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CHAPTER I. INTRODUCTION 

Anaerobic digestion is a biological waste treatment process that is 

used to convert organic wastes into gaseous end-products containing 

methane and carbon dioxide. The process occurs in three stages. 

Initially, complex organic compounds and particulate matter are 

hydrolyzed by facultative and anaerobic organisms. The end-products of 

hydrolysis undergo fermentation to form low molecular weight products 

such as acetic acid, hydrogen, and carbon dioxide. During the second 

stage, the products of the first stage are metabolized further to form 

acetate and hydrogen. In the final stage, acetate and hydrogen are 

converted biologically to methane and carbon dioxide. 

A major application of anaerobic digestion processes is the 

stabilization of municipal wastewater sludges and industrial wastes. 

Typically, the methane gas produced by anaerobic digestion systems is 

used to fuel electric generators to provide an energy source for 

powering wastewater treatment plants. 

The successful operation of anaerobic processes is dependent on 

maintaining a delicate balance among the different groups of anaerobic 

microorganisms by providing the proper growth conditions. Poor process 

performance is often attributed to an imbalance in the concentrations of 

the various microorganisms that are necessary for conversion of organic 

wastes. In some cases, successful operation has been achieved by 

separating the various stages of digestion. This process modification 

is referred to as a two-phase system, with hydrolysis and fermentation 
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occurring in the first phase and gas production in the second phase. 

The major benefits of phase separation include improved process 

stability and control. However, when using a two-phase system, 

interactions between various microbial species are limited. Because 

each phase produces end-products that are needed by the other, 

operational problems may arise. 

The rate-limiting step of anaerobic digestion is considered by some 

to be the rate of hydrolysis of complex organic particles (9,10,28,29). 

Complete digestion can only occur when the waste is in soluble form. 

Increasing the hydrolysis rate can be accomplished by partially 

hydrolyzing the waste stream mechanically before it enters the anaerobic 

process (9,10). However, the effects of pretreatment of the waste are 

not well documented. 

A better understanding of the effects of modifying the particle 

size distribution of the organic particulate components in the influent 

stream as related to energy recovery from anaerobic systems is needed. 

This research project was designed to investigate the effects of 

particle size reduction of a municipal primary sludge on the performance 

of anaerobic systems. Two anaerobic treatment systems were evaluated in 

this study, a conventional and a two-phase system. 
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CHAPTER II. OBJECTIVES AND SCOPE OF THE STUDY 

The primary objective of this research project was to evaluate the 

effects that particle size reduction of influent primary sludge had on 

the performance of the anaerobic digestion process. Two treatment 

systems, a conventional and a two-phase anaerobic treatment system were 

operated simultaneously under identical conditions. 

The effects of reducing the influent particle size on the operation 

of the two systems were evaluated by monitoring the following 

parameters: 

1. Gas production, 

2. Gas quality, 

3. Volatile organic acids concentrations of reactor contents, 

4. Chemical oxygen demand (COD) of influent and effluent waste 
streams, 

5. COD of cumulative size fractions of samples of influent feed 
sludges and reactor contents, obtained by a fractionation 
technique involving sedimentation followed by 
centrifugation. 

The reactors were operated as completely mixed anaerobic reactors 

and were maintained at approximately 35 degrees Celsius. The two-phase 

system consisted of two reactors connected through separate gas exit 

lines. A single reactor was used for the conventional system. 

Substrate used in the study was primary sludge obtained from the 

Ames, Iowa, Water Pollution Control Plant. The substrate was collected 

on three separate occasions and stored in gallon jugs at 4 degrees 

Celsius until needed. The study was conducted in the Sanitary 
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Engineering Research Laboratory located in the Town Engineering Building 

at Iowa State University. The reactors were operated in a constant 

temperature room maintained at 35 degrees Celsius. 
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CHAPTER III. BACKGROUND 

To provide background information, previous work on anaerobic 

processes with emphasis on process control and the various modes of 

operation is summarized. The use of anaerobic phase separation and 

studies researching the particle size distribution in anaerobic 

treatment systems are also discussed. 

Anaerobic Degradation 

The anaerobic process is the most widely accepted method for sludge 

stabilization. Anaerobic processes involve many facultative and 

strictly anaerobic organisms to bring about the complete conversion of 

complex mixtures of substrates to methane gas. 

The process can be divided into three stages as shown in Figure 1 

(14,18). In the first stage, insoluble, complex organic particulates 

are hydrolyzed by extracellular organisms into soluble substrates. 

Next, the soluble substrate is fermented by facultative and strictly 

anaerobic bacteria to produce long-chain organic acids, sugars, amino 

acids, and eventually smaller organic acids such as propionic, butyric, 

and valerie acid. Acetic acid, hydrogen, and carbon dioxide are also 

formed in the first stage (8,23). This hydrolysis step is believed by 

some to be the rate-limiting step in the overall process, although at 

high organic loadings, methanogenesis may gradually become rate-limiting 

(9,10,28,29). Bacteria involved in hydrolysis and subsequent 

fermentation have higher growth rates and are less sensitive to pH 

changes than the final stage methanogenic bacteria. Essentially no 
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waste stabilization occurs in the first stage, only transformation of 

the waste to a useable product for the second stage (10,23). 

In the second stage, acetogenic bacteria form acetate and hydrogen 

by metabolization of the products from the first stage. These processes 

are referred to as acetogenesis and dehydrogenation, respectively. This 

step is essential for producing a substrate that can be utilized by the 

strictly anaerobic bacteria in the methanogenic stage. 

Conversion of acetate and hydrogen to methane and carbon dioxide is 

the final stage in the anaerobic degradation process. The bacteria 

involved in the methanogenesis stage have slower growth and metabolic 

rates because the major portion of the energy is released as methane, 

leaving little energy for synthesis of new microorganisms. Therefore, 

the major portion of the degradable waste is converted to methane and 

carbon dioxide. Thus, methane production from waste conversion can be 

related directly to waste stabilization (19). 

As shown in Figure 1, acetate conversion accounts for 72% of 

the methane based on the following relationship: 

(1) 

with the remaining 28% from H2 utilization as follows: 

(2) 

The second equation is extremely important for efficient operation of 

the anaerobic process. Partial pressures of H2 in the digesting sludge 

must be maintained at less than 0.000 1 atmospheres to allow for the 
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rapid conversion of fatty acids and their precursors as illustrated in 

the following equation for conversion of propionate to acetate 

(2,8,18,28,29): 

(3) 

As the partial pressure of HZ increases, the conversion of fatty acids 

and HZ production becomes rate-limiting. High partial pressures of 

hydrogen can develop and become a major concern in the treatment of 

complex wastes where as much as 30% of the electron flow is through 

propionate as shown in Figure 1 (18). However, when all three stages of 

anaerobic degradation are combined, the methanogenic organisms reduce HZ 

to methane and maintain the required low HZ partial pressures (28). 

For effective waste stabilization to occur, a heterogeneous group 

of microorganisms must be present to conduct all stages of the anaerobic 

degradation process. A summary of the physical and chemical 

requirements for efficient anaerobic digestion to occur is given in 

Table 1 (20). Typically, for anaerobic treatment of primary sludge, 

sufficient nutrients are present. However, in the treatment of 

industrial wastes, nutrient supplements such as nitrogen and phosphorous 

may be required. 

Complete waste stabilization results in the production of methane 

and carbon dioxide and each stage is critical to the success of the 

process. Imbalances may occur between the populations of methanogenic 

bacteria and the relatively fast growing acidogenic bacteria, resulting 

in a buildup of volatile acids. The increase in volatile acids 
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Table 1. Requirements for anaerobic digestion (20) 

Temperature 

Mesophilic range 

Thermophilic range 

Anaerobic conditions 

29 to 38 degrees Celsius 

49 to 57 degrees Celsius 

Sufficient biological nutrients 

Nitrogen 

Phosphorous 

Others 

pH range 

Bicarbonate alkalinity 

Absence of toxic materials 

6.6 to 7.6 

2500 to 5000 mg/L as CaC03 

concentration may be sufficient to cause a decrease in the pH buffering 

capacity, and subsequent process failure (10,20). Therefore, for 

efficient operation of anaerobic systems, proper control of pH and other 

operating parameters is very important. Several of the parameters 

indicating impending digester failure are listed in Table 2. 

Process Control 

The optimum pH for anaerobic digestion occurs between 7.0 and 7.2 

with the normal operating range from 6.6 to 7.6 (20). Digester failure 

is usually evidenced by a decrease in pH caused by an increase in 

volatile acids concentration. However, the pH will not change until all 
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Table 2. Indicators of impending 
digester failure (20) 

Parameters Increasing 

Volatile Acids Concentration 
CO2 Percentage in Gas 

Parameters Decreasing 

pH 
Total Gas Production 
Waste Stabilization 

Alkalinity 

the buffering capacity of the system is used up and the system is at 

failure. Therefore, of the many parameters, concentration of volatile 

acids is the most useful in detecting operational problems. 

Changes in pH are buffered by the carbon dioxide-bicarbonate 

system. The relationships between pH, bicarbonate alkalinity, and 

percent CO 2 in the off-gas are shown in Figure 2 (20). As shown in the 

figure, a bicarbonate alkalinity of 2500 to 5000 mg/L provides adequate 

buffer capacity to allow the volatile acids concentration to increase 

substantially before the pH drops below the normal operating range. 

If the volatile acids concentration continues to increase and 

reduce the bicarbonate alkalinity below the limit shown in Figure 2, 

then the bicarbonate alkalinity should be controlled. With proper pH 

adjustment, volatile acids concentrations of up to 6000 mgjL can be 

tolerated without loss in methane production (23). One method for 

controlling pH in a digester is the addition of sodium bicarbonate (20). 
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Sodium bicarbonate can be added to the digester to raise the alkalinity 

and resulting pH until the methanogenic bacteria are able to efficiently 

degrade the volatile acids. Toxicity of sodium bicarbonate is not a 

problem as long as the bicarbonate alkalinity in the digester remains 

below 5000 mg/L. 

Toxicity is of major concern in microbial systems. The toxicity of 

known substances is usually broken down into two categories, organic and 

inorganic substances. The molecular structures of organic substances 

have been directly correlated to toxicity (23,29). Ch1oro substitution, 

ad1ehydes, double bonds and benzene rings have been shown to exhibit 

toxicity while the addition of hydroxyl groups and increased carbon 

chain length will tend to decrease toxicity. Inorganic substances have 

also been reported to cause toxicity and Table 3 contains a summary of 

the toxic concentrations of select inorganics from a wide group which is 

made up of alkali and alkaline-earth metals, heavy metals, ammonia-

nitrogen, and sulfide (23). 

Ammonia-nitrogen is generally accepted to be inhibitory at 

concentrations between 1500 and 3000 mg/L and toxic at concentrations 

above 3000 mg/L (23). Ammonia-nitrogen is the total nitrogen existing 

as ammonium ion and ammonia gas based on the following equilibrium 

relationship: 

+ 
<--> NH3 + H . 

The fraction of ammonia in the gaseous phase increases with pH and 

(4) 

concentrations above 100 mg/L may cause severe toxicity (23). Soluble 
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Table 3. Concentrations of inorganics reported to be toxic to 
anaerobic digestion (23) 

Inorganic 
Substance 

Sodium 

Potassium 

Calcium 

Magnesium 

Ammonia-nitrogen 

Sulfide 

Copper 

Chromium VI 

Chromium III 

Nickel 

Zinc 

Toxic Concentraions, mg/L 

Moderately 
toxic 

3,500-5,500 

2,500-4,500 

2,500-4,500 

1,000-1,500 

1,500-3,000 

200 

Strongly 
toxic 

8,000 

12,000 

8,000 

3,000 

3,000 

200 

0.5(soluble) 

3.0(soluble) 

2.0(soluble) 

2.0(soluble) 

1.0(soluble) 

sulfides at concentrations greater than 200 mg/L are inhibitory, and 

heavy metals show toxicity at soluble concentrations ranging from 0.1 to 

3 mg/L (23,28). It should be noted that substances must be soluble to 

have toxic effects; therefore, heavy metals may be precipitated with 

sulfide and reduce both the heavy metal and soluble sulfide 

concentrations to below toxic levels depending on the pH. 
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Modes of Operation 

Since the introduction of the conventional unmixed, unheated 

anaerobic digester for treatment of wastewater sludges, many 

developments have been made to increase process efficiency. More recent 

design practices include the use of a completely mixed, heated, high 

rate system. The high rate system operates at or above 35 degrees 

Celsius, the optimum temperature for mesophilic methanogenic bacteria. 

Hydraulic retention times (HRTs) are 10 to 20 days, as compared with 

30 to 60 days for the conventional system. The minimum HRT of 10 days 

corresponds to the minimum solids retention time (SRT) or minimum 

regeneration time of the slow growing methanogenic organisms (7). The 

equations defining hydraulic retention time (HRT) and solids retention 

time (SRT) are: 

HRT ~ V 
Q 

where: 

V Reactor volume; 

Q Digested sludge wastage rate; 

XR = Concentration of reactor contents; 

Xw = Concentration of wasted digested solids. 

For completely mixed, high-rate digesters, the concentration of the 

(4) 

(5) 
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reactor contents (XR) is equal to the concentration of the wasted 

digested sludge (Xw) , thereby making the SRT equal to the HRT (7). If 

the SRT is allowed to decrease below the minimum regeneration time of 10 

days, gas production and removal of degradable organic compounds will 

decrease dramatically as shown in Figure 3 (7). 

Increasing SRT without increasing HRT is beneficial because high 

treatment efficiency can be obtained with smaller, less expensive 

digesters. Also, economical anaerobic digestion of dilute wastes, which 

require increased hydraulic loading of the systems,is possible using an 

increased SRT. One of the first attempts at separating SRT from HRT was 

the development of the anaerobic activated sludge system, with more 

recent design modifications including fixed film/filter, 

expanded/fluidized bed, upflow anaerobic sludge blanket and baffled 

systems(7,18,32). Each of the systems is capable of maintaining a large 

bacterial mass within the system to accomplish high waste stabilization 

rates per unit volume. 

High-rate digesters, and digesters able to separate SRT from HRT, 

are capable of increasing the total process efficiency and stability of 

the anaerobic system. Process efficiency and stability can also be 

improved by increasing the efficiency of the individual stages in the 

process. Phase separation allows the acidogenic organisms to be 

separated from the methanogenic organisms, thus offering an opportunity 

to optimize each phase separately (5,9,10,23). 

Another approach for improving overall process efficiency and 

stability is to optimize conditions for the rate-limiting step of the 
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Figure 3. Effect of solids retention time (SRT) on percent removal 
of chemical oxygen demand (COD) (7) 
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degradation process. In cases where the sludge to be processed contains 

high concentrations of solids, the hydrolysis step may be rate limiting. 

An option for increasing the overall hydrolysis rate may be to 

mechanically modify the particle size distribution of the influent waste 

stream. 

High Rate Digestion 

High rate digesters consist of a conventional reactor that is 

completely mixed and heated to a temperature of 35 degrees Celsius or 

above. The significant feature of high rate digesters is that 

considerably higher organic loads can be applied at HRTs well below 

those characteristic of conventional unmixed, unheated digesters. 

Modern high rate digestion systems usually consist of a two-stage 

system; the first stage performs the treatment and the second stage is 

used to thicken and store the digested sludge. The second stage is 

usually unheated and unmixed and produces a relatively clear 

supernatant. Design criteria for high rate digestion systems vary 

widely. Typical loading rates and detention times are given in Table 4 

(31,36). Significant results from several laboratory studies that have 

been performed using high rate anaerobic systems are given in Table 5. 

As shown in Table 5, the methane production rate based on grams of COD 

destroyed is very close to the theoretical value of 0.35 L CH4/g COD 

destroyed for each of the systems, assuming conversion of all data to a 

standard temperature of 0 degrees Celsius. The theoretical value for 
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Table 4. Design criteria for high rate anaerobic digestion systems 

Ref 31 Ref 36 

Solids retention time (days) 10-20 10-15 

Loading rate (g VS/L/day) 2.4-6.4 1.6-3.2 

. a 
Load~ng rate (g COD/L/day) 4.8-12.8 3.2-6.4 

aBased on approximate value of 0.5 g VS/g COD (4,33). 

methane production per gram of COD destroyed is based on the following 

equation: 

Therefore, the volume of methane per gram of COD at a standard 

temperature and pressure of 0 degrees Celsius and I atmosphere can be 

calculated as: 

Volume CH (1 gram COD destroyed)(22.4 1/mo1e) 

2(32 g 02/mo1e O2) 

0.35 L CH 4/gram COD destroyed. 

Phase Separation 

(7) 

Historically, anaerobic digester design has been based on providing 

an environment in which both the acidogenic and the methanogenic 

organisms could survive simultaneously. Digesters have been designed to 

promote the growth of the sensitive and slow growing methanogenic 
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organisms without regard to controlling growth of the much less 

sensitive and rapidly growing acidogenic organisms. Recognizing that 

the acid formers are not in an optimum environment, some researchers 

have proposed controlling anaerobic degradation by phase separation of 

the acidogenic and methanogenic organisms, thereby creating optimum 

growth environments for each group of organisms (4,5,6,9,10,23). 

Two-phase digestion involves the use of two completely mixed 

digesters in series, one for hydrolysis and acidification of the waste 

by the acidogens, and the other for methane production. The environment 

in the acidogenic digester allows for hydrolysis of insoluble organic 

matter, reduction of the nitrogen and oxygen contents, and a pH below 

7.0 (5,10). Production of volatile organic acids in the acidogenic 

reactor provides the methanogenic reactor with an easily digestible 

substrate that can be efficiently converted to gaseous end products. 

Complete phase separation is not recommended in the anaerobic 

process because of problems that may arise from the lack of interaction 

among the organisms (10,23). The gas in the acidogenic digester 

typically contains a high concentration of hydrogen that is utilized by 

the methanogenic organisms. If this gas is not transferred to the 

methanogenic digester, the conversion of longer chain intermediates to 

acetic acid could be inhibited. Also, if the hydrolysis step is not 

rate-limiting, phase separation would cause a buildup of volatile acids 

in the acidogenic digester to concentrations inhibitory for 

methanogenesis. 

Improved digester stability and process control are the major 
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advantages of phase separation (9,10,23). The use of two-phase systems 

is ideal for influent feeds that are highly variable in quantity or 

quality. The series configuration of the two-phase system also provides 

additional buffer capacity for protecting the sensitive methanogens 

against exposure to slug loads of inhibitory materials (13). When 

utilized in the proper environment, phase separation can have a 

substantial impact on the degradation of waste. Ghosh et a1. (10) 

reported operating a two-phase digester treating waste activated sludge 

at one-half the detention time of a high-rate digester while exhibiting 

higher rates of solids stabilization and methane production. 

Particle Size 

Anaerobic degradation involves the breakdown of large particles 

into smaller particles that can be consumed by cellular organisms and 

converted to a gaseous form. The process by which the larger particles 

are broken down is the result of first stage enzymatic hydrolysis. 

Extracellular organisms secrete enzymes that interact with the surface 

of the large particles causing breakdown to smaller particles. The 

process continues until the particles are small enough to be metabolized 

by the acidogenic bacteria. As the particles are reduced in size during 

treatment, the available surface area is increased and therefore, the 

apparent hydrolysis rate is increased. 

Several investigators have studied the hydrolytic process and found 

that the rate of degradation is directly related to the available 

surface area of the particles in the waste stream (1,9,15,16,17,24). As 

the effective particle size of the waste particles decreases, the 
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surface area increases. It is possible that the effective particle size 

distribution of a waste stream may be modified to a range where 

hydrolysis is not rate-limiting. 

The fact that smaller particles were hydrolyzed at a much greater 

rate than larger particles was demonstrated in a study that employed 

phase separation (15). An increase in surface area occurred mainly in 

the smaller particle size fractions of the digesting sludge, and the 

rate of hydrolysis for the small particles was greater than that of the 

large particles. 

Modeling efforts focused on the acidogenic phase of anaerobic 

degradation, including both hydrolysis and fermentation, have been 

limited. However, a working model was developed by Eastman and Ferguson 

and is given below: 

(F - F) + (S - S) + (X - X) + (P - P) - 0 o 0 0 0 

where: 

(F - F) ~ change in concentration of degradable particulate 
o 

COD; 

(S - S) change in concentration of substrate COD; 
0 

(Xo - X) change in concentration of viable biomass COD; 

(P - P) change in concentration of product COD (9). 
0 

As shown in equation 8, there is no change in the overall COD of the 

(8) 

anaerobic system during acidogenesis, only a transformation of the COD 

between phases. 

