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CHAPTE~ I 

INTRODUCTION 

Trickling filters (fixed-bed reactors). have been used in the 

United .States for the purpose of wastewater purification since 1889. 

The removal of organic wastes is accomplished primarily by microorgan-
' 

isms which are attached to the medium contained in the filter. bed. The 

filte.r li>ed is normally composed of crushed stone, but other materials 

such ..a:s plastic can be utiliz.ed successfully. In reality filtration, 

as normally defined, does not occur in the filter.. The primary purpose 

of the unit is to provide a location for biological oxidation to occur. 
' i 

Biological wastewater treatment is also accomplished by the acti-

vated sludge process. Activated sludge treatment is similar to trick

ling filtration in th.e respect that both are principally ae.robic proc

esses in which the removal of soluble organics depends on the action of 

microorganisms. Biological metabolism involves the conversion of the 

organic waste to new cell material and metabolic end product~. Thus,. 

the soluble organics are removed by the synthesis of a bio-mass which 

can be settled out, and by oxidation to c·arbon dioxide and water •. The 

activated sludge proces$ is a ,fluidized bed system in which flocculated 

biologica.l growths are .held in suspension .in the. presence of an inj~cted 

· air supply.~ In contrast, the biological growth in a ,trickling filter is 

attached to the filter bed surfaces and required oxygen is obtained from 

the surrounding environment. 

1 



Since the trickling filter and the ~ctivated sludge processes are 

both micrpbial systems, it should be possible to explain and de~cribe. 
' - . I . ' 

2 

the corresponding removals of soluble organics and the growth of micro-
, , . I . ,, 

organisms b,y similar procedures. Comparison of the two processes 

should be performed by using an equivalent basis of evalu.ation. In 

1946, G. M. Ridenour (1) proposed that the load applied to each type of 

biological unit was equal to the BOD. (biochemical. oxygen demand) applied 

per unit time divided by the effe.ctive active biological, concentration· 
i 

present. The effective biological concentration in a trickling filter 

was stated to be a function of effective surface area. At the time of. 

his presentation, Ridenour observed that few biological treatment plants 

were evaluated as he suggested. Current evaluations of the trickling 

filter process normally tend to neglect the consideratio,n of the micro

bial population present in the filter. 

The primary purpose of this investigation was to establish design 

and operational control parameters for a biological fixed-bed reactor.· 

Thes~ par,ameters were app 1 i ed to an experimerita 1 1 abora tory unit for 

tne. purpose of determining .the relati.oriships between them, Representa

'tive value~ of results were then used for comparison to corresponding 

activated sludge parameters. Of secondary interest to this investiga-, . ' ' 

tion was the observation of the production of biological sol.ids,· A 

knowledge was desired as to whether solids production was dependent upon 

the hydraulic .flow to the system or the organic lo.ad which was applied. 

Various investigators have proposed design form.ulati,ons for the trick-
, 

ling ,filter process. Mixed opinio,ns exist,. however, concerning the 

variables involved and their relative impottance, The author expresses 

his desire that this investigation will give additiqnal insight to the 

understanding and control of fixed-bed reactor systems. 



CHAPTER II 

LITERATURE REVIEW 

A. Introduction 

Current investigations of the activated sludge process normally 

describe it a~ a continuous culture of mixed microorganisms and attempts 

are made to analyze the system as microbiologists would. Past design 

formulations for the trickling filter process have been chiefly concern

ed with obvious physical aspects and empirical equations; there has been 

a definite lack of res.earch regarding the biological, nature of the 

treatment process. The literature reviewed in this chapter includes not 

only the results of research pertaining to trickling filters, but is 

al so ,composed of the application and development of various activated 

sludge p'arameters, The purpose of this chapter is to present l i tef'a

ture which will be beneficial in the analysis of a fixed-bed reactor 

system. 

B. Suggestions for the Similar Evaluation 

of Biological Processes 

Several researchers have suggested that the trickling ,filter and 

activated sludge processes may be evaluated by using similar methods. 

Ridenour (1) believed that the load, applied ,to each type of process 

could be described in terms of the BOD applied, per unit time divided by 

the effective active biological cohcentration. He observed·that the 

3 
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common expressions which were used to describe trickling filter load-

. ings ·were gapons per acre per. day, gallons per acre-foot per. day, pop-· 

ulation per.acre-foot per day., .and pounds of BOD p.er day per 1000 cu.bic 

feet of filter. The only expressi.on which ,approached the methpd of 

evaluati,on as he suggested was pounds of BOD per day per 1000 c~bic 

feet of ·fnter. Any expressions for the load applied to the: two types 

of biological. processes should' diff~r only with .respect to the physical 

state of the biological pop.ul ations .. 

ln 196·1, W. w~ Ecke'nfelder (2) i',n a study of filter performance 

indica~ed that "BOD removal is .related to the surface area of active 

film per unit ·volume of filter media. · This· is analogous to the concen .. 

tration pf ·mixed liquor solids in·the activated sludge process.". Tre 

surface area of ~ean ~ctive film.was incqrporated into his ~esign for~ 

, mulations ... He defined the quantity of active biological film as being 

depenqent on the depth of film through which oxygen could be available 

for aerobic conditions.to be maintained. Eckenfelder's st1,1dy was.sig

I nificant to 'the present. investigation in the respect that he· acknow-

1 edged t:he bi o.l og i ca 1 nature of a fi lte)". and its resemb 1 ance to the 

activated sludge process. 

In 1973, Kinc.annon and Sherrard (3) proposed.a basis for. the.com-· 

parison of the two biological, processes. They expressed· .the op,iniqn · 
. . 

that a rational procedure is nee,ded for the purpose of select,ing .which 

t1pe is be.st suited for-a particular wastewater treatment objective •.. 

They believe that many traditiona.l advantages and disaqvantages of 

either -process have normally been defined in vague terms whi.ch are not 

va·l id for comparison .. _ The concept of mass loading rate of organic -

material :Per mass of microorganisms· (food to microorganism ratio, F/M) 

• 
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was sugg.ested as being a valid basis of comparison. The authors. 

· developed a procedure for the determination of.food to microorganism 

ratios for trickling filters. Sludge age; ec' was also suggested as an 

equitable parameter for comparison. Thus, food to microorganism ratio 

and sludge age are parameters by which process comparisons and selec

tions may be evaluated. 

The continuous culture theory of microorganisms has been used in 

the study of trickling filter process kinetics. Korn~gay and Andrews 

(4) util·ized an annular reactor·comprised of a rotating drum inside an 

outer Vessel for the purpose of analyzing the kinetics which apply to 
' fixed biological films. With the aid -Of Monad's (5) growth kinetics, 

they developed a steady state equation ,which adequately predicted sub

strate removal for a single stage reactor •. The equation is expressed 

as follows:. 

where 

F(S0 - 11) = ~ (A)(X)(d) 

S = influent concentration of the essential nutrient (M/L 3 ) 
Sf. = effluent concentration of the essential nutrient (M/L 3 ) 
O = maximum specific growth rate (T-1 ) 
F = hydraulic fl.ow rate (L3/T) 
Y = yield co.nstant . 
A = area of biological. film (L2 ) 
X = concentration of organisms in the biological film (M/L 3 ) 
d = .thickness of the active ,biological layer (l) 
Ks = essential nut.rient concentration where = \ o (M/L 3 ) 

(1) 

Glucose was employed in the.ir studies as the growth-limiting nutri~. 

ent, and the annular reactors were seeded with mixed cultures of micro-, 

organisms obtained from domestic wastewate.r .. The ternperature of the 

influent hydraulic .flow was mainta.ined at .25 ~ o.s0c. Film thickness 



i . 

was found .to vary prior to the attainment of steady state conditions., 

but eventually s~abilized. Steady state conditi9ns were obtained when 

the biological .film thickness measured 70µ~. At this thickness, value~ 

for dissolved oxygen and substrate utilization be.came constant.· The 
' . ' . . . . 

6 

authors also observ~d .that film thickness. in ex.cess of 70µ .did not pro ... 

vide a greater substrate remova 1 rate •. The act iv~ thickness was found 

to not be a function ·Of .the dissolved oxygen pre~ent. in th.e film. 

