical sheets of reticulated polyurethane foam (RPF) 
were indicated to have a good performance. 

This thesis describes the results of research concerning the anaerobic treatment of domestic 
sewage at low temperature. Firstly, the biodegradability of domestic sewage and its fractions 
was determined (Chapter 2). Thereafter, the role of the filter media in removing particles in the 
anaerobic reactor was investigated (Chapter 3). In Chapter 4, the effect of SS on the 
performance of a UASB and an anaerobic hybrid (AH) reactor, seeded with granular sludge, 
was studied by comparing the treatment of raw and pre-settled sewage at a low temperature of 
13°C. After that, a comparison between an anaerobic filter (AF) and an AH (with flocculant 
sludge) reactor for the pre-treatment of domestic sewage was carried out (Chapter 5). Based on 
these results, it was found that the AF+AH (with granular sludge) system was a suitable 
system for the treatment of domestic sewage at low temperatures and the performance of this 
system was studied with different HRTs (Chapter 6). This last chapter summarizes and 
discusses the main results of this thesis followed by the main conclusions and 
recommendations. 

ANAEROBIC BIODEGRADABILITY OF DOMESTIC SEWAGE AND ITS 
FRACTIONS 

The anaerobic biodegradability (conversion to CH4) is an important parameter for 
evaluating the potential of anaerobic treatment of any wastewater. The results in Chapter 2 
show a high and similar anaerobic biodegradability of raw sewage (74%) at 20 and 30°C. 
As also the biodegradability of paper-filtered (4.4 urn) and membrane-filtered (0.45 um) 
sewage was determined, the biodegradability of the fractions of domestic sewage can be 
calculated. The biodegradability of the colloidal fraction was the highest (86±3%) followed 
by the suspended fraction (77±4%), while it was the lowest for the dissolved fraction 
(62%). As the biodegradability of CODCOi is high, the low removal of CODCO| in continuous 

96 



Summary, discussion, conclusions and recommendations 

anaerobic reactors at low temperature (Wang, 1994) should be attributed to the low 
entrapment and/or sorption in the reactors. 

THE ROLE OF FILTER MEDIA IN REMOVING PARTICLES DURING THE 
ANAEROBIC TREATMENT OF DOMESTIC SEWAGE 

Synthetic filter medium showed a high capacity for removing particles (Tanaka et al., 1995; 
Odegaard, 1998). The media selected are vertical sheets of RPF with knobs. The RPF was 
chosen because it represents a highly porous medium with high specific surface area and 
large pore size. Therefore, RPF can contain an amount of attached sludge as high as 15 
gVSS/1. Moreover, the vertical orientation of the RPF sheets with knobs allows the 
wastewater and produced biogas to move upwards, while the entrapped particles can settle to 
the bottom of the reactor. This configuration prevents clogging of the filter medium in the 
anaerobic reactor. 

The use RPF media in the anaerobic reactors has been studied by many researchers, like 
Huysman et al. (1983), Derycke and Verstraete (1986), Gijzen et al. (1988), Rompu et al. 
(1990), Zaiat et al. (1996) and Ratusznei et al. (2000). Moreover, the RPF media were used 
in full-scale reactors for both anaerobic (Rompu et al., 1990) and activated sludge (Golla et 
al., 1993) processes. Therefore, the durability is long enough and the costs is low enough to 
apply RPF media in full-scale reactors. 

In Chapter 3, the removal of CODss and CODcoi was investigated in an AF packed with clean 
vertical sheets of RPF with knobs and fed with either raw or synthetic sewage for a short 
period of 2.25 HRTs. The results of the experiment prove that clean media are effective in 
removing CODss (>75%) due to physical entrapment and filtration even at an HRT as low as 
0.5 h and an upflow velocity as high as 10 m/h, but the removal of CODCOi was poor under all 
experimental conditions. 

EFFECT OF SS REMOVAL ON THE ANAEROBIC TREATMENT OF DOMESTIC 
SEWAGE 

Chapter 3 also describes results of experiments dealing with the operation of a fed-batch 
recirculation system at a recirculation time of 1 day both for raw and paper-filtered sewage 
and at a temperature of 24±1°C. For the treatment of raw sewage under 'steady state' 
conditions, the average removal efficiency found for CODcoi was 63% and for paper-filtered 
sewage under the same conditions, this amounted to 81%. The lower removal efficiency for 
CODcoi when treating raw sewage was attributed to the production of CODcoi from 
hydrolysis of SS. The same phenomenon was observed in the continuous treatment of 
domestic sewage in a UASB reactor and an AH reactor with granular sludge bed operated at 
13°C with an HRT of 8 h, initially with raw sewage for a period of 65 days and next with 
pre-settled sewage for a period of 100 days (Chapter 4). The treatment of pre-settled sewage 
instead of raw sewage resulted in a significant increase in CODcoi removal efficiency for 
both reactors. Under 'steady state' the AH reactor removed significantly more CODt from 
pre-settled sewage than the UASB reactor mainly as a result of the significantly higher 
removal of CODcoi. Based on these results it was concluded that a two-step system should be 
able to increase both the removal of SS and of colloids. Moreover, the AH reactor with 
granular sludge bed is recommended for the treatment of pre-treated sewage at low 
temperatures. 
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A SUITABLE PRE-TEATMENT SYSTEM 