The rate of hydrolysis enters into equation 8 in calculation of the 
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change in the degradable particulate COD. Eastman and Ferguson stated 

that at constant temperature and pH, the hydrolysis rate is 

approximately first-order with respect to the remaining concentration of 

degradable particulate COD as shown in the following equation: 

(9) 

where: 

kh = first-order hydrolysis rate constant; 

F = concentration of degradable particulate COD (9). 

As stated previously, increasing the hydrolysis rate can have a major 

effect on the rate of degradation. The immediate effect that increasing 

the hydrolysis rate constant would have on the particulate COD component 

of equation 8 can be seen by the following equation for a completely 

mixed continuous flow reactor operating at steady state: 

F - F 
o 

where: 

F influent concentration of degradable particulate COD; 
o 

F - effluent concentration of degradable particulate COD; 

& - hydraulic retention time of the system (9). 

A decrease in particulate GOD would not be completely related to an 

increase in the hydrolysis rate, as evidenced in equation 10. Gell 

(10) 

growth would contribute to a decrease in the effluent particulate GOD 
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concentration. However, an increase in the hydrolysis rate constant 

should correspond to a decrease in the effluent concentration of 

degradeable particulate COD, as shown in equation 10. Higher rate 

constants cause an increase in the change in degradable particulate COD 

in equation 8 for a given HRT and SRT. As a result, the concentration 

of soluble COD available for metabolism increases. Any transformation 

of particulate COD to soluble or product COD will result in improved 

process performance. Therefore, reduction of the particle size 

distribution of the influent waste stream to increase the rate at which 

the waste is converted to a readily degradable substrate may be 

beneficial for improving waste treatability. 

The literature related to operation of anaerobic treatment systems 

was used as a basis for this experimental study. The study investigated 

the effects of particle size reduction of the particulate components in 

a municipal primary sludge on the performance of the two separate 

anaerobic systems, a conventional system and a system utilizing phase 

separation. 
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CHAPTER IV. EXPERIMENTAL STUDY 

The basis of the experimental study was to evaluate the effects of 

particle size reduction of the feed substrate on the performance of 

anaerobic digesters. A comparison was made between two anaerobic 

systems, conventional and two-phase. The conventional reactor consisted 

of a single, completely mixed anaerobic reactor while the two-phase 

system employed separate completely mixed anaerobic reactors for 

acidogenesis and methanogenesis. 

Both anaerobic systems were operated at three different hydraulic 

retention times (HRTs) or phases. During each of the three phase,s, the 

effects of particle size reduction of the feed substrate were studied. 

Each phase was divided into two sub phases based on the physical 

characteristics of the feed sludge. Raw primary sludge was fed to each 

system during one sub phase and homogenized primary sludge during the 

other. Both systems were monitored on a regular basis to collect 

performance data. 

Experimental Design 

Completely mixed anaerobic reactors maintained at 35 degrees 

Celsius were used in the experimental study. A gas handling apparatus 

was connected to each system to allow for feeding and wasting of feed 

substrate, sampling of the off-gas for analysis, and measurement of the 

total gas production. 
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Reactor Design 

Three identical plexiglas reactors were operated as completely 

mixed anaerobic reactors. The major features of the reactors are shown 

in Figure 4. Design of the reactors was based on studies conducted by 

Dague et al. (6) and design parameters from Holland and Chapman (12). 

A list of design parameters is presented in Table 6. 

Table 6. Summary of reactor design parameters from Holland and 
Chapman (12) 

(1) Digested liquid height equal to reactor diameter 

(2) Propeller diameter equal to one-third the tank diameter 

(3) Propeller height from the reactor bottom equal to propeller 
diameter 

(4) Four baffles vertically mounted at the reactor wall and 
extending from the reactor bottom to above the liquid surface 

(5) Baffle width equal to one-tenth the reactor diameter 

Each anaerobic reactor had an inside diameter of 15.24 cm and a 

height of 26.67 cm. The thickness of the plexiglas was 1 cm. The 

reactor volume was 4.865 L with a 4 L digested sludge volume. A flanged 

connection at the top of each reactor allowed easy access into the 

reactor, and an O-ring provided an air-tight seal. Ball valves, 0.95 cm 

in size, were located at distances of 5.1 and 12.7 cm from the bottom of 

the reactor and used for sludge feeding and wasting. 

The two-phase system consisted of two identical reactors connected 

by joining their separate gas exit lines to exit through a combined gas 
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handling apparatus. The conventional system consisted of a single 

reactor and gas handling apparatus. 

Temperature and Mixing 

The reactors were operated at approximately 35 degrees Celsius. 

High pressure steam provided the primary source of heat in an enclosed 

room. In addition, thermostatically controlled electric heaters were 

used during interruptions of the steam heat. 

The contents of each reactor were completely mixed using a 3-blade 

marine type propeller attached to a variable speed mixer. The propeller 

blade was approximately 4 cm in diameter, and the shaft was encased in a 

stainless steel tube as shown in Figure 4. The tube was submerged in 

the digested liquid to ensure anaerobic conditions within the reactor. 

Stainless steel baffles were added to each reactor to achieve an axial 

flow mixing pattern in the reactor, also shown in Figure 4. 

Mixing of the reactors was accomplished by operating the mixers at 

approximately 1500 rpm for 7.5 minutes every 30 minutes. This procedure 

was used because continuous operation of the mixers resulted in an 

increase in reactor temperature. 

Gas Handling 

Gas exited each of the two experimental reactor systems to separate 

gas handling systems as shown in Figure 5. The water lock device used 

consisted of two interconnected 500 mL bottles that protected the 

remainder of the gas handling apparatus from suction conditions while 

feeding and wasting from the reactors. Each bottle contained 
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approximately 250 mL water acidified to a pH of 1 with sulfuric acid. 

A water bridge connected the two bottles to prevent back mixing of 

gas and to monitor potential leaks in the system. As gas was produced 

in the reactors, the gas pressure in the reactor head space increased. 

The increase in gas pressure caused a transfer of water from the first 

bottle to the second. Transfer of water continued until the level of 

water in the first bottle reached the bottom of the middle gas exit tube 

and a portion of the gas was released from the water lock. The water 

levels in the water lock during gas release are as shown in Figure 5. 

While the reactors were operating under gas-tight conditions, a height 

difference in the two water levels existed. The difference was due to 

the position of the gas exit tube from the system. Gas could not exit 

the system until the level of water in the first bottle reached the 

bottom of the gas exit tube. The difference in water levels also 

provided a visual confirmation that the system was air tight. If a gas 

leak occurred in the system, the water levels in both bottles were 

identical. 

The water lock was an essential component of the feeding process. 

As sludge was withdrawn from the reactors during feeding, a negative 

pressure developed in the first bottle of the water lock and resulted in 

a transfer of water from the second bottle. Simultaneous feeding and 

wasting was continued until the approriate amount of sludge had been 

wasted. Wasting was then halted and feeding resumed until the level of 

sludge in the reactor had risen to the full mark with a corresponding 

transfer of water from the first bottle back to the second. After 
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feeding, the water levels in the water lock would restabilize with the 

first bottle having a lower level than the second, as shown in Figure 5. 

Gas flow from the reactors was through the water lock then through 

a hydrogen sulfide gas scrubber. The scrubber consisted of ferric oxide 

coated wood shavings packed in a stoppered 500 mL glass bottle. 

Hydrogen sulfide gas had to be removed from the gas stream to prevent 

release of toxic gases into the room and corrosive damage to the gas 

meter. Following the scrubber, the gas exited through a 50 mL gas 

sampler. The total gas produced was monitored using a GCA Precision 

Scientific-Wet Test Gas Meter. The 50 mL gas sampler was used to 

collect samples for analysis of methane and carbon dioxide content. 

System Operation 

During each phase of the project, the effects of reducing the 

particle size of the feed on the performance of the two anaerobic 

systems were studied. Comparisons were made between the two systems 

during each phase. Gas production data were compiled for both systems 

while other operatin~ parameters were studied for the feed and effluent 

from each reactor. The parameters that were monitored are listed in 

Table 7. The concentrations of individual volatile acids were monitored 

to characterize the effect of changing feed sludge and HRT on reactor 

performance. The contents of each reactor and a sample of the feed 

sludge were fractionated into four size fractions by sedimentation 

followed by centrifugation at the conclusion of each study, and the 

chemical oxygen demand (COD) of each fraction analyzed. Each size 

fraction included particles with an equivalent diameter less than or 
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Table 7. Operating parameters analyzed for feed and effluent from 
each system 

(1) Temperature 

(2) pH 

(3) Chemical oxygen demand (COD) 

a) Total 

b) Centrate of sample centrifuged at 39100 G 

c) Total COD and COD of the centrate of samples after 
fractionation by sedimentation and centrifugation at 
the conclusion of each study 

(4) Alkalinity 

(5) Individual volatile organic acids 

(6) Percentage of methane and carbon dioxide in the off-gas from 
each system 

equal to the smallest particle removed, as calculated using the Stokes' 

equation. The concentration of COD associated with each fraction was 

then calculated and the size distributions of COD compared for 

individual reactors during different modes of operation. 

Hydraulic Retention Time 

The three HRT values chosen for the study were 10, 15, and 20 days. 

The values for HRT during the three phases and the length of time both 

systems were fed each of the two feed sludges are given in Table 8. The 

systems were run as conventional high-rate digesters, thereby making the 

HRT equal to the solids retention time (SRT) . The detention time for 
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phase I was fifteen days, phase II twenty days, and phase III, the 

minimum SRT of ten days (1). The acidogenic reactor of the two-phase 

system was operated at a one day HRT throughout the study. 

During phase I, the conventional reactor and the methanogenic 

reactor were operated at a fifteen day detention time. Thus, the two­

phase system had a six (6) percent longer solids retention time (SRT) 

due to the one day HRT of the acidogenic reactor. During phases II and 

III, the methanogenic reactor had an HRT of nineteen and nine days 

respectively to provide the same total HRT as the conventional system. 

Reactor Start ~ 

After assembling each of the anaerobic systems, all three anaerobic 

reactors were completely filled with effluent from one of the secondary 

digesters at the Water Pollution Control Plant in Marshalltown, Iowa. 

The digesters were not mixed for approximately 18 hours to prevent air 

in the gas head space from being mixed throughout the reactor. During 

the initial time period, gas formed in the reactor and displaced the air 

occupying the gas head space. After 18 hours, mixing of the reactors 

and the batch feeding program was started. 

Feeding Sequence 

All three reactors were fed substrate on a batch basis. The 

methanogenic reactor (reactor no. 2) and the conventional reactor 

(reactor no. 3) were fed once every 24 hours. Since the acidogenic 

reactor (reactor no. 1) was operated on a 1 day HRT, it was fed every 8 

hours to minimize shock loading. Detailed daily reactor feeding 
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Table 8. Values for SRT of each system and length of individual 
studies for each phase of the experimental study 

Phase of Study 

Phase I. l5-day HRT 

HRT, 
days 

Conventional System 15 

Two-phase System 

Acidogenic 1 

Methanogenic 15 

Phase II. 20-day HRT 

Conventional System 20 

Two-phase System 

Acidogenic 1 

Methanogenic 19 

Phase III. 10-day HRT 

Conventional System 10 

Two-phase System 

Acidogenic 1 

Methanogenic 9 

a 

Length of 
Phase, 

days 

44 

32 

Length of each subphase, days 

Primary 
Sludge feed 

subphase 

16 

16 

21 

Homogenized 
feed subphase 

24 

28 

11 

Had been run at l5-day HRT for 45 days prior to collecting data for 
phase I. 
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procedures for all three reactors are given in Appendix A. 

As noted in Table 8, both systems had been operating at the 

fifteen day HRT for 45 days before phase I was begun. After 16 days of 

feeding the raw primary sludge to each system, the feed substrate was 

switched to homogenized primary sludge. In phase II, the feeding 

sequence was reversed from that of phase I and the homogenized feed was 

fed first. Both systems were allowed to acclimate to the twenty day HRT 

before initiating the raw feed study. The feeding sequence was reversed 

once again in phase III, beginning with raw primary sludge used as feed 

substrate, followed by the homogenized feed study. 

A major consideration in comparing the performance of the two 

treatment systems was determining if a pseudo steady state condition 

existed. Upon changing the HRT of the systems, sufficient time had to 

be allowed for acclimation before any meaningful data could be obtained. 

Each system was first fed at the new HRT for a time at least equal to 

the HRT. Feeding was then continued until the daily gas production 

rates, as shown in the laboratory data in Appendix B, reached a 

relatively steady-state value. Determination of the steady-state 

condition was accomplished by calculating five day averages and standard 

deviations of the daily gas production rates. Upon achieving an average 

gas production rate with a coefficient of variation of less than or 

equal to ten percent, the next study was begun. The coefficient of 

variation as a percent was calculated by dividing the standard deviation 

by the average gas production rate and multiplying by 100. 
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Feed Substrate 

The feed substrate used throughout the study was primary sludge 

that was obtained from the Ames, lA, Water Pollution Control Plant. The 

reactors were operated at three different hydraulic retention times 

(HRTs). Prior to beginning each phase of the study, approximately 40 

gallons of sludge were collected. Data on the characteristics of the 

feed sludge are presented in Table 9. 

The sludge obtained for feeding was stored in one-gallon containers 

at 4 degrees Celsius until needed. This temperature was closely 

monitored to prevent the possible changes in particle size distributions 

of the sludge due to freezing. Prior to feeding, the sludge was warmed 

to approximately 35 degrees Celsius in the room overnight. 

Two separate studies were conducted during each phase, one where 

the primary sludge was fed "as received" and the other where the sludge 

was homogenized by blending prior to feeding. Therefore, after the 

sludge was warmed overnight, it was either poured directly into the feed 

jug or mechanically blended before being poured into the feed jug 

depending on the mode of operation. 

Blending of the sludge during the 15 day HRT study was accomplished 

by use of a common household blender. However, due to excessive wear, 

the blender became unuseable and had to be replaced. Subsequently, a 

high speed laboratory homogenizer was used to blend the sludge. 

Analytical Techniques 

Process control of each reactor was accomplished by measuring 

various parameters of both the feed sludge and reactor contents. A list 
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Table 9. Characteristics of feed sludge 

HRT Parameter 

a 
10-day pH 

Alkalinity (mg/L) 
COD (giL) 

As received 
Homogenized b 

Total Solids (%) 

c 
IS-day pH 

Alkalinity (mg/L) 
COD (giL) 

As received 
Homogenized b 

Total Solids (%) 

d 
20-day pH 

Alkalinity (mg/L) 
COD (giL) 

As received 
Homogenized b 

Total Solids (%) 

a 
Sludge collected on Nov. 30, 1986. 

Range 

5.5 - 5.7 
1613 - 2335 

49.5 
38.8 - 42.3 

3.56 

5.5 - 5.9 
1260 - 1875 

32.7 - 45.8 
30.6 - 5l.8 

2.71 

5.2 - 6.0 
1580 - 1850 

27 .6 - 5l. 8 
32.7 - 46.6 

2.99 

b 
Values for total solids percentage were obtained 
from Ames Water Pollution Control Plant. 

c 
Sludge collected on Sept. 8, 1986. 

d 
Sludge collected on Oct. 16, 1986. 

Average 

5.6 
1974 

49.5 
4l.l 

3.56 

5.7 
1567 

39.7 
38.0 
2.71 

5.6 
1715 

37.9 
39.4 

2.99 

of the analyses performed and the frequency of measurement is given in 

Table 10. Daily measurements included determinations of pH and 

temperature. Other analyses were performed less frequently and included 

chemical oxygen demand (COD), alkalinity, individual volatile organic 

acids, and gas composition. Each of the analyses is described briefly 
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below. 

The pH of the feed sludge and the reactor contents were measured 

using a Beckman Expandomatic IV pH meter. The meter was standardized 

with pH 4.00 + 0.01 and 7.00 ± 0.01 buffers prior to use. The 

standardized meter was also used in the measurement of alkalinity. 

Alkalinity 

Analysis of the total alkalinity of both the feed sludge and the 

reactor contents were determined immediately after the pH determinations 

using the potentiometric titration method described in part 403, 

procedure 4c of Standard Methods (30). The sample size was 25 mL and 

the final end point was at pH equal to 4.5. 

Temperature 

The temperature of the reactor contents was measured using a 

mercury thermometer. A mercury thermometer submerged in water was also 

used to monitor the ambient air temperature. The thermometer was 

submerged to minimize effects of minor temperature fluctuations caused 

by opening and closing the door to the room. 

COD 

The chemical oxygen demand (COD) of the feed sludge and the reactor 

contents was determined using a modified method based on the reflux, 

colorimetric method for determination of chemical oxygen demand (COD) 

described in part 508c of Standard Methods (30). Actual analysis was 
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Table 10. Summary of analyses performed and frequency of 
measurement 

Parameter 

pH 

Temperature 

COD 

Alkalinity 

Volatile Acids 

Gas Composition 

Frequency of measurement 

daily 

daily 

beginning and end of each sub phase; 
otherwise weekly 

same as COD 

same as COD 

weekly 

based on a method developed by Zimpro, Inc., ZP-166. Variations from 

the standard method included using a 0.7 N K2Cr207 digestion solution 

and a sulfuric acid reagent made by dissolving 29.5 g AgS04 in 4.08 kg 

concentrated H2S04 , The digestion vessels used were 16 x 125 mm culture 

tubes with TFE-lined screwcaps. Sample volume was 5.0 mL and reagent 

quantities added included 1.5 mL digestion solution and 6.5 mL sulfuric 

acid reagent. The maximum COD concentration per vessel was calculated 

as 1680 mg/L. Samples were diluted to contain between 200 and 1400 mg/L 

COD per 5 mL sample. The absorbance of digested samples was measured at 

600 nm using a Beckman Spectrophotometer with 10 mm cells. 

Weekly COD determinations for individual reactor contents and feed 

sludges included calculation of the total COD and the COD of the 

centrate of a sample centrifuged at a relative centrifugal force of 
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39100 G. The relative centrifugal force, G, when multiplied by the 

acceleration due to gravity, g, results in the radial acceleration of 

the centrifuge. The radial acceleration was also used in calculating 

the equivalent spherical diameter of the smallest particle removed at 

various G values. The centrate after centrifugation at 39100 G was 

assumed to consist of the soluble portion of the sample. 

At the conclusion of the 10-day and 20-day HRT studies, contents of 

each reactor and a sample of the feed sludge were fractionated into 

three size fractions. The COD of each. fraction and the total COD of the 

treated sludge were analyzed. The same fractionation technique was used 

for all samples and involved the use of sedimentation followed by 

centrifugation at two different speeds. The fractionation procedure for 

analysis of the size distribution of the samples from each reactor and 

the feed sludge sample was conducted as follows: 

1. A 200 mL sample was diluted to 2 L in a graduated cylinder, 

2. The graduated cylinder was capped and the contents thoroughly 

mixed by inverting the cylinder twenty times, 

3. One liter of the diluted sample was then transferred to a 
standard one (1) liter Imhoff cone and allowed to settle for 
30 minutes under quiescent conditions, 

4. After 30 min., 50 mL of supernatant out of the top one-third of 
the Imhoff cone was transferred to a 100 mL volumetric flask, 
and another 50 mL of the supernatant transferred to a 50 mL 
high-speed centrifuge tube, 2.6 em in diameter and 10 cm long, 
for further fractionation, 

5. The supernatant in the volumetric flask was diluted to 100 mL, 
mixed thoroughly, and separate 5 mL samples transferred to a 
5 mL graduated cylinder using a broken tipped pipette and then 
to the COD culture tubes for analysis, 

6. The 50 mL sample in the centrifuge tube was first centrifuged 
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at a relative centrifugal force of 1935 G for 30 min., 

7. At the end of the 30 min. centriguation, duplicate 5 mL samples 
of the centrate in the centrifuge tube were transferred to the 
COD culture tubes for analysis, 

8. The sample was then centrifuged at a relative centrifugal force 
of 39100 G for 30 min., 

9. Duplicate 5 mL samples of the centrate after centrifugation at 
39100 G were analyzed for COD content. 

The fractionation process described above resulted in a 

distribution of three size fractions for each sample. Each fraction 

along with the total COD of each sample was divided into separate groups 

as described in Table 11. Equivalent spherical diameters of the 

smallest particle removed in each step of fractionation were then 

calculated using Stokes' equation for sedimentation. 

Stokes' equation is based on the assumption that particles falling 

through a viscous medium quickly attain a terminal velocity and the 

parameters of the suspending medium and those of the particle are 

related as follows: 

2 
V - 2 g d (Pl - P2) (11) 

9n 

where: 

V particles terminal velocity; 

g acceleration due to gravity; 

d diameter of equivalent sphere; 

Pl density of the particle; 

P2 density of the suspending medium; 
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Table 11. Summary of individual COD fractions 

Group Fractionation technique 

Total Total COD of sample before fractionation 

I COD of supernatant from Imhoff cone after the diluted 
sample was allowed to settle for 30 min. 

