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ABSTRACT 
The anaerobic filter pilot plant was operated for two years using low strength 
domestic wastewater. The pilot plant used two upflow reactors filled with a PVC 
packing material which supported the growth of submerged microbial films. A 
mathematical model was developed using fust order mass balances of the major 
components produced both biologically and chemically, including CH4, C02, and 
N2. The model used characteristics of the influent stream to predict characteristics of 
both the effluent liquid and gas phases, and was programmed using the Crank-Nicolson 
algorithm. Predicted results were consistent with experimental data. Using optimized 
parameters of dispersion, velocity, and a first order reaction constant, the model 
predicted effluent treatment levels to within 5 percent of the data, with treatment 
efficiencies of 40-90 percent TOC removal, depending on influent concentrations 
and retention times. Operation of the model would determine conditions necessary 
for achieving secondary treatment standards of <30 mg/1 effluent BOD5 and TSS on 
a monthly average for a variety of biodegradable substrates. Future applications 
would eliminate lengthy pilot plant studies to predict anaerobic filter performance. 

INTRODUCTION 
Anaerobic filters, first developed by Coulter [1], Schroepfer [2], Young and 
McCarty [3] and Pretorius [4], have been used to treat medium and high 
strength wastes using domestic raw sewage as influent substrate. Recently Chung 
[5] and Kobayaski [6] have investigated the use of anaerobic filters for low 
strength waste treatment, reporting favorable results. This investigation used 
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anaerobic filter pilot plants to treat low strength raw domestic wastewater, with 
the goal of demonstrating the filter's ability to achieve secondary treatment 
standards. 

The reactors ran continuously for over two years and were sampled daily for 
liquid and gas phase data. Treatment efficiencies and biogas production rates at 
various retention times were investigated. Each reactor was filled with a PVC 
packing material which supported the growth of submerged microbial films. The 
packing material was corrugated with 1 inch openings and had a specific surface 
area of greater than 99 percent. Effluent drained near the top of each upflow 
reactor, leaving a one-half foot space for the gas phase. Gas production was 
measured through wet test meters while gas composition was analyzed by gas 
chromatography. Influent and effluent wastewaters were analyzed for pH, TOC, 
TSS, alkalinity, sulfides and ammonia every two days, for a total of 679 days 
of experimental data collection.1 Other analyses were made less frequently, 
including conductivities, oil-grease and volatile fatty acid determinations. 

The data were used to develop and verify a first-order kinetic model 
considering dispersion and reaction. The dispersion equation was solved using 
Crank-Nicolson. Mass balances were derived from the ionic-equilibrium of the 
liquid phase along with solubility characteristics of the gas phase and were used to 
predict effluent water quality and gase phase purity. A dispersion coefficient 
was determined experimentally through tracer studies. The optimized dispersion 
coefficient was obtained using the influence coefficient method. The velocity 
constant was calculated from flow rates, while the first-order reaction constant 
was estimated from treatment efficiency. 

Results have shown that gas phase composition was primarily N2, with CH4 
never composing more than 20 percent of the total, due in part to the highly 
soluble CH4 escaping with the effluent as well as N2 being present at saturation 
levels. This was to be expected because lower effluent substrates levels usually 
mean lower CH4 gas levels. Ammonia concentrations in the influent ranged from 
5 to 25 ppm, with a 10-20 percent increase in the effluent. Losses of less than 
10 percent may have occurred in the analyses of ammonia and methane during 
the time samples were taken and the time the analyses were made, due to the 
highly volatile nature of these gases, although precautions were taken to prevent 
this. Influent alkalinity levels ranged from 100 to 200 ppm, while sulfides varied 
from 0.5 to 5.0 ppm, with higher levels in the effluent due to bacterial reduction 
of sulfates to sulfides and hydrogen sulfide under anaerobic conditions. All these 
data are within the range of what has been reported for domestic wastewaters. 

