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ABSTRACT 

Four, four-stage, laboratory scale rotating biological contactOl" (RBC) units 
were employed to develop kinetic models for the RBC process when treating domestic 
wastewater. The study was conducted at three different temperatures of 5°C, 15°C, 
and 20°C. Each un it operated at a different constant orqani c load i ng rate that 
ranged from 4 qCOD/m2/d to 14 g(,OD/m2/d and at a constant detent ion time of 2 
hOurs. Carbonaceous substrate removals measured as COD concentrations with the 
four-stage RBC's were 80, 85, and 90 percent for 5·C, 15·C, and 20·C, respectively. 
The maJor part of the removal occurred in the first stages. The overall percentage 
removals of ammonia nitrogen were 87 to 98 percent at 15·C and from 91 to 99 percent 
at 20·C depending upon the influent organic loading rate. At 5°C there was no 
ammonia "itrogen removal. 

Kinetic models were developed and kinetic constants were determined for COD and 
ammonia nitrogen removal in the first and succeeding stages of the RBC units. Bio
mass yield, biomass stabilization, and ammonia nitrogen removal were also evaluated. 

Monod growtn kinetics were used in the development of the models for carbona
ceous substrate removal in the first stages and for ammonia nitrogen removal in the 
system. The temperature dependency of each kinetic constant was determined for the 
range of 5·C to 20·C. 

Steady-state kinetic models were developed, and kinetic constants were deter
mined as a function of temperature to provide a rational design approach for the RBC 
process treating domestic wastewater. 

iii 
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INTRODUCTION 

Nature of the Problem 

The rotating biological contactor (RBC) has been 
employed for biological treatment of municipal waste
water for several years. The process has been shown 
to be efficient in carbonaceous substrate removal and 
ammonla nitrogen removal. In recent years, the use of 
the RBC process has increased mainly because of the 
simplicity of operation and the low power consumption. 

Traditionally, the design of RBC systems has been 
based primarily on empirical relationships between 
pollutant removal efficiency and hydraul ic loading 
rates per unit surface area of the RBC discs. Present
ly, the design hydraulic loading rates are adjusted by 
a safety factor for wastewater temperatures below 
lL.8°C (55°F). 

ThlS empirical design approach 19nors the basic 
concepts of biological substrate removal kinetics. 
Although several recent investigations have developed 
models to describe the performance of the RBC process, 
there are limited data available for setting values 
for the kinetic constants associ ated with substrate 

removal. Even information concerning the effect of 
temperature on the k inet i c constants assoc i ated with 
RBC substrate removal is scarce. 

Objectives 

The general objective of this study was to 
develop a mathematical model for carbonaceous and 
ammon ian itrogen substrate remova 1 as a funct i on of 
temperature in an RBC system treating domestic waste
water. 

The specific objectives were: 

1. To develop kinetic models of the degrees of 
treatment ach i eved by the different processes assoC"i
ated with carbonaceous and ammonia nitrogen removal in 
the first and following stages of an RBC system. 

2. To determine the kinetic constants for each 
process at each stage and temperature. 

3. To determine the effect of temperature on the 
kinetic constants. 



LITERATURE REVIEW 

General Background 

The rotating biological contactor (RBC) process 
1S a secondary biological wastewater treatment system, 
neslgned to treat municipal and industrial waste
waters. The raw wastewater t i rst passes through a 
pnn,ary c I apf ier. The secondary treatment ut i1 i zes 
biological growth attached to media on closely spaced 
rotatinq contactor disks mounted on shafts and sub
merced approximately 40 percent in the wastewater. As 
the disks rotate, the attached biomass is alternately 
exposed to wastewater in the tank and to air above, 
prO',ioing ~imultaneous oxygen supply and substrate 
extrartio~ from the wastewater stream for growth 
ano ma 1 ntenance of the attached organ isms. When 
the growth becomes large enough, fluid shear forces 
cause portlons of biomass to be stripped from the 
contactor media into the wastewater stream. The 
sloughed biomass is then separated from the treated 
carrier streanl in a secondary clarifier. The carrier 
'tre~p. effluent is discharged or further treated, and 
the biological sludge is treated with appropriate 
IJy'oc,."ses. 

fUll scale kBC installations generally consist of 
tClur to six stages in series, each stage with several 
ulsk, rotating on a shaft (Figure I). The contactor 
medla on the disks are made of plastic material such 
as hlgh density, polyethylene, closely packed, and 
mOunted on a shaft. The contactors range from 1.2 to 
'.b "' ;4-12 ttl in di ameter and 1.5 to 6 m (5-20 ft) 
1n 'eng'.i1. The contactors rotate at two to four 
revc::d'o/,$ per minute (rpm) with partial submergence 
\ about 4(: percent} ina sem i c i rcu I ar or rect angu I ar 
tanl< made of concrete or steel. RBC plants include 
fJr lfnary treatment faci I ities and secondary clarifiers. 

Primary Clarifier 

Raw 
Wastewater 

Sludge 

Appl ications of the RBC process for secondary 
treatment is relatively new. Although the historical 
background of the process starts at the beginning of 
the twentieth century (Grieves 1972; Antonie 1976; 
Smi th and Bandy 1980), the first commerci al RBC 
installation in the USA went into operation in 1963 
(Antonie 1976:. 

The RBC process is considered relatively stable 
and provides a high degree of carbonaceous substrate 
removal efficiency (90 percent + 5 percent B005 
removal) and a substant lal degree- of nitrification 
(Antonie 1976). The modular construction of the RBC 
provides flexibility in the plant configuration and in 
upgrading eXlsting plants. Finally, the RBC is simple 
to operate, and energy requirements are much less than 
the energy requirements in activated sludge systems: 
0.212 kwh/lOOO m3 in RBC compared to 0.708 kwh/lOOO 
m3 in act ivated sludge (Chesner and Iannone 1980). 

In 1979 tnere were 263 municipal and 58 indus
trial RBC installat ions in the USA (Chesner and 
Iannone 1980). Most of these un its were treat i ng a 
wastewater flow rate of less than 18,900 m3/d (5 mgd). 

Process Performance 

Carbonaceous substrate removal 

Municipal wastewater treatment. During the last 
10 years, the RBC process has been investigated 
intensively. Bench scale units, pilot plant units, 
and full-scale plants have been evaluated for car
bonaceous substrate removal and for nitrification. 
The first studies in the USA of the RBC process 

Final Clarifier 

Effluent 

Treatment Underflow Solids 

Figure 1. Flow diagram for rotating contactor process. 
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treating municipal wastewater were conducted during 
1969-1971. Two-stage and four-stage, 1.75 m (5.74 ft) 
01ametf'r RBC units with secondary clarifiers were 
~tuoied to determine the effects of hydraulic loading 
ra.te, rotat ional speed, and the number of stages 
(Antonle 1976). The dependence of the 5-day biological 
uxygen demand (BODS) removal on the hydraulic loading 
• ate which could be effectively treated was mathe
"atlcally defined by a first order kinetic relation
.h,p. ')ome decline in the kinetic constant was 
observed beyond 90 percent BODS removal. Most 
of the removal occurred in the first two stages. 
An lncrease from two to four stages resulted in a 5 to 
10 P8rcent increase in BODS removal. 

The study cone I uded that the opt imum rot at iona 1 
speed for BODS and ammonia nitrogen removal was 
3.t rpm, i.e., about 18 m/min (59 ft/min) peripheral 
ve locity. It should be emphasized, however, that at 
hlyn loading rates [0.2 m3 /m2/d (5 gpd/sq ft) was 
testeo] higher rot at lonal speeds increased the BODS 
remova 1 about 10 percent. The max imum performance 
reporteo by Antonie (1976) was about 95 percent BODS 
removal (wlth four stages) at 0.04 m3/mZ/d (I gpd/ 
sq ft), and removals declined to 75 percent at ap
proxlmately 0.2 m3/m2/d (5 gpd/sq ft). 

A 0.6 m diameter (2 ft) pilot plant operating 
with volume to surface area ratios in the range of 2.7 
11m2 to 13 11m2 (0.067 gal/ft2-O.32 gal/ftZ) showed 
better BOOS ana ammonia nitrogen removals as the 
vo lume to surface area ratio was increased up to a 
value of 4.9 1/m2 (0.12 gal/ft2) (Antonie 1976). 
Sludge production was within the range of 0.5-0.6 
grams/gram of BOD5 removed. It was observed also 
that there was a trend toward an increase in this 
rat 10 as the temperature and the B005 removal 
uecrt,dsea. 

"Orpey et al. (1971) treated primary municipal 
wastewater effluent with a 10-stage, 0.9 m (3 ft) 
diameter RBC with an overall detent ion time of 50-60 
fuinutes, and achieved 93 percent BODS removal, 79 
percent chemical oxygen demand (COD) removal, and 92 
percent suspended sol ids (SS) removal. The staged 
operatlon showed plug flow characteristics, first 
order kinetlcs for the carbonaceous substrate removal, 
and a decline in the kinetic parameters beyond the 
f 1fth stage. During the experiments, the attached 
tlloma.,s thickness was maintained below 1.5 mm (0.059 
111) Oy Deriodic removal of the biomass using a water 
Jet. Although the experiments were conducted at a 
rotatlonal speea of 10 rpm, or a corresponding periph
era, velocity of 28 m/min (91.8 ft/min), dissolved 
0Xygt:O concentrations in the wastewater in the first 
twc stage5 were less than 1 mg/l. 

Borchardt (1971) used a three-stage. 1.2 m (4 ft) 
Ularneter RBC, with an overall detention time of 21 
minutes, to treat municipal wastewater. Overall B005 
removals of 83 percent to 94 percent (including 
prlmary treatment) were achieved. Malhotra et 
al. (1975) showed that at 13·C (56·F) and a hydraul ic 
loading rate of 0.11 m3 /m2 /d (2.65 gpd/sq ft) the 
influent BODS concentration of 85 mg/l applied to 
the firs t stage was reduced to 13 mg/l at the th ird 
stage, i.e., 84.7 percent removal (without secondary 
clarif 'cation). The removal decreased to 68 percent 
at the same temperature with a hydraul ic loading rate 
of 0.16 m3/m2/d (4 gpd/sq ft), and an influent BOD5 
concentrat ion of 100 mg/l. In both cases the major 
removal occurred in the first stage (40-50 percent). 

4 

Peseod and Nair (1972) incorporating an anaerobic 
section beneath the RBC investigated the feasibility 
of the process for tropical countries. The bench 
scale unit cons isted of a five-stage RBC with 19 cm 
(7.5 in) diameter perforated PVC discs. The mean 
theoret ical hydraul ic detent ion time could be varied 
from 2 to 8 hours. The domestic wastes that were 
treated witL the system hao a COD concentrat ion of 400 
mg/l, and more than 80 percent COO removal was attain
ed within 2 hours. The system performed as a plug 
flow unit with flrst order klnetics. 

Pretorius (1971) introduced the concept of 
carbonaceous substrate removal per unit biomass. A 
nine-stage, 40 cm (15.7 in) diameter bench scale unit 
treating anaerobic digester effluent at 20"C was 
evaluated. ApDroximately 44 percent of the total 
maximum COD concentration of 220 mg/l was reduced in 
the first stage. The results lndicated that 0.49 q of 
COD was removed per gram of attached biomass per day 
or 12.7 g of COD per m2 of media surface area per 
day. The maximum attached biomass was reported to be 
45 g/m2. 

The first full-scale use of an RBC system to 
treat domestic wastewater in the USA was located at 
Pewaukee, wisconsin (Antonie et al. 1974). The 
flow rate was 1900 m3/day (0.5 mgd). The four-stage, 
3.1 m (10 ft) diameter RBC followed by a secondary 
c 1 arlfier ach leved 85 percent BODS removal at a 
hydraulic loading rate of 0.11 m3/mZ/d (2.8 gpd/sq 
ft). The system treated primary effluent with a 
BODS concentration of 100-170 mg/l. BOOS removals 
were 95 percent at a hydraul ic loading rate of 0.02 
m3/m2/d (0.49 gpd/sq ft). When treatlng primary 
influent, BOD~ concentratlons of 75-98 mg/l, removals 
decreaseu about 5 percent. Significant changes in 
mixed liquor suspended sol ids (MLSS) did not occur 
from stage to stage. 

Malhotra et al. (1975) studied the performance of 
a s ix-stage, full scale, 3800 m3/d (1 mgd) RBC 
pl ant, treating municipal wastewater at Gl adstone, 
Michigan. The plant operated at a mean tempera
ture of 12.8"C (55·F), and the hydraulic loading rate 
was 0.06 m3;m2 /d (1 52 gpd/sq ft). The mea~ BODS 
concentration of the primary effluent treated by the 
RBC was 114 mg/l. Utillzing final chemical precipita
tion with alum and polymer in the secondary clarifier, 
a mean BODS remova' of 86.9 percent was obtained. 
An analysis of the performance between stages showed 
that the MLSS did not change from stage to stage, but 
the same reduction in fl1tered BODS and in particulate 
BODS occurred fron! stage to stage. The reduction 
in the rat 10 of part icul ate BODS to SS through the 
stages indicated staD.lization of the sloughed biomass 
as the material passea through the stages. 

An analysiS of stage data (BOD-filtered, ClJlJ
filtered, ane BOL-particulate) inaicated first order 
kinetics with a decline in the kinetic parameters 
beyond stage three. 

A olfferent mode of o]Jeration was investigated by 
Ellis and Banaga (1976). A bench scale, seven-stage, 
20 cm (7.9 in) diameter RI:lC unit was operated so that 
the sloughed biomass could be periooically wasted from 
the bottom of the tank. Settled domestic wastewater 
with a mean BODS concentration of 240 mg/l was ap
pl ied to the system. A maximum BOD5 removal of 97.5 
percent was observea when the RBC was operating with 
a 3 hr detent ion time, 26 percent mea i a submergence 



and a rotational speed of 4 rpm. The system operated 
efficiently when loaded in excess of 20 gBOD5/m2/d. 

Almost the same mode of operation used by Ellis 
and Banaga (1976) was investigated by Gutierrez et al. 
(1980). A four-stage, 3.6 m (12 ft) diameter RBC was 
used to upgrade primary effluent at Edgewater, New 
Jersey. The primary settling tank was converted to an 
RBC underflow clarifier by installing an intermediate 
floor. Primary effluent consisting of municipal 
wastewater combined with storm water was treated 
in the RBC underflow clarifier unit. with influent 
BOD5 concentrations of 140 mg/l, 85 percent removal 
was observed and the optimum loading was found to be 
9-11 gBOD5/m2/d. 

Dupont and t>1cKinney (1980) analyzed the perfor
mance data frOITI a full scale, 19,000 m3/d (5 mgd), 
tlve-sta~e, 3.3 m (11 ft) diameter RBC plant, treating 
munic ipal wastewater at Kirksville, t>1issouri. The 
overall bOD5 removal was approximately 90 percent 
at a hydraul ic loading rate ot 0.05 m3 /m 2/d (1.3 
gpdl sq +tJ and an infl uent BODS of 192 mg!l. At 
the same hydraul ic loading rate and higher influent 
BODS conc..entrations, BOD5 removal increased to 94 
percent. During one period of operation, the influent 
to the RfsC contained a highly soluble waste that was 
thought to come from a creamery in the city. The 
BODS removal during this period was reduced to 81 
percent but the influent BOD5 concentration was 383 
mg/l. BOD5 removal per unit area was correlated 
with the influent organic load per unit area of 
media, and the slope of the relationship was 0.893 and 
was siqnificant at the 5 percent level. 

Given (1980) used a five-stage, 1.09 m diameter 
R(lC unit to treat a dilute primary wastewater (in
fluent BOD5 of 11 to 34 mg/l), and achieved a BOD5 
removal (including secondary clarification) of 92 
percent at a hydraul ic loading rate of 0.056 m3/m2/d. 
BOD5 removal was decreased to 50 percent at a hydrau
lic loading rate of 0.248 m3/m2/d. 

industrIal wastewater treatment. Banerji (1980) 
analyzea BOD5 removal data obtainea with a four-stage 
KBC unlt treating various types of industrial wastes 
ana found a linear declining relationship between 
BuDS removal and hydraulic loading rate. Similar 
result~ have been cited for RBC systems treating 
uomest l( wastewater (Antonie 1976). In contrast to 
the re~ults obtained with RBC systems treating domes
til wastewater, the percent BOD5 removal decreased 
as the lnfl uent BOD5 concentration increased. 

The fIrst Industries to apply the RBC process to 
wastewater treatment were food processing industries 
'd a 1 ry. bakery, wi ner'y, meat s 1 aughteri ng, etc.) and 
other organl( processing industries such as paper 
mil", and oil refineries. Welch (1968) using syn
t het " rJa lry waste with a two-stage RBC havl ng a 
30-ml nutf detent ion time in each un it, incorporated 
interstage clarification and achieved more than 60 
percent COD removal with influent COD concentrations 
ot 500 mg/l. COD removal percentages decreased with 
Increasing Influent concentration and decreaSing 
detention time. 

The effect of loading rate and rotating speed was 
demonstrated by Chittenden and Wells (1971), using a 
three-stage, 1.2 m (4 ft) cJoiameter RBC pilot unit, 
treating anaerobic effluent. With a rotating speed 
of 3 rpm and a hydraulic loading rate of 0.33 m3/m2/d 
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(8 gpd/sq ft), the overall BOD5 removal after the 
third stage was 49.7 percent and BOD5 removal in the 
first stage was 42.7 percent. When the rotating 
speed in the first stage was increased to 6 rpm, the 
percentage BOD5 removal Increased to 64.5 percent 
with 52.5 percent removal occurring in the first 
stage. The overall BOD5 removal was increased to 
83.2 percent (79.5 percent in the first stage) at a 
hydraulic loading rate of 0.17 m3/m2/d (4 gpd/sq ft). 

Antonie and Hynek (1973) presented a summary of 
the percent BOD5 removal ach ieved wi th an RBC pi lot 
plant treating different processing wastes. BOD5 
removals were reporteo to be 71 percent to 98 percent. 

Mikula (1979) used a four-stage, 1.2 m (4 ftJ 
di ameter RBC pi lot pl ant to treat cheese-processing 
wastewater, and the process removed 88 percent of the 
influent COD at hydraulic loading rates of 0.012 
m3/m2/d (0.3 gpd/sq ft). At a hydraul ic loading 
rate of 0.028 m3/m2 /d (0.69 gpd/sq ft), 71.1 per
cent of the influent COD was removed. 

Ammonia nitrogen removal 

Results from pilot plant and full scale RBC units 
have demonstrated that there is substantial nitrifica
t ion in the RBC process when operated as a secondary 
treatment process. Antonie (1976) and Antonie et al. 
(1974), reporting the nitrification performance with 
pilot and full scale RBC units at Pewaukee, emphasized 
the following performance characteristics: 

• As the mixed 1 iquor BOD5 decreases below 40 
mg/l, the nitrification process is stimulated. 

• Ammonia nitrogen removal obeys first order 
kinetics up to at least 97 percent removal. 

• Ammonia nitrogen removal is affected by the 
rotatIOnal speed and volume to surface area 
ratio in the same way that carbonaceous sub
strate removal is affected. 

• Full scale pl ant results indicate at hydraul ic 
loading rates of 0.074 m3 /m2/d (1.8 gpd/sq 
ft) a 25-45 percent ammonia nitrogen removal 
was ach i eved. 

The low ammonia nitrogen removal values were 
obtained at influent BOD5 concentrations of 100-170 
mg/l. Ammonia nitrogen removal was approximately 95 
percent at hydraul ic loading rates of 0.025 m3/m2/d 
(0.6 gpd/sq ft). Torpey et al. (1971) achieved only 
56 percent removal with 10 stages even though in the 
final stages BOD5 concentrations were less than 9 
mg/l. The relatively low performance obtained 
by Torpey et al. (1971) may be attributable to the 
special operation of biomass scraping. 

A six-stage, 59 cm (23.2 in) diameter RBC unit, 
treating a synthetic substrate at 20·C, achieved 100 
percent ammonia nitrogen removal with an influent COD 
concentration of 250 mg/l and an ammonia nitrogen 
concentration of 27.6 mg/l (Stover and Kincannon 
19751. The system was hydraul ically loaded at 0.02 
m3/m2/d (0.5 gpd/ft2). Murphy et al. (1977) used a 
0.5 m (1.64 ft) diameter RBC unit operated at 13 rpm 
to treat screened municipal wastewater, and achieved a 
n itrificat ion rate of approx imately 45 mg total 
Kjeldahl nitrogen (TKN)/m2/hr. 



Hitdlebaugh and Miller (1980) described the 
nitrification performance of a full scale [22,700 
m3/a (6 mgd)] domestic wastewater RBC plant. The 
pl ant had six stages and was operated at a hydraul ic 
loading rate of 0.033 m3/m2/d (0.82 gpd/sq ft) at 
a temperature of 26°C and at a hydraul ic loading rate 
of 0.04 m3/m2/d (1 gpd/sq ft) at 13°C. The plant 
achleved better ammonia nitrogen removal at 13°C (75.6 
percent ammonia removal through the six stages of the 
RBC) that1 at 26°C (58.8 percent ammonia removal), with 
the ,arne concentrations of ammonia nitrogen in the 
lnf 1uent. The low concentrations of dissolved 
oxygen (DO) in the mixed liquor during the summer 
(0.7-2,2 mg/1) contributed to the poorer warm tempera
ture oerformance. During the winter the DO concen
tratlons were 2,7-4.8 mg/l. 

The full scale pl ant at G1 adstone, Michigan 
(Hynek and lemura 1980), was reported to ach ieve 93 
percent ammoma nitrogen removal during the summer 
(I7°C) and 67.3 percent removal during the winter 
(9°('1, Ito and Matsuo (1980) worked with 25 cm (9.8 
in) diameter RBC units treating synthetic substrate 
and reportee that nitrification could not proceed when 
the COD loading exceeded 20 gCOD/m2/d. 

uS1ng a four-stage, 0.6 m (2 ft) diameter RBC 
un 1 t to treat pr imary mun ic i pa 1 wa stewater, Zenz et 
al (1980) observed that ammonia nitrogen removal 
e ft1 liency was directly correlated with hydraulic 
detent ion time (1 to 5 hrs) and temperature (9° C to 
25°C) and inversely related to the ammonia nitrogen 
loading rate (0.24 g/m2/d-2.28/m2/d). Ammonia nitro
gen removals greater than 90 percent were achieved at 
hydraulic detention times of 4 hrs or greater, at 
ammonia nitrogen loading rates less than 0.54 g/m2/d 
(0.11 lb!lOOO ft2 /d), and only at temperatures 
higher than 18°C. 

Temperature effects on RBC performance 

Based upon experience with other types of bio-
10g1cal wastewater treatment units, the efficiency of 
RBC units would be expected to increase at higher 
temperatures. However, the decrease in dissolved 
oxygen saturat ion concentrat ions at higher tempera
tures results in a lower aeration capacity; and for 
the RBC system, this effect may offset the increase in 
biological activity due to a temperature increase. 

The percent BODS removals observed at the fu 11 
scale RB( system at Pewaukee, Wisconsin, declined at a 
temperature below 12.7°C (5S0F) (Antonie et al. 1974). 
Between 12.7"C to rc (45°F) BOD5 removals decl ined 
3- 7 percent depending upon the hydraul ic loading 
rates. In a 1 ater study, Antonie (l976) stated that 
temperature variation between 12.7°C (SSOF) and 29.4°C 
(8S'F) did not affect BOD5 and ammonia nitrogen 
remova 1 performance, but both performances decreased 
below 12.7"C. 

Malhotra et al. (1975) reported that the pi lot 
pl ant studies conducted by Borchardt (l971) at tem
peratures of 8.9°C (48°F) to 17.2°(, (63°F) showed 
approximately a 1 percent decline in BOD5 removal 
for each 1°C decline in temperature. Ellis and Banaga 
(1976) found that with a bench scale RBC unit that 
an increase in temperature f~m 11°C to 18·C resulted 
in an i ncreas e of 3 percent in B005 removal ef
f iciency, while an increase in temperature from 18°C 
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to 27"C resulted only in an increase of about 2 
percent. 

Murphy et a1. (1977), feeding screened sewage to 
a 0.5 m (1.64 ft) diameter RBC unit operat ing in a 
temperature range of 7"C to 25°C, reported that the 
nitrification rate increased with an increase in 
the temperature from 15 mg/m2/hr at 7°C to about 65 
mg/m2/hr at 25·C. . 

Wu et al. (1980) used regression analyses of 
available RBC data to show that the function of 
influent soluble BOD5 remaining in the effluent is 
proportional to T-0.2lt77, where T is the temperature 
in °c. The mixed 1 iquor temperature range evaluated 
was 2°C to 13·C. When operating as a secondary 
treatment process, the function of influent ammoni a 
nitrogen remaining 1n the effluent was proportional to 
T-0.6229, where T '5 the temperature of the mixed 
1 iquor in °c. 

The effect of low dissolved oxygen saturation 
values at high temperatures was demonstrated at a full 
scale, six-stage RBC pl ant (Hitdlebaugh and Mi ller 
1980). At 26°C, ammonia nitrogen removal was lower 
than that observed at 13°C. 

The seasonal performance data for the full scale 
RBC plant at Gladstone, Michigan (Hynek and Iemura 
1980), indicated that only ammonia nitrogen removal 
was affected by the temperature. At 9.4°C (43'F), 
67.3 percent ammonia nitrogen removal was reported, 
and removals increased to 93 percent at 17.2°C (63°F). 

Given (1980), investigating the performance of 
RBC (carbonaceous substrate remova 1) units treat ing 
dilute wastewater, reported that temperature was not a 
significant variable over the range of temperatures 
observed (5-11°C). 

Scale up effects on RBC performance 

Wilson et a1. (l980) demonstrated that scale up 
f actors are sign if icant in RBC process performance. 
The two RBC systems used by Wilson et a1. were 0.5 m 
(1.64 ft) and 2 m (6.56 ft) in diameter, and the 
volume to surface ratios were 4.83 11m2 for the large 
scale and 5.S3 11m2 for the small scale. Peripheral 
velocities of both units were 18 m/min (59 ft/min). 
In addition both units were loaded at the same hydrau
lic and organic loading rates using a screened munici
pal wastewater. Carbonaceous substrate removal 
(measured as weight of COD per discs area per day) in 
the small scale was 16 percent higher than the 
removal observed 1n the larger scale unit. There was 
no significant difference in TKN removal per unit area 
between the two slzes. The lower COD removal observed 
with the larger unit was attributed to less aeration 
capacity. The DO concentration in the first stage of 
the larger unit was 1.9 mg/l, while the smaller size 
contained 3.9 mg/l in the first stage. 

Several authors (Bintanja et al. 1975; Ouano 
1978; Kim and Mo10f 1980) developed oxygen mass 
transfer models relat1ng the operational conditions 
and physical characteristics of the RBC system. 
Ouano developed the fo1lowing relationship for the 
oxygen mass transfer coefficient constant: 

(1) 



ln which 

KL 
OL 
At 
Vt 
D 
I:;; 

11 
w 

oxygen mass transfer coefficient, cm/sec 
diffusivity of oxygen in water, cm2/sec 
surface area of tank, cm2 
volume of tank, cm3 
diameter of disc, cm 
water density, g/cm3 
water viscosity, g-cm/sec 
angular velocity, rad/sec 

Kim and Molof (1980) showed that the volumetric 
oxygen transfer coefficient, KLa(1/t), is proportional 
to wand 0 as shown below: 

K = Kowl.07 00 . 39 S -0.86 
La 

(2) 

where 

S half space between discs, L 
K cons tant 
KLa= volumetric oxygen transfer coefficient, t-1 

Kim and Molof (1980) conducted their experiment with 
different values of w, 0 and S, while Ouano changed 
only the rotational speed w. 

Equation 2 indicates that scaling factors should 
cons ider angul ar velocity as well as peripheral 
velocity for systems that might experience high 
organic loading rates. Friedman et al. (1979) indi
cated that the kinetic constants for COO removal were 
correlated with the log of angular velocity. 

Olem and Unz (1980) discussed scale up from the 
point of view of the hydraul ic characteristics ob
tained with two sizes of RBC units (0.5 m and 2 m 
diameters). A hydraulic analysis of the four stage 
un its showed that for the smaller size the hydraul ic 
characteristics were 78 percent mixed flow, 20 percent 
plug flow, and 2 percent dead space. The larger unit 
hydraul ic performance was poorer than that exhibited 
in the small er un it: 80 percent mi xed flow, 10 per
cent plug flow, and 10 percent dead space. 

Attached Biomass Characteristics 

Microscopic observations and microbiological 
examinations of the RBC attached biomass have revealed 
d succession of 1 ife forms through the stages. 
Several studies (Torpey et al. 1971; Pretorius 1971; 
Pescod and Nair 1972; Antonie and Welch 1969; Hoag et 
al. 1980) have reported the presence of thick gray (or 
bl ack with white patches) filamentous growth in the 
first stage, followed by thinner brownish-tan growth 
in the following stages, with patchy growth in the 
1 ast stages. The brownish-tan growth is associated 
with nitrifiers. The predominant organisms present 
on all discs were reported to be Sphaerotilus and 
zoogleal bacteria. The growth on the first few stages 
is predominantly filamentous organisms (Sphaerotilus, 
Geotrichum) and the autotrophic sulfur bacterla 
Begg, atoa. Free swimmi ng protozoa also were found 
in the first stages. Rotifers, stalked ciliates, 
nematodes, and fungi dominated the growth of micro
organisms in the last stages. A recent study on RBC 
microfauna (Hoag et al. 1980) reported that the 
population levels of the micrQfaunal groups and shifts 
of the microfaunal groups were related to the COD and 
NH4-N concentrations. 
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A conceptual dynamic model of the microbial film 
process was developed by Charackl is and Trulear 
(1980). The major process steps were described as 
organic adsorption at the wetted surface, transport 
of the microorganism to the wetted surface, attachment 
of microorganisms by the production of extracellular 
polymers, metabolism and growth, and detachment of 
biofilm by fluid shear forces. Both sloughing and the 
amount of attached biomass were reported to be 
dependent on the influent organic loading rate. 
Pescod and Nair (1972) estimated that the wet weight 
of biomass was 0.7 kg/m 2/d, 1.1 kg/m2/d and 1.7 
kg/m2/d at organic loading rates (expressed as kg 
COO/m2/d) of 0.006, 0.012 and 0.024, respectively. 

Mi kul a (1972) showed that the quant ity of at
tached biomass could be predicted using a saturation
type curve from the organic loading rate. The rate of 
slough ing was unpredictable. Charackl is and Trulear 
(1980) showed that sloughing increased with biofilm 
thickness. The sloughing mechanism has not been 
establ i shed; however, it has been suggested that 
shearing forces, starvation conditions, and anaerobic 
cond i t ions with in the attached bi omass cause s 1 ough
ing. Ouyang (1980) showed that the variation of 
attached biomass with B005 loading was described 
by a saturation type relationship. ~laximum values of 
dry weight of 65 g/m2/d were reported. 

Kornegay and Andrews (1968a) worked with an 
annular reactor, rotating at 100 rpm. A glucose 
solution was used as the influent substrate, and it 
was observed thilt at a biofilm thickness greater 
than 70 11 the substrate removal rate did not increase. 
This thickness was defined as the active thickness of 
the biofilm, and the active thickness did not vary 
with the dissolved oxygen concentrat ion over a range 
of 2.5 to 18 mg/l. Kornegay and Andrews (1968b) also 
reported that an increase in the rate of rotation 
decreased the overall film thickness from 300 11m at 50 
rpm to about 100 \1I1l at 200 rpm. The films were more 
uneven at the lower rotational speeds. The reported 
dens ity was 95 mg/cm3 on a dry we ight bas is. When a 
film thickness of 100 11m to 250 11m was maintained on a 
horizontal cylinder-attached growth system rotating at 
2 rpm and treating a synthetic substrate, the nutrient 
utilization rate stabilized and did not increase as 
the thickness increased beyond 200 11m (Hoehn and Ray 
1973). The film density increased to a maximum value 
of 105 mg/cm3 at thicknesses of 100 \1I1l to 150 11m, 
then decreased~ and beyond 400 11m stabi 1 ized at about 
25 to 30 mg/cm j • 

The effect of biofilm thickness on substrate 
removal rate was shown by Weng and Molof (1980) using 
a six-stage, 15 cm (6 inches) RBC unit, fed with 
synthetic substrate. The active film thickness 
was calculated to be between 135 to 265 11m, and beyond 
that thickness substrate removal did not increase. 
However, a decrease in COD removal occurred when the 
f i 1 m t h ; c k n e ssw a s bet wee n 3 50 11m and 600 11m. 
Substrate.removal was relatively stable when film 
thickness was above 600 11m. 

Chemical composition of the biomass as reported 
by Kornegay and Andrews (1968b) was 42.8 percent 
carbon, 7.6 percent hydrogen, and 9.95 percent nitro
gen based on the volatile fraction. The ash content 
was 10 percent. Mi kul a (1979) reported a nitrogen 
content of 6 to 8 percent in the first two stages and 
2 to 5 percent in the third and fourth stages, based 



on total solids. Using primary municipal waste
water in RBC studies, Ouyang (1980) reported a carbon 
content of 35.2 to 39.1 percent, hydrogen 5.4 to 6.7 
percent, nitrogen 5.8 to 6.9 percent, oxygen 21.4 to 
25.1 percent, and ash 23.7 to 32.2 percent. An 
empirical chemical formul a for the biomass (volatile 
SOllds base) was calculated by Ouyang (1980) to be 
l4.2HS.1NO.602.1· 

Kinetic Studies and Predictive Models 

Carbonaceous substrate removal 

The existing mathematical mOdels for steady-state 
carbonaceous substrate removal in an RBC fall into 
three general categories: a) statistlcal predictive 
models based on multiple regreSSion of system and 
operational parameters, b) apparent reaction and 
growth kinetic models, and c) fundamental models that 
incorporate simultaneous mass transport of substrate 
and oxygen with growth kinetics. 