II COD of centrate after supernatant from Imhoff cone had 
been centrifuged at 1935 G for 30 min. 

III COD of centrate after supernatant from Imhoff cone had 
been centrifuged at 39100 G for 30 min. 

n - viscosity of the suspending medium. 

When a centrifuge is used to achieve particle settling, the acceleration 

due to gravity, g, is no longer valid and must be replaced with 

centrifugal or radial acceleration, a R. The radial acceleration is 

defined as: 

a = 
R 

W
2 

* * G r - g 

where: 

w rotation speed in radians per second; 

r = radius of the centrifuge; 

G unitless term which relates the acceleration due to 
gravity to the radial acceleration. 

(12) 

The values of G were known for the two different centrifuge speeds used 

in the fractionation study, and therefore, the radial accelerations were 

easily calculated. 
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The values used in Stokes' equation and the calculated equivalent 

spherical diameter of the smallest particle in the centrate from each 

fraction are given in Table 12. Terminal velocity of the particles was 

calculated by dividing the height of the suspending medium by the time 

the particles were allowed to settle. 

The COD in each of the groups listed in Table 11 represents a 

cumulative COD distribution. For example, the COD content of group II 

is made up of the COD of group III and the COD fraction between groups 

II and III. The fraction between groups II and III represent an 

incremental COD fraction. The incremental COD fractions were calculated 

for each set of data. With the four groups of cumulative COD given in 

Table 11, five individual fractions could be calculated. These included 

Total, Total minus I (Total - I), I minus II (I - II), II minus III (II 

- III), and the soluble portion as III. Each cumulative group listed in 

Table 11 was also defined based on the particle size distribution of the 

centrate after fractionation. Since each group is cumulative, the 

centrate of each group contains all particles with an equivalent 

particle diameter less than the smallest particle removed. The 

cumulative size distribution of particles in each size fraction is given 

in Table 13. 

The incremental size distributions were also determined for each 

incremental fraction and are given in Table 14. The incremental group 

I - II contains the largest size range of particles, from 2 to 30 

micrometers. However, as will be shown in Chapter V, the I - II 

group does not always contain the largest percentage of total COD. 
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Table 12. Summary of values used in calculating the equivalent 
spherical diameter of the smallest particle removed in 
each step of fractionation 

Imhoff Centrifuge Centrifuge 
Cone @ 1935 G @ 39100 G 

V, m/s 0.0017 0.0015 0.0015 

2 
9.81 g, m/s 

a , mjs 
2 

18982 383571 

a,b 3 
1098 1098 1098 PI ' kgjm 

a 3 
P2 ' kgjm 998.2 998.2 998.2 

a 2 
n , kg/m/s 0.001002 0.001002 0.001002 

d, micrometers 30 2 0.04 

a 
bVa1ues at 20 degrees Celsius. 
Particles were assumed to have a specific gravity of 1.05. 

Table 13. Summary of cumulative particle size fractions 

Group Equivalent Particle Size Distribution 

Total All particles 

I Particles less than 30 micrometers in diameter 

II Particles less than 2 micrometers in diameter 

III Particles less than 0.04 micrometers in diameter 
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Table 14. Summary of incremental particle size fractions 

Group Equivalent Particle Size Distribution 

Total All particles 

Total - I Paricle size diameter > 30 micrometers 

I - II 30 micrometers > diameter > 2 micrometers 

II - III 2 micrometers> diameter> 0.04 micrometers 

III Particle size diameter < 0.04 micrometers 

Gas chromatographic analyses 

Gas chromatography was used to analyze the content of the gas 

produced by each system and the concentration of individual volatile 

organic acids in feed sludges and reactor contents. Sampling procedures 

and chromatographic conditions that were used are described in this 

section. 

Gas analysis Gas analysis included the determination of 

percentages of carbon dioxide, methane, and nitrogen in each system off-

gas. The gas chromatographic conditions are listed in Table 15. The 

microsyringe used in the study was a Model Gastight #1001, Hamilton Co., 

Reno, Nevada, Pat. No. 3150801, and was equipped with a Hamilton syringe 

valve. 

The general method of gas sampling and analysis was as follows: 

1. The syringe valve was opened and the syringe plunger was 
completely depressed, 
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Table 15. Operating conditions for gas analysis 

Gas chromatograph Packard Model 74llS 

Column 10 ft x 4 mm glass 

Packing Porapak Q, 80/100 mesh 

Temperature 40 degrees Celsius 

Carrier gas Helium 

Flowrate 25 mL/min 

Column head pressure 60 psig 

Detector Thermoconductivity 

Temperature 40 degrees Celsius 

Bridge current 225 mV 

Sensitivity 10 mV 

Injector block temperature 80 degrees Celsius 

2. The syringe needle was introduced into the gas sampler through 
the septum, 

3. Approximately 0.5 mL of gas was drawn into the syringe, 

4. The needle was withdrawn from the gas sampler and the plunger 
completely depressed, 

5. The needle was again introduced into the gas sampler and 1 mL 
of gas was drawn into the syringe, 

6. After approximately 5 seconds, the syringe valve was closed and 
the needle withdrawn from the gas sampler, 

7. The syringe was immediately transferred to the instrument room 
for analysis, 

8. The syringe valve was opened while the plunger was slowly 
depressed, 



47 

9. As the gas volume was reduced to approximately 0.6 mL, the 
sample was injected into the instrument and analyzed. 

Note: The sample for gas analysis could be approximated 
because percentages of methane and carbon dioxide in the 
gas sample were measured instead of exact concentrations 
of each. Theoretically, the percentage of methane and 
carbon dioxide in various size samples is the same and 
the size of sample has no bearing on the results. 

Volatile Acids Gas chromatography was used to determine 

concentrations of six volatile organic acids. The operating conditions 

for the analysis are given in Table 16. 

The procedure for analysis of individual volatile acids was as 

follows: 

1. Samples from each reactor were taken as described in Appendix A 
and subjected to a relative centrifugal force of 39100 G for 
30 minutes, 

2. Approximately 5 mL of centrate was transferred by pipette to a 
7 mL specimen bottle, 

3. The centrate in the specimen bottle was acidified to a pH less 
than or equal to 2 with concentrated sulfuric acid, 

4. The specimen bottles were stored at 4 degrees Celsius until the 
end of the study at which time all the samples were analyzed. 

Utilizing the methods described in this chapter, the experimental 

study produced some very interesting results. Data collected for 

methane production, concentrations of individual and total volatile 

organic acids, and particle size distributions were used to compare the 

two treatment systems. The treatment systems were evaluated at three 

different HRTs while being fed either homogenized or non-homogenized 

primary sludge. 
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Table 16. Operating conditions for individual volatile 
organic acid analysis 

Gas chromatograph 

Column 

Packing 

Temperature 

Carrier gas 

Flowrate 

Column head pressure 

Detector 

Temperature 

Injector block temperature 

Sample size 

Hewlett Packard Model 5730A 

4 ft x 2 mm glass 

GP 60/80 
Carbowax 

Carbopack C/0.3 % 
20M/0.l% H3P04 

120 degrees Celsius 

Nitrogen 

50 mL/min 

60 psig 

Flame Ionization 

200 degrees Celsius 

200 degrees Celsius 

1 microliter 
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CHAPTER V. RESULTS AND DISCUSSION 

The experimental study consisted of three phases and included 

operation of a conventional and a two-phase anaerobic treatment system 

in parallel at three different hydraulic retention times (HRTs). Each 

phase was divided into two subphases based on the physical 

characteristics of the feed sludge. Primary sludge was fed to each 

system during one subphase and homogenized primary sludge during the 

other. Data were collected on the performance of each treatment system 

to determine if particle size reduction improved biological conversion 

of the feed substrate to methane. 

Comparisons were made between the two treatment systems based on 

methane production, concentrations of individual and total volatile 

organic acids in each reactor, and the particle size distributions of 

feed sludges and reactor contents. The chemical oxygen demand (COD) of 

each particle size fraction was determined for samples of feed sludges 

and reactor contents at the conclusion of each sUbphase. 

Methane Production 

Average methane production rates and standard deviations for both 

anaerobic systems are given in Table 17. The value of n in Table 17 

represents the number of sequential daily gas production rates that were 

averaged. The gas production rates for phase II were inaccurate due to 

problems with evaporation of water from the wet test gas meters and 

therefore, are not included here. 
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Table 17. Average methane production rates for anaerobic treatment 
systems during each phase of the experimental study 

Average Methane Production Rate 
(Std dev, Coeff of Variation, n) , 

L CH4/day 

Phase of Study Primary Sludge Homogenized Sludge 

Phase I. IS-day HRT 

Conventional System 1.085 (0.100, 9%, 5) 0.639 (0.079, 12%, 

Two-phase System 2.540 (0.169, 7%, 5) 2.665 (0.527, 20%, 

Phase III. 10-day HRT 

Conventional System 4.663 (0.442, 9%, 5) 4.781 (0.267, 6%, 

Two-phase System 5.642 (0.544, 10%, 5) 5.403 (0.450, 8%, 

The coefficient of variation was calculated for each average 

methane production rate and is also given in Table 16. The equation 

defining the coefficient of variation as a percentage is: 

Coefficient of Variation - (six) * 100 

where 

s - standard deviation of the methane production rates; 

x = average methane production rate. 

5) 

5) 

5) 

5) 

Each system was run for at least one hydraulic retention time (HRT) to 

approach pseudo steady state conditions before calculating an average 

(13) 
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methane production rate. A reasonable coefficient of variation of less 

than or equal to 10 % was desired and achieved in every case except 

during the homogenized feed study of phase I. However, because the two­

phase system had been operating at a 15-day HRT for over 5 hydraulic 

retention times, it was assumed to be at pseudo steady state. 

COD Measurements 

The results given in Table 17 are based on the influent and 

effluent COD concentrations of each system, the methane percentage of 

the off-gas of each system, and the daily feed volume of each system. 

The theoretical methane production rates and the methane production 

rates per gram of chemical oxygen demand (COD) applied for the various 

phases of the project are summarized in Table 18. A complete table 

listing all parameters used in calculating methane production rates is 

given in Appendix C. Methane production values are not shown for the 

twenty day HRT study due to the measurement problems in determining 

average daily methane production rates. 

The influent and effluent COD concentrations from each system were 

determined once per week. Influent COD values were highly variable 

throughout the study and an average value was calculated for each 

separate phase. The method used in calculating the average influent COD 

is outlined in Appendix C with the values tabulated in Table C-3. Due 

to the small reactor volume, relatively short detention time, and the 

variablity of the influent COD concentration, the effluent COD 

concentration was also variable. Furthermore, highly variable effluent 

COD concentrations can be directly related to the extremely high 
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concentrations of volatile organic acids that existed in all reactors 

during the homogenized feed studies and carried over into the primary 

sludge feed studies. 

Several trends can be seen in the gas production data presented in 

Table 18. The two-phase system had slightly higher gas production than 

did the conventional system in every case. In comparing the results of 

the primary sludge feed study and the homogenized feed study, the 

performance of both the conventional and two-phase systems decreased 

when treating the homogenized substrate. This can be attributed to the 

high volatile acids concentrations which existed in both systems when 

treating the homogenized substrate. Volatile acids concentrations 

reached inhibitory levels thereby decreasing treatment efficiency as 

will be discussed later. 

Decreased gas production from the conventional reactor during the 

homogenized feed subphase of the IS-day HRT study can also be attributed 

to a bicarbonate alkalinity in the reactor above the normal maximum 

operating limit of 5000 mgjL as caC0 3 (see Figure 2, Chapter III). 

Sodium bicarbonate was added to control low pH resulting from high 

volatile acids concentrations and toxic bicarbonate levels resulted from 

the presence of excess sodium bicarbonate. 

Volatile Acids Analysis 

The concentrations of individual volatile organic acids in feed 

sludges and reactor contents were analyzed to characterize the effects 

of particle size reduction and changing HRT on treatment system 
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Table 18. Values for calculated methane production for each 
treatment system during the IS-day and 20-day HRT phases of 
the experimental study 

Phase of Study 

Phase I. IS-day HRT 

Conventional System 

Two-phase System 

Phase III. 10-day HRT 

Conventional System 

Two-phase System 

Theoretical a 
Methane Production 

Primary 
Sludge 

1.17 

1.56 

3.38 

4.66 

L CH4/d 

Homogenized 
Sludge 

0.53 

1. 24 

2.45 

3.06 

Methane Production, 
L CH4/g COD applied 

Primary 
Sludge 

0.11 

0.15 

0.17 

0.21 

Homogenized 
Sludge 

0.05 

0.12 

0.15 

0.17 

aCalculated by multiplying actual value for COD destroyed by the 
theoretical gas production value, 0.35 L CH 4/g COD destroyed. 

performance. Samples were taken from each reactor and analyzed for six 

individual volatile acids. The results of the analyses performed for 

each reactor and the concentrations of total volatile organic acids 

concentration in mg/L as acetic acid are given in Appendix E. 

In the systems processing homogenized sludge, the concentration of 

total volatile acids was higher than in the systems processing non-

homogenized sludge. The total volatile acids concentration in the 

reactors during the homogenized feed studies is well above the level 

that is considered to be inhibitory, 6000 mg/L as acetic acid (23), and 
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may help explain the inconsistencies in the gas production data. 

Inhibitory volatile organic acids concentrations exisited in the 

acidogenic reactor, which was operated at a constant HRT of one day 

throughout the study. 

Total volatile organic acids concentrations in the acidogenic 

reactor ranged from 1841 to 14366 mg/L as acetic acid during the primary 

sludge feed studies to between 10760 and 38364 mg/L during the 

homogenized feed studies. Therefore, during the homogenized feed 

studies, the methanogenic reactor was being fed effluent from the 

acidogenic reactor which had a total volatile acids concentration in 

excess of 6000 mg/L. 

When comparing the concentrations of individual volatile acids in 

each reactor, the methanogenic reactor of the two-phase system and the 

conventional reactor differed markedly. A complete table of the 

individual volatile organic acids concentrations for each reactor is 

given in Appendix E. A comparison of the individual volatile acid 

concentrations for the methanogenic and conventional reactors for each 

feeding regime of the 20-day HRT study is given in Table 19. 

The methanogenic reactor was able to convert the longer chain 

organic acids such as Iso Butyric, Iso Valerie, and N-Valeric to the 

shorter chain propionic and useable acetic acid more efficiently than 

the conventional reactor in both feed studies. However, during the 

homogenized feed study both systems contained total volatile organic 

acid concentrations in excess of the inhibitory limit of 6000 mg/L as 

acetic acid, thereby resulting in decreased treatment efficiency in both 



55 

Table 19. Comparison of the individual volatile organic acids 
concentrations in the conventional and methanogenic reactors 
during phase II 

Concentration, mg/L as Acetic Acid 

Primary Homogenized 
Sludge Sludge 
(11/29) (11/13) 

Conv. Meth. Conv. Meth. 
Reactor Reactor Reactor Reactor 

Acetic Acid 1201 748 13748 10463 

Propionic Acid 702 90 574 1758 

a 
Iso Butyric Acid 52 ND 47 ND 

N-Butyric Acid 2104 22 145 2372 

Iso Valerie Acid 91 ND 34 ND 

N-Valeric Acid 35 ND 50 16 

Total as Acetic Acid 4185 860 14598 14609 

a 
Not Detected. 

systems. 

Data from the particle size fractionation studies of phases II and 

III, 20-day and 10-day HRTs, further explain the transformations that 

occurred when treating the homogenized substrate as compared to the non-

homogenized substrate. 
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Particle Size Fractionation 

The fractionation of feed sludges and reactor contents was 

performed as described in Chapter IV. Data were collected at the end of 

each subphase of the study. A cumulative distribution of COD over 

various particle size fractions was obtained for samples of feed sludges 

and reactor contents. The incremental COD concentration of each 

fraction was calculated from the cumulative values. The notation used 

for the incremental data is given in Table 20. Data collected for the 

cumulative COD distributions and the calculated incremental fractions 

COD for each sample are tabulated in Appendix D. Samples were collected 

only once for each study and therefore, values are assumed to represent 

trends in the anaerobic systems and not exact transformations of the 

COD. 

The fractionation technique used in the particle size distribution 

studies involved sedimentation followed by centrifugation. Feed sludges 

and reactor contents were analyzed for particle size distributions by 

diluting a sample of each and mixing thoroughly. The solution was then 

allowed to settle in a standard Imhoff cone with two samples of 

supernatant taken after 30 minutes. One sample was analyze~ for COD and 

the other centrifuged at two different speeds. Samples of centrate 

after centrifuging at each speed were also analyzed for COD. The 

fractionation process resulted in a distribution of three size fractions 

along with the total COD of each sample. Equivalent spherical diameters 

of the smallest particle removed in each step of the fractionation were 

then calculated using Stokes' equation for sedimentation. 
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Table 20. Summary of incremental particle size fractions 

Group Equivalent Particle Size Distribution 

Total All particles 

Total - I Particle size diameter > 30 micrometers 

I - II 30 micrometers > diameter > 2 micrometers 

II - III 2 micrometers> diameter> 0.04 micrometers 

III Particle size diameter < 0.04 micrometers 

The separations acheived were approximate due to inherent problems 

existing with centrifugation as initial centrifugation of a sample will 

remove a percentage of all particle size fractions. However, relatively 

dilute samples were analyzed throughout the study and most of the large 

settleable particles were removed by sedimentation, and therefore, the 

percentage of each fraction removed by the interaction of particles 

during centrifugation was assumed minimal. 

Phase III; Primary Sludge Feed Study 

After completion of the 20-day hydraulic retention time (HRT) 

primary sludge feed study, the 10-day HRT primary sludge feed study was 

initiated. Throughout the study, the methanogenic reactor of the two­

phase system operated at an HRT of 9 days and the acidogenic reactor at 

a one-day HRT. Therefore, the methanogenic reactor operated at an HRT 

of one day (10%) less than the conventional reactor. 
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The HRT of 9 days for the methanogenic reactor is below the minimum 

SRT of 10 days for anaerobic treatment as shown previously in Figure 3, 

Chapter III. As the SRT drops below the minimum of 10 days, the percent 

removal of COD drops off rapidly. However, the decreased SRT of the 

methanogenic reactor did not affect the percent removal of COD as shown 

in Table 21. The data shown in Table 21 were used to calculate the gas 

production rates given in Table 18. Decreased treatment efficiency due 

to high volatile organic acids concentrations is also evidenced in Table 

21 where COD removal percentages during the homogenized feed studies are 

well below those shown previously in Figure 3. 

Table 21. Percent COD removal for each treatment system 
during the lO-day and IS-day HRT phases of the 
experimental study 

Phase of Study 

Phase I. IS-day HRT 

Conventional System 

Two-phase System 

Phase III. lO-day HRT 

Conventional System 

Two-phase System 

Percent of COD Removed 

Primary 
Sludge 

32 

42 

49 

61 

Homogenized 
Sludge 

15 

35 

43 

48 



59 

Incremental COD analysis The incremental COD fractions for the 

feed sludge and reactor contents during the primary sludge feed subphase 

of the 10-day HRT study are shown in Figure 6. For plotting purposes, 

apparent minimum and maximum particle sizes of 0.001 and 500 

micrometers, respectivelly, were assumed. The percentage of total COD 

contained in each fraction is also given in Table 22. 

In reviewing the results shown in Figure 6 for the methanogenic and 

the conventional reactors, it can clearly be seen that the methanogenic 

reactor converted the larger particles to the smaller size ranges more 

efficiently then the conventional reactor. Comparing percentages of 

total COD from Table 22, ninety (90) percent of the total COD in the 

conventional reactor was contained in the greater than 2 micrometer 

range, whereas the same size range in the methanogenic reactor contained 

only sixty-nine (69) percent. Consequently, the methanogenic reactor 

had a greater percentage of COD in the smaller, more useable size 

ranges. Concentrations of COD in the less than 0.04 micrometer range 

(assumed soluble COD) in the methanogenic reactor are noticeably higher 

than in the conventional reactor, nineteen (19) percent versus four (4) 

percent of the total COD. The increased amount of assumed soluble COD 

in the methanogenic reactor coincides with the increased methane 

production rates of the two-phase system over the conventional system 

shown previously in Table 18. 

Phase III; Homogenized Feed Study 

Both treatment systems had been operating at a 10-day HRT for 21 

days prior to beginning the homogenized feed subphase of the 10-day HRT 
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Table 22. Percent COD contained in incremental fractions of samples 
from each reactor during the primary sludge feed study of 
phase III 

Percent of Total COD; 
"-~::\ .. <) 

mg/L;/ 
' .......... _-

Group Size Range, Feed Conventional Methanogenic 
Fraction micrometers Sludge Reactor Reactor 

Total - I > 30 71 48 29 

I - II 2 to 30 15 42 40 

II - III 0.04 to 2 1 6 12 

III < 0.04 13 4 19 

study. The systems were operated utilizing the homogenized feed 

substrate for 11 days. Decreased treatment efficiency in the 

methanogenic reactor was evidenced during the homogenized feed study and 

most likely due to the concentration of volatile acids exceeding the 

inhibitory limit of 6000 mg/L as Acetic Acid. 