Steady state paramet.ers which. were determined ar.e: 

Y .. = 0.26· g of volatile suspended. solids/g of gluco$e utilized 
X = 95 mg/cuc111, .dry weight 
K = 121 mg/1 . ' 
j'.l S = 0 • 28 hr"' 1 

Cook ( 6) in 1970, studied the per.forR)ance of a fi xed.-bed reactor 

system employing sucrose as the growth ... limiting nutrient and a.filter. 

media composed of vertical fiberglass plates. He derived. a material 

bal;ance equation which was identical to the equation develeped by 

Kornegay and Andrews (4) to describe fixed film performance. Cook 

evaluat.ed the equation by using the data obtained from. his experimental 

reactor. He concluded that.Uthe material balance equation is valid .at 

steady state conditions. ip a ,tric~ling filter.··~-· 

Kornegay and Andrews (7) later expanded. ·thei~ use of the con.tin- . 

.. uous culture theory in tne evalua~ion ,of fixed-film reactors. The.Y, 

developed an equation to describe substrate removal in a plug-flow 

· reactor, and modified their equati,on for single stage removal .for thE!" 

purpose of predicting performance through a se.ries ·Of reactor,s. TJl~f 
utilized six annular .reactors .in their experimental investiga~ions. 

Their experimental results sho.wed that·both .the plug-flow m9del and the 

serie$ reactor model could be used to predict reactor performances. 



C. Activated Sludge Parameters 

This section of the literature review will be devoted to the pre

sentation of published literature pertaining to the activated sludge 

process. This literature will be limited to suggestions and formula

tions of various parameters which can be used in the description and 

evaluation of biological wastewater treatment processes. The para

meters being studied will be those which are applied in this investi~ 

gation to fixed-bed biological reactor systems. 

In 1952, Garrett and Sawyer (8) studied the kinetics of the 

removal of soluble BOD in the activated sludge process. They believed 

that a term identified as 11 biological loading" would be beneficial in 

process descriptions.· This loading was defined as 11 the pounds BOD 

applied per day per pound aeration solids." The growth rate of micro

organisms was stated to be directly related to this loading. 

7 

Garrett (9) in 1958, proposed a method for the operational control 

of activated sludge pl ants. Sludt::ie cirowth rate was found to be a .para

meter which controlled. the operating condition of a treatment plqnt .. 

Growth rate could be hydraulically regulated by the wastage of solids 

to an excess sludge settling tank •. The reciprocal of growth rate was 

termed 11 sludge age. 11 Sludge age was defined as the "total pounds of 

solids in a plant divided by the sol ids wasted from the system each day." 

McKinney (10) recommended the use of a concept labeled ''food:· 

microorganism ratio." This ratio (F:M) could be explained in terms ·of 

the food which was available per unit of microorganisms .. McKinney sug

gested that F:M ratios .could be related to microorganism growth rate 

and to excess sludge production. High F:M values were stated to 
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produce larger amounts of excess sludge than would lower F:M values. 

The flocculation ability of sludge particles was believed to be increas

ed when F:M ratios were decreased. 

Jenkins and Garrison (11) indicated that the operatitin of acti

vated sludge facilities should be based on the mean cell residence time 

(ec) of activated sludge particles in the system. Control of the mean 

.cell residence time will enable the regulation of the soluble COD (chem

ical oxygen deman) quality of the system effluent. The authors also 

discussed the ability to maintain specific organisms in the system, such 

as those responsible for nitrification, by the control of mean cell res

idence time .. They concluded that this parameter can be rationally used 

for the design~ control, and operation at activated sludge wastewater 

treatment plants. 

In 1970, Lawrence and McCarty (12) present~d mathematical formu

lations of parameters applicable to biological treatment processes. 

Their purpose was to develop unifying relationships which. could be used 

in the description of various processes utilizing bacteria as the pri

mary organism. Models were developed for complete-mix systems with and 

without re.cycle and fora plug-flow system with recycle. They suggested 

that biological solids retention time (ec) be used as an independent 

parameter for design and operational control purposes. Various para

meters were related to e c for use in the description of the three 

models. The concept of minimum biological solids retention time (e~) 

was recognized as being important to the maintenance of a biological 

population .. At lower ec values thane~. organisms will be removed from 

a system faster than theycan be synthesized. 

Metcalf and Eddy, Inc. (13) recommend that the concept of rpean cell 



residence time be used in the design and operationa~ control of the 

activated sludge process. They app1y biological kinetics to treatment 

systems, and mean cell residence time is used as a principal parameter 

in their derivation of equations which describe system performance. 

Their procedures incorporate mean cell residence time as a rational 

design basis as. shown by its inclusion .in an example design problem. 

Mean cell residence time is suggested because of its basic relation to 

microbial growth and ease of regulation and control. 

9 

Sherrard, Schroeder, and Lawrence (14) developed a mathematical 

model for a cqntinuous flow complet~ly mixed activated sludge process 

employing cell recycle. Equations were derived by perform,ing material 

balances f6r microbial growth and substtate utilization. The use of a 

variable obse-rvea yield coefficient facilitated the development of the 

various equations. The parameters of mean cell residence time (ec), 

observed yield coefficient (Yobs)• specific utilization (U), food to 

microorganism ratio (F/M), and treatment efficiency were used to show 

graphically the relationships existing for a laboratory system. Mean 

cell residence time was shown to be a major parameter in the predicti~n 

of sludge production and system performance. 

D. Studies of Fixed-Bed Reactor Systems 

l. Total Organic Loading 

In a biological system, the amount of substrate utilized should be 

related to the amount of substrate provided to the microbial population, 

The total organic loading applied to a fixed~bed reactor system is a 

prcrcfuct.of the influent organic concentration and the hydraulic loading. 
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It is the purpose of .this section of the literature review to show the 

results of several investigators who have analyzed the performance of 

fixed-bed reactor systems by usi.ng the concept of total organic loading. 

Members of .the Committee on.Sanitary Engineering of the National 

Research Cou~cil (15) performed an extensive analysis of sewage treat~ 

ment at vario~s military installations.·· From the operational data 

which. were obtained, a statistical analysis was. made to characterize 

trickling filter performance. The Committe.e was able to conclude that 

of the two types of loading, organic and volumetric; the former has the 

greater effect on efficiency •. The Committee proposed an empirical 

design formula which_ combines_ the hydraulic and organic loadings into 

one term which represents the total organic load applied to the filter 

per day. 

Sorrels and Zeller (16) in 1953, studied trickling filter perform

ance wi~h the aid of a pilot plant using settled domestic sewage. They 

observed that BOD renioval varied with the organic load which was applied. 

The removal of soluble BOD was found to_be more dependent upon the 

organic load applied than upon the hydraulic rate of application. 

In 1959, Ingram (17} reported on the results of a study using set

tled sewage as the substrate and a filte.r composed of six sections,. 

each three feet in depth and twelve inches in diameter. Air was sup-

plied at a controlled rate to the bottom of each section •. Ingram stated 

that 11 hydraul ic flow rate was not the 1 imiting factorll controlling the. 

efficiency of .the reactor. He believed that the BOD lo~ding of a fil

ter :is a parameter of more importance than .the hydraulic ,loading •. BOD 

removal was observed to be approximately at the same efficiency with 

the same applied organic loadings. It made·no difference whether the 
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organic loaqing was accomplished by a high flow rate of weak sewage or_ 

by a low flow rate of strong sewage. 

Deen (18) studied the, effects of various organic and hydraulic 

loadings on an experimenta.l fixed-bed reactor. His irlv~stigations used 

a synthetic substrate with sucrose as the limiting nutrient. and carbon 

sourcew He concluded that total organic loading provides a .better means 

of evaluation than .does the org.anic concentration or·the hydraulic load

tng .considered separately. Equal total organic· loadings were found to 

produce s imi l.ar substrate removals throughout the depth of, the. fi,1 ter. · 

In 1971, Cook and Kinc~nnon. (19) evaluated the performance.of an 

experimental trickling filter which employed sucrose as the growth

limiting nut~ient, and a filt~r medium composed of vertical fibergl~ss 

plates. They found that substrate removal efficiency was dependent on 

the amount of total COD (g/hr/sq ft) applied rather than the COD GOncen- -

tration or the hydraulic flow rat~. For ,their range of hydraulic and 

·organic. loadings used in the. inv~stig.ation, residence time .or ccHi'tact 
' time was found to be irr~levant to. the COD removal. This was true be-

cause removal was dependent upon the total loading ~pplied, regardless 

of the hydraulic load which was used to achieve a given COD loading. 