Statistlcal models. Joost 1,1969) introduced a 
conceptual model for BOD reduction per stage as 
follows: 

BOD reduction K Ca Rb TC Sd 
Stage 

(3) 

where 

K treatability factor 
( substrate concentration in the stage 
R physical configuration constant of RBC 
T temperature 
S reaction residence time 

Wu et al. (1980), using available RBC data, 
derlved the following predictive model for soluble 
BOOb removal: 

where 

ana 

F 
14.2 gO.5579 

eO. 32N L 0.6837 TO.2477 
o 

(4 ) 

fraction of influent soluble BODS remaining 
in the effluent 

q hydraulic loading, gpd/sq ft 
N number of stages 
Lo influent soluble BODS, mg/l 
T temper ature, ·C 

Kornegay 

(1 A X d Sl 
V w K+S" s 1 

(5) 

in which 

F flow rate, L3/t 
So = influent substrate concentration, M/L3 
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~1 = effluent substrate concentration, M/L3 
~ maximum specific growth rate, l/t 
Y cell yield coefficient 
Aw effective surface area, L2 
X attached biomass concentration, M/L3 
d active depth of the biofilm, L 
Ks = half saturation constant, M/L3 

The temperature was controlled at 25°C. The following 
kinetic parameters were calculated: yield coefficient 
of 0.26 g volatile solids (VS)/g glucose, maximum 
specific growth rate, 0, of 0.28/hr (6.72/d), and a 
half-saturatlon constant, Ks , of 121 mg/l glucose. 
The thickness ot the active layer was determined to be 
70 11m. 

(, I ark et al. (1978) appl ied the Kornegay and 
Andrews (1968a) model to predict soluble BODS reduc
tion with a four-stage, 2 m diameter, pilot plant 
RBC, fed with domestic wastewater primary effluent. 
The model was expanded by calculating individual 
kinetic constants for each stage except for the yield 
coefflcient, The active attached biomass in each 
stage was estimated to be 70 percent of the total 
attached biomass. The kinetic coefficients obtained 
by Clark et al. are summarized in Table 1. The stage 
data showed that particulate BOD5 removal and soluble 
BODS removal occurred. 

Mi ku 1 a (1979) determi ned the temperature effect 
on maximum specific growth rate using an Arrhenius 
type relationship. The model included the biomass in 
suspension, and the model for the first stage was: 

[K ~s ] s 1 

in which 

Ar = frequency factor, t-1 
Ea = activation energy, cal/mol 
R = universal gas constant = 1.987 cal/moloK 
T absolute temperature, OK 
Xf total attached biomass~ M/L2 
Xs suspended biomass, M/L~ 
V stage volume, L3 

(6 ) 

The other terms have been defined previously. ~likula 
used a four-s tage, 1. 2 m (4 ft) diameter, RBC pi lot 
plant, to treat a cheese processing wastewater. 
Frequency factors of 1.4 x 1012 to 1. 5 x 1012/d 
were obtained for the first two stages, and lower 
values, 0.26 x 1012 to 0.46 x 1012 /d for the last 
two st ages. The act i v at i on energy was found to be 
almost the same for all four stages, 17,780 to 17,850 
cal/mole. The half-saturation constants were 32 mg/l 
for the firs t stage. 186 mg/l for the second, and 59 
mg/1 for the third stage. Difficulties were reported 
in determining the fourth stage value. All of the 
constants were based on soluble COD. 

An RBe model has been developed by several 
investigators using first order kinetics; however, 
Monad kinetics have not been used. A first order 
kinetic model for an RBC treating industrial waste
waters was developed by Eckenfelder and Vandevenne 
(1980 ) 

(7) 
(1 + KA/Q}n 



Table 1. Kinetic coefficients determined b) Clark 
et a 1. (l <l78) (bas ed on so 1 u b 1 e BODS • 

Apparent Active Half 
Stage Yield Biomass Saturation 

Coeffici ent 2 Constant 
Ya 

Xa , g/m Ks ' mg/l 

1 0.96 35.8 431 
2 0,96 30.6 546 
3 0.96 24,4 32 
4 0.96 9,8 8 

in which 

Sn effluent soluble BOD5, mg/l 
So : influent soluble BOD5, mg/l 
Q flow rate, L3/t 
A effective surface area, L2 
k : proportionality constant 
n : number of stages 

Maximum 
Specific 

Growth Rate n, day-l 

4.4 
3.8 
0.2 
0.3 

The model was verified with available data, and in 
some cases in the later stages, the K value decreased. 
The model also was used to predict the performance of 
an RBC treating domestic wastewaters. The K values 
were found to be in the range of 0.204 to 0.701 
m3/m2/d. Kincannon and Groves (1980) explained 
the performance of a laboratory scale, four-stage, 
15 cm (6 inch) diameter RBC treating glucose (COD 
of 300 mgll) by using first order kinetics and in
corporating the suspended biomass into the expression 

)F 
'" 0.13 \ 

in which 

Si influent substrate, mg/l 
Se = effluent substrate, mg/l 

(8) 

Xm active biomass (taken as a constant for each 
stage), mg 

V liquid volume of stage, liter 
Xs = suspended growth, mg/l 
F = flow rate, l/d 

Benjes (1978) applied two types of equations 
similar to trickling filter design equations to 
analyze RBC plant data 

Le -K(V/Q)% 
Lo 

e (9) 

Using data from Pewaukee, Wisconsin, and Gl adstone, 
Michigan, to verify Equations 9 and 10, Benjes (1978) 
recommended a design value for S at 20·C of 0.055 for 
BOD5 removal with an RBC. Given (1980) reported a 
second order react ion equat ion wh i ch described BOD 
remova 1 better than zero or first order equat ions. 
However, the best fit of the performance data was 
obtained using a multiple regression analysis relating 
the effluent BOD and the influent organic loading 
rate. 

Mass transport models. Dynamic and steady state 
models for carbonaceous substrate removal with an RBC 
were developed by Grieves (1972). Two types of models 
were developed: a) a pseudo homogeneous model, and b) 
a heterogeneous model. The pseudo homogeneous model 
consists of external mass transfer resistance (in the 
attached liquid film), and the heterogeneous model 
consists of external and internal (diffusion into 
biofilm) mass transfer resistance. The substrate 
consumpt ion rate was cons idered to obey Monod growth 
kinetics. For first order Monod kinetics, the model 
for an n stage reactor is: 

(11) 

in which 

Cb,Co substrate effluent and influent, mg/l 
N total number of discs per stage 
F influent flow rate, L3/T 
As submerged area of the disc, L2 
W rotating speed, rpm 

_ KL KI 
PI - T+K"1 

].J' .d(TF)n-l 

YKsn KL 

P2 = K2n [R 1 £ ~L 

Au = unsubmerged area of the disc, L2 
KL = mass transfer coeffiCient, L/t 
TF : treatabil ity factor 
n = number of stages 
K2 1, assuming no dripping of liquid 

Rl,R2 radius of disc and of un submerged 
L 

fi llquid film thickness, L 
n effectiveness factor 

film 
circle, 

The other terms were deflned previously. The dynamic 
model was cal ibrated by using dynamic test data 
obtained using glucose as the substrate, and the 
results predicted with the calibrated model agreed Le (A /Q) % 

Lo 
s (10) with data reported by Torpey et al. (1971). 

in which 

Le 
Lo 
V 
As 
Q 
K,S= 

effluent BOD5, mg/l 
influent BOD5, mg~l 
reactor volume, L 
surface area

j 
L2 

f1 ow rate, L /t 
constants 
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PaoliRi et al. (1979) used a three-stage, 27.5 cm 
diameter, bench scale RBC unit to treat an ifidustrial 
wastewater. The mathematical model developed by 
Grieves (1972) was used to evaluate the experimental 
results. Organic loading rates in the range of 8.7 
to 27.7 gBOD5/m2/d resulted in diffusion governed 
kinetics for rotational speeds less than 0.6 rpm. At 
higher rotational speeds, a Monod equation based model 
such as the Kornegay model (Kornegay and Andrews 
1968b) provided a good approximation. 



Schroeder (1977) presented a diffusion-react ion 
model for an RBC process. The model was based on 
diffusion control without external mass transfer 
resistance. Also the model assumed constant active 
biomass. The proposed model was: 

f h k * C 2 As o b (12 ) 

in WhlCh 

Mz 
f 
h 
ko*= 
X 
ko 
A-; 
Cb 
KIT' 

mass of substrate removed per unit time. MIt 
proportionality factor. M/L3 
biofilm thickness. L 
ko X 
biomass concentration, M/L3 
reaction constant. lIt 
submerged area of the discs. L2 
bulk substrate concentration. M/L3 
cons tant 

Frledman et al. (1976) modified the Schroeder 
model and simplified it to the following: 

where 

mass of substrate removed per time, 
surface area, L2 
bulk substrate concentration, mg/l 
constants 

(13) 

M/t 

To simul ate a continuous removal function, the 
plug flow approximation was appl ied by Friedman et al. 
{1976j to obtain the following equations: 

K'A 
__ s e 
V 

HI wh lCh 

I - - ] Cbi 
+ tn 

Cb, 
[-' ] 

Cb 

K'A __ s e 
V 

Cbl influent substrate concentration. mgll 

(14 ) 

(15) 

A hydraul ic detent ion time per surface area, 
tlL2 

v "reactor volume per surface area, L3/L2 
K" constant 

it WoS reported that experimental data collected at 
<'I,o( ~~H'lg a synthetic substrate (sucrose) resulted in 
mean Km values of 22.3 mg/l COD. K" values were 
related to the initial substrate concentration and 
detention time as shown in the following relationship 

(16) 

in which 

constant 
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Friedman et al. (1979) analyzed additional 
experimental data and reported Km values of 42.9 
mg/l COD ± 31.4 mgll COD. A relationship between the 
K" values and the rotational speed was also presented: 

K" = [a 1 n (6Cb;) + b] 1 n W (17) 

in which 

W = rotational speed, rpm 
a,b= cons tants 

A second order nonllnear ordinary differential 
equation model was developed by williamson and McCarty 
(1976) for substrate utl~lzation within biofilms with 
external and internal mass transfer resistance using 
Monod growth kinetics. The equation was solved using 
a Runge Kutta finite dlfference technique for several 
simulated conditions. 

Rittmann and McCarty (1978, 1980), using the 
concepts developed by Williamson and McCarty (1976). 
showed that substrate removal kinetics coul" be 
expressed as variable order kinetics with reaction 
orders of 0.5 <. q < 1.0 where q is reaction order. 
The model was-verlfied using constants from the 
1 iterature and the data obtained by Bintanja et al. 
(1976). 

The mass transport models were expanded by Harris 
and Hansford (1976) by incorporating oxygen mass 
transport with substrate transport and substrate 
oxygen limiting reactions as follows: 

in 

d2S 
(KsS+S) (KoO+O) (18) CfZ2"" 

d20 0xF 
(KsS+S) (KoO+O) (19) CfZ2"" YO 

0 

which 

S substrate concentration. M/L3 
o oxygen concentration. M/L3 
z = distance measured into the slime. L 
x attached biomass concentration, M/L3 

Ks,Ko= half-saturation constants for substrate and 
oxygen, M/L3 

Ds,Oo= diffuslon constants for substrate and 
dissolved oxygen, L2/t 

F = constant factor relating quantlties of 
substrate and oxygen utilized in the aerobic 
metabolism process 

The solutlOn of Equations 18 and 19 for the 
kinetic constants required trial and error pro
cedures using numerical techniques. Substrate removal 
rates were measured uSlng a synthet ic waste, and the 
biomass was scraped from the RBC daily. A mixed 
liquor dissolved oxygen concentration of 6-8 mgll 
was maintained. Oxygen 1 imit ing condi t ions were 
indicated with influent COD concentrations of 500 mg/l 
or bulk concentrations in the reactor of 110 mg/l. 
The calculated active biomass depth was about 70 >lm. 
Bulk COO concentrations below 75 mgll resulted in 
substrate limiting conditions, and at these lower bulk 
concentrations the calculated active biomass depth 
ranged from 70 to 90 pm. 



--. F amul aro et a1. (1978) appl ied mass transport 
concepts, including oxygen mass transfer, to RBC 
systems. The model was applied in the same manner as 
the previous mass transport models The model 
fit RBe. data from paper mi 11 industries and domest ic 
sources regardless of which reaction order was simu
lated (zero order or first order). 

Ammonia nitrogen removal 

weng and Molof (1974) used a six-stage, lb cm (6 
inch) diameter, RBC unit fed with synthetic substrate 
to investigate the nitrification process in RBC unlts. 
A multiple regression model was developed to describe 
the results of the experiments 

0.644 00.414 
F (20) 

1n WhlCh 

fract ion of influent NH4-N remain'ng 10 the 
effluent 

Lo influent NH4-N, mg/l 
Q flow rate, l/day 
S rotating speed, rpm 
A discs area, sq ft (0.09 sq m) 

Using nitrification data collected at the Pewaukee, 
Wlsconsin, RBC plant and pilot RBC data, WU et al. 
'1980) used multiple regreSSion analyses to develop 
two models. One model was developed for lnfluent 
so 1 ub Ie B005 concentrations greater than 80 mgl I to 
s imu I ate secondary treatment and the other mode I was 
for influent soluble BOOS concentrations less than 
bO m~1 1, simulating tertiary treatment. The secondary 
treatment model for a four-stage RBC was as follows: 

, , 4.336 qO.1692 

L 0.2395 TO.6229 
o 

(21) 

fr, ... tert 'ary treatment mOdel for a four-stage RBC 
re~ulted 1n the following equation: 

~ . 1.552xlO-4 90.6803 Lo2.6452 

TO. 217 

'n WhlCh 

(22) 

fractlon of influent NH4-N remaining 1n the 
effluent 

q flow rate, gpd 
LO influent NH4-N, mgt] 
T temperature, o( 

watanabe et al. (1980) presented a mass transport 
model wlth a simultaneous zero order reaction within 
the active biofilm. Consequently, the overall reaction 
rate appears to be first order in low level bulk 
NH4-N concentrations, one-half order within medium 
concentrat ions, and zero order with high bulk concen
tratloP~ of NH4-N. US1ng delta collected from 30,;cm 
dlamet~r. RHl uP 1t5, fed with synthet'( ~Ubstrate. the 
followlnQ re 1dt 1onships were developed 

K* 

where 

(0.18 - 0.21) C -(0.82 - 0.90) 
b 

r 
K* " overall rate constant, m/hr 

(23) 

(24) 

(25) 

tb = ammonia-N concentration in the bulk liquid, 
mg/l 

Kd maS5 transfer coefficient (liquid layer), 
m/hr 

Kr biof1lm coefficient (diffusion-reaction 
lumped parameter), m/hr 

Vr = nitrificatlon rate, g/m2/hr 

A mass transport model coupled with Michaelis
Menten enzyme kinetics to describe substrate and 
oxygen limiting conditions was developed by Mueller et 
al. (1980). The model was cal ibrated using RBC data 
from Gladstone, Michigan, and the following kinetic 
parameters resulted: 

Maximum spe(lf 1 l growth = 0.045/d; 
Half-saturatlon constant for NH4-N = 2.0 mg/l; 
Half-saturat ' on ronstant for dissolved oxygen 

= 0.5 mg!l; 
Decay rate = 0; and 
Yield coefflcient = 0.17. 

Monod growth klnet1c relationships were used by 
Saunders et a1 (1980) to describe the performance 
of 25.4 cm d ' ameter, RBC units treating synthetic 
substrate and controlled for mean cell residence time 
of the attached gr owth. The following results were 
reported: ma;(1mum specific growth rate 0.56 to 
0.83/d and the half -saturation constant 0.18 
to 1.0 mg/l Ito and Matsuo (1980) worked with a 25 
cm di ameter RBe processing a synthetic substrate and 
reported maXlmum ammonia nitrogen removal of 4 g/m2/d, 
a yield coefficient of 0 15, and a maximum specific 
growth rate of 0.03/d. 

Temperature effects on the 
klnetlc constants 

Carbonaceous substrate removal. The following 
expresslon showlng the temperature dependence of 
BOD5 removal eff1 c 1 ency was reported by Ellis and 
Banaga (976): 

E =E eTl - T2 
TI T2 

in wh1ch 

ET1= eff1 clency at temperature Tl, ·C 
ET2= eft1ciency at temperature T2, ·C 
T temperature, °c 
e = temperature factor 

(26 ) 

At temperatures between 11°(. and 18·C, e was found 
to be 1.006 and for temperatures between 18°C and 
27°G, e was 1.002. Conducting experiments with cheese 
processlng wastewater, Mikula (1979) found that the 
variation of the maXlmum specific growth with tempera-



ture could be expressed by an Arrhenius type relation
ship 

jJ 

in which 

A e -Ea/RT 
r 

Ar = frequency factor, lIt 
Ea activation energy,cal/mole 
R = universal gas constant 
T absolute temperature, oK 

(27) 

The values of Ar were calculated to be 1.4 x 1012 
to 1.5 x 1012/day for the first two stages and 0.26 
x 1012 to 0.46 x 1012/day for the last two stages. 
The actlVation energy varied from 17,780 to 17,850 
cal/mole. 

Ammonla nitrogen removal. The effect of tempera
ture on the nitrification rate in an RBC assuming zero 
order nitrification was reported by Watanabe et al. 
\1(80) to be: 

(28) 

in which 

(rdh =nitrification rate constant l/hr at 
temperature T 

(rd}20= nitrification rate constant l/hr at 20°C 
T = temperature, °C 

The express ion was deve loped with data co llected in 
experiments conducted at temperatures of 15·C, 23.5°C, 
and 28.5·C. Mueller et al. (1980) cal ibrated a model 
using the following expression to relate temperature 
and maximum specific growth rate (l/day) 

A T -20 
= \120 (1 . 1) , (29) 

Murphy et al. (1977) reported that nitrification 
dependence on temperature follows the relationship: 

K 9.45xloll e-13 ,90Q/RT; for 7°C to 25°C (30) 

111 wh lch 

K react ion rate constant, l/hr 
R universal gas constant, cal/g mole/oK 
T = temper ature, oK 

Summary 

When used to treat municipal wastewater, RBC 
systems ach ieve 85 to 95 percent carbonaceous sub
strate removal along with substantial nitrification. 
Wh i1 e the major part of the carbonaceous substrate 
is removed from the wastewater in the first stage, the 
succeeding stages polish the carrier stream, stabilize 
the sloughed biomass, and provide for nitrification. 
The success ion of 1 ife forms and the changes in 
appearance of the attached biomass as the waste
water flows through the stages correspond wi th the 
functional characteristics of the stages and the 
characteristics of the carrier stream. At tank volume 
to surface area ratios greater than 4.9 1/m2 (0.12 
gal/ft), performance is not improved. 

The rotational speed, among other factors, 
affects the aeration capacity of the. system. High 
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rotation,al velocities increase energy consumption, 
stimulate the sloughing Of attached biomass, and might 
increase sludge production. Generally, a rotational 
speed corresponding to a peripheral veloci ty of 18 
m/min is considered optimum. Some oxygen transfer 
studies and scal ing studies indicated that the 
optimum design should consider also the angul ar 
velocity. Scaling factors appear to be important with 
regard to hydraulic characteristics and performance. 

The carbonaceous substrate removal efficiency 
with an RBC treat ing domestic wastewater generally 
increases with higher influent substrate concentra
tions and higher temperatures, and decreases with 
higher hydraulic loading rates. In some cases, 
temperature increases did not improve carbonaceous 
removal or nitrification. The low DO concentrations 
in the mixed liquor at higher temperatures were found 
to be the cause for poorer performance. Controlled 
temperature stud i es on RBC performance are 1 imi ted, 
and generally represent full scale operational data. 
Most des i gns cons ider on ly temperatures be low 13°C 
(55°F); however, there are significant differences in 
temperature safety factors (Chesner and Ionnone 1980) 
employed in several design methods. 

Extensive performance studies have been conducted 
on pilot and full scale plants, and in some studies 
the performance data represent only the characteris
tics of the final effluent from the RBC and the 
secondary c 1 arif ier. Very 1 ittle stage by stage data 
are available. The existing data from studies treating 
municipal wastewater generally indicate that the 
kinetics for carbonaceous substrate removal are 
first order with substrate 1 imit ing phenomena. 
Nitrification kinetics were reported to be zero or 
first order. 

Several stud ies (Kornegay and Andrews 1968b; 
Clark et al. 1978; Mikul a 1979) employed Monod kinet
ics to describe carbonaceous substrate removal in 
fixed film reactors. Kornegay and Andrews (1968b) 
used a rotating drum, and the others an RBC. Using 
domestic wastewater and soluble BOD5 as the measure 
of performance, Clark et al. (1978) reported values of 
0.96 for the yield coefficient, 4.4/d for the maximum 
specific growth rate in the first stage, and 431 mg/l 
for the half-saturation constant in the first stage. 
The Monod equation was used by Saunders et al. (1980) 
to model nitrification in the RBC. The half-saturation 
constant ranged between 0.18 and 1. 0 mg/l, and the 
range of values for the maximum specific growth rate 
was 0.56 to 0.83/d. 

Data showing the temperature dependence of 
kinetic constants in RBC systems are limited. Murphy 
et al. (1977) developed a relationship between tem
perature and the reaction rate constant using an 
Arrhenius type relationship. Mikula (1979) used the 
Arrhenius rel at ionship to rel ate temperature and 
the maximum spec ific growth when treat ing a cheese 
processing wastewater. Ellis and Bananqa (1976) 
develope& a relationship between BOD5 removal ef
ficiency and temperature for temperatures ranging 
between 11·C and 27·C. 

Mass transport models incorporating active 
biofilm depth and external and internal mass transfer 
resistance with simUltaneous substrate removal re
actions generally used Monod type kinetics. The 
mOdels cons ist of second order different ial equations 
amenable to solut ion by numerical methods us ing 



estimated values of mass transport and kinetic con
stants. Schroeder (1977) presented a mass transport 
model for pseudo-homogeneous biofilm configurations 
incorporating simultaneous diffusion and reaction. 
Kinetic studies using a synthetic substrate in an RBe 
unit employed Schroeder's (1977) model to analyze 
the data (Friedman et al. 1976; Friedman et al. 
1979). 

)ome of the models describing carbonaceous 
substrate removal were based only on soluble influent 
substrate, although the RBe data in most cases indi
cate that there is also particulate substrate re
moval 1n an RBe. 

Present ly the approach to the des ign of the RBe 
process is empirical, because a reliable substrate 
removal klnetic model for a wide range of temperatures 
has not been developed. Although several Kinetic 
models have been proposed, they have limited appl i
cabi l1ty because of the 1 imitat ions of the data used 
to develop the models. Uncontrolled temperature 
conditlOns, variations in hydraul ic and organic 
loading rates, and DO deficiency conditions are 
examples of the difficulties encountered by many 
researchers. Some of the existing models are based on 
experiments conducted with synthetic substrate and 
others based on theoretical considerations with little 
experimental verification. 

The unknown features of the RBe process include: 

1) Substrate removal kinetics at eacn stage. 
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2) Reproducible values for the kinetic constants. 

3) Effects of temperature on the kinetic constants. 

4) Dynamics of bl0mass growth, decay, and sloughing. 

5) An oxygen ba 1 ance for the RBe system 
system aeration capacity and oxygen 
for exogenous substrate removal, 
respiration, and nitrification. 

considering 
con sumpt ion 
endogenous 

TO develop rational design criteria, the RBe 
process must be invest igated under controlled experi
mental conditions for each category of wastewater. 
The research has to focus on: 

1) Developing a substrate removal kinetic model for 
each stage. 

2) Determining the kinetic constants of substrate 
remova 1. 

3) Determining the dynamics and the constants of 
biomass growth decay and slough ing for each 
stage. 

4) Determining the effect of temperature on the 
kinetic constants. 

5) Performing an oxygen balance. 

6) Developing design criteri a for the RBe process 
under aerobic conditions for a wide range of 
temperatures. 



MATERIALS AND METHODS 

Experimental Design 

The experimental RBC units were operated con
t lnuously at constant influent flow rates, constant 
wastewater, percentage and constant temperature. The 
influent wastewater was maintained at a constant 
temperature in a refr igerated storage tank, and the 
experimental RBC units were located in a constant 
temperature room to maintain the desired water tem
perature through the four stages of the RBC units. 

Although wastewater has uncontrolled fluctuations 
in substrate concentration, its use was preferred over 
a synthetic substrate because of the difficulty in 
correlating synthetic substrate experimental data with 
field data collected at RBC units treating domestic 
wastewater. To minimize fluctuations in the concen
tration of pollutants in the wastewater appl ied to 
the experimental units, batches of wastewater were 
collected from the wastewater treatment pI ant in 
Hyrum, Utah, and stored in a refrigerated tank. The 
wastewater was collected at the same time of day 
during the weekdays to ensure maximum uniformity 
in wastewater compos i t ion and strength through each 
phase of the study. The wastewater was diluted with 
tap water to provide four strengths of wastewater for 
application to the RBC units. 

Kinetic constants for carbonaceous substrate 
removal in the RBC process were dete,rmined using 
steady-state chemical oxygen demand data collected 
trom the four RBC bench scale units operatin!) simul
taneously at the same hydraul ic loading rate an,d 
temperature. ' 

Four organiC loading rates were used in each of 
the three constant temperature phases of the project. 
The organic loading rates were maintained by diluting 
the raw wastewater with dechlorinated tap water. 

To determine the dependence of the kinetic 
constants on temperature, the research was conducted 
in three phases at three different temperatures. Each 
temperature phase was started with the RBC units 
free of biomass. This was done to avoid the influence 
of earlier cultures grown at different temperatures on 
the experiments. 

Wastewater Source 

The wastewater used in this study was collected 
at the Hyrum City wastewater treatment plant, Hyrum, 
Utah. Hyrum City has a population of 2500 and is 
located in a located in a rural area 16 km (10 miles) 
south of Utah State University, Logan, Utah. The 
wastewater flow rate into the treatment pI ant ranges 
trom 1500 to 3400 m3/d (0.4-0.9 mgd) and the BODS 
concentration ranges from 70 to 140 mg/l. The treat
ment plant consists of screening, an oxidation ditch, 
secondary clarifier, sand ff'llters, and chlorination. 
SlUdge is processed with aerobic digestion and sludge 
drying beds. 
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Comminuted wastewater was collected for use with 
the RBC units and hauled to the laboratory. A 1.5 HP 
centrifugal pumpl waS used to pump 2.3 to 3.0 m3 
(600-800 gal) of wastewater into a tank truck. Waste
water was collected three times a week (on Mondays. 
Wednesdays, and Fridays) between 10:30 a.m. and 11:00 
a.m. The select ion of this schedule was based on a 
survey conducted at the Hyrum plant before the labora
tory study was started. The survey showed that 
peak values of COD concentration (- 300 mg/l) occurred 
between 10:30 a.m. and 11:00 a.m. The wastewater was 
transported to the Utah State University campus and 
pumped to a refrigerated storage tank located on the 
second floor of the Engineering Building. A 5 cm 
(2 inch) diameter PVC pipel ine was installed in the 
Engineering Building for this purpose. To avoid 
pumping solids that settled during transportation, the 
wastewater was pumped from the tank truck through a 
ball valve installed 30 cm (- 1 ft) above the tank 
f1 oor. The res idue was drained from the tank truck 
through another ball valve installed at the level of 
the tank floor. The settled wastewater was stored in 
the laboratory in a 1.9 m3 (500 gal) stainless steel 
tank. The tank was equipped with a mixer and a 
thermostatically controlled cooler that was used to 
maintain the temperature of the wastewater at 2·C. 
During the weekends an additional plastic storage tank 
with a capacity of 0.76 m3 (200 gal) was used to 
provide the volume of wastewater required for 3 days 
of operation. Approximately 0.76 m3/d (200 gpd) of 
wastewater was required to operate the RBC units 
cont inuously. 

Influent Feeding System 

,Wastewater was pumped continuously into a 26.7 x 
29 x 29 cm plexiglass constant head tank located in 
the constant temperature room. The wastewater flow 
rate into the wastewater heating chamber was regulated 
with the cons t ant head tank. The over flow from the 
constant head tank drained by gravity back to the cold 
storage tank. Culinary water at a temperature of 
approximate ly 15·C was fi ltered through a, 7.5 cm (3 
inch) diameter by 30 cm (1 ft) activated carbon 
co I umn and di scharged into the water heat ing ch amber. 
During the third phase of the study, conducted at S·C, 
it was necessary to cool the tap water to the required 
temperature., The tap water was cooled by passing the 
water through a coil of 1.25 cm (0.5 inch) diameter 
copper tubing 18 meters (60 ft) in length submerged 
into the refr iger ated wastewater stor age tank. The 
tap water that passed through the coil was coo I ed to 
2-3·C, and then fl owed through the act i v ated carbon 
column to the water heating chamber. 

Both of the plexiglass heating chambers were 20 
cm deep, 18 cm wide, and 20 cm long and contained 

IBerkeley Pump Company, Berkeley, California. 



about 9 1 iters of wastewater at the overflow level. 
The heating chambers drained by gravity and were 
equipped with mixers rotated by gear motors2 at 12 
rpm. Mercury thermoregul ators3 were used to control 
the 500 watt heater coils4 to provide the desired 
influent temperatures. DUring the second phase of the 
study conducted at 20·C, two heaters of 500 watts 
each were installed in the wastewater heating chamber. 
A ten channel peristaltic pumpS and a two channel 

2Dayton Electric Manufacturing Company, Chicago. 
Illinois. 

3Cole Parmer Instrument Company, Chicago, 
Illinois, Model 0-50·C. 

4Technilab Instruments, Inc., Pequannock, New 
Jersey. 

5Masterflex - Ten Channel Drives, Cole Parmer 
Instrument Company, Chicago, Illinois. 
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variable speed peristaltic pump6 were used to pump 
the wastewater and tap water to the mixing chambers 
for dilution. Four plexiglass 10 cm (4 inch) diameter 
mixing chambers with magnetic mixing bars received the 
required flows of wastewater and tap water. The water 
levels in the mixing chambers were maintained at a 
height of 2 cm and the. influent to the four RBC units 
flowed by gravity from the mixing chambers. A sche
matic drawing of the feeding system is shown in 
Figure 2. 

Tygon tubing was used in the influent application 
system with the exception being the sil icon7 tubing 
used with the peristaltic pumps. The overflow pipes 
were 1.9 cm (3/4 inch) diameter PVC. 

6Masterflex Pump Model 7545-00, with add on head; 
Cole Parmer Instrument Company, Chicago, Illinois. 

7Catalog Number 6411, Cole Parmer Instrument 
Co., Chicago, Illinois. 
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Schematic of experimental apparatus employed to develop doto base for developing kinetic constants. 

Figure 2. Schematic diagram of experimental apparatus. 
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Experimental Rotating Biological Contactors 

Four, four-stage, 38 cm diameter, bench scale RBG 
units8 were employed. The disc media were composed 
of high dens ity po lyethyl ene strengthened with black 
carbon in a form expanded by a factor of 1.37. Each 
stage contained four 37.5 cm (14.8 in) diameter discs 
spaced 2.5 cm (1 inch) apart and two 22.9 cm (9 inch) 
diameter fl at support side discs mounted on the 
shaft. 

The total area was 1.375 m2 (14.78 ft2) per stage 
including the area of the side discs. The volume of 
the reactor vessel for each stage was 6 liters and the 
discs operated at a submergence of 33.3 percent. 

During the first phase of the study, conducted at 
IS"C, all of the units were constructed of steel 
and powered by a fixed speed gearhead motor9 operating 
at 16 rpm. Motor failures experienced during this 
phase necess itated chang i ng the RBC un itsl0 (in the 
second and thlrd phases) and changing the power to 
a 1/15 HPll variable speed motor. The new RBC units 
were constructed of PVC and had slight ly different 
dimensions than the first ones. Units employed in the 
second and third phases were equipped with 39 cm 
diameter discs with a total area of 1.474 m2 (15.85 
ft2) per stage. 

Table 2 summarizes the dimensions of the RBC 
units employed during the three phases of the study. 
Flow was perpendicul ar to the shaft dnd passed from 
one stage to another through 1.9 cm (0.15 inch) 
pipe approximately 3() cm (1 ft) in length. Effluents 
trom the tourth stage of all units flowed by gravity 
through 1.9 Cffi (0.75 inch) rubber hoses to a drain. 

The four experimental units were identified by 
the letters A, B, C, and D. The influent organiC 
loading rates to these units increased successively 
from unit A through unit D. In all experiments, unit 
D received undiluted wastewater. In the third phase 
of the study conducted at 5°C, unit A was designed to 
receive 25 percent wastewater. The low COD concentra
tions (173 mg/l) in the wastewater during this 
period resulted in filtered COD concentrations of 15 
mg/l in the effluent from the first stage of unit A. 
Consequently, it was decided to change the dilution 
rate for unit A to 65 percent. Steady-state data 
collected in the other units started approximately two 
weeks after the change in dilution percentage for unit 
A. It was necessary to operate the units for more 
than one month after the dilution change to collect 
adequate data under steady-state conditions. 

8Environmental System Division, George A. Hormel 
and Company, Coon Rapids, Minnesota. 

9Dayton Electric Mfg. Co., Chicago, Illinois, 
Mode 1 147147. 

10Environmental System Division, George A. Hormel 
and Company, Coon Rapids, Minpesota. 

IlBa1dor Electric Company, Fort Smith, Arkansas. 
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Table 2. Summary of the dimensions of the RBC experi
mental units. 