Chapter 5 describes the pre-treatment (removal of CODss) of raw domestic sewage at a 
temperature of 13°C and an HRT of 4 h in an AF reactor and in an AH (with flocculant 
sludge bed) reactor. The packing medium in the AF and in the top of the AH reactor 
consisted of vertical sheets of RPF with knobs. The biomass in the AF was only present in 
attached form because all accumulated sludge in the bottom of the reactor was discharged 
weekly from the system in order to avoid reactor clogging. In the AH reactor, the sludge 
bed was controlled by wasting the sludge from the top of the sludge bed. The AF reactor 
showed a higher CODt removal (55%) and CODss removal (82%) as compared to both the 
AH reactor and the high loaded UASB reactor operated by Wang (1994). Moreover, the 
performance of the AF was more stable especially in rainy periods. Because the AF and AH 
reactor were operated at a short HRT and a low temperature, the extent of hydrolysis, 
acidification and methanogenesis remained quite limited. The stability of the excess sludge 
produced in the AH reactor was better and it had a higher settlability and dewaterability 
than that produced in the AF reactor. However, the excess sludge from the AH reactor also 
needs post stabilization. Therefore, we recommend the AF reactor packed with vertical 
sheet of RPF with knobs for the pre-treatment of domestic sewage at low temperatures. 

LOW TEMPERATURE TREATMENT OF DOMESTIC SEWAGE IN A TWO-STEP 
SYSTEM: AF+AH REACTOR 

Based on above-mentioned results, we concluded that a suitable configuration for the 
treatment of domestic sewage at low temperature consists of an AF reactor followed by an 
AH reactor. In Chapter 6, such a system was tested for a period of about 300 days under 
conditions of different HRTs, viz. 4+8, 2+4 and 3+6 h, and at a temperature of 13°C. The 
results showed that the AF reactor indeed was efficient in the removal of CODss (especially 
with HRT of 4 h) and the AH reactor was efficient in the removal of CODCOi and dissolved 
COD (CODdis). Regarding the low temperature, the combined AF+AH system showed a 
high removal efficiency for CODt (Fig. 1), even at an HRT of 2+4 h (59%). The system 
also provided relatively high values for hydrolysis, acidification and methanogenesis. 

The excess sludge wasted from the system mainly was produced in the AF reactor. The 
maximum specific methanogenic activity (SMAmax) of the granular sludge in the AH 
reactor remained stable at a value of about 0.18 kg COD/kg VSS.d at an imposed HRT of 
the AH reactor of 6 and 8 h, while it dropped to 0.11 kg COD/kg VSS.d at an HRT of 4 h. 
Therefore, CODss loading for the second step should not exceed that of the AH reactor with 
an HRT of 6 h (< 0.38 kg CODss/m

3.d) in order to prevent deterioration of the SMAmax. At 
pre-treatment of domestic sewage in an AF reactor at an HRT of 4 h, a CODss loading of 
0.38 kg CODss/m

3.d will be achieved at an HRT of 2.3 h for the AH reactor. Therefore, an 
HRT of 4+4 h seems long enough for optimization of CODss and CODdiS removal in the 
AF+AH system and to prevent deterioration of the SMAmax of the granular sludge. 
However, an HRT of 8 h is needed for the AH reactor to also optimize the CODcoi removal. 
The AF+AH system operated at an HRT of 4+8 h at a low temperature of 13°C showed 
high removal efficiencies for all COD fractions and achieved a COD, removal as high as 
71%, which is similar to that found in tropical countries with constant-high temperatures. 