The completed model with optimized parameters predicted effluent TOC 
treatment levels to within 5 percent of experimental data, dependent on the 

1 TOC analysis was substituted for BOD5 (BOC5/TOC ratio varies from 1.0 to 1.6 for 
untreated domestic wastewaters). 
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value of the first order reaction constant. Thus, the model will help design 
anaerobic filters for the treatment of low strength substrates, predicting 
treatment efficiencies as a function of retention time as well as determining 
effluent water quality and gas phase purity. 

MATERIALS AND METHODS 

Anaerobic Filter Pilot Plant 
The anaerobic filter pilot plant is shown in Figure 1. The sewage was pumped 

from a street pipeline to a holding tank on the 4th floor roof. The pipeline 
contained a grinding pump which broke up larger particles while the tank was 
equipped with a mixing rake and served as a settling tank. A second pump sent 
substrate directly to the bottom of the upflow reactors. 

The reactors were 8 feet and 7.5 feet high, respectively, and had diameters 
of just under 2 feet, with sampling ports installed at regular intervals to study 
the effects of treatment verses height up the reactor column. Treated effluent 
drained one-half foot from the reactor top, while the remaining top space was 
used for gas collection. 

Gas collected above the effluent drain was measured through wet test meters. 
The meters required pressures of at least two inches of water to operate. A 
manometer was attached to each reactor to carefully monitor pressure due to 
the high combustibility of methane (average tank pressures were in the range of 
3 to 6 inches of water). Gas taken for GC analysis was sampled before being 
measured through the meters to avoid the possibility of contamination with 
either previous gases collected in the meters or with the meters themselves, 
which tended to corrode after several months and needed to be taken apart and 
cleaned. After passing through the meters, gas was vented to the atmosphere. 

The plant originally consisted of a single anaerobic reactor, but was later 
expanded to include a second reactor operating in parallel. Both were packed 
with the corrugated PVC material for submerged film growth. Each reactor was 
seeded with digested sludge from the Hyperion Wastewater Treatment Plant in 
Los Angeles, a process which lasted approximately four weeks. Five gallons of 
seeding material was siphoned to each reactor, which were then filled to capacity 
with domestic sewage pumped from the street. Reactors were considered 
operational when pressures and gas production increased to consistent daily 
levels. A schedule of retention times during the course of the study is given in 
Figure 2. 

Reactor Number 1 was operational for over a year before Reactor Number 2 
was brought on-line. This study began at day 373 after the start-up of Reactor 
Number 1. 
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Laboratory Analyses 
Laboratory analyses were performed following procedures in Standard 

Methods for Waterand Wastewater Analysis [7]. Gas composition including 
percent CH4, C02, and N2 was measured with a Varian 920 series 
Chromatograph equipped with a thermal conductivity detector, using a 3.6 meter 
stainless steel column packed with activated carbon. TOC measurements were 
made with an Ionics Model 1270 Analyzer, which vaporized organic carbon 
contained in aqueous samples to C02. Measurement of resulting C02 was made 
by IR spectrophotometry to determine total organic content. 

Tracer experiments were performed using a Perkin Elmer Atomic Absorption 
System Model 303 with a lithium lamp to read pulses of LiCl. Tracer curves were 
integrated for determination of dispersion and velocity coefficients. 

Operational characteristics, including gas and liquid phase flow rates, 
hydraulic retention times and reactor pressures were measured on-line. 

MATHEMATICAL PREDICTIVE MODEL 

Dispersion Equation 

The dispersion equation with diffusion, convection, and reaction terms was 
used to model flow in the liquid phase. 

9c „92c „9c , 
Tt=I>w + vYx-kc ω 

It was solved analytically with no reaction for verification with the numerical 
solution. The solutions agreed with each other to greater than 98 percent after 
the first few time steps. 

Analytical Solution 

For the analytical solution, boundary conditions were set at constant flux 
(Danckwerts B.C.) for the influent boundary and no flow at the exit boundary, 
with zero initial condition. 

9c D—+Vc = Constant Flux @ Influent (2) 

~ = 0 @ Exit (3) 

The procedure was to change variables and reduce the dispersion equation 
to the heat equation, which could be solved by separation of variables. 
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Numerical Solution 
The Crank-Nicolson algorithm was used for the numerical solution of the 

computer based model. A stability analysis showed AX of 0.077 meters and At 
of 0.25 hours to be the most stable. After the programmed solution was 
confirmed, coefficients of dispersion and velocity were determined. 