Phase 

Parameter 
Number of stages 
Number of discs/stage 
Discs diameter, cm 
Inflation factor 
Side discs diameter, cm 
Total surface area/stage, m2 
Water volume/stage, t 
Su bmergence, % 
Rotational speed, rpm 
Flow ra te, t/ hr 
Detention time per stage, min 

Sampling Procedures 

4 
4 

37.5 
1.37 

22.9 
1.375 
6 

33.3 
16 
12 
30 

2, 3 

4 
4 

39.0 
1.37 

22.9 
1.474 
7 

35.5 
16 
12 
35 

Nine 1SC012 composite samplers were used in 
this study to monitor the influent wastewater and the 
eff 1 uent fran each stage. On each samp 1 i ng day, a 
sample of the influent wastewater was collected. 
Samples from the stages of the RBC units were col
lected on alternate days because of the limited number 
of automatic samplers. The eight stages of two units 
were sampled on one day, and the remaining eight 
stages were sampled the next day. The influent 
samples were taken from the wastewater heating 
chamber at approximately 5 cm below the overflow 
level. The effluent samples from each stage were 
collected at approximately 1.5 cm below the mixed 
liquor surface at the outlet of the stage. The same 
sampling points were used when grab samples were 
co 11 ected. Grab samples of the tap water were taken 
from the water heating chamber. The influent flows 
to the units were monitored at the inlet to the mixing 
chambers. 

The composite samples were collected at intervals 
of 20 minutes for 24 hours. The samples were stored 
in 3.79 liter (1 gal) glass bottles placed in two 
refrigerators. 

The sampling equipment and the refrigerators were 
located in the constant temperature room with the RBC 
units. During the second phase of the study conducted 
at 20·C, it was necessary to store the glass bottles in 
ice bu'ckets. to maintain the samples at a temperature 
below 4°C. 

Twenty-four hour composite samples of the in
fl uent wastewater and the effl uent from a 11 of the 
stages were analyzed one to three times each week for 
chemical oxygen demand (COD), suspended solids (SS), 
volatile suspended solids (VSS), Kjeldahl nitrogen, 
ammonia nitrogen, nitrite nitrogen, and nitrate 
nitrogen. Grab samples of the influent wastewater, 
tap water, and effluents from all stages of the RBC 
units were collected a minimum of two times during the 
steady-state period and monitored for the pH value and 

12ISCO Environmental Division, Lincoln, Nebraska. 



dissolved oxygen (DO) concentrations. Because of the 
controlled conditions and the wastewater source 
(domestic), it was sufficient to collect only a few 
samples for DO and pH, to represent the environmental 
conditions in each stage. At the end of each phase, 
the total quant ity of attached bi omass on each stage 
of the RBC units was determined, and the percentage of 
volatile solids (VS) in the attached biomass was 
determined. In addition, the attached biomass was 
analyzed for total organic carbon (TOC), total nitro
gen, and total phosphorus. During the steady-state 
peri od of the second phase of the study conducted at 
20·C, a compos ite samp le of the infl uent wastewater 
and the effl uents from the RBC stages were analyzed 
for TOC and biological oxygen demand (BOD5)' 

The influent wastewater flow rates and the tap 
water flow rates were monitored daily. In situ water 
temperatures at each stage were measured four to seven 
times a week. Frequent influent tap water grab 
samples were taken to ensure that a chlorine residual 
was not present. 

Analytical Methods 

The analytical methods employed in this study 
were conducted according to Standard Methods (APHA 
1975) with the exception of the following methods: 
the ampule technique (Oceanography International 
1978) was used to conduct both total and filtered COD; 
and the influent wastewater COD and the effluent total 
COD were measured using the high level COD standard 
ampule method. In the standard ampule method the 
COD is determined using a spectrophotometer at 600 nm 
to measure the concentration of the Cr (+3) ion. The 
effluent filtered COD was measured uSlng the low COD 
value ampule method. The COD is determined using a 
spectrophotometer at 440 nm by measuring the concen
tration of the Cr (+6) ion. All COD tests were 
performed on three replicates. 

BOD5 tests were conducted by adding 0.5 mg/l 
a1lylthiourea to suppress nitrification. Otherwise, 
the test was performed according to Standard Methods 
(APHA ,1975). TOC measurements were made us i ng the 
potasslum persulfate and phosphoric acid digestion 
method with a carbon ana lyzer13 (Oceanography Inter
national 1970). Ammonia nitrogen concentrations 
were performed according to the indophenol method 
described in Standard Methods (APHA 1975). Kjeldahl 
nitrogen concentrations were determined with an 
automated procedure using a Technicon14 Auto Analyzer 

130ceanography International Co., College 
Station, Texas. 

14Technicon Industrial Systems, Division of 
Technicon Instruments Corp., Tarrytown, New York. 
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II as described in Industrial Method No. 376-751-1/B 
(Technicon Industrial Systems 1977). Nitrite nitrogen 
was measured using a procedure avail able with a 
Technicon Auto Analyzer II. The procedure is described 
in Industrial Method No. 161-71W (Technicon Industrial 
Systems 1973a). Nitrate nitrogen was measured with 
the Technicon Auto Analyzer II according to the 
Industrial Method No. 100-70W (Technicon Industrial 
Systems 1973b). 

Suspended solids and vo 1 at il e suspended solids 
were analyzed according to Standard Methods (APHA 
1975) using 0.45 " Whatman GF/C glass fiber filters. 
Attached biomass solids were determined by applying an 
aluminum foil cover over the disc containing the 
attached biomass and drying overnight at 103·C. The 
dried discs were cooled and weighed. Representative 
samples of dry biomass were removed from the disc for 
further analysis, before washing the discs to remove 
all of the biomass. The cleaned discs were then dried 
at 103·C, cooled, and weighed. The percentages of 
volatile solids in the attached biomass were deter
mined according to procedures outl ined in Standard 
Methods (APHA 1975). 

Biomass TOC was measured using the same procedure 
used to determine the TOC in liquids. Biomass total 
nitrogen percentages were determi ned by an automated 
procedure (based on micro Dumas ~lethod) using a 
Coleman15 Model 29 Nitrogen Analyzer (Coleman Instru
ments 1968). Biomass total phosphorus was mea
sured according to the persulfate digestion method 
described in Standard Methods (APHA 1975). The 
i odometric method was used to measure res idua 1 ch 10-
rine, and the azide modification of the Winkler method 
was used to determine the dissolved oxygen concentra
tions (APHA 1975). Electrical conductivity was mea
sured with a Yellow Springs16 electrical conductivity 
meter. The pH value was determined using a Beckman pH 
meter .17 Mercury thermometers were used to measure 
the temperature. Flow rates were measured by collect
ing the flow in a graduated cyl inder over a 1 minute 
period of time. 

Filtered COD, BOD5, and TOC were conducted on 
samples filtered through pre-washed and dried 0.45 ]l 

Whatman GF/C glass fiber filters. The tests for 
filtered nitrogen species were performed on samples 
filtered through 0.45 jJ Mi 11 i pore filters. A 11 of the 
analyses, except the in situ measurements, were 
performed at the Utah Water Research Laboratory, 
Logan, Utah. 

15Coleman Instruments, A Division of the Perkin
Elmer Corp., Maywood, Illinois. 

16Yellow Springs Instrument Co., Inc., Yellow 
Springs, Ohio. 

17Seckman 
Cal ifornia. 

Instruments, Inc. , Fullerton, 



RESULTS AND DISCUSSION 

General 

The four experimental rotating biological con
tactor (RBC) units were operated from late October 
1979 until mid July 1980. The study was conducted in 
three consecut ive phases at three different tempera
tures of 5·C, 15·C, and 20·C. Each phase was started 
with "clean" RBC units (without biomass). The influent 
flow rates to the RBC units were 12 l/hr, providing 
approximately 2 hours of detention time in each unit 
(30 minutes in each stage). The different organic 
loading rates applied to each unit were controlled by 
diluting the wastewater with tap water. Influent 
streams to the four RBC units contained 25 to 100 
percent wastewater. In each phase of the study, each 
unit was operated at constant temperature, influent 
flow rate, and influent dilution rate. Under these 
condi tions, the process approached steady-state 
conditions within 3 to 4 weeks. 

In each phase of the study after a week of 
operation, a thin layer of growth covered the discs in 
the first stages. Generally, in the second week some 
biomass sloughing was observed in the first stages, 
and within a few days a new biofilm was built up. 
After 3 to 4 weeks of operation, the discs in the 
first stages were covered with a thick, dark-brown, 
gray biofilm, and further detectable changes in its 
appe arance were not observed. The structure of the 
biofilm in the first stages and sometimes in the 
second stages of units C and D (high loading rates) 
seemea to be spongy rather than a smooth structure. A 
filamentous growth in these stages may have been the 
reason for this type of structure. 

In the successive stages, the discs were covered 
with a thinner biofilm layer and were relatively 
smooth in appearance. In the experiments at tempera
tures of 15·C and 20·C, the color of the biomass was 
tan-brown. In the experiment at 5·C, the biomass in 
the second through the fourth stages had a black-brown 
appearance. The tan color observed at 15·C and 20'C 
is probably due to the growth of nitrifiers in these 
stages. The 1 ast stages generally deve loped a patchy 
growth. Unlike the attached biomass in the first 
stages, the attached biomass in the last stages 
revea led i nstab i 1 ity with frequent detect ab le s 1 ough
ing. At hIgher temperatures and in the units receiving 
101'. organIc loadings, instability was stimulated. 

The per10d following stabilization of the attach
ed bIomass in the first stage of the four units was 
consloered to represent steady-state conditions. 
Operatior, at steady state was continued for 2 to 4 
weeks to provide four to six sampling periods. 
Mechanical failure also resulted in less steady-state 
data be1ng collected in some stages or units than 
was planned. In the first phase, motor failure after 
7 weeks of operation terminated the steady-state 
sampling period earlier than~was scheduled. Samples 
from some stages were occasionally discarded because 
of composite sampler failure or other reasons. The 
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low percentage of wastewater in the influent resulted 
in low concentrations of filtered chemical oxygen 
demand (COD) in the effluents. In the units receiving 
di luted wastewater, the effluent filtered COD values 
of 15 to 30 mg/l made the chemical analysis very 
sensitive to interferences such as the presence 
of nitrites or analytical errors. Regardless of these 
difficulties, the mean steady-state data for each 
stage generally consisted of four to six determina
tions and a low coefficient of variation within these 
determinations. High variations in the particulate 
material were observed mainly in the last stages, and 
the variation was attributed to the unstable attached 
growth in these stages rather than sample size or 
analytical errors. 

Mode of Operation 

Prior to beginning the studies, the hydraulic 
characteristics of a Single stage of one of the RBe 
un i ts were determi ned. The test was performed under 
the same conditions the units were designed to operate 
during the experiments. Sodium chloride was used 
as a tracer. A detailed description of the test is 
presented in Appendix A. The results of this test, 
shown in Figure A-I in Appendix A, showed that 
each single stage of the experimental RBC units can be 
considered as a complete mix reactor. 

As stated earlier, each phase of the study lasted 
about 2 months with 2 to 4 weeks of operation at 
steady-state conditions. A summary of the schedule of 
the project is shown in Table 3. 

The influent flow rates were 12 l/hr. About 120 
mi nutes of detent ion time was provi ded in the firs t 
phase and 140 minutes in the second and third phases. 
Considering only the projected surface area of the 16 
di scs in each un it, the hydraul ic loading rates were 
0.082 m3/m2/d (2 gpd/sq ft) in the first phase, 
and 0.076 m3/m2/d (1.9 gpd/sq ft) in the last two 
phases. Considering all of the available surface 
area, including the inflation of discs and the area of 
the supporting side discs, the loading rates reduced 
to 0.052 m3/m2/d (1.3 gpd/sq ft) and to 0.049 m3/m2/d 
(1.2 gpd/sq ft), respectively. The mean steady-state 
influent loading rates and the wastewater percentages 
are summarized in Table 4. The coefficients of 
variation for the flow rates and mixing ratios were 
less than 3 percent (Table 4). Loading rates were 
uniform during the entire study and ranged between 
0.048 m3/m2/d and 0.053 m3/m2/d. The only significant 
difference between the first phase (15°C) and the 
other phases was the hydraul ic detention times which 
were different because equipment failure necessitated 
replacement of the original equipment. The ratio of 
the volume to surface area was 4.4 1/m2 for the 
first phase and 4.8 1/m2 for the other phases. At 
the low hydraulic loading rates used in this study, it 
is doubtful that these differences (less than 10 
percent) in the volume to surface area ratio had any 
significant effect on the performance efficiency. 



Antonle (1976) has reported that performance is not 
lmproveo with volume to surface area rat ios greater 
than those employed in this study. 

Dally flow rates and dilution ratios are sum
marlzed in Appendix B (Tables B-1, B-2, and B-3). 
There was a gradual decline in the liquid temperature 
as the wastewater flowed through the RBC units. 
Generally, the temperature decrease was 0.4°C-0.SoC 
per stage. The temperature decline through the stages 
was probably due to evaporative heat losses. To 
obtain the desired mean liquid temperature, the 
wastewater and tap water influents were maintained at 

a temperature of 1-2°C higher than the desired average 
treatment temperature. The temperatures in the first 
stage were 1~C higher than the desired temperature, 
and the 1 ast stages 1°C less. The mean steady-state 
data for each stage during each phase are summarized 
in Tables B-4, B-5, and B-6 (Appendix B). Table 5 
summarizes the mean temperatures for the four units 
for each phase of the experiment. 

Influent Wastewater Characteristics 

The settled domestic wastewater from Hyrum, Utah, 
used in this study can be considered a typical weak 

Table 3. Summary of the project schedule and the period of steady state conditions. 

Phase 

II 

15 

20 

10/2S/79 - 12/26/79 

2/12/80 - 4/13/80 

Unit A 

12/1 0-12/19 

3/26-4/12 

Steady State Period 

Unit B Unit C Unit D 

i 
12/12-12/21112/11-12/25 12/10-12/25 

3/27-4/11 , 3/26-4/12 3/20-4/11 

__ ----"1--___ --I ___ ~ ... __ 7_/1_0_/8_0 _ _I_4-/-2-9--7_/7~ j 5/28-7/9 IS/29-7/7 5/28-7/6 

Table 4. Summary of mean steady state operating conditions. 

Temp. Unit A B C 

°c Parameter n Mean S.D. n Mean S.D. n Mean S.D. n Mean 

Flow rate J!./d 17 286.7 4.6 19 284.2 4.4 17 294.0 5.2 17 302.8 
l4as tewa ter % 17 66.2 1.6 19 48.5 1.4 17 79.5 1.1 100 

S Detention time-min 141 142 137 133 
Hydraulic load* 0.049(1.2) 0.048(1.2) 0.050(1.2) 0.051 (1.3) 
m3/m 2/d (gpd/sq ft) 

Flow rates .etd 8 276.3 7.6 8 285.3 5.4 11 282.0 6.8 12 288.6 
Wastewater % 8 26.1 0.7 8 49.S 0.9 11 73.3 1.6 100 

15 Detention time-min 125 121 123 120 
Hydraul ic 10ad* 0.050(1.2) 0.052(1.3) 0.051 (1.3) 0.053(1.3) 
m3/m2/d (9Pd/sq ft) 

Flow rates 9,,/d 12 280.2 3.7 10 283.7 3.7 12 287.4 6.5 12 292.2 
Wastewater % 12 49.0 0.6 10 69.0 1.3 12 86.0 1.8 100 

20 Detention time-min 144 142 140 138 
Hydraulic load* 0.048(1.2) 0.048( 1.2) o. 049( 1. 2) 0.050( 1.2) 
m3/m 2/d (gpd/sq ft) 

* All available surface area considered 
**Unit 0 received undiluted sewage 
n = number of determina~ions 
S.D. standard deviation 

20 

S.D. 

8.2 

7.2 

4.8 



--. Table 5. Summary of the observed mean and range of values for the 1 iquid tempera ture (oC) in.the various stages 
of the four experimental RBC units. 

Phase 
First Stage Second Stage 

Mean Range Mean Range 

16.3 16.0-16.7 15.4 15.0-15.6 

II 20.8 20.5-21.2 20.3 20.0-20.7 

III 5.9 5.4-6.1 5. I 4.7-5.3 

strength domestic wastewater based upon the chemical 
oxygen demand (COD) concentration, and medium strength 
in terms of the nitrogen compounds concentrations. 
The mean COD concentration was approximately 275 mg/l 
during the first two phases and 175 mg/l during the 
third phase. The third phase of this study was 
conducted during the summer. High inf i ltrat ion rates 
to the sewerage system in Hyrum. Utah (wastewater 
source) during the irrigation season account for the 
low COD concentration observed during the third phase. 
During the first and second phases of the study. the 
wastewater did not contain dissolved oxygen. Dissolved 
oxygen (DO) concentrations of 2.1 to 3.3 mg/l were 
measured in the wastewater during the third phase, and 
these high concentrations are also explained by the 
high infiltration rates. The mean soluble COD measured 
as filtered COD was about 30 percent of the total COD 
in the wastewater. During the entire study. the 
wastewater had a colloidal appearance without any 
detectable settleable solids. The mean suspended 
solids (SS) concentrations ranged between 80 and 90 
mg/l with about 90 percent of the solids in the form 
of volatile suspended solids (VSS). The total Kjeldahl 
nitrogen (TKN) concentration was approximately 40 mg/] 
and 50 to 75 percent was in the form of ammon I a 
nitrogen (NH4-N). Nitrite and nitrate nitrogen 
concentrations were less than 1 mg/l-N. The mean 
total organic carbon (TOC) concentration in the 
wastewater was 72 mg/l . 

Table 6 contains the mean characteristics of 
thE' wastewater for each of the three phases of the 
prOJect. The detailed data are summarized in Appendix 
B (Tables B-7, B-8. and B-9). A further description 
of the influent wastewater characteristics including 
the partlculate material was prepared by calculating 
the r.atios of the various parameters used to describe 
the pollutional strength of the wastewater. Paired 
data presented in Tables B-7. B-8, and B-9 were 
used to calculate the ratios shown in Table 7 

At temperatures of 5°C and 15"C, the particulate 
mater, al in the wastewater has simi lar characteris
tics. The values obtained at a temperature of 20"C 
may have d iff ered because of the sma 11 number of 
determi nat ions. 

The infl uent substrate concentrat ions for each 
un it were ca 1 cu 1 ated for each day the wastewater was 
sampled by multiplying the influent wastewater per
cent age times the concentrat ion of the constituent 
being considered. Tables B-10, B-ll, and B-12 in 
Appendix B contain summaries of the mean steady-state 
influent characteristics for each unit. Table 8 
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Third Stage Fourth Stage Overa 11 

Mean Range Mean Range Mean 

14.7 14.4-15.1 14.4 14.1-14.8 15.2 

19.7 19.1-20.1 19.3 18.6-19.8 20.0 

4.5 4.2-4.8 4.1 3.8-4.5 4.9 

contains a summary of the influent COD and ammonia 
ni trogen (NH4-N) concentrations and the overall 
organic loading rates expressed as gram COD/m2/day. 

Process Performance 

Mixed li~uor pH value and 
dlss01ve oxygen 
concentration 

The pH value and the dissolved oxygen (DO) 
concentrations in the mixed liquor of each stage 
generally revealed a pattern. When nitrification did 
not occur at a temperature of 5"C, the mixed liquor 
pH va lue increased gr adua lly from stage to stage. In 
the first RBC stages operating at 5"C, the pH value of 
the mixed liquor ranged between 8.00 and 8.15, and the 
pH value increased from 8.15 to 8.35 in the mixed 
1 i quor of the fourth stages. At the other tempera
tures, the same pattern was observed in the stages 
where nitrificat ion was almost completed in the 
preceding stages. In the stages where nitrifi
cation took place, generally there was a decrease in 
pH value of about 0.05 to 0.15 units per stage. In 
all of the experiments at temperatures other than 5'C, 
the mi xed I I quor pH val ues were in the range of 
7.8-8.1. Table 9 contains a summary of the mean pH 
values measured in the first and fourth stages. The 
data presented in Table 9 also indicate a slight 
decline in the pH value as the organic loading rate 
increased. 

The mixed liquor DO generally increased from 
stage to stage (Table 10). In units with higher 
organic loading rates. the 00 concentration was lower 
than that observed in the units with low organic 
loading rates. In the experiments conducted at 5·C, 
the DO concentrations were in the range of 6.7 to 9.9 
mg/l. At the higher temperatures. the DO va 1 ues in 
the first stages ranged from 1.9 to 2.65 mg/l in unit 
D and 3.6 to 5.0 mg/l in unit A. The decrease in 
mixed liquor DO with the temperature was probably due 
to the combined effects of lower DO saturation values 
resulting in a decrease in the gas transfer rate 
and the increase ;n oxygen demand. 

Dilution with tap water also may affect the 
differences in DO concentrations in addition to the 
organic loading rates. The tap water contained 6.8 to 
6.9 mg/l of DO in the 15·C and 20"C experiments, while 
the wastewater during these phases was devoid of DO. 
In the 5"C experiments the tap water contained 10.6 to 
11.3 mg/l of DO. There were no significant differences 
in the pH values for the tap water and the wastewater. 



Table 6. Summary of the mean influent wastewater characteristics. 

r 
- - -- ~ = -

Temoerature °c .. --~ .. 

I 5 15 20 
I Parameter I n 

.. -
Mean S.D. n Mean S.D. n Mean S.D. 

I 
I 

I Total COD, mq/t 19 176.6 38.7 12 265.2 96.8 13 289.2 94.9 
1 i Fi ltered COD, mgt ~ 14 51.4 19.1 9 87.1 37.2 

I 
4 83.2 29.3 

i 

I 55 - rrlg/~ 17 75',.0 19.3 9 91.9 33.7 5 84.0 38.1 

VSS - mg/t 17 75.9 17.0 9 85.2 26.1 5 78.~, 32.2 

TKN - mq/~ 6 411.1 8.0 2 40.5 3.5 9 43.5 8.2 

Ammonia-N, rrlq/~ 6 20.13 2.38 3 29.79 0.91 9 22.28 9.89 
I 

Nitrite-N, mgt(/' 6 0.154 0.071 5 0.010 0.003 I 9 0.238 0.201 

Nitrate-N, mq/t 6 0.88 0.59 5 0.01 Q.02 9 0.40 0.28 

TOC, mq/~ 5 72.0 18.7 

pH 3 7.78 0.03 1 7.70 I 2 7.50 0.28 

I DO, mq/~ 2 2.7 0.9 1 0.0 I 1 0.0 
I 

n = number of determinations 

S.D. = standard deviation 

Table 7. Summary of the ratios of the characteristics of the wastewater treated by the eXperimental RBC units. 

-- -
Temperature, °c 

5 15 20 

Parameter n Mean S.D. n Mean S.D. n Mean S.D. : 

Filtered COD 14 0.298 0.161 9 0.367 0.094 4 0.304 0.041 I Total COD 

I 
Total COD 17 2.372 0.359 9 2.865 0.878 4 3.991 1.801 

! VSS 

Particulate COO* 14 1.720 0.503 9 1.795 0.596 4 2.832 1.423 
! 

VSS 
i Total COD I 

5 3.943 0.698 

L TOe 
I 

n = number of determinations 

S.D. = standard deviation 

* Total COD - Filtered COD 
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-. Table 8. Summary of the influent COD and ammonia nitrogen concentrations for each RBC unit and temperature. 

I Temoerature • 

- -

t °c Parameter Unit A Unit B Unit C Unit D 
j , 
j COD mg/R. 118.4 85.6 142.0 173.3 I 
! 
I 5 NH 4 -N mq/9. 13.34 9.69 15.98 20.27 

Organic load (q COD/m2/d) 5.757 4.126 7.081 8.900 

I 
COD - mg/R. 79.3 144.5 192.6 265.2 

15 NH 4 -N - mg/R. 7.70 14.76 22.30 29.79 
, 

Organic load (g COD/m 2 /d) 3.984 7.496 9.875 13.916 

COD - mg/R. 145.5 202.3 256.7 281.9 

20 NH 4 -N mq/l 10.0 13.0 17.5 22.3 
i Organic load (g COD/m2 /d) 6.915 9.734 12.513 13.971 
I 

! 

Table 9. Summary of mean oH values in first and fourth stages of the RBC units. 
- - -

Temperature (Oel 5 15 20 

First Fourth First Fourth First Fourth 
Unit Stage Stage Stage Stage Stage Stage 

A 7.97 8.22 7.80 8.00 7.95 8.13 

B 8.03 8.23 7.70 7.90 7.98 8.08 

e 11.00 8.25 7.70 7.73 7.95 8.05 

D 8.03 8.27 7.73 7.68 7.80 7.98 

Table 10. Summary of dissolved oxygen concentrations (mg/l) in the first and fourth stages 
of the RBC units. 

Temperature (OC) 5 15 20 

First Fourth First Fourth First Fourth 
Unit Stage Stage Stage Stage Stage Stage 

A 7.6 9.4 5.0 7.8 3.6 6.9 

B 8.8 9.6 3.9 7.5 2.9 6.5 

C 7.9 8.8 3.6 7.9 2.4 6.5 

D 7.4 8.3 2.7 7.1 1.9 5.8 
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The pH value of the tap water was in the range of 7.5 
to 8.0. 

Carbonaceous substrate rem"oval 

In all three phases of th iss tudy, the carbona
ceous content of the influent wastewater was measured 
in terms of COD. In the second phase conducted at 
20'C, the' carbon content al so was measured in terms 
of total organic carbon (TOC). The mixed 1 iquor 
suspended biomass was measured in terms of volatile 
suspended solids (VSS). Tables B-16 through B-27 
(Appendix B) contain the individual mixed liquor data 
for total and filtered COD and VSS. 

Tables 11, 12, and 13 contain summaries of the 
mean steady-state data for the experiments conducted 
at temperatures of 5°C, 15'C, and 20·C, respectively. 
The coefficients of variation (C.V.) for the filtered 
COD in the first stages were approximately 15 percent. 
For the total COD, the C.V. in the first stages was 
about 20 percent. In the following stages there was a 
significant increase in the C.V. to values of 25 to 
30 percent for filtered and total COD, respectively. 
The increase reflects the instability in the later 
stages. The high C.V. for the filtered COD possibly 
indicated that lysis of biomass was occurring in the 

later stages and releasing organic material into 
solutions. The large fluctuations in the total COD 
were caused by the frequent slough ing of the att ached 
biomass in the later stages contributing to the 
part icu1 ate COD. Because of the i nconsi stent pattern 
of sloughing in all stages in each unit, there was no 
consistent pattern of COD concentrations in the mixed 
1 iquor in any of the stages. In the units receiving 
low organic loading rates, an incons istent sloughing 
pattern generally developed in the second stage. In 
higher loaded units, inconsistent sloughing generally 
occurred in the thira stage and beyond. 

Figures 3, 4, and 5 show the mean steady-state 
mixed liquor filtered COD concentrations when oper
ating the RBC units at 5·C, 15·C, and 20·C, respec
tively. An analYSis of Figures 3, 4, and 5 shows that 
for the first stages of the units the removal of 
filtered COD (influent filtered COD minus stage 
filtered COD) increased when the influent filtered COD 
was increased. This observat ion supports the conten
tion that the removal of filtered COD can be described 
by a substrate limiting reaction. As the temperature 
was increased, the removal of the filtered COD in
creased, even beyOnd 15·C, which is contrary to the 
results reported by others (Antonie 1976). In stages 
two through four there was further removal of filtered 

Table 11. Summary of steady-state mixed liquor COD and 5S data for the RBC units operating at 5°C. 

I 
! 

-
First Staqe Second Staoe Third Stage Fourth Stage 

, Unit Parameter n Mean S.D n Mean S.D n Mean S.D n Mean S.D 

COD Tota l-mq/ R, 7 57.3 12.0 7 74.9 39.1 7 58.2 13.4 7 66.0 19.5 

COD Filtered-mg/t 7 21.9 4.6 7 21.2 8.6 7 17.0 3.4 7 19.8 6.8 
Ii 

SS - mgH 7 39.13 16.8 7 47.1 34.3 7 38.9 13.2 6 45.7 23.2 

VSS - mg/t 7 36.3 12.5 7 42.0 24.5 7 36.4 10.2 6 40.3 18.3 

COD Tota1-mq/t 7 68.6 10.0 7 82.6 27.9 7 68.1 9.1 7 68.0 9.1 

COD Fi1tered-mg/R, 6 25.7 2.5 6 30.4 9.9 7 23.5 1.9 7 23.9 3.6 
A 

SS - mC]/R. 7 38.9 7.4 7 42.4 9.1 7 41.1 10.8 7 40.3 8.4 

VSS - mq/t 7 37.4 6.8 7 40.3 8.0 7 39.9 9.7 7 37.7 5.6 

I COD Tota1-mg/9, 8 137.9 29.0 7 115.5 21.5 8 122.4 20.5 7 119.5 20.1 
I 

COD Fi1tered-mg/t 8 30.8 4.4 8 31.0 2.3 7 28.1 4.3 8 28.1 4.6 
C 

SS - mg/t 8 69.6 38.5 8 60.8 20.8 8 68.8 25.7 8 66.0 20.8 

, VSS - mg/t 8 62.6 27.9 8 53.6 16.3 8 60.0 18.1 8 58.4 14.1 

COD T ota 1 -mq/ R, 8 162.3 29.1 8 153.2 23.4 8 164.5 74.4 6 156.6 35.6 

D 
COD Filtered-mg/t 8 39.5 5.9 8 40.0 9.2 8 35.5 4.0 7 ,36.1 7.6 

SS - mq/l', 8 90.1 19.9 8 76.5 22.1 8 88.8 49.5 7 72.1 8.2 

VSS - mg/R, 8 79.8 15.7 8 68.9 19.5 8 76.3 34.9 7 62.9 8.5 

n = nUMber of determinations 

S.D standard deviation 

24 



Table 12. Summary of steady state mixed liquor COD and SS data for the RBC units operating at 15°C. 

I Fi rs t Stage Second Staqe Third Staqe Fourth Stage 

I Unit Parameter 

! , 
COD Total-mg/Q, 

I I I COD Filtered-mg/Q, 
I A 

SS - mg/Q, 

VSS - mg/Q, 

COD Total-mg/Q, 

COD Filtered-mg/Q, 
B 

SS - mg/ Q, 

VSS - mg/Q, 

COD Total-mg/Q, 

COD Filtered-mq/Q, 

C SS - mg/Q, 

VSS - mq/R i 

COD Total-mg/Q, 

COD Filtered-mq/Q, 
0 

SS - mg/ Q. 

VSS - mg/Q, 
I 

n = number of determinations 

S.D = standard deviation 

n 

2 

4 

4 

4 

2 

2 

4 

4 

5 

6 

6 

6 

6 

6 

7 

7 

r~ean S.D n 

41. 9 7.9 3 

21. 0 3.4 2 

31. 5 13.1 4 

30.0 12.8 4 

92.5 17.7 3 

28.3 7.5 3 

49.5 26.5 4 

46.0 19.8 4 

116.6 40.4 5 

38.3 6.9 5 

103.2 56.8 6 

89.8 46.4 
I 

6 

165.0 43.4 5 

49.7 8.2 6 

171.6 61.4 7 

143.4 40.3 7 
i 

COD in the higher loaded units, but the removal rate 
per stage was much less than in the first stage. 
There was an inconsistent pattern of filtered COD 
removal in stages two through four probably attri
butable to cell lysing. In the last stages of the RBC 
units, the differences in the effluent filtered COD 
for each of the four units were much smaller than 
tho5e observed in the first stages. 

At higher temperatures there were no significant 
differences between the effluent filtered COD for each 
of the four units. Table 14 contains a summary of the 
filtered COD removal efficiency for the first and 
fourth stages. Figure 6 presents the removal ef
fiCIency as a function of influent filtered COD load. 
The effect of temperature and the influent loading 
rate on this relationship is shown in Figure 6. 
Figures 7, 8, and 9 show the mean steady-state values 
obtained for total COD at temperatures of 5·C, 15·C, 
and 20·C, respectively. A general decline in total 
COD was observed as the wast~water passed through the 
stages, but with an irregular pattern of decline as 
mentioned above. 

Mean S.D n r~ean S.D n Mean S.D 

66.8 7.0 2 35.0 5.0 1 27 --

21.9 4.6 2 20.6 0.1 2 21. 3 0.3 

41.0 27.6 4 28.5 10.1 4 29.5 20.0 

33.5 18.9 4 28.5 10.1 4 26.0 14.8 

46.8 4.7 2 55.8 8.5 2 41.5 0.6 

23.2 2.4 2 24.2 0.1 3 21.5 3.5 

37.0 19.6 4 26.8 12.4 4 30.8 13.8 

34.8 15.9 4 26.3 12.5 4 29.5 13.3 

95.3 23.8 5 90.0 38.3 4 77 .1 41.8 

39.7 15.9 5 33.3 5.2 4 25.4 4.0 

69.7 32.0 6 89.7 53.3 6 69.8 37.2 

64.0 27.3 6 76.0 43.8 6 62.3 30.6 

125.7 31.2 5 135.3 46.3 4 98.1 42.8 

36.5 5.9 6 49.3 20.5 6 39.9 8.3 

136.9 28.1 

I 
7 113.6 22.9 7 81. 7 22.6 

121 .1 20.9 7 99.0 18.2 7 74.6 18.2 

25 

Removal of total COD increased with temperature 
in the first stages. Overall percentage removal of 
total COD at 20·C was less than the removals obtained 
at 15·C because of high fl uctuat ions in the 1 ast 
stages at 20·C. The inconsistent stabi 1 ization of 
the sloughed biomass in the succeeding stages was 
assoCi ated with unstable attached growth in the last 
stages of the RBC units operating at 20·C. The 
Quant ity of attached bi omass at 20·C dropped sharp ly 
in the third stage in units C and 0, while at 15·C 
there was a gradual decline in attached biomass and 
about three to four times more biomass than at 
20·C. The attached growth characteristics will be 
discussed· later in this chapter. The total COD 
concentration in the influent did not appear to affect 
the removal of total COD as was observed in filtered 
COD removal. Table 15 contains a summary of the total 
COD removal efficiencies for the first and fourth 
stages of the RBC units. Figures la, 11, and 12 
show the steady-state mean concentrations of particu-
1 ate COD (Total COD - Fi ltered COD) in the four 
stages of the RBC units operating at 5·C, 15·C, and 
20·C, respectively. 