Incremental COD analysis The incremental COD fractions for the 

homogenized feed subphase of the 10-day HRT study are shown in Figure 7. 

A summary of the data for the percent of COD contained in incremental 

fractions of feed sludges and reactor contents is also given in Table 

23. 

Immediately it can be seen from Figure 7 that the acidogenic 

reactor transformed much of the larger particle size material towards 
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Table 23. Percent COD contained in incremental fractions of samples 
from each reactor during the homogenized sludge feed 
study of phase III 

Percent of Total COD, mg/L 

Group Size Range, Feed Conventional Methanogenic 
Fraction micrometers Sludge Reactor Reactor 

Total - I > 30 59 15 <1 

I - II 2 to 30 23 65 88 

II - III 0.04 to 2 4 7 6 

III < 0.04 14 13 6 

the smaller size ranges before being fed to the methanogenic system. 

More importantly, the COD contained in the smallest size fractions in 

the acidogenic reactor have been reduced in the methanogenic reactor to 

product methane. However, transformation of COD from the larger size 

ranges, 2 to 30 micrometers, to the smaller size ranges did not occur. 

Eighty-eight (88) percent of the total COD in the methanogenic reactor 

remained in the larger non-useable size ranges. Similar transformations 

of COD occurred in the conventional reactor when compared to the two-

phase system. 

Large amounts of COD were converted from the greater than 30 

micrometer range to the 2 to 30 micrometer range but further reduction 

occured at a much slower rate. The COD contained in the 2 to 30 

micrometer range accounted for sixty-five (65) percent of the total COD 
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in the conventional reactor as stated in Table 23. Incomplete 

conversion of the substrate to the soluble fraction was likely caused by 

the high volatile acids concentrations which existed in both treatment 

systems throughout the homogenized feed subphase. 

Phase IIi Primary and Homogenized Sludge Feed Studies 

The results of the particle size fractionation studies for both 

feed subphases of phase II, 20-day HRT, are included in Appendix F. 

Incremental COD distributions are presented and substantiate the results 

obtained during the lO-day HRT study. 

Data collected during the particle size fractionation studies were 

also used to compare rates of hydrolysis in the acidogenic reactor of 

the two-phase system. Effects of reducing the particle size of the 

influent substrate was evaluated for both feeding regimes, homogenized 

and non-homogenized sludge. 

Hydrolysis Rate Constants 

As presented previously in Chapter III, the rate of hydrolysis can 

be defined for any completely mixed continuous flow reactor. For 

efficient waste treatment to occur, particulate COD material must first 

be transformed to a soluble substrate which is then converted to methane 

and carbon dioxide. Hydrolysis of the large particulates by acidogenic 

bacteria is the first step in the treatment process and considered by 

some to be the rate-limiting step in the anaerobic degradation process 

(9,10,28,29). Therefore, increasing the rate of hydrolysis of the 

particulates may increase the rate at which the waste is converted. 
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Hydrolysis rate constants were calculated as shown in Appendix G 

for the acidogenic reactor of the two-phase system. The purpose of the 

acidogenic reactor is to provide an optimum environment for hydrolysis 

and subsequent acidification of the waste to occur. This provided an 

excellent basis for comparing the hydrolysis rates when treating 

homogenized and non-homogenized primary sludge. As previously stated, 

the acidogenic reactor was operated at a one-day HRT throughout the 

study and the calculated hydrolysis rate constants are given in Table 

24. 

Comparing the results presented in Table 24, a dramatic increase 

occured in the rate of hydrolysis during the phase III study. The rate 

-1 -1 
increased from 0.082 days to 0.145 days when the feed sludge was 

homogenized. Improved hydrolytic conversion was not as dramatic during 

the phase II study but the rate of hydrolysis did improve when treating 

homogenized feed sludge over the non-homogenized substrate. 

In this study the effects of particle size reduction on anaerobic 

digestion were evaluated and two treatment systems were compared: a 

conventional and a two-phase system. Although decreased treatment 

efficiency occurred in almost every phase of the study due to high 

concentrations of volatile organic acids in both treatment systems, some 

significant conclusions and recommendations can be derived from the 

results. 
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Table 24. Hydrolysis rate constants for the acidogenic 
reactor of the two-phase system during both feed 
studies of phases II and III 

Phase of Study 

Phase II. 20-day HRT 

Phase III. 10-day HRT 

-1 
Hydrolysis Rate Constant, days 

Primary 
Sludge 

0.066 

0.082 

Homogenized 
Sludge 

0.083 

0.145 
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CHAPTER VI. CONCLUSIONS AND RECOMMENDATIONS 

Two anaerobic treatment systems, a conventional and a two-phase 

system, were compared in this study and the effects of reducing the 

particle size of the influent feed to each system evaluated. The 

conclusions of the study are as follows: 

1. There is no difference in gas quality from digesters treating 
primary sludge or homogenized primary sludge, 

2. Reduction of the particle size of the influent waste stream 
causes a shift in the size distribution of the chemical oxygen 
demand (COD) toward the smaller particle size ranges, 

3. Reduction of the particle size of the influent waste stream 
causes an increase in the volatile acids content of the 
digesting sludge, 

4. The two-phase system can convert larger particles of COD to a 
more useable substrate more efficiently than the conventional 
system. 

Inhibitory concentrations of volatile acids existed in both 

treatment systems throughout much of the study. This resulted in 

decreased treatment efficiency and difficulty in obtaining supporting 

data to evaluate the effects that particle size reduction had on each of 

the treatment systems. Therefore, to improve the quality of the data 

derived from future studies, the following recommendations are made: 

1. Collection of feed sludges should be done on a batch basis in 
order to obtain a more uniform feed COD, 

2. A gas mixing device should be used to prevent particle size 
reduction from taking place due to mechanical mixing, 

3. A method of particle size reduction should be used to achieve a 
much smaller particle size distribution of the influent 
substrate, 
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4. Methods of smaller particle size fractionation should be used 
to obtain values relating to the more soluble portion of each 
sample. 
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APPENDIX A. 

DAILY REACTOR FEEDING PRODEDURES 

Three reactors were used in this research project. The reactor 

numbers, types, and feeding schedules are summarized in Table A-I. 

Table A-I. Summary of reactors feeding schedule 

Procedure 
Reactor Feeding Description 
Number Type Schedule Appendices 

I Acidogenic every 8 h A-l;A-3;A-5 

2 Methanogenic every 24 h A-l;A-4 

3 Conventional every 24 h A-l;A-2 

Reactor 1, the acidogenic reactor, was operated with a 1 day 

detention time throughout the study. Therefore, reactor 1 was fed three 

times a day at approximate 8 hour intervals. Feeding of reactors 2 and 

3, the methanogenic and conventional reactors, respectively, was 

accomplished on a batch basis (once every 24 hours). The feeding took 

place in the early morning to allow for analysis of reactor contents the 

remainder of the day. The morning feeding for reactor I differed from 

that of the afternoon and evening feedings in that the effluent from 

reactor I was fed to reactor 2 only in the morning and completely wasted 

at the other times. 
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EQUIPMENT USED: 

1. Three 5 L plexiglas anaerobic reactors as shown in Figure 4-1 

2. Three Ta1boy model variable speed electric mixer motors with 3.5 cm 

diameter three blade marine type propellers attached 

3. Two 500 mL bottles fitted with stoppers and glass tubing as shown 

in Figure 4-3 and filled half way with water acidified to pH 1 with 

sulfuric acid 

4. Var.iable speed Masterflex pump Model no. 7553-30 

5. Two stainless steel size 18 Masterflex pump heads Model no. 7018-21 

6. Tygon food Masterflex tubing 

7. Two glass "T"'s 

8. Low gas permeable tygon tubing 

9. One 200 mL glass feed funnel 

10. One 2 L waste beaker 

11. Four 500 mL waste beakers 

12. Eight plastic Erlenmeyer flasks with stoppers 

13. Four 50 mL glass beakers 

Procedure 

The daily reactor feeding procedures are detailed in Appendices 

A-I, A-2, A-3, A-4, and A-5. 
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Appendix A-l. 

Daily Data Recording and Sampling 

Daily data collection for process control of each reactor included 

recording of date and time of data collection. Yet Test meter readings 

were recorded each day along with temperature and pH measurements. 

Digested sludge samples from each reactor and a feed sample were taken 

periodically and analyzed for COD, alkalinity, and Volatile Acids. 

Also, samples of the off-gas were analyzed for gas composition at 

regular intervals. A list of the parameters measured and the frequency 

of measurement is given in Table A-2. 

Table A-2. Summary of sampling parameters and frequency of 
measurement 

Parameter 

pH 

Temperature 

COD 

.Alkalinity 

Volatile Acids 

Gas Composition 

Frequency of Measurement 

every day 

every day 

beginning and end of each run, and 
every 7 days in between 

same frequency as COD 

same frequency as COD 

every 7 days 

The feeding apparatus used and the feed and waste valves of a 

reactor are shown in Figure A-I. 
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r Gas exillo hydrogen sulfide scrubber 

Waler lock device 

Feed funnel 

c 

Maslerflex pump 

a-

Eleclric 
mIxer 
molor 

Complelely mixed 
anaerobic reaclor 

Figure A-l. Feeding apparatus including a) reactor waste valve, 
b) reactor feed valve, c) pump waste tube outlet, 
d) pump waste tube inlet, e) pump feed tube inlet, 
and f) pump feed tube waste line. 
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Procedure 

1. Record day, date, and time. 

2. Record temperature of the room. 

3. Record the readings of each of the Wet Test meters. 

4. Open valve 'a' and waste 10 mL of digested sludge from each 

reactor. 

5. Obtain a sample from each reactor for pH and temperature 

measurement by opening valve 'a' to release 20 mL of digested 

sludge into a 50 mL beaker. 

6. Measure the temperature of each sample immediately and record. 

7. After collecting all three samples, collect a 20 mL feed sample and 

run pH determinations on each, recording as analyzed. 

8. If alkalinity measurements are to be taken, obtain a sample from 

each reactor by opening valve 'a' to release 50 mL of digested 

sludge into a Erlenmeyer flask and stopper immediately. 

9. If COD measurements are to be taken, obtain a sample from each 

reactor by opening valve 'a' to release approximately 150 mL of 

digested sludge into a beaker. 

10. If Volatile Acid measurements are to be taken, obtain a sample as 

in step 7. 

11. Refer to Appendix A-2 for the procedure outlining the feeding of 

the conventional reactor 3. 
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Appendix A-2. 

Daily Feeding Procedure for the Conventional 

System (Reactor 3) 

After the daily recording of data and sampling in Appendix A-I were 

completed, the conventional reactor (reactor 3) was fed its daily feed 

volume of sludge. The procedure for feeding reactor 3 refers to the 

feeding apparatus and reactor configuration as shown in Figure A-I. 

Procedure 

12. Connect point 'd' to valve 'a' on reactor 3. 

13. Turn off mixer. 

14. Open valve 'a' and turn pump on. 

15. Set pump speed at 10 rpm to deliver approximately 40 mL per minute. 

16. Allow digested sludge to be withdrawn into a beaker until the level 

in the reactor reaches the mark corresponding to the given 

detention time and subsequent volume of waste given in Table A-3. 

17. Turn the pump off and close valve 'a'. 

18. Disconnect 'd' and 'a' and connect 'e' and 'b'. 

19. Fill feed funnel with sludge and open pinch clamp on waste tube 

If' . 

20. Turn the mixer on to the 20% setting of a maximum 7500 rpm. 

Note: It is important to prevent air from entering the reactor and 

steps 17 through 25 must be followed carefully to prevent 

reactor upset. 
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Table A-3. Distance conventional reactor level drops 
in relation to various volumes of sludge 
withdrawn at specified detention times 

Detention Volume of Sludge Distance reactor 
Time, d Withdrawn, mL level drops, cm 

10 400 2.19 

15 266 1.46 

20 200 1.1 

21. Open valve 'b' allowing digested sludge to fill the line and begin 

wasting out of tube 'f' and into the waste beaker. 

22. Close valve 'b' and turn pump on at the 10 rpm setting. 

23. Allow feed sludge to waste out of tube 'f' until no air bubbles can 

be seen trapped in the clear feed line. 

24. Turn off pump and close pinch clamp on waste tube 'f'. 

Note: The waste tube 'f' must remain approximately vertical out of 

the feed line in order to allow any air trapped in the 

system to rise up into the tube and be replaced by the 

sludge present in the tube. 

25. Open valve 'b' and turn pump on in reverse to pullout any air 

which may have been caught in the valve. 

26. Turn pump off and return the switch to forward. 

27. Turn the pump on and begin feeding the reactor. 

Note: Watch feed line to make sure the line does not clog. If 

this should happen, carefully switching the pump between 
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forward and reverse modes, making sure to pause between 

modes, should unclog the line. The pump speed can also be 

increased to help unclog the feed line. 

28. Pay close attention to the feed funnel and fill with feed sludge as 

the level drops. 

29. As the level in the reactor approaches the 4 L mark, the mixer is 

turned off in order to see the level more clearly. 

30. The level in the reactor can be adjusted to exactly 4 L by using 

the variable speed pump controller. 

31. Upon reaching the 4 L mark, turn the pump off and close the valve 

at 'b'. 

32. Disconnect points 'e' and 'b' and turn pump on to waste the 

remaining feed sludge out of the feed line and back into the feed 

jug. 

33. Turn the mixer on to the 20% setting. 

34. Refer to Appendix A-3 for the feeding procedure for the two-phase 

system. 
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Appendix A-3. 

Morning Feeding Procedure for the Two-phase System 

Acidogenic Reactor (Reactor 1) 

After the daily recording of data and sampling in Appendix A-I were 

completed, the two-phase system acidogenic reactor (reactor 1) was fed 

its morning volume of sludge. The procedure for the morning feeding of 

reactor 1 refers to the feeding apparatus and reactor as shown in Figure 

A-l. Appendix A-5 contains the procedure for the daily afternoon and 

evening feeding of reactor 1. 

Procedure 

Note: Steps 12 through 34 refer to Appendix A-2. 

35. Connect point 'd' to valve 'a' on reactor 1. 

36. Turn off mixer. 

37. Open valve 'a' and turn pump on. 

38. Set pump at 10 rpm to deliver approximately 40 mL per minute. 

39. Allow digested sludge to be withdrawn into a beaker up to an amount 

in excess of that which has to be fed into reactor 2. The volume 

of effluent from reactor 1 which must be fed to reactor 2 is given 

in Table A-4 along with approximate quantities withdrawn to ensure 

adequate volume for priming of the feed lines. 

Note: The amount wasted from reactor 1 must be tallied by summing 

the volumes withdrawn in steps 3,4,7 through 9, and 39. 

This amount is then subtracted from 1330 mL to determine the 

amount of additional sludge to be wasted from reactor 1. 
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Table A-4. Approximate volume of sludge to be withdrawn 
from reactor 1 for feed into reactor 2 at 
specified detention time 

Approximate 
Detention Volume fed to Volume withdrawn 

Time, d reactor 2, mL from reactor 1, mL 

9 444 540 

15 266 360 

19 210 310 

40. Turn the pump off and close valve 'a'. 

41. Turn the mixer on to the 20 % setting. 

42. Disconnect 'd' and 'a' and connect 'e' and 'b'. 

43. Fill feed funnel with sludge and open pinch clamp on waste tube 

'f' . 

44. Feed as in steps 20 through 28. 

Note: Feeding of reactor 1 will continue until the mixed level in 

the reactor is approximately 2 cm below the 4 L mark. At 

that time, simultaneous feeding and wasting will be 

continued until the amount wasted into a beaker equals the 

amount calculated in the note following step 39. 

45. Turn the pump off when the level in the reactor is approximately 2 

cm below the 4 L mark. 

46. Reconnect point 'd' to valve 'a'. 

47. Open valve 'a' and turn pump on at the 10 rpm setting. 
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48. Waste from the reactor into a beaker the amount calculated in the 

note following step 39. 

Note: The pump will waste faster than it feeds due to the 

consistency of the treated sludge and therefore, there is no 

danger of overfeeding the reactor. 

49. Turn the pump off and close valve 'a'. 

50. Disconnect points 'd' and 'a' and turn pump on to finish feeding by 

following steps 29 through 33. 

51. Refer to Appendix A-4 for the feeding procedure for the two-phase 

system methanogenic reactor. 
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Appendix A-4. 

Daily Feeding Procedure for the Two-phase System 

Methanogenic Reactor (Reactor 2) 

After the daily recording of data and sampling in Appendix A-I and 

the morning feeding of the two-phase system acidogenic reactor (reactor 

1) in Appendix A-3 was completed, the two-phase system methanogenic 

reactor (reactor 2) was fed. Reactor 1 was fed prior to reactor 2 due 

to the fact that the effluent of reactor 1 was the feed for reactor 2. 

The procedure for feeding reactor 2 refers to the feeding apparatus and 

reactor configuration as shown in Figure A-I. 

Procedure 

Note: Steps 12 through 34, and 35 through 51 refer to Appendices 

A-2 and A-3, respectively. 

52. Repeat steps 12 through 15. 

53. Allow digested sludge to be withdrawn into a beaker until the level 

in the reactor reaches the mark corresponding to the given 

detention time and subsequent volume of waste given in Table A-5. 

54. Feed as in steps 17 through 33 remembering that the feed sludge for 

reactor 2 is the effluent collected from reactor 1. 

55. Refer to Appendix A-5 for the afternoon and evening feeding 

procedure for the two-phase system acidogenic reactor (reactor 1). 
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Table A-5. Distance methanogenic reactor level drops 
in relation to various volumes of sludge 
withdrawn at specified detention times 

Detention Volume of Sludge Distance reactor 
Time, d Withdrawn, mL level drops, cm 

9 444 2.43 

15 266 1.46 

19 210 1.15 
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Appendix A-5. 

Afternoon and Evening Feeding Procedure for the Two-phase 

System Acidogenic Reactor (Reactor 1) 

The afternoon and evening feeding procedures was similar to the 

morning feeding procedure for the two-phase system acidogenic reactor 

(reactor 1), as described in Appendix A-3. The only difference being 

that all of the effluent from reactor 1 could be wasted since none had 

to be fed into reactor 2 in the afternoon or evening. The procedure for 

the afternoon and evening feeding of reactor 1 refers to the feeding 

apparatus and reactor configuration as shown in Figure A-l. 

Procedure 

Note: Steps 12 through 34, 35 through 51, and 52 through 55 refer 

to Appendices A-2, A-3, and A-4, respectively. 

56. Connect point 'e' to valve 'b' on reactor 1. 

57. Fill feed funnel with sludge and open pinch clamp on waste tube 

'f' . 

Note: It is important to prevent air from entering the reactor and 

step 58 must be followed carefully to prevent reactor upset. 

58. Prime feed line by following steps 21 through 26. 

59. Connect point 'd' to valve 'a'. 

Note: The amount wasted from reactor 1 must be tallied by summing 

the volumes withdrawn in steps 3, 4, and 7 through 9. This 

amount is then subtracted from 1330 mL to determine the 

amount of additional sludge to be wasted from reactor 1. 
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60. Open valve 'a'. 

61. Begin feeding by following steps 27 and 28. 

Note: The above procedure is allowing simultaneous feeding and 

wasting of reactor 1. Wasting will be continued until the 

amount wasted into a beaker equals the amount calculated in 

the note following step 59. However, since the pump will 

waste faster than it feeds, as explained in the note 

following step 48, an excessive drop in the level of the 

reactor should be corrected by discontinuing wasting until 

the level in the reactor is approximately 2 cm below the 4 L 

mark. If this action is taken, the next step is step 62, if 

it is not, skip directly to step 63. 

62. Resume simultaneous feeding and wasting by following steps 45 

through 49. 

63. Finish feeding by following step 50. 
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APPENDIX B. 

DATA COLLECTED DURING THE EXPERIMENTAL STUDY 

Data collected during each phase of the study were entered into 

separate spread sheets for easy reference and calculation of the daily 

gas production rates. As the basic parameters were measured for each 

reactor, the data were entered into the spread sheet. The daily format 

allowed for easily referenced data and comparison between sets of data. 

Calculation of daily gas production rates included correction of 

the volume of gas produced to standard temperature and pressure (STP). 