Dispersion Coefficient 
Dispersion coefficients were determined from tracer studies analyzed by the 

methods of Levenspeil [8] and Van der Laan [9], and were optimized along 
with velocity constants by the method of constrained pattern search [10]. 
Figure 3 gives a plot of dispersion coefficient versus retention time. 
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Velocity Coefficient 
Figure 4 gives the flow rate curves for both reactors made shortly after the 

initial seeding process. 
These curves represent flow through the reactors with no microbial films 

attached to the submerged media. Both lines are exponentially decreasing curves 
with increasing retention time, and do not reflect the effects of microbial film 
growth on flow rate over time at similar pumping rates. Although velocity 
coefficients were determined with dispersion coefficients through integration of 
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the tracer curves, it was not possible to continuously calibrate pumps to 
maintain exact flow rates at similar pump settings. 

A more reliable standard curve was used based on the relationship 

[Theta] = [V/Q] = [[L*A]/Q] = [L/V] (4) 

Figure 5 is a plot of [V] versus [L/Theta] and was used to derive the velocity 
coefficients for the liquid phase model. 

>0 0.15 1.00 1.2S I.SO I.7S 2 . 
RETENTION TIME (DAYS) 

REACTOR LENGTH 2.44 METERS 
FITTED AS (LENGTH/RETENTION TIME) 

Figure 5. Velocity coefficient standard curve in meters/hour. 
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Optimization of Dispersion and Velocity Coefficients 

Optimized dispersion and velocity coefficients were determined by using the 
influence coefficient method. The procedure used concentration data derived 
from tracer experiments along with a first approximation of each coefficient, 
and is defined mathematically when the ;'th row of the Jacobian matrix 
transpose is approximated by 

3c, QCa + S a ^ - Q C a ) . 
* r = to 'l=l'-m (5) 

where: e, = the/th unit vector 
δα. = small increment of a ■ 

Liquid Phase First Order Reaction Constant 

The optimal first order reaction constant for the reduction of organic matter 
to carbon dioxide and methane was derived using experimental data with the 
equation for reactors in series. 

Organic Matter ->· Volatile Acids -»■ C02 + CH4 (6) 

The equation was solved for up to five reactors, optimizing the reaction 
constant where the sum of squares error was minimized. Figure 6 gives the 
results of treatment efficiency using the experimental data as well as the 
predictive model with several of the reaction constants. The graph shows the 
optimal reaction constant to be 0.048/hour for one reactor and was used in the 
predictive model for all retention times. Equilibrium constants for the carbonate 
and bicarbonate reactions were taken from the literature [11]. Stoichiometric 
relationships of equations (7)-(l 1) were also included. 

Organic Nigrogen -> NH4
+ -»· NH3 + H+ (7) 

C 0 2 + H 2 0 ^ H 2 C 0 3 ^ H C 0 3 ~ + H+-*C03~2 (8) 

C03~2 + Ca+2 -> CaC03 (9) 

S03~2 + Organic Matter -*- S"2 + H20 + C02 (10) 

S"2+2H+^H2S (11) 
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Figure 6. TOC efficiency versus Theta (experimental and modeled) 
reaction constants: 0.0390, 0.048 and 0.050/hour. 

Gas Phase 

Mass balances of CH4, C0 2 , and N2 between the liquid and gas phases were 
based on the rates of biological and chemical production (equations (12), (13), 
and (14)). From the experimental data and the literature [12], it was 
determined that N2 production was always present at saturation levels. 
Therefore, although the rates of production of CH4 and C02 were a function of 
influent TOC concentrations, growth and yield rates, N2 production was 
considered a constant 15.3 mg/1 (saturated). 