Richard and Kingsbury (20) studied the treatment of milk wastes 

using plastic medium biological towers. The _plastic medium which they 

used in their investigations' was Flocor. They suggest that the two most· 

important things to consider in tower design are the relation .of organic 

load to performance, and the irrtgation rate •. For Flocor, they recom- · 

mend that a continuous and uniform hydraulic loading shoOld be main

tained at rates between 864 gpd/sq ft and 2880 gpd/sq ft. 
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2. Observations of Sludge Production, 

A secondary purpose for this present.investigation was the obser

vation of biological solid$ production in a fixed-bed re.actor system. 

The results will na,w be presented of various researchers who have 

reported information pertaining to the production of·sol,ids., The lit

erature is limited to studies which used Flocor,plast,ic medium for.the 

reactor bed in th,eir' inv.es.tigations. Thi S· 1 imitation is imposed because 

Flocor was the medium us.ed in the .expe'rimen.tal investigations of the 

current study. · 

Chipper.field (21) in 1967, discussed several conclu.sions concerning. 

the us.e and performance of plastic medjµm towers. He reported that the 

production of biological, solids increases when the applied BOD load is 

increased. The proportion of the ~pplied organic matter converted t~ 

solids tends to decrease with.increasing organic loads .. He observed 

that in actual practice, twenty to fo.rty. percent of the BOD is con

verted to biological solids. 

Askew (22) in an analysis of high rate biofiltratiqn .indicated that 

the. proportion ,of BOD converted to sludge varies with the type of sub

strat'e being treated and the loaqing rate. The conversion ratio fo.r 

carbohydrate wastes was found to be twenty to thirty percent. Higher 

values may be obtained if the biolqgical sys.tern is not allowed to reach 

equilibrium. Lower, sludge conversJon .ratios can be expected f9-r ·wholly, 

soluble substrates than for wastes ~ontaining both.soluble and insoluble 

components. 

In 1970, Bruce and Merkens (23) reported several findings result· · 

ing from pilot plant studies in which six types of filter media were· 
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used. Settled domestic sewage was the substrate which they utilized 

for the purpose of comparing the different media. They found·that 

total sludge production increased with the amount of. BOD removed. The 

weight of sludge produced per unit weight of BOD removed increased with 

the degree of BOD removal. The average ratio of sludge produced per 

BOD removed was found to be 0.485 for the Flocor filter bed. 

Richard and Kingsbury (20} in their st1:,1dy of the biological treat

ment of milk wastes observed that sludge is constantly sloughed in pro

portion to the incoming substrate. The sludge produced i:n the fixed

bed towers was found.to be.in their opinion relatively old. The average 

sludge age of voided sludge was observed to be one day. 



CHAPTER I I I . 

MATERIALS AND METHODS 

A. Experimental Approach 

To apply and compare activated sludge design and operational con

trol parameters to a fixed-bed reactor, two model fixed-bed reactors 

were used in this investigation. The two reactors were operated in 

series with intermediate clarifiers and a final clarifier to obtain 

results for total filter depts of four and eight feet. The effect of 

hydraulic loading on biological solids production was studied by col

lecting data at various flow rates.(500, 1000, and 1250 gpd/ft2 ). Bio-· 

logical sol ids production as a function .of total organic load was deter

mined at each flow rate by ·varying the organic load which was applied. 

The experimental units were operated under closely controlled conditions. 

in which the influent temperature was held constant and influents and 

effluents were monitored da i 1 y .. 

Data were collected by determining influent and effluent COD val

ues and by measuring the amounts of biological solids produced per day. 

These data were then used in the analysts and comparison of various 

parameters. 

B. Experimental Apparatus 

The two fixed"-bed reactors employed·in this investigation (see 

14 
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Figure 1) co,nsisted of plexiglass towers which were approxima~ely eight 

fee'!; in height. Each tower contai.ned four one-c.ubic foot {1.0. ft x 1.0 

ft x ·1,0 ft) modules of Flocor rigid PVC plastic medium ,as· the. contact. 

bed. The Flocor medium was develop~dby the Imperial .Chemical Indus

tries, Ltd.,. London,.England, and ha~ previously been licensed. in the 

United .States by .the Ethyl Corporation .. · Flocor ha~ 2~-inch triangular· 

openings, and each cubic fqot provides a maximum of 27 ft 2 ·of surfa.ce 

. area which ,can 'be utilized for-;biolo,gic~l ac~ivity. A void -ratio of 97 

percent provides ample.opportunity,for oxygen to react with microorgan

isms.:. Approximately four:- incMes of void ·space exi.sted between .adjacent 

medium units to allow samples to be taken at·var:ious· depths. The waste 

stream in each ·tower was channeled by collection troughs into plexi- . 

glass clarifiers.: 

Effluent from the primar,y tower was discharged into two plexiglass 

internieqiate clarifie.rs in series and the secondary tower efflu~nt wa.s 

discharged ·to a final clari,fier:-. Intermediate clarifier no. 2 was used 

as.a wet.well .for pumping the wastewater to the secondary tower. The 

dimenstons:of eac::h clarifier were 1.0 ft x 1.0 .ft x 2.0 ft •. however, 

the actual effective vo.lumes of ,l iqui.d were l.29 ft 3 (36.56.R.) for inter

mediate clarifier no. 1, 0,83 ft 3 (23.62.11.) for intermediate clarifier 

no~ 2, and 1.16 ft 3. (32.85.11.) for ·the final cl~ri·fier. Clarifier, no .. l 

and the final .clarifier:- each contained a plexiglass, baffle which meas-. 

ured 1.·0 ft x 1.0 ft .x 0.25 in., .The baffles ·allowed.for the fl9ccula-. 

tion and settli'ng of. biological solids entering each clarifier .. Waste-
, 

water flowed from intermediate clarifier no. 1 into intermediate ·clar

ifier no. 2 by gravi'ty through flexible tubin.g. 

Hydrau1 ic .flow to the syst.em was maintained .by means of a constant 



Figure 1. Diagram of the Two-stage Fixed-bed System with )nter
mediat~ and Final ClarifiGation 
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head tank which received a continuous flow of tap water from the Still ... 

water distribution system. Prior to entering the constant head tank. 

the tap water was passed through two coils of copper tubing which were 

immersed in water baths .. The ternperatures of the water baths could be. 
\-... -..... --.--·· ---·~--

controlled and enabled the primary reactor influent to be stabilized 

at 2s0c !: 1.5°. The flow rates to the primary and the secondary reac"".', 

tors were regulated by means of rotameters. Before distribut.io·n to the 
' • ' I ' ' , ! 

primary unit occurred. the flow .was discharged into a wet well. where 

mixing with a concentrated synthetic wa.ste .took place.· 

Sucrose (C H O ) was: employed as the carbon source and the 
, 12 22 11 · 

growth ... limtting nutrient for ·th• prepared synthetic waste used for this 

investigation., The compositiqn of the s,ynthetic waste, relative to a 

sucrose concentration of 100 mg/1, is presented in Table I.· The. waste 

was · prepared in quantities ·Of .twenty' 1 iters in con.centrated form 

47,310 mg/1). Approximately 35 ml of 16 N.sulfUric acid was added to 

. the feed during each preparation to repress biol ogi'ca 1 growth and to 

assist the .diss~lution of the waste constituents. The concentrated 

feed therefore possessed a low pH,·but when mix~~ with the large quan ... 

ti ties o.f tap water, pH val.ues .for the flow entering the reacto.rs were 

with.in propef ranges for biologi,cal growth to .occur. · The concentrated 

waste was stirred.constantly to .maintain a homogenous fe.ed. ·Transfer· 

and regul.a'tiQn ·of feed to the wet ·Well was accomplished by a variable 

speed Cole~Parmer Masterfl~x Tubing Pump (Model WZ IR031). Desired 
I 

.or1ganic concentrations could therefore be obtained by varying the 

amounts of waste transferred ,to the wet well. 

Desired mixed feed concentrations were conveyed from the wet well . ' 

to the primary reactor distribution system by means of a Teel Rotary ... 
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Screw PWQp (Model IP610). The pump was driven by a Dayton single speea 

motor (Model KS55JXBJB-913). Output of the pump was regulated by a 

valve-controlled recirculation system. The output could be adjusted so 

that it was equal to the flowrate through the rotameter. Hydraulic 

flow to the secondary reactor distribution system was accomplished by 

a pumping system identical to the one for the primary unit. All of the 

feed Jines a·nd the pumping ·systems were chlorinated frequently to pre

vent excessive microbial growth which could alter flowrates. 