However, despite the high COD, removal of 71% at an HRT of 4+8 h at 13°C, the removal 
of E-coli and obviously also of nutrient remain limited. For regions where nutrient removal 
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is not necessary, like still the case in many developing countries, post treatment is only 
needed for reducing the CODt and pathogens depending on the effluent discharge 
standards. As, the average effluent CODt of the AF+AH system operated at an HRT of 4+8 
h at 13°C is 133 mg/1, the operational costs of the combined AF+AH and post-treatment 
system remain low as compared to the aerobic treatment of domestic sewage, without 
anaerobic pre-treatment. Several types of reactors have been proposed as a post-treatment 
system for anaerobic effluent (Collivignarelli et ai, 1990; Garuti et al, 1992; Machdar et 
al, 1997; Agrawal et al, 1997; Araki et al, 1999). Machdar et al (1997) treated the 
effluent of an UASB reactor by cubes of RPF, hanged vertically, and called a downflow 
hanging sponge-cubes (DHS) system. They found that the UASB+DHS system is an 
efficient process in removing CODt (94%) and providing nitrification (73-78%) at a short 
HRT of 7+1.3 h and at 25°C. Preliminary research (results not shown) in a trickling filter 
using vertical sheets of RPF with knobs as a medium for the treatment of the AF+AH 
system effluent shows similar results. In addition to the reduced investment and operational 
costs when using an AF+AH system for pre-treatment of domestic sewage, application of a 
trickling filter system with RPF vertical sheets with knobs as post treatment system, implies 
less mechanical equipment and energy for aeration and sludge (or wastewater) recirculation 
as compared to the conventional aerobic systems. The effluent of the AF+AH system after 
post-treatment is a valuable product for irrigation and fertilization, especially for regions 
suffering from a lack of water resources like in the Middle East. The necessity and extent of 
additional pathogens removal depends on the crops and irrigation system applied. 
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Fig. 1. Effect of HRT on the removal of CODt and its fractions during the treatment of 
domestic sewage in the AF+AH system at 13°C. (1). (0), COD,; ( • ) , CODss; (A), CODcoi; 
(O), CODdis. 

The effluent of the AF+AH system is too low in carbon content to apply subsequent 
nitrogen removal. When nutrient removal is obligatory, a different system configuration 
should be chosen in which the AH reactor or alternative is operated as a denitrifying 
reactor, making use of the carbon present in the effluent of the AF reactor. The AF reactor 
operated at an HRT of 4 h at 13°C removed 45-55% of domestic sewage CODt, mainly as a 
result of its high CODss removal efficiency (80-82%). Also these values are higher than 
applying a conventional primary sedimentation tank and approach these obtained in the 
physical chemical pre-treatment processes. Moreover, partial hydrolysis and acidification 
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occur in the AF reactor, which might improve the nutrient removal. Andersson and Rosen 
(1990) and Karlsson and Smith (1991) found that although the pre-treatment decreases the 
CODt/N ratio, the denitrification was hardly affected, as the remaining organic fraction 
after pre-treatment results in the highest denitrification rate. Loosdrecht et al. (1997) 
studied the overall environmental impact of nutrient removal processes depending on the 
pre-treatment of sewage by primary clarification and discovered a drastic decrease in 
energy consumption if a pre-treated sewage was used. Application of anaerobic pre-
treatment of domestic sewage, followed by nutrient removal processes might be a better 
solution than the application of primary clarification prior to the nutrient removal processes. 

POSSIBILITY OF FURTHER IMPROVEMENT OF COLLOIDAL PARTILCES 
REMOVAL DURING THE ANAEROBIC TREATMENT OF DOMESTIC SEWAGE 
AT LOW TEMPERATURES 

The results in Chapter 2 revealed a high biodegradability of colloidal particles present in 
domestic sewage. So, a poor entrapment and/or sorption of colloidal particles in the 
continuous-anaerobic reactor is the obstacle for their removal and then conversion. 
Moreover, a higher removal of colloidal particles will be accompanied with a higher 
removal of pathogens because most of pathogens are associated with colloidal particles 
(Chapter 6). As biomass and colloidal particles both have a negative charge, addition of 
small amounts of a cationic polymer to the influent of the second step (AH reactor) might 
improve the removal of CODcoi by either 1) increase of the size of colloidal particles by 
bridging phenomena and then increase the entrapment and sorption of particles in the AH 
reactor; or 2) changing the charge of the particles to positive by coating the particles with 
cationic polymer and hence stimulating the sorption of these coated particle to the negative 
biomass. 

The addition of a cationic polymer to the effluent of the AF reactor was investigated in 
batch tests. Two types of cationic polymers were selected, QNHEC and C492 HMW. The 
results reveal that the two polymers have the same effect on the zeto-potential and the 
particle size (Fig. 2). Addition of small amounts of polymer, i.e. as low as 1 mg/1, 
significantly increased the size of the particles, viz. respectively 2 and 3.5 times for 0.5 and 
lmg QNHEC/1. A high dose of cationic polymer is required (> 25 mg/1, Fig. 2.2) to change 
the zeta-potential of the colloidal particles to positive or zero. Batch test results indicate that 
the QNHEC does not affect the activity of the granular sludge and is partially 
biodegradable. Therefore, addition of a small amount of cationic polymer likely will 
improve the entrapment and sorption of particles in the AH reactor as a result of increase in 
the size of the particles. However, this needs to be investigated in continuous experiments. 

In comparing such a system with a system of pre-precipitation of suspended and colloidal 
particles using cationic polymers, the proposed system might have a lower demand of 
chemicals as the main part of the particles has already been removed in the AF reactor. 