[Y*u] *X*VCH4 = FL*HKCH4*PpCH4* 16000 + 
Fg*PpCH4 /Pt *(16000/22.4) (12) 
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[Y*u] *X*VC02 = FL*HKC02P C02 *44000 + 
p 

Fg*P CO2/Pt*(44000/22.4) + [TERM 1] + [TERM 2] (13) 

SATN2 = FL*HKN2 *PpN2 *(0.79)*(1)*28000 + ( . 
Fg*PpN2/Pt*(28000/22.4) U ' 

Pt = PpCH4 + PpC02 + PpN2 + PpH20 PpC02 + (15) 

FL = flow of liquid (liters/time) 
Fg = flow of gas (liters/time) 

P CH4 = partial pressure CH4 (mmHg) 
P C02 = partial pressure C02 (mmHg) 

PpN2 = partial pressure N2 (mmHg) 
P H20 = partial pressure H20 (mmHg) 

Pt = total pressure (mmHg) 
HKCH4 = Henrys constant CH4 (moles/liter atm) 
HKC02 = Henrys constant C02 (moles/liter atm) 

HKN2 = Henrys constant N2 (moles/liter atm) 
[VCH4] = volume CH4 (liters) 
[VC02 ] = volume C02 (liters) 

Y = percent yield 
u = growth rate (1/days) 

[X] = influent substrate concentration (mg/1) 
[TERM 1] = concentration of [HC(V] (mg/1) 
[TERM 2] = concentration of [C03~2] (mg/1) 

Incorporating the partial pressure law and setting PpN2 equal to Pt—(PpCH4 + 
P H20), mass balances were equated through the flow of gas term (Fg), then 
solved for PpC02. 

Experimental Results 

Experimental data and a statistical analysis for each reactor at all retention 
times are presented in Tables 1,2, and 3. 

The model used ionic equilibrium present in the liquid phase to predict 
effluent pH. TSS levels were not mathematically modeled because they were a 
function of the influent stream and would vary randomly and therefore, could 
not be fitted by a first order reaction constant. The low strength suspended 
solids were significantly reduced by passing through the porous media present in 
the upflow reactors. Any instance where the effluent TSS were higher than the 
influent TSS was caused by decayed material inside the reactor being washed out 
with the effluent and was not due to a failure of the filter. This could be avoided 
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with proper design of tubing or media traps. Alkalinity was modeled through 
ionic equilibrium and ammonia levels were related to influent TOC 
concentrations as previously stated. 

Gas phase analysis was primarily concerned with the quantity of biogas 
production as well as the composition of the resulting p s phase. From Tables 
1, 2, and 3, there were discrepancies between the composition of gas by-product 
derived experimentally and that which was predicted by the model. Although 
the flow of gas was relatively consistent, the decrease in methane and 
overabundance of nitrogen could be attributed to leaks either in the gas traps 
themselves or leaks occurring during the sampling process. As previously noted, 
some researchers have reported very high nitrogen levels with corresponding low 
levels of methane and not attributed this to leaks. It is a point which needs to be 
tested further in a more controlled environment. 

Retention Times to Achieve Secondary Treatment 

Figure 7 was derived from Figure 6 and shows the required retention times 
necessary for achieving secondary treatment standards at a variety of influent 
TOC concentrations. 

The other requirements for secondary treatment standards, including pH 
monthly averages of 6.0-9.0 and TSS monthly averages of 30 mg/1, were 
inherently achieved when dealing with these low strength influents. The system 
was sensitive enough that it would fail if pH or TSS levels were significantly out 
of range and could not be brought back to secondary levels. This was also found 
to be true for fluctuations in temperature, for which this study averaged 81°F. 
During colder periods, gas production decreased to almost nothing while 
treatment efficiencies fell off accordingly. 

DISCUSSION 

The primary objectives of this research were to build and operate an 
anaerobic filter pilot plant using low strength influent, then develop, calibrate 
and verify a computer based model to evaluate the performance of the filter and 
to demonstrate the ability of the system to achieve secondary treatment 
standards. 

The model was calibrated using experimental data. Table 4 demonstrates the 
calibration at 1.5 days retention time and 100 ppm influent TOC. 