TABLE I 

COMPOSITION OF THE SYNTHETIC WASTE FOR 100 mg/1 SUCROSE 
AS THE GROWTH-LIMITING NUTRIENT 

Constituent 

C H O (sucrose) 
12 22 11 

(NH) SO 
4 2 4 

MgSO ·7H O 
4 2 

K HPO 
2 4 

MnSO ·HO 
4 2 

CaCl 
2 

FeCl ·6H O 
3 2 

Concentration 

100 mg/1 

25 mg/1 

10 mg/1 

6 mg/1 

1 mg/1 

0.75 mg/1 

0.05 mg/1 

The distribution of the synthetic wastewater across the 1.0 ft 2 of 

horizontal surface area of each reactor was achieved by the use of a 
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reciprocating spray nozzle system. The oscillating motion of the spray 

nozzle was controlled by an electrically-motorized, chain-driven mecha

nism. Nozzle tip sizes were changed with corresponding changes in flow 

rate to maintain even and equal distribution of the wastewater across 

all of the contact surfaces which were provided. 

As previously mentioned, the wastewater from the primary reactor 

was channeled into two intermediate clarifi~rs, and the secondary 

reactor effluent was channeled into a final clarifier. Effluent from 

the total system was discharged into the local sanitary sewer. 

C. Experimental and Analytical Procedures 

Seeding the reactor system with microorganisms was not required, 

since it had been used by previous investigators. Original seeding was 

accomplished with settled sewage from the primary clarifier of the Still

water, Oklahoma, sewage treatment plant. 

This laboratory investigation covered a time span of six and one

half months, and consisted of fifteen exprimental runs. The first five 

runs were concerned with the determination of the most accurate and 

practical methods of data collection. Once these techniques were 

established, actual data were recorded beginning on September 14, 1973, 

with a feed concentration of 174 mg/1 and a hydraulic loading of 500 

gpd/ft2 , Each experimental· run was initiated with an acclimation per~ 

iod of at least four days for the purpose of obtaining steady state con

ditions. Once stead state conditions existed, sets of values were 

recorded for pH, COD, and biological solids concentrations for a minimum 

of three days. To ensure representative measurements of solids concen

trations, daily samples were taken in triplicate. Each set of data was 



collected during an experimental run was averaged, and the resulting 

values were used in the evaluation of system performance. 
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To maintain results which would be valid for comparison, a sampling 

scheme was established and utilized throughout the investigat.ion. The 

system influent temperature was monitored constantly with a thermometer 

which was placed· in the mixed feed wet well. Samples for COD determi

nation were collected in each reactor at the nozzle influent and imme

diately following the last cubic foot of plastic medium. A 100-ml 

sample was collected at each sampling location in a 250-ml Erlenmeyer 

flask. The effluent sample from each unit was collected with the ai~ 

of a PVC pipe which had the upper half of its wall removed and was 

attached to a small length of latex tubing. The sampler was moved back 

and forth horizontally to obtain representative samples. Determinations 

of pH at each sampling point using approximately 50 ml of sample were 

made with a Beckman Expandomatic SS-2 pH-meter. The remainder of each 

sample was filtered through a membrane filter (0.45 µ pore size, Milli

pore Filter Corp., Bedford, Mass.). The chemical oxygen demand (COD) 

of the filtrate was then determ'ined in accordance with Standard Methods 

(24), using a 20-ml sample size. Samples which were anticipated to 

have low COD values were analyzed by using the dilute COD method as 

given in Standard M~thods (24). 

Biological sol i.ds measurements were taken for the purpose of deter--

. mining the ~mount of sol ids produced by each reactor and by the total 

system for various applied organic loads. Thi:! total biological solids 

produced for a given time period consisted of the solids retained in 

the clarifiers plus the solids discharged in the final effluent. Inter

mediate clarifier no. 2 did not have a daily accumulation of solids as 
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did the other clarifiers and, therefore, was not included in the sol

ids measurements. The solids generated by the primary reactor were com

posed of those retained in the primary clarifier plus those \Which were dis-
. . I 

charged in ·the primar~ clarifier overflow. For convenience, solids 

determinations were made for a time period of twenty-four hours. This 

was accomplished by first cleaning the clarifiers. while diverting the 

wastewater flow and then allowing the system to operate under normal 

conditions for the desired time limit. 

The calculation of solids discharges per day in the effluents 

·. required a knowl~dge of the solids concentrations existing at all times. 

Preliminary studies were performed to determine if solids concentra

tions after an elapsed time of twenty-four hours were identical to those 

present at smaller elapsed times. It was found that concentrations 

could be.assumed to remgin constant. 

The sampling scheme for biological sol ids was started by taking 

50-ml effluent samples from the clarifier overflows. Hydraulic flow 

was then bypassed around the clarifiers. The influent and effluent to 

each clarifier was plugged, Psychoda flies and larvae Were' skimmed from 

the clarifier surfaces, and baffles were then cleaned of biological 

growth and. removed. The clarifiers were then mechanically'mixed with a 

motor-driven impeller assembly. Mixing was continued until the sludge 

had been broken into small particles and completely mixed conditions 

were obtained. Twenty five-ml samples were collected and then centri

fuged prior to the determination of the solids concentrations present. 

All biological solids concentrations were gravimetrically deter

mined by filtering the sample volumes through membrane filters (0.45 µ 

pore size, Millipore Filter Corp.). The filters were previously placed 
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in.aluminum tare pans and dried for two hours at a temperature of l03°c. 

Immediately fol.lowing cooling to room temperature, the pans were tared 

by using a Mettler Instrument Corporation .balance (No. 1-910). Appro-. 

priate volumes of sample were filtered through the membrane filters. 
I 

Filters with the corresponding pans were replaced in the drying oven 

for two hours at 1Q3°C, cooled in the desiccator, arid again weighed to 

find the weight of the solids present in each· given sample. 

D. Methods of Data Analysis 

In this section, various design and operational control parameters 

which: are commonly applied to activated sludge processes will be devel

oped for application to biological fixed-bed reactors. The parameters 

under study have been described principa.1 ly by Lawrence and McCarty (12), 

Metcalf and Eddy, Inc.· (13), and Sherrard, Schroeder, and Lawrence (14). 

Treatment efficiency or percent COD reduction can be calculated 

according to the following expression: 

where 

(C0 - C)lOO 
E = C 

0 

E ;: efficiency of COD removal, percent 

C0 = influent substrate concentration, mg/1 

C = effluent substrate concentration, mg/1 

(2) 

Food to microorganism ratio (F/M) is operationally defined as the 

amo6nt of substrate applied per total amount of microorganisms in the 

system. As applied to a fixed-bed reactor, food to microorgani$m ratio 

is defined as: 



Where 

~· = food to microorganism ratio, days -l 

F = (C0Q)8.34 = substrate applied during a finite period of 
time, lb/day 

C0 = influent substrate concentration, mg/1 

Q = hydraulic flowrate, mgd 

M = Xr = dry weight of active microbial mass in the filter 
volume, 1 bs 

i/ . T can be further;defined as 

where 

XT = VAdX 

V = volume of filter medium 

A = surface area per cubic foot of filter medium 

d = active film thic~ness of the biological layer 

X = dry weight of microorgaffisms per unit volume 

24 

(3) 

(4) 

Food to microorganism rati~ and following parameters assume that 

steady state conditions are maintained in the filter volume and that 

incoming substrate is distributed evenly over the filter medium surface 

area. It is also assumed that the reactor is a once-through $YStem, 

i.e., there are no sol ids in the influent flow,· and recycle is n·ot 

employed. Additional similar equations are rea9ily attain~ble if 

recycle is desired. 

An additional parameter is one which is .commonly named sludge ·age, 

mean cell residence time, or biological sol ids retention time (e .) : c 



where 

Be= mean cell residence time, days 

XT = dry weight of active microbial mass in the filter 
vo 1 ume, 1 bs . 

(AX/At)T = total quantity of microbial mass wasted from the 
system each day, lbs per day 
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(5) 

For a system composed of a fixed-bed reactor followed by a clari

fier, ec as defined in equation (5) becomes: 

where 

Ve= volume of daily accumulated biological solids in 
clarifier~ liters 

Xe= conc!n~ration of biological solids accumulated in 
clar1f1er per day, mg/1 X(2.205·x 10-5) 

Qeff = hydraulic flowrate: of effluent, mgd 

Xeff = concentration of biological solids in the system 
effluent, ~g/1 . 

(6) 

Another useful parameter is the bb~erved yield coefficient (Yobs). 