Table 13. Summary of steady state mixed liquor COD and SS data for the RBC units ooerating at 20°C. 

I 

~ - I 
First Stage 

Unit Parameter n Mean S.D n 

I 
! COD Total-mg/t 4 121.3 53.5 5 

COD Fi1tered-mg/t 5 25.2 5.8 5 
A 

SS - mq/t 5 6Ll .4 20.3 5 

VSS - mg/t 5 55 13.9 5 

i COD Tota1-mg/t 5 98.0 20.7 4 
I 

I COD Filtered-mg/t 4 26.8 2.9 4 

i B 
! 55 - mg/t 5 61.8 15.0 5 

VS5 mg/t 5 58.6 13.8 5 

COD Tota1-mg/~ 5 106.3 20.6 5 

COD Filtered-mg/t 3 38.1 0.8 3 
C 

5S I'1q/t 5 87.6 22.5 5 

VSS - I'1g/t 5 7R.2 17.6 5 

COD Total-mCj/t 6 194.5 61.7 5 
I 

COD Filtered-mg/~ 6 40.4 4.0 5 
D 

5S - mCj/Q 6 116.2 73.8 6 

VSS - mg/9~ 6 97.8 53.5 6 

n = number of determinations 

S.D standard deviation 

Particulate COD removal occurred as the waste
water flowed through the stages, and the pattern of 
removal was similar to that observed for the total 
COD. Figures 13, 14, and 15 show the mean steady
state concentrations of VSS in the mixed liquor when 
:)perating the RBC units at temperatures of 5·C, IS·C, 
ana cO·C, respectively. In general, in the first 
stage there was an increase in the VSS concentration 
lndicating sloughing of attached biomass. There were 
slgnlficant differences in the characteristics of the 
VSS at 20·C and at IS·C. At 20·C there were less 
v ar 1 at ions in the VSS con cent rat ions between the 
stages than was observed at 15·C. This may be attri
butable to differences between yield coefficients and 
blomass stabilization factors as will be discussed in 
d later section. Although it appears that there 
werp nc significant changes in the mixed liquor VSS 
concentrations as the wastewater flowed through the 
,tages, the particulate COD decreased indicating that 
the sloughed biomass was being stabilized. This 
.arne phenomenon has been obser~ed in a full scale 
system (Malhotra et al. 1975). 

Although the mixed liquor contained sloughed 
biomass, the removal of the influent particulate COD 

Second Stage Thi rd Stage Fourth Stage 

26 

Mean S.D n Mean S.D n Mean S.D 

86.5 29.5 5 92.2 22.1 5 88.6 11.9 

21.6 4.3 5 31.6 15.7 4 25.4 11.5 

66 25.5 5 63.4 19.9 5 57.2 15. a 
56 16.6 5 56.2 14.7 5 51.0 9.6 

88.0 34.5 4 73.5 15.6 4 123.2 37.4 

36.3 11. 1 4 32.3 9.6 5 27.8 11.6 

57.4 14.5 5 58.2 16.4 5 67.4 18.0 

50.6 7.2 5 52.4 12.6 5 61.4 11.8 

14 3.1 42.2 5 108.2 46.4 4 122.2 50.4 

29.6 1.5 4 26.3 3.3 4 27.9 3.4 

90.6 33.5 5 82.tt 19.2 5 91.2 22.6 

79.0 23.1 5 69.8 13.9 5 78.2 16.7 

171.2 43.0 5 121.2 30.3 5 187.5 56.3 

28.1 3.0 4 31.6 6.1 5 28.0 5.9 

126.2 66.2 6 101.7 49.1 6 115.7 34.6 

106 49.8 
I 

6 89.0 38.7 6 98.3 25.2 

in the first stage implies that the influent particu
late COD as well as the soluble COD is available 
substrate. In addition, the major part of the carbon 
in the influent wastewater was in colloidal form. To 
incorporate the influent total COD in an analysis of 
the process requires measurements of the unconsumed 
particulate substrate. Unfortunately, this kind of 
measurement is difficult to perform. Traditionally, 
the approach is to assume that the part icul ate mate
rial in the mixed liquor is biomass and the re
maining substrate is the soluble substrate. 

During the entire study, the mixed liquor SS were 
Significantly different from the wastewater SS. The 
mixed liquor SS were in the form of flocs, which 
tended to settle within a few minutes rather than the 
colioidal form of the wastewater SS. Also, the ratio 
of the particulate COD to VSS in the mixed liquor was 
different from the ratio in the wastewater. For 5°C 
and 15·C these differences are statistically signifi
cant at levels of 15 and 2 percent, respectively. As 
discussed earlier, the ratio of the particulate COD to 
VSS obtained at 20·C was unreliable, and t-tests were 
not performed. Table 16 shows the mean ratios of the 
particulate COD to VSS in the first stages of the RBC 

~ 
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Figure 3. Mean steady-state mixed 1 
in the four stages of the 

filtered COD concentrations 
units operating at 5°C. 
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Figure 4. Mean steady-state mixed liquor filtered COD concentrations in 
the four stages of the RBC units operating at 15°C. 
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Figure 5. Mean steady-state mixed liquor filtered COO concentrations 
in the four stages of the RBC units operating at 200 C. 

4 

Table 14. Summary of filtered COD rernov.al efficiency(%) at steady-state for eachRBCunit, stage, and temperature. 

T --
Unit ~e~perature °c 5 15 20 

! Fi 1 tered COD Filtered COD Fi 1 tered COD 

: Influent load Removal Influent load Removal Infl uent load Removal 

I 
q/d/m z 1st staqe Final q/d/m z 1 st staqe Final q/d/m" 1st staqe Final 

A 1.678 25.5 30.7 1.281 17.7 . 16.5 2.134 43.9 43.4 

B 1.205 12.4 20.8 2.490 41.0 55.2 3.012 57.2 55.6 

C 1.915 19.8 26.8 3.282 40.2 60.3 3.856 51.8 64.7 

0 2.722 25.5 31.9 4.570 42.9 54.2 4.123 51.4 66.4 

28 
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Figure 6. The effect of temperature and organic loading rate on final filtered COD removal efficiency. 

Table 15. Summary of total CODre.lloval efficiency (%) 
at steady state for each RBC unit, stage 
and temperature. 

soc 150 C 200 C 
Temperature 

Unit First Final First Final First 
Stage Stage Stage Final 

A 42.1 42.6 47.2 66.0 34.3 39.1 
B 33.1 22.9 36.0 71.3 51.6 39.1 
C 2.9 15.9 39.5 66.0 5S.6 52.4 
D 6.4 9.6 37.S 63.0 31.0 33.5 

Table 16. The mean ratios of the particulate COD to 
VSS in the mixed 1 iquor of the first stages 
of the RBC units. 

Tempera ture °c 

Number of determinations 
Mean mg/l COD/mg/l VSS 
Standard deviation 

5 

29 
"434 
0.554 

15 

13 
1.079 
0.613 

20 

16 
1.366 
0.654 

29 

units. Based upon the characteristics of the VSS 
produced in the RBC units, it appears justifiable to 
consider the mixed liquor VSS as sloughed biomass and 
the influent total COD as the available substrate. 
Table 17 shows the substrate removal efficiencies when 
considering total COD as the available influent 
substrate and the filtered COD as the remaining 
substrate in the effluent from the RBC units. 

Figure 16 shows the substrate removal efficien
cies as a function of influent total organic loadings. 
The relationship supports the contention that a 
saturation type relationship can be used to describe 
the substrate limiting conditions. Again, the removal 
efficiency increased as the temperature increased, 
including temperatures beyond 15·C. The effect of 
temperature between 15·C and 20·C was observed 
only at organic loadings greater than 10 gCOD/d/m2 
when considering the overall performance. 

Figure 17 shows the relationship between filtered 
COO concentrations in the effluent and the organic 
loading r:ate and temperature. The same effects 
ment ioned before are evident in Figure 17. A 1 inear 
relationship exists between the overall removal of COD 
in terms of grams of COD removed per unit area and 
the influent substrate loading rate {Table IS}. The 
slopes of the relationships increased as the tempera
ture increased showing the temperature dependence of 
the substrate removal performance. The slopes differ 
at a Significance level of 1 percent. A simi 1 ar 
relationship was obtained with a full scale RBC plant 
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Figure 7. 
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Mean steady-state mixed liquor total COD concentrations in 
the four stages of the RBC units operating at 5°C. 
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Mean steady-state mixed liquor total COD concentrations in 
the four stages of the RBC units operating at 15°C. 
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Figure 9. 
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Mean steady-state mixed liquor total COD concentrations in 
the four stages of the RBC units operating at 20oC. 
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Figure 10. 
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Mean steady-state mixed liquor particulate COD concen
trations in the four stages of the RBC units operating 
at 5°C. 
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Figure 11. Mean steady-state mixed liquor particulate COD concen
trations in the four stages of the RBC units operating 
at 5°C. 
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Figure 12. Mean steady-state mixed liquor particulate COD concen
trations in the fo~r stages of the RBC units operating 
at 20°C. 
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Figure 13. Mean steady-state mixed liquor VSS concentrations in the 
four stages of the RBC units operating at 50 C. 
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Figure 14. 
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Mean steady-state mixed liquor VSS concentrations in the 
four stages of the RBC units operating at 150 C. 
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Figure 15. 

1. 2 
Stage Number 

Mean steady-state mixed liquor VSS concentrations in the 
four stages of the RBC units operating at 20°C. 

Table 18. Correl ation of COD removal 
with influent loading rate. 

Table 17. Summary of COD removal efficiencies. 
Influent Overall 

5°C 15°C 20°C 
Temperature 

Temperature Unit Load Remov~l 
°c gCOO/m2/d gCOO/31 /d 

Unit First Overa 11 First Overall First !Overal1 Stage Stage Stage B 4.126 3.172 

A 78.3 79.8 73.5 73.1 82.7 82.5 
B 74.4 76.9 80.4 85.1 86.8 86.3 
C 78.3 80.2 80.1 86.8 85.2 89.1 
0 77.2 ; 79.2 81.3 85.0 85.7 90.0 

5 A 5.757 4.595 
C 7.081 5.680 
0 8.900 7.046 

A 3,984 2.914 

15 B 7.496 6.380 
C 9.875 8.573 
0 13.916 11.822 

A 6.915 5.708 

20 B 9.734 8.397 
C 12.513 11 .153 
0 13.971 12.583 
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per unit area 

Linear 
Regress ion 
Analysis 

R2 Slope 

0.999 0.8113 

0.997 0.8965 

0.9999 0.9759 
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Figure 16. The effect of temperature and organic loading rate on the carbonaceous substrate removal (as total 
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treat 1 ng mun i c i pa 1 wastewater at Kirk sv i 11 e, Mi ssouri 
(Dupont and McKinney 1980). The substrate concentra
tion was measured as BOD5, and the slope of the 
re 1 at ions hip was 0.893 d imens ion 1 ess based upon data 
collected over 2 years. Figure 18 shows the relation
ShlP between substrate removal rate and organic 
ioading rate. All three relationships are significant 
at the 1 percent level. 

An important factor in the engineering appl ica
tlon of the RBC process is the apparent sludge produc
tion Table 19 contains a summary of the mass of 
sludge produced per mass of substrate removed in terms 
of gram~ SS/g COD removed. The mean sludge production 
was 0.55 for 5°C .. 0.430 (excluding unit B) for 15'C, 
and 0.429 for 20·C. The increase in sludge production 
at lower temperatures was probably due to lower decay 
rates. Yield coefficients and decay rates are dis
cussed in a later sect ion. Antonie. (1976) related 
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sludge production to BOD5 removal, reported values 
of 0.5 to 0.6 grams of 5S/g of BOD5 removed, and 
observed that the sludge production increased at 
lower temperatures . Although BOD5 and COD rel at ion
ships are not directly comparable, the results indi-

Table 19. Summary of sludge production per unit of 
influent substrate removed (gSS/gCOD). 

Temperature 50 C l50 C 200 C 
Unit 

A 0.427 0.509 0.476 
B 0 • .695 0.250 0.386 
C 0.580 0.418 0.399 
D 0.526 0.363 0.456 

-e-- SoC DATA R =0.999 
+-- 1SoC DATA R =0.997 
~.-. 20°C DATA R =0.999 

8 12 1 4 16 
Orgenlc Loed 

10 
gCOD/m2 /d 

Figure 18. Overall substrate removal versus organic loading rate. 
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cate re asonab le agreement between the experimental 
results and the work by Antonie (1976). 

At 20'C, during the period of 3/19 to 4/8, 
samples from the experimental systems also were 
analyzed for TOC. The individual data are summarized 
in Tables B-28 and B-29 (Appendix B). A summary of 
the mean TOe data is presented in Table 20 and plotted 
ln Figures 19 and 20. The irregular pattern observed 
for the total organic carbon concentrations in the 
second through the fourth stages is shown in Figure 
19. Similar irregular patterns were observed for the 
COO measurements. The filtered organic carbon concen
trations were not reduced after the first two stages 
(Figure 20). The same results were obtained with 
the filtered COD. Table 21 contains a summary of the 
TOC removal efficiencies. The major part of the TOC 
removal occurred in the first stages. The overall TOC 
removal ranged from 42 percent to 64 percent, and the 
substrate organic carbon removal (substrate organic 
carbon removal = influent total organic carbon -
effl uent fi ltered organic carbon) ranged from 73 
percent to 81 percent. In the first stages the 
TOe removal appeared to follow a saturation type 
substrate limiting phenomenon, but in the latter 
stages such a trend was not observed. 

Table 20. Summary of the steady-state mean TOC data 
for each stage of the RBC units operating 
at 200 C. 

Total Fi 1 tered 
Organic Carbon-mg/l Organic CarborHllg!1 

Unit 

n Mean S.D. n Mean S.D. 

A 

Influent 6 34.0 8.7 3 14.5 2.5 
First Stage 3 29.2 15.6 3 14.9 1.6 
Second Stage 2 10.7 1.2 3 9.4 1.4 
Third Stage 2 11.8 1.9 2 8.3 0.5 
Fourth Stage 2 16.9 0.1 2 8.4 0.2 

B 

Influent 4 45.3 8.5 2 19.4 2.9 
First Stage 2 22.4 2.6 3 14.1 1.7 
Second Stage 2 19.6 6.6 3 12.5 2.7 
Third Stage 2 18.6 5.7 2 11.9 4.7 
Fourth Stage 2 24.4 10.7 2 11.4 4.8 

C 

Infl uent 6 60.2 15.8 3 25.5 4.3 
First Stage 3 31.1 3.6 3 17 .5 0.5 
Second Stage 2 24.1 1.2 3 16.9 3.5 
Third Stage 2 38.4 6.2 2 17.7 5.4 
Fourth Stage 2 21.6 1 .1 2 16.2 4.8 

0 

I nfl uent 4 65.6 13.9 2 27.6 4.9 
First Stage 3 29.8 5.7 3 20.7 2.7 
Second Stage 2 39.9 1.8 3 14.9 2.3 
Thi rd Stage 2 30.2 5.2 2 14.0 0.9 
Fourth Stage 2 37.9 2.6 2 12.3 0.2 

n '" number of determinations 

S.D. ~ standard deviation 
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Table 21. Summary of TOC removal efficiency (%) at 
steady-state for each RBC unit operating at 
200 C. 

Filtered Total Substrate 
Organic Carbon Organic Carbon Organic Carbona 

Unit 
First Overall 

First Overall First Ov era 11 
Stage Stage Stage 

A <0 57.9 14.1 50.3 56.2 75.3 
!3 27.3 41.2 50.6 46.1 68.9 74.8 
C 31.4 36.5 48.3 64.1 70.9 73.1 
0 25.0 55.4 54.6 42.2 68.5 81.3 

At 20·C the samples from the frist two stages 
were analyzed, for filtered carbonaceous biological 
oxygen demand (B005) and the results are shown in 
Table 22 along with the, corresponding filtered COD 
values. Figure 21 shows the relationship between these 
two me asurement s th at were used as i nd ices 0 f the 
carbonaceous content of the substrate. The low values 
of filtered BODS (5 - 7 mg/l) measured in the first 
stages of units A, B, and C were not further reduced 
in the second stages. The same results were obtained 
with the filtered COD and filtered TOC. 

The similar low filtered B005 concentrations 
obtained in the second stages of the four units 
emphasized that there were no significant differences 
;n substrate concentrations beyond the first stages. 
The non1 inear curve in Figure 21 shows a decli ne in 
the relationship between filtered BODS and filtered 
COD as the filtered COD decreased. An extrapolation 
of the curve passes through the origin, indicating 
that even low filtered COD values in the first two 
stages could be used as an indicator of carbonaceous 
substrate for domestic wastes. An exception occurred 
in the second stage of unit B and was probably 
due to lysis of cell material and the release of 
nonbiodegradable material into solution. 

Ammonia nitrogen removal 

During the first phase of the study conducted at 
15'C, it was observed that significant quantities of 

Table 22. 

Unit-Stage 

A-l 
A-2 
B-1 
B-2 
C-l 
C-2 
0-1 
0-2 
0-1 
0-2 

Summary of the steady-state fi ltered B005 
concentrations in the first and second 
stages of the RBC units operating at 200 C. 

Fil tered Fil tered 
Date BODS COD 

mg/l mg/l 

4/8 5.0 24.0 
4/8 4.0 19.9 
4/7 7.0 30.1 
4/7 4.0 42.2 
4/8 7.0 37.3 
4/8 5.0 30.7 
3/20 8.0 35.2 
3/20 3.0 25.6 
4/7 13.0 46.5 
4/7 4.0 26.2 
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Mean steady-state mixed liquor TOC concentrations in the 
four stages of the R8C units operating at 20°C. 
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Figure 21. The relationshig between fil tered B005 and filtered COO in the first two stages of the RBC units 
operating at 20 C. 

ammonia nitrogen were being converted to other forms 
or being removed in the experimental RBC units. Both 
at 15·C and 20·C, the majority of the ammonia nitrogen 
was converted to nitrate nitrogen. Other processes 
that may contribute to ammonia nitrogen removal 
are ammonia nitrogen assimilation and ammonia gas 
stripping. However, these processes had 1 ittle 
influence in this study as will be seen later. At a 
temperature of 5·C, there were no sign ificant changes 
in ammonia nitrogen and in NO x (sum of nitrite 
nitrogen and nitrate nitrogen) concentrations between 
the influent and final effluent. Only in unit B, 
which received a low organic loading rate, was there 
slight ammonia nitrogen removal (0.5 mgll). As the 
wastewater flowed through the stages of units A, B, 
and C, there were indications that low rates of 
nitrification were occurring. 

Tables 23, 24, and 25 summarize the steady-state 
concentrations for the nitrogen compounds in the 
stages of the four experimental RBC units. In the 
second phase, conducted at 20·C, the influent ammonia 
nitrogen concentrations varied widely, and there were 
two distinct sampling periods with two concentrations. 
In the first period the influent contained approxi
mately 35 mg/1 ammonia nitrogen, and in the second 
period the concentration was about 15 mgll. Table 
B-30 (Appendix B) contains a summary of the influent 
nitrogen compounds concentrations and Table 25 sum
marizes the RBC data for the second sampl ing period 
when most of the nitrogen data were collected. 

40 

Figures 22 and 23 show the mean ammonia nitrogen 
and the sum of nitrite and nitrate nitrogen concentra
tions for the experiments conducted at 5°C. Ammonia 
nitrogen removal or conversion was insignificant 
(Figure 22). As ment ioned above, some nitrification 
occurred in unit B. The increase in ammonia nitrogen 
concentration as the wastewater passed through the 
second and third stages in unit A was probably caused 
by lysis of cells. The plots in Figure 23 show 
that a small amount of nitrification occurred in units 
A, B, and C. Unit D operated at a 1 iquid temperature 
of about 0.5·C less than the other three units, and 
this difference may have been critical for nitrifica
tion at this temperature. In addition, unit 0 was 
receiving the highest organic loading rate, and this 
may have inhibited the growth ofnitrifiers. Since 
there was apparently no ammonia nitrogen removal 
although there Was sl ight nitrification, it is pos
sible that deamination of organic nitrogen followed 
cell lysis. Differences in the accuracy of the 
analytical methods were another possibility to 
explain the apparent nitrification. The straight 
parallel lines for nitrite-nitrate concentrations from 
the second through the fourth stages also indi cate 
that the nitrification reaction followed zero order 
kinetics (Figure 23). The mean production rates for 
the sum of nitrite and nitrate nitrogen are presented 
in Table 26. 

The mean for all of the values presented in Table 
26 is 0.0235 gN/m2/d, and without the extreme high 



Table 23. ·Summary of steady-state mean nitrogen compounds concentrations in the mixed liquor in each stage of 
~ the RBC units operating at 50 C. 

First Stage Second Stage Third Stage Fourth Sta ge 
Unit Parameter 

Mean S.D.b Mean S.D. Mean S.D. Mean S.D. 

F. Kjeldahl-N mg/l a 25.5 13.2 18.1 3.9 23.3 9.1 18.31 1 .99 
B NH4-N mg/l 10.51 1.28 9.61 0.1 9.11 1.81 9.22 2.05 

N02-N mg/l 0.197 0.069 0 •. 209 0.074 0.207 0.076 0.210 0.060 
N03-N mg/l 1.16 0.40 1.28 0.48 1.53 0.21 1.65 0.61 

F. Kjeldahl-N mg!l 25.0 3.8 26.6 6.5 27.7 1.9 22.5 2.3 

A NH4-N mg/l 13.49 2.98 15.22 1.34 17.06 3.5 15.09 1 .28 
N02-N mg/l 0.277 0.127 0.363 0.173 0.372 0.168 0.398 0.146 
N03-N mg/l 0.74 0.18 0.77 0.21 0.87 0.21 0.95 0.29 

F. Kjeldahl-N mg/l 36.6 17.7 28.8 4.0 28.4 4.2 34.9 16.0 

C NH4-N mg/l 16.36 1.34 16.46 1.47 16.30 1.30 17.57 3.03 
N02-N mg/l 0.209 0.033 0.232 0.081 0.213 0.066 0.268 0.100 
N03-N mg/.l 0.63 0.24 0.70 0.30 0.87 0.21 0.83 0.23 

F. Kjeldahl-N mg/l 36.4 9.7 35.8 5.7 30.8 6.5 33.7 6.5 

0 
NH4-N mg/l 19.83 4.78 20.03 5.36 19.93 5.42 19.58 5.33 
N02-N mg/l 0.197 0.042 0.222 0.055 0.252 0.077 0.278 0.089 
N03-N mg/l 0.96 0.24 0.91 0.25 0.91 0.24 0.90 0.20 

a Fi ltered Kj el dahl Nitrogen. 
bStandard Deviation. The reported means were calculated from three separate analyses. 

Table 24. Summa ry of steady-state mean ni trogen compounds concentrations in the mixed liquor in each stage of 
the RBC units operating at 150 C. 

First Stage Second Stage Third Stage Fourth Stage 
Unit Parameter 

n Mean S.D. n Mean S. D. n Mean S.D. n Mean S. D. 

TKN-mg/l 2 4.5 2.1 2 4.5 3.5 2 3.5 3.5 2 4.5 4.9 

A Ammoni a-N mg/l 2 1.05 1.05 2 0.59 0.4 2 0.44 0.45 2 0.40 0.39 
Nitrite-N mg/l 3 0.558 0.147 3 0.107 0.070 3 0.048 0.027 3 0.030 0.010 
Nitrate-N mg/l 3 7.94 1.00 3 8.62 1.94 3 9.17 1.56 3 9.57 1.64 

TKN-mg/l 1 16.0 1 9.0 1 5.0 1 4.0 

B Ammonia-N mg/l 2 14.58 6.47 2 4.00 4.85 2 2.03 2.69 1 0.36 
Nitrite-N mg/l 2 1.213 0.407 2 0.700 0.318 2 0.183 0.095 2 0.084 0.058 
Nitrate-N mg/l 2 2.04 1.82 2 11 .30 1.03 2 12.32 1.15 2 12.92 1.48 

TKN-mg/l 1 26.0 1 17.0 1 8.0 1 4.0 

C 
Ammonia-N mg/l 2 18.15 0.46 1 9.64 2 1.39 0.38 2 0.43 0.33 
Nitrite-N mg/l 2 1.088 0.407 . 2 3.425 3.359 2 1.213 0.760 2 0.338 0.124 
Nitrate-N mg/l 2 0.06 0.01 2 10.07 0.17 2 15.79 2.88 2 18.54 2.78 

TKN-mg/l 2 45.0 11 .3 2 34.5 6.36 2 23.0 15.6 2 9.0 2.8 

0 
Ammonia-N mg/l 2 29.33 2.59 2 23.65 0.74 2 13.34 4.94 2 3.89 2.94 
Nitrite-N mg/l 3 0.139 0.080 3 2.825 0.849 3 1.708 0.503 3 1.150 0.261 
Nitrate-N mg/l 3 0.27 0.046 2 2.79 2.07 3 10.29 3.14 3 20.93 3.05 
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Tabl e 25. Summary of steady-state mean nitrogen compounds concentrations in the mixed liquor in each stage of 
the RBe units operating at 20Pe (April 2 to April 12). 

First Stage 
Unit Parameter 

n Mean S.D. n 

F. Kjeldah1-N mg/l 2 12.15 1.41 3 

A Ammonia-N mg/l 3 2.82 0.33 3 
Nitrite-N mg/l 3 1.215 1.472 3 
Nitrate-N mg/l 3 5.22 1.27 3 

F. Kjeldahl-N mg/l 3 9.783 6.275 3 

B Ammonia-N mg/l 3 5.92 0.99 3 
Nitrite-N mg/l 3 1.233 0.567 3 
Nitrate-N mg/l 3 3.35 0.85 3 

F. Kjeldahl-N mg/l 3 20.05 5.334 3 

e Ammonia-N mg/l 3 14,10 3.03 3 
Nitrite-N mg/l 3 0.617 0.302 3 
Ni trate-N mg/l 3 1.55 0,61 3 

F. Kjeldahl-N mg/l 3 22.28 9,24 3 

0 
Ammonia-N mg!l 3 14.85 1.36 3 
Nitrite-N mg!l 3 0,567 0.489 3 
Nitrate-N mg/l 3 2.02 1.01 3 

Table 26. Nitrification rates at 5°C (gN!m2!d). 

Unit 

A 
B 
C 

Stage 2 

0.0222 
0.0258 
0.0174 

Stage 3 

0.0226 
0.0482 
0.0297 

Stage 4 

0.0195 
0.0226 
0.0036 

and low values, the mean is 0.0228 gN/m2/d with a 
standard deviation of 0.0040 gN/m2/d. Figure 24 
shows the mean steady-state ammoni a nitrogen concen
trations in each stage of the experimental RBC units 
operating at 15·C. Figures 25 and 26 present the mean 
steady-state anmonia nitrogen concentrations when the 
units were operating at 20'C for the first (March 20 -
March 27) and the second sampling periods (April 2 -
April 12), respectively. Generally in the first 
stages there was limited ammonia nitrogen removal 
except in unit A, which was receiving the lowest 
organic loading rate. Significant ammonia nitrogen 
removal occurred in the second stages, and proceeded 
in the following stages in the units receiving high 
organic loading rates. The declining ammonia nitrogen 
removal rates were observed in the stages containing 
low concentrations of ammonia nitrogen and indicate 
substrate limiting conditions. In the region where 
substrate was not 1 imiting, the decline in ammonia 
nitrogen removal followed a straight line, and the 
lines for the different units are generally parallel. 
A t a temper ature of 20' C. the slopes of thes eli nes 
are greater than the slopes of the lines at 15'C 
emphasizing the effect of temperature on ammonia 
nitrogen removal rates beyond 15·C. 

Based upon the above observations, it appears 
that ammonia nitrogen removal could be described by 

Second Stage Third Stage Fourth Stage 

Mean S.D. n Mean S.D. n Mean S.D. 

1.16 0.65 3 0,70 0.64 3 0.50 0.27 
0.30 0.11 0 3 0.10 0.02 3 0.08 0.04 
0.770 0.328 3 0.333 0.090 3 0.1 95 0.082 
7.56 1.25 3 8.02 0.99 3 8.55 0.72 

2.14 1.58 3 1.12 0.67 3 0.71 0.53 
1 .17 0.97 3 0.44 0.36 3 0.21 0.16 
0.768 0.514 3 0.565 0.442 3 0.408 0.302 
8.08 1.64 3 8.90 0.36 3 9.32 0.45 

7.57 4.57 3 2.53 0.89 3 1.43 0.36 
1.66. 1.00 3 0,31 0.14 3 0.08 0.03 
1,307 0.352 3 0.587 0.304 3 0,320 0.214 

10,74 1.63 3 13,50 1.69 3 13.83 1.64 

7,17 8,53 3 3,39 2.45 3 2.96 1.75 
3.23 3.17 3 1.34 1,58 3 1.50 1.50 
0,925 0,522 3 0.775 0,538 3 0.648 0.538 

10,99 3.08 3 13.72 2.75 3 13.64 3,48 
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Michaelis-Menten enzyme kinetics. An analysis of 
the data using Michaelis-Menten enzyme kinetics is 
present~ in another section of this report. Table 27 
contains a summary of the ammonia nitrogen removal 
rates when substrate was not limiting. These rates 
can be considered the maximum removal rates. The mean 
maximum removal rate at 15'C was 1.956 gN!m2/d and 
2.694 gN/m2/d at 20·C. 

Table 28 presents a summary of the overall 
ammonia nitrogen removal efficiencies at 15'C and 
20·C. Only the second sampl ing period data were 
cons idered from the 20'C experiments because an 
adequate data base was not available during the first 
sampling period. The results in Table 28 show that 98 
to 99 percent ammonia nitrogen removal was obtained at 
organic loading rates up to 10 to 12.5 gCOD/m2/d. 
The removal efficiency decreased by approximately 10 
percent at organic loading rates of 14 gCOD/mZ/d. 

Table 27. Summary of maximum ammonia removal rates 
for each stage of the RBC units oper~ting 
at temperatures of 15°C and 20°C (gN/m /d), 

Temperature 15°C Temperature 20°C 
Unit : 

Stage 2 Stage 3 Stage 4 Stage 2 Stage 3 

B 2.195 - - 2.651 -
C 1.745 1,692 - 2.739 -
0 - 2.164 1.984 3.301 2.713 

Second 
period 
for 200 e 

C 2.441 -
0 2.318 -
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Figure 23. Mean steady-state mixed liquor nitrite and nitrate 
nitrogen concentrations in the four stages of the RBe 
units operating at 5°C. 
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Figure 24. Mean steady-state ammonia nitrogen concentrations in the 
four stages of the RBC units operating at 15°C. 
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Figure 25. Mean steady-state ammonia nitrogen concentrations in 
the four stages of the RBC units operating at 200 C 
(first perlod). 



The percentage removal of ammonia nitrogen was higher 
at 20'C (Table 28). figures 27,28, and 29 present 
the sum of nitrite and nitrate nitrogen concentrations 
in the stages of the RBC units at 15'C and at 20'C 
during the first and second sampling periods, respec
t ive ly. The trends in these figures generally show 
the same pattern in nitrification rate as that ob
served for the ammonia nitrogen removal rate. 

The nitrite nitrogen concentrations through the 
stages demonstrate specific characteristics that were 
probab ly associ ated wi th the env i ronmenta 1 cond i t ions 
in which the nitrifiers were growing. At both 15'C 
and 20'C, the nitrite nitrogen concentrations peaked 
between the influent and the third stage (figures 30 
and 31). In units A and B peaks of approximately 
1 mg/l nitrite nitrogen were observed in the first 
stage. In units C and D the peaks occurred in the 
second stage where significant nitrification was 
observed. Comparing the amount of nitrification to 
the amount of ammon i a nitrogen removed, it appears 
that there was more nitrification in unit A than in 
the other units. The reason could be a combination of 
processes, including nitrification, ammonia nitrogen 
assimilation and stripping, and ammonia nitrogen 
release into the bulk solution through cell lysing 
f'ollowing deamination of organic nitrogen. Units 
receiving low organic loading rates experienced rrore 
cell lysing as has been shown earlier when examining 
the carbonaceous substrate characteristics through the 
stages. However, in both cases, the differences in 
absolute values were not significant. The contri
bution of nitrification to amrronia nitrogen removal in 
the RBC units is summarized in Table 29. Denitrifica
tion can contribute to losses of nitrogen, but it does 
not appear to contribute to ammonia nitrogen removal 
in these RBC units operating under aerobic conditions. 
Tab 1 e 29 shows that more than 85 percent (me an 
value of 90 percent) of ammonia nitrogen removal is 
attributable to the nitrification proceS$ in units B, 
C, and D. The relatively high deviation obtained in 
unit A at 15·C was probably due to the very low 
organic loading rates applied to unit A at 15'C as 
shown in Table 28. Consequently, ammonia nitrogen 
release into the solution was stimulated by deamina
tion of organic nitrogen following cell lySing. 

Attached biomass characteristics 

At the end of each phase of this study, the total 
amount of biomass attached to the discs in each stage 
was measured. In the first phase, the biomass on each 
disc in all four stages was measured separately, and 
resulted in uniform amounts per disc when analyzed by 
stage. In all three phases, there was a successive 
decrease in the quan:tity of biomass attached to the 
discs from the first to the fourth stages. At lower 
organic loading rates and higher temperatures, there 
was a sharp decline in the quantity of attached 
biomass following the first or second stage. At lower 
organic loading rates and higher temperatures, 
less substrate and less unstabilized sloughed biomass 
were available to establish attached growth in these 
later stages. Table B-31 (Appendix B) contains a 
summary of the measurements of the biomass attached to 
the discs and the volatile content of the solids. The 
following discussion considers the biomass as volatile 
solids. 