Results show that at approximately 140-150 time steps (0.25 hours each) 
secondary standards were achieved, matching the experimental results previously 
presented in Figure 7. Figure 8 summarizes the operational characteristics 
between the most important parameters modeled in this study, and was based on 
a similar diagram developed for anaerobic treatment using medium to high 
strength substrates [13]. 
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0.50 1.00 1.25 l.SO 1.75 2.00 

RETENTION TIME (DAYS) 

NECESSARY RETENTION TIMES TO ACHIEVE 
SECONDARY TREATMENT STANDARDS 

Figure 7. Secondary treatment with low strength influent. Influent 
Concentrations from 30-500 mg/1 TOC. 
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Table 4. Predictive Model Output Related to Influent Data 

#Dt's 

0.00 
10.00 
20.00 
30.00 
40.00 
50.00 

120.00 
130.00 
140.00 
150.00 
160.00 
170.00 

Delta-t: 0.25 hours 
D: 
V: 
K: 

0.012 sq meters/hour 
1.90 meters/hour 
0.0148/hour 

Percent 
Treated 

0.45 
14.82 
26.35 
35.59 
43.00 
48.95 

67.89 
68.91 
69.73 
70.38 
70.91 
71.33 

Sulfides 

0.00 
3.09 
4.33 
5.33 
6.12 
6.76 

8.80 
8.91 
9.00 
9.07 
9.12 
9.17 

Influent Concentrations 
TOC: 100 ppm 
Ammonia: 4.65 ppm 
Alkalinity: 116.6 ppm 
Sulfides: 1.5 ppm 

Alkalinity 

0.00 
233.32 
233.31 
233.31 
233.31 
233.31 

233.30 
233.30 
233.30 
233.30 
233.30 
233.30 

Ammonia 

0.00 
5.45 
6.07 
6.56 
6.96 
7.28 

8.30 
8.35 
8.40 
8.43 
8.46 
8.48 

Although similar trends are apparent between operation at high and low 
strength substrates, differences do occur in the composition of the gas phase, 
where percent CH4 was expected to be lower due to a lower concentration of 
influent TOC from which most CH4 was derived. Consequently, the remaining 
components of the gas must make up for this reduced CH4, with a 
corresponding reduction in the percent C02 . N2, therefore, becomes the major 
gas component at reduced influent TOC levels, at retention times of less than 
two and a half days, coming from saturation levels present in the influent stream 
and any negligible amounts produced through biological production. 

The range of pH was consistent with the range for anaerobic treatment of 
medium to high strength wastes, while the ammonia, alkalinity and sulfide 
concentrations in the effluent were decreased due to lower influent levels. 

TOC treatment efficiency using low strength influent substrate was shown in 
Figure 6 for both the experimental data and the predicted model. The curves 
approximate each other to greater than 95 percent dependent on k, indicating 
an accurate determination of parameters and a correct solution of the 
dispersion equation. 
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Measurements of TOC were thought to be a better indicator of water quality 
with regards to secondary treatment standards for several reasons. First, the 
availability of the automatic TOC analyzer meant that more samples and 
standard curves could be measured to insure that all samples were read correctly. 
Also, samples could be read in hours instead of days. Second, unlike BOD or 
COD, TOC is independent of the individual oxidation states of each organic 
particulate present in wastewater. Furthermore, TOC does not measure other 
organically bound elements, such as nitrogen or hydrogen, which might 
incorrectly influence a BOD or COD analysis. 

Total suspended solids data were derived from filterable residue and did not 
include non-filterable residue. The term total suspended solids (TSS) should, 
therefore, not be confused with total residue, which would have included both 
the filterable and non-filterable residue, and would have increased the reported 
concentrations. Secondary treatment standards are reported as TSS. 

Sulfides were considered to be a combination of what is referred to as total 
sulfides. This includes the concentrations of [H2S] and [HS"], but does not 
include the remaining concentration of [S"2 ] which has been shown to be 
negligible [7]. 

Alkalinity data, which is the quantitative capacity of a wastewater to react with 
a strong acid [H2S04 ] to a designated pH, was within the limits of what should be 
expected for low strength domestic wastewaters. The measurement reflects the 
aggregate property of the wastewater, including primarily carbonate [C03~2], 
bicarbonate [HCO3] and hydroxide [OH"] ions, as well as possibly including any 
of the alkaline earth metals, such as phosphates, borates or silicates. Only 
carbonate, bicarbonate and hydroxide ions were included in this model to calculate 
pH, assuming most alkaline earth metals are converted to salts and will have little or 
no effect on alkalinity or the normal operation of the anaerobic filter. 