CONCLUSIONS 

• The anaerobic biodegradability of the colloidal fraction present in domestic sewage is 
the highest (86%), followed by the suspended fraction (77%), while it is the lowest for 
the dissolved fraction (62%). Therefore, the low removal of CODCOi in continuous 
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anaerobic reactors at low temperature must be attributed to its low entrapment and/or 
sorption in the reactor, and not to low biodegradability. 
By removing SS in the first-step of two-step system not only the deterioration of the 
activity of the sludge in the second step is prevented, but also the removal of colloidal 
particles in the second step is improved. 
An AF reactor, packed with vertical RPF sheets with knobs, offers a high potential for 
removing CODss (82%) from raw domestic sewage when operated at a low temperature 
of 13°CandanHRTof4h. 
A two-step AF+AH system can provide a CODt removal efficiency as high as 71% at 
an HRT of 4+8 h when applied to raw domestic sewage at 13°C. 
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Fig. 2. Effect of cationic polymer on the average particle radius and zeto-potential for the 
effluent of the AF reactor operated at HRT of 3 h and at 13°C treating domestic sewage. 
( • ) C492 HMW; (0), QNHEC. 

RECOMMENDATION 

• Application of the two-step, AF+AH, system for domestic sewage treatment at low 
temperatures needs to be investigated on a large scale. Also, for higher temperatures, 
the feasibility of the system needs to be investigated 

• Addition of small amounts of cationic polymer for optimization of the removal and 
conversion of colloidal particles in the second step (AH reactor) with short HRT needs 
to be studied in a continuous system. 

• The financial and operational benefits of anaerobic pre-treatment of domestic sewage in 
the AF reactor (and may be in the AH reactor also) on the nutrient removal in the post-
treatment processes need to be explored. 
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INLEIDING 

Vaak wordt afvalwater in een enkele anaerobe reactor behandeld. Echter, indien dit principe 
ook wordt toegepast voor huishoudelijk afvalwater bij lage temperaturen, zal de 
methanogenese in de reactor volledig worden bepaald door de lage snelheid waarmee 
ingevangen gesuspendeerd materiaal wordt gehydrolyseerd. Zeeman en Lettinga (1999) 
adviseren onder deze condities daarom een systeem dat uit twee opeenvolgend reactoren 
bestaat. In de eerste reactor wordt gesuspendeerd materiaal uit net afvalwater verwijderd en 
gedeeltelijk gehydrolyseerd. In de tweede (methanogene) reactor kan vervolgens het 
resterende CZV worden omgezet. Wang (1994) heeft laten zien dat in de eerste trap van een 
tweetraps UASB+EGSB systeem een betere verwijdering van totaal CZV (CZV,) optrad dan 
in een conventionele voorbezinker. Echter, bij een hydraulische verblijftijd (HVT) van 3 uur 
en een temperatuur van 12 °C was het verwijderingsrendement voor gesuspendeerd CZV 
(CZVSS) slechts 44%. Ook de verwijdering van colloi'daal CZV (CZVC0|) in het gecombineerde 
UASB+EGSB systeem liet te wensen over. Hieruit volgt dan ook dat mogelijkheden waarmee 
de verwijdering van CZVSS en CZVC0, verbeterd zou kunnen worden verder moeten worden 
onderzocht. Zo is uit de literatuur bekend dat met bepaalde filtermaterialen, bijvoorbeeld 
verticaal geplaatste marten van polyurethaan (PUR), de verwijdering van CZVSS sterk kan 
worden verbeterd (Hoofdstuk 1). 

Dit proefschrift beschrijft onderzoeksresultaten die betrekking hebben op de anaerobe 
behandeling van huishoudelijk afvalwater bij lage temperaturen. In de eerste plaats werden de 
(anaerobe) biodegradeerbaarheid van het gebruikte afvalwater en van de verschillende fracties 
van dit afvalwater bepaald (Hoofdstuk 2). Vervolgens werd de rol van filtermateriaal bij de 
verwijdering van gesuspendeerde stoffen onderzocht (Hoofdstuk 3). In Hoofdstuk 4 werd het 
effect van gesuspendeerde stof op het rendement van een UASB en een anaerobe hybride 
(AH) reactor onderzocht door deze reactoren, beide geent met korrelslib, met ruw en met 
voorbezonken afvalwater te voeden. Vervolgens werden een anaeroob filter (AF) en een AH 
reactor (met gesuspendeerde biomassa) met elkaar vergeleken (Hoofdstuk 5). Op basis van de 
resultaten van Hoofdstukken 4 en 5 werd geconcludeerd dat een tweetraps AF+AH systeem 
(Ah met korrelslib) het beste systeem is voor de behandeling van huishoudelijk afvalwater bij 
lage temperaturen. Daarom werd in Hoofdstuk 6 het rendement van dit systeem onderzocht 
bij verschillende HVTs. Dit laatste hoofdstuk geeft een samenvatting van de belangrijkste 
resultaten en een discussie van die resultaten. Tenslotte worden de belangrijkste conclusies 
gegeven en een aantal aanbevelingen gedaan. 