The equation used was as follows: 

where 

V2 

Vi 

Pi 

P2 

T2 

Ti 

Corrected volume of gas produced 

Uncorrected volume of gas produced 

Adjusted pressure - atmospheric pressure -
water vapor pressure, rom Hg 

Standard pressure - 760 rom Hg 

Standard temperature = 0 degrees Celsius 
273.18 degrees Kelvin 

Temperature of gas produced, degrees Kelvin 

Laboratory data collected during the study are arranged 

chronologically in Appendices B-1 thru B-6 as summarized in Table B-1. 
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Table B-1. Location of data collected during each phase of 
the study 

Phase of Study Appendix 

Phase I. IS-day HRT: Primary sludge feed study B-1 

Phase I. IS-day HRT: Homogenized feed study B-2 

Phase II. 20-day HRT: Homogenized feed study B-3 

Phase II. 20-day HRT: Primary sludge feed study B-4 

Phase III. lO-day HRT: Primary sludge feed study B-S 

Phase III. lO-day HRT: Homogenized feed study B-6 

Individual anaerobic reactors were referenced by number in the 

laboratory data. The two-phase system consisted of reactors #1 and #2, 

the acidogenic and methanogenic reactors, respectively. Reactor #3 

denotes the conventional reactor used in the study. 
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Appendix B-1. 

Daily Operating Data during Primary Sludge Feed Study of Phase I 

Run I: Raw Prlury Sludge; I~-day detention tI-e; 16-day run IIIR 

liae Interval Cuaul all ve Ieaperature. devrees Celsius ~roaetrlc 

II-e. Ii.e. -----------------.---------------------- Pressure. 
Oate hOur ainutes days days Rooa Reactor ,I Reactor ,2 Reactor ,I 

- "9 

Ol-Sep ~9 IU 18.~ 16 IU H2.1 

08-Sep 41 0.91 t.91 14.8 Ii I~ IU 141.6 

OHep ~9 1.01 1.92 IU IU I~ I~ 118.9 

10-Sep Il 0.91 2.88 14.6 16 16 16 IIU 

II-Sep 1.08 l.96 14.8 I~ lU IU Ill. • 

12-Sep ~\ US 1.91 I~ 16 16 I~ 141.1 

Il-Sep IS 1.01 U8 lU IU IS IS llf.4 

I4-Sep 10 1.02 1.0. IU IS.8 IS 14.l m.8 

IS-Sep SO 0_99 I.n IS IU IU IU 111.6 

I6-Sep 4S US US I~ IU IS IU 111.2 

11-5ep IS 0.94 '-89 14_ ~ IU 16 IU 140.1 

18-Sep 10 41 1.14 11.01 H.S 16.2 IU IU IIG.9 

19-5ep Il 0.85 11.88 IU IU IU H. S 111.6 

20-Sep II 1.01 12.90 IU IU IS IS 140.0 

21-Sep 10 1.04 1l.94 H.IS 16. S 16 IS. S 119.0 

2l-Sep SS 1.06 15.00 IS JU 16 16 118.1 
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Nun I: Rav Prl.ary Sludgf 2/1R 

Wfl-I ut "fUr Rfadlng, Ga, Product 100 
pH --- ------- ------ ... _----- .. -- ........... ------_ ....... -_ .......... ------

..... -_ .... ------_ .......... -- -- -_ .. ------- ... --_ .. ---- loo-pllase Coo.foll ona I Iva-pIIl5f COOVfOt lonal 
Dato fffd Roactor ,I Ructor ,2 Reactor ,I 5Y5U., l SY5t .. , cf 51,t .. , l 5YStf., cf 

OI-SfP US 6.68 IU.SB 61.9S62 

08-SfP U 1.01 6.J 111.218 64.109 U9S I.om 

O~-StP S.4 1.01 US 149.29 U.04lS 2.012 o.om 

IO-Sop S.2 1.02 '-86 IS2.068 U.Oll 2.118 D.Om 

II-SfP U 1.12 U6 ISUS 64.0898 2.882 0.0128 

Il-Sfp US 1.1 1.01 ISI.686 ..... 82 2.116 O.OIU 

Il-Sop U 1.01 6098 160.162 '4.114' 2.m 0.0264 

14-SfP S.48 S.2 1.1 1.02 "2.m ".IS68 2. " 0.0222 

IS-SfP US S.II 1.1 164.ll2 64.1818 o.m 

16-SfP S.4 l.Z l.12 1'6.m 64.1982 I.m o. a 164 

II-Sop 5.14 1.16 l.OS 169.01 U.B62 2.81S 0.018 

IS-Sop U 1.08 6.H 112.16S 6U8B J.m 0.0411 

19-5fP Sol 6.91 6081 IIU U.12G4 2.m 0.0111 

20-SfP US 1.02 6.94 Ill.m u.lm I.m o.om 

21-SfP S.4 l.D9 6.S9 ISO.849 '404199 I. as O.OS42 

2l-SfP U2 S.4 1.18 6091 lSI. JJ 64.449 2.481 0.0291 
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Run I: ia. Pr lury S ludge 1111 

Gas Production' SIP Gas Production Rite f SIP 
--- ...... --- ---_ .. ----------- Interwal -----_ ... _ ......... _-_ ............... -- ---_ .. 
IIG-phase Conwentlontl lIae. IIG-phln Convrntlonll 

Gate Systfl. l Systfl. l days Systea. LId Systea. lid 

Ol-Sep 

18-Sep 2.119 10m 1.91 2.m 1.429 

09-Sep 1.181 0.194 1.11 1.111 0.181 

10-Sep 2.11) I.m 1.91 2.m 1.881 

IHep 2.HI 1.)19 1.08 2.ZU 1.281 

12-Sep 2.161 US I 1.9S 2.'88 o.m 

Il-Sep 2.065 1.651 loG! 1.911 0.608 

U-Sep 1.866 un 1.02 1.826 I.m 

IS-Sep 1./10 UI2 1.9' 1.H9 '-'I' 

I6-Sep 1.102 I.m ..,S 1.181 O.Il( 

II-Sep 2.(51 I.m I. " 2.US I. "1 
Average Gas Production Rate f SIP 

18-Sep 2.111 1.15S 1.1' 2.186 LOD9 _ ... --------- -- ----------_.- .. ---_ .. 
roo-phase Convent iona I 

I'-Sep 2.010 ..,01 1.8S 2.m LOS' Systea. lid Sys\ea. lId 
----------- ------------

2D-Sep 2.m 1.109 1.01 2.819 1.096 2.S«O 1.085 

2HfP 1.611 1.)2( I.U 2.526 I.ZII Standlrd Orvi.tlon 
.. ------ .................. -_ .... 

22-Sep 2.116 O. '" 1.06 2.011 0.610 D. Ii' D.IOO 
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Run I: Rav Prlaary Sludge ./IR 

(lleeleil Olygen Oeund, Il9/l (healeal Olygen Oeaand, ag/l 
lotal SallPle (entr Ifuged Supernatant 

---- ----_ ... --------... --------------------------- ----------- ----_ ...... ---_ ... ------------.... _- -_ .... -_ .. 
04te feed Reactor ,I Reactor ,1 Ructor 11 feed Reactor ,I Reactor ,2 Ructor 'l 

OHep 

08-Sep 

09-Sep 

IO-S.p 

II-Sep 

12-Sep 

I3-Sep 

IC-Sep 

IS-Sep 

16-Sep 

IHep 

18-Sop 1401~ mll llm 21188 4HI ~861 8m Ill'. 

I~-Sep 

lO-Sep 

11-Sep 

ll-Sep 
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Run I: Rail Pr laary SlUdge 5/1R 

CMatcl1 Oxygen Oeaand. ag/l 
Centrifuged IIltrate Alkalinity. ag/l I) Cllcl ... Carbonate 

---- --------------------------------- .. ---- ---
Date feed Reactor ,I hactor ,2 Reactor ,1 feed Ructor ,I Reactor ,2 Reactor, 1 

Ol-Sep 

08-Sep 

09-Sep 

IO-Sep 

Ii-Sep 

IZ-Sep 

IJ-Sep 

14-Sep 

I~-Sep 

Ib-Sep 

II-Sep 

18-Sep 19018 ]]964 14111 1(894 

U-Sep 

lO-Sep 

ll-Sep 

ll-Sep 
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Run II Raw I'rlury Sludge 6/1R 

Digester Gas Analysis 
Yolatlle Acids. 89/llS Acetic Acid , (H4. lC01. U2 In oil-gas 

Date Reactor ,I Ructor,2 Reactor,) Reactors, I and ,2 Reactor ') 

OHep 

08-Sep 

09-Sep 

IO-Sep 

ll-Sep 40.26.55.82.1.92 

12-Sep 

Il-Sep 

IC-Sep 

IS-Sep 2U,66.11.LH 

16-Sep 

11-Sep 

18-Sep 

19-5ep 

2D-Sep 

21-Sep 

22-Sep 
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Run I: Ra. Pr lury ~Iudge 

Dale 

11-Sep 

08-Sep 

O~-Sep 

IO-Sep 

12-Sep 

IHep 

I4-Sep 

15-Sep 

16-Sep 

I Hep 

18-Sep 

I~-Sep 

20-Sep 

21-Sep 

12-Sep 

led 4g ~oalua 81clrb 1266. feed to Ruclor 2, 6g/2" to Ruclor j 

Began hedlng neo sludge f 11:00 i.l. Picked up 42 gallons rao prlNry. 
led 4g Soalua Ilcub flU. fetd to hitlor 2, 6g/2~6 fetd 10 Ructor 

led ).Sg SOdIUl Bicarb fl66aL feed 10 Rflclor 2, 8gfl66 10 Reactor J 

led ).5g Soalul 81carb fl66aL feed to Ructor 2, Bg/266 to Ructor J 

led Zg Soal .. Bicarb 1266ll Ited 10 Reactor 2, 4g{266 to Reactor I 

itd 2g SoaiUl Bicarb 126bal fttd to Ruttor 2, 1. Sg/liolo to Ructor 

fed 2g Soalul Bicarb 1l6w.t feed to Weactor 2, 4.5g/266 to Reaclor 

red 1.15g SOOlul Blcirb fl66. feed to Weactor 2, 4.Hgll66 to Reactor 

ltd 1.25g SOOI .. 81clrb 1l66aL feed to Reactor 2, 4.2Sg/266 to Ructor J 
Ruttor , feed Ilr .hen •• I\ed out of rooe 

red 19 Soal .. BIcarb /266. fred to Ructor ) 

Reactor J Iher MiS off ill night 

fed 49 Soalua 81carb 116bM feed to Reactor 

fed 2g 50diUl alcirb /l66aL feed to Reutor 21 Igll" to Ruelor 

led 4g SOOiua licarb 1Z66aL feed to Reactor 2, 8'1/266 to Reittor 

red Ig SoaiUl liclrb 1266eL feed to Ructor 2, 8g/266 to Reactor 

red 6g Soaiul Bicarb 1266. Ited to Reactor) 
aegan feeding blrnded sludge; blended) CUP\ \Iudge on high for 10 linutes 

JIIR 
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Appendix B-2. 

Daily Operating Data during Homogenized Feed Study of Phase I 

Run I: 81rnded Prlaary Sludge; I~-day detention tI.; H-ddY run; tOld I phdse 40 days I/IB 

, i.e Interval Cuaulathe 'eaperature. d.grees Cehius Barollftrlc 
III., , i.e, ---------- --_ ... ---------- ..... -_ .. -- -- -- -- -_ .. Pressure. 

Date hour .,nules days days WOOti Reactor II Reactor 12 Ructor I) .. "9 

ll-Sep II )0 )U 16 JU J6 m.2 

2Hep ~I 0.94 0.94 JU )6 IU lU III. 4 

2~-Srp 2~ 0.89 1.8) )U 1U )U J~.) 112 

16-Srp 16 1.)6 1.19 H.4 U 110 J~ 114.0 

2Hep )0 O.B 1.92 H J1 1U 11 lll.O 

18-Sep 10 1.02 4.94 1U )B II 11 114.0 

29-Sep 8 I~ U1 U6 1~ )U )U 1U m.9 

10-Sep 10 '.91 6.B) 1U J6.~ IU 1U llU 

Ol-Oct 49 US 1.89 H.S 16. S 16 I~.B 111.1 

Dl-Oct 4S 1.14 B.91 J~ 16 )S.B IU m.s 

Ol-Oct IQ 1.01 9.94 IU 16 15.8 IS.B m.' 

DC-Oct B IS 8.91 ID.B6 H lU 16 IU liB. I 

OS-Oct 1.84 IUO 14.5 1U IU IS.} 119.1 

06-Oct 1& 1.94 11.&4 I~ 1U 16 IU 141.0 

Ql-Oct 8 26 1.01 11.81 14.5 1U 1U IU 114.9 

08-0ct 20 8.9S 14.81 14.6 I~ JU I~. 4 IIB.2 

09-0ct ~2 1.06 IU9 14.5 18 IS 15.1 /48.) 

10-Oct SO 1.00 16.89 IU 16.1 IU IU IU.B 

II-Oct 10 10 1.01 II. 96 IU IS l~ 14. S 118.1 

12-0ct 10 1.9& 18.94 IU IB IU 14. S liB.' 

I)-Oct SI US 19.B9 14. S IU lU IU 140.1 

Ic·Oct II II 1.10 10. " lU 1~ 1U I~. S m.o 

1~'Oct 19 e.91 lUI 14.8 1~. 8 16 IS. S IH.1 

H"Oct IS 1.01 lUI IS 1& IS IU 140.0 
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Run I: Blended Pr INry Sludge 2/18 

Vet -lest fteter Readings bas Product Ion 
pH ----------------... -... -----... - --... -... ---- -- --- .. ----- -_ ... ----

... _ ...... ----... -... -- -_ ... --........ -_ ..... -_ ........ ------- .. -.... Iwo-phase (onvent iona I two-pllase (onvent lonal 
Date Iced Reactor II Reactor ,2 Reactor ') sy,te., l 5yste., cf ,y,te., l sy,te., cf 

21-sep 6.1 UI 1.1 1.02 m.m 64.416 

14-Sep 6.01 S.H 1.01 1.12 188.m 64.489 1.£6 0.011 

25-sep 6.31 5.16 US 191.268 U.S04' 2.m 0.015' 

26-sep U 1.08 1.11 m.m 64.S4U 4.1l 0.0194 

21-5ep 5.8 5.4S 191.916 64.5686 2.518 0.02U 

28-sep 5.8 U 1.0) 1.09 201.698 6406116 1.98l o.ou 

29-5ep 5.9 S.24 1.08 1.08 20U8) 64. (9)2 1.185 0.0816 

10-5ep 5.91 US 1.1 1.2 208.14 64.1IZ8 2.851 0.0'" 

Ol-Oct U U 1.15 loll ZlUls 64.8155 I.m 0.0621 

02-Oct U 1.01 1.01 ZlUII 64.S62 1.902 0.0165 

OJ-Oct U2 5.4 1.02 ZI6.646 64.89 2.129 0.028 

Ot-Oct 5.82 5.19 (,.9 219. J5 6'-'1 2.I0t o .Ot 

OS-Oct 5.6 5.41 U lll.ISI 64.991 2.811 0.06J 

06-0ct 5.19 U8 1.02 224.851 65.8184 1.61 1.0254 

01-0ct 5.94 5.1l 1.05 llI.J8 6S.0U 2.m 0.0246 

08-0ct 5.9 U 1.01 1.06 229.1 65.0m 2. J2 Q.ms 

09-Oct 5.91 50S 6.96 1.1 m.188 65.0691 J. 088 0.0112 

10-Oct 5.96 US 1.1 1.1 215.12 65.0852 2.m 0.0IS5 

II-Oct 5.8 5.68 6091 1.09 240.162 65.lm 5.042 0.02 

12-0ct U8 5.1' I.Dl 1.01 244.118 '5.1249 4.016 0.0191 

IJ-Ocl 5098 5.14 1.01 246.115 65.152 2.151 O.Olll 

14-0cl U 5.61 1.02 249.965 6U811 J.61 0.0111 

IS-Oct 5.1 50Sl I.OJ 252.62 6UOI 2.m o.om 

16·0Ll 5.91 5.5 (,.96 1.1 2\5.5 6UI5 1.88 0.028 
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Run I: Ilended Pr laery Sludge 1/18 

Gas Product Ion , SIP Gas Production Rate , SlP 
------------------------- Intervll .. --_ .... -----..... --- ---- -----_ .. 
ho-p/llse (onyent lonal Hilt • Iwo-phase (onyent lonll 

Date 5yste-. l 5yste-. l days 5yste., lid Sy,te-, lid 

21-5ep 

2c-5ep 2.m 1.115 ..,. 2.m I.m 

2S-5ep 2.m o.m 1.8' UII ... 11 

26·Sep I.SH I.m I.U 2.m I.m 

11-5ep 2.IU I.m I. II 1.'68 1.811 

28-Sep I.UI LUI 1.02 UU 1.120 

2'-5ep 2.915 1.'Be O. 'I I.IH 2.IU 

JO-Sep 2.UI loW 1.9, 2.W 2. OlD 

o I-Oct 1.616 1.531 1.15 10m 10m 

02-0ct I.HI UH ioU l.212 U21 

OJ-Oct 2.m 1.681 1.01 2.121 0.614 

04-Oct 2.m o.m UI 2.m I. 056 

OS-Oct 2.W 1.541 1.04 2.m I.m 

I6-Oct 2.111 1.621 1.94 2.461 U'S 

II-Oct 2.111 I.m 1.01 2.101 0.519 

08-Oct 2.tIO 1.118 8.95 2.096 8.m 

"-Oct 2.111 0.211 1.06 2.m 0.261 

10-Oct 2.02' 1.182 1.01 2.0ll O. J82 

II-Oct c.m 1.490 I.OJ U82 o.m 
Average GIS Production Rate f SIP 

12-0ct 1.411 U8J 1.98 USI 1.491 .... -_ .... ----- -_ ........ -- -- -_ .. -_ .............. 
Iwo-phase (onyent lana I 

II-Oct 1.8U 1.6,. G. '5 I.m 1.698 5"t,.. lid 5"tu. lid 
------_ .. --- ------------

1l-0ct J.\lC I.m 1.10 2.m O. JQ6 2. b6~ 0.61~ 

IS-Oct 2.106 UlJ H2 2. ~80 0.621 Standard Deviation 
-- --- .. -- -_ ................ 

16-0ct 2.486 1.68. \. 01 2.458 0.611 o.m 0.019 
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Run I: Blended Prlaary Sludge 4/18 

(he.leal O.ygen D_d, ~/l (he-ieal O.ygen Deaand, .g/l 
lotil SHIIle Centrifuged Supernatant 

........ -------_ .... ---_ .. --_ .. ------ ... _-- ... _------_ .. _ ... - -_ ... ------_ ... _- .. -... _----------- -- --_ ... ---- --- ....... 
Date feed Reactor ,I Auctor '/ Reactor ,1 feed Reactor , I Rtictor ,2 Auctor ') 

2Hep 

lC-Sep 

IS-Sep moo 18288 IUI8 um 4866 mo ,54) IOSI, 

26-Sep 

2l-Sep 

28-Sep 

29-Sep 

IO-Sep 

Ol-Oct 

O/-Oct liS II HU9 WH moo 6118 "4' ms .l21i I 

Ol-Oct 

Ol-Oet 

OS-Oct 

06-0ct 

Ol-Oct 

08-0ct 

09-0et 10619 ll64S 20m mOl ms 6158 6480 120bS 

10-Oct 

II-Oct 

II-Oct 

II-Oct 

IC-Oct 

IS-Oct 

Ib-Oct Ism 2sm 14b 18 1181 bOIS liS \1 
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Run I: Hlended Prlaary Sludge ~/la 

(he.lcal Oxygen Belland. IgfL 
Centr ifuged Ilitrate A1k.llnlty. I19fL u C.lciutl Carbonate 

... -_ .......... --_ ... _ ...... -- -_ ... --- -_ ... ----_ ... ------- ... ------- ------------------------- ----- _ .. ---- --_ ...... ---_ ... 