Influent ammonia was considered to be derived from any organically bound 
nitrogen in the tri-negative oxidation state. Ammonia nitrogen [NH3-N] was 
produced by deamination of organic nitrogen containing compounds. In the case 
of domestic wastewaters, it is also produced by the hydrolysis of urea. It was 
assumed that both methods of producing ammonia were present in this anerobic 
filter pilot plant, and extreme care was taken to prevent loss of ammonia to the 
atmosphere during the time the samples were taken and the time they were 
analyzed. 

The effects of temperature variation were not critical here due to the 
temperate climate of Los Angeles. Temperatures averaged in the low 80s, which 
meant that microbial growth rates were never seriously affected by severe 
changes in temperature. In addition, the columns received direct sunlight and 
acted as solar heaters during the day to keep the filters warm. 

The most difficult problem encountered during the data collection was that 
domestic sewage tended to reflect the seasonal events of the university. During 
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the holidays, the TOC concentration decreased significantly, while at the 
beginning of a new quarter the TOC concentration increased. Diurnal variation 
was also quite dramatic due to shock loading into the sewer system. 

For these reasons, changes in retention time did not consistently reflect 
increases or decreases in treatment efficiencies, because effluent concentrations 
could decrease or increase dramatically at any moment. The problem also 
influenced the ability to derive accurate velocity constants from integration of 
tracer study data. This problem was overcome by using superficial velocities to 
plot a standard curve to derive V's for the computer model. 

The ability of the anaerobic filter to achieve secondary treatment standards 
makes future applications very promising. Small filters could effectively treat 
local wastewaters which would otherwise flow away untreated. Larger systems 
could be used where operation and maintenance costs had to be conserved due 
to the relative simplicity of this system. In addition, the anaerobic filter is 
aesthetically acceptable to most urban, agricultural or residential areas. It does 
not cause the order problems of lagoons or other open-air treatment systems, 
and can be located in any area on a smaller tract of land. For all of these 
advantages, further applications of this system could be evaluated with the 
computer based predictive model and implemented where the model results were 
interpreted as favorable. 

CONCLUSION 
The results of this study demonstrate the anaerobic filter to be capable of 

achieving secondary treatment standards using low strength domestic 
wastewaters. Hydraulic retention times of 0.25 to 2.5 days resulted in less than 
30 mg/1 TOC as influent TOC concentrations varied from 30 to 500 mg/1, 
respectively. TSS levels at these TOC concentrations were also within the 30 
mg/1 standard when considering domestic wastewaters. Effluent pH values 
ranged between six and eight during normal operations. 

Mathematical modeling of the system showed hydraulic retention times and 
reaction constants to be the most important parameters to estimate to 
accurately design a treatment plant for achieving secondary standards. Applying 
the dispersion equation to describe flow patterns showed dispersion and velocity 
constants to be less influential in determining concentrations at each time step. 

The calibration process used experimental data for dispersion, velocity and 
reaction constants to model treatment at specific retention times. The example 
in Table 4 calibrated the system in one and a half days retention time, the time 
needed to treat a 100 ppm influent TOC substrate to the secondary standard 
of 30 ppm. 

In conclusion, the complete predictive model will produce effluent 
characteristics of the liquid and gas phases knowing the primary constituents of 
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the influent substrate, including TOC, pH, alkalinity, sulfides and ammonia. The 
flow may be modeled over a wide range of retention times and can demonstrate 
treatment levels, gas production and gas composition at any time during the 
treatment period. 

The predictive model should be used where low strength domestic 
wastewaters are to be treated with the anaerobic filter. The analysis would begin 
with a determination of constants for dispersion, velocity and reaction for each 
reactor and substrate under consideration. Operation of the completed model 
would produce treatment patterns at all retention times and demonstrate the 
ability of the filter to successfully treat the influent substrate. 
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