It is defined as the mass of waste solids produced per unit time divided 

by the mass of substrate utilized by the system per unit time: 

. where 

(AX/At)T 
. yobs= (AFt/At)T 

Yobs= observed yield coefficient 

AFt = total quantity of substrate utilized, lbs 

Yobs can be operationally defined as: 

(7) 
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{8) 

If solids production per unit time is represented by the term Px, 

and equations {2) and {3) are used for substitution purposes, the fol

lowing equation is obtained: 

PX 
y = ----......-
obs F{E x ,o-2) 

{9) 

This equation demonstrates that solids production per unit time 

can be determined from a knowledge of the observed yield coefficient, 

the applied organic load, and the system removal efficiency. 

{l 0) 

Specific utilization, {U), represents the mass of substrate util

ized by the active microbial reactor mass during a finite time period. 

This parameter can be operationally defined as: 

{11) 

Specific utilization can be additionally defined in terms of pre

viously described parameters: 

1 

u = 
{~FT/~~)T _ 1 

XT - (~X/~~)T {12) 

(~FT/~9T 

Also, since {~FT/~t)T is equal to F{EXl0-2): 
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( 13) 

Mean cell residence time is shown to be a function of specific 

utilization, yield constant, and maint~nance energy coefficient with a 

plot of specific growth rate (1/ec) vs. specific utilization rate (U). 

The equation of the resulting line can be determined by using th~ leas_t 

squares method of statistical analy$is (25). The equation describes the 

following relationship: 

where 

j_ = YU - b · 
0 c . 

b ~ maintenance energy coefficient, days -l 

Y = a yield constant, mass of micro.organisms/mass of substrate 
utilized and the other terms are as previously defined 

( 14) · 

Several design and control parameters have been mathematically 

described in this section. Following chapters will present the use of 

these parameters to describe the performance of an experimental fixed

bed reactor. Relationships between these parameters will be presented 

graphically, •nd applicitions will be discussed. 



CHAPTER IV 

RESULTS 

The results of this experimental inv~stigation are presented in 

tabular form, and various relationships are shown graphically. All 

values which are tabulated for a specific experimental run represent an 

average of at least three consecutive days of sampling. Data were col

lected at h)Ydraulic flow rates of 500, 1000, and 1250 gpd/ft2 • Total 

organic loadings were varied for each of the flow .rates in such a man

ner as to provide an adequate spread of data for the purpose of graph

ical comparison. The results will be presented in various sections to 

better evaluate individual parameters. 

A. Evaluation of COD Removal Performance 

The performance characteristics of the primary filter, the secon

dary filter, and the total reactor system are presented in Tables II, 

III, and IV, respectively. Values are given for hydraulic flow rates, 

pH, COD,·and performance characteristics. Figure 2 represents an eval

uation of COD removal efficiency obtained with the use of both the prioe 

mary reactor system and the overall reactor system. Results are not 

plotted for the secondary reactor, since its influent contained biolog

ical solids. The percent COD removal can be related to the applied 

total organic loading, as shown in Figure 2. Removal efficiency 

increases when the applied load is dec~eased. This relationship appears 
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TABLE II 

DATA SUMMARY OF pH, COD, AND PERFORMANCE CHARACTERISTICS FOR THE PRIMARY FILTER 
VARIOUS FLOW RATES AND INFLUENT COD CONCENTRATIONS 

System Influent Primary Filter Performance Characteristics 
Flow COD COD Effluent Effluent 

Run Rate Cone. Loading COD Cone. COD Discharged Effluent COD Load Removed % COD 
No. (gpd[ft 2} (mg/1 l eH ( 1 bs[da:t:[1000 ft 3} (mg/1} (lbs[da,:t:[1000 ft 3} eH (lbs[da,:t:/1000 ft 3} Removed 

1 500 174.0 7.2 181.4 89.3 93.1 7.4 88.3 48.7 
2 500 150.2 7.3 156.6 55.6 58.0 7.4 98.6 63.0 
3 500 255.4 7.7 266.2 136.6 142.4 6.8 123.8 46.5 

4 1000 107.7 7.3 224.6 50.1 104.5 7.4 120.1 53.5 
5 1000 78.2 7.5 163.0 39.0 81.3 7.6 81.7 50. 1 
6 1000 129.2 7.2 269.4 71.8 149.7 7.3 119.7 44.4 

7 1250 101.2 7.5 263.8 60.4 157 .4 7.6 106.4 40.3 
8 1250 75.4 7.5 196.5 45.7 119.1 7.4 77.4 39.4 
9 1250 58.7 7.4 153.0 45.4 118.3 7.§ 34.7 22.7 



TABLE I II 

DATA SUMMARY OF pH, COD, AND PERFORMANCE CHARACTERISTICS FOR THE SECONDARY FILTER 
VARIOUS FLOW RATES AND INFLUENT COD CONCENTRATIONS 

Filter Influent Secondary Filter Performance Characteristics 
Run Flow COD COD Effluent Effluent Rate Cone. Loading COD Cone. COD Discharged Effluent COD Load Removed No. (gEdlft2 } (mgll l EH (lbslda~llOOO ft 3} (mg[l} (lbslday/1000 ft3} EH (lbs/da~/1000 ft3} 
1 500 66.0 7.4 68.8 25.3 26.4 7.2 42.4 
2 500 36.0 7.4 ·37_5 13.2 13.8 7.3 23.7 
3 500 102.7 7.0 107 .1 43. l 44.9 7.7 62.2 
4 1000 37.9 7.5 79.0 25.1 52.3 7.3 26.7 
5 1000 35.6 7.6 74.2 21.7 45.2 7.7 29.0 
6 1000 62.3 7. 1 129.9 41.6 86.7 7.2 43.2 
7 1250 45.8 7.6 119.4 31.6 82.4 7.5 37.0 
8 1250 35.5 7.4 92.5 24.5 63.9 7.5 28.6 
9 1250 30.6 7.5 79.8 21.9 57 .1 7.6 22.7 

% coo 
Removed 

61.7 
63.3 
58.0 

33.8 
39.0 
33.2 

41.0 
31.0 
28.4 

w 
c5 



Run 
No. 

2 
3 

4 
5 
6 

7 
8 
9 

TABLE TV 

DATA SUMMARY OF pH, COD, AND PERFORMANCE CHARACTERISTICS FOR THE TOTAL REACTOR SYSTEM 
VARIOUS FLOW RATES AND INFLUENT COD CONCENTRATIONS 

System Influent Total System Perfonnance Characteristics 
Including Without 

Effluent Clarification Clarification 
COD Effluent COD COD Lo.ad COD Load 

Flow COD Loading COD Discharged Removed Removed 
Rate Cone. (1 bs/day/ · Cone. (lbs/day/ Effluent (1 bsiday/ % COD (1 bs/day/ % COD 

(gectlft2 l (mgll) eH 1000 ft3) (mg/1) l 000 ft 3} eH 1000 ft3) Removed 1000 ft3) Removed 

500 174.0 7.2 90.7 25.3 13.2 7.2 77.5 85.5 65.4 72. l 
500 150.2 7.3 78.3 . 13.2 6.9 7.3 71.4 91.2 61.2 78.2 
500 255.4 7.7 133. l 43. l 22.5 7.7 110,6 83. l 93.0 69.9 

1000 107. 7 7.3 112.3 25. l 26.2 7.3 86. l 76.7 73.4 65.4 

1000 78.2 7.5 81.5 21.7 22.6 7.7 58.9 72.3 55.4 68.0 

1000 129.2 7.2 134.7 41.6 43.4 7.2 91.3 67.8 81.4 60.4 

1250 101. 2 7.5 131.9 31.6 41.2 7.5 90.7 68.8 71.7 54.4 

1250 75.4 7.5 98.3 24.5 31.9 7.5 66.4 67.5 53.0 53.9 

1250 58.7 7.4 76.5 21.9 28.5 7.6 48.0 62.7 28.7 37.5 

% COD 
Removed by 
Clarifiers 

13.4 
13.0 
13.2 

11.3 
4.3 
7.4 

14.4 
13.6 
25.2 



Figure 2. Percent COD Removal vs. COD Applied (lbs/day/1000 
ft 3 ) at Various Flow Rates 
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valid for all hydraulic flows which were utilize.d. 

Figure 3 represents an additional method for the analysis of COD 

removal performance. Increased applied loads result in increased 

amounts of COD removal. It appears that the amount of COD removed may 

reach some saturation value at high applied COD loadings. Both Figures 

2 and 3 establish the concept of total organic loading as a better means 

of system performance evaluation than either hydraulic flow or influent 

organic concentration. 