Date leed Reactor ,I Re.ctor ,2 Reactor 11 reed Reactor ,I Reactor ,2 Reactor ') 

2Hep 

/4-Sep 

2~-Sep 14214 )2)]8 10m 8951 1m 2016 5249 HIS 

16-Sep 

21-Sep 

18-Sep 

19-5ep 

)O-Sep 

Ol-Oct 

Ol-Oct l5460 moo 18m 1"88 (4)1 1686 5519 10m 

Ol-Oct 

OHlct 

OS-Oct 

06-oct 

o I-Oct 

08-0ct 

09-0ct 15854 m81 IlliO 10m I lID 1865 ml 1I1l6 

10-oct 

II-Oct 

II-Oct 

1l-0ct 

14-0ct 

IS-Oct 

Ib-Oct 11639 195 II 11Il! /090 SIb8 10SH 
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Run I: Blended Prlury Sludge 'liB 

Digester Ga, Analy,i, 
Volatile Acid,. _gIL IS Acetic Acid I CU. IC02. 1M2 In off -gas 

---_ .. - .. ---- ---_ ..... -_ ... _-----------_ .. ---- ------------------- .. ----- --_ .. --- -- --_ ..... 
Date Reactor ,I Reactor ,2 Reactor ,1 Reaelon ,I and ,2 Reaelor ') 

21-Sep 

14-Sep 

2Hep 

26-Sep 

ll-Sep 

28-Sep 

19-5ep 

lO-Sep 

QI-Oct 

02-0ct 45061.4'.11.5.26 2UI.IO.Z1.l.1 

~)-Oct 

04-0ct 

OS-Oct 

06-Oct 

O)-Oel 

D8-Oct 50.]).41.02.2.65 )].12.64.11.2.11 

09-Oct 28419 14406 1266) 

10-Oct 

II-Oct 

11-0cl 

1l-0ct 

14-0cl 

IS-Oct 48.24.44.15.1.01 ]).25.6).11.2.11 

16-0ct 18164 16191 12510 
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Run I: Blended Prlury Sludge 

Date 

2l-Sep 

14-Sep 

25-Sep 

26 -Sep 

2Hep 

28-Sep 

29-Sep 

JG-Sep 

Ol-Oct 

82-0ct 

OJ-Oct 

G4-Oct 

OS-Oct 

06-0ct 

OJ-Oct 

OB-Oct 

09-0ct 

IG-Oct 

II-Oct 

12-0ct 

11-0ct 

'4-0ct 

IS-Oct 

16-0ct 

Ca.enh 

fed 5g Sodlua Ilcub 1266. feed to Reactor) 

red I.S9 Sodlua Bicarb 1261* feed to Re.ctor 2. 5g/266 feed to Reactor 

fed I. 59 Sodlu. Bicarb 1261* feed to Reactor 2i 59/266 feed to Reactor 
•• sterfle. pu~ broken so began gravity feeding 

fed 1.5g Sodiu. Blc.rb 1261* feed to Ructor 2; 59/266 feed to Ructor 
.. ADU VADE VEISS ARRIVED II 

fed I.5g Sodlua Bicarb 1261* feed to Ructor 2; 5g/26' feed to Ructor 

fed 1.659 Sodlu. Bicarb 1266. feed to Ructor 2. 5g/266 feed to Re.ctor ) 

fed 1.5g Sodl ... Blc.rb 126Ml feed to Ructor 2. 5g/266 feed to Ructor ) 

fed I. 5g Sodlua Bicarb 126M!. feed to Reactor 2; 59/2" feed to Reactor 

fed Ig Sodl ... Blurb /26Ml feed to Ructor 2. 4g/266 to Ructor J 

fed '9 Sodlua Bicarb 1261* feed to Ructor ) 

fed 0.59 Sodlua Blc.rb 1261* feed to Ructor 2. 4.5g/266 feed to Ructor ) 

fed 1.59 Sodlua Blc.rb 1261* feed to Ructor 2; 591266 feed to Ructor ) 

fed 19 Sodlua Bicarb 126M!. feed to Ructor 2i 5g/266 feed to Ructor ) 
fonlng In Reactors 2 and J 

fed I.5g Sodlua Bicarb 126Ml feed to Ructor 2. 5g/2" feed to Ructor ) 
hcnshe fORlng In Reactor 2 

fed 1.5g Sodlua Blurb /261* feed to Ructor 2; '.5g/266 feed to Reactor) 

fed 1.5g Sodlu. Bicarb 126kl feed to Reactor 2. 4g/264 feed to Reactor 

led I.5g Sodl ... Bicarb 1266.l feed to Ructor 2. 'g/266 feed to Reactor 
... er I ~Il left on all nlgllt, therefore tN!)erature In Reactor Ion raised 

10iliing In Reactor I 

fed 1.5g Sodlua Bicarb /266.l feed to Reactor 2i '.59/266 feed to Ructor ) 

fed I. 5g Sodiua Bicarb 126Ml feed to Reactor 2. ,.5g/266 feed to Ructor ) 
.her I left on • higher .hlng speed, therefore tN!)erlture rhe In Ructor 

ltd 1.5g Sodlua Bicarb 126M!. feed to Reactor 2. 4.5g/266 feed to Reactor) 

fed 1.5g Sodlua Bicarb /lH.l leed to Reactor 2: 4.5g/266 feed to Ructor 

led 1.59 Sodlua Bicarb /26kl feed to Reactor 2; 4.5g/266 feed to Ructor 

End of runi legan feeding Run 2 sludge on 10/11; Alk run 6 hrs after ,._pllng 

I/1B 
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Appendix B-3. 

Daily Operating Data during Homogenized Feed Study of Phase II 

Run 2: Raw Prilidry Siudgei 20 dly detent Ion tlilti l6-day runl total phase U day, 1/2R 

II lit Inhrnl (UIIU I it he Tteperature. degreu Cehlu, 8arDlletr Ic 
IIle • Tile. ------_ .. --- .. ----_ ........... -..... _ ......... -....... -_ .............. Prusure. 

Date hour linutu dlys days RODII Reactor ,I Relctor ,2 Reactor ,I • Kg 

I4-No. 10 II II.~ IS IS IU IU.~ 

I~-.o. 12 40 1.11 1.10 IU 14 14.2 14 1I1.1 

16-110. II 4~ 0.96 2.06 IU 14 IU 1).2 116.1 

IHIo. 10 0.86 UI I) IU IS I~ Ill. I 

18-110. 8 12 1.08 I. 'I IS 16.2 I' 16 140.4 

1'-110. 10 1.04 ..,1 IU 16.8 16.2 II Ill. 4 

20-110. 10 1.96 S. 'I 1~.1 IU 16 16 IIU 

21-110. c~ ..,1 '-8' IU 16.1 16.1 16.1 Ill. 0 

22-110. 10 1.01 UI 14.1 14.2 IS. I IU llU 

B-No. IS .." 8.96 11.8 IS.1 15.1 IU 142 .1 

24-10' H US ,. ,C 14 IS IS IS 141.8 

ZS-No. 10 18 1.0, !I.ot B.8 I~ IS 14.8 119.1 

26-110. 10 1.9, I"" 11.8 IU 14.1 IU 142. , 

21-110. co ..,. 11.89 14 IU IU IU 142.0 

28-110. I~ 1.11 1J.96 14.1 H.' IU IU 119.8 

2'-110. 8 U~ 14. '0 14.l 16 IU IU 141. 0 
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Run 2: R.w Prlury Sludge 2/2R 

Wet-Int "Her Readings lias ~roduct ion 
pH --- .. -... -_ ... ----------_ ...... -- ...... -----....... ----- -_ ......... --_ ..................... 

......... ---- ........................ -_ ... -------- ... ------ .......... ----- lwo-pllau Connnt lonal Ivo-pllau Connnt lonal 
Date feed Reactor ,I Reactor ,2 Reactor '] ,y,te •• l Sy,te •• cf syste •• l Sy,tu. cf 

U-Nov U~ U 6.96 1.18 162 ./~8 1.1888 

I~-Nov U Sol 2 U 1.11 166.621 1.281 1.869 0.0982 

16-Nov ~.I~ U] 1.18 m.m I.lm ].148 0.018~ 

II-Mov U~ 6.96 1.11 Ill.m I.m 2.8 o.om 

18-Mov U8 U9 6. 'C 1.1 116.1~2 I.m ].111 0.082 

I'-Mov U8 U8 1.09 18U 1.614~ ~.H8 o.lm 

20-Nov UI UI 6.98 1.0C 184.l~ I. 1412 ]. 2~ O.llll 

II-Nov ~. 12 ~. C UI 1.11 18a.88~ 1.8~8 c.m 0.1108 

ll-No. ~.81 UI 1.OS 1.1 m.81~ I. 9 III 1.9S 0.1141 

2]-Nov U S. c~ 1.11 1.11 196.168 2.016 ].m 0.1011 

24-No. U2 Ul 1.0c 1.0] co 1.84 2.189 U/2 0.11 I 

2~-Nov S. ] U9 1.02 I.O~ 406. '42 2 .116~ U02 o.lm 

26-No. UC UI 1.21 1.0C CIl.OC6 2.C28] 4.IU 0.1118 

21-Nov U2 US I.IS 1.04 CI6.418 2.m U'Z 8.0911 

28-Mov S.41 S.I I.ll 1.02 m.m 2.6m U91 D.l0lS 

29-Mo. U Sol l.1I l.02 C26.11 2.1268 UIS o.om 
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Run 2: R~w Prlaary Sludge 1/lR 

Gas Production f srp Gas Product Ion Rite f SIP 
... _------ .. --_ .. -.. ----- .. _--- Internl .. --------_ ..... -.... -_ .... -............ --
rwo-phue Conyutlonal TIle. lllO-p~se Connntlonal 

Date Syste •• L Systea. L days Syste •• Lid Systea. Lid 

\4-MoY 

I~-Noy 1.1S4 2.411 1.11 l.O~1 2.m 

16-lIov UOI 1.911 1.96 l.0ll 2.001 

II-Nov 2.424 I.m 0.86 2.m I.U! 

18-110, 
2. '" 

2.m 1.01 2.912 2.111 

19-No, UlJ 2.m 1.04 4.401 2.m 

28-lIov 2.'98 l.m 1.96 2.920 l.m 

21-lIov U4' 2."1 .." 1.6" 2. I 18 

22-lIov 1.]91 2.m 1.01 1.161 2.m 

B-lIoy 1.418 2.m .." l.m UJ9 

H-Mov UIO 2.182 1.98 4.~14 2.841 
Average Gas Product Ion Rate f ~ IP 

25-110. UI6 1.m /.06 4.148 2.m .. ... ---- ------ ---_ ... ----- --- ---_ ... -_ .. 
ho-phlSe Convent lona I 

26-Nov 1.510 2.H4 1.99 l.m 2.189 Systea. lid ~yste •• lid 
----------- ------------

21-No, U82 2.l04 UD ~.186 2.551 4.180 2.m 

28-lIoy 4.844 2.m 1.11 4.~44 2.412 SlanOud Dnlltlon 
-_ .... -_ .. --- .. ---_ ....... 

29-Nov l.1U 2.188 US ].908 2.519 U46 1.11' 
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Run 2: Ra~ Prlaary Sludge 4/2R 

(ht.ical Oxygen Dtund. '~/l (ht.iul Oxygtn Deland. ag/l 
Iota I Saaple Centr i f uged Supernahnt 

------_ ........... -_ ... --- .. -_ ........... -_ ..... --------_ ...... --_ ............ ... -_ ... _--- -- -_ ... ------ -_ ...... -_ ...... -_ ... ------_ ............ -.. ---
Dah fttd Reactor ,I Reactor 11 Ructor ,1 feed Ructor ,I Reactor ,2 Ructor 11 

I4-Nov 36191 mn 28m 464~9 1290 ~916 1114 22-Apr 

I~-Nov 

16-Mov 

II-Moy 

18-MoY 

19-Mo, 

20-No, 1m6 2m. 22m 2ma 5111 6448 4112 112~ 

2 I -MoY 

22-Mo, 

2]-Noy 

24-Mo, 

2~-Noy 

26-MoY 

2]-Nov 

28-Mo, 

29-NoY 4163~ H004 18m 22m 6611 1~91 III 6 6041 
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Run 2: iaw Prlury Sludge ~/2R 

Cheaicil Oxygen Geund. ag/l 
Centr I (uged r IItrate Alkalinity. ag/l IS C&lclllll Carbonate 

. ----_ ..................... -- .. _- -_ ............ ------------_ ......... ----_ .. ---... ------------ _ ... ---_ ... -- ---_ ......... -_ ... ~ ........... --- ---
Date Feed Reactor ,I Reactor ,2 Reactor Il feed Reactor ,I Reactor ,2 Reactor tl 

I4-Nov 2ml 19m 21262 e0868 18~' 1161 U6~ 1188 

I~-Nov 

"-Nov 

Il-Kov 

18-Mov 

19-Nov 

20-Nov 2m~ 115e6 11181 20m 1160 208e 4949 6991 

II-Nov 

ll-Nov 

2]-Nov 

2e-Mov 

I~-Mov 

16-Mov 

21-Mov 

28-lIov 

19-Mov Ime 2~m 16800 16888 
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Run 2: Rlw Pr lury Sludge 61lR 

Dignttr Gn Analy\\\ 
Volal II e Ac Ids, l4.I/l as Acetlc Acid I CU, 1(02, 1M2 In of Has 

~ ... -_ ..... -- -_ ........... -...... -------------------- ... -_ ... -----_ ... _----------- -------- -- -------
Date Reactor I I Reactor ,2 Ructor Il Reactors II Ind ,2 Reactor Il 

14-Mo, 

I~-'o, 

16-No, 

11-Mo, 

18-Mo, 

"-No, 

20-Mo, 14166 Ism IllS] 

21-No, 

22-Mo, 

B-No, 

14-No, 

lS-lo, 

26-10' 

21-No, 

28-10, 

29-10, 1m 861 418S SUI. 18. S6.1.]] 66.22.12.61.1.11 
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Run II Raw Prlaary Sludge 

Date 

14-lov 

IS-Mov 

16-Kov 

II-Kov 

18-Kov 

19-Mov 

lO-Nov 

II-May 

2Z-IoY 

l]-iIov 

24-iIov 

lS-iIoY 

l6-MoY 

ll-Iov 

lB-iIov 

19-.oy 

(a-er.ts 

Alkalinities Ind (00 Yllues froa 11/1) 

fed Uq Sodlua 81carb I )GO .... feed to Reactor 1 

Began feeding Reactors 1 and ) .t IO-day HRI with sa.e raw feed 

IIlR 
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Appendix B-4. 

Daily Operating Data during Primary Sludge Feed Study of Phase II 

Run l: 8lended Prlaary Sludge; 21-day detention tillt; 28-day run 1/28 

lIae Interval CUMlht he IfllPereture, degrees Celsius 8uoeetrlc 
lIat, 1I11t, ------------_ ... --- .. -------- --- ----------- Pressure, 

Date hour .Inutes days days Rooa Reactor ,I Ructor ,2 Ructor ') • Kg 

lI-Oct 8 4~ 3U )U 36 )5.1 IU.I 

22-Oct 2~ 1.94 0." 34 )5.2 3U 3U 140 

2]-Oct a 10 1.03 1.98 )4.2 35.8 IU )U /U.e 

24-Oct 8 21 I. 01 2.98 3U )U )~ 3~ 141.6 

2~-Oct 10 10 1.01 4.06 34 )5 )U )~ HO.4 

26-0ct 41 0.98 S.U 34 )5 )U 3U ll8.1 

21-Oct S4 1.01 US 34.2 34.5 35 35 ll1.6 

28-Oct 8 28 1.98 1.03 34.8 16 lU 15 136.0 

29-0ct 8 13 1.01 8.0) 3U 15.8 16 )U 14U 

30-0ct 22 1.0) 9.01 34.5 35.5 15 lU 14U 

11-0ct 49 1.94 10.00 34 lU )5 34.1 140.6 

OI-.oY 1.05 11.05 34 15 lU 15 14U 

02-.ov SO 8.99 12.05 34 15 34 34 151.8 

O1-.ov 8 )0 0." 11.0) 34.8 15.2 35 15 14U 

04-lov 8 12 1.08 14.0) lU 35.2 15.5 15.5 m.2 

OS-.ov 12 11 1.15 15.19 15 )6 15.8 15.8 m.l 

06-Nov 0.81 IUS lU lU 16 16 llB.1 

01-lov 56 1.04 11.09 lU 15 3U 15.5 lJU 

08-Nov 21 0.98 18.01 34 )6 15.8 15.1 lIU 

09-Nov 10 45 1.06 19.11 13.2 11.2 3U lU 149.1 

10-Nov ID 1.91 21.10 13 15 1~ 15 150.1 

II-Nov 10 1.91 11.01 U.S 15 lU 35 149.5 

11-Nov 10 1.99 1l.O2 1405 15.1 lU 15. ) 151.1 

1)-.0. I. 0) 11. 06 34 JU )5 )U 15U 
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Run 2: Blended Prlaary Sludge 2/28 

~et-Int fteter Readlng~ Gas Product Ion 
pH .. ------------_ ... ----------- .. -_ ..... -- ---------.. --- .. ------

.... -- -------......... _-_ .. ---- .............. _ ...... --_ .......... ---- lwo-pllase Convent I ana I ho-phiSe Convent I oni I 
Date feed Reactor ,I Reactor ,2 Reactor ') ~y~tea, l Sy~tea, cf ",tea, l S"tea, cf 

21-0ct U S.41 1.01 1.02 219.8)) um 

22-Oct S .11 U 1.01 1.0. 282.18S 0.1019 2.m 0.0102 

2)-Oct S.IS S.H 1.1) 1.0l 286.04\ O.lm J.l6 0.0406 

14-0ct U S .• 1.01 28UI '.80ll l.m 0.0181 

2S-0ct 5.61 S.4S 1.1 1.1 m.16 0.8461 US '.0191 

16-Oct U2 UI 1.01 1.08 m.S8 '.8m 1. 42 '.om 

2l-0cl U U6 1.11 1.11 199.16 1.9128 J.S8 1.0)) 

18-Ocl 6.1 5.52 1.1 ]QUll 1.951 

29-0ct 5.8S S,c6 1.0) 1.08 )OS.lIJ ..,941 ).086 o.om 

10-Oct U U 1.0S 1.0. )09.4 I.GSl 1.681 USlJ 

1I-Oct U U2 /.II 1.09 m.2S I. om 1.85 0.046) 

o I-Noy 6.4 US 1.11 1.11 116.99 I.lfll 1.H O.OH 

02-.oy 6. Jl 5.2) US U8 J20.lOS 1.201 l.m o.om 

Ol-NOY 6.02 US 1.1 1.15 )23.61 1.1651 ).405 0.06Cl 

O4-NoY U8 S.4 1.06 1.12 m.26 1.3198 US 0.05.6 

OS-NOY 5.02 U2 6,99 I. 09 m.ll 1.409S «.91 0.0891 

06-Noy 5.11 U6 l.ll US m .• Sl l.m2 ).W 0.0611 

OI·.oY Ul U) l.Ol 1.11 Jl9.09 I.m 1.601 •. 0918 

OS-Noy S.4S US 1.02 1.11 HUSS 1.6626 J.J9S o.om 

09-NOY U2 UB 1.01 US lU.ll 1.1561 •. 245 0.0941 

10·.oy 5.51 US 1.28 HU4S 1.84U 2.915 0.0811 

II·Noy U U8 6.98 l.l lS2.m 1.9262 Ul 0.0818 

12-Noy U8 6.91 1.11 lSUI 2.116 ).195 0.0898 

Il-NOY S .6 5.11 1.09 I.B IS9.21) 2.095) J.JOJ 0.0191 
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Run 1: Blended Pr l&IIry SIIId~e J/28 

Gu Product Ion f SIP Gat Production Rite f SIP 
. -- ---- ---_ ... --_ ..... _---- --- Interval -- - ... --------- .... _----- ... -... __ .. 
lwo-pllate Conventional TI •• lwo-phase Convention. I 

Date 5ytte •• L 5yttetl. L dlys Syttetl. Lid Sy,te •• Lid 

2I-Ocl 

11-&1 2.m 1.121 .. ,. 2.101 1.82l 

B-Oct l.828 1.48' 1.01 l.UZ 1.4" 

H-Oct 2.m I.m 1.11 2.S89 0.941 

2S-Oct 1.lSl '.m 1.01 2.218 '.891 
26-&t USJ I.m 1.94 J.IO 1.0lS 

lJ-Oct ).OSS O. '04 1.01 1.064 0.891 

IS-Oct 1.98 

29-Oct 2.m 1.911 1.01 l.m 0.921 

10-Oct 1.216 1.416 I.OJ J.1I0 1.169 

)I-Oct J.B6 1.1 J6 I." ).5£l 1.215 

Ol-loy 1.2S1 1.169 1.15 1.128 I. 018 

Ol-lov 1.SJ6 I.'" 1.9, l.m 1.512 

Ol-lov l.m I.m "" ).018 1."2 

OHlov 1.118 I.Hi 1.10 1.\ll I.lU 

05-lov 4.214 2 . .,. LIS ).611 I.m 

Ob-lov 2.860 I.m 1.81 ).)01 1.196 

01-lov 1.101 2.218 1.04 2.m 2.154 

08-lov 1.916 2. JS2 1.98 1.001 1.U! 
her.ge Gat Production Rate' 51P 

09-loy 1.m l.m 1.06 UH 1.112 ...... -- -_ .... -- -_ .. -_ ................................ -
lvo-ph'H Conyent lon, I 

10-lov UbI 2.181 '.91 2.64 I 1.158 5yste •• lid Syste •• LId 
----_ .... ---- ------------

11- lov U" l.m 1.9) 1.W 2. III 1.811 2.148 

II-Nov USI 2.m 1.99 J. 008 1.m Standard Dey i.lIon 
--------_ .. ----_ ...... 