Figures 32, 33, and 34 show the variation in the 
quantity of attached biomass in the four stages of the 
RBC units operating at 5·C, 15·C, and 20·C, respec-

45 

Table 28. Summary of organic and ammonia ni trogen 
loading rates and the ammonia nitrogen re
moval efficiency. 

Tempera ture 
°c 

15 

20 

Unit 

A 
B 
C 
0 

A 
a 
C 
0 

Loa~ 
g COD/m Id 

3.984 
7.496 
9.875 

13.916 

6.915 
9.734 

12.513 
13.971 

Load 
Removal 

Effi ci ency 
g N/m2/d Percent 

0.387 94.8 
0.766 97.6 
1.143 98.1 
1.563 86.9 

0.362 99.0 
0.520 98.0 
0.663 99,4 
,0.786 90.5 

Table 29. Summary of the percentage of ammonia nitro
gen removal attributabl e to nitrification 
(%) in the RaC units. 

Temperature 
°c 
15 
20 

Unit A 

131 
112 

Unit a 

90 
87 

Unit C 

86 
101 

Unit D 

85 
95 

----_ ... _---

tively. The attached biomass increased in the higher 
loaded units until a maximum was reached. This 
observat ion supports the content ion that the mass of 
attached growth is dependent upon the organic loading 
rate and can be defined by a saturation function. As 
the temperature increased, the maximum mass of at
tached biomass increased linearly (R2 > 0.996) with 
the equation of the line having a slope of 1.05 grams 
VS/m2 per l'C in a temperature range of 6°C to 21°C 
for the first stages. This 1 inear relationship 
indicates that the maximum growth per unit disc area 

'was not governed by the physical capability of the 
discs to carry the biomass, but by the biological 
activity. Generally there was a gradual decline in 
the quantity of biomass from stage to stage. The rate 
of decline increased as the temperature increased 
indicating less available substrate and less un
stabilized sloughed biomass to serve as substrate to 
produce more attached growth. Attached growth develops 
in the second, third, and fourth stages although 
further reduction in the soluble substrate does not 
occur. While in the first stage, most of the avail
able substrate was consumed; in the later stages the 
sloughed biomass from the preceding stages was re
attached and stabilized. While stabilization increased 
(less stored substrate in the cell material) as the 
wastewater flowed through the stages, the reattachment 
decreased resulting in less attached biomass. As the 
temperature increased, this process was stimulated and 
there was a decline in attached biomass in the earlier 
stages. 

The maximum attached biomass per un it area tn 
terms of VSS in the first stages were 24.9 9/m2, 
36.2 g/m2, and 40.5 g/m2 at 5°C, 15'C, and 20·C, 
respectively. In terms of total solids per area, 
the corresponding values were 37.9 g/m2, 55.4 g/m2, 
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trations in the four stages of the RBC units operating 
at 15°C. 
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trations in the four stages of the RBC units during the 
first sampling period with the units operating at 200 C. 
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second sampling period with the units operating at 
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Mean nitrite nitrogen concentrations in the four stages of 
the RBC units operating at 20°C. 
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Figure 34. Attached biomass in the four stages of the RBC units 
operating at 20°C. 

and 60.7 g/m2. Maximum values reported in the 
1 iterature are 45 g/m2 (Pretorius 1971). 65 g/m2 
(Ouyang 1980). and 51 g/m2 (Clark et al. 1978). 

Figure 35 shows the relationships between the 
first stage biomass and the organic loading rate at 
the three temperatures. The relationships show a sat
uration type function and the effect of temperature. 

~ summary of the VS fraction of the attached 
oiomass for all the three phases is shown in Table 
B-32 (Appendix B). Table 30 presents the mean values 
for these phases. As shown in Table 30, there is a 
trend toward a decl i ne in the VS fraction from the 
first stages to the last stages. This indicates that 
the biomass is more highly stabil ized as the waste
water progresses through the. stages. The chemi ca 1 
analyses performed on samples of biomass at 5·C and 
15·C are presented in Table 31. At 5·C the organic 

50 

carbon and nitrogen content of the attached biomass 
was less than the values obtained at 15"C. This may 
be due, among other reasons, to less stored substrate 
in the cells at 5°C than at 15°C because of less 
biological act ivity. In the first stages, the per
centage of the attached biomass composed of TOC were 
32.2 and 41.1 percent for 5°C and 15·C, respectively. 
The total nitrogen in the attached biomass of the 
first stages was 6.40 and 7.65 percent at temperatures 
of 5·C and 15·C. The ratio of carbon to nitrogen was 
5.4 to 5.2 at these temperatures. Ouyang (1980) 
reported a C to N ratio of 7.0, and Kornegay and 
Andrews (1968b) reported a ratio of 4.3 using glucose 
as the substrate. At 15·C in this study. the weight 
ratio of C:N:P was 28:5.2:1. A formulation for 
bacteri a has been proposed by McCarty (1970) to be 
C60H87028N12P, which results in a weight ratio 
of 23.2:5.4:1. On a volatile fraction basis the 
organic carbon contents were 48 percent and 59 percent 
for temperatures of 5·C and 15·C, respectively. 
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Figure 35. The relationship between temperature. organic load, and the mass of attached biomass per unit of sur
face area in the 'first stages of the RBC units. 

Tabl e 30. Summary of the mean values of the VS fraction in the attached biomass (%). 

Stage 5°C 15°C 20°C 
Number Mean Range Mean Range Mean Range 

1 67.11 64.29-71.11 69.52 60.25-82.05 66.95 66.0-68.1 
2 64.62 63.48-65.41 62.50 54.71-66.53 67.40 64.0-73.7 
3 64.42 62.81-65.98 67.64 58.31-79.28 60.38 48.9-64.8 
4 62.31 58.79-64.33 58.16 53.83-64.43 62.89 58.8-67.7 

Table 31. Summary of chemical composition of the attached biomass (%) (dry basis). 

Unit 5°C 15°C 
State Total P 

TOC Total-N TOC Tota l-N 

A-l 33.2 6.49 39.6 7.16 1.359 
B-1 29.2 6.50 42.3 7.33 1.429 
C-l 34.5 6.26 42.8 7.98 1.545 
0-1 31.7 6.33 39.8 8.11 1.545 
C-2 35.4 6.53 39.5 7.58 1.405 
0-2 33.3 6.36 36.3 7.26 1.533 
C-3 34.9 6.75 1.452 
0-3 30.8 6.12 38.2 6.98 1.521 
0-4 39.2 5.91 36.9 6.52 1.719 
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KINETIC MODEL DEVELOPMENT 

General Considerations 

K inet ic mode 1 s based on rat iona 1 cons iderat ions 
were developed, and the kinetic coefficients were 
estimated independently for each temperature. Only 
react ion express ions for bi omass growth or substrate 
removal containing a maximum of two kinetic constants 
at a speci fic temperature were cons idered. The data 
collected from the four experimental RBC units were 
adequate to determine the kinetic constants indepen
dently with two degrees of freedom for each tempera
ture. Consequently, the temperature dependence of the 
kinetic constants could also be examined. 

The determinations of the kinetic constants were 
based upon the mean steady-state values of the parame
ters measured for each un it. The concentrat ions of 
the pollutants in the effluent were independent of the 
fluctuations in the influent concentrations; there
fore, the mean concentrations from each unit were 
utilized in the calculations. As an example of this 
independence, the devi at ions around the mean of the 
effluent 5ubstrate fluctuations and the influent 
substrate fluctuations of the first stage of unit 0 
are shown in Figure 36 for filtered COD. The same 
behavior was observed for the other units and other 
po 11 utants. 
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Because the first stage of the RBC un its per
formed differently for carbonaceous substrate removal 
from the other stages, separate estimates of the 
kinetic constant were made for this stage. A distin
guishing feature of the first stages was that they 
were receiving raw wastewater, while the influent 
to the other stages contained sloughed biomass from 
the preceding stages and unconsumed substrate. This 
difference in substrate affects the processes tak ing 
pl ace in the RBC stages. In the first stages most of 
the carbonaceous substrate is consumed, while in the 
following stages nitrification proceeds, sloughed 
biomass is stabil ized, and there is further consump
tion of the substrate in the mixed liquor. Differences 
in the processes also are apparent in the appearance 
of the attached biomass. In the first stages, the 
biomass is spongy and relatively stable. The major 
processes that can be related to the biomass in the 
first stages are the carbonaceous substrate removal 
and endogenous respiration of the attached growth. In 
the following stages the attached biomass has a smooth 
appearance and is associated with several processes, 
i.e., stabilization of reattached biomass, nitrifica
tion, substrate consumption and endogenous respira
tion. Consequently, in the kinetic model development 
for carbonaceous substrate removal~ it can be justi
fied in the first stages to consider all of the 
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Figure 36. Variation of influent and effluent filtered COD in the RBC unit D. 
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attached biomass. In the second through the fourth 
stages, that cannot be done. Therefore, the carbona
ceous substrate removal kinetics were developed 
separate ly for the firs t stages than for the other 
stages of the RBC process. 

In the second through the fourth stages, an 
instability was observed in the mixed liquor charac
teristics for the suspended solids and the carbona
ceous substrate, making it difficult to develop a 
mathematical model for each stage. To compensate for 
this instability, carbonaceous substrate removal 
kinetics and sloughed biomass stabilization kinetics 
for the three stages were cons idered as one reactor. 
The simi larity of the processes in these stages 
justify the use of this approach. 

In ammonia nitrogen removal kinetics model 
development, the data for all of the stages where 
nitrification was not inhibited are considered as 
independent steady-state data. As a result there are 
more degrees of freedom in the mathematical model 
development for ammonia nitrogen removal. The same 
rates of ammonia nitrogen removal were observed in 
all of the stages where nitrification was not re
stricted and substrate limitations did not occur. 
Therefore, a single kinetic model appears reasonable 
regardless of stage number. Kinetic models for the 
following processes are presented in the following 
sections of this chapter: 

1. Biomass yield and decay rates. 

2. Carbonaceous substrate removal in the first 
stages. 

3. Carbonaceous substrate removal in the second 
through the fourth stages. 

4. Sloughed biomass stabil ization 
through the fourth stages. 

in the second 

5. Ammonia nitrogen removal. 

Biomass Yield and Decay Rates 

General assumptions 

Biomass yield and decay rates for carbonaceous 
substrate removal could be evaluated reliably only in 
the flrst stages of the RBC units. The stability of 
the attached biomass in the first stages lead to the 
assumption that the quant ity of attached biomass was 
constant during the steady-state period. All attached 
biomass losses, except sloughing, were combined in the 
endogenous decay rate. Moreover, as shown for other 
systems such as the activated sludge process, the 
decay rate is related to the quantity of biomass 
measured as volatile solids without distinguishing 
between act ive and nonact ive biomass (Schroeder 1977; 
Muck and Grady 1979). 

The particulate material in the mixed liquor of 
the RBC stages was assumed to be the sloughed biomass 
from the attached growth. The remaining substrate in 
the stage effluent was the filtered substrate. The 
substrate in the influent available for growth was the 
total substrate which includes the filtered and the 
colloidal substrate. 

For the experiments conducted at 15·C and 20·C 
with units receiving lower organic loading rates, the 

54 

biomass yield associated with the 5 to 7 mg/1 of 
ammonia nitrogen removed in the first stages was 
neglected. Applying a yield coefficient of 0.15 for 
nitrifiers (Ito and Matsuo 1980), the yield resulting 
from 5 to 7 mg/1 of ammonia nitrogen removed would be 
approximately 1 mg/l VSS. This is less than 0.3 
percent of the total attached biomass. 

Substrate removal by the suspended biomass in the 
mixed liquor and the yield associated with it were 
also neglected. The maximum concentration of VSS (143 
mg/l) in the first stages was obtained with unit D at 
15°C. USing the following set of kinetic constants 
for suspended growth (Metcalf and Eddy, Inc. 1979): 

k 5/d; Ks = 40 mg/l COD; Y = 0.4, 

and substituting the mean steady-state data for unit D 
into Equation 31 results in an estimate of COD removal 
of 1.4 mg/l. The associated biomass yield is less 
than 1 mg/l 

where 

(31) 

Q = Flow rate = 288.6 lid tor unit D at 15·C 

S = Substrate removed, mgll 

VI = Volume of the first stage = 6 liter (in the 
first phase) 

Mixed liquor VSS = 143 mg/l for unit D at 
15·C 

Sl = First stage effluent filtered COD = 49.7 
mg/l for unit D at 15·C 

k = Maximum reaction rate, lid 

Ks Half saturation constant, mg/l COD 

Y = Yield coefficient, mg VSS/mg COD removed 

Kinetic model for biomass 
yrera--ana-aecay 

In rotating biological contactors (RBC), simul 
taneous react ions and mass transport processes occur 
both within the liquid and in the attached growth 
(semi so lid phase). Figure 37 shows both processes 
schematically in a flow diagram for the first stage of 
RBC treatment. 

A mass balance of the attached growth can be 
derived as follows: 

Accumulation = (Influent biomass)-(sloughed biomass) 
+ (biomass growth rate)-(biomass decay) (32) 

The rates of biomass growth and substrate removal can 
be related with a yield coefficient defined as: 

biomass growth rate 
Yield = substrate removal rate (33) 



Incorporating the yield coefficient into Equation 32 
and using Figure 37 to define the other terms gives: 

(34) 

where 

t " time, day 

Y " yield coefficient 

kd= decay rate, lId. 

Al 

Xl 
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k. 

su 
in the tan 

Li Ls 
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Tank with mixed liquor. 

Q 
~ So Xo 

VI 
SIX I 

Q 

Total available surface area for attached growth, 
m2 

Attached growth per unit area, grams/m2 

Influent wastewater flow rate, m3/d 

VI Mixed 1 iquor volume in the tank, m3 

So = Influent substrate concentration, mg/l 

Sl = Effluent substrate concentration, mg/l 

Xo = Influent microorganism concentration 0 

Effluent microorganism (bio~ass) concentration, 
mg/l 

Substrate adsorbed and absorbed from the mixed 
liquor by the rotating attached growth, grams/d 

Substrate released from the rotating atta:ched 
growth into the mixed 1 iquor. grams/d 

Mi = Mixed liquor biomass entrapped within the rotating 
discs, grams/d 

Ms = Sloughed biomass from the rotating discs into the 
mixed liquor, grams/d 

Figure 37. Flow diagram for" the first stages of the 
RBC units o 
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A mass balance of the biomass in the mixed liquor 
tank, complete mix reactor, results in the equation: 

( 35) 

If biomass reactions in the mixed liquor are neglect
ed. In applying Equation 35 to the first RBC stage, 
the influent biomass, XO, was assumed to be zero. 

A mass balance of the substrate in the mixed 
liquor tunk yields 

( 36) 

With steady-state conditions, the derivatives with 
respect to time equal zero. Equations 35 and 36 then 
can be wr itten: 

(37) 

(38) 

Substitution of Equations 37 and 38 into Equation 34 
gives: 

o ( 39) 

Yield and decay rate determinations 

Equation 39 can be rearranged as follows: 

( 40) 

The steady-state data from the four experimental 
un its were u sed to est imate Y and kd by 1 i near 
regression using Equation 40. Table C-1 (Appendix C) 
summarizes the values used in the variables for each 
temperature, and Table 32 summarizes the results. 
When calculating Y and kd at 5·C, the data from unit 
A were excluded. Its incorporation resulted in a 
regression coefficient of 0.75 in contrast to a value 
of 0.998 ~ithout unit A data. Justification for 
excluding unit A data was based on the forced change 
in the experimental procedure where the influent 
wastewater ratio was changed after an attached growth 
was estab 1 i shed. Although there were no sign ifi cant 
changes with time in unit A data during a period 
extending over more'than one month, the low tempera
ture conditions may have delayed the response in 
the production of attached growth and the sloughing 



rates. Figure 38 shows the regression lines for the 
data presented in Table C-1. 

T-tests indicated that the difference between the 
yield coefficients at 5·C and 15·C was significant at 
the 40 percent level. and the difference between the 
20·C and 15·C yield coefficients was significant at 
the 30 percent level. The yield coefficients at 5·C 
and 20·C did not differ at the 50 percent level. Al
though a high level of significance was not observed. 
there was an indication that the optimum yield coef
ficient occurred at 15·C. 

The difference in decay coefficients at 5·C and 
15·C was significant at 30 percent, and at 5·C and 
20·C at 20 percent. The decay rates between 15·C and 
20·C did not differ at the 50 percent level. 

Tabl e 32. Summary of the results of the 1 i near regres
sion analyses of the data used to calculate 
yield coefficients and decay rates. 

Parameter 

Viel d coefficient, mg VS/mg COD 
Decay rate, lid 
Regression coefficient 
Significance level. % 

0.66 
0.07 
0.998a 
1 

aBased on three units; B, C, D. 

0.9 

0,80 
0.22 
0.934 

10 

0.63 
0.26 
0.949 
5 

The values of the yield coefficients are pre
sented in Table 32 and also shown in Figure 39. The 
maximum yield of attached growth occurred at 15·C. 
Muck and Grady (1974), using an activated sludge 
mixed culture, observed an optimum in the yield 
coefficient at 20·C. Temperatures of 10·C, 20·C, 
30·C, and 40·C were investigated. The yield coef
ficients of these temperatures were 0.469, 0.598, 
0.515, and 0.445, respectively. Clark et al. (1978) 
reported an apparent yield coefficient of 0.96 based 
on BOD5. The temperature values were not reported. 
The relationship between temperature and decay rates 
has been expressed by both of the following equations: 

(41) 

( 42) 

where 

ad = temperature coefficient for decay rate 

T = temperature, ·C 

Ar = frequency factor, lid 
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Figure 38. Results of regression analyses used to determine the yield coefficient and the decay rates. 
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energy to be 13,900 cal/mole and the frequency factor 
value to be 2.031 x 108/hr or 0.487 x 1010/d. These 
results compare favorably with Table 33. Unfortu
nately. data for other RBC units were not available 
for comparison. ' 

Table 33. Temperature dependence of decay rate. 

Parameter 

Correlation 
Coefficient 

kd20• l/d 

ad 

Al l/d 

Ea , cal/mole 

0.989 

0.27 

1.09 

Equation 

-0.989 

1.788x1010 

14,500 

Figure 39. Relationship between the yield coefficient 10° 
and temperature. 

Ea activation energy, ca1/mo1e 

Ta absolute temperature, OK 

k universal gas constant 1.987 cal/mo1e-oK 

Equations 41 and 42 can be rearranged as follows: 

( 43) 

(44) 

with the equations in this form, 1 inear regreSsion can 
be used to estimate the variables with the results 
shown in Table 33. Estimates were made assuming 
temperatures of 5.8°C, 16.3"C, and 20.8"C, which were 
the mean temperatures for the first stages. The mean 
temperature of 5.8°C was for units B, C, and D. The 
temperatures of 16.3"C and 20.8°C were based on all' of 
the data from' the four units. Figure 40 shows the 
relationship between temperature and decay rate values 
shown in Table 32. Muck and Grady (1979) , using an 
activated sludge mixed culture, found the activation 

o 

Figure 40. 
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and temperature. 



Carbonaceous Substrate Removal 

General assumptions 

In model i ng carbonaceous substrate removal, it 
was assumed that the substrate is consumed only by the 
attached growth {substrate removal takes place only 
within the attached growth phase}. For the first 
stage, the available substrate in the influent was 
the total substrate (expressed as total COD), and the 
unreacted substrate remaining after the first stage 
treatment was the filtered substrate (expressed as 
filtered COO) in the mixed liquor. For the second, 
third, and fourth stages the available influent 
substrate was the filtered COD from the preceding 
stage. The particul ate material in the influent to 
these stages was assumed to be the sloughed biomass 
from the preceding stages. 

Kinetic model for first 
stage carbonaceous 
substrate removal 

The experimental portion of this study showed 
that substrate removal in the first stage of an 
RBC unit could be described by substrate limiting 
kinetics; therefore, zero order or first order reac
tion kinetics were not used in the mathematical model 
deve lopment. 

Either a pseudo homogeneous film model or a 
heterogeneous film model (Figure 41) can be used to 
represent carbonaceous substrate removal. The spongy 
appearance of the attached growth in the first stage 
of an RBC unit suggests a pseudo homogeneous film. 
Several approaches to describing the associ ated 
substrate removal kinetics were evaluated. A summary 
of them is presented in the following paragraphs. 

Legend 

a} One assumption is that the total attached 
biomass can be used to describe the active biomass in 
a Monod (hyperbolic relationship) kinetic model. The 
quant ity of total attached biomass is dependent upon 
the organic loading rates and temperature; therefore, 
it is logical that the influence of organic loading 
rate and temperature on the attached biomass be 
incorporated into the model rather than use a constant 
mass of attached growth. Some portions of the biofilm 
experience substrate limitations and/or oxygen limita
t; ons to growth; however, at steady-state condit ions 
it is logi cal to assume that the rat;o of the active 
biomass to total biomass will be constant. As a 
result, the reaction rate constant wi 11 incorporate 
this ratio. 

b) A constant act ive biomass layer can be 
applied to models in situations where substrate 
diffusion limitations control. Mathematical models 
developed for pseudo homogeneous films, including 
simultaneous reactions and. substrate diffusion 
(Schroeder 1977, Friedman et al. 1976), may ad~qua~ely 
describe the carbonaceous substrate removal klnetlCS. 
The reaction rate constants in this type model in
clude a factor for the quantity of active biomass and 
the mass transport properties within the biofilm 
(Schroeder 1977). 

c) A constant active biomass layer would be 
applicable in models describing systems where the 
total amount of attached biomass is governed by the 
physical conditions, such as mixing conditions. A 
mathematical model such as the one developed by 
Kornegay and Andrews (1968a) might adequately describe 
the carbonaceous substrate removal kinetics under 
physically 1 imiting conditions. As has been shown in 
this study. physical conditions normally employed in 
RBC units do not seem to govern the amount of attached 

w 

BO Bulk Organisms 

SS Support Surface 

Waste Liquid 

A. Pseudo-Ho~ogeneous Film B. Heterogeneous Film 

Figure 41. Schematic presentation of pseudo-homogeneous film and heterogeneous film (Grieves 1972). 
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growth. Moreover, the similarity in the quantity of 
attached biomass per unit area observed in this 
study to those in other studies with different mixing 
speeds (Clark et al. 1978; Ouyang 1980; Mikula 1979) 
emphasizes that the physical conditions employed in 
this study were not unique. 

Following the nomenclature employed in Figure 37, 
mass balances of the substrate around the attached 
growth phase and around the mixed liquor tank are 
represented by Equations 45 and 46, respectively. 

where 

V dSl 
1 dt 

(45) 

(46) 

Al total ava.ilable surface area for attached 
growth, m~ 

S* substrate concentration within the attached 
growth, grams/m2 

Li substrate adsorbed and absorbed from the 
mixed liquor, grams/d 

substrate released from the rotating attach
ed growth into the mixed liquor, grams/d 

r = react ion rate Of carbonaceous substrate 
removal, grams/m~/d 

VI = mixed liquor volume in the tank, m3 

o influent wastewater flow rate, m3/d 

So = influent substrate concentration, mg/l 

Sl = effluent substrate concentration, mg/l 

For steady-state conditions the derivatives 
with time in Equations 45 and 46 equal zero. Adding 
these two equat ions represents steady-state with the 
relationship: 

(47) 

The three alternatives discussed above for quanti
fying the active biomass are applied and compared 
below. 

a) Applying the total attached biomass with 
Monod growth kinetics gives: 

( 48) 

k = ..l!.. 
Y (49) 
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where 

k = maximum reaction rate, l/d 

~ = maximum specific growth rate, lId 

Y = yield coefficient 

Xl = total attached biomass, gVS/m2 

half-saturation constant, mg/l (in this 
study COD) 

Sl = substrate concentration in the tank, mg/l 
(in this study COD) 

b} Applying a simultaneous substrate consump
tion and diffusion model (Schroeder 1977; Friedman 
et al. 1976) with constant active biomass gives: 

where 

km S1 2 

r = ~+SI (50) 

km = maximum reaction rate (grams/m2)/(mg/l.d) 

Km = constant, mg/l 

c) Applying a constant active biomass model 
(Kornegay and Andrews 1968a) with a Monod growth 
kinetics model gives: 

where 

r 

ka = maximum reaction rate, grams/m2/d 

Ks = half-saturation constant, mg/l 

Estimation of first stage 
carbonaceous substrate 
removal kinetlc constants 

( 51) 

Equations 48, 50, and 51, representing three dif
ferent approaches to substrate removal k inet ks were 
substituted into Equation 47 and rearranged ;n linear 
form. The resulting equations are, respectively: 

-I Ks 1 1 
[O(SO-SI )/A IX1 ] T 57 

+ k (52) 

-1 K 1 1 
[0(SO/SI-l }/A 1 ] 

m + km 
(53) km 

s;-

-I Ks 1 1 
[O(SO-Sd/Al] ka s;- + 

~ (54 ) 

The experimental steady-state data collected at each 
temperature were used in the above equations to 
estimate the kinetic constants. The data are sum
marized in Table C-2. Only Equation 52, which 



was derived from Equation 48, yielded reasonable 
values for the kinetic constants (Ks or Km) for 
all three temperatures (Table 34). The mass transport 
model (Equation 53) produced reasonable values only 
with the data obtained at 5·C and 15·C. At these 
temperatures the values for Km were 20.8 mg!l and 
42.5 mg/l, which are close to those obtained by 
Friedman et al. (1976) and Friedman et al. (1979). At 
20·( the mass transport model resulted in a negative 
value for Km. The negative value may have occurred, 
among other reasons, because at high temperatures the 
kinetics are described by substrate limiting condi
tions and not diffusion. Applying fixed biomass 
quant ities with Monod growth kinetics as expressed in 
Equation 54 resulted in negative values for both the 
k i net ic constant Ks and the react ion rate ka at 
temper atures of 5· C and 15·C. At 20·C the react i on 
rate was determined to be 174 grams/m2/d and the 
half-saturation constant was 111.5 mg/1 (Table 34). 
Kornegay and Andrews (1968a) reported Ks value of 
121 mg/l glucose in experiments conducted at 25°C. 

The 5·C data were regressed for all the units and 
for the three units B, C, D. As ment ioned earlier, 
using the data frDIn unit A at 5·C for yield and decay 
determination resulted in low correlation coef
ficients. As indicated in Table C-3, there were no 
significant differences between the kinetic constants 
obtained with the two sets of data, although there was 
a decrease in the correlation coefficients when unit A 
was included. This decline in the goodness of fit 
miqht indicate that in unit A (at 5°C) the attached 

biomass quantity and/or its sloughing rate did not 
achleve steady state. 

When data from unit A at 20·C were used, the 
regression analyses for Equations 52, 53, and 54 
resulted in very low correlation coefficients or 
negative kinetic values (Table C-3). The relatively 
low performance of unit A at 20·C when compared with 
the other units is shown in Figures 5 and 20 where 
filtered COO and filtered TOC removals were low. This 
low removal may have been caused by the release of 
unbiodegradable material through cell lysing. Con
sequently unit A data were omitted in evaluating the 
kinetic constants. 

Based upon the above an a 1 yses, Equat ion 52 seems 
to be the most reliable of the three in describing 
first stage carbonaceous substrate removal. Re
arranging the terms, 

(55 ) 

Figure 42 shows the curves calculated using Equation 
55 and. the determined constants along with the mea
sured data. The constant, k, was defined by Equation 
49 as D/Y. K inet ie constants obtained for the first 
stages of the RBC units are summarized in Table 35. 

Table 34. Summary of the kinetic constants for carbonaceous substrate reQoval in the first stages.a 

Tempe' lture, "c 
I 5 15 20 

Equation Correlation k,km,ka Ks'~ Correlation k,km,ka Ks ,Km 
"Corre I atl on k, km, ka Ks'~ Cnpffi ri pnt : Cnpffiripnt Copffi ri pnt 

Q(SO-SI) = Alk~SI 0.965 2.85 61.6 0.950 7.76 262.2 0.999 9.44 276.4 K +SI 
(52) s 

k S 21 
Q(SO-SI) 

m I : 
0.'393 1.12 20.8 0.886 1.80 42.5 -0.808 0.98 -5.8 AI~+S I 

(53) 

k SI 
O(So-S) ) - A a 0.986 -41.0 -93.6 0.965 I -36.3 -81.6 0.983 174 111.5 - IK'+S 
(54) 

s I 

i -

a For 5°C and 20°C only the data from units B, C and 0 were used, for 15°C the data from units A, S, C and 0 were 
used. 

II = 
SO,Sl 
Al 
k 
km 
ka 

Flow rate, m3/d 
Influent and Effluent COD, mg/t 

Total surface area/stage, m2 

~1aximur.1 reaction rate, lid 
Maximum reaction rate, grams/m 2/mg/t/d 

Maximum reaction rate, ~rams/m2/d 
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Xl = Total attached biomass in first stage, 
Ks = Half saturation constant, mg/t COD 

~ = Constant, mg/t COD 
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Figure 42. The relationship between the calculated and actual specific substrate removal rates and the substrate 
concentrations. 

Table 35. Summary of kinetic constants obtained for the first stages 
of the RBC units. 

Temperature, °C 

Parameter 5 15 20 

Y = yield coefficient. mgVSS/mg COD 0.66 0.80 0.63 

0= maximum specific growth,.l/d 1.87 6.20 5.95 

k = maximum reaction rate, lId 2.85 7.76 9.44 

kd = decay rate, lId 0.07 0.22 0.26 

K = half saturation constant, mg/~ COD s 61.6 262.2 276.4 
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--. The maximum specific growth rates shown in Figure 
43 indicate an optimum temperature of about 15°C, as 
was indicated also with the yield coefficients. 
Kornegay and Andrews (1968) reported 0 values of 
6.72/d for their experiments at 25°C with the rotating 
drum using glucose as substrate. Clark et al. (1978) 
reported maximum specific growth rates of 4.4/d in the 
first stage and a half-saturation constant of 431 mg/l 
of soluble BOD5. The temperature values were not 
reported. Using the total biomass as done in this 
study, rather than the 70 percent used as the active 
portion by Clark et al. (1978), yields a maximum 
specific growth rate of 6.3/d (4.4/0.7 = 6.286). 

The maximum reaction rate (k) can be related to 
temperature using functions similar to those used with 
the decay rate. The Arrhenius equation relates the 
reaction rate and temperature as follows: 

Alternatively, the conventional expression used for 
wastewater treatment processes is: 

(57) 

where 

kT, kZO = maximum reaction rate at temperature 
TOC and 20°C, l/d 

Ar frequency factor, l/d 

Ea activation energy, cal/mole 

Ta absolute temperature, oK 

T temperature, °C 

R universal gas constant = 1. 987 cal/mole-oK 

Bs temperature coefficient for carbonaceous 
substrate removal 

Table 36 summarizes the parameter estimates found 
linear regression after rearranging Equations 56 and 
57 to the linear forms: 

ln (~) + T ln Bs 
B 20 

S 

(58) 

(59) 

The temperatures used in the regression analyses were 
5.8°C, 16.3°C and 20.8°C, which were the mean tempera
tures for the first stages of the RBC units. The 
temperature factor of 1.09 obtained with the conven-
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Figure 43. Relationship between the maximum specific 
'growth and temperature. 

tional equation was similar to the typical value of 
1.08 for the trickl ing filter process (Metcalf and 
Eddy, Inc. 1979). An activation energy of 13,900 
cal/mole was reported by Murphy et al. (1977) for 
nitrification reaction rates. 

Figures 40 and 44 show the temperature dependence 
of decay rate and maximum reaction rate, respectively. 
The two patterns are similar. For both processes, the 
temperature factor was 1.09. The rel ationships in 

Table 36. Relationships between temperature and the 
maximum reaction rate. 

Parameter 

Correlation Coefficient 

k20 , lid 

Bs 
Ar , l/d 

Ea, cal/mole 

Equation Equation 

k = k B T-20 -E/RTa 
T 20 s kT = Are 

0.990 

9.50 
1.09 

-0.990 

9.934 x 1010 

13,400 



Fiqure~ 40 and 44 also show that the increase in these 
rates between 5·C and 15·C is greater than the in
crease that occurs between 15·C and 20·C. This 
rf'lationship may expl ai:1 why there was no signifi
cant increase in BOD5 removal in full scale RBC 
units beyond a temperature of 12.7"C (55· F) (Antonie 
1976). The experiments described in this report show 
that a significant increase in the substrate removal 
occurs in the first stages as temperatures pass 15·C. 
in terrrs of overall removal for the four stages, how
ever, the differences between 15'C and 20·C were less. 

The results presented in Table 35 and plotted in 
Figure 45 also show that there was an increase in the 
half-saturation constant as the temperature was 
increased from 5°C to 15·C. Beyond 15·C there were no 
significant changes in the values obtained for the 
half-saturation constant. No reports could be found 
in the 1 iterature on RBC treatment on the effect of 
temperature on the half-saturation constant (Ks). 
~Iuck and Grady (1979) reported a sl ight decrease in 
Ks in an act ivated sludge system as the temperature 

~'01 

o 

Figure 44. 

5 10 15 20 25 
Tempereture-OC 

The relationship between the maximum reac
t ion rate and tem pera ture. 
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was changed from 10·C to 20·C and a significant 
increa.se when the temperature was increased from 20·C 
to 30·C. 

The differences between the maximum reaction 
rates (kT) at 5·C and those at 15·C and 20·C are 
statistically significant at a significance level of 
30 percent, and 20 percent, respect ive ly. The di f
ferences between the kT values at 15·C and 20·C are 
not significant at a level of 50 percent. The signifi
cance test (t-test) for differences between the slopes 
of (Ks/kr) of Equation 52 indicated that the slopes 
do not differ at a significance level of 50 percent. 
This lack of a difference may be attributable to the 
narrow interval of $1 obtained in the experiments. 