B. Biological Solids Production 

A summary of the production of biological solids is presented in 

Table V. The data enable solids production to be related to. hydraulic 

loading, organic concentration, and total applied organic loading. Fig

ures 4 and 5 are plots showing the relationship between influent COD 

concentration and the corresponding solids wastage for each flow rate. 

A family of curves develops both for the primary and the total reactor 

systems. Thus, it is seen that solid~ .production is not constant for a 

particular influent organic concentration or hydraulic flow rate. 

Biological solids production can be petter predicted by the method 

shown in Figure 6. Solids wastage is ~irectly related to the applied 

total organic loading in the fi~ed-bed reactor system. Increased organic 

loads produce greater amounts ~f solids, as shown by the straight-line 

relationship •. This relationship seems to be val id regardless of the 

hydraulic loading. The production of solids can therefore not be 

attributed to a scouring action of the hydraulic flow in the range of 

this investigation. The total applied organic loading and its utiliza

tion in the synthesis of new microbial cells are the controlling factors.· 



Figure 3. COD Removed {lbs/day/1000 ft 3 ) vs. Applied COD 
Loading {lbs/day/1000 ft 3 ) at Various Flow 
Rates 
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TABLE V 

SUMMARY OF BIOLOGICAL SOLIDS PRODUCTION DATA FOR THE EXPERIMENTAL REACTOR SYSTEM 
VARIOUS FLOW RATES AND ORGANIC LOADINGS 

PRIMARY AND TOTAL SYSTEMS 

Primarl Reactor_Slstem Total Reactor Slstem 
Overflow System Overflow System 

Flow Overflow Effluent Primary System Sol ids Overflow Effluent Final System Solids 
Run Rate Effluent (1 bs/daf Clarifier Solids (lbs/daf Effluent (lbs/daf Clarifier So 1 ids (lbs/daf 
No. isedlft l {mg[l) 1000 ft) {mg/1} {lbs/dat} 1000 ft } {mg/1} 1000 ft) {mg/1} {l bs/dai} 1000 ft) 

500 18.15 18.92 996.17 0.156 39.00 15.80 8.24 325.02 0.170 21.25 
2 500 13.90 14.49 568.80 0.104 26.00 3.68 1.92 212.28 0.076 9.50 
3 500 24.60 25.65 1153.50 0.196 49.00 16.25 8.47 592.05 0.204 25.50 

4· 1000 12.10 25.23 1126.05 o. 192 48.00 7.50 7.82 518.25 o. 191 23.88 

5 1000 5.80 12.09 807 .16 0.113 28.25 2.40 2.50 338.82 0.110 13.75 

6 1000 9.43 19.66 1255.50 0.179 44.75 9.14 9.53 703.76 0.228 28.50 

7 1250 5.78 15.05 1492.03 0.]80 45.00 6.00 7.82 628.84 0.228 28.50 

8 1250 4.20 10.95 912.20 0.117 29.25 6.50 8.47 539.20 0.180 22.50 

9 1250 6.50 16.94 699.40 0.124 31.00 5.00 6.52 374.20 0.136 17.00 



Figure 4o Influent COD Concentration vs, Solids Wasted per 
Day (lbs) for the Primary Reactor System at 
Various Flow Rates 
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Figure 5, Influent COD Concentration vs. Solids Wasted per 
Day (lb?) for the· Total Reactor System at 
Various Flow Rates 
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Figure 6, Applied Organic Loading (lbs/day/1000 ft 3 ) vs, 
Solids Wasted per Day (lbs/day/lOOO ft 3 ) at 
Various Flow Rates 
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TABLE VI 

FOOD TO MICROORGANISM RATIO {F/M) AND CORRESPONDING 
APPLIED ORGANIC LOAD* 

F/M Applied Organic Load {lb/day/1000 ft 3 } 

2 

3 

4 

5 

6 

7 

8 

* 

36.5 

73.0 
109. 5 
146.0 
182.5 
219.0 
255.0 
292.0 

Applicable for all flow rates, primary and total 
reactor systems 

TABLE VII 

MEAN CELL RESIDENCE TIME {ec) AND CORRESPONDING 
SOLIDS WASTAGE* 

. ec {days) Solids Wastage {lb/day/1000 ft 3 ) 

2 

3 

4 
5 

6 

36,50 

18.25 
12.17 

9. 12 
7.30 
6~08 

Applicable for all flow rates, primary and 
total reactor systems 
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Figure 7. Calculated Relationship of Food to Microorganism 
Ratio vs. Applied COD Loading (lbs/day/1000 ft 3 ) 
at Various Flow Rates 
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Figure 8, Calculated Relationship of Total Solids Wasted 
per Day (lbs per 1000 ft 3) vs. Mean Cell 
Residence Time at Various Flow Rates 
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reductions, food to microorganism ratio, mean cell residence time, 

observed yield coefficient( and specific utilization are tabulated for 

both the primary and total reactor systems.· The remainder of this 

chapter will be devoted to the relationships which can be shown to 

exist between these parameters .. 

1. COD Removal Performance 

The parameters of food to microorganism ratio and mean cell resi

dence time can be related to the removal of COD. The relationship 

between percent COD removal and food to microorganism values is shown in 

Figure 9. A family of curves is produced in which efficiencies vary 

within a limited range for F/M values greater than three. At F/M val

ues greater than five~ the removal efficiency becomes a constant mini

mum value .. Decreasing efficiencies which a,re present at the lower F/M 

values are probably a result·of the residual COD in the wastewater which 

is not biodegradable in the experimental system. 

Figure 10 represents the variation of percent COD removal as a 

function of mean cell residence time. In general, the efficiency 

increa~es when Be is increased. However, at higher values of Be' the 

efficiency decreases for the flow rates of 1000 and 1250 gpd/ft2. At 

the lower values of Be' the percent removal increases within a fairly 

constant range for all flow rates. The decreases in efficiency at the 

higher Be values can probably be attributed to the residual COD of the 

wastewater as was suggested for Figur:-e 9. 



Figure 9. Percent COD Removal vs. Food to Microorganism Ratio 
at Various Flow Rates 
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Figure 10. COD Removal Efficiency vs. Mean Cell Residence 
Time at Various Flow Rates 
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2. Food to Microorganism Ratio vs. Mean 

Cell Residence Time 

56 

A valuable correlation for describing system performance is shown 

in Figure 11. When applied COD loading .is related to Ge, a smooth 

curve is developed. This curve does not have a spread of data points 

which is dependent upon flow rate. High applied COD loads represent 

low Ge values, and low applied COD loads represent high Ge values, This 

curve enables values of Ge to be predicted when the applied COD loading 

for a given volume of filter media is known. 

Applied COD loads can be converted to corresponding food to micro

organism ratios.· The use of Figure 7 facilitates the conversion to 

F/M because calcul~tions do not have to be performed. The relationship 

between food to microorganism ratio and mean cell residence time is 

shown in Figure 12. A high F/M is equivalent to a low Ge, and a low 

F/M is equival~nt to a high ec. Mean cell residence times and food to 

microorganism ratios appear to reach some minimum limiting value for a 

particular system .. 

3. Effluent Evalvation 

The quality of the reactor system effluent.can be shown to be a 

function of mean cell residence time. The relationship between COD dis

charged in the effluent (lbs/day/1000 ft 3 ) and Ge is shown in Figure 13. 

The amount of COD discharged per day is directly related to Ge. At high 

values of Ge' less COD is discharged from the fixed-bed system. The 

effluent quality can also be evaluated in terms of the biological solids 

discharged, Figure 14. Less biological solids (lbs/day/1000 ft 3 ) are 



Figure 11. COD Applied {lbs/day/1000 ft 3 ) vs. Mean Cell 
Residence Time at Various Flow Rates 
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Figure 12. Food to Microorganism Ratio vs. Mean Cell Residence 
Time at Various Flow Rates 
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Figure 13. Overflow Effluent COD (lbs/day/1000 ft 3 ) vs. Mean 
Cell Residence Time at Various Flow Rates 
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Figure 14. Overflow Effluent Sol ids (1bs/day/1000 ft 3 ) vs. 
Mean Cell Residence Time at Various Flow Rates 
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discharged as ec is increased. Thus, a given quality of effluent can 

be obtained by operation at a given value of ec! Mean cell residence . 

times greater than two days produce the best effluent quality. 

4. Yield Coefficients 

The observed yield coefficient can be related to mean cell resi

dence time. The variation of the observed yield coefficient as a func

tion of ec is shown in Figure 15. For the. range of mean cell ~esidence 

times in thi~ investigation, Yobs decre;ases as ec increases. The 

observed yfald coefficient varied between O.l3 and 0.44. 