I )-lov 1.914 1.981 1.0) 2.818 1.916 0.114 0.118 
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Run 2: Blended Pr itwry Slu~e 4flB 

(helical Oxygen O_d. ag/l (helical Oxygen OeINnd. Ig/l 
Iota I Saapie Centrifuged Supernatlnt 

--_ .... --_ .. -- ........ -_ ........... ------_ .... ------------ .. _ .... ----_ .. ---_ ....... --- .. ------------- --_ ....... ---- --- ---
Date feed Reactor ,I Reactor t2 Reactor I) feed Reactor II Relctor ,2 Ructor I) 

21-Oct 

22-Oct 

ll-Ocl 40048 )6826 )0694 n951 HI~ 6262 686) 1)194 

14-0ct )8804 ~m 

2~-Ocl 

16-Oct 

1)-Oct 

28-Oct 

19-Oct 

)O-Oct ~)64~ ~HS) m48 mu 98)0 9)41 m9 11m 

II-Oct 

Ol-Iov 

02-10' 

8)-10' 

04-10. 

O~-Io. 

06-10. 40886 W08 26802 nm 4891 am 6U6 12140 

O)-Iov 

08-10' 

09-10' 

10-lIov 

II-Iov 

12-10' 

1)-10. 464~' )6m m49 28m ~~" mo ~916 1314 
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Run I: Blended Pr lury Sludge S/lB 

(lIe.lcil O.ygfl\ OKaIld. Io\l/l 
Centrifuged filtrate Alkalinity • .gIL IS Calclu. (lrbonate 

-- ............... -_ ...... -- ... -......... --- .. -------- ... _---------_ ............ ... -------------------- -- -- ..... --- ... -_ ... --- ..... _------
Date feed Reactor , I Reactor ,I Ructor 13 reed Reactor , I Ructor ,I Reactor ') 

II-Oct 

21-0ct 

11-Oct lS1IS )OSU 2l8H IDI61 1m 1111 sm 10008 

H-Oct )W9 

IS-Oct 

16-0ct 

H-Oct 

18-0ct 

/9-0ct 

10-Oct mlS 41414 19m ISI91 

JI-Oct ISI4 IbOO S6I9 9/1) 

OI-MoY 

OI-NoY 

O)-NoY 

04-NoY 

OS-NoY 

06-NoY )sm 16149 10106 IIW 11II 11)/ ml 9J8) 

II-NoY 

OS-NoY 

09-NoY 

IO-NoY 

II-NoY 

II-NoY 

1)- Noy 40868 19101 19m 11262 18S0 1161 U6S 1188 
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Run 2: Blended Prl •• ry Sludge "28 

Dlgesler Ga5 Analysis 
Volali Ie AcIds. ag/L as Acetic Acid I CH4. lC02. lN2 In off-9Is 

.. -_ ...... -_ ...... __ ........ _- --- ........ -- -----_ .. -_ ....... _- ----------- .. -......... -----... -.... -- --------- ..... 
oalt Reactor ,I Reactor ,2 Reactor ,J Reactors 'lind ,2 Reactor ,J 

21-0ct 

22-0ct 

l)-Oct 12140 18m 166~1 

24-0cl 

2~-Ocl 

26-0cl 

ZJ-Ocl 

28-0ct 

29-0ct 

10-Oct 14146 19m 18m 

II-Oct 

II-Nay 

02-MOY 

OJ-MoY 

O4-NoY 

OS-Noy 

86-NoY J818 1918 

Gl-Noy 

08-NoY 

09-10' 

10-NoY 

II-MoY 

12-NoY 

Il-Noy 10168 14m 14S98 
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Run 2: Blended Prlaar, Sludge 

Date 

21-0ct 

22-Oct 

B-Oct 

H-Oct 

2S-0ct 

/6-0ct 

2/-Oct 

28-0ct 

29-0ct 

10-0ct 

1I-Oct 

Ol-Mov 

a2-Mov 

D)-Nov 

a.-Nov 

OS-liov 

06-Nov 

81-10v 

OB-lIov 

89-Nov 

10-Nov 

Ii -Nov 

II-Nov 

Il-Nov 

Ca-ents 

Fed Ug Sodiu. Bicarb 1266e1. feed to Reactor 2; 4.~g/266 feed to Ructor ) 

Fed I.]g SodlUII Bicarb 1266a1. feed to Reactor 2; 4g/266 feed to Ructor 1 

Fed I. ~g Sodlua Bicarb 1266al feed to Reactor 2; 4g/266 feed to Reactor ) 
Feed COO values frOI particle ~Ize anal,!h run 10/21 

Fed I.]g SodiUII Bicarb 1266al feed to Reactor 2; 4g/266 feed to Reactor 1 

Fed I.lg SodlUII 8icarb 1266a1. feed to Reactor 2; 4g/2" feed to Ructor 1 
Daylight SAYing! Tllei therefore. I hour va~ Idded to the interval tile forlull 

Replaced septa In Reactor~ I and 2 gas line 

Fed 1.)9 Sodlu. Bicarb 1266al feed to Reactor 2 

Fed I.1g SodlUII Bicarb 1266a1. feed to Reactor 2 

Fed I. 19 SodlUII Bicarb 1266a1. feed to Reactor 2; 4g/266 feed to Reactor 
Ructor 1 cent. super. COO disturbed; therefore. higher than nor .. 1 

fed 1.1g SodlUII Bicarb 1266at feed to Reittor 2; 49/266 teed to Ructor 

Fed I. 19 SodlUII 81carb 1266a1. feed to Reactor 2; 4g/266 feed to Ructor 

Fed I. 19 SodiUII Blclrb /266. feed to Reactor 2 

"her I VIS accidentl, left off III night 

110 18 p.l. feeding for Reactor I due to feed !tli I cold 

"her I va~ left on III night. therrfore teapenture In Reactor I ViS raised 

lnd of run; "eter) hiS been le"uring aQre gas thin actual due to the tact 
hct that the water level In the leter wa! low 

1/28 
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Appendix B-s. 

Daily Operating Data during Primary Sludge Feed Study of Phase III 

Run I: Raw Prla.ry SIudge; \I day detentIon tlael 21-day run IIlK 

liae Interval CUllUht lYe '~erlture. degree~ Celsius Baroaetr Ic 
lIae. lI.e. ~ ...... -- .. ----_ .... ----_ .......................... --- -_ ...... Pressure. 

Date hour .Inutes days days Rooa Reactor ,I Reactor ,2 Reactor , I _ Hg 

Ol-Oec 10 14 16 I~ n 141. ~ 

G.-Dec 8 2~ 1.81 1.01 14 IS 1408 14.8 W.I 

O~·Oec II I.O~ 2.06 IU IS IU 14.8 148.1 

06-0ec 10 20 1.01 1.0, IS IU IU H UU 

OI·Oec 10 I." 4.08 14.8 15.5 IS IU 142.0 

Oa-Oec 10 1.00 5.08 H.8 119.6 

n-oec 8 \I 1.92 6.00 H IU IU I~ I4I.B 

10-Oec 10 I~ 1.0. I.G' 12.8 IU IU IS 146.1 

II-Dec 10 18 1.01 B.IO H.I IS.I IU IU m.e 

IZ-Oec 8 4~ 0.9) '-02 )1.9 )U IU IU m.8 

II-Dec 10 I.OS 10.08 14.8 14.8 IU IS. I ISU 

U-Oec 40 o. " 11.06 H.I 14.1 IU IU Ul.l 

I~-Oec .9 0.96 12.01 14 14.1 1506 IS. I 141.2 

"-Dec 1.01 11.04 11.9 1506 IU IS.2 144.' 

II-Oec , 1.01 U.Ol 14 16.1 1506 IS.2 141.0 

18-0ec 1.01 IS.04 H.' 16.1 IU 15.2 IU.I 

I'-Oec 42 1.01 16.06 H.8 IU 15.5 I~.I 140.0 
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Run ): Ra. Prl.ery Sludge WR 

Met-lest Reter Readings IOu Product ion 
pH -----_ ..... -- ..... -........... _------_ .. ..... -... -- --- -- -_ .. -- -- .. --- .. ----

.. ----_ ......... --_ ... ----- ... -.. ----_ ... __ ...... ---- .......... -- lIfO-phase Convent lonal I.o-plllse Convent 10lIl1 
Date feed Reactor ,I Reactor ,2 Reactor ') syste •• l Syste.. cf syste •• l Syste •• cf 

OJ-Dec U8 U 1.1 1.0) 451.89 1.)908 

O~-Dec UI U4 1.12 ,. '4 460.18 ).ml 6.8' O.IU' 

O~-Dec U6 UI 1.14 UI 466.41 um U) 0.1441 

06-0ec U8 U4 '-', 6.82 41U ).8448 

Ol-Oec U8 ~.12 1.01 U2 481.m 1.'881 1. lIS o.lm 

08-0ec ~88.02 4.112 '.m o.lm 

09-Dec ~. ~2 5.22 1.02 49U4~ um '.m 1.lm 

IO-Oec UI UI 1.1) 1.0) ~01.818 ~.m' 1.Jl) 1.1466 

II-Ore UI 1.02 U8 ~08.116 um '.898 O.I~U 

12-0ec UI U8 1.01 6096 SU.ll um 6.0~4 

I)-Dec U2 Ul 1.02 6094 ~21. 00) 4.886) u)) 0.16~8 

14-Dec U6 U 6.94 US m.m S.om 1.122 0.ln4 

IS-Dec U6 ~. 42 6. '4 U6 m.18~ U14~ 1.46 0.1688 

"-Dec UI U6 1.11 U) 542.216 ~.m 6.~~1 O.I68~ 

II-Dec U) ~.12 .." U9 ~48.m um ~.m o.lm 

18-Dec U' 5.24 1.11 6.89 ~S4.216 um 6.084 0.210) 

"-Dec U2 5.24 UI 6.86 ~60.H~ 6.0042 U29 0.208) 
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Run 1: h" Priliry Sludge IIlR 

Gas Product Ion. SIP lias Production alte • 5IP 
----------- ...... --- --------- IRterYlI .. -----_ ...... -- -_ ... _- --------_ ...... 
ho-p/lau Conventional TIM, T IIO-plla Sf Convent lonal 

Olte 5ystHl, l 5ystHl, l dlys 5yste., lId 5ystHl, lId 

8l-0ec 

04-0ec 1.11 

O~-Oec I.O~ 

86-0ec 1.01 

"-Oec 6.248 1.m 1.99 6.114 1.m 

08-0ec UU UI4 1.01 ~.m 1.m 

19-0ec ~.W 1.140 I. '2 US! 1.199 

1O-0ec 6.818 ).642 La. U14 1.m 

II-Dec ~. '4~ Ull 1.11 UU 1.118 

12-0tc ~.m '.91 S.lII 

1l-0ec U61 4.118 1.0~ 5. "6 UU 

U-Oec 6.W U16 8. " 6,461 •. m 
Aver.ge lils Production aate • SIP 

15-0ec 6.488 U~I I. " 6.126 4.110 ... --- ........ -... -_ ... -- --_ ... ----- ... -_ .................... 
roo-pllase Conyentlon.' 

16-0ec ~.m •. 161 1.01 U6I c.m 5ystHl. lId 5yst,., lid 
----------- ------------

I/-Oec ~.1I2 •• 129 1.01 ~.110 •• 146 UI6 4. '64 

18-0ec 5.292 5.188 1.01 UU 5'.162 Standard Oeyiatlon 
--- --- -- ---- ---_ ...... 

19-0ec U~I 5.111 I.OJ 5.516 US1 0.159 O. III 
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Run J: R.~ Pr laery S I udge 41JR 

Chealc.1 alygell Orund. ag/L Cheaical alygeR Oeund. ag/L 
Iota I SalOP I e Centr If uged Supernatant 

-_ ............... --_ ... ---------....... -...... ----_ ... ------_ .. -_ ..... .. ... __ ... -_ ......... -_ .......................... ----_ ................. -_ ....................... -- ..... 
Date feed Reactor II Reactor 12 Reactor IJ feed Reactor II Reactor 12 Reactor I J 

IJ-Oec 

DC-Dec 

U~-Oec 

06-Dec 

Ol-Oec 

OS-Dec 

Q9-0ec 

IO-Dec 

II-Dec 

12-0ec 

I J-Dec 

I.-Dec 

IS-Dec 

16-0ec 

II-Dec 

IS-Dec 

19-0ec mil 1949' 25m sm J649 IOU 
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Run 1: Ra~ Pr laery Sludge ~/lR 

Che.leal Oxygen Deaand, .gIL 
Centrifuged filtrate Alkalinity, 89/l IS Calch.- Carbonate 

........................ -- ...... -................. -...... -_ ............ -_ ............ -... _--------- ---------- -_ ... --_ ... -- --------- -- ---- -- -----_ ............ 
Date feed Ructor ,I Reactor ,2 Ructor ,1 feed Ructor II Ructor ,2 Ructor ,1 

11-Dec 

Q4-Dec 1611 214~ 4158 ~m 

O~-Dec 

06-0ec 

Ol-Dec 

08-Dec 

Q9-Dec 

IO-Dec 

II-Dec 

12-Dec 

Il-Dec 

I4-Dec 

I~-Dec 

16-Dec 

II-Dec 

18-Dec 

19-Dec 14818 Imo 24266 ml nu 1986 



123 

Run ): Raw Prlaery Sludge 6/lR 

DIgester Gas Analysis 
VolatIle AcIds. 8g/l IS Acetic AcId , CH4. 'C02. ,.2 In ort-gas 

... ------_ ... - -_ ...... -_ ... ----_ .................. -_ ........................ -------------------------- -----_ ...... -----
Date Reactor , I Reactor ,2 Ructor ,1 Reactors ,I and ,2 Reactor 11 

Ol-Oec 21.19. 4 \.2~ .lI.16 n.I'.18.21.1.61 

Q4-0ec 

O~-Oec 

06-0ec 

Ol-Dec 

08-Dec 

09-Dec 

IO-Oec 

II-Dec 

12-Dec 

Il-Oec 

.. -Dec 

I~-Dec 

16-Dec 

II-Dec 

18-Dec 

19-0ec 184\ 1m mo 12.62.26.11 •• " IU8.2l.II •. ~I 
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Run): Rill Prlury Siudolle 

Date 

G)-Dec 

"-Dec 

O~-Oec 

O'-Oec 

II-Dec 

OS-Dec 

Og-Oec 

IO-Oec 

II-Dec 

IZ-Oec 

I)-Dec 

I.-Dec 

I~-Oec 

"-Dec 

I J-Oec 

IS-Dec 

Ig-Oec 

Co.ents 

I cd 4g Sodlua Blcarb Il'f>al feed to Ructor Z; 'gll66 to Reactor ) 
leak1 In ho-plla1e 1Y1tea rep.lred baud on gl1 .nalY1h 

Ne. COD Standard. Alhllnlt Ie, run 

Reut \141 Hter readlng1 

Re1et reactor ) gl1 aeter 

1/lR 
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Appendix B-6. 

Daily Operating Data during Homogenized Feed Study of Phase III 

Run 1: Blended Prlaary Sludge; II day detrntlon tllIe; II-day run; total ph.ue )2 day, I/)B 

II. fnlrrval CUMIfathe le-penture, degreu Celslu, 8arollelrlc 
lllle, Tlae, ................ --------_ ...... -- .......................... --_ ....... -... PreS1ure, 

Date hour alnutes day, day, Rooe Reactor ,I Reactor ,2 Reactor ,I .. Hg 

21-0ec , 4D )4-8 )U )5.1 )S 15U 

22-0ec , US 0.98 )1.9 )U )4.5 14.1 U6.8 

lJ-Orc , 22 1.01 1.99 ll.9 )5.9 IU )4-8 141.6 

H-Otc 18 '.99 2.98 )U )s.! IU 15 Ill.' 

25-0ec 18 U) ).91 )2.5 )S.I )505 IH.I 

26-0ec 45 Lal 4.92 14.8 35 U H.8 14U 

21-0ec 8 SO 1.05 5091 U 36 )505 3U IU.2 

28-0ec 8 12 0.99 6.95 U.I )U 15 )5 142.8 

29-0ec IS ..,6 UI 14 )U )S )S 1ll.0 

)O-Oec 8 1.02 U] U.l ]'-2 )5.8 lS.4 141.2 

Run ]: Blended Pr lury Sludge 21lB 

Vet-lest Keter Reading, Ga, Product Ion 
pH -------- .. ----------------- ..... ----- ...... ---------- --- ----

-_ ............... -_ ........... - ...................................................... --- Two-phase Conventional loo-phase Convent I ona I 
Date feed Reactor ,I Reactor ,2 Ruetor '] ,y,tea, l Sy,tea, cf ,y,tea, l Sy,tea, cf 

II-Dec U6 5.2] UI U2 511-221 6.1128 

22-0re 5.6] UI 6098 U m.m 605188 U98 1.166 

B-Oee U4 5.16 1.11 U2 m.m 6.1 III 6.221 0.1934 

14-0ec US 5.4 1.12 6091 591.15 6.9148 5.198 1.1126 

25 ·Oee S.82 5.ll U2 m 1.1165 US 1.1111 

26-0ec US U 6.8' '-8 m.ll 1.2S4 6.ll O.lllS 

21-0ee 5.48 US Ul 6.8] 619.14 1.4615 6.12 I.2m 

IS-Dec 5.IS 5.18 U 6.S1 6I4.S6 1.656 U2 1.192S 

29-0ec U 5.15 U '-82 m.21 1.8461 6.41 1.1901 

10-0ec U8 5.11 1.15 1.05 m.24S s.om 6.m um 
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Run ): Blended Pr lury Sludge 1/lB 

G.s Product lon' SIP Gn Product Ion Rite , SIP 
-_ ... --------- -- -- .. -----_ ... Internl ------------------------ .. --
lwo-plllse (onvent lonal 11 lit , lwo-phlSf (onvenll onll 

Date 5yste., l 5yste., l dlYs 5yste., lid 5yst8, lid 

II-Dec 

II-Dec S.))I C.IIO 0,98 U61 C.212 

B-Dec s.m USC 1.01 S.HZ c.m 

H-Dec s.m 4.210 0,9, UC8 4.m 

IS-Dec U4I c.m O. 'I S.1I1 C.m 
"euge G.s Production Rate , SIP 

H-Dec S.CII C.m 1.01 S.W 4.321 -----------_ .... ---_ ..... -----_ .. --- ... --
Iwo-pllau (onvent lonal 

I I-Dec s.129 5.161 1.05 s.m 4.'44 Syst8, lid 5ysttll, lid 
---------_ ... ... _---- .. _--_ ... 

18-0ec C .80) C./U .." 4.861 un S.8S1 UI8 

I,-Dec UI8 US8 ..,6 s.m C.8C' Standard Dtv iatlon 
------------ --_ ...... 

10-Oec 6.011 U9J 1.12 5.948 C. '81 0.0" '.m 

Run ): 8lended Pr lury Sludge ell8 

(he.'cl' O.ygen Otll4nd, .g/l (he.1 cil O.ygen Oeund, ~fl 
lotal Suple (entr Ifuged Supernatant 

.. -_ ........... --- ......... ---_ ...... --_ ... -... -_ ... _ ...... -..... ----_ ..... _- ---------------------------------- ...... ------ --_ .. 
Date feed Ructor " Reector tl Ructor 11 reed Ructor " Ructor ,2 Ructor ,I 

II-Dec 4ml 19m Ism 1m lU9 IOU 

12-Dte 

lI-Ote 

/C-Oec 

IS-Ote 

16-0ec 

II-Dec 

18-0te 

19-0ec 

10-Ote mSI 112S1 11414 B6I. 6118 10166 1m )160 
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Run): Blended Prl .. r, Sludge 

Date 

21-oec 

l2-0ec 

2)-Oec 

24-oec 

2~-Oec 

26-0ec 

21-0ec 

28-0ec 

29-0ec 

10-Orc 

Chealcal O.,~en Drund, ~/L 
Centrifuged filtrate 

fred Reactor II lIuclor,2 Ileac tor 11 

14898 

1£886 2011) lU5. 