The kinetic model for carbonaceous substrate 
removal (Equation 55) incorporates the total quantity 
of attached biomass in the first stages. The attached 
biomass on an RBC unit cannot be controlled economi 
cally as can be done in an activated sludge culture; 
however. the results of this study indicated that the 
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quantity of attached biomass is predictable. A 
saturation type relationship that can be used for a 
given temperature to predict the quantity of attached 
bion,a,s is: 

where 

(60) 

the quantity of attached biomass in the 
first stage per unit surface area, gVS/m2 

organic load per first stage surface area. 
gCOD/m2/d 

kx constant. gVS/m2 Kx constant. gCOD/m2/d 

For linear regression, Equation 60 was converted into 
the linear form: 

(61) 

The regressions for estimating the two constants 
gave correlation coefficients of 0.919 and 0.972 
(significance level = 5 and 1 percent, respectively) 
for 5'C and 15'C data, respectively. Estimation with 
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the 20'C data resulted in a negative value for kx . 
Omitting unit A data and assuming the same Kx value 
obtained at 15·C, kx was reestimated by minimizing 
the sum of the squares of the devi at ions between the 
predicted and the observed values (Table 37). Figure 
46 presents the curves based on the estimated con
stants along with the measured data. 

The values of kx were related to the temperature 
using Equation 57. The correlation coefficient was 
0.986. and the relationship is: 

(62) 

Table 37. Summary of the first stage attached biomass 
constants. 

Mean Temperature, °c 
Constant 

5.9 16.3 20.8 

kX 46.15 52.54 58,50 

KX 31.07 23.77 23.77 

20"C 

II 

15"C 

5°C 

0- SoC, X=46. IS-HI I (31 • 07+HI) 

x-- IsoC,X=S2.S4-HI/(23.77+Hl) 

G 20 OC'X=S8.S0-HI/(23.77+Hl) 

40 60 70 
Ml-Flrst Stage Load 

50 
gCOD/m2 I d 

Figure 46. Relationship between the quantity of attached biomass produced in the first stages and the organic 
loading rate at various temperatures. 
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where 

T = °c 
(kx)T = gV5/m 2 

Figure 47 shows the relationship plotted. The 
va lues for temperatures between 5'C and 15'C can be 
est imated by simp 1 e proport i on because the difference 
between the values is not large. 

Kinetic mOdel for second 
through fourth stage 
carbonaceous substrate 
removal 

The experimental work showed that the major part ~x 
of the carbonaceous substrate removal occurred in the 
first stage. The only significant substrate removal 
(expressed as fil tered COD) in the succeed i ng stages 
occurred in the highly loaded units C and D and then 
only in the second stage. As a result, it was not 
possible to apply a rational kinetics model to each 
stage and temperature and determine the kinetic 
coefficients because of the 1 imited number of degrees 
of freedom. 

Substitution of an empirical model was attempted. 
For this mOdel, the second through fourth stages were 
considered as one complete mix reactor because the 
concentration of filtered COD in the effluent did not 
follow a trend. The mean filtered COD concentrations 
from the last three stages were assumed to represent 
the substrate concentrat ion in the hypothetical 
reactor. The models appl ied with the data summarized 
in Table C-4 were: 

where 

Ai 

3 T-20 Q(51-5) E Ai (kl ) el Sin ;=1 20 
( 63) 

3 T-20 (S)n Q{SI-S) E Ai (kl ) 20 el ;=1 
(64) 

influent flow rate, m3/d 

first stage substrate concentration mg/l 

the mean substrate concentration in the 
second through the fourth stages, mg/l 

total available surface area/stage, 
m2/stage 

(kL)ZO = reaction rate at 20·C, g/m2/d 

8L temperature factor 

T temperature, ·C 

n apparent reaction order 

~iultiple regression anal,yses were used to esti
mate the three parameters after rearranging Equations 
63 and 64, respectively, to: 
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Figure 47. Relationship between kx and temperature. 

1n r ~(SI-S)] 
E A. 

;=1 1 

-
1n(kl ) 20 + (T-20) 1nel + nlnS (66) 

Table 38 summarizes the results. These results 
show that the temperature factor for carbonaceous 
substrate removal in the second through fourth stages 
was approximately the same as the temperature factor 
in the first stages (Table 36). This suggests that 
a single temperature factor could be applied for 
carbonaceou s substrate removal k i net i cs through all 
the stages in the RBC vrocess. 

The react ion order for Equat ion 64 was 0.688 as 
shown in Table 38. Rittmann and McCarty (1978, 1980) 
showed that substrate removal kinetics could be ex
pressed as variable order kinetics with values 
ranging between 0.5 to 1.0 for heterogeneous models 
of attached growth. As discussed previously, in the 
last stages of RBC units heterogeneous models of 
attached growth are justified. Consequently, the 
reaction order of 0.688 is reasonable to express the 



Table 38. Summary of results of the regression analyses for carbonaceous 
su~strate removal in the second through fourth stages of RBC 
Unl ts. 

Eaua ti on Reaction Rate-(k
L

) Reaction Temperature 
Number N* R2 g/m2/d 20 Order-n factor-8 L 

65 7 0.986 0.0444 

66 7 0.984 0.0715 

*N number of determinations 

carbonaceous substrate removal in the last stages of 
kGC process treating domestic wastewater. 

For simulation purposes, Equation 63 is more 
convenient to use and will yield essentially the same 
res ults. 

Q(SI-S) 
'21-
I: A. 
i~2 1 

0.0444 (1.11)T-20 S10. 763 

(63) 

Equat ion 63 can be used to determine S but not the 
final effluent filtered COD. With low organic loading 
rates, such as those used with the experimental units, 
applied to an RBC system, significant differences 
between S4 and S are not likelY (S4 = final effluent 
filtered COD concentration, .~ = mean value of the 
filtered COD concentration in the last three stages). 
For higher organic loading rates where values of Sl 
may approach 100 mg/l COD, then the model for the 
first stage can be appl ied to the second stage. If 
sucn were the case, the denominator on the left side 
of Equation 63 would be: 

2.(S2-S) 
4 
I: A. 

i=3 1 

0.0444 (1.11 )T-20 S2 0 . 763 

Sloughed Biomass Stabilization 

General assumptions and difficulties 

(67) 

Sloughed biomass stabi 1 izes as it passes through 
the stages. Part of the sloughed biomass reattaches 
on the following discs. The reattached biomass was 
as sumea to be in the endogenous ph ase of stored 
substrate consumption. Adsorbed substrate on the 
blomass continued to be available food for growth and 
n,aintenance as did the filtered substrate in the mixed 
liquor. It was assumed that the yield coefficient for 
filtered substrate consumption was the same for all 
stages, and the value determined for the first stage 
was used. 
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0.763 1.11 

0.688 1. 12 

The major problem in estimating the kinetic 
coefficients of the biomass stabilization process was 
the relative instability of the attached biomass in 
the later stages. The instability may have been 
caused by .low organic loading rates and the dynamic 
nature of the sloughing process. The steady-state 
assumption used to develop a mathematical model for 
biomass stabilization was at best a gross approxi
mation. To avoid consequent fluctuations in esti
mating the coefficients, the last three stages were 
aga in cons idered as one camp 1 ete mi x reactor. The 
mean concentrations of particulate and filtered COD 
from the three stages were assumed to represent the 
compl ete mi x reactor concentrat ions. The total 
attachea biomass for the combined reactor was calcu
lated by summing the mass of attachea biomass for the 
three stages. 

Kinetic model development for 
sloughed blomass stablllzatlon 

Figure 48 shows a flow diagram of the stabiliza
t ion process for sloughed biomass for use in writ ing 
mass balance rel ationships. Fi ltered substrate 
consumption yields particulate material. Using the 
ratios of particulate COD to VSS of slough biomass, 
the yield of particulate material in terms of COD is 

(68) 

in which 

M = particulate material on the discs, gCOD/m2 

Y yield coefficient 

a = grams of particulate COD/gVSS 

A mass balance of the particulate material 
expressed as COD around the attached growth gives: 

4 dM 4 

1'~-2 Ai dt = Mi - MS + L Ai 
;=2 

(~~) . 
productlon 

(69) 
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4 
r A.X. 

i=2 I I 

L.' LS I 
M. MS I 

, 
4 

Vi ,5, 5p Q r I/O 

SPI, SI 
i =2 

Sp' S 

Influent flow, m3/d 

Influent and effl uent particulate substrate, 
mg/l COD 

Influent and effl uent filtered substrate, mg/l 
COD 

Filtered substrate adsorption and 

Particulate substrate adsorption and release, 
g/d 

Total available surface area per stage, m2 

Attached growth at stage i, g/m2 

3 Mixed liquor volume per stage, m 

Figure 48. Flow diagram for the sloughed biomass sta
bilization process. 

in which 

rst = reaction rate for particulate COD removal, 
gCOO/m2/d 

The reaction rate, r, can be expressed in a relation
ship simil ar to the one used to describe the decay 
rates. 

4 

rst kst i~2 Xi (70) 

in which 

kst = stabilization constant, gCOD/g attached 
growth/d 

Substituting the value of rst from Equation 70 
and the particulate material production from Equation 
68 into Equation 69 gives: 

4 dM 4 
l: A. -dt = M,. - MS + Ya (L,.-LS) - l: AiX.kst (71) 

i=2 ' i=2 ' 
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A mass bal ance of the fi ltered substrate around the 
mixed liquor, assuming that all substrate removal 
occurs on the attached biomass, gives: 

(72) 

A mass balance of the particulate COD around the mixed 
1 i quor gives: 

4 dS 
l: V,. ~dt = QSpl - Q~ + MS - M. 

i=2 p' 
( 73) 

Under steady-state conditions, the derivatives with 
respect to time in the above two equations are equal 
to zero. Substitution of the term Mi-MS from Equation 
73 and the term Li-LS from Equation 72 into Equation 
71 yields: 

4 
l: A.X.k t 

i =2 ' , s 

Estimation of sloughed biomass 
stabilization kinetic constants 

o (74) 

Table 39 shows a summary of the data used to 
calculate the sloughed biomass stabilization con
stants. Only the data from the experiments in 
which particulate COD removals were measured were used 
in the calculations. The a (defined for Equation 68) 
values used in Equation 74 were 1.434, 1.079, and 
1.366 (from Table 16) for the experimental data 
collected at 5°C, 15°C, and 20°C, respectively. Yield 
coefficients (Y) of 0.66 (5°C), 0.80 (15°C) and 0.63 
(20°C) were used. Tab·le 40 shows a summary of the 
values obtained using Equation 74 with the above 
referenced data to calculate kst . The temperature 
factor, est, was calculated by linearizing Equation 
75 and using the mean values for each temperature and 
the values of kst in Equation 76 to determine the 
best fit for the data. 

(75) 

(76) 

The following results were obtained: 

correlation coefficient = 0.999; 

(k st)20 = 0.208 gCOD/g attached growth/d; and 

est = 1.037. 



Table 39. Summary of the data used to calculate the stabilization constants for the sloughed biomass. 

I 
Mixed Liquor' 

Temperature Unit 
lnfl uent I ofl ueot I lnfl uent Mixed Liquor Three Stages 
Flow, Q,/d Particulate COO Filtered COO Particulate Filtered COO Attached 

°C mg/Q, 

5 C 294 107.1 

15 B 285.3 64.2 

15 C 282.0 78.3 

15 0 288.6 115.3 

20 B 283.7 71.2 

20 0 292.2 154.1 

The stabilization constants are approximately 
equivalent to the decay values obtained ~n the first 
stages. Assuming that the attached biomass has the 
same ratio of particulate COO to VS (not measured) as 
the sloughed biomass, then the constant kst can be 
expressed with dimens ions of 1/unit of time. 

k'st a 
(77) 

where 

k'st stabilization constant, l/d 

a = gCOO/gVSS 

Substitution of the a values from Table 16 and 
the kst values from Table 40 in Equation 77 results 
in k'st values of 0.082/d. 0.160/d. and 0.152/d 
respectively for 5·C, 15·C, and 20·C. 

The similarity between the stabilization con
stants and the decay rates (see Table 35) shows that 
the particulate COO, or the sloughed biomass while 
passing through the stages, was being stabilized. 
The temperature factor of 1.037 obtained in the 
regression analysis was lower than expected when 
compared with the other processes. An explanation may 
be that data from only one unit of the 5·C experiments 
were used in the calculations, and the results from 
this 5·C experiment appear to be 51 ight1y high when 
compared with the decay coefficients. 

Ammonia Nitrogen Removal 

The results of the study showed that about gO 
percent of the ammonia nitrogen removal or conversion 
in the RBC units was the result of nitrification. The 
kinetic model used for ammonia nitrogen removal as
sumed that this one process dominates in a mathemati 
cal model that incorporates nitrification along 
with other minor processes such as ammonia nitrogen 
stripping. It was assumed that the kinetic model for 
ammonia nitrogen removal was the same for all stages 
where nitrification was not inhibited. 

mgJQ, COO, mg/Q, mg/Q, Biomass, grams 

30.8 90.1 29.1 46.5 

28.3 25.0 23.0 48.8 

38.3 54.7 32.8 
I 

74.6 

49.7 77.8 41. 9 82.4 

26.8 62.8 32.1 11. 7 

40.4 130.7 29.2 46.3 
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Tab1 e 40. Summary of stabil ization constants calcu-
la ted us i ng Equation 74. 

Temperature 
Unit 

k
st 

°c gCOO/gVS/d 

4.6 C 0.118 
14.6 B 0.256 
14.5 C 0.107 
15.1 0 0.155 
20.2 B 0.204 
19.7 0 0.209 

Where substrate limiting conditions did not 
occur, ammonia nitrogen removal rates were the same in 
the second and third stages of the experimental RBC 
units. Based upon this observation, it was assumed 
that the kinetics were the same in all of the stages. 
Ammonia nitrogen removal rates were independent of the 
amount of attached growth at each temperature; ther'e
fore, the model was developed using a constant amount 
of active microorganisms to account for ammonia 
nitrogen consumption at a given temperature. The 
results of the experiments showed that the kinetics of 
ammonia nitrogen removal could be described by ~ionod 
growth kinetics. Since very little nitrification 
Occurred at 5°C, only the results obtained at l~·C and 
20·C were used in the development of the mathematical 
mode 1 to show the temperature dependence of the 
kinetic constants. 

Kinetic model for ammonia 
nitrogen removal 

A mathematical model for ammonia nitrogen removal 
is developed in the fo 11 owing paragraphs from data 
collected on the stages in which environmental condi

.tions do not limit the growth of nitrifiers. Figure 
49 shows a schematic flow diagram for a four stage RBC 
process in which nitrification is occurring and 
defines the symbols used in the ammonia nitroQen 
removal model development. It was assumed that 
each stage was a complete mix reactor and that r:on
sumption of ammonia nitrogen by the suspended growth 
was negligible. 



Q 

Ai = Total available surface area per stage, m2 

Vi Mixed liquor volume per stage, m3 

Q Influent flow rate, m3/d 

Co Influent ammonia nitrogen concentration, mg/l 

Ci, i=1,4 Mixed liquor and effluent ammonia nitrogen concentrations 
in stage i. mg/l 

Ci*. i=1.4 = Ammonia nitrogen concentration within the attached 
growth, g/m2 

Lii, LSi, i=1,4 Ammonia nitrogen extraction rates from the mixed 
liquor, and release rates from the attached growth 
into the mixed liquor at stage i, g/d 

Figure 49. Schematic flow diagram of a four stage RBe process. 

A mass balance of the attached growth in the 
stage where nitrifiers are growing gives 

( 78) 

P mass balance of the ammonia nitrogen in the mixed 
liquor of stage i gives 

(79) 

At steady-state, the derivatives in Equations 78 and 
79 equal zero; therefore, Equation 79 can be rewritten 
as: 

(80) 

Substitution of the left term of Equation 80 into 
equation 78 yields: 

(81) 
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in which 

Ammoni a nitrogen maximum react ion rate, 
gN/m2/d 

KN = Ammonia nitrogen removal half-saturation 
constant, mg/l-N 

Estimation of ammonia nitrogen 
removal klnetic constants 

The Monod growth kinetics relationship of Equa
tion 81 can be rewritten in linear form as: 

(82 ) 

To avoid di stort ion of the parameter est ifllates from 
1 arge values of the independent vari ab le 1/Ci in 
Equation 82, data from stages with ammonia nitrogen 
concentrat ions 1 ess than 1 mg/l were not used. Tab le 
C-5 (Appendix C) contains the data used in the linear 
regression analyses. It was necessary to use the 
results obtained at 20·C during the first period of 
sampling (see Results and Discussion section) because, 
during the second period, the mixed liquor of most of 
the stages contained less than 1 filg!1 of ammonia 
nitrogen. All of the ammonia removal data per 
stage are presented in Table C-6 (Appendix C). Table 
41 contains a summary of the results obtained in the 
linear regression analyses for estimating the reaction 
rate and kinetic constant. 



Table 41. Estimation of nitrification reaction rate 
and kinetic constant with Equation 82. 

15 
19.8 

n 

5 
8 

Correlation 
Coefficient 

0.945 
0.966 

2.439 
4.624 

0.76 
4.68 

a 
Calculated from the temperatures of stages which 

their data used in the linear regression. 

n number of determinations. 

Figure 50 shows the measured concentrations 
of ammonia nitro~en in the R6C units operating at 
15·C [Table C-6 (Appendix C)] plotted versus the 
kinetic constants obtained from the linear regression 
analyses. The lower part of the prediction curve does 
not pass through the measured data, indicating that 
there may be a threshold concentration below which 
ammonia nitrogen removal does not occur. Several 
expl anations are possible for this phenomenon. For 
one, Caperon and Meyer (1972) postul ated from experi
ments on the uptake of nitrogen compounds by phyto
pl ankton that a minimum amount of intercellul ar 
nutrient is necessary to sustain growth. This minimum 
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amount of intercellul ar nutrient was found to be 
related to the minimum concentration of nutripnt in 
the bulk solution, So. Equation 83 was used to 
determine the maximum specific growth rate and half 
saturation constant under these conditions (Caperon 
and Meyer 1972). 

VM (S-So) 
V = K+1S--S

o
) 

in which 

V nutrient uptake rate, lit 

VM maximum nutrient uptake rate, lit 

(83) 

S substrate concentration in solution, M/L3 

So = minimum substrate concentration, M/L3 

K half-saturation constant, M/L3 

An other possible explanation is mass transport 
resistance which causes the mass flux of ammonia 
nitrogen from the solution into the attached growth to 
equal zero below a minimum ammonia nitrogen concentra
tion in the solution. 

Other explanations might account for this phe-
nomenon. Insufficient analytical sensitivity is one 

t') Measured 

~ Z=2.439*C/(0.76+C) 

10.0 12.0 14.0 16.0 18.0 
C-Ammonia-N Concentration mg/I 

Figure 50. Relationship between the ammonia nitrogen removal rate and the ammonia nitrogen concentration at 150 C. 
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possibility. Nonbiode(1radable ammonia nitrogen is 
anotner; however, this was not observed in the mea
surements conducted at 20·C. These possibilities are 
considered less likely than the two mentioned above. 

The results at 15'C show the minimum concentra
t ion of ammoni a nitrogen necessary to maintain the 
process to be approximately 0.4 mg/l-N. Equation 82 
was modified to incorporate this concentration. 

(84) 

A linear regression analySis with Equation 84 and the 
same data used to make the estimates reported in 
Table 41 gave a correlation coefficient 0.970 
(significance level = 1%); maximum reaction rate, 
kN, g/m2/d 2.334; and the half saturation constant, 
KN, mg/l = 0.45. Figure 51 shows the curve p1?t~ed 
us ing Equation 85, the curve for the unmodlfled 
relationsnlp (Figure 50) and the measured values. 

-0 
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Z 
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<I> 
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ttl 

n::: 

Q (C. I-C') 
1- 1 

4.0 

3.5 

3.0 

2.5 

2.334 (C i -0.4) 

0.45 + (Ci -0.4) (85) 

The modified relationship of Equation 84 provides a 
better approximation of the measured data. 

Figure 52 shows a plot of the data measured at 
20'C and the curve plotted using the kinetic constants 
obtained from a linear regression analysis of Equation 
82 (i.e., kN = 4.624; KN = 4.68). The plot of Equation 
82 deviates from measured data points at the higher 
concentrations of ammonia nitrogen. Linear regression 
analyses of the Monod growth equation does not neces
sari 1 y prov i de the best fit, a lthoug h it is the best 
fit of the 1 inearized form. One reason is that the 
low and medium concentrations have more impact than 
the high concentration on the determination of the 
intercept and the slope. 

An attempt was made to improve the f it of the 
theoret ical express ion and the measured data by 
choosing the pair of kinetic constants which yield the 
minimum sum of squares (SSQ) between the predicted and 
observed values. Values of kN in the range 3.00 to 
4.60 gN/m2/d and KN values from 1.0 to 4.6 mg/1 N 
were evaluated. The minimum SSQ was obtained using 
the values of kN 3.74 g/m2/d and KN 2.8 mg/1. 
The SSQ was 1.062, and in comparison the previous set 
of constants obtained by linear regression yielded a 
SSQ of 1.502. Figure 53 shows the curve plotted using 
the resulting Equation 86 along with the previous 
equation and the measured data. 
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Figure 51. Comparison of the two predictive equations showing the relationship between ammonia nitrogen removal 
rate and the ammonia nitrogen concentration at 15 C. 

71 



4.0 

-0 

"- 3.5 N 
E 

"-
Z 
C) 3.0 
4) 

+' 
(0 

2.5 0::: 
I!I 

(0 

> 2.0 
0 
E 
4) 

0::: 1 • 5 I!I Measured 
z 
t ~ Z=4.624*C/(4.68+C) 
(0 

1 . 0 c 
0 R=0.966 
E 
E 0.5 <: 
t 

N 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 

C-Ammonia-N Concentration mg/I 
Figure 52. Relationship between ammonia nitrogen removal rate and the ammonia nitrogen concentration at 20oC. 
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Figure 53. Comparison of the two predictive equations showing the relationship between ammonia nitrogen removal 
rate and the ammonia nitrogen concentration at 20oC. 
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--~ 3.74 Ci 
2.8+C i 

(86) 

lhe data plotted in Figure 53 indicate .th.at the 
predicted curves should pass through the ongln: . In 
other words, there was no indication that a mlnlmum 
concentration of ammonia nitrogen ~as necessary. at 
20·C to maintain growth. A posslble explanatlOn 
is that at higher temperatures the mass tra~sport 
resistance decreases, and as a result, the requlr~ment 
for stored material is less. Table 42 contaln~ a 
summary of the kinetic constants best representlng 
the ammonia nitrogen removal data. 

The r~lationship between the maximum ammonia 
nitrogen reaction rates and temperature can be ex
pressed as follows: 

(87) 

Using the data presented in Table 42 to obtain a fit 
of Equation 87 resulted in values of (kN)20 3.740, 
and eN = 1.103. The relationship between temperature 
and Nitrosomonas growth in river water reported by 
Parker et al. (1975) was equivalent to the rel ation
ship above. Parker et al. (1975) reported the 
function as eO•098 (T-15). The temperature factor 
eO. 098 is equal to 1.103, which is equal to the. eN 
value obtained in this study. Because of the base 
temperature of 15·C, the two expressions are not 
equivalent, but indicate excellent agreement for two 
such divergent systems. 

Using the Arrhenius equation (Equation 56) to 
establish the relationship between temperature and the 
anlmonia nitrogen react ion rates yielded a value for 
act ivation energy of 16,480 cal/mole. This value for 
activation energy is higher than the value of 13,900 
cal/mole reported by Murphy et al. (1977); however, 
fvlurphy's value was based on TKN (total Kje1dahl 
nitrogen) rather than ammonia nitrogen. Mueller et a1. 
(1980) chose a value of e of 1.1 in the. calibration 
of a theoretical model. The half-saturatlon constant 
of 0.45 mg/1 obtained at 15·C is ~ypical for nitrifi
cation (Parker et al. 1975; Palnter 1970). Wah 
RBC systems, Saunders et al. (1980) determined KN 
to be 0.18 to 1.0 mg/l. The half-saturation constant 
is also expected to increase with the temperature 
(Parker et al. 1975; Painter 1970). 

Tabl e 42. Summary of kinetic constants for ammonia 
nitrogen removal. 

Maximum Half 
Cmina 

Temperature 
Reacti02 Saturation °c 

Constant-mg/l-N mg/l-N Rate-gN/m /d 

15.2 2,334 0.45 0.4 
20.0 3.740 2.80 0,0 

aMinimum ammonia nitrogen concentration in solu-
tion, below which growth stops. 
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Overall ammonia nitrogen removal 

The kinetic constants were developed in the 
previous sect ion for stages where the g~ow~h. of 
nitrifiers was not restricted. Generally, nltrlflers 
grew in the second through. the fourth stages of t~e 
RBC units; however, 1 imited removal was observed In 
the first stages when the organic loading rate was 
low. The ratio of observed ammonia nitrogen removal 
in the first stage to the simulated maximum removal 
rate using the kinetic equations can be expressed as a 
funct ion of the organic loading rate for each tempera
ture. Specifically, 

['9(Co-CdJ 

L Al observed 

[Q(Co-Clm~ (88) 

fll Al Jsimulated 

where 

(89) 

influent ammonia nitrogen concentration 
in the wastewater, mg/l-N. 

C1 = first stage effluent ammoni a ni trogen 
concentration, mg/l-N 

C1m first stage simulated ammon i a nitrogen 
concentratlon, mg/l-N 

Q influent flow rate, m3/d 

Al first stage surface area, m2 

f1 proportionality factor ~ 1 

M organic load, g/m2/d 

Table C-7 (Appendix C) contains a summary of the 
calculated maximum ammonia nitrogen removal rates, 
observed rates, and the f1 values. The f1 values 
and the overall organic loading rates are presented in 
Table 43. 

The relationship between the organic loading 
rates and the f1 values is shown in Figure 54. From 

Table 43. Summary of first stage ammonia nitrogen re
moval rate factors. 

Overa 11 Organi c Temperature Unit Load fl oc 
gCOD/m2/d 

15 A 3.984 0.994 
15 B 7.496 0.018 
15 C 9.875 0.380 
15 D 13,916 0.040 
20 A 6.915 0.762 
20 B 9.734 0.570 
20 C 12.513 0.000 
20 D 13.971 0.080 
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Figure 54. The relationship between the organic loading rate and the proportional ity factor for ammonia nitrogen 
removal. 

the location of the plotted pOints on Figure 54, one 
can see that fl values at 20'C were approximately 
5-10 percent higher than the values obtained at 15°C. 
At both temperatures, the fl values decrease 1 inear
ly as the organic loading rate increases. Excluding 
the value of fl and organic loading rate for unit B 
at 15'C, a linear regression analysis of the organic 
loading rate and the fl data at both temperatures 
results in a correlation coefficient of 0.971 (signi-
ficance level l%). The linear relationship is: 

f 1 1. 43 - 0. 1 M; 4.3 < M ~ 14.3 (90) 

Since f1 is equal to or less than 1.0, the above 
limits are imposed on the organic loading rate. With 
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Equation 90, it is possible to estimate the overall 
ammon i a nitrogen remova 1 rates as a funct ion of the 
organic loading rate assuming that the growth of the 
nitrifiers is not restricted in the second stages. 
Spec if ica lly, 

Q(Co-C~ ) 

;: 
i=l 

f1C 1m 
= kN KN+Clm + 

(91) 

Equation 91 can be solved for C4 by determining 
C1m. C2 and e3 stage by stage as shown in Table 
C-8 (Appendix e) where elm ammonia nitrogen con
centration at simulated conditions of maximum nitrifi 
cation. 



ENGINEERING SIGNIFICANCE 

The steady-state kinetic models proposed and 
calibrated in this study provide rational quantitative 
relationships for design of an RBC process for treat
i ng dOlliEst ic wastewater. The mathemat i ca 1 express ions 
provide a oasis to calculate the RBC surface area 
required to meet prescribed effl uent standards for 
carbonaceous substrate concentrations and ammonia 
nitrogen concentrations at temperatures ranging from 
5°C to 20·C. The biomass yield and decay rate con
stants determined as a function of temperature enable 
one to estimate the mean suspended solids (55) concen
trations in the influent to the secondary clarifier. 

Using the'kinetic constants developed for 20°C in 
conjunct ion with Equations 55, 60, and 63 for given 
values of the hydraulic loading rate and the influent 
COD concentration, the effluent substrate concentra
tion was calculated. Then, the removal efficiency was 
calculated using the influent concentration and the 
calculated effluent concentration. Design curves were 
then plotted for carbonaceous substrate removal in a 
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four stage RBC process at 20°C as presented in Figure 
55. The correction curves for adjusting for tempera
ture are presented in Figure 56. The same calculations 
u sed to deve 1 op the curves for 20°C were performed 
with 5·C and 15°C kinetic constants. For equivalent 
removal efficiency at 20°C, 15°C, or 5°C, the ratios 
of the hydraulic loading rates at 20°C to those at 5°C 
or 15·C were used as the temperature factor. The mean 
temperature factor values for an influent COD of 200, 
300, and 400 mg/l were plotted for a given efficiency 
versus the corresponding temperature. A design 
example to illustrate use of these curves is presented 
below. 

A design flow rate of 3800 m3/d (1 mqd) of 
domestic wastewater with a primary effluent rOD 
concentration of 300 mg/l COD is to be treated with an 
RBC system to a degree that will produce a final 
effluent of 45 mg/l COD, or 85 percent removal. The 
design temperature is 10·C. USing Figure 55, the 
hydraul ic load is found to be 1.75 gpd/sq ft (0.07 
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Figure 55. Design chart for COD removal in domestic wastewater treatment at 200 C. 
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m3/m2/d) at 20·C. At 10·C and 85 percent COD removal, 
the temperature factor is 2.4 (F i gure 56). To meet 
the required effluent qual ity at 10·C, the designed 
hydraulic loading rate cannot exceed 1.75/2.4 or 0.03 
m3/m2/d (0.73 gpd/sq ft). The required total effec
tive contactor area will be: 

3800/0.03 = 127,000 m2 (1.365.106 ft2) 

For a constant influent COD concentration, various 
hydraulic loading rates and influent ammonia concen
trations were assumed, and the effluent ammonia 
concentrations were calculated using Equations 90 and 
91. The kinetic constants were obtained from Equation 
87. The half saturation constant, KN, and Cmin were 
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taken from the experiments at S'C, 15·C, and 20·C. 
Three des ign curves based on the above equations are 
presented in Figures 57, 58, and 59 for an infl uent 
COD concentration of 300 mg/l and for temperatures of 
10·C, lS·C, and 20·C, respectively. For other 
influent COD concentrations, similar design curves can 
be developed using the equations presented in this 
study. Figure 59 shows that for a hydraul ic loading 
rate of 0.07 m3/m2/d (1.75 gpd/sq ft) and an influent 
ammonia nitrogen concentration of 20 mg/l, the ex
pected ammonia nitrogen removal at 20·C will be 94 
percent leaving 0.6 mg/l ammonia nitrogen in the 
effluent. Figure 58 shows that at a hydraul ic loading 
rate of 0.03 m3/m2/d (0.73 gpd/sq ft) and 10'C, the 
expected ammonia ni n removal will be about 
97.5 percent, leaving O. mg/l ammonia nitrogen in the 
effluent. 
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SUJvIMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Four, four-stage, 38 cm aiameter, laboratory 
scale rotating biological contactor (RBC) units were 
employed to gather empirical data for use in develop
ing kinetic models of the RBC process for treating 
domestic wastewater. The wastewater used was a 
settled domestic wastewater with mean concentrations 
of chemical oxygen demand (COD) of 275 mg/1 and 
ammonia nitrogen of 25 mg/1. The study was conducted 
at temperatures of 5"C, 15·C, and 20·C. At each 
temperature, the experimental units received constant 
hydraul ic loading rates, and the hydraul ic residence 
time in each unit was approximately 2 hours. At each 
temperaturE' the experimental units were operated at 
four different oraanic loading rates, ranging from 4 
gCOO/m2/d to 14 gCOO/m2/d. The various organic 
loading rates were achieved by diluting the raw 
wastewater with dechlorinated tap water. 

At each temperature, the experimental units 
achieved steady-state conditions after 4 weeks of 
operation. Operation after achieving steady-state 
conditions was continued for 2 to 6 weeks, to provide 
an adequate number of samples for process analysis and 
estimation of kinetic model parameters. 

The experimental units were operated in an 
envi ronment that assured adequate di ssol ved oxygen 
(DO) concentrations and pH values. The 00 concentra
tions in the mixed liquor ranged from 1.9 mg/l to 
9.9 mg/1. The higher concentrations of 00 were 
measured at the coldest temperature, and in the last 
stages of the RBC units. The pH values generally were 
in a range of 7.8 to 8.1. 

In the first stages of the RBC units, a dense and 
spongy attached biomass developed, and the att ached 
biomass was stable during the steady-state period. In 
the succeeding stages, the amount of attached growth 
was less and had a smoother appearance. In the last 
stages the growth was patchy and unstable. The amount 
of attached biomass was dependent upon temperature and 
influE'nt organic loading rate. A saturation type 
function described the relationship between the 
quantity of attached biomass and the influent organic 
loading rate. 

The percent COO removal was influenced by the 
temperature and the organic loading rate. The overall 
substi'ate (influent total COD minus effluent filtered 
COD) removal efficiencies were 80 percent, 85 percent, 
and 90 percent for 5"C, 15"C, and 20·C, respectively. 
The majority of the COO removal occurred in the first 
stages, and the first stage removals were 77 percent, 
80 percent, and 85 percent for 5"C, 15"C, and 20"C, 
respect ively. Sludge production in the fourth stage 
effluent was 0.557 grams suspended sol ids (SS) per 
gram COO removed at S·C. At 15"C and 20·C, the sludge 
production was 0.430 grams SS per 9ram COD removed. 

Different processes were occurring in the first 
stages than in the following stages. In the first 
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stage, the major process was carbonaceous substrate 
removal, and in the other stages, stabilization 
of sloughed biomass and nitrification were observed. 
Because of the instability of the attached ~rowth 
(inconsistent sloughing) in the last in some 
cases it was difficult to shO\~ that biomass ab il iza-
tion was occurring. 