Mean cell residence time can also be related to constant yield by 

a plot of specific growth rate vs. specific utilization rate as shown in 

Figure 16. An equation of the form 

-1 = YU - .b e c 
( 15} 

is obtained. - In this case; the linear relations.hip is described by the 

equation 

1 z:;- = 0.447U - 0.286 ( 16} 
c 

The soluti,on of equation (15} provides the values -of Ymax = 0~147 and 

b = fr.286 days-1• The correlation coefficient for equation (16) js 0.83 . 

. 5. Specific Utilization 

The relationship between specific utilization a.nd mean cell re.si

dence time is shown in Figure 17. Decreasing values for specific 



Figure 15, Observed Yield vs, Mean Cell Residence Time at 
Various Flow Rates 
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Figure 16. Specific Growth Rate vs. Specific Utilization at 
Various Flow Rates 
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Figure 17. Specific Utilization vs. Mean Cell ResJdence Time 
at Various Flow Rates 
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utilization are obtained as mean cell residence time is increased, The 

specific utilization appears to decrease rapidly at lower mean cell 

residence times, and approaches a minimum value at higher residence 

times. The range of specific utilization values for this investigation 

was 1.31 to. 3.38. 

After the main investigational phase of this r~search was con

cluded, a secondary study was undertaken. The purpose of the study was 

to determine if additional insight could be gained as to the existence. 

of a minimum or critical value for food to microorganism ratio. A mini

mum value may exist based upon an analysis of Figure 12. Such a value 

would correspond to a system in which sufficient substrate would not be 

present to maintain the microbial system throughout the depth of filter 

media. 

The experimental reactor system was operated at a hydraulic flow 

rate of 1250 gpd/ft2 and an influent COD of 52.5 mg/1. This corres

ponded to a F/M value of 1.5 for the overall system. Measurements of 

COD removal revealed that COD was being removed only in the primary 

reactor. · Subsequent testing indicated that the secondary reactor was 

functioning as a nitrifying system. 



CHAPTER V 

DISCUSSION 

A. Design Applications 

A primary purpose of this inve,stigation was to propose val id me.th

ods of design applicable to fixed-bed biological reactors. The~e meth

ods of analysis could be extended to a·ny type of medium which has a 

known specific surface area. Organic re.moval which occurred in the 

experimental reactor resembles the results which have been published by 

several other researchers.· The relationship between percent COO. remov-. 

ed and COD appli~d (Figure 2) compares favorably to corresponding plpts 

by the National Research Council (15) and the Ethyl Corporation (H3) (26). 
' . ' 

Particularly important in the comparison to the experimental results is 

the graph from the Ethyl Corporation,.because it was developed from sys

tems using Flocor medium and employing carbohydrate substrate~. The 

relationship which was found to exist between COD removed and COD 

applied (Figure 3) agrees with graphs presented by Cook and Kincannon 

(19). Existence of similar performance curves shows that the removal 

which occurred in the experimental reactor was not peculiar to this 

investigation a 

Results of this investi~ation suggest several concepts which are 

of importance to design applic~tionsc Parameters which were developed 

and then applied to the experimental reactor have been show.n to be . 

valid in the descripti:on of system performance; Production of 

73 



Figure 18. BOD Removal Efficiency vs. Applied BOD Loading 
(lbs/day/1000 ft3) With Strong Carbohydrate 
Feed Using Flocor Plastic Medium as Published 
by the Ethyl Corporation (26) 
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biological solids for the range of organic loadings used is directly 

relate.d to the organic loading applied. Increased total organic load

ings produce increased amounts of solids independently of the hydraulic 

flow rate. This increase in solids production with increased organic 

loadings compares with the findings of Richard and Kingsbury (20) and 

Chipperfield (21). 

The relationship between food to microorganism ratios and mean 

cell residence times is des.cribed by a smooth curve for all hydraulic 

flows. A low F/M corresponds to a high ec, and a high F/M corresponds 

to a low ec. This relationship results from low solids wastage at low 

applied organic loadings; and high solids wastage at high applied 

organic loadings. 

The· quality of the system effluent is a function .of mean cell res-

idence time. The quality in terms.of COD and quantity ,of biological 

solids discharged -is shown to improve with incre~sing mean cell resi

dence time values for the particular waste used in this investigation, 

Thus, effluent quality can be predicted for any given vah1e of mean 

cell residence time. Mean cell residence times can be predicted from 

a knowledge of the.applied organic _loading to the system, 

Values obtained for observed' yield coefficient and specific util

ization are dependent upon the specific growth rate of the microorgan

isms in the reactor system. This is true, si.nce specific growth rate· 

is mathematically equal to the reciprocal of mean cell residence time, 

The observed yield coefficient varied between 0.1~ and 0.44 in this 

investigation. This compares to conversion ratios of twenty to thirty 

percent for carbohydrate wastes, as reported by Askew (22}. Chipper

field (21) observed that in actual practice, twenty to forty percent of 
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the BOD is converted to biological solids for variOU$ substrates. 

Bruce and Merkens (23) found an average yield value of 0.485 from stud-. 

ies using domestic sewage. Thus, since all of the yield values were 

obtained with Flocor medium, values can be expected to vary depending 

upon the substrate utilized, the mean cell residence time of operation, 

and the reporting of the yield as bE!ing observed·or constant. 

A pilot plant study by Brown and Caldwell Consulting Engineers (27) 

may be used to show that the parameters which were developed for fixed

bed systems may be applicable to systems other than the experimental 

system of this investigation. Reported values of organic loadings and 

corresponding BOD removals can be used to plot the relationship between 

percent BOD removed and food to microorganism ratio (Figure 19). The 

resulting curv~ is very similar to the curves shown in Figure 9 for the. 

experimental system. Dow Surfpac plastic medium, which has the same 

specific surface area as Flocor plastic medium (27 ft 2/ft 3 ), was used 

in the.pilot plant·st~dy. The waste being treated was principally from 

food canning industries •. 

Fixed-bed reactors are normally classified as being high ... r.ate or 

low-rate, depending upon the values of hydraulic and organic loadings·. 

Typical ranges of loadings as determined from values listed by Metcalf 

and Eddy, Inc. ·(13) for low-rate reactors are: hydraulic loadings ·Of. 

23-92 gpd/ft2 and organic loadings of 7-23 lbBOD5/1000 ft 3/day. Values 

determined for high-rate reactors are as follows: hydraulic loadings 

of 230~20 gpd/ft2 and organic loadings of 23-115 l~ BOD5/1000 ft~/day. 

Thfs investigation was not operated in the range of loadings which 

could conventionally be classified as low rate. It was, however~ oper

ated in or above the range of accepted loadings classified as high-rate~ 



Figure 19. Percent BOD Removed vs, Food to Microorganism Ratio 
From Stockton, California, Pilot Plant Study by 
Brown and Caldwell, Consulting Engineers (27) 
Using Dow Surfpac Plastic Medium 
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Using a representative high-rate organic loading of 100 lb COD/1000 ft3 

/day, a removal efficiency of 79.5 percent was achieved. This resulted 

in a wastage of biological solids of 19 lb/1000 ft3/day and a corres

ponding mean cell residence time of 1.68 days. 

For Flocor plastic medium, a minimum wetting rate of 864 gpd/ft2 

is recommended by the manufacturer. This minimum hydraulic flow rate 

approaches the maximum hydraulic loading conventionally used for high

rate systems and suggests that the classifications of high-rate and low

rate systems necessitate modification to be applicable to plastic media 

reactors. A better means of classification would employ the concept of 

food to microorganism ratio. This was suggested by Kincannon and 

Sherrard (3) and is upheld in this investigation. 

Past descriptions of the loadings applied to fixed-bed reactors 

have not actually been valid for comparison between fixed-bed reactors 

or for comparison to activated sludge processes. As observed by 

Ridenour (1), fixed-bed loadings are normally given in terms of pounds 

BOD per day per 1000 cubic feet of filter, gallons per acre per day, 

and gallons per acre-foot per day. Actual surface area of media avail

able for biological activity and the quantity of microorganisms which 

is present are neglected. These additional reasons also indicate that 

the loading applied to a fixed-bed reactor should be described by the 

use of a food to microorganism ratio. 

The parameters which have been developed in this investigation and 

the relationships which have been shown to exist between them can be 

used in the design of full-scale treatment facilities. A suggested 

design procedure resulting from the findings of this investigation is 

outlined as follows: 
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1. The desired amount of organics to .be removed should be express

ed as a percentage of the applied organic loading {Figure 2) .. Applied 

organic loading is in terms of 1000 cu ft of filter medium and can 

therefore be used to determine the vo 1 ume of filter medium which is 

required. 