Run 1: Blended Pr I .. r, Sludge 

Volatile Acid" .g/L a' Acetic Acid 

Date Reactor ,I Reactor 12 Reactor I) 

H-Dre 

21-0ec 

H-Dre 

2~-Oec 

26-0ec 

21-0ec 

28-0ec 

29-0e[ 

lD-Oec 2m 109~ "o~ 

Alkallnlt" ~/L u Celcfu. Carbonate 

fred Reactor,1 Reactor,2 ileactor,) 

2161 )986 

2m mo 19«6 

'/)B 

Dlg"ter IOu Anal"l, 
, CU, le02, liZ In ofh~" 

Reaclon II and 12 Reactor I) 

11.62,26.11,.61 lU8,21.lI,.51 

'UI,)~.I~,2.U U.26,)U8,2. " 
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Run]: Blended Pr lury Sludge 

(OMents Gate 

21-oec 

22-oec 

21-oec 

24-oec 

25-oec 

26-oec 

21-0ec 

28-oec 

2,-oec 

lD-oec 

(00, A1allRlty, and GIS Analy,h froa 12/19 

1/]8 
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APPENDIX C. 

DATA USED IN CALCULATION OF GAS PRODUCTION RATE PER GRAM COD 

The calculated values for the gas production rates are given in 

Table C-l. Data used in calculation of the gas production rates are 

also given in Table C-l. Incorrect gas meter readings during the 20-day 

phase (phase II) resulted in the gas production rate not being 

calculated. As stated in Chapter IV, the theoretical value for gas 

production per gram of COD destroyed is 0.J5. The theoretical gas 

production rate reported in Table C-l was calculated by multiplying the 

actual value for grams of COD destroyed by 0.35 L CH 4/g COD destroyed. 

The gas production rate per gram of COD applied was then calculated by 

dividing the theoretical gas production rate by the actual value for COD 

applied. The variablility of the rates given in the table is due 

primarly to the highly variable COD of the influent feed used in the 

study. 

The variability of the influent feed COD can be seen in column A of 

Table C-2. In order to calculate a reasonable average influent feed COD 

for each phase, the relatively small data set was expanded. Therefore, 

the relationships which existed between the influent feed COD and both 

the COD of the contents of the acidogenic reactor (reactor #1) and the 

COD of the centrate after the feed sludge had been centrifuged at 39100 

G for 30 minutes, were utilized. 

As can be seen in Table C-2, an average value was calculated for 

the relationship between the influent feed COD and reactor #1 COD for 
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Table C-l. Data used in calculation of the gas production rates 
in each system 

;lis f'roduchoo Rilr per ,,_ coo dro;troyf!! 

Sid Dev of 
HyoriulH 60s Productloo Rilf, Ud Inilufflt Wl, I9/l Inflllfflt roo EffILll!llt 1liO, ifill 
Rrtffltioo Dally ----- -------
H., d Raw Uli4 Blendeo :DI4 FfI?O,L Raw ~Iended Riw ~Iffld~ RiO Blrnded 

IlHIay 
Caw. 4.9b4 16 4.918 b2 0.4 49467 41m Ibl~ 'lSJ:fj 2~1~ 
TIOOPhiSl! 5.306 73 5.852 b2 \1.4« 49467 41m Ibl3 194'1'1 :1111 

I~y 

Calv. 1.085 30 0.1>39 ~ V.W 39701 !T9b2 5782 m7 27188 :'2:,\) 
TIOOPhiSl! 2.~ 40 2.toS ~.o O.2b7 39701 rT'Ib2 5782 m7 23005 24733 

2Hiy 
tim. 2.653 b6 2.148 70 0.2 37B55 39402 8157 3053 22'135 ~ 
TIOO PhHf 4.28. 60 2.803 70 0.211 37B55 39402 8157 3053 1~6 2b802 

~ f'rtxluttioo, 
lIyIrilllic l OI4/d COO l'IestrO'f!d, gl d COO 1W1i~, g/d Pwunt COO ~ 
Rfhlltim -----
Ti., ~ Rill Bll'lld~ Rill Bll'llded Rill Bll'lld~ Rill ~lrnOPd 

1000IY 
tim. lm 3.049 9.663 6.'1'15 19.79 16.44 49 43 
TIOOPhB lB73 3.6211 11306 9.740 21.96 19.25 61 49 

I~y 

Calv. O.~.2b 0.217 3.:>41 1.512 10.60 10.14 ~ 15 
TIOO PholSf I.Olb 1.3;3 4.4~ 3.S.~ 10.60 10.14 '2 ~ ." 

2O-1liY 
Calv. 1.751 1.504 2.984 1.210 7.57 7.88 39 15 
TIOO Ph.lw 2.569 1.962 4.079 2.659 7.'1'1 8.31 51 32 

ThKntml 
~ Prtxluthoo, Sis Prcduchoo, Sis Prcductioo, 

lIydriulic lOl4/d l Ol4Jg COO ippli~ L Ol4Jg Ill) drstroyed 
Retrntioo 
Ti., d Rato Blended f<iII Blen~ Rato Blend~ 

10000y 
Calv. l382 2.«11 0.171 0.149 0.390 0.436 
TIOOPhiSl! 4.657 3.05'1 0.212 0.168 0.291 0.4IS 

I~y 

tim. 1.169 0.S2'I 0.110 0.052 0.097 0.144 
TIM! Phise 1.560 1.nE. 0.147 o.m 0.2211 0.317 

IXXllRstrOYed,gJd = (!Influent IIdHDiily FI'l'd). Effflue!lt Wll4 - Dilly Feed)) 

- Efflllfflt 1XXl14)) I 1000 
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Table C-2. Summary of data used to calculate average values 
for influent feed COD during each phase of the 
study 

mmtlCn h_,d FredWl, fN:tll" .1 5upernit~t AoIeriqP AoIPI'iIlf 
~~I!IICIe!I IIl/L 1m, a;lL Fred aJI),IIl/L AIr Ale 

ICli 42'1T7 1.1S~ b.b2 

I~ 42251 'JT1Sl 6m 1.042 0.23 

I~ 3-IOIQ 3'lS31 4Q41 1.151 b.b2 
42Ob7 bb2b 1.151 b.b2 

1~ 3'1100 382S2 48bb 1.042 b.b2 
41577 34449 1>118 1.042 r..61 
!O619 3:1045 4765 1.042 b.b: 

:l5022 1.042 b.b2 
4OII!1 7828 1.042 b.b2 

303'17 Zi549 me 1.151 7.1 
:IS33o 2m4 ml 1.151 7.1 
41~ IlOO4 biJI 1.151 7.1 
423M 4000 1.151 7.1 

208 40040 ~ 4115 1.042 7.~ 

~ 5m 1.042 7.~ 

:i3b4!i 53157 '1830 1.041 7.5l 
4CEI!b 4-4700 48'/1 1.042 7.~ 

each of the two feed studies, raw and blended. These values were 

calculated by dividing the average influent feed COD by the average 

reactor #1 COD for each of the two feed studies. 

The relationship between the supernatant feed COD and the influent 

feed COD was also averaged due to the variability of the percentage of 

supernatant COD in the influent COD. An average value was calculated 

over the entire set of data for phase I (IS-day HRT) while separate 

averages were calculated for each of the feed studies of phase II 

(20-day HRT) and the blended feed study of phase III (IO-day HRT). Due 
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Table C-3. Expanded data set for influent feed COD including average 
overall feed COD and standard deviation 

fefd all, IgfL 

As C6I tuhhd ire. As C&ltlllihd ire. Avrr iI/P Fft'd StillllWC 
Dl'tI!ntitJI h.,d RN:Ur II COO ~nitilllt FffIl COO Wl, IgA llwI.turl 

R=f<iIo IF&ended As 1mI)':EIl Dt& EtC 

1(1( 49407 49407 

10& 42:!:1 3a217 4=V 41D'IB Ibn 

1$ 3401~ 4564~ !Z7(f/ ~9701 S7B2 
42067 43Bb4 

1~ 39100 39ff/O :2213 379t.2 rz: 
41577 3:i!9b 40501 
3bb19 3:X)58 31544 

30m 
40031 51821 

:.'OR 31.397 2'i407 517S'1 37855 8157 
mJo Vbl7 ::2134 
41bl5 mae 47364 
4231.4 28400 

201< 4004() ::2m 32700 394(j2 ~ 
3SOO4 40743 
4WIb 4c:& 37074 

to insufficient data, the value assumed for phase III during the raw 

feed study was the same as calculated from the phase I (lS-day HRT) 

data. Values for approximate influent COD were then calculated by 

multiplying the reactor #1 COD and the supernatant feed COD by the 

appropriate relationships shown in columns D and E of Table C-2. The 

expanded data set for influent feed COD is given in Table C-3, along 

with the average overall feed COD and standard deviation which were used 

in the calculations represented by Table C-l. 
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APPENDIX D. 

SUMMARY OF DATA COLLECTED DURING PARTICLE SIZE FRACTIONATION STUDIES 

The data collected for the particle size fractionation of feed 

sludges and reactor contents are given in Tables 0-1 and 0-2. 

Fractionation of samples was accomplished utilizing sedimentation 

followed by centrifugation. Each fraction represented a cumulative COD 

and contained the remaining COD in the sample. Each cumulative fraction 

was also represented by a maximum calculated equivalent diameter 

particle in the fraction. The last fraction, group III, represents the 

more soluble portion of each sample. A complete description of the 

particle size fractionation technique is given in Chapter IV. Notation 

used in Tables 0-1 and 0-2 was also summarized in Tables 11 and 13 in 

Chapter IV. 

Incremental COD distributions were calculated by subtraction of 

adjacent cumulative data. The incremental data are presented in Tables 

0-3 and 0-4 along with percentage of the total sample COD that each 

incremental COD fraction contains. Notation used in Tables 0-3 and 0-4 

is summarized in Table 14 of Chapter IV. 

The data contained in Tables 0-1 thru 0-4 were the result of 

fractionation of single samples at the end of each feed study of phases 

II and III. Therefore, the data are assumed approximate and was used to 

show trends while operating the anaerobic systems using different feed 

sludges. Comparisons between the two systems were also made based on 

the data obtained. 
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Table D-l. Summary of cumulative COD fractions of 
average feed sample and reactor contents 
during the primary sludge feed study of 
each phase 

Cumulative COD in indicated 
fraction, mg/L 

Sample 
Analyzed Total I II III 

Primary Sludge 42000 12338 5884 5336 

10-day HRT 

Conventional System 25309 13237 2658 1043 

Two Phase System 

Acidogenic 42977 20248 9897 8099 

Methanogenic 19499 13847 6011 3649 

20-day HRT 

Conventional System 22945 20684 7384 5900 

Two Phase System 

Acidogenic 33004 20506 8824 7591 

Methanogenic 18526 15398 2320 1726 
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Table D-2. Summary of cumulative COD fractions of 
average feed sample and reactor contents 
during homogenized feed study of each 
phase 

Cumulative COD in indicated 
fraction, mg/L 

Sample 
Analyzed Total I II III 

Homogenized Feed 41569 17228 7611 5835 

10-day HRT 

Conventional System 23610 20134 4879 3160 

Two Phase System 

Acidogenic 37252 32095 13461 10366 

Methanogenic 21414 21330 2577 129l 

20-day HRT 

Conventional System 33353 i8848 14656 12140 

Two Phase System 

Acidogenic 44708 18412 12210 8559 

Methanogenic 26802 18639 7633 6096 
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Table D-3. Summary of incremental COD fractions of average feed sample 
and reactor contents during the primary sludge feed study 
of each phase 

Incremental COD in indicated fraction, 
mg/L (% of total) 

Sample 
Analyzed Total Tota1-I I-II II-III III 

Primary Sludge 42000 29662(71) 6454(15) 548(1) 5336(13) 

10-day HRT 

Conventional System 25309 12072(48) 10579(42) 1615(6) 1043(4) 

Two Phase System 

Acidogenic 42977 22729(53) 10351(24) 1798(4) 8099(19) 

Methanogenic 19499 5652(29) 7836(40) 2362(12) 3649(19) 

20-day HRT 

Conventional System 22945 2261(10) 13300(58) 1484(6) 5900(26) 

Two Phase System 

Acidogenic 33004 12498(38) 11682(35) 1233(4) 7591(23) 

Methanogenic 18526 3128(17) 13078(71) 594(3) 1726(9) 
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Table D-4. Summary of incremental COD fractions of average feed sample 
and reactor contents during homogenized feed study of each 
phase 

Incremental COD in indicated fraction, 
mg/L (% of total) 

Sample 
Analyzed Total Tota1-1 I-II II-III III 

Homogenized Feed 41569 24341(59) 9617(23) 1476(4) 5835(14) 

10-day HRT 

Conventional System 23610 3476(15) 15255(65) 1719(7) 3160(13) 

Two Phase System 

Acidogenic 37252 5157(14) 18634(50) 3095(8) 10366(28) 

Methanogenic 21414 84«1) 18753(88) 1286(6) 1291(6) 

20-day HRT 

Conventional System 33353 14505(43) 4192(13) 2516(8) 12140(36) 

Two Phase System 

Acidogenic 44708 26296(59) 6202(14) 3651(8) 8559(19) 

Methanogenic 26802 8163(30) 11006(41) 1537(6) 6096(23) 
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APPENDIX E. 

SUMMARY OF ANALYSIS PERFORMED FOR INDIVIDUAL VOLATILE 
ORGANIC ACIDS IN EACH REACTOR 

Individual volatile organic acids concentrations of reactor 

contents were analyzed by gas chromatography. Results of the analysis 

and a computed value for total volatile organic acids as acetic acid are 

given for each reactor. Included in each set of data is the date on 

which the samples were taken and an abbreviated description of the study 

being performed at the time of sampling. For example, a sample was 

taken from the acidogenic reactor (reactor #1) on 10/9/86 during the 

homogenized feed study of phase I (IS-day HRT) and abbreviated simply as 

lSd-H. Similarly, a sample was taken on 11/20/86 during the primary 

sludge feed study of phase II (20-day HRT) and abbreviated as 20d-P. 

All samples were analyzed at the end of the study with concentrations 

reported in mg/L. 

The equation used to calculate the total volatile acids 

concentration as Acetic Acid was as follows: 

Total A + [P/74.l + (IB + NB)/88.l + (IV + NV)/132] * 60.1 

where: 

A Concentration of Acetic Acid, mg/L 

P Concentration of Propionic Acid, mg/L 

IB Concentration of Iso Butyric Acid, mg/L 

NB Concentration of N-Butyric Acid, mg/L 

IV - Concentration of Iso Valeric Acid, mg/L 
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NV - Concentration of N-Valeric Acid, mg/L 

CalaatritiCIIS 01 'ioliblt Ibft in Acidogenc RNctCJ" UINI:tCJ" .11 ia IIlIL 

Tohl, 
Oitt fQm Acetic Pr~illlic Iso artyric II-&tyric Iso Yilrric Ii-'Iileric is AcetiC 

101'1 I~-ii 24677 103b 348 3457 2S3 Y1b :'8419 

10/16 I~-ii 31181 1547 S'I'1 1438 484 ~ Elb4 

10m 20H 23484 1414 673 945'1 6b4 b63 32140 

IOIJO 20H 11160 541 '8/ J07b JOB 574 143% 

11m 20H m4 blO 260 2S78 260 479 10760 

11120 2Od-f> 114% 184 311 2520 246 335 14iCb 

11/2'1 201H' 7'/B m II) 28'/ Ib JG) 1222 

12119 10d-!' 11125 HI) II) 2'15 22 10 1841 

I2IJO IOd-ii 2068 B3 II) 2'15 18 34 m1 

11): U D.hchd 
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(ooeentrotllJlS of Volihle <las 10 ""ttwnogl'OlC "fitter (Rueter 12) 10 .gIL 

rotii. 
il.JtF Run AcetH PrD\nOIIlC lwfut)rIC N-But,TlC 1sc V.lene N-Vilfflt is kfti~ 

1012 l~d-tt llP.'() 413 21 32(l5 IbU I~I :u()t, 

Il':< ISd-!i 1:-&1'/ :.38 ~7 ?~.sO 188 :28 : ~ ~Q: 

:(\J:~. :':Il-H 14233 1~.42 87 m{> 37 159 :e:~ 

1V!?::' 2Od-!i I~AI7 870 49 Cilb ,..'> 124 : 1'::,7~ 

!:/t' 2i>d-1l :-1>58 14(1 I() ~ NO NO -E! " 

1:.';: 2()d-!i 10403 2\t.9 ~ ~ ICl ... :lOl'i ,.,; 

nf:Q 2{ld-f 1m4 'M 41 3805 I() ~2 : :~lt 

::.::" :'Od-f 748 no NO !: NIl NO '",-

~ 2' : Q IOd-f ;:q:~ l,e Nil 57 J(l f() ~. 

• .1 

:~I ~~ IOd-ti <rn i~.c ND ND NO MIl . .;,< 

'(\ : J\1t Detectrd 

lDltl"1tritioos oi 'it'hhle ACIds In CmVl!llttlJl&i RPder IRHeter 13) In IIlIL 

_ • .::1. 

:.itt- Run '<Hit PrC~lIXlle Iso E\ttyTlC ~1-MYflC Iso Vilel'lc ~-\".ll?flt as ",ro:. 

l:id-li '40: )00 :.8i ~:·at) 11>3 :28 .. ~~ 

l~d-1l q?·~·7 855 ~FI 3:00 lZ2 !~I 

~ t 
.. .. i~~~ !~lS~ 1:::,2 :~ 4:~ 2B2 :~b ~- -

10, ~>I.' Ltl(-H 1~.o7B III' "SJ7 32!ltl I~ '\'2 • :,co\ ~ 

I, 0 ;~Jd-H 11:'j 1(~1 97 02 PI :~I :q"~ 

ll'::? :iJd-1l 1371l' 700 09 211 -r;. :11 :C'''£ 

lllX, Nd-f 14024 1328 ND lq~: 191 ee Pl~~· ...., 

!!!2G' 2'Jd-f I~ill 8bb l' ~ 199 ~~~ 

12'1< If1d-{> 14~1 597 & ~, 78 ,n 
,.I' !~,: : 

::..d~ . ~Ic. ~! OJ[ '( '. 
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APPENDIX F. 

SUMMARY OF RESULTS OF PHASE II PARTICLE SIZE 
FRACTIONATION STUDIES 

The fractionation of feed sludges and reactor contents was 

performed as described in Chapter IV. Data were collected at the end of 

study. A cumulative distribution of COD over various particle size 

fractions was obtained. The incremental COD concentration of each 

fraction was calculated from the cumulative values. The notation used 

for the cumulative data is given in Table 13 of Chapter IV, and 

for the incremental COD in each fraction in Table 14. Data collected 

for the cumulative COD distributions and the calculated incremental 

fractions COD for each sample are tabulated in Appendix D. Samples were 

collected only once for each study and therefore, values are assumed to 

represent trends in the anaerobic systems and not exact transformations 

of the COD. 

Also, the fractionation technique used in the particle size 

distribution studies involving sedimentation followed by centrifugation 

was approximate due to inherent problems existing with centrifugation. 

Initial centrifugation of a sample will remove a percentage of all 

particle size fractions. However, the percentage of each fraction 

removed by the interaction of particles during centrifugation was 

assumed to be minimal. Relatively dilute samples were analyzed 

throughout the study and most of the large settleable particles were 

removed by sedimentation. 

Both anaerobic treatment systems had been operating for 28 days at 
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a 20-day hydraulic retention time (HRT) prior to beginning the phase II, 

20-day HRT study. Throughout phase II, the methanogenic reactor of the 

two-phase system operated at an HRT of 19 days and the acidogenic 

reactor at a one-day HRT. Therefore, the methanogenic reactor operated 

at an HRT of one day less than the conventional reactor. The difference 

in system HRTs was five percent (5 %) and was considered negligible. 

The results of the particle size fractionation study are shown in 

Figures F-l and F-2. 
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APPENDIX G. DATA USED IN CALCULATION OF HYDROLYSIS RATE CONSTANTS 

The calculated values for the hydrolysis rate constants for the 

acidogenic reactor of the two-phase system during both feed studies of 

phases II and III are given in Table G-1. Data used in calculation of 

the hydrolysis rate constants are also presented in Table G-l. An 

equation defining the rate of hydrolysis was given previously in Chapter 

III, equation 10, and is restated as follows: 

where: 

kh - first-order hydrolysis rate constant; 

F influent concentration of degradable particulate COD; o 

F = effluent concentration of degradable particulate COD; 

&- hydraulic retention time of the system (9). 

Knowing the influent and effluent concentrations of degradable 

particulate COD and the HRT of the system, the hydrolysis rate is easily 

calculated. 

Data given in Tables D-3 and D-4 in Appendix D were used to 

calculate the concentrations of COD for both feed subphases of Phases II 

and III. Particulate COD values were obtained by subtracting the most 

soluble portion of each sample, that is COD contained in the less than 

0.04 micrometer size range, from the total COD of the feed sludge. The 

feed sludge total COD was used because essentially no stabilization 
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occurred in the acidogenic reactor, only transformation, and therefore, 

the total COD of the feed sludge will correspond to the reactor 

contents. As previously stated, the HRT of the system was one-day 

throughout the study. 