In the experiments conducted at 5"C, significant 
ammon i a nitrogen convers i on or removal was not ob
served. At higher temperatures significant ammonia 
remova 1 was observed beyond the second The 
removal rates generally corresponded with n tr ifica
tion rates and were related to mixed liquor tem..,era
ture and ammonia nitrogen concentrations. The 
maximum ammonia nitrogen removal rates were about 2 
grams/m2/d and 2.7 grams/m2/d at 15·C and 20·C, 
respectively. Overall ammonia nitrogen removal ranged 
from 87 percent to 98 percent at 15'C, and from 91 
percent to 99 percent at 20·C. As the influent 
organic loading rates increased, the overall ammonia 
nitrogen removal decreased. 

The volatile fraction of the attached growth 
ranged from 60 percent to 70 percent. Generally, the 
lowest volatile fraction of the attached biomass was 
observed in the last stages. The total organic carbon 
in the attached growth ranged from 30 percent to 42 
percent, total nitrogen ranged from 6 percent to B 
percent, and total phosphorus ranged from 1.4 to 1.7 
percent. 

A kinetic model was developed for each major 
process of the RBC system, and the experimental data 
were used to calibrate the models. The temperature 
dependence of the k i net ic constants was formul ated 
using typical expressions employed in other wastewater 
processes [~ = k20 s(T-20)]. 

The yield coefficients expressed as grams VS 
produced per gram COO removed were found to be 0.66, 
0.80, and 0.63 for 5'C, 15'C, and 20'C, respect ive1y. 
A decay coefficient of 0.27/d at 20"C and a tempera
ture factor, Sd, of 1.09 were obtained. The reaction 
rates for the stabilization of sloughed biomass were 
approximately the same as the decay rates. 

The first stage carbonaceous substrate removal 
was described using Monod growth kinetics. The 
half-saturation constants ranged from 61.6 to 276.4 
mg/1 COD, with the lowest value obtained for the 5'C 
experiments. The maximum specific growth ratl" was 
I.87/d at 5°C and approximately 6/d at the higher 
temperatures. The maximum reaction rate was 9.50/d at 
20'C and the temperature factor, Ss, was 1.09. 
The quantity of attached growth in the first sta(jes 
could be predicted using a saturation type function, 
and the quantity of attached biomass increased as the 
temperature increased. Because of the low removal of 
carbonaceous substrate in the second through fourth 
stages rational models could not be used to describe 



the 1 atter stages of the process. A mult ip I e regres
sion analysis was used to relate temperature, sub
strate concentration, and reaction rates in the second 
through the fourth stages. The reaction order in the 
1 atter stages was estimated to be 0.763, and the 
temperature factor, eL, was 1.11. 

The ammonia nitrogen removal kinetics were also 
described using Monod growth kinetics. The half
saturation constants were 0.45 mg/l-N and 2.8 mg/l-N 
at 15·C and 20·C, respectively. The maximum reaction 
rate at 20·C was calculated to be 3.740 gN/m2/d with 
a temperature factor, eN, of 1.10. The inhibition of 
ammonia nitrogen removal in the first stages was cor
related with the influent organic loading rate. 

Based upon the results of this study, the follow
ing major conclusions can be derived for a four-stage 
RBC process treating domestic wastewater: 

1. The RBC process can ach ieve 90 percent 
removal of carbonaceous substrate and ammonia nitrogen 
at 20·C receiving an influent organic loading rate of 
14 gCOD/m2/d. 

2. The removal efficiency of both COD and 
ammoni a nitrogen decreased when the temperature was 
below 20·C. . 

3. The suspended solids production was 0.43 
gran1s per gram of COD removed at 15·C and 20·C and 
production increased to 0.557 at 5·C. 

4. The yi e I d coeffic i ents and spec i fi c max imum 
growth rates indicated that the optimum growth condi 
tions for attached biomass occur around 15·C. 

5. The chemical composition of the attached 
qrowth in the RBC units was similar to other types of 
bacteria, and the ratio of C:N:P in the attached 
growth was 28:5.2:1. 

6. The quantity of attached growth was predicted 
by a saturation type relationship incorporating a 
temperature factor of 1.015. 

7. Decay rates for the attached biomass were 
affected by the temperature and a temperature factor, 
ed, of 1.09 was observed. 

8. Carbonaceous substrate removal kinetics in 
the first stage were described with Monod growth 
kinetics by incorporating the total attached biomass. 

9. The maximum react ion rates for carbonaceous 
subs trate removal were reI ated to temperature, and a 
temperature factor, e, of 1.09 was observed in the 
first stages and a value of 1.10 in the succeeding 
stages. 

10. The increase of the half-saturation constant 
(I:~) for carbonaceous substrate removal from 5·C to 
15 C was greater than the increase from 15·C to 20·C. 

11. Carbonaceous substrate removal in the second 
through fourth stages receiving an effluent from the 
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first stage containing a filtered COD concentration of 
approximately 50 rr.g/l was described with an equation 
having a reaction order of 0.763. 

12. Est imated react i on rates for the remova 1 
of particulate COD in the second through fourth 
stages indicate that the process was carried out by 
endogenous respiration of the stored substrate in 
the sloughed biomass via reattachment in the succeed
i ng stages. 

l3. Ammonia nitrogen removal was achieved 
principally through nitrification. 

14. The kinetics of ammonia nitrogen removal 
were described with Monod growth kinetics. 

15. The temperature factor, eN, for the rela-
tionship between the maximum reaction rate for ammonia 
nitrogen remon 1 and temperature was found to be 
1.10. 

16. Below 20'C, ammonia nitrogen removal did not 
readily occur when the minimum ammonia nitrogen 
concentration was less than 0.4 mg/l. 

17. The half-saturation constants for a01monia 
nitrogen removal were 0.45 mg/l and 2.8 mq/l for 
temperatures of 15"C and 20·C, respectively. 

18. At a temperature of 5"C there was no signi
ficant ammonia nitrogen removal. 

19. Ammonia nitrogen removal rates in the first 
stages were inversely proportional to the influent 
organic loading rate. 

20. The kinetic constants developed in this 
study provide a rational design approach for RBC 
systems and are summarized in Table 44. 

RECOI"IMENDATIONS 

In order to increase the usefulness of this 
study, it is recommended that the following additional 
work be completed: 

1. Conduct experiments to determine the kinetic 
constants at 10·C and at 25"C. 

2. Conduct experiments with higher influent flow 
rates and/or higher substrate concentrations than used 
in this study in order to develop rat ional models in 
the last stages of the RBC process. 

3. Study the dynamics of sloughing and sloughed 
biomass stabilization. 

4. Determine the kinetic constants based upon 
the removal of biochemical oxygen demand (BOD5). 

5. Perform dissolved oxygen balances in the RBC 
system as a function of influent organic loading rate, 
detention time, and temperature. 



Table 44. of the kinetic constants. 
I~='~~~====="';~=;'f=--~-~-'-~~--~-;;;;" ';;;;-;;';-~=-=-'=~==1i====~~~==';=r======'~=~=1 

Process 

Biomass yield 

Biomass decay 

Carbonaceous 
substrate removal 
kinetics - 1st stage 

Carbonaceous 
substrate removal 
kinetics -
last stages 

Ammonia-N 
removal - last 
stages 

Ammonia-N removal -
first stage (and 

I second stage in high 
I organic loadings) , 
1_--

Parameter 

Y " Yield coefficient 
(gVSS/gCOD) 

kd " Decay coefficient 
(l/d) 

ad Temperature factor 

k " Maximum reaction rate 
(l/d) 

es = Temperature factor 

Ks = Half saturation constant 
(mg! t COD) 

k = Maximum attached qrowth 
x gVS/m2' 

ex " Temperature factor 

~ " Cons tant 

kL " Maximum reaction rate 
(g/m2/d) 

eL Temperature factor 

n " Apparent reaction order 

ikN Maximum reaction rate 
(g/m2/d) 

I 
'eN Temperature factor 

IKN " Half saturation constant 
(mg/t - NH 4 -N) 

1 = Minimum ammonia-N iCm 

I 
concentration required 

(mg/t - NH 4 -N) 

I Fraction of the (1 
ammonia-N removal rate 

I at unrestricted nitri-
fier growth conditions 
Organic load dependent 
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Temperature(OC) ue 
or range 

15 
5, 20 0.63 - 0.66 

20 0.27 

5 - 20 1.09 

20 9.50 

5 - 20 1.09 

5 61.6 
15 - 20 262 - 276 

20 56.9 

5 - 20 1.015 

5 - 20 23.77 -31.07 

20 0.0444 

5 - 20 1. 11 

5- 20 0.763 

20 3.74 

15 - 20 1.1 

15 - 20 0.45 - 2.8 

15 - 20 0 - 0.4 

15 - 20 0 - 1.0 

-0.1 
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APPENDIX A 

HYDRAULIC CHARACTERISTICS OF THE EXPERIMENTAL RBC UNITS 

The hydraulic characteristics of a single stage 
of the experil'1ental RBC units were determined using 
sodium chloride (NaCl) as a tracer. The experiment 
was de5ignea to simulate the operating conditions 
employed in the kinetic studies. The volume of the 
stage was fpaintained at 6.1 1 iters and tap water was 
ad,ied to the system at flow rates of 200 to 205 
ml!min. The mean theoretical detention time (to) at 
a volume of 6.1 1 iters was 30.1 minutes. Four clean 
discs were mounted on the shaft and rotated at a speed' 
of 16 rpm. The tap water was pumped from a 1. 9 m3 
(500 gal) storage tan~. An initial mass of 30.3 grams 
of NaCl was injectea at the inlet to the stage, and 
the initial concentration (Co) ot NaCl was 4.967 
g/1. The initial electrical conductivi at 25°C 
(EC25) in the stage was 895011mho. The of 
water was 325 mho The ca 1 i brat ion curve 
relationship between salt concentration and the 
electrical conauctivity (EC) was prepared using the 
same source of tap water for di lution. The response 
ot the system to the in:!Jul se oi sturbance was measured 
in terflls of electrical conductivity. All electrical 
conductivity measurements were corrected to 25·C. 
Figure A-I shows the response of the system to the 
injection of NaCl and the theoretical curve for the 
response of a complete mix reactor to a single 
ject ion of a tracer. An exam; nat ion of 
shows that the hydraulic characteristics of 
are represented by a complete-mix flow model. 
mathematicai expression used to describe the 
to the injection of a slug of tracer in a compl 
flow reactor is as follows: 

in which 

C salt concentration at time t, M/L3 

initial salt concentration, M/L3 

time, minutes 

theoretical detention time, minutes 
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Theoretical concentration-time curve for 
the injection of a sl ug of tracer into a 
complete mix reactor and the measured re
sponse of the injection of a tracer into 
a single stage of the experimental RBC 
units. 



APPENDIX B 

EXPERIMENTAL DATA 

Table B-1. Influent flow rates and the percentage of wastewater applied to the four experimental RBC units 
when operating at a temperature of 5°C. 

I"unit A B C D 

Date Flow Rate % Flow Rate % Flow Rate % Flow Rate 
mJl,/min Wastewater mJl,/min Wastewater mJl,/min Wastewater mJl,/min 

5/28 200 67.5 200 50.0 205 80.5 200 
5/29 195 66.7 195 51.3 205 80.5 195 
6/4 205 65.9 200 50.0 205 80.5 210 
6/6 200 65.0 200 50.0 210 81.0 205 
6/18 200 67.5 195 48.7 210 78.6 210 
6/20 200 65.0 190 50.0 210 78.6 210 
6/23 200 65.0 200 47.5 205 78.1 215 
6/24 200 65.0 200 47.5 205 78.1 215 
6/25 205 63.4 200 47.5 205 78.1 210 
6/26 200 65.0 200 47.5 205 78.1 215 
6/30 200 65.0 195 48.7 200 80.0 215 
7/1 195 66.7 200 47.5 200 80.0 215 
7/2 200 65.0 200 45.0 200 80.0 215 
7/3 200 67.5 200 47.5 200 80.0 215 
7/4 195 66.7 195 48.7 205 78.1 210 
7/5 195 69.2 195 48.7 205 80.5 210 
7/6 195 69.2 195 48.7 200 80.0 210 
7/7 200 67.5 195 48.7 200 80.0 210 
7/9 195 69.2 195 48.7 205 80.5 215 

*Unit D received undiluted wastewater, i.e., 100 percent sewage. 

Table B-2. Influent flow rates and the percentage of wastewater applied to the four.experimental RBC units 
when operating at a temperature of 15°C. 

Unit A B 

Date Flow Rate 
I 

% Flow Rate % 
mJl,/min Wastewater mJl,/min Wastewater 

12/10 
I 

200 25.0 200 50.0 
12/11 190 26.3 195 48.7 
12/12 185 27.0 200 47.5 
12/13 200 25.0 195 48.7 
12/14 190 26.3 200 50.0 
12/15 190 26.3 190 50.0 
12/18 190 26.3 200 50.0 
12/19 190 26.3 200 50.0 
12/20 200 25.0 200 50.0 
12/21 200 25.0 200 50.0 
12/24 - - - -
12/25 - -

*Unit D received undiluted wastewater, i.e., 100 ~ercent sewage. 
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C D 

Flow Rate 
I wast;water 

Flow Rate 
mJl,/min mJl,/min 

195 71.8 200 
195 71.8 195 
190 71.1 200 
200 75.0 200 
195 71.8 195 
185 73.0 195 
195 74.4 200 
200 75.0 200 
200 75.0 200 

200 75.0 200 

195 71.8 210 
200 72.5 210 



Table B-3. Influent flow rates and the percentage of wastewater applied to the four experimental RBC units 
when operating at a temperature of 20°C. 

i I B 

! Rate 

I 
% Flow Rate % I Flow Rate 

n Wastewater mt/min Wastewater I mt/min 
! 

3/19 195 48.7 200 67.5 195 87.2 i 200 
3/20 205 48.8 195 71.8 205 87.8 195 
3/26 190 50.0 200 70.0 195 84.6 200 

3/27 195 48.7 200 70.0 195 84.6 200 

3/31 200 50.0 195 69.2 200 85.0 205 

4/2 195 48.7 195 69.2 205 82.9 205 

4/3 190 50.0 195 69.2 200 87.5 205 

4/5 195 48.7 195 71.8 200 87.5 205 
4/7 195 48.7 200 67.5 200 87.5 200 
4/8 195 48.7 200 67.5 195 87.2 205 
4/9 195 48.7 195 69.2 210 83.3 205 
4/10 195 48.7 195 69.2 200 87.5 205 
4/11 195 48.7 200 67.5 195 87.2 205 
4/12 195 48.7 195 69.2 200 87.5 205 

*Unit 0 received undiluted wastewater, i.e., 100 percent sewage. 

Table B-4.Mean liquid temperatures (OC) in the RBC units when the constant temperature room was maintained 
at 5°C. 

I Unit First Stage Stage Thi rd Stage Fourth Stage 

:aper ~r "age : I n 
I 

.~ 

n Average S 
I Average S.D. 

B 20 6.1 0.6 20 

I 
5.3 

I 
0.7 20 4.8 0.8 20 4.5 0.8 

(5/26-7/9) i 

A 18 6.0 0.6 18 5.3 0.7 18 4.4 0.8 18 3.8 0.8 
(5/29-7/7 

C 18 5.9 0.6 18 5.1 0.7 18 4.6 0.8 18 4.2 0.8 
(5/29-7/7) 

0 18 5.4 0.6 18 4.7 0.6 18 4.2 0.7 18 3.8 0.8 
(5/28-7/6) 

n = number of determinations 

S.D. = standard deviation 
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--. Table B-5. Mean liquid temperatures (Oe) in the RBe units when the constant temperature room was maintained 
at 15°e. 

Unit Fi rst Stage Second Stage Thi rd Stage Fourth Stage 
Iperiod of 
Operation) n Average S.D. n Average S.D. n Average S.D. n Average S.D. 

A 8 16.7 0.4 8 15.6 0.5 8 15.0 0.4 8 14.8 0.4 
(12/10-
12/19) 

B 7 16.0 0.3 7 15.4 
(12/12-

0.4 7 14.4 0.5 7 14.1 0.5 

12/21) 

e 11 16.0 0.4 11 15.0 
( 12/11-

0.4 11 14.4 0.5 11 14.1 0.4 

12/25) 

0 12 16.3 0.3 12 15.6 
(12/10-

0.2 12 15.1 0.2 12 14.7 0.3 

12/25) 

n = number of determinations 

S.D. = standard deviation 

Table 8-6. Mean 1 temperatures (Oe) in the RBe units when the constant temperature room was maintained 
at 20o e. 

Unit Fi rst Stage Second Stage b Th;,d St", Fourth Stage 

(Period of 
Average S.D. Average S.D. pperation) S.D. ·n Average S.D. n 

A 7 20.7 0.5 7 20.0 0.4 7 19.1 0.4 7 18.6 0.6 
(3/26-
4/12) 

B 6 21.2 0.3 6 20.7 0.3 6 20.1 0.2 6 19.8 0.3 
(3/27-
4/11) 

e 7 20.8 0.3 7 20.3 0.3 7 20.0 0.4 7 19.3 0.3 
(3/26-
4/12) 

0 8 20.5 0.0 8 20.1 0.2 8 19.6 0.2 8 19.5 0.3 
(3/20-
4/11) 

n = number of determinations 

S.D. = standard deviation 
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-. Table B-7. \'/astewater characteristics during period of oneration at 5°C. 

. 

COD SS VSS TKN NH4-N N02""N NOrN 
Date mq/t mg/t mg/t mg/t mg/t mg/t mg/t 

Total Fil tered 

5/28 121.5 95.7 611 64 

5/29 127.0 

6/4 205.4 

6/6 151 .1 43.5 64 64 

6/18 170.0 55.1 88 78 

6/20 183.0 44.0 88 82 

6/23 255.0 89.0 90 90 

6/24 197.1 112 106 

6/25 135.0 59.3 58 58 50.5 20.16 0.155 1.40 

6/26 106.0 42 42 53.3 21. 05 0.166 1,44 

6/30 205.9 48.1 76 76 32.0 17.79 0.240 <0,04 

7/1 213.7 44.1 110 96 37.7 18.07 0.025 0.03 

7/2 151.3 72 72 

7/3 219.0 36.7 70 70 

7/4 174.6 35.3 60 60 

7/5 165.3 54.8 61l 64 

7/6 165.9 30.2 74 74 45.6 24.28 0.180 0.92 

7/7 213.6 40.6 98 98 45.5 19.45 0.165 0.64 

7/9 195.5 43.5 96 96 i 

Table B-8, ~/astewater characteristics during neriod of operation at 15°C. 

Date COD SS VSS TKN NH4-N N02""N N0 3-N 
mq/t mg/t mg/t mg/t mg/t mg/t mg/t 

Total Filtered 

12/10 286.0 

12/11 231.5 93.0 86 86 0.012 <0.04 

12/12 388.0 156.0 138 110 

12/13 362.5 103.0 150 132 38 30.74 0.010 <0.04 

12/14 419.0 0.013 0.04 

! 

12/15 346.0 

12/18 129.0 35.0 90 86 29.72 0.008 <0.04 

12/19 273.0 98.0 90 90 43 28.92 0.005 <0.04 

I 12/21) 193.0 113.0 65 65 

12/21 230.0 82.0 82 72 

12/24 176.0 57.0 40 40 

12/25 148.0 47.0 86 86 

I 
.- ----
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Table B-9. Wastewater characteristics during period of operation at 20°C. 

- . -

Date lq/~ 
SS TKN NH 4 -N NOz-N N0 3 -N 

mglQ. mglQ. rng/~ mgl9, mgl9, mg/~ mg/~ 

i Total Fi 1 tered Total Filtered 

3/19 167.0 101.0 120 112 56.8 34.0 54.80 34.45 I 0.170 0.13 

3/20 195.0 56.3 46 38 49.4 24.1 48.45 36.90 0.140 0.41 

3/26 248.6 80 80 42.20 32.02 0.385 0.42 

3/27 211 ,ll 57.00 36.46 0.027 0.07 

3/31 264.8 

4/2 189.1 62.8 31.0 29.75 17.15 0.390 0.66 

4/3 257.4 66.8 38.10 18.34 0.033 <0.04 

4/5 296.5 

4/7 326.7 109.0 148 128 83.2 38.10 15.71 0.315 0.44 

4/8 Ll.85.8 97.6 Ll.9.55 11. 76 0.025 0.68 

4/9 174.9 59.5 74 74 39.50 15.86 0.600 0.80 

4/10 307.0 48.75 16.31 0.225 0.12 

4/11 426.0 108.0 72 72 

4/12 377 .0 

TableB-l0. Mean characteristics of the influent to each RBC unit when operating at 5°C. 

\ 

-I 
Unit B C 0 

s.D·l Parameter n }1ean . S.D. n Mean S.D. n Mean S.D. i n Mean 

Flow rate Md 17 286.7 4.1i 19 284.2 4.4 17 294.0 
I 5.2 17 302.8 8.2 

Total COD mCj/9, 17 118.4 ~5.6 19 85.6 18.4 17 142.0 30.4 17 173.3 39.6 

Filtered COD mg/~ 12 34.5 12.3 14 25.0 9.4 12 38.4 11.9 12 53.0 20.3 

55 - mg/~ 15 51.5 13.1 17 37.7 9.3 15 61.6 15.6 15 75.5 19.2 

VSS mg/9, 15 49.1 13.5 17 35.2 6.5 15 60.3 16.5 15 71. 5 10.6 

TKN - mg!9, 6 29.2 5.2 6 21.2 3.7 6 35.0 6.0 5 43.8 8.9 

Ammon"a-N mg/Q. 6 13.34 1.86 6 9.69 1.2 6 15.98 1.88 5 20.27 2.6 

Nitrite-N mg!Q. 6 0.103 0.047 6 0.075 0.035 6 0.123 0.057 5 0.153 0.079 

Nitrate-N mg/Q. 5 0.58 0.38 5 0.42 0.28 5 0.70 0.46 4 0.95 0.66 

n = number of determinations 

S.D. = standard deviation 

93 



Table B-l1. Mean characteristics of the influent to each RBC unit when ooerating at 15°C. 

-- - - """=.--~-~ 

··~r 
-- -

Unit A B C 0 

Paral!leter n Mean : S.D. n Mean S.D. 
t 

n Mean S.D. n Mean S.D. 

I 
i 

1 282.0 Flow rate tid 8 276.3 7.6 8 285.3 i 5.4 11 6.8 12 288.6 i 7.2 
! I 

COO Total mg/t 8 79.3 25.0 8 144.5 9.7 11 192.6 72.8 12 265.2 96.8 

COD Filtered mq/t 5 25.5 11.7 6 48.0 8.7 9 64.0 26.9 9 87.1 37.2 

55 mg/t 5 28.9 7.7 6 50.4 5.6 9 67.6 24.9 9 91. 9 33.7 

VSS - mg/t 5 26.3 4.8 6 45.5 1.5 9 62.7 19.4 9 85.2 26.1 

TKN - mg/t 2 lO.4 1.3 2 20.0 2.1 2 30.4 2.7 2 40.5 3.5 

Ammonia-N, mg/t 3 7.70 0.11 3 14.76 Q.27 3 22.3 0.7 3 29.79 0.91 

Nitrite-N, mg/t 5 0.003 0.001 4 0.005 0.002 5 0.007 0.002 5 0.010 0.003 

Nitrate-N, mg/t 5 <0.04 <0.04 4 <0.04 <0.04 5 <0.04 <0.04 5 <0.041 <0,04 

--~. 

n = number of determinations 

S.D. standard deviation 

Table B-12. Mean characteristics of the influent to each RBC unit when ooerating at 20°C. 

I 
- -- -

Unit A B C 0 

Parameter n i Mean S.D. n Mean S.D. n Mean S.D. n Mean .----s:o:-
I 

.. -
Flow rate tid 12 280.2 I 3.7 10 283.7 I 3.7 121287.4- 6.5 12 ! 292.21 4.8 

I 

COD Total mg/t 12 145.5 45.7 10 202.3 66.0 12 256.7 85.2 12 281.9 95.2 

COD Filtered mg/t 3 44.9 13.8 3 62.6 18.5 3 79.1 25.6 4 83.2 29.3 

SS - mg/t 4 45.8 17.7 3 66.6 28.9 4 80.4 32.3 5 84.0 38.1 

VSS - mq/t 0, 43.4 12.8 3 62.1 21.1 Ll 76.0 24.1 5 78.4 32.2 

TKN l!lg/t 8 21.0 4.1 7 29.6 6.5 8 36.8 7.5 9 48.5 8.2 

Ammonia-N, mg/t 8 10.0 4.4 7 13.0 5.7 8 17.5 7.4 9 22.3 9.9 

Nitrite-N, mg/ t 8 0.122 0.103 7 0.159 0.152 8 0.212 0.176 9 0.238 0.201 

Nitrate-N, mg/t 8 0.20 0.15 7 0.28 0.22 8 8.34 0.25 9 0.40 0.28 

-- --

n = number of determinations 

S.D. = standard deviation 
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Table 8-13. Dissolved oxygen concentrations and oH values measured in various stages of RBC units 
when operating at 5°C. 

- -

First Stage Second Stage Third Stage Fourth Stage 
Unit Date 6/18 7/5 7/9 6/18 7/5 7/9 6/18 7/5 7/9 6/18 7/5 7/9 

DO - mq/t 8.2 9.6 8.6 8.8 8.6 9.1 9.0 9.9 9.6 9.4 9.9 9.6 
B 

oH 8.1 8.15 7.85 8.15 8.05 8.00 8.2 8.25 8.05 8.25 8.35 8.10 

DO - mg/t 6.8 8.3 7.8 8.3 9.1 8.6 8.7 9.5 9.0 9.3 9.9 9.1 
A 

pH 8.00 8.05 7.85 8.00 8.25 8.00 8.00 8.30 8.10 8.15 8.35 8.15 

DO - mgt£. 7.0 8A 8.3 8.0 9.2 9.1 8.8 9.9 9.4 9.1 9.9 9.1 
C 

oH 8.05 8.05 7.90 8.10 8.25 8.10 8.10 8.35 8.15 8.20 8.35 8.20 

DO - mgt£. 6.7 7.6 7.8 8.1 8.3 8.6 8.3 8.6 8.7 8.7 9.2 8.8 
0 

oH 8.10 8.00 8.00 8.20 8.15 8.15 8.20 8.25 8.20 8.25 8.35 8.20 
---.--' -~~--.-. -----~--. 

Table B-14. Dissolved oxygen concentrations and pH values measured in various stages of RBC units 
when ooerating at 15°C. 

First Stage Second Stage Third Stage Fourth Stage 
Unit Date 12/1 12/24 12/1 12/24 12/1 12/24 12/1 12/24 

DO - rna/£. 5.0 6.7 7.4 7.8 
A 

pH 7.80 7.85 7.90 8.00 

DO mgt£. 3.9 5.3 6.8 7.5 
B 

oH 7.70 7.80 7.85 7.90 

DO - mgt£. 3.1 4.0 1l.6 5.1 5.8 4.3 7.6 5.2 
C 

oH 7.70 7.70 7.80 7.65 7.85 7.60 7.85 7.60 

DO - mgt£. 2.5 2.8 3.6 3.2 4.5 3.4 10.2 3.9 
0 

pH 7.65 7.80 7.80 7.75 7.85 7.65 7.85 7.50 

Table 8-15. Dissolved oxygen concentrations and pH values measured in various stages of RBC units 
when operating at 20°C. 

First Stage Second Stage Third Stage Fourth Stage 
Unit Date 3/9 11,/8 3/9 4/8 3/9 4/8 3/9 4/8 

• 

DO - mq/£. 4.1 3.1 4 .. 2 5.0 6.5 6.0 7.3 6.5 
A I pH 8.')5 7.85 7.90 7.90 8.05 8.05 8.15 8.10 

DO - mg/£. 3.5 2.2 3.7 4.3 4.0 5.7 6.4 6.5 
B 

oH 8.10 7.85 7.90 7.90 7.85 8.05 8.00 8.15 

DO - mg/£. 2.5 2.2 3.2 2.8 4.1 5.5 6.5 6.5 
C 

pH 8.05 7.85 7.95 7.75 7.90 7.85 8.05 8.05 

DO - mgt£. 2.1 1.7 2.8 2.3 3.4 5.4 6.1 5.5 
0 

oH 7.75 7.85 7.BO 7.80 7.75 7.90 7.95 8.00 
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· Table B-16. Characteristics of the efflUent fro~ the four stages of RBC Unit A when operating at 50C. 

RBC Data T = 5°C Unit - A 

Parameter 5/129 6/6 6/20 6/26 7/1 7/3 7/5 777 

Total COD - mg/~ 

First Stage 59.4 67.8 60.8 88.6 64.9 64.9 74.1 
Second Stage 51.1 85.9 137.3 77.6 73.3 60.6 92.1 
Third Stage 54.7 71. 9 62.3 84.2 66.3 68.0 69.6 
Fourth Stage 53.9 67.2 62.1 80.0 69.6 78.5 64.8 

Filtered COD ~gL& 

First Stage 25.3 27.5 28.6 26.1 21.4 25.0 
Second Stage 44.1 39.6 32.3 21. 9 20.8 23.6 
Third Stage 24.0 24.7 25.3 24.4 21.7 20.1 24.1 
Fourth Stage 25.5 24.0 24.7 30.0 21.0 18.5 23.4 

SS-= mg/~ 

First Stage 33 34 36 54 34 41 40 
Second Stage 29 49 44 53 33 39 50 
Third Stage 22 51 36 55 39 41 44 
Fourth Stage 27 43 44 54 41 38 35 

First Stage 30 34 35 51 34 38 40 
Second Stage 27 48 41 47 33 39 47 
Third Stage 22 49 34 50 39 41 44 
Fourth Stage 27 43, 41 43 37 38 35 

Filtered Kjeldahl-N mg/~ 

First Stage 23.6 21.1 25.3 
Second Stage 33.6 20.9 25.2 
Third Stage 27.6 29.6 25.8 
Fourth Stage 50.0 20.9 24.1 

Ammonia-N mg/~ 

First Stage 10.57 13.36 16.53 
Second Stage 14.92 14.05 16.68 
Third Stage 15.00 21.08 15.11 
Fourth Stage 14.92 13.90 16.45 

Nitrite -~ 

First Stage 0.142 0.295 0.395 
Second Stage 0.168 0.420 0.500 
Third Stage 0.192 0.420 0.520 
Fourth Stage 0.230 0.4,75 0.490 

Nitrate-N mg/~ 

First Stage 0.92 0.56 0.75 
Second Stage 0.93 0,53 0.85 
Third Stage 1.01 0.63 0.98 
Fourth Stage 1.17 0.62 1.06 
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Table B-17. Characteristics of the effluent from the four st~ges of RBC Unit B when operating at 5°C. 
===.o..-...===~-'!c==="'.'=='='===-"="",,.--~ ___ --== 

RBC Data T = 5°C Unit - B 

Parameter 5/28 6/4 6/18 6/25 6/30 7/4 7/6 7/9 

Total COD - mg/t 

First Stage 53.4 59.9 73.7 72.7 43.6 49.4 48.2 
Second Stage 47.6 75.5 161.0 57.6 61. 3 68.0 53.2 
Third Stage 46.3 71.0 76.3 51.3 48.7 69.1 44.8 
Fourth Stage 46.1 57.2 91. 2 55.1 63.5 95.8 53.4 

Filtered COD - mg/t 

First Stage 18.5 24.5 27.3 24.5 25.0 14.8 18.7 
Second Stage 18.5 21.6 39.1 18.2 22.8 12.1 16.4 
Third Stage 18.9 20.9 21.3 16.4 15.4 12.7 13.7 
Fourth Stage 18.7 19.5 32.3 24.9 14.1 13.0 16.0 

First Stage 59.0 47.0 62.0 39.0 20.0 27.0 25.0 
Second Stage 39.0 55.0 121.0 30.0 20.0 34.0 31.0 
Third Stage 40.0 59.0 50.0 30.0 25.0 44.0 24.0 
Fourth Stage 41.0 92.0 28.0 37.0 41.0 35.0 

VSS - mg/t 

First Stage 46.0 43.0 54.0 39.0 ~ll.O 27.0 25.0 
Second Stage 36.0 49.0 94.0 30.0 20.0 34.0 31 .. 0 
Third Stage 39.0 50.0 46.0 30.0 25.0 41.0 24.0 
Fourth Stage 30.0 77.0 28.0 34.0 38.0 35.0 

Fi ltered Kje1dahl-N mg/t 

First Stage 40.6 16.3 19.6 
Second Stage 22.4 17.0 14.8 
Third Stage 33.6 16.6 19.6 
Fourth Stage 20.6 16.9 17.4 

Ammonia-N mg/t 

Fi rst Stage 9.72 9.82 n.99 
Second Stage 9.72 9.57 9.53 
Third Stage 9.56 7.12 10.65 
Fourth Stage 9.64 6.99 11.02 

Ni trite-N mgt t 

First Stage 0.134 0.270 0.188 
Second Stage 0.14-6 0.290 0.192 
Third Stage 0.158 0.295 0.168 
Fourth Stage 0.198 0.275 0.156 

Nitrate-N mg/t 

First Stage 0.89 0.98 1.61 
Second Stage 0.95 1.06 1.83 
Third Stage 1.04 1.31 2.25 
Fourth Stage 1.22 1.38 2.34 
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Table B-18. Characteristics of the effluent from the four stages of RBC Unit C when operating at 5°C. 