2. Organic loading can be converted to a corresponding food to 

microorganism ratio with the aid of Figure 7. 

3. Food to microorganism ratio can be related to mean cell resi

dence time by the use of Figure 12. The design mean cell residence time 

can thereby be determined. 

4. Design mean cell residence time can be used to predict the 

total amount of solids wasted from the system each day (figure 8). 

5. Quality of the system effluent can be predicted in regard to 

COD and biological solids which are discharged per-day. This is accom

plished by the use of Figures 12 and 13 •. 

The design method which has been outlined can be applied to other 

types of media and to different substrates. Relationships between the 

design parameters can be expected to be similar for different systems, 

but values of the individual parameters will probably vary. Therefore, 

pilot plant studies .should be undertaken for sp·ecific treatment situa

tions~ Use of the parameters which have been developed in this study 

will enable system performances for different fixed-bed systems to be 

compared on a more equitable basis., 

B. Comparison With Activated Sludge Par~meters 

Parameters which have been developed can be used for comparison 

purposes with activated sludge parameters. These parameters form the 
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basis for equitable methods of comparison. Kincannon and Sherrard (3) 

have suggested that food to microorganism ratios and mean cell residence 

time values can be used in the comparison of the two processes. This 

study has supported their conclusions, and additional parameters have 

been shown to also be applicable. 

The relationships which have been observed to exist between para

meters of the experimental fixed-bed system can be compared to the cor

responding relationships generally obtained with activated sludge sys

tems. Several similar relationships which can be expected to hold true 

for both type processes, follow. High values of F/M correspond to low 

ec valueso and low values of F/M correspond to high ec values. The 

production of biological solids is dependent upon the ec of operation. 

Solids production is high at low values of ec, and solids production is 

low at high values of ec. Effluent quality is shown to improve with 

increasing mean cell residence times. Observed yield coefficients and 

specific utilizations are dependent upon the mean cell residence times 

of operation. As ec increases for a particular system, the values of 

observed yield coefficient and specific utilization decrease. High 

sludge production at low values of ec correspondsto higher specific 

utilizations and observed yield coefficients. 

When the data for this investigation were linearized, values were 

obtained of Ymax = 0.447 and b = 0.286 days-l, These values which were 

determined for a fixed-bed system, can be compared to results which 

have been reported for an activated sludge system. Stall (28) in a 

study using a bacto-peptone substrate, determined Ymax = 0.446 and b = 

0.096 day-l for his laboratory activated sludge unit. The Ymax value 

compares favorably to the value determined in this investigation; 
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however, an extreme difference exists, between b values •.. This difference 

explains the higher observed yield coefficients which Stall obtained as 

compared to those in this study. Since similar Ymax values w~re found, 

the lower observed yield coeffic;:ents .. for the fixed bed system can be 

related to the larger microorganism-decay coefficient .. 

The parameters which have been applied to fixed-bed systems can 

also be used to describe ammonia removal. Stover (29) showed that the 

concepts of food to microorganism ratio and mean cell residence time may 

be val id concepts to be used in the comparison, of ammonia rerrfoval in 

fixed-bed and activated sludge processes. He used food to microorganism 
' . 

(ammonia-nitrogen to microorganism) ratios to compare the two processes 

in terms of ammonia-nitrogen to synthesis removal (Figure 20) .. The 

resulting curves for the two processes are parallel with the fixed-bed 

reactor removing larger percentages of ammonia-nitrogen. Differences 

in removal percentages can probably be attributed to the fixed-bed 

system being operated at lower mean cell residence times than the -acti

vated sludge unit. One experimental run was made in a nitrifying,system 

(consisting of Nitrosomonas and Nitrobacter autotrophic bacteria) and 

compared with a curve from an activated sludge unit. Food to micro

organism values were compared at mean cell residence times of 5.0 days. 

Values of 0.046 and ~.055 were obtained for the fixed-bed and activated 

sludge systems, respectively. Thus, the concepts of food to micro~ 

organism ratio and mean cell residence time can be used to equitably 

compare ammonia·removal in the two types of s)'stems. 

Fixed-bed systems are normally evaluated in terms of the effi

ciency of substrate removal for given ap.plied loadings. Fixed-bed 

systems are usually thought of as being less efficient than activated 



Figure 20. Percent Ammonia~Nitrogen to Synthesis Removal vs. 
Food to Microorganism Ratio for Laboratory 
Activated Sludge and Fixed-bed Units as Reported 
by Stover (29) 
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sludge processes. This investigation has stressed the importance of 

properly describing applied loadings. When loadings are described in 

terms ·Of food to microorganism ratios, poor efficiencies resulting from 

organic overloadings can be related to those ratios. It is generally 

found that as F/M values increase, removal efficiencies decrease. When 

the experimental reactor was operated at lower F/M values, efficiencies 

as high as 91.2 percent were obtained. The organic loading curve pub

lished by the Ethyl Corporation (26) can be related to corresponding 

food to microorganism ratios. Removal effic1encies in the range of 

eighty to ninety percent can be obtained when F/M values less than one 

are used. An analysis of Figure 19 which was developed from a pilot 

plant study, shows that for a F/M value of 0.5, removal efficiencies of 

ninety-five percent can be expected for that particular pilot plant. 

Removal efficiency of ammonia-nitrogen can also be related to food to 

micrqorganism ratios, as shown by Stover (29). Higher removal effi- · 

ciencies were obtained for the fixed-bed system than for the activated 

sludge system at identical food to microorganism ratios. Therefore, 

similar substrate removals may result in activated sludge and fixed-bed 

systems when the fixed-bed systems are designed and operated with food 

to microorganism ratios usually found to exist for activat.ed sludge 

systems. 



CHAPTER VI 

CONCLUSIONS 

Based upon the results of this investigation using an experimental 

fixed-bed r~actor, the following conclusio~s are made: 

1. Various design and operational control parameters which pre

viously have been applied primarily to activated sludge processes, can 

be used successfully in the description of fixed-bed biological proc-

esses. 

2. The production of biological solids in the laboratory system. 

was dependent upon the total applied organic loading and independent 

of the hydraulic flow rate. 

3. The concept of food to microorganism ratio provides a better 

means of describing fixed-bed system loadings than conventionally used 

terminology. 

4. High food to microorganismratios correspond to low mean cell 

res~dence ~iipes, \a~d low food to microorganism ra~ios ·correspond to 

high mean cell residence times.· 
' !. ' ' 

5. · High biological solids production can be expected at low mean 

cell residence times, and low biological soli_ds production can be 

expecteq at high mean cell residence,times. 

6. ,The ,quality of a fixed-bed system effluent is a ,function of· 

mean cell residence time. The quality in terms of COD and quantity of 

biological solids discharged improves with increasing mean cell 
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residence times. 

7. Observed yield coefficients and specific utilization rates 

are dependent upon net specific growth rate, hence mean cell residence 

time, of the microorganisms in a reactor system. 

8. The parameters which are developed in this study form·the 

basis of an equitable method; for comparison between activated sludge 

and fixed-bed biological treatment systems •.. 

9. Fixed-bed biological reactors should be operated at food to 

microorganism ratios ,normally suggested for activated sludge processes 

to obtain similar substrate removal efficiencies. 



CHAPTER VII 

SUGGESTIONS FOR FUTURE STUDY 

' Based on the. findings of this study. the following suggestions.are 

presented for future studies involving the application of activated 

sludge parameters to fixed-bed biological reactors:: 

1. Conduct studies to determine the relationships between shqck 

· 16adings and the various developed parameters. 

2. AdditiQnal investigations which will apply parameters to exist

ing wastewater treatment facilities and to pilot plant reactors should 

be initiated. Various substrates and types of media. should be utilized. 

3. Conduct studies relating nitrification and phosphorous removal 

to mean cell residence time in fixed-bed biological processes. 

4. · Perform studies employing biological so1ids recycle and analyze 

the corre.sponding effects of increased total system solids on the para-· 

meters which have been presented in this ~urrent investigation. 

5. Studies should be undertaken for the purpose of detenmining 

minimum mean cell residence times.for fixed-~ed reactors for comparison 

to values obtained for activated sludge systems. 

6. · Conduct additiona.l studies to determine minimum food to. micro-

organism ratios. 

7. Values. for· active biological film thicknesses for vario1,1s sub

strates should be obtained. 
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