ANAEROBE BIODEGRADEERBAARHEID VAN HUISHOUDELIJK 
AFVALWATER EN DE FRACTIES IN DIT AFVALWATER 

De anaerobe biodegradeerbaarheid van een afvalwater (omzetting naar methaan, CH4) is zeer 
belangrijk omdat dit de basis vormt voor een evaluatie van de mogelijkheid om dat afvalwater 
anaeroob te behandelen. De resultaten in Hoofdstuk 2 lieten zien dat de anaerobe 
biodegradeerbaarheid van ruw afvalwater bij 20 en bij 30 °C gelijk was aan 74%. Omdat ook 

104 



Samenvatting, discussie, conclusies en aanbevelingen 

de biodegradeerbaarheid van papier-gefiltreerd (4.4 urn) en membraan-gefiltreerd (0.45 |am) 
afvalwater werd bepaald, kon ook de biodegradeerbaarheid van de verschillende fracties 
worden berekend. Deze was het hoogst voor de colloidale fractie (86 ± 3%), gevolgd door de 
gesuspendeerde fractie (77 ± 4%). Gezien de hoge biodegradeerbaarheid van CZVC0|, moet het 
lage verwijderingsrendement van deze fractie in anaerobe reactoren (Wang, 1994) worden 
toegewezen aan de geringe invang en/of adsorptie in het slib-bed. 

DE ROL VAN FILTERMATERIAAL BIJ DE VERWIJDERING VAN DEELTJES 
TIJDENS ANAEROBE BEHANDELING VAN HUISHOUDELIJK AFVALWATER 

Met synthetisch filtermateriaal kan een goede verwijdering van deeltjes bewerkstelligd 
(Tanaka et al., 1995; 0degaard, 1998). Het geselecteerde filtermateriaal bestond uit verticaal 
geplaatste PUR-matten voorzien van noppen, vooral omdat dit materiaal een hoge porositeit 
en een hoog specifiek oppervlak heeft. Hierdoor kan het materiaal zelfs slibconcentraties van 
15 g/1 nog vasthouden. Daarnaast laten de PUR-matten een opwaartse stroom van afvalwater 
en het daaruit geproduceerd biogas toe, terwijl tegelijkertijd de deeltjes kunnen bezinken. Op 
deze manier wordt verstopping van het filtermateriaal voorkomen. 

Het gebruik van PUR-materiaal is door diverse wetenschappers onderzocht, waaronder 
Huysman et al. (1983), Derycke en Verstraete (1986), Gijzen et al. (1988), Rompu et al. 
(1990), Zaiat et al. (1996) en Ratusznei et al. (2000). Ook is het materiaal reeds op 
praktijkschaal toegepast in anaerobe processen (Rompu et al., 1990), maar ook in 
actiefslibsystemen (Golla et al., 1993). Blijkbaar zijn de duurzaamheid en de kosten van het 
PUR-materiaal dermate gunstig dat praktijktoepassingen mogelijk zijn. 

In Hoofdstuk 3 werd de verwijdering van CZVSS en CZVC0, onderzocht in een AF reactor die 
was gepakt met schone, verticaal geplaatste PUR-matten. De reactor werd gedurende een 
korte periode (2.25 maal de HVT) met ruw huishoudelijk afvalwater en met synthetisch 
afvalwater gevoed. De resultaten lieten zien dat het schone filtermateriaal door zijn filtrerende 
werking een hoog verwijderingsrendement geeft voor CZVSS (75%), zelfs bij een HVT van 
slechts 0.5 uur en een opwaartse snelheid van maar liefst 10 m/h. Echter, onder alle 
experimentele omstandigheden werd een slechte verwijdering van CZV ,̂, waargenomen. 

EFFECT VAN DE VERWIJDERING VAN GESUSPENDEERDE STOF OP DE 
ANAEROBE BEHANDELING VAN HUISHOUDELIJK AFVALWATER 

In Hoofdstuk 3 werden ook de resultaten beschreven van experimenten met een 'fed-batch' 
recirculatiesysteem (recirculatietijd van 1 dag) dat met ruw en papier-gefiltreerd afvalwater 
werd gevoed bij een temperatuur van 24 + 1 °C. Onder stationaire condities werd van het ruwe 
afvalwater 63% CZVC0, verwijderd en van het papier-gefiltreerde afvalwater 81%. De hogere 
verwijdering van CZVC0, in het papier-gefiltreerde afvalwater werd toegeschreven aan de 
hydrolyse van gesuspendeerde stof waarbij CZVC0] wordt geproduceerd. Hieruit kon 
geconcludeerd worden dat een tweetraps-systeem zowel gesuspendeerde als colloidale stof 
kan verwijderen. Hetzelfde fenomeen werd ook bij de continue behandeling van huishoudelijk 
afvalwater in een UASB reactor en een AH reactor bij 13 °C en een HVT van 8 h 
geconstateerd (Hoofdstuk 4). Deze reactoren werden gedurende een periode van 65 d gevoed 
met ruw afvalwater en dit werd gevolgd werd door een periode van 100 d met voorbezonken 
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verwijdering. Onder stationaire condities verwijderde de AH reactor aanzienlijk meer CZV, 
dan de UASB reactor, voornamelijk als gevolg van de hogere CZVC0, verwijdering. Op basis 
van bovenstaande resultaten wordt voor lage temperaturen een AH reactor aanbevolen voor de 
nabehandeling van voorbehandeld huishoudelijk afvalwater. 

EEN GESCHIKT VOORBEHANDELINGSSYSTEEM 

Hoofdstuk 5 beschrijft de voorbehandeling van ruw huishoudelijk afvalwater (ten behoeve 
van de verwijdering van CZVSS) bij een temperatuur van 13 °C en een HVT van 4 h in een AF 
reactor en in een AH reactor (met gesuspendeerd slib). Zowel in de AF reactor als bovenin de 
AH reactor werden verticale PUR-matten met noppen als pakkingsmateriaal gebruikt. De 
biomassa in de AF reactor was alleen in aangehechte vorm aanwezig omdat wekelijks, om 
verstoppingen te voorkomen, alle slib dat zich op de bodem van de reactor had verzameld 
werd gespuid. Het slib-bed in de AH reactor werd in de hand gehouden door slib te spuien dat 
zich aan de bovenkant van het bed bevond. De AF reactor vertoonde een betere CZV-
verwijdering (55%) en SS-verwijdering (82%) dan de AH reactor en dan de hoogbelaste 
UASB reactor die door Wang (1994) werd gebruikt. Bovendien functioneerde de AF reactor 
stabieler, vooral tijdens periodes met regenweeraanvoer. Omdat de AF en AH reactor bij een 
korte HVT en een lage temperatuur werden bedreven, waren de hydrolyse, de verzuring en de 
methanogenese beperkt. Het spuislib dat in de AH reactor werd geproduceerd was verder 
gestabiliseerd en was beter ontwaterbaar dan het slib dat in de AF reactor werd geproduceerd. 
Echter, ook het spuislib van de AH reactor behoeft een verdergaande stabilisatie. Het wordt 
aanbevolen om bij lage temperaturen de AF reactor te gebruiken voor de voorbehandeling van 
huishoudelijk afvalwater. 

BEHANDELING VAN HUISHOUDELIJK AFVALWATER BIJ LAGE 
TEMPERATUREN IN EEN TWEE-TRAPS SYSTEEM: AF+AH REACTOR 

Op basis van de hierboven beschreven resultaten concludeerden we dat bij lage temperaturen 
een AF reactor gevolgd door een AH reactor een geschikte configuratie is voor de 
behandeling van huishoudelijk afvalwater. In Hoofdstuk 6 werd dit systeem gedurende een 
periode van 300 dagen getest bij een temperatuur van 13 °C en bij verschillende HVTs: 4+8 h, 
2+4 h en 3+6 h. Zoals verwacht vertoonde de AF reactor een zeer goede verwijdering van 
CZVSS (in het bijzonder bij een HVT van 4 h) en was de AH reactor geschikt voor de 
verwijdering van CZVco, en opgelost CZV (CZVdis). Ondanks de lage temperatuur gaf het 
gecombineerde AF+AH systeem een relatief hoog verwijderingsrendement voor CZV, (Fig. 
1), zelfs bij een HVT van 2+4 h (59%). Daarnaast vertoonde het systeem een relatief goede 
hydrolyse, verzuring en methanogenese. 

Het grootste deel van het spuislib werd in de AF reactor geproduceerd. De maximale 
specifieke methanogene activiteit (SMA^) van het korrelslib in de AH reactor was redelijk 
stabiel met een gemiddelde van 0.18 kgCZV/kg VSS.d bij een HVT van 6 en 8 h. Echter, bij 
een HVT van 4 h daalde de SMA,naxnaar 0.11 kgCZV/kg VSS.d. Dus, om een daling van de 
SMA,nax in de AH te voorkomen, mag de CZVss-belasting van de tweede trap de belasting bij 
een HVT van 6 h niet overschrijden (0.38 kg CZVss/m

3.d). Indien de voorgeschakelde AF 
reactor een HVT van 4 h heeft, wordt een CZVSS belasting van 0.38 kg/m3.d verkregen bij een 
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HVT van 2.3 h voor de AH reactor. Dus, een HVT van 4+4 uur lijkt voldoende voor een 
optimale verwijdering van CZVSS en CZVdis en is tegelijkertijd voldoende om een daling van 
de SMA^ van net korrelslib in de AH reactor te voorkomen. Bij een HVT van 4+8 h en een 
temperatuur van 13 °C liet het AF+AH systeem een hoog verwijderingsrendement zien voor 
alle CZV fracties en een verwijderingsrendement voor CZV, van 71%. Dit is vergelijkbaar met 
rendementen die zijn gevonden in tropische landen waar de gemiddelde temperatuur veel 
hoger is. 
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Fig. 1. Effect van de HVT op de verwijdering van CZV, and CZV-fracties tijdens de 
behandeling van huishoudelijk afvalwater in het AF+AH systeem bij 13 °C. (1). (0), CZV,; 
(D),CZVss;(A),CZVC0l;(O),CZVdjs. 

Hoewel een hoog CZV,-verwijderingsrendement mogelijk is, worden E-coli en nutrienten niet 
of nauwelijks in het AF+AH systeem verwijderd. Voor gebieden waar nutrientenverwijdering 
geen vereiste is, zoals in de meeste ontwikkelingslanden, is afhankelijk van de effluenteisen 
nabehandeling alleen nog maar nodig om het CZV, nog verder te reduceren en pathogenen te 
verwijderen. Het gemiddelde CZV, in het effluent van het AF+AH systeem is bij een HVT 
van 4+8 h slechts 133 mg/1 en dus zijn de verwachte operationele kosten van het totale 
systeem (inclusief de nabehandelingsstap) laag in vergelijking met een volledige aerobe 
behandeling van huishoudelijk afvalwater. Diverse soorten reactoren zijn voorgesteld voor de 
nabehandeling van anaeroob voorbehandeld afvalwater (Cllivignarelli et al., 1990; Garuti et 
al., 1992; Machdar et al, 1997; Agrawal et al, 1997, Araki et al., 1999). Machdar et al. 
(1997) behandelden het effluent van een UASB reactor met PUR-blokjes die verticaal werden 
opgehangen. Zij lieten zien dat dit systeem, in combinatie met een voorgeschakelde UASB, 
op zeer efficient wijze CZV, kan verwijderen en bij 25 °C en een HVT van slechts 7+1.3 h 
bovendien een nitrificatierendement van 73-78% geeft. Vooronderzoek met een oxidatiebed 
met verticaal geplaatste PUR-matten gaf soortgelijke resultaten (resultaten niet getoond). 
Naast de lagere stichtings- en operationele kosten van een AF+AH systeem, zou dit systeem 
in combinatie met een oxidatiebed, ook minder mechanische onderdelen en energie voor 
beluchting vergen dan conventionele aerobe systemen. Na aerobe nabehandeling is het 
effluent van een AF+AH systeem een waardevol product dat voor irrigatie gebruikt kan 
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worden, vooral in regio's waar water een schaars goed is zoals in het Midden-Oosten. De 
noodzaak voor pathogenen-verwijdering hangt sterk af van het verbouwde gewas en het type 
irrigatiesysteem dat wordt gebruikt. 

Het effluent van het AF+AH systeem bevat te weinig koolstof om de stikstof in het afvalwater 
volledig te kunnen verwijderen. Dus, indien nutrientenverwijdering noodzakelijk is moet voor 
een ander systeem gekozen worden waarin de AH reactor (of een soortgelijke reactor) wordt 
uitgevoerd als denitrificatiereactor die van de koolstof in het effluent van de AF reactor 
gebruik maakt. De AF reactor bij een HVT van 4 h en een temperatuur van 13 °C verwijderde 
45-55% CZV, hetgeen voornamelijk uit CZVSS (80-82%) bestond. Dit is een hoger 
verwijderingsrendement dan met een conventionele voorbezinker bereikt kan worden en 
benadert de verwijdering die met fysisch-chemische processen mogelijk is. Een extra voordeel 
is dat in een AF reactor gedeeltelijke hydrolyse en verzuring optreedt hetgeen de 
nutrientenverwijdering zou kunnen stimuleren. Andersson en Rosen (1990) en Karlsson en 
Smith (1991) toonden aan dat door voorbehandeling de CZV/N verhouding wordt verlaagd 
maar dat dit geen negatief effect heeft op de denitrificatiesnelheid omdat het CZV, dat 
overblijft voornamelijk uit eenvoudig afbreekbare stoffen bestaat. Van Loosdrecht et al. 
(1997) bestudeerden de milieu-effecten van nutrienten-verwijdering en ontdekten dat een 
drastische reductie in het energieverbruik mogelijk is indien een voorbezinker wordt 
toegepast. Toepassing van een anaerobe voorbehandelingsstap is wellicht een nog betere 
optie. 

DE MOGELIJKHEID VOOR VERDERE VERBETERING VAN DE VERWIJDERING 
VAN COLLO'fDALE DEELTJES TIJDENS DE ANAEROBE BEHANDELING VAN 
HUISHOUDELIJK AFVALWATER BIJ LAGE TEMPERATUREN 

De resultaten van Hoofdstuk 2 lieten zien dat de colloidale deeltjes in huishoudelijk 
afvalwater onder anaerobe condities goed afgebroken kunnen worden. Hieruit volgt dat de 
slechte invang en/of sorptie van de colloidalen in continu bedreven anaerobe reactoren het 
belangrijkste obstakel is voor nun verwijdering. Een extra motivatie om de verwijdering van 
colloidale deeltjes te verbeteren is dat tegelijkertijd pathogenen worden verwijderd die aan de 
colloidale deeltjes zijn gehecht (Hoofdstuk 6). Omdat zowel biomassa als colloidale deeltjes 
een negatieve lading bezitten zou de toevoeging van kleine hoeveelheden kationisch polymeer 
aan het influent van de tweede trap van een AF+AH systeem de verwijdering van CZV^, sterk 
kunnen verbeteren omdat (1) de brugvorming die door het polymeer wordt veroorzaakt 
grotere colloidale deeltjes geeft die vervolgens beter kunnen worden ingevangen of kunnen 
worden geadsorbeerd en (2) door omlading van de colloidale deeltjes hun adsorptie aan de 
biomassa wordt bevorderd. 

Toevoeging van een kationisch polymeer aan het effluent van de AF reactor werd bestudeerd 
in batchgewijze testen. Twee soorten polymeer werden gebruikt: QNHEC en C492 HMW. De 
resultaten lieten zien dat deze twee polymeren vrijwel hetzelfde effect op de zeto-potentiaal en 
de deeltjesgrootte hebben (Fig 2). Toevoeging van kleine hoeveelheden polymeer, d.w.z. 
minder dan 1 mg/1, gaf een aanzienlijke vergroting van de deeltjes, te weten 2 en 3'/2 keer de 
oorspronkelijke grootte bij een dosering van 0.5 en 1 mg/1 QNHEC/1. Een hogere dosis 
kationisch polymeer (>25 mg/1, Fig. 1.2) was nodig om de colloidale deeltjes te neutraliseren 
of zelfs een positieve lading te geven. Andere testen hebben laten zien dat QNHEC de 
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activiteit van korrelslib niet negatief be'invloedt en gedeeltelijk afbreekbaar is. De toevoeging 
van kleine hoeveelheden kationisch polymeer zal de invang en adsorptie van colloifdale 
deeltjes in de AH reactor dus bevorderen. Echter, dit moet verder worden onderzocht in 
continue experimenten. 

In vergelijking met een volledige voorbehandeling met kationische polymeren zijn voor het 
hierboven voorgestelde systeem minder polymeren vereist omdat het grootste deel van de 
deeltjes reeds in de AF reactor is verwijderd. 
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Fig 2. Effect van een kationisch polymeer op de gemiddelde deeltjesgrootte en zeto-potentiaal 
voor het effluent van de AF reactor die met huishoudelijk afvalwater wordt bedreven bij een 
temperatuur van 13 °C en een HVT van 3 h. ( • ) C492 HMW; (0), QNHEC 

CONCLUSIES 

• De anaerobe biodegradeerbaarheid van de colloi'dale fractie in huishoudelijk afvalwater is 
het hoogst (82%), gevolgd door de gesuspendeerde fractie (77%) en de opgeloste fractie 
(62%). Hieruit volgt dat de slechte verwijdering van CZVC0, in continue anaerobe reactoren 
bij lage temperaturen moet worden toegewezen aan de slechte invang en/of sorptie van 
deze fractie. 

• Door gesuspendeerde stof in de eerste trap van een tweetraps-systeem te verwijderen 
ontstaat een hoge activiteit in de tweede trap en wordt de verwijdering van colloi'dale 
deeltjes in de tweede stap bevorderd. 

• Met een AF reactor met verticale PUR-matten met noppen kan een zeer hoge verwijdering 
van CZVSS (82%) bewerkstelligd worden uit huishoudelijk afvalwater, zelfs bij een lage 
temperatuur (13 °C) en een relatief korte HVT van 4 h. 

• Met een tweetraps AF+AH systeem kan 71% CZV, verwijderd worden bij een temperatuur 
van 13 °C en een HVT van 4+8 h. 

AANBEVELINGEN 

• De toepassing van een tweetraps AF+AH systeem voor huishoudelijk afvalwater bij lage 
temperaturen moet verder worden onderzocht op praktijkschaal. Ook de haalbaarheid van 
dit systeem bij hogere temperaturen moet worden onderzocht. 
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• De toevoeging van kleine hoeveelheden kationisch polymeer om de verwijdering en 
omzetting van colloi'dale deeltjes in de tweede stap van het systeem (de AH reactor) te 
verbeteren moet worden onderzocht bij een kleine HVT. 

• De financiele en operationele voordelen van de anaerobe voorbehandeling van 
huishoudelijk afvalwater in een AF reactor (en eventueel ook in de AH reactor) op de 
nutrientenverwijdering moet nader worden onderzocht. 
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