Parameter 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Fi ltereclm~OD - mg/J<. 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

SS - mq/J<. 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

VSS - mg/J<. 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

Ammonia-N mg/t 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

5/29 

149.1 
141:.7 
143.6 
104.9 

36.5 
34.5 

31. 1 

78 
89 
99 
55 

69 
80 
76 
55 

RBC Data T 5°C Uni t - C 

6/6 6/20 

186.6 120.5 
102.3 

151. 1 111. 4 
120.5 

34.2 33.8 
29.9 30.0 
30.6 30.2 
35.8 32.8 

150 60 
79 74 
92 60 
87 77 

118 55 
67 62 
82 55 
73 62 

6/26 

104.0 
99.9 

116.4 
124.7 

98 

26.9 
31.7 
24.3 
23.6 

44 
61 
95 
89 

44 
52 
75 
73 

56.6 
30.6 
31. 9 
53.3 

17.66 
18.15 
16.77 
21.05 

0.172 
0.140 
0.148 
0.154 

0.91 
1.00 
1.01 
0,99 

7/1 

152.9 
130.3 
112.3 
137.1 

33.0 
33.9 
28.8 
26.7 

98 
69 
75 
84 

88 
57 
65 
72 

22.9 
24.3 
23.7 
24.0 

14.98 
15.52 
14.83 
15.52 

0.220 
0.295 
0.210 
0.340 

0.53 
0.41 

0.56 

7/3 7/5 

155.9 132.6 
123.2 130.2 
109.2 141.9 
127.9 139.6 

27.0 24.1 
27.3 30.4 
24.3 23.5 
25.6 22.8 

41 38 
31 38 
28 46 
36 56 

41 38 
31 38 
28 46 
36 52 

7/7 

101.2 
81.1 
93.1 
82.0 

30.9 
30.0 
35.2 
26.3 

48 
45 
55 
44 

48 
42 
53 
44 

30.3 
31.6 
29.5 
27.4 

16.45 
15.70 
17.20 
Hi.15 

0.235 
0.260 
0.280 
0.310 

0.46 
0.69 
0.72 
0.94 



· Table B-19. Characteristics of the effluent from the four of RBC Unit D when at50 C. 

RBC Data T = 5°C Unit 0 

Parameter 5/28 6/4 6/18 6/23 6/25 6/30 7/2 7/4 7/6 

Total COD - mg/~ 

Fi rst Stage 143.6 182.4 152.3 153.6 216.3 181.6 127.9 140.4 
Second Stage 189.6 149.0 159.1 139.1 186.1 141. 9 130.2 130.8 
Third Stage 92.0 326.8 152.3 112.3 201.5 174.6 137.2 119.6 
Fourth Stage 139.9 149.5 194.9 195.7 158.0 101.8 

Filtered COO - nlq/~ 

First Stage 45.3 42.8 43.6 40.5 44.5 34.7 36.0 28.7 
Second Stage 38.6 41. 2 40.2 60.4 40.0 36.7 33.7 28.8 
Third Stage 41.0 40.5 36.4 33.9 37.6 32.1 3l.3 31. 3 
Fourth Stage 39.3 37.6 51.2 32.4 29.3 30.4 32.7 

SS - mg/~ 

Fi rst Stage 104 107 90 100 93 75 48 104 
Second Stage 80 122 67 77 79 63 44 80 
Third Stage 93 208 71 73 76 62 54 73 
Fourth Stage 89 69 68 68 72 64 75 

VSS - mg/~ 

Fi rst Stage 87 92 78 87 89 65 48 92 
Second Stage 71 108 65 62 75 54 41 75 
Third Stage 74 160 68 64 74 57 48 65 
Fourth Stage 79 58 61 68 58 53 63 

Filtered Kjeldahl-N mg/~ 

First Stage 32.0 29.7 47.6 
Second Stage 39.9 29.3 38.1 
Third Stage 25.0 29.6 37.9 
Fourth Stage 40.9 28.3 31.8 

Ammonia-N mg/~ 

First Stage 20.00 14.97 24.53 
Second Stage 20.72 14.36 25.02 
Thi rd Stage 20.00 14.48 25.32 
Fourth Stage 19.36 14.36 25.02 

Nitrite-N m9/~ 

First Stage 0.156 0.240 0.194 
Second Stage 0.160 0.265 0.240 
Third Stage 0.166 0.315 0.275 
Fourth Stage 0.178 0.350 0.305 

Nitrate-N mg/9.. 

First Stage 1.22 0.76 0.91 
Second Stage 1.18 0.68 0.86 
Thi rd Stage 1.15 0.68 0.88 
Fourth Stage 1.12 0.74 0.84 
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Table B-20. Characteristics of the effluent fro~ the four of RBC Unit A when 

Parameter 

Total COD - mg/£ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Ammonia-N rng/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nitrite-N mg/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nitrate-N mg/~ 

First stage 
Second Stage 
Third Stage 
Fourth Stage 

12/1 0 

69.4 

23.2 

22. 
32 
20 
20 

22 
32 
20 
20 

RBG Data T = 15°G Unit - A 

12/13 

47.4 
72.1 
31.4 

24.4 
18.6 
20.5 
21.5 

48 
42 
34 
36 

48 
32 
34 
36 

6 
7 
6 
8 

1. 79 
0.87 
0.75 
0.67 

0.725 
0.150 
0.056 
0.029 

9.02 
10.85 
10.69 
10.97 

100 

12/14 

58.9 

19.2 
25.1 

36 
78 
40 
54 

30 
58 
40 
40 

0.500 
0.027 
0.018 
0.021 

7.75 
7.72 
9.23 
9.98 

12/19 

36.3 

38.5 
27.0 

17.2 

20.6 
21.1 

20 
12 
20 
8 

20 
12 
20 
8 

3 
2 
1 
1 

0.31 
0.30 
0.12 
0.12 

0.450 
0.145 
0.070 
0.040 

7.05 
7.30 
7.58 
7.76 



~.~ .. 
Tab1 e B-21. Characteristics of the effluent from the four stages of RBe Unit B when operating at 15°C. 

RBC Data T = 15°C Unit - B 

Parameter 12/12 12/18 12/20 12/21 

Total COD - mg/2 

First Stage 80.0 105.0 
Second Stage 49.0 41.5 50.0 
Third Stage 49.8 61.8 
Fourth Stage 41.9 41.0 

Filtered COD - mg/2 

Fi rst Stage 23.0 33.6 
Second Stage 22.9 20.9 25.7 
Third Stage 24.2 24.1 
Fourth Stage 25.5 19.2 19.7 

~mg/2 

First Stage 88 46 33 31 
Second Stage 66 32 24 26 
Third Stage 44 22 26 15 
Fourth Stage 38 38 37 10 

VSS - mg/2 

First Stage 74 46 33 31 
Second Stage 58 32 23 26 
Thi rd Stage 44 22 24 15 
Fourth Stage 38 38 32 10 

IlgL- mg/2 

First Stage 16.0 
Second Stage 9.0 
Thi rd Stage 5.0 
Fourth Stage 4.0 

Ammonia-N mg/2 

First Stage 19.15 10.00 
Second Stage 7.43 0.57 
Thi rd Stage 3.93 0.12 
Fourth Stage 0.36 

Nitrite-N mg/2 

First Stage 1.50 0.925 
Second Stage 0.925 0.475 
Third Stage 0.250 0.115 
Fourth Stage 0.125 0.043 

Nitrate-N mg/2 

First Stage 0.75 3.32 
Second Stage 10.57 12.02 
Third Stage 11.50 13.13 
Fourth Stage 11.87 13.96 
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Table B-22. Characteristics of the effluent fro:n the four stages of RBC Unit C when operating at 15
0

C. 

Parameter 

Total COD - mg/~ 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

TKN - mg/~ 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

Ammonia-N mg/9, 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nit rite- N mgt ~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nitrate-N mg/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

12/11 

34.0 
30.8 

208 
122 
182 
114 

174 
108 
156 
100 

RBC Data T = 15°C Unit - C 

12/12 

159.0 
69.0 

130.0 

41. 9 

34.1 
22.0 

96 
94 

114 
72 

86 
84 
92 
72 

17.82 

1. 12 
0.66 

0.80 
5.80 
1. 75 
0.42 

0.05 
10.20 
13.75 
16.57 

12/18 

26.0 
17.0 
8.0 
4.0 

18.47 
9.64 
1.65 
0.20 

1.38 
1.05 
0.68 
0.25 

0.07 
9.95 

17.82 
20.50 
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12/20 

96.0 
131.0 
61. 0 
47.5 

38.7 
50.4 
38.3 
23.9 

44 
43 
36 
23 

40 
37 
36 
23 

12/21 

161.0 
81.0 
55.3 
42.9 

34.8 
62.2 
36.1 

68 
40 
45 
27 

63 
40 
45 
27 

12/24 

91.3 
104.0 
70.8 

133.0 

30.5 
24.4 
24.6 
24.5 

115 
60 
85 
93 

103 
60 
59 
77 

12/25 

75.5 
91.4 

133.0 
84.8 

49.8 
30.8 
33.5 
31.2 

88 
59 
76 
90 

73 
55 
68 
75 



Table B-23. Characteristics of the effluent from the four stages of RBC Unit D when operating at 15°C. 
~-~ . - --

RBC Data T = 15<>C Unit - D 

Parameter 12/10 12/13 12/14 12/18 12/19 12/24 12/25 

Total COD - mg/i 

First Stage 200.0 112.0 122.0 221.0 181.0 154.0 
Second Stage 161.0 106.0 158.0 107.0 96.3 
Thi rd Stage 160.0 80.0 173.0 173.0 90.2 
Fourth Stage 99.7 154.0 88.4 50.4 

Filtered COD - mg/~ 

First Stage 61. 0 50.3 46.7 57.6 41.4 41.4 
Second Stage 40.0 42.7 40.9 35.9 27.1 32.5 
Thi rd Stage 74.3 58.5 39.0 68.1 24.3 31. 7 
Fourth Stage 49.9 39.9 33.2 33.7 50.2 32.4 

SS - mg/i 

Fi rst Stage 134 174 164 92 138 277 222 
Second Stage 150 176 104 120 116 169 123 
Thi rd Stage 126 118 110 90 80 148 123 
Fourth Stage 66 66 56 98 80 122 84 

VSS - mg/i 

First Stage 126 164 132 92 106 199 185 
Second Stage 132 152 90 116 106 138 114 
Third Stage 100 100 98 90 68 128 109 
Fourth Stage 66 62 56 92 64 106 76 

TKN - mg/t 

Fi rst Stage 53 37 
Second Stage 39 30 
Thi rd Stage 34 12 
Fourth Stage 7 11 

Ammonia-N mg/i 

Fi rs t Stage 27.50 31.16 
Second Stage 24.17 23.13 
Third Stage 16.83 9.84 
Fourth Stage 5.96 1. 81 

Nitrite-N mg/t 

First Stage 0.175 0.043 0.200 
Second Stage 3.800 2.425 2.250 
Third Stage 2.175 1.775 1.175 
Fourth Stage 1.325 1.275 0.850 

Nitrate-N mg/t 

Fi rst Stage 0.26 0.32 0.23 
Second Stage 1.32 4.25 
Thi rd Stage 7.82 9.22 13.82 
Fourth Stage 18.67 19.72 24.40 
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Table B-24. Characteristics of the effluent from the four 

Parameter 

Total COD - mg/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Filtered COD - mg/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

Filtered Kjeldah1 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

Ammonia-N mg/~ 

Fi rst Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nitrite-N mg/~ 

First Stage 
Second Stage 
Third Stage 
Fourth Stage 

Nitrate-N mg/~ 

First Stage 
Second Stage 
Thi rd Stage 
Fourth Stage 

- mg/~ 

RBC Data 

3/26 

52.7 
74.9 
78.9 

25.5 
19.8 
47.6 

38 
41 
37 
36 

34 
41 
37 
36 

10.S7 
2.21 
1. 70 
1. 53 

10.87 
0.28 
0.35 
0.13 

0.525 
0.400 
0.275 
0.125 

3.98 
12.60 
13.98 
13.88 

T = 20°C 

4/3 

88.7 
56.7 

121. 1 
105.1 

34.9 
24.2 
48.8 
42.5 

62 
44 
65 
54 

53 
40 
62 
52 

1.05 
0.25 
0.20 

2.85 
0.17 
0.07 
0.04 

0.825 
0.420 
0.230 
0.105 

6.68 
7.88 
8.62 
8.14 
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of RBC Unit A when 

Unit - A 

4/8 

198.4 
116.1 
80.0 
81. 3 

24.0 
19.9 
19.2 
lS.0 

87 
98 
61 
58 

70 
7? 
51 
52 

13.15 
1.85 
1.43 
0.72 

3.13 
0.35 
0.11 
0.11 

11.080 
0.820 
0.375 
0.215 

4.32 
6.18 
6.88 
8.14 

4/10 

116.1 
105.S 
110.8 
97.4 

21.3 
27.6 
22.0 
19.9 

82 
87 
93 
78 

65 
69 
77 
63 

11. 15 
0.57 
0.42 
0.58 

2.4S 
0.37 
0.11 
0.09 

1.740 
1.070 
0.395 
0.265 

4.66 
8,63 
8.56 
9.38 

at 20°C. 

4/12 

82.1 
101.0 
74.2 
SO.5 

20.4 
16.6 
17.7 
21.1 

53 
60 
61 
60 

53 
53 
54 
52 



~-.! Table B-25. Characteristics of the effluent from the four stages of RBC Unit B when operating at 20oC. 

RBC Data T = 20"C Unit - B 

Parameter 3/27 4/2 4/7 4/9 4/11 

Total COD - mg/~ 

First Stage 77.4 130.6 91.1 86.5 104.5 
Second Stage 43.1 127.0 88.7 93.0 
Third Stage 52.6 90.5 75.7 75.3 
Fourth Stage 143.0 157.6 120.2 72.0 

Filtered COD - mg/~ 

First Stage 28.0 23.5 30.1 25.7 
Second Stage 21.4 34.9 42.2 46.8 
Third Stage 28.2 21.0 42.6 37.2 
Fourth Stage 47.8 21.0 26.0 25.3 18.8 

~~ 

First Stage 66 36 64 75 68 
Second Stage 45 54 81 60 47 
Third Stage 82 56 66 45 42 
Fourth Stage 90 55 55 84 53 

VSS - mg/~ 

First Stage 59 36 60 73 65 
Second Stage 40 52 57 57 47 
Third Stage 72 46 58 44 42 
Fourth Stage 71 54 54 77 51 

Filtered Kje1dah1-mg/Q, 

First Stage 28.90 5.61 6.74 17.00 
Second Stage 7.44 0.61 2.03 3.77 
Third Stage 1.62 0.72 0.75 1.89 
Fourth Stage 0.87 0.20 0.69 1. 25 

Ammonia-N mg/Q, 

First Stage 21.00 4.82 6.22 6.72 
Second Stage 7.43 0.41 0.84 2.27 
Third Stage 0.41 0.25 0.22 0.85 
Fourth Stage 0.09 0.16 0.09 0.39 

Nitrite-N mg/1', 

First Stage 2.200 1.875 1.025 0.800 
Second Stage 1.925 0.375 0.580 1.350 
Third Stage 0.525 0.185 0.460 1.050 
Fourth Stage 0.250 0.175 0.300 0.750 

First Stage 0.80 4.12 3.48 2.45 
Second Stage 10.82 9.88 7.72 6.65 
Thi rd Stage 19.72 9.32 8.69 8.70 
Fourth Stage 20.25 9.38 8.85 9.75 
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~ Table B-26. Characteristics of the effluent froQ the four stages of RBC Unit C when operating at 20°C. 

RBC Data T = 20°C Unit - C 

. Parameter 3/26 4/3 4/8 4/10 4/12 

Total COD - mg/~ 

First Stage 94.5 96.4 98.8 98.9 143.0 
Second Stage 154.4 85.6 114.6 187 174 
Third Stage 171. 5 45.6 97.5 129.5 97 
Fourth Stage 84.9 96.0 111 .8 196.0 

Filtered COD mg/~ 

First Stage 38.9 37.3 33.2 
Second Stage 30.3 30.7 27.9 
Third Stage 25.2 29.5 28.3 22.2 
Fourth Stage 29.3 28.1 30.9 23.1 

SS - mg/~ 

First Stage 89 62 77 87 123 
Second Stage 74 53 77 137 112 
Thi rd Stage 110 58 76 78 90 
Fourth Stage 124 66 80 103 83 

VSS - mg/~ 

First Stage 78 62 66 78 lO7 
Second Stage 67 52 70 107 99 
Third Stage 91 54 67 63 74 
Fourth Stage 104 64 67 86 70 

Filtered Kjeldahl-N mg/~ 

First Stage 35.00 14.55 25.20 20.40 
Second Stage 17.70 2.32 10.65 9.73 
Third Stage 4.49 2.60 3.38 1.60 
Fourth Stage 2.27 1.65 1.62 1. 01 

Ammonia-N mg/~ 

First Stage 25.73 14.55 10.88 16.88 
Second Stage 11.35 0.91 1.28 2.79 
Third Stage 2.96 0.27 0.20 0.47 
Fourth Stage 0.26 0.11 0.06 0.08 

Nitrite-N mg/t 

First Stage 0.345 0.850 0.275 0.725 
Second Stage 0.950 1.200 1.020 1.700 
Third Stage 0.900 0.350 0.480 0.930 
Fourth Stage 0.375 0.150 0.250 0.560 

Nitrate-N mg/~ 

First Stage 0.71 1.40 2.22 l.02 
Second Stage 10.80 12.55 9.38 10.30 
Third Stage 14.90 11.62 13.97 
Fourth Stage 14.60 11.95 11.94 

106 



· Table B-27. Characteristics of the effluent from the four stages of RBC Unit 0 when operating at 20°C. 
=--.-... -~=-... 

RBC Data T " 20"C Unit - 0 

Parameter 3/20 3/27 4/2 4/7 4/9 4/11 

Total COD - mg/~ 

First Stage 286.7 145.9 130.5 229.4 147.7 216.0 
Second Stage 228.5 123.1 131.8 172.6 192.0 
Thi rd Stage 103.1 115.8 97.7 111.4 174.0 
Fourth Stage 257.0 140.2 152.2 140.9 240.0 

Filtered COD ~~ 

First Stage 35.2 40.7 42.4 46.5 40.9 36.9 
Second Stage 25.6 30.9 26.2 31.9 26.1 
Third Stage 39.4 25.0 29.3 32.8 
Fourth Stage 36.7 23.8 31. 1 26.4 22.0 

First Stage 234 73 68 83 56 183 
Second Stage 226 190 98 98 56 89 
Third Stage 194 95 109 66 57 89 
Fourth Stage 184 116 102 88 103 101 

VSS - mg/~ 

First Stage 174 70 62 71 52 158 
Second Stage 184 149 88 83 52 80 
Third Stage 162 84 92 61 53 82 
Fourth Stage 148 97 91 77 88 89 

Filtered Kje1dah1-N mQ/~ 

Fi rst Stage 45.10 15.45 18.60 32.80 
Second Stage 20.34 2.76 1. 75 17.00 
Third Stage 5.59 1. 40 2.64 6.12 
Fourth Stage 2.73 1.34 4.82 2.72 

Ammonia-N mg/~ 

First Stage 32.38 37.0 13.31 15.38 15.86 
Second Stage 14.81 20.34 2.76 0.33 6.61 
Third Stage 2.32 4.71 0.19 0.69 3.15 
Fourth Stage 0.44 0.45 0.25 3.18 1.06 

Nitrite-N mg/~ 

First Stage 0.770 0.290 1.125 0.350 0.225 
Second Stage 1.350 0.950 1.175 0.325 l.275 
Third Stage 0.800 1.000 0.225 0.800 1.300 
Fourth Stage 0.150 0.375 0.100 l.175 0.670 

Nitrate-N mg/~ 

Fi rst Stage 0.33 0.51 0,88 2.40 2.78 
Second Stage 16.15 11. 55 12.32 13.18 7.48 
Third Stage 31.20' 25.00 16.78 12.95 11.45 
Fourth Stage 33.80 29.12 16.65 9.82 14.43 
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Table B-28. Total organic carbon concentration (mg/t) in RBC Units A and C when ot)erating at 20°C. 

- ~--.-- - -
Date 3/13 4/3 4/8 

Unit Unfilt Filtered Unfiltered Unfiltered Fi 1 tered 

A 

First Stage 15.7 13.8 25.6 16.8 46.2 14.2 

Second Stage 9.8 8.4 11.5 11.0 8.7 

Thi rd Stage 10.4 7.9 13.1 8.6 

Fourth Stage 16.9 8.5 16.8 8.2 

C 

First Stage 27.0 17.0 33.9 17.9 32.4 17.7 

Second Stage 23.2 20.7 24.9 13.8 16.3 

Thi rrl Stage 42.7 21.5 34.0 13.9 

Fourth Stage 22.3 19.6 20.8 12.8 

Table 8-29. Total organic carbon concentration (mg/t) in RBC Units Band D when operating at 20°C. 

- --

Date 3/20 4/2 4/7 

Unit Total Filtered Total Filtered Total Filtered 

B 

First Stage 20.6 12.5 24.2 15.8 14.1 

Second Stage 14.9 13.6 2"-.2 14.5 9.4 

Thi rd Stage 14.5 8.6 22.6 15.2 

Fourth Stage 16.8 8.0 31.9 14.8 

D 

First Stage 23.8 17.8 30.6 23.1 35.1 21.2 

Second Stage 41.2 14.0 38.6 17 .6 13.2 

Third Stage 26.5 13.4 33.9 14.6 

Fourth Stage 39.7 12.4 36.1 12.1 

108 



Table B-30. Mean influent concentrations of nitrogen forms when operating 
at 20°C for the period 4/2 to 4/12. 

Parameter I 

TKN-mg/t I 
n i 5 
Average 20.94 
S.D. 2.75 

Ammoni a-N mg/ t 
n 5 
Average 7.64 
S.D. 1.24 

Nitrite-N mg/t 
n 5 
Average 0.117 
S.D. 0.115 

Nitrate-N mg/ t 
n 5 
Average 0.20 
S.D. 0.16 

Flow rate-tid 

n 6 
Average 279.6 
S.D. 2.9 

n ~ number of determinations 
S.D. = standard deviation 

B 

5 
26.69 
4.59 

5 
10.82 
1.80 

5 
0.188 
0.170 

5 
0.36 
0.21 

6 
283.2 

3.7 

C 0 

5 5 
37.09 39.00 
5.34 7.05 

5 5 
13.51 15.76 
2.11 2.48 

5 5 
0.205 0.273 
0.198 0.246 

5 5 
0.35 0.52 
0.29 0.31 

6 6 
289.2 294.0 

7.1 2.9 

Table B-31. Mass of attached biomass on the experimental RBC units, grams. 

I Temperature °C 5 15 20 

Unit Stage Total Solids iVolatile Solids Total Solids Volatile Solids Total Solids :Volatile Solids 
i 
i 

A 1 37.7 26.8 41.3 29.1 39.4 ! 26.8 
2 22.9 14.9 11.0 6.9 7.8 5.0 
3 25.0 16.3 5.4 4.3 4.4 2.2 
4 17.8 11.1 3.4 2.2 2.5 1.6 

B 1 35.4 23.8 63.1 38.0 89.5 59.7 
2 17 .3 11.3 56.5 30.9 12.3 8.3 
3 16.3 10.4 19.5 11.4 3.4 2.2 
4 13.6 8.7 12.0 6.5 2.0 1.2 

C 1 55.9 36.7 76.1 49.7 81. 9 54.9 
2 32.1 20.7 56.9 37.7 37.5 24.2 
3 17.0 10.7 37.8 22.5 13.2 8.6 
4 25.7 15.1 24.7 14.4 7.8 4.6 

0 1 53.8 34.6 59.5 48.8 88.9 58.7 
2 56.4 35.8 61.0 40.6 47.6 35.1 
3 42.3 27.9 33.0 24.2 7.3 4.6 
4 33.2 21.4 31.0 17.6 8.9 6.6 
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Table 8-32. Percentage of volatile solids in attached biomass. 

",. 

Temperature °C 5 15 20 

Unit Stage 

A 1 71.11 70.42 68.10 
2 65.19 62.60 64.00 
3 65.00 79.28 48.90 
4 62.47 64.43 63.20 

B 1 67.34 60.25 66.70 
2 65.41 54.71 67.50 
3 63.88 58.31 64.70 
4 63.63 53.83 61.80 

C 1 65.70 65.35 67.00 
2 64:40 66.17 64.40 
3 62.81 . 59.49 64.80 
4 58.79 58.42 58.80 

0 1 64.29 82.05 66.00 
2 63.48 66.53 73.70 
3 65.98 73.46 63.10 
4 64.33 55.96 67.70 
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APPENDIX C 

KINETIC MODELS--DATA 

Table C-l. Summary of the values used in equations to calculate 
the yields and decay rates. 

Temoerature 
°C Unit 

B 

A 
5 

C 

D 

A 

B 
15 

C 

D 

A 

B 
20 

C 

D 

Q = Influent flow rate, m3/d 

So = Influent total COD, mg/t 

Q(So-S! ) 
AX' 

0.76065 

0.99168 

0.89081 

1.17094 

0.55355 

0.87242 

0.87551 

1. 27445 

1.25776 

0.83399 

1.141137 

1.20215 

S1 = First stage effluent filtered COD, mg/t 

Xl = First stage effluent VSS, mg/t 

X = Attached biomass in the first stages, g/m 2 

A = First stages surface area, m2 

111 

.lli 
AX 

0.43347 

0.40010 

0.50148 

0.69837 

0.28485 

0.34536 

1).50953 

0.84806 

0.57504 

0.27847 

0.40938 

0.48683 



Table C-2. Summary of mean steady state data used to determine-the kinetic constants for 
substrate removal in the first stages of the RBC process. 

--
Temperature -

0 So Sl AX O(So-Sd/A °C Unit m3 /d mg/Q, mg/Q, grams q/m 2/d 

5 A 0.2867 118.4 25.7 26.8 18.03059 

5 S 0.2842 85.6 21.9 23.8 12.28191 

5 C 0.2940 142.0 30.8 36.7 22.17965 

5 0 0.3028 173.3 39.5 34.6 27.48619 

15 A 0.2763 79.3 21.0 29.1 11. 71512 

15 B 0.2853 144.5 28.3 38.0 24.11044 

15 C 0.2820 192.6 38.3 49.7 31.64553 

15 0 0.2886 265.2 49.7 48.8 45.23149 

20 A 0.2802 145.5 25.2 26.8 22.86843 

20 B 0.2837 202.3 26.8 59.7 33.77839 
20 C 0.2874 256.7 38.1 54.9 42.62255 

20 0 0.2922 281.9 40.4 58.7 47.87402 

o Influent flow, m3 /d 
So, SI = Influent and effluent COO for the first stages, mq/Q, 

A Surface area/stage, m2 

-
X Attached biomass in first stage, g/m2 

O(So-SI)/AX O(SO/SI-1 )/A 
g/g/d m3 /m'ld 

0.99168 0.70158 

0.76065 0.56082 

0.89081 0.72012 

1 .17094 0.69585 

0.55355 0.55786 

0.87242 0.85196 

0.87551 0.82625 

1.27445 0.91009 

1 .25776 0.90748 

0.83399 1.26039 

1.14437 1. 11870 
1.20215 1. 18500 

Table C-3. Summary of the results obtained with the models for carbonaceous substrate removal in the 
first stages of the RBC units. 

5°C 

Correlation 
Model Coefficient k,km,ka 

O(So-Stl = 0.8505 2.495 

k AS 2 
Q(SO-SI) 

_ m 1 
0.7472 1.057 - ~+Sl 

O(SO-SI) == 0.9603 -45.5 
1 

Q = Flow rate, m3 /d 

SO,S! Influent and effluent COD mgt! 

A = Total surface area/stage, m2 

-

Ks'~ 

47.3 

16.7 

-97.3 

X = Total attached biomass in first stage, gVS/m 2 -

k = ~1aximum reaction rate, lid 

km = Maximum reaction rate, g/m2 /mg/Q,/d 

ka = Maximum reaction rate, g/m2/d 

Ks = Half saturation constant, mg/Q, COD 

~ = Constant, mg/Q, COD 

-
15°C 20°C 

Correlation 
K ~ I 

Correlation 
Coefficient k,km' ka s' _ : Coefficient k,km,ka 

0.9495 7.761 262.2 0.3378 1. 513 

0.8864 1.798 42.5 0.4625 1.552 

0.9647 -36.3 -81. 6 0.8899 -112 
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Ks'~ 

12.5 

12.8 

-134.6 



Table C-4. Summary of the experimental data used to develop the predictive model for 
the second throu9h fourth stanes of the RBC units. . 

- - ~ = -
Mean* Filtered COD - mg/~ 

Flow Temperature 
Unit ~/d °C First Stage Second Stage Third Stage Fourth Stage 

C 0.2940 4.6 30.8 31.0 28.1 28.1 
0 0.3028 4.2 39.5 40.0 35.5 36.1 
B 0.2853 14.6 28.3 23.2 24.2 21.5 
C 0.2820 14.5 38.3 39.7 33.3 25.4 
D 0.2886 15.1 49.7 36.5 49.3 39.9 
C 0.2874 19.9 38.1 29.6 26.3 27.9 
D 

i 
0.2922 19.7 40.4 28.1 31.6 28.0 

(*) calculated as mean values of staaes 2, 3, and 4. 

Table C-5. Summary of mean steady state ammonia-N data used in the linear regression 
analysis to determine the kinetic parameters. 

- - - _."'" 

I 

Temperature Influent Flow Ammonia-N mg/~ Ammonia-N 

Mean* 

29.1 
37.2 
23.0 
32.8 
41.9 i 

27.9 
29.2 

°C Unit - Stage Ud Influent Effluent Removal rate, gN/m2 /d 

15 A-1 276.3 7.70 1.05 1.336 
15 B-2 285.3 14.58 4.00 2.195 

15 C-3 282.0 9.64 1.39 1.712 

15 0-3 288.6 23.65 13.34 2.164 
15 0-4 288.6 13.34 3.89 1.984 

20 B-2 283.2 5.92 1.17 0.913 

20 0-2 294.0 14.85 3.23 2.318 

20* B-2 288.0 21.0 7.43 2.651 

20* B-3 288.0 7.43 1.62 1.135 

20* C-2 280.8 25.73 11.35 2.739 

20* C-3 280.8 11.35 2.96 1.598 

I 
20* 0-2 284.4 34.69 17.58 3.301 

20* 0-3 284.4 17.58 3.52 2.713 

(*) first period data. 
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Table C-6. Summary of mean steady state ammonia-N concentrations and removals. 
1::::=:="" -~-, -,. -- - .- "- -- ~.' -
i Temperature 
I 

15°C 20"C i 
NH 4-N 

i 
NH4-N Removal NH4- N 

I Unit-Stage mg/t rate-q/m 2/d Unit-Stage mg/£ 

A-l 1.05 1.336 A-2 0.30 
A-2 0.59 0.092 A-3 0.10 
A-3 0.44 0.030 A-4 0.08 

I 
A-II 0.40 0.008 B-2 1.17 
B-2 4.00 2.195 B-3 0.44 
B-3* 2.03 0.409 B-4 0.21 

I B-4 0.36 
I 

0.347 C-2* 1.66 I 

C-2* 9.64 1.745 C-3 0.61 

C-3 1.39 1 .712 C-4 0.05 
C-4 0.43 0.199 0-2 3.23 
0-3 13.34 

I 
? .164 

I 

B-2 7.43 
0-4 3.89 I 1.984 B-3 1.62 

I B-4 0.09 
I 

C-2 11.35 

C-3 2.96 

C-4 0.26 

0-2 17.58 

0-3 3.52 

I i 0-4 0.45 i 
(*) were not considered in performing reqression analysis. 

Table C-7. Summary of calculated maximum ammonia-N removal rates 
first stages of the RBC units. 

! 
(OC) I 15 ; Temperature 

! Unit I Observed Simu 1 a ted* fJ 

A I 1.336 1.344 0.994 
B a.037 2.108 0.018 
C rl.85l 2.242 0.380 
0 0.090 2.279 0.040 

* The calculated values are based on Equation 82. 

R - 2.334 (C-0.4) 
- 0.45+ (C-O.4) (82) 

** The calculated values are based on Equation 83. 

R - 3.74 C 
- 2.8 + C (153) 

I'lhere 

R = Ammonia-N removal rate, qN/m2/d 

C Ammonia-N concentration, mq/t 
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Observed 

0.91 Ll 

0.941 
<0.00 

0.182 

NH4-N Removal 
rate-g/m 2/d 

0.478 

0.038 
0.004 

0.913 
0.140 
0.044 

3.598 
0.390 

0.075 

2.318 
2.651 
1.135 

0.299 
2.739 

1.598 
0.514 

3.301 
2.713 

0.592 

(gN/m 2/d) in the 

~= 

20 

S imu 1 a ted** fl 

1.199 0.762 
1.652 0.570 

2.011 <0.000 

2.276 0.080 



Table C-B. Summary of equations and order of application in estimation procedure to calculate ammonia-N 
concentrations. 

- -
Stage to 

be Estimated Equations Applied 

First Stage I. Q(Cg-C lln) kNC1m 
Ammonia-N Al = KN+CJJ11 

II. C ,,-b +/b 2 -4ac 
<1m 2a 

a = Q/AI 

b = kN + ~IKN - *lCO 

c=.::Q{C 
Al 0 

~) 

III. ~1(CO-Cl) = fl ~l (Co-Clm) 

IV. C1 = f 1C1m + Co{l-fl ) 

Second Stage V. O(C 1-C 2 ) 
kNC2 

Arnmonia-N A2 = KN+C 2 

VI. C2 " -b +/b2-4ac 
2a 

a " Q/A2 & 
b = kN + A2 - ;tel 

c =~lKN 
-<- •• < 

Third Stage and 
VII. Q(Ci _1-Ci ) kNC i Fourth StaCIe 

Arnmonia-N A = KN+C i 

i " 3,4 

VIII. C. " 
-b +,;h2-4ac 

1 2 

a = Q/A. 

b " kN ~ ~ KN - ~ C;_l 
1 1 

-iL c = A. ~Ci_l 
1 

